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Abstract




The process of bio solubilization depends on coal ranking and its oxidative state. Lignite coal
being less complex in structure is easier to solubilize microbially by the production of
extracellular enzymes, but bituminous coal has been less used for bioconversions due to its
signature features, that are considered appropriate for thermal power generation resulting
negative environmental impacts. Green energy procedures can encourage the efficacy of
bituminous coal for multiple applications and sustainable environment. This research was
aimed to inquire and reveal the enhanced bio solubilization extent of lignite and bituminous
coal designated as low and high rank aerobically and anaerobically that contributes to extract
and purify eco-friendly and bio active compounds.

In this concern, the bituminous coal sample from Baluchistan coalfield, Duki region of
Pakistan and lignite coal samples from thar Sindh region of Pakistan, were subjected for
chemical characterization to explore its vulnerability for biological transformation. The native
coal solubilizing fungal isolates NF-1 and GB, identified as Debaromyeces hansenii and
Aspergillus ochraceus. Respectively based on fungal ITS sequences were isolated. Major
conditions were optimized for Debaromyeces hansenii NF-1 and Aspergillus ochraceus GB,
1% and 1.5% glucose with 0.5% of pulverized coal was investigated as an ideal ratio for
maximum organic liberation within 7 days respectively for bituminous coal while for lignite
coal, 2% glucose was utilized by Debaromyeces hansenii NF-1 and 1% glucose was utilized
by Aspergillus ochraceus GB with 1% coal loading ratio and incubation time of day 11.
Along bio-treatment, enhancing agents were also used to modify medium (sodium acetate) as
well as coal structure (NaOH) that intensify liberation of humic acid, assessed through UV-
Visible spectrophotometer. Conjugative effect of fungal isolates (NF-1 and GB) on pulverized
pre oxidize coal residues was found effective in liberating aromatics. Qualitatively, ethyl
acetate soluble extracts of bio-liquified black liquids were investigated through GC-MS. MS
spectra showed organic pool, in that pool bio-treated pre oxidized solubilized liquids
represented more diversity of organics than virgin. Gravimetrically, it was analysed that
Debaromyeces hansenii NF-1 showed 52.4% and Aspergillus ochraceus GB 71% weight loss
of pre oxidized coal residues within 2 days by increasing process efficiency. Bio-treatment
showed significant differences in elemental composition (O/C, H/C and C/N) of solubilized
pre oxidized coal residues. FT-IR spectrum indicated that NF-1 and GB fungal isolates
intensify the peaks of phenolic, aldehydic, aromatic, carboxylic, aliphatic and humic acid
functionalities in pre oxidized residual coal.

For quantitative estimation, gravimetric ratio of extracted humic acid from pre oxidized coal

residues by using Aspergillus ochraceus was 78% and Debaromyeces hansenii showed 60%
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while 52% and 42% was extracted from its bio-extracts respectively. Spectroscopic E4/Eg¢
ratio, elemental and FTIR spectrum of biologically (NF-1 and GB) extracted humic acid from
pre oxidized coal residues specify formation of condensed aromatics and low molecular
weight, enhanced nitrogen/oxygen content and vibrational changes in phenolic, amines,
carboxylic, aldehydic and aliphatic compounds of humic molecules respectively. The
illumine miseq technique of next generation sequencing had shown similarity in bacterial
diversity in 6 samples out of 8 while, 2 samples had shown different behaviour from other
samples after determining their relative and read abundance, alpha and beta diversity and heat
map. While the fungal alpha diversity of 4 samples had shown distinction from each other in
their relative abundance. Another sample from Baluchistan Duki coal mine had shown the
presence of more Proteobacteria and Actinobacteria than Firmicutes.

After solubilization of coal by fungal isolates different compounds that were produced after
degradation of coal were extracted. These compounds were name as Humic and Fulvic acids.
About 4.5% concentration of KOH had shown maximum yield of humic acid in both types of
coal. The percentage of humic acid using NaOH for native lignite and Bituminous coal was
21.15% and 11.6% and for HNO3 treated coal percentage for lignite and Bituminous coal was
57.8% and 46.9% respectively. The FTIR results of HNO3 treated coal had clearly indicated
the presence of N-H group peak at 2923.04cm in case of bituminous coal while introduction
of nitro group in lignite coal at 2921.84cm, while both peaks were absent in native coal FTIR
spectrum. The elemental analysis of HNO3 treated coal had shown the reduction in carbon
content and slight change in sulphur and nitrogen and increase in oxygen content that
confirms the oxidation process occurred. The O/C ratio was also increased in case of HNO3
treated coal. 60% and 78% humic acid was extracted from bituminous and lignite coal by
potential fungal strains.

Both the low and high rank coal were allowed to be treated anaerobically in order to find out
the extent of methane production. The raw bituminous (HRC) was capable of producing more
methane and carbon dioxide as compared to LRC (Lignite). The co-digestion strategy is
productive in stimulation of methane generation but also enhanced its yield. A higher methane
potential was observed in the biogasification setup of bituminous coal as compared to lignite
coal.

The co-substrate Grass peanut shell was able to produce more cumulative methane along with
bituminous coal as compared to lignite coal. Grass and peanut shells comprised of lignin and
celluloses which are degraded by anaerobic microbes releasing hydrogen which is limiting the

reaction rate on the first hand for its deficiency in the reaction mixture. The maximum
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yield of methane and carbon dioxide was obtained at optimum temperature of 35° C and pH

7.0 in both lignite and bituminous coal samples.

The whole genome sequencing of potential microbial strains had identified the presence of
annotations with their nucleotide base data and gene rank. The circular and sequence view of
both the potential fungal isolates Debaromyeces hansenii and Aspergillus ochraceus had
shown the particular number of bases present in the nucleotide sequences. The total base pairs
of isolate Debaromyeces hansenii were determined as 722,974bp and total number of
sequences are 516. The total number of sequences lengths include 1781 sequences in

Aspergillus ochraceus.
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Chapter No. 1 | Introduction

Over the past few years, the incremental demand and consumption of energy due to
successive progress in industrialization and urbanization leading the world towards energy
insecurities. It is estimated that if the world’s energy requirements remain continuous in
future at such high ratio it will lead us towards depletion of energy. Utilization of fossil
reserves for energy generation is perfect approach for sustainable energy. With the
emergence of fresh biological systems for sustainable generation of petrochemical fuels and
organic moieties from naturally occurring reserves help us to overcome the energy shortage
and negative environmental impacts.

Coal being an abundant and imperative world’s energy reserve, accounting
approximately 71.4% of the total global fossil fuel assets. There are approximately 1.1 trillion
tons of coal deposits in worldwide that would be enough for 150 years. These huge coal
deposits are majorly found in USA, Canada, Indonesia, Australia, Russia, China and India
making 74% of total share. Pakistan has ranked as seventh wealthiest nation due to coal
assets. The native coal assets of Pakistan are approx. 185.5BT out of which 175.5BT of assets
are in Sindh Monocline. By 2011 energy sector of Pakistan shares 6.7% from coal. Natural
gas shares its 49.20%.in total energy generation of Pakistan. The global energy demand is
anticipated up to 60% by 2030. To fulfill 40% of world’s perpetual energy demand coal being
second largest energy matrix, shares 24% in overall production of electricity. Remarkable
abundance of coal deposits enables to meet energy crisis for millions of years than oil and

gas.

Figure 1.1 | Primary Energy Consumption of the World and Pakistan; A
Comparison (BP Statistical Review, 2013)
The dissemination of coal basins around the globe is unequal due to formation and deposition

of peat under different periods in geological records. In geological records carboniferous age
(about 360 M to 290 M years ago) was important for the development of main coal basins

than Devonian age. Biochemical processes acting on the remains of dead organic matter,
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experiencing chemical, physical and morphological alterations under boggy and oxygen free
environment under high temperature and pressure resulted the formation of peat and
eventually converted into coal through a process called coalification. Major forces behind the
coalification phenomena were physical forces. Coal is disparate organic rock, comprises of
concentrated carbon and aromatic clusters linked by aliphatic and heteroaliphatic bonds
having tremendous physicochemical properties depending on its types. Coal has wide range
of both organic and inorganic components along water. Organically, major components are
carbon, hydrogen, oxygen, discrete number of macerals, sulfur and nitrogen content.
Inorganically, it comprises of variety of components that are involved in ash formation and
originated from marshy water, dust, sad, silts and vegetative elements (Macerals). Number of
changes occur during coal genesis. Chemical nature of coal is very diverse. Lignite and
subbituminous coal, generally under the category of low rank coal (soft coal) retaining the
macromolecular arrangement like coal-forming plants. Hard or high ranked such as

bituminous and anthracite coal have more aromaticity, heating value carbon and volatile

content.
Table 1.1 Types and properties of coal
PROPERTIES SUB- ANTHRACITE
PEAT LIGNITE BITUMINOUS
BITUMINOUS
CARBON Less than
45 to 60% 45 to 60% 45 to 85% 86 to 98%
CONTENT 40%
RANK Low Low Intermediate Intermediate High
TEXTURE Soft Soft Soft-Hard Hard Highly hard
MOISTURE High High (35%) Low Low (15%) Very low
VOLATILITY High High Low-High Low Low

Coal is an organic entity, depending on its type it is quite vulnerable to microbial

transformations mainly by bacteria and fungi. A unique and multifarious microbial system is

required to depolymerize the coal complex polymer into monomers (precursors). Number of
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researches are carried out to fully comprehend the biological system behind coal
transformation, but the accurate procedure is not known due to complexity of such kind of
system. Previous literature demonstrated that biological entities may utilize three possible
pathways for coal transformation into fuel and non-fuel products. First pathway is the link
cleavage and depolymerization of coal. Second pathway could be decarboxylation as it
lowers oxygen containing groups of coal molecule resulting improved calorific value. Third
pathway would be the removal of heavy metals, inorganic elements from the coal lowers
undesired emissions prior to combustion. Major coal transforming pathways are
solubilization and depolymerization that could be enzymatic and non-enzymatic.

Peatmm) Lignite- Sub-Bituminous -Bituminous =) Anthracite
Coal Transformation (Coalification)
Coal bio solubilization is a non-enzymatic process that usually requires basic pH

ranging from (pH 7 £ 10). It occurs by liberating chelating, alkaline substances and surface
active agents through biological entities as a result pH of the system increases. Coal bio
solubilization results into a significant increase in the molecular mass of coal humic
constituents. Depolymerization is an enzymatic process (Lignin peroxidases, manganese
peroxidases and laccases) in which pH values decreases (pH 3 + 6) as a result complex
bonding in coal carbon breaks up and produce monomeric products. Bio solubilizing ratio of
coal in terms of time and percentage highly depends upon on its age/rank and solubilizers.
There are number of agents that could be used to enhance the bio solubilization frequency.
The rate of coal dissolution intensified by reducing coal particle sizes and increasing
concentration of particles as a result fungal mediated coal bio solubilization becomes faster.
There is a correlation exist between pH and bio-solubilization/liquefaction processes. The
acetate amendments in growth media leads to enhance the bio solubilized products.
Furthermore, microbial growth is enhanced by incorporating minerals (S, N, P metal ions)
which shows that their presence is very limited in coal basins. Pre-treatment of coal polymer
assisted in liberating huge variety of beneficial organic moieties through sequential
breakdown of coal nuggets. There are two major categories of pretreatment for enhancing the
production of coal derived organics and fuel.

¢ Biological based
¢ Chemical based pretreatments
During biological treatment naturally occurring highly oxidized coal particles (e.g.,

weathered lignite, leonardite) or oxidative coal particles undergoes transformation by the

action of biological entities.
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Organic nature of coal particles makes it susceptible to biological attack, which leads to the
formation of mixture of organics in supernatant, eventually yielding fuel and value-added
compounds. Previous literature showed that impact of wood eating/decaying fungus such as
wood-rot fungus (Coriolus versicolor) and other fungal species were higher on lower range
of oxygen containing coal as they are highly vulnerable to bio-solubilization than high range
of coal. Refractoriness in bituminous coal could be overcome by using several agents.
Chemical or Artificial oxidative pre-treatments based on utility of chemicals such as acids,
bases, oxidants etc. for coal degradation. Coal derived functional

groups (high rank coal) could easily be targeted by chemicals such as nitric acid (HNO3 ),
hydrogen peroxide (H202 ) and Sodium hydroxide (NaOH). Several studies have shown the
importance of

chemical pretreatments for improved production of solubilized liquids from pretreated coal.
Chemically modified coal particles would encourage the growth of biological entities.
Usually, the microbial growth on coal particle is very slow. Moreover, pre oxidation of coal
particles enhances the bioavailability of available amalgams.

Fractional degradation of organic material (coal) releases numerous microscopic and
heterogeneous humic elements that self-assembles to form extensive supramolecular structure
of humic acids (HA). There are numerous non-covalent forces such as n-n, CH-m and van der
Waals forces that are involved in the stability of supramolecular arrangement of humic acid.
Literature shows low rank coal frequently used to derive humic acid but using enhancing
agents to modify the structure of bituminous coal will make it more feasible for biological
attack to extract coal derive humic acid.

Humic acid perform significant role in maintaining soil physical and chemical
property, stability of carbon, act as terminal electron acceptor to remediate the recalcitrant
environmental pollutants such as heavy metals, contaminants, pesticides and encouraging
plants physiology, promoting plant growth by modifying root system and microbial entities.
Hence, HA are important for sustainable agriculture. Humic acid have been called as plant
bio stimulants due to its benefactor nature for plant development. Thus, coal derived HA
facilitates in maintaining sustainable organics and environment.

Amongst the major environmental issues are global warming, pollution, climatic changes etc.
Besides the environmental hazard’s energy crisis is also a major problem for human race as
the non-renewable energy resources are depleting so quickly. In order to address both these
problems simultaneously we need a clean energy source. The combustion of petrochemicals,
diesel fuels, natural gas causes the release of Sox,NOx carbon mono oxide, carbon dioxide
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etc into the environment which not only pollutes the environment but also pose serious health
hazards. Although coal was always in use but in 1973 world was facing major oil crisis it was
then when different countries of the world started exploiting full potential of coal (Berkowitz,
2012).

Bio gasification is a process to introduce clean energy to the world in the form of methane
gas and it has various economical significances as well. In the bio gasification process the
substrate is coal which act as a carbon source in the presence of microbial consortia and in a
completely anaerobic environment. Methane can be produced from pretreated and
presolubilized coal or can be produced directly from virgin coal. This is done in a single
anaerobic step. This is done via the naturally occurring microbial consortia of coal.

A number of other related microbial consortia also reported to have methanogenic
communities. The biogenic methane burns cleanly and can be produced from vast coal
deposits (Al Jubori et al., 2009). Post depositional (secondary) and thermogenic processes are
responsible for methane production and are collected in coal beds for years. This process can
be taken to large scale production setups (Strapoc et al., 2011). As a result of bio-gasification
mixture of gases are produced from coal comprising of carbon dioxide, sulphur dioxide,
methane etc.

The energy output of coal during combustion is measured by the fixed carbon of its organic
matter.While the behaviour of coal towards combustion is measured by the mineral matters
present in coal. The reservoir properties of coal such as gas content, gas adsorption capacity,
permeability and porosity are control by composition of coal. (Flores, 2014). The combustion
characteristics of lignite coal shows its lower activation energy and ignition temperature than
higher coal ranks. The coking value of lignite coal is almost zero. The mineral content of low
rank coal i.e. lignite coal is greater (Guo ef al., 2019).

To produce gas from coal consortia development and enrichment is an obligatory process.
Basically, two diverse approaches are used to convert coal into gas. In the first approach the
nutrients essential for microbial growth and development are added to coal to support and
enhance the development of indigenous micro flora. While the other approaches are to add
the already developed consortia prepared ex-situ into the coal (Fuertez et al., 2017).

The microbial consortium which is responsible for gas formation mainly consists of
fermentative facultative and methanogenic microbes. These microorganisms colonize
naturally in the coal and degrade the coal. These organisms act on the bio available
compounds present in coal and produce methane as an end product (Green et al., 2008,

Papendick et al., 2011, Strapoc et al., 2011, Tang et al., 2012, Ulrich and Bower, 2008).
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For the enhancement of methane potential coal co-digestion strategy is introduced. Co-
digestive materials provide an increased carbon source for anaerobic microorganisms and an
increased methane production is observed (Navaneethan et al., 2011) Greenhouse gas
emission is also significantly reduced using this strategy (Maeng et al., 1999).

There is very little work done on the gas production of different ranks of coal. Gas is
produced under anaerobic conditions. Aerobic conditions are totally unfavourable for
methanogens. The other unfavourable conditions include the low nutrient availability
(sulphur, phosphorus, nitrogen). Another limiting factor in gas production is biodegradable

compounds available in low quantity (Jones et al., 2010). The geological condition of coal

mines also affects gas formation and microbial population of methanogens in coal. So, when
the nutrients are added into the coal the microbial consortia acts differently in response to
nutrients amendments and select their methanogenic pathway of choice feasible with the
availability of nutrients. On observing the coalbed methane production three

different types of methanogenic pathways are reported. Hydrogenotrophic (CO; reduction),
acetoclastic, methylotrophic (methanol utilization) are three different methanogenic pathways

(Zinder, 1984; Zinder, 1993).

Microcosm is the main factor responsible for gas production in the coalbed methane. The
lower rank coal usually contributes in higher bioavailability in producing gas. Studies reveal
that the low rank coal produces more methane because of greater release of low molecular
weight acids from the coal surface. The microorganisms associated with coal biodegradation
are enriched with VFAs desorbed from coal. These enriched microorganisms then degrade
low molecular weight acids and alcohols (Robbins et al., 2016).

Though various excellent studies have been conducted on the enhancement of methane
production rate, e.g effect of temperature in cultures were detected, similarly effect of PH was
studied. They only tried to evaluate an effect of single parameter on biogenic methane
production from coal. But in present study combine effect from multiple parameters was
conducted for enhancing the production of methane. In addition, to that very less data is
available on the methane production from bituminous coal using co- substrates strategies.
While up to our knowledge no work has been reported yet on the enhancement of
biolosolubilzation extent of Balochistan Duki coal either aerobically and anaerobically.

The potential microbial strains isolated from indigenous Duki and Thar coal mine i.e.
Debaromyeces hansenii and Aspergillus ochracheus had yet been unidentified for

solubilization activity of coal.
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Fig 1.2 Coal methanogenesis mechanism by Pamidimarri D.V.N. Sudheer et al,2016
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Aim and objectives
The study aimed to enhance the Process of Microbial Bio solubilization and Biogenic

Methane Potential of Low to High grade Coal of Pakistan

Following were the objectives of current study for fulfilling the aim.
1. Isolation and characterization of indigenous coal samples and associated microbial

fungal isolates.

2. Evaluation of indigenously present microbial communities (bacterial and fungal)
from different coal ranks using illumina Miseq and evaluating it statistically using
R.

3. Extraction of by products (humic and fulvic acid) from coal samples through
fungal and chemical pretreatment of low and high rank coal.

4. Evaluation of methanogenic potential of selected native coal samples and
enhancement of methanogenic process through co-digestion.

5. Whole genome sequencing of potential coal solubilizing fungal isolates and their

annotation study.
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Presently life is totally dependent on energy resources, which increase the value of energy due
to increase in rapid urbanization and modernization to meet the energy requirement. Being an
important fossil fuel 2.5% of coal consumption was recorded in the previous year (British
petroleum, 2013). Among fossil fuel as coal is ancient energy source but the use of natural gas
and petroleum was more than coal because these were more economical and environmentally
friendly sources from last few years. Additionally, statistical data of British Petroleum showed
the energy consumption rates which is increased yearly. Oil increased by 1.9%, gas increased
by 1.7%, coal increased byl.8% and worldwide consumption rates of coal, gas and oil was
29.9%, 23.8% and 32.9% respectively. Globally 87% energy consumption of oil, gas and coal
had been recorded (British petroleum, 2015).

Huge coal reservoirs are now used to meet the energy requirements because oil and
natural gas reservoirs depleted and pollute the atmosphere badly. 860 Billion tons coal
reservoirs have been found around the world. 40% power requirement was fulfilled by coal
reservoirs (WES, 2013). Coal as the cheapest source used for many purposes like in cement
industries, power stations, iron and steel mill etc (Singh and Sinha, 2003). China, India and
South Africa account 75% energy production from coal and 30% energy production for
Europe (Aytar ef al., 2013). In 2013 World Coal Authority reported 984 billion tons coal
reservoirs which according to an estimate can be used for coming almost 200 years. Coal is
found everywhere in the world but Huge coal reservoirs in top continent include Pakistan,
Russia, Canada, U.S.A, India and China (Harres ef al., 2008).

On the basis of abundant coal reservoirs, Pakistan is the 7th country having huge lignite
type coal reservoirs which provide 40% electricity to the whole country. Pakistan all province
i.e. Punjab, KP, Sindh, Baluchistan and Azad Kashmir have coal reservoirs and all types of
coal i.e. anthracite, bituminous, sub-bituminous and lignite are present. Sindh consist of lignite
type coal and other coal resources in Pakistan represent the sub-bituminous coal type
(Pakistan coal power generation potential,2006). As huge reservoirs are present in Pakistan
still there is need to import the coal for running steel and iron industries. To improve the
mining and industrial process, indigenous coal reservoirs must be explored so that it helps in
the country economy and use of imported coal could be lessened (Malkani and Shah, 2014).

Coal is a fossil fuel that is very useful for mankind from thousands of years ago. As the
world population increases with the passage of time their demand for energy utilization also
increases. In different parts of the world, due to its low price and high availability it gains
importance for its use in iron industries, electric power generation and cement factories

(Marinov et al., 2010). Coal is vulnerable energy source throughout the world because the non
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renewable energy sources (crude oil, natural gas and hydroelectric power) are depleting due to
their high demand (Meshram et al., 2015). Coal being ancient fossil fuel is an essential source
of energy that is the biggest contributor to the development of world’s industries (Singh and
Sinha, 2003). World Coal Association estimates the 70% steel and 41% electricity production
which totally depends on coal (British Petroleum statistical review of the world energy
London,2012). Due to its high availability and low cost, coal plays a vital role in industrial
sector but due to its combustion its cause many environmental problems especially pollute the
air (Liu et al., 2015).

2.1 Coal worldwide distribution and consumption

Coal is a cheap substrate distributed in many countries in the world including U.S,
China, Australia, India, Canada, Indonesia, Russia, England, Sweden, Japan, Korea, Brazil,
Italy, France, Poland, Denmark, South Africa, Netherland, Turkey and Belgium (Robert et al.,
2013).

Coal play important role in many industrialized countries as it is vulnerable energy
source makes 80% of the assets which can be utilized for more than 800 years. Major power
stations in Spain that produce 30% electricity consumed 90% coal (Martinez et al., 2003). In
Turkey, 28% total energy requirement is meet by energy production (Aytar et al., 2013).
Currently, 25% world’s initial energy consumption depends on coal (approximately
2200million tonnes petroleum comparable Mtpe) and likely 15% by European Union (about
241 Mtpe) while China and South Africa it is more than 75%.

About 860 billion tons coal discovered in the whole world in which bituminous coal
makes 47% (450 billion), sub-bituminous coal makes 30% which is 260 billion and 23% coal
is covered by lignite whose figure reaches 195 billion.

According to World Energy Resources Survey 2013, five top most coal reservoirs are
United states of America followed Russian Federation, China, Australia and India. Percentage
of coal that is used by countries to produce electricity are South Africa (94%), Poland (93%),
China (81%), Australia (76%) and Germany (49%) (Gadonneix et al., 2010).

2.2 Coal deposits in Pakistan

Pakistan is rich in energy sources. Almost, 186 million tonnes of coal are produced

which made it the 6 biggest country in the world has enormous coal reservoirs. Discovery of
huge reserves of coal in Sindh highlighted the coal values early in 1980°s. 185Bt coal
resources have been found ( Report by private sector and infrastructure board Pakistan, 2004).

All provinces of Pakistan have huge coal reservoirs included Azad Kashmir. In Punjab,
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amount of coal is 253 million tons, in Sindh amount of coal is 184,623 million tons, Khyber
Pakhtunkhwa has 91 million tons of coal. Baluchistan having 217million tons of coal
deposits. Azad Kashmir having good quality coal of 9 million tons (Pakistan coal power
generation potential, 2004). In Pakistan there is need to produce kind of experts who have the
capability to explore the use of bituminous, lignite and sub-bituminous coal. There is a lot of
coal reservoirs consist of lignite in different regions of Pakistan (Malkani, 2012). Four
districts of Punjab such as Chakwal, khushab, Mianwali and Jehlem rich in coal reservoirs
that is present in a salt range which spread over a surface of 260 square kilometers that ranges
from 0.3 to 1.5 meters in thickness. 97% coal in Pakistan is lignite leaving 3% coal as sub-
bituminous to bituminous. On the basis of heating values in a different province of Pakistan,
the values range such that in Sindh it ranges from 184,6235, 219-13, 555 Btu/Ib3. In Punjab it
ranges from 2179,637-15,499 Btu/Ib3. In Baluchistan, it ranges from 2359,472-15801
Btu/Ib3. In KPK value ranges from 919,386-14,217 Btu/Ib3. In Azad Jammu Kashmir coal
having a heating value of 97,336-12,338 Btu/Ib3 (Geological Survey of Pakistan/Pakistan
Energy Year Book, 2003).

Along with its ideal geographical location Almighty has provided Pakistan with lots of
energy resources. Some of them are explored so far and many are waiting to be rightly
explored.

The hub of the coal resources i.e. 99% of Pakistan’s coal reserves is located in Thar
field, Sindh Pakistan which has about 175,506 Million tons coal, Baluchistan having 217
Million tons of coal. The coal reserves in Punjab are approximately 253 million tons. KPK
have 91 Million tons and Azad Kashmir has 9 million tons of coal reserves.

This coal comprises of a very high content of sulphur and ash. With the direct
association with climate the moisture content of Thar coal is also high.

As described above the largest coal resources of Pakistan are found in Thar Desert
Sindh. It was first discovered in 1991 by British Overseas Development Agency (ODA) in
collaboration with Sindh Arid Zone Development Authority (SAZDA) (Pakistan Coal Power
Generation Potential, 2004). According to Geological Survey of Pakistan/ Pakistan Energy

Year Book 2003(4) the provincial coal resources of country is given in table.
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Table 2.1 Geological Survey of Pakistan

Province Resources in Heating
Value Million tons BTU

Sindh 184,623 5,219 -
13,555
Baluchistan 217 9,637 -
15,499

Punjab 235 9,472 -
15,801

NWFP 91 9,386 -
14,217

AJK 9 7,336 -
12,338
Total 185,175

2.3 The energy crisis in Pakistan

For economic growth of a country and sustainability of life huge amount of energy is
required (Zaleski, 2001). Currently, the whole world faces energy crisis particularly Pakistan.
Government shows its interest by developing techniques which utilized the coal reserves to
produce electricity, cement and related industries. Pakistan has a diverse range of population
consists Of 181.3 million people facing a severe energy shortage. 60% electricity was
produced from water. There is a shortage of electricity been 2 years which become a more
severe due shortage of water since last 3 years. 40% people survive without electricity (Farah
and Daniyal, 2014). These crises lead the country to enormous loss of economic, Socio
political and strategic damage. To meet energy demands, Pakistan needs to learn lessons to
cope up with this crisis. They must develop small dams in order to store the water which helps
to get rid of these problems (Khanllet al., 2012). One factor for energy crises is due to low-
rank coal which is most abundant in Pakistan having low heating values and high moisture
content that’s why cannot be used so far (Fassettet al., 1994). To overcome these problems
there is a need to develop such modern techniques that help to exploit the lignite, sub-

bituminous, bituminous coal as these are rich in Pakistan (Malkani et al., 2012).
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2.4 Coal structure

Economically coal gained importance for more than hundred years as well as its
structure is important too. Hard coal and soft coal are still under discussion process
(Krevelin,1993). All coal ranks have different coal structure but only structure models are
reported in the literature (Schumacher,1997). More than seven years ago, there is a lot of coal

ranks have been discovered for molecular analysis (Methews and Chaffe, 2012). Lignite

Coal having chemical formulaC H O N S proposed by Weiminss.
180195315

Humic acid

Low rank lignite

oo

Sub-bituminous coal High volatile Low volatile Anthracite (hard coal)
(high rank lignite) bituminous (hard) coal

Figure 2.1: Structure models for typical coal substances of different rank (Fakoussoa et
al., 1999).
2.5 Different types of coal
Coal has 4 major types:

1. Anthracite: It is considered as the king of the coal ranks. The distinguishing
properties include brittleness, hardness giving black and lustrous shine. It has a very
increased carbon content and low volatile matter making it hard coal. Its percentage of
carbon is >85% which is considerably high as compared to other ranks having 25
million BTU/ton.

2. Bituminous Coal: This rank of coal lies between sub bituminous and anthracite.
Being used in the generation of electricity in thermal power plants. The appearance of
this coal is smooth and shiny having high heating value. The carbon content is 4585%

and energy content of this coal is 24 million BTU/ton.
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3. Sub bituminous Coal: This rank of coal is not so shiny and is blackish coloured. As
compared to lignite it has high heating value.35-45% of carbon content whereas,
energy content is 17 to 18 million BTU/ton.

4. Lignite: Lowest coal rank also known as brown coal having a very low percentage of

carbon. Having energy content of 25-35% and energy content of 13 million BTU/ton.

2.6 Low rank Coal (Lignite Coal)

Lignite coal also known as low rank coal (LRC) is a dusty, chalky and soft coal that
consists of high humidity (approx. 30 to 45%) and low carbon content (40 to 60%) (Lerato et
al., 2013).1t has been proved to produce much high content of humic substances due to the
low coalification and easy actions of the chemical other substances on it. It is assumed that,
because of the structural similarity of both lignite and lignin, these lignite coal can be
degraded easily by the lignin degrading organisms (Kaiyi, Wang et al., 2019). Lignite coal
consists of various irregular and regular parts. The irregular part consists of groups that
contain oxygen and also side chains (phenolic hydroxyl, carboxyl, alcoholic hydroxyl along
with carbonyl groups) are present. The regular part consists of aromatic, heterocyclic rings
containing Sulphur, nitrogen and oxygen, includes aromatic rings (oxidized), Carbohydrates,
alicyclic and benzene rings. However, because of the presence of much linkages in lignite coal
followed by presence of side chains mark them mostly as irregular structures. Lignite coal has
much more complicated structure as compared to other hard coals as they are composed of
fulvic and humic acids (Alkali- soluble), hydrophobic and insoluble bitumen. Because of the
much more moisture content present and high reactivity in lignite coal it is difficult to
transport. Lignite coal consists of more active ingredients that make them reactive. As lignite

coal possess much less laborious work than other coal so it is being preferred sometimes.
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2.6.1 Lignite as source of by-products

By products or end products of coal are achieved due to the bio-solubilization of coal.
Other than the physical or chemical process that are used to deal with the coal processing,
many concerns are being dealt using the biological processing of coal that not only requires
low temperature and pressure as compared to the chemical processing but also avoid
unrequired by products. (Ghani et al., 2015). Besides its advantages, lignite coal also has some
disadvantages including high moisture, more volatility as well as high ash content. Therefore,
it cannot be used direct or without doing some initial steps. However, besides the many
disadvantages of using coal, low rank coal is utilized and can be studied through bio-
solubilization as it is environmentally friendly method with no pollutant causing hazards by
the coal as compared to the result of burning of coal. Because of the presence of low carbon
content such coal can be degraded easily even by the biological and biotechnological method.
However, many work and progress are being done in this field. As lignite that is taken for bio-
solubilization purpose is low rank means it has low carbon content that means it will have low
aromaticity, resulting in less hardness and hence easy degradation for study. Coal bio-
solubilization has the capability to convert the raw or waste coal into a new useful industrial
product. (Ghani et al., 2015). As a result of coal bio-solubilization, different chemically
important liquid is derived by the specific microbes that are further utilized for production of
other useful products.

2.7 Bituminous coal (Hard rank coal)

This rank of coal lies between sub bituminous and anthracite. Being used in the
generation of electricity in thermal power plants. The appearance of this coal is smooth and
shiny having high heating value. The carbon content is 45-85% and energy content of this coal
is 24 million BTU/ton.

The coal mine of Duki is 320km from Quetta in east, it is the centre of activities from where
all the mining area is approachable to fair roads. The geological survey of Pakistan (GSP)
investigated the detailed geological mapping. The coal mine ranges in thickness from 0.15 to
2.30m. The four separate coal ones contain about 1080m thick coal bearing horizons of 15,
22, 36 and 92m in thickness. The coal of Duki coal field is black to brownish black in colour.
It is fissile to laminated at some places as well. The roof and floor of coal mine is claystone
with sand stone at certain places. The calorific value of coal per pound generally lies in the
range between 10,131 to 14,164 BTU/Ib. According to average BTU value the rank of Duki
coal ranges from sub- bituminous B to C with few exceptions of sub- bituminous A and some

coal beds are lignite.
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2.8 Global diversity of coal microbiota

There is a huge microbial diversity present in coal that has the capability to solubilize
the coal. These microorganisms are categorized on the basis of Kingdom, class and coal rank.
The microorganism present in Low and high ranks of coal in kingdom Fungi under class of
basidiomycetes are Coriolusversicolor, Poriaplacenta, Piptoporusbetulins, Coprinus
sclerotigenis and microorganisms in low ranks of coal under the class of Deuteromycetes were
Fusarium oxysporum, Trichodermaatroviride, Aspergillus sp. Microorganisms present in a
high rank of coal in Kingdom Bacteria under the class of Actinomycetes are Streptomyces
badius, Streptomycessetonii, Streptomyces, Viridosporus, Rhodococcussp, Class Firmicutes
under low-rank coal type consist of Bacillus sp, Clostridium sp, Class Proteobacteria of
kingdom bacteria categorized under low-rank coal consists of Psedomonads sp, desulfovibrio,
Geobacter, the microorganism present in kingdom Archea under Class of
Methanomicrobia in a low rank of coal were methanosarcina, Methanosaeta
Methanospirilum (Fashion, 1991; Fernandez et al., 1997; Denizli et al., 2003; Leon et al.,
2013; Sekhohola et al., 2013). Coal microbial diversity that efficiently removes the inorganic
sulphur includes species, for example, Acidithiobacillus ferroxidans and Acidithiobacillus
thiooxidans (Cardona and Marquex, 2009). Other species that have been found in
biodesulfurization were Acidithiobacillus sp, Sulfolobus acidocaldarius and metabolites of
fungi (Tao et al., 2012). Aspergillus Niger and Penicillium sp have been reported that
efficiently demineralized the sub-bituminous coal with reduction of 73% ash production
(Manoj, 2009). Currently, a thermophilic Bacterium name Acidithio baciluscaldus isolated
which act as oxidizing bacteria and oxidized the sulphide minerals by attaching itself to the
mineral surface (Tao et al., 2012). Further coal microbial diversity has been found that play an
important role in removing sulphur from coal species are Thiobacillus acidophilus,
Thiobacillus novellus and Leptospirillum ferroxidans etc (Aller et al., 2001). White rot fungi
such as Trametes versicolor and Phanerochaete chrysosporium removes sulphur upto 40%
(Ayter et al., 2008). Pseudoxanthomonas is an aerobic bacterium that can speed up the
degradation process and removes 18.26% sulphur from coal (Nayak et al., 2005; Singh et al.,
2013).
2.9 Fungi: An important degrader of coal

Microorganisms that are able to grow on coal, utilize it and bio-solubilize it can be
found mostly in aerobic microorganisms. Microorganisms are used to break the chemical
linkages in coal molecules and promote the extraction of valuable chemical and industrial

products. For conversion of macromolecules into simpler and low molecular weight products,
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degradation of coal through microorganisms is an efficient and economical way. Structural
complexity of coal makes it difficult to degrade biologically because it is a complex
polyaromatic molecule. Like other microbial species such as bacteria that are able to grow on
the coal and solubilize it, fungi are also known to bio-solubilize coal. (Lerato et al., 2013). Up
till now a number of fungal strains have been identified and studied to carry out the process of
changing or degrading the coal compounds hence undergo bio-solubilization. These fungi act
on the already solubilized coal by many oxidizing compounds and then easily convert them
into low molecular weight compounds at the end by interacting with them. Naturally fungi are
active agents against lignin specially many filamentous fungi degrade lignin much easily.
Many filamentous or mould fungi are most prominent in this treatment. Majorly saprophytic
fungi as well as ectomycorrhizal fungi are known to undergo lignin degradation as well as
degradation of complex coal structure such as hard coal but less study have been done. Most
prominently three fungal phyla were considered as important in carrying out the phenomena
of bio-solubilization because of its specific structural features as well as ability to degrade
coal. They include phylum Ascomycota, Basidiomycota (litter and wood decomposing fungi)
and Zygomycota. Earlier studies indicates that some imperfect fungi are also known to
degrade complex structure of coal . (Lerato ef al., 2013). They include brown rot and white rot
fungi. However, the degradation by ascomycetes and other phyla have studied to be limited.
These fungi act on different groups of coal important for complex linkages such as hydroxyl
and carboxyl groups. These fungi undergo this process by the help of certain oxidases and
hydrolytic enzymes.
2.10 Fungal strains and their enzymes

Many filamentous fungi transform the coal by the help of bio-solubilization in the
presence of specific fungi important in degradation. Certain species with the high or improved
metabolic effect is much efficiently used for more production. It has been considered that the
ability of these fungi is due to their habitat in lignin occupying areas where they naturally
adapt themselves to that environment. The major risk of pollutants that pose serious hazard
related to any organic matter that is source of energy is aromatic hydrocarbons that includes
polyaromatic hydrocarbon (PAH) along with other complex groups as well as synthetic
aromatics that are present in various coals. However, these highly complex compounds are

degraded with the help of certain ligninolytic enzymes secreted by ligninolytic fungi.
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2.11 Enzymatic Action of Fungal Strains

The active fungal strains that allow the degradation of lignin and lignite coal includes
Phanerochaete chrysosporium as well as Trametes versicolor. These fungi belong to phylum
basidiomycetes. Similarly many high rank coal solubilization fungi such as Poria monticola
and Polyporus versicolor degrade complex coal structure. An ascomycetes fungus known as
Fusarium oxysporum tends to secrete laccases resulting in coal degradation. Also P.
chrysosporium and many other strains produce lignin peroxidase enzyme as well as their
production of manganese peroxidase is also investigated to degrade lignin. Also, humic acid
derived from coal is used for the growth of fungi and utilizes carbon as a source of energy.
For example, Pycnoporus cinnabarinus is known to degrade the coal’s humic acid as well as
some Ascomycota species are involved. The amount of enzymes produced during degradation
of coal highly depends upon the substances derived from coal and the type of coal. It has been
observed that the use of lignite substances such as humic acids, bitumen and also lignite
powder, after adding has increased the lignite coal solubilization up to many folds. Some of
the detailed action of these enzymes from their active fungi on the coal activity are listed
below:
2.11.1 Laccases

Laccases are polyphenol dioxygen oxidoreductase enzyme that belongs to multicopper
family thus including copper (copper blue oxidase). Certain laccases from fungi are naturally
proteins or glycosylated proteins. They perform their function like other enzymes

by the process of oxidation in the presence of O2 thus results in H202 formation. Four
+2
copper ions (Cu ) are present catalytic site of the copper blue oxidases. Fungal laccases are

mostly used because of their property that they have high redox potential as compared to
bacteria. The oxidation of both non-aromatic as well as aromatic compounds are known to
done by the laccases. They are specific to greater no of substrates because of its low
specificity thus considered important in many fields. These includes yellow and white
laccases. By the aromatic, lignin degradation product, the conversion of blue laccase to yellow

takes place by its reduction in specific copper site.
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Figure 2.2. Various fungal strains in release of enzymes/ catalyst

2.11.2 Peroxidases
Fungal peroxidases are basically oxidoreductases that are known to undergo oxidation

by utilizing hydrogen peroxide (H202 ) (Grzegorz et al., 2017). Much fungal

peroxidases are known to perform function and have potential in transforming the highly
polymerized substance into low molecular weight. By using different substrates that are
reducing in nature, peroxidases derived from fungus undergo oxidation of both non-phenolic
as well as phenolic compounds. These fungal peroxidases are also referred as lignin
modifying peroxidases (LMP).

2.11.3 Lignin peroxidases
Lignin peroxidases are one of the most important degrading enzymes that are able to

degrade lignin and are secreted by many fungal species most commonly by wood-rot fungi
from basidiomycetes. It is glycoprotein in nature that contains haem group (iron
protoporphyrin IX) / or ferric iron as a constituent of its prosthetic group. For their proper
activity H202 is required. They are involved in changing the structure of coal that can be
visualized. It was suggested that induction of peroxidases took place by the addition of lignite
derived substances and hence by their release the coal solubilization was done. (Martin et
al.,1999). By the action of peroxidases on aromatic groups of non-phenolic compounds, as a
result of oxidation the cleavage of Carbon-Oxygen (C-O) and Carbon-Carbon (C-C) mediated

bond breakage takes place thus forming aryl cations radicals..
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2.11.4 Manganese peroxidase

Manganese peroxidase is an enzyme that resembles the lignin peroxidase it is known
to be the enzyme that is produced extracellularly, is glycosylated in nature, prosthetic group as
Heme is present and undergo lignite degradation as in case of lignin. Peroxidase and thus
belong to lignin modifying peroxidases. (Grzegorz et al., 2017). However, the Heme is
sandwich between alpha helices. Many other peroxidases are also known such as Horseradish
peroxidases (HBr), Plant peroxidase. These plant peroxidases have also been investigated in
conversion of high molecular weight coal thus modifying it. The difference lies here is that it
used Mn (III) and Mn (II) as mediators as compared to lignin peroxidase. Thiol is also used as
a mediator or provide improvement in efficiency as compared to lignin peroxidase in lignite
degradation. These thiol as mediator attack that part of coal on which manganese peroxide are
not able to perform function. They undergo oxidation and H202 results in glutathione

oxidation. (Grzegorz et al., 2017).
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Figure 2.3 Fungal Strains Releasing Different Enzymes For Solubilization

2.11.5 Hydrolases
These are the hydrolytic enzymes that are excreted by the fungi extracellularly that

include esterase enzymes. They undergo hydrolytic reactions by breaking of bonds. The
esterase enzyme studied to be excreted by fungal strain T. versicolor. Similarly, a
deuteromycete called Trichoderma atroviride is active in solubilizing activity (Martin et al.,
1999). This fungus is known to undergo this activity by both non-enzymatic as well as
enzymatic substances hence, referred as mixed mode of action. This fungus has found to
secrete laccase and esterase enzyme thus, having some ability to solubilize the coal, thus
produce substances similar to fulvic and humic acids.
2.12 Biological pretreatment

Coal is an outcome of vegetative organic matter, very sensitive to biological mediated
solubilization or depolymerization as fungal mediated enzymes attack on it effectively and
release variety of organic intermediates like humic components. Previous literature showed
that hard coal bio-solubilizing tendency is much lower than oxidized soft coal. Extensive bio
mediated pretreatments on different coal types such as bituminous coal, lignite (brown coal)
and peat for liberating bio liquified products have been studied. Various studies have shown
that in order to harvest low and high rank coal mediated black liquid products (humic acids)
several wood- and litter-decomposing basidiomycetes (e.g. Stropharia rugoso-annulata,
Phanerochaete chrysosporium, Nematoloma frowardii) were tried by growing them on solid
media along coal that attack on the covalent linkages of polymeric coal molecule. The
synergistic attack of biological communities on a coal macromolecular structure leads to the
formation of mixture of organics in supernatant, eventually yielding fuel and value-added
compounds.
Methanogenic property of some biological entities is taking part in the direct generation of
petroleum substitutes, by transforming specific coal functional groups. Such biological
treatment of coal is time taking processes and act as rate limiting factor due to refractoriness
of coal. Biological mediated release of aromatic and aliphatic moieties is further fermented
into value added products and fuel (methane, ethane) by biological entities. Up till now,
scientist have discovered huge range of native bacterial as well as fungal coal isolates that act
as mediator for solubilization process/biological benefaction. Among the various strains
(Phanerochaete chrysosporium, Colorius versicolor Penicillium species and Trichoderma
atroviride) gained more attention as coal eating fungi. Moreover, few bacterial strains also

promoted coal degradation like (Rhodococcus, Bacillus cereus, B. subtilis Bacillus pumilus,
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Streptomyces setonii 75Vi2 and Pseudomonas). Existing literature have shown the part of
archaea, fungi and bacteria in subsurface anaerobic carbon recycling and methane production,
but their mechanism is not yet fully established. However, dense mycelia growth of fungus
along enzymes is an important factor of efficient benefaction of coal.
2.13 Chemical pretreatment

Complexity of coal confines its utility but with the help of novel techniques its
bioavailability can be enhanced. However, to use chemical agents as an enhancer of various
types of coals for encouraging the production of solubilized liquids has been reported.
Refractoriness in coal could be overcome by using several techniques and strategies. As the
name indicates chemical pretreatments involved the utility of chemicals such as acids, bases,
oxidants etc. for coal degradation. Coal derived functional groups could easily be targeted by
chemical processing. These pretreatments could be done directly and indirectly. In direct
method, structural disruption of macromolecular coal is directly leading into smaller organic
fractions that could be beneficial to produce petroleum related hydrocarbons, but it is an
energy intensive process with a lot of structural fragmentation of coal. Several existing
literatures have been encouraging the use of In-direct methods for enhanced microbial
solubilization tendency that could accelerate solubility of hydrophobic substrates.. In 1994
Fakoussa also observed that oxidative pretreatments with hydrogen peroxide (H202 ) and
Nitric acid (HNO3 ) facilitated enhanced generation of solubilized liquid. These methods
involve different concentrations of chemical oxidants, acids and bases including potassium
permanganate (KMnO4 ), hydrogen peroxide (H202) and sodium hydroxide and nitric acid.
Methanogenic microorganisms effectively utilize coal having hydrophilic functional groups
(e.g., ethers, ketone, hydroxyl, and carboxyl groups) after treatment with H202. Therefore,
enhancing bioavailability of the hard coal. Numbers of researches are still going on but actual
bioavailability enhancing mechanism is still not known. Fenton or quinone reactions
considered as an important part for releasing radicals into coal nugget that convert coal into
low molecular components and organic acids (acetic acids and formic acid). Currently, the
exact pathway and nature of released organics after this reaction is not fully understood.
Various studies have specified the presence of low molecular mass substances like benzoic
acids, biphenyls (ethers), phenols in addition of numerous n-alkanes, cycloalkanes and n-

alkanols.
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2.14 Anaerobic Treatment of Coal
2.14.1 Anaerobic microbial process

In different biomass conversion process the most economical way for the production of
biogas is biological anaerobic digestion. The methanogenic bacterial activity is crucial for
methanogensis (Demirel and Scherer., 2008). The most appropriate presence of bicarbonate
for electron acceptors and extremely reduced surface environment that showed accessible
methanogenesis in surface coal beds (Steve H. Harris, Smith. et al., 2008). In deep surface
environment, active methanogens are present and also present in organic rich, poor electron
acceptor surrounding (Mesle, Dormart et al. 2013). Methanogens are extremely sensitive to
pH and temperature fluctuations that are also inhibited by high volatile fatty acids (Mesle,
Dormat et al., 2013). Both mesophilic and thermophilic methanogenesis consortium have been
isolated but temperature shows deep structural effect on microbes community (Mesle,
Dormart et al.,2013). Methanogenesis proceeds by three different pathways that depends upon
carbon source that reduce into methane.

e Hydrogenotrophic pathway (in which carbon dioxide reduce to hydrogen as electron
donor)

e Methylotrophic pathway (in which one carbon compounds are reduced).

e Acetoclastic pathway (in which acetate reduction occurs (Mesle, Dormart et al., 2013)
Methyl type fermentation and carbon dioxide reduction both pathways played vital
role in gas production, but gases that produce from methyl type fermentation
overprinted gas from the carbon dioxide reduction pathway (Flores, Rice et al., 2008).
Conversion of composite organic substances into methane need methanogens bacteria
that are acetogenic and fermentative (Aikuan, Yong et al., 2010).

The anaerobic microbial digestion of organic matter needs at least four stages.

First Stage: During this stage cleavage of complex organic polymers to alcohols and organic
acids occurs because of fermentative anaerobic organism activities.

Second Stage: During this stage the organisms converts simpler molecules in order to get
energy under anaerobic conditions e.g. during anaerobic digestion H, generating acetogenic
organisms that converts alcohols and organic acids into actetate, H, and HCOOH or CO,.
Third Stage and Fourth Stage: Acetotrophic methanogens utilize acetate and in return they
produce CO; and CH4 (Flores, Rice et al. 2018). H -utilizing methanogens they utilize the 2
accessible H, in order to convert CO, or HCOOH to CHa.
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2.15 Gasification of coal

During this process coal is converted into gaseous fuel by heating in medium of
gasification of coal i.e, oxygen or air, steam. In comparison with combustion the process of
oxidation is completed in one process. Chemical energy of biomass is transferred into
explosive gas in two different stages during this process. The more versatile and also easier to
use the gas produced than original quality can be standardized. Furthermore, it can be used in
gas turbines and power gas engines and also used in a chemical feedstock from which the
production of liquid fuel is occurred. The process of coal gasification includes biochemical
and also thermochemical processes, steam or oxygen, former uses air at higher temperature
>8000C, moreover, later process involves the use of anaerobic microorganisms at ambient
conditions of pressure and temperature (Moore 2012; Sekhohola, Igbinigie et al. 2013
2.16 Bio-methane potential of coal

The limitation of low coal to methane yield is directly proportional to surface area of
coal and yield may increase due to increased surface area of coal particles (Samuel et al.,
2011). On the other hand when the microbial consortia or nutrients are introduced into the coal
beds it is converted into coal bed methane or more precisely microbially enhanced coal bed
methane (Scott, 1999). As a result of thermogenic and biogenic processes methane is
produced in underground coal seams and is a source of natural gas and it is termed as coal bed
methane (CBM) (McGlade ef al., 2013). The whole world is getting benefits from this coal
bed methane and meeting their energy demands since decade. U.S is meeting approximately
4% of their annual gas demand by their proven coal bed methane reserve (U.S. Energy
Information Administration. Natural Gas—U.S. Energy Information Administration (EIA). Nat
Gas 2017). Basically, the methane production of coal is generally referred to low rank coal
that is lignite and sub bituminous coal (Paul ef al., 2013).

The highly branched compounds having a number of oxygen containing functional
groups are available to indigenous microcosm of coal which are responsible in making
methane (Harris et al., 2008; Jones et al., 2008; Strapoc et al., 2011). A higher proportion of
recalcitrant compounds are present in high rank coal which is not so beneficial for methane
production (Faiz and Hendry, 2006; Formolo et al., 2008). The bioavailability of low rank
coal for methane generation is higher as compared to high rank coal. An unconventional
natural gas is produced from anaerobic degradation of organic materials in the presence of
micro-organisms. In the past natural gas was studied in the landfills, wetlands, municipal
waste etc when the micro-organisms decompose the organic waste an-aerobically. It is a

matter of recent times that studies have been conducted on methane production and it is going
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on. Coalbed methane is one of the highlighted locations where biogenic methane production is
deeply studied in the initial stages of coalification (Thomas, 2002). Coalbed methane is an
advance biogas origin which is gradually produced by microbial decomposition of
complicated carbon related materials (Scott and Kaiser, 1995; Butland and Moore, 2008;
Flores et al., 2008; Formolo et al., 2008). Methane can be produced in laboratory conditions
creating an anaerobic environment using coal as a substrate. Different enhancement factors
can also be added in order to generate higher rates of methane (Jones et al., 2010; Ulrich and
Bower, 2008).
2.17 Stimulation of methane generation from native coal samples

Methane is generated in the presence of consortia which acts on the substrate say coal
and methane is produced along some other gases if the conditions are suitable. Mostly the
consortia is either prepared or collected directly from coal mines sites. On these sites the
conditions are perfectly favourable for the developments of micro-organisms which act on the
substrate coal use them as a carbon source and converting this substrate into methane (Herbert
et al., 1990). Most of the coal conversion to methane is under lab experimentation and are
very less likely to be taken to the field levels because of the lack of research. The environment
is facing challenges on daily basis so biogenic methane can be introduced as clean energy
source. Using the bio-stimulation and bio-augmentation technique the enhancement of
methane generation can be done. In both these processes nutrients and microbial consortia are
added respectively into the set up (Elizabeth, 2010). Thermogenic and biogenic processes both
are responsible for methane production. Biogenic production of methane from coal is
generated at less than 100°C temperature at near low depth locations (Clayton, 1998).

Firstly we understand about primary and secondary biogenic methane production.
Primary methanogenesis is produced following peat degradation and is immediately lost
before coal formation and its burial. On the other hand secondary methanogenesis of coal can
be well understood using coal biogenetic gas composition (Scott et al., 1994). The factors
which are important in methanogenesis are the substrate which is coal, consortia to convert
coal into gas, favourable condition that are temperature, nutrient availability and absence of
oxygenic to create an anoxic environment. Tight anoxic environment is favourable to grow
consortia for methane production (Furmann, 2011). The components like aromatic
hydrocarbons, long chain alkanes and humic compounds can be degraded using microbial
consortia and methane is produced as a result alongside carbon dioxide (Zaixing et al., 2018).
The future of energy demands is quite high while the energy resources are getting depleted so

we must have to think about the alternate energy resources including shale oil and coalbed
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methane etc. For the development of unconventional energy resources secondary biogenic
methane production is an important field to be focused on. Hydrogen peroxide acts on organic
matter and convert it into substrate for methanogenesis (Noritaka et al., 2017). The process of
methanogenesis takes place in an environment which is quite diverse and it mostly occurs in
subsurface environment. This process is utilized on global scale to get benefit from them
(Strapoc et al., 2011). Methanogens use acetic acid, methanol and acetic acid as carbon source
for the generation of methane (Jones ef al., 2010). Various low ranks to high rank coal
reservoir are found across the world and in Pakistan which are the subsequent source of
coalbed biomethane production. The existing coalbed methane process can be enhanced by
enriching it with nutrient and microcosm (Faiz ef al., 2006).

2.18 Enhancement of methane generation using co-digestion strategy

In co-digestion process variety of wastes are treated simultaneously thus providing an
increased carbon source which increases the efficiency of the process. By the addition of more
organic carbon into the system makes it available for the anaerobic microbes. By the
synergistic effect of co-digestive materials and coal an increased methane production is
observed (Navaneethan et al., 2011)

Greenhouse gas emissions can be reduced using co-digestion strategy. GHG which is
mostly emitted from dairy manure directly into the environment can be minimized by the
controlled emission of methane (Maeng et al., 1999). Carbon cycle fix CO; into the biomass
carbon hence when the organic carbon is burnt CO»is recycled back into the (Zitomer et al.,
2008).

2.19  Health issues and Combat using clean energy source
When the air got polluted it become the cause of a number of disease which are
lethal damaging brain, cells, heart, lungs, skin and eyes. The brain damaged due to increased
cerebro-vascular ischemia and dementia. Apart from this bladder cancer, obesity, diabetes
and skin cancer are some other gifts of air pollution. Cell got affected by altered rheology,
increased coagulability, and peripheral thrombosis, translocated particles and reduced oxygen
saturation. According to a report of World Health Organization the major health risk posing
threat to human life was air pollution in the year 2016. WHO reported the death of 7 million
locals as a result of air pollution.
As we all know that in the current scenario Pakistan is facing energy crisis. Load
Shedding of electricity has adversely affected the industrial sector. According to an estimate
annual expenditure on the import of petroleum products and crude oil is US $14.5 billion

(HDIP, 2012).
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2.20 Applications of coal by-products

There are several by-products of bio solubilization of lignite and bituminous coal
which includes humic acid, fulvic acid, lower fatty acids, aromatic compounds. But main are
the humic acid and fulvic acid and collectively they are known as humic substances. Through
all processes the major goal is to achieve these by-products because they have several
applications. For example, humic acid has applications in medicine, cosmetics, agriculture,
health, wastewater treatment, soil remediation, industries and also used as water soluble
fertilizer. Besides the production of humic acid as a by-product, fulvic acid is also produced as
a result of bio-solubilization that is of prime importance and has gained much more attention
in various fields in many useful applications regarding protection of environment, agriculture,
health and industrial use and science life. Fulvic acid is brownish yellowish compound found
in coal as well as other natural sources. Fulvic acid from humus can be obtained from coal and
soil. Fulvic acid is characterized by low molecular weight, light colour, low carbon content
and also low polymeric linkages but more level of oxygen and solubility. Compared with the
humic acid, it is analysed that there is no such difference in their products formed as a result
of decomposition. With the passage of time more research is being done to monitor the
specificities of fulvic acid along with other by-products. Fulvic acid when used assures non-
toxicity and hence is non expensive. Also, fulvic acid is known to produce a derived
compound that is Heat stable, cationic, having therapeutic properties that is CHD-FA
(Leighann et al., 2012).

2.21 Humic acid

2.21.1 Agricultural applications
Humic acid is very important from an agricultural point of view.

Improve soil properties
Humic acid accomplishes many functions in soil. It acts as a soil conditioner. It increases the

crop production, enhances soil fertility, improves structure of soil including water retention
and soil porosity, adhesin, compaction and aeration. Growth, yield and product quality
increases due to humic acid which increases the nutrients and micronutrients uptake. To
encourage the activity of microorganisms in soil, humic acid acts as a catalyst (M. M. Tabhir.,

et al,2010)

Metal chelation
Humic acid has a complexing property. Various micronutrients like sodium, zinc, potassium,

iron, magnesium, calcium and copper make complexes with humic acid and form chelates.
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These chelates are then used in soil where deficiency of these nutrients occurs. (Ali, Mohsen.,
et al, 2008)

As fertilizer
To boost up the agriculture production humic acid is used as organic fertilizer. Humic acid has

Organic Carbon (51-57%), Nitrogen (4-6%) and Phosphorus (0.2-1%). Due to its ability to
provide Nitrogen and P to the plants, it can improve the crop yield. Humic acid acts as an
effective and slow releasing nitrogen fertilizer because it possesses very stable nitrogen
content. (M. Sharif., et al, 2006)

Beneficial effect on plant
Humic acid is also used as a plant growth promoter. Humic acid had a beneficial effect on

nutrients uptake by plants. Rate of absorption of ions on the surface of roots and their
penetration into plant tissue increases with addition of humic acid to the soil. Humic acid
contains quinone groups due to which plants show more active metabolism and increased
respiratory activity. Growth of many plants including tomatoes is promoted by foliar spray of
humic acid.

Humic acid increased the rate of photosynthesis of plants. With humic acid application
dehydrogenase activity of roots and root mass regrowth enhanced significantly but
chlorophyll content was unaffected (A. Kirn, S. R. Kashif., ef al, 2010).

Enhanced enzymatic activity
With foliar spray of humic acid enzymatic activity of dehydrogenase, catalase and

phosphatase is enhanced. Through enhancing the activities of various enzymes, humic acid
improves the biochemical quality of the soil.

Hormone like activity
Humic acid has hormone-like activity in addition to increasing plant growth and nutrient

uptake it also improves stress tolerance. It has gibberellins and auxin-like activity (A. Kirn, S.
R. Kashif., et al, 2010).

Improve soil properties
Humic acid accomplishes many functions in soil. It acts as a soil conditioner. It increases the

crop production, enhances soil fertility, improves structure of soil including water retention
and soil porosity, adhesin, compaction and aeration. Growth, yield and product quality
increases due to humic acid which increases the nutrients and micronutrients uptake. To
encourage the activity of microorganisms in soil, humic acid acts as a catalyst (M. M. Tahir.,
et al,2010)

Metal chelation
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Humic acid has a complexing property. Various micronutrients like sodium, zinc, potassium,
iron, magnesium, calcium and copper make complexes with humic acid and form chelates.
These chelates are then used in soil where deficiency of these nutrients occurs. (Ali, Mohsen.,

et al, 2008)

Enhanced enzymatic activity
With foliar spray of humic acid enzymatic activity of dehydrogenase, catalase and

phosphatase is enhanced. Through enhancing the activities of various enzymes, humic acid

improves the biochemical quality of the soil.

Hormone like activity
Humic acid has hormone-like activity in addition to increasing plant growth and nutrient

uptake it also improves stress tolerance. It has gibberellins and auxin-like activity (A. Kirn, S.

R. Kashif,, et al, 2010).

2.21.2 Medicinal / Medical application
Humic acid exists as a therapeutic agent and is used in the treatment of many diseases.

* In drug delivery system

* Influence on prion proteins
* Antiviral property

* Anticancer property

* Alleviate bronchitis

* Immune boosting property
» Effect on blood coagulation

* As solubilizing agent

2.22 Fulvic acid
2.22.1 In Agriculture

Fulvic acid is most importantly used for the improvement of physical and chemical
properties of not only plants but also soil. They can be used as a pure bio-stimulant in
increasing the plant growth as well as improving soil fertility these days. It is a good fertilizer,
a good water binder that is known to provide growth to the plants. Fulvic acid being in
solution used for plants always promote the growth by contributing its role in exchange
capacity of cation and hence known to balance the PH of soil containing plants. In soil it keeps
moisture by movement and attraction of water molecules and nutrients towards the roots. Also
they are known to hold the water in the upper surface of soil. They can bind themselves with

the mineral present in soil thus providing adequate quantity of minerals such as copper,
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magnesium, iron, chromium, calcium, phosphorous. They are also known to increase the
resistance of some plants against some pathogens and increase the growth of roots as well as
promote a significant growth of tomato fields. They conserve the soil water thus prevent
transpiration. It is also known to reduce the water stress and hot dry wind effects. In soil fulvic
acid also play its role by preventing the leaching of fertilizers.
2.22.2 In Metal Chelation

Besides plant growth promotion, fulvic acids promote metal chelation in soil actively as
they are known as good metal chelators. There are many heavy metals in soil that can not only
make plants devoid of minerals but also prove harmful for the other living organisms not only
in soil but also others that are plant consuming. Because of the structural arrangement of
fulvic acid that it has, the functional group in fulvic acid that includes 1) Phenolic OH group
2) Carboxyl type I group analysing from IR/ UV spectroscopy, depending upon the chemical
nature, behaviour of fulvic acid and its competing nature shows much more potential of fulvic
acid for heavy metals (Robert et al., 1980). The problem area lies in the lacking of nutrient
availability for the plants due to the formation of complex between metal ions and organic
matter in soil. However, due to the absorption property of fulvic acid they can actively take
metal ions and hence promote activity. These different groups help in controlling the mobility
of heavy metals by binding them. By making complex with metals such as Cu, Fe and Zn their
efficiency is increased thus promoting plant root growth much fast as compared to normal
condition. Many essential micronutrients that are needed by plants for proper growth is

provided by Zn in balanced amount and thus prevent zinc deficiency.

2.22.3 In Medicine
Besides its role in agriculture, Fulvic acid is equally proved to be beneficial in medical

health. Over many years the biological significance of fulvic acid is being admired over other
functions as it has helped the medical fields prominently. Many years ago extracts from plants
were used to cure different diseases but now many organic compounds are used. Fulvic acids
are known for its many functions including immunomodulation or inflammatory disease
prevention such as diabetes, myocardial diseases, metabolic ones, also anti-oxidative
properties for skin, Gut disorders, against apoptosis leading to cancer cells and many others.
Beside this it is involved in immunomodulation, Gut disorder, antioxidant properties,

prevention of cancer, cleaning and detoxification and antimicrobial resistance.
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3.1 Sampling and origin of coal

The focus of current study was to enhance the bio solubilizing extent of native fungal
and bacterial strains obtained from two different types of coal i.e., Lignite and Bituminous.
The bituminous coal samples were obtained from various depths (321 to 341m) of Baluchistan
coalfield, Duki region of Pakistan. The Coal was sampled from different sites (43.61909°
North and 105.54648° West) of coal mine. While the Lignite coal samples was obtained from
Thar Coal Mine, Sindh region of Pakistan. The samples were taken from various depths i.e.,
450ft, 650ft and 1000ft. All the samples were securely sealed in air-tight zipper polyethylene
bags and delivered to research laboratory to store them in a sterile place for various research

studies.

Map showing location and occurrence of coal samples

Fig 3.1 Geological survey of Pakistan
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Table 3.1 Coal sample ID along with coal field

S. Nr Sample Name and ID Province Coal Field
1. Thar Sindh Thar desert coal fields
2. Balo Baluchistan Duki Coal Mine

3.2 Coal sample preparation and preservation

The coal samples were broken down into small particles having size in mm and sub
mm. The large coal particles were separated using quarter and conning method. The plant
debris, resins shell fragments were also separated. Firstly, grinding of the coal samples were
done and later on crushing process were performed. The samples were added in to the crusher
and the size were further reduced to 60 mesh size which later crushed into smaller size for
carrying out the experiments. All the grounded samples were used further for different
investigations and findings that includes: proximate and ultimate analysis. The samples used
for biological study that includes aerobic and anaerobic processes were preserved for further

studies.

3.3 Ultimate Analysis of Coal Samples

The ultimate analysis of coal represents the presence of total carbon, nitrogen,
hydrogen, oxygen and sulphur in a particular percentage by mass of coal. Except, all of the
above, the total oxygen was determined with the help of CHNS Analyzer (LECO TruMac
Series, Saint Joseph, Michigan) according to ASTM standard. The total oxygen content was
determined by calculating the difference from values obtained from carbon, hydrogen,
nitrogen and sulphur. The gross calorific values were estimated using LECO ACS500
Isoperibol Calorimeter (Saint Joseph, Michigan, USA). All the characterization of samples

was run in triplicates and mean value is calculated.

3.3.1 Total Hydrogen, Carbon and Nitrogen (ASTM D-5373)

The coal samples was prepared by using (60 mesh) sieve less than 250um. About
600mg of coal sample was used for triplicate analysis to determine total carbon, hydrogen and
nitrogen as percentage by mass using CHNS analyzer (LECO TruMac Series, Saint Joseph,
Michigan). The CHNS Analyzer includes a furnace that is capable of maintaining a

temperature (900-1050°C) ensuring quantitative recovery of carbon, hydrogen, nitrogen in

coal by use of their quantitative gases (CO , H,O and NO ).
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3.3.2 Total Sulfur (ASTM D-4239)

The pulverized coal sample was allowed to pass 60 mesh sieve 250 pm and mixed
properly to determine the total sulphur percentage by mass with the help of CHNS analyzer
(LECO TruMac Series, Saint Joseph, Michigan). A weighed small portion of each sample was
burned in a tube furnace at 1350°C in a course of oxygen. The Sulphur compounds and
sulphur present in each sample were decomposed and oxidized to sulphur dioxide. After
completing the analysis, the mass percent sulphur value was determined as indicated by the

instrument.

3.3.3 Total Oxygen

The total oxygen was calculated after obtaining the percentage values of Sulphur,

Nitrogen, Carbon, Hydrogen, and ash by using difference method
Percentage o f Ox y gen =100-( C+ H+ N+S+Ash)

3.4 Proximate Analysis of Coal Samples

Volatile matter, moisture, fixed carbon and ash content of coal were detected by
proximate analysis. Except carbon all of these were determined in accordance of ASTM
standard experimentally. After obtaining values of moisture content, volatile matter and ash
content, the value of fixed carbon is determined by using difference method. All the

experiments were run in triplicates and mean value is calculated.

3.4.1 Moisture Content (ASTM D-3302)

For calculating the total amount of moisture content present in all the coal samples, the
blank containers were heated at the same conditions which was performed while drying, the
containers were covered with lids, cool and allow to weigh. 1g of each coal sample was dip
out with the help of spatula into the container, closed and weighed. The lid was removed, and
containers were placed immediately in an oven having temperature 110°C. It was heated for 1
hour. The weight of each sample was noted down until the difference between calculated
weights remain constant. The difference in calculated weights was reported in the form of
percentage (%) of moisture content and the moisture content percentage analysis in each

sample was calculated by using the formula:

. 4-B
Moisture Percentage= x100
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Where:
A = amount of coal samples in grams
B = amount of coal sample after heating in grams

3.4.2 Volatile Matter Content (ASTM D-3175)

About 1g of ground coal particle from each coal sample was taken and placed into pre
weighed platinum container (capacity 10-20mL, diameter 25-35mm, and height 30-35mm)
with the tight lid. It was then suspended in the furnace chamber under temperature 950 + 20°C

at the specified height. The loss in weight was calculated and reported as a % volatile matter

content
V ol atil e mat te r :M_Mo
M2-M1
Where:
Mo = Moisture content M1 = Mass (g) of empty crucible with lid
M2 = Mass (g) before heating M3 = Mass (g) after heating

3.4.3 Determination of ash content (ASTM D-3174)

For determining the ash content present in coal samples, 1g of coal was heated in muffle
furnace at 700-750°C temperature, till the difference in weight remained constant. Then, the

difference in weight was calculated and the residual as was calculated as % ash
Where:

M1= Mass of empty container in grams M2 = Mass of container + coal in grams

M3 = Mass of container + ash in grams

M4 = Mass of container in grams after
cleaning the ash
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3.4.4 Fixed Carbon (ASTM D-5142)

After heating the coal particles from each coal sample, the volatile matter is removed
and the remaining combustible solid residue is basically the fixed carbon (Speight, 2012).

The fixed carbon is determined by using the formula

Fixed Carbon =100-( M oi st ure +V ol atil e M att er +Ash )

3.5 Coal Biosolubilization
3.5.1 Isolation of pure culture

To isolate different microbes from both types of coal, shake flask experiment was
conducted. In experimental protocol 10 % grinded coal was mixed in 100ml MSM which had
0.1% coal as sole source of carbon along with isolated microbes and placed in shaker
incubator at 30°C. The rpm was set at 150 rpm /min for the duration of 15 days. After the
incubation period of 15 days, increased concentration of coal from 0.1-0.5% was observed.
Later using same protocol coal concentration was increased from 0.5%, 1%, 1.5%, 2%, 2.5%,
3%, 4%, 5% up to 6%. Upon every step, screening was observed on coal agar plates by pour
plate method. Plates of coal agar were prepared with 2% agar in MSM. Sub culturing was
observed upon nutrient agar and SDA plates for isolation of microbial colonies. And in turn

bacterial and fungal isolation in nutrient agar and SDA slants in glycerol too was performed.
3.5.2 Selection of Isolates based on Biosolubilization Activity

Coal biosolubilization activity by isolated microbes was performed in petri dishes. In the
initial step, fungal and bacterial isolates were grown on nutrient agar and SDA plates
incubated at 30 °C. In the second step,l1g coal chunks was placed (0.2mm - 0.5mm in
diameter) on the above-mentioned plates and incubated in static incubator for 14 days. After
14 days of incubation period, each plate was observed with blackish liquid produced in
surrounding areas of each coal particle. Isolates were selected on these parameters for further

research work.

3.5.3 Purification of fungal isolates
MEA slants were prepared by culturing with pure colonies in sterile test tubes. Tubes

were incubated in fungal incubator at 30 °C for 4 days. The purified fungal isolates were
stored at 4 °C. Moreover, purified fungal isolates were also preserved in MSM liquid culture

using shake flask experimentation.
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3.5.4 Screening of coal solubilizing isolates

MEA plates after five days of incubation period were observed in laminar flow
hood. It was observed that six fungal strains were most visible. By using sub-culturing
technique these visible fungal colonies were carefully picked and placed on MEA plates via
point inoculation or streaking proceeded for incubation. After incubation time of four to five
days these colonies were rechecked to observe growth of pure colony. If not, same process
was repeated. Plate assay was used to test the solubilizing tendency of these fungal strains.
Out of six, four isolates were positive (coal solubilizer) and selected for confirmation of best
solubilizing activity on a plate assay which is used to investigate the solubilizing potential
of isolates, and only two best solubilizing isolates designated as NF-1 and GB were

selected.

3.6 Microscopic study
Acridine Orange staining
To observe potential coal solubilizing bacterial and fungal strains based on their
morphology acridine orange staining was used.
The procedure used for staining is as follows:
1. The bacterial and fungal smear was properly prepared and fixed prior to staining
2. The freshly prepared acridine orange stain were flooded on the slide and allowed to
remain on slide for 2 minutes without drying.
3. The slides were rinsed with tap water and allow the moisture to drain from slide and
air dried.
4. After air drying, immersion oil was added and covered with a cover slip.
5. The slides were observed under fluorescent microscope.
3.7 Sequencing of 16S rRNA and 18Sr RNA gene
The 16S r RNA and 18Sr RNA gene were purified after amplification using PCR
purification kit (Nucleobond) and quantified using QUBIT. The samples were sent to
Macrogen KOREA (Europe) for DNA sequencing. The sequenced data was analyzed by
editing the sequence using Bioedit software version 3.1and complete sequence was BLAST in
NCBI and unknown sequence was compared with sequences already present in NCBL
Clustal W program was used to align the 16STRNA and 18SrRNA gene of all the prokaryotic
and eukaryotic genes of isolates with sequences similar from the NCBI database to construct

the phylogenetic trees.
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3.8  Taxonomic evaluation of fungal strains

The taxonomic evaluation of purified native fungal isolates NF-1 and GB was carried

out based on their morphological features and Molecular identification.
3.9 Morphological identification of both bacterial and fungal strains

The major morphological characteristics like, mycelium and colony type, spore
formation, nature and color were detected from purified native fungal isolates that were grown
on MEA plates. The microscopic investigation was performed by observing cell morphology,

shape of hyphae, conidia structures/ spore nature.
3.10 Optimization parameters or enhance release of organics:

The potential fungal isolates were optimized for enhanced release of solubilized
products from thar and bituminous coal samples. The released organics were determined by
200 to 600 nm range of UV-Visible spectrophotometric scan. Major conditions were

optimized such as the concentration of glucose, coal loading ratio and incubation time.
3.10.1 Optimization of glucose concentration

MSM media without glucose was prepared and poured in 50ml of flasks. (0.1%, 0.5%,
1.0%, and 1.5%) different glucose concentrations were added in each flask and pH (5.5) was
balanced. 0.5g of coal was measured for each flask which is dried, grounded and sieved
having size less than 650 pm. Media and coal were autoclaved for 15 minutes at 121°C
containing different concentration of glucose. Inoculum was prepared by adding fungal
isolates in a sterile distilled water. Solution was homogenized by using vortex or
homogenizer, 0.2 at 600 nm was the absorbance of suspension taken. About 2ml inoculum
was added in each flask and incubated at 25°C 110rpm in shaker for five days. After five days,
0.5g of autoclaved raw coal was added in each flask. Flasks were placed into the shaker at

25°C, 110rpm for 7 days.
3.10.2 Optimization of coal loading ratio

MSM media was prepared that have optimized conc. of glucose for fungal isolates, pH
(5.5) was balanced and poured into 50ml of flasks. Different concentrations of coal (0.1%,
0.5%, 1.0%, and 1.5%) were measured for each flask which were dried, grounded and sieved

having size less than 650 um. Media and different coal conc. were autoclaved for 15 minutes
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at 121°C. Inoculum was prepared by adding loop full of inoculums from potential fungal
isolates in a sterile distilled water. Solution was homogenized by using vortex or
homogenizer, 0.2 at 600 nm was the absorbance of suspension. About 2ml inoculum was
added in each flask and incubated at 25°C 110rpm in shaker for five days. After five days
different conc. (0.1%, 0.5%, 1.0%, and 1.5%) of autoclaved raw coal were added in each

flask. Flasks were placed into the shaker at 25°C, 110rpm for 7 days.

3.10.3 Optimization of incubation time

MSM media was prepared that have optimized conc. Of fungal isolates, pH (5.5) was
balanced and poured into 50ml of flasks. Optimized ratio of raw coal for potential fungal
isolates was measured which is dried, grounded and sieved having size less than 650 um.
Media and coal were autoclaved for 15 minutes at 121°C. Inoculum was prepared by adding
loop full of inoculum of fungal strains in a sterile distilled water. Solution was homogenized
by using vortex or homogenizer, 0.2 at 600 nm was the absorbance of suspension. About 2ml
inoculum was added in each flask and incubated at 25°C 110rpm in shaker for four days.

After five days autoclaved coal was added in each flask and placed at 25°C 110rpm in shaker
for different time periods (7days,12days,17days and 21days).

3.11 Enhancing agents for coal bio solubilization
3.11.1 Chemical pretreatments

Baluchistan coal samples were dried, grounded and sieved, having particle size less
than 650 um with the help of sterile pestle and motel. About 1g of coal per 3ml was pretreated
by using 8M concentration of sodium hydroxide (NaOH) in high-performance liquid
chromatography (HPLC) vials for 24 h at room temperature. The pretreated samples were
transferred into microcentrifuge tubes and the supernatant was separated by 20 minutes of
centrifugation at 10,000 rpm. Sterile distilled water was used to wash 10 times the pre
oxidized coal samples to neutralize pH and remove any residual chemical agents at the same

speed and duration.

3.11.2 Sodium acetate amendments

Concentration and size of coal particles being used for solubilization has remarkable

effects on accelerating solubilization activity. Size of dry bituminous coal particles were
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reduced to (0.3-0.6) mm in diameter with the help of sterile pestle and motel and properly
sieved. After optimization of major conditions additionally 0.25g sodium acetate

(C2H NaO ) was added as an enhancing agent in MSM media along optimized glucose and
3 2

coal conc. for both fungal isolates. Flasks were placed into the shaker at 25°C, 110rpm for 7
days. In addition to that medium having sodium acetate (C2H3NaO2) as a sole carbon source

was also prepared to check its activity.

3.12 Coal solubilization extent

3.12.1 Bio solubilization percentage

For quantitative estimation or investigation of enhanced coal bio solubilized activity,
petri plate assay was performed. NF-1 and GB coal derived fungal isolates were grown on
malt extract media (MEA) and incubated for five days in order to completely develop mycelia
on plates.0.5 g finally grounded (0.3-0.6) mm in diameter untreated and pre oxidized coal
particles were spread on fungal mycelia. The controls were run along this i.e. plate having
MEA agar and NF-1 and GB fungal mycelia but without coal, and plate having MEA agar and
coal but without fungal mycelia. The plates were incubated at 30 °C for 5 days and collected
black liquid products over virgin and oxidized coal particles by the action of NF-1 and GB
fungal strains. The coal particles were weighed after incubation period. Bio solubilization
percentage’ P’ was calculated by net weight loss of bituminous coal particles with the help of
formula. P = (1-W1/W0) x 100%
where P is solubilization percentage (%)

WO shows the initial weight of bituminous coal(g)

W1 shows the weight of the residual bituminous coal (g) after bio solubilization.

3.13 Coal degradation setup

3.13.1 Shake flask experiment of virgin coal

MSM media was prepared having additional 0.5g of sodium acetate source and
optimized conc. of glucose for NF-1 and GB fungal isolates, pH (5.5) was balanced and
poured into 100ml of flasks. Optimized ratio of virgin coal for NF-1 and GB fungal isolates
were measured which is dried, grounded and sieved. Media and virgin coal samples were
autoclaved for 15 minutes at 121°C. Inoculum was prepared by adding loop full of inoculum
from actively growing zones of the plates which is (NF-1, GB) in a sterile distilled water.
Solution was homogenized by using vortex or homogenizer, the absorbance value of

suspension was adjusted to 0.2 at 600 nm. About 2ml inoculum (suspension) was added in
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each flask and incubated at 25°C 110rpm in shaker for four days. After four days autoclaved
virgin coal residues were added to determine parametric effects during solubilization
experiments. Autoclaved and aerobic glass flasks were used for the experiments that was run
in triplicate. Flasks were placed into the shaker at 25°C, 110rpm for 7 days. Positive and
negative controls were used under all studies i.e.:

1. Fungal inoculated media without coal

2. Media having coal but no fungal inoculum
3.13.2 Shake flask experiment of pre-oxidized coal

MSM media was prepared having additional 0.5g of sodium acetate source and
optimized conc. of glucose for NF-1 and GB fungal isolates, pH (5.5) was balanced and
poured into 100ml of flasks. Optimized ratio of pre oxidized coal for NF-1 and GB fungal
isolates were measured which is dried, grounded and sieved. Media and pre oxidized coal
samples were autoclaved for 15 minutes at 121°C. Inoculum was prepared by adding loop full
of inoculum from actively growing zones of the plates which is (NF-1, GB) in a sterile
distilled water. Solution was homogenized by using vortex or homogenizer, the absorbance
value of suspension was adjusted to 0.2 at 600 nm. About 2ml inoculum (suspension) was
added in each flask and incubated at 25°C 110rpm in shaker for four days. After four days
autoclaved pre oxidized coal residues were added to determine parametric effects during
solubilization experiments. Autoclaved and aerobic glass flasks were used for the experiments
that was run in triplicate. Flasks were placed into the shaker at 25°C, 110rpm for 7 days.

Positive and negative controls were used under all studies i.e.:

1. Fungal inoculated media without coal

2. Media having coal but no fungal inoculum
3.14 Humic acid extraction

3.14.1 Extraction of Humic Acids from Raw thar and bituminous coal

Humic acids were extracted from raw and biologically oxidize bituminous (Baluchistan) coal

by following alkali method:

1. 2g of raw thar(Sindh) and bituminous (Baluchistan) coal was measured and finally

grounded with sterile pestle and motel having particle size of (0.3-0.6) mm in diameter.

2. Sterile flask was used to suspend coal particles in 100ml of 0.1M NaOH solution.
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The suspension (coal +0.1M NaOH) was stirred at 20°C, 300rpm for 24 h by using

magnetic stirrer.

After reaction time (24 h) suspension was poured into 50ml falcons and separated by
centrifugation at 8000 rpm for 20 minutes. (Solid phase as called bitum and supernatant

(liquid phase) called as humic acid + fulvic acid.)

6.0M HCL solution was prepared. pH of filtered supernatant was dropped from 12 to 1.8.

The solution was settled for at least 12 h.

Precipitates were formed in supernatant and separated by 20 minutes of centrifugation at

8000 rpm.

The sterile distilled water was used to wash precipitated humic acids for three to four

times and desiccating in desiccator at 60-C.

Humic acid was stocked at 4°C for further analysis.

3.14.2 Extraction of Humic Acids from biologically oxidized bituminous coal

1.

After fungal biological pretreatment, both Thar and bituminous coal residues were

proceeded further for humic acid extraction.

The biologically oxidized (pretreated) coal residues was added in 100 ml of 0.1M NaOH

solution.

The suspension (coal +0.1M NaOH) was stirred at 20°C, 300rpm for 24 h by using

magnetic stirrer.

After reaction time (24 h) suspension was poured into 50ml falcons and separated by
centrifugation at 8000 rpm for 20 minutes. (Solid phase as called bitumin and supernatant

(liquid phase) called as humic acid + fulvic acid.)

6.0M HCL solution was prepared. pH of filtered supernatant was dropped from 12 to 1.8.

The solution was settled for at least 12 h.

Precipitates were formed in supernatant and separated by 20 minutes of centrifugation at

8000 rpm.
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7. The sterile distilled water as used to wash precipitated humic acids for three to four times

and desiccating in desiccator at 60°C.

8. Humic acid was stocked at 4°C for further analysis.

3.14.3 Extraction of Humic Acids from biologically oxidized bituminous coal

supernatants

Humic acid was extracted from supernatants by following:

1. After fungal pretreatment by potential and fungal isolates(NF-1 and GB), the filtered

supernatant was further preceded for humic acid extraction.

2. 6.0M HCL solution was prepared. pH of filtered supernatant was dropped from 12 to 1.8.

The solution was settled for at least 12 h.

3. Precipitates were formed in supernatant and separated by 20 minutes of centrifugation at

8000 rpm.

4. The sterile distilled water as used to wash precipitated humic acids for three to four times

and desiccating in desiccator at 60-C.

5. Humic acid was stocked at 4°C for further analysis.

Humic acid percentage determination

Gravimetrically humic acid percentage was calculated by:

Humic acid (W/V, %) = Weight of oven dry precipitates/Vol of humic acid sample taken x

10
3.15

1.

Extraction of Fulvic acid

The supernatant left after extracting humic acid were taken and maximum (higher) pH
was adjusted by adding KOH and allowed to be stirred on magnetic stand for 4-8

hours. The potassium fulvate was precipitated.
The supernatant was centrifuged at 10,000rpm for 5 minutes and liquid was discarded.

The liquid precipitates after removing the supernatant was rinsed almost 3 times with

deionized water (resuspended and centrifuged) again and again to remove salts.

Then the produced fulvic acid from each sample was dried for 24-48 hours at 50°C.
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5. After drying, the approximate weight of the produced fulvic acid was calculated from
each sample.
3.16 Analytical investigation

3.16.1 Spectrophotometric studies
UV-Visible spectral gave maximum intensity at 240 -250 nm on each optimization

parameter, that was used for further analysis. For the qualitative assessment of enhanced
release of organic moieties from bituminous and lignite coal in supernatant was determined in
the range of 200 to 600 nm spectral scan of filtrate by using SPECORD-200 Analytic UV-Vis
Spectrophotometer (Jena, Germany).
3.16.2 Elemental Analysis of bio solubilized coal and humic acid

Elemental analysis of bio solubilized residues and fungal transformed humic acid from
both virgin and pretreated coal (bituminous) was determined by using a Vario-EL Elemental
Analyzer (Germany). (N, S, C and H) ratio of all dried products obtained from bio solubilized
coal and humic acid was analyzed. Each sample was mixed well and performed in triplicate.
The total weight of Carbon, Hydrogen, Nitrogen and Sulphur was subtracted to determine

Oxygen content.

3.16.3 Fourier Transform-Infrared Spectroscopy (FT-IR)

FT-IR analysis was carried out for the investigation or detection of functional groups
and vibrational changes occurred in fungal treated (NF-1 and GB) coal and fungal
transformed humic acid from both virgin and pretreated bituminous coal. KBr pellet was
formed in the ratio of 1:100 by uniform mixing of virgin high rank and low rank coal that was
used for bio-solubilization assay, with dried KBr powder. The IR spectra was carried out in
the range of 3500-500 cm-1 as a reference.

After fungal (NF-1,GB) pretreatment, samples of residual coal were collected and rinsed with
distilled water in order to remove all the fungal mycelia. Remaining coal was desiccated by
using a desiccator for 24h. Homogenously mixed dried 200 mg KBr powder with
approximately 2mg of each remaining coal to form KBr pellets. These pellets were analysed
by using FTIR Spectrum-65 (Perkin Elmer, USA) in 4000-500 cm-1 region that used to
superimpose with reference coal. IR spectra for determining the degrading ability of NF-1 and
GB fungal strains on coal functional groups.

3.16.4 Gas chromatography-mass spectrometry (GC-MS) of bio solubilized products
Gas chromatography-mass spectrometry (GC-MS) is an operative system, utilized for

estimating petroleum hydrocarbons. GC-MS 1is very selective, specific and sensitive
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instrument that could be used for qualitative and quantitative estimation of targeted
components in coal derive bio solubilized liquid products. Sometimes accurate recognition of
volatile and low-molecular organic constituents in complicated methylated samples through
MS detector is difficult due low concentrations and altered distribution patterns of these
compounds. During coal solubilization experiment by NF-1 and GB fungal isolates liberated
multiple organics such as amides, aliphatic, carboxylic, ethers, low molecular fatty acids and
polycyclic aromatic hydrocarbons (PAHs). A vacuum rotary evaporator was used to remove
water content from bio solubilized liquid products to get viscous black liquid at 70 °C. High
viscosity of black liquid could clog GC column. A huge range of organic solvents including
ethyl acetate, methanol, benzene, Dichloromethane (DCM) petroleum ether, chloroform,
acetone and carbon tetrachloride was utilized to prevent this problem. Ethyl acetate was used
in 1 (viscous black liquid) to 10 (organic solvent) ratio by volume in order to extricate organic
constituents from thick black liquid by using 100 mL separating funnel for at least 6 h. Gas
chromatogram (6890 N) was attached with MS (5973 MSD) and fitted with an Agilent

JW Scientific DB-5 fused- silica capillary column (30-0.32 mm, and 0.25 pm of film
thickness with 5% diphenyl-95% dimethylpolysiloxane) was utilized for characterization and
recognition of coal derived organics. The instrument was operated in split less mode with ratio
of 10:1 by using (helium) as carrier gas with flow rate of 1.5 mL/min. Approximately 2 pl of
sample was inserted manually by using an injection and inlet set at 280 °C. The fused- silica
capillary column was heated from 120 °C to 280 °C at a rate of 10 °C /min and held at 280 °C
for 10 mi. Based on molecular weight range 50-1000 amu. was specified. The MS system was
run at electron impact ionization mode with (70 eV). Data was obtained and processed by
(software), NIST Ver. 02 library for recognition of compounds.

3.17 Anaerobic solubilization of coal

3.17.1 Anaerobic Consortia

For the development of anaerobic consortia 500ml of serum bottles are used. The
experiment was conducted in an anaerobic chamber where no air could get access into the
reaction setup. The bottles were autoclaved prior to use. Then 250ml of autoclaved
enrichment media was added to serum bottles. 10g of the coal was added into the bottles as a
carbon source. N gas was sparged into the reaction medium (serum bottles). The bottle was 2
sealed with stoppers made of butyl rubber with an inlet pipe protruding out of the stopper and
was closed with a clip. The nitrogen gas was 99.99% pure. 10ml of vitamin and mineral

solutions were added into the reaction medium. 10% (v/v) of deep Thar and Balochistan coal
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mine water was added into the bottle with the inlet pipe. 60ml of an injection was attached to
the inlet pipe to examine the success of experiment. The bottle was wrapped with aluminum
foil to provide dark condition to anaerobes. The whole setup was kept into an incubator for 12
days at a temperature of 30°C. The amount of gas collected in the injection showed that
consortia were developed. This anaerobic consortium was then used for the stimulation of

methane generation in coal.

3.17. Vitamin solution

Vitamin solution was added into the medium. These vitamins assist the media for the

growth of microorganisms. It was used for supporting the indigenous anaerobic growth and is

given below:

Table 3.2 Chemical Composition of Vitamin solution

Vitamins mg/l

Folic Acid 2
Biotin 2

B 0.1

Pyridoxine HCI 10
Thioacetic acid 5
4-aminobenzoic acid 5
Thiamine 5
Ca-pentothenate 5
Riboflavin 5

5

Nicotinic acid

3.18 Biogasification setup

The enriched anaerobic consortium was employed biogasification assay for checking
the potential biogas generation from native coal along with optimization parameters. The
anaerobic consortium was enriched from deep coal mine water sample. 250ml of enrichment
media was added into serum bottles each and was autoclaved. The serum bottles were purged
with N and 10% v/v anaerobic culture, vitamin solution and trace minerals solution were

2added. 10ml of consortia was added into the reaction bottles in an anaerobic chamber.
The bottles were tightly sealed by butyl rubber stopper with silicon sealant. The butyl rubber
stopper was connected with syringe for bio-gas collection. Experiment was conducted in

triplicates under different conditions and incubation period was extended to 45 days.
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Figure 3.2 Methanogenesis setup

3.19 Methane potential of coal

10g of autoclaved Lignite and Bituminous coal was added in 500ml of serum bottles as a
carbon source. N2 gas was sparged into the serum bottles. Anaerobic consortia of 10% v/v
were added into the medium along with vitamin and mineral solutions. Experiment was run

along with positive and negative control.

3.20 Methane Potential of Chemically pretreated coal

Both type of lignite and Bituminous coal was pretreated with hydrogen peroxide and
hydrogen peroxide to observe the methane potential of pretreated coal. Chemical pretreatment
causes the depolymerization of coal structure converting it into monomers. Experiment is run
in triplicates. 2g of pretreated coal is added in 250ml of serum bottles along with a positive

and negative control.

Figure 3.3 Anaerobic Consortia Figure 3.4 Syringe Filled with biogas
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3.21 Methane Potential of pretreated coal water

The coal water obtained from the washing step of chemical pretreatment was used to
observe the methane potential. The coal water from first three washing badges of
centrifugation was collected and was 80 ml. Vitamin and mineral solutions were added in it.

N gas was sparged in the headspace. Microbial consortia were added along with no coal.
2

Injection was attached to observe the methane potential.
3.22 Optimization Parameters

3.22.1 Temperature and pH

For enhancing the process of coal solubilization anaerobically, two parameters that
includes temperature and pH were optimized. The lignite and bituminous coal were allowed to
produced methane at different temperatures including 25°C, 35°C, 45°C, and 55°C. Similarly,
both types of coal were allowed to produce methane at different pH including 6.0,

6.5, 7.0, 7.5 and 8.0. Both the methane and CO, produced at optimum conditions were
calculated. The reaction setup contains 10g of lignite and bituminous coal at each temperature
and pH along with vitamin solution and trace mineral elements. Nitrogen gas were sparged at

the head space of each bottle. Injection was attached to calculate the gas produced.

3.23 Enhancement of Methane Potential

3.23.1 Methane Potential using co-digestion strategy

The co-digestive materials used were grass, cow dung and peanut hull. Two
combinations were used the one was grass and cow dung and the other was grass and peanut
hull. All the materials were ground to powder form to increase the surface area as well as
efficiency of experiment. In combination no.1, 2g of co-digestive powder of grass and 2g cow
dung was added in a 250ml serum bottle along with autoclaved enrichment media.
Vitamin and mineral solution were added. The bottle was sparged with N2 gas. 10%v/v of the
microbial consortia was added in the end under anaerobic conditions. A positive and negative
control was run along the experiment. In positive control no substrate i.e. no coal was added
and all the other condition were same. While in negative control no consortia were added

keeping all other reaction conditions similar.
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In the second combination of co-digestive materials 5g of grass along with 2g
of peanut hull (powdered) was added in 500ml of serum bottles. All the other conditions were

same as of combination no.1.

3.24 Gas Scrubbing
The biogas produced in the syringe was scrubbed using a 3M NaOH solution. By

scrubbing the gas samples we get the estimated methane produced in biogas sample. The
injection of biogas was injected into the 3M NaOH solution. CO, got dissolved into the NaOH

solution and CH4 was left in the injection.

The reading of methane in the injection was noted down for every sample on daily basis. The

gas in the injection in fig 3.4 is methane after scrubbing with 3M NaOH.

3.25 Molecular study
3.25.1 PCR (polymerase Chain Reaction)
DNA amplification using PCR

For amplifying DNA, PCR (Polymerase Chain reaction) were performed. The PCR
mixture was prepared carefully in safety hood in order to avoid any sort of contamination.
For all the primer set PCR thermal profile were denatured at 95°C for 45 seconds. Annealing
at 58°C for fungal universal primer and 60°C for bacterial universal primers for almost 45
seconds and extending at 72°C for about 60 seconds and final extension was carried out at
72°C for 10 minutes. The PCR reaction was coupled both with taq polymerase and master mix
respectively. The DNA fragment that were extracted were amplified with universal primer
ITS1 and ITS4 for fungal strains while bacterial strains were amplified with universal primers
27F forward and 1429R as reverse primers.
3.25.2 Quantity of reaction mixture when PCR was performed with master mix Table

3.3 Ingredients of PCR reaction mixture

Ingredients With master mix
DNA 3ul

Primer (forward+reverse) | Sul

PCR water 30ul

Master mix 10ul

After preparing the reaction mixture, they were spin for complete mixing and placed into
PCR. The temperature of lid was kept at 98°C. PCR was set for about 40 cycles after
maintaining all the conditions and get started. After the completion of PCR, the products were

analysed by electrophoresis using 1% agarose gel in TBE buffer (40mM trisborate, 1mM
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EDTA pH 8.1) according to Sambrook and Russell., 2001. In order to find out the size of the
product, DNA marker of 1kb (Gene Ruler) was applied while running the gel.
3.25.3 Agarose gel electrophoresis
For visualizing PCR products, and to check the presence of DNA, agarose 1.5 g was
dissolved in 1 x TBE buffer and was heated in microwave oven for 60 seconds in order to
dissolve the agarose completely. The agarose solution was allowed to cool and about 2 pL of
ethidium bromide was added to the solution followed by well shaking for thoroughly mixing.
and sample loading comb were placed in tray. The solution was poured into gel tray, allowed
to solidify for 10 to 20 minutes. About 2 pL. Loading dye was mixed with DNA samples
followed by loading of samples into the wells. The agarose gel was run for 30 minutes at 110
V and 400mA and observed under UV illuminator.
3.25.4 DNA Extraction protocol (Bacterial and Fungal) using Qiagen KIT
1. About 1.8ml of bacterial and fungal culture was added to 2ml collection tube and
allowed to centrifuge at 10,000rpm for 30 seconds at room temperature. The
supernatant was discarded, and tubes were centrifuged again at 10,000rpm for 30
seconds at room temperature. Media supernatant was removed completely with the

help of pipette tip.

2. About 300ul of power bead solution was added in cell pellets and vortexed gently to
mix well. The supernatant with resuspended pellet were transferred to 0.lmm power

bead glass tube.

3. Instep 3, about 50l of SL solution was added to the power bead tube.
4. The power bead tube was placed with proper balancing in power lyzer 24

homogenizers and allowed to homogenize for 5 minutes at 2000 rpm.

5. After completion of homogenization, the power bead tubes were centrifuged at

maximum speed of 10,000rpm for 30 seconds at room temperature.

6. The supernatant after centrifugation were transferred to clean new 2ml collection tube

provided.

7. In next step, 100ul of IRS solution were added and vortexed for about 5 seconds.

Tubes were incubated at 4°C for 5 minutes.
8. After 5 minutes of incubation, tubes were centrifuged at 10,000rpm for 1 minute.

9. Supernatant was transferred to new 2ml collection tube, avoiding the pellet.
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About 900ul of SB solution were added to the supernatant and vortexed for 5 seconds

gently.

In next step, about 700ul of solution were loaded into MB spin column and allowed to
centrifuge at 10,000rpm for 30-60 seconds at room temperature. The flow through
were discarded and the remaining supernatant were loaded again into MB spin column

and centrifuged again at 10,000rpm for 1 minute at room temperature condition.

Further, 300ul of CB solution were added and allowed to centrifuge at 10,000rpm for

30 seconds.

The flow through were discarded and again the centrifugation was done at 10,000rpm

for 1 minute at room temperature.

The MB spin column were placed into new 2ml collection tube. The liquid must not be

splashed on the spin filter basket.

In last step, about 50ul of EB solution were added into the centre of white filter

membrane.

The samples were allowed to centrifuge again at 10,000rpm for 30 seconds at room

temperature.

The spin filter was discarded and DNA is now ready to use for further applications.
DNA was stored at -20°C for further studies.

3.25.5 PCR Clean Up

1.

For removing the primer dimers formed during PCR II along with PCR components,

PCR clean up procedure were performed.
Reagent needed:
Mag Bio Beads

Freshly prepared 80% Ethanol

The PCR plates or tubes from PCR II were centrifuged to collect condensation.

The Mag Bio beads were allowed to vortex for about 30 second in order to

homogenize them.

The lid was removed from the plates and tubes carefully.
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About 20pu1 of Mag Bio Beads were added into each tube/well having PCR 11 products.

Pipetting was done 10 times to mix the beads gently.
Incubation was done at room temperature for 5 minutes.

The tubes/ plate was gently placed on magnetic stand for 2 minutes until the

supernatant got clear. The supernatant was removed carefully and discarded.

9. Washing Steps:
¢ 1st wash: About 200ul of 80% ethanol were added into tubes/wells without
resuspending the beads.
¢ Incubation was done at room temperature for 30 seconds.
¢ Supernatant was carefully removed and discarded.
10. 2" Wash:

¢ About 200ul of 80% ethanol were added again into tubes and wells without disturbing

the beads.

¢ Incubation was done again at 30 seconds at room temperature.
¢ Supernatant was discarded carefully.

1.

12.

13.

14.

15.

Without removing tubes/plates from the magnetic stands with lids off, allow the beads
to air dry for 15-30 minutes until all the ethanol was evaporated and beads become

brittle.
The tubes/plates were allowed to remove from the magnetic stand.

About 27ul of resuspension buffer were added into each well and tube and mixed
gently for about 10 times with pipette. Incubation was done at room temperature for 2

minutes.

Again, the tubes and plates were placed on the magnetic stand and incubated at room

temperature for 2 minutes.

About 25pl of clear supernatant were carefully transferred to new labelled plates and

tubes.
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16. The clean products were again run-on gel electrophoresis with some slight increase in

band size of PCR II products.

17. Samples were stored at -20°C for further analysis.

3.25.5 DNA easy power lyzer power soil kit:

All the centrifugation steps were performed at room temperature.

1.

10.

1.

12.

About 0.5g of coal samples from both types of coal were taken and added into power

bead tube provided in kit.
About 75ul power bead solution was added in power bead tube.

In addition to power bead solution, about 60ul of C1 solution were added and vortexed

several times or briefly vortexed to mix well.

The power bead tube was placed in power layzer 24 Eppendorf holder with proper
balancing. The samples were run at 4000rpm for 45 seconds to 1 minute with 2

repetitive cycles.

After bead beating, the tubes were placed in centrifuge and centrifugation was done at

10,000rpm for 3 minutes.

The supernatant was transferred to 2ml clean collection tube provided in the Kkit.
In next step, 250ul of C2 solution was added and vortexed briefly for 5 seconds. Later

on, incubation was done at 2-8°C for 5 minutes.

After incubating the samples, tubes were centrifuged at 10,000rpm for 1 minute.

About 600pul of supernatant were transferred to new collection tube avoiding the pellet.

About 200ul of C3 solution were added and vortexed for 5 seconds briefly.

Incubation was done again at 2-8°C for 5 minutes.

After second incubation, tubes were centrifuged again at 10,000rpm for 1 minute.

About 750ul of supernatant was transferred to new collection tube, avoiding the pellet.

In next step,1200ul of solution C4 were added to the supernatant and vortexed for 5

seconds.

The MB spin column was taken and about 675ul of supernatant from step 11were
added in the column and centrifugation was done at 10,000rpm for 1 minute. The flow

through was discarded and remaining 675ul of solution were added into the column.
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13. The column was allowed to centrifuge again at 10,000rpm for 1 minute and remaining
supernatant were loaded again into MB spin column and centrifugation were done at
10,000rpm for 1 minute. Total three loads for each sample to MB spin column were

processed.

14. About 500ul of solution C5 was added into the column and centrifuged at 10,000rpm

for 1 minute.

15. The flow through was discarded and column were allowed to spin again at 10,000rpm

for 1 minute.

16. The MB spin column were placed into new collection tube carefully. By avoiding any

kind of splashing created by C5 solution into the column.

17. In next step,100ul of solution C6 were added into the centre of membrane filter. Pin

addition to solution C6, PCR water or TE buffer can also be added.

18. In last step, centrifugation was done again at 10,000 rpm for 1 minute. The spin
column was discarded.
19. The extracted DNA was stored at -20°C or -80°C for carrying out further downstream

applications.

3.26 Metagenomic studies:

3.26.1 16S amplicons protocol

For carrying out PCR amplification of 16S bacterial community, the DNA concentration were
measured with the help of QUBIT. The concentration must be 1-10ng/pl in range. The
reagents used were PCRBIO HiFI polymerase along with forward and reverse primers, BSA,
template DNA and HiFi Buffer.

The conditions followed were 95°C  for 2 minutes, 95°C  of 15 seconds, 55°C  for 15
seconds, 68C for 40 seconds ( 33 cycles) and 68°C for 4 minutes with infinite hold at 4°C .
PCRII:

After running PCR 11, the PCR 1 products were allowed to run on gel.
For running PCR 1I, the index primers or Index barcodes were added to the samples. The

reagents used in PCR II were PCRBIO HiFI polymerase along with primers and HiFi Buffer.
The reaction conditions followed were:
98°C for 1 minute, 98°C 10 seconds, 55°C for 20 seconds, 68°C for 40 seconds, 68 for 5

minutes and 4°C ( infinite). Total cycles followed were 13.
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3.26.2 PCR for 18S amplicons (For identifying fungal communities) For

running PCR for 18S amplicons following conditions were used.

Step 1: Primers use for amplifying fungal communities are fITS7F-adp/ ITS4R-adp.

Negative control was also included The

reagents used were:

PCR water, PCRBIO HiFi polymerase along with buffer, forward and reverse primers, BSA
and template DNA. The quantity of the reagents were adjusted according to manufacturer’s
manual

The PCR conditions followed were 94°C for 5 minutes, 94°C for 30 seconds, 57 °C for 30

seconds, 72 °C for 30 sec and 72 °C for 10 minutes. The number of cycles followed were 30

3.26.3 Protocol for Preparation of FS (FUNGAL) DNA library using KIT:
Step 1: Fragmentation/ End prep:
Fragmentation of DNA occurs at 37°C incubation step. As, the concentration of DNA was

high and size of DNA was also high, the incubation was done for 15 minutes at 37°C.

Fragmentation size Incubation at 37°C Optimization
200bp-450bp 15-17 minutes 15-20 minutes
The kit used were the NEBNext Ultra II FS DNA library kit for [llumina.

It was ensured that the kit reagent Ultra II FS reaction buffer were completely thawed.
The Ultra IT FS enzyme were also vortexed for 5-8 seconds before use and place on ice.

Following components listed below were added to 0.2ml thin walled PCR tubes placed on

ice.

Table 3.4 Components used in PCR
Components Volume of reagent per library
Genomic DNA 26ul

(yellow) NEB Next ultra II FS reaction Buffer | 7ul
(yellow) NEB Next Ultra II FS enzyme Mix 2ul
Volume in total 35ul
The reaction mixture was vortexed for 5 seconds and spin gently on a microcentrifuge. In

thermocycler PCR, the lid temperature was maintained to set at 75°C by running the program
mentioned below:

4 5-30 minutes at 37°C
4 30 minutes at 65°C
4 Hold at 4°C

Step 2: Adapter ligation:

The components listed in table was added directly to FS reaction mixture
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Table 3.5 FS Reaction mixture

Component Volume
FS reaction buffer 35ul
(Red) NEB Next Ultra II ligation master mix 30ul
(Red) NEB Next ligation Enhancer Tl
(Red) NEB Next Adaptor for Illumina 2.5ul
Volume in total 68.5ul

¢ The Ultra II ligation master mix were mixed up and down by pipetting several times.

¢ After addition of all the components, the incubation at 20°C for 15 minutes in a PCR

thermocycler were done with the heating lid off.

¢ After 15 minutes about 3pul of (red) USER enzyme to the ligation mixture was added

and mixed well.

¢ Later on, the reaction was incubated at 37°C for 15 minutes with lid heating set at >

47°C.
STEP# 3

Size selection of adaptor ligated DNA for DNA input >100ng
¢ The fungal strains selected in the present study were of size 200-350bp, so the

conditions selected for clean-up were according to the 200-350bp.

¢ The volume of reaction mixture was brought to 100ul by addition of 28.5ul 0.1X TE
buffer.

¢ The NEB Next sample purification beads were vortexed to resuspend.

¢ About 30pul of resuspended beads were added to 100ul of sample. The mixture was

mixed by pipetting up and down at least 10 times.
¢ The samples were incubated at room temperature for at least 5 minutes.
¢ The tubes/plates were placed on magnetic stand to separate the supernatant from beads.

¢ After incubating for 5 minutes, when the solution become clear, transfer the supernatant

to clean new tube containing DNA. The unwanted beads were discarded.
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¢ Again, 15ul of resuspended NEB Next beads were added to the samples and mix with
the help of pipetting by 10 times at least. The samples were incubated at bench top at

room temperature for 5 minutes.

¢ After incubating the tubes/plates were placed again on magnetic stand to separate the

supernatant from beads.

¢ When solution become clear after five minutes the supernatant was clearly discarded
containing unwanted DNA. It must be noted that the beads must not be disturbed as it

contains desired DNA.

Washing steps:
¢ While the tubes are still on magnetic stand, about 200ul of 80% freshly prepared ethanol
were added into the tubes. Incubation was done for 30seconds at room temperature,
and then supernatant was discarded and removed carefully. The beads must not be

disturbed as they contain the desired DNA.
¢ After washing twice or thrice, all the clear and visible liquid were removed carefully.

¢ The beads were air dried for up to 5 minutes while the tube was on magnetic stand with

the lids open.

¢ The tube or plate were removed from the magnetic stand and target DNA was eluted by

addition of 17ul of 0.1X TE buffer.

¢ The added TE buffer and DNA were mixed together by pipetting up and down at least

10 times. The mixture was incubated for 2 minutes at room temperature.

¢ The tubes were placed back on magnetic stand, after 5 minutes when solution becomes

clear, transfer about 15ul of supernatant to new PCR tube.

Step#4 PCR-Enrichment adaptor ligated DNA
If forward and reverse primers are not combined already, the following components will be

added to the solution.

Table 3.6 Adaptor ligation solutions

DNA fragments having adaptors 15ul
(blue) NEB Next ultra IT Q5 master mix 25ul
(Blue) Index primers/i7 primer Sul
Universal PCR primer 15 5ul
Volume in total 50ul
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The tubes were placed in PCR thermocycler for performing PCR amplification using the

following conditions:

PCR Cycle steps Temperature Time Cycles
Initial Denaturation 98 30 seconds 01
Denaturation 98 10 seconds 3-7 cycles
Extension/Annealing 65 75 seconds 3-7 cycles
Final Extension 65 5 minutes 1
Hold 4 o0 o
Option 1
Automated NA Realtirn amina MiSeq
Spike IC watractor S s sequencer
$ o ool
E -m Manual spin column - cycler e  E— e
g 0.2ml 1ng S —
: vl B |
§ CSF DNA Tagmentation Amplification of  Clean up library Ubrary Standard Sample Sequencing
§  specimen extraction of gDNA NGS library  using AMPure XP  quantification by normalization of loading '
J ! beads Kappa qPCR library /
3
g Apply threshold filtess:

Communicate APPY : Upload raw data
§ clinically significant  Review results Bocterla and Eukaryotes: , Apply C5F Automatic (paired fastq files)
8 NTr210; NT L 250; NT Z score 28, NRr=2 Background to
= results to clinican < by Clinical . . : + dataanalysis < to IDseq without
g for patient Microblologist E. coli: Manual review (ignore reads aligned filter out R any pre-processing
H IRl to E. coli strain BL21 and bloTEM] gene) background taxa ‘
€ . Viruses: NR 7 2 2
[- ameducic TAT
a ' AT

Fig 3.7 Illumina Nextera XT proctocol

Overall TAT: ~48h

For preparation of standard library, there are some certain number of cycles required

according to the input DNA. In the present study, the input FS DNA reaction is 200ng, so, the

library preparation requires 4 cycles of PCR.

3.26.4 Fungal ITS 2 Illumina Library preparation:

¢ The DNA extracted from the coal samples were transferred to the 96 well plates or PCR

tubes.

¢ Each well or tube indicates the sample number, so it must be mentioned on the excel

sheet that corresponds to the plate number or tube.

PCR 1 Master Mix was prepared according to instructions by the manufacturer that includes:

PCR Buffer, dd water,dNTP,s, forward and reverse primers and Taq polymerase. Replicates

were made during PCR 1
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¢ About 24pul of master mix was added into each well and tube.
¢ About 2ul of template DNA from each sample were added into each well and tube.

¢ The plates or tubes was allowed to spin at 700rpm for 1 minute before placing them into

thermocycler PCR machine.

Thermocycler conditions followed were 94 °C for 30seconds, 57 °C for 30 sec, 72 °C for 30
seconds, final elongation at 72 °C and hold at 4 °C.

¢ After completion of PCR 1 cycle, the PCR products were stored at -20°C for using it
further.

¢ Before initiating PCR 2, the technical replicates from PCR 1 were pooled together into
new tubes or plates.

¢ The pooled tubes or plates served as a template for PCR 2.

¢ The reaction mixture for PCR 2 were mixed, but at this time forward and reverse
primers were not added.

¢ About 19pul of master mix was added into each tube or well.

¢ Index primers/ index combinations (2ul) were added manually into each tube and well
in a right order.

¢ About 2ul of template DNA was added from pooled plate or tube to make a total volume
of 25ul.

¢ The tubes or plates was allowed to centrifuge for 1 minute at 700 rpm and PCR reaction
were run with thermocycler conditions mentioned below:

94°C for 5 minutes

94°C for 30 seconds
55°C for 30 seconds
72°C for 30 seconds

Final Elongation 72°C for 10 minutes Hold
at 4°C
¢ After completion of cycle of PCR 2, the 1.5% agarose gel were run to check the

amplification of DNA.

3.27 Pooling, precipitation and cleaning
1. The DNA concentration was measured after PCR 2 clean up. About 5ul pool of PCR 2
product were added into 2ml Eppendorf tube.

2. The DNA was precipitated using salt and ethanol. About 1/10 volume of 100ul of
pooled DNA, 10ul of 3M sodium acetate and 2 volume of 96%cold ethanol was
added.
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The precipitated mixture was stored at -20°C overnight. The samples were spined at

13,000rpm for 15 minutes (visible pellet appeared).

Washing were done by using 75% ethanol and centrifuged at 13,000rpm for 5 minutes.
Ethanol was discarded without disturbing the pellets. The steps were repeated twice.

The pellet was allowed to dry at room temperature for 30 minutes.
The pellets were re dissolved in 100ul of DNase free water or TE buffer having pH 8.
The gel was run with freshly prepared gel electrophoresis buffer.

The two wells were allowed to combine using Sellotape on comb to make wells the

bigger one to accommodate loading sample properly.

. About half 50ul of washed DNA were allowed to run on 1.5% agarose gel for 45

minutes. The gel was viewed under blue light and cut the band and placed them into

sterile 1.5ml Eppendorf tube.

The gel fragments were purified using QIAquick gel extraction kit.
The gel was weighed, and the size should not exceed 400mg.
According to protocol:

a. About 3 volume of buffer and 1 volume of gel (if the gel weight were 200mg,
we added 3x200 i.e 600ul of buffer in the Eppendorf tube.
The final concentration and size of DNA library was checked using Qubit fluorometer

and nanodrop.

3.28 Tape Station Analysis:

3.28.1 Agilent D1000 Tape station assay protocol

1.

All the reagents of D1000 Tape station were allowed to settle at room temperature for

30 minutes.

The tape station controller software was launched and D1000 tape station device was

inserted into tape station nest of tape station instrument.
The sample positions required in the tape station controller software were selected.
The reagents were vortexed and spin down before making them in use.

Preparation of ladder:
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¢ 3ul of sample buffer

¢ 1ul of D 1000 DNA ladder at position Al

Preparation of samples

1. The samples were prepared by pipetting 3ul of D1000 sample buffer and 1ul of DNA
sample.

2. The sample tubes were mixed together by vortexing in an IKA MS3 at 2000rpm for 1
minute.

3. The ladder and sample tubes were spin down for at least 1 minute.

Sample Analysis

4. The samples were loaded into tape station instrument. The ladder tube was placed in

10.

11.

12.

13.

14.

15.

16.

Al position on the tube strip holder.

The caps of the tube strips were removed and confirmed visually that liquid is

positioned at the bottom.
Then, tape station is started, and it worked automatically and display the results.
Nextera XT modified protocol for bacterial whole genome:

Table from protocol:
The new PCR tubes were taken and labelled according to the samples.

The DNA concentration of the samples was adjusted to 0.5 (dilute 3X from 1ng/ul) by
using Qubit. The PCR grade water was used for dilution.

About 5ul of TD buffer of input DNA i.e. 0.5ng/ul or 1.5ng in total was added.
The samples were vortexed briefly and spin down for 30 seconds for 1 minute.
The tubes were placed in thermocycler PCR and programme run was:

¢ 55°C for 5 minutes

¢ Hold at 10 seconds

When the samples reach to hold 10°C immediately NT buffer of 2.5ul were added.
The samples were voetexed again and spin down again by centrifugation

The samples were allowed to incubate at room temperature for 5 minutes.
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17. About 7.5ul of NPM was added to PCR tube along with 2.5ul of index primers 1 and
2.

18. Again, vortex the samples and spin down for 30seconds to mix all the consumables

well.

19. The tubes were allowed to place in thermocycler by running the programme mentioned

below:

72°C for 3 minutes

95°C for 30 seconds

15(12-16) cycles of
¢ 95°C for 10 seconds
¢ 55°C for 30 seconds
¢ 72°C for 30 seconds
¢ 72°C for 5 minutes
¢ Hold at 4°C

3.29 PCR Clean up
For cleaning the PCR products, AMPure beads were used to purify the DNA library. This

clean up helps to select the size of DNA by removing short library fragments. The cleaning
steps were followed as described by the manufacturers in protocol.
3.30 QUBIT Assay protocol

For running QUBIT assay, QUBIT Flex Fluorometer instrument was used.

1. The required number of tubes for carrying out the Qubit assay were set up for samples
and standards. Qubit 1X dsDNA HS requires two standards for measuring DNA

concentration in a sample.
2. The tubes with required samples were labelled properly.
3. About 10ul of each Qubit standards were added into appropriate tubes.
4. About 1-20ul of required DNA sample were added into the labelled tubes accordingly.

5. Qubit 1X dsDNA working solution was added to each tube to attain the final volume
of 200ul

6. After adding all the required reagents, the samples were vortexed for about 3-5

seconds.
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7. The tubes were allowed to incubate at room temperature for 2 minutes.

8. On Qubit Flex Fluorometer instrument home screen, 1X ds DNA high sensitivity
function was selected and read standard option was selected for knowing the

standard concentration first.

9. The labelled tube with standard#1 was inserted in the instrument and lid was closed

and standard# 1 value were noted.

10. Similarly, standard#2 value was also noted.

11. After reading the standards, read sample option was selected and DNA concentration

present in each sample was recorded.

12. The final concentration of DNA from each sample was obtained in pl with respect to

Qubit tube concentration.

3.31 Real Time qPCR protocol for library quantification:
Process workflow of qPCR:

(a) Reagent Preparation
5ml KAPA SYBR FAST gqPCR master mix (2x) was combined with Iml primer mix and

0.2ml ROX High and Low (50x)
(b) Sample preparation:

The DNA library is diluted by using library dilution buffer (10mM Tris HCL, pH
(88.5)+0.05% Tween 20

(c) Reaction Setup:

For preparing 20pl reaction: 12pl of KAPA SYBR Fast+ primer mix + 4ul of Standard DNA
library dilution+ PCR Grade water 4ul

(d) Cycling conditions:

Table 3.7 ¢PCR cycling conditions

Steps Temperature Duration (Time) Cycles
Initial Denaturation 95°C 5 min 1
Denaturation 95 °C 30 sec
Annealing/ E?(t.eflsmn/ 60 °C 45 sec 35 cycles
Data acquisition
Melt Curve Analysis 65-95 °C
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For libraries having average fragment length > 700bp, the annealing/ Extension can be
combined and increase up to 90 seconds.
(e) Data Analysis:

¢ Outliers are removed

¢ Reaction efficiency is confirmed 90-110%

¢ Confirmation of R2> 0.99 and ACq for DNA standard 3.1-3.6

¢ KAPA library quantification data analysis designed for library quantification

(f) Library concentration calculation:

¢ ACq were corrected and confirm for library dilution
¢ Size adjustment calculation was performed
¢ Undiluted library concentration was calculated by the formula:

gPCR conc x (452bp) average fragment length X dilution factor
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4.1 Geology of coal samples

The coal samples from Sindh province used in this study was collected from depths,
drilled in the range between 120m to 290m. Typically, the Sindh coals are less than 3 meters
in thickness but the main seam intercepted in Thar was over 29m in thickness (San Filipo et
al 1989; San Filipo et al, 1994). The coal fields of Thar were mainly composed of Eocene
sedimentary rock, dune sand, alluvium and Paleocene. Mostly, the age of thickest coal in the
Thar reported by Ahmed and Zaigham in 1993 were of Jurassic age, However, these coal
stratas may belong to late Paleocene to early Eocene age based on Palynological studies in
close vicinity of the sample used in present study TC (Ahmed et al, 1993). One of the studies
conducted by Fasset and Durrani in 1994 also reported the age of Thar coal fields of
Paleocene to early Eocene,
The coal from Balochistan DUKI coal mine was discovered firstly in 1877 during
construction of railway line of Sibi HArnai. Due to increasing demand of energy the GSP
(Geological survey of Pakistan) worked to explore coal resources timely. The coal fields of
Duki- Anambar are found to be present in Loralai district of division Zhob. It is located in
Duki- Anamber syndines. The host formation of coal bearing strata in Duki and its vicinity
area 1s Toi which is 20m thick. In total 17 coal seams are known out of which 15 are mined
(0.15-0.30m).
The coal seams of Baluchistan region are of Eocene age and are found in Ghazig formation.
The Duki coal field of Pakistan are present between 29°45” to 30°15” to 69°0” on Latitude
and longitude respectively. A coal bearing horizon of about 1080m thick contains four
separate coal zones of 15, 22, 36 and 92m in thickness. The coal of this field is brownish
black, black in coloration. The floor and roof of Baluchistan coal seam is claystone with some
sand stone at few places. The BRU value of most coal beds of Duki region in rank from sub-
bituminous B to C with few of them as bituminous A and some beds are lignite. The calorific
value ranges between 9500 to 14515 BTU/Ib. The general range is between 10,131 to 14,164
BTU/Ib. The sample used in the present study was extracted from Duki coal mine with depth
of about 800ft.
Table 4.1 shows the type coal fields, depth and ASTM rank of coal fields.
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Table 4.1 Origin of coal samples

Sample ID Coal Field Depth(m) ASTM Rank
TH-1 Thar 170.58 ligB
TH-2 Thar 181.5 ligA
BC-1 Baluchistan 204.6 subC
BC-5 Baluchistan 354.9 subA

TC Thar 118.5 ligA
BC Baluchistan 191.7 bitA
BC-3 Baluchistan 160.1 bitB
BC-6 Baluchistan 195.9 subC

4.2 Chemical characterization of coal samples:

The chemical characterization of Duki coal samples and Thar region of Pakistan has
been listed in table 4.2. The thar coal of Sindh region of Pakistan are particularly young in
age and contains high moisture content with brown coloration and woody texture resembling
dried peats. The moisture content of Thar coal samples is observed to be present in the range
of 24% to 36% approximately. While the moisture content present in Baluchistan coal sample
varies from 5% to 10% of moisture content. The sulphur content seems to be present between
medium (1-3%) to higher > 3% respectively in Thar coal samples but it varies with < 1% for
some thicker seams of coal specially —Thar Sweet Potl (Wood et al, 1983). Similarly, the
sulphur content present in Baluchistan Coal field varies from <1 1% to 2%.

The moisture content in Thar coal samples named as (TH-1, TH-2 and TC) varies from 24%
to 36%. The more amount of moisture is present in TH-2 coal sample, as Thar coal is
designated as low rank coal so it contains more moisture content. While the Baluchistan coal
were ranked as high rank so it contains very less moisture content. Sample BC contains about
10.01% moisture content while other samples from Baluchistan range contains less than 10%
moisture content.

The nitrogen content in all the coal samples i.e both Thar and Baluchistan vary from <I to
2.9% while the ash yield was quite variable between all the coal samples. It contains lower to
medium range of ash content (6% to 17%), while the average ash content in all the thar coal
samples were 14.2%. while the ash content from Baluchistan coal mine designated as high
rank (Sub-bituminous and bituminous) contain somewhat lower values of ash content. One of
the studies conducted by Rizwan et al, 2014, had shown average values of ash content for

Thar coal fields while somewhat lower values for Baluchistan region coal mine.
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The elemental analysis of coal excluding water from oxygen and hydrogen content of sample
were determined. The carbon content in coal samples ranges from 35-73% in Thar coal mines
while more carbon content is present sample BC-6 from Baluchistan coal. while other
samples carbon content ranges from 44% to 58%. All these values for chemical analysis were
compiled with other analytical investigations from coal fields of Pakistan conducted by
various organizations of government like geological survey of Pakistan. (Warwick and Javed,
1990; Fasset and Durrani, 1994, Rizwan et al, 2014). While table 4.3 depicts the atomic ratios
with respect to (O/C and H/C). The H/C ratios ranges from 0.07 to 0.11 in case of lignite Thar
coal samples, while for Baluchistan bituminous coal sample the ratio lies in the range
between 0.11 to 0.19. Similarly, O/C ratios varies from 0.45 to 0.59 for Thar coal while for

Baluchistan it ranges from 0.27 to 0.44. These values are not following any trend as these

seems to vary from each other. Generally, with the increase in coal rank these values

decreases because of increase in carbon and decrease in oxygen and hydrogen content. Some

of the samples from Thar region shows very less values as compared to bituminous

Baluchistan region and these indices are present higher in this region which further confirms

the coalification process.

Table 4.2 Elemental analysis of coal samples

Sample C% H% N% S% 0% H/C 0/C
1))

TH-1 35.21 4.01 0.71 0.53 30.87 0.12 0.55
TH-2 37.32 4.42 0.52 3.32 22.32 0.11 0.59
BC-1 44.42 491 0.94 7.92 17.12 0.11 0.38
BC-5 41.09 5.01 0.81 6.04 18.47 0.12 0.44
TC 62.2 4.44 1.97 3.31 28.07 0.07 0.45
BC 56.20 10.99 3.07 11.15 18.59 0.19 0.33
BC-3 57.32 8.09 2.91 3.21 20.21 0.14 0.35
BC-6 70.21 5.01 2.08 2.20 19.21 0.07 0.27

Table 4.3 Proximate analysis of coal samples

Sample ID Moisture (%) Ash (%) Volatile Fixed Carbon
matter

TH-1 31.15 6.0 42.1 36.9

TH-2 35.92 13.5 19.9 64.6

BC-1 8.57 12.01 23.1 52.4

BC-5 8.92 16.04 21.4 43.8

TC 24.01 9.37 11.47 31.15

BC 10.01 12.0 37.1 40.89
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BC-3 591 12.21 36.2 31.32

BC-6 6.32 10.41 37.9 32.13

4.3 Primary screening of fungal isolates for coal solubilizing activity

The primary screening of coal solubilizing activity were based on the formation of black
colour droplets from coal particles that were sprinkled on the surface of fungal spores or
mycelium formed on malt extract agar (MEA) medium plates. The production of black
droplets on solid surface were estimated by using UV-Visible spectrophotometry. Similarly,
minimal salt medium (MSM) with added concentration of ammonium sulphate has been
reported to be one of the best medium for undergoing better coal degradation activity. The
fungal isolates were screened out both by using solid and liquid submerged medium for
release of organic moieties estimated by UV-Visible spectrophotometry. In the presence of
coal particles in liquid medium, the fungal mycelium in submerged liquid medium was
characterized by entrapment of fungal mycelium around coal particles.
After screening of all the coal fungal isolates, the production of small black and brown colour
droplets surrounding coal particles on fungal mycelia were estimated by UV-Visible
spectrophotometer in the range between 200nm-250nm. Out of all the isolates, 4 isolates
shows maximum release of organics named as NF-1, GB , DS and LP. But significant organic
moieties were released by two potential isolates NF-1 and GB on the basis of UV-Visible
scan. The absorbance intensity of isolate GB were more than NF-1. The fungal isolate GB
was isolated from Bituminous coal environment from DUKI coal mine and has shown
maximum absorption intensity and release of organics during 7 to 11 days of incubation time
period.
By comparing all the absorption intensities of isolates, the two fungal isolates NF-1 and GB
were selected for further experimentation of coal solubilization and these isolates seems to be

efficient for subsequent transformation of coal into valuable by products.

Fig 4.1 Fungal Mycelium of isolate NF-1 and GB Entrapping coal particles
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N1 N2 N3 N4
N5 NF1 DS N8
N9 N10 N11 GB

Fig 4.2 Isolated Fungal strains from DUKI And Thar Coal Mines
Table 4.4 Identification of isolated microorganisms

N1 Dichomitus squalens
N2 Rhizopus Delemar
N3 Aspergillus nidulans
N4 Trichoderma Sp.
N5 Penicillium Sp.
NF-1 Debaromyeces hansenii
DS Picornia igniria
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N8 Neurospora sp. Isolate
N9 Bassochlamys spectabilis
N10 Aspergillus niger
N11 Trametes versicolor
GB Aspergillus ochraceus

4.4 Microscopic studies using Acridine Orange stain

Acridine orange microscopy were performed to identify the mycelium and hyphae
structure of fungal isolates morphologically. The prepared slides were observed by using
acridine orange stain and observed under fluorescence microscope with green back ground.
The morphological features of the two selected potential fungal isolates are listed in table
below

Table 4.5 Morphological features of selected potential isolates

Mycelium Hyphal type Spore nature
Nerve like, peridium Immersed, perithecial, Hairy, dense, dark in
NF-1 membranaceaus, ostiolate, septate hyphae colour, fusiform,
Ascomycota(ascus) with sac like structure ellipsoidal, unicellular,
conidiophore
Dense, pointed like hyphae, Conidiophore, spherical
GB brush like, dense thick walled rough pointed spores

NF -1 GB LP DS

Fig 4.3 Potential Coal Degrading Fungal strains with their Acridine Orange
Microscopy
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Fig 4.3 Potential Coal Degrading Fungal strains with their Acridine Orange microscopy

4.5 Phylogenetic analysis of the potential fungal isolates

For determining the relation among native coal solubilizing fungal strains NF-1 and GB

phylogenetic tree was constructed. This phylogenetic relationship was established by using

MEGA 5.0 software. Position of NF-1 and GB fungal isolate in phylogenetic trees was

determined by aligning ITS gene sequences of seven fungal isolates by neighbour-joining tree

shown in figure 4.4and 4.5. The constructed phylogenetic tree demonstrates that NF-1 fungal

isolate made a clad with Debaromyeces hansenii and GB fungal isolate made a clad with

Aspergillus ochraceus that have effective enzyme system for lignin degradation. With the

help of this tree, we can conclude that NF-1 and GB fungal isolate may be useful for coal

transformation and liberation of novel products.

Figure 4.4 Phylogenetic tree of Aspergillus ochraceus
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Debaryomyces hansenii KF646197

Debaryomyces hansenii JN851059

Debaryomyces hansenii KJ507665

Debaryomyces hansenii JQ026331

Debaryomyces hansenii JN851059(2)

Debaryomyces hansenii KF646197(2)

Debaryomyces hansenii JQ026331(2)

Figure 4.5 Phylogenetic tree of Deberomyeces hansenii

4.6 NF-1 and GB coal bio solubilization

For estimating the coal biosolubilization extent of native NF-1 and GB fungal strains,

freshly prepared malt extract agar medium was point inoculated with fungal mycelia by using

sterile loop and placed in fungal incubator for about 5 days at 30 °C. After completion of
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incubation period 0.5g of autoclaved coal particles were scattered over dense growth of NF-1
and GB fungal mycelium hyphae and again subjected for 5 days incubation period. To check
the activity of NF-1 and GB on coal particles, two references were used, mentioned below:

1. MEM plates having coal but without NF-1 and GB inoculation

2. MEM plates having NF-1 and GB inoculation but without coal
The highest coal biosolubilization extent of these native fungal isolates were determined on
the basis of black liquid formation on the surface of fungal mats. Almost 3ml of black liquid
was collected from 5 plates from NF-1 and 4ml of black liquid was collected from 5 plates of
GB isolate using sterile syringe after 5 days of incubation time. A;The fungal isolates NF-1
and GB after 5 days on MEA plates, B: Autoclaved coal in MEA medium without inoculum
as the control. C: coal solubilization by NF-1 and GB on MEA agar plates are shown in the
figure below.

4.7 Optimization of NF-1 and GB for enhanced coal bio solubilization activity:

The optimized conditions for maximum activity of NF-1 and GB are necessary for the
enhanced release of organic moieties from coal particles. The enhanced solubilization of coal
by NF- and GB was dependent on some parameters that were optimized. The major
parameters include was glucose concentration, incubation time and coal loading ratio, and
apart from theses parameters the pretreatment incubation time have been reported as an
effective key for release of organic moieties from coal particles during biosolubilization
activity. The enhanced biosolubilization activity was calculated at 240nm. There are some
points like pH, concentration and coal particles size that are directly involved to retard the
process of coal solubilization. During pretreatment process of coal, the coal particles was
finally grounded in to fine particle size of <250 to <300nm. The concentration and size of
coal particles have been reported before for enhanced coal biosolubilization process. It was
reported previously that biosolubilizatio n activity was significantly improved through
nutrient amendments in MSM medium such as acetate and sulphates. MSM media was used
for optimization and bio-solubilization studies. Two controls were:

1. MSM medium having coal but without NF-1 and GB inoculation
2. MSM medium having NF-1 and GB inoculation but without coal
During bio solubilization process the quantity of released organics through NF-1 and GB
fungal pre-treatments were absorbed at 240nm in the range between 200-600nm under

UV Visible spectral scan while no peaks were detectable in positive and negative controls.
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4.7.1 Glucose effect
The coal fungal solubilization activity was enhanced by using optimized ratio of

glucose supplement as a carbon source. Different glucose concentrations i.e. 0.1%, 0.5%,
1.0% and 1.5% (w/v) with 1.0% (w/v) coal loading ratio was supplemented for enhanced
release of organics. The NF-1 and GB biological pretreatments were also performed without
supplemental source of glucose. NF-1 had utilized 1% and GB had utilized 1.5% glucose
concentration as an ideal ratio for maximum organics release by showing absorbance at
240nm as shown in figure 4.6 and 4.7. The glucose act as valuable source for maturation and
enhancing activity of NF-1 and GB during coal solubilization. However, no peaks were
detected in the absence of glucose in whole UV-Visible scan. It has been reported in various
studies that glucose supplements are essential for enhancing the process of released organics
from coal. Higher concentration of glucose i.e. 1.5% and 2% had also been reported.
Moreover, various studies have been reported by increasing glucose ratio (0.5% (5g/L) that
leads to encourage the growth as well as solubilization of higher coal ratio (10%). Different
coal ranks depolymerize under variable concentration of glucose. Absence of glucose
supplement in a media resulted in low solubilization of low rank of coal. However, the
addition of glucose may encourage coal depolymerization process by increasing the growth
and production of extracellular enzymes of fungal isolates.

It is also observed that the excessive concentration of glucose may leads to limit the oxygen
content in medium that inhibit fungal growth and its enzyme activity, hence, resulted to low
solubilization. It can be concluded that 1.0% (v/w) and 1.5% (v/w) glucose concentration was
optimal for NF-1 and GB fungal isolates for enhanced solubilisation of lignite and

bituminous coal.

200 250 300 350 400 450 500 550 600
—[A]0.1% glu [A] 0.5%glu =—[A] 1%glu [A] 1.5%glu

Figure 4.6 NF-1 glucose effect on release of organics using bituminous coal
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Figure 4.7 GB glucose effect on release of organics using bituminous coal
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Fig 4.9 GB Effect of Glucose concentration on release of organics using lignite coal

4.7.2 Coal Loading Effect:
Size and concentration of coal particles used for solubilization has a remarkable effect on

accelerating solubilization activity. Different percentages of lignite and bituminous coal
0.1%, 0.5%, 1.0% and 1.5% (w/v) were treated with NF-1 and GB fungal isolates. For
enhanced release of organics moieties from coal matrix by both fungal isolates, 0.5% coal
loading ratio was found optimum for bituminous coal (high rank coal), while 1.5% of coal
loading ratio was found optimum my isolates NF-1 and GB in case of lignite coal as shown in
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figure 4.10 and 4.11. However, the use of high percentage of coal during solubilization may
suppress fungal growth and activity by lysing fungal mycelium.

During optimization studies for enhanced release of organic moieties from bituminous
coal matrix by NF-1 and GB fungal isolates, 0.5% coal loading ratio for both isolates was
found to be optimum, while in case of lignite coal 1.5% coal loading ratio was found
optimum for enhance release of organics. However, usage of higher percentages of coal
during solubilization process may suppress fungal growth and activity by lysing fungal
mycelium. Humic acid was extracted from lower coal ranks by using 1.0% optimal coal

value.
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Fig 4.10 NF-1 coal loading Ratio effect on release of organics using lignite coal
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Fig 4.11 GB coal loading Ratio effect on release of organics using lignite coal
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Fig 4.12 NF-1 coal loading ratio effect on release of organics

Fig 4.13 GB coal loading ratio effect on release of organics
4.7.3 Incubation Effect

Incubation time period is considered as an important factor for solubilization studies.
For enhancing the release or organic moieties from coal matrix, the optimized ratio of
bituminous and lignite coal (0.5% and 1.5%) and glucose (1.0% and 1.5%) was added in
MSM liquid medium then allow to treat with NF-1 and GB fungal isolates for 7,12,17 and 21
days. NF-1 showed 7 days and GB showed 17 days using bituminous coal for maximum
organic release while both isolates showed enhance release of organics at day 11 using lignite
coal. Generally, stationary phase is involved efficiently in coal solubilization process. During
this phase the fungal isolates releases extracellular enzymes that attacks the complex natural
coal residues resulted in concentration of dense organic moieties in a medium. So,
acceleration in incubation time period for maximum activity of enzymes and coal might be
favourable for enhance release of organics. However, it is estimated that enzyme activity was

limited in long incubation period of 14 days as absorbance reduces at 240-280nm.
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The substantial increase in absorption intensity was observed in range of 240 nm. However,
longer incubation periods, characterizes limited organics ratio that might be utilized by NF-1
and GB fungal isolates for their growth as a result lower their concentration in supernatant.
Moreover, the intensity at 200-300 nm decreased continuously during 11,17 and 21 days of
incubation with respect to 7 days incubation period, reported significant reduction of
absorption intensity for longer incubations (9,15 and 19 days) at 240 nm range. Optimization
of incubation period might be essential step during biological pre-treatments for enhanced
and continuous release of organics from coal particles.

In our study NF-1 and GB showed 7 days using bituminous coal and 11 days using
lignite coal for significant organic release as shown in figure 4.14 and 4.15. Stationary phase
might be involved in coal solubilization process. During this phase fungal isolates releases
extracellular enzymes that might attack on complex nature coal residues as a result
concentration of dense organic moieties increases in medium. So, accelerating incubation
period for maximum activity of enzymes and coal might be favourable for enhanced release
of organics. However, it was also estimated that enzyme activity was limited during longer
incubation periods (14 days) as absorbance reduces at 240-280nm. Previous studies have
revealed that 7 days of incubation during fungal pretreatment were beneficial to amplify the
extent of organic moieties. These moieties were continuously detected by UV-V
spectrophotometer in range of 215-300 nm. Therefore, substantial increase in absorption
intensity was also observed in range of 240 nm. Whereas longer incubation periods,
represents limited ratio of organics that might be utilized by fungal isolates itself for their
growth as a result lower their concentrations in supernatant. Moreover, the intensity at
200300 nm continuously decreased during 11,17 and 21 days of incubation with respect to 7

days incubation period.
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Fig 4.14 NF-1 Incubation effect on release of organics

Fig 4.15 GB Incubation effect on release of organics

4.8 Stimulators for enhancing coal solubilization:
4.8.1 Chemical pretreatments
Refractoriness in bituminous coal, act as a major resistance in fuel sciences. Signature

features of bituminous coal (Baluchistan coal) enforced its effective transformation into
nonfuel. Generally, bituminous coal was less susceptible for biological attack due to its highly
condensed polyaromatic components and complex chemical linkages. Pre-oxidation of
bituminous coal by using strong oxidizing agent (NaOH) before biological reaction
demonstrated that there is a great potential to produce coal derived organics moieties. Pre-
oxidation of bituminous coal transform structure of coal by introducing oxygen and
decreasing carbon content to make it vulnerable for biological attack. Biological entities

efficiently utilized these partially distorted coal particles, since, NaOH has been used for
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humic and fulvic acids production. Previous studies reported the efficiency of oxidative
treatments for enhancing bio-solubilization time (10.5 days) and percentage (31.83%).
4.8.2 Sodium acetate modification

Nutrient supplements have been reported as stimulator to amplify microbial growth and
organic moieties. After optimization of major conditions additionally 0.25g sodium acetate

(C2H3Na02 ) was added as an enhancing agent in MSM media along with optimized glucose

and coal conc. for both fungal isolates. The effect of acetate amendments for enhanced fungal
strains activity was observed along glucose shown in figure 4.18 and 4.19 while it was
observed that acetate as a carbon source has less activity shown in figure 4.16 and 4.17.
Previous literature reveled that nutrient and acetate amendments significantly increase the
number of microbial cells from (3.03 104 cells ml to 9.93 107). Moreover, concentration and
size of coal particles (0.2-0.4 to 0.3-0.6) mm have remarkable effects on accelerating
solubilization activity. It was reported that 0.2—0.5 mm was enough for enhanced organic
release. Recent researches have shown that the surface area is also an important factor for
enhanced bio-solubilization. Bio-solubilization/liquefaction percentage was enhanced four
times by reducing size of particles (600—850 um to 150-300 um). Therefore, the chance for

maximum bioavailability of coal particles was increased.

Red: NF-1 REF S.A  Brown: NF-1 S.A 7 days
Fig 4.16 NF-1 acetate as a sole carbon source
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Red: GB Ref S.A, Blue: GB at day 7 (S.A)

Fig 4.17 GB acetate as a sole carbon source

Red: NF-1 Conc S.A and Glucose  Green: NF-1 S.A and Glucose
Fig 4.18 NF-1 acetate as an enhancer along glucose
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Red: GB conc. Acetate/Glu, Green: GB at day 7 Acetate/Glu, Blue: GB 17 days Acetate/
Glu
Fig 4.19 GB acetate as an enhancer along glucose

4.9 Reduction in coal particle size as a stimulator for lignite coal solubilization
For enhancing the coal solubilization potential of lignite coal by fungal isolates NF-1

and GB the strategy followed were the reduction in coal particle size. As lignite coal is
ranked as low rank coal with very simple structure of aliphatic ring and side chains so no
chemical pretreatment was applied. Being less complex as compared to bituminous (high
Rank coal), the lignite coal was allowed to solubilized by fungal isolates directly. However,
reduction in particle size were done. The particle size 0.lmm and 0.3mm were used. Then,
the solubilization percentage from both the particle size of lignite coal was calculated. For
running the solubilization experiment the optimized conditions were used. Both the isolated
fungal strains were allowed to grow in solid medium, with 2% glucose concentration for NF1
and 1.5% glucose concentration for GB. Both the strains were allowed to incubate at 30°C for
11 days and the formation of black liquid on the plates were collected and their solubilization
percentage were calculated as shown in table 4.6 below.

The isolate NF-1 had shown maximum solubilization percentage 32% with 0.1mm coal size
particles as compared to 0.3mm coal size particles whose biosolubilization extent were just
20% while isolate GB had shown 35% solubilization extent with lignite coal at day 11 by
utilizing 0.1mm coal particles as compared to particle size 0.3-0.5mm, which produces about
31% solubilized black liquid. Hence, the particle size 0.lmm was better than 0.3mm in
enhancing the process of coal solubilization of lignite coal. It was reported earlier that lesser
the size or coal particles more will be the surface area that will be easily available for the
fungal isolates to uptake and release extracellular enzymes for carrying out the process of

coal solubilization.

Page | 85



Chapter No. 4 | Results

Table 4.6 Fungal solubilization Extent of lignite coal at day 11

Test NF-1 isolate GB Isolate
Ground coal Coal Particles Ground coal Coal Particles (0.3-
(0.mm) (0.3-0.5mm) (0.Imm) 0.5mm)
Initial Mass (g) 1.03 1.01 1.04 1.02
Final Mass (g) 0.71 0.81 0.68 0.71
Solulhz)atlon(% 37 20 35 31

Fig 4.20 Biosolubilization extent of isolate GB (plate assay method)

Fig 4.21 Biosolubilization extent of isolate NF-1 (Plate assay method)

4.10 Percentage estimation of bio solubilization process

The enhanced bio solubilization extent of virgin and pre-oxidized coal particles was

investigated by standard method. Particles of virgin and pre oxidized (NaOH) coal was

measured before and after scattering on MEA plates of NF-1 and GB fungal isolates for both

bituminous and lignite coal. NF-1 and GB fungal isolates showed solubilization time of
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virgin coal residues 5 days and percentages were 31.8% and 45.6% respectively. NF-1 and
GB fungal isolates showed solubilization time of pre oxidized coal residues 3 and 2 days and
percentages were 52.4% and 71% respectively shown in table 4.7.

While using lignite coal the maximum solubilization percentage obtained were 22.46% by
NF-1 isolate and 16.66 percent with particle size of 0.5mm-0.7mm. While other isolate GB
had shown maximum solubilization percentage of 38.8% with particle size of 0.1mm and

28.12% with particle chunks of 05-0.7mm respectively.

Figure 4.22 Bio-solubilization experiment on MEA plate. A: GB positive control after 4
days incubation B: virgin bituminous coal on MEA media negative control C: fungus
and virgin coal D: GB fungal solubilization of coal after S days incubation. (Conditions,

30 °C, S days incubation).

Figure 4.22 Bio-solubilization experiment on MEA plate. A: GB positive control

Figure 4.23 Bio-solubilization experiment on MEA plate. A: NF-1 positive control after
4 days incubation B: virgin bituminous coal on MEA media negative control C: fungus
and virgin coal D: NF-1 fungal solubilization of coal after 5 days incubation.

(Conditions, 30 °C, 5 days incubation)

Figure 4.24 Bio-solubilization experiment on MEA plate. A: NF-1 positive control after
4 days incubation; B: pre oxidized bituminous coal on MEA media negative control C:

fungus and virgin coal D: NF-1 fungal solubilization of coal after S days incubation.
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(Conditions, 30 °C, 5 days incubation).

Figure 4.25 Bio-solubilization experiment on MEA plate. A: GB positive control after 4
days incubation; B: pre oxidized bituminous coal on MEA media negative control C:

fungus and virgin coal D:GB fungal solubilization of coal after S days incubation.

(Conditions, 30 °C, S days incubation

Table 4.7 Biosolubilization extent of NF-1 and GB using Raw Bituminous Coal

Initial mass of raw coal sample (g) 0.5 0.5
Final mass of raw coal sample (g) 0.341 0.272
Solubilization time (days) 5 5
Solubilization percentage (%) 31.8 45.6

Table 4.8 Bio solubilization % from pretreated Bituminous coal

Initial mass of pretreated coal sample (g) 1.0g 1.0g

Final mass of pretreated coal sample (g) 0.658 0.719
Solubilization time (days) 5 5
Solubilization percentage (%) 52.4 71

4.11 Comparative analysis of virgin and pre oxidized coal in liquid culture setup
The intensive release of organics from virgin and pre-oxidized coal particles by the
action of NF-1 and GB fungal isolates were investigated through liquid culture set up.
4.12 Optimized parameters for NF-1 solubilization experiment
Enhanced yield of coal derived organic compounds was obtained by running NF-1
fungal isolates in shake flask experiment. MSM medium was prepared by adding 0.5g of
sodium acetate and optimized glucose concentration (1.0%), for NF-1 pH (5.5) was balanced
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and poured into 100ml flasks. The optimized coal concentration of bituminous virgin and pre
oxidized coal (0.5%) for NF-1 fungal isolate was measured, dried, grounded, sieved and
incubated for 7 days. The experiment was run in triplicates for both virgin and pre oxidized
coal along one positive and two negative controls shown in figure 4.26.

The UV-Visible spectral scan for controls was taken in the range of 200-600nm. The extent
of organics in both negative and positive controls were not observed in UV-Visible scan.
Whereas some peaks were noted in positive control by the action of GB fungal strain. The
UV-Vis spectrophotometer analysis in case of untreated coal showed that the strength of
peaks pattern in region of 200-300 nm was not stronger but conjugative effect of GB and pre
oxidized coal was effective in liberating aromatics and humic materials in region of 220-350
nm. The enhanced bisolubilization activity was determined at 240nm. The untreated
bituminous coal contains the complex and larger aromatic rings. After coal fungal
pretreatment breakage took place at some linkages as a result of which few aromatic fractions
were released in liquid culture medium. Peroxidation of raw bituminous coal results into
alteration of coal structure by introduction of oxygen content and decrease in carbon content
to make it susceptible for biological attack. The biological entities efficiently trapped partially
distorted coal particles in submerged condition as shown in figure 4.25. The biosolubilization
percentage was calculated by gravimetric analysis. Therefore, it was difficult to remove coal
particles from fungal round shaped balls in order to determine the weight loss after NF-1

biosolubilization of bituminous (raw and oxygenated) coal.

Fig 4.26 NF-1 enhanced release of organics from virgin coal
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Fig 4.27 NF-1 enhanced release of organics from pre oxidized coal
4.13 Optimized parameters for GB solubilization experiment
The enhance release of coal derived organic moieties was obtained by the action of GB

fungal isolates in shake flask experiment. MSM media was prepared by adding 0.5g of
sodium aetate and optimized glucose concentration of (1.5%) for GB ,pH (5) was balanced
and poured into 250ml flask. The optimized ratio of raw and pre oxidized coal ().5%) for GB
fungal isolate was measured which is dried, grounded and sieved and incubated for 7 days.
This experiment was run in triplicates for both virgin and pre oxidized coal along one
positive and two negative controls. shown in figure 4.28.

The UV-Vis spectral scan for controls was taken in the range of 200-600 nm. The
extent of organics in both negative controls were not observed in UV-Vis scan whereas some
peaks were observed in positive control by the treatment with GB fungal isolate. UV-Vis
spectrophotometer analysis in case of raw coal showed that the strength of peaks in region of
200-300 nm was not stronger but conjugative effect of GB and pre oxidized coal was
effective in releasing aromatics and humic materials in region of 220-350 nm. shown in figure
4.29. The enhanced bio solubilization activity was determined at 240 nm. The raw bituminous
coal contains complex connectivity as well as larger aromatic rings. After coal-fungal
treatment breakage occurred at some linkages as a result fewer aromatic fraction was released
in liquid culture system. Pre oxidation of virgin bituminous coal resulted into alteration of
coal by introducing oxygen and decreasing carbon content to make it vulnerable for
biological attack. Biological entities efficiently trapped these partially distorted coal particles
in submerged condition. Bio solubilization percentage was investigated by gravimetric
analysis. Therefore, it was difficult to remove coal particles from fungal round shaped balls in

order to determine the weight loss after GB bio-solubilization of bituminous (virgin and
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oxygenated) coal. Extensive research on solubilization of coal by biological entities have

been reported

Fig 4.28 GB enhanced release of organics from raw coal

Fig 4.29 GB enhanced release of organics from pre-treated coal

Bio solubilized liquids obtained from virgin and pre oxidized bituminous coal after NF-1 and
GB fungal treatment analysed by using UV-Vis spectrophotometer. In case of raw coal it

were shown that the strength of peaks in region of 200-330 nm was not stronger but
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conjugative effect of NF-1 and GB fungal isolates on pre oxidized coal was effective in

liberating aromatics and humic materials in region of 220-400 nm..

Fig 4.30 Coal Biosolubilization process by potential fungal isolates in Liquid medium

using High rank Bituminous Coal

Fig 4.31 NF-1 and GB liquid medium coal solubilization process (Entrapment of coal
Particles in fungal mycelium using Lignite coal

4.14 Elemental analysis of bio solubilized (virgin and pre oxidized) coal residues

Table shown below shows the effect of fungal isolates (NF-1 and GB) treatment on elemental
composition such as (C,N,O,S and H) or raw and NaOH treated preoxidized coal residues of
bituminous coal. The biological treatment has shown clear transformation of each elemental
percentage. Pre oxidation of bituminous coal with NaOH used as an enhancer resulted to
lower carbon/hydrogen content. The percentage of hydrogen and carbon was lower in coal

residues treated with fungal isolates with respect to raw and pre oxidize bituminous coal
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residues. The oxygen and nitrogen percentage were double as compare to raw and pre oxidize
bituminous coal residues through fungal activity that might be involved in the enhanced
humic released both from raw and pre oxidize bituminous coal residues. Components of
sulphur has limited the use of bituminous coal but biological treatment (NF-1, GB) lower
Sulphur content both in raw and pre oxidized coal.

Table 4.9 Elemental analysis of raw bituminous coal and residues from its bio
solubilization using NF-1 and GB fungal isolates

Elemental )
. Atomic

Sample ID Analysis ratios

Elements H N O S H/C 0/C N/O

(%) C
 Coal 55.1 499 | 107 | 17.69 | 9.15 1.08 024 | 0.06
Bituminous
Residues
(NE-1) 49.10 380 | 245 | 2437 | 7.99 0.92 037 | 0.11
Re(z%‘;es 42.08 350 | 299 | 2984 | 6.43 0.99 053 | 0.11

Table 4.10 Elemental analysis of pre oxidize bituminous coal and residues from its bio
solubilization using NF-1 and GB fungal isolates

Elemental .
Analysis Atomic
Sample ID Elements H N o S ratios o/C N/O
H/C
(%) C
Pre oxidized
coal 51.5 4.07 1.86 21.87 9.01 0.94 0.31 0.09
(Bituminous)
Residues
(NE-1) 45.60 3.41 3.18 26.56 6.32 0.89 0.43 0.13
Residues
(GB) 37.03 3.01 3.98 33.68 5.78 0.97 0.68 0.13

The O/C, H/C and C/N ratios of solubilized coal residues were enhanced through
biological pathways. Biological processes showed significant differences in elemental
composition of solubilized coal. Treating virgin bituminous coal particles with NF-1 and GB
fungal isolates showed low sulfur, carbon, and hydrogen content but high oxygen and
nitrogen ratio. Treating pre oxidize (introduce oxygen and decrease carbon value) bituminous
coal particles with NF-1 and GB fungal isolates showed greater reduction in sulfur, carbon
and hydrogen ratio and higher content of oxygen and nitrogen. The reduction in carbon might
be due to C-C, C-O-C and C-O bond breakage, higher content of oxygen could represent

oxidize functional groups.
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4.15 FT-IR analysis of virgin coal by NF-1

Fig 4.32 IR spectra of unmodified coal, bio solubilized liquid and coal residues. Red:
reference coal; orange: NF-1 solubilized liquid; Black:NF-1 solubilized coal

FTIR analysis was carried out for detection of functional groups and vibrational changes
occur in untreated coal (control sample). NF-1 fungal treated bio solubilized coal residue
(modified with humic acid) and liquid in the range of 4000-400cm on Perkin Elmer, USA with
(15 scan and cm'resolution rate) shown in figure 4.32. The characteristic broad peaks observed
in the residual spectra at 3498.67-3405.91 cm™ corresponds to -OH stretch respectively due to
the presence of humic acid functionalities in residual coal which are absent in unmodified coal
(control sample). The CH bending shows peak at 1352.09 cm™ in residual coal to the presence
of aldehydes. The sp —C-H stretch at 2971.37 cm™ in solubilized liquid due to presence of
aliphatic compounds. The peaks at 1099.10- 1032.26cm™  corresponds to ether bonds which is
present in control and coal solubilized liquid product but absent in residual coal. In addition, the
remaining peaks that are observed in all spectra (control and residual coal and supernatant) in
the region of 900-600cm'show the presence of inorganic moieties in coal sample. In the range
of 1000-500 cm™ absorbance of side chain aromatic was greater in unmodified coal control and
bio solubilized liquid. This shows that NF-1 fungal isolate might be involved in the aromatic
cleavage and release from bituminous coal into bio solubilized liquid. It is also documented
aromatic liberation into liquid products from pre oxidized coal by the action of wood-decaying
fungal isolate. These all above discussed peaks gives confirmation of formation of coal based

humic compound by the action of NF-1 fungal isolate.
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4.16.1 FT-IR analysis of pre oxidize coal by NF-1

FT-IR analysis was carried out for the investigation or detection of functional groups and
vibrational changes occurs in pre oxidized coal (control sample), NF-1 fungal treated bio
solubilized coal residue and liquid in the range of 4000-400cm™ on Perkin Elmer, USA with (15
scan and lcm resolution rate) shown in figure 4.33. The bands indicated due to at hydrocarbon
species (2926 cm '), aromatic rings (1634 cm ™), etheric bonding (1158 cm ', 1078 cm "),
hydrogen in benzene rings (948 cm ', 859 cm ') and minerals (542 cm, 469cm " The
characteristic peaks observed in the residual spectra at 2923.18cm™ 'corresponds to sp; —C-H
due to the presence of humic acid functionalities in pre oxidized residual coal which are absent
in pre oxidized coal (control sample). The C=C, COO and C=0O bond shows peak at
1635.34cm ' and 1601.93 cm ™' in pre oxidized residual coal and bio solubilized liquid to the
presence of carboxylic and aromatic rings present in compound. The C-H bending at
1436.07cm™" in residues is also observed. The peak at1032.210cm ' and 1034.92 cm'
corresponds to ether bonds which is present in control and pre oxidized residual coal but absent
in coal solubilized liquid product. The characteristic peaks observed in the coal solubilized
liquid product at 1152.82 cm ™' correspond to C-O-C. In addition, the remaining peaks that are
observed in all spectra (control and residual coal and supernatant) in the region of 900-600cm '

show the presence of inorganic moieties in coal sample. Pre oxidation of raw
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coal enhances humic production by increasing content of oxygen and nitrogen containing
functional groups as well as the content of OH and N-H groups both in pre oxidized residual
coal and liquid by the action of NF-1 fungal isolate. These all above discussed peaks gives
confirmation of formation of coal based humic compound by the action of NF-1 fungal

1solate.

Fig 4.33 IR spectra of modified coal, bio solubilized liquid and pre oxidized coal
residues. Blue: reference coal; light blue: NF-1 solubilized liquid; pink:NF-1 solubilized
coal

4.17 FT-IR analysis of virgin coal by GB:
FT-IR analysis was carried out for detecting functional groups and vibrational change occurs

in untreated coal (control sample), GB fungal treated bio solubilized coal residue (modified with
humic acid) and liquid in the range of 4000-400cm™ on Perkin Elmer, USA with (15 scan an 1cm
resolution rate) by isolate shown in figure 4.34. The minimal characteristic peaks observed in the
residual spectra at 2923.31 cm™, corresponds to sp —C-H stretch due to the presence of humi acid
functionalities in residual coal which are absent untreated coal (control sample). The C=C bond
shows peak at 1693.07cm'in residual coal to the presence of aromatic double bonds present in
compound. The peak appears at 1496.07cm™ corresponds to —C-H bending vibration which is
absent in control sample. The peak observed in the region of 1300-1100 cm™ due to ether and C
-O stretch. In addition, the remaining peaks that are observed in both spectra (control and residual

coal) in the region of 900-600cm™ show the presence of inorganic moieties in coal sample. In the
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range of 1000-500 cm™ absorbance of side chain aromatic was greater in untreated coal control
and bio solubilized liquid. This shows that GB fungal isolate might be involved in the aromatic
cleavage and release from bituminous coal into bio solubilized liquid. It was also documented
that aromatic liberation into liquid products from pre oxidized coal by the action of wood
decaying fungal isolate. These all above discussed peaks gives confirmation of formation of coal

based humic compound by the action of GB fungal isolate.

Fig 4.34 IR spectra of unmodified coal, bio solubilized liquid and coal residues

FT-IR analysis was carried out for the investigation or detection of functional groups and
vibrational changes occurs in pre oxidized coal (control sample), GB fungal treated bio
solubilized coal residue (modified with humic acid) and liquid in the range of 4000-400cm™
on Perkin Elmer, USA with (15 scan and lcm resolution rate) by GB fungal isolate shown in
figure 4.35. The intensified peaks observed in the residual spectra at 3498.67 and 2923.1 ¢cm™
corresponds to sps —C-H stretch and -OH stretch due to the presence of humic acid functionalities
in pre oxidized residual coal which are absent in pre oxidized coal (control sample). The C=C,
COO and C=O stretch shows peak at 1683.56 cm™ and CH; and CH, bending at 1470.43 cm™ in
pre oxidized residual coal to the presence of methylene, alkane and methyl groups present in
compound. The peak at1034.92 and 1032.39 cm™ correspond to ether bonds which is present in
control and pre oxidized residual coal but absent in coal solubilized liquid product. The peak at
1111.02 em™ corresponds to C-O-C stretching in coal solubilized liquid product. In addition, the
remaining peaks that are observed in all spectra

-1
(control and residual coal and supernatant) in the region of 900-600cm show the presence of

inorganic moieties in coal sample. Pre oxidation of raw coal enhances humic production by
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increasing content of oxygen and nitrogen containing functional groups as well as the content
of OH and N-H groups both in pre oxidized residual coal and liquid by the action of GB
fungal isolate. These all above discussed peaks gives confirmation of formation of coal based

humic compound by the action of GB fungal isolate.

Fig 4.35 IR spectra of modified coal, bio solubilized liquid and pre oxidized coal
residues. Blue: reference coal; Green: GB solubilized liquid; black: GB solubilized coals

4.18 FTIR spectra of coal residues by NF-1 Isolate using lignite coal:

The FTIR analysis is used to detect the presence of functional groups and any changes
occurred at vibrational bonding present in coal samples. Figure 4.36 shows the IR spectra of
untreated lignite coal (Control). The spectra shows presence or aromatic structure clearly in

the range between (515-1000 cm™.In between range of 800-850 cm™ C-C and C-H stretching
clearly shown while at 973 cm™ and 996 cm CH3 bending and C-C stretching

is seen. While at 1023 cm™ C=0 bond is present.
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Fig 4.36 FTIR spectra of Lignite Coal (Untreated)
While figure 4.37 shows the IR spectra of lignite coal having particle size 0.lmm treated
biologically with strain NF-1. This spectrum shows clear modifications in the functional groups
present in Lignite Coal (control). The peaks in the range of 515-600 cm™ CH out of plane
aromatic bonding while a visible peak at 1027 cm™ shows the -C-O bonding (inorganic
carbonate) structure which shows that solubilization has occurred and shows visible
solubilization peaks. A visible peak at 1611 cm shows C=C unsaturated compounds presence
which is absent in control. It shows that new compounds are formed and are clearly detected in
FTIR spectra as compared to untreated coal. Similarly, another peak at 3277.20 cm™ shows the
presence of some NH aminoacidic groups which shows that solubilization took place and

produces significant compounds after coal solubilization by NF-1 by releasing extracellular

enzymes.
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Fig 4.37 FTIR spectra of Lignite coal having particle size (0.1mm) treated with NF-1

The IR spectra shown in figure 4.38 shows the treatment of lignite coal having particle size
(0.3-0.5mm) with NF-1 isolate. The strain NF-1 had shown the visible changes in coal
structure by solubilizing aromatic side chains and rings detected in range between (515-
600cm™. This range shows the clear C-H stretching and bending which means some
deformation in structure of coal had occurred. While a detectable peak at 1391.90cm™ which
shows CH group deformation clearly after absorption and solubilization phenomenon. It 3

means NF-1 isolate have ability to utilize the coal as sole carbon source and converting it into

new compounds or solubilized products.
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Fig 4.38 FTIR spectra of Lignite coal having particle size (0.3-0.5mm) treated with NF-1

4.19 FTIR spectra of coal residues by GB Isolate using lignite coal:

The FTIR spectra by fungal isolate GB utilizing 0.1mm particle size shows clear changes
in coal structure and functional group. At 1031.01 it clearly detects the deformation of C-H
bonding and out of plane stretching. At 613.95 cm™ C-O-H twist occur which means breakage in
bonding take place by fungal isolate GB. Similarly, a clear peak at 2922 cmC-H asymmetric
stretching of >CH bonding occur which shows clear solubilization of 0.lmm particle size of

lignite coal by isolate NF-1.
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Fig 4.39 FTIR spectra of Lignite coal having particle size (0.1mm) treated with
GB
Figure 4.39 shows the IR pattern of isolate GB with lignite coal utilizing particle size

of 0.3-0.5mm. This spectrum shows clear changes in functional groups structure and very
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sharp and visible peaks are detected. The pattern of aromatic functional group stretching is
clearly shown within the range 515-600 cm™. While peak at 1404.05cm™ shows C=0O
symmetric stretching of -COO groups present in coal structure. Comparing this spectrum with
control no such kind of peak is detected, which means isolate GB have ability of utilizing coal
particle size of 0.3-0.5mm and converting it into solubilized organic moieties. Similarly peaks
at 1555.20 cm™ and 1633.90 cm™ shows the presence of Amides and C-) stretching in ester
bonds. Another peak at 3278.65 cm™ shows the pattern of molecular vibrations of N-H
stretching which means after solubilizing coal particles new functional moieties and groups
are detected and formed by the activity of isolate GB. This might be due to the fact as well
that fungal strain GB requires specific functional groups for the attack.
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Fig 4.40 FTIR spectra of Lignite coal having particle size (0.1mm) treated with GB
420 GC-MS analysis
4.20.1 GC-MS NF-1 liquified products:

GC/MS spectrometry was utilized for evaluating diverse fragments and composition
of organic constituents in solubilize product. The total ion chromatograms (TICs) of ethyl
acetate extracts of black liquid products, from NF-1 solubilized untreated and pre oxidized
coal were shown in Fig 4.41 and 4.42. GC-MS detected total 19 components in virgin coal, 9
components showed major peaks while in pre oxidize coal total 18 components were
identified, 13 components showed major peaks that were identified by using NIST02 library
as given in table 4.11 and 4.12.Compounds identified in virgin coal were assembled into
alcohols, carboxylic, alkenes and polyaromatic hydrocarbons (PAHs) while ketones, acetic
acids, esters, n-alkanes, branched alkanes, alcohols, fatty acids, carboxylic acids phenol and

benzene derivatives were most prominent in pre oxidize coal.
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Fig 4.41 MS spectra of NF-1 liquified virgin coal products

Table 4.11 GC-MS detectable compounds of liquid virgin coal treated with NF-1 isolate

RT (min) Compound name Structural formula CAS no.
9.626 1-Dodecanol, 3,7,11-trimethyl- C ) 5H3 5 0 006750-34-1
9.630 Formic acid, decyl ester ¢ 1?222 5451-52-5
9.950 Isopropyl Myristate ¢ 1513 42 000110-27-0
| o s CE O s
11.671 1 —Octadecene ¢ 18H36 000112-88-9
13.551 Cyclooctane, methyl- ¢ ;{1 2 001502-38-1
15.277 1-Octadecene ¢ 18H36 000112-88-9
S0 | CS| wonsan
el B B B
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TIC. AD-3 PC-4 02-07-13D
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Fig 4.42 MS spectra of NF-1 liquified pre oxidize coal products

Table 4.12 GC-MS detectable compounds from NF-1 liquified pre oxidize coal

products
RT (min) Compound name Structural formula CAS no.
8.616 2, 4-Dimethyl-1-hexene ¢ ;{ 16 016746-87-5
2,959 Methanone, (2-methylphenyl) C H O 000131-58-8
phenyl- 14 12
9.626 Pentafluoropropionic acid, CI8H31F502 100028-00-7
pentadecyl ester
9.947 Isopropyl Myristate cHO 000110-27-0
' PrOPYEVIT 17342
1,2-Benzenedicarboxylic acid, C H O
11.466 dicyclohexyl ester 20 26 4 000084-61-7
Cyclopentane, 2-isopropyl-1, C H
11.675 3dimethyl- 10 20 032281-85-9
CH O
13.551 Ethanone, 1-cyclohexyl- 814 000823-76-7
CH O
. - -d- 146-72-5
14.185 2-Methyl-d-glucose 7146
2-Aziridinone, 1-tert-butyl-3- C H NO
15.275 (1methylcycloheptyl)- 14 25 26944-18-3
15.535 Androstane-3,12,17-trione, (5. beta.) cHO 846-46-8
: ostane-3,12,17-trione, (5. beta. 15 28 2
Phenol, 2,2’-methylenebis[6- C H O
15.624 (1,1dimethylethyl)-4-methyl- 23322 000119-47-1
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16.514 1,2-Benzenedicarboxylic acid, C H O 000084-61-7
: dicyclohexyl ester 20264 -
CH O
16.951 2-Nonanol 920 9-99-628

4.20.2 GC-MS GB liquified products

GC/MS spectrometry was utilized for evaluating diverse fragments and composition

of organic constituents in solubilize product. The total ion chromatograms (TICs) of ethyl

acetate extracts of black liquid products, from GB solubilized non treated and pre oxidized

coal were shown in Fig 4.43 and 4.44. GC-MS detected total 11 components in virgin coal,

10 components showed major peaks while in pre oxidize coal total 22 components were

identified, 19 components showed major peaks that were analyzed by using software (NO.

NIST02) and given in table 4.13 and 4.14. Compounds identified in virgin coal were

assembled into amides, esters, alcohols, formic acids, carboxylic, alkenes and aromatic acids

while phenol derivatives, ketones, acetic acids, amines, amides methyl esters, esters,

nalkanes, phthalate, aliphatics, alcohols, fatty and carboxylic acids amines, amides were most

prominent in pre oxidize coal.
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Fig 4.43 MS spectra of GB liquified virgin coal products

Table 4.13 GC-MS detectable compounds from GB liquified virgin coal products
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RT Structural | Case No.
(min) Compound name formula
9.635 5,18:9,14-Dietheno-6H-dibenzo [d, k] C H S| 07800767-
) thiacyclotetradecin,8,15,16,17-tetrahydro 2522 7
. C H 0| 00011027-
9.957 | Isopropyl Myristate 17342 0
c oo 03406284
11.473 | Terephthalanilide,4’,4>’-dinitro- 20140 s i
6
. ) . , C H N
11.668 B.enzene-l,3-dlcarbo?iamlde,S-nltro-N, N’- 223130 29487476-
dicyclohexyIN, N’-dimethyl- 4 3
) o C H  N|00230389-
13.551 | N, N’-Dicyclohexylformamidine 13242 )
15.272 | Z-11-Tetradecen-1-ol trifluoroacetate ¢ 1 4H28 O 3401015-6
. C H O] 05533455-
15.620 | Phenol,2,2’-methylenebis[6-methoxy-3-(2-propenyl)-
21244 9
. . C H O
16.519 | 1,2- Benzenedicarboxylic acid, mono (2-ethylhexyl) ester 1622 4 4376-209
. C H O
16.960 19-Norpregn-4-ene-3,20-dione 2028 2 472-54-8
. . CHO 1703-613
19.261 4-Oxocyclopentane-1,2-dicarboxylic acid 785

TIC.AD5RO 2:240119D
1562
90000

40000 ‘

\0000“‘ o)

Timo=>

Fig 4.44 MS spectra of GB liquified pre oxidized coal products
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Table 4.14 GC-MS detectable compounds from GB liquified pre oxidized coal

products
RT
. Compound name Structural formula Case No.
(min)
2H-1-Benzopyran, 3,4-dihydro-
3.547 6,7-dimethoxy-3- CI11H13NO?2 3382-18-1
(2,3,4,5tetramethoxyphenyl (S)-
. C H OP
5.486 Cresyl diphenyl phosphate 1917 4 026444-49-5
2,975 3,4-D1m§thoxyphenyl CHNOS 33904-04-0
isothiocyanate 99 2
5,18:9,14-Dietheno-6H-dibenzo
[d, k] C H S
9.635 thiacyclotetradecin,8,15,16,17- 2522 078007-67-7
tetrahydro
. C H O
9.957 Isopropyl Myristate 17342 000110-27-0
Butanal, (2.4-dinitrophenyl) C HN O
11.006 hydrazone 1012 14 4 1527-98-6
11.473 Terephthalanilide,4’,4’’-dinitro- C ) OHl 4 N40 6 034062-84-5
Benzene-1,3-
dicarboxamide,Snitro-N, N’- C H NO
11.668 dicyclohexyl-N, N’- 223134 294874-76-3
dimethyl-
y o C H N
13.551 N, N’-Dicyclohexylformamidine 13242 002303-89-1
Z-11-Tetradecen-1-ol C H O
15.272 trifluoroacetate 14 28 34010-15-6
Phenol,2,2’-methylenebis [6- C H O
15.610 (1.1dimethy 73322 000119-47-1
Phenol,2,2’- C H O
15.620 methylenebis[ 6methoxy-3-(2- 21244 055334-55-9
propenyl)-
1,2- Benzenedicarboxylic acid, C H O 4376.20.9
16.519 mono (2-ethylhexyl) ester 16224 76-20-
. C H O
16.521 Di-n-octyl phthalate 24 38 4 000117-84-0
. C H O
16.960 19-Norpregn-4-ene-3,20-dione 2028 2 472-54-8
17.470 Thionazin C2H NO3PS813 297-97-2
4-Oxocyclopentane- CHO
19.261 1,2dicarboxylic acid 785 1703-61-3
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C(14a)-Homo-27- C H520
21.926 norgammacer14-ene,3. beta. - 32 3 1260-05-5
methoxy-
25.288 3, 5-Dimethoxyphenethylamine ¢ 1 OHI 5 N02 3213-28-3

GC-MS spectra of ethyl acetate soluble extracts of bio liquified black liquids showed
organic pool, but it was observed that bio treated pre oxidized solubilized liquid represented
most variety of organics than virgin. Presence of high concentration of aromatics in pre
oxidize solubilized liquids may indicated that bio treatment effectively decomposes
condensed aromatics. Reliability of GC-MS results were compared it with other
spectroscopic analysis. Aromatics and aliphatics were observed during UV—Visible analysis
while aliphatics carboxylic groups, alkenes and polyaromatic hydrocarbons (PAHs) were
detected by GC-MS. Aromaticity of coal related to released aliphatic concentration.
Bituminous being high ranked coal showed more liberation of alcoholic and aromatic
derivatives than aliphatic. FT-IR peaks characterized the presence of phenolics, ketones,
amides, ethers and carboxylic groups meanwhile, GC-MS also confirmed their presence.
Moreover, low molecular weight compounds also identified by MS spectra.

4.21 SEM Analysis of Lignite coal treatment with isolate NF-1 and GB

Scanning electron microscopy (SEM) model JSM 5910 lv (Jeol SEM, Japan) fitted with
Energy Dispersive X-Ray Analyzer, energy dispersive spectroscopy (EDS) (Inca 200, Oxford
Instruments, UK) were used to investigate the pattern of fungal isolates adherence and
erosion on coal surface.
Figure 4.45 shows the lignite coal untreated (control). In comparison with control the figure
4.46 shows the presence of fungal strain NF-1 on lignite coal producing some extracellular
polymer like structures that helps to attach the microorganisms on surface of coal that favors
the attack of coal components and uptake of nutrients from coal particles. The fungus is
found to adhere on the surface and producing cracks which means solubilization activity is
performed by NF-1 Isolate. Figure 4.47 shows the presence of isolate GB on the surface of
lignite coal. This figure clearly shows the breakage in structure of coal as well as visible

cracks are observed which further confirms the solubilization potential of isolate GB..
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SEM MAG: 5.00 kx WD: 11.94 mm Ll L MIRA3 TESCAN

SEM HV: 10.0 kV Det: SE + InBeam | 10 pm
- 6.00 Date(m/dry): 03/03/20 | Institute of Space Technolo. gy, IS8

NF1

Fig 4.47 Lignite coal after treatment with Isolate GB

4.22 SEM analysis of Bituminous coal treated with fungal isolates:

SEM analysis of bituminous coal shown in figure 448 shows the structure of bituminous
coal in control. While figure 4.49 shows some amorphous kind of structure of coal along with
adherence of strain GB on the surface. The amorphic structure and morphological changes in
coal structure confirms that NF-1 have potential of solubilizing coal particles and further
cracks in structure means that some organic moieties and release organics are also produced

by the release of extracellular enzymes.

Similarly, figure 4.50 shows the entrapment of coal particles with hyphae of fungal mycelium

of isolate GB. Apart from entrapment of coal particles some cracks are also visible on the
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surface of coal particles which detects the solubilization potential of isolate GB. It means
both the isolates have ability of utilizing coal particles as sole carbon sole and releasing

organic compounds.

Fig 4.48 Bituminous Coal before Treatment (Control)

SEM MAG: 500 hox
SEM SWV: 20 0 kv

Fig 4.50 Bituminous coal after Treatment with isolate GB
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(Results Phase 2)

Metagenomic Analysis of Baterial and Fungal
Amplicions Present in Coal Samples
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4.23 Metagenomic Analysis of Bacterial and fungal communities present in coal
samples
4.23.1 DNA Extraction of bacterial and fungal communities

For analyzing the microbial communities (Bacterial and fungal) present in coal

samples, the DNA was extracted using powerlyzer ultraclean Microbial isolation Kit
(Qiagen), according to the manufacturer’s instruction. Figure 4.51 shows the tape station of
extracted DNA bands of all the fungal and bacterial communities along with their size

compared with ladder.

Fig 4.51 While A1= Ladder, B1= NOU-G1, C1=NOU-H1, D1= NOU-M1, E1=NOU-P1,
F1=NOU-R1, G1=NOU-R2, HI=NOU-RT, H1= NOU-S (representing bacterial

communities from coal samples)

While A2=NOU-5, B2= NOU-6, C2= NOU-7, D2= NOU-8 represents fungal
communities DNA bands.
All the communities show their specific size of their DNA compared with the ladder.

4.23.2 PCR (Polymerase chain reaction 1 and 2):
After extraction of DNA, Polymerase chain reaction was performed. In polymerase

chain reaction 1, the specific universal bacterial and fungal primers were used. For bacterial
communities 27F and 1492 R were used, while for fungus ITS1 and ITS 4 were used. In PCR

2 adaptor primers were used. Both adaptor sequence primers and PCR primers are the
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artificial DNA oligonucleotides. The adaptors contain the sequencing primers binding sites,
index sequences and the particular sites that allows the library fragments to attach to the flow
cell. The adaptors used for bacterial sequencing were 27F adp and 1492R adp and for
sequencing fungal community’s adaptor primers used were ITS1 adp and ITS4 adp. Total 8
samples for bacterial diversity were sequenced and 4 samples for fungal diversity were
sequenced.

After PCR 2, the products were cleaned up and, after cleaning the increase in band size was

observed which further confirms the cleanup had occurred.

Fig 4.52 PCR 1 and PCR 2 of bacterial communities

Fig 4.53 Fungal amplicons PCR 1 and PCR 2
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Fig 4.54 Clean up of bacterial PCR products

4.23.3 QUBIT analysis for determining the final concentration of DNA
Qubit analysis were performed for determining the presence of final concentration of

bacterial and fungal DNA extracted from each coal sample. Sample NOU-P1 had shown
more concentration of bacterial DNA, while sample NOU-7 from fungal community had
shown more concentration of fungal community DNA. Similarly, their final pooling for
sequencing were calculated and after pooling the final sequencing was performed using

Illumina Miseq technique of next generation sequencing.

Table 4.15 QUBIT analysis of bacterial and fungal communities for Miseq

QUBIT Bacterial
Sample ID community concentration  Final pooling for sequencing (ul)
(ng/pl)
NOU-GI1 14.2 4.16
NOU-HI1 154 3.2
NOU-M1 12.5 2.1
NOU-P1 16.31 1.78
NOU-R1 3.97 21.54
NOU-R2 23.6 1.01
NOU-RT 16.6 2.31
NOU-S 1.98 28.9
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QUBIT Fungal community  Final pooling for sequencing in
DNA concentration(ng/pl) (nl)

Sample ID

4.24 Statistical Analysis of Data:
4.24.1 Alpha Diversity of bacterial community
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Measurement of alpha diversity for comparing the total diversity present in different
communities is important. In present study, the total bacterial diversity from 8§ different coal
samples from Dukki and Thar coal mine was determined. Basically, alpha diversity measures
the mean diversity of species present in different sites or habitats. The quantitative
speciesbased measures such as Shannon diversity (Shannon & Weaver, 1949) were
calculated. In the present study the bacterial diversity of sample NOU-M1, NOU-P1, NOU-
R2, NOU-RT, NOU-S, NOU-R1 resembles with each other. The diversity of these 6 samples
co relates with each other. While two samples NOU-G1 and NOU-HI1 differs from each other
on the basis of richness. The bacterial habitat of these samples showed different diversity on
the basis of Shannon and observed richness. This might be because of the depth, the samples
were taken from different depths, so might be diversity at different depths changes. It also

depends on the coal environment; different coal environment shows different alpha-diversity.

4.55 Alpha diversity of bacterial communinties present in coal samples

4.24.2 Beta diversity of bacterial community
So far alpha diversity measures the diversity within a single sample. However, beta

diversity was proposed by Whittaker, which is basically a measure of change in diversity
across different environmental gradients (Whittaker, 1960). Beta diversity is used to evaluate
the ratio between regional and local specie diversities. It helps to measure the extent to which
two microbial communities’ changes over time. (Koleff, et al., 2003). Specie based beta

diversity evaluates whether similar environments contain the same specie despite of
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geographic barriers and distance (Nougez et al, 2005). In the present study, out of 8 samples,
2 samples depicted very different behavior among species present in these microbial
communities. A high beta diversity index indicates a low level of similarity, while a low beta
diversity index shows a high level of similarity. The samples shown in figure 4.56 in blue
shows low beta diversity which means that the bacterial species present in these 6
communities have high level of similarity, while the two samples showing orange color
indicated high beta diversity index which means, these two samples have low beta diversity
index as compared to other 6 samples. The two samples named as NOU-GI and
NOUH 1depicted higher beta diversity index. The present study is reporting first time the beta

diversity among coal habitats from Pakistani coal mines.

Fig 4.56 Beta diversity of bacterial communities

4.24.3 Heat Map of bacterial diversity in coal habitat
Heat map is considered to be an important tool designed for the visual display of data

from NGS (next generation sequencing). It is basically a graphical representation of data in
which color coding system is used for representing different values existing in a matrix. Its
shows the data values for each row and column and the dendrograms along the sides depicts
that how the variables and the designed rows are clustered independently. The heatmap

shown below in the figure 4.57 describing the relative percentage of 16sTRNA gene sequence
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designated to each bacterial genus (y axis) crossing with the 8 coal mine samples analyzed (y
axis). The colors representing in the map shows the relative percentage of the microbial
assignments with each sample. The shifting in colors from light blue to bright orange
indicates the higher abundance or particular genus in each sample.
In the figure below almost 10 genus from bacterial diversity are shown against the 8 samples
along x axis. The light blue color squares indicates that the very low abundance of
Nitrospirae and Firmicutes present in each coal sample. Whereas, the genus shown with
medium color (light orange) indicates relatively higher abundance of Plantomycetes,
Chloroflexi, Thaumarchaeota and Verrucomicrobia in each 8 coal samples. Whereas, the
bright orange square boxes indicate the higher abundance of Acidobactera, Bacteroidetes,
Actinobacteria and Proteobacteria in all the mentioned coal samples. It is analyzed through
figure that the abundance of Protebacteria and Actinobacteria in all the coal samples is

relatively higher as compared to all other genus’s.

Fig 4.57 Heat map of bacterial communities present in coal habitat
4.24.4 Read abundance of top 20 bacterial genera
The read abundance depicts the taxa or phylotypes that are commonly interpreted as a

measure of genic or taxon abundance of microbial community present in each sample. It is
useful for comparing the similarity present in community.
In the present study the total read counts were calculated as the sum of assigned and

unassigned reads. The ratio or proportion of read assigned to each bacterial genera was then
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calculated on a sample-by-sample basis. The y axis in figure 4.58 shows the assigned and
unassigned reads of top 20 bacterial genera present in 8 coal samples plotted against the
percentage (read abundance) of these genera’s. The high and low abundances are plotted in
the figure shown in blue and orange boxes. The low abundance means that these bacterial
groups are highly present and shows maximum similarity in each coal sample while high read
abundance shown in orange means that these groups have low level of similarity present in
each coal sample.
Bacteroidetes and Actinobacteria groups are showing low read abundance which means they
are quite similar in each of 8 coal samples. While other groups like Thaumarcheotal,
Verrucomicrobia and Chloroflexi had shown high abundance which means they are similar in
each sample but with some low proportion. A positive and significant co relation and

abundance exist between all these bacterial groups in each coal biomass.

Fig 4.58 Read abundance of top 20 bacterial genera present in coal samples
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4.24.5 Relative abundance of bacterial genera in coal samples:
The relative abundance refers to the evenness of individuals distribution among

species in a particular habitat or community. It is defined as the total percentage of microbial
sequences present in a sample.

In the present study, the relative abundance of different bacterial taxa varied across different
coal samples. The relative percentage of different genera in different coal samples varies. The
relative percentage of Proteobacteria, Actinobacteria, Acidobacteria,and Bacteriodetes
covers large part of bacterial community in all the coal samples while some other bacterial
genera like Entothenellaeota, Firmicutes, Nitrospirae, Rokubacteria, cyanobacteria,
chloroflexi and patoscibacteria are present relatively in small proportion in all the respective
coal 8 samples. The bacterial communities in sample NOU-R1, NOU-R2, NOU-RT, NOU-S

relatively differs from other 4 coal samples from different coal mine locations.

Fig 4.59 Relative abundance of bacterial communities in coal samples

4.24.6 Relative abundance of Fungal communities present in coal samples
Just like bacterial communities, the relative abundance of fungal communities was

also determined. As fungus contain chitin in its wall so it was really very difficult to extract

eukaryotic fungal DNA directly from hard rank coal. Only one high rank coal sample from
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bituminous coal of Dukki coal mine were able to analyzed statistically, while other samples
had not produced significant reads after sequencing. So out of 8 samples, the fungal
communities of 4 samples were able to be analyzed statistically and relative abundance of
these 4 samples was determined.
The relative abundance of NOU-5 sample from bituminous coal is showing higher abundance
of Apiotrichum and Blastobotrys than other fungal communities. While the large part of
fungal community in all the four samples were covered by Cladosporium, Apiotrichum,
Hebeloma and sterigmatomyeces genera while other fungal genera like Tetracladium,
Tausonia, Coprinellus, Fusarium, Mollisia, Mycena, Hollermeinella and some others had
shown relatively less abundance in all the respective 4 samples. The 3 samples NOU-6,
NOU-7 and NOU-8 relatively correlates with each other while NOU-5 differs from other

three samples in relation to fungal communities present.

Fig 4.60 Relative abundance of Fungal communities in coal samples
4.24.7 Alpha diversity of fungal communities
Similarly, the alpha diversity on the basis of observed richness and Shannon diversity

index was also determined for the fungal communities from 4 coal samples. The alpha
diversity of all the four samples differs from each other. The three samples NOU-6, NOU-7
and NOU-8 correlates to each other while sample NOU-5 showed difference among all the
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samples. The fungal communities of all the coal samples have shown significantly higher
alpha diversity measured by observed richness. This might be because of the coal
environment; different coal environment shows different alpha-diversity. The coal ranking
might also be involved in different kind or diversity measurements. The high coal rank had
shown different alpha measurements on the basis of richness as compared to low rank coal.

There is very less data reported on microbial communities’ identification from Pakistani coal
mines. Up to date, this is the first study on microbial community analysis from hard rank coal

Bituminous from Dukki coal mine and low rank coal, Lignite, Thar coal mine.

Fig 4.61 Alpha diversity of fungal communities

4.224.8 Taxonomy Tree of bacterial community from Dukki coal mine sample:

Specific species (showing the top 10 genus in high relative abundance by default)
were selected to make the taxonomy tree by independently R&D software. Taxonomy tree

in single Dukki coal sample is shown in figure below. Total counts that obtained after
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sequencing were 49829. At 97% identity, 339 OTUs belonging to 43 species, 130 genera,
108 families, 74 orders, 47 classes and 23 phyla.

Fig 4.62 Taxonomic tree of Baluchistan sample

4.24.9 GraPhlAn Display

Tree graph of species annotation for each group were construct by GraPhlAn
(Asnicar et al., 2015). The OTU tree of one group shows in figure 4.63. The OTU
annotation tree in green indicates the presence of Actinobacteria. The blue indicates the
presence of Firmicutes and red one display the presence of Proteobacteria. The Dukki

sample contains more bacterial diversity of Proteobacteria group.
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Fig 4.63 OTU annotation tree construct of B3 by GraPhlAn

4.24.10 Krona Display

KRONA visually displays the analysis result of species annotation. Circles from
inside to outside stand for different taxonomic ranks, and the area of sector means respective

proportion of different OTU annotation results (Ondov ef al., 2011).
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Fig 4.64 Krona display of baluchistan sample

Phylum Proteobacteria

Phylum Actinobacteria
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Phylum Firmicutes
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Anaerobic Treatment of Coal
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4.25 Anaerobic treatment of Coal
4.25.1 Anaerobic consortium development

For the production of biogas and checking the methane potential of the low and high
rank coal the anaerobic consortium was developed. The microorganisms responsible for the
production of biogas and methane are anaerobic in nature and it is very difficult to isolate and
culture them in laboratory conditions. Strict anaerobic conditions were required for the
growth of anaerobic bacteria. Deep Duki and Thar mine water consists of plenty of anaerobic
bacterial species which are responsible for coalbed methane generation (CBM). So, in order
to develop the anaerobic consortium, the indigenous consortium of deep coal mine and soil
water was enriched. Duki and Thar both coal types were added as a sole carbon source.
Vitamin and mineral solutions were added to promote the steady growth and nutrient
availability within the medium. The whole set up was kept in an anaerobic chamber where no
air can get access. The anaerobic consortium set up bottle was kept in dark for an incubation
period of 15 days. After the development of anaerobic consortium, it was used for biogas

production and ultimately methane potential.

4.25.2 Methane potential of Native Lignite and Bituminous coal

The methane potential of native lignite and bituminous coal was calculated in ml and
then converted into micromole/g. The setup was designed with the 10g native coal along with
vitamin solution and indigenous anaerobic consortium for about 60 days. It was shown in the
figure that the methane potential produced by bituminous coal were 1.7umol/g at day 15
while its potential increases with time and finally about 2.4 umol/g were calculated at day 60.
Similarly, methane potential of native lignite thar coal was determined and its potential was
lesser than bituminous coal at day 60, about 1.2 umol/g of cumulative methane was generated
by lignite coal while the production of gas was negligible in control setup. By analyzing
concentration of methane it was observed that the indigenous anaerobic consortium from both
coal types have potential of generating more methane with bituminous coal. The low
production of methane from bituminous coal might be because of presence of mineral matter

in hard rank of coal.

While figure 4.66 shows the potential of Carbon dioxide produced by the native coal samples

lignite and bituminous coal. the produced carbon dioxide by lignite coal were lesser than
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bituminous coal of Duki coal mine. At day 60 the carbondioxide potential drops while at day
5 increased potential of CO, were observed. The control having no coal also showed increase

CO as compared to lignite coal but later its potential drops quickly as the time or days
passes.

Fig 4.65 Methane potential of Lignite and Bituminous Coal

Fig 4.66 Carbondioxide potential of Lignite and Bituminous coal
4.26 Optimization parameters for enhancing the production of methane
4.26.1 Optimization of Temperature
Methanogenic microorganisms have ability to grow in variety of temperatures i.e in

marine sediments at 2°C and at geothermal vents above 100°C. There exist a huge diversity
of mesophilic and thermophilic microorganisms). Most of the mesophilic methanogens grow
at temperatures between 30°C to 37°C while thermophilic methanogen grows above 50°C to

65°C (Bergey and Holt, 1994; Ferry, 1993).
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For enhancing the process of biogenic methane generation, the produced indigenous
anaerobic consortium was allowed to grow at different temperatures. Different temperatures
used in the present study were 25°C, 35°C, 45°C and 55°C. The cumulative methane and
produced CO2 were calculated in cc. The optimum temperature of maximum methane yield
was recorded 35°C using bituminous coal while more CO2 was produced at 55°C. Overall
between temperature 23°C to 37°C methane potential increases but it started to decrease at
higher temperatures. Similarly, methane generation of lignite coal were optimized best at
35°C. The microbial community used in this study have potential of producing higher
methane at mesophilic condition but above 45°C the methane yield was retarted. Using coal

from Duki and thar coal mine the best incubation temperature was characterized between

25°C to 35°C. .

Fig 4.67 Methane and CO; produced at different temperatures (Bituminous Coal)
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Temperature (°C)

Gas production in mmol/gram
o = N w B~ (93] (o)} ~ o]

B Methane ™ Carbondioxide

Fig 4.68 Methane and CO Produced by lignite coal at different temperatures

4.26.2 pH optimization
Like all the biochemical processes, pH also has an important effect on production of

methane from complex organic matter (Green et al, 2008). When the conditions are far from
optimum pH range then there will be a reduced biogenic activity that ultimately limits the gas
production. In the microbial communities, methanogens are strongly affected by pH.
(Zupancic and grilc, 2012). In the present study, the experiment carried out at various pH
between 6.0 to 8.0. The various pH ranges used were 6.0, 6.5, 7.0, 7.5 and 8.0. The maximum
methane by bituminous coal was produced at pH 7.5 (23cc). At pH higher than 7.5 there is a
decrease in trend of methane production. Similarly, the CO trend at pH 7.0 was optimum 2
(25cc) but above this pH the yield of methane retarded. It is said that the methanogenic
communities seem to dominate by neutrophilic species with decreased growth and methane
production outside of above mentioned pH ranges (7.5-8.5).

Similarly, the lignite coal showed increase trend in methane production at optimum pH
7.0(19mmol/g) while there is a retard in methane yield above this pH. The CO produced 2
above pH is also low and started to decrease. So, both lignite and bituminous coal showed
maximum methane yield between pH 7.0-7.5 while above this pH very less amount of
methane was produced. Zhang et al, 2016a conducted a study in which low pH 6.0 and 8.0
was proved to be significant for bituminous coal biogasification by mesophilic microbial

anaerobic community.
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Fig 4.69 Methane and CO; produced at different pH (Bituminous coal)
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Fig 4.70 Methane and CO; Produced by lignite coal at different pH
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4.27 Methane and CO production and optimum conditions 2
After evaluating the optimized conditions of temperature and pH the methane and CO2

potential were again checked out at these optimized temperature and pH. The optimum
temperature and pH for lignite methanogenic consortium were 35°C and pH 7.5, while for
bituminous coal the best optimized temperature was 37°C and pH 7.0. The setup was run on

these optimized conditions for investigating out the enhanced methane and CO yield. Under 2
optimized conditions about 44mmol/g of cumulative gas yield were recorded by bituminous
coal while the net CO2 production were 21mmol/g at day 60.

Similarly, the methane and CO yield by lignite methanogenic consortium at optimized 2
conditions were 48mmol/g at day 60, while very less yield of CO were recorded (4mmol/g) 2
at day 60 and after 60 days the yield of methane and CO was retarded.

These results at optimized and favorable conditions indicates the suitability of indigenous
methanogenic microbial consortium to maximize the production of methane. A number of
literature on wide range of methane yield at optimum and favorable conditions using different
ranks and microbial consortiums to various strict anaerobic environment had been reported.
(Green et al., 2008; Gupta and Gupta, 2014; Harris et al., 2008; Jones et al., 2010; Orem et
al., 2010; Papendick et al., 2011; Park and Liang, 2016; Wawrik et al., 2012). John Fuertez et
al, 2017 also reported the maximize yield of methane at optimized cultivated conditions

between pH range (5.5 to 7) and mesophilic temperature 37°C.

Fig 4.71 Methane and Co2 produced at optimum condition by Bituminous coal

Page | 132



Chapter 4
Phase-3 | Results (Anaerobic Treatment of Coal)

Fig 4.72 Methane and Co2 produced at optimum conditions by Lignite coal
4.28 Enhancement of biogas generation using Co-substrate strategies

For enhancing the process of methane generation, co- substrate strategies were used.
The strategies used includes two combinations with each respective coal type i.e. lignite and
bituminous.

Combination no. 1: Coal+Grass+Cow dung
Combination no. 2: Coal+ Grass+ peanut shell
4.28.1 Cumulative gas yield of lignite coal with different combinations

Fig 4.73 Bio gasification Potential of Lignite coal with Co-substrates
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The above figure indicates the amount of cumulative gas yield in mmol/g of coal by
using lignite coal with combination 1 and combination 2. While the control contains only
lignite coal. At start there was very less amount of methane produced but at day 10,
combination 2 produces about Immol/g of coal that exceeded to 4.9mmol at day 50. But
combination 1 produced decrease amount of methane at day 50 which was 3mmol/g. while in
control where there was only lignite coal along with vitamin and mineral solution, only small
amount of gas was produced. The synergistic effect of combination 2 was more than

combination 1.

4.28.2 Cumulative gas yield of bituminous coal with different combinations:

Fig 4.74 Bio gasification Potential of Bituminous coal with Co-substrates
The above figure indicates the amount of cumulative gas yield in mmol/g of coal by

using bituminous coal with combination 1 (Grass cow dung) and combination 2 (Grass
peanut shell). While the control contains only bituminous coal. At start there was very less
amount of methane produced but at day 20, combination 2 produces about 0.9mmol/g of coal
that exceeded to 3.5mmol at day 45. But combination 1 produces decrease amount of
methane at day 50 which was 1.9mmol/g. while in control there was only bituminous coal
along with vitamin and mineral solution, only small amount of gas was produced. The
synergistic effect of combination 2 was more than combination 1. One of the studies by
Hongyu Guo et al, 2018 reported the cumulative gas yield of bituminous coal along with corn

straw as compared to control that contains only bituminous coal. The highest methane
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production was 2.69 mmol/g with bituminous coal D and 1.35 mmol/g with bituminous coal
C.

4.29 FTIR Analysis of the residual coal after co substrate strategies
A small peak is observed at 3300cm-1 which represents the hydroxyl group (OH) along

this shoulder that shows variations in hydrogen bonded hydroxyl group in polymeric
association. Another small peak was observed at 2800cm™ which represents the asymmetric
and symmetric C-H bonds that are CH, and CHj aliphatic stretching. At 1625cm™ C=C

aromatics was observed as symmetric stretching. The stretching at 1450cm represents
carboxylic acids showing asymmetric aliphatic C-H deformation of methoxy and methylene
groups. This stretching was deep in raw coal and loses its depression in the coal subjected to
experimentation which proved that carboxylic acids were consumed by anaerobes to produce

gas.

At 870cm shoulder C-H aromatics were present. These aromatics out of plane rings have
neighboring two C-H groups. Furthermore, aromatics were detected in the region of 1030-
140cm™. The shoulder of 1030-40cm™ was deep in raw coal and peak became less deep in
experimental coal showing the same result as anaerobes consumed the aromatics in gas
production, the same was the case observed for 870cm™'peak. While the region of 400-700cm™

1. . .
includes mineral matters and aromatics.

Fig 4.75 FTIR analysis of lignite coal after degrading anaerobically
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Fig 4.76 FTIR analysis of bituminous coal after degrading anaerobically

Furman found out the chemical compound classes present in residual coal supporting
methanogenesis in coal (Furmann et al., 2013). At 3300cm peak was observed in raw coal
and experimental coal but stretching across experimental coal is less because of the
consumption of these groups by anaerobic bacteria. The stretching for asymmetric and

symmetric C-H was observed at 2800cm™ .
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(Results Phase 4)

Extraction and purification of compound
(Humic Acid ) and whole genome

sequencing of potential coal solubilizing
fungal 1solates
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4.30 Gravimetric analysis of humic acid extracted from bituminous coal

Humic acid was extracted from biologically treated raw and pre oxidize bituminous
(Baluchistan) coal supernatants as well as coal residues by following alkali method: 9.5%
humic acid was directly obtained from 2g of raw bituminous coal which was used as a
control. The ratio of humic acid by fungal (NF-1 and GB) treated pre oxidize coal residues
was found to be maximum. A maximum 60% and 78% humic acid was extracted from fungal
(NF-1 and GB) treated pre oxidize coal residues respectively. The extraction of humic acid
from fungal (NF-1 and GB) treated raw coal was found to be 42% and 56% respectively.
When 0.5 g of fungal (NF-1 and GB) treated raw and pre oxidize coal residues was treated
with 0.IM alkali solutions these optimum extraction percentages of humic acid were
obtained. The ratio of humic acid by fungal (NF-1 and GB) treated raw coal supernatants was
found to be 30 and 36% and pre oxidize coal supernatants was found to be 42 and 52%

respectively shown in table 4.16

Table 4.16 Humic acid percentage from Raw coal treated with NF-1 and GB

Initial weight of Raw coal residues (g) 0.5 0.5
HA from Raw coal supernatant 0.15 0.18
HA (%) from Raw coal supernatant 30 36
HA from Raw biological treated coal residues (g) 0.21 0.28
Humic acid percentage (%) from Raw biological
. 42 56
treated coal residues (g)

Table 4.17 Humic acid (%) percentage from Pre oxidize coal

Initial weight of pre oxidize coal residues (g) 0.5 0.5
HA from pre oxidize coal supernatant 0.21 0.26
HA (%) from pre oxidize coal supernatant 42 52
HA from pre oxidize biological treated coal residues (g) 0.30 0.39
Humic acid percentage (%) from pre oxidize biological
. 60 78
treated coal residues (g)

4.31 Elemental composition, E4/E6 ratio and Fourier-transform infrared spectroscopy

(FTIR) analysis of humic acid
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4.31.1 E4/E6 analysis
Structure and composition of humic acid are characterized by using absorbance ratio
(E4/E6 at 465 and 665 nm) under alkaline conditions. The amount of humic acid molecules is
not associated with E4/E6 ratio. Humic substances usually characterized by absorbances or
optical densities of dilute solutions containing between 0.01 to 0.05% (wt/vol) of humic and
fulvic acid at 465 and 665 nm E4/E6. UV-Vis spectra were obtained from 200 to 700 nm no
characteristic absorption peaks of humic acid were observed until 0.05M NaHCO solution 3
was prepared to dissolve humic for getting constant ratio of E4/E6. Condensed aromatic rings
structures, molecular weight and amount of carbon of humic substances has been linked with
the (E4/E6) ratio. The E4/E6 ratio showed the degree of humification and regulated by
molecular weight of particles, pH and oxygen carbon ratio.

High E /E ratio (2.2 and 3.2) was obtained by treating NF-1 and GB fungal isolates
4 6

with pre oxidize coal residues respectively shown in table 4.19.
Table 4.18 Elemental composition and E4/E6 ratio of alkali extracted HA (control) and
HA extracted from raw coal by fungal (NF-1 and GB)

Elemental . . | UV/VIS
Saml analysis N 0 3 Atomic | Ratio E/E
amples Elements (%)| H H/C O/C
4 6
C

HA (control) 5208 | 3.84 | 126 | 1956 | 625 | 088 | 028 | 10296
HARCGesUNE-L 5179 | 349 | 2.00 | 2285 | 504 | 080 | 033 | 1.1931
HARCGUPINEL yg 01 | 300 | 245 | 2025 | 555 | 077 | 045 | 17037
HARC (resi) GB 5032 | 333|284 |2876|523| 079 | 042 | 1.7887
HARC (sup) GB | 4684 | 3.05 | 243 | 33.76 | 501 | 078 | 0.54 | 2.189%

Table 4.19 Elemental composition and E4/E6 ratio of alkali extracted HA (control) and HA
extracted from pre oxidize coal by fungal (NF-1 and GB)

Elemenjcal . . UVIVIS
Sampl analysis N 0 S Atomic | Ratio E/E
amples Elements (%) H H/C o/C
4 6
C
HA (control) 52.08 384 | 126 | 1956 | 625 | 0.88 028 | 1.0296
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HAPCGUPINE-T 4905 | 2.81 | 3.21 | 3499 | 454 | 068 | 053 | 1.9570

HAPC@eshNE-TH 443 254 | 3.68 | 3656 | 3.99 | 0.67 | 0.61 | 22764

HA PC (sup) GB 47.84 269 | 344 | 3764 | 431 | 067 | 059 | 1.8924

HA PC (resi) GB 43.2 226 | 3.94 | 39.24 | 3.62 0.62 0.68 3.2068

4.32 Elemental analysis of humic acid
B. mycoides activity has effect on O/C, H/C and C/N ratio of extracted HA. reported

increase in oxygen content of oxidized HA than control HA. Jiang ef al. (2013) documented
higher nitrogen ratio of Bacillus sp. Y7 HA than HA. Biological processes showed significant
differences in elemental composition of extracted humic compounds. Humic acid (HA) after
treating virgin bituminous coal particles with NF-1 and GB fungal isolates showed low
carbon and hydrogen content but high oxygen and nitrogen ratio. HA obtained after treating
pre oxidize (introduce oxygen and decrease carbon value) bituminous coal particles with NF1
and GB fungal isolates showed greater reduction in carbon and hydrogen ratio and higher

content of oxygen and nitrogen shown in table 4.19.

4.33 FT-IR analysis of humic acid (HA) derive from virgin coal by NF-1

4000 3500 3000 2500 2000 1500 1000 500 wavenumber(cm™)

Fig 4.77 IR spectra of Alkali-solubilized humic acid HA using raw coal (control sample)
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FT-IR analysis was carried out for the investigation or detection of functional groups
and vibrational changes occurs in Alkali-solubilized humic acid extracted directly from
Baluchistan coal designated as HA (control sample), NF-1 fungal treated humic acid in bio
solubilized liquid designated as HAL and coal residues (modified with humic acid)
designated as HAF in the range of 4000-400cm™ on Perkin Elmer, USA with (15 scan and
Icm resolution rate) shown in figure 4.77. The characteristic peaks observed in the residual
(HAF) spectra at 3335.40 and 2918.28 cm™ corresponds to sp —C-H stretch and -OH stretch
respectively due to the presence of humic acid functionalities. The peaks at this region was
also observed in HA (control sample) and HAL (bio solubilized liquid) show similar intensity
as residual (HAF). The C=C, COO and C=O stretch shows peak at 1607.52 cm™ in HA
(control) which is absent in HAF and HAL. The peak at 2209.86 cm™ corresponds to nitrile
and alkyne stretching which is present in all humic spectra. The CH3-CH2 bending shows
peak at 1467.0lcm™ and 1365.45cm™ in HAF and HAL but absent in HA (control) due to
presence of methylene, alkane and methyl groups present in compound. The peak at 1152.03-
1087.45 cm™  shows ether compounds that are not observed in HA (control). In addition, the
remaining peaks that are observed in HA control in the region of 900-600cm™ show the
presence of inorganic moieties. The absence of peaks at 799.56cm™ in HAF and HAL may
suggest aromatic breakdown. These all above discussed peaks gives confirmation of
formation of coal based humic compound by the action of NF-1 fungal isolate.

4.34 FT-IR analysis of humic acid (HA) derive from pre oxidize coal by NF-1
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Fig 4.78 IR spectra of Alkali-solubilized humic acid HA (control sample), humic acid in
bio solubilized liquid (HAL) and NF-1 fungal treated pre oxidize coal residues (HAPF)
red: reference HA; blue: HAL green: HAPF

FT-IR analysis was carried out for the investigation or detection of functional groups
and vibrational changes occurs in Alkali-solubilized humic acid extracted directly from
Baluchistan coal designated as HA (control sample), NF-1 fungal treated humic acid in bio
solubilized liquid designated as HAL and pre oxidize coal residues (modified with humic
acid) designated as HAPF in the range of 4000-400cm™ on Perkin Elmer, USA with (15 scan
and lcm resolution rate) shown in figure 4.34. The intensified characteristic peaks observed
2in the residual (HAPF) spectra at 3385.68cm™ and 2918.28 cm™ corresponds to sp2 —~C-H
stretch and -OH stretch respectively due to the presence of enhanced humic acid
functionalities. The peaks at this region were also observed in HA (control sample) but
spectra of HAL (bio solubilzed liquid) show low intensity. The C=C and C=O stretch shows
peak at 1685.01 cm” in HAPF and HA (control sample). The peak at 2209.86 cm’
corresponds to nitrile and alkyne stretching which is present in all humic spectra. The CH»-
CH; bending shows peak at 1325.37 cm” in HAPF and HAL (bio solubilized liquid) due to
presence of carboxylic groups. In addition, the remaining peaks that are observed in (HAPF
and HA control sample) in the region of 1099.65-1032.43cm™ show the presence of ethers.
The absence of peaks at 799.56cm™ in HAL may suggest aromatic breakdown. Pre oxidation
of raw coal enhances humic production by increasing content of oxygen and nitrogen
containing functional groups as well as the content of OH and NH groups in both HAPF and
HAL by the action of NF-1 fungal isolate. These all above discussed peaks gives
confirmation of enhanced formation of coal derive humic compound by the action of NF-1
fungal isolate.

4.35 FT-IR analysis of humic acid (HA) derive from virgin coal by GB
FT-IR analysis was carried out for the investigation or detection of functional groups

and vibrational changes occurs in Alkali-solubilized humic acid extracted directly from
Baluchistan coal designated as HA (control sample), GB fungal treated humic acid in bio
solubilized liquid designated as HAL and coal residues (modified with humic acid)
designated as HAF in the range of 4000-400cm™ on Perkin Elmer, USA with (15 scan and
Icm resolution rate) shown in figure 4.79.The minimal characteristic peaks observed in the
residual (HAF) spectra at 3276.02 and 2918.28 cm corresponds to sp, —C-H stretch and OH
stretch respectively due to the presence of humic acid functionalities. The peaks at this region

were also observed in HA (control sample) but spectra of HAL (bio solubilized liquid) show
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high intensity than residual (HAF). The C=C, COO and C=0 stretch shows peak at 1629.91
cm” in HA (control) and HAL. The peak at 2209.86 cm™ corresponds to nitrile and alkyne
stretching which is present in all humic spectra. The CH bending shows peak at 1487.03 cm™
which is more intense in HAL (bio solubilized liquid) due to presence of methylene, alkane
and methyl groups present in compound than HAF. In HA (control) and HAL at 1099.65-
1032.43 cm™ peaks shows ether compounds that are not observed in HAF.
In addition, the remaining peaks that are observed in HA control and HAL in the region of
900-600cm ™ show the presence of inorganic moieties. The absence of peaks at 799.56cm™ in
HAF may suggest aromatic breakdown. Pre oxidation of raw coal enhances humic production
by increasing content of oxygen and nitrogen containing functional groups as well as the
content of OH and NH groups both in pre oxidized residual coal and liquid by the action of
GB fungal isolate. These all above discussed peaks gives confirmation of enhanced formation

of coal based humic compound by the action of GB fungal isolate.

4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)
Fig 4.79 IR spectra of Alkali-solubilized humic acid HA (control sample), humic acid in bio

solubilized liquid (HAL) and GB fungal treated coal residues (HAF) red: reference HA;
blue: HAL green: HAF
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4.36 FT-IR analysis of humic acid (HA) derive from pre oxidize coal by GB

4000 3500 3000 2500 2000 1500 1000 500
treated pre oxidize coal residues (HAPF) red: reference HA; blue:

HAL green: HAPFwavenumber(cm )

FT-IR analysis was carried out for the investigation or detection of functional groups and
vibrational changes occurs in Alkali-solubilized humic acid extracted directly from
Baluchistan coal designated as HA (control sample), GB fungal treated humic acid in bio
solubilized liquid designated as HAL and pre oxidize coal residues (modified with humic
acid) designated as HAPF in the range of 4000-400cm™ on Perkin Elmer, USA with (15 scan
and 1cm resolution rate) shown in figure 4.80. The intensified characteristic peaks observe

in the residual (HAPF) spectra at 3385.68 and 2918.28 cm corresponds to sp, —C-H stretch
and -OH stretch respectively due to the presence of enhanced humic acid functionalities. The
peaks at this region were also observed in HA (control sample) but spectra of HAL (bio
solubilized liquid) show low intensity. The C=C, COO and C=O stretch shows peak at
1629.91 cm™ in HAPF and HAL. The peak at 2209.86 cm™ corresponds to nitrile and alkyne
stretching which is present in all humic spectra. The CH bending shows peak at 1470.43 cm™
in HAPF and HAL (bio solubilized liquid) due to presence of methylene, alkane and methyl
groups present in compound. In HAPF spectra CH stretching at 1232.86 cm™ shows aromatic

ethers but absent in HA and HAL. In addition, the remaining peaks that are observed in HA
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control and HAL in the region of 900-600cm™ show the presence of inorganic moieties. The
absence of peaks at 799.56cm in HAPF may suggest aromatic breakdown. Pre oxidation of
raw coal enhances humic production by increasing content of oxygen and nitrogen containing
functional groups as well as the content of OH and NH groups both in HAPF and HAL by the
action of GB fungal isolate. These all above discussed peaks gives confirmation of enhanced
formation of coal based humic compound by the action of GB fungal isolate.

4.37 Whole Genome sequencing of potential fungal isolates NF-1 and GB
4.37.1 DNA extraction of fungal isolates
For whole genome sequencing of potential coal solubilizing fungal isolates, DNA

extraction was performed. The kit method was used for attaining maximum concentration of
DNA. After extracting DNA using manufacturers instruction, the gel electrophoresis was
performed for confirming the DNA bands. The ladder was run for confirming the actual size
of DNA. The figure 4.81 below shows the DNA bands from potential coal solubilizing fungal
isolates.

L NFI DS GB LP

-

|

-

Fig 4.81 DNA extraction of potential fungal isolates
4.37.2 Tape station analysis
The agilent tapestation system is basically an automated electrophoresis solution for

testing the sample quality control of DNA and RNA samples. The screen tape devices are
used to confirm the DNA quality and concentration present in the sample. The figure 4.82
shows the tapestation of fungal isolates. A1l is the ladder, while B1 represents NF-1 and C1
represents isolate GB. The size and concentration of DNA is shown below in the table. The
final concentration of extracted DNA of isolate NF-1 is 0.807 while GB shows the final

concentration as 3.38. The band size of both the strains are shown in graph.
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Figure 4.82 Tape station analysis of potential fungal isolates

4.37.3 Library Preparation
After confirming final concentration and size of DNA. Fungal library was prepared by

using NEBNext Ultra IT FS DNA kit. The manufacturer’s instructions were followed for
preparing the library. The steps followed were:

1.Fragmentation

2.Adaptor Ligation

3.Size selection of adaptor ligated DNA

4.PCR Enrichment of Adaptor ligated DNA

After following the above steps, the PCR was run using adaptor primers and later on PCR
cleanup process was followed and final concentration of fungal libraries was calculate using
Qubit Assay.

4.37.4 QUBIT assay analysis after preparing fungal libraries
After preparation of fungal libraries, QUBIT assay analysis was performed for

quantifying the final DNA concentration of prepared libraries. The final concentration of

isolate NF-1 was 1.79 ng/ul and GB had final concentration of 6.23 ng/ul.

Table 4.20 QUBIT Assay values of extracted DNA and concentration after library preparation

Sample ID QUBIT values after QUBIT DNA concentration after
P extracting DNA (ng/ul) preparing FS fungal libraries (ng/pl)
D (NF'I) 24.8 1.70
DS 25.2 1.89
GB 79.6 623
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4.38 Sequencing and Data analysis
After determining final concentration of DNA by preparing libraries, then sequencing

was performed using QIA seq whole genome sequencing kit at Aarhus University, Denmark.
The machine used were illumina Miseq system. About 5-10ng of input material was used and
library was sequenced at 10X sequencing coverage.
The raw data obtained after sequencing were further statistically analyzed using software Geneious
prime.
4.39 Whole genome sequence of isolate NF-1 identified as Debaromyeces Hansenii
4.39.1 Circular view of sequence

The figure below shows the circular view of the Debaromyeces Hansenii sequences
having 729 bases. The GC content is also shown inside the circular view of the sequence. The

statistical analysis of the whole genome is shown below in the table.

Figure 4.83 Circular view of genome sequence of isolate Debaromyeces Hansenii
Nucleotide statistics of all the sequences:
The total base pairs of isolate Debaromyeces Hansenii is 722,974bp and total number of
sequence are 516. Length of 516 sequences:

¢ Mean: 23562.8

¢ Standard deviation:66503.1
¢ Minimum: 202

¢ Maximum: 722974

Table 4.21 Nucleotide statistics of sequences of Debaromyeces Hansenii

Nucleotide bases Frequency Percentage (%)
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A 3,880,651 319
C 2,207,887 18.2
G 2,203,046 10.1
T 3,866,825 31.8
GC 4,410,933 36.3
All 12,158.409 100

The figure below shows the sequence view of isolate NF-1, the sequences containing all the bases
are shown from nucleotides k141 — 528.

Figure 4.84 Sequence view of Debaromyeces Hansenii

4.40 Whole Genome sequencing of isolate GB identified as Aspergillus Ochraceus
4.40.1 Circular view of sequence of Aspergillus Ochraceus:
The total number of base pair shown are 301bp and the nucleotide sequence is

mentioned from k141-869. The statistical analysis of the genome along with known GC content

1s shown below in the table:
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Figure 4.85 Circular view of genome sequence of isolate Aspergillus Ochraceus

The total number of sequences lengths include 1781 sequences.

Length of 1781 sequences: Mean:
20381.1

Standard deviation: 37039.3
Minimum sequences: 201
Maximum sequence: 334006

Table 4.22 Nucleotide statistics of sequences of Aspergillus Ochraceus

Nucleotide Bases Frequency Percentage
A 9,155,684 25.2
C 9,022,176 24.9
G 9,008,507 24.8
T 9,112,448 25.1
GC 18,030,683 49.7
All 36,298,815 100
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4.40.2 Sequence view of Aspergillus Ochraceus
The sequence view of Aspergillus Ochraceous is shown below in the figure 4.86 along
with the GC content.

Figure 4.86 sequence view of isolate Aspergillus Ochraceus

4.41 Annotations
4.41.1 Annotated sequences of Debaromyeces Hansenii

The annotation and track study of Debaromyeces Hansenii predicted the following statistics of
annotated genes.

Table 4.23 Annotation and track study of Debaromyeces Hansenii

CDS 842
No. of genes 762
Initial 72
Internal 8
Intron 80
Single 690
Start Codon 762
Stop codon 762
Terminal 72
Transcript 762
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Figure 4.87 Annotations of Debaromyeces Henseni
4.41.2 Annotated sequence of Aspergillus Ochraceus
The annotation and track study of Aspergillus Ochraceus predicted the following statistics
of annotated genes. The total length of gene predicted were 10,640.
Table 4.24 Annotation and track study of Aspergillus Ochraceus

CDS 421
Gene 381
Initial 36
Internal 4
Intron 40
Single 345
Start Codon 381
Stop codon 381
Terminal 36
Transcript 381
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Figure 4.88 Annotations of Aspergillus Ochraceus

Page | 153



Chapter 5
Discussion

Chapter 5

Discussion

Page | 154



Chapter 5

Discussion
Pakistan has blessed with diverse range of indigenous coal assets (mostly low rank coal
reserves). Soft coal poorly suited to direct combustion have been reported numerously for
biological benefactions as it is very sensitive (similarities with lignin), highly hydrophilic and
oxygenated. Hard coal has high fuel value as it lights on fire easily. Bituminous coal suited to
direct combustion due it to heating value liberates more pollution into the air and its left-over
cause adverse problems that could be biologically transformed. In Pakistan biological
transformations of soft coal have been studied extensively. A unique and multifarious
microbial system is required for the Conversion of hard (bituminous) coal into chemicals and
variety of organic intermediates like Humic components.
In present study, the sampling of coal was conducted from the coal fields of Thar Sindh and
Dukki Baluchistan region of Pakistan. Typically, the Sindh coals are less than 3 meters in
thickness but the main seam intercepted in Thar was over 29m in thickness (San Filippo ef al
1989; San Filipo et al, 1994). The coal fields of Thar were mainly composed of Eocene
sedimentary rock, dune sand, alluvium and Paleocene (Rizwan et al, 2014). Mostly, the age
of thickest coal in the Thar reported by Ahmed and Zaigham in 1993 were of Jurassic age,
However, these coal strata may belong to late Paleocene to early Eocene age based on
Palynological studies in close vicinity of the sample used in present study TC (Ahmed et al,
1993). One of the studies conducted by Fausset and Durrani in 1994 also reported the age of
Thar coal fields of Paleocene to early Eocene.
After Khan et al, 1987 estimated about 49mt of sand stone and shale lithology of coal out of
which 13.7 mt are measured and 10.8 indicated and 24.5mt as inferred reserves. Malkani in
2012 showed about 80.4mt Duki-Anamber coal fields reserves. Out of these, Takhri Anamber
coal field shows 5.6mt and Duki coal field showed 74.8mt. The measured Duki coal field
reserves are 21.6mt with indicated reserves of 43.2mt and inferred reserves at 20mt.
Signature features of bituminous coal (Baluchistan coal) and Thar (Sindh coal) enforced its
effective transformation into non-fuel. The characterization of coal samples was investigated
on the basis of which their elemental and proximate analysis along with atomic ratios was
calculated. In present study, the atomic ratio with respect to (O/C and H/C) of all the selected
coal samples varies. The H/C ratios ranges from 0.07 to 0.11 in case of lignite Thar coal
samples, while for Baluchistan bituminous coal sample the ratio lies in the range between
0.11 to 0.19. Similarly, O/C ratios varies from 0.45 to 0.59 for Thar coal while for
Baluchistan it ranges from 0.27 to 0.44. Rizwan et al, 2014 reported the same pattern of O/C

and H/C ratio for thar lignite coal and bit lesser indices for Baluchistan coal in his study.
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After selection of coal samples from Thar and Duki region, isolation and screening studies of
potential coal solubilizing fungal strains were conducted. After screening the production of
black color surrounding coal particles on fungal mycelium were estimated by UV-Vis
spectrophotometer in the range between 200nm-250nm. Rizwan et al, 2014 reported the
significant release of organics in the range between 200-300nm that indicates the presence of
chemical bonds liberating organics compounds. Out of all the isolates, 4 isolates show
maximum release of organics named as NF-1, GB, DS and LP. But significant organic
moieties were released by two potential isolates NF-1 and GB on the basis of UV-Visible
scan. The absorbance intensity of isolate GB was more than NF-1. Tao et al. (2009) reported
the presence of alkyl substituted unsaturated aldehyde and ketones and alkyl substituted, that
showed maximum absorption peaks at 240nm incubation time of after 15 days. The
maximum absorption intensity by isolate GB were shown at 240nm. However, the peak range
of intensities of isolate NF-1, LP and DS were also observed in the range of 200nm-250nm
but their absorption range was less than isolate GB.
Acridine orange microscopy were performed to identify the mycelium and hyphae structure
of fungal isolates morphologically. NF-1 had shown nerve like peridium membranous sac
like structure with dense hyphae. While GB had shown brush like conidiophore spherical
round spores. One of the studies by Byung Cheon Lee ef al in 2004 reported the use of
acridine orange for staining the nuclei of the threadlike structure of femoral veins. This
method had helped them to discern the thread like structures from fibrin strings. Daniel
Palestrant et al, in 2009 also documented the use of acridine orange stain for detecting gut
bacterial biofilms.
After identification of potential fungal isolates morphologically, their molecular identification
was done. These two strains were identified as Debaromyeces Hansenii named as NF-1 and
Aspergillus Ochraceus named as GB.
After identification of fungal isolates their optimization studies were conducted on the basis
of Glucose concentration, Coal loading ratio and Incubation time.It has been reported in
various optimization studies that glucose supplements are essential for enhanced release of
organics from coal. Penicillium chrysogenum MW 1 utilized 0.1% of glucose to solubilize
low ranked within 7 days. Higher concentration of glucose (1.5%) was reported for enhancing
coal solubilization by Rhizopus oryzae. Moreover, some studies had been reported by
increasing glucose ratio 0.5% leads to encourage the growth 7. atroviride ES11 but higher

ratio (10%) may also suppress solubilization. Different ranks of coal either lignite and

Page | 156



Chapter 5

Discussion
bituminous depolymerize under variable concentration of glucose. Absence of glucose
supplement in medium resulted in low solubilization. However, glucose addition may
encourage coal depolymerization process by activating the growth and production of fungal
extracellular enzymes. It is observed that excessive glucose (from 2%) may leads to limit
oxygen content in medium that inhibit fungal growth and enzymatic activity. Hence, resulted
to low solubilization. While in this study for NF-1 and GB fungal isolates to enhance
solubilization of bituminous coal 1.0% (v/w) and 1.5% (v/w) glucose concentration was
optimal for maximum release of organics by showing absorbance at 240nm.

Several studies showed the optimized coal ratio as important source for solubilizing
and extracting organics from different coal ranks. Humic acid was extracted from lower coal
ranks by using 1.0% optimal coal value. Trichoderma sp. was optimized with 1.5% (w/v) coal
for enhanced coal solubilization activity. Previous researches have shown that the size and the
surface area is also an important factor for enhanced bio-solubilization. Bacillus spp. Y7
showed maximum liberation of organics by using 1% coal particles after 12 days. Adnan et
al, 2019 reported Rhizopus oryzae showed maximum degradation of 0.5 % low rank coal
withinl1 days of incubation. G. alkanivorans S7 and B. mycoides NS1020 sp. were reported
to solubilize 5% (w/v) of low rank coal. reported 5% (w/v) of coal, solubilized by fungal
isolates. Aneela et al, 2017 reported, Trichoderma sp. optimization with 1.5% (w/v) coal for
enhanced coal solubilization activity. In present research work the optimization studies for
enhanced release of organic moieties from bituminous coal matrix by NF-1 and GB fungal
isolates, 0.5% coal loading ratio for both isolates was found to be optimum, while in case of
lignite coal 1.5% coal loading ratio was found optimum for enhance release of organics.

In previous studies it was revealed that 7 days incubation during fungal pretreatment
were significant to amplify the extent of organic moieties. These moieties were continuously
detected under UV-Visible spectrophotometer in range between 215-300nm. Bacillus sp. Y7
showed maximum liberation of organics after 12 days. reported 11 days were best in
degradation of low rank coal. reported the enhanced bio solubilization of nitric acid pretreated
chines lignite particles within 11 days and 14 days respectively.one of the studies reported
significant reduction of absorption intensity (might be due to pH) for longer incubations (9,15
and 19 days) at 240 nm range. In our study NF-1 and GB showed 7 days using bituminous
coal and 11 days using lignite coal for significant organic release.

Up till now, immense biological entities have been documented for estimating coal

solubilization extent gravimetrically. Coal solubilization percentage depends upon the density
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of particles being solubilized. Lignite particles with lower density (1.3 kg/L) showed 44.86%
fungal solubilization and particles with higher density (1.7 kg/L) showed 6.94% fungal
solubilization Yin et al. (2009) reported that 31.83% of a Chinese lignite was solubilized into
black liquid by a fungus isolated from decaying wood. Obrien et al. (2008) documented 7.8%
coal weight loss in case of 600-800 pm coal size and 28% in 150-300 um coal size in a slurry
bioreactor while Gokcay, Kolankaya, and Dilek (2001) reported 100% solubilization of 8§ N
HNO; pre-treated coal by Coriolus versicolor and Pleurotus florida.
Previous literature determined bio solubilization percentage of coal particles, using various
native fungal and bacterial isolates Phanerochaete sp. with 66.482% § 0.318, Bacillus sp.
with 36.896% § 0.626, Trichoderma sp. with 50.0313% § 0.337 and Pseudomonas sp. with
25.581% § 0.565. Yin et al, 2009 reported that bio solubilization time of pre-oxidized coal
particles were reduced from (2—4 weeks to 10.5 days) and percentage increased from (<25%
to 31.83%). NF-1 and GB fungal isolates showed solubilization time of virgin coal residues 5
days and percentages were 31.8% and 45.6% respectively. NF-1 and GB fungal isolates
showed solubilization time of pre oxidized coal residues 3 and 2 days and percentages were
52.4% and 71% respectively
Extensive research on coal solubilization by biological entities have been reported. It was
reported that 36.77% untreated lignite was solubilized into black liquid by indigenous fungus.
It was also reported that 7.8% coal weight loss in case of 600-800 um coal size and 28% in
150-300 um coal size in a slurry bioreactor while reported 100% solubilization of 8N HNO3
pre-treated coal by Coriolus versicolor and Pleurotus florida.
It was reported that 36.77% untreated lignite was solubilized into black liquid by indigenous
fungus.( Haider et al, 2014).It was reported earlier that 7.8% coal weight loss in case of 600-

800 pum coal size and 28% in 150-300 um coal size in a slurry bioreactor while reported
100% solubilization of 8N HNO3 pre-treated coal by Coriolus versicolor and Pleurotus
florida.

It was reported by Aneela et al, 2017 that chemical bond in supernatant detected at 200-300
nm. reported aromatics at 260-450 nm. reported Trichoderma sp. AY 6 and phanerochaete sp.
AYS5 showed maximum absorbance. One of the studies by Adnan et al, 2019 reported
Rhizopus oryzae showed maximum absorbance at 220-330nm.

It was documented earlier that Bacillus sp. Y7 has effect on O/C, H/C and C/N ratio of

solubilized coal. Kawiatos et al, 2018 reported gain of oxygen and nitrogen and loss of
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carbon content in solubilized coal residues. F. oxysporum LOCK 1134 showed 32% of
carbon, 10% oxygen in solubilized lignite.

By comparing IR spectrum of NF-1 and GB treated virgin/pre oxidize coal residues
and liquids, significant changes were observed. Bio treated (NF-1 and GB) virgin residual
coal and liquids showed minimal characteristic peaks of aliphatics, phenolics, ethers,
aldehydic and aromatic groups but intensified phenolic, aldehydic, aromatic, carboxylic,
aliphatic, methylene, alkane, methyl groups and humic acid functionalities were observed in
biotreated (NF-1 and GB) pre oxidize residual coal. Pre oxidation of virgin coal enhances
humic production by increasing content of oxygen and nitrogen containing functional groups
as well as the content of OH and NH groups both in pre oxidized residual coal and liquid by
the action of biological treatment. It was also documented that aromatic liberation into liquid
products from pre oxidized coal by the action of wood-decaying fungal isolate documented
for the enhanced release of contained phenolic, non-condensed aromatic rings, methylene,
oxygen and sulfur bridges, and carboxylic from Elbistan lignite by the action of Coriolus
versicolor. Cemil Koyunogl, and Hiiseyin Karaca, 2017 reported ester and nitroso aromatic
hydrolysis during solubilization. The decarboxylation of Elbistan lignite through fungal
treatment reported the presence of phenolics and aliphatic stretches in biotreated lignite
particles also reported the aliphatic and aromatic shifts in biotreated residues. These results
agree with previous studies on coal biosolubilization by (Achi 1994a; Crawford and Gupta
1991; Cooke, Fuller and Gaikwad 1986).

T. atroviride ES11 involved in partial liberation of carboxylic acids, benzene derivatives
and alcohols from coal reported the detectable compounds of ethers and aromatic acids in
solubilized product. Black liquid released by Rhizopus oryzae by Adnan et al ,2019 contained
number of organics such as amides alkanes, amines, aromatic and fatty acids from low rank
coal elaborated that coal transformation does not involve in direct liberation of phenolics it

produces mixture of polar organics. Phenolic release based upon structure of coal. T.

atroviride ES11 liberates 97 mg 1— 1 phenolics during bio solubilization of coal matrix Wood
decaying fungus liberated variety of organics including carbonyl, aromatic acid, branched
hydrocarbons, esters and hydroxyl from Chinese lignite documented the liberated organics
nitrogen containing polyaromatic hydrocarbons (PAHs), aliphatics and aromatics by the
action of MW1 fungal isolate Haider et al, 2015. A similar pattern of solubilization was

discussed previously by aneela et al, 2017 which confirms the visible changes on coal
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structure by bacterial isolates Pseudomonas sp. AY2 and Bacillus sp. AY3. Similarly fungal
isolates Phanerochaete sp. and Trichoderma sp.

Scanning electron microscopy (SEM) had shown the penetration of coal particles and

causing surface erosion. One of the studies proposed by Manoj B. (2013) clearly explains the
SEM analysis of bituminous coal which shows the presence of some crystalline structure and
distribution of mineral content on the surface morphology by Aspergillus niger. Another
study reported by stewart et al, 1990 also confirms the surface of air oxidized illions and
exposure of fungal isolate Penicillium RWL-5 and appearance of fungal hyphae on coal
surface causing physical changes on structure of bituminous coal. One of the studies
documented by Xin Feng et al, 2021 confirms the rough structure and surface of lignite coal
pretreated with H202, while significant amount of macro molecular structural changes had
also be shown by fungal isolate Trichoderma citrinoviride..
Metagenomic studies of indigenous bacterial and fungal communities present in all coal
samples was investigated. Previous studies conducted by Thompson ef a/, 2017, had reported
diverse microbial communities from different habitats of soils and sediments. Similarly,
another study by Torsvik et al,2002 reported the alpha diversity pattern from different
habitats of water and air environment. The highly mixed water and air environment showed
lower diversity. Hall-stoodley et al/, 2004 reported very low alpha diversity from biofilms and
mats despite being spatially structured.

There is very less data reported on microbial communities’ identification from Pakistani coal
mines. Up to date, this is the first study on microbial community analysis from hard rank coal
Bituminous from Dukki coal mine and low rank coal, Lignite, Thar coal mine.

Kendra E. Walters et al, 2020 depicted the highest beta diversity from sediment, biofilm/mat
and inland water habitat, while other habitats that includes soil, air and marine habitat showed
17% less beta diversity than others. Barberan ef a/,2010 reported the spatial variation of beta
diversity in different environmental conditions. Similarly, Evans et al, 2016 reported the low
beta diversity patterns in various environments.

One of the studies by Anne winding et a/, 2017 reported the heatmap plot indicating the clear
differences in the protist communities according to the method of different DNA extraction
procedures applied. They also showed relatively higher abundance among different genus
present in each soil sample. Santos et al,2015 documented the higher absolute abundance of

18srRNA genes recovered by qPCR in his study of microbial diversities extracted from
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different soil habitats. Geisen et al, 2015 indicated the most divergent OTU according to
DNA extraction method applied and higher abundance extracted from ecologically significant
soils.
A study by Anthony et al, 2010 reported the relationship between abundance and biological
abundance in a sample of house dust spike with known quantities and identities of fungi.
Their result showed the difference in read abundance among species.
Another study by Cristina Di muri et al,2022 reported the fish species read counts that were
significantly correlated with the biomass and read abundance with other fish species. The
present study also reported the correlation between different bacterial genera present in each
coal sample.
One of the studies conducted by Rumakanta et al, 2020 reported the Proteobacteria,
Firmicutes and Actinobacteria covering higher relative abundance in gut microbiome. Liu et
al 2018, Ma et al,2017 reported earlier the observed dominance of Proteobacteria, Firmicutes
and Actinobacteria taxa in earthworm gut. Pass et al, 2017 reported the observed relative
abundance of Proteobacteria and Actinobacteria in gut microbiome.
Similarly, another recent study by Gong et al ,2018 reported the same group of bacterial
relative abundance of SAR group of eukaryotes in cultivated soil.
One of the studies by Rumakanta ez a/, 2020 indicated the higher abundance of fungal genera
in gut microbiome of earthworm. Similarly, Byzov et a/, 2007 reported the higher abundance
of fungi in earthworm gut fluid. Medina-Sauza et a/, 2019 indicated the dominance of fungal
taxa in the presence of amino acid and organic carbon source in earthworm gut.
Previous studies conducted by Thompson et al, 2017, had reported diverse microbial
communities from different habitats of soils and sediments. Similarly, another study by
Torsvik et al,2002 reported the alpha diversity pattern from different habitats of water and air
environment. The highly mixed water and air environment showed lower diversity.
Hallstoodley et al, 2004 reported very low alpha diversity from biofilms and mats despite
being spatially structured.
Rumakanta et al, 2020 had reported significantly higher alpha diversity for both prokaryotic
and eukaryotic communities measured by observed richness. Similarly, winding et al, 2015
had documented higher alpha diversity measures while determining the eukaryotic diversity

of different soil samples.
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In agreement with the results of the present study, many investigators have used 97% identity
to classify microorganisms at the species level (De Gannes et al., 2013; Lindeque et al.,
2013). Other studies have explored the classification of oral microbiota. For instance,
Pushalkar ef al (2011) identified 860 species, 52 genera, and 8 phyla; Ling et al. (2010)
identified 203 genera and 10 phyla; Keijser et al. (2008) identified 318 genera and 22 phyla;
and Siqueira and Rdgas (2009) identified 460 species, 100 genera, and 9 phyla. The diff
erences in microbial taxonomy observed among these studies may be due to differences
related to the selection process for subjects, the geographic location, oral sample collection
sites, target sequencing regions of 16S rDNA, databases, and the data-analysis methods. 23
bacterial phyla were represented in Baluchistan samples. Three predominant phyla were
Firmicutes (85%), Actinobacteria (2%), Proteobacteria (12%), constituting 99% of the total
microbiota. These dominant phyla were largely the same as those previously described for
childhood dental caries using pyrosequencing (Jiang et al., 2013). At the genus level, 130 diff
erent genera were identified in Baluchistan sample. Most of them were in abundance higher
than 2% of which the genera Actinomyces, Streptococcus, Rothia, Selenomonas and
Veillonella have been detected in early caries studies (Tanner et al., 2011). Taxonomic tree,
Graphlan tree, Krona display showed huge diversity at phylum, class, order, Family, genus
and specie level in Baluchistan sample.
Uptill now the aerobic process of biosolubilization of lignite and bituminous coal was
investigated. The anaerobic treatment process was also conducted. The indigenous anaerobic
consortium was developed and co substrate technologies were followed for enhancing the
process of coal.
In one of the studies by Fallgren et al, 2013 reported the higher methane yield from
bituminous coal as compared to lignite and sub bituminous native coal samples. Another
study reported the methane generation production by bituminous coal by using mixed
consortium and pure cultures of Methanococcus and Methanosarcina. The use of higher
concentration bituminous coal was found to show the inhibitory effect on methane
generation. (Raudsepp et al. 2017). Haider et al, 2017 reported about 0.275 pumol/g of
methane from bituminous coal samples, while Haider ef al, 2014 reported more production of
methane from lignite coal which was about 22.96 umol/g.
Previous studies by Green et al, 2008 reported a similar kind of microbial consortium from
powder river Basin WY U.S that is capable of producing higher methane between

temperatures 22°C to 38°C. A similar trend was also reported by Levanian et al, 2014, a
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thermophilic microbial consortium enriched from Jharia coal mine India. That consortium
depicts the increasing trend of methane production between 37°C to 65°C and a visible
decline were observed at 70°C. John Fuertez et al, 2018 reported the same trend for
bituminous coal and 30- 37°C were the optimized temperature for methane yield but they
showed a decline in methane production above 48°C. Zhang et al, 2016 documented an
increasing trend in methane yield between 24°C to 32°C during transformation of bituminous
coal. the production was declined at 40°C. the microbial community was obtained from
[1linois basin of United states
John Fuertez et al, 2017 documented a higher methane yield at pH 5.2 while a decrease trend
in methane production were observed above 7.2. Another study conducted by Levania et al,
2014 documented the effect of pH range between 4.0 to 9.0 and maximum methane was
produced at pH 6.5 for bituminous coal. The pH higher than 6.5 showed decrease trend in
methane production. Another study by Rathi et al, 2015 tested the methane yield along with
carbondioxide between pH 6.0 to 7,5. The maximum methane was produced along with
carbondioxide at pH 7.5 . Gupta and Gupta in 2014 also showed the maximum methanogenic
yield between pH 7.0-7.5. While in 2010 Gao et al, 2010 mentioned an adverse effect on
methane yield between range 7.0-7.5.
Hao et al, 2010 indicated very low pH 5,5 for extending the lag phase of methane generation
from acetate and changes in methanogenic pathway was noted. In 1994, Wolkwein et al
evaluated the production of methane using six different types of consortium on three different
coal types i.e. bituminous, subbituminous and lignite coal) at pH 5.0 and 7.0. Out of 18 about
12 different coal-consortium combinations produced large methane yield at pH 5.0.

One of the studies by Hongyu Guo et al, 2018 reported the cumulative gas yield of
lignite coal along with corn straw as compared to control that contains only lignite coal. The
highest methane production was 2.05mmol/g while in present study it was 4.9mmol/g of coal
along with grass and peanut shell combination. While in present study it was 3.5mmol/g
along with grass and peanut shell combination.

An enhanced or higher methane production is observed by the co-degradation of coal
with straws of wheat, grass corn (Yoon et al., 2016; Guo et al., 2018). The composition of

straw includes celluloses, hemicelluloses and lignin being rich in hydrogen providing a

substrate for micro-organisms to generate hydrogen anaerobically (Wang J and Yin Y, 2018).
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Benkhedda and Landais studied the aliphatic and aromatic, symmetric and asymmetric C-H
stretching in the Fourier transform infrared (FTIR) bands after the methanogenesis of coal
(Benkhedda and Landais, 1992; Drobniak and Mastalerz, 2006).
During coal transformation Bacillus sp. Y7 was reported to alter the structure and
composition of humic material. F. oxysporum was reported to liberate 1474 mg/g of humic
acid in bio extract from coal. One of the syudies reported that humic acid extracted from raw
lignite was 38.6% but fungal treatment (Penicillium sp. P6) maximizes humic acid content up
to 55.1%. The findings of were, the content of humic acid extracted from coal (lignite) by
different fungal strains was different. The ratio of humic acid extracted by the action of
Aspergillus fumigatus (MTCC 4333) 1.00%, Fusarium udum (MTCC 4628) 1.56% and
Aspergillus fumigatus (MTCC 4334) 1.85%. (Valero et al., 2014) reported that 25 to 37% of
humic acid extracted from LRC by using Bacillus mycoides. Penicillium sp. P6 was reported
to transform 1.0% of sterilized lignite into 72.2% humic acid and 37.5% of fulvic acids.
However, its percentage from control was 5.0-6.0%.Haider et al, 2016 reported that humic
acid extracted by the action of fungal isolate MW1 was 57.81% and its ratio directly from
raw coal was 57.19%. demonstrated that by using catalyst (AC—NiSO4) during coal oxidation
with nitric acid accelerates the amount of released humics up to 18.7%. The study showed
that nitric acid pretreatment accelerates the humic content. Samples from Thar, Chakwal, and
Quetta coals were treated chemically as a result 24.6, 13.6, and 18.0% humic obtained.
Adnan et al, 2020 reported that treating lignite before biological attack with H,O, increased
humic content by 48.1% to 71.7%.
Various literature has reported the effect of molecular weight and condensation of aromatic
rings on E4/E6 ratio coefficient. It was reported earlier that E4/E6 ratio of humic acid (HA)
obtained through raw coal was 4.8 and it was 5.2 by the activity of Bacillus mycoides and
have similar spectra as HA extracted by alkali treatment. demonstrated that by using catalyst
(AC—NiSO4) during coal oxidation with nitric acid accelerates the amount of released humics
as well as E4/E6 ratio up to 18.7%.
One of the studies reported earlier by Yan wang et al, 2018 predicted the genomic sequence
of A. ochraceus fc-1 totaled 37.02 Mb. The genes predicted were 11,740 genes. The predicted
protein coding sequence were 14.4% and GC content were 48.8%. while the present study
predicted the gene length to be 10,640. They reported this strain to be a producer of OTA
(Ochratoxin A). Another study conducted by Harris and Mantle predicted the genome

sequence of Aspergillus Ochraceus and they also proposed an alternative pathway of OTB

Page | 164



Chapter 5

Discussion
with phenylalanine. Gallo et al ,2012 also suggested another third pathway of OTA
biosynthesis by genome sequencing of Aspergillus Ochraceus.Vander et al, 1965 were the
first one to predict the genome sequence of A. Ochraceus and they identified the production
of Ochratoxin A, a toxic metabolite, by A. ochraceus.
In 2000, a study by Andree et al, reported the Genome of hemiascomycetous Yeast
Debaromyeces Hansenii, they analyzed about 2830 random sequence tag totalling 2.7MB
size of genome. While the present study depicted the total size of genome of Debaromyeces
Hansenii as 722,974bp and number of sequences as 1781.Another study by Shailesh kumar et
al, 2012 reported the size of genome of Debaromyeces Hansenii strain MTCC234 as
11.46Mb. the total GC content reported were 35.4% while in present study it was 36.3%.
Bansal PK in 2000 reported the sequence of HOG 1 homologue from Debaromyeces hansenii
by identifying the whole genome sequence of the strain.
In 2021, Clara Navarrete et al investigated the transcriptomic and proteomic profile of D.
hansenii (CBS 767). They indicated the specific genes that are involved in expression and

regulation of protein activity using sodium and potassium.
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Overall goal of study was the enhancement of microbial biosolubilisation process aerobically
through biosolubilization and production of biomethane anaerobically using co- substrate
strategies of low to high grade coal of Pakistan.

The two isolated potential indigenous fungal strains NF-1 and GB had ability of solubilizing
low and hard rank of coal and releasing different kinds of useful organic compounds and
showed efficient coal solubilization extent. The low and high rank coal had shown more
potential of solubilization by fungal strain GB as compared to NF1. Up to our knowledge the
strain NF1 Debaromyeces hansenii and GB Aspergillus ochraceus had been reported first
time to be involved in degradation of low and hard rank of coal. For increasing the process of
coal biosolubilization, the use of enhancers (sodium acetate and chemical pretreatment) had
accelerated liquefaction as well as solubilization magnitude (52.4% & 71%) for lignite coal
as compared to bituminous coal.

The illumina miseq technique of next generation sequencing had shown similarity in bacterial
diversity in 6 samples out of 8 while, 2 samples had shown different behavior from other
samples after determining their relative and read abundance, alpha and beta diversity and heat
map. While the fungal alpha diversity of 4 samples had shown distinction from each other in
their relative abundance. Another sample from Baluchistan Duki coal mine had shown the
presence of more proteobacteria and actinobacteria than Fermincutes.

After solubilization of coal by fungal isolates different compounds that were produced after
degradation of coal were extracted. These compounds were name as Humic and fulvic acids.
About 4.5% concentration of KOH had shown maximum yield of humic acid in both types of
coal. The percentage of humic acid using NaOH for native lignite and Bituminous coal was
21.15% and 11.6% and for HNO3 treated coal percentage for lignite and Bituminous coal
was 57.8% and 46.9% respectively. The FTIR results of HNO3 treated coal had clearly
indicated the presence of N-H group peak at 2923.04cm in case of bituminous coal while
introduction of nitro group in lignite coal at 2921.84cm, while both peaks were absent in
native coal FTIR spectrum. The elemental analysis of HNO3 treated coal had shown the
reduction in carbon content and slight change in sulphur and nitrogen and increase in oxygen
content that confirms the oxidation process occurred. The O/C ratio was also increased in
case of HNO3 treated coal. 60% and 78% humic acid was extracted from bituminous and
lignite coal by potential fungal strains.

Both the low and high rank coal were allowed to be treated anaerobically in order to find out

the extent of methane production. The anaerobic consortium has a degradation ability which
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produces labile products including short chain aliphatics and aromatics from the carbon
source (coal and co-digestive substrates) and used them in the generation of gas.

The raw bituminous (HRC) was capable of producing more methane and carbon dioxide as
compared to LRC (Lignite). The co-digestion strategy is productive in stimulation of methane
generation but also enhanced its yield. A higher methane potential was observed in the
biogasification setup.

The co-substrate Grass+peanut shell was able to produce more cummulative methane along
with bituminous coal as compared to lignite coal. Grass and peanut shells comprised of lignin
and celluloses which are degraded by anaerobic microbes releasing hydrogen which is
limiting the reaction rate on the first hand for its deficiency in the reaction mixture. The
maximum yield of methane and carbondioxide was obtained at optimum temperature of 350 ¢
and pH 7.0.

The whole genome sequencing of potential microbial strains had identified the presence of
annotations with their nucleotide base data and gene rank. The circular and sequence view of
both the potential fungal isolates Debaromyeces hansenii and Aspergillus Ochraeus had

shown the particular number of bases present in the nucleotide sequences.
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Recently application of coal to produce humic acid and manage soil problems is attaining
significant attention because it offers environmental economical friendly and green energy
solutions. Previous studies and researches focused on limited coal applications especially
bituminous Hard rank coal. the humic acid produced from hard and low rank coal must be
considered from commercial and economic point of view due to its cost effectiveness and
countless capabilities. The coal biosolubilization technology is multifaceted having broad

future prospects, some of them are listed below:

¢ The current study can be scaled up to large capital expenses on industrial level as only

majority of lab scale trials had been conducted.

¢ Production of Humic derivates can be performed by designing reactors at large scale

either aerobically and native anaerobes can also be explored.

¢ The isolated potential coal solubilizing fungal isolates can further be used for genetic

and mutation studies for enhancing the production of produced compounds.

¢ Enhanced bio-gasification extent of bituminous coal through consortium and anaerobes

can be improve for sustainable energy production.

¢ Non-fuel potential of Pakistani bituminous coal needs to be explored, in order to get the

maximum quality and effectivity of potential organic assets.

¢ Liquid fuel production can be achieved through bioconversion of complex coal to

simple organic liquid.

¢ Proteomics study of two potential fungal isolates could be done to get the information
about microbial enzymes and those enzymes can be extracted and purified and their

significance at industrial level can be determined.

¢ Availing biological processes on industrial scale have been limited but catalytic means

can provide the opportunity to be utilize as having more potential than chemical.
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