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ABSTRACT 

 

The USA is embarking upon tackling the serious environmental challenges posed to the 

world by greenhouse gases, especially carbon dioxide (CO2). The dimension of the 

problem is daunting. In fact, according to the Energy Information Agency nearly 6 billion 

metric tons of CO2 were produced in the USA in 2007 with coal-burning power plants 

contributing about 2 billion metric tons. To mitigate the concerns associated with CO2 

emission, geological sequestration holds promise. Among the potential geological storage 

sites, unmineable coal seams in particular show promise because of the probability of 

methane recovery while sequestering the CO2.  

 

The success of large-size sequestration of CO2 in coal would hinge on a thorough 

understanding of coal-CO2 interactions and how these interactions control the mechanical 

behavior of coal. Moreover, the interactions between the coal and CO2 would play a 

crucial role in evaluating any potential risks associated with sequestering greenhouse gas 

in deep, unmineable coal seams. In this project, which was a cost-share project in support 

of a DOE-NETL funded project, we explored some of the risks which could be associated 

with sequestering CO2 in organic rocks, especially Illinois bituminous coals. Our results 

suggested that Illinois bituminous coals manifest no glass transition at ambient pressure, 

thus, the glass transition is unlikely to play any role in reservoir stability. However, our 

thermomechanical measurements provide strong evidence that the viscosity of Illinois 

bituminous coals is considerably reduced when pressurized (≤ 3000 psi) with CO2. The 

higher the applied CO2 pressure the lower was the effective storage modulus of the coal. 

Our experiments also showed hardly any CO2 is absorbed in coal; and when CO2 

pressurized coal is exposed to atmospheric conditions, the loss of CO2 from coal is 

massive. Half of the sequestered gas is lost from the coal in less than 20 minutes.  
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EXECUTIVE SUMMARY 

 

Objective:The acceptability of sequestering CO2 in unmineableIllinois coal seams will 

require rigorous evaluation of potential re-emission because these seams tend to be 

shallower. Therefore, we proposed to evaluate how CO2 interacts with Illinois coals 

under equilibrium conditions and how these interactions can be modified under extreme 

non-equilibrium parameters. Specifically, our proposed project had the following main 

objectives: (a) explore how mechanical properties of Illinois coals and shale are modified 

when pressurized with carbon dioxide, and (b) design and build an experimental setup 

where the potential of dynamic pressure variations on the adsorbed/absorbed CO2 can be 

evaluated. 

 

Introduction:It is estimated that by year 2010 approximately 30 billion metric tons of 

greenhouse gas like CO2 will be emitted worldwide. These emissions are expected to 

increase by year 2030 to more than 40 billion metric tons. Almost half, i.e., ~ 20 billion 

metric tons, will be produced by the Organization for Economic Cooperation and 

Development (OECD) countries. Besides Europe, Australia, New Zealand, Japan, Korea, 

and the United States are part of OECD countries. To mitigate the climatic concerns 

associated with the emission of greenhouse gases, effective but prudent management of 

CO2 will be required. A number of strategies for managing greenhouse gases has been 

proposed, e.g., geological sequestration, capture by solvents, sorbents, membranes, etc.  

However, at present and in the near future, geological sequestration seems to hold the 

most promise for storing large-scale CO2. Among geological resources available for CO2 

storage, deep saline reservoirs, depleted oil and gas reservoirs, and unmineable coals are 

prominent. The unmineable coals present an added economic benefit as in principle they 

offer the opportunity of recovering readily marketable methane gas, the cleanest fossil 

fuel, while potentially sequestering CO2. Though there are a number of sources of CO2 

producers, including coal-burning power plants; for the sake of brevity for this project, 

we will assume that suitably pure CO2 has been separated and has been or will be injected 

into an unmineable coal reservoir. 

 

The major gases associated with coal seams are largely methane (CH4) and carbon 

dioxide (CO2).  While the process of coalification generates CH4 gas, the CO2, it is 

believed, is typically incorporated in the coal seams due to igneous intrusions.  According 

to the US-Department of Energy, the coal bed methane (CBM) represents the fastest 

growing source for natural gas.  It is estimated that currently CBM accounts for about 

10% of the total natural gas being produced in the USA. It is claimed that the coal seams 

in the Rocky Mountain states of Colorado, Montana, New Mexico, Utah, and Wyoming 

hold approximately 53 trillion cubic feet (TCF) of undiscovered natural gas.  

Approximately 32,000 methane recovery wells are in operation in the Powder River 

Basin, and it is expected that there will be more than 100,000 CBM wells in the near 

future.  The Illinois Basin coal has a vast resource of natural gas associated with its coal 

seams, i.e., approximately 21 TCF.  Three regions of Illinois show the potential of large 

scale CBM recovery, i.e., Saline and Williamson in southeastern region, southwestern 

region, and Springfield sections.  In particular, coal seams located in New Burnside, 

Murphysboro, Mt. Rorah, Wise Ridge, Davis, Dekoven, Survant, Houchin Creek, 
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Springfield, and Herrin have the potential of being gas productive.  Because Illinois 

Basin coal is a “spoon-shaped basin”, the seam depth is variable, typically ranging from 

about 22 ft to 2500 ft.  Therefore, the stresses in the coal reservoirs are expected to vary 

considerably. 

 

The interactions between CO2and coal are very complex and at present poorly 

understood. The strategy of sequestering CO2 in deep, unmineable coal has considerable 

merit because of the potential of recovering fuel value while immobilizing greenhouse 

gas. A thorough understanding of the interactions between CO2 and organic material 

under high pressure as well as how these interactions will be modified under extreme 

non-equilibrium conditions are prerequisites if a successful sequestration strategy is to be 

developed. 

 

Results and Conclusions:  In this project, we explored some of the risks which could be 

associated with sequestering CO2 in organic rocks, especially Illinois bituminous coals. 

The thrust of the work was directed towards ascertaining how high pressure ( ≤ 3000 psi) 

CO2 interacts with Illinois bituminous coals, and how these interactions affect the 

mechanical and thermomechanical properties of Illinois coals. The emphasis was also 

directed towards determining  whether there is potential of catastrophic re-emission of 

CO2 from unmineable Illinois coal seams, if caprock develops fractures either by 

manmade perturbations or by natural events. Specifically, the following was concluded: 

 

(1) Our flexural strength measurements on Murphysboro seam coal and Houchin Creek 

cores  suggested that there are significant differences in the strength and modulus of coal 

depending upon the chemical composition of the sample. The strength of coal ranged 

from 2.8 MPa to 11.2 MPa, while the modulus varied from 0.7 GPa to 3.4 GPa. These 

variations in coal’s mechanical properties were observed even though the samples came 

from a single location and were extracted from the same chunk of coal. 

 

(2) Our DSC experiments indicated that no glass-to-rubber transition was present either 

in Murphysboro seam coal or in Houchin Creek coal. This result is contrary to the 

suggestion of Larson and his co-workers who have argued that coal manifests glass 

transition, and this transition is affected by the adsorption of CO2. We further confirmed 

the lack of any glass-transition in Illinois coals by conducting DMA measurements. The 

DMA technique is about 100 times more sensitive than the DSC technique in studying 

the glass transition behavior of polymeric materials. All the past claims of glass 

transitions in coal were based on DSC measurements. 
 

(3) How interactions of Illinois coal with high pressure CO2 could alter the mechanical 

and thermomechanical properties of coals and whether these interactions could affect the 

reservoir stability were determined by pressurizing Houchin Creek coal core with CO2 at 

500 psi, 1000 psi, 1500 psi, 2000 psi, and 3000 psi. The pressurized coals were subjected 

to DMA measurements at 25
o
C < T < 200

o
C to understand how high pressure carbon 

dioxide affected the thermomechanical properties of the coal. The following can be 

summarized from these studies: (a) Illinois coal cores extracted from a depth of ~ 1004 ft 

showed no thermal event, e.g., glass transition at 25
o
C < T < 200

o
C when the coal was 

not subjected to high pressure CO2. (b) Coals pressurized at 500 psi with CO2 also 
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showed no glass transition. (c) However, coal pressurized at 1000 psi, 1500 psi, 2000 psi, 

and 3000 psi all showed a peak in tan  curve at ~ 40
o
C. However, this peak cannot be 

associated with glass transition due to storage modulus behavior at T > 40
o
C. Rather the 

peak is indicative of re-emission of CO2 from coal. (d) The higher the applied CO2 

pressure the less was the viscosity of coal indicating that solid coal may flow under high 

CO2 pressures. If a coal seam or reservoir has a temperature of about 40
o
C, which is 

plausible for deep unmineable coal, then it could pose reservoir stability issues and need 

to be explored in much more detail. 

 

(4) We also focused on ascertaining whether there can be a potential of re-emission of 

sequestered CO2 from unmineable Illinois coal seams, especially if fracture(s) develop(s) 

in the caprock either by manmade perturbations or natural events. One of the parameters 

evaluated was how fast the CO2 would be lost from a coal sample which had been 

pressurized with CO2. Our experimental results suggested the loss of CO2 was rapid and 

exponential. In fact, the sample which was pressurized with 2000 psi of CO2 lost half of 

its sequestered gas in the first 20 minutes. This behavior should be taken into account 

when risk assessment models are generated. The thermogravimetric measurements of 

coal samples which had been pressurized with CO2 at ≤ 2000 psi indicated that some 

amount of gas was absorbed in the coal though this did not represent significant amounts. 

 

(5) The New Albany shale (Illinois) was mostly composed of quartz with minor clay and 

carbonate content. The flexural strength of the shale was 61.9 ± 8.5 MPa, while its 

flexural modulus was 0.45 ± 0.07 GPa. Our attempts to pressurize shale with 1500 psi 

and 2000 psi CO2were not successful. The New Albany shale is unlikely to act as a CO2 

storage formation. 
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OBJECTIVES 

 

The acceptability of sequestering CO2 in un-minable coal seams will require rigorous 

evaluation of potential re-emission because these seams tend to be shallower. 

Notwithstanding shallowness of these seams, they offer an added advantage of recovering 

readily sellable products like methane gas. Though risk assessment and monitoring is 

frequently accomplished under equilibrium conditions, extreme non-equilibrium 

parameters can pose serious emission issues.  Therefore, we proposed to evaluate how 

CO2 interacts with Illinois coals under equilibrium conditions and how these interactions 

can be modified under extreme non-equilibrium parameters. Specifically, our proposed 

projecthadthe following main objectives: 

1. explore how mechanical properties of Illinois coals and shale are modified 

when pressurized with carbon dioxide, and 

2. design and build an experimental setup where the potential of dynamic 

pressure variations on the adsorbed/absorbed CO2 can be evaluated. 

3. monitor the interactions between CO2 and organic rocks under extreme non-

equilibrium conditions. 

 

INTRODUCTION AND BACKGROUND 

 

It is estimated that by year 2010 approximately 30 billion metric tons of greenhouse gas 

like CO2 will be emitted worldwide [1,2]. These emissions are expected to increase by 

year 2030 to more than 40 billion metric tons. Almost half, i.e., ~ 20 billion metric tons, 

will be produced by the Organization for Economic Cooperation and Development 

(OECD) countries. Besides Europe, Australia, New Zealand, Japan, Korea, and the 

United States are part of OECD countries. To mitigate the climatic concerns associated 

with the emission of greenhouse gases, effective but prudent management of CO2 will be 

required. A number of strategies for managing greenhouse gases has been proposed, e.g., 

geological sequestration, capture by solvents, sorbents, membranes, etc. [2,3].  However, 

at present and in the near future, geological sequestration seems to hold the most promise 

for storing large-scale CO2. Among geological resources available for carbon dioxide 

storage, deep saline reservoirs, depleted oil and gas reservoirs, and organic rocks are 

prominent.   We use the term “organic rock” to signify coal seams and organic shale 

seams.  The organic rocks present an added economic benefit as in principle they offer 

the opportunity of recovering readily marketable methane gas, the cleanest fossil fuel, 

while potentially sequestering CO2. Though there are a number of sources of CO2 

producers, including coal-burning power plants; for the sake of brevity for this proposal, 

we will assume that suitably pure CO2 has been separated and has been or will be injected 

into an organic rock reservoir. 

 

The major gases associated with coal seams are largely methane (CH4) and CO2.  While 

the process of coalification generates methane gas [3,4], the CO2, it is believed, is 

typically incorporated in the coal seams due to igneous intrusions [5].  According to the 

US-Department of Energy, the coal bed methane (CBM) represents the fastest growing 

source for natural gas [6].  It is estimated that currently CBM accounts for about 10% of 

the total natural gas being produced in the USA [7]. It is claimed [8,9] that the coal seams 



6 

 

in the Rocky Mountain states of Colorado, Montana, New Mexico, Utah, and Wyoming 

hold approximately 53 trillion cubic feet (TCF) of undiscovered natural gas.  

Approximately 32,000 methane recovery wells are in operation in the Powder River 

Basin, and it is expected that there will be more than 100,000 CBM wells in the near 

future [8].  According  to Rodvelt and Oestreich [9], the Illinois Basin coal has a vast 

resource of natural gas associated with its coal seams, i.e., approximately 21 TCF.  Three 

regions of Illinois show the potential of large scale CBM recovery, i.e., Saline and 

Williamson in southeastern region, southwestern region, and Springfield sections.  In 

particular, coal seams located in New Burnside, Murphysboro, Mt. Rorah, Wise Ridge, 

Davis, Dekoven, Survant, Houchin Creek, Springfield, and Herrin [10] have the potential 

of being gas productive.  Because Illinois Basin coal is a “spoon-shaped basin” [10,11], 

the seam depth is variable, typically ranging from about 22 ft to 2500 ft.  Therefore, the 

stresses in the coal reservoirs are expected to vary considerably. 

 

The interactions between CO2and coal are very complex and at present poorly understood 

[12-16]. The strategy of sequestering CO2 in deep, unmineable coal seams has 

considerable merit because of the potential of recovering fuel value while immobilizing 

greenhouse gas.  A thorough understanding of the interactions between CO2 and organic 

material under high pressure as well as how these interactions will be modified under 

extreme non-equilibrium conditions are prerequisites if a successful sequestration 

strategy is to be developed.  

EXPERIMENTAL PROCEDURES 

 

TASK 1.Coal and Shale Samples:  For the present study, two coal and one shale 

samples were obtained. The coal samples were from Houchin Creek  andMurphysboro 

seams (Illinois), both located in Illinois. The Houchin Creek coal was in the form of a 3" 

core, which came from a depth of ~ 1000 ft (~ 305 m), while the Murphysboro seam coal 

was collected from a depth of ~ 15 to 30 m. The Murphysboro coal was in the form of 

large coal chunks (> 0.25 m). The New Albany shale was an angular rock sample and 

was an out crop sample (Hicks Dome, Illinois). The Houchin Creek and New Albany 

samples were provided by the Illinois State Geological Survey (ISGS). 

 

TASK 2.Differential Scanning Calorimetry (DSC) Measurements: Attemptswere 

made to understand the thermal properties of New Albany shale by recording the shale’s 

thermal profile using a Perkin-Elmer DSC7 system. To minimize the water’s evaporation 

effects on the observed thermal behavior, we heated the Al pans, loaded with shale 

sample, at 110
o
C for 30 minutes in the DSC system. The drying was accomplished under 

N2 gas. After drying the sample for 30 minutes, the shale’s temperature was lowered back 

to room temperature prior to recording the DSC scans by increasing the samples’ 

temperature at 5
o
C per minute at 50

o
C ≤ T ≤ 250

o
C under flowing N2 gas environment. 

 

TASK 2. Dynamic Mechanical Analysis (DMA): Dynamic mechanical analysis (DMA) 

measurements were performed on various coal and shale samples, which had undergone 

different treatments including CO2 pressurization. The DMA experiments were 

conducted using a Perkin-Elmer DMA8000 system capable of probing the 

thermomechanical properties of the samples at – 150
o
C ≤ T ≤ 600

o
C. Typically, in a 
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DMA experiment, a mechanical stress is applied to the sample; and the sample’s strain 

response is measured. Because some of the coal samples were in powder form, the usual 

approach of cylindrical or rectangular shaped samples could not be used. Instead, the coal 

powder samples were sandwiched between Perkin-Elmer’s stainless steel material 

pockets. The DMA measurements were conducted at – 95
o
C ≤ T ≤ 200

o
C under N2 flow 

in a single cantilever bending geometry mode by clamping the pockets on both ends. We 

used a scanning rate of 5
o
C/min.  In addition to the powder coal samples, we conducted 

DMA measurements on rectangular strips of coal and shalemachined from their 

respective as-received samples using a high precession diamond saw. We used both 

Perkin Elmer DMA 7 and DMA 8000 to obtain the viscoelastic properties of as-

received,as well as CO2 pressurized samples. 

 

Dynamic mechanical analysis (DMA) involves the measurement of response of a 

material to a sinusoidally oscillating stress.  This allows one to determine the behavior of 

viscoelastic properties of a material as a function of temperature, time, stress, or 

frequency. Because in a DMA experiment, one applies sinusoidal stress to the sample, 

one can express the modulus as an in-phase component (storage modulus) and an out-of-

phase component (the loss modulus). For viscoelastic samples, the applied sinusoidal 

stress  and resulting sinusoidal strain  on a sample are out of phase by an angle  and 

are given, respectively, by the equations 

 

)](exp[0   ti                                   (1) 

]exp[0 ti                                              (2) 

 

whereo and o are the maximum stress and strain, respectively.  Dividing Eq. 1 by Eq. 2, 

one obtains the complex modulus E
* 

 

''')sin(cos*
0

0 iEEiE  



. (3) 

 

The real part of this equation, termed the storage modulus E’, represents the elastic 

component of the material and is a measure of how well the material stores energy.  The 

imaginary part, called the loss modulus E’’, is a measure of the viscous dissipation of 

energy by the sample into internal motion and friction.  The tan  is defined as  

 

( '')
tan

( ')

Loss Modulus E

Storage Modulus E
  ,(4) 

 

and describes the extent of energy dissipation in a material. 

 

TASK 2. Fourier Transform Infrared (FTIR) Measurements:  In an effort to 

understand how high pressure CO2 affected the structural properties of New Albany 

shale, it was important to know the main constituents of this particular shale. Therefore, 

we recorded the FTIR spectra of the as-received shale. The shale rectangular strips, 

which underwent brittle failure during the mechanical testing, were shaved from the 
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failure face with a knife and were ground in a wiggle-bug.  The ground samples were 

mixed with KBr in a 2:100 ratio (shale:KBr), and KBr pellets were prepared by applying 

pressure. We also prepared a blank KBr pellet (from pure KBr) to act as a background for 

our vibrationalmeasurements. We used a ThermoElectron’s 6700 Fourier transform 

infrared (FTIR) instrument to record our vibrational spectra. Fifty scans were collected at 

4 cm
-1

 resolution. 

 

Task 3.Thermogravimetric Experiment:The Perkin-Elmer Diamond TG/DTA system 

was used to evaluate the weight change of the coal samples which had been pressurized 

with CO2.  Both pulverized (powder) and solid coal chunks were pressurized one at a 

time at 3.45 MPa (500 psi), 6.90 MPa (1000 psi), 10.35 MPa (1500 psi), 13.8 MPa (2000 

psi), and 20.7 MPa (3000psi) of CO2 for 72 hours before the test.  The approximate 

weight of powdered samples was ~ 10 mg while the solid coal samples were ~ 35 mg.  

Alumina powder was used as a reference material during the measurements. Each TGA 

run was started within 2 minutes after depressurization of the high pressure vessel. In the 

first segment of the experiment, the samples were held at ambient temperature and the 

weight changes recorded for the first 60 minutes. Following this, the heating program 

was initiated, and the coal samples were heated at a rate of 5 °C/min from the ambient 

temperature to 300°C. The nitrogen gas purge was used during the heating portion of the 

experiment. The results were compared with the control samples, which were subjected 

to the same measurement routine, omitting the pressurization with carbon dioxide. The 

control samples were also purged with nitrogen gas during both portions of the test, i.e., 

while the sample was held at ambient pressure and while it was being heated. The weight 

change of the coal control samples, which was vacuum dried at 80°C for at least 7 days, 

was also performed using the same TGA temperature program. 

RESULTS AND DISCUSSION 

TASK 2. Characterization of New Albany Shale:Figure 1 shows the FTIR spectrum of 

New Albany shale. Major vibrational modes were observed at 1163, 1084, 1026, 915, 

798, 781, 696, 521, 472, and 428 cm
-1

. All these observed bands strongly suggest that the 

New Albany shale is largely made of quartz. In addition to the quartz’s vibrational 

modes, we observed weak bands at 3621 and 1621 cm
-1

, indicating the presence of 

moisture and clay material. The observed weak vibrational mode at 1432 cm
-1

 suggests 

the presence of trace amounts of carbonates in the shale, while the bands at 2948, 2921, 

and 2853 cm
-1

 indicate that this shale contains a small fraction of organic content. 

However, it is worth mentioning the organic bands’ intensity is weak. 
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Frequency (cm-1)  
Figure 1.FTIR spectrum of New Albany shale. 

The thermal behavior of New Albany shale as determined by the DSC technique is 

depicted in Figure2. As can be seen from this figure, a very broad endothermic peak was 

observed at around 185
o
C. The peak started around 140

o
C and ended at 220

o
C. The most 

likely source of this endothermic peak is the evaporation of tightly bound water from the 

pores. No other thermal event was seen up to 250
o
C. The thermomechanical behavior of 

shale was determined using material packets in which ground shale was sandwiched 

between two stainless steel foils. A broad peak was observed in the tan  curve at around 

60
o
C as can be seen from Figure3. Because the peak persisted on vacuum drying the 

sample, it is not feasible to attribute the peak simply to the evaporation of water from the 

shale. The cause of this peak is not clear at present. 

 

Temperature (oC)
 

Figure 2.The observed DSC curve for New Albany shale at 50
o
C ≤ T ≤ 250

o
C. The y-axis 

is the heat flow measured in mW.  
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Figure 3.The observed tan curvefor New Albany (Illinois) shale. 

TASK 2.Mechanical Properties of New Albany (Illinois) Shale:The mechanical 

behavior of New Albany shale is shown in Figure4. As can be seen from the stress-strain 

curves, the shale underwent brittle failure. It is worth noticing that the shale was much 

stronger than what we have observed for Illinois coal or Mt. Simon sandstone. Just like 

coal, we did observe some variations in the modulus of the various strips extracted from a 

single chunk of shale. The flexural strength and flexural modulus data for New Albany 

shale are reproduced in Table 1. 
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Figure 4.The observed stress-strain behavior of New Albany shale in flexural mode. 
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Table 1 

The mechanical properties of New Albany (Illinois) shale. 

Sample ID 

Strain at 

Failure 

(%) 

Flexural 

Strength 

(MPa) 

Stress at 0.075 % 

Strain 

(MPa) 

Flexural Modulus 

(GPa) 

B 0.156 65.0 31.3 0.42 

C 0.170 69.8 29.5 0.42 

D 0.150 62.7 30.8 0.43 

E 0.164 76.3 36.5 0.45 

F 0.137 49.0 27.7 0.36 

G 0.109 58.7 41.0 0.54 

H 0.145 56.1 31.1 0.37 

I 0.101 53.6 40.8 0.52 

J 0.127 65.5 39.7 0.51 

Mean 0.140 61.9 34.3 0.45 

Standard Deviation 0.024 8.5 5.3 0.07 

 

TASK 2.Effects of CO2 pressure on New Albany Shale:We attempted to pressurize 

New Albany shale strips with high pressure CO2 using our previously described reactor 

system. The pressures of 1000 psi and 1500 psi were attempted. However, we did not 

observe any measureable adsorption and/or absorption of CO2 in this particular shale. 

 

TASK 2. Effects of High Pressure CO2 on the Mechanical and Thermomechanical 

Properties of Illinois Coals:We probed when coal cores are subjected to high pressure 

CO2 how it alters coal’s thermodynamic properties and whether these changes can pose 

reservoir instability. For these measurements, we chose the Houchin Creek coal cores.To 

understand how high pressure CO2 altered the thermodynamic properties of coal, we 

conducted dynamic mechanical analyzer (DMA) experiments on the rectangular strips 

generated from the 3” cores. These strips were machined with the help of a diamond 

rotary saw. Besides rectangular strips, parts of the coal core were ground into powder in 

an agate mortar and pestle. The powder coal samples were sandwiched between stainless 

steel Perkin-Elmer material packets for DMA measurements. All these samples, i.e., 

rectangular coal strips and material packets containing coal powder, were pressurized at 

the desired pressure of CO2 in our high pressure vessel system. The coal samples were 

inserted in aluminum (Al) rectangular cups, and the sample identification was marked on 

the cups. The Al cups, containing the samples, were inserted in the high pressure vessel, 

which was pressurized (ambient ≤ Pressure ≤ 3000 psi) with CO2. The high pressure 

vessel was maintained at the desired CO2 pressure for 72 hours. After 72 hours of 

adsorption and/or absorption of CO2, the high pressure pump was shut off, and the 

pressure vessel was bled slowly so that samples could be removed from the vessel. 

Typically, it almost took one hour before the samples could be extracted from the vessel. 

Immediately on removing the coal samples, they were transferred to either a Perkin-

Elmer DMA 8000 for thermomechanical measurements at – 100
o
C ≤ T ≤ 200

o
C or to a 

Perkin-Elmer DMA7 system for thermomechanical experiments at 25
o
C ≤ T ≤ 200

o
C.   
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As mentioned above, an important parameter to be evaluated for successfully 

sequestering CO2 in organic rocks is whether coal seams will remain stable once high 

pressure carbon dioxide has been injected into the reservoir. In this report, we describe 

for the first time, to the best of our knowledge, thermomechanical behavior of coal when 

it has been pressurized with CO2. These results are important in understanding any 

potential risks associated with sequestering CO2 in organic rocks if thermodynamic 

properties of the coal manifest changes which can result in reservoir instability. 

 

Houchin Creek Coal--Solid Sample:Figure 5 shows the thermomechanical behavior of 

Houchin Creek coal at 25
o
C ≤ T ≤ 400

o
C. The tan { = ((loss modulus)/(storage 

modulus))} did not show any peak during the 1
st
 run. It is worth mentioning that this 

particular coal strip was not pressurized with CO2. The absence of any peak in the tan 

curve suggests that Houchin Creek coal does not undergo any thermodynamic phase 

change, e.g., glass transition at 25
o
C ≤ T ≤ 250

o
C. On re-heating the coal, i.e., 2

nd
 run 

after 1
st
 run, again no peaks were observed in the tan  curve at 25

o
C ≤ T ≤ 250

o
C. 

However, a peak began at T > 250
o
C centered at ~ 275

o
C. In addition to the peak at ~ 

275
o
C, a weak peak at 340

o
C was observed. The peak at 340

o
C was followed by a very 

sharp intense peak at 360
o
C. It is well known that coals undergo softening at T > 350

o
C 

due largely to thermal melting of certain organic fractions and chemical decomposition 

reactions. Clearly, it can be seen from Figure6 that the Houchin Creek coal sample, 

which was subjected to 400
o
C in DMA, underwent permanent deformation due to 

melting and condensation reactions. We attribute the observed peaks at 340
o
C and 360

o
C 

to thermal melting and condensation reactions. The peak at 275
o
C is most likely 

condensation reactions involving phenol and carbonyl groups resulting in the production 

of byproducts like water. However, these thermal events are unlikely to pose a problem 

for the sequestration of CO2 in organic rocks. 

 

How high pressure adsorption and/or absorption of CO2 affected the thermomechanical 

properties of Houchin Creek coal are shown in Figures7 and 8. Figure 7 depicts how CO2 

pressure altered the storage modulus of coal strips, while Figure8 reproduces the tan  

curves of the pressurized coal samples. Also in these figures, we have shown the storage 

modulus and tan  curve for the control Houchin Creek coal, i.e., the coal strip which was 

not pressurized with CO2. As can be seen from Figure7, the storage modulus of the 

control sample decreased as the temperature increased, i.e., it reduces from ~ 2.5 GPa to 

~ 1.8 GPa. However, no sharp discontinuity in the storage modulus was observed for the 

control sample.  Correspondingly, no peak in the tan  curve for the control sample was 

seen (see Figure8) suggesting a lack of glass transition for the control sample. The fact 

that the storage modulus decreased when the control sample’s temperature was increased 

from 25
o
C to 200

o
C indicates the viscosity of the coal decreased as a function of 

temperature. However, this is to be expected as higher temperature means higher thermal 

energy, i.e., kT (where k is Boltzmann constant and T is temperature), results in larger 

amplitude motion of the molecules about their equilibrium position. This would 

effectively reduce the viscosity of the coal. 

 

 



13 

 

Temperature (oC)

50 100 150 200 250 300 350

T
a
n

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2
1st run

2nd run after 1st run

 
Figure 5. This figure shows thermomechanical behavior of Houchin Creek coal core (~ 

1000 ft) as observed by DMA technique. In the 1st run, the sample was scanned at 25
o
C ≤ 

T ≤ 250
o
C, brought back to room temperature, and re-scanned at 25

o
C ≤ T ≤ 400

o
C (2

nd
 

run after 1
st
 run). 

 

 

Figure 6. Photo of Houchin Creek coal subjected to DMA experiment as described in 

Figure1. Right: coal strip before DMA run; Left: sample after 2
nd

 run. 



14 

 

Temperature (oC)
20 40 60 80 100 120 140 160 180 200

S
to

ra
g

e
 M

o
d

u
lu

s
 (

G
P

a
)

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

Control

500 psi

1000 psi

1500 psi

2000 psi

3000 psi

 

Figure 7. This figure shows how high pressure CO2 affected the storage modulus of 

Houchin Creek coal. 
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Figure 8. This figure shows how high pressure CO2 affected the tan curves of Houchin 

Creek coal. The peak in the graph indicates the presence of a thermal event, e.g., glass 

transition.  

 

The storage modulus of the coal strip, which was pressurized at 500 psi, also steadily 

decreased as the sample temperature increased. However, the decrease in the modulus 

was much sharper than that of the control sample. The sharp decrease in the storage 
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modulus levels off at ~ 60
o
C. Again, we did not observe any peak in the corresponding 

tan  curve. This leads us to believe that Houchin coal, which was pressurized with 500 

psi CO2, did not undergo glass transition. The samples, which were pressurized with CO2 

at pressures greater than or equal to 1000 psi, showed a very sharp drop in modulus as the 

coal strips’ temperature was increased from 25
o
C. Typically, we observed a sharp drop in 

the storage modulus followed by an equally sharp increase in the modulus as the 

temperature continued to increase beyond 45
o
C. The fact that the storage modulus 

increased as the temperature was increased above 45
o
C suggests that coal starts to stiffen 

at 40
o
C < T < 80

o
C. At T > 80

o
C, the CO2 pressurized (≥ 1000 psi) coal strips again 

softened as a function of increasing temperature just like the control sample did. It is also 

interesting to note that CO2 pressurized coal samples clearly depicted a broad peak at ~ 

40
o
C in the tan  curves for the samples which were pressurized at ≥ 1000 psi. Both the 

sharp drop in the storage modulus followed by an increase in the modulus at 30
o
C < T < 

60
o
C and the appearances of corresponding peaks in the tan  curve strongly suggest the 

presence of a thermal event.  Initially, it was thought that the tan peak at ~ 40
o
C is 

indicative of a glass transition in coal as suggested by Larson [12]. If it is accepted that 

the peak at ~ 40
o
C is associated with glass transition, then it is reasonable to ask why the 

storage modulus of the coal increased at T > 80
o
C. This is relevant because the mobility 

of the molecules is much higher in the phase which is above glass transition temperature. 

This should result in lower storage modulus at T > 60
o
C. As discussed later under TASK 

3, our risk assessment measurements on CO2 pressurized coalsshowed that CO2 was 

rapidly re-emitted from coal once the samples wereexposed to ambient pressure. 

Typically, most of the CO2 is lost from the samples within 45 minutes. We believe as the 

temperature is increased beyond 25
o
C during our DMA experiments, the thermal energy 

increases the rate of evaporation of CO2 from the coal. Therefore, the effects of CO2 

disappear resulting in higher modulus. 

 

The storage modulus difference was defined as follows: 

Storage Modulus Difference (SMD) = 

(Maximum observed storage modulus at pressure P) 

 – 

(Minimum observed storage modulus at pressure P)                 (5). 

 

In the above equation, P = ambient pressure, 500 psi, 1000 psi, 1500 psi, 2000 psi, or 

3000 psi. We generated the SMD values from the curves shown in Figure7, and the 

results are graphed as a function of applied CO2 pressure in Figure9. It has been argued 

that when coal is pressurized with CO2, coal swells and softens. Another important way 

to analyze the changes in the storage modulus, as presented in Figure9, is that as the coal 

was pressurized with high pressure CO2, its effective viscosity decreased. This raises the 

possibility of the coal flow rather than swelling because of confining pressures in an un-

mineable coal seam. As coal flows, perhaps at much slower rates, it eventually will block 

the cleats, defects, and coal pores thus retarding the injection of high pressure CO2 in the 

reservoir. 
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Figure 9. The observed storage modulus difference (SMD), i.e., the maximum storage 

modulus observed in Figure7 minus the corresponding minimum storage modulus 

observed in Figure7 of samples pressurized with different CO2 pressures.  

 

TASK 3.Risk Assessment: 

 

CO2 Re-emission: The emission of CO2 from the pressurized coal samples was 

monitored using the gravimetric approach. One inch cube samples were extracted from 

Houchin Creek coal and Murphysboro seam coal. We also generated powdered coal 

samples by grinding the coal shavings from these two coal sources. Besides one inch 

cube samples, we also extracted solid samples, which could fit into the platinum sample 

holder of our thermogravimetric system. All these samples, i.e., one inch cubes, powder, 

and solid chunks, were pressurized at the desired pressure of CO2 in our high pressure 

vessel shown in Figure 10. The coal samples were inserted in Al cups, and the sample 

identification was marked on the cups. The Al cups, containing the samples, were 

inserted in the high pressure vessel, which was pressurized (ambient ≤ Pressure ≤ 3000 

psi (20.7 MPa)) with CO2. The high pressure vessel was maintained at the desired CO2 

pressure for 72 hours.  After 72 hours of adsorption and/or absorption of CO2, the high 

pressure pump was shut off and the pressure vessel bled slowly so that samples could be 

removed from the vessel. Typically, it almost took one hour before the samples could be 

extracted from the vessel. Immediately on removing the coal samples, they were 

transferred to either a Perkin-Elmer Diamond TG/DTA system or to a high precession 

analytical balance for monitoring of the weight loss or gain.  
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Figure 10.High pressure vessel system for pressurizing organic rocks with carbon 

dioxide. 

Figure 11 shows the weight loss from the Murphysboro seam and Houchin Creek core 

coal as a function of time. The Houchin Creek coal was pressurized with CO2 at 13.8 

MPa (2000 psi), while the Murphysboro coal was pressurized at 0.62 MPa (90 psi). 

Clearly, on exposing the pressurized coal to ambient conditions, the loss of CO2 from the 

coal was rapid. As can be seen from the Figure11, the CO2 loss from the coal was 

exponential. In fact, half of the adsorbed CO2 was lost from the coal in the first 20 

minutes. This raises a potential concern in case a fracture develops in the coal seam or the 

fractured caprock is exposed to atmospheric conditions. If such exposure was to occur in 

a seam which had been pressurized with CO2, then massive loss of the adsorbed CO2 

could be expected.  
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Figure 11.Loss of carbon dioxide from pressurized Illinois coal at ambient 

pressure and temperature. 

Effects of CO2 Pressure Variation on Houchin Creek Coal Core:To understand how 

high pressure CO2interacts with Illinois coal, we pressurized Houchin Creek solid coal, 

i.e., the sample which was not ground, with CO2 at 3.45 MPa (500 psi), 6.9 MPa (1000 

psi), 10.35 MPa (1500 psi), and 13.8 MPa (2000 psi).  After allowing the CO2 to adsorb 

and absorb on coal, the samples were brought back to ambient pressure, removed from 

the high pressure vessel, and immediately transferred to the TGA system. For one hour, 

we continuously measured their weight loss. Because we were interested in monitoring 

the re-emission of CO2, no purge gas was used. For the control sample, i.e., the coal 

sample which was not pressurized with CO2, we did use N2 gas purge through our TGA 

to ensure that the coal sample would not adsorb water from the atmosphere. Figure 12 

shows how CO2 treated Houchin Creek coal lost CO2 relative to the controlled sample 

during the first 60 minutes after the samples’ removal from the high pressure vessel. In 

Figure12, we graphed the percentage of the weight loss after normalizing the data so that 

the relative weight loss was monitored.  As can be seen from this figure, no trend was 

observed as a function of CO2 pressure though the weight loss was much higher for the 

pressurized coal than the control sample. However, this is to be expected as it is believed 

that CO2 gets physically trapped in cleats, fractures, pores, and defects besides the surface 

adsorbed and absorbed in coal. It should be noticed that we observed most weight loss 

from 500 psi (3.45 MPa) pressurized coal and the least for 1500 psi (10.35 MPa) 

pressurized coal. 
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Figure 12. Graph shows how CO2 pressure affected its re-emission from Houchin Creek 

coal once the pressurized coal was exposed to ambient conditions. Control sample was 

not pressurized with CO2. 

The control sample lost 0.1 wt% weight during the 60 minutes under N2 purge. We 

believe this insignificant weight loss is due to water evaporation from the control sample. 

The 500 psi (3.45 MPa) pressurized sample lost 3.03 wt%, while the sample which was 

pressurized at 1000 PSI (6.9 MPa) lost 2.58 wt%. On increasing the pressure to 1500 psi 

(10.35 MPa), the weight loss during the first 60 minutes was much less, i.e., 2.05 wt%. 

Further increasing the CO2 pressure to 2000 psi (13.8 MPa) resulted in 2.60 wt% loss. 

Clearly, the bulk, if not all, of the physically trapped CO2 in coal is re-emitted once the 

pressurized coal is exposed to atmospheric conditions. 

It has been argued that when coal is exposed to high pressure CO2, the gas is not only 

physically trapped in pores, defects, and cracks but a significant portion of it is also 

absorbed, i.e., chemically interacts with coal. Generally, it is believed that these 

interactions are not irreversible, e.g., it has been suggested that coal swells when exposed 

to CO2 and shrinks when the gas is removed. Thus, the interactions between coal and 

CO2 are weak. It is reasonable to argue that when pressurized coal samples are heated, 

e.g., up to 300
o
C, any absorbed CO2 will be re-emitted along with physically and 

chemically adsorbed water. 

Figure 13 shows the weight loss from the Houchin Creek coal, which was pressurized at 

various pressures with CO2, when subjected to thermal ramping at 5
o
C/min rate. It should 

be pointed out that these samples were allowed to degas after CO2 pressurization for 60 

minutes prior to the temperature ramping experiment. The control sample, i.e., the 
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sample, which was not exposed to CO2, further lost 3.14 wt% when the sample was 

heated up to 300
o
C. We believe most of this weight loss represents water removal from 

the Houchin Creek control sample. In fact, as can be seen from Figure13, the bulk of 

weight loss occurred at T > 100
o
C further supporting our contention that for the 

controlled sample most of the weight loss comes from water’s removal. The 500 psi (3.45 

MPa) pressurized sample lost 3.52 wt% when it was heated up to 300
o
C. There appears to 

be some similarities between the control sample’s and 500 psi (3.45 MPa) sample’s 

weight loss rates. It is possible that besides water, the 3.45 MPa sample also lost CO2, 

especially at T < 100
o
C. The samples pressurized with CO2 at 1000 psi (6.9 MPa), 1500 

psi (10.35 MPa), and 2000 psi (13.8 MPa) lost weight 2.85 %, 2.46 %, and 3.36 %, 

respectively. It is worth noting that the rate of weight loss for higher pressure samples 

was significantly different from those observed for the control sample. It is possible that 

on pressurizing coal with high pressure (>1000 psi (6.90 MPa)) CO2 it ejects water from 

coal. If this is the case, then most of the weight loss comes from CO2 loss from the 

samples which were pressurized at P >1000 psi (6.90 MPa). A careful examination of the 

graphs in Figure13 indicates that significant weight loss occurs at T < 150
o
C for samples 

which were pressurized with CO2, while this is not the case for the control sample. 

Therefore, it is argued that some absorption of CO2 occurs when high pressure carbon 

dioxide is injected into the coal though the absorption amounts are marginal at best. 
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Figure 13.Graph shows weight loss from Houchin Creek coal when pressurized 

coal’s temperature was ramped at a rate of 5
o
C/min. 

Does Inherent Moisture Content Affect the CO2 Re-emission:In our continued effort 

to determine whether Illinois bituminous coals when pressurized with CO2would bind the 

greenhouse gas sufficiently so that CO2 re-emission would not be a major concern, we 
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explored how drying of the coal could alter the sequestration potential. It is important to 

evaluate if caprock over the coal seam develops fractures or fissures due to natural or 

man-made activity, sequestered  CO2in coals would not result in catastrophic emission. 

This will require us to determine if CO2 pressurized coal is exposed to ambient pressure 

how rapid and extensive will be the emission of the gas and what role inherent moisture 

content of the coal plays in such interactions.  Because it is known that high pressure CO2 

dewaters coal, it is important to determine how moisture-free samples behave when 

pressurized with CO2. 
 

Figure 14 shows how CO2 pressurized coal samples lost weight as a function of time 

once the samples were exposed to ambient pressure. The weight loss behavior for the 

powder coal is depicted in Figure14. Also, shown in this figure is the weight loss from a 

control coal sample, i.e., the sample which did not undergo any processing. We 

monitored the weight change behavior of vacuum-dried Houchin Creek coal, and this 

behavior is depicted in Figure14. While the CO2 pressurized coal samples' weight change 

was probed without any gas flow, the control sample's weight was determined under N2 

gas flow conditions. Just like CO2 pressurized samples, the weight change of vacuum-

dried coal was ascertained in absence of any gas flow. As can be seen from Figure 14, the 

control sample steadily lost weight, however, the total weight loss in 60 minutes was less 

than 0.2 wt%. We believe that most of this weight loss is due to water. This is not 

unreasonable because the control coal's weight change was monitored under flowing N2 

gas. On the other hand, vacuum-dried coal gained weight, most likely due to the 

adsorption of water. The 2000 psi (13.80 MPa) pressurized coal sample rapidly lost 

weight as it was exposed to ambient pressure. In fact, about 50% loss occurred in the first 

20 minutes. As expected, 1500 psi (10.35 MPa) pressurized coal also lost weight though 

not as dramatically as the 2000 psi (13.80 MPa) pressurized sample. Again, it appears 

50% of the CO2 was lost from the 1500 psi (10.35 MPa) pressurized coal during the first 

20 minutes. Based on the results presented in Figure 14, it is reasonable to argue that the 

moisture content did not play an important role in CO2 re-emission. The cause of this 

could be that high pressure CO2 in fact dewaters coal, thus very little, if any, CO2 is 

dissolved in coal pore water. 

 

Effect of Coal Particle Size on Re-emission: How solid pieces of coal, which were 

pressurized with 1500 psi (10.35 MPa) and 2000 psi (13.8 MPa) of CO2, lost the gas 

when exposed to ambient pressure is shown in Figure15. The solid pieces of Houchin 

Creek samples, which were pressurized, showed much larger weight loss relative to their 

counterpart in the powder form. This can be clearly seen by comparing the emission of 

the pressurized gas from powder and solid samples as reproduced in Figure16. In fact, 

2000 psi (13.8 MPa) pressurized solid piece of coal lost ~ 2.5% weight in contrast to only 

0.5% weight for powder coal samples, which were similarly pressurized. This suggested 

that very little CO2 chemically interacts with coal, and coal's capacity to sequester CO2 

via absorption is almost negligible. Because for finely ground coal particles the surface 

area would be much larger than a solid piece of the same weight, it raises the issue of 

what role surface adsorption, if any, plays in sequestering CO2 in coal. It appears, cracks 

and cleats, which most likely are present in solid pieces of coal, play a much more 

important role in storing CO2 in coal. However, this also raises the concern that if a coal 
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seam, where CO2 has been sequestered,loses its cap a catastrophic re-emission cannot be 

ruled out. 
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 Figure 14. Weight loss or gain for control, vacuum-dried, and CO2 pressurized 

Houchin Creek bituminous coal in powder form. 
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Figure 15. Weight loss or gain for control and CO2 pressurized Houchin Creek 

bituminous coal in solid form. 
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Figure 16. Comparative weight loss behavior from powder and solid pieces of CO2 

pressurized Houchin Creek bituminous coal. 

 

SUMMARY AND CONCLUSION 

 

In this project, we explored some of the risks which could be associated with 

sequestering CO2 in organic rocks, especially Illinois bituminous coals. The thrust of the 

work was directed towards ascertaining how high pressure ( ≤ 3000 psi) CO2 interacts 

with Illinois bituminous coals, and how these interactions affect the mechanical and 

thermomechanical properties of Illinois coals. The emphasis was also directed towards 

determining  whether there is potential of catastrophic re-emission of CO2 from 

unmineable Illinois coal seams, if caprock develops fractures either by manmade 

perturbations or by natural events. Specifically, the following was concluded: 

(1) Our flexural strength measurements on Murphysboro seam coal and Houchin Creek 

cores  suggested that there are significant differences in the strength and modulus of coal 

depending upon the chemical composition of the sample. The strength of coal ranged 

from 2.8 MPa to 11.2 MPa, while the modulus varied from 0.7 GPa to 3.4 GPa. These 

variations in coal’s mechanical properties were observed even though the samples came 

from a single location and were extracted from the same chunk of coal. 

(2) Our DSC experiments indicated that no glass-to-rubber transition was present either 

in Murphysboro seam coal or in Houchin Creek coal. This result is contrary to the 

suggestion of Larson and his co-workers who have argued that coal manifests glass 

transition, and this transition is affected by the adsorption of CO2. We further confirmed 

the lack of any glass-transition in Illinois coals by conducting DMA measurements. The 

DMA technique is about 100 times more sensitive than the DSC technique in studying 

the glass transition behavior of polymeric materials. All the past claims of glass 

transitions in coal were based on DSC measurements. 
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(3) How interactions of Illinois coal with high pressure CO2 could alter the mechanical 

and thermomechanical properties of coals and whether these interactions could affect the 

reservoir stability were determined by pressurizing Houchin Creek coal core with CO2 at 

500 psi, 1000 psi, 1500 psi, 2000 psi, and 3000 psi. The pressurized coals were subjected 

to DMA measurements at 25
o
C < T < 200

o
C to understand how high pressure carbon 

dioxide affected the thermomechanical properties of the coal. The following can be 

summarized from these studies: (a) Illinois coal cores extracted from a depth of ~ 1004 ft 

showed no thermal event, e.g., glass transition at 25
o
C < T < 200

o
C when the coal was 

not subjected to high pressure CO2. (b) Coals pressurized at 500 psi with CO2 also 

showed no glass transition. (c) However, coal pressurized at 1000 psi, 1500 psi, 2000 psi, 

and 3000 psi all showed a peak in tan  curve at ~ 40
o
C. However, this peak cannot be 

associated with glass transition due to storage modulus behavior at T > 40
o
C. Rather the 

peak is indicative of re-emission of CO2 from coal. (d) The higher the applied CO2 

pressure the less was the viscosity of coal indicating that solid coal may flow under high 

CO2 pressures. If a coal seam or reservoir has a temperature of about 40
o
C, which is 

plausible for deep unmineable coal, then it could pose reservoir stability issues and need 

to be explored in much more detail. 

(4) We also focused on ascertaining whether there can be a potential of re-emission of 

sequestered CO2 from unmineable Illinois coal seams, especially if fracture(s) develop(s) 

in the caprock either by manmade perturbations or natural events. One of the parameters 

evaluated was how fast the CO2 would be lost from a coal sample which had been 

pressurized with CO2. Our experimental results suggested the loss of CO2 was rapid and 

exponential. In fact, the sample which was pressurized with 2000 psi of CO2 lost half of 

its sequestered gas in the first 20 minutes. This behavior should be taken into account 

when risk assessment models are generated. The thermogravimetric measurements of 

coal samples which had been pressurized with CO2 at ≤ 2000 psi indicated that some 

amount of gas was absorbed in the coal though this did not represent significant amounts. 

(5) The New Albany shale (Illinois) was mostly composed of quartz with minor clay and 

carbonate content. The flexural strength of the shale was 61.9 ± 8.5 MPa, while its 

flexural modulus was 0.45 ± 0.07 GPa. Our attempts to pressurize shale with 1500 psi 

and 2000 psi CO2 were not successful. The New Albany shale is unlikely to act as a CO2 

storage formation. 
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