
1. INTRODUCTION 
Unmineable coal is an important resource because of its 
potential to produce coalbed methane (CBM). CBM has 
grown to supply approximately 10% of US natural gas 
production and is becoming important worldwide as an 
energy source [1]. Furthermore, when CO2 is injected, it 
has the potential to enhance the amount of methane 
produced (ECBM) and to geologically sequestrate CO2 
as an adsorbed phase. Thus, coalbeds also present a 
potential sink for greenhouse gas storage. Despite this 
great potential, the feasibility of ECBM and 
sequestration of CO2 at a given site is still largely 
dependent on predictions from numerical modeling [2]. 
On the other hand, injection of CO2 will change coal 
properties [3]. These fundamental issues need to be 
investigated before simulation or field pilot test.  

Lab measurements were conducted to investigate the 
property responses when coal is saturated with gas. 
Adsorption isotherm, mechanical and transport property 
changes are of the main interest, since these properties 
determine the behavior of CH4 production and CO2 
sequestration. 

Understanding the adsorption properties of CH4 and CO2 
is vital for the optimum development of techniques to 
recover CH4 while sequestering CO2 [4,5], as the shape 
of the adsorption isotherm can provide information on 

the adsorption process, the porosity and the surface area 
of the adsorbent [6], While most of the study show that 
gas adsorption on coal is monolayer adsorption 
(Langmuir type), Lin [7] shows that CO2 adsorption on 
intact coal is described by multilayer model (BET type). 
Also, factors including temperature, pressure, coal rank, 
moisture, and gas composition control the exact sorption 
behavior of a certain coal [3, 8, 9, 10, 11, 12]. Moreover, 
hysteresis was observed between adsorption and 
desorption isotherm with respect to gas composition 
[12].   

Mechanical property changes were also reported by 
Hagin and Zoback [3]. They found that 
Modulus of coal decreases when saturated with CO2 
compared with He, based on an order of reduction on 
static bulk modulus. Time-dependent deformation was 
also observed when coal is saturated with CO2. These 
mechanical property changes are of great importance as 
they determine the behavior of coal seam when CO2 is 
injected for long-term sequestration. 

The transport properties of coal also vary with gas 
composition. It is believed that two factors control 
coalbed permeability [13]. One is the change of effective 
stress and the other is strain change induced by either 
adsorption or desorption. These effects on permeability 
exist during reservoir depressurization. Hagin and 
Zoback [3] observed that the permeability decrease due 
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A BST R A C T : In this study we examine the adsorption of He, N2, CH4 and CO2 on the mechanical and flow properties of sub-
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state was reached. Measurements of adsorption, swelling strain, elastic stiffness, creep strain and permeability of both intact and 
crushed samples were carried out at a series of either increasing pore pressure or increasing effective stress. Our results show that 
the adsorption of CO2 is much larger than CH4, which is larger than N2. Hysteresis is observed among pure component adsorption 
and desorption isotherms which are Langmuir-type adsorption isotherms. Permeability shows a moderate decrease with increasing 
effective stress for He, CH4 and CO2. At constant effective stress, permeability decreases when the saturating gas changes from He 
to CH4 and CO2. Hysteresis of permeability with increasing and decreasing effective stress is not observed in crushed samples. The 
coal swells when CH4 displaces He and swells more when CO2 displaces He. The same is true of viscoplastic creep. Viscoplastic 
creep is greater in the presence of CH4 than He and more with CO2 than with CH4. 
 

 

 
 



to increasing effective stress and that due to adsorption 
of CO2 are approximately the same. Lin [7] measured 
permeability at different pore pressures with different 
gas compositions and found that for a specific gas 
species, increasing the pore pressure increases gas 
adsorption and thus reduces permeability. Also at any 
pore pressure, pure CO2 caused the most significant 
permeability reduction, followed by CH4 and then N2. 
For the binary mixtures, greater concentrations of CO2 in 
the injection gas resulted in lower permeability. 
However, it is mentioned that ~10-20% nitrogen 
concentration in the injection gas helps preserve 
permeability and thus injectivity during ECBM [14]. 
Therefore, permeability at different effective stress and 
pore pressure with different gas compositions should be 
measured and the results will provide valuable 
information for field-scale CBM and ECBM simulation. 

In this study, we conducted lab measurements to 
investigate the effects of different gas adsorption on 
mechanical and transport properties of coal. The aim of 
the lab measurements is to quantify important coal 
properties with different gas adsorption. These 
properties, including adsorption and desorption isotherm 
data, coal volumetric swelling and shrinkage, visco-
plastic creep, changes in permeability as function of 
effective stress and pore pressure, will provide valuable 
information on theoretical and numerical models of 
complex mechanical and chemical interactions during 
injection of CO2 into coal. 

2. SAMPLE DESCRIPTION AND 
PREPARATION 
Two samples were used in this study. The sample 
(WY_P) for permeability test was originally from the 
Roland and Smith coal zones of the Fort Union 
Formation from PRB, Wyoming. Note that this sample is 
from the same well and depth range as reported by Tang 
et al [12] and Hagin and Zobck [3]. The other sample 
(WY_A) from Wyodak coal zone from surface was used 
to measure sorption isotherm and mechanical properties 
(Figure 1a). Both samples are sub-bituminous in rank, 
and stored at room conditions. It was assumed that the 
initial methane was completely desorbed prior to testing. 
To exclude the effects of moisture as well as the 
potential of chemical reaction between CO2 and water, 
the coal sample was dried by placing in a vacuum oven 
at 40°C for approximately 48 hours until constant mass 
was achieved. The samples were made and sealed 
immediately after the vacuum-dried powder was taken 
from the oven to minimize the moisture effect from the 
air. Measurements were conducted on both intact and 
crushed samples separately. 

 
Fig. 1. Photograph of coal sample (WY_A) from PRB, 
Wyoming. a: intact sample with fractures and cleats; b: Viton 
and copper jacket around the crushed sample; c: original 
chunk of coal. 

To prevent the pore fluid from exiting by diffusion, the 
sample was made within a 1.0 inch diameter thin copper 
jacket (Figure 1c). The copper jacket was cut from a 
sheet and soldered at the seam to form a cylinder. The 
cylinder was first slid over a stainless steel coreholder, 
with a small amount of vacuum grease between the steel 
and copper contact. A 40 um circular screen was then cut 
and placed at the ends of the cylinder to prevent particles 
from entering the system plumbing. The copper was then 
filled with small aliquots of material and tamped until 
completion, and a second screen was placed on top of 
the sample. Then a viton jacket (Figure 1c) was used as 
outer jacket to isolate the copper sample from the 
confining fluid. Viton is chosen because of its 
compatibility with the confining oil as well as the 
integrity of the seal it forms against the stainless steel 
coreholders. Heat shrinkable viton tubing was slid over 
the outside of the copper, and the top coreholder was 
placed on the sample with vacuum grease between the 
steel and copper contact. The tubing was then shrunk 
around the sample, and pre-positioned hose clamps were 
then tightened around the viton jacket. 

3. MEASUREMENT SETUP AND 
PROCEDURE 
Our laboratory apparatus is a conventional triaxial 
machine, commonly used in rock mechanics testing. For 
the purpose of this study, we modified it by 
incorporating a Quizix Series 1500 pump, so that we are 
able to measure stress and strain, ultrasonic P- and S-
wave velocities, gas adsorption and permeability. Figure 
2 shows the whole system. 



 
Fig. 2. Schematic diagram of experiment setup for adsorption 
and permeability experiment. 

All the measurements were conducted at room 
temperature, and single phase of He, N2, CH4 and CO2 
were used as pore fluids. The intact sample was used as 
in-situ condition, and the crushed sample was confined 
from 1MPa to 25MPa for several cycles until the sample 
behaved elastically.  

The procedure for sorption isotherm measurements is 
shown in Figure 3a. A full test usually lasts for 3-4 
weeks. Effective stress was maintained at 3MPa during 
the entire test. The system is vacuumed for 0.5-1 hour 
before the saturation gas was switched. Pore pressure 
was increased by steps up to ~8MPa for adsorption 
measurement, and decreased by steps for desorption 
measurement.  Equilibrium was assumed to be achieved 
when the pressure stays stable. For He and N2, the 
equilibrium time ranges between 1-2 hours, while for 
CH4, the pressure reached equilibrium in 5-6 hours, and 
for CO2, the equilibrium time is more than 12 hours. 
Mechanical data was also recorded to measure the 
sample volume change. 

 
Fig. 3. Measurement procedure. (a) sorption isotherm and 
creep measurement; (b) permeability versus effective stress 
and creep behaviour. 

A typical measurement procedure for permeability is 
shown in Figure 3b. A full test lasts for a week or longer, 
depending on the test gas. For each gas, permeability 
was measured at constant pore pressure, while the 
confining pressure was increased and decreased by step. 
Therefore, permeability as a function increasing and 

decreasing effective stress was recorded. Similarly, the 
sample was flushed with the next testing gas and then 
vacuumed at -14psi for approximately half an hour 
before the testing gas was changed. 

4. RESULTS 

4.1. Adsorption/Desorption Isotherm and 
Corresponding Volume Change 

All adsorption/desorption measurements were conducted 
at ~295.15K using the volumetric method as described 
by Siemons and Busch [15]. Then equation of state 
(EOS) developed by Peng and Robinson [16] was used 
throughout this work.  He is used to measure pore 
volume since we consider it fills coal pore space as free 
phase. In this experiment, porosity is examined as a 
function of pore pressure at a constant effective stress, so 
we are able to examine if porosity is consistent with 
different pore pressure at a constant effective stress. Pore 
volume measured by He is regard as reference case in 
our study. 

Figure 4a shows the results of the different gas 
adsorption on intact sample. Similar to results by Tang et 
al [12], the adsorption capacity for CO2 is ~4-5 times 
larger comparing with CH4, and an order of magnitude 
larger than N2. The sorption isotherm for each gas on 
coal can be described as Langmuir type. However, 
different from Tang et al [12], which shows obvious 
hysteresis between adsorption and desorption for both 
CH4 and CO2, obvious hysteresis is only observed on 
CO2 in our test. This suggests that CO2 is strongly 
adsorbed to coal surface unless the pressure drops less 
than 1MPa.  

 
Fig. 4. Sorption isotherm (a) and corresponding volumetric 
strain (b) on intact coal sample (WY_A), with different gas 
saturations. Adsorption is shown by solid symbol while open 
symbol shows the process of desorption. 

The corresponding volumetric strain is shown in Figure 
4b. The negative value indicates swelling of coal. As 
expected, the volumetric strain changes with adsorption 
capacity for different gases. Volumetric strain stays 
constant (near zero) for He and N2, as there is barely any 
adsorption on coal surface, and swells when saturation 



gas was switched to CH4 and CO2. Such volume 
swelling on coal can be regard as adsorption induced. 

Another interesting result shown by this figure is the 
apparent increasing adsorption amount when desorption 
process starts for both CO2 and CH4. However, the 
corresponding volumetric strain does not show more 
swelling. This can be explained that some gas molecules 
that act as free phase becomes adsorbed phase when the 
pore pressure drops. This results in further pressure drop 
and reduction of volumetric strain. However, the 
adsorption layer becomes more compact and adsorption 
amount increases as a result. The actual process of gas 
molecules desorbs from coal surface does not happen 
until the pore pressure reduced to lower value (~4MPa).  

 
Fig. 5. Adsorption isotherms on both intact and crushed coal 
(WY_A). Open square symbols represent sorption isotherm on 
intact sample, and solid star symbol represent results on 
crushed sample. 

Figure 5 shows comparison of adsorption isotherm on 
the same intact and crushed sample. The same sample 
was crushed and sieved to 105-250 microns for the test. 
As expected, for all three gases, adsorption on the 
crushed sample is much larger comparing with intact 
sample due to the introduction of more surface area. 
However, the difference between intact and crushed 
sample on CO2 is not as obvious as that on CH4 and N2. 
This can be resulted from the fact that for intact sample, 
CO2 molecular is able to access finer pore spaces 
compared with N2 and CH4, and for crushed sample, the 
exposed surface area for all gas molecular are similar. 
Therefore, the increase adsorption for CO2 between 
intact and crushed sample is not as obvious as it is for 
CH4 and N2. 

4.2. E ffects on Transport Property 
Permeability is measured by steady state Darcy flow 
using different gases. The setup is illustrated in Figure 2. 
Quizix pumps are used as upstream and downstream 
reservoir. Measurements were conducted by controlling 
the flow rate of the testing gas, and the pressure drop 
between the upstream and downstream was measured. 

permeability through the sample. Viscosity of gas at 
different pressure at room temperature (296-298K) was 
taken from NIST Chemistry WebBook. 

Klinkenberg-corrected measurements of permeability are 
plotted as a function of effective stress in Figure 6a.  
Note that the pore pressure was held constant at 1 MPa, 
while the effective stress was increased.  We 
implemented this experimental procedure because we 
are interested in understanding the effects of both 
adsorption and stress on permeability.  At the same time, 
mechanical data was recorded when confining pressure 
changes, which provides us information on the 
mechanical change (eg, volumetric strain) during the 
whole process. Volumetric strain as a function of 
effective stress for different gases is shown in Figure 6b. 

 
Fig. 6. Measurement of permeability and volumetric strain 
versus effective stress, on intact coal (WY_P). Star represent 
increasing effective stress and square means the path of 
decreasing effective stress. Black start is the check point 
between the tests. 

There are several things to note in Figure 6. He was used 
as reference gas as we assume there is no adsorption of 
He on coal surfaces. Therefore, the observed decrease in 
permeability with increasing effective stress can be 
attributed to the mechanical closing of cleats and 
pathways within the sample. A similarly reduction with 
increasing effective stress is also observed when the 
sample is saturated with N2, CH4 and CO2. At the same 
effective stress, permeability reduces when the saturating 
gas was changed to N2, CH4 and CO2, respectively.  This 
can result from adsorption-induced swelling, which 
causes a reduction in permeability. Noted that the 
experiment was done in order of He, N2, CH4 and CO2, it 
is possible that this observed reduction of permeability is 
caused by irreversible closure of cleats that induced by 
stress rather than swelling induced. To test this, 
permeability was measured by He again before the 
saturation gas was changed to CO2. The check point is 
shown as black star in the figure. The stress does close 
cleats and pathways after first three test, however, 
adsorption also introduce further reduction in 
permeability, but not as much as caused by stress. 
Another thing that can be observed in Figure 6a is the 



hysteresis between increasing and decreasing effective 
stress for He and N2. Since the pore pressure was 
maintained at 1MPa constant during the entire test for all 
gases, the hysteresis should mostly result from inelastic 
deformation. 

Figure 6b provides another way of checking the 
permeability reduction. Volumetric stain is plotted as a 
function of effective stress corresponding to the 
permeability measurement. Positive values mean volume 
shrinkage. The mechanical response is consistent with 
what has been observed in permeability data. Obvious 
hysteresis is observed between loading and unloading 
the sample when He and N2 are used. Again, this results 
from inelastic deformation of the sample. Hysteresis 
decreases for N2 compared to He, which is reasonable as 
the sample is more compacted after the loading cycle 
and will show less inelastic deformation. Due to 
adsorption of CH4 and CO2, the coal swells and this can 
be shown by the downward shifting curve for CH4 and 
CO2 in figure 6b. 

4.3. E ffects on Mechanical Property 
The decrease in permeability with CH4 and CO2 
saturation indicates that the coal matrix is swelling in 
response to adsorption. To quantify the matrix swelling 
with adsorption of CH4 and CO2, a separate test was 
conducted on the same sample. The samples was 
initially saturated with He at 1MPa pore pressure with 
2MPa confining pressure, then the sample was flooded 
with CH4 at the same pore pressure and effective 
hydraulic stress. After approximately 3 hours of 
flooding, the sample was vacuumed for half an hour. 
Then the sample was re-saturated with He at the same 
pore pressure and effective stress condition, and the 
same process was repeated to flood the sample with 
CO2. Mechanical data was logged during the whole 
process, based on which we can calculate the volumetric 
strain. The results are shown in Figure 7.  

 
Fig. 7. Volumetric swelling strain plotted as a function of time 
for crushed PRB coal sample (WY_P), at a constant pore 
pressure of 1MPa and confining pressure at 2MPa. The 
negative volumetric strain indicates swelling. 

In Figure 7, positive volumetric strain represents 
swelling. Swelling is observed when He is displaced by 

either CH4 or CO2. Swelling caused by CO2 adsorption is 
larger than CH4, which is consistent with adsorption 
isotherm by Tang et al [12]. Also, the ~0.16% swelling 
is close to the result shown by Hagin and Zoback [3]. 
However, Lin [7], showed ~1.2% swelling on a similar 
rank coal. 

Hagin and Zoback [3] observed a time-dependent 
deformation when the samples were saturated with CO2 
at a constant effective hydraulic stress. This time-
dependent behavior, which is also referred to as creep, is 
typical of materials that have a viscous component of 
deformation. To further study this behavior, different 
gases (He, CH4, CO2) were tested under the same pore 
pressure and confining pressure. The results are shown 
in Figure 8. It should be noted that the positive 
volumetric strain in this plot represents coal matrix 
shrinkage. The same sample was used to measure creep 
with different gases in the order of He, N2, CH4 and CO2. 
The measurements were conducted at a constant 
effective hydrostatic stress of 12MPa. The intact coal 
sample shows creep behavior with all four gases, with 
CO2 most and He least. Creep of coal when saturated 
with CH4 and N2 can vary in between He and CO2 based 
on our results. Creep results from He and CO2 saturation 
on intact sample are consistent with results on Hagin and 
Zoback [3]. This time dependent deformation will affect 
the feasibility of long-term CO2 sequestration in 
coalbeds. 

 
Fig. 8. Viscous plastic deformation (creep) plotted as a 
function of time for intact PRB coal sample (WY_A), at a 
constant effective hydrostatic stress of 12MPa with different 
gas saturations. 

5. DISCUSSION 
The key advantage for CO2 sequestration in coalbeds lies 
in the fact that CO2 is strongly adsorbed on coal surface. 
The fact that CO2 has a higher selectivity comparing 
with CH4 makes enhanced coalbed methane recover 
possible. However, mechanical response to CO2 
adsorption would cause permeability reduction, as 
verified by a small pilot study at RECOPOL [17] and 
Yubari [18].  Ross et al [2] shows that the potential of 



CO2 sequestration and ECBM is largely depend on 
permeability, in situ methane content, and CO2/CH4 
displacement ratio, etc. Therefore, these sorption and 
induced change on mechanical and transport properties 
need to be understood if large scale of CO2 sequestration 
and ECBM is going to be modeled accurately. 

5.1. Sorption Isotherm 
The sorption measurement results are consistent with 
previous measurement that conducted on the same rank 
of crushed coal but with different methods [3, 12, 15]. 
Comparing with Lin [7], which indicates CO2 adsorption 
on intact coal are described by multilayer BET model, 
our result show that CO2 adsorption on the testing intact 
coal are still Langmuir like. This could be result from 
difference in coal rank and preservation condition, or 
different methodology. Further measurement need to be 
conducted to investigate adsorption behavior of CO2 on 
intact coal. 

It should be noted that gas sorption capacity on coal 
surface shown in previous figures is absolute adsorption, 
which take into account the volume of adsorbed phase. 
This is discussed in appendix in detail.  

5.2. Uncertainties in the results 
Uncertainties are introduced both in measuring and 
estimating the data. Based on the sources, uncertainty 
from our study can be divided as system uncertainty, 
measurement uncertainty and calculation uncertainty. 

System uncertain is introduced by the equipment, such 
as leakage of gas in the Quizix pump, pressure reading, 
deformation of the coreholder, etc. Although some of 
these uncertainties are unavoidable, they can be ignored 
in our study. 

Measurement uncertainties are introduced by the 
methodology and during the process of measurement 
and selecting data. In our test, the temperature is 
controlled within range of 23±1°C. The fluctuation of 
room temperature makes equilibrium pressure unstable, 
which induces uncertainty in selecting equilibrium point. 
During the entire measurement, we consider gas reaches 
equilibrium when the pressure are relatively stable, 
which means it is considered as stable when fluctuation 
of pressure is small, and also is consistent with 
temperature change. Therefore, the difference among 
equilibrium waiting time could introduce measurement 
uncertainty. Ideally, longer time would yield more 
equilibrium. Another measurement uncertainty is 
introduced by re-use of a testing sample. Due to the 
limitation of sample availability, the same sample was 
used for all testing gases, and irreversible deformation is 
introduced for later testing gases. This is shown in the 
volumetric data. Coal volume is changed at higher 
pressures activated by compression.  Ideally, we should 
repeat test using different samples but with the same 
composition. 

Data processing uncertainty is relatively small 
comparing with measurement uncertainty. The main 
uncertainty introduced here results from sensitivity of 
EOS parameters, especially for CO2. CO2 becomes very 
unstable and property changes at higher pressure, 
especially close to phase transition pressure range. 
Similar uncertainty within 8 to 10MPa for CO2 is 
discussed by Siemons and Busch [15], and the main 
reason is the calculated density within this region. 

6. CONCLUSION 
Based on laboratory measurement of sub-bituminous 
coal form Powder River Basin, our conclusions as 
follows: 

 Adsorption of N2, CH4 and CO2 on both crushed 
and intact coal samples are Langmuir type 
adsorption, where CO2 adsorbs most and N2 least. 
Mechanical swelling recorded is consistent with the 
adsorption amount. 

 Hysteresis is observed between adsorption and 
desorption when the coal is saturated with CO2, 
which indicates that CO2 desorption will not occur 
unless the pressure drops below 1MPa. Hysteresis 
is not obvious for CH4 and N2. 

 Permeability reduces with increasing effective 
stress for all testing gases. Adsorption-induced 
volumetric swelling will further cause permeability 
reduction. Hysteresis of permeability is observed 
between increasing and decreasing effective stress 
path, and is mainly due to irreversible deformation. 

 Observations of swelling strain and creep strain 
suggest that CO2 injection into coal will cause 
volumetric increase, and make coal more viscous 
and less elastic. 
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9. APPENDIX 
The total amount of adsorption was calculated based on 
the known dead volume of the adsorption cell, the initial 
pressure, the equilibrium pressure as mentioned 
previously. However, the direct measurement (measured 
adsorption or Gibbs adsorption [19], does not account 
for the volume of the adsorbed phase. Taking account of 
the volume occupied by the adsorbed phase, the absolute 
adsorption is found as: 
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where nads,measured and nads,absolute measured and absolute 
adsorption in mol/kg, respectively, and gas and ads are 
the density of free gas and adsorbed gas phase, 
respectively. In this study, we used method similar to 
Lin [7], and assume the density of adsorbed phase equals 
to the hard-sphere term, b, in the Peng-Robinson cubic 
equation state, 
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where Tc,i and Pc,i is critical temperature and pressure of 
component i respectively. EOS parameters are shown in 
Table 1 below: 
Table 1. EOS parameters used in sorption calculation: 



Gas Pc (psi) Tc (K)  bpr 
He 32.99 5.2 0 14.7887 
N2 493.1 126.2 0.0372 24.0123 

CH4 666.4 190.6 0.0104 26.8348 
CO2 1071 304.2 0.2667 26.6489 

 

The results shown by Figure 6a are absolute adsorption 
after correction. 

 


