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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. 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. Last year we initiated a DOE-funded project in which 

we are evaluating the potential risk assessments under non-equilibrium conditions. This 

current ICCI project, which is a cost-share project to the DOE project, evaluated the 

modifications of thermal and mechanical properties of Illinois coals when exposed to 

pressurized CO2. In support of these aims, we conducted high pressure (P ≤ 4.48 MPa) 

differential scanning calorimetry (DSC), flexural strength, and dynamic mechanical 

analysis (DMA) measurements of Illinois bituminous coal.  Our results suggest that 

Illinois bituminous coal in its unperturbed state, i.e., when not pressurized with CO2, 

showed large variations in the mechanical properties. Modulus varied from 0.7 GPa to 

3.4 GPa even though samples were extracted from a single large chunk of Illinois #2 

seam coal. We did not observe any glass transition for Illinois bituminous coal under 

ambient condition though we did observe glass-like transition when the coal was 

pressurized with CO2 at 1.38 MPa and 2.76 MPa. No glass-like transitions were observed 

for other pressures at ambient pressure < P < 3.50 MPa. The DMA results showed that on 

pressurizing (3.45 MPa) the Illinois bituminous coal with CO2, the condensation and 

cross-linking reactions shift to lower temperature by as much as 110
o
C. 
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EXECUTIVE SUMMARY 

 

Objective: 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. However, before CO2 sequestration in coal 

meets the public’s expectations, a thorough understanding of how coal interacts with CO2 

will be required and of how these interactions can control the mechanical behavior of the 

coal seams. Specifically, we proposed to: (1) collect coal cores from Illinois coal seams 

as well as coal samples from the mines located in the southern part of the state, (2) 

determine how various gas environments influence Illinois coals’ thermal properties, and 

(3) establish how various gas environments affect the structural, thermal, and 

thermomechanical properties of gas-saturated coal samples. 

 

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 un-mineable 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 report, we 

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

into an unmineable coal reservoir. 

 
Experimental Approach:  To understand how CO2 interacts with coal and how CO2 

pressurized coal affects the mechanical properties of coal, we conducted high pressure 

differential scanning calorimetry (DSC) at 25
o
C < T < 260

o
C, three-point bending 

mechanical tests, and dynamic mechanical analysis (DMA) at 25
o
C < T < 260

o
C on 

Illinois bituminous coal. The high-pressure DSC measurements were conducted with the 

help of a high-pressure cell system which was capable of operating under a 4.48 MPa 

(650 psi) of gas pressure in the temperature range of 25
o
C to 725

o
C. Our high-pressure 

DSC arrangement is shown in Figure. 1a. For subjecting coal samples to high pressures 

of CO2, we developed a pressure vessel system (shown in Figure 1b) where various-sized 

coal samples could be subjected to gas pressure of about 20.69 MPa (3000 psi) or lower. 

Our high pressure vessel arrangement was capable of capturing any fluids displaced from 

coal cores when pressurized with CO2. 
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Figure 1a. This picture shows our high pressure DSC system capable of thermal 

measurement under various gas environments at ambient pressure ≤ P ≤ 4.48 

MPa (650 psi) and at 25
o
C ≤ T ≤ 725

o
C. 

 

 
Figure 1b. This picture shows our high pressure arrangement capable of subjecting the 

coal samples to various gas environments at ambient pressure ≤ P ≤ 20.69 MPa (3000 

psi). 
 

Results and Conclusions: The sequestering of CO2 in organic rocks holds great potential 

because of the added benefit of recovering fuel gases while storing CO2 in deep coal 

mines. However, before this potential can be realized, one must evaluate the possibility of 

the unintended release of sequestered greenhouse gas under various perturbations, both 

internal and external. The stability of the CO2 in deep coal mines will depend on the coal-

CO2 interactions and how these interactions modify the mechanical properties of the coal. 
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Therefore, in this project, we explored how CO2 interacts with Illinois coal and how 

Illinois coal’s mechanical properties are modified when exposed to pressurized CO2. In 

support of these aims, we conducted high pressure DSC, flexural strength, and DMA 

experiments on Illinois coal. The following is concluded: 

(1) Almost all the CO2 was lost from the CO2 pressurized Illinois bituminous coal within 

an hour when the coal was re-exposed to ambient condition. The loss of CO2 from the 

coal was exponential. 

(2) Heat capacity of Illinois bituminous coal decreased when it adsorbed CO2. While this 

was not the case for subbituminous and lignite coals, their heat capacities, as expected, 

increased when CO2 was adsorbed. 

(3) It appears that CO2 adsorption increased the separation between the coal’s 

macromolecules, thus, chemically trapping the CO2. 

(4) An interesting behavior for the Illinois bituminous coal was observed, i.e., it showed 

that the interaction of CO2 with Illinois coal induces two structural rearrangements of the 

coals as manifested by glass-like transitions observed at 121
o
C for 1.38 MPa pressure and 

at 136
o
C for 2.76 MPa pressure. 

(5) Murphysboro seam coal exhibited very large variations in its mechanical properties 

even though the coal samples tested were extracted from a single chunk of coal. The 

flexural strength, depending upon the coal sample, ranged from 2.8 MPa to 11.6 MPa. 

Similarly, the modulus showed large variation, i.e., ranging from 0.7 GPa to 3.4 GPa.  

(6) It has been argued that coal exhibits polymer-like properties, which can be drastically 

altered subsequent to the interaction of the coal with CO2. If indeed CO2 acts as a 

plasticizer to coal, this may significantly lower its glass-to-rubber transition temperature, 

thus, crucially altering the mechanical behavior of the coal seam. Our DMA experiments 

performed on rectangular strips of Illinois bituminous coal, which were not subjected to 

CO2 exposure, showed irreversible structural changes in the coal that occurred at >150
o
C. 

However, for coal strips, pressurized with 3.45 MPa CO2, these structural changes were 

significantly lowered to a temperature range, which deep unmineable coal seams may 

exhibit. 
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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, in this cost-share project, we 

proposed to evaluate how CO2 interacts with Illinois coals under equilibrium conditions. 

Specifically, we proposed to: 

1. Collect coal cores from Illinois coal seams as well as coal samples from the mines 

located in the southern part of the state, 

2. Determine how various gas environments influence thermal properties of Illinois 

coal, and 

3. Establish how various gas environments affect the structural, thermal, and 

thermomechanical properties of gas-saturated coal samples. 

 

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]. 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 emission 

of greenhouse gases, effective but prudent management of CO2 will be required. A 

number of strategies for managing greenhouse gases have been proposed, e.g., geological 

sequestration, capture by solvents, sorbents, membranes, etc. [1].  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 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 report, 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 carbon 

dioxide (CO2).  While the process of coalification generates methane gas [2,3], the carbon 

dioxide, it is believed, is typically incorporated in the coal seams due to igneous 

intrusions [4].  According to the US-Department of Energy, coal bed methane (CBM) 

represents the fastest growing source for natural gas [5].  It is estimated that currently 

CBM accounts for about 10% of the total natural gas being produced in USA.  It is 

claimed [6] that the coal seams in Rocky Mountain states of Colorado, Montana, New 
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Mexico, Utah, and Wyoming hold approximately 53 trillion cubic feet (TCF) of 

undiscovered natural gas. According  to Rodvelt and Oestreich [6],  Illinois Basin coal 

has a vast reserve 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 [6] have 

the potential of being gas productive.  Because Illinois Basin coal is a “spoon-shaped 

basin” [6], 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 CO2 and coal are very complex and at present poorly 

understood [7-9]. The strategy of sequestering CO2 in deep, unmineable coal seams has 

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

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. Sample Procurement 

For this project, we obtained coal core samples from Illinois State Geological Survey 

(Illinois SGS), Indiana State Geological Survey (Indiana SGS), and Kentucky State 

Geological Survey. In addition, Illinois No. 2 seam coal samples were collected from 

Knight Hawk coal mine located in Southern Illinois. 

 

TASK 2. Thermal Properties (High-Pressure Differential Scanning Calorimetry 

(DSC) Measurements) 
To understand the interactions between CO2 and organic rocks, we undertook differential 

scanning calorimetry (DSC) measurements at high pressures. A Diamond DSC system 

from Perkin-Elmer was modified to accomplish in-situ high pressure (≤ 4.48 MPa (650 

psi)) measurements. In this system, thermal measurements can be undertaken either at 

fixed pressure (≤ 4.48 MPa) or under flowing gas environment. We chose four coal 

samples for the initial measurements, i.e., freshly mined Knight Hawk Illinois bituminous 

coal, Houchin Creek (305.7 m (1003 ft) depth) core of Illinois bituminous coal, Wyodak 

subbituminous coal, and Beulah-Zap lignite coal. While subbituminous and lignite coals 

were obtained from the Argonne National Laboratory’s Coal Bank, the Knight Hawk 

sample was collected from the mine site located in Southern Illinois. The Houchin Creek 

sample was provided by the Illinois State Geological Survey (ISGS). 

  

The DSC data were acquired on a Perkin-Elmer Diamond DSC, interfaced with a PC 

computer using a Pyris (Perkin-Elmer) software. The DSC was calibrated for temperature 

and enthalpy.  The temperature calibration was performed by the two-point method, using 

the melting transitions of indium (157C) and zinc (420C). The accuracy in temperature 

between 30C and 420C, based on our calibration procedure, was estimated to be 1C.  
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The enthalpy calibration was performed using indium heat of fusion as the standard.  

After the enthalpy calibration, the DSC data on zinc metal were re-recorded, and the 

observed enthalpy of the melting transition of zinc was consistent with the values 

reported in the literature. It is worth mentioning that we separately calibrated our DSC 

system under N2 and CO2 gas environments to ensure that gas conductivities did not skew 

our results. The conditions under which the instrument calibration was performed exactly 

matched the experimental run conditions, namely the scan rate of 10C/min.  Aluminum 

(Al) sample pans in an unsealed mode generally were used to determine the thermal 

behavior of coal samples.  This was achieved by pushing down the top sample pan cover 

gently onto the bottom pan containing the sample.  

 

The conventional power compensated DSC system from Perkin-Elmer was modified to 

undertake high pressure measurements. Figures 1a, 2, and 3 show our high pressure DSC 

system. The system consists of a matched thermal pair of platinum sample cell holder and 

a reference cell holder with individual heaters and thermocouples for sample and 

reference holders. The cell, labeled “Pressure Cell” in Figure 1a, is capable of being 

pressurized with various gases with an upper limit of 650 psi (4.48 MPa). The 

temperature of the sample and reference holders can be varied between 20
o
C and 725

o
C. 

The heater and thermocouples are connected to the electronics of Perkin-Elmer’s 

Diamond DSC. In our arrangement, either CO2 or N2 could be pressurized in the cell or 

gas could flow through holders at a constant rate. The coal samples were obtained from 

the coal cores either by cutting the sample with a diamond saw or a diamond knife and 

loaded into the sample holder of the high pressure cell as shown in Figure. 2. After the 

sample had been loaded, the cell was closed and pressurized to the desired pressure either 

using N2 or CO2. We also conducted high pressure DSC measurements on coal under 

flowing N2 or CO2. 

 

 
Figure 2. Coal sample being loaded in the high pressure cell of our DSC system. 

This cell is capable of measurements up to 4.48 MPa. 
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Figure 3. This picture shows the high pressure cell being sealed prior to high 

pressure, high temperature DSC measurements on Illinois coal. 

 

TASK 3. Mechanical Property Measurements 

Coal Sample Preparation: We chose Murphysboro seam (Illinois #2) bituminous coal 

for our study as we were interested in the mechanical properties of coal samples which 

were largely free of visible cleats and fractures. The investigators collected the coal 

samples from a mine located near Southern Illinois (Illinois, USA), and we picked large-

sized chunks of coal, which were suitable for the extraction of rectangular strips for 

flexural strength measurements. Large-sized chunk coal samples collected from the mine 

were machined into smaller-sized blocks, using a vertical band saw fitted with diamond 

blades. From these smaller-sized blocks, we machined a number of rectangular strips of 

typical dimension 18 × 3-4 × 1-1.5 mm, using a Buehler IsoMet low speed precision saw 

fitted with diamond blades. Typical rectangular strips extracted for the coal chucks are 

shown in Figure 4. The rectangular strips were first examined for fracture and/or defects 

with the naked eye and then under an optical microscope. The strips which displayed 

visible butt cleats or fractures were rejected for the present study. However, it must be 

emphasized that generating rectangular coal strips, which were free of major visible 

defects, turned out to be an arduous task as this coal was highly brittle and broke easily 

during machining. 

 

 

Figure 4. Rectangular 

strips machined from 

chunks of Murphysboro 

seam coal for flexural 

strength measurements.  
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Flexural Strength Measurements: How a material mechanically responds to a bending 

force, i.e., flexural force, is typically used to ascertain the strength characteristics of a 

material. Generally, a three-point or four-point bending configuration is used to 

determine the strength characteristics. In a 3-point bending test configuration, a 

rectangular sample of known width, thickness, and length is mounted on two knife edges 

that are typically located at each end of the sample along its length.  A third knife edge 

applies an increasing force at the middle of the rectangular strip, and the deformation in 

the sample is recorded to ascertain the strain in the sample as a function of applied force. 

A 3-point configuration is shown in Figure 5. During loading, the top surface of the 

sample undergoes compressive stress while the bottom surface undergoes tensile stress. 

The force is steadily increased until the sample specimen fractures, while the 

instantaneous deformation of the sample is continuously measured. 

 

The values of force and deflection measured during a 3-point bending test are used to 

calculate instantaneous stress  and strain  experienced by the sample specimen, using 

the following equations: 

 

22

3

bd

FL
    ,                   (1) 

2

6

L

Dd
    .                     (2) 

In Eqs. 1 and 2, F is the applied force, L is the distance between sample supports, b is the 

width of the sample specimen, d is the sample thickness, and D is the sample’s deflection. 

The flexural strength or modulus of rapture of a sample is defined as the stress at the 

point of fracture.  From a graph of stress vs. strain, Young’s modulus or stiffness of a 

sample is determined from the linear portion of the stress-strain graph. 

  

 

Figure 5.  Illustration of the 3-point bending test configuration. 

Dynamic Mechanical Analysis (DMA):  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 
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)](exp[0   ti                                   (3) 

]exp[0 ti                                              (4) 

 

where o and o are the maximum stress and strain, respectively.  Dividing Eq. 3 by Eq. 

4, one obtains the complex modulus E
* 

 

''')sin(cos*
0

0 iEEiE  



 .         (5) 

 

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
   ,              (6) 

 

and describes the extent of energy dissipation in a material. 

 

For our DMA measurements, we used a Perkin-Elmer dynamic mechanical analyzer 

(DMA7) to determine the mechanical behavior of Illinois bituminous coal. The DMA7 

analyzer was fitted with a stainless steel three-point bending measuring system with a 15 

mm bending platform and a 5 mm knife-edge. We used a loading rate of 500mN/min. 

Additional procedural details can be found elsewhere [10-12].  

  

Rectangular strips of Murphysboro seam coal (Illinois #2) were obtained from larger-

sized chunks of coal samples collected from the Knight Hawk coal mining company. The 

large-sized samples were cut into smaller rectangular pieces using a diamond saw. A 

number of strips of nominal dimensions 17 mm x 1.5 – 3mm x 4 mm were obtained for 

DMA measurements. We collected DMA data on five strips at 30
o
C < T < 260

o
C. 

 

RESULTS AND DISCUSSION 

 

TASK 1. Sample Collection: 

The researchers and the staff at Illinois State Geological Survey (Illinois SGS), Indiana 

State Geological Survey (Indiana SGS), and Kentucky State Geological Survey were 

contacted for the organic rock samples.  Illinois SGS provided five organic rock samples, 

while Indiana SGS provided a coal and an organic shale core samples. In addition, 

standard low rank coal samples were procured from Argonne National Laboratory. 

 

TASK 2. Coal-CO2 Interactions:  
Before we initiated our measurements on the effects of coal-CO2 interactions on the 

mechanical properties of the coal, it was important to explore how CO2-saturated coal 

behaved when exposed to ambient conditions. From a large chuck of coal sample, which 

was collected from Knight Hawk mining facility, we machined a 1 cm
3
 cube coal sample 
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with a diamond saw. The coal cube was pressurized at 0.62 MPa (90 psi) under CO2 

atmosphere for 5 hours after having been vacuum dried at 105
o
C for 6 hours followed by 

additional dying under vacuum for 48 hours at ambient pressure. Figure 6 reproduces 

how CO2 saturated Illinois bituminous coal lost CO2 from the sample when exposed to 

the ambient conditions. 

 

The mass loss data showed an exponential loss described by equation 

  

Mass= 1.4846*exp
(-4.6890E-006*Time)

.            (7) 

 

The fact that almost all the CO2 was lost from the Illinois coal in almost one hour when 

exposed to atmospheric conditions was surprising. It is possible that the interaction 

between CO2 and Illinois coal is significantly different from those reported for lignite and 

Pittsburgh #8 coal.  
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Figure 6. Mass loss from 1 cm

3
 Illinois bituminous coal sample when exposed to ambient 

conditions. The coal sample was saturated with carbon dioxide (CO2) at 0.62 MPa (90 

psi) for 5 hours prior to exposure to ambient conditions. 

 

TASK 2. Effect of CO2 on Thermal Properties:  

In this experiment, we loaded the Houchin Creek coal in our sample holder and purged 

the high pressure cell for 5 minutes, after that the cell was pressurized to 0.62 MPa (90 

psi) of N2. The heat flow into the sample relative to the reference pan was monitored for 

20 minutes at 25
o
C. After 20 minutes of isothermal measurements, the N2 pressure was 

released and the cell was purged with CO2. The cell was then pressurized at 90 psi (0.62 

MPa) with CO2 and the heat flow was monitored. Figure 7 shows how the heat flow into 

system was modified when gas was switched from N2 to CO2. 
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In a DSC system, heat flow is proportional to the specific heat capacity (Cs) at constant 

pressure.  Because we used a power compensated DSC system, the specific heat capacity 

(Cs) of the coal sample is related to the heat flow by 

 

( ) ( )s r
s r

dQ dQ dT
C C

dt dt dt
  

.                 (8)
 

 

In the above equation,   and  are heat flow rates for the sample and the reference 

pan, respectively, while Cs is the specific heat capacity of the sample, i.e., coal, and Cr is 

the heat capacity of the empty Pt DSC reference pan. The  is the experimental heating 

rate used, and it is typically a constant value though rates can be changed depending upon 

the required experimental conditions.  Because Cr and  are constant in the above 

equation, the observed heat flow is proportional to the coal’s specific heat capacity. 

 

The specific heat capacity (Cp) at constant pressure (atmospheric pressure) at 25
o
C for N2 

gas is 1.04 kJ/kg.K, while for CO2 the value is 0.884 kJ/kg.K. If it is argued that the 

coal’s specific heat does not change at 25
o
C and there is no interaction between gases and 

coal, then we would have expected a higher heat flow rate when the cell was pressurized 

with N2 rather than with CO2. However, as can be seen from Fig. 7, the opposite behavior 

was observed. If there is a strong interaction between Illinois coal and CO2 resulting in 

the physical and chemical structural change, then the observed heat flow behavior is 

plausible. However, measurements on additional coals, including low-rank coals, will be 

required before reaching definite conclusions.  

 

TIME (min.)

CO2 at 0.62 MPa 

N2 at 0.62 MPa 

Gas Switch

 
Figure 7. Isothermal DSC measurements on Houchin Creek coal under N2 and CO2 gas 

at 90 psi (0.62 MPa). 
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TASK 2. Effects of CO2 Pressure on Thermal Properties:  
In this experiment, we examined the effects of CO2 pressure on the specific heat capacity 

of the coal. A baseline heat flow into the cell at 100 psi (0.69 MPa), 200 psi (1.38 MPa), 

300 psi (2.07 MPa), 400 psi (2.76 MPa), and 500 psi (3.45 MPa) of CO2 was acquired 

initially. This step was necessary to eliminate any changes in properties of the cell holder 

due to high pressures of the gas. This was accomplished as follows. (a) The cell was 

pressurized to the desired pressure and without any sample in the sample holder the heat 

flow was recorded at 50
o
C < T < 160

o
C. This is labeled as baseline at P (where P = 100, 

200, 300, 400, and 500 psi) and baselines are shown in Fig. 8. (b) After venting the gas, 

the Houchin Creek coal sample was loaded into the sample holder, and the cell was 

pressurized with CO2 at 100 psi, 200 psi, 300 psi, 400 psi, or 500 psi. The heat flow 

curves were recorded at 50
o
C < T < 160

o
C, and the results are shown in Figure 9. (c) The 

baseline curves obtained at pressure P were subtracted from the corresponding heat flow 

curves obtained with Houchin Creek coal in the sample holder, i.e., corresponding 

pressure curves of Figure 9 were subtracted from Figure 8 curves, thus, eliminating the 

background specific heat capacity. The resultant curves manifesting the specific heat 

capacity behavior of coal at the desired pressure are shown in Figure 10.  

 

TEMPERATURE (oC)

P = 3.45 MPa

P = 2.76 MPa

P = 2.07 MPa

P = 1.38 MPa

P = 0.69 MPa

 
Figure 8. Effect of CO2 pressure on background heat flow rates in the high pressure cell. 
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 TEMPERATURE (oC)

P = 3.45 MPa

P = 2.76 MPa

P = 2.07 MPa

P = 1.38 MPa

P = 0.69 MPa

 
Figure 9. Effect of CO2 pressure on heat flow rates in the high pressure cell with 

Houchin Creek coal in the sample holder.  
 

An interesting behavior was observed when Houchin Creek coal was exposed to high 

pressure CO2. It is known that low rank coals manifest glass transition (Tg) when CO2 

adsorbs on them. However, the glass transition behavior is not pronounced for higher 

rank coals. As can be seen from Figures 10 and 11, Houchin Creek coal showed a glass 

transition at ~ 121
o
C when pressurized (200 psi) with CO2. It should be noticed from 

Figure 10 that no glass transition was observed when Houchin coal was pressurized under 

CO2 at 300 psi. But when pressure was increased to 400 psi, the coal again showed a 

glass transition though at higher temperature than observed for 200 psi, i.e., at 136
o
C. 

This suggests an interesting behavior for high rank coals when pressurized with CO2, i.e., 

the coal undergoes two structural rearrangements when exposed to high pressure CO2.  

Because we successively increased the pressure after each thermal run at 50
o
C < T < 

160
o
C and the fact that no glass transition was observed for 100 psi, 300 psi, and 500 psi 

raises the possibility of a mechanism by which coal undergoes two structural 

rearrangements as CO2 pressure is increased. However, to reach definite conclusions, 

additional measurements on other higher rank coals will be required, which was beyond 

the scope of this project. 
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TEMPERATURE (oC)

P = 3.45 MPa

P = 2.76 MPa

P = 2.07 MPa

P = 1.38 MPa

P = 0.69 MPa

 
Figure 10. Effect of  CO2 pressure on heat flow behavior of Houchin Creek coal. These 

curves were obtained by subtracting curves of Figures 8 from the corresponding pressure 

curves in Figure 9. 

2.76 MPa

1.38 MPa

Temperature (oC)  
Figure 11. This figure shows the observed glass transitions for Houchin Creek coal 

(Illinois) when pressurized with CO2 at 200 psi (1.38 MPa) and 400 psi (2.76 MPa). 

 

TASK 3. Flexural Strength of Illinois Coal:  
Figures 12 and 13 show the stress-strain behavior of 8 coal samples extracted from 

Murphysboro (Illinois #2) seam coal. As can be seen from these figures, a very large 

variation in the flexural behavior of coal samples was observed. The flexural strength, as 

determined from graphs in Figures 12 and 13, listed in Table 1 for these 8 samples ranged 

between 11.6 MPa and 2.8 MPa. The modulus of these samples ranged from 0.7 GPa to 

3.4 GPa. All samples showed brittle failure. The sample, which showed the lowest 

flexural strength and the lowest modulus, i.e., sample labeled “H” in Figure 13, is shown 
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in Figure 14. The sample’s photo, shown in Figure 14, was obtained after the sample’s 

brittle failure. The sample, which showed the largest strength and modulus, labeled “J” in 

Figure 13, is shown in Figure 15. Just like sample “H” photo, the photo of sample “J” 

was taken after its failure during a flexural test. A comparison of photographs in Figures 

14 and 15 clearly suggest that these two samples may have different maceral 

composition. While sample “H” is shiny black, the “J” sample is dull in appearance. It is 

possible that sample “J” is largely composed of vitrinite macerals, while sample “H” may 

have fusinite or semi-fusinite as its largest maceral content. 
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Figure 12. Stress-strain graphs of Murphysboro seam coal. 
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Figure 13. Stress-strain graphs of Murphysboro seam coal. 
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Table 1 

The mechanical properties of Murphysboro seam coal. 

Coal Sample # Flexural Strength 

(MPa) 

Modulus (GPa) 

A 11.2 2.9 

B 9.0 1.8 

C 3.6 1.6 

F 9.3 2.6 

G 6.0 2.2 

H 2.8 0.7 

I 7.5 1.9 

J 11.6 3.4 

 
Figure 14. Photograph of sample labeled “H” in Figure 13 after its failure during 

flexural test. 
 

 
Figure 15. Photograph of sample labeled “J” in Figure 13 after its failure during 

flexural test. 
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In an effort to further understand the wide variations observed in the mechanical 

properties of the 8 samples collected from the same coal seam, we examined the infrared 

vibrational spectrum of the samples labeled “H” and “J”. These two samples were chosen 

because they showed extreme contrast behavior, i.e., sample “J” was much stronger and 

more rigid than sample “H”. We used a ThermoElectron’s 6700 fast Fourier transform 

infrared (FTIR) instrument to record our spectra. To record the spectra, we prepared the 

KBr pellets by mixing 2 wt% coal samples in the KBr matrix. Fifty scans were collected 

at 4 cm
-1

 resolution. 

 

Figures 16 and 17 show the FTIR spectra of coal samples “J”, “H”, and the difference 

spectrum obtained by subtracting the FTIR spectrum of coal sample “H” from sample 

“J”. It should be noted that negative bands were observed in the frequency range of 3600 

to 3700 cm
-1

 indicating a higher concentration of clay minerals in sample “H” than “J”. 

Positive bands were observed in the difference spectrum in the frequency range of 2800 – 

3000 cm
-1

 and at 1455 cm
-1

 and 1376 cm
-1

. This strongly suggests that aliphatic content 

of sample “J” was higher than sample “H”. Typically, liptinite group of macerals has 

higher hydrogen content than vitrinite group of maceral, while the vitrinite group has a 

hydrogen content higher than the inertinite maceral group. Because vitrinite maceral 

group is the dominant maceral in American coals, therefore, it is reasonable to assume, 

based on the appearance of the samples and – CH3 and –CH2 contents, that sample “J” is 

largely composed of vitrinite maceral group while sample “H” is inertinite maceral group 

rich.  Generally, inertinite maceral group composed of semi-fusinite, micrinite, 

inertodetrinite, and fusinite has higher carbon content and tends to have higher density 

than vitrinite maceral group.  Because denser materials tend to have higher strength and 

are more rigid, therefore, the observed flexural strength and lower modulus of coal 

sample “H” is surprising. One possible explanation could be that inertinite-rich samples 

have more micro-structural layering and larger numbers of pores.  

 

A

B

Difference Spectrum: A- B

Frequency (cm-1)
 

Figure 16. FTIR spectrum of (A) sample labeled “J” in Figure 13 and (B) sample labeled 

“H” in Figure 13. The difference spectrum, i.e., spectrum of “J” minus spectrum of “H”, 

is also shown in the figure. 
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Difference Spectrum: A- B

 
Figure 17. FTIR spectrum of (A) sample labeled “J” in Figure 13 and (B) sample labeled 

“H” in Figure 13. The difference spectrum, i.e., spectrum of “J” minus spectrum of “H”, 

is also shown in the figure. 

 

TASK 3. Dynamic Mechanical Properties of Illinois Coal:  
Figure 18 depicts DMA results of the coal in the N2 gas environment. Storage modulus 

decreases rapidly during the first temperature scan. Two minima at ~ 160
o
C and ~ 227

o
C 

were observed. After 227
o
C, the storage modulus steadily increased up to 250

o
C, the 

upper temperature limit of our experiments. Analogous to polymeric materials, the coal’s 

mechanical behavior mimics that of a curing of a thermosetting resin, which typically 

exhibits a decrease in the storage modulus with the increasing temperature resulting from 

the increased molecular mobility. As the cross-linking proceeds in a thermoset polymeric 

material under thermal perturbations, its storage modulus starts to increase. Therefore, if 

it is argued that at T > 100
o
C, bituminous coal forms new bonds due to the cross-linking 

and condensation reactions, then the material should stiffen. This is precisely what was 

observed as can be seen from Figure 18. It appears, based on the results presented in 

Figure 18, that there are two distinct temperature ranges in which Murphysboro coal 

undergoes cross-linking and condensation reactions. After the coal sample had undergone 

the first DMA run and when the same sample was again subjected to a second DMA run, 

no minimum in the storage modulus was observed. While the storage modulus did 

gradually decrease with the rising temperature, there was no rapid change or 

discontinuities in the storage modulus which would indicate that irreversible changes in 

the molecular structure of the material took place during the first run. The observed 

decrease in the storage modulus with increasing temperature suggests increased 

macromolecular mobility in the coal. Based on the FTIR observations, it has been 

proposed in the past, that the coal structure exhibits similar chemical structure to the 

thermosetting polymer phenol-formaldehyde, which may explain the features observed in 

the storage modulus. Typical curing reaction temperatures of phenolic resins also take 

place in the 140
o
C - 200

o
C temperature range. While we did observe a polymer-like 

behavior in the Murphysboro coal, our DMA results did not exhibit a strong glass 

transition at 50
o
C < T < 250

o
C. Such a transition generally manifests itself as a sharp 

peak in the tan  curve, which was absent in both the first and second run of our sample. 
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Figure 18. Storage modulus behavior of the Murphysboro (Illinois No. 2) bituminous 

coal under N2 environment. The same sample was rerun after an initial temperature scan. 

 

The thermal behavior of Murphysboro coal, as determined by DSC, is shown in Figure 

19. On the first heating run under N2 gas, shown in Figure 19a, a broad endothermic peak 

at ~ 115
o
C was observed. This peak started at ~ 65

o
C and ended at ~ 185

o
C, and the 

endothermic peak is attributed to evaporation of water from coal. No further thermal 

events were observed up to 250
o
C. After cooling the sample back to room temperature, 

the sample’s thermal behavior was again determined and is shown in Figure 19b. It 

should be noticed that a jump in the DSC curve was observed at ~ 120
o
C. One may be 

tempted to assign this jump in the DSC curve to indicate a glass-to-rubber transition (Tg) 

in this coal. However, if it was a true Tg and the coal molecules had undergone significant 

rearrangement accompanied with molecular mobility, then the specific heat capacity of 

the sample would have remained changed. The dotted line in Figure 19 was added to 

show that this may be a broad endothermic peak instead. The possible explanation of this 

broad peak in the second run could be that coal undergoes cross-linking reactions at 

100
o
C < T < 230

o
C due to bond breakage and bond formation, thus resulting in an 

overlap of endothermic and exothermic curves, effectively producing an endothermic 

curve. This observation is consistent with our DMA results where we suggested that coal 

does not undergo glass transition but rather manifests cross-linking and condensation 

reactions at 100
o
C < T < 230

o
C as are observed in thermoset resins like phenolic. 

However, additional experiments will be required to reach definite conclusions. 
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(a)

(b)

(c)

Temperature (oC)  
Figure 19.  DSC heat flow (endo. up) of Illinois bituminous coal. First run (a), second 

run (b), baseline (c) showing the endothermic reaction in the second run. 

 

TASK 3. Effect of CO2 on Mechanical Properties: 

 How adsorption/absorption of CO2 on Murphysboro seam coal at 3.45 MPa affected the 

mechanical behavior is shown in Figure 3, and the results are contrasted with N2 

environment behavior. Clearly, the adsorption/absorption of CO2 had a profound effect 

on the mechanical behavior of this coal. Again, two minima in storage modulus were 

observed; however, the minima have shifted to considerably lower temperatures relative 

to N2 environment. It is possible that CO2 somehow facilitates the cross-linking and 

condensation reactions in this particular coal. In the past, researchers have suggested [7-

9] that CO2 acts as a plasticizer for coal. Consequently, the Tg for coal would shift to 

lower temperatures on pressurization of coal with CO2. Most of these conclusions have 

come from DSC measurements, which tend to be much less sensitive than DMA 

technique in studying glass transition behavior.  

 

It should be noticed from Figure 20 that the storage modulus of the Murphysboro coal at 

~ 30
o
C was considerably lowered when coal was pressurized with CO2. Because storage 

modulus represents the ability of the materials to retain energy, it appears that on the 

addition of CO2 the coal molecules exhibit much higher internal mobility, resulting in the 

loss of energy because of frictional and internal molecular motion. As the condensation 

reactions proceeded at ~ 60
o
C, the coal’s viscosity slightly decreased, i.e., coal stiffened. 

As the temperature was raised further, i.e., T > 135
o
C, coal’s viscosity again decreased 

showing a minima at ~ 140
o
C. At T > 140

o
C, the coal’s viscosity rapidly decreased, and 

CO2 pressurized coal was more stiff than coal which had not been pressurized at T > 

150
o
C. 
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Figure 20.  Storage modulus of Illinois bituminous coal (N2 gas flow) and when sample 

was pressurized with CO2 at 3.45 MPa. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

The sequestering of CO2 in organic rocks holds great potential because of the added 

benefit of recovering fuel gases while storing CO2 in deep coal mines. However, before 

this potential can be realized, one must evaluate the possibility of the unintended release 

of sequestered greenhouse gas under various perturbations, both internal and external. 

The stability of the CO2 in deep coal mines will depend on the coal-CO2 interactions and 

how these interactions modify the mechanical properties of the coal. Therefore, in this 

project, we explored how CO2 interacts with Illinois coal and how Illinois coal’s 

mechanical properties are modified when exposed to pressurized CO2. In support of these 

aims, we conducted high pressure DSC and DMA experiments on Illinois coal. The 

following is concluded: 

(1) Almost all the CO2 was lost from the CO2 pressurized Illinois bituminous coal within 

an hour when the coal was re-exposed to ambient condition. The loss of CO2 from the 

coal was exponential. 

(2) Heat capacity of Illinois bituminous coal decreased when it adsorbed CO2. While this 

was not the case for subbituminous and lignite coals, their heat capacities, as expected, 

increased when CO2 was adsorbed. 

(3) It appears that CO2 adsorption increased separation between the coal’s 

macromolecules, thus, chemically trapping the CO2. 

(4) An interesting behavior for the Illinois bituminous coal was observed, i.e., it showed 

that the interaction of CO2 with Illinois coal induces two structural rearrangements of the 

coals as manifested by glass-like transitions observed at 121
o
C for 1.38 MPa pressure and 

at 136
o
C for 2.76 MPa pressure. 

(5) Murphysboro seam coal exhibited very large variations in its mechanical properties 

even though the coal samples tested were extracted from a single chunk of coal. The 

flexural strength, depending upon the coal sample, ranged from 2.8 MPa to 11.6 MPa. 

Similarly, the modulus showed a large variation, ranging from 0.7 GPa to 3.4 GPa.  
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(6) It has been argued that coal exhibits polymer-like properties, which can be drastically 

altered subsequent to the interaction of the coal with CO2. If indeed CO2 acts as a 

plasticizer to coal, this may significantly lower its glass-to-rubber transition temperature, 

thus, crucially altering the mechanical behavior of the coal seam. Our DMA experiments 

performed on the rectangular strips of Illinois bituminous coal, which were not subjected 

to CO2 exposure, showed irreversible structural changes in the coal that occurred at 

>150
o
C. However, for coal strips, which were pressurized with 3.45 MPa CO2, these 

structural changes were significantly lowered to a temperature range, which deep 

unmineable coal seams may exhibit. 
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