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ABSTRACT 

 

Coal production and preparation generates massive quantities of coal waste, resulting in 

an environmental problem as well as financial liability associated with its storage and 

maintenance. This study was aimed at exploring a strategy to convert coal waste to fuel 

by producing methane via selective bio-catalytic activity, thus converting a liability to a 

resource, with the added benefit of improved economics. 

 

To start with, samples of formation water were collected from a coalbed methane 

operation in southern Illinois. Microorganisms present in these samples were detected 

through use of next generation metagenomic DNA sequencing. With this knowledge of 

the microbial population in the formation water, different amendments were tested for 

enhancing the methane yield. Addition of one nutrient solution resulted in methane 

productivity of 120 ft
3
/ton in 30 days. Based on a second round of DNA sequencing 

results, the adapted microbial consortium was found to be dramatically different from the 

original community initially identified in the formation water. In particular, regarding 

methane producing archaea (methanogens), the overall population was down from an 

original 25 different species to nine. The major methanogens changed from the order of 

Methanobacteriales to Methanomicrobiales.  

 

To understand the pathway from coal to methane, extracellular proteins secreted by the 

adapted microbial consortium were identified. Significant amounts of proteins released 

by bacterial species were found to be involved in substrate binding and transport, cell 

movement, and oxidative stress. Key enzymes secreted by archaea for CO2 reduction, 

oxidation of formate, and utilization of acetate and methanol were also identified. As a 

last step, original and “amended” coal samples were tested for sorption and diffusion. 

Results clearly demonstrated that there is a significant increase in surface area of coal as 

a result of bio-conversion; however, this would not translate to increased storage capacity 

at anticipated pressures. Second, there was significant improvement in diffusion 

characteristics as a result of continued bio-conversion, suggesting that the movement of 

gas within the coal matrix will be enhanced.  

 

The final product of this research study was securing funding to continue the effort for 

development of a pathway for coal conversion to methane in situ as well as ex situ, 

leading to a demonstration phase.  



2 

 

EXECUTIVE SUMMARY 

 

It is estimated that approximately 15% of the coal produced in Illinois is lost as fines 

during coal mining and preparation. This translates to a significant loss of revenues 

annually, not taking into account handling and maintenance costs incurred in 

disposal/storage of waste. Based on results of recently completed work demonstrating 

that production of methane from lignite and bituminous coals is possible using microbes, 

Illinois fine coal waste is believed to be ideal for bio-conversion. Microbially enhanced 

coalbed methane recovery (MECBM) has only had limited success under in situ 

conditions, partly because of the capital intensive nature of drilling wells, injecting 

“engineered” microbes/nutrients, and the inability to properly control the underground 

environment, like temperature, fluid conditions, removal of microbial waste, etc. Surface 

conversion, like in silos, with arrangements to inject and recover fluids, is significantly 

more viable since it enables precise environmental control for optimizing microbial 

communities as well as the processes involved. Hence, this study was aimed at evaluating 

the technical feasibility of converting coal waste to methane using bio-conversion.  Since 

such a process would result in consumption of coal, the impact of the process on basic 

properties of coal, particularly at the micro-level, were also evaluated.   

 

The overall objective of this study was to initiate an innovative study to examine the 

viability of converting Illinois coal waste to methane through biological processes. The 

specific objectives of the proposed work were to: 1) analyze the microbial community 

present in Illinois Basin formation water and how to best “amend” it for optimal 

conversion; 2) analyze the quantity and quality of gas produced as a result of microbial 

conversion and explore strategies to enhance methane production; and 3) evaluate the 

impact of bio-conversion on properties of coal, with emphasis on temporary storage of 

gas and its diffusion into, and out of, the coal matrix.  

 

As a first step towards achieving the objectives, groundwater samples were obtained from 

a coalbed methane (CBM) operation in Illinois. Following concentration of 

microorganisms in the formation water, DNA extraction, and next generation 

metagenomic sequencing, it was revealed that the original microbial community 

consisted of 44% of bacterial strains and 56% of archaea. Within the bacterial kingdom 

comprising 146 different bacterial species, the major populations were: Anaerolineaceae 

spp. (12.9%); Syntrophaceae spp. (12.4%); Spirochaetaceae spp. (11.4%); Meniscus spp. 

(11.3%); and Coriobacteriaceae spp. (10.3%). Within the archaea kingdom, a total of 25 

different methanogens were present in the microbial community. The major species were: 

Methanobacteriaceae methanobacterium sp. (60.1%); Methanobacterium subterraneum 

(25.5%); and Methanobacterium sp. (8.9%); all three of which belong to the same family 

of Methanobacteriaceae and the same order of Methanobacteriales. 

 

Based on the composition of the original microbial community, two different nutrient 

solutions were tested for their effect in terms of stimulating methane productivity. One 

nutrient solution was found to be highly effective in enhancing methane production from 

coal. With addition of this solution, methane yield was 120 ft
3
/ton in 30 days, which was 

much higher than 7.7 ft
3
/ton from those with no nutrient supplementation. In addition, it 
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was shown that the adapted microbial consortium was robust enough to tolerate 

temporary exposure to air implying that a strict anaerobic environment is not needed for 

bio-conversion of coal to methane.  

 

To understand changes to the original microbial community upon cultivation in the 

laboratory, DNA from the adapted microbial consortium and that from the coal samples 

used were sent for sequencing. Regarding the adapted consortium, a total of 185 bacterial 

species were observed. Out of these, the top three were Clostridium bifermentans, 

Massilia spp., and Pseudomonas putida, accounting for 15%, 11%, and 11%, 

respectively. Both C. bifermentans and Massilia spp. were most likely originated from 

the inoculum developed from the formation water since both species were found to be 

absent in coal samples but identified in the original community even though the 

abundance was less than 1%. Pseudomonas putida was detected in both the original 

community (0.005%) and coal samples (35%) used. Thus, species in the amended 

samples could be developed from those in the coal used for this project.  

 

With regard to methane-producing archaea in the amended samples, only nine 

methanogens were identified. The two major populations were: Methanocalculus pumilus 

(44%) and Methanocalculus taiwanensis (43%). Out of these nine, a total of 87% 

belonged to Methanocalculus genus and Methanomicrobiales order. Comparing 

microbial populations between the original and the adapted, it is apparent that dramatic 

changes have occurred as a result of laboratory cultivation and nutrient supplementation. 

The dominant bacteria and archaea in the adapted consortium are well suited for 

converting coal to methane under the conditions that they have encountered. This robust 

community can be readily applied to produce methane from coal ex situ following 

process optimization to further enhance methane yield. 

 

To understand how coal was converted to methane by the adapted microbial consortium, 

extracellular proteins secreted by the consortium grown on coal were concentrated, 

purified, and sent for sequencing. Protein sequencing results revealed that: 1) a total of 

159 proteins were secreted by bacterial species out of which 52 protein families were 

related to substrate transport and binding, 36 proteins belonged to the category of cellular 

metabolism, 24 proteins were related to substrate utilization, 10 proteins were tied to 

oxidative stress, and 37 proteins had functions unknown at this point; 2) a sum of 99 

proteins were identified as those released by archaea among which 40 proteins (41% of 

the total) were tied to methane production, 30 proteins were related to cell metabolism, 

six proteins were related to oxidative stress, five proteins were dedicated for substrate 

binding and transport, and 18 proteins had exact functions that were unclear at this stage. 

More importantly, key enzymes that are involved in methane production from different 

substrates were identified, such as: methyl-coenzyme M reductase (Mcr), which converts 

methyl coenzyme M and coenzyme B to methane and heterodisulfide, the last step in 

methane formation from CO2, acetate, and methanol; formate dehydrogenase (Fd), which 

oxidizes formate to CO2; formyl-methanofuran dehydrogenase (Fmd), the first enzyme in 

CO2 reduction; methylene tetrahydromethanopterin (H4MT) dehydrogenase (Mtd), the 

fourth enzyme in CO2 reduction; methylene tetrahydromethanopterin (H4MT) reducatase 

(Mer), the fifth enzyme in CO2 reduction; methanol-5-hydroxybenzimidazolylcobamide 
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methyltransferase, which is involved in methanol reduction to CO2; and acetate kinase 

and phosphotransacetylase, which are necessary for acetate utilization. 

 

Pathways from coal to methane involving synergistic groups of bacteria and archaea have 

been proposed by several researchers. They are mainly based on genes discovered 

through genome sequencing of a single microorganism, expressed genes through 

sequencing of messenger RNA (mRNA), and metabolites found in various cultures with 

the presence of coal. No studies have identified and reported proteins and enzymes 

secreted by a microbial consortium grown on coal. Thus, results obtained from the 

protein study are the first of their kind and contribute significantly to the science of 

understanding methane production from organic materials, including coal.  

 

It is well accepted that the porous structure of coal is responsible for storage and flow of 

gas within it. Sorption and diffusion characteristics, therefore, are believed to play an 

important role in the design of commercial operations since the gas produced will first 

have to move into the coal matrix where it will be stored temporarily prior to production, 

and then move out of the matrix during production. The transport phenomenon for this 

movement would be purely diffusive in nature. Hence, the final task in the study included 

measuring or estimating changes in coal properties as a result of microbial activity. 

Sorption/diffusion experiments were carried out first to establish baseline behavior and 

then on coal samples bio-degraded for periods of 30 and 60 days, that is, after the 

commencement of methane (and CO2) production.  Results of this experimental work 

revealed that the overall sorption capacity of coal increases substantially with continued 

bio-conversion; however, in the low pressure range, sorption capacity did not increase by 

much. Hence, practically speaking, the storage capacity of coal is not expected to 

increase as a result of bio-conversion.  

 

Increased capacity does indicate creation of new surface area within the coal matrix. The 

rate of diffusion of methane and CO2 increased as a result of degradation of coal. 

Diffusion rates for methane increased by more than 15 times baseline values whereas the 

increase in CO2 diffusion was less significant. These results suggest a definite change in 

the microporous structure of coal. Increased diffusion rates may be due to formation of 

new pores or enlargement of existing pores. Regardless, this confirmed formation of 

additional surface area as a result of bio-conversion is an important finding. First, it 

suggests that the movement of produced gas into the matrix will be enhanced with time. 

Equally important, the movement of gas out of the matrix during production periods will 

also be faster. In the absence of cleats, the only transport phenomenon is that of diffusion 

and the increased rate is a positive finding. This finding is also significant for CBM 

operations in Illinois, where low production rates, resulting from very slow diffusion 

rates, are considered the bottleneck to commercial production. Partial bio-conversion of 

coal would, therefore, enhance the process of matrix diffusion.  

 

Finally, this study, although preliminary in nature, is considered a successful one. It was 

the first of its kind for Illinois coals, and its findings resulted in securing funds for a 

second significantly larger study aimed at testing the technical feasibility of bi-

conversion of coal in situ as well as ex situ.  
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OBJECTIVES 

 

Overall Objective: This study was aimed at carrying out a preliminary investigation into 

the viability of converting Illinois coal waste to methane through biological processes.  

 

Specific Objectives: In order to achieve the overall objective, the following specific 

objectives were developed: 

 

1. Analyze the microbial community present in Illinois formation water and how to 

best “amend” it for optimal conversion of coal to gas. 

2. Analyze the quantity and quality of gas produced as a result of microbial 

conversion. 

3. Evaluate the impact of bio-degradation on properties of coal, with emphasis on 

storage and transport within the coal matrix. 

 

Work Plan: The study was divided into four specific tasks. These are listed below along 

with a brief description: 

 

Task 1 - Elucidating Microbial Communities in Original and Amended Samples:  

This task involved retrieving formation water from a coalbed methane (CBM) producing 

well in the Illinois Basin and collecting the microorganisms present originally. Various 

microbes were identified following DNA extraction and sequencing. This exercise was 

repeated for the adapted microbial consortium after being cultivated with coal for five 

generations.  

 

Task 2 - Examining Different Amendments: To enhance the production of methane 

from coal, two kinds of amendments were selected, one dedicated to strict anaerobic 

bacteria and the other for methane-producing Methanobacteriales. Their impact on the 

amount of methane produced was evaluated under several scenarios.  

 

Task 3 - Enzyme Identification: In order to understand how coal is degraded by the 

microbial consortium, the cell-free liquid medium from microcosms after one-month 

cultivation was used for protein extraction. Proteins were identified based on searching 

against databases for archaea and bacteria.  

 

Task 4 - Evaluation of Changes in Coal Properties: This task studied changes in flow 

characteristics of coal due to continued bio-conversion, primarily the gas storage capacity 

of diffusion properties as a result of methane and CO2 production, since these were the 

primary products of interest.  

 

INTRODUCTION AND BACKGROUND 

 

It is estimated that 30% of the coal mined in the United States is undersized for 

commercial use. Although the number of processing and/or thermal plants with 

capabilities to utilize under 0.5 mm coal particles is increasing, the amount of coal waste 

produced is still significant [1]. Developing a means to utilize this “waste” by converting 



6 

 

it into a usable source of energy is, therefore, an attractive alternative. To that end, this 

study aimed at carrying out a preliminary investigation into the feasibility of bio-

conversion of coal to methane. 

Bio-conversion of Coal: Research in the area of microbially enhanced coalbed methane 

(MECBM) and bio-conversion has accelerated in the last few years for several reasons. 

First, natural gas is considered a cleaner source of energy. Second, this technology is 

applicable to unmineable coals and abandoned coal mines with large amounts of coal left 

behind. Third, the technology is applicable to coal waste in the form of fines or poor 

quality material. Fourth, several regions with significant coalbed methane (CBM) activity 

are maturing, thus providing well and other supporting infrastructure required for 

injection of microbes/nutrients as well as gas collection and utilization. Finally, the 

technology is applicable to CBM wells that are abandoned due to poor production rates 

and recovery, like in the Illinois Basin.  

 

Methane from Coal: The origin of methane in coal seams can be distinctly related to 

two processes: thermogenic and biogenic. Thermocatalytic conversion of coal is initiated 

at a temperature greater than 70
o
C. At such temperatures, when coal attains a rank of 

approximately 0.5% to 0.6% vitrinite reflectance (high volatile bituminous), and with 

continued application of heat and overlying pressure over time, thermogenic gases, like 

CO2, H2O, CH4, C2H6, H2S and other higher hydrocarbon gases devolatilize [2-3]. 

Biogenic methane, as the name suggests, has its origin in the biosphere of the subsurface, 

specifically consisting of various forms of microbes, known as methanogens. Primary 

biogenic methane and CO2 are formed microbially during the initial stages of peat 

formation at shallow depths. Biogenic action from microbes is believed to generate in 

excess of 6% CO2 in the northwest San Juan Basin [4]. Due to high porosity and lower 

burial rates, primary biogenic methane is volatilized over time or dissolved in water and 

expelled during compaction [5]. Late stage biogenic methane, also known as secondary 

biogenic methane, is formed post-compaction in all ranks of coal due to combination of 

active groundwater flow recharging underground systems with suitable microbes along 

with uplift of the basin helping in meteoric recharge [6, 2]. 

 

Taking cue from the widespread application of microbes in the oil industry as a means to 

increase overall recovery, and the impact that naturally occurring microbes have had in 

producing methane in coal, Scott in 1994 [6] introduced the concept of microbially 

enhanced coalbed methane (MECBM). It aimed at replicating the natural process of 

secondary biogenic gasification by treating coal with methanogens along with suitable 

nutrient amendments and trace elements. Studies conducted by Strąpoć et al. and Opara 

et al. (2012) provided substantial evidence of the possibility of generating methane by 

treating coal fines with bacterial solutions [7, 8]. 

 

Physical Structure of Coal: Coal is generally characterized as having a dual porosity, 

micropore and macropore, system. Micropores occur as part of the coal matrix and serve 

as a storehouse for over 95% of the gas in adsorbed form [9]. The macropore system 

consists of a network of closely spaced natural fractures surrounding matrix blocks, 

which is called the cleat system [10]. Methane flow in the cleat system is permeability-

controlled and is dependent on cleat parameters, like aperture, continuity and spacing. 



7 

 

The movement of gas in the coal matrix, on the other hand, is diffusion-controlled and is 

dependent on pore size distribution and connectivity. For undersized waste coal, micro-

porous characteristics are often intact while the macropore system is non-existent.  

 

Gas Storage and Movement in Coal: Gas is stored in coal primarily by adsorbtion on 

organic surfaces. For storage of produced gas(es), it would first diffuse into micropores 

onto the sorption site where it would get adsorbed. Since coal has a very large internal 

surface area and methane is tightly packed in a monomolecular layer, large quantities of 

gas can be adsorbed in the coal matrix. For a given pressure, the amount of gas sorbed is 

best described by an isotherm, a plot of the quantity of sorbed gas as a function of 

pressure. The most commonly used adsorption model for coal is the Langmuir isotherm. 

Fick’s second law of diffusion governs the movement of methane/CO2. Diffusion is 

characterized by the coefficient of diffusion (D). Given that bio-conversion of coal is 

expected to change the physical structure of coal, two properties that would be impacted 

are the sorption capacity of coal, that is, the ability of coal to store gases; and diffusion in 

the microstructure of coal. This study, therefore, aimed at evaluating changes in these two 

properties of coal with continued bio-conversion.  

 

EXPERIMENTAL PROCEEDURES 

 

Sample Preparation: Although the study was aimed at using coal waste, it was realized 

that procuring waste samples would provide no information about the source of coal, like 

the source seam, period of storage in the slurry pond, etc. Hence, a replicated waste 

sample was prepared in the laboratory. Blocks of coal obtained from the Herrin seam in 

the Illinois Basin were broken into lumps approximately half-inch in size. These were 

ground and sieved to obtain the desired sample size of 40-100 mesh (0.425-0.149 mm) 

with an average radius of 0.0125 cm. Powdered samples were used for bio-conversion as 

well as sorption/diffusion experiments. This is particularly critical for the latter tests in 

order to minimize the experimental duration by reducing the distance that gas molecules 

must diffuse through, prior to entering the "free" phase.  

 

Task 1 - Elucidating Microbial Communities in Original and Amended Samples: 

Triplicates of subsamples (1 liter) of formation water were filtered through membrane 

filters (90 mm diameter, 0.22 µm pore size) to collect microorganisms originally present. 

Microbes retained on the filter membranes were subject to DNA extraction through use 

of a commercial kit. Three extracted DNA samples were sent to Molecular Research in 

Texas for sequencing following DNA quantification and verification. DNA from three 

amended samples which were the adapted microbial consortium was also extracted later 

and sent for sequencing following the same protocol. In addition, DNA from coal 

samples that were used and coal residues after bio-conversion of coal for 30 days were 

sent for sequencing following the same procedures. For the second round of sequencing, 

in addition to assays completed previously to understand microbial distribution within 

each kingdom (either bacteria or archaea), a diversity assay was tried to elucidate the 

distribution of all kingdoms within a given sample.  
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Task 2 - Examining Different Amendments: To enhance methane production from 

coal, two kinds of amendments were chosen. Medium #1 was dedicated to strict 

anaerobic bacteria, commonly referred to as the Tanner medium [11]. This medium was 

added to serum bottles (100 mL) at 50% or 20% of the final total volume. Formation 

water devoid of microbial cells (filtered at 0.22 µm) was used to establish a control with 

no nutrient supplement and to make up a total volume of 50 mL for each serum bottle. 

Medium #2 was specific for methane-producing Methanobacteriales and was tested at 

three concentrations: 100%, 50%, and 20% of the final total volume. Besides the 

medium, each serum bottle received 10 g of pulverized coal (< 420 µm) and one filter 

paper (0.22 µm) containing microbial cells retained through filtering 500 mL of 

formation water. After purging all bottles with nitrogen to drive out air, the microcosms 

were incubated at 28
o
C in darkness. At Day 30 and Day 65, headspace samples were 

withdrawn and tested for CO2 and methane using a gas chromatograph (GC).  

 

To test whether this adapted microbial consortium can achieve faster methane production, 

cells in microcosms with 100% Medium #2 were added to 10 g fresh coal in the same 

medium. These cells were added as 10% of the final volume of 50 mL in the serum 

bottles, followed by purging with nitrogen. In addition, to investigate whether a strict 

anaerobic environment is necessary, the same cells were added back to the same 

microcosms, but without nitrogen purging. 

 

To understand the bio-conversion process better, methane yield was studied for three 

different controls: autoclaved coal and cells, coal with autoclaved microbial cells, and 

microbial community and Medium # 2 only (without coal).  In addition, simplifying 

Medium #2 while still maintaining its ability to enhance methane production was 

investigated. For this purpose, methane yield from media with different compositions, 

e.g., Medium #2 without a trace element solution containing ten trace minerals and 

Medium #2 without the trace element solution and yeast extract (2 g/L), was tested.  

 

Gas Chromatography: All gas compositional analyses were carried out using SIU’s 

Shimadzu GC 17A. Chromatographic analysis of gas was first used to obtain molar 

percentages of methane and CO2, which were then converted to volumes. These results 

were used to determine units of standard cubic feet of gases produced per ton of coal. 

 

Task 3 - Enzyme Identification: In order to understand how coal is degraded by the 

microbial consortium, the cell-free liquid medium from microcosms after one-month 

cultivation was used for protein extraction. Briefly, extracellular proteins in the liquid 

medium were concentrated through use of protein concentrators with a molecular weight 

cutoff of 9 kDa. These concentrated proteins were further washed three times by 

deionized and distilled water to remove any interferences. Following protein 

quantification, five protein samples, two from microcosms containing coal, the nutrient 

solution, and the microbial consortium; two from microcosms with nutrient solution and 

the microbial consortium, but without coal; and one from a microcosm containing coal 

and the nutrient solution, but without the microbial community, were sent to University 

of Illinois at Urbana Champaign’s (UIUC) Biotechnology Center for sequencing.  
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At UIUC, protein samples were digested with MSG-Trypsin (G-Biosciences, St. Louis, 

MO) in 25 mM ammonium bicarbonate at a ratio of 1:10-1:50 using a CEM Discover 

Microwave Digestor (Mathews, NC) at 55˚C and maximum power (60 watts) for 30 

minutes. Digested peptides were lyophilized and re-suspended in 5% acetonitrile + 0.1% 

formic acid for LC/MS. LC/MS was performed using a Thermo Dionex Ultimate 

RSLC3000 operating in nano mode at 300 µL/min with a gradient from water containing 

0.1% formic acid to 100% acetonitrile + 0.1% formic acid in 200 minutes. The trap 

column was a Thermo Acclaim PepMap 100 (100 µm x 2 cm) and the analytical column 

was a Thermo Acclaim PepMap RSLC (75 µm x 15 cm). Xcalibur raw files were 

converted by Mascot Distiller into peak-lists submitted to an in-house Mascot Server and 

searched against specific NCBI-NR protein databases for Archaea and Bacteria.   

 

Task 4 - Evaluation of Changes in Coal Properties: Prior to starting an experiment, 

approximately 75 g of pulverized sample were placed in an environmental chamber for 

24 hours at 97% humidity for moisture equilibrium. Following this, 10 g of sample were 

used for moisture and ash analysis following ASTM procedures D 3173-87 and D 3174-

97 [12, 13].  The remainder was used for the sorption/diffusion experiment. 

 

Sorption isotherms were established for methane and CO2 using the gas expansion and 

mass balance technique.  A known volume of gas was injected into the sample container 

and the pressure before and after injection was monitored. Using the mass balance before 

and after injection, the amount of gas “disappearing” provided the volume of gas 

adsorbed at equilibrium pressure. This was carried out for increasing and decreasing 

pressure steps. For estimation of the diffusion coefficient, the change in pressure in the 

sample container was monitored at half-second intervals. Changes in pressure were used 

to estimate the volume of gas adsorbed over time. Using the slope of change in the 

volume sorbed as a function of time, the diffusion coefficient value was estimated. A 

detailed description of the experimental setup and procedure for these tests is presented in 

a previous ICCI report [14]. 

 

RESULTS AND DISCUSSION 

 

Task 1 - Elucidating Microbial Communities in Original and Amended Samples: 

Through next generation metagenomic sequencing conducted by Molecular Research, 

thousands of gene sequences were obtained. Part of the sequences was derived by using a 

pair of primers for amplifying bacterial 16S rDNA. Phylogenetic analysis of these 

sequences indicated that the microbial community consists of at least 146 different 

bacterial species. The major populations (Figure 1) are: Anaerolineaceae spp. (12.9%); 

Syntrophaceae spp. (12.4%); Spirochaetaceae spp. (11.4%); Meniscus spp. (11.3%); and 

Coriobacteriaceae spp. (10.3%). Anaerolineaceae spp. is typically found in the deepest 

sediment layers. Hydrogen-producing strains grow more rapidly in the presence of 

hydrogenotrophic methanogens. Syntrophaceae spp. is generally associated with 

hydrocarbons, which they may be able to convert first to low carbon fatty acids (LCFAs) 

and then to acetate and H2. The other three major populations represent novel species that 

may not have been studied as information is not available in published literature. 
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Another part of the sequences was attained by amplifying a unique DNA region specific 

to methane-producing archaea, methanogens. Taxonomic analysis revealed a much less 

diverse population compared to that of bacteria with 25 different methanogens present in 

the microbial community. The major populations (Figure 2) are: Methanobacteriaceae 

methanobacterium sp. (60.1%); Methanobacterium subterraneum (25.5%); and 

Methanobacterium spp. (8.9%). All three of these groups belong to the same family of 

Methanobacteriaceae and the same order of Methanobacteriales. Methanobacteriales are 

generally hydrogenotrophic using hydrogen to reduce CO2 to CH4, but some can use 

formate, CO, or secondary alcohols as electron donors for CO2 reduction.  

 

In terms of amended samples from the adapted microbial consortium after growing on 

coal for several generations, 185 bacterial species were observed (Figure 3). Out of these, 

Clostridium bifermentans, Massilia spp., and Pseudomonas putida were the top three, 

accounting for 15%, 11%, and 11%, respectively. Both C. bifermentans and Massilia spp. 

most likely originated from the inoculum developed from formation water since both 

species were found to be absent in coal samples, but identified in the original community 

even though their abundance was less than 1%. Pseudomonas putida was detected in both 

the original community (0.005%) and coal samples (35%) that were used. Thus, those in 

the amended samples could have developed from those in the coal used for this project.  

 

Regarding methane-producing archaea in amended samples, only nine methanogens were 

identified (Figure 4). The two major populations were: Methanocalculus pumilus (44%) 

and Methanocalculus taiwanensis (43%). Out of the nine, 87% belonged to the 

Methanocalculus genus and the Methanomicrobiales order. Methanogens within this 

order are able to produce methane from H2 and CO2. Most strains can utilize formate and 

alcohols for growth and methane production.  

 

The diversity assay conducted through the second round of sequencing revealed that 

(Figure 5): 1) the formation water contained 44% of bacterial strains and 56% of archaea. 

Within each kingdom, the population distribution was similar to that obtained previously 

and reported to ICCI in quarterly report submitted on January 1, 2014; 2) DNA extracted 

from the coal samples comprised 92.6% of bacteria, 2.3% of fungi, 0.7% of archaea and 

4.4% of viridiplantae (green plants); 3) DNA from coal residue after one-month of bio-

conversion consisted of bacteria, fungi, archaea and viridiplantae in the percentage of 

98.0%, 0.04%, 0.09% and 1.83%, respectively; and 4) DNA from the mixed consortium 

cultivated on coal after one-month was composed of 95.6% of bacteria, 1.4% of fungi, 

1.6% of archaea and 1.4% of viridiplantae.  

 

As shown in Figure 6, the majority (99.9%) of green plant DNA in the original coal 

belonged to Tracheophyta spinacia oleracea (spinach). Sphagnum rubellum (red peat 

moss) DNA was also present (0.1%).  For coal residue and mixed culture samples, DNA 

from Zea mays (corn) and red peat moss was present and had a larger representation 

compared to that in the original coal samples. 
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Figure 1: Distribution of bacterial species in the original microbial community. 

 

 

Figure 2: Distribution of archaea species in the original microbial community. 
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Figure 3: Distribution of bacterial species within amended consortium                          

after growth on coal for several generations. 

 

 

Figure 4: Distribution of archaea species within amended consortium                           

after growth on coal for several generations. 
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Figure. 5: Kingdom distribution for different samples. 

 

 

Figure 6: Distribution of green plant DNA in different samples. 

 

It is surprising to discover green plant and fungi DNA in coal samples used for this 

project; however, finding them leads to the hypothesis that all of these green plant DNA 

originated from the biomass that was the initial material for coal formation. As coal 

degradation took place in bioreactors, more DNA in coal was mobilized and showed up 

in extracted samples. Proving this hypothesis is beyond the scope of this study, but it is 

rewarding to get a glimpse of the origin of Illinois coal. 
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Similarly, discovery of fungal DNA in some of the samples is shocking. Considering that 

coal samples used for this project were kept in zip-lock bags stored in a well-controlled 

lab environment away from light and air and no fungal growth was observed from any of 

the bioreactor studies, fungal DNA could only be from the coal sample added to 

microcosms. Fungal strains contributing to these DNA could be associated with the initial 

plant material a long time ago and during the process of coal formation, the fungal DNA 

was somehow preserved. For original coal samples, DNA from Emericella variecolor 

(61.1%), Cryptomyces maximus (20.4%), Amylomyces rouxii (10.7%), and Zygozyma 

arxii (7.8%) was identified (Figure 7). For coal residue and the mixed culture, however, 

different fungal DNA from Phoma herbarum (a fungal plant pathogen), Didymocrea 

sadasivanii (a filamentous fungus), Bimuria novae_zelandiae (isolated from barley field) 

and Byssochlamys nivea (an extremely heat resistant mold) were detected. To explain 

these results, it is hypothesized that: 1) during coal bio-conversion, more DNA was 

mobilized as porosity of coal was increased; and 2) some DNA associated with the 

original coal was degraded by enzymes released from the mixed consortium. Again, 

proving this hypothesis is not the focus of this study. 

 

 

Figure 7: Distribution of fungal DNA in different samples. 

 

In summary, compared to the population distribution of the original microbial 

community, composition of microbes in amended samples that were subject to test 

conditions were dramatically different in terms of diversity and distribution. The 

developed microbial consortium that has demonstrated great potential in producing 

methane is composed of those that can work cohesively and collaboratively in coal 

degradation and methane production, flourish under the stress of oxygen exposure, and 

thrive with the nutrient solution provided.  
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Task 2 - Examining Different Amendments: As shown in Figure 8, CO2 was present in 

every sample and the amount of CO2 increased with time in all microcosms. This 

suggests that microorganisms in each setup were active. However, methane production 

differed among serum bottles (Figure 9). With no medium addition, a minimum amount 

of methane was generated. With Medium #1, either none or a very small amount of 

methane was detected. On the other hand, significant amounts of methane were observed 

in setups with Medium #2, showing enhanced methane production with increased 

medium concentration. Furthermore, this trend was consistent with time. By the end of 65 

days, the highest methane yield was ~84 ft
3
/ton of coal from the reactor with 100% 

Medium #2 addition. Thus, Medium #2 is a better supplement than Medium #1. 

 

 

Figure 8: CO2 yield from different setups. 

 

 

Figure 9: Methane yield from different setups. 
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Using Medium #2 and acclimated cells from the first experiment, much faster generation 

of CO2 (Figure 10) and CH4 (Figure 11) was observed. In terms of CO2, the release rate 

in the first 10 days was 6.14 ft
3
/ton/day, which was much higher than 0.24 ft

3
/ton/day 

observed during the first experiment. With regard to the methane production rate, 

acclimated cells gave 5.6 ft
3
/ton/day during the first 20 days while original cells gave 

only 1.3 ft
3
/ton/day in 65 days. Regarding with or without nitrogen purging, between 

these two setups there was no statistically significant difference in terms of CO2 and CH4 

yield, which suggests that microcosms can be initiated under a relaxed, and not strictly 

anaerobic condition. In other words, the microbial consortium is highly robust and 

nitrogen purging is not necessary. Since CO2 can be reduced to methane if hydrogen is 

present, the high concentration of this gas indicated that cultures might be hydrogen-

limited. The majority of methane was probably from the acetoclastic pathway. 

 

 

Figure 10: Using acclimated cells, CO2 production from microcosms                            

with 100% Medium #2 both with and without nitrogen purging. 

 

 

Figure 11: Using acclimated cells, methane production from microcosms                     

with 100% Medium #2 both with and without nitrogen purging. 
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Studies on different control microcosms revealed that: 1) no CO2 and CH4 were observed 

in reactors with autoclaved coal and microbial cells indicating that there was no microbial 

contamination during the 30-day cultivation and autoclave was sufficient to deactivate 

any microbial activities (Figures 12 and 13); 2) increased CO2 (but no CH4) was released 

with time from reactors containing coal and autoclaved cells indicating that coal samples 

contained microbial strains that can degrade coal to CO2, but are not able to produce 

methane meaning they are most likely not methanogens; 3) increased CO2 (but no CH4) 

was detected in serum bottles with cells and medium only (no coal was provided) 

meaning released CO2 was from organic carbons in the medium provided; 4) different 

medium compositions led to relatively similar amount of CO2, but significantly different 

methane production; and 5) 100% Medium #2 gave a methane yield of 120.0 ft
3
/ton in 30 

days, which was similar to 106 ft
3
/ton detected previously in 20 days.  

 

Grown on the nutrient solution, the microbial community did not produce any CH4 

though methanogens were present. Therefore, it can be concluded that all methane 

observed in experiments was from coal itself. Eliminating trace elements and/or yeast 

extract resulted in decreased methane production rate. Thus, the original Medium #2 

cannot be simplified. Though the yield was similar in these and earlier experiments, the 

methane production rate of 4.0 ft
3
/ton/day was lower than 5.6 ft

3
/ton/day. The reason was 

that for this experiment, coal between 40 and 100 mesh was used, whereas coarser coal 

(< 40 mesh) was used previously. 

 

 

Figure 12: CO2 production from microcosms under different conditions. 

 

 

Figure 13: Methane production from microcosms under different conditions. 
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From studies done to this point, the highest methane production rate was 5.6 ft
3
/ton/day. 

This is higher than 2.7 ft
3
/ton/day reported for a methanogenic consortium on 

subbituminous coal enriched from a CBM well in the Powder River Basin [15]; however, 

it is much lower than 43.8 ft
3
/ton/day demonstrated for bituminous coal wastes [16], 

which was achieved by providing a nutrient solution at 50% concentration to a microbial 

community; however, it is not clear what kind of nutrient solution was used. According to 

published results, the nutrient solution contained trypticase soy broth, acetate, urea, and 

phosphate. The soy broth, a commercial product, most likely contains tryptone, soytone, 

glucose and other chemicals [17]. In addition, the authors advised that “…scf/ton/year 

data extrapolations are based on many assumptions and have many limitations, and 

therefore should be considered with caution.”   

 

Task 3 - Enzyme Identification: Based on extensive analyses among five samples and 

against the current protein database and literature, a total of 159 proteins were identified 

as those secreted by bacterial species (Table 1). Of the 159 bacterial proteins, 52 protein 

families were related to substrate transport and binding. Among these, 14 were outer 

membrane proteins. One membrane protein had a high emPAI (exponentially modified 

protein abundance index) value of 2.37 indicating that it was abundantly produced by 

bacterial cells. Of the 52 substrate transport and binding proteins, 18 were identified as 

ATP-binding cassette (ABC) transporters responsible for transporting sugars, amino 

acids, and phosphonate molecules. In addition, proteins related to transporting C-4 

carboxylates (malate, succinate, and fumarate) and binding to starch and collagen similar 

compounds were also present. Of the 159 bacterial proteins, 36 proteins belonged to the 

category of cellular metabolism. Out of these, glutamate dehydrogenase was the most 

abundant in the adapted consortium with an emPAI of 1.38. This enzyme converts 

glutamate to oxoglutarate while releasing NH4
+
 through the reaction [18]. It is unknown 

at this stage whether the presence of five different families of this enzyme in the mixed 

consortium was related to nitrogen deficiency or not. Flagella contribute to cell 

movement through chemotaxis and adhesion to host surfaces. Flagellin is the structural 

protein that forms the major portion of flagellar filaments [19]. The identification of five 

different families of flagellin proteins demonstrated that bacterial cells spent quite an 

amount of energy in producing flagella and getting them moved to certain places. Of the 

159 bacterial proteins, 24 proteins were related to substrate utilization. From the five 

representative enzymes: iron hydrogenase, glucokinase, rhamnulokinase, glycoside 

hydrolase, and sulfite reductase; it could be deduced that bacterial cells could utilize 

glucose, rhamnose, mixed sugars, and sulfite for growth and for producing hydrogen. Of 

the 159 bacterial proteins, 10 proteins were tied to oxidative stress. These proteins 

included: rubrerythrin (emPAI = 1.29), which has been proposed as a scavenger of 

oxygen radicals responding to oxidative stress [20]; and superoxide dismutase and 

peroxidase, which reduce superoxide and peroxide, respectively. Of the 159 bacterial 

proteins, 37 are hypothetical proteins. These proteins might have important roles in the 

coal-to-methane pathway. Currently, no specific names could be given to them due to 

lack of studies on these protein sequences.  
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Table 1: Summary of proteins secreted by bacterial species in microcosms          

containing coal, nutrient Medium #2, and adapted consortium. 

 
 

 

Using approaches similar to identifying bacterial proteins, a total of 99 proteins were 

identified as those released by archaea (Table 2). Of these 99 proteins, 40 (41%) were 

tied to methane production. The most abundant protein (emPAI = 5.09) was methyl-

coenzyme M reductase (Mcr). This enzyme converts methyl coenzyme M and coenzyme 

B to methane and heterodisulfide, the last step in methane formation from CO2, acetate, 

and methanol [21]. Other significant enzymes were: formate dehydrogenase (Fd, oxidize 

formate to CO2); formyl-methanofuran dehydrogenase (Fmd, the first enzyme in CO2 

reduction); methylene tetrahydromethanopterin (H4MT) dehydrogenase (Mtd, the fourth 

enzyme in CO2 reduction); and methylene tetrahydromethanopterin (H4MT) reducatase 

(Mtr, the fifth enzyme in CO2 reduction). In addition, methanol-5-

hydroxybenzimidazolylcobamide methyltransferase involved in methanol reduction to 

CO2, acetate kinase, and phosphotransacetylase necessary for acetate utilization and 

methyltransferases were also identified. Of the 99 archaea proteins, 30 proteins were 

related to cell metabolism. Among these, one deoxyribonuclease that degrades DNA was 

the most abundant with an emPAI of 1.77. The exact function, however, is not clear at 

this point. Of the 99 archaea proteins, six proteins were related to oxidative stress. 

Among these, thioredoxin had an emPAI of 2.27. This enzyme is known to reduce 

hydrogen peroxide and certain radicals. Similarly to bacterial strains, superoxide 

dismutase was also identified besides universal stress proteins. Of the 99 archaea 

proteins, five proteins were dedicated for substrate binding and transport. These proteins 

Category Protein name Function
# of protein 

family Abundance

Substrate transport 52

Outer membrane proteins Substrate binding, transport 14 2.37

ABC transporter substrate-binding Transport amino acids, sugars, phosphonate 18 0.58

Porin Channels for specific molecule transport 3 0.32

C4-dicarboxylate ABC transporter 3 0.14

Starch-binding protein Bind and transport starch 1 0.07

Collagen-binding protein Bind and transport collagen 1 0.04

Others Molecular chaperone, receptor, etc 8 Various

Cellular metabolism 36

Glutamate dehydrogenase 5 1.38

Flagellin protein 5 0.39

Transcriptional regulator Regulate transcription from DNA to RNA 5 0.39

Cytochrome c Coupling factor for hydrogenase 2 0.16

Others ATP synthase, DNA polymerase, etc. 19 Various

Substrate utilization 24

Iron hydrogenase
Catalyze the reversible reaction of hydrogen to 

hydrogen ion 2 0.48

Glucokinase Phosphorylate glucose to glucose-6-phosphate 1 0.13

Sulfite reductase Reduce sulfite 3 0.11

Rhamnulokinase 1 0.08

Glycoside hydrolase 1 0.05

Others Various 16 Various

Oxidative stress 10

Rubrerythrin May reduce hydrogen peroxide 1 1.27

Superoxide dismutase Reduce superoxide 3 0.22

Peroxidase Reduce peroxide 1 0.21

Others Oxidoreductase 5 Various

Hypothetical proteins Various Unknown 37 Various

Structural protein that forms the major portion 

of flagellar filaments

Convert glutamate to oxoglutarate. NH4
+
 is 

released through the reaction

Assist in the hydrolysis of glycosidic 

bonds in complex sugars

Phosphorylate rhamnulose to rhamnulose 1-

phosphate

Transport malate, succinate and fumarate 

across the cytoplasmic membrane 
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included a V-type ATP synthase that uses ATP hydrolysis to drive the transport of 

protons across a membrane and ABC transporters with binding-substrate unknown. Of 

the 99 archaea proteins, 18 are hypothetical proteins whose exact functions are unclear at 

this stage. One hypothetical protein with an emPAI of 6.27 indicated its abundance in the 

microcosms. Future research is needed to further identify these hypothetical proteins. 

 

 

Table 2: Summary of proteins secreted by archaea species in microcosms           

containing coal, nutrient Medium #2, and adapted consortium. 

 
 

Category Protein name Function

# of 

protein 

family Abundance

Related to methane production 40

Methyl-coenzyme M reductase (Mcr)
Catalyze methane formation for all 

methanogens 7 5.09

Methanol-5-hydroxybenzimidazolylcobamide 

methyltransferase
Reduce methanol to methane

5 0.56

Methylene tetrahydromethanopterin 

dehydrogenase (Mtd)
H2 forming for CO2 reduction

2 0.75

Methylene tetrahydromethanopterin reducatase 

(Mer)
The fifth enzyme in CO2 reduction

3 0.13

Formyl-methanofuran dehydrogenase (Fmd) The first enzyme in CO2 reduction 2 0.09

Formate dehydrogenase (Fdh)
Enable cells to utililze formate as 

electron donor 2 0.12

Acetyl-CoA synthase
Allow growth on acetate as sole 

source of carbon and energy 3 0.18

Disulfide reductase
Catalyze the final step of methane 

production 1 0.06

Phosphotransacetylase 

Converts coA to Acetyl-CoA. 

Important for cell growth on 

acetate 1 1.33

Acetate kinase Acetate utilization 1 0.1

Sulfite reductase 
Convert sulfite to sulfide for energy 

production 1 1.37

Methyltransferase Reduce methanol to methane 2 0.64

Others Electron transport 10 Various

Cellular metabolism 30

Deoxyribonuclease DNA degradation 1 1.77

Proteasome subunit alpha Protein degradation 2 0.73

Pyridoxamine 5-phosphate oxidase 

de novo synthesis of pyridoxine 

(vitamin B6) and pyridoxal 

phosphate. 1 0.71

Effector protein 
Elongation factor in protein 

biosynthesis 1 0.54

Aspartate carbamoyltransferase 
Nucleotide transport and 

metabolism 1 0.27

NADP-dependent alcohol dehydrogenase

Catalyze the reversible oxidation of 

secondary and cyclic alcohols to 

the corresponding ketones 1 0.25

Others Various 23 Various

Oxidative stress response 6

Thioredoxin
Reduce hydrogen peroxide and 

certain radicals 1 2.27

Superoxide dismutase Reduce peroxide 2 0.19

Universal stress protein Resist stress 2 0.29

Heat shock protein Resist heat shock 1 0.26

Substrate transport 5

V-type ATP synthase subunit B 

Use ATP hydrolysis to drive the 

transport of protons across a 

membrane 1 1.33

Chain A, Crystal Structure Of The C-Terminal 

Duf1608 Domain 

Part of a self-assembling 

proteinaceous surface (S-) layer 1 0.94

ABC-type Fe3+-hydroxamate transport system, 

periplasmic component 

Vitamin B12 bining protein for 

ABC transport 1 0.17

ABC transporter substrate-binding protein ATP-binding cassette transporters 
1 0.1

Basic membrane protein Cell surface binding protein 1 0.11

Hypothetical proteins 18

Hypothetical protein Unknown 1 6.27

Hypothetical protein Unknown 1 1.14

Hypothetical protein Unknown 1 1.2

Hypothetical protein Unknown 1 1.1

Others Unknown 14 Various
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Task 4 - Evaluation of Changes in Coal Properties: Pressure and time data recorded 

during the experiment provided the basis for all calculations. The amount of gas adsorbed 

at a given pressure was calculated based on Gibbs isotherm principle. Since the 

difference between Gibbs and absolute adsorption is significant at high pressure, absolute 

volume was calculated for each pressure step. The theoretical isotherm was established 

using the Langmuir isotherm model, given as: 

 

L

L

PP

PV
 V 


           (1) 

 

where P is the equilibrium gas pressure at each step; V is the volume of gas adsorbed; VL 

is Langmuir Volume, the maximum volume of gas that can be sorbed at infinite pressure; 

and PL is Langmuir Pressure, the pressure at which sorbed volume is half of the 

maximum volume. 

 

The first set of experiments was conducted using virgin coal, which provided baseline 

values. Samples were then treated with microbial solution. After 30 and 60 days of 

methane and CO2 production, coal samples were tested again. Sorption test results are 

presented in Table 3. Results for proximate analysis have also been included in the table. 

Figures 14 and 15 present comparative adsorption isotherms for methane and CO2 cycles, 

respectively. The comparison is between baseline and post 30 and 60 days of treatment. 

 

 

Table 3: Results of basic coal characterization test for Baseline and Treated coal. 

Sample Ash (%) Moisture (%) Gas 
Adsorption 

VL(scft) PL(psi) 

Baseline 6.11 11.54 
CH4 428 551 

CO2 823 247 

Day 30 8.12 17.38 
CH4 683 1729 

CO2 1164 391 

Day 60 7.55 16.04 
CH4 1907 3715 

CO2 1821 749 

 

 

Figure 14 shows that for 30- and 60-day post-treatment samples, Langmuir’s constants 

for methane sorption are higher. Higher values of Langmuir volume are representative of 

larger mono-layer coverage. This implies that porous surface areas available for sorption 

increased as a result of treatment. In the following equation, the specific surface area, SMB 

in 10
-3

 km
2
kg

-1
, can be characterized using qm, which is derived from the Langmuir 

constant and provides an estimate of the number of molecules of the sorbate adsorbed at 

the mono-layer of coal in milligrams/gram (mg/g); aMB is the surface area occupied by 

one molecule of sorbate in Å²; NA is Avogadro’s number with units of mol
-1

; and M is the 

molecular weight of the sorbate in gram mol
-1

. 

 

𝑆𝑀𝐵 = (𝑞𝑚  ×  𝑎𝑀𝐵  ×  𝑁𝐴  ×  10−20)/𝑀      (2) 
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The ratio of surface areas can, therefore, be expressed using the ratio of the Langmuir 

volumes for a particular gas. Table 4 shows results of estimated changes in surface areas. 

 

 

Table 4: Estimated changes in surface areas. 

Treatment Period 
Change in Specific Surface Area 

CH4 × Baseline CO2 × Baseline 

30 Days 1.59 1.41 

60 Days 4.45 2.21 

 

 

Results indicate substantial increase in the sorption capacity of coal as a result of bio-

conversion of coal. These isotherms also showed increased volume of sorbed gases, 

especially at higher pressures; however, since it is unlikely that a commercial design 

would involve very high pressures, 500 psi is believed to be the upper limit. For this 

pressure level, the change is not significant. Again, it is unlikely that any commercial 

application of this work would involve greater than 25% CO2, the area of interest in 

Figure 15 would be pressures lower than 125 psi. In this area of interest, the increase in 

sorption capacity is insignificant. 

 

 

Figure 14:  Comparative adsorption isotherms of methane for different coal types. 
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Figure 15: Comparative adsorption isotherms of CO2 for different coal types. 

 

 

The second part of this task was to estimate changes in the value of the diffusion 

coefficient (D) as a result of bio-conversion. This required continuous monitoring of 

pressure change over time in the sample cylinder. Following the procedure described in a 

previous ICCI report [14], this was conducted at every pressure step for pressure changes 

in the sample cylinder. Gas content and change in gas content were calculated for each 

time interval for every pressure step. Using the estimation procedure described, D was 

calculated.  

 

Diffusion experiments were performed on a total of three coal samples. Figures 16 and 17 

show the variation in estimated diffusion coefficients as a function of methane and CO2 

pressures, respectively. First, the general trend of the variation is as expected with values 

being higher at lower pressures and progressively reducing to lower values at higher 

pressures. Second, the value of D was higher for treated coals. For methane at low 

pressures, the value of D was ~18 times higher for coal treated for 30 days and ~ 25 times 

higher for coal treated for 60 days at ~50 psi. For the pressure range up to 400 psi, the 

diffusion coefficient for both samples of treated coal was ~15 to 20 times higher than 

baseline values. The estimated value of D for CO2 was also higher for treated coals than 

for baseline values. The change in values of D was twice that for coal treated for 30 days 

as well as 60 days compared to baseline values. Basically, the difference between the two 

was very small.  
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Figure 16: Diffusion coefficients for adsorption of methane on different coal types. 

 

 

Figure 17: Diffusion coefficients for adsorption of CO2 on different coal types. 
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Finally, the diffusion rate for methane was higher than that for CO2 for treated coal. The 

highest diffusion rate for CO2 was approximately five times higher than that for methane 

for baseline coal. With continued bio-conversion, the diffusion coefficient at low 

pressures for methane was ~ 2.2 times larger than that for CO2 for coal treated for 30 

days. For the last sample, treated for 60 days, the difference was ~ 2.5 times. These 

trends suggest that the movement of particles by diffusion faced lower resistance after 

bio-conversion. This may be attributed to lower values of the diffusion path length that 

gas molecules have to travel. The square of the radius of the molecule is directly 

proportional to the coefficient of diffusion and the diffusion path length is inversely 

proportional to the size of the diffusing molecule. With all other parameters remaining 

constant, it is believed that the bio-degradation of coal resulted in a decrease in the 

diffusion path length, thus decreasing the resistance to flow. This may be due to creation 

of new micropores or enlargement of existing micropores.  

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Based on the work completed, the following conclusions are made: 

 

 The most important conclusion of this study is that it is technically feasible to 

produce methane from Illinois coal by bio-conversion. Since the thrust of this study 

was to evaluate the feasibility of converting mine waste to natural gas, it is believed 

that this would be the case for fresh waste. It is difficult to say this conclusively for 

waste that has been in slurry ponds over long periods of time.  

 It has been shown that methane yield can be increased by providing optimal 

conditions for the microbial community. 

 Given the robustness of the microbial consortium, bio-conversion of coal, if designed 

properly, could be used either ex situ or in situ. Furthermore, the process does not 

need to be confined in a strict and delicate anaerobic glove box environment. 

Throughout this study, the microbial community was intentionally exposed to air 

during sample collection, filtration, and experimental setups. It met the desired 

expectation, which is to develop a resilient consortium that can be used broadly while 

maintaining its capability to produce methane rapidly. 

 Sorption capacity of the coal tested was found to increase with time of continued bio-

conversion. Hence, new surface area is created as a result of bio-conversion. 

However, in the lower pressure regime, the volume sorbed did not change 

significantly. The ability of coal to sorb methane increased beyond baseline values 

although this finding has no practical bearing at this time. It is unlikely that initial 

design of such a system would include high-pressure storage.  

 The increased specific surface area available for sorption suggests that the micropore 

structure of coal changed in such a way so as to facilitate higher rates of diffusion. 

The coefficient of diffusion for methane increased by more than 15 times. This would 

result in enhanced transport of gas to and from micropores within the coal. Typically, 

Illinois coals have very low rates of diffusion, which has been a major bottleneck for 

coalbed methane production. With enhanced diffusion, it is expected that diffusion 

rates will not be a significant hindrance in terms of recovery from treated coal fines.  
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Based on the above conclusions, the following areas are recommended for future 

research: 

 

 Coal samples with different particle sizes resulted in different methane production 

rates. With the same microbial consortium and under the same cultivation conditions, 

coarser coal (40-100 mesh) had a production rate of 4.0 ft
3
/ton/day while finer coal 

resulted in a rate of 5.6 ft
3
/ton/day. Thus, the effect of coal particle size on methane 

production needs to be further investigated. Moreover, other parameters such as pH, 

temperature, and effect of surfactants and solvents need to be evaluated in terms of 

enhancing methane yield from coal.    

 As indicated by results from several experiments, methane production either slowed 

down (Figure 6) or decreased (Figure 8) after some time. This has also been observed 

in other studies [15]. Thus, it is necessary to investigate reasons behind this slow-

down or halt of methane production. If this phenomenon can be overcome, then 

methane can be produced continuously by providing constant supplies of coal and 

nutrients in the presence of an elite microbial community.   

 Besides optimizing methane production from coal through bio-chemical approaches, 

enzymes released by the adapted microbial consortium need to be further 

investigated. Unique enzymes could be isolated, characterized, and used for different 

purposes, e.g., reduction in the amount of CO2 produced. Furthermore, archaea 

species that are dominant in the adapted community, but that may be completely new 

strains, could be isolated and further studied. All of these investigations will 

contribute significantly to the broader scientific community working on methane 

production from different feedstock materials under anaerobic conditions and beyond.  

 Given that there is evidence of enhancement of diffusion properties of Illinois coal, 

different approaches to enhance the in situ permeability of Illinois coal should be 

studied in detail. Pressure-dependent-permeability experiments can be carried out on 

coal cores treated by bio-conversion to obtain flow characteritics in the macropore 

network of coal. Coupled with flow characteristics in micropores as estimated in this 

study, there would be a complete picture providing inputs to model flow behavior for 

possible future in situ bio-conversion production wells. 

 

  



27 

 

REFERENCES 

[1] … Anon. (2014) http://www.eia.gov/todayinenergy/detail.cfm?id=8670. 

[2] Faiz, M. and Hendry, P. (2006) “Significance of Microbial Activity in Australian 

Coal Bed Methane Reservoirs – A Review.” Bulletin of Canadian Petroleum 

Geology, Vol. 54, No. 3, pp. 261-272. 

[3] Moore, T.A. (2012) “Coalbed Methane: A Review.” International Journal of Coal 

Geology, 101, pp. 36-81. 

[4] Ayers, W.B. Jr. (1991) “Geologic Evaluation of Critical Production Parameters for 

Coalbed Methane Resources.” Quarterly Review of Methane from Coalseams 

Technology, 8, No. 2, pp. 27-32. 

[5] Rice, D.D. (1993) “Composition and Origins of Coalbed Gas.” Hydrocarbons from 

Coal: AAPG Studies in Geology, Vol. 38, Law, B.E. and Rice D.D. (Eds), 

American Association of Petroleum Geologists (AAPG), Tusla OK, pp. 159-184. 

[6] Scott, A.R. (1995) “Limitations and Benefits of Microbially Enhanced Coalbed 

Methane.” Intergas’95, The University of Alabama, Tuscaloosa AB, pp. 423-432. 

[7] Strąpoć, D. (2007) “Coalbed Gas Origin and Distribution in the Southeastern 

Illinois Basin.” PhD Dissertation, Department of Geological Sciences, Indiana 

University, Bloomington IN. 

[8] Opara, A. (2012) “Biochemically Enhanced Methane Production from Coal.” PhD 

Dissertation, Environmental Engineering, University of Utah, Salt Lake City UT. 

[9] Gray, I. (1987) “Reservoir Engineering in Coal Seams: Part I – The Physical 

Process of Gas Storage and Movement in Coal Seams.” SPE Reservoir 

Engineering, 2(1), pp. 28-34. 

[10] Close, J.C. (1993) “Natural Fractures in Coal.” Hydrocarbons from Coal: AAPG 

Studies in Geology, Vol. 38, Law, B.E. and Rice D.D. (Eds), American Association 

of Petroleum Geologists (AAPG), Tusla OK, pp. 119-132. 

[11] Tanner, R.S., Hurst, C., Crawford, R., Garland, J., Lipson, D., Mills, A., et al. 

(2007) “Cultivation of Bacteria and Fungi.” Manual of Environmental 

Microbiology, pp. 69-78. 

[12] ASTM Standard D3173-03. (2003) “Standard Test Method for Moisture in the 

Analysis Sample of Coal and Coke.” ASTM International, West Conshohocken PA, 

DOI: 10.1520/D3173-03, www.astm.org. 

[13] ASTM Standard D3174-04. (2004) “Standard Test Method for Ash in the Analysis 

Sample of Coal and Coke from Coal.” ASTM International, West Conshohocken 

PA, DOI: 10.1520/D3174-04, www.astm.org. 

[14] Final Report submitted to the Illinois Clean Coal Institute for ICCI Project Number 

04-1/5.1A-2. 



28 

 

[15] Green, M.S., Flanegan, K.C., and Gilcrease, P.C. (2008) “Characterization of a 

Methanogenic Consortium Enriched from a Coalbed Methane Well in the Powder 

River Basin, USA.” International Journal of Coal Geology, 76, pp. 34-45. 

[16] Opara, A., Adams, D., Free, M., McLennan, J., and Hamilton, J. (2012) “Microbial 

Production of Methane and Carbon Dioxide from Lignite, Bituminous Coal, and 

Coal Waste Materials.” International Journal of Coal Geology, 96, pp. 1-8. 

[17] http://www.sigmaaldrich.com/catalog/product/fluka/22092?lang=en&region=US. 

[18] Buckel, W. (2001) “Unusual Enzymes Involved in Five Pathways of Glutamate 

Fermentation.” Applied Microbiology and Biotechnology, 57, pp. 263-273. 

[19] Ramos, H.C., Rumbo, M., and Sirard, J-C. (2004) “Bacterial Flagellins: Mediators 

of Pathogenicity and Host Immune Responses in Mucosa.” Trends in Microbiology, 

12, pp. 509-17. 

[20] Lehmann, Y., Meile, L., and Teuber, M. (1996) “Rubrerythrin from Clostridium 

Perfringens: Cloning of the Gene, Purification of the Protein, and Characterization 

of Its Superoxide Dismutase Function.” Journal of Bacteriology, 178, pp. 7152-

7158. 

[21] Scheller, S., Goenrich, M., Thauer, R.K., and Jaun, B.M. (2013) “Methyl-coenzyme 

M Reductase from Methanogenic Archaea: Isotope Effects on the Formation and 

Anaerobic Oxidation of Methane.” Journal of the American Chemical Society, 135, 

pp. 14975-14984. 



29 

 

DISCLAIMER STATEMENT 

 

This report was prepared by Satya Harpalani of Southern Illinois University (SIU), with 

support, in part, by grants made possible by the Illinois Department of Commerce and 

Economic Opportunity through the Office of Coal Development and the Illinois Clean 

Coal Institute. Neither Satya Harpalani and SIU, nor any of its subcontractors, nor the 

Illinois Department of Commerce and Economic Opportunity, Office of Coal 

Development, the Illinois Clean Coal Institute, nor any person acting on behalf of either: 

 

(A)  Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, or 

that the use of any information, apparatus, method, or process disclosed in this 

report may not infringe privately-owned rights; or 

 

(B)  Assumes any liabilities with respect to the use of, or for damages resulting from the 

use of, any information, apparatus, method or process disclosed in this report.  

 

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 

endorsement, recommendation, or favoring; nor do the views and opinions of authors 

expressed herein necessarily state or reflect those of the Illinois Department of 

Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 

Coal Institute.  

 

Notice to Journalists and Publishers: If you borrow information from any part of this 

report, you must include a statement about the state of Illinois’ support of the project. 

 


