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Fig.1 Schematic of coal matrix and coal cleat system 

Fig.2 SEM images of the coal porous structure 

Although macro-, meso-, and micropores 
are present in the coal matrix, it is 
thought that the micropores are where 
most gas adsorption occurs. 

1. Sorption isotherm and sorption hysteresis on coal   



Determination of the 
gas content of a 
specific coal seam 

Direct method: desorption test 

Indirect method:  
adsorption isotherm test 

The gas holding capacity of a sample of coal at 
any particular pressure at a stable temperature 

Gas emission volume 
with respect to gas 
pressure change 

Gas permeability change due 
to sorption-induced swelling 
which is in proportion to  gas 
content 

𝜀 = 𝛼𝑉𝑎 



• What is sorption hysteresis? 

 

Fig.3 Schematic diagrams of two cases: (left) Fully reversible 
sorption; (right) Sorption with positive hysteresis 



2. Methane and CO2 sorption hysteresis: Previous studies 

Pariti, 1992 

Bell and Rakop, 1986 

methane methane CO2 

methane 



Busch et al., 2003 

methane 

CO2 



Goodman et al., 2004 CO2 



Ozdemir et al., 2004 CO2 



Weishauptova´ et al., 2004 methane 

Harpalani et al., 2006 Methane and CO2 



Ju et al., 2008 methane 

Jessen et al., 2008 Methane and CO2 



Dutta et al., 2010 Methane and CO2 



Battistutta et al., 2010 

methane CO2 

Pan et al., 2010 

CO2 
methane 



Kim et al., 2011 

methane CO2 CO2 

Pillalamarry, et al., 2011 

methane 

Zhou et al., 2013 

Methane and CO2 



Table 1 Summary of sorption hysteresis experiments reported by various authors 



Table 1 continued 



Table 1 continued 



• Is this phenomenon important? 

• This phenomenon actually exists or it is only occasional?  

• How to study this phenomenon? 

Questions? 

Our answers 

• CBM recovery/gas drainage of high CO2 coal seams is process of desorption 
rather than adsorption, and for CO2 sequestration, the sequestrated CO2 may 
desorb due to the reduction of gas pressure, hence understanding the 
difference between adsorption and desorption has significant values. 
 

• Both methane and CO2 sorption hysteresis on coal have been observed by 
various researchers, it is a factual phenomenon rather than an experimental 
error. 
 

• We need to evaluate the degree of hysteresis quantitatively, and then try to 
figure out the likely control factors and the possible mechanism. 



Index based on Equation Notation Reference 

Freundlich 

exponent 

S = Kad × C1/nad   (1) 

S = Kde × C1/nde    (2) 

HI =
nde

nad
            (3) 

S: equilibrium concentration in solid phase;  C: 

equilibrium concentration in sorbent; K: Freundlich 

sorption factor; n: Freundlich exponent; subscript 

ad and de: adsorption and desorption, respectively 

Baskaran and Kennedy, 

1999; Ding and Rice, 2011; 

Ding et al., 2002; Hong et 

al., 2009; O’Connor et al., 

1980 

Equilibrium 

concentration in 

solid phase 

HI =
Max Sde−Sad

Sad
     (4) 

HI =
Sde−Sad

Sad
 
T,C

       (5) 

S: equilibrium concentration in solid phase; T: 

temperature; C: equilibrium concentration in 

sorbent; subscript ad and de: adsorption and 

desorption, respectively 

Bhandari and Xu, 2001; Ma 

et al., 1993; Ran et al., 

2004 

Slope HI =
𝑓𝑎𝑑

,
𝐶 −𝑓𝑑𝑒

,
𝐶

𝑓𝑎𝑑
, 𝐶

     (6) 

fad
, C , fde

, C : first derivatives of the functions 

describing the adsorption and desorption 

isotherms, respectively 

Braida et al., 2003; Wu and 

Sun, 2010 

Area   HI = 100
𝐴𝑑𝑒−𝐴𝑎𝑑

𝐴𝑎𝑑
 (7) 

Aad, Ade: areas under the adsorption and 

desorption isotherms, respectively. Integration from 

C = 0 (lower limit) to Cmax (maximum sorption 

point, upper limit) 

Zhu and Selim, 2000 

Table 2 Hysteresis indices (HI) from literature 

3. Improved evaluation method and corresponding 
calculation results 



These indices are unsatisfactory for our case because: 
(i) the index based on the Freundlich exponent relies on a specific isotherm 

model (the Freundlich equation) which is not commonly used for fitting 
gas sorption isotherms on coal;  

(ii) indices based on slope and equilibrium concentration in the solid phase 
describe the hysteresis degree at different single points rather than the 
whole isotherm, thus small experimental errors can seriously affect the 
result. 

Improved method and index for quantitative evaluation of the 
degree of gas sorption hysteresis on coal 

𝑉 = 𝑉0

𝑃

𝑃𝐿 + 𝑃
 

𝑉 = 𝑉microexp −𝐷 ln
𝑃0

𝑃

2

 

𝑉 = 𝑘𝑃 + 𝑉0
′

𝑃

𝑃𝐿
′ + 𝑃

 

Step 1 representation of isotherms 

Langmuir model: 

D-R model: 

Dual sorption model: 

Choose the best 

polynomial for fitting supercritical CO2 sorption data  



IHI =
𝐴ℎ𝑦

𝐴ℎ𝑓
=

𝐴𝑑𝑒 − 𝐴𝑎𝑑

𝐴𝑠𝑓 − 𝐴𝑎𝑑
× 100% 

Step 2 improved hysteresis index 

Fig. 4 Schematical diagram of the improved hysteresis index (IHI) 



Table 3 Correlation coefficients for fitting methane sorption data from different models, and 
calculated values of IHI . Yellow and blue grids represent best and second-best fitting model for 
each group of data, respectively. 



Table 4 Correlation coefficients for fitting subcritical CO2 sorption data from different models 
and calculated values. Yellow and blue grids represent best and second-best fitting model for 
each group of data, respectively. 



Table 5 Correlation coefficient and the order of polynomial for fitting supercritical CO2 sorption data by 
using polynomial, and calculated values of IHI.  



Fig. 5 Comparison of the numbers of methane, subcritical 
CO2 and supercritical CO2 IHI in different scales 
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Note:  
Different groups are chosen for minimising the influence of other factors when 
investigating the individual influence of each factor on hysteresis.  
 
If the correlation between a factor and the IHI are strong disregarding the 
discrepancies of other factors, the relationship between this factor and the degree 
of hysteresis can be seen to correlate. 

4. Controlling factors and possible explanation of 
sorption hysteresis on coal 

Influence of coal moisture 

Influence of maximum gas pressure  

Influence of gas type 

Influence of individual coal property  

Controlling effect 



The influence of moisture on hysteresis 

IC =
𝐼𝐻𝐼wet − 𝐼𝐻𝐼dry

𝐼𝐻𝐼wet
× 100% 
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 Fig. 6 Influence coefficient versus the moisture of wet 
sample, red, black and blue points represent methane, 
subcritical and supercritical CO2 sorption, respectively. 

Conclusion: the hysteresis 
degree decreases after drying 
the coal sample, however there 
is no distinct tendency between 
the influence coefficient and 
the moisture of the wet coal 
sample.  



The influence of maximum CO2 pressure on hysteresis 
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Fig. 7 IHI of experiments conducted on 
different Argonne coals versus the maximum 

gas pressure 
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Fig. 8 IHI of experiments conducted on individual 
coal sample versus the maximum gas pressure 

Conclusion: the maximum pressure of CO2 
has a strong controlling effect on the degree 
of hysteresis.  
 
However, no systematic relationship between 
the maximum pressure of methane and the 
corresponding degree of hysteresis can be 
established when the influence of other 
factors cannot be ruled out. 



The influence of gas type on hysteresis 
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Fig. 9 Comparison of IHI between methane and CO2 sorption 

The influence of coal properties on hysteresis 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

-5

0

5

10

15

20

25

30

35

40

IH
I 

(%
)

Vitrinite reflectance content (%)

Fig. 10 IHI of Argonne coals from dried samples and same 
temperature (22℃) versus vitrinite reflectance content 

Conclusion: the CO2 hysteresis is 
stronger than methane hysteresis, 
however the hysteresis 
phenomenon is also present in 
methane sorption. 
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Fig. 11 IHI of different India coals 
versus content including volatile 
mater, ash, vitrinite, liptinite, 
inertinite, fixed carbon and 
vitrinite reflectance content 

Conclusion: none of the 
coal properties has a 
systematic correlation with 
the increasing IHI, neither 
for methane nor for CO2 
sorption. 



Interpretation of methane and CO2 sorption hysteresis 

Physical sorption or chemisorption? 

The direct interaction between CO2 and two Argonne coals at pressures up to 8.0 MPa 
was investigated by Goodman et al. (2005a, b), attenuated total reflectance-Fourier 
transformation infrared (ATR-FTIR) spectroscopy was used, and the spectral data 
indicated that only one type of site was available for sorption. No evidence could be 
found for specific interactions between CO2 and oxygen functional groups in the coals. 

Which kind of physical sorption may relate to sorption hysteresis? 

monolayer 
adsorption 

multilayer 
adsorption 

pore filling 
adsorption 



coal swelling and sorption hysteresis? 

 
• It is believed that the filling of submicropores and the penetration into the 

organic mass of coal by gas molecules are the reasons for coal swelling 
(e.g., Milewska-Duda et al., 2000), which may causes the deformation of 
the pore and pore throats.  
 

• The change of pore throats induces the different energies required for 
entering and escaping from the constricted pores, and thus accounts for 
the sorption hysteresis.  



a) coal matrix system with different pore shapes 



b) gas sorption at low pressure in the adsorption process 



 c) gas sorption at high pressure in the adsorption process 



d) gas sorption at low pressure in the desorption process 



• Coal contains constricted pores with narrow pore throats, which are 
smaller than the kinetic diameters of methane and CO2.  

• The gas molecules can enter the constricted pores with increasing gas 
pressure, but this leads to swelling of the coal matrix which further 
narrows the pore throats.  

• During depressurization, the gas molecules which have entered can 
escape from the constricted pores through the further narrowed pore 
throats, but this requires more energy than that which enables them 
to enter the pores. In other words, during the desorption process, 
fewer gas molecules can escape from the constricted pores of coal 
than the sorption volume in the adsorption process at the same gas 
pressure. This is the origin of methane and CO2 sorption hysteresis. 

A possible explanation for sorption hysteresis on coal 

Note: not only the in-bottle type pore, but also other pore structures with 
narrow pore throats, such as submicropores, macromolecular and molecular 
fractions, contribute to the sorption hysteresis, because all the pore 
configurations have identical properties in term of kinetic restriction for gas 
molecules. 



Controlling 
factors 

moisture 

maximum pressure of 
CO2 

gas type 

independent 
individual 
coal 
properties 

More gas molecules can enter the 
constricted pores with narrow pore 
throat during pressurization 

Compared to methane (0.38nm), CO2 molecules have a 
smaller kinetic diameter (0.33nm) and a larger quadrapole 
moment, and this results in higher interaction energy with the 
coal matrix, thus more CO2 molecules can enter the 
constricted pores at the same gas pressure. 

the pore which is occupied by easy-to-escape water 
molecules will be re-available due to the loss of 
water, and the gas molecules can be adsorbed in the 
re-available pores during desorption 

The development of micropores and submicropores of 
coal is both type- and rank-dependent, since these 
constricted pores are not detectable by conventional 
methods, the relationship between the constricted 
pores and the coal property is still mysterious till now. 



5. Influence of sorption hysteresis on gas drainage of  
high CO2 coal seams 

• Hard-to-drain areas are found in the Bulli coal seam of Sydney Basin, Sydeny 
Basin such as Tahmoor, Metropolitan, Appin and West Cliff mines. Extended 
drainage time (not compatible with mine development) is required for 
reducing the gas content in coals to the threshold value by using traditional 
borehole-drainage method, even with additional boreholes.  

• Previous studies show a common characteristic of these regions is the higher 
concentration of CO2, hence they are named as ‘High CO2 coal seam’.  

 

Fig. 12 hard-to-drain and 
easy-to-drain areas of 

Metropolitan mine 



Why is the high CO2 coal seam hard-to-drain? 

Difference of 
adsorption capacity 

Comparing 
with methane 

Difference of gas 
permeability 

a larger volume of CO2 need to 
desorb than methane 

the larger sorption-induced-swelling of CO2 

Critical 
desorption point 
of a typical Bulli 

seam gas sample 
relative to 
measured 

methane and CO2 
isotherms 

(Black, 2011) 

coal swelling induced by 
CO2 and methane 

sorption with respect to 
gas pressure 

What’s the influence of 
sorption hysteresis? 



Sorption test Sample preparation 

Sorption test apparatus 

crusher machine different sizes of sieve automatic shaking rig 

gas supply sorption bomb whole system high accurate 
balance 

Aim: study the influence of gas type, sample size, experimental temperature, 
maximum pressure on the degree of hysteresis. 



Sample from: Tahmoor Mine       
Temperature: 308K 
Sample Size: 1.13-2.36mm           
Gas: CO2(99.999%) 

Gas pressure dropping from 3MPa to 1MPa: 
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Gas pressure dropping from 3MPa to 0.5MPa: 

Gas pressure dropping from 3MPa to 0.2MPa: 

Desorbed CO2 volume without considering hysteresis: V1 
Desorbed CO2 volume with considering hysteresis: V2 

V1=8.1m3/t   V2=4.3m3/t 

V1=33.3m3/t   V2=23.3m3/t 

V1=17.2m3/t   V2=10.4m3/t 

Recommendation: 
Desorption isotherm 
should be tested in 
laboratory, and used for 
predicting gas emission 
and drainability. 



Permeability test 

Sample preparation 



High pressure permeability test apparatus with three kinds of gas 

gas cylinders oil pump pressure cell 

Aim: determine the relationship between sorption swelling, effective stress, direction 
of coal, and the permeability hysteresis with respect to sorption hysteresis. 

data acquisition 
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Sample from: Tahmoor Mine       Temperature: 293K 
Confining stress: 3Mpa   Loading stress: 2Mpa 

Equilibrium is considered to be reached 
until the flux is stable for at least two hours  

Permeability with CO2 Permeability with Nitrogen 

Recommendation: 
Permeability test should be tested during depressurization! 



6. Conclusion and future work 

• Methane and CO2 sorption hysteresis is detrimental to CBM 
recovery and gas drainage of high CO2 coal seam. Strong hysteresis 
means a large proportion of gas cannot desorb until the gas 
pressure drops to a very low level. 

• The minable methane reserves may be less than expected due to 
the existence of un-desorbed methane. 

• Hysteretic methane and CO2 will induce extra coal swelling. This will 
decrease the permeability of the gas in coal, and then reduce the 
production of CBM and gas drainage efficiency of high CO2 coal 
seam. 

• Both adsorption and desorption isotherms on coal should be 
measured in sorption tests, especially when the result is used for 
estimating the gas emission volume of coal seams.  

• Permeability test used for predicting gas drainage should be 
conducted during depressurization . 



Nitrogen flush technology is suggested to be used for enhancing 
the drainage efficiency of high CO2 coal seam since: 

• 1) The injected N2 can maintain or enhance the gas pressure in 
coal cleat system, hence reduce the effective stress then 
increase the gas permeability. 

• 2) The sorption capacity of N2 is much less than that of coal 
seam gas (methane and CO2), thus the N2 flush can reduce the 
gas content in coal sharply even if only part of coal seam gas is 
replaced by N2.  

• 3) matrix swelling is proportional to the volume of sorbed gas, 
the coal swelling induced by N2 sorption is much less than by 
coal seam gas sorption and will not be detrimental to the gas 
permeability even if the injection pressure of N2 is relatively 
high. 

• ACARP proposal submitted for funding (2014) 

 

 

6. Conclusion and future work 
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Questions and Discussion 
Ian Gray, Sigra – Many of these pathways have been trodden before in much 
detail. The fact that you are measuring permeability on core samples is nonsense. 
You should be looking at mass measurements of permeability in-situ because of 
the importance of cleating. Do not consider core pressure measurements as being 
of any value whatsoever in the gas drainage process. I know that sounds negative, 
but it is from practical experience. I built the core pressure gear in the early 1990’s 
and have been through the learning curve.  
Ting Ren – We never intended to use the laboratory testing to infer bulk 
permeability. We know that in-situ permeability is very different. But the 
laboratory test will at least give some indication that some coals have different 
permeability. The testing in the laboratory will give an indication of how 
permeable a coal sample is. If we can get more data, perhaps on drillability or how 
easily the seam can be drained it will be useful. If you do the laboratory 
permeability test and the isotherms through the de-stressing process, you might 
get a more realistic indication rather than estimates of permeability. Using the 
conventional isotherms and gas content, the gas drainage volumes might be 
slightly overestimated.  From a practical point of view, the estimates might be too 
optimistic and you might be facing a potential outburst.  
  
 
 


