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ABSTRACT 
Gas diffusion in coals plays an important role in enhanced coalbed methane production, 

but a consistent picture of diffusion behaviour in coals is yet to emerge. There is no 

agreement on the most appropriate model, pressure dependence of diffusion 

coefficients, or the physical explanation to why CH4 diffusion is slower than CO2. The 

aim of the work towards this Thesis is to determine  sorption kinetics more accurately, 

model them more systematically over a wider range of experimental conditions and 

resolve discrepancies present in the literature to explain (i) why uptake of gas in coal 

takes a considerable amount of time and (ii) why CO2 sorbs faster than CH4. 

A manometric sorption system was constructed that was optimized for uptake rate 

measurements. This was used to study the effects of coal-type, particle size, gas-type and 

mixture, and temperature on sorption kinetics. A gravimetric apparatus was also utilised 

to measure isotherms for different gases at different fractions of the same coal. Further 

work combined manometric uptake rate measurements with Small Angle X-Ray 

Scattering (SAXS) along with an analysis of previously obtained sorption-induced coal 

swelling kinetic data. 

Obtained uptake rate data for two coals were analysed using four different models: the 

unipore model which contains one rate parameter; a bidisperse and a Fickian Diffusion-

Relaxation (FDR) model (both containing two rate parameters) and a stretched 
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exponential  model that assumes a distribution of diffusion times. The unipore model 

fitted the data poorly and whilst the bidisperse and FDR model fit better, conceptual 

problems with the models were identified. The best fit was with the stretched 

exponential. A concentration-dependent diffusion coefficient was identified that 

affected calculated CO2 uptake rates, but if small pressure steps were taken, sorption 

rates always decrease with increasing pressure. The uptake rates for a vitrinite-rich coal 

were found to be much slower and the difference between CO2 and CH4 uptake rates 

much greater than for an inertinite-rich coal. It has been suggested that CO2 uptake is 

greater than CH4 uptake due to CO2 penetrating finer pore throats than CH4. By finding 

that the increase in amount of sorption of the two gases was similar as particle size was 

reduced, this explanation for the difference was found to be untenable. Another 

suggestion was that coal has an activation energy associated with diffusion, but the 

temperature dependence of both CO2 and CH4 sorption rates were similar. Combining 

SAXS with uptake measurements demonstrated both CH4 and CO2 penetrate fine pores 

( .5 − .5 nm ) making another suggestion of a different micropore accessibility 

between the two gases seem implausible.  

The SAXS data also showed a slower sorption component across these pore sizes for 

both gases and it was suggested that this was slow absorption. The uptake rates of more 

gases were examined and a relationship was found between the critical temperature of 

the gas, the molecular diameter of the gas, and the rate of gas uptake by the coal. Coal 
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swelling kinetic data also showed a slow tail for volume changes (with the vitrinite-rich 

coals swelling more slowly). Thus it was deduced that the adsorption of gas in all coal 

pores is quite rapid but there is a much slower penetration into the coal (absorption). 

The rate and amount of volume changes (observed as swelling) experienced by the coal 

appear to be determined by the shape and size of the molecule (the larger molecule CH4 

is absorbed more slowly than CO2) and possibly on the maceral composition of a coal. 

Additional sorption experiments with gas mixtures demonstrated that uptake rates 

become significantly reduced if another gas is pre-sorbed on the coal. This questions the 

usefulness of scaling single-component kinetic data to coal seams and potentially places 

significant engineering challenges to ensure CO2 breakthrough does not occur before 

CH4 is driven from the coal matrix. However, single-component uptake rate experiments 

reveal very important and relevant information relevant to whole coal seams. Vitrinite 

is a key limiting factor in sorption kinetics, and its influence on sorption behaviour needs 

further examination. It is recommended that future research expand upon this study by 

including more coals and considering additional factors such as confining stress, gas 

mixtures and moisture. These studies may also clarify the assumptions made in gas 

transport models and ultimately on the choice of coal seam suitable for ECBM recovery. 
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CHAPTER 1: 

INTRODUCTION 
1.1     BACKGROUND 

The injection of carbon dioxide (CO2) into deep unmineable coal seams is considered a 

potential method of sequestration. Coal seams have a large long-term storage capacity 

for gas, with many coal seams already holding significant quantities of methane (CH4) 

and other heavier hydrocarbons. As capturing and isolating CO2 from the flue gas of 

power stations is costly, reducing the costs through technical solutions is a significant 

area of research. Enhanced Coal Bed Methane (ECBM) recovery is a proposed method 

to offset some of the costs associated with the capture and storage of CO2. Physically, the 

captured CO2 is to be used to drive the extraction of CH4 from coal seams (Figure 1.0-1). 

Although CH4 is already extracted from coal seams, if yields can be increased by CO2 

displacement then potentially the CO2 injection costs can be recovered. 
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Figure 1.0-1 From Mazzotti et al. (2009). A schematic of a possible ECBM scenario: Injected CO2 provides the driving 

force for enhanced CH4 extraction from a coal seam. 

Adsorption is the physical mechanism by which the CH4 is held and by which captured 

CO2 will be stored. The attractiveness of ECBM recovery is that the majority of 

experiments performed thus far indicate that CO2 is more strongly adsorbed than CH4 

such that an exchange will take place allowing for the simultaneous storage of CO2 and 

extraction of the coal seam gas. Since the cost of CO2 sequestration is quite significant, it 

is desirable that experiments provide accurate experimental data that can reasonably 

predict the adsorption capacity for a whole coal seam for CO2, and of the amount of CH4 

that can be yielded. Complicating this matter is the fact that adsorption can cause 

swelling in coal, which affects gas transport in the coal seam. 

The purpose of this work has been to elucidate the underlying physical mechanism of 

CO2 and CH4 uptake and release rates in coal. An increased understanding of adsorption 
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kinetics in coal may reconcile the often conflicting experimental findings in this research 

area. The approach taken has been to develop and test gas diffusion models for their 

robustness in describing adsorption kinetics across a range of physical conditions 

relevant to ECBM. Ultimately, it is hoped that the findings of this work will be applied 

to the accurate prediction of coal adsorption rates, not only in the laboratory, but in coal 

seams as well. 

1.2     CONTEXT 

The increase in the burning of fossil fuels such as coal and oil for energy and transport, 

especially since the Second World War has resulted in increased CO2 emissions released 

into the atmosphere. Since this period, annual global temperatures have also, increased 

significantly on average. The 2007 International Panel on Climate Change (IPCC) has 

determined with a high level of confidence that the most significant contribution to this 

global temperature rise is due to the release of CO2 from burning fossil fuels. A continual 

rise in temperatures has been predicted to have significant environmental consequences 

including extreme weather events, sea level rises and changes in precipitation (Solomon 

et al., 2007). More recently, a special report by the IPCC found that recent extreme 

weather and climate events have increased in frequency and/or magnitude (Field et al., 

2012). Thus there has been a considerable investment in research and development of 

technology that can replace CO2 emitting sources used for electricity generation and fuel. 

The urgency of this research and development continues to increase. The considerable 

time it could take globally for this replacement to occur has led to the consideration of 

capturing the CO2 emitted from power stations with permanent storage underground as 



Chapter 1: Introduction 

[16] 
 

a way to reduce atmospheric CO2 emissions during the transition to a low carbon 

economy. This approach is known as Carbon Capture and Storage (CSS) (Anderson and 

Newell, 2004). There is however, an energy cost associated with the capture, extraction 

and storage of CO2. Estimations on the increase in electrical load from the power station 

range from between 25-40% (Rubin and de Coninck, 2005).  

Whilst the opportunities in terms of economic offset for using ECBM are promising, 

there are several obstacles that need addressing so an accurate appraisal of ECBM 

feasibility can be made. In an early review, White et al. (2005) drew attention to the many 

technological factors involved in ECBM. These included: geological considerations such 

as the stability of the caprock, the composition of coalbed gas, specific coal properties 

that will influence gas transport and storage, reservoir characteristics along with the 

proposed methodology to perform on a large scale. Also discussed were economic 

considerations, potential leaks and how they can be monitored, environmental health 

and safety and the processes necessary to ensure long term stability of captured CO2. 

Of these many important issues raised, it has been a priority of many researchers since 

this time to understand the physical mechanisms of CO2 and CH4 by which they are 

bound by the coal at conditions close to those expected to occur during the ECBM 

process. This is so that the ECBM potential of coal seams chosen for large scale 

demonstrations can first be better evaluated (Busch and Gensterblum, 2011; Mazzotti et 

al., 2009; White et al., 2005). In a recent review, Mazzotti et al. (2009) highlighted many 

recent developments in the current understanding of the physical mechanisms operating 

during ECBM production. These included an improved understanding of adsorption in 
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coal, associated swelling and its effects on the permeability of coal to gas transport. 

Certain issues were brought to attention that still required further study: the long term 

stability of sorbed CO2, and the potential effect that gas impurities and moisture have on 

the coal.  

Although there have been advances in the understanding of the expected gas transport 

conditions in coal seams (Pan and Connell, 2012), a consistent picture of the kinetics of 

CO2 and CH4 adsorption in the coal is yet to emerge (Busch and Gensterblum, 2011). For 

example, the ability to describe adsorption kinetics in coal by a simple Fickian diffusion 

model is debated, with some reporting that two diffusion coefficients (one describing a 

fast and the other a slow component) are necessary to model the uptake rates in coal 

(Busch et al., 2004; Clarkson and Bustin, 1999a). It has been suggested that inertinite-rich 

coals may require two coefficients to describe the adsorption kinetics, while a single 

coefficient may be sufficient in some cases for vitrinite-rich coals (Clarkson and Bustin, 

1999a; Crosdale et al., 1998), but this has not been verified. Some groups report that 

diffusion constants increase with increasing pressure (Charrière et al., 2010; Jian et al., 

2012) and some report a decrease with increasing pressure (Clarkson and Bustin, 1999a 

; Cui et al., 2004).  

Moreover, even though it is generally agreed that CH4 diffusion is slower than CO2 

diffusion in coal (Busch and Gensterblum, 2011), speculations as to the physical source 

of this difference are varied. One suggestion is that it is due a difference in activation 

energy (Charrière et al., 2010). Other suggestions include the possibility of coal 

containing selective CO2 only pores, (Cui et al., 2004). It has been further suggested that 
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CO2 diffusion operates under a different physical mechanism compared to CH4 (Pone et 

al., 2009). It is necessary to reconcile these discrepancies and understand how gas 

interacts with coal at a fundamental level in order to develop an appropriate model of 

diffusion. 

Additionally, little is known about the competitive adsorption kinetics inside coal. For 

example, if CH4 is pre-sorbed, with subsequent CO2 dosing, how does the presence of 

one fluid already sorbed affect the adsorption kinetics of the other? Steady-state 

experiments indicate that CO2 exhibits different volumetric changes in the coal 

compared to CH4, disrupting the permeability (Cui et al., 2007). However, diffusion 

experiments with CH4 pre-sorbed have also not been performed and this is important to 

address, since it more realistically depicts conditions expected for ECBM unlike simple 

diffusion experiments where only one fluid is present. 

1.3    SCOPE AND OBJECTIVES 

The scope of this work is to investigate the problems identified in current kinetic 

experiments and the diffusion models applied to them; specifically, the conflicting 

trends reported with pressure and why more than one coefficient of diffusion is required 

in some cases. Since most experiments studying diffusion in coal are usually undertaken 

on adsorption systems designed for isotherm measurements (Busch and Gensterblum, 

2011), information on the kinetics is generally limited to uptake rate data. The proposed 

physical mechanisms for CO2 and CH4 that attempt to explain their different adsorption 

kinetics with coal cannot readily be distinguished from uptake experiments, 

highlighting an inadequacy with the current approach. Engaging in studies that can 
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observe adsorption kinetics more directly may also help in the selection of an 

appropriate physical model.  

A research question that arises is: Can an appropriate model be found that can rectify 

the experimental and theoretical discrepancies found in the literature and be evaluated 

against current theories, so a consistent physical picture of gas kinetics in coal emerges? 

In order to meet this thesis objective, an extensive literature review has been undertaken 

and experiments performed using a range of experimental conditions and approaches 

to study adsorption kinetics. These have been contrasted against expectations from 

current diffusion models. Upon evaluation of the models to the data, a new model is 

proposed to reconcile identified discrepancies. Additional coal swelling kinetic 

experiments are analysed along with Small Angle X-Ray Scattering experiments to 

provide a further insight into adsorption behaviour, including kinetics. Using these 

additional techniques enables a rigorous evaluation of the currently suggested physical 

mechanisms uptake of gas in coal to the model proposed in this thesis. 

1.4     THESIS OUTLINE 

In the balance of Chapter 1, an introduction to coal properties and the theory of 

adsorption are given. Chapter 2 identifies and draws an assessment from the literature 

of the current trends, various experimental concerns, and research priority areas for the 

overall improvement in understanding of ECBM. Inconsistencies found with the 

understanding of gas diffusion in coal are scrutinised. The argument for work towards 

the thesis is drawn from this and the framework for the study set out. In Chapter 3, the 
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experimental approaches taken to address the research question are outlined. These 

include adsorption and uptake rate analysis, along with swelling and Small Angle 

Scattering X-ray experiments. In Chapter 4, the uptake rate experiments comparing the 

pressure dependence of CO2 diffusion in two coals are presented. These data are then 

analysed with a commonly used model containing a single diffusion coefficient. The 

model is found inadequate and the same uptake rate data are reanalysed in Chapter 5, 

with two models that contain two diffusion coefficients. These fit the data more 

satisfactorily. However, when scrutinised for their physical interpretation their 

shortcomings become apparent. This leads to the development of a new model, which is 

applied to the same data along with additional CH4 uptake data in Chapter 6. In Chapter 

7, experiments in which the average coal particle size is varied are reported. This 

investigation provided a way to discriminate between suggested physical mechanisms 

for gas adsorption kinetics in coal. To provide a unique way to test assumptions and 

predictions of the proposed model (and contrast against others  suggested physical 

models), Small Angle X-ray Scattering was used to complement uptake measurements 

and investigate kinetics across a range of coal pore sizes using CO2, CH4 and their 

mixtures. These experiments are reported in Chapter 8 along with more uptake 

experiments using molecules of different kinetic diameters to determine if molecule size 

is a factor. Complementary kinetic data are used in Chapter 9, where previously 

obtained swelling kinetic data are analysed. Further uptake experiments where the 

temperature conditions are varied, are also discussed. Then, a physical interpretation of 

the model proposed in this thesis of gas diffusion in coal is commented on. Finally, in 
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Chapter 10, a summary and discussion of the main findings is made. Possible directions 

for future work are pointed to and conclusions drawn. 

1.5     SORPTION IN COAL 

Coalbed gas is held on the surface layer of coal through a physical process known as 

adsorption (Debelak and Schrodt, 1979; Gan et al., 1972; Joubert et al., 1973, 1974; Kini, 

1964; Mavor et al., 1990; Rice, 1993). If the surface of a solid is exposed to a gas there will 

be an increase of the fluid density (condensation) in this vicinity. Adsorption refers to 

this densification at the solid-gas layer (Cerofolini and Rudzinski, 1997). It is a 

spontaneous process and usually exothermic. A molecule is said to be physically 

adsorbed (physisorption) if, upon adsorption, it does not undergo a significant change in 

its electronic structure. Intermolecular forces are involved in physisorption and in the 

cases involving CO2 and CH4 as the adsorbed gases, they primarily include attractive 

dispersion forces (the same forces involved in the condensation of non-polar vapours 

into liquids). The magnitude of these forces depends on the geometric and electronic 

properties of both the fluid (adsorbate) and of the surface of the solid (adsorbent). The fluid 

that has become adsorbed is known as the adsorptive. In the electronic structure of a 

molecule is significantly perturbed upon adsorption it is considered chemically 

adsorbed (chemisorption) (Masel, 1996). As the forces which hold the coalbed gas in coal 

are physical (Rice, 1993), and in the physical adsorption literature the main interest lies 

with studying fluids having undergoing physisorption, the more general term 

adsorption is used when describing physisorption processes (Cerofolini et al., 1997; 
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Pierotti and Rouqeerol, 1985; Rouquerol et al., 1999). The term adsorption is also used 

here when discussing physisorption of gas by a solid. 

In addition to adsorption on a surface, molecules of the adsorptive can also penetrate the 

interfacial surface into the bulk structure of certain solids and absorb, and if the solid is 

porous then condensation can occur within its capillaries. Experimentally, these can be 

hard to distinguish from each other so the term sorption is used instead to embrace all 

three effects (Sing et al., 1985). Coalbed gas is adsorbed on the internal surfaces of coal 

and can also be absorbed within the coal s molecular structure (Joubert et al., 1973, 1974; 

Rice, 1993). CO2 also penetrates the interfacial surface (Mahajan, 1991; Reucroft and 

Sethuraman, 1987; Walker, 1988; White et al., 2005), so the term sorption is also generally 

used within the ECBM literature. The term sorption is used here when describing CO2 

and CH4 uptake by coal. 

1.6     COAL PROPERTIES 

The molecular composition of coalbed gas varies depending on how it was formed in 

the coal seam. CH4 is usually the major component but other multiple hydrocarbons (C2+) 

can be found in smaller amounts ranging from zero to ~70% in proportion (Rice, 1993). 

Factors that determine this proportion include the extent of coalification, maceral 

composition, permeability of the coal, the stresses on the seam and coal basin 

hydrodynamics, along with burial and thermal history (Faiz et al., 2007). Coal, usually 

found in deposits or seams is the final result of the cumulative effects of geothermal 

fluxes, pressure and erosion on decaying vegetation over the course of millions of years. 

The properties of the coal differ from seam to seam (and even within a seam) due to the 
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differing extent that these factors operate, as well as the original swamp conditions. The 

most important factors in the coalification process are the depth and the temperature to 

which the seam was exposed (van Krevelen, 1993). The constitution of coal is an 

aggregate of heterogeneous substances composed of organic and inorganic materials 

which change as coalification advances (Ting, 1982). 

There are three main identifiers used in the classification of coal: rank, grade and type. 

The degree of coalification (often measured by carbon content) is known as the coal rank. 

The kind of decaying vegetation and the degree of oxidation of the coal prior to burial 

that gives rise to coal s petrographic properties determines the coal type. The way of 

deposition and sedimentation will determine the coal grade (usually assessed by the 

amount of mineral matter, indirectly found when measuring coal ash content) (van 

Krevelen, 1993). See Table 1.1 for a standard classification used for coal.  

Class Group Volatile Matter 
(%dmmf*) 

Calorific Value 
(MJ/kg mmmf#) 

Anthracite Meta-anthracite 
Anthracite 
Semi-anthracite 

Greater 
than 

Equal or 
less than 

Equal or 
greater than 

Less 
than 

- 
2 
8 

2 
8 

14 

- 
- 
- 

- 
- 
- 

Bituminous Low volatile 
Medium volatile 
High volatile A 
High volatile B 
High volatile C 

14 
22 
31 
- 
- 

22 
31 
- 
- 
- 

- 
- 

33 
30 
27 

- 
- 
- 

33 
30 

Sub-
bituminous 

Sub-bituminous A 
Sub-bituminous B 
Sub-bituminous C 

- 
- 
- 

- 
- 
- 

24 
22 
18 

27 
24 
22 

Linite Lignite A 
Lignite B 

- 
- 

- 
- 

15 19 
15 

*dmmf = dry mineral matter free basis 
# mmmf= moist mineral matter free basis.  
Table 1.1 A coal classification system based on the ASTM Ranking of Coal (1997) 
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The organic matter, referred to as a maceral is generally distinguished according to its 

biological origin and present appearance. The three main types of maceral groups are 

vitrinites, liptinites and inertinites. Vitrinites originate from the woody tissue of plants. 

They appear glass-like, and are the principal macerals in coals that have bright bands 

(van Krevelen, 1993). Their structure is aromatic, shows a rank dependence, whereby an 

increase in rank gives a greater order of poly-aromatic units. Liptinites include other 

plant material such a spores, cell walls, resins and oils. They have the highest hydrogen 

content and generally show the lowest reflectance of the maceral groups in a given coal. 

Inertinites originated in plant material that has been strongly degraded before 

deposition. They show a high degree of aromatization and have the highest carbon and 

lowest oxygen and hydrogen contents of the three maceral groups (Suárez-Ruiz and 

Crelling, 2008). The main interest in coal is its value as a directly combusted fuel but it is 

also of interest and examined for its petrographic, mineralogical, chemical and physical 

properties, especially if it is to be used to make coke. Coking typically require low ash, 

high permeability and structurally strong coals.  

Coal is largely a colloidal system (microscopically disperse) with an extensive internal 

surface area containing a complex pore system (van Krevelen, 1993). It is the porosity 

and surface properties of coal that are of interest in ECBM studies as they determine 

most of where CH4 is sorbed and where the CO2 will be stored (Clarkson and Bustin, 

1999b; Gan et al., 1972; Krooss et al., 2002; Mahajan, 1991; Mastalerz et al., 2004; Mavor 

et al., 1990; White et al., 2005). 
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In its natural state, coal can contain significant amounts of gas sorbed in its pores (Mavor 

et al., 1990). There are two main processes that lead to the formation of this coalbed gas: 

biogenic and thermogenic (Clayton, 1998; Faiz and Hendry, 2006; Rice, 1993). The 

degradation of organic material through biological processes is known as biogenic gas. 

This is accomplished through collective actions of microbes, ending with those of 

methanogens that produce CH4. Biogenic gas is usually produced during the early stages 

of coal formation (Faiz and Hendry, 2006). The term coalbed methane  was first used to 

describe all coal bed gases, as the first sources came from these shallow coal seams (Rice, 

1993).  

The presence of other heavier (C2+) hydrocarbons in biogenic gas is usually a result of 

late biogenic gas production in mature coals that have already generated coal bed gas 

through thermogenic processes. Coalbed gas that is generated during coalification is 

known as thermogenic gas. Its generation generally begins in coals that are of high-

volatile C bituminous rank, and the amount produced usually increases with the rank 

of the coal. During devolatization of the coal, large quantities of hydrocarbons, CO2 and 

water are also liberated. CO2 and water usually flow out of a seam that is still forming 

but CO2 can still be found in certain seams from processes unrelated to coalification. The 

composition of the hydrocarbons in thermogenic gas is related to the rank of the coal. In 

coal seams with intermediate ranking coal the generated gas can contain heavier (C2+) 

hydrocarbons. In coal seams composed of higher ranking coal the coalbed gas is mostly 

made up of CH4; a resulting composition due to residual kerogens (sedimentary organic 

compounds) and the cracking of previously formed heavier hydrocarbons (Rice, 1993). 

Since the factors that determine the composition of coalbed gas differ depending on the 
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properties of a seam it has been recommended that small study areas are used to acquire 

the best estimates of the gas type and content. Predictions from the literature suggest 

coals are capable of generating  –   cm  of CH4 per gram of coal. However, the 

amount of CH4 able to be extracted depends on coal composition and is estimated to be 

lower:  –   cm /g (Clayton, 1998; Rice, 1993), with the nature of the porosity of the 

coal determining the ease of the CH4 diffusion (Mahajan, 1982). 

1.7     ADSORPTION THEORY  

The physical forces leading to adsorption, are generally associated with van der Waals  

forces, which always include dispersion contributions. Depending on the nature of the 

adsorbate/adsorbent system, electrostatic and induction contributions may also be 

present (Rouquerol et al., 1999). 

It can be shown by quantum-mechanical calculations that a pair of spherically 

symmetrical molecules separated by a distance  will attract each other, with a force 

falling off by ⁄  for a sufficiently large  (Hill, 1960). This is known as the London 

dispersion  or van der Waals attractive  force. The potential of this force varies as ⁄
. When  is small the two molecules will repel each other strongly because of inter-

nuclear repulsion and the overlap of electronic shells. Arriving at a quantum mechanical 

model of this repulsive force is computationally very challenging so an approximation 

of ⁄  for its potential is used with reasonable accuracy. This combined weakly 

attractive and strongly repulsive potential is called the Lennard-Jones 6-12 potential (L-

J 6-12 ), and has the form: 
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 = − ( ∗) + ( ∗)  (1.1) 

where ∗ = 16     has minimum at = ∗ = −  , and =  at = . The values of 

 and ∗  can be calculated from quantum theory but in practice are deduced from 

indirect experimental data  (Hill, 1960; Hirschfelder et al., 1954; Lennard-Jones, 1932). 

One of the simplest models of adsorption is the Langmuir model (Langmuir, 1918). If 

the forces holding a solid together are much greater than the adsorption forces the solid 

effectively only plays the role of providing a potential field to the adsorbed molecules. 

In this case, the thermodynamic system consists of molecules bound in this field. If the 

potential energy of the interactions is modelled using the L-J 6-12 type then the 

adsorbing force binding the molecules to the surface is the sum of a number of such 

interactions. This is often referred to as an ideal lattice gas. The derivation of the well-

known BET model of adsorption (Brunauer et al., 1938) follows from this approach; it is 

based on the Langmuir model but includes attractive interactions between the molecules 

being sorbed (similar to a liquid) (Hill, 1960). 

Conceptually the adsorption process can be considered as a simple phase change of the 

adsorbate from the gaseous state, to an adsorptive on the surface of the adsorbent 

(Rouquerol et al., 1999), though in order to calculate the exact amount of a gas adsorbed 

on a surface requires knowledge of the variation of concentration of the adsorbed phase 

with distance. This variation is not uniform and is experimentally difficult to determine 

(Rouquerol et al., 1999; Talu, 1998). To overcome this, Gibbs in 1877 proposed the 

concept of surface excess to quan(Astakhov and Dubinin, 1971)tify the amount of gas 
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adsorbed by defining a dividing surface  conceptually separating the adsorbed phase 

from the fluid phase of the absorptive.  Following this definition, the properties of the 

gas are treated as uniform up to this dividing surface (Rouquerol et al., 1999).  

In this model for a system with total adsorbate amount , the surface excess amount   

is defined as the difference between the total amount of the adsorptive  and the 

amount that would be present in the volume of the reference system  if the density 

of the adsorbate were constant in the gas phase  and zero inside the solid. The 

location of the dividing surface is generally chosen to be exactly on the surface which is 

accessible to the adsorptive. The surface excess is expressed as: 

 = −   (1.2) 

A reference gas, usually helium (as it is often assumed to have negligible adsorption) is 

used to determine the dead space or void volume . 

In contrast, the absolute amount absorbed is expressed as: 

 = +   (1.3) 

For experimental conditions where the gas density is much lower than its liquid density 

, and when the system temperature is below the critical temperature of the 

gas (� < � ) then the absolute amount adsorbed will be approximately equal to that of 

the surface excess, as the volume of the adsorbed phase  will be negligible 

(Fitzgerald et al., 2005; Rouquerol et al., 1999; Sircar, 1985).  However, as is discussed in 
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Chapter 2, this assumption does not hold for coal-gas systems at conditions used in 

ECBM experiments. 

 is an extensive quantity that depends on the amount of sorbent, specifically the extent 

of the interfacial area. The usual experimentally measured quantity is this surface excess, 

expressed as a proportion of the adsorbent mass . This in turn is a function of pressure 

and temperature: 

  = � (1.4) 

where � is the adsorption isotherm. 

For most adsorption experiments, isotherms are acquired, then analysed through a 

thermodynamical model. For example, by using a manometric PVT (Pressure-Volume-

Temperature) apparatus of a fixed volume kept at a constant temperature, the pressure 

can be varied incrementally to produce an isotherm. Interpreting this isotherm with an 

appropriate model of the adsorption process allows the calculation of the adsorption 

capacity, specific surface and enthalpy of the particular adsorbent used.  

In simple adsorption experiments such as those with one type of gas present and a non-

porous homogeneous adsorbent such as metals, the surface area can be calculated using 

known models such as the BET or Langmuir (described above). Although these models 

can be rigorously derived from Statistical Thermodynamics with a few assumptions 

(Hill, 1949), they start to lose physical meaning (and accuracy) when adsorbents are 

porous and heterogeneous (Cerofolini et al., 1997; Rouquerol et al., 1999). Another 

approach, developed on the postulate that the mechanism for adsorption in micropores 
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is pore filling rather than a layer by layer formation, is the Dubinin-Radushkevich (D�) 

model. This has been extended to the Dubinin-Astakov (DA ) model that contains a 

variable power term , sometimes called the heterogeneity factor (which reduces to the D� model when = ) (Hutson and Yang, 1997) (Astakhov and Dubinin, 1971). 

The Gibbs model of adsorption, sometimes called the 2-D surface thermodynamics 

approach is standard in adsorption literature (Myers, 2002) but underlying it are 

assumptions of an inert adsorbent and a negligible adsorbed phase volume. These 

assumptions, related to coal, are discussed in Chapter 2. 
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CHAPTER 2:  

LITERATURE REVIEW 
2.1  BACKGROUND 

This literature review critically evaluates the ECBM literature on current issues and 

developments in the understanding of the physical interaction of CO2 and CH4 with coal.  

First, an assessment of the current status of adsorption experiments on coal is made in 

Section 2.2. In Section 2.3 the complicating factor of coal volume changes is reviewed. In 

Section 2.4 rate limiting factors on permeability and gas uptake on coal are discussed, 

leading to Section 2.5 which summarises and highlights outstanding issues in the ECBM 

area that are specifically addressed in this thesis. 

2.2  MEASURING ISOTHERMS IN COAL 

2.2.1 ADSORPTION STUDIES 

CH4 isotherm measurements on coal samples have traditionally been undertaken to 

estimate the amount of extractable coal seam gas within a given coal seam (Joubert et al., 

1973, 1974; Nandi and Walker, 1975; Rice, 1993). Diamond and Schatzel (1998) issue 

caution about using these indirect methods as although they measure of the maximum 

CH4 sorption capacity of a coal sample, the coal seam may not be fully saturated with 

CH4. This method could overestimate the actual coal seam gas content. More direct 

methods such as taking a core of coal from a seam and measuring desorption of the coal 

gas can provide better accuracy, however it can be expensive and experimentally 
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difficult to perform. In some coals gas release is also very slow, with months needed to 

complete experiments (Saghafi et al., 1998). Diamond and Schatzel (1998) recommend 

that the method chosen should depend on the user s requirements for accuracy, speed 

and cost. 

Many CO2 isotherms on coal have been in the past performed at low temperatures − ˚C  and pressures, in order to calculate the surface area of coal (Debelak and 

Schrodt, 1979; van Krevelen, 1993). These conditions are far removed from coal seam 

conditions so it is possible values obtained in this way may not be applicable to seams. 

Additionally, it has long been known for microporous sorbents such as coal that the 

calculated CO2 surface area can change depending on the temperature at which the 

experiment is performed (Kini, 1964; Marsh, 1987). Reasons for this effect have been 

postulated which include activated diffusion of CO2, molecular sieving effects of the 

coal, cooperative effects of sorption at higher temperatures (multilayer sorption) and 

model used to describe the sorption (Marsh, 1987). Mahajan (1991) argued that surface 

areas through CO2 sorption are suspect because imbibing of CO2 into the coal resulted 

in access to closed porosity, thus overestimating the surface area. Whether or not coal 

has CO2-specific pores is still debated (Larsen et al., 1995; Melnichenko et al., 2011; 

Sakurovs et al., 2009a). Whilst the exact coal surface area determined using CO2 may be 

debated, estimates are still required in order to evaluate specific coals for their suitability 

for an ECBM operation. To provide the best estimate of the storage potential of coal for 

CO2 (and amount of enhanced CH4 production), it has been recommended that instead 

researchers undertake CO2 sorption experiments at temperature and pressure conditions 

of actual coal reservoirs (Mastalerz et al., 2004; White et al., 2005). 
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Invariably it is found that CO2 sorption capacities in coal are found to be larger than CH4 

sorption capacities for a range of coals, pressure and temperature conditions (Bae et al., 

2009; Clarkson and Bustin, 1999b; Day et al., 2008c; Garnier et al., 2011; Harpalani et al., 

2006; Jessen et al., 2008; Kelemen and Kwiatek, 2009; Li et al., 2010; Mastalerz et al., 2004; 

Ottiger et al., 2008b; Pone et al., 2009). One exception has been reported (Busch et al., 

2006), but re-examination suggested that this was an experimental artefact (Mazzotti et 

al., 2009). The pressure and temperature conditions of interest to ECBM are often quite 

close to the critical point of CO2 (White et al., 2005), and near this point (7.372 MPa, 

. ˚C  the density of CO2 is extremely sensitive to temperature and pressure 

fluctuations (Sengers and Sengers, 1986). Thus there has been strong motivation for large 

round robin studies in order to demonstrate the accuracy of isotherm analysis from 

different laboratories and to determine and reduce the main points of uncertainty at 

these experimental conditions. Recent round robin studies (Gensterblum et al., 2010; 

Gensterblum et al., 2009; Goodman et al., 2007; Goodman et al., 2004) have shown that 

sample preparation, measurement techniques, consideration of pressure and 

temperature effects needed improvement if different laboratories were to give the same 

results for the same samples. Calculations of gas density (and hence of the amount of 

gas sorbed) require accurate temperature readings of the whole system that is exposed 

to CO2 at pressure, along with sufficient resolution in pressure readings. This sensitivity 

to laboratory controlled conditions (pressure, temperature, volume) is a main reason 

why isotherms conducted in manometric equipment at pressures and temperatures in 

near the critical point for CO2 region diverge (Gensterblum et al., 2010). The CH4 density 

on the other hand is far less sensitive for the same pressure and temperature conditions 
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since these temperatures are far from the critical region of CH4 (4.6 MPa, -82.65 ˚C) 

(Sakurovs et al., 2010). 

2.2.2 MODELLING SINGLE COMPONENT ISOTHERMS 

The application of a suitable isotherm model is essential to the estimation of the sorption 

capacity of coal gas. Different isotherm models have been applied to coal sorption data 

such as the Langmuir, BET, DR or DA equations. These models embody different 

assumptions about the sorption mechanism (single layer, multilayer, porous), but all can 

fit sorption data with a reasonable goodness of fit (Dutta et al., 2008). The DR and DA 

equations have been a preferred model for use with CO2 isotherms on coal as they give 

extents of micropore capacity (a more physically realistic parameter) in the coal whereas 

the Langmuir and BET when applied to porous sorbents can only yield an equivalent 

surface area  (Marsh, 1987). In the ECBM literature Clarkson and Bustin (1999b) found 

the DA equation a better fit than the Langmuir. Harpalani et al. (2006) found the DA 

equation a better fit than the Langmuir and the DR equations. Sakurovs et al. (2007) 

found the DR Equation was better when compared to the Langmuir or the BET models. 

Still, others (Bae and Bhatia, 2006; Garnier et al., 2011) have used a model known as the 

Toth Equation  and when contrasted against the Langmuir model this proved a better 

fit to experimental data. Using structural information from the coal, Ottiger et al. (2008b) 

applied a lattice density functional theory to sorption data. However, it is unclear 

whether this approach provides any better predictive power than the other discussed 

models. 
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The success of a variety of fitting models based on the different assumptions implies that 

the quality of fit to isotherms is not a good metric for identifying the physical 

mechanisms of sorption of gas in coal. Currently there is no agreement on the most 

suitable isotherm model, or a thorough assessment of the different models. It may 

require experiments other than by isotherm analysis order to differentiate between the 

models. Also, at high pressures, the excess sorption always falls with increasing pressure 

because the density of the free gas eventually exceeds that of the sorbed phase. The 

assumption of a negligible sorbed phase is no longer valid. This introduces an additional 

complexity, as models applied to low pressure uptake data that neglect the volume of 

the sorbed phase are then non applicable to high pressure data (the pressure conditions 

relevant to ECBM).Coal can also swell due to sorption and an associated volume change 

will also affect the experimental results (Busch and Gensterblum, 2011). In the definition 

of the DR and Langmuir models the isotherms are rectilinear, as expected for absolute 

adsorption. A departure from this shape is observed where higher pressures (  MPa+  

are applied in determining CO2 sorption isotherms. Subsequently, modifications have 

been made to isotherm models so predictions of sorption capacity can be made for high 

pressure data. Sakurovs et al. (2007) introduced a term proportional to gas density in the 

DR Equation to account for possible volumetric effects that included void volume and 

swelling. They found that that above  MPa (or  kg/m ), sorption capacities could 

be under predicted if this correction wasn t applied to isotherm models Figure 2-1).  
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Figure 2-1 From Sakurovs et al. (2007). Excess sorption with the Langmuir and DR model and their modifications vs 

CO2 gas density on a coal. Departure from the standard models is readily seen from 200Kg.m-3 (~  ���) 

Dutta et al. (2008) also modified their DA Equation with a volumetric correction term 

proportional to pressure and found that without the volumetric correction term that 

sorption capacities were over predicted. While this finding compared to Sakurovs et al. 

(2007) may appear conflicting, it is possible that the errors in the free space (or dead 

space) volume determined by the two research groups were of opposite sign. Other 

researchers have made similar corrections to other isotherm models (Bae and Bhatia, 

2006; Garnier et al., 2011; Ozdemir and Schroeder, 2009; Siemons and Busch, 2007; 

Weniger et al., 2012) or have considered adsorbate sorption in their derivation (Ottiger 

et al., 2008b).  
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There are many estimates for the sorption capacity of coal, which vary depending on the 

model used, coal type and of the experimental conditions used such as the temperature. 

Studies report a decrease in the adsorption capacity of microporous sorbents with 

temperature (Agarwal and Schwarz, 1988) (Dubinin, 1975). If adsorption dispersion 

forces are temperature independent sorption capacity will be temperature 

independent(Dubinin, 1975) and a temperature independent characteristic curve can be 

obtained (Agarwal and Schwarz, 1988).  However, CO2 sorption on coal has been shown 

to not follow this temperature independent characteristic curve (Clarkson et al 1997) and 

a correction was proposed to account for the thermal expansion of coal to reconcile this 

deviation. Other researchers have since found the sorption capacities of coals are found 

to decrease with increasing temperature (Sakurovs et al., 2008; Švábová et al., ) this 

also somewhat limits the ability to compare results from different research groups as not 

all experiments are performed at the same temperature. Garnier et al., (2011) report 

sorption capacities for their coals studied between 0.64 to 2.2 mmol/g for CO2 and 0.37 

to 1.53 mmol/g for CH4 at 25˚C. Ozdemir and Schroeder (2009) report higher capacities 

for CO2, with 1.0 to 2.0  mmol/g for coals studied at 22 ˚C. Siemons and Busch (2007) 

found for CO2, 1.62 to 4.01 mmol/g for their coals at 45 ˚C. Day et al. (2008a) studied CO2 

sorption of 30 coals and found for most of the coals (when converted here from kg/t) 

sorption capacities between 1.36 and 1.82 mmol/g, at 55 ˚C.  

In order that specific coals can more readily be assessed for ECBM suitability, research 

has been directed towards relating the calculated sorption capacities with different coal 

properties (Garnier et al., 2011; Ozdemir and Schroeder, 2009; Sakurovs et al., 2012). 

Ozdemir and Schroeder (2009) when comparing sorption capacity with rank found that 
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the CO2 sorption capacity for seven of their eight dried coals decreased up to a carbon 

content (CC) of about 86%. The eighth coal studied (a low volatile bituminous with a CC 

of ~90%) appeared to deviate from this decreasing trend and it was suggested that 

sorption capacity increases from a certain CC such that sorption capacity exhibits a U-

shape  relationship to rank. “ U-shape between CC and the calculated CO2 micropore 

volume was also found much earlier by Mahajan (1991). Another study, also using eight 

dried coals have reported this U-shape behaviour (Siemons and Busch, 2007). Using a 

much larger sample selection of over 30 coals when plotting sorption capacity against 

vitrinite reflectance, Day et al. (2008a) found a general decrease of sorption capacity up 

to a CC of ~85%, in which at that point a minimum appeared to be reached with an 

increase of sorption capacity with increasing rank for the coals above this CC. Later, a 

general trend of decreasing sorption capacity with CC, across 23 bituminous and 

subbituminous coals up to a CC of ~91% was found by the same group. No U-shape  

was found though they did note significant scatter (Sakurovs et al., 2012).  

More recently, Garnier et al. (2011) who studied 11 coals, found that CO2 sorption 

capacity was highest in a Meta-Anthracite high rank coal. The calculated sorption 

capacity was reported to decrease for the coals that had a higher percentage of volatile 

matter. Generally for a coal, an increase in volatile matter (VM) is associated with 

decrease in CC (van Krevelen, 1993), thus Garnier et al. s (2011) trend appears to conflict 

to that of the above cited authors (Day et al., 2008a; Ozdemir and Schroeder, 2009; 

Sakurovs et al., 2012; Siemons and Busch, 2007). Upon closer inspection of Garnier et 

al. s (2011) results it can be seen that the two coals with the largest calculated sorption 

capacity have VM of less than 11%, which is significantly lower than in the coals studied 
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by the other groups. If these coals are then excluded, there is now significant scatter in 

the trend of the calculated sorption capacities for the nine remaining coals. A large 

scatter can possibly explain the difference in their reported trend. This also makes it clear 

that in order to achieve reliable comparisons with rank (or any other parameter), large 

sample sizes should be used. 

Garnier et al. (2011) further found that sorption capacities were proportional to 

micropore volume (determined by BET N2 surface area analysis) but for two samples 

with higher ash yields this relationship did not hold, displaying low sorption capacities. 

A relationship between increased ash yields and reduced sorption capacity in some coals 

has also been reported by Weniger et al. (2012), where mineral matter was considered to 

have a diluting effect on coal sorption capacity for some coals when compared as-

received . However, for high-grade (low ash) coals, they found no correlation with 

sorption capacity.  

Coal maceral composition has also been shown to influence sorption capacity. Clarkson 

and Bustin (1999b) found that bright (vitrinite-rich) coals sorbed more than dull coals. 

Mastalerz et al. (2004) and (2012) have found sorption capacity correlated with maceral 

content of a given coal; regions of coal high in vitrinite showed a higher sorption capacity 

compared to regions high in inertinite. However, a dependence on maceral content is 

not universally found (Weniger et al., 2012). This could be due to the samples being too 

restricted, as Masterlaz et al. (2012) compared coals from the same seam with similar 

rank. Also, it could be due to the rank of the coals. Coals studied by Chalmers and Bustin 
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(2007) tended to only show significant differences in sorption capacities for bright/dull 

samples in the higher rank coals studied. 

It may be difficult to establish global trends of sorption capacity with such properties of 

rank, grade, or maceral composition, since all three factors can interplay. It does appear 

that grade is only a significant factor if there is a large enough percentage of ash and that 

the maceral content may only be an important differentiator for coals when other 

properties are similar. The strongest indicator is coal rank, but in order for a clear 

relationship with sorption capacity to emerge a large number of different coals need to 

be contrasted. 

Another factor that can influence the sorption capacity of a chosen coal is moisture. This 

is an active area for research, as many seams have inherent moisture in them. It is 

universally found that sorption capacities are reduced by the presence of water in coal 

(Busch and Gensterblum, 2011; Day et al., 2008c; Goodman et al., 2004; Gruszkiewicz et 

al., 2009b; Joubert et al., 1973, 1974; Kim et al., 2011; Krooss et al., 2002; Ozdemir and 

Schroeder, 2009; Pan et al., 2010; Švábová et al., ; Weniger et al., 2012). A relationship 

is found between reduced sorption capacity in coals due to moisture and coal rank, with 

lower rank coals more affected than higher rank coals (Day et al., 2008c; Joubert et al., 

1974; Ozdemir and Schroeder, 2009). This relationship with rank has been attributed to 

polar sorption sites (oxygen groups) occurring in lower rank coals in a higher 

proportion, such that polar sorbates like water will have a greater sorption affinity for 

particular sites (Day et al., 2011). 
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Quantifying the reduction of CO2 and CH4 sorption capacities due to water reveals 

significant differences. Weniger et al. (2012) found sorption capacity reductions on 

average 24% for CH4 and 12% for CO2 for coals that had between 1 and 2.5% moisture 

content. The average reduction found by Day et al. (2008c) results were  ~30% CH4 and 

20% for CO2 in the sorption capacities of up to ~8% moisture content in the three coals 

studied. This reduction in sorption capacity was suggested to be due to specific 

selectivity between the gases; CO2 exhibits site selectivity compared to CH4 and CH4 may 

not be able to attach to sorbed water molecules. Other experiments with water showed 

that removal of moisture shrinks the coal (Day et al., 2011; Reucroft and Sethuraman, 

1987). 

CH4 or CO2 sorption capacities for coals predicted from certain coal properties may be 

used to indicate the suitability of specific coal seams for ECBM. However, as evidenced 

by the effect of moisture, competitive sorption is a possible complicating influence on 

the suitability for certain coals for ECBM. In fact, many competitive sorption 

experiments predict very different sorption capacities for mixtures than those estimated 

from the sorption isotherm of only the single components.  This can depend on both the 

gases used, and on the adsorbent (Talu, 1998). Thus sorption experiments involving 

more than one gas have been necessary so the interaction between CO2, CH4 and other 

gases in the coal quantified and its impact on ECBM potential assessed.  

2.2.3 MIXED GAS STUDIES 

To measure multicomponent sorption data for a gas and determine the relative amounts 

of each component sorbed are much more experimentally difficult and time consuming 
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than for pure gases (Talu, 1998). Attempts have been made to predict sorption capacities 

of mixtures from pure component sorption data (Beutekamp and Harting, 2002; Myers 

and Prausnitz, 1965; Nieszporek, 2002; Talu, 1998). A well-used model that is used to 

predict isotherms for binary (two component) gas mixtures from only the pure 

experimental isotherm data is the Ideal Adsorbed Solution (IAS). Similarly to the method 

applied to non-ideal solutions in chemistry, activity co-efficients are used in the IAS 

model to account for adsorbents that have surface heterogeneity, e.g. porosity (Myers 

and Prausnitz, 1965). However, Talu (1998) argues that the accuracy of IAS predictions 

can only realistically assessed once binary data are available. Van der Vaart et al. (2000) 

applied the IAS to CO2-CH4 adsorption on an activated carbon. The IAS solution was 

calculated from the pure sorption isotherm data, but a correlation could be found to the 

binary sorption data only if activity coefficients were generated from their binary data.  

That is, the single component data were not reliable predictions of the mixed gas sorbed 

phase composition. Researchers in the ECBM area have applied the IAS for binary CO2-

CH4 sorption data in coal (Busch et al., 2006; Clarkson and Bustin, 2000; Yu et al., 2008b). 

All researchers report the requirement for activity coefficients in the model.  

While the IAS model has often been applied, there is no clear agreement that it is the best 

model to describe mixed gas sorption. Shimada et al. (2005) and Majewska et al. (2009) 

used instead an extended Langmuir model. Clarkson and Bustin (2000) also used an 

extension of the Langmuir model but found the IAS better. Yu et al. (2008b), found that 

using a combination of an IAS-Langmuir provided the best fit. Fitzgeralad et al. (2005) 

found the extended Langmuir inadequate when studying mixed gas sorption on wet 

coal and instead combined the extended Langmuir with a two dimensional equation of 
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state. Ottiger et al. (2008b) applied a model based on density functional theory. Finding 

a suitable model to describe mixed gas sorption is likely to require complementary 

techniques in addition to isotherm data. 

Regardless of the model used, results from mixed gas isotherm analysis thus far indicate 

that in the majority of cases, when CO2 and CH4 are both present in coal, CO2 will be 

preferentially sorbed, but it does not completely displace CH4 (Busch et al., 2006; 

Clarkson and Bustin, 2000; Fitzgerald et al., 2005; Majewska et al., 2009; Ottiger et al., 

2008a, b; Shimada et al., 2005; Yu et al., 2008b). 

The experimental procedures for mixed gas experiments differ between researchers. 

Whilst the introduction of binary mixtures to coal is a useful indicator for competitive 

sorption, in ECBM conditions the CH4 is already sorbed on the coal. Displacement 

experiments whereby pre-sorbed methanated coal is subsequently dosed with CO2 are 

more realistic but have rarely been undertaken. One study by Shimada et al. (2005), using 

CO2 then CO2/N2 to displace CH4 on pre-sorbed methanated coal found preferential 

sorption of CO2 compared to CH4 and N2. When applying an extended Langmuir model 

they found it consistently under-predicted the CO2 sorbed value and over-predicted the 

sorbed CH4 values, with very large errors. This was attributed to the sorption behaviour 

of CO2: some CO2 may dissolve into the solid organic structure of coal, whereas CH4 is 

expected to exhibit normal adsorption behaviour. More physical evidence needs to be 

presented for that argument to be compelling considering the issues surrounding the 

modelling of mixed gas sorption. Indeed, Yu et al. (2008b) found that the extended 



Chapter 2: Literature Review 

[44] 
 

Langmuir model, depending upon the ratio of CH4/CO2 in the gas composition, was 

highly subject to errors.  

It is clear from the reported mixed gas experiments that CO2 may not displace all the 

CH4. Relying on single component data alone to assess the potential for ECBM 

production in a coal seam is unwise. By contrasting the sorption behaviour of different 

supercritical fluids in coal Sakurovs et al. (2010) found a relationship between sorption 

capacity and the critical temperature of the gas, offering a suggestion that the sorbed 

phase of supercritical gas behaved more like a compressed gas instead of a distinct 

sorbed phase. This could explain why the sorption capacity is in the order CO2>CH4>N2 

since the critical temperature for each gas decreases in the same way. Alternatively, to 

explain differences in sorption behaviour between CO2 and CH4, other researchers have 

suggested that CO2 has a specific interaction with the coal, with swelling and dissolution 

more important compared to CH4 (Cui et al., 2004; Pone et al., 2009; Shimada et al., 2005). 

Swelling by CO2 has recently received attention to explore the implications for ECBM 

including its influence on gas storage capacity and transport properties of coal 

(Battistutta et al., 2010; Day et al., 2010; Karacan, 2003; Kelemen and Kwiatek, 2009; 

Larsen, 2004; Mazumder et al., 2006a; Mazumder et al., 2006b; Sakurovs, 2012; Zarębska 

and Ceglarska-Stefańska, ). 

2.3 SWELLING EXPERIMENTS  

Coal swells when it is exposed to a solvent, leading to a significant theoretical interest in 

its macromolecular structure (Brenner, 1985; Hall et al., 1992; Larsen et al., 1985; Murata 

et al., 2008; Ndaji and Thomas, 1993; Otake and Suuberg, 1997; Peppas and Lucht, 1985). 
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Hall et al. (1992) found a relationship between the swelling extent and the number of 

hydrogen bonds and other non-covalent bonds in the coal that are disrupted by the 

solvent. CO2 is known to also swell coal, though to a lesser extent than solvents (Reucroft 

and Sethuraman, 1987).  

When coal is exposed to solvents, the physical changes are similar to what happens with 

solvent-glassy polymer systems and an analogy with the structure of coal is often drawn 

(Hall et al., 1992; Larsen et al., 1985; Ndaji and Thomas, 1993). Both coal and glassy 

polymers are three-dimensional cross-linked macromolecular structures and both 

exhibit viscoelasticity and swelling behaviour when exposed to a solvent (Brenner, 1985; 

Ndaji and Thomas, 1993; Otake and Suuberg, 1997). Larsen (2004) argued that coal has a 

glass transition temperature (� ) and, since CO2 can swell coal similarly to solvents, it 

will act as a plasticizer lowering the �  resulting in the coal softening. He speculated that 

this structural change in the coal casted doubt on the practicality of long term storage of 

CO2. However, other swelling experiments show reversibility of the coal structure. This 

suggests instead that coal behaves more as a viscoelastic material when exposed to CO2 

(Battistutta et al., 2010; Day et al., 2010). 

The extent that coal swells can be measured by the volume change of a coal block. 

Sorption-induced swelling can be measured using strain gauges (Battistutta et al., 2010; 

Kelemen and Kwiatek, 2009; Zarębska and Ceglarska-Stefańska, ), or by a non-

contact optical dilatometer (Day et al., 2010). Coals swell to different extents depending 

on the coal, gas type and gas concentration. Experiments have shown (though not to a 

universal agreement) that lower rank coals swell more than higher rank coals (Day et al., 
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2011) but a clearer and more important finding is that all sorbing gases swell coal, with 

CO2 causing greater swelling than CH4 at the same pressure and temperature (Cui et al., 

2007; Day et al., 2010; Kelemen and Kwiatek, 2009). A relationship exists between the 

swelling extent of coal and the pressure of the gas (Figure 2-2), following a similar shape 

as the excess isotherm for the coal (Day et al., 2010). Isotherm equations can be fitted 

such as the DR (Day et al., 2010) or Langmuir (Battistutta et al., 2010). A further 

theoretical connection has been made by Pan and Connell (2007), who developed a 

model to describe sorption-induced swelling that uses isotherm information and two 

other measured physical parameters: the elastic modulus and Poisson s ratio.  

 

Figure 2-2 From Day et al. (2010) (a) the percentage change in volume for  coal as (a) a function of pressure, and (b) a 

function of gas density, for several fluids. 

A relatively recent finding has emerged (Figure 2-3) of a near-proportional relationship 

between the swelling extent and of the amount of the gas sorbed, regardless of the gas 

used (Cui et al., 2007; Day et al., 2010; Kelemen and Kwiatek, 2009). That is, swelling 

extent depends only on the amount of gas sorbed, not on the gas type. This has 

implications on the suggestions made in the literature that unlike CH4, CO2 has a specific 
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interaction with the coal (Cui et al., 2004; Pone et al., 2009; Shimada et al., 2005). Greater 

scrutiny is warranted to account for the differing sorption behaviour of these two gases. 

 

Figure 2-3 Relationship between strain and adsorbate concentration for native and dried block Blind Canyon, 

Pittsburgh #8 and Pocahontas coals. The data are colour-coded by the type of gas (left) and by coal sample (right). 

From (Kelemen and Kwiatek, 2009). 

Swelling of coals is not uniform. Using pyridine, Milligan et al. (1997) showed that coal 

maceral extracts swell to different extents in the order of vitrinite > liptinite > inertinite. 

CO2 has also been shown to swell macerals differently. Using X-Ray Computed 

Tomography (X-ray CT), Karacan (2003) observed in the coal studied different spatial 

and temporal swelling in regions of differing maceral composition. These results led him 

to speculate that, as a consequence of heterogeneous CO2 swelling of coal, differential 

changes in permeability could occur in coal seams.  

Recently, Day et al. (2011) performed swelling experiments on moisture equilibrated 

coals. It was found that moisture reduced the amount of swelling by the gas compared 

to dry coals. The degree to which swelling was affected by moisture depended on the 

coal rank, with lower rank coals more affected than higher rank coals. Proportionally, 
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CH4 induced swelling was more affected than CO2 by moisture in the coal. Recently, 

CO2-CH4 mixed gas swelling studies have been undertaken by the same authors who 

report no enhanced swelling from the mixtures. The swelling was no greater than would 

be expected to be caused by pure CO2 at the same partial pressure (Day et al., 2012). 

Majewska et al. (2009) performed CO2-CH4 displacement experiments in conjunction 

with Acoustic Emission (AE) and found differences in AE kinetics and coal 

swelling/shrinkage, according to whether the coal is first exposed to CH4 or to CO2.  

A significant difference in the conditions between laboratory-conducted 

sorption/swelling experiments for coal compared to the seam is that the coal in the seam 

will be under considerable hydraulic stress. Sorption and swelling experiments on coal 

under confined stress revealed significant differences compared to unconfined 

experiments (Hol et al., 2011; Pone et al., 2009). Although Karacan (2003) still observed 

swelling of confined coal, he found that due to the external stress, the vitrinite-rich 

regions would expel the CO2 after some time. The expulsion of CO2 from the coal under 

confined stress has also been observed by Hol et al. (2011). Pone et al. (2009) found that 

the application stresses of 6.9 and 13.8 MPa caused 39% and 64% reductions in CO2 

sorption capacity and in a separate measurement, 85% and 91% sorption capacity 

reduction for CH4, when compared to the coal in the unconfined state. They also found 

that the rate of gas uptake was lower in confined coal compared to unconfined. These 

findings indicate that the sorption capacities of coal determined on unconfined samples 

may overestimate the values obtained in situ. Sakurovs (2012) discusses the impact that 

swelling has on the measured sorption capacities of coals and the relationship between 

capacity and confining stress. By contrasting the pore volume calculated using high − 
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and low − pressure sorption isotherms for the same coal, it was found that high pressure 

sorption always gave a greater calculated pore volume. It was proposed that the 

difference between the calculated values at high and low pressures was due to the 

swelling of the coal at high pressures dilating the pores. Sakurovs predicts that the pore 

volume calculated for coals held under confined stress and swollen by CO2 may match 

those calculated by low pressure measurements. If that is the case, the calculated 

sorption capacities for unconfined coal derived from high pressure isotherms can still be 

used but a correction factor would need to be applied. Low pressure sorption 

measurements may give more realistic values for sorption capacities for coals at in-seam 

conditions. 

2.4  GAS TRANSPORT STUDIES 

2.4.1 BACKGROUND 

A currently active area for research is in the study of the flow of CO2 and CH4, and their 

mixtures, through coal under in situ conditions. It is found that the transport of gas 

within the coal is affected by any swelling the coal undergoes due to the addition of gas. 

To better understand the mechanisms controlling the exchange and transport of gas in 

coal experiments are being performed to study this effect: some replicate ECBM 

conditions under expected pressure and flow conditions looking at permeability 

changes, whilst others have focussed on the sorption kinetics of CO2 and CH4 in coal. 

The characteristics of a seam are generally included in ECBM permeability models, with 

the effect of coal fracturing considered (Pan and Connell, 2012). Even undisturbed coal 

seams are fractured. These fractures are known as cleats and are the primary channels 
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for gas and water transport through the coal seam. These are oriented perpendicular to 

the bedding plane. There are two types of cleats: the face cleats, which are extensive, can 

lie horizontal or vertical with respect to the bedding plane, and butt cleats, which are 

vertical but discontinuous when intersecting with face cleats (Figure 2-4a)(Harpalani 

and Chen, 1997). The matchstick  model is widely used to describe the cleat system 

(Figure 2-4b) (Harpalani and Chen, 1997) and also as a base for many permeability 

models (Pan and Connell, 2012; Puri et al., 1991; Shi and Durucan, 2004). 

 

Figure 2-4 a  a conceptual plan view of coal structure b  the matchstick  model idealising the cleat structure. From 

Harpalani and Chen (1997). 

Laminar flow is generally assumed when modelling fluid transport of fluid within cleats 

(Shi and Durucan, 2003). Within the microporous matrix blocks, flow is believed to be 

diffusion controlled (Harpalani and Chen, 1997). 

A distinction between the two flow regimes is important since mathematically different 

models are used to describe them. Reservoir models generally consider the dominant 

flow of gas in a seam to be within the cleats and are applied assuming steady state 
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conditions. Diffusion experiments concerned with measuring the uptake rate of the gas 

inside the pores operate under non-steady state conditions, thus different models of 

transport are applied. 

2.4.2 PERMEABILITY STUDIES 

Laminar flow is characterised by the parallel flow of the layers of a fluid with no 

disruptions between layers and transport is generally described under steady state 

conditions. Under steady state conditions, where all time derivatives are zero, flow is 

generally described as following Darcy s Law (Harpalani and Chen, 1997): 

 ̇ = − ∇  (2.1) 

where ̇  is the mass flow rate,  is the gas density,  is the gas viscosity, and ∇  is the 

pressure gradient.  is the permeability, and is a measure of the ability for porous media 

to transport fluid, through a given area. The permeability is usually expressed in 

millidarcys (mD), where  = −  . 

It has been considered that the matrix porosity of coal has little, if any, impact on the 

fluid flow behaviour of the seam (Pan and Connell, 2012; Puri et al., 1991; Shi and 

Durucan, 2004), and it is generally assumed that coal seam permeability is determined 

by the cleat system. However, it is found that the permeability can change upon CO2 

injection and CH4 depletion, so various proposed permeability models include the 

effects of matrix shrinkage and pore compressibility (Palmer, 2009; Pan and Connell, 

2012).  
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Cui et al. (2007) have taken into account the volumetric strains associated with desorbing 

gas in their permeability model for coal. It was argued that since CO2 has a stronger 

sorption affinity at the same pressure as CH4, the volumetric strains on the coal will be 

greater and the increased stress will reduce cleat permeability, thus making 

sequestration inefficient. Understanding and describing these volumetric changes in 

coal seams has been an active area of research; some further experiments have studied 

possible effects due to differential swelling (Mazumder and Wolf, 2008) and an area 

identified for future attention is the possible effects of anisotropy in swelling and its 

influence on permeability (Pan and Connell, 2012). 

2.4.3 DIFFUSION STUDIES 

Gas diffusion is the process by which there is a mass transfer across one part of a system 

to another in the absence of advection. This is due to random molecular motions, thus it 

is not possible to say which particular molecule will move where, but if there is 

concentration gradient, the net result is that matter from regions of high concentration 

will move to regions of low concentration according to Fick s Law. The rate of diffusion 

depends on the properties of the substrate such as permeability. Diffusion operates 

under non-steady-state conditions with non-zero time derivatives, for instance, due to a 

gradual saturation due to sorption (or emptying due to desorption) (Crank, 1975). 

Although gas diffusion is not considered to play a significant part in the overall transport 

rates in coal, it is important to have a fundamental understanding of it since the 

interactions between gas and coal cause the matrix block swelling (Hol et al., 2011; Pan 

and Connell, 2011), which ultimately affect the seam permeability.  
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Differing approaches are taken to record CO2 and CH4 sorption kinetics in coal. Some 

experiments are designed to directly measure sorption kinetics via the time dependence 

of pressure changes from a set point when introducing gas to the coal (Charrière et al., 

2010; Gruszkiewicz et al., 2009a; Shi and Durucan, 2003), but most researchers record the 

time dependence of these pressure changes when executing isotherms (Busch et al., 2004; 

Ciembroniewicz and Marecka, 1993; Clarkson and Bustin, 1999a; Cui et al., 2004; Jian et 

al., 2012; Pan et al., 2010; Pone et al., 2009; Siemons et al., 2007; Švábová et al., ). For 

their study, Shi and Durucan (2003) used data from laboratory injection tests where CO2 

was pumped over methanated coal under a constant pressure, until CO2 breakthrough 

occurred. 

Converting sorption kinetic data into diffusion rates requires the application of an 

appropriate model. Various models have been applied, each requiring a host of often 

tacit assumptions.  Regardless of the techniques and models used, it is generally agreed 

that in coals (i) at higher temperatures the diffusion coefficients are larger; (ii) under the 

same conditions the diffusion coefficients for CO2 are significantly higher than for CH4; 

(iii) the diffusion coefficients for dry coal are higher than for wet coal; (iv) diffusion 

coefficients are lower when the coal is under confining stress than in unconfined 

conditions; and (v) reducing the mean particle size of the coal decreases equilibration 

time (Busch and Gensterblum, 2011). Since many diffusion models (including those 

applied to coal) are based on Fick s Laws, a background is given on Fickian diffusion, 

and of its application to coal.  
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Fickian diffusion assumes that the rate of transfer of the diffusing substance through a 

unit area of a section in an isotropic medium is proportional to the concentration 

gradient measured normal to the section: 

 = − � (2.2) 

where  is the rate of transfer per unit area of a section in space,  is the concentration 

of the diffusing species, � is  the corordinate measured normal to the section, and  is 

the diffusion co-efficient. This is Fick s First Law, and, if the concentration of fluid is low, 

 can often be assumed to be independent of  (Crank, 1975).  

Fick s Second Law, predicting how the concentration will change in time due to diffusion 

is derived from Eq.(2.2), and from this the fundamental diffusion equation is produced. 

General solutions and hence diffusion coefficients are calculated using the fundamental 

diffusion equation for a variety of given initial and boundary conditions. The most 

developed solutions for use with coal are the unipore or bidisperse models (Busch and 

Gensterblum, 2011) which are derived from the radial form of the diffusion equation 

(Eq.(2.3)) with  assumed to be constant. 

 = +  (2.3) 

The unipore model, as applied to coals, is a solution that assumes that the internal 

porosity of coals is in the form of spheres of a unique radius , and has a fixed diffusion 

coefficient (Clarkson and Bustin, 1999a; Crank, 1975; Ruckenstein et al., 1971). The 

solution can be obtained by a separation of variables technique or a Laplace transform 
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of Eq.(2.3) where a trigonometrical-series type of solution emerges. The fractional uptake 

is expressed as an infinite converging series in the parameter : 

 
��∞ = − ∑ e�p −∞

= �  (2.4) 

Here �  is the amount of gas adsorbed at time  in seconds, expressed as a fraction of 

the final adsorbed amount at equilibrium �∞ . �  is the effective diffusivity ( − ). The 

relation to the actual diffusivity when  is known is: � = /  (with commonly used 

units . − ). The unipore model is commonly expressed using �  when the pore 

radius is not known (Crank, 1975). Eq.(2.4) can be applied by optimising �  to fit 

experimental data. The unipore model has and continues to be widely used to describe 

sorption kinetics in coal (Bhowmik and Dutta, 2013; Busch et al., 2004; Charrière et al., 

2010; Ciembroniewicz and Marecka, 1993; Clarkson and Bustin, 1999a; Nandi and 

Walker, 1975). 

Researchers disagree about whether one such characteristic diffusion coefficient is 

sufficient to describe the sorption kinetics of coals. Some found that for the coals and 

conditions they investigated, a single coefficient was sufficient (Charrière et al., 2010; 

Ciembroniewicz and Marecka, 1993; Jian et al., 2012; Kelemen and Kwiatek, 2009; Pone 

et al., 2009; Švábová et al., ). Others however, required two coefficients to describe 

the sorption behaviour (Busch et al., 2004; Clarkson and Bustin, 1999a; Cui et al., 2004; 

Shi and Durucan, 2003; Siemons et al., 2007). It has been found that for certain inertinite-

rich coals a single co-efficient was not sufficient to describe the sorption kinetics. There 

it was suggested that a single coefficient may be sufficient in some cases for bright 
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(vitrinite-rich) coals but that two coefficients are necessary to describe the sorption 

kinetics of dull (inertinite-rich) coals  (Clarkson and Bustin, 1999a; Crosdale et al., 1998). 

This (occasional) inadequacy of the unipore model is attributed to coal having a wide 

pore size distribution. A dual-porosity system has been assumed in coal, with a 

macropore system (often defined as the pores accessible to mercury porosimetry) and a 

micropore system (which is accessible by helium but not mercury) (van Krevelen, 1993). 

Dual-porosity models have been developed that aim to more realistically depict the pore 

size distributions and hence to more accurately capture diffusion behaviour (Bhatia, 

1987). The simplest approach to describing a dual porosity system is the bidisperse model. 

This assumes spheres of two distinct sizes, corresponding to macropores and 

micropores. Fast diffusion is associated with macropores, and slow diffusion with 

micropores (Ruckenstein et al., 1971).  The bidisperse model was first applied to coal in 

early work by Smith and Williams (1984). 

Other models have also been applied to CO2 sorption kinetics on coal. Like the unipore 

model, these models have a single diffusion coefficient  (Jian et al., 2012; Pone et al., 2009; 

Švábová et al., ), whilst other authors (Busch et al., 2004; Siemons et al., 2007), simply 

use an empirical fit which is a sum of two exponentials with the terms 'fast' and 'slow' to 

describe the two apparent sorption effects. 

There is also disagreement on whether diffusion coefficients increase or decrease with 

rising pressure. Even with similar models, some authors have found that diffusion 

coefficients increase with rising pressure (Charrière et al., 2010; Ciembroniewicz and 

Marecka, 1993; Jian et al., 2012), while others have found that they fall  (Busch et al., 2004; 
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Cui et al., 2004; Pone et al., 2009; Shi and Durucan, 2003; Siemons et al., 2007). Still others 

have found that different models may give different pressure trends depending on the 

model chosen, even using the same data (Clarkson and Bustin, 1999a). Table-2.1 lists 

these papers and their findings. Some report a positive trend with pressure, others report 

the opposite. The lack of consistency in the deduced effects of pressure could be due to 

(i) choice of model, (ii) choice of experimental conditions or (iii) choice of coal. 

Study Model Fluid Effect of increasing 
pressure on 

diffusion 
coefficients 

Experiment 
Conditions 

(Ciembroniewicz 
and Marecka, 

1993) 
approx. of unipore 

CO2 Increase  & ˚C 
0 65 kPa 

(Clarkson and 
Bustin, 1999a) 

 

Unipore, bidisperse 

CO2, CH4 Increase  & ˚C 
0 127 kPa,  
0  5 MPa 

Modified bidisperse CO2, CH4 Decrease  
 

(Cui et al., 2004) 
Modified bidisperse CO2, 

CH4,N2 

Decrease ˚C, 
0  7MPa 

(Shi and 
Durucan, 2003) 

Modified bidisperse CH4-CO2 Only the micro- term 
decreases 

˚C, 
4.2 MPa 

 

(Busch et al., 
2004) 

Two exponentials, 

unipore 

CO2, CH4 Decrease  for "slow" 
term at elevated 

pressures 

˚C 
0 6 MPa 

(Siemons et al., 
2007) 

 

Two exponentials 

 
CO2 

 

Slow term decreases 
˚C 

0 12 MPa 

(Pone et al., 2009) 

 

Unipore-like model 

CO2, CH4 Decrease 
˚C, 

3.1 MPa 

(Pan et al., 2010) 
Bidisperse (with 
adjusted  term) 

CO2, CH4 CH4 increase. CO2 no 
change 

˚C, 
0 4 MPa 



Chapter 2: Literature Review 

[58] 
 

(Charrière et al., 
2010) 

approx. of unipore 

 
CO2 

 

Increase 
˚C & ˚C 

0.1 & 5 MPa 

(Švábová et al., 
2012) 

LDF single 
parameter 

CO2 
Decrease 

45 & 55 ˚C, 
0.1 0.8MPa 

(Jian et al., 2012) 
unipore-like.  model 

CO2 
Increase 0 4.68 MPa 

Table 2.1 Summary of reported pressure dependence of diffusion coefficients for  various gases in coal. 

Although it is generally agreed that CH4 diffusion coefficients are lower than CO2 

diffusion coefficients for coal (Busch and Gensterblum, 2011), there are speculations as 

to the physical source of this difference. One suggestion is that it is due to activated 

diffusion , whereby it is argued that CO2 has a lower activation energy for diffusion than 

CH4, and so will adsorb faster (Charrière et al., 2010). Other suggestions include the 

possibility of coal containing selective pores, where CO2 transport is less hindered than 

that of CH4 and able to pass physical barriers (such as narrow pore throats) more easily 

(Cui et al., 2004). Pone et al. (2009) suggests that CO2 diffusion follows mainly imbibition 

and absorption into the coal compared to CH4, where its movement in the coal may be 

restricted to only pore filling.  

There is a clear lack of agreement on the correct model, the correct trends with pressure, 

and on the physical source for the differences in diffusion between gases. Additionally 

there is only one study involving mixtures with the possible effect that CH4 already 

sorbed on the coal will have on the diffusion of CO2. These are important issues that 

demand resolution before good generalised diffusion models can be developed. 
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2.4.4 OTHER KINETIC STUDIES 

Other researchers have focussed on understanding coal sorption behaviour using more 

dynamic studies. This has included work involving spectroscopy, and more recently 

Small Angle Scattering (SAS). 

Goodman et al. (2005) have produced a CO2 isotherm independent of gas density 

calculations and void volume errors, by observing the change in CO2 photo-absorption 

bands. Mastalerz et al. (2012) has had recent success in directly observing sorption in 

certain maceral rich regions of coal using spectroscopy but further developments are still 

required to make this a quantitative approach. 

The use of small angle scattering (SAS) as a tool for discovery of structural properties of 

coal, including the distribution of pores and the nature of the internal surface area has a 

long history (Bale, 1984; Hirsch, 1954; Kalliat et al., 1981; Mahajan, 1984; Radlinski et al., 

2004; Reich et al., 1990). For porous materials, information such as the specific surface 

area and pore-size distribution can be gleaned from small-angle scattering (SAS) 

experiments. For X-rays, in the materials of interest the spatial variation of the electron 

density inside the material due to differing molecular composition occurs over distances 

small compared to the size of the pores or the material itself. As a simplification, a porous 

material may be considered to consist of a homogeneous matrix with holes of varying 

and underdetermined shape in a random distribution. The electron densities can then 

be considered to exist in two phases: zero in the pores (under vacuum) and a constant 

value in the matrix (Debye et al., 1957). The scattering angle is related to pore diameter, 

and the scattered intensity is related (for X-rays) to contrasts in electronic density 
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between the pores and the surrounding matrix (Glatter and Kratky, 1982). An 

inhomogeneity with size D in real space will generally lead to a peak centred on zero 

scattering angle with breadth /  measured in units of the scattering vector whose 

modulus is Q = � �/ , where   is the scattering angle. For detailed discussions of 

the scattering theory applied to coals the reader is referred to (Radlinski et al., 2004; 

Radlinski et al., 2009a; Radlinski et al., 2009b) 

Small angle x-ray scattering experiments has revealed that coal contains a fractal pore 

geometry (Bale, 1984; Reich et al., 1990) and looking at range of Q values, coal has been 

shown to reveal surface fractal scattering in a size scale ranging from several nanometres 

to micrometres (Radlinski et al., 2004), and in this range, the real pore distribution may 

be represented by a polydisperse distribution of unrelated spheres. Under this model, 

the relationship between Q and the average pore radius is ~ . /Q at a position Q 

(or � �/ ) on a small-angle scattering curve (Radlinski et al., 2004).  

More recently, experiments combining SAS data collection in situ with sorption 

experiments with coal (and other carbons) have expanded the use of SAS to capture the 

dynamics of sorption (Chathoth et al., 2012; Chathoth et al., 2010; Melnichenko et al., 

2009; Melnichenko et al., 2011; Melnichenko et al., 2006; Radlinski et al., 2009a; Radlinski 

et al., 2009b; Sakurovs et al., 2009b). SAXS has been used to complement isotherm 

measurements observing pore size specific information of CO2 interaction on coal of pore 

sizes that range from − � .  nm − .  nm . (Radlinski et al., 2009a; Radlinski et 

al., 2009b). General observations included (i) CO2 sorption kinetics is faster in regions of 

lower transmission, but the final density of CO2 is greater in regions of higher 
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transmission, (ii) no evidence of irreversibility in the pore size distribution on exposure 

to CO2, and (iii) the density of adsorbed CO2 at a given pressure was pore size 

dependent.  

The ability of SAS to provide complimentary data to sorption experiments could help 

test assumptions in sorption models. For instance, the discovery of a large fractal pore 

distribution, calls into question the assumption of coal having a dual porosity  system 

if extensive across a range of coals (as discussed in Section 2.4.3). Melnichenko et al. 

(2011) combined Small Angle Neutron Scattering with CO2 and CH4 uptake experiments 

using to observe if there are pores in the coal that CH4 cannot penetrate, compared to 

CO2. These experiments showed that if there is a difference, it is small.  

2.4.5 SCALING AND FIELD STUDIES 

As stated earlier, the kinetics and sorption capacity of the coal are affected if it is held 

under a confining stress (Hol et al., 2011; Karacan, 2003; Pone et al., 2009). Therefore, 

how the findings of experiments performed in the laboratory can be applied in-seam is 

a question of critical importance. Kiyama et al. (2011) designed experiments to replicate 

in-seam conditions and found that the measured permeability change in their coal due 

to sorption-induced swelling explained much of the observed permeability changes 

found in field trials in a coal seam. Other field trials have found that the reduction in the 

injection capacity of CO2 at a pilot plant was consistent with a permeability profile that 

decreases upon CO2 injection (Reeves, 2004). The possibility of injecting flue gas directly 

has been raised. This could reduce permeability changes, but with increased 

compression costs due to the larger volume of gas injected. The possible effects of 
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impurities in the flue gas on coal properties have been marked as an area warranting 

attention (Mazzotti et al., 2009).  

2.5  SUMMARY AND  IMPLICATIONS 

In this literature review, the main studies that have furthered the understanding of the 

physical interaction of CO2 and CH4 with coal have been discussed. From these studies, 

it has been identified that the production of quality sorption isotherm data is difficult, 

plagued with many experimental problems. Additionally, since there is no agreed 

physical model to apply to isotherm data, the understanding of gas sorption at a 

fundamental level is limited. Nevertheless, correlations between sorption capacities and 

coal properties provide researchers with a guide to selection of coals suitable for ECBM. 

The rank of the coal is currently the best guide for suitability, with the increase in a coal s 

rank leading to a decrease in its sorption capacity, except for some very high rank coals. 

It is clear that sorption capacity measured in the laboratory is not enough to enable 

researchers to adequately assess coal seams as suitable for ECBM. For example, more 

physically realistic studies involving water saturated coals have shown a reduction in 

their potential to store CO2. Experiments containing mixtures of CO2 and CH4 have 

shown that CO2 does not completely displace CH4. Akin to the single component 

isotherms an appropriate physical model has not been found to effectively describe 

mixed gas sorption.  Competitive sorption is not well understood. A suggested reason is 

that CO2 interacts in a physically very different manner from CH4, with swelling and 

absorption into coal more important for CO2; but this has not been convincingly 

demonstrated and is inconsistent with the finding that CH4 can also cause coal to swell. 
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This has led to more studies to understand sorption-induced swelling. Swelling 

experiments have shown that there are small volumetric changes when coal is exposed 

to CO2, CH4 or their mixtures. These volume changes are reversible and, although CO2 

swells coal more than CH4 at the same pressure they do not show any difference in the 

nature of the physical interactions of the gas with the coal. A significant recent finding 

from studying these volumetric effects is that when coal is confined under hydraulic 

stress the sorption capacity is reduced and gas transport is inhibited.  

Understanding gas transport and how it might be affected under in-seam conditions is 

currently an active area of research. Many studies concentrate on improving the 

understanding of permeability and diffusion of CO2 and CH4 in coal. The volume 

changes due to sorption are understood as a potentially limiting factor to the 

permeability of the coal seam, impacting the overall viability of ECBM.  Many models of 

gas transport in coal incorporate both volume changes due to the coal matrix swelling 

and to sorption and shrinkage due to desorption. Predictions made from such models 

can explain some of the observations made in field trials of ECBM. Diffusion studies 

have not yielded a definitive answer as to the nature of the interaction of CO2 and CH4 

within the coal matrix.  There is no currently agreed modelling approach, as it is not 

established whether one or two characteristic rate parameters are required for certain 

coals. Additionally, there are conflicting trends of diffusion coefficients with changing 

pressure reported in the literature. There is also no clear agreement on the physical 

mechanism to why CO2 and CH4 exhibit different kinetics with the same coal. These 

discrepancies must be reconciled before predictive modelling can be applied. Coals 

could then be better assessed as to their suitability for ECBM. 
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The premise of the work towards this thesis was that a thorough understanding of the 

fundamental gas interaction of CO2, CH4 and their mixtures with coal via diffusion 

studies will lead to an improved physical model that can reconcile the above mentioned 

discrepancies, leading to a consistent physical picture of diffusion of gas in coal. This 

includes sorption uptake experiments, analysing the relationship with external 

parameters (coal type, pressure conditions, coal particle size, gas type and temperature) 

and expectations from current models. Since it has been identified that distinguishing 

the different isotherm models based on isotherm data alone was ineffective, use of a 

broader range of experimental approaches is proposed so diffusion models may be 

better contrasted against each other. 
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CHAPTER 3:  

EXPERIMENTAL METHODS 
3.1     OVERVIEW 

In order to address the proposed research question (refer to Section 1.3), isotherm and 

kinetic experiments were performed on two coals and on an activated carbon. 

Additional experiments combining SAXS with gas uptake measurements were also 

completed. The methodology behind these experiments is detailed in this chapter. Raw 

kinetic data for sorption-induced swelling for a number of coals was supplied by Robyn 

Fry, CSIRO Energy Technology; detail is provided on how the swelling measurements 

were performed. 

3.2     SINGLE COMPONENT ISOTHERMAL MEASUREMENTS 

3.2.1 REQUIREMENTS OF ACCURACY 

From the literature review, a good accuracy of temperature and sufficient pressure 

resolution were known to be necessary to achieve accurate results. Moreover the 

necessity for good temperature uniformity in the sample cell has also been emphasized 

in the literature. Some researchers are explicit with temperature uncertainty and are 

reporting accuracy better than 1 K (Charrière et al., 2010; Dutta et al., 2008; Gruszkiewicz 

et al., 2009a; He et al., 2010; Li et al., 2010; Ottiger et al., 2008a; Ozdemir and Schroeder, 

2009; Pone et al., 2009; Prusty, 2008; Romanov et al., 2006a; Siemons and Busch, 2007). 

Some work can still be found for which no details on the temperature accuracy are 

reported (Jian et al., 2012). Other surveyed papers with temperature uncertainty not as 
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precisely recorded either have remained at pressures well below the critical point of CO2 

(Jessen et al., 2008; Kelemen and Kwiatek, 2009; Majewska et al., 2009; Pan et al., 2010), 

or employed a gravimetric system at higher pressures (Bae et al., 2009; Sakurovs et al., 

2007), where there is a reduced requirement for accuracy and documented uncertainty 

in temperature measurements. 

The first inter-laboratory comparison on CO2 isotherms on coals showed significant 

variation between different laboratories, especially at pressures near 8 MPa (Goodman 

et al., 2004). To reduce these differences, it was proposed that strict control of coal 

moisture and drying procedures were necessary. A follow-up round robin study 

(Goodman et al., 2007) compared three moisture-equilibrated coals and found that 

although there was good agreement between the laboratories up to pressures of MPa, 

the isotherms diverged significantly at higher pressures. Subsequent investigations 

showed that the assumed free space volume in the individual experiments led to a major 

source of variation between different laboratories that showed the most similar results 

(Sakurovs et al., 2007; Yu et al., 2008a). It was also argued that better accuracy on 

measured volumes was needed as well as better control in minimizing the void volume 

of the sample in the adsorption cell  

Later, two other sets of round robin studies (European) on an activated carbon 

(Gensterblum et al., 2009) and on three coal samples (Gensterblum et al., 2010) were 

performed across four laboratories.  Good agreement was found, with differences in the 

CO2 isotherms of less than 5% with most of the variation attributed to different drying 

procedures and the activation of the carbon used (Gensterblum et al., 2009). Gensterblum 
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et al. (2010) also found an overall agreement but identified deviations most likely due to 

differences in the severity of the drying step. In addition, sample heterogeneity was 

identified as a factor. 

General observations and recommendations were made that in order to minimize error: 

(i) The temperature should be measured by high-precision detectors to 

avoid absolute errors of  K, and they should be measured within or as 

close to the sample as possible. 

(ii) For manometric setups, the pressure range from 7 to  MPa should be 

avoided due to the steep gradient of the equation of state which can 

affect mass balance equations significantly. The measured sorption 

will be very sensitive to small deviations in temperature in this region. 

(iii) Multiple helium volume runs with averaging should be done in order 

to minimise this contribution to void volume errors of the sample and 

of the cells. 

(iv) The ratio between void and sample volume should be minimised.  

The above lessons (i iv) were applied to the system design for the work performed for 

this thesis in order to minimise errors. 

A high pressure gravimetric apparatus is already in use by my research group (Sakurovs 

et al., 2007) and whilst it can produce isotherms with a reasonable temperature accuracy 

and stability ± .  ˚C , there are many properties of the system that make it unsuitable 

for time based measurements: the difficulty of its modification to measure the 

temperature inside the sample cell, the slow sampling rate, difficulty in measuring 

different zones in the oven, and the desire for greater control on temperature stability.  

3.2.2 RESPONSE AND SYSTEM DESIGN 
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In view of the above mentioned considerations, a manometric apparatus was chosen 

with the following precautions and design constraints implemented: 

(i) The use of large coal samples (200 g) and the ability to measure the 

sample volume (using helium) inside the sorption apparatus. 

(ii) Temperature stability and uniformity to be better than .  ˚C. 

(iii) Pressure resolution: accurate within 0.01% full scale. 

(iv) Ability to vary temperature to perform sub- and supercritical CO2 

sorption experiments. 

(v) Pneumatically actuated valves embedded in the bath ensuring that 

the all the gas in contact with whole sample cell is kept isothermal. 

(vi) Fast response of temperature and pressure measuring equipment. 

All parts were constructed from Swagelok® stainless steel fittings, as the apparatus was 

immersed in water. In order to meet the desired criteria (i) a 300 ml stainless steel 

cylinder was chosen for the sample cell, which the coal could completely fill, so 

minimizing the void volume. To keep the free volumes comparable, a larger reference 

cell of 500 ml was then selected. This then provided a guide of the size of the water bath 

that could fit all components:  cm ×  cm ×  cm, with a capacity of 325 litre. Four 

fast response .  mm  diameter stainless steel Resistance Temperature Device (RTD) 

thermometers (Hart Scientific 5622-10-P) were purchased; one to be inserted into the 

reference cell, one into the sample cell, one in the water bath and one to measure the 

ambient room temperature. To calibrate these RTDs a secondary thermistor (Hart 

Scientific 5610) with a quoted calibrated uncertainty of ± .  ℃ was purchased. The 

RTDs were connected through a National Instruments digital-to-analogue converter, 

connected to a computer, with Labview software configured for time based temperature 
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measurements. Using the thermistor they were then calibrated in a dry well 

(uniformity .  ℃) and at ice point (to which the thermistor accuracy was verified, 

measuring it to be ± .  ℃ ). The calibration method followed the Australian 

Measurement Institute (AMI) ISO Guide to Uncertainty (Bentley, 2002) and was 

performed over the temperature range: −  ℃. The uncertainty calculation included 

the standard deviation for a number of readings, possible errors due to bath non-

uniformity, AC circuit pickup, polynomial data fit and interpolation, and short term 

stability (the repeatability at ice point). Table 3.1 displays the results of the uncertainty 

analysis for each of the probes. 

 

Table 3.1 

The calibrated uncertainty was well within the desired margin of accuracy of ± . ℃. 

The most accurate probes, RTD0 and RTD3 were inserted into the volume cells using a 

soft graphite ferrule so they would not be damaged upon tightening. Two Parascientific 

Model 9000 pressure transistors (with a quoted accuracy of 0.01% Full Scale: −  MPa) 

were then connected using Swagelok® stainless steel tubing, one for each cell. Their 

electronics were connected to the data logger, with LabviewTM software configured to 

record their values. The cells themselves were mounted on a manifold approximately 

RTD 

Label

Measurement 

Location

Max Calculated 

Uncertainty

RTD0 Sample Cell ±0.032°C
RTD1 Room ±0.082°C
RTD2 Bath ±0.078°C
RTD3 Reference Cell ±0.035°C



Chapter 3: Experimental Methods 

[70] 
 

1.5 m above the floor (Figure 3-1), with the sample cell positioned vertically and 

connected to the manifold using fiberglass to minimize heat leakage out of the bath. Half 

inch metal gasket fittings (Swagelok® VCR) fittings were used for connecting the sample 

cell to the apparatus, in order that samples could be changed easily. The reference cell 

was positioned horizontally and held using wooden rings of the same diameter, to 

minimize heat leakage. To further ensure temperature uniformity for the whole 

apparatus, two pneumatic diaphragm valves were connected at a height so they could 

be immersed in the bath (to below the bellows). The bath was placed on a hydraulic lift 

trolley that could be lifted and lowered as desired allowing the complete immersion of 

the manometric system in water. The bath was 80% filled with distilled water and then 

the remainder 20% with ethylene glycol to inhibit corrosion and evaporation. Hollow 

polypropylene balls were then layered on the surface of the water to further reduce 

evaporation and heat loss on the surface layers. Gas lines were then plumbed through a 

piston pump (ISCO 500D), and depending on the particular gas used in the experiment, 

different VCR fittings on a manifold next to it could be changed easily. To keep the bath 

at the desired uniform temperature, a heater (Techne TU20-D), with quoted stability of ± .  ˚C was employed. An additional circulator (a standard underwater aquarium 

pump) was also immersed in the bath to provide greater circulation. Figure 3-2 shows a 

schematic of the manometric apparatus. 
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Figure 3-1 Manometric apparatus used in experiments. 

 

Figure 3-2 Schematic of the manometric appartus used. 

 

 



Chapter 3: Experimental Methods 

[72] 
 

3.2.3 SAMPLE VOLUME DETERMINATION 

A brief review of the method used to measure the several parts of the system volume is 

provided, as ensuring accurate volume determination was a key requirement emerging 

from the round robins. Gas pycnometry is commonly used to accurately determine the 

volume of solids. Helium is usually employed since it is inert, does not adsorb 

appreciably and is the smallest molecule. (Tamari, 2004; Walker et al., 1988). It has been 

noted that the actual sample volume can be overestimated by helium due to it smallness 

and that the surface cannot be covered perfectly, with the effect more pronounced for 

samples with high specific area and roughness such as coals and activated carbons 

(Tamari, 2004). However, if helium cannot cover the coal perfectly (and if dissolution is 

not considered), it is doubtful that large molecules could either. Thus helium is generally 

considered the best probe to find the true volume of samples. 

However, the assumption that helium adsorbs negligibly view may not be valid for these 

high surface area samples (Huang et al., 1995; Maggs et al., 1960; Malbrunot et al., 1997; 

van Hemert et al., 2009). Maggs et al. (1960) contrasted measured helium densities of 

carbon and coal over a range of temperature profiles, finding evidence for restricted 

helium adsorption in an anthracite coal at 77 K. No appreciable sorption was found at 

room temperature (298 K) but they did find measurable sorption on an activated carbon 

at the same temperature. Kini and Stacy (1963) also compared helium adsorption across 

a range of carbonaceous solids and temperatures and while they found evidence for 

helium sorption in coal, it was markedly lower at room temperature compared to 

activated carbon. More recently, Huang et al. (1995) suggested that the effects of helium 

adsorption could be present in coal at ~2.3 bar at room temperatures in a pycnometer. A 
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maximum deviation of ∆ = .  kg. m−  was found between their predicted density 

and measured helium density. For the coals studied of density range ~ .  to .  kg. m−  this would only contribute a maximum error of ~0.4% in volume 

error. A more direct comparison was made by Gruszkiewicz et al. (2009a) between a 

high pressure ~ .  MPa) determination of coal volume in their adsorption system and 

the volume determined by an external pycnometer. They found an average agreement 

for all samples of coal within . %. Bae et al. (2009) also compared the helium volume 

obtained at high pressure (~  MPa) in their apparatus and found the helium volumes of 

coal to be within – % of their determination through the pycnometer. 

While there may remain uncertainty to whether helium adsorption is appreciable on coal 

at room temperatures, it is likely to be a very low amount and to only contribute a small 

uncertainty (<1%). It is also clear that when evidence for helium sorption was found it 

was far more noticeable for substances with very high surface areas such as an activated 

carbon, or at low temperatures far away from the conditions where sorption experiments 

relevant to ECBM are carried out. Bae et al. (2009) still recommend that pressures less 

than 2 MPa be used and that the experiments are carried out at the highest temperature 

that does not affect coal properties. In this thesis, helium is used in volume 

determination and it is assumed that its absorption is negligible. 

3.2.4 SYSTEM TESTING 

The system was pressurised with nitrogen up to 12 MPa with no leaks detected. A 

vertical uniformity test across various depths found no measurable variation. The time 

stability of the bath temperature was also better than the resolution of the RTD. Labview 
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software was configured to allow electronic actuation of the pneumatic valves and to 

take pressure and temperature measurements every 1 s. The reference and sample 

volumes were determined with a volume expansion method (Wright et al., 2003). The 

volume of a known mass of chrome steel balls was first measured using a commercial 

pycnometer (Quantachrome Ultrapyc 1000); an average from eight experiments using 

different subsamples gave the calculated density was . ± .  g/ml. Then a larger 

mass of the chrome steel balls was inserted in the sample cell and, using the value that 

was calculated for their density the volume occupied by the balls in the sample cell was 

then calculated to be 178.49±0.01 ml. The system was evacuated, the reference cell 

pressurized with helium, the pressure and temperature recorded and the valve opened 

to the sample cell allowing the helium to expand. This experiment was then repeated 

with the steel balls removed. An average temperature of . ± .  ℃ and an average 

dosing pressure of .  MPa were used for both runs. Using a numerical equation of 

state (uncertainty 0.1%) (Lemmon et al., 2010), the reference cell volume was calculated 

to be 513.90 ±0.27 ml and the sample cell volume to be 327.53 ±0.22 ml. Using a high 

pressure of helium was the optimal condition to provide the smallest uncertainty in 

volume, assuming negligible helium sorption on the chrome steel balls. Repeated 

volume determinations on a coal suggested an optimal reference cell dosing pressure 

between 2 MPa and 8 MPa since the calculated volume was constant between these limits 

and variable at the lower pressures (Figure 3-3) – this is reasonable, since the volume 

calculation is sensitive to the absolute uncertainty in the pressure, which is higher at the 

lower pressures. 
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Figure 3-3 Different calculated volumes for a coal sample when different starting pressures of helium were used. 

As the system was utilised for kinetic experiments it was tested for long term stability at 

temperatures of 27, 45 and 55 ℃. Figure 3-4 shows a typical one day temperature profile 

in the sample cell upon insertion of CO2 at 45  ℃ . The standard deviation for the 

temperature was within the uncertainty in the temperature ( ± .  ℃ ). Due to 

evaporation, the bath water level fell steadily, especially at higher temperatures, 

accompanied by a change of − .  ℃ in the measured temperature. However, when the 

bath was refilled, the temperature returned to the original value. 
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Figure 3-4 Temperature profile in the sample cell when dosed with CO2 to ~0.8 MPa. 

3.2.5 SAMPLE PREPARATION 

Since differences in sample preparation were identified as the factor accounting for most 

of the variation amongst different laboratories in the round robins, it is evident that care, 

documentation and consistency in this process are required. Table 3.2 lists some of the 

different sample procedures used in the ECBM literature for dry coal. Not all methods 

are consistent and given the effect that residual moisture has on isotherm measurements, 

appropriate documentation of this step will assist in comparison of experimental results. 
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Study Method 
(Bae and Bhatia, 2006) vac dried at � = . ˚C 

(Pone et al., 2009) vac dried Coal cores: 48 h, powder:24 h. 

(Gruszkiewicz et al., 2009a) 
washed with distilled water. Dried in air convection 
oven at 50 ˚C until no more weight change (<0.0001g) 

(Kelemen and Kwiatek, 2009) 
vac dried for up to 3 days at � <  ˚C. Additional 

exposure to CO2 and further evacuated. 
(Švábová et al., ) vac dried at  ˚C 

(Siemons and Busch, 2007) vac  dried for at least 1.5 h at � =  ˚C 
(Ozdemir and Schroeder, 

2009) 
vac dried in situ at the desired temperature  

(Romanov et al., 2006a) vac dried 130 ˚C for 24 hours 
(Day et al., 2008c) vac dried at 60 ˚C for 2 days 

Table 3.2 Information listed on the sample preparation procedures for dry coal sorption experiments listed by other 

researchers. 

Whilst evacuating the coal at the highest possible temperature reduces drying time (Bae 

and Bhatia, 2006), it was decided in this study to follow the drying methods already 

outlined by Day et al. (2008a), with a long evacuation at a low temperature (  ˚C) to 

reduce the potential for thermally-induced changes in the coal structure. The volume 

determination for the sample was performed inside the manometric apparatus after 

evacuation so that issues with subsampling were also avoided. 

The coal was initially vacuum dried using a house vacuum at  ˚C for 48 h (to less than 

1 mbar) and then placed in a desiccator (still under a vacuum) while it cooled. The coal 

was then purged with nitrogen to atmospheric pressure, transferred to the sample cell 

and weighed. Care was taken to ensure minimal exposure to the atmosphere (less than 

a few minutes). The sample cell was then connected to the experimental system and 

evacuated for a further 48 h at  ˚C, to a pressure reading of less than × −  mbar. 

This further evacuation procedure was repeated before all experiments of the same 
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sample. The volume of the coal was determined by a volume expansion method using 

helium as described earlier. It was expected that in the time between removing the coal 

from the oven and placing it in the manometric apparatus it would continue to adsorb 

some water. Efforts were made to minimize the time between when the coal was taken 

out of the oven to cool and when it was weighed. The samples were weighed on scales 

that had a typical standard deviation of about 0.02 g for known weights.  This error in 

mass contributed less than 0.05% uncertainty in the calculated sample density and was 

considered acceptable. Volume measurements performed before and after sorption 

experiments also showed negligible differences. 

3.2.6 MEASUREMENT PROCEDURE 

After the helium volume determination, the manometric apparatus was evacuated again 

for 48 h at 45 ˚C, to less than × −  mbar. The vacuum lines were shut offand the 

sample line closed.  The needle valve between the two cells was also adjusted to control 

the amount of gas added to minimise the time the pneumatic valve was open. The 

reference cell was then dosed with the desired gas using the external syringe pump. For 

each sorption step, the reference cell valve was toggled to allow gas to enter the sample 

cell. The time the valve was open was also controlled to be within 1−2 s per increment.  

Using continuous readings of the pressure and temperature in the sample cell (every 1s 

for the first hour, 3 s for the next 2 s and then every 30 s for the remainder of the run), 

simple linear interpolation was performed on the data to produce equal time increments 

of 1 s. Using an appropriate equation of state from the NIST REFPROP database 

(Lemmon et al., 2010), the gas density in the reference cell , and, the sample cell 
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 were calculated from the measured temperature and pressure. From this the mass 

adsorbed  at any instant could be determined. 

The mass transferred from the reference cell for each pressure step � denoted ��  was: 

 �� = ( �− − � ) (3.1) 

The total mass transferred from the reference cell  after the ℎpressure step 

was therefore: 

 = ∑ ���=  (3.2) 

With � � = −   the mass in the gas phase  after a single pressure 

increment was: 

 = � �  (3.3) 

The excess �  after pressure step  was therefore: 

 = −  (3.4) 

An equation for the amount of excess �  at any time  was produced, expressed as a 

ratio to that of its equilibrium value �∞ after the ℎ pressure step:  

 
��∞ = − −→ ∞ − −  (3.5) 
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with = = = −  being the amount of gas previously on the coal 

from the previous pressure step. Eq.(3.5) is in the same form used by Pone et al. (2009) 

and is equivalent to that of Li et al. (2010) who instead used the ratio of gas phase 

concentration than the adsorbed phase amount to derive � �∞⁄ . 

Other researchers (Busch et al., 2004; Siemons et al., 2007) have instead used the curve of 

pressure decrease with time, using measurements of the initial pressure ( ) when the 

valves are connected to approximate � = .  Li et al. (2010) found that this method can 

suffer from errors, because  can be affected by temperature changes in the sample cell 

due to the Joule-Thomson effect, and because the gas density is not linearly proportional 

to pressure. Using Eq.(3.5) avoids this issue, but this method does assume a negligible 

volume of sorbed phase. Additional experiments flushing  mm steel balls with CO2 was 

done to obtain an independent measure of  for comparison. 

Sorption isotherms of the coals were also measured using an independent high pressure 

gravimetric apparatus (HPGA), which has already been used in the round robins 

(Goodman et al., 2007) to verify the results of the manometric system. This unit was also 

used to determine additional isotherms to complement some of the manometric 

experiments for sorption experiments where the full isotherm was not obtained. The 

external pycnometer was used on subsamples for the density determination for the coals 

measured with this system.  

Coal swelling may in principle impact on the calculation of the sorbed mass due to the 

change in coal volume (Romanov et al., 2006b). Some researchers have attempted to 

correct isotherm data for swelling, amongst the possible volumetric effects such as an 
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error in the helium volume determination, (Ozdemir and Schroeder, 2009). However, 

Sakurovs (2012) argues that even when a coal swells, the total volume excluded from 

penetration by the gas changes very little, due to compensatory opening of internal 

pores. It is assumed here that the impact of swelling on the accuracy of the results is 

small. Since volumetric errors gave greater effect at pressures above 7 MPa sorption 

measurements were restricted to pressures well below this. 

3.2.7 SAMPLE PREPARATION FOR HELIUM POROSITY EXPERIMENTS 

To explore closed porosity in the studied coals (Chapter 7), samples were compared 

upon grinding to various sizes. Enough pieces were gathered to fit in the pycnometer, 

with pieces ranging from  cm  to  cm . The average volume of each piece block was ~  cm . Sizes −  mm to  −  mm were produced using a hammer to crush the coal, which 

was then passed through the sieve. Care was taken to limit the fracturing to avoid a 

sample with average size fraction well below that what was desired.  

For size fractions −  m  to −  m a mortar and pestle was employed. To produce 

the −  m fraction no more than five circular motions of the pestle were made before 

the sample was sieved. To produce the -  m  fraction the circular motions were 

increased to about ten  and for the −  m  fraction about twenty. It became 

increasingly difficult to achieve a significant reduction in the particle size as the size 

fraction decreased using this method. 

For each size fraction, the following procedure was performed when conducting 

pycnometry. The sieved coal was loaded into the pycnometer cell and the mass recorded. 

The cell was then placed inside an oven at ˚C, evacuated using a house vacuum pump, 



Chapter 3: Experimental Methods 

[82] 
 

left for 24 h until a pressure reading of approximately at . � −  mbar was obtained. 

The sample was flushed with nitrogen gas to atmospheric pressure, placed in a 

desiccator under house vacuum while it cooled, then flushed again with nitrogen, 

removed from the desiccator and then weighed. The cell was then placed in the helium 

pycnometer and the coal volume was determined. 

3.2.8 SAMPLE PREPARATION FOR PARTICLE SIZING EXPERIMENTS 

For the comparative sorption experiments of coal of different particle sizes (Chapter 7), 

a detailed procedure is listed here. This procedure was performed by Steve Weir at the 

CSIRO Energy Centre.  

In order to ensure that all of the differently sized fractions were as close as possible in 

composition, the sample was prepared in such a way that fines produced were kept to a 

minimum, by repetitive screening of the whole coal then only further crushing the 

oversize fraction (crushing with minimum fines): 

1. The coal as received from the mine was spread over a tarpaulin to a depth of less 

than 100 mm and air dried for one week.  

2. A pail of coal was passed through a jaw crusher with an exit nozzle of ~5 mm. It 

was then split into two subsamples using a riffle-splitter.     

3. One subsample was put directly back into a drum. The other subsample was then 

passed through a large vibratory sieve containing a stainless steel perforated 

plate screen with 6.35 mm holes. The undersize was placed into plastic pails and 

the weight recorded.   

4. Steps 2 and 3 were repeated for several pails and, at the completion, 127 kg had 

passed through the screen, whilst 3 kg remained oversize.  The oversize pieces 

were passed back through the jaw crusher then rescreened, several times, until 
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only a small amount of oversize was left.  This was gently broken by hand until 

it all passed 6.35 mm screen. 

5. The entire − .  mm sample in the plastic pails was then split into three equal 

subsamples using a rotary sample divider (RSD).  One subsample of was split 

into 20 L pails and placed into cold storage, below ˚C. The other two subsamples 

were set aside for further screening and crushing. 

6.  The set-aside subsamples were screened at 3.2mm.  The large vibratory sieve 

was again used, however this time with a mesh screen. The oversize fraction was 

slowly passed through a hammer mill using an insert with ~6 mm diameter holes, 

then rescreened at 3.2 mm.  This was repeated until only a small amount of 

oversize material remained.  This fraction was gently broken by hand until it all 

passed the 3.2 mm screen. 

7. The entire − .  mm sample was then split into three equal subsamples using the 

RSD.  One subsample was split into 20 L pails and placed into cold storage.  The 

other two subsamples were set aside for further screening and crushing. 

8. Following the same procedure from 6 but using different screen sizes each time, 

three further whole fractions were produced with sizes of −1.7 mm, −1 mm and −0.6 mm. These were stored below 0 ˚C. 

The −0.6 mm, −1 mm, −1.7 mm and −3.2 mm fractions were used for the sorption 

experiments.  

Further use of the RSD provided approximately 200 g of sample for sorption experiments 

plus a 50 g analytical reserve for helium pycnometry, ultimate and proximate analysis. 

The HPGA was utilized for producing sorption isotherms for CO2, CH4 and argon for 

this series of experiments. Details of the equipment, and of procedures used to calculate 

the mass sorbed using this gravimetric system, can be found elsewhere in the literature 

(Sakurovs et al., 2007). The sample volume was determined using the pycnometer 

discussed in Section 3.2.3. For the kinetic measurements using the manometric 
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apparatus, each sample was vacuum dried following the procedure detailed in Section 

3.2.6. 

3.3     GAS MIXTURE SORPTION MEASUREMENTS 

Follow-up sorption experiments (Chapter 8) involving mixtures of CO2 and CH4 were 

performed using the manometric system described in Section 3.2.3. These experiments 

required pre-sorbing CH4 pre-sorbed on the coal. This was then followed by dosing with 

CO2. The experiments were repeated reversing the order of the gases. The dosing 

procedure was similar as outlined in Section 3.2.6 but the system required some 

modification with an adaption for gas sampling using a gas chromatograph. The system 

design followed recommendations outlined by Talu (1998) for a manometric adsorption 

system used with a gas chromatograph (volumetric-chromatographic method). This 

required an accuracy of gas composition data better than 0.1%. A series of pneumatic 

valves were immersed in the bath connected to the sample cell allowing a 0.3 ml sample 

to be extracted at any time. This sample was then expanded to a lower pressure, and 

using helium it was then pushed through to the gas chromatograph. This high-pressure 

sampling procedure is similar to that used by Chylinski et al. (2002). Verification of this 

method was using calibration gases with different set ratios of CH4:CO2 ensured 

measurements of gas compositional data were better than 0.1%. 

3.4     SAXS EXPERIMENTS 

An additional manometric sorption apparatus (with similar specifications for accuracy) 

was specially constructed to conduct sorption experiments while making SAXS 

measurements. The sample cell was of the same design described by Gray et al. (2006), 



Chapter 3: Experimental Methods 

[85] 
 

having a disk-shaped sample space 13 mm in diameter and 1 mm thick between 2 mm 

thick beryllium beam windows. It has a pressure rating of 150 bar at room temperature. 

The cell and a small gas manifold are mounted on a monolithic heat sink through which 

temperature-controlled air can be circulated to maintain the sample and gas at the same 

temperature. The whole assembly is enclosed in a Perspex® box that has Kapton® beam 

windows. When in use, gas was admitted to the sample cell through a pneumatically 

actuated valve so that adsorption could be initiated remotely with the X-ray beam on. 

Figure 3-5 shows the set-up of the cell and manifold on the X-ray beam line. The Perspex® 

box was mounted on a motorized XYZ stage so that several regions of the sample could 

be measured in cyclic fashion during sorption by translating the entire sample 

environment in the plane perpendicular to the beam axis. The system was temperature 

controlled to ± . °C. 
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Figure 3-5 Experimental setup of sorption measuring equipment, with the sample cell positioned in the path of the 

SAXS beam. 

The experiments were performed at the Australian Synchrotron in Melbourne on the 

SAXS/WAXS beam line. The beam had an energy of 18 keV, and a cross section of  µm ×  µm. The sample-detector distance used was 0.5 m to give a Q range of ~ . < Q < .  �− . 

An Australian bituminous coal was chosen (defined as Coal-A) as coal lumps were 

readily available. Using a diamond saw a piece .  mm ×  mm was cut perpendicular 

to the bedding plane. A separate piece was cut and examined under a scanning electron 

microscope (SEM), with several features noted, including small cracks, and regions rich 

in organic and mineral matter (Figure 3-6). During a scan of the coal when exposed to 

the SAXS beam, different transmission values were obtained across different regions so 
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as to attempt to focus on some of these specific regions during the course of the scattering 

experiments. 

Before insertion into the cell the coal was dried overnight under a house vacuum at  ˚C, 

cooled, then allowed to come to atmosphere and weighed ( ~ .  g). A copper ring of 

slightly wider internal diameter than the coal disc was wrapped around the coal so as to 

hold it firmly in the cell, with a small gap for gas exchange. The copper deformed slightly 

when the cell was tightened preventing the disc from moving. The cell was then 

connected back into the apparatus and it was allowed to evacuate for a further hour 

before sorption and scattering experiments begun. For each scattering experiment a 2 s 

exposure time was used. Ten regions on the sample were selected and monitored 

cyclically. Each point was thus measured every 30 s. 

Experiments were also performed on an activated carbon (AC), to provide a comparison 

for the coal. For the AC experiments, Takeda-5 was chosen, as it is a well characterised 

and highly microporous. The AC Pellets were ground to a powder and then packed into 

the sample cell forming a  mm layer. 
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Figure 3-6 SEM image of Coal-A at 50x magnification (left), and corresponding composite elemental X-ray map (right). 

Several sorption experiments were performed on both Coal-A and the activated carbon. 

These were: 

(i) pure CO2  

(ii) pure CH4 

(iii) pre-dosing of CH4 followed by subsequent pressurisation of CO2 

(iv) pre-dosing with CO2 followed by subsequent pressurisation of CH4 

 

3.5     SWELLING KINETIC EXPERIMENTS 

Day et al. (2008b; 2010) have published data for the swelling extent of coals and the 

pressure for various gases. These data also produced information on swelling kinetics 

that have not been published or analysed. A brief description is given here of the 

procedure used to determine the amount of swelling by the coal, following Day et al., 
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(2008b; 2010) and of the calculations used in this thesis for the analysis of time-based 

swelling data. 

The swelling experiments were performed using an optical dilatometer. Digital cameras 

were positioned to observe dimensional changes in machine-cut blocks of coal inside a 

pressure cell with glass windows. Figure 3-7 shows a schematic of the experimental set 

up. 

 

Figure 3-7 Schematic diagram of the apparatus for measuring coal swelling used by Day et al., (2008b). The inset shows 

the top view of the sample cell with the location of the sample pieces (black) and reference block (grey). 

The swelling measurements were performed at temperatures of 25, 40 and °C, with 

the swelling enclosure submerged in a bath of stability ±0.5°C. Samples were held under 

vacuum for at least 24 hours before being dosed with gas. Percentage length changes 

were measured relative to the size of the block at vacuum (initial volume ) as the 

pressure was increased in steps, to a maximum of  MPa. Two lengths were measured 

for two blocks of the same coal: one positioned perpendicular to its bedding plane , 
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one parallel . Assuming that expansion of the parallel and perpendicular lengths 

of each block are equal, the bulk volumetric swelling for the coal was calculated at each 

pressure step as: 

 + ∆ = + ∆ × + ∆  (3.6) 

The maximum volumetric swelling ratio, � after ℎ pressure step can be defined as: 

 � = ∑ ∆ ��=  (3.7) 

To measure the kinetics of swelling for each pressure step relative to the volume after 

the previous pressure increment, the amount swollen  at time  is expressed as a ratio 

to that of its maximum value � after a pressure step. After a ℎ pressure step the 

fractional extent of swelling by the coal can be expressed as: 

 � = − �−
� = ∞ − �−  (3.8) 

This form is analogous to Eq.(3.5), with a similar expression for � = =
� = �− . 

Whilst fractional extents of swelling over time have been studied before (Hall et al., 1992; 

Kelemen and Kwiatek, 2009; Otake and Suuberg, 1997) it has only been in single integral 

steps (from vacuum to the desired pressure) not for incremental swelling points where 

the coal has already had prior swelling. As far as can be determined Eq.(3.8) has not been 

used before to describe swelling kinetics in coal. 
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CHAPTER 4:  

CO2 UPTAKE RATE EXPERIMENTS 
4.1  INTRODUCTION 

In this chapter, measurements of the rate of CO2 update by two bituminous coals are 

presented with the unipore diffusion model applied to the experimental data and 

described. An activated carbon (AC) was also investigated to provide a reference. Work 

from this chapter has formed the basis of a recent publication (Staib et al., 2013).  

4.2  EXPERIMENTAL 

As outlined in Section 3.2.6, a high pressure adsorption volumetric apparatus was 

utilised to measure sorption kinetics (uptake rates). For this series of experiments, 

uptake rate data were obtained for CO2 sorption on two crushed Australian bituminous 

coals, with particle size . −  mm  (see Table 4.4.1 for properties), and for a 

commercially available AC (Darco 20×40) with quoted sieved particle size: . −. mm. Pressure was applied to the samples in two ways: incrementally (the piecemeal 

method usually used when executing an isotherm), and several integral steps (a series of 

experiments where the sample is evacuated each time then dosed to a selected pressure 

at a chosen set point). The volumes of the samples were determined using helium, as 

described in Section 3.2.6. The measured dry mass of Coal-A was 207.08 g and occupied 

148.37±0.13 ml in the sample cell. The measured dry mass of Coal-B was 222.90 g, and it 

occupied 146.74±0.13 ml in the sample cell. The AC had a measured dry mass of 118.02 
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g, and occupied 148.38±0.11 ml in the sample cell. After the helium volume 

determination, the system was again left to evacuate for h at ˚C. Sample preparation 

for the activated carbon (AC) was similar to that of the coal but with a higher drying 

temperature ( ˚C) over a longer period (96 hours). 

 

Coal Ash 
Volatile 
Matter 

C H N ����# Vitrinite Inertinite Liptinite 

 (% 
db) (% daf*) 

(% 
daf) 

(% 
daf) 

(% 
daf) (%) 

(vol.% 
mmf+) 

(vol.% 
mmf) 

(vol.% 
mmf) 

A 11.5 38.8 81.5 5.4 2.0 0.72 68.8 26.6 0.6 
B 17.6 23.4% 83.9 4.6 28.4 0.81 10.6 80.5 5 

Table 4.4.1 Properties of the coal examined. (*daf=dried ash free, #Rmax=maximum vitrinite reflectance, +mmf=mineral 

matter free) 

The fractional uptake rate was calculated using:  

 
��∞ = − −= ∞ − −  (4.1) 

where = = = −  is the sorbed after the previous pressure step .  

As stated in Section 3.2.6, in order to check if using the first pressure measurement  

is a good estimate for � =  for this experimental system, blank experiments using  mm 

steel balls with CO2 were performed to obtain an independent measure of .  

4.3  UPTAKE DATA 

For Coal-A, kinetic uptake data for eight incremental and three integral sorption steps 

were recorded and for Coal-B ten integral and eighteen incremental sorption steps were 

recorded. For the AC, kinetic information was recorded for one integral step and nine 
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incremental steps. Figure 4-1 shows isotherms for the coals and the AC.  The coals have 

similar isotherms and it is clear that the AC can sorb significantly more gas than the 

coals. Values of the isothermal values for Coal-A and Coal-B can be found in Chapter 11: 

Appendix. 

 

Figure 4-1 CO2 isotherms at ˚C for Coal-A (red circles), Coal-B (blue squares), and the activated carbon (green 

diamonds). 

A comparison of the CO2 time dependent pressure data for the cell containing steel balls 

to the coal allows a comparison of the initial pressure changes due to sorption and that 

due to gas expansion in the cell. 

Figure 4-2a shows that for a similar dosing pressure to that used for the steel balls there 

is a more rapid pressure drop for Coal-B. The temperature change in the cell is 

significantly greater with the coal, and it takes much longer for the bath the return to 
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equilibrium. When converting this pressure change to amount of gas sorbed, at this 

integral sorption step: P:00.209 MPa, 80% of the gas appears to have sorbed within the 

first 10 s of exposure of the coal to CO2 and ~55% within the first second (Figure 4-3). 

This shows that using the initial pressure reading  to estimate �  is unsuitable for 

CO2 sorption in this apparatus.  Rapid sorption has also been observed by Li et al., (2010) 

with 30%-70% of the total CO2 sorbed in their integral pressure step of   MPa 

occurring in the first 10 s. 

 

Figure 4-2 Comparison of initial kinetics for CO2 on steel balls and integral sorption step on Coal-B when a similar 

mass of gas is transferred with (a) showing the initial pressure change and (b) the initial temperature change as 

measured by the RTD in the cell.  
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For both coals, it appears from inspection of the first two pressure steps that as the 

pressure is increased the rate of sorption decreases (Figure 4-3), and that CO2 sorbs faster 

in  Coal-B than Coal-A.  

 

Figure 4-3 Comparison for CO2 uptake curves for Coal-A and Coal-B, for similar pressure and loading. 

A change in temperature accompanied the initial exposure of the coal to CO2 (Figure 

4-4). At low pressures, this change in temperature does not appear to significantly affect 

the shape of the uptake curve.  However, as can be observed in Figure 4-4b, at =.  MPa, the effect of the temperature spike after dosing the gas is more noticeable in 

the shape of the pressure curve (gas density calculations are similarly affected). Clarkson 

and Bustin (1999a) found that data from the first 10 s at low pressures  and even longer 

at higher pressures  are unusable due to temperature fluctuations in the sample. For the 

manometric system discussed here an initial thermal instability was also found at high 

pressures for both coals. This is likely due to adiabatic compression and the heat of 
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sorption; when the apparatus is taken to higher pressures, CO2 approaches the critical 

point (refer to Figure 2.1), and a large uncertainty is found in gas density calculations for 

small changes in temperature. As there was large amount of coal relative to the diameter 

of the cell, the time taken for the cell to return to the bath temperature after dosing could 

exceed 15 min. This made interpretation of higher pressure uptake data (generally of 

similar shape to that shown in Figure 4-4b) difficult. 

 

Figure 4-4 Comparison of the uptake and temperature profiles for Coal-B at (a) low pressure, and (b) high pressure.  
The AC, like the coal, also shows a decrease in sorption rate as the pressure is increased 

(Figure 4-5). However, the total time for CO2 sorption was between 400-1200 s across all 

pressure steps (compared to . − .  h for the coal over a similar pressure range). 
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Rapid sorption of CO2 on an AC has also been reported by Gray and Do (1991), with 

equilibrium occurring in under one minute.  

 

Figure 4-5 CO2 fractional uptake data for the activated carbon for the integral step: 0.01 MPa and subsequent four 

incremental pressure steps. 

The kinetic data from the helium volume measurements were also compared to see if a 

similar behaviour was observed in equilibration times (Figure 4-6). The time taken for 

both Coal-B and the AC to reach equilibrium upon exposure to helium (expressed as a 

fraction) shows a very rapid expansion into the samples with only a slight difference in 

the last 0.2%; the AC took ~7 min to equilibrate, compared to the coal where it 10 min. 
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Figure 4-6 Comparison of helium equilibration times for Coal-B (blue line) and the activated carbon (dotted red line). 

4.4  APPLICATION OF THE UNIPORE MODEL 

As discussed in Section 2.4.3, the unipore model as applied to coals assumes that the 

internal porosity of coals is of the form of spheres of fixed radius  and has one 

diffusion coefficient associated with this (Crank, 1975):  

 
��∞ = − ∑ e�p −∞

= �  (4.2) 

Some researchers instead approximate the unipore model (Bhowmik and Dutta, 2013; 

Charrière et al., 2010; Ciembroniewicz and Marecka, 1993) using instead the initial slope 

of the uptake data where (� /�∞ < . ). In this form, it is expressed as: 



Chapter 4: CO2 Uptake Rate Experiments 

[99] 
 

 
��∞ = √  (4.3) 

In the application of many diffusion models such as the unipore model, it is commonly 

assumed that (i) the step change in concentration is very fast compared to diffusion and 

(ii), the concentration at the external surface does not change over time (concentration 

independent) (Crank, 1975; Ruckenstein et al., 1971). As shown in Figures 4.3 to 4.5, fast 

initial sorption was observed, so assumption (i) above is not necessarily valid. This 

suggests that the choice of  may be sensitive to model fits since a large fraction of the 

gas is sorbed very quickly. As sorption was rapid the time at which � /�∞ =  had to 

be guessed. For this analysis the point at which the valve connecting the reference cell to 

the sample cell was closed ( ) was chosen as the starting point where � /�∞ =  

(Figure 4-7).   
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Figure 4-7 A typical initial uptake curve for a typical coal sorption point. When the valve between the reference and 

sample cell is closed (t0) � /�∞ =  is assumed.  There is a short period of instability (generally between  −  s) 

then the gas uptake over time follows a concave shape. The first data point used as input into the model is tmodel .  

Since sorption was initially very rapid, clearly some gas was sorbed whilst the valve 

between the reference and sample cell remained open. Any such early sorption would 

produce a systematic effect that results in an underestimation of determined diffusion 

coefficients. Changing  to the point where the valve was open did not improve the 

model fit. To ensure consistency in results, all calculated diffusion coefficients were 

referred to  as the point at which uptake began. The model was then fitted to the 

experimental data after  where the pressure data followed a smooth concave 

shape) using an iterative least squares method following the Levenberg-Marquardt 

algorithm in the Optimization Toolbox in MATLAB (2010). Restricting the fit to >  by one second led to a reduction of ~10% in the calculated value of . 

Provided that the choice of starting time was consistent, the relative trends of  in 
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response to pressure remained the same. Within the limitation of the data frequency, it 

was possible to keep  within −  seconds of . 

Figure 4-8 compares the measured  � �∞⁄  for Coal-A with the unipore model fit with 

calculated = × −  − . A clear mismatch is observed and the unipore model 

under predicts of the time taken for sorption to occur. This is a typical profile for both 

Coal-A and Coal-B. 

 

Figure 4-8 Comparison of a measured uptake curve for Coal-A, at the sorption point − .  ��� (blue circles)  

and the unipore model fit (magenta dashed line). The unipore effective diffusivity � = × −  −  

The root mean square (RMS) fitting residuals for  are plotted against the final pressure 

for each sorption step (Figure 4-9). The RMS is found to be is higher than the actual 

calculated , further showing the unsuitability of the model to these experimental data. 

The mismatch of the fit becomes greater for both coals at higher pressures.  
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Figure 4-9 Comparison of the RMS values from the unipore model fit for sorption points as the pressure is increased. 

An attempt to fit the unipore model to the AC data gave an even larger misfit. A rapid 

uptake of gas occurring within the first seconds of measurement further diminishes 

confidence in the unipore model as more than 65% of the gas was sorbed below the time 

resolution of the instrument. 

4.5  DISCUSSION 

A direct comparison between CO2 uptake rates on AC and coal has not been made 

before. These results show a significant difference in equilibrium times between the AC 

and the coals. In contrast, the difference in equilibration times between the coals and the 

AC with helium was much less. The AC used in this study has a significant 



Chapter 4: CO2 Uptake Rate Experiments 

[103] 
 

microporosity (Maffei et al., 2006) which potentially could limit the rate of CO2 uptake. 

However, the pore geometry evidently does not hinder the transport of CO2 in any 

significant way compared to the coal (which should also have a large microporosity). A 

specific interaction of CO2 with the coal during sorption appears to lead to the measured 

long equilibration times.  

Poor performance of the unipore model with coal uptake data has been observed before 

by others (Busch et al., 2004; Clarkson and Bustin, 1999a; Laxminarayana and Crosdale, 

1999; Shi and Durucan, 2003). Speculations were made that some coals have a bimodal 

pore structure, implying that the use of a model with only a uniformly-sized pore 

structure may not be appropriate (Clarkson and Bustin, 1999a; Laxminarayana and 

Crosdale, 1999). The unipore model is most valid when small differential changes in 

sorbate concentration are made (Crank, 1975; Garg and Ruthven, 1972). However, even 

for a modest pressure step of  .  MPa on Coal-B there was a clear mismatch 

between the fit and the data strongly suggesting that the assumption of a uni-modal pore 

distribution in coal is wrong or, at the very least that that the rate limiting factor of 

sorption in coal is not due to a uniform pore size. 

The approximated unipore model (Eq.(4.3)) was not applied to the data, but it is obvious 

from inspection of Figure 4-8 that it would under-predict the time taken for sorption to 

occur if  was estimated from the initial slope of the uptake curve. The suitability of 

this approximate method for coal has been recently discussed by Bhowmik and Dutta 

(2013), who also found it inadequate for coal. Application of the approximated unipore 
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model without first confirming whether the full analytical model can fit the data may 

lead to spurious interpretation of the relative trends. 

Since others (Busch et al., 2004; Clarkson and Bustin, 1999a; Cui et al., 2004; 

Laxminarayana and Crosdale, 1999; Shi and Durucan, 2003; Siemons et al., 2007) report 

more success using models that have two time constants, the experimental data are re-

examined using two such models in Chapter 5. 

4.6  CONCLUSION 

By investigating the pressure dependence of CO2 sorption kinetics of two Australian 

bituminous coals and an activated carbon at 45°C, with very careful control of the 

experimental conditions it was found that:  

(a) Rapid sorption occurs in the first second for all samples. The use of the initial 

pressure reading in the sample cell is therefore unsuitable for use in estimations 

of � /�∞. 

(b) A large temperature change was detected in the sample cell upon exposure to 

CO2. This does not affect gas density calculations at lower pressures, but becomes 

more noticeable at higher (4 MPa+) pressures, distorting the shape of the curve 

and reducing the usable amount of experimental data for the system. 

(c) Sorption for the activated carbon was the fastest, followed by Coal-B and then 

Coal-A. 

(d) Helium equilibration upon exposure to the coal and activated carbon took similar 

times, however CO2 sorption on the activated carbon was significantly faster than 
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on the coal. This indicates a specific interaction between the coal and CO2 during 

sorption that leads to long equilibration times. 

(e) The unipore model is insufficient to describe sorption uptake data for these coals 

(and AC) and under predicts the time taken for sorption to occur. 

(f) If the full analytical unipore model is inappropriate, then its approximation is 

also inappropriate.  
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CHAPTER 5:  

COMPARISON OF TWO-STAGE MODELS ON 

CO2 KINETIC UPTAKE DATA 
5.1  INTRODUCTION 

In Chapter 4 it was observed that the CO2 kinetic uptake data of the two coals studied 

could not be described using a single diffusion coefficient, as required by the unipore 

model. This may indicate that the coals studied have a non-uniform pore structure, or 

that the rate limiting factors for CO2 uptake in coal is unrelated to pore size. In this 

chapter, a bidisperse model  one that assumes two pore sizes in coal  that has two time 

constants is applied to see if the fit is any better.  

Since it has been found elsewhere (Crank, 1975) that two time constants are better at 

describing sorption in glassy polymers an anomalous diffusion model is also applied to 

the same data. “nomalous  here refers to diffusion of the sorbate and mechanical 

relaxation of the sorbent occurring on similar timescales. The suitability of both models 

is then discussed. The main body of work in this chapter appears in the same  publication 

as that from Chapter 4 (Staib et al., 2013). 
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5.2  BIDISPERSE MODEL 

5.1.1 BACKGROUND 

The bidisperse model proposed by Ruckenstein et al. (1971) is derived from a Fickian 

diffusion model. The form of this model that has been applied to sorption uptake data 

for coal assumes that macropore diffusion is much faster than micropore diffusion, 

allowing these components to be decoupled (Clarkson and Bustin, 1999a; Crosdale et al., 

1998; Pan et al., 2010; Smith and Williams, 1984). The sorbate is assumed to first diffuse 

and adsorb in the macropores, then diffuse into the micropores where it also adsorbs. In 

this form, the bidisperse model has one diffusion coefficient for each pore size, and can 

be expressed as 

 ��∞ = [ − ∑ e�p −∞= � ] + [ − ∑ e�p −∞= � ]+  (5.1) 

with rate parameter � = �   , where �  is the effective macropore diffusivity. The second 

exponential term has the rate parameter � such that � = ��, where �� is the effective 

micropore diffusivity. Thus  represents the ratio of the timescales of the processes taking 

place in the macro and microspheres. If < − , then Eq.(5.1) describes a two stage 

sorption process. This also allows the labelling of the fast �   as a primary coefficient and 

the slower ��  as a secondary coefficient since � �� . The dimensionless parameter  

provides information concerning the ratio of the uptakes for the two components at 

equilibrium. Eq.(5.1) can be fitted to experimental data by adjusting the three fitting 

parameters , , � . In the bidisperse model ��∞ =   as the ratio of micropore to 
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macropore uptakes at equilibrium, with small values indicative of negligible micropore 

uptake. The macropore uptake is simply expressed as � ∞ = − ��∞. Ruckenstein et 

al. (1971) include a more complex form of the bidisperse model when − < < , 
but that form has not been used in the ECBM literature. If > , then Eq.(5.1) 

simplifies to the familiar unipore model. Similar to the unipore model, the bidisperse 

model assumes that the step change in sorbate concentration is very fast compared to 

diffusion and the concentration at the external surface does not change (concentration 

independence). 

5.1.2 APPLICATION TO EXPERIMENTAL DATA 

The bidisperse model was fitted to all experimental coal uptake data, collected and 

described in Chapter 4. Like the unipore model, there is similarity between the calculated 

model parameters and the choice of experimental data  is still taken as the point in 

time at which the valve is closed that connects the coal to the gas reservoir, and varying 

this affects all fitting parameters of the bidisperse model (but not their relative values). 

For instance, setting  to 1 s later caused the calculated primary diffusion coefficients at 

pressures under 1 MPa to increase by ~ 70% and the secondary diffusion coefficients, 

although less sensitive, to increase by ~25%. Setting  to 1 s earlier (the point at which 

the valve was initially opened) reduced the primary diffusion coefficients by ~50% and 

the secondary coefficients by ~30%. As in the approach listed in Chapter 4, the model 

was fitted to data from the time when the pressure data began to change smoothly and 

monotonically ( ).  If the model were fitted to the data 1 s later than this time, then 
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a reduction of ~10% could be expected for both the bidisperse model diffusion 

coefficients.  

A typical  � �∞⁄  curve obtained by fitting the bidisperse model is shown in Figure 5-1, 

confirming that the bidisperse model is a better fit to the experimental data than the 

unipore model. This is in agreement with other researchers who have compared the 

unipore to the bidisperse model (Busch et al., 2004; Clarkson and Bustin, 1999a; 

Laxminarayana and Crosdale, 1999; Shi and Durucan, 2003). 

 

Figure 5-1 Comparison of the bidisperse model (dashed-dot red line) and the unipore model (dashed magenta line) 

with the experimental uptake curve (blue line), for the CO2 sorption point  .  ��� on Coal-A 

It was found that the data logger actually sampled at slightly longer than 1 s intervals 

and then rounded the recorded time to 1 s increments leading to an uncertainty of ±0.26 

s for the first measurement. This uncertainty in  led to errors that were most 
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pronounced at pressures below  MPa for the calculated values of �  and ��, as shown 

by the error bars in the figures that compare the coefficients at different pressures.  

Plotting the bidisperse diffusion parameters with pressure, it is found that (i) there is a 

clear decrease in primary coefficient with pressure up to 2.5 MPa for Coal-A and Coal-B 

(Figure 5-2), (ii) there is a trend of decreasing secondary coefficient versus pressure (but 

scattered for Coal-A and Coal-B) (Figure 5-3) and (iii) there is a decrease in the calculated 

fractional amount sorbed in the macropores � ∞ for integral sorption points with 

pressure (Figure 5-4a). The root mean square (RMS) of the fit becomes larger for each 

point for both coals at higher equilibrium pressures (Figure 5-5). The CO2 kinetic data on 

the AC could not be fitted with the bidisperse model with confidence due to a rapid 

uptake of gas occurring within the first second of measurement, i.e. within the time 

resolution of the data logger. 

 

Figure 5-2 A comparison of the bidisperse CO2 primary diffusion coefficients for Coal-A and Coal-B with pressure. 
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Figure 5-3 A comparison of the bidisperse CO2 primary diffusion coefficients for Coal-A and Coal-B with pressure. 

 

Figure 5-4 comparison of the bidisperse macropore fractional uptake (��∞  for integral and incremental sorption for 

CO2 on Coal-B for (a), against pressure and (b) loading. Incremental sorption points are shown as boxes and integral 

sorption points as solid circles. 
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Figure 5-5 A comparison of the RMS values from the bidisperse model fits with Coal-A (blue diamonds) and Coal-B 

(red circles) with pressure. 

The assumptions of concentration-independent parameters on which Eq.(5.1) is based 

on can be tested by comparing the fitted parameters for small and large pressure 

increments. This is done following the approach of Garg and Ruthven (1972): 

First, the Langmuir equation (below) was used to fit the sorption data with: 

 = +  (5.2) 

where  is the Langmuir saturation limit,  is the Langmuir adsorption equilibrium 

constant and  is the system pressure. 

Fitting Eq.(5.2) yields for Coal-A: = .  g/kg , = .  MPa  and for Coal-B: =.  g/kg , = .  MPa . These values are consistent with previous studies of similar 
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ranking coals (Sakurovs et al., 2012). As the pressures were moderate, no correction for 

absolute sorption was made. Eq.(5.3) introduces the parameter � used to measure the 

fraction of sorbate loading scaled to : 

 � = − −  (5.3) 

where − −  is the difference in final adsorbed phase concentration between the 

sorption step  and the previous step. For an integral step: − = (Garg and Ruthven, 

1972). 

If the secondary coefficient �� is plotted against sorbate loading using Eq.(5.3) instead of 

against pressure a much better relationship is now found with the measured secondary 

rate coefficients for both coals (Figure 5-6). The most likely reason for this trend is that 

the diffusion coefficient found in coal can depend on the difference in concentration of 

the sorbed phase before and after the pressure step; that is, there is a concentration 

dependence. No relationship between �  and loading was found. 
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Figure 5-6 Comparison of the bidisperse CO2 secondary diffusion coefficients for Coal-A and Coal-B with sorbate 

loading. 

5.1.3 DISCUSSION 

Fickian models of diffusion work best when small differential changes in sorbate 

concentration are made (Crank, 1975; Garg and Ruthven, 1972), i.e �  in Eq.(5.3). 

Given the spread of data in Figure 5-6, it is difficult to determine what this limit might 

be but it is likely to be � < .  or when ∆ < .  MPa. 

A concentration dependence of diffusion coefficients may have been overlooked by 

researchers when deducing trends with pressure due to the way sorption experiments 

are usually carried out. Most CO2 kinetic data are obtained while producing isotherms 

(Busch et al., 2004; Ciembroniewicz and Marecka, 1993; Clarkson and Bustin, 1999a; Cui 

et al., 2004; Jian et al., 2012; Pan et al., 2010; Pone et al., 2009; Siemons et al., 2007; Švábová 

et al., 2012). CO2 isotherms on coal are concave down. Thus if equal pressure increments 
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are used there will be less gas sorbed in each step. For each increasing sorption step, the 

sorbate loading will be less than for the previous step hence an apparent decrease for the 

diffusion coefficient with pressure will be found. An example of where a concentration 

dependent diffusion coefficient could have had a pronounced influence in the 

interpretation of the results is the work of Charrière et al. (2010). A calculated diffusion 

coefficient that is �  dependent seems a likely reason why they reported a higher 

diffusion coefficient at  MPa than at .  MPa.  

Parameters that increase with pressure have also emerged for reasons other than 

concentration-dependent diffusion. The increase of the secondary diffusion coefficient 

with pressure found by Pan et al. (2010) could be due to a modification of the bidisperse 

model (by fixing ). Clarkson and Bustin (1999a) also modified the bidisperse model 

which resulted in the trend of the coefficients with pressure reversing; it was suggested 

that this change was due to the assumption of a linear isotherm in the original form of 

the bidisperse model, although this was not investigated further. 

Since more integral sorption points were taken with Coal-B than Coal-A, differences 

between integral and incremental steps were more readily observable. The apparent 

trend that the macropore fraction � ∞ decreases (hence ��∞ increases) with pressure for 

integral steps (Figure 5-4a) is inconsistent with the second component being due to 

adsorption in micropores. The latter result indicates that the sorption in micropores as a 

fraction of total sorption would be greater at higher pressures. This is contrary to the 

experimental finding that sorption at low pressures preferentially occurs in micropores 

(Rouquerol et al., 1999). Small angle X-ray scattering (SAXS) experiments on coal have 
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directly shown rapid micropore filling of coal pores upon exposure to CO2. (Radlinski et 

al., 2009b). Similar findings of an unrealistically high macropore uptake using the 

Ruckenstein bidisperse model were found by Clarkson and Bustin (1999a) and Crosdale 

et al. (1998). It is noted that the bidisperse model in the form presented in Eq.(5.1) is 

considered to be within its boundary conditions only when < −  (Ruckenstein et al., 

1971).  This condition for  was only met in the experimental data discussed here for the 

initial points of Coal-B, making the interpretation of model parameters tentative at 

higher loadings and pressures. However, even at these low loadings/pressures, 

unrealistically high values of � ∞ are found for Coal-B. 

While the bidisperse model is an improvement on the unipore model for coals, strong 

deviations from simple Fickian diffusion in other sorption systems have been attributed 

to very different physical reasons, as in gas uptake in glassy polymers (Alfrey et al., 1966; 

Berens and Hopfenberg, 1978; Crank, 1953; Crank, 1975; Newns, 1956). As a penetrant 

diffuses into the glassy polymer there is a relaxation of the polymer segments as they 

readjust to penetrant molecules. This phenomenon is called anomalous diffusion (Crank, 

1975). 

It has been observed that diffusion in coal exhibits both Case I, Case II and anomalous 

diffusion of pyridine. (Hall et al., 1992; Ndaji and Thomas, 1993; Otake and Suuberg, 

1997). It is possible that the slow component in CO2 uptake by coal may be influenced 

more by structural rearrangement than by its size distributions. To test this hypothesis, 

a comparison is made with another two-stage  model, a Fickian Diffusion-Relaxation 

(FDR) model proposed by Berens and Hopfenberg (1978). This model assumes that the 
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secondary component is due to slow rearrangement of the coal structure caused by 

absorption, which leads to more sorption. 

5.3  FDR MODEL 

5.3.1 BACKGROUND 

The FDR model combines a Fickian model of diffusion (unipore) with a first-order 

relaxation process, with time constants that describe a fast  diffusion process followed 

by a slow  relaxation. The model is expressed in the form of fractional uptake: 

 
��∞ = ∅ [ − ∑ e�p −∞

= ] + ∅ [ − e�p − ] (5.4) 

with the Fickian diffusion coefficient,   defined as in the unipore model;  is the first 

order relaxation coefficient; ∅  and ∅� (with ∅� = [ − ∅ ]) are the fractions of sorption 

contributed by diffusion and relaxation, respectively. Eq.(5.4) is not rigorously defined, 

but rather a linear combination of these two processes, which explicitly separates the 

contributions from diffusion and relaxation. In the case of no swelling or when , 

then eq.(5.4) reflects Case-I diffusion (Fickian diffusion). In the case where , then 

the system will represent Case-II diffusion (pure relaxation). Systems in between these 

two cases are denoted as anomalous diffusion.  

The FDR model presumes a relatively rapid initial uptake into available sorption sites, 

followed by a slower component associated with molecular reordering due to the 

relaxation of the polymer structure and an increase in the free volume available to the 

penetrant. The relaxation component is presumed to be independent of particle size, 
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although the rate parameter  varies with / . If  is sufficiently small then it may be 

difficult to experimentally separate relaxation from diffusion, because ~ . This model 

has been used to describe anomalous solvent swelling and diffusion of pyridine in coal 

(Ndaji and Thomas, 1993) and CO2 in polymers (Hölck et al., 2006) but, as yet, not CO2 

diffusion in coal. 

5.3.2 APPLICATION TO EXPERIMENTAL DATA 

Applying eq.(5.4) to the experimental data shows very similar RMS values to those of 

the bidisperse model (Figure 5-8). The FDR model also shows similar behaviour in the 

sensitivity of model fits to the selection of experimental data. It also shows quantitatively 

similar trends of the primary coefficients (Figure 5-9); similar trends but of an order of 

magnitude higher, for the secondary coefficients (Figure 5-10); and a similar but slightly 

higher mass fraction ∅  associated with the primary diffusion stage for Coal-B (Figure 

5-11). The secondary coefficients plotted against sorbate loading, are also concentration-

dependent (Figure 5-12). 
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Figure 5-7 Comparison of the FDR model (dashed-dot green line), the bidisperse model (solid red line) and the unipore 

model (dashed magenta line) with the experimental uptake curve (blue line), for the CO2 sorption point 

 .  ��� on Coal-A. 

 

Figure 5-8 A comparison of the RMS values from the FDR model fits with Coal-A (green diamonds) and Coal-B (yellow 

circles) with pressure. 
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Figure 5-9 Comparison of the FDR CO2 primary diffusion coefficients for Coal-A and Coal-B with pressure. 

 

Figure 5-10 Comparison of the FDR CO2 secondary diffusion coefficients for Coal-A and Coal-B with pressure. 
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Figure 5-11 Comparison of the FDR Fickian fractional uptake (∅�  for integral and incremental sorption for CO2 on 

Coal-B for (a), against pressure and (b) loading. Incremental sorption points are described as boxes, and integral 

sorption points as solid circles. 
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Figure 5-12 Comparison of the FDR CO2 secondary diffusion coefficients for Coal-A and Coal-B with sorbate loading. 

At higher pressures (above .  MPa) as the coal is becomes saturated with CO2, there is 

very little uptake even in response to a large pressure step. Diffusion is dominated by 

the primary stage. Siemons et al. (2007) have also found that their primary diffusion 

stage became the dominant contributor to CO2 sorption in coal at high pressures. Similar 

to the behaviour of � ∞ in the bidisperse model, plotting ∅   against sorbate loading 

(Figure 5-11) shows the fractional uptake associated with the primary diffusion 

coefficients for the integral sorption steps decreasing roughly linearly. For low sorbate 

loading, ∅ ~ , nearly all of the uptake will be attributed to Fickian diffusion for a 

limiting integral sorption step. 
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The conceptual difficulties of the bidisperse model are not encountered with the FDR 

model. At very low loading and pressures, CO2 sorption-induced swelling is generally 

considered to be small (Mahajan, 1991), so a negligible contribution of the relaxation 

component to the FDR model at these conditions is reasonable. 

Diffusion and relaxation in glassy polymers exhibit different kinetic behaviours 

depending on whether the polymer has already been exposed to the sorbate (Newns, 

1956). Whilst pressure dependence is not explicitly accounted for in the FDR model, it 

can be used to analyse the differing kinetics between incremental and integral sorption. 

Berens and Hopfenberg (1978) found that ∅� is greater for incremental than for integral 

sorption steps. They presumed that a more complex history-dependent behaviour 

existed in incremental sorption steps due to available sites bring already saturated, with 

the rate-determining sorption step being the redistribution of the available free volume 

elements as the sorbent relaxes. It is possible to confirm such history-dependant 

behaviour from the experimental data discussed in this chapter as ∅� is greater 

(observed by the decrease of ∅  in Figure 5-11 since ∅� = − ∅ )) for incremental steps 

than for integral sorption steps.  

5.4    DISCUSSION 

The calculated effective diffusion coefficients were all higher for Coal-B than for Coal-A 

by a factor of approximately five for the primary coefficients, and a factor of two for the 

secondary coefficients, in both the FDR and bidisperse models. However, all coefficients 

converged at pressures above 2.5 MPa when the coals were saturated with CO2. This is 

not unexpected if most available sorption sites are filled, along with intermolecular 
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collisions beginning to dominate fluid transport at these higher pressures (Ruthven, 

1984). The difference between the sorption kinetics of the two coals is not due to 

differences in particle size or rank, since in both cases the coals had the same particle size 

and rank. The difference in kinetics may, however, be due to the difference in maceral 

compositions. Karacan (2003) and (2007), using X-ray CT to study sorption kinetics on 

coal, observed that when CO2 interacted with different coal constituents, they responded 

differently. Vitrinite-rich regions exhibited a swelling and rearrangement behaviour 

(slower), whereas the inertinite-rich regions followed behaviour closer to pore diffusion 

(faster). Mastalerz et al. (2012) measured the change in signal for time-based 

spectroscopic measurements in different maceral-rich regions of coal and found that 

more time was needed to saturate vitrinite rich regions with CO2 compared to any other 

maceral rich region in coal. Table 4.1 shows that Coal-A has a greater vitrinite content 

but a smaller inertinite content compared to Coal-B. The findings discussed here are 

consistent with Karacan (2003) and (2007), and with Mastalerz et al. (2012), in that 

maceral composition may affect kinetics in coal. CH4 diffusion studies contrasting these 

two macerals also found faster kinetics in inertinites than in vitrinites (Crosdale et al., 

1998). It may possible to identify specific diffusion behaviour in coals of differing 

maceral composition from the time-based swelling response of coal to CO2 but a greater 

variety of coals with different properties would have to be examined for any definitive 

answer. Models of diffusion incorporating swelling are not well developed in the 

literature, although Mazumder et al. (2006b), who used a computational simulation of 

the Thomas and Windle (1982 ) model of Case II diffusion, predicted that there will be a 

period in the sorption of CO2 in which anomalous diffusion will occur, due to stress-
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induced diffusion caused by swelling. Yi et al. (2009) developed a model of gas transport 

in coal based on coal pores exhibiting a poroelastic response to gas sorption. Application 

of these models to coal kinetic sorption data has not yet been done. 

The assumption of Fickian diffusion, implies that the step change in concentration is 

very fast compared to diffusion (Ruckenstein et al., 1971). As the adsorption of CO2 by 

the activated carbon was very rapid in the experiments reported here, with the majority 

occurring too fast for the resolution of the equipment, a Fickian model fit to the data 

would likely be inappropriate and have large errors. This could also explain why there 

was considerable spread in the modelled primary coefficients for Coal-B and why it was 

more sensitive to small changes in initial conditions compared to Coal-A, as CO2 uptake 

was faster in Coal-B. This fast initial uptake by coal and its possible effect on diffusion 

parameters, is further scrutinised in Chapter 6. 

As seen in Figure 5-7 the fit to the data is not completely uniform. Although the RMS 

values are much lower than the unipore model, they are still is quite high. If an estimate 

was taken of the RMS being approximately equal to the standard error this would 

indicate a further of uncertainty model parameters to vary by an order of magnitude or 

more. There also may be model artefacts in the fit affecting apparent trends with 

pressure. Reichenauer (2005), finding evidence of a two-stage diffusion on porous 

carbons, with the second stage possibly due to effects associated with swelling 

speculated that the two stages might not be completely separable. Chapter 6 explores 

whether another well used but simple model, used to describe other relaxation 
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phenomena, that unifies the apparent two-stage  behaviour can provide a better fit. 

Additional experiments are also presented in which CH4 is used as the sorbate.  

5.5  CONCLUSION 

Through investigation of the pressure dependence of CO2 sorption kinetics of two 

Australian bituminous coals at 45 °C the following was found: 

a)  Two stage  models that split the diffusion into a primary fast  and secondary 

(slower) process fit the experimental data more satisfactorily than using a single 

coefficient of diffusion. 

b) A pressure dependence is only clearly observed for the primary diffusion 

coefficient. The secondary diffusion coefficient is more consistent with a 

concentration dependence. This is more noticeable with larger pressure steps 

taken and will affect the apparent trend of diffusivity with pressure. If 

relationships of diffusion coefficients are reported with pressure but a possible 

concentration dependence is not accounted for, then the results could be 

interpreted incorrectly.  

c) The measured diffusion coefficients in coal can depend on the starting pressure, 

the step size taken and the final pressure. 

d) The differences in pressure dependence of published diffusion coefficients can 

be reconciled if (i) a representative isotherm is used and (ii) small pressure steps 

are used in their determination. Secondary diffusion rates are then fairly 

insensitive to concentration. 
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e) The bidisperse model, while satisfactorily fitting the results, suggests that the 

micropores make a greater contribution to sorption only at high pressure. This is 

inconsistent with CO2 preferably filling micropores. A Fickian diffusion-

relaxation model, developed by Berens and Hopfenberg (1978) that visualises the 

secondary stage as a coal relaxation is more consistent with current 

understanding of coal sorption. 
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CHAPTER 6:  

GAS DIFFUSION IN COAL AND THE 

RELATION TO RELAXATION PHENOMENA 
6.1  INTRODUCTION 

It was shown in Chapter 4 that the unipore model was inadequate to describe the 

diffusion of CO2 in the coals studied. The three parameter bidisperse model discussed in 

Chapter 5 fitted these data significantly better, but there remained conceptual problems 

in interpreting the physical significance of the fitted parameters. In particular, the extent 

of fast diffusion due to macropores and slow diffusion due to micropores showed 

relationships with pressure inconsistent with the current understanding of micropores 

that fill preferentially at low pressure. A Fickian diffusion-relaxation (FDR) model was 

instead applied, having the same number of fitting parameters as the bidisperse model. 

It fitted the experimental data with similar agreement and did not suffer the conceptual 

difficulties of the bidisperse model. In the FDR model the first stage diffusion was 

describable as ordinary Fickian diffusion. The second stage was interpreted as a delayed 

uptake of gas due to slowly relaxing elements in the coal which allowed further sorption. 

Swelling was raised as a possible physical cause for the slow relaxation, with vitrinite 

content in the coal an important factor in the extent of swelling (Coal-A contains more 

vitrinite). This second stage rate parameter did not follow a simple trend with pressure; 

CO2 was found to exhibit a concentration dependence. 
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The FDR (and bidisperse) model did also not fit data with a monatomic curve. A 

consequence of separating the two components and simply adding them together is that 

there is an arbitrary crossover in the graphed function where the influence of the first 

component declines as the second component begins to dominate. Physically, the 

equation represents both diffusion and relaxation occurring independently as there is no 

correlation between the two time constants. Palmer et al. (1984) argued that the 

mathematical form used to describe slowly relaxing systems should instead follow a 

hierarchical process. That is, for the diffusion-relaxation system discussed here, 

relaxation is a consequence of the gas diffusion and sorption onto the coal surface. This 

in turn allows more gas to diffuse, sorb then relax and so on. A coupling of the relaxation 

and diffusion components should then be represented in the model.  

It is proposed here that in treating the diffusion in coal as dispersive − following a broad 

distribution of characteristic times − a better agreement between experiment and model 

can be made and the arbitrary separation of the diffusion-relaxation into a two stage 

system avoided. The variation of the two free parameters ∅, ∅  of the so called 

stretched exponential  are studied as a function of pressure and coal using the CO2 

kinetic data reported in Chapter 4. This also reduces the number of adjustable 

parameters to two, from the three in the FDR and bidisperse models. Further CH4 kinetic 

data have been obtained to test this model.  

First, a background on relaxation phenomena is provided along with an introduction 

and motivation for using the stretched exponential model. 
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6.2  RELAXATION PHENOMENA 

6.2.1 RELAXATION MODEL 

Relaxation processes occur in many physical systems such as electric, mechanical, and 

chemical. They can generally be thought of as consisting of the delayed recovery of strain 

when a stress is removed (Jonscher, 1999). An early treatment of a relaxation 

phenomenon was by Debye, who first described the anomalous dispersion of the 

dielectric constant using a model of aligned non-interacting small spherical dipolar 

molecules that will, when an external electric field is removed, take a characteristic time 

before making a transition. The decay function of the dielectric polarization ∅  is 

exponential (Feldman et al., 2002): 

 ∅ = e�p − /�  (6.1) 

where �  is the characteristic dielectric relaxation time for a given system. A feature of 

Eq.(6.1) is that only a single time constant is needed to describe the relaxation process, 

with all dipoles exhibiting the same waiting time for the transition to occur. Exponential 

relaxation is characteristic of so-called linearly damped systems where the friction  

force is proportional to velocity  (Pain, 2005). This represents an ideal model of a 

dielectric response as most molecular materials depart from the Debye model (Feldman 

et al., 2002). Indeed many glassy polymer systems exhibit relaxation rates in which the 

decay rate is not constant so an exponential containing a single characteristic time, such 

as Eq.(6.1), is inadequate (Phillips, 1999). Theoretical approaches have attempted to 

understand these systems as having a distribution of relaxation times with the Debye 
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model modified through integration of an appropriate distribution function �  

(Jonscher, 1999): 

 ∅ = ∫ � e�p − /�∞ � (6.2) 

In the extreme case of a very broad distribution of relaxation times, as observed in the 

magnetic viscosity  phenomenon (Street and Woolley, 1949), the system response is 

linear in log(time). Conversely, therefore, a near-exponential response implies a narrow 

distribution of � . Although an improvement, Eq.(6.2) is criticized due to a lack 

independent ways to confirm �  (Jonscher, 1999); any convenient weight distribution �  can explain the dynamic behaviour of eq.(6.2) and as such it will be somewhat 

arbitrary (Feldman et al., 2002; Palmer et al., 1984). 

In practice, many systems that exhibit relaxation deviating from the Debye model can be 

described by the stretched exponential . The stretched exponential has been shown to 

describe the response of a wide range of glassy polymers (Phillips, 1999). For example, 

using differential scanning calorimetry, the relaxation dynamics for many materials can 

be observed and described by the stretched exponential (Böhmer et al., 1993). The form 

of the stretched exponential is similar to Eq.(6.1) but with the terms in the exponent 

raised to ∅, the  stretching parameter : 

 ∅ = � [− /� �∅] (6.3) 

where < ∅ < . This relation has shown good agreement with relaxation data from a 

range of glassy systems (Böhmer et al., 1993; Phillips, 1999), as well as crystallization 



Chapter 6: Gas Diffusion in Coal and the Relation to Relaxation Phenomena 

[132] 
 

kinetics of glasses (Málek, 1995). A result of its universality is it sometimes being 

described as a convenient empirical tool with no fundamental physical significance. This 

is because relating the two fitting parameters � and ∅ to physical parameters is difficult 

(Phillips, 1999) and often only justified in certain or particular cases (Málek, 1995). 

Therefore, while the stretched exponential may fit the data well, only a qualitative 

interpretation may be possible. Variation of the terms ∅ and � with parameters such as 

temperature and pressure can still provide useful information about the nature of the 

process (Klafter and Shlesinger, 1986). The presumption of the stretched exponential is 

that it embodies the hierarchical nature of the relaxation process and a modest 

distribution of relaxation times. 

Use of the stretched exponential to describe relaxation returns a range of values of ∅ 

(and of course �) for different materials. Böhmer et al. (1993) compared ∅ for about 70 

substances near their glass transition temperature �  (within a narrow spread of �) and 

found values of ∅  that could be correlated with the structural complexity of the 

materials; materials that had the smallest value of ∅  had strongly interconnected 

molecular subunits, whereas larger values of ∅ were found in supercooled liquids that 

did not form strong networks. This difference was suggested to be due to the increased 

coupling of molecules making up glass forming materials.  

Several approaches have been made to justify Eq.(6.3) theoretically. Each of these has its 

own microscopic interpretation but a connection has been found between several, which 

is that they all indicate that the distribution of relaxation times is scale-invariant (Klafter 

and Shlesinger, 1986). A feature of scale-invariant systems is that although transport co-
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efficients can be found, they are not intrinsic; the long tails seen in relaxation data occur 

at all size scales and can be affected by external parameters such as the thickness of the 

sample (Scher et al., 1991). 

6.2.2 USE OF STRETCHED EXPONENTIAL 

Although mainly used for describing relaxation (Böhmer et al., 1993; Feldman et al., 

2002; Jonscher, 1999; Palmer et al., 1984; Phillips, 1999) the stretched exponential has also 

been applied to adsorption rate data in some systems (Douglas et al., 1993; McCutcheon 

et al., 2001; Zhao et al., 2006). It can then be expressed in terms of fractional uptake: 

 
��∞ = − � [− ∅ �∅] (6.4) 

where the stretched exponential characteristic rate parameter is defined as ∅  =
�∅⁄  − . Figure 6-1 below shows how the variation of ∅ at three different values of �∅ 

provides this stretching behaviour. The initial shape of the curve is strongly influenced 

by ∅ (or � . The choice of ∅ shows greater influence in the later stages and also when 

∅ is small. 
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Figure 6-1 Comparison of different parameter combinations for the stretch exponential for when =1s (�∅=1 s-1), =10s 

(�∅ =0.1 s-1), and =100s (�∅ =0.01 s-1). 

Zhao et al. (2006) have used Eq.(6.4) to model the apparent molecular sieving effects of 

an activated carbon for hydrogen and deuterium experiments at low temperature (  K). 

∅~ .  was found across all sorption points with ∅  increasing with pressure. This 

implied that sorption rates were higher at higher pressures, but no physical 

interpretation was offered. Since Zhao et al. (2006) found ∅ to be close to 1, it is likely 

that its influence on the shape of the curve was quite small. It is difficult to assess the 

necessity to use the stretched exponential for their data, since a Fickian model was not 

first demonstrated by the authors to be inadequate. 

Douglas et al. (1993) compared the kinetics of weakly and strongly adsorbing polymers. 

They found that above ˚C desorption could be modelled using a single exponential 

( ∅ = , in eq.(6.4)), but below this temperature a strong departure was found with ∅ 

approaching a constant value of 0.5 as the temperature was further lowered below ˚C 
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(Figure 6-2). In that region �∅ was found to increase rapidly. The rapid change of �∅ was 

suggested as a glassy response  in this region. No explanation was provided as to what 

this might entail. 

 

Figure 6-2 From Douglas et al (1993). Variation with the average value of � (white circles) and ∅ (black circles) with 

temperature for a weakly desorbing polymer (deuterio polystyrene) on an oxidized silicone surface when replaced 

with a more strongly adsorbing polymer (cis-polyisoprene). 

McCutcheon et al. (2001) used the stretched exponential when studying water sorption 

kinetics on coal at ˚C. A value of  ∅ = .  was found to be close to optimum across 

all sorption experiments and so was then kept fixed. It was then found that ∅ decreased 

with increasing pressure for all coals (seven bituminous and two approaching semi-

anthracite in rank). The higher rank coals gave a higher value of ∅, except for the two 

near semi-anthracite coals. This difference was attributed to the anthracite having 

different chemical and pore characteristics, providing it with an additional specific 

interaction with water not present in the lower rank coals. No physical reason of why ∅ 

should be fixed was provided. 
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The above description of the application of the stretched exponential to adsorption data 

shows the difficulty in making a clear physical interpretation of the parameters 

(although a smaller ∅ would suggest a broader spread of times and perhaps a greater 

sensitivity to external constraints such as particle size). This underscores the importance 

of testing the response of the function to external variables such as pressure and these 

lessons were applied in this study. 

Here the stretched exponential is applied to the previously described CO2 uptake data 

for Coal-A and Coal-B. It is also applied to new CH4 uptake data, obtained for both coals. 

Additional CH4 kinetic data have also been recorded for the same activated carbon (AC) 

described in Chapter 4. 

6.3     APPLICATION OF THE STRETCHED EXPONENTIAL 

6.3.1 CO2 SORPTION UPTAKE DATA 

Eq.(6.4) was fitted to the experimental fractional uptake data for sorption of CO2 by Coal-

A and Coal-B by optimizing the two fitting parameters ∅, ∅  in MATLAB (MATLAB, 

2010) following the same numerical method and choice of starting data as described in 

Chapters 4 and 5. A comparison of the root mean square (RMS) values of the fit for both 

coals between the stretched exponential and FDR models is given in Figure 6-3. 

Compared to the FDR model, the majority of the stretched-exponential fits to the data 

gave much smaller RMS values, on average by a factor two. 
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Figure 6-3 Comparison of the CO2 RMS values for Coal A and Coal B for the stretched exponential (blue circles) and 

the FDR model (green squares). 

More significantly the stretched exponential model produced a visually much more 

realistic fit than the FDR model (Figure 6-4). The data at higher pressures exhibit an 

unphysical decrease in the fractional uptake (refer to Figure 4.4). This is attributed to 

temperature fluctuations at higher pressures near the critical point where there is a 

significant increase in the uncertainty of gas density calculations. This limited the scope 

of the model to pressures below 3 MPa for CO2. Higher pressure measurements were 

not investigated further. 
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Figure 6-4 A comparison of the different models applied to CO2 fractional uptake data for  .  ���, at ˚C on 

Coal-A. 

For Coal-A, the parameters found using the stretched exponential model show less 

sensitivity to the choice of starting time ( ) than with the FDR model (refer to Table 6.1). 

Additionally, the choice of the fitted region had a lesser impact on the fitted parameters. 

For Coal-B, the effect of a 1 s delay in the selection of data for model parameters was 

approximately the same for the stretched exponential as the FDR model. 

 

 

 

 

 

 Uncertainty in  Effect of 1 s delay in fit 
Stretched 

Exponential 

� ∅ � ∅ � ∅ � ∅ 

Coal-A <2% <0.5% <1.5% <0.5% 
Coal-B <8% <1.5% <7% <1.5% 

FDR Model  k  k 

Coal-A <6% <2% <7% <1.5% 
Coal-B <8% <1% <8% <1% 

Table 6.1 Comparison of estimated percentage error in model fits for the FDR and the stretched exponential. 
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In general, application of the stretched exponential to CO2 sorption rate data provided 

similar trends to the FDR (and bidisperse) models for comparable parameters. The value 

of ∅ generally decreases as the system pressure increases for both coals (Figure 6-5). The 

total uncertainty due to choice of  and the RMS fitting error are included as error bars 

in Figure 6-5. The dominant cause of uncertainty is still the choice of  and is more 

pronounced for Coal-B. There is both a relationship with pressure and loading for the 

stretching parameter ∅. The values for  ∅ are all much less than 1, indicating a broad 

distribution of characteristic times in both coals. There is a general trend of increasing 

∅ with pressure for both coals (Figure 6-6) but a trend is more evident in the loading 

graphs (Figure 6-7).  

 

Figure 6-5 Comparison of the characteristic time constant �∅ for CO2 on Coal-A. 
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Figure 6-6 Comparison of the stretching parameter ∅ vs pressure for CO2 on the two coals studied. 

 

Figure 6-7 Comparison of the stretching parameter ∅ vs loading for CO2 on the two coals studied.  

6.3.2 CH4 SORPTION UPTAKE DATA 

CH4 kinetic uptake data was obtained at ˚C using the same methods as outlined in in 

Section 3.2.6. These were 2 integral and 9 incremental sorption steps for Coal-A and 4 

integral and 9 incremental sorption steps for Coal-B. Their CH4 isotherms are shown in 
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Figure 6-3. Fitting Eq.(5.2) yields Langmuir constants for Coal A:  =13.72  g/kg , =1.27 MPa  and for Coal B: =15.23 g/kg , =1.32 MPa , both lower than for CO2 

(Section 5.1.2) consistent with previous studies (Sakurovs et al., 2012). Values of the 

isothermal values for Coal-A and Coal-B can be found in Chapter 11: Appendix. 

 

 

Figure 6-8 CH4 isotherms at ˚C for the two bituminous coals used in this study 

Compared to CO2, the initial uptake rate of CH4 was slightly slower for both coals. For 

example, the integral step  .  MPa in Coal B, 70% of total uptake occurred within 

the first 10 s of gas exposure of the coal compared to CO2, which had ~80% uptake for an 

integral step  .  MPa . Although slower than CO2, there is still a considerable 

amount sorbed within the first second. Fast kinetics for CH4 was also observed by Li et 

al. (2010): between 20% and 70% of the total gas sorbed in their integral pressure step 

  MPa occurred within the first 10 s for their three coals. The temperature increase in 

the cell upon gas insertion was less than for CO2, and the effect on the calculated density 
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for the temperature fluctuations was also lower, so higher pressure data (  MPa) were 

able to be considered. 

Fitting the stretched exponential to CH4 data also gave smaller RMS error values than 

the FDR model (Figure 6-9). “lthough much better than the two stage  models, the 

stretched exponential was not a perfect fit, as can be seen for CH4 in Figure 6-10 when 

applied to Coal-A. The mismatch is most obvious at smaller times. This may be due to 

the solver being constrained by the initial boundary condition: � = , since there is 

a large almost instantaneous uptake by the coal upon gas exposure. This would likely 

enhance the sensitivity of the model to  when fast penetration occurs. An enhanced 

sensitivity to initial data can explain why the model fits were for Coal-B were poorer 

than for Coal-A. This effect appears systematically across all sorption points as an 

overestimation of the sorption rates for the first 10 s or so. There is still a fast sorption 

process below the instrumental time resolution that is not picked up with this model. 

This model works best at >  s. Uncertainties associated with of  and the RMS error 

of the fits were much smaller compared to CO2 (on average less than 1% for Coal-A, and 

less than 7% for Coal-B). 
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Figure 6-9 Comparison of the RMS for Coal-A and Coal-B FDR model (blue circles) and the stretched exponential 

(green squares), applied to CH4 uptake data. 

 

Figure 6-10 A comparison of the stretched exponential model fits on fractional uptake data for two pressure points 

with CH4 on Coal-A, at ˚C. 

For CH4 in Coal-A, ∅ clearly decreases with increasing pressure (Figure 6-11). For Coal-

B, ∅ decreases with an increase in gas pressure but there is also greater scatter. Errors 
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due to uncertainty in  and the RMS errors of the model fits are included in the figures 

as error bars. 

 

Figure 6-11 Comparison of the characteristic rate parameter �∅  for both coals and gases against pressure, for low 

sorbate loading. 

An increase of ∅  with pressure is clear for Coal-A, whilst for Coal-B no pressure 

dependence is found (Figure 6-12). No significant difference between integral and 

incremental sorption points or a relationship with sorbate loading for CH4 was found 

between these coals. 
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Figure 6-12 Comparison of the stretching parameter ∅ for both coals and gases, against pressure, for low sorbate 

loading. 

Additional CH4 kinetic data for two adsorption points were obtained for the AC (Figure 

6-13). No significant difference between CH4 and CO2 kinetics is observable, with over 

90% of the uptake occurring in the first few seconds for both gases. However, the slight 

variation between the tails (last 1% of data) may indicate a small variation in kinetics. 

No model was fitted to the AC data due to the rapid uptake occurring below the 

instrument time resolution. 
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Figure 6-13 A comparison of the CO2 and CH4 fractional uptake data, at ˚C on the activated carbon. 

6.4    DISCUSSION 

6.4.1 DIFFERENCE BETWEEN FLUIDS 

The quality of the fit applying the stretched exponential, as measured by the residual 

values is generally (at pressures less than  MPa) much better than the three-parameter 

FDR model despite only having two free parameters ( ∅, ∅). This indicates that a model 

with a unified sorption process is more appropriate. There is a possible connection 

between the amount of gas sorbed in the first couple of seconds and the relationship 

with sorbate loading for CO2. In Figure 6-14 the value of ∅ is plotted against the amount 

of gas sorbed within the first two seconds of exposure of the coal (i.e. the very fast initial 

uptake sorbed at the time limit of the data logger s resolution). The trend to higher ∅ 

for more initial sorption may reflect a genuinely different time evolution of the sorption 

within these first critical moments of exposure of the coal to the gas that is not captured 
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by simple models. CH4 shows no clear trend, perhaps because its molar concentration is 

much smaller than that of CO2 at the same pressure. 

 

Figure 6-14 A comparison of the calculated value of ∅ against the amount of moles sorbed by the coal within the first 

1-2 seconds of exposure to the gas. 

Relative to the very different values of ∅ for CO2 and CH4 sorption Figure 6-11, the 

values of ∅ (Figure 6-12) on the same coal are remarkably similar, particularly where 

the gas loading is small. This is physically reasonable if ∅  captures the spread of 

relaxation times, which should be similar if it originates in the same physical mechanism, 

while ∅  depends on the fundamental reaction between the coal and CO2 or CH4, 

principally the activation energy. For Coal-A: ∅ > ∅ �  by approximately a 

factor of 8 and for Coal-B: ∅ > ∅ �  by approximately a factor of 3, although 

at pressures above  MPa this difference reduces. 
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For a diffusion system where there are no pressure gradients rate controlling factors of 

surface adsorption in porous media can include gas molecular diffusion, Knudsen 

diffusion, Poiseulle flow, and surface diffusion (Ruthven, 1984). A diffusion coefficient 

can include a combination of these mechanisms and these can vary depending on the 

sorbent s exact pore structure. Gas molecular diffusion has an inverse relationship with 

pressure as resistance to flow will arise due to increasing collisions between molecules, 

and it is generally the dominant mechanism in macropores. For a single gas system, the 

coefficient of molecular diffusion is the gas self-diffusion coefficient  (Chapman and 

Cowling, 1970). For their modified bidisperse model applied to coal sorption uptake 

data, Cui et al. (2004) drew a relationship between the decrease in their calculated 

primary macropore diffusion coefficient at a given pressure with a theoretical gas self-

diffusion coefficient calculated at the same pressure. Generally, only empirical equations 

are available for specific dense fluid systems to calculate  (Ruckenstein and Liu, 

1997), but for a dilute gas under the approximation of rigid elastic spheres,  is 

describable by Eq.(10.6,8) from Chapman and Cowling (1970):  

 ≈ . ⁄  (6.5) 

where  is the viscosity and  is the density of the fluid. Under this model,  depends on �: the temperature, : the mass of the molecule and, �: the molecular diameter. The 

viscosity has its own functional dependence, expressed as Eq.(12.1,1) from (Chapman 

and Cowling, 1970): 
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 ≈ � ( �)  (6.6) 

Inspection of Eq.(6.6) indicates that  will be larger in systems at (i) high temperatures, 

with (ii) smaller diameter molecules, and (ii) where the gas density is lower. The exact 

relationship for  at high pressures is more complicated owing to gas-specific molecular 

interactions (Chapman and Cowling, 1970), and such information is limited, but 

published experimental CO2 self-diffusivity data at °  (Timmerhaus and Drickamer, 

1951) over a similar pressure range for the experiments discussed in this chapter show 

close agreement with eq.(6.5). Figure 6-15 shows a comparison of CH4, and CO2 self-

diffusivities calculated using eq.(6.5), with  and  determined through REFPROP 

(Lemmon et al., 2010). 

 

Figure 6-15 Comparison of calculated gas self-diffusivities for CO2 (open circles, blue line) and CH4 (red crosses, 

dashed line) vs pressure. 

Inspection of Figure 6-15 shows that for the pressure range under consideration here that CH > CO . This is opposite to the trend of modelled rate parameters: 
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∅ CO ∅ CH , thus a simple interpretation of the relative sorption rates between 

the two fluids due to gas-self diffusivity is not possible. Cui et al. (2004) also found this 

opposite trend for their primary diffusion coefficient and offered a suggestion that the 

interconnected macropores of the coal matrix are highly constricted by ultra-micropores, 

such that they allow CO2 to permeate, but block CH4 (and N2), resulting globally in less 

resistance. That is, CO2-specific pores (Figure 6-16). For their secondary coefficient 

(attributed to micropore diffusion), Cui et al. (2004) found relative magnitudes in the 

order CO > CH > N , consistent with CO2 having the smallest kinetic molecular 

diameter, followed by CH4 then N2. From this they deduced the following picture of 

diffusion. Gas diffuses to the entrance of micropores by macropore diffusion. It then 

diffuses into the micropores and is attracted to the micropore wall by the enhanced 

adsorption energy, leading to further diffusion into the pore until equilibrium is 

established. It was further suggested that the macropore diffusion coefficient decreased 

with pressure because of swelling constricting entrances and that the pressure 

dependence of the micropore diffusion coefficient could be due to the coal swelling in 

narrow micropore entrances reducing the uptake rate.  
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Figure 6-16 From Cui et al. (2004) Illustration of gas adsorption and diffusion in coal containing macropores (A) 

consisting of non-constricted macropores (A1) and highly constricted macropores (A2) which only allow CO2 to 

permeate. Microproes (B) include ultra micropores (B1) that only adsorb CO2.  

A different physical interpretation was offered by Pone at al. (2009) to explain why CO2 

sorbs faster than CH4, namely that absorption and dissolution of CO2 leads to a different 

sorption behaviour and transport mechanism compared to CH4. Subsequent to that 

study, recent swelling experiments have observed volume changes associated with 

absorption and dissolution of different gases in coal, not only CO2 (Cui et al., 2007; Day 

et al., 2010; Kelemen and Kwiatek, 2009). Thus swelling appears unlikely to introduce 

selective CO2 transport in coal. Still, there is a possibility that due to CH4 having a slightly 

larger kinetic diameter than CO2 it would be more influenced by a constriction in the 

pores. Nandi and Walker (1975) suggested that the diffusion of CH4 in coal is activated. 

Charrière et al. (2010) further suggested that a lower activation energy for CO2 compared 

to CH4 could explain the higher sorption potential and diffusion rates of CO2. 
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There may be a general property of microporous sorbents to why ∅ CO > ∅ CH . 

As gas sorption in the AC occurred much faster than the resolution of the measurement 

instruments a robust quantitative comparison of the rates of CO2 and CH4 could not be 

made but after 100 s it is obvious that there is no significant difference between the 

uptake rates of the two gases (Figure 6-13). Since there was a much more pronounced 

difference in the two gas uptake rates observed with the coals it is likely that a specific 

property of the coal is a dominant reason to why there are large differences in the kinetics 

between the two gases.  

6.4.2 COMPARISON BETWEEN COALS 

On average, for CO2, ∅(Coal-B) is 50 times larger than ∅(Coal-A), and for CH4, ∅(Coal-

B) is 100 times larger than ∅(Coal-A). Thus for both fluids: ∅ Coal-B ∅ Coal-A . 

As already discussed in Chapter 5, the difference in responses to the gases for Coal-A 

and Coal-B may be due to the difference in maceral compositions, with Coal-A having a 

greater vitrinite content than Coal-B, with diffusion in vitrinites more closely following 

a swelling and rearrangement behaviour (slower) whereas the inertinites appear to 

exhibit pore diffusion rather than dissolution (faster). In Figure 6-17, modelled CO2 

uptake curves for representative ∅ and ∅ values for each coal are presented. It is clear 

that the main difference between the coal uptake rates is described by the large 

difference in ∅, with ∅ Coal-B ∅ Coal-A . A straight comparison of ∅ between the 

two coals (with ∅(Coal-B)< ∅(Coal-A)) could imply that relaxations in Coal-B are more 

important than in Coal-A despite Coal-B containing less vitrinite, but this may not 

necessarily be the case due to the large difference in ∅ between the two coals. It is also 
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possible that there is just a slightly different spread of �∅ between the two coals. The 

glassy polymers examined by Böhmer et al. (1993) to compare values of ∅  all had 

similar characteristic times �∅ = / ∅ . As mentioned, a drawback of using this 

empirical model is that relating the model parameters to physical coal properties is not 

straightforward, particularly for just two coals. However, Coal-B is faster (larger ∅) and 

has a smaller ∅. Combining these two, shows that Coal-B has a greater initial uptake of 

gas than Coal-A; this is reasonable if it has more inertinite and would simply suggest 

that Coal-B has more large pores. 

 

Figure 6-17 Comparison of generated stretched exponential profiles, for low pressure data, with Coal-A (red-dash 

line), and Coal-B (blue line). 

The finding that ∅ CO  is similar to ∅ CH  on the same coal at the same pressure is 

interesting, for if this is a general finding then no matter what the gas type then ∅ is 

fixed (or at least contained to a narrow range) therefore related to an intrinsic property 
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of the coal (e.g. pore structure) rather than the coal-gas interaction. An increase of ∅ 

with pressure could be due to less elements of the coal involved at higher pressures due 

to site saturation as ∅ → , with the distributions of times narrow. The lack of an 

observable trend for ∅ CH  a weak one for ∅ CO  on Coal-B (with low sorbate 

loading) could indicate that ∅ is relatively constant for this coal. Or, perhaps a pressure 

dependence was not found due to scatter. If there is a pressure dependence for ∅ it is 

clearly less than that observed for Coal-A. This is plausible if it is assumed that the 

diffusion-relaxation behaviour of coal is influenced by maceral content. Coal-B has 

significantly less vitrinite, so the proportion of gas sorbed due to relaxations in the coal 

structure could be significantly smaller and thus harder to detect. Comparative studies 

with more coals of varying properties would do much to resolve this issue. 

6.4.3 INTERPRETATION OF THE DIFFUSION MECHANISM 

As mentioned above, it has been suggested by others that CO2 has faster transport in the 

coal than CH4 because of its absorption in to the coal matrix (Pone et al., 2009), or because 

only CO2 can enter highly constricted ultra micropores, or because the coal has gas-

specific micropore resistances (Cui et al., 2004), or because diffusion is activated 

(Charrière et al., 2010; Nandi and Walker, 1975). 

Alternatively, based on the interpretation of the stretched exponential modelling a 

distribution of relaxation times associated with anomalous diffusion, it is also possible 

to explain why ∅ decreases with pressure and why  ∅ CO ∅ CH  in both coals. 

The decrease of ∅ with pressure in the coal-gas system is consistent with transport by 

molecular diffusion in the large spaces at high pressures impeded by intermolecular 
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collisions. As it has been argued before that swelling due to gas uptake increases the free 

volume available to a penetrant molecule in the coal (Larsen, 2004; Sakurovs, 2012), it is 

conceivable that diffusion in coal is anomalous. A common feature of many anomalous 

diffusive systems such as glassy polymers is a fast initial uptake of gas followed by a 

much slower uptake, visualised by a long equilibration times in pressure data (Crank, 

1975). Rather than physical restrictions in the coal impeding or blocking CH4 diffusion 

but allowing CO2 entry to account for their uptake rate differences, it is possible that the 

absorption in coal is faster for CO2 than CH4. If the coal structure is slowly readjusting 

due to a gas absorbing into the coal matrix then the presence of long equilibration times 

in the pressure data is explained if these readjustments result in volume changes 

whereby additional sorption sites become available and allow further uptake. 

In Chapter 5, a reason why some researchers may have found it necessary for some coals 

to require a secondary slower diffusion coefficient could not be provided. Crosdale and 

Beamish (1998) reported CH4 desorption diffusion coefficients for coals of varying 

maceral composition (refer to Figure 6-18). Their measure of model fit was whether the 

first half of the fractional desorption data (up to � /�∞ = . ) could be fitted with the 

approximation of the unipore model (Eq.(4.3)). It is possible to show by applying the 

stretched exponential to the same data that the unipore approximation method can lead 

to a misleading interpretation of sorption kinetics in coal, potentially missing a slower 

sorption component. 
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Figure 6-18 From Crosdale and Beamish (1998) Desorption modelling shown for four selected coals. Sample 1 (open 

squares), is modelled with the bidisperse model, whereas all other squares are modelled using the approximation of 

the unipore model for data up to � /�∞ = . . 

Using a value for the  effective diffusivity ( ) of CH4 from Crosdale and Beamish 

(1998) (from which they estimated using the approximated unipore model from uptake 

data up to � /�∞ = . ), the approximated unipore model (Eq.(4.3)) was plotted along 

with the full analytical unipore model (Eq.(4.2)) (Figure 6-19). As expected, the initial 

slope of the approximated unipore model provides a good estimation for the initial slope 

of the full analytical model. Stretched exponentials fitted to the initial part of the unipore 

models (up to � /�∞ = . ) also yield good initial agreement to both models, but at 

longer times the curves strongly diverge. It is clear that the approximated unipore model 

is valid method only if it can be first demonstrated that that full unipore model can 

describe all the uptake data. This is a significant caveat, as it is quite possible that others 

that have used the approximated unipore model (Bhowmik and Dutta, 2013; Charrière 

et al., 2010; Ciembroniewicz and Marecka, 1993; Nandi and Walker Jr, 1970) or not used 

the full range of kinetic uptake data (Jian et al., 2012) may not have recognised a possible 

slower sorption tail. In those cases a model incorporating a distribution of characteristic 
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times may have been more appropriate. It follows then that the goodness-of-fit 

procedure for the unipore model based on fitting only the initial uptake data is 

inappropriate for coal. It is suggested that this is a reason why there has been no clear 

agreement in the past on whether one diffusion coefficient is suitable for some coals but 

not others.  

 

Figure 6-19 A comparison of the unipore approximation (blue line), the analytical unipore (green-dotted line) and 

various stretched exponential (S.E) models for generated uptake data using a value of �  from Crosdale and Beamish 

(1998). 

Crosdale and Beamish (1998) found that the approximated unipore model did not work 

for inertinite-rich coals, so the bidisperse model was applied, which fitted the data better. 

Further inspection of Figure 6-18 shows that the inertinite-rich samples had a greater 

initial fast uptake (within the first few seconds) compared to near 100% vitrinite-rich coal 

samples which show almost no fast initial uptake but a broader sorption tail. Although 

they interpreted this two-stage  appearance as due to the presence of different pore 
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sizes in their samples, this rapid initial uptake is entirely consistent with the suggested 

model in this study of a fast sorption into all pores which are more easily accessed in 

inertinite-rich coals followed by a slow sorption due to the rearrangement of the coal 

volume caused by absorption. 

The stretched exponential is an empirical model and whilst not a perfect fit, can 

represent sorption uptake in coal much better than the considered two stage  models. 

The stretched exponential deviates most from the uptake data at the early stages of 

sorption where there is a marked concentration dependence on the calculated rate 

parameters. It is possible that applying a model that considers the influence of non-linear 

sorption and the variable gas density at the coal/particle surface could account for this 

effect. The use of a time varying boundary-concentration has been applied to sorption 

rate data (Mavor et al., 1990) as well as analytical solutions for systems with a time-

varying boundary concentration (Lee, 1978; Ma and Lee, 1976). However, such 

developed solutions are not in wide use. 

If maceral content is a factor leading to the difference in diffusion rates between coals 

then fora coal that has considerable inertinite compared to vitrinite it is possible that 

relaxations due to sorption-induced swelling will be less significant and a higher 

proportion of gas will be sorbed within the initial stages of the exposure of the coal to 

gas. 

Specific experiments may be able differentiate between the possible physical 

interpretations that have been discussed in this chapter: (i) pore selectivity by CO2, (ii) 

different micropore resistances for different gases, (iii) diffusion limited by swelling 
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constrictions, (iv) activated diffusion and that proposed here of (v) diffusion-relaxation. 

The next three chapters investigate these possibilities via sorption measurements with 

coals of varying particle size, using molecules of varying size, kinetic SAXS 

measurements, coal swelling kinetics and temperature dependent sorption. 

6.5  CONCLUSION 

An analogy with relaxation phenomena has produced a model of CO2 and CH4 kinetic 

uptake data on coal that assumes a distribution of characteristic times for diffusion. It 

was found that: 

(a) The two parameter stretched exponential  model coupling a characteristic rate 

parameter ∅ with a stretching parameter ∅  is able to fit experimental data 

significantly better than a three parameter two-stage model treating sorption 

with a single fast and single slow component. 

(b) The values of ∅ are similar for the different gases on the same coal at the same 

pressures, indicating that ∅is a property of the coal. The variation with pressure 

was different for the two coals 

(c) ∅ CO ∅ CH . A higher characteristic rate parameter found for CO2 

compared CH4 is consistent with what has been reported in the literature for 

relative sorption rates between the two gases. However the ratios of the diffusion 

rates for the CO2 and CH4 were different for the two coals.  

(d) The two coals had similar rank and particle size, yet ∅ Coal B ∅ Coal A .  
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(e) The goodness-of-fit procedure for testing the approximated unipore model based 

on checking the first half of the uptake rate data was shown to potentially miss a 

slower sorption component, casting further doubt on its suitability for coal. 
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CHAPTER 7 :  

COAL PARTICLE SIZE AND ITS INFLUENCE 

ON SORPTION BEHAVIOUR 
7.1 INTRODUCTION 

Of the models compared in this study that describe the diffusion of gas in coals, the 

stretched exponential model has provided the best fits to data. The use of the stretched 

exponential to describe physical phenomena is typically related to of dispersive 

transport; i.e. exhibiting a distribution of characteristic times. In Chapter 6, previously 

suggested explanations of the cause of the different CH4 and CO2 kinetics in coal were 

discussed. Broadly, these can be grouped as: (i) selective transport for CO2 over CH4 in 

specific coal pores due to ultra-micropores that will open as the coal is crushed (Cui et 

al., 2004); (ii) sorption-induced volumetric changes that affect transport or constrict CH4 

more than CO2 in the coal matrix (Cui et al., 2004; Pone et al., 2009); (iii) micropore 

accessibility that may be greater for CO2 than CH4 due to differences in molecular 

diameters (Cui et al., 2004; Marecka and Mianowski, 1998); (iv) activated diffusion with 

CH4 requiring a higher threshold energy than CO2 (Charrière et al., 2010); or (v) as 

suggested, that gas absorption and subsequent mechanical deformation of the coal is 

slower for CH4 than for CO2, leading to slower overall uptake rates. 

The experiments presented in this chapter have been designed to address (i), and 

determine whether selectively closed pores exist in coals. This has been achieved by 

executing isotherm and uptake rate measurements on separately sized Coal-A samples 
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to determine whether the sorption capacities or the uptake rates between CH4 and CO2 

are different. 

7.2 BACKGROUND 

Experiments generally find that the sorption rates increase when the average particle 

size of the crushed coal decreases (Busch et al., 2004; Gruszkiewicz et al., 2009a ; Marecka 

and Mianowski, 1998). These changes are not necessarily linear. For the three size 

fractions of their one coal studied, Gruszkiewicz et al. (2009a) found for both CO2 and 

CH4 sorption that the uptake rate was significantly higher for the smallest size fraction 

(45 150 μm  than for the two coarser fractions (1-2 mm and 5-10 mm), but between the 

latter sizes the difference was not as pronounced. Through comparison of powdered 

coal, an unconfined block and a confined block, Pone et al. (2009) found a significant 

reduction in CO2 and CH4 sorption rates in the coal block relative to powder, even more 

so when it was confined. Confined coal also shows a reduction in sorption capacity (Hol 

et al., 2011; Pone et al., 2009). Marecka and Mianowski (1998), who first reported the 

decrease with particle size, argued that a decrease was consistent with the definition of 

the unipore diffusion coefficient (eq.(4.3) in Chapter 4) with ∝ / , where  is the 

average size of the coal particle. Busch et al. (2004) attributed an increase of sorption 

rates for crushed samples of coals to the larger particle containing more complex pore 

structures containing restrictions that are destroyed upon crushing. 

Han et al. (2011) report the opposite trend with crushing. They found that an increase in 

particle size led to an increase in calculated diffusion coefficients (Figure 7-1). However, 

visual inspection of their uptake curves (Figure 7-2) shows clearly that the uptake of both 
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CO2 and CH4 was much slower in the larger particle sizes. It is probable that the model 

choice or the interpretation of its parameters led to their calculated diffusion coefficients 

indicating otherwise. 

 

Figure 7-1 From Han et al (2011) Trend of effective diffusion coefficient with the average diameter of the coal, for four 

different coal samples. 

 

Figure 7-2 (From Han et al (2011)) Fractional uptake curves for various sized fractions of a coal for CO2, and CH4. 

A common feature both Busch et al. (2004) and Han et al. (2011) is that the size fractions 

used all showed significant differences in proximate and maceral analysis. Calculated 

sorption capacities differed for each size fraction but with no clear trend in relation to 

coal particle size. Marecka and Mianowski (1998) also reported varying differences in 

calculated surface areas for the size fractions used. These instances are likely results of 
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selective effects when samples are sieved into size fractions. Vitrinites, for example, tend 

to concentrate in the finer fractions (Cloke et al., 2002). 

The influence of particle size on sorption behaviour has not been satisfactorily addressed 

in the literature nor coal preparation procedures immune to criticism. It is proposed that 

by using whole fractions the differences in sorption capacity due to sampling selection 

biases can be minimized and a better relationship with sorption behaviour and particle 

size found. 

7.3 EXPERIMENTAL 

Several experiments were performed in order to demonstrate how particle size 

influences sorption behaviour. These were:  

i) Contrasting the change in porosity of two coals upon crushing. 

ii) Contrasting the sorption capacity of different whole fractions for three gases 

(CO2, CH4, Ar). 

iii) Contrasting the sorption rates between CH4 and CO2 on whole and screened 

fractions of coal. 

7.3.1 COAL POROSITY MEASUREMENTS 

In this experiment the helium densities of dried lumps of two coals (labelled Coal-C, and 

Coal-D) were measured at different stages of crushing. Samples of Coal-C were 

previously found to have a helium density of .  kg/m  and an apparent mercury 

density of .  kg/m . In contrast, Coal-D showed a helium density of .  kg/m , 

and an apparent mercury density of .  kg/m . 
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It was predicted that the coal pores in Coal-D would open up as it was sequentially 

crushed to lower sizes, exposing new pores to helium and thus increasing the helium 

density. It was expected that the porosity of the already highly porous Coal-C would 

remain relatively constant upon crushing. Following the crushing procedure, outlined 

in Section 3.2.7, the helium density was measured for the whole fractions: −  mm, −  mm, −  mm, −  mm, −  µm, −  µm  (and − µm  for Coal-D only). 

Before each crushing stage the coal was first passed through a sieve of the desired 

particle size. About 60% of the coal was usually retained, so it was considered to be a 

representative distribution following the Weibull distribution (Brown & Wohletz 1995) 

for the various whole fractions. 

7.3.2 SORPTION EXPERIMENTS FOR COAL WHOLE FRACTIONS 

The second experiment examined the effect of particle size on sorption capacity and 

sorption uptake rates. Coal-A was crushed following the procedure outlined in Section 

3.2 to whole fractions of  −  mm , − .  mm , −  mm , and − .  mm.  If the 

explanation suggested by Cui et al. (2004) were correct, then the fractional increase in 

sorption capacity upon crushing Coal-A would be greater for CH4 than for CO2. 

Simultaneous sorption experiments were performed on the gravimetric sorption 

apparatus (described in Section 3.2.8) for all four size distributions using Ar, then CO2, 

and finally CH4. Calculations of the excess sorption capacity and application of the 

isotherm model followed the procedure documented by Sakurovs et al. (2007). A 

modified DR equation was used to model the relationship between excess sorption 
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(  and gas density (  as it accounted for volume errors at high pressures. This 

takes the form 

 = ( − ) e�p {− } +  (7.1) 

W0 is the surface adsorption capacity of the sorbent;  is the adsorbed phase density;  

is a constant related to the affinity of the sorbent for the gas; and  is a proportionality 

term, to account for the volumetric errors. 

CO2 and CH4 kinetic experiments were then performed on the manometric sorption 

apparatus using the −  mm and the − .  mm fractions. Since it had been found that 

the model fits were very sensitive to the initial pressure conditions (refer to Section 6.3), 

the length of time the valve was opened for pressurisation was reduced to be much less 

than 1 s, to minimise uncertainty in . A higher pressure differential between the 

reference and the sample cell was also used to ensure a rapid flow of gas. To avoid the 

influence that a large sorbate loading may have on diffusion coefficients, smaller 

pressure increments were taken. These measured uptake data were fitted with the 

stretched exponential model and contrasted against the results of from the . −  mm 

Coal-A sample, as previously discussed in Chapter 6. The − .  mm whole fraction 

was then sieved, giving a − .  mm screened fraction. The influences of size selection 

on sorption capacity and kinetics was studied. 

 

7.4 RESULTS 
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7.4.1 COMPARATIVE STUDY ON CRUSHING VS MEASURED DENSITY 

The change in the measured helium density for the two coals owing to crushing differed, 

as expected. Coal-C displayed little change in its density with ρ = .  ± .  kg/m  

at size fraction − mm  and ρ = .  ± .  kg/m  at the −  µm  size fraction. 

Coal-D showed a more significant increase in density with  ρ = .  ± .  kg/m  

at the −  mm size fraction and ρ = .  ± .  kg/m  at the −  µm size fraction. 

Figure 7-3 compares the densities of the two coals as a function of maximum particle 

size. Coal-C only underwent a 0.3% total increase in density, as opposed to Coal-D, 

which had a measured density increase of 2.3%. The greatest change in density was 

observed between the coal lumps and the first crushing to the −  mm fraction.  

 

Figure 7-3 Comparison of Coal-C and Coal-D helium densities, as measured for different particle sizes. 

7.4.2 EFFECT OF PARTICLE SIZE ON ISOTHERMS 
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An ultimate and proximate analysis (Table 7.1) revealed consistency for coal properties 

across all samples, confirming that the procedure used to generate the different whole 

fractions was effective. As a comparison, the previously screened . −  mm sample 

properties are listed alongside and these show close agreement. Table 7.1 also contrasts 

the measured helium densities for each sample, which show a slight reduction upon 

finer grinding. 

Particle 
Size 

Inherent 
Moisture 

Ash 
VM 

* C H N 
O (by 
diff.) S  � (He) 

(mm) % (% db) daf 
% 

daf# 
% 

daf 
% 

daf 
% 

daf 
% 

daf 
% 

kg.m-3 − .  3.8 11.4 37.9 82.3 5.3 2.0 9.9 0.6 1.384 − .  3.8 11.1 38.0 81.8 5.3 2.0 10.4 0.5 1.384 − .  3.6 11.3 37.9 81.7 5.3 2.0 10.4 0.5 1.381 − .  3.7 11.4 37.7 82.4 5.4 2.0 9.7 0.6 1.379 . −  4.2 11.5 38.8 81.5 5.4 2.0 10.6 0.6  
Table 7.1 Ultimate and Proximate analysis for Coal –A of different whole size fractions. Measured helium densities 

ρ He  are also included.*VM=volatile matter, #daf=on a dry ash-free basis 

For each gas, isotherms were produced simultaneously for the four different whole 

fractions, first with argon (Figure 7-4), then CO2 (Figure 7-5), and finally CH4 (Figure 

7-6). Eq.(7.1) was fitted to the data for each whole fraction. Table 7.2 shows the 

parameters and the RMS error of the fits. For all gases, the − .  mm whole fraction 

showed the least sorption (lowest W0). The variation of W0 in the other samples agreed 

to 1%, the repeatability of the instrument. Other variations may be due sample 

heterogeneity, or individual errors in cell volumes. Values of the isothermal values for 

Coal-A for the three gases used can be found in Chapter 11: Appendix. 
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Figure 7-4 Argon isotherms for the different whole fractions of Coal-A 

 

Figure 7-5 CO2 isotherms for the different whole fractions of Coal-A 
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Figure 7-6 CH4 isotherms for the different whole fractions of Coal-A 

Particle 
Screen (mm) − .  − .  −  − .  

Argon 
W0 (kg.t-1) 26.61 27.59 27.30 27.43 
D 0.09 0.08 0.08 0.09 

(kg.m-3) 1248 1248 1248 1248 
k (m3.t-1) 0.04 0.04 0.05 0.04 
RMS Residuals 0.17 0.28 0.30 0.37 

Methane 

W0 (kg.t-1) 15.61 16.30 16.64 15.98 
D 0.06 0.06 0.06 0.05 

(kg.m-3) 420 420 420 420 
k (m3.t-1) 0.04 0.03 0.05 0.06 
RMS Residuals 0.08 0.13 0.11 0.24 

CO2 
W0 (kg.t-1) 72.60 75.51 75.29 74.22 

D 0.05 0.05 0.05 0.05 
(kg.m-3) 1028 1028 1028 1028 

k (m3.t-1) 0.03 0.02 0.03 0.03 
RMS Residuals 0.45 0.51 0.53 0.71 

Table 7.2 Fitted sorption parameters for the different whole fractions of Coal-A 

If selective penetration occurred it would be expected that CO2 sorption would be less 

affected by crushing than the other gases. The above experiments show no evidence of 
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any differences in the sorption of the different gases as the particle size of the coal is 

reduced. Additionally, the change in sorption capacity of Coal-A shows a qualitative 

agreement to the helium volume changes. It would appear that helium penetrates only 

the same pores as the other gases; if a coal has closed porosity and it is impenetrable by 

helium, it is also closed to CO2, CH4, and Ar. 

7.4.3 EFFECT OF PARTICLE SIZE ON UPTAKE RATES 

Isotherm pressure steps recording the uptake rate data were taken in the manometric 

apparatus for the −  mm and the − .  mm whole fraction. Later the − .  mm 

whole fraction was sieved to give a  − .  mm screened size fraction. There were only 

small differences in the sorption excess with the −  mm screened sample, with a 

slightly lower measured excess at the same pressures (within 5%). This was likely due 

to composition differences arising in the selective extraction of coal fractions by 

removing the −  mm fraction. Due to time constraints, and the length of time required 

for the equilibration of the larger particles, the majority of sorption points produced were 

on the −  mm fraction. 

A comparison of the time helium took to equilibrate in the system when the coal volume 

was first determined for the different size fractions of Coal-A showed only a slight 

differences (in the last 1% of the total pressure change in the cell) (Figure 7-7). All helium 

expansion experiments showed no variation in pressure after 1000 seconds. 
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Figure 7-7 Comparison of the pressure change in the system for the helium expansion experiments as a fraction of the 

final pressure. 

A clearer difference was observed in the CO2 uptake rates between the differently sized 

coal particles (Figure 7-8) and the stretched exponential was able to quantify these 

differences. If just the whole fractions are considered ( −  mm, and − .  mm) for a 

similar pressure step and loading, the stretching parameters are very similar in both 

samples: ∅ − .  mm = .  and  ∅ −  mm  = . , but a significant difference 

is apparent between their characteristic rate parameters: ∅ − .  mm = .  s−  and 

∅ −  mm = .  s− . For higher pressures, a large difference between ∅ (Figure 

7-9), and similar values for ∅ (Figure 7-10) are once again observed. Thus ∅ appears to 

be a good indicator for how the relative rates change with crushing. However, when sub 

fractions are considered, the relationship becomes more complicated.  
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Figure 7-8 Comparison of the uptake of CO2 and model fits for different particle sizes of Coal-A, at ˚C 

 

Figure 7-9 Comparison of the characteristic rate parameters �∅  calculated from the CO2 uptake curves using the 

stretching exponential, against pressure. 
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Figure 7-10 Comparison of the stretching parameter  ∅ calculated from the CO2 uptake curves using the stretched 

exponential, against pressure.  

Whilst indicating that the larger the average coal particle, the lower that ∅ is, it appears 

that the spread of particle sizes also influences the stretched exponential parameters. 

Table 7.3 shows the percentage of coal particles within different sizes for each whole 

fraction. The two sieved fractions both show much higher ∅ values. This could indicate 

that if the particles are contained to a very narrow distribution, then ∅ will naturally be 

larger. ∅ . −  mm >  ∅ − .  mm  and this may reflect a smaller spread of 

particle sizes in the . − mm sub-fraction. 

Sample: −  �� Composition Sample − .   Composition − .  mm 32.0% − .  mm 24.3% . − .  mm 31.9% . −  mm 22.7% . −  mm 36.1% −  mm 34.5% 
- - − .  mm 18.5% 

Table 7.3 A comparison of screened percentages from the two whole fractions of Coal-A used in the kinetic 

experiments. 
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For CH4, although only one whole fraction ( − mm) was compared with the previously 

screen fraction ( . − mm), the results show consistency that ∅ is larger (Figure 7-11), 

and of ∅ being smaller in the broader distribution (Figure 7-12).  

 

Figure 7-11 Comparison of the characteristic rate parameter �∅, calculated from the CO2 and CH4 uptake curves using 

the stretched exponential. 

 

Figure 7-12 Comparison for the stretching parameter ∅, calculated from the CO2 and CH4 uptake curves using the 

stretched exponential. 
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No evidence was found to indicate that CO2 and CH4 sorption rates are affected 

differently when the particle size is varied. A comparison of ∅ (Figure 7-11) shows no 

observable percentage difference between the two fluids for the different whole fractions 

of Coal-A. Figure 7-12 shows, for the −  mm whole fraction, that ∅ reduces for both 

CO2 and CH4, with ∅ CH  slightly higher than ∅ CO  for all measured sorption 

points. As found in Chapter 6, the stretching parameter appears to be primarily 

dependent on the nature of the sample, rather than the gas.  

7.5 DISCUSSION 

As there was no detectable change in relative sorption capacity or sorption rates for the 

different gases upon crushing, the suggestion of closed porosity in the coal becoming 

more available to CH4 does not appear to apply to Coal-A, contrary to the suggestion by 

Cui et al. (2004). If the difference between CO2 and CH4 uptake were due to micropore 

accessibility then these pores must only reduce the uptake rate, not restrict entry as the 

relative sorption capacity for the different gases was not preferentially altered when the 

coal was crushed. Helium was the fastest to diffuse and equilibrate and although there 

were slight differences, the coal particle size did not greatly influence its transport. As 

the rates of diffusion/uptake: are in the same order He < CO < CH  as the molecule 

kinetic diameter (Gilron and Soffer, 2002), there is still the possibility that pore size or 

molecule size can influence sorption rates. This is revisited in Chapter 8. 

The difference between He, CO2 and CH4 diffusion rates is likely a property of the 

sorption kinetics. Simplified Fickian diffusion models applied to adsorption uptake rate 

data generally consider the actual sorption kinetics to occur instantaneously at the site 
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with the rate limiting factors only determined by the transport properties of the sorbate 

in the sorbent, i.e. the time it takes for a molecule to get to a sorption site (Crank, 1975; 

Ruthven, 1984). If absorption into the coal matrix is considered, the assumption that 

sorption kinetics is determined solely by the transport to the site may not necessarily be 

valid. Models describing anomalous diffusion include such time-dependence of the 

mechanical deformation of a polymer in response to solvent swelling (Berens and 

Hopfenberg, 1978; Thomas and Windle, 1982). A gas may adsorb relatively 

instantaneously at a site in the coal, but absorption and the change in coal volume due 

to sorption-induced swelling may be slower. A possible explanation as to why sorption 

rates markedly increase upon the crushing of the coal is that not only can the gas reach 

a small pore more quickly, but the time taken for a particle of coal to swell is size 

dependent. Previous studies on solvent swelling rates in coal have indicated a particle 

size dependence (Larsen and Lee, 1983; Peppas and Lucht, 1985). A possible explanation 

as to why CO2 shows a measurably faster uptake than CH4 in coal is that the rate of 

swelling for CO2 is greater than for CH4. A possible way to confirm this is to analyse 

swelling kinetic data to observe if the volume changes in the coal are faster for one of the 

gases. This point is revisited in Chapter 9. 

The experiments discussed in this chapter have confirmed the dispersive nature of 

diffusion in Coal-A, in consequence of which it is difficult to find a rigorous relationship 

between particle size and the measured diffusion rate. This also makes comparisons 

between the results from different researchers a challenge. It is implicit in the bidisperse 

model (refer to Chapter 5) that there are absolute coal properties (micropore and 

macropore distributions) that can account for the uptake rates of gases in the coal. A 
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diffusion model for whole coal seams with that kind of accuracy may not be possible. 

The stretched exponential has indicated a strongly decreasing ∅ (and ∅ remaining 

), with increasing particle size. It is possible that for large blocked of confined coal gas 

diffusion will take many months. Conceivably, diffusion coefficients can be determined 

for a range of particle sizes and distributions and even coal blocks, but it will be difficult 

to scale these to a large coal seam. Pone et al. (2009) argued that the diffusion coefficients 

calculated from powdered coal are unsuitable for predictions for ECBM. However, the 

experiments discussed in this chapter have revealed important physical features of 

sorption kinetics in coal underscoring their usefulness.  

7.6 CONCLUSION 

By selecting the average particle size and distribution of crushed coal samples, the effects 

on measured volume, sorption, and sorption rates were examined. It was found that: 

(a) The helium density and sorption capacity of the more finely crushed samples for 

CO2, CH4 and Ar increased. This indicated that pores made accessible to helium 

by crushing were also accessible to these gases. There was no evidence that CO2 

penetrated the coal more completely than the other gases. 

(b) No preferential change in sorption rates between the two gases was found as ∅ 

was similar for the different gases on the same whole size fraction and between 

the different whole fractions the ratio of ∅ for CO2 and CH4 was also similar. 

(c) Diffusion of gas in coal depends on both the size and distribution of particles 

making it likely that diffusion coefficients cannot be scaled to whole coal seams 

easily. However, a strongly decreasing ∅,  with ∅  remaining  of an 
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increasing coal particle size indicates that diffusion in whole coal seams will be 

much lower than that estimated from laboratory measurements. 
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CHAPTER 8 :  

THE EFFECT OF PORE SIZE, GAS TYPE AND 

MIXTURE ON SORPTION KINETICS 

8.1 INTRODUCTION 

Both coal pore size and its distribution have often been stated to be highly influential on 

gas transport. For instance, to explain the physical mechanism underlying why sorbents 

exhibit differing gas uptake rates, both the unipore and bidisperse models make 

assumptions about the porosity distribution. These assumptions have been questioned 

for their use with coal (Chapter 4-7). Contributions to the sorption mechanism still 

needing to be investigated include the influence the coal pore size or even the size of the 

molecule has towards to the selectivity of CO2 over CH4; the molecular diameter of CO2 

( .  nm) is smaller than CH4 ( .  nm). SAXS experiments were utilised to investigate 

sorption kinetics as a function of pore size and in this chapter they are described. Further 

uptake experiments using different gases that investigated the effect of molecular 

properties on coal sorption kinetics are also described. 

The literature review (Chapter 2) identified a lack of understanding about competitive 

sorption kinetics inside coal. If, say, CH4 is pre-sorbed on the coal with subsequent CO2 

dosing how having one fluid already sorbed will affect the sorption kinetics of the 

second gas is unknown. Steady state experiments indicate that volume changes due to 

CO2 can exhibit different volumetric effects in the coal compared to CH4, disrupting the 
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permeability (Cui et al., 2007), but experiments under non-steady state conditions (pure 

diffusion) with CH4 pre-sorbed have not been published. SAXS measurements where 

CO2 or CH4 is pre-sorbed, with the other gas subsequently dosed provided valuable 

information about this phenomenon. 

8.2 EXPERIMENTAL 

Three experimental investigations are described in this chapter: (1) SAXS combined with 

uptake rate measurements (2), competitive sorption between CO2 and CH4 and (3), 

uptake rate experiments varying the gas type. 

The first series of experiments with SAXS extends the previous work by Radlinski et al. 

(2009a; 2009b), following a similar experimental procedure but with a different 

apparatus, different samples and the inclusion of CH4 as a penetrant molecule. The goals 

of the SAXS experiments were to observe: 

(i) Possible differences between CH4 and CO2 kinetics in pores of different sizes. 

(ii) Changes in SAXS intensity over long time intervals to check whether slow 

sorption as found before with Coal-A is also observable on the SAXS size 

scale.  

(iii) The displacement kinetics of one gas by another on coal as a function of pore 

size. 

For comparison, the experiments were repeated with a well characterized activated 

carbon (AC). Detailed experimental procedures for the combined uptake and SAXS 

measurements are described in Section 3.4. 
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The second series of experiments utilised the previously described manometric 

apparatus, modified for use with a gas chromatograph to enable gas displacement 

studies. Details of this experimental procedure can be found in Section 3.3. The 

experiments performed were: 

(a) A low pressure pre-sorption of CH4 ( .  MPa) on the . −  mm screened 

fraction of Coal-A, with subsequent CO2 pressurization (total pressure 0.33 

MPa), 

(b) A higher pressure pre-sorption of CH4 ( .  MPa) on the . −  mm screened 

fraction of Coal-B, with subsequent CO2 pressurization (total pressure .  MPa). 

(c) And a high pressure pre-sorption of CO2 ( .  MPa ) on the . −  mm 

screened fraction of Coal-B, with subsequent CH4 pressurization (total 

pressure ( .  MPa).  

In the third series of experiments, sorption uptake rate data were collected for a variety 

of different gases on the −  mm  whole fraction of Coal-A in the manometric 

equipment (described in Section 3.2) using the slightly modified procedure as discussed 

in Section 7.3.2. The gases used were ethane (C2H6), argon (Ar), nitrogen (N2), and 

krypton (Kr).  Molecular properties are listed in Table 8.1. 

 

Gas 
 

MW 
 

Tc, 
(K) 

Pc 
(MPa) 

vdW 
density, 
(kg m− ) 

vdW 
volume, 

(Pa.m6.mol− ) 

 
Kinetic 

Diameter 
( ) 

�/� 
(K) 

 

∗ 
(Å) 

 

CO2 44 304.2 7.4 1028 0.366 0.33 198.2 4.328 
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Ar 40 150.9 4.9 1248 0.136 0.34 148.9 3.783 

N2 28 126.2 3.4 726 0.137 0.364 143.2 3.35 

Kr 83.8 209.4 5.5 2119 0.232 0.36 227.9 4.407 

CH4 16 190.5 4.6 372 0.23 0.38 98.9 3.656 

C2H6 30.1 305.4 4.9 463 0.557 0.385 158 3.6 

He 4 5.2 0.2 - - 0.26 6.03 2.63 

Table 8.1 Physical properties of the gases used in the sorption experiments. MW= molecular weight. Tc= gas critical 

temperature, Pc= gas critical pressure, vdW=van der Waals. �/� = depth of L-J  potential well, ∗ = distance where L-

J potential is zero.  Table adapted from Sakurovs et al. (2010) along with values for the gas kinetic diameters from 

Krishna and van Baten  (2012) and L-J parameters from Wilhelm and Battino (1971).  

8.3 RESULTS 

8.3.1 SAXS COMBINED UPTAKE MEASUREMENTS 

Using the Australian Synchrotron software ScatterplotTM, one dimensional (1D) scattering 

curves of intensity verses Q were obtained and then normalised to the small detector at 

the beamstop. Simultaneous data logging of isotherm data was performed using Griffith 

University in-house software Kheiron. The 1D SAXS plots were then analysed with 

further data processing performed in MATLAB (MATLAB, 2010).  

By first conducting measurements on a blank cell and then following background 

subtraction procedures listed by Congo (2013) intensity vs Q curves were produced with 

features associated with the gas sorption observed in the Q-range . −  � − . SAXS 

intensity profiles were obtained for ten different regions of the coal disk. A peak at .  � −  corresponded to that observed by Radlinski et al. (2009b), which was thought 

to be associated with a lamellar  (layered) or carbon ring structure of the coal. The sharp 

Bragg peak at .  � −  is due to a crystalline mineral in the coal. 
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For the CO2 and the displacement experiment data (where CO2 was dosed on pre-

methanated coal) the two regions in Coal-A which showed the greatest difference in 

transmission are described and contrasted with each other. These regions are labelled 

Location-1 (with a low transmission) and Location-7 (with a relatively higher 

transmission). This may reflect more mineral matter or carbon-rich organic matter in 

Location -1 that tends to absorb more X-rays (Radlinski et al., 2009b). 

Figure 8-1a shows a typical intensity vs Q profile obtained for Coal-A for CO2 (4.4 bar) 

exposure. An approximate 25 minute exposure of Coal-A to CO2 at 4.4 bar produced a 

reduction in intensity across all observable Q-values compared to the scan under 

vacuum. A separate scan was done for the CH4 experiments due to the apparatus being 

slightly shifted, with different regions found, with the two that showed the greatest 

transmission intensity differences contrasted and discussed here (Location-A: low 

transmission, Location-B: high transmission). CH4 exposure at 14.0 bar (Figure 8-1b) 

produced a similar reduction in intensity to that caused by CO2 after ~55min exposure. 

Ten regions of the AC were selected for investigation. The SAXS profiles showed little 

variation from region to region (as expected for this more homogeneous material). 

Figure 8-2 shows intensity Q-plots for CO2 (only) and CH4 (only) in one selected region. 

It was subsequently found when returning the AC to vacuum after the CO2 sorption 

experiments that the baseline (SAXS intensity curve of the evacuated sample) had 

shifted. This was attributed to the powdered sample moving owing to CO2 ingress 

despite the restraining copper ring. The effect on this analysis was minimal.  No change 
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was found for the CH4 experiment when contrasting the before − and after − exposure 

baselines. 

 

Figure 8-1 Small angle scattering profiles over time for Coal-A: (a) pressurised with 4.4bar of CO2 at Location-1 and, 

(b) seperately pressurised wth 14.0 bar of CH4 at Location-A. 

 

Figure 8-2 Small angle scattering profiles over time for the activated carbon: (a) pressurised with 5.34bar of CO2 and, 

(b) seperately pressurised wth 3.61 bar of CH4. 

Displacement of one gas by the other was then investigated. Lower pressure studies (<
 bar) are reported here on Coal-A only, since at high pressures the exchange was much 

slower than could be accommodated in the time available for this experiment. Figure 8-3 

shows the scattering profile after 0.34 bar of presorbed CH4 was dosed with CO2, to a 

total system pressure of 4.4 bar. No difference in the evacuated profile relative to the 

profile with 0.34bar of CH4 was observable, not unexpected owing to the low pressure 
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and low electron density of the gas. Exposure to CO2 slowly lowered the scattering 

profile as the CO2 displaced the CH4. A total exposure time of ~600 min was required to 

observe similar contrast changes as those in the experiment using only pure CO2 on Coal-

A (which took <  min). 

 

Figure 8-3 Small angle scattering profiles over time for Coal-A, first pressurised with CH4 to 0.34 bar (no observed 

contrast change), followed by 4.4 bar pressurisation of CO2. 

To study the kinetics more closely, profiles of intensity vs time were produced at Q=.  �− , Q= .  �− , Q= .  �− . The changes observed at these Q-values are 

representative of trends seen in the full range of Q. For CO2 on Coal-A, Figure 8-4a and 

Figure 8-4b show Location-1 and Location-7 contrasted at low Q= .  �− . Some 

differences can be observed, with Location -1 showing a more rapid contrast change (the 

majority occurring within 5 minutes). At a medium Q= .  �− , the two regions show 

a similar initial rapid contrast change (Figure 8-4c and Figure 8-4d). At the higher Q 

( .  �− ), both locations whilst also displaying initial contrast changes, they are 

smaller and uniform over the course of the coal exposure to CO2 (Figure 8-4e and Figure 
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8-4f). All intensity changes were small and were only noticeable in post-processing. The 

experiment was terminated before the final contrast change for this region could be 

confirmed. 

 

Figure 8-4: Comparison of the intensity of individual Q values over time upon dosing the coal with CO2:  (a) and (b) 

are for Q= .  �− , (c) and (d) are for Q= .  �− , (e) and (f) are for Q= .  �− ,  at Location-1 and Location-7 

respectively.  

For the other eight regions sampled that had different transmissions, there was no 

correlation between the transmission of a region and the rate of contrast changes. Some 

regions with high transmission showed faster intensity changes faster than those with 

lower transmitting regions. However, regions of lower transmission tended to show a 

greater overall change of intensity upon exposure to CO2 than regions of higher 

transmission. 
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Higher pressure sorption points for CO2 (23 bar, 30 bar, 40 bar) were obtained. Results 

for one selected region are discussed here (Figure 8-5). At 23 bar all Q-values showed a 

decline after pressurisation with CO2. At 30 bar, the Q-values still showed a decline in 

contrast, but it is clear that by 40 bar only the low Q-value showed a measurable change 

in intensity. The measured SAXS signal is greatest when the pore is empty. As pores are 

filled with sorbate the difference in electron density in the pore space and the coal matrix 

decreases, and the signal from the small angle scattering is lower (Melnichenko et al., 

2011; Radlinski et al., 2009b). Thus the reduction in the change of contrast at higher 

pressures at high Q-values as measured with SAXS is consistent with sorption 

preferentially filling small pores. Slow sorption is also observable across the low, 

medium and high Q-values, but only in unsaturated pores. 

 

Figure 8-5 CO2 SAXS contrast changes for three sequential isothermal pressure steps at 0˚C for region-5, comparing 

three different Q-values (a) low: 0.098 Å -1, (b) medium: 0.387 Å -1 ,(c) and high: 0.707 Å -1. 
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For the CH4 experiments, two locations were contrasted: location-A with a lower 

transmission and location-B that showed a higher transmission. The rates of contrast 

change for all Q-values are clearly lower when compared to CO2 (graphically), but unlike 

CO2 no clear differences across the regions could be discerned (Figure 8-6). No 

significant differences in kinetics or intensity changes across the other eight regions 

sampled were found. 

 

Figure 8-6: Comparison of the intensity of individual Q values over time upon dosing the coal with CH4:  (a) and (b) 

are for Q= .  �− , (c) and (d) are for Q= .  �− , (e) and (f) are for Q= .  �− ,  at Location-A and Location-

B respectively. 

In stark contrast to the coal, the AC experiment showed for both CO2 only (Figure 8-7a) 

and CH4 only (Figure 8-7b), very rapid SAXS intensity changes across a range of Q-
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values within 1 minute (less than the sampling time of the SAXS equipment) of gas 

exposure. No slower component in the intensity change was found across low and high 

Q-values, nor was significant differences found in the kinetics between the two gases. 

 

Figure 8-7 Comparison of the intensity of individual Q values over time upon dosing the coal with CO2 and CH4  for 

(a) Q= .  �− , and (b) Q= .  �− . 

For the SAXS measurements where CO2 was dosed on the pre-methanated coal, there 

were no significant observable differences in intensity changes between different regions 

of the coal, and so for simplicity Figure 8-8 shows the intensity changes for only Region-

7. The intensity change at Q= .  �−  (Figure 8-8a) showed a rapid drop in intensity 

in the first 50 minutes of exposure of CO2, followed by a slower decrease afterwards. At 

Q= .  �−  (Figure 9b), there was a steady decline for about 100 minutes, followed by 

a significant rate change with a slower decline in intensity for the course of the 

experiment. For Q-values higher than this (Figure 8-8c and Figure 8-8d), a more gradual 

change of intensity was observed. Comparing the change in intensity for the highest Q 

value (Q= . �− ) to that caused by pure CO2, indicates that in the presence of CH4 

on the coal it takes ~500 min, compared to ~30 min for CO2 alone (an increase in time by 



Chapter 8: The Effect of Pore Size, Gas Type and Mixture on Sorption Kinetics 

[191] 
 

~ ×), for the same intensity change. Existing sorbed CH4 on the coal slows down or 

inhibits CO2 uptake markedly. 

The measured SAXS intensity was very sensitive to temperature. The apparent 

sinusoidal variation in intensity detected in the SAXS images in the long-term mixed gas 

experiment (Figure 8-8) is likely due to the SAXS detecting the change in the CO2 density 

due to temperature fluctuations in the cell. Subsequent investigation showed a 

sinusoidal temperature variation from the cycling of the heater (on the order of .  ˚C). 

 

Figure 8-8: Comparison of the intensity of individual Q values over time upon dosing the coal with CO2 after CH4  

presorbed in the coal for (a) Q= . �− , (b) Q= . �− , (c) Q= . �− , (d) Q= . �− . 

8.3.2 MIXED GAS STUDIES 

The follow up experiments confirm the results found in the SAXS combined 

measurements of a significant increase in the time taken to achieve equilibrium time 

when one gas is pre-sorbed. For the low pressure experiment with Coal-A, CH4 pressure 

equilibrium occurred in under 15 h (Figure 8-9a). When CO2 was subsequently dosed on 

top, the time taken for equilibrium took another 15 h. In contrast, when a pure CO2 
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dosing experiment was compared at a similar loading and final pressure, the time taken 

for pressure equilibrium was under 3 h (Figure 8-9b).  

 

Figure 8-9 Comparison of pressure tails on Coal-A for (a) CH4 only, with equilibrium ~15 hours after experiment begun 

(blue) then subsequent CO2 dosing, with equilibrium taking another 10 hours (green) , and (b) with CO2 only, where 

equilibrium occurs within 2 hours (some early data missing due to the data logger going offline). 

For the experiment at higher pressures where CH4 was first sorbed on Coal-B, it took 

approximately 0.5 days for pressure equilibrium to occur (Figure 8-10a). After 

subsequent CO2 dosing, it took ~3 days for pressure equilibrium to occur again (Figure 

8-10b). 
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Figure 8-10 Comparison of pressure tails on Coal-B for (a) CH4 only, with equilibrium ~0.5 days after experiment 

begun, and (b) subsequent CO2 dosing where equilibrium occurring within ~3 days after experiment begun. 

Lastly, at the highest pressure, where CO2 was first pre-sorbed with CH4 subsequently 

dosed on Coal-B, it took nearly ten days for total pressure equilibrium (Figure 8-11a). It 

is noted that the pressure increased (a positive pressure tail) during this time, opposite 

to what was found when CH4 was first pre-sorbed on the coal. A gas chromatograph 

(GC) reading also showed that the ratio between the two gases changed over the same 

period (Figure 8-11b).  
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Figure 8-11 Pre-sorbed CO2 on coal with subsequent pressurisation of CH4 with (a) showing the change of pressure in 

the system over 14 days, and (b) the fractional amount of CO2 measured in the gas phase, over the same period.  

8.3.3 SORPTION KINETICS OF DIFFERENT GASES 

Clear differences in the sorption behaviour on Coal-A were observed for the different 

gases. Isothermal points for Ar, C2H6, N2, and Kr for the −  mm whole fraction of Coal-

A are shown in Figure 8-12. Alongside, are CO2 and CH4 isothermal points previously 

discussed in Chapter 7. As full isotherms were not produced determining the relative 

amount sorbed for each gas is estimated from the figures instead by an isotherm model. 

For the pressure range considered here, CO2, and C2H6 show the largest amount sorbed, 

followed by Kr > CH > N > Ar. As Table 8.1 shows, this follows approximately the 

same order of decreasing critical temperature (� ) of the gas − a correlation consistent 

with observations by Sakurovs et al. (2010) who found this trend with �  and the 

sorption capacity of the coal. There it was suggested that a gas with a higher �  was more 
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easily condensable and will sorb more. Values of the isothermal values for Coal-A for 

the different gases examined can be found in Chapter 11: Appendix. 

 

Figure 8-12 Molar excess sorption for various gases (CO2, CH4, Ar, C2H6, N2 and Kr) against pressure. 

The stretched exponential (Eq.6.4) was fitted to the sorption rate data for the different 

gases. Comparing the fitted parameters at the same pressure (Figure 8-13), the 

characteristic rate parameter ( ∅) decreases with increasing molecular diameter of the 

gas, in the order: CO < Ar < Kr < N < CH < C H  (refer to Table 8.1 for molecular 

diameters). The fastest sorbing gas (largest ∅ ) is CO2 with the smallest molecular 

diameter CO2, then Ar which has a slightly larger molecular diameter. In the middle are 

Kr, N2 and CH4 have similar values of ∅. The largest molecule, C2H6, was the slowest 
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by a considerable amount. Lending further qualitative support to this relationship, 

Sakurovs et al. (2010) found in other coals that the sorption rates for carbon tetrafluoride 

(diameter= .  nm) and even more for sulfur hexafluoride (diameter= .  nm) were 

significantly lower than C2H6. At the other extreme is helium, with a diameter of 0.26 nm 

and, as the results in Chapter 7 it is highly likely that helium has a much higher diffusion 

rate into the coal than all these molecules.  

 

Figure 8-13 Comparison of the characteristic rate parameter �∅) of the stretched exponential model for various gases 

on the −   whole fraction of Coal-A. 

The stretching parameter ∅ when compared amongst the different gases shows some 

degree of spread, but it can be seen that there are relative differences (Figure 8-14). For 

a similar pressure point ~ .  MPa ), N2 is the highest ( ∅~ . , followed by Ar 

( ∅~ . , then closely by both CH4 and Kr ( ∅~ . , then CO2 ( ∅~ . , and lastly 

C2H6 ∅~ . . Similar to the correlation found for the molar excess of the gas an 
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approximate relationship holds with the �  of the gas:  The higher that ∅ is, the lower 

the gas � .  

 

Figure 8-14 Comparison of the stretching parameter ( ∅) of the stretched exponential model for various gases on Coal-

A ( −  ). 

8.4    DISCUSSION 

8.4.1 SAXS AND UPTAKE RATES 

Radlinski et al. (2009b) found that the regions of the coal that showed a higher 

transmission of x-rays also showed faster changes in intensity when exposed to CO2, 

hence faster uptake of gas compared to regions that showed lower transmission. This 

was argued to be due to the presence of mineral matter that may act as conduits for the 

accelerated movement of CO2 in the coal. The results presented here for CO2 show the 

opposite trend. Location-1 with lower transmission displayed faster contrast changes 
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compared to Location -7 of a higher transmission. With no clear trend established when 

contrasting the SAXS intensity changes with the other eight regions, differences may be 

due to the choice of coal as well as the type of mineral matter present. If regions in the 

coal with different mineral matter also have different maceral content any relationship 

of scattering intensity with mineral matter could be further complicated. Vitrinite 

sorption kinetics are markedly different from inertinite sorption kinetics (Karacan, 2007).  

The slope of the evacuated intensity vs Q profile for Coal-A is similar to those coals 

studied by Radlinski et al. (2009b) with a drop off in intensity above .  �− . If Radlinski 

et al s (2009b) two-phase structural model is applied to the experimental data, assuming 

that the average pore radius is related to Q by ~ . /Q over Q-values ranging from 

to . −  .  �− , then the calculated pore diameters observed for this experiment are . − .  nm. 

Radlinski et al. (2009b) estimated diffusion constants by using the sorption half-times 

and deduced that the smaller pores filled faster than the larger pores. This approach was 

not applied to these data, but from inspection of Figure 8-4 for CO2, other than the 

magnitude of the intensity change becoming smaller as Q increases, CO2 appears to 

penetrate most of the observable pores quickly with the greatest change in intensity 

occurring within the first 5 minutes, followed by a long tail, of variable length, 

depending on the region. However, for the highest Q-values observable (hence smallest 

pores), the change of intensity was more uniform over the experimentally sampled time, 

and was still decreasing after approximately 25 min. Similarly for CH4, all pores were 

quickly penetrated, followed by a long tail. The only observable differences were that 
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the intensity changes were smaller for CH4 and the rate of change of contrast due to CH4 

sorption was less than for CO2. For the Q-range presented here it does not appear that 

uptake rates are faster in the smaller pores of Coal-A. A possible reason why this differs 

to the finding by Radlinski et al. (2009b) may be that sorption half-time is not the 

appropriate measure for this coal to estimate the diffusion coefficient. Clearly, 

comparisons based on a single time assume the same time-variation. Comparisons based 

on a fitted parameter such as ∅ are likely to be more valid. It also appears that pores 

that are accessed by CO2 are also accessed by CH4. Cui et al. (2004) suggested that the 

difference between CO2 and CH4 uptake rates in coal could be due to pores only 

accessible to CO2. If the significant difference between uptake rates was due to accessible 

only to CO2, a large difference between CO2 and CH4 pore accessibility could be 

expected. No evidence here of CO2 specific pores was found, with the contrast changes 

for CH4 and CO2 not showing any appreciably difference across any Q-values. 

Melnichenko et al. (2011) performed Small Angle Neutron Scattering experiments 

studying CO2 and CH4 uptake on coal found only a slightly higher calculated volume 

fraction accessible to CO2 for one of the coals studied. This was tentatively attributed to 

CO2 being a smaller molecular size and able to pass through restrictions impassable by 

CH4.  

The suitability of the Ruckenstein bidisperse model for gas uptake rate in coal can be 

further scrutinised. The bidisperse model (Ruckenstein et al., 1971) as used to model 

sorption kinetics in coal (Clarkson and Bustin, 1999a; Cui et al., 2004; Pan et al., 2010) 

assumes the transport to be initially rapid into the macropores, with a subsequent uptake 

via the micropores. The slower component identified here occurs extensively over all the 
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pores visible in the SAXS experiment, not exclusively in the smallest pores. The data also 

show uptake occurring over a large range of pore sizes immediately after the coal is 

exposed to the gas. The slower component that other researchers identify when studying 

sorption kinetics cannot be simply due to a slow penetration into the micropores as the 

slow component is still visible at higher pressures and in larger pores when the smaller 

pores have been filled (Figure 8-5). The lack of a tail observed in the intensity changes 

for the AC due to sorption from both gases strongly suggests that transport into the coal 

is delayed by something unrelated than what a simple pore size argument can explain. 

The long held model of coal containing a dual-pore  system is also further questioned. 

The SAXS results suggest that a continuous distribution of pore sizes is more 

appropriate. Melnichenko et al. (2009) report sorption behaviour of CO2 in coals of pore 

sizes that range from ~35 to ~100,000 Å µ . The SAXS and SANS profiles for coal 

show clearly that a bidisperse model of pore size is unrealistic. The stretched exponential 

has been used thus far to describe the sorption kinetics in coal as exhibiting a distribution 

of relaxation times. A connection between the distribution of pores in coal with the 

distribution of relaxation times is possible but it may have more to do with the 

composition of the pore walls not necessarily only the size of the pore. 

8.4.2 EFFECT OF GAS TYPE 

There is an approximately linear relationship between �  and the depth of the potential 

well  for the L-J 6-12 potential model of a gas (Hirschfelder et al., 1954); the gases with 

a higher �  also have a deeper potential well. These were also the gases that exhibited 

the greater amount of gas sorbed for Coal-A. An explanation − consistent with the 
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understanding of the dispersion forces involved in adsorption −  is that the greater the 

attractive force between the atoms of the gas implies stronger adsorption of that gas. 

Although SAXS did not reveal any differences in CO2 and CH4 accessibility, it is possible 

there is a difference in the sorption kinetics in coal pores of diameters < .  nm, below 

the SAXS resolution. However, this would not satisfactorily explain why slow sorption 

is observable over a range of pore sizes and why differences between the two gases are 

observable in the larger pores. It is possible instead that once the coal has initially 

adsorbed on the pore walls the slow contrast changes is actually due to slow further 

absorption of gas. If the subsequent swelling and rearrangement of the coal is extensive 

then this provides a natural explanation of why the slower change in intensity is 

observed across a range of pore sizes. A reason for the SAXS intensity change for CH4 to 

be slower than for CO2 could be slower CH4 penetration of the coal matrix. It has been 

reported that polymer relaxations can depend on both the gas molecule size and shape. 

This is especially so for glassy polymers for which larger molecules adsorb slower 

(Chern et al., 1985; Ghosal and Freeman, 1994). It has also been postulated that the 

slightly asymmetric shape of CO2 contributes to its enhanced transport, with the 

molecule travelling parallel to its long axis through the polymer (Ghosal and Freeman, 

1994). The correlation found between the molecular diameter and the calculated ∅ 

when contrasted at the same pressure in the uptake experiments is consistent with such 

a mechanism being in coal. Once the gas has condensed on the coal surface absorption 

occurs, but this rate depends on the size and shape of the molecule, leading to a lower 

∅ for larger molecules. 
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The trend of ∅ with pressure for Coal-A is related to the amount of gas sorbed, since a 

straight line is obtained when plotting ∅ for all gases against molar excess, although 

with some spread (Figure 8-15). The removal of the slight curve shape, more apparent 

in Figure 8-14 is likely due to a non-linear dependence of the gas sorbed with pressure. 

A suggestion as to why the stretching parameter still rises with an increase in surface 

coverage is that a negligible adsorbed phase is no longer valid at higher pressures. 

Transport of gas into coal is dependent on the previous exposure of the coal to the gas. 

An increasing ∅  with adsorbate concentration is consistent with less coal volume 

available (refer to Figure 8-5), as the distribution of relaxation times will also reduce (the 

larger that ∅ is, the smaller the distribution). Fitting a straight line to the data as in 

Figure 8-15 yields two parameters can be read off this: the y-intercept (b), which is the 

value of ∅ in the limit of low loading, and the gradient m, the rate of change of ∅ with 

surface coverage. 
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Figure 8-15 The stretching parameter ∅, for different gases vs. sorption excess 

Using Table 8.1 and contrasting these values with molecular properties, the best 

correlation is found when b is contrasted against �  (Figure 8-16a). This suggests that gas 

sorption rates are also influenced by the magnitude of gas sorbed. A correlation between 

m and the vdW attraction constant  of the gas is possible but certainly not clear (Figure 

8-16b). Ghosal and Freeman (1994) proposed that the dissolution of a penetrant molecule 

into a polymer matrix is a two-step process: the gaseous penetrant condenses and then 

creates a molecular scale gap in the polymer of sufficient size to accommodate the 

penetrant molecule. Since the stretched exponential does not provide a complete fit of 

the early uptake rate data (along with the uncertainty associated with sorbate loading 

and the choice of ) and only a limited number of isothermal points have been obtained 

there is likely a high uncertainty in m and b.  Future work in which more sorption points 
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for the different gases are produced could provide an improved quantification of the 

relationship between gas properties and sorption kinetics. 

 

Figure 8-16 A comparison of the fitted linear equation of ∅vs molar excess for each of the gases against molecular 

properties with (a) the y-intercept: b vs critical gas temperature, and (b) the gradient: � vs a, the vdW attraction 

constant. 

8.4.3 COMPETITIVE SORPTION 

From the results presented in this chapter tt is clear that the presence of CH4 in the coal, 

even at a low pressure of 0.34 bar, can delay the uptake of CO2 significantly. This 

demonstrates that in order to properly consider the diffusion of CO2 into, and CH4 out 

of coal, the potential interaction between the two fluids needs to be considered.  

 Figure 8-8 appears to show that the larger pores exchange gases at a faster rate 

compared to the smaller pores. The subsequent experiments performed in the laboratory 

on Coal-A and Coal-B confirm the slow mixing/competitive sorption through the 

appearance of long pressure tails. Although it was previously found that Coal-B showed 

a more rapid gas uptake than Coal-A (refer to Chapter 6), the time taken for the second 
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dosed gas on Coal-B to equilibrate was longer than for Coal-A. This is likely due to the 

higher applied pressure (0.97 MPa) for Coal-B compared to Coal-A (0.33 MPa). This 

suggests slow mixing at high pressures. This would also provide a natural explanation 

of why no contrast changes were detected for the higher pressure SAXS/combined 

uptake experiments; gas mixing is significantly slower as the pressure is increased. 

Only a few studies have examined the effect on sorption rates for a pre-wetted coal, and 

these were in the case where water was the pre-sorbed fluid. Clarkson and Bustin 

(1999a), Gruszkiewicz et al. (2009a), and  Švábová et al. (2012) have reported a reduction 

in sorption rates for CH4 and CO2 on coals that have been pre-wetted with water though 

to varying degrees. Clarkson and Bustin (1999a) only found a slight reduction in their 

calculated rate parameter for CH4 sorption on dry and moisture equilibrated coal. The 

slight reduction was attributed to the low moisture content of the coal in use. 

Gruszkiewicz et al. (2009a) found a much stronger reduction in sorption rates with 

moisture equilibrated more so for CH4 than CO2. It was suggested that this was due to 

CH4 having a low solubility in water. Švábová et al. (2012), have found, who examined 

the effect of moisture on CO2 sorption rates found a marked reduction in the sorption 

rate and attributed this reduction to higher energy polar sites preferentially occupied by 

water. In the context of this thesis, at low pressures it is possible that the slow exchange 

of CO2 and CH4 may be due to slow fluid mixing (low solubility of the gases), or site 

energetics . However, the results presented in this chapter regarding the slow exchange 

between the gases at higher pressures suggest that slow mixing rather than specific 

surface properties of the coal is responsible. 
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The additional complexity due to the gases mixing makes interpretation of mixed-gas 

rate data more difficult than for a single component system. Oldenburg et al. (2004) 

argue that, due to the large density of CO2 relative to CH4 at these high pressures it is a 

stably stratified system, with only molecular diffusion the primary driving force for the 

mixing between the gases. The explanation of why, when CH4 was dosed after sorption 

of CO2 by the coal there was a pressure increase (Figure 8-11) could be as follows: a heavy 

flooding of CH4 at first caused the GC to measure a very low fraction of CO2, but then, 

as some CO2 re-entered the gas phase, the local gas density increased as CO2 diffused 

into the CH4-rich gas phase. As CO2 is denser than CH4, the apparent density in this 

region would start to increase, and hence the pressure transducer would register an 

increased pressure. There remains a concern whether the GC actually takes samples 

representative of the gas phase for the whole system whist there is pressure instability 

(especially if there is stratification). A bias in gas concentration readings is possible 

should the gas not be well mixed. 

Oldenburg et al. (2004) performed a numerical analysis on CSEGR (carbon sequestration 

and enhanced gas recovery), a similar concept to ECBM but for natural gas reservoirs. 

Their main concerns were for a CH4 product contaminated by CO2, and that the CO2 

properties could change due to a small percentage of CH4 affecting its supercritical 

density. It was calculated that the mixing of the gases is very slow. Their models found 

that that a 50 m thick layer of gas is not fully mixed even after 100 years. This result, 

whilst encouraging for the feasibility of CSEGR, is of concern in ECBM. The goal is that 

CO2 will enhance CH4 production. Whilst early mixing of the two fluids would be less 

than optimal, it is crucial that CO2 interact with the coal matrix (sorb in the micropores) 
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and displace CH4 in a timely manner. If there is a sufficiently slow mixing at the entrance 

to micropores, there is a potential limit on CH4 yield. The rate of CO2 transport through 

the seam could vastly exceed the rate of exchange of CO2 and CH4 inside the coal matrix, 

with CO2 breakthrough into the CH4 extraction stream occurring much earlier than 

desired. However, in a steady state system an additional driving force for the gas is a 

pressure difference (Pan and Connell, 2012). Further study is required on how these 

results can scale to a reservoir setting. 

8.6 CONCLUSION 

By using SAXS to probe the sorption kinetics of CO2, CH4 and their mixtures as a function 

of pore size, and by varying the sorbate molecule in uptake rate experiments, critical 

information on sorption kinetics was obtained. It was found that: 

(a) For CO2, uptake is initially rapid across all pore sizes considered ( . − .  nm) 

in Coal-A, but a slower component is also identified and is extensive throughout 

all observable pore sizes. CH4 uptake shows similar kinetics but is overall slower 

compared to CO2.  

(b) Activated carbon shows only rapid sorption for both CO2 and CH4, faster than 

the time resolution for the experiment (30 s). This indicates that the extended 

time taken for sorption and the much slower sorption of CH4 are due to coal-

specific properties. 

(c) Displacement kinetic experiments have been performed with pre-sorbed CH4. 

CO2 displacement of CH4 is much slower than uptake of CO2 by the coal without 
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pre-sorption. This calls into question the validity of diffusion coefficients 

calculated when only one fluid is present. 

(d) The displacement kinetics slows with increasing pressure. A potential 

consequence for ECBM is that the rate of transport through the seam could vastly 

exceed the rate of displacement of CH4 by CO2 within the coal. 

(e) Variation in the molecule size influences the rate of sorption in coal. The larger 

the molecule, the smaller the characteristic rate parameter ( ∅ ). An inverse 

relationship between �   and the stretching parameter ( ∅) was also found. Both 

the gas condensability and molecular shape and size appear to be key factors 

influencing sorption kinetics. These properties can explain much of the variation 

in the sorption kinetics for different gases in coal. 
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CHAPTER 9 :

INFLUENCE OF SWELLING AND 

TEMPERATURE ON SORPTION KINETICS 
9.1 INTRODUCTION 

In this chapter the kinetics of coal swelling is analysed and the influence of temperature 

on sorption uptake rates in coal is examined.  

The five suggested mechanisms (restated) by which CH4 sorption rates may differ from 

CO2 sorption rates that have been investigated are: (i) selective transport with 

inaccessible pores for CH4 due to ultra-micropore constrictions (ii), a different micropore 

accessibility (iii), slower absorption for CH4 compared to CO2 (iv), a difference in 

sorption-induced volumetric changes constricting gas flow and (v), a difference in 

activation of energy between the two gases. 

In Chapter 7, (i) was directly tested; crushed coal showed an increase in sorption 

behaviour for the three different gases investigated (CO2, CH4, and Ar), with no 

preferential change identified. Additional kinetic data were sought to determine 

whether (ii) could also explain the variation between gases. In Chapter 8, SAXS 

measurements combined with uptake experiments indicated that pore size was unlikely 

to be a significant contributor in the differing CO2/CH4 uptake rates. All coal pores sizes 

examined showed a fast initial penetration, with a slower component observable over a 

range of pore sizes for both gases. Uptake rates with gases investigated (CO2, CH4, Ar, 
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N2, C2H6 and Kr) showed a relationship with the kinetic diameter of the gases and the 

gas critical temperature. This is consistent with the hypothesis (iii), that the absorption 

rate of CH4 into the coal matrix is lower than that of CO2.  

In this chapter sorption-induced swelling kinetic data are examined to determine if (iv) − that swelling coal constricts the mass flow by narrowing pore entrances − is plausible. 

Cui et al. (2004) suggested that swelling-induced constrictions could be a reason for the 

decline of their micropore diffusion coefficient with pressure. Pone et al. (2009) have also 

discussed the possibility that non-uniform swelling and the subsequent visco-elastic 

response of the coal structure could influence transport of the gas in the coal.  

The proposed model of diffusion-relaxation is also scrutinised here. Mechanical 

deformation of the coal due to the absorption of gas, occurring on the same time scale as 

the gas diffusion experiments can directly support (iii), that absorption is a limiting 

factor for uptake rates in coal. Lastly, uptake rate measurements are reported at a lower 

temperature ˚C  for both CO2 and CH4 to see if (v), an activation energy can explain 

the different kinetics for CO2 and CH4. If the reason for the relatively slow diffusion rate 

of CH4 compared to CO2 is a greater activated energy of diffusion, then it would be 

expected that the temperature dependence of diffusion rate would be different for the 

two gases. 

 

9.2 BACKGROUND 
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There are very few studies investigating the kinetics of coal swelling with gases, notably 

those of Reucroft and Sethuraman (1987), Kelemen and Kwiatek (2009) and Mazumder 

et al. (2006a). Much more attention has been devoted to the kinetics of coal swelling with 

organic solvents such as pyridine (Hall et al., 1992; Milligan et al., 1997; Murata et al., 

2008; Ndaji and Thomas, 1993; Otake and Suuberg, 1997; Peppas and Lucht, 1985).  

Reucroft and Sethuraman (1987) compared CO2 swelling kinetics on three cylinders of 

coals (1 cm  in length and 0.4 cm in diameter) at three different integral (vacuum to 

pressure) steps 5, 10 and 15 atm at K ( . ˚C).  They found that the time to reach 

equilibrium was less at higher pressures (Figure 9-1a). The swelling extent was also 

found to increase with the rank of the coals (although only three samples were 

compared). The swelling rates appear different between the coals (Figure 9-1b), but this 

was not analysed.  

 

Figure 9-1 From Reucroft and Sethuraman (1987)  (a) The effect of CO2 pressure on the swelling response on one coal, 

with label KCER 7259. (b) Comparison of the swelling response of three samples at 10 atm of CO2. 

More recently, Kelemen and Kwiatek (2009) made strain and kinetic measurements on 

coals using different gases and at different temperatures. They found that the rate of 

sorption (as determined by the approximation of the unipore model) and rate of swelling 
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for integral steps − .  MPa were similar. They also found that the rate constants for 

the gases followed the same order, with CO > N > CH . Mazumder et al. (2006a) have 

also found that CO2 sorption and CO2-induced swelling occurred on  similar time scales 

(Figure 9-2). No model was applied their kinetic data. 

 

Figure 9-2 From (Mazumder et al., 2006a) The volumetric strain (right-handed axis) and pressure (left-handed axis) vs 

time for the first pressure step on a coal (with 0.71% Rmax) at 45 ˚C with CO2. 

Keleman and Kwiatek (2009) investigated a possible temperature dependence of CO2 

sorption-induced swelling, but only found a very slight increase in the rate of swelling 

at higher temperatures. The magnitude of the swelling at higher temperatures did not 

differ when from that at lower temperatures at similar adsorbate concentrations. Day et 

al. (2008b) also report a similar relationship between temperature and both swelling and 

adsorbate concentration. They found that the amount of swelling was also more closely 

related to the gas density than gas pressure. 

9.3 SOME GROUPS HAVE REPORTED A CLEAR DEPENDENCE ON 

TEMPERATURE OF GAS SORPTION RATES IN COAL (BUSCH AND 
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GENSTERBLUM, 2011; BUSCH ET AL., 2004; CHARRIÈRE ET AL., 

2010; ŠVÁBOVÁ ET AL., 2012). SORPTION OF BOTH CO2 AND CH4 

IS GENERALLY FASTER AT HIGHER TEMPERATURES. LI ET AL. (2010) 

REPORT A MIXED TEMPERATURE DEPENDENCE, FINDING DIFFERENT 

BEHAVIOUR FOR DIFFERENT COALS AND GASES; A SLIGHT 

INCREASE IN CO2 SORPTION RATES WITH TEMPERATURE WAS 

OBSERVED FOR THREE COALS WITH THE MOST OBVIOUS TREND 

FOR MEDIUM VOLATILE BITUMINOUS COAL. HOWEVER, THE 

KINETICS OF CH4 SORPTION WERE RELATIVELY INDEPENDENT OF 

TEMPERATURE. LI ET AL. ATTRIBUTED THEIR LACK OF 

TEMPERATURE DEPENDENCE TO THE LARGE PRESSURE STEP IN 

THEIR STUDY  −   ��� . GRUSZKIEWICZ ET AL. (2009A) HAVE 

REPORTED NO TEMPERATURE DEPENDENCE. LARGE PRESSURE 

INCREMENTS WERE AGAIN USED (APPROXIMATELY −  ��� FOR 

CO2 AND −  ��� FOR CH4). RELEASING A LARGE AMOUNT OF 

GAS INTO AN ADSORPTION CELL CAN PRODUCE A LARGE 

TEMPERATURE GRADIENT (REFER TO CHAPTER 4) POTENTIALLY 

MASKING SUBTLE TRENDS. AN INFLUENCE ON DIFFUSION 
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COEFFICIENTS OF THE AMOUNT OF SORBED GAS IS ALSO POSSIBLE 

(REFER TO CHAPTER 5). DETECTING ANY TEMPERATURE 

DEPENDENCE OF SORPTION KINETICS MAY REQUIRE SMALLER 

PRESSURE INCREMENTS.  CHARRIÈRE ET AL. (2010) EXAMINED THE 

RELATIVE UPTAKE RATES IN COAL BETWEEN CO2 AND CH4 AS A 

FUNCTION OF TEMPERATURE DETERMINED THAT THE DIFFUSION 

OF CH4 IN COAL WAS MORE INFLUENCED BY TEMPERATURE THAN 

THE DIFFUSION OF CO2 IN COAL.  HOWEVER, THEY USED THE 

APPROXIMATED FORM OF THE UNIPORE MODEL AND ONLY ONE 

COAL WAS EXAMINED. A THOROUGH INVESTIGATION OF THE 

EFFECT THAT TEMPERATURE HAS ON SORPTION KINETICS IS 

WARRANTED.   SWELLING KINETIC DATA 

9.4 EXPERIMENTAL 

Previously obtained but unanalysed kinetic sorption-induced coal swelling data 

(procedure described in Chapter 3) were supplied by Robyn Fry, CET. The data collected 

were for four coal blocks: Coal-C, Coal-D, Coal-E and Coal-F (refer to Error! Reference 

source not found. for key coal properties). Coal-C and Coal-D were from the same batch 

as the coals discussed in Chapter 7, and therefore labelled the same. All four samples 

were bulk specimens (nominal dimensions:  mm ×  mm ×  mm). Since crushed 
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and screened samples were used for isotherm measurements (Day et al., 2008a) there 

may have been some sample bias, since the blocks were selected from parts of the batch 

that did not break when cut. Also, to potentially avoid a selected block breaking during 

high pressure gas loading, the coal was first dosed very slowly at ~0.1 MPa to avoid 

cracking the block. The subsequent pressure increments were similar to those applied in 

isotherm measurements. No fractures were reported from these large pressure 

increments (Day et al., 2008b). 

Coal 
Inherent 
Moisture 

Ash 
VM 

* 
C H N 

Vitrinite Liptinite Inertinite 
W0 

(CO2) 

ID % %db 
daf 
% 

daf 
% 

daf 
% 

daf 
% 

vol % 
mmf 

vol % 
mmf 

vol % 
mmf 

Vol% 

Coal-
C 9.3 20.3 31.2 80.7 3.9 1.1 23.9 1.6 74.5 135.3 

Coal-
D 1.5 5.6 36.1 84.1 5.7 2.3 82.7 4.1 13.2 68.4 

Coal-
E 8.5 7.7 31.7 

 
83.0 4.7 1.8 29.7 3.9 66.4 118.6 

Coal-
F 2.4 7.4 37.3 83.6 5.4 2.1 88.7 2.2 9.1 72.8 

Table 9.1 Comparison of key properties for the four coals analysed. db=dry basis, daf=on a dry ash free basis. 

mmf=mineral matter free. (W0=sorption capacity, as presented in Day et al. (2008a)) 

As the equipment was not designed for kinetic measurements, there were some 

limitations on the data: 

(i) Some data could not be included as sampling was not always performed 

continuously, leaving gaps in the time sequence. 

(ii) Similar pressure increments and loading were not always used, so comparing 

trends across different experiments was not always straightforward. 
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(iii) The mass of the sample was much smaller than those used for the 

manometric experiments and the pressure transducer resolution was only ± .  MPa. Small pressure fluctuations were not detected, so the pressure 

vs time signal could not be utilised.  

Enough data were nevertheless available for the following investigations: 

1.  Comparison of CO2 swelling kinetics at low (1.5 − 2 MPa) and high ( .  −  MPa) pressure increments, for all four coals, at ˚C. 

2. Comparison of CH4 swelling kinetics at low (1 MPa), medium (2−3 MPa) and 

high (4−6 MPa) pressure increments for Coal-C, Coal-D, and Coal-E, at ˚C. 

3. Comparison of CO2 swelling kinetics at different temperatures (25, 40 and ˚C) 

for Coal-G. 

For the investigations of the temperature dependence of sorption rates, measurements 

were performed with CO2 and CH4 on the −  mm whole fraction of Coal-A at a lower 

temperature than previously ( ˚C) in the manometric equipment (described in Section 

3.2) using the slightly modified procedure as discussed in Section 7.3.2. The stretched 

exponential was applied to the data with the parameters compared to the ˚C uptake 

data described in Section 7.4.3. 

 

9.4.1 EFFECT OF COAL COMPOSITION 

CO2 swelling isotherms presented in Figure 9-3 show that at Coal-C had the largest 

volumetric expansion, with Coal-E only slightly less, and Coal-F and Coal-D showing 
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the least, over the range of pressures applied, at ˚C. Values of the swelling amount due 

to CO2 sorption for the different coals be found in Chapter 11: Appendix. 

 

Figure 9-3 Percentage of volume change for the four different coal blocks selected for this study, as reported by Day 

eta al. (2008b). 

Using Eq.(3.8) the swelling kinetics was described as a fractional swelling extent for a 

given sorbate loading in a pressure step. In Figure 9-4a, the fractional swelling extent for 

all coals at the low  and high  pressures are presented. There is considerable noise in 

the data. This is not unexpected since the optical technique for detecting volumetric 

changes in the coal blocks was optimized for equilibrium measurements where an 

average could be obtained over several instrument recordings. By using a log-linear plot 

for the same data, the finer details between the swelling rates of the different coals are 

more easily discerned (Figure 9-4b). Fits using the stretched exponential were generally 

too poor for accurate estimation of ∅ and ∅ due to scatter in the data, but still, general 

comparisons can be made as both figures reveal differences between the coals. Coal-E 

has the highest swelling rate, with the swelling rate of Coal-C being slightly less. Coal-F 



Chapter 9: Influence of Swelling and Temperature on Sorption Kinetics 

[218] 
 

and Coal-D both show distinctly lower swelling rates, with Coal-D having the lowest 

rate overall. Referring again to Figure 9-3, the two coals that showed the largest swelling 

overall (Coal-E and Coal-C) were also the coals that swelled fastest. Coal-F and Coal-D 

are the least swelling and have a much lower swelling rate. Due to the noise on the signal 

it is difficult to measure the time that was taken for the swelling to finish. However, a 

visual inspection of Figure 9-4 indicates a likely range between 80 and 500 minutes. Coal-

C and Coal-E display the most rapid changes in volume within the first 20 minutes. 

 

Figure 9-4 CO2 sorption-induced swelling kinetic data expressed as a fraction, for the four different coals studied 

expressed against (a) time in minutes, and (b) time in seconds but axis adjusted taking the logarithm. 

9.4.2 EFFECT OF GAS TYPE ON SWELLING RATES 

The trend in the swelling rates for the different coals when sorbing CH4 (Figure 9-5) 

resembled that observed for CO2, although at the highest pressure for each of the coals 

the difference is less clear. The data do suggest that for the same pressures, CH4 swelling 

is slower, with a range of between 500 and 1000 minutes for no more observable volume 

changes. Values of the swelling amount due to CH4 sorption for the different coals be 

found in Chapter 11: Appendix. 
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Figure 9-5 CH4 sorption-induced swelling kinetic data expressed as a fraction, for three of the different coals studied 

expressed against (a) time in minutes, and (b) time in seconds but axis adjusted taking logarithm 

A more insightful comparison can be made between the swelling caused by the two 

gases by contrasting the swelling kinetic data at similar molar gas densities. Figure 9-6 

shows that CO2 and CH4 cause very similar swelling at the same molar gas concentration. 

As the molar density of CH4 is slightly lower than CO2 at these pressures, this result is 

consistent with the swelling rate for CH4 being lower than that for CO2 at the same 

pressure, in agreement with Kelemen and Kwiatek (2009).  
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Figure 9-6 Comparison of CO2 and CH4 fractional swelling kinetic data, for points at similar molar gas densities 

9.4.3 EFFECT OF TEMPERATURE ON SWELLING RATES 

The effect of temperature on swelling rates was investigated using CO2 kinetic swelling 

data obtained for Coal-D at 25, 40 and ˚C. Consistent with the published findings of 

this data by Day et al. (2008b), no significant difference in terms of swelling extent was 

found for the different temperatures when the swelling extent was plotted against gas 

density (Figure 9-7). 
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Figure 9-7 Percentage of volume change for Coal-D by CO2 at different temperatures, as plotted by Day et al. (2008b). 

Examination of the fractional amount swollen over time with the three different 

temperatures at a low gas density (~  kg. m− )(Figure 9-8a), a moderate gas density 

(~14 kg. m− 3) (Figure 9-8a), a higher gas density (~29 kg. m− ) (Figure 9-9a) and highest 

gas density (~61  kg. m− ) (Figure 9-9b), revealed no evidence of a temperature 

dependence. Any temperature effect is certainly less significant than differences due to 

the choice of the coal or gas. 
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Figure 9-8 CO2 sorption-induced swelling kinetic data expressed as a fraction for (a) a low gas density of  ��. − and 

(b) a higher gas density of 14 ��. − . 

 

Figure 9-9 CO2 sorption-induced swelling kinetic data expressed as a fraction for (a) a medium gas density of ~29 ��. −  and (b) at the highest gas density of ~61 ��. − . 

The least scattered measurements among all the swelling kinetic data were for Coal-G at ˚C. On one swelling point (0.38  0.78 MPa), where the sampling was sufficient, the 

stretched exponential fitted the data well (Figure 9-10). This suggests that the stretched 

exponential may be suitable for modelling swelling kinetic data, should data of sufficient 

quality be obtained.  
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Figure 9-10 Stretched exponential model fit for the CO2 sorption-induced swelling kinetic data point: .   .  ��� on Coal-G. 

9.5 INFLUENCE OF TEMPERATURE ON SORPTION KINETICS 

Five sorption points for CO2 and four for CH4 were recorded at ˚C for the  −  mm 

whole fraction of Coal-A. The time taken for CH4 to equilibrate at .  MPa exceeded 

70 hours. It was experimentally challenging to maintain stable temperature conditions 

for individual pressure points for this length of time for this length of time so no higher 

pressure data at ˚C were taken. 

The sorption kinetics for CO2 and CH4 showed a slight dependence on temperature, 

more pronounced at higher pressures. Application of the stretched exponential showed, 

for similar pressure and loading, that ∅ (Figure 9-11) and ∅ (Figure 9-12) were both 

reduced slightly when the temperature was changed from ˚C to ˚C. This confirms, 

as other researchers have found (Busch et al., 2004; Charrière et al., 2010) that both CO2 

and CH4 have temperature-dependent sorption kinetics.  
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Figure 9-11 A comparison of �∅, calculated at two different temperatures for Coal-A. 

 

Figure 9-12 A comparison of ∅, calculated at two different temperatures for Coal-A. 

The main motivation for these experiments was to determine if temperature affected the 

CO2 uptake rate any differently from the uptake rate of CH4. From inspection of Figure 

9-11 there does not appear to be any relative difference in ∅ between CO2 and CH4. The 

relationship between ∅ and temperature is less clear, but the difference is small (Figure 

9-12). ∅  appears to be lower at ˚C for both CO2 and CH4; if there is a difference 
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between the two fluids it is a very small one. Since a full isotherm was not produced for 

CO2, this result should be considered tentative. 

9.6   DISCUSSION 

9.6.1 SWELLING KINETICS AND RELATION TO SORPTION KINETICS 

Although the optical dilatometer was not optimized for time based measurements, the 

swelling kinetic data have provided complimentary information to the kinetic sorption 

experiments. The time taken for swelling to occur is on the same order of time expected 

for sorption to occur in large pieces of coal (as discussed in Chapter 7), consistent with 

other researchers (Kelemen and Kwiatek, 2009; Mazumder et al., 2006a) who measured 

volumetric and pressure changes for CO2 sorption to occur on a similar time scale. This 

supports the hypothesis that absorption is the limiting factor for gas uptake in coal. The 

additional finding that CH4 swelling rates are likely slower than CO2 is consistent with 

the trend in the relative sorption rates between the two gases and supports the 

hypothesis that the absorption rate for CH4 is lower than for CO2. 

Recent studies have indicated that the swelling extent in lower rank coals is greater than 

in higher rank coals (Day et al., 2008b; Day et al., 2010; Kelemen and Kwiatek, 2009; 

Walker, 1988). An exception is the much earlier study by Reucroft and Sethuraman 

(1987) who found the opposite. In this current study, Coal-C, with a carbon content (CC) 

= 80.7 was the lowest rank coal used. It had the maximum swelling extent and was the 

second fastest swelling coal. Coal-E appeared to swell slightly faster than Coal-C but 

was a higher rank coal. Despite having a similar rank as Coal-E the swelling kinetics 

were markedly different for both Coal-D and Coal-F. Thus rank may not be the 
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appropriate indicator for characterizing swelling rates. From Error! Reference source 

not found., a better relationship with sorption rates is found with sorption capacity, 

maceral content and the extent of swelling:  

Specifically, for both CO2 and CH4, the coals that swelled the fastest: 

(i) Had the highest sorption capacity. 

(ii) Had the least vitrinite content (and highest inertinite content). 

(iii) Showed the greatest extent of swelling. 

There is an important consequence of the finding that the coals that swelled the fastest 

were also the coals that swelled the most. This potentially can be used to test the physical 

mechanism suggested by Cui et al. (2004) that after an initial penetration the volumetric 

changes of coal restricts further gas flow. Presumably, the more a coal swells, the greater 

that transport will be influenced in the micropores or pore throats through a large 

reduction or compression in its volume. Although swelling in coal is not uniform, with 

both compressed and expanded regions (Karacan, 2003), the fact that the high swelling 

Coal-C and Coal-E swells fast whereas the low swelling Coal-D and Coal-F swells slow 

negates the argument that swelling may reduce the movement of gas within the coal. 

This is not to say that swelling may not constrict mass flow under different 

circumstances. Pone et al. (2009) also argued that if coal is held under confined stress, 

pore throats may become constricted, reducing sorption rates and capacity. It was 

suggested by Karacan (2003) that a confining mechanical pressure may encourage 

expulsion of CO2 with the volumetric stress acting to reduce the swelling of vitrinite. 

Since the coals were allowed to freely expand in the present study, the effect of 
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confinement cannot be examined here. Pan and Connell (2012) have suggested that 

anisotropic swelling can influence gas flow in coal blocks under steady state, confined 

conditions. Under those conditions, a reduction in the overall transport in coal has been 

attributed to matrix swelling; a swelling matrix block of coal can reduce the permeability 

in the cleat space and reduce the gas flow (Cui et al., 2007). 

Since the vitrinite contents of the slow swelling Coal-D and Coal-F were significantly 

higher than in the fast swelling Coal-C and Coal-E, the low swelling rate could be due 

to vitrinites having slower absorption rates. Karacan (2007) proposed that sorption in 

the vitrinite regions followed a swelling-relaxation behaviour and suggested that 

inertinites have a more permeable structure (confirmed by scanning electron microscope 

images), enabling faster transport and increased access to the coal surface area. This 

interpretation is consistent with the results presented in Chapter 5 and 6, where the 

sorption rates of gas by Coal-A (vitrinite rich) were significantly lower than for Coal-B 

(inertinite rich). If vitrinite content is a strong reason for why sorption rates differ it is 

possible that coals rich in vitrinite will exhibit greater problems for CO2 injection due to 

slow volume changes accompanying absorption. 

The reason why CH4 swelling is slower than CO2 at the same pressure is likely to be 

differences in their absorption rates. As found in Section 6.4.1, the differences between 

the characteristic rate parameters ∅ for CO2 and CH4 were much greater for Coal-A than 

Coal-B, at the same pressures. There it was suggested that CH4 absorption in vitrinite-

rich regions may simply be slower than CO2. If a steady state experiment was performed 

on the two coals with a mixture CO2 and CH4, then Coal-A may show a greater selectivity 
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between the two gases than Coal-B, as the matrix permeability for CO2 could be 

significantly greater. Whilst both coals show similar sorption capacities for CO2 (Figure 

4.1) and CH4 (Figure 6.9),injection of gas mixtures into coal may show a complex pattern, 

with fast CO2 sorption followed by slower CH4 sorption as equilibrium is approached. It 

is possible that if sufficient time is not allowed there may be an overestimation of the 

equilibrium selectivity of the coal to CO2 and CH4. 

The stretched exponential model was able to fit some of the swelling kinetic data, where 

the signal resolution was adequate. It may also be more appropriate for swelling kinetic 

data rather than sorption kinetic data as the main error in its application to sorption data 

was accounting for the initial fast uptake in the coal, which was more likely related to 

pore filling (refer to Section 6.4.3 and section 8.4.1) than swelling and relaxation. It is 

possible that a relationship could be quantitatively bridged between sorption uptake 

rates and swelling uptake rates; an obvious method to attempt this would be to perform 

simultaneous uptake and sorption rate experiments on the swelling apparatus, on both 

Coal-A and Coal-B, but with an enhanced pressure resolution. 

9.6.2 RELATION OF TEMPERATURE TO SORPTION KINETICS 

 The temperature dependence study of swelling kinetics indicated that sorption rates 

were not sensitive to temperature, in agreement with the results of Keleman and 

Kwaitek (2009). Any effect is small, compared to changing the type of coal or gas used. 

An effect due to the temperature change was more noticeable for the sorption kinetics. 

A measurable temperature dependence for both CO2 and CH4 was found for both rate 

parameters of the stretched exponential, but no relative difference between the two gases 
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was found, unlike Charrière et al. (2010) who did find a difference in the relative sorption 

rates upon changing the temperature. They attributed this to sorption in coal having an 

activation of energy, but made no speculation as to the physical origin of the difference 

in activation energy. Previously, Nandi and Walker (1970), on diffusion studies with 

CH4, thought it probable that sorption uptake in coal had an activation energy, being 

related to the interaction energy of the gas-coal interaction and a strong function of the 

minimum diameter of the pore system, as well the chemical nature of the pore. This was 

calculated by applying the Arrhenius relationship to the experimentally determined rate 

parameter : 

 = � � − ��  (9.1) 

where A is a pre-exponential factor expressing the attempt rate at the barrier, � is the 

activation energy, R is the universal gas constant and � is the temperature in Kelvin. A 

difference in activation energy could potentially explain the large differences in sorption 

kinetics for different gases, but if the activation energies were very different then a strong 

temperature dependence would be expected in the amount and rate of CH4 sorbed 

relative to the amount CO2 sorbed, if following Eq.(9.1). The approximated unipore 

diffusion model was both used by Nandi and Walker (1970) and Charrière et al. (2010). 

As discussed in Chapters 4 to 6, it may be inappropriate to use this model on coal. Based 

on existing experimental evidence and appraisal of previous work an activation energy  

still remains a speculative suggestion to explain the relative uptake difference between 

CO2 and CH4 presented in this chapter. It has been reported in glassy polymers that a 

temperature response due to gas solubility is weak when compared to gas diffusion 
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(Ghosal and Freeman, 1994) so detecting it may present an experimental challenge. As 

absorption in coal only accounts for a small percentage of the total amount of gas sorbed 

(Sakurovs, 2012), determining an exact relationship with temperature may require a 

different approach than simple uptake rate experiments. 

9.7    CONCLUSION 

Using sorption induced swelling kinetic data, and further uptake measurements where 

the temperature was changed, it was found that: 

a) Swelling kinetics occurs on the same time scale as sorption kinetics. This supports 

the proposed model that absorption and dissolution of gas in the coal is the 

limiting factor for sorption kinetics. 

b) The coals that swelled the fastest had the greatest swelling extent, least vitrinite 

content and greatest sorption capacity, for both CO2 and CH4. 

c) Although the rates appear similar for the same gas concentration, CH4 swells coal 

more slowly than CO2 at the same pressures, supporting the hypothesis that 

absorption and mechanical deformation of the coal by the two gases occur at 

different rates. 

d) The suggestion that a swelling coal may constrict gas flow in coal is not 

supported by the study. The coals that showed the greatest swelling extent were 

also the fastest to swell. 

e) Swelling in coal may have a weak temperature dependence, but its influence on 

swelling rates is much less than the choice of coal or gas.  
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f) Both CH4 and CO2 showed a decrease in sorption rates when the temperature 

was lowered from ˚C  to ˚C . No relative difference in sorption rates was 

found between the two gases. A difference in activation energy between CH4 and 

CO2 does not appear to be a likely explanation for why CH4 and CO2 sorption 

kinetics are markedly different in coal. 
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CHAPTER 10:  

SUMMARY, CONCLUSION AND 

RECOMMENDATIONS 
10.1 SUMMARY 

The work towards this Thesis was focussed on improving current understanding of the 

fundamentals of gas sorption in coal. The primary aim was to develop a consistent 

picture of sorption through resolving the apparent discordances in the literature, 

developing and testing diffusion models to identify ones that are consistent with current 

understanding of coal sorption and provide useful information about sorption kinetics. 

In order to obtain reliable data on which to base an improved understanding of sorption, 

it was recognised that much improved temperature and pressure controls on sorption 

measurement systems were necessary. This led to the design and construction of a high-

pressure manometric sorption system, with good temperature stability, uniformity and 

measurement resolution (better than . ˚C), optimized for uptake rate measurements. 

This system was then used to measure CO2 and CH4 uptake rate data for two coals with 

differing maceral content (Coal-A: vitrinite rich, Coal-B: inertinite rich) and an activated 

carbon. It was then used to study the effects of particle size, gas-type and mixture, and 

temperature on sorption kinetics, under a pure diffusion scenario. A gravimetric 

sorption apparatus was also utilised for the comparison of sorption isotherms on 

differently sized particles of Coal-A with different gases. More direct observations of 

sorption kinetics combined uptake rate experiments with Small Angle X-Ray Scattering 
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(SAXS) measurements along with an analysis on obtained raw sorption-induced coal 

swelling kinetic data. 

In order to interpret the uptake rate data four different diffusion models were compared: 

the commonly used unipore model which assumes one diffusion coefficient; a 

previously used bidisperse model with three parameters (one coefficient to describe the 

fast and one to describe the slow diffusion components and another parameter for their 

relative weighting on the amount of gas sorbed); a Fickian Diffusion-Relaxation (FDR) 

model with three similar parameters and the so-called stretched exponential , with one 

characteristic rate parameter ∅  but coupled with a stretching parameter ∅.  The 

stretching parameter encompasses a distribution of diffusion times. It was found that 

the unipore model fitted the data poorly. The bidisperse model provided a better fit, but 

conceptual problems were found, in particular, the physically unrealistic result that, 

according to the model, sorption in coal macropores dominates at low pressures. The 

FDR model was more consistent with current understanding; the initial fast uptake of 

gas by the coal is ascribable to ordinary diffusion, with a secondary slower component 

due to the relaxation of the coal structure, possibly due to swelling. However, the 

mathematical form of the FDR model is physically unrealistic because it assumes a 

uniform pore size. Furthermore, treating the two components as independent was 

somewhat artificial. The stretched exponential was the best fitting model (despite only 

having two free parameters) of the models tried and gave a more physically realistic 

description of sorption kinetics by treating the diffusion as dispersive (i.e. possessing a 

distribution of characteristic times). It was then demonstrated that a commonly used 

goodness-of-fit procedure for the unipore model − that only includes the first half of 
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uptake data − can potentially miss a slow sorption tail. This is suggested as a reason 

why others may have found one diffusion coefficient sufficient for describing uptake 

rates in some coals but not others. CO2 diffusion coefficients were also found to exhibit 

a concentration dependence. Model parameters were affected if the step size of the 

pressure was large (∆ ~ .  MPa, refer to Figure 6-6 and Figure 6-7). The differences in 

pressure step sizes used by different researchers may explain conflicting findings in the 

literature on the effect of pressure on diffusion coefficients in coal. If small pressure steps 

were taken, sorption rates were found to always decrease with increasing pressure. 

Sorption rates on the activated carbon (AC) also showed a decrease with increasing 

pressure, suggesting a physical cause common in porous sorbents. However, the 

sorption kinetics in the AC was much more rapid with no evidence of a slow sorption 

tail found. This suggested that the extended delay in uptake of gas by coals was due to 

a specific property of the coal, not the gas. Although gas molecular diffusion (specifically 

gas self-diffusivity) also decreases with increasing pressure, if molecular diffusion were 

the dominant cause of the pressure dependence then CO2 uptake should be slower than 

CH4.The opposite was found with coal, however. The magnitude of the stretching 

parameter ∅) was found to be similar for the different gases on the same coal sample, 

confirming that ∅ was able to differentiate between the uptake rates of the two gases 

with ∅ CO > k∅ CH  and that the distribution of diffusion times is a property of the 

coal. It is possible that the maceral content differences between coals led to the very 

different responses to CO2 and CH4; the vitrinite-rich coal (Coal-A) displayed the slowest 

and greatest difference between in uptake rates between the two gases compared to the 
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inertinite-rich coal (Coal-B). The activated carbon showed no significant difference in the 

kinetics between the two gases, further supporting this suggestion. 

Other researchers have suggested markedly different physical mechanisms to explain 

the difference between the uptake rates of CO2 and CH4 in coal. Those suggestions 

included (i) the selective transport of CO2 with some pores impenetrable to CH4 due to 

ultra-micropore constrictions at the throats of macropores; (ii) a difference in micropore 

accessibility for the two gases; (iii) a difference in sorption-induced volumetric changes 

constricting gas flow and (iv) a difference in activation energy between the two gases. 

Experiments were designed to critically evaluate these ideas along with the suggestion 

made here that (v) the relaxation of the coal structure due to absorption is slower for CH4 

than for CO2. 

When the coal particle size was decreased no preferential change in sorption capacity 

and kinetics between CO2 and CH4 was found. Pores that were closed to one gas were 

closed to all gases. Thus suggestion (i) appeared to be ruled out. 

SAXS combined with uptake measurements showed not only that sorption sites in coal 

followed pore filling behaviour, and that there is a broad distribution of pore sizes but 

also that CH4 and CO2 both penetrated fine pores (12.5-0.5 nm). A slower sorption tail 

was also observable across these pore sizes for both gases, ruling out the possible 

influence of pore size for the slow component thus making suggestion (ii) (different 

micropore accessibility) seem implausible. The main observed difference in sorption 

behaviour between the two gases was that the sorption tail for CH4 was longer than for 

CO2, indicating that the uptake of CH4 was slower. Further uptake rate experiments 
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found that a larger value of ∅  could be correlated to a smaller molecular diameter 

following the order: ∅ CO ∅ Ar ∅ Kr > ∅ N > ∅ CH ∅ C H , 

which is the same order for increasing kinetic diameter of the molecules. Such a 

relationship is consistent with (v), that absorption into the matrix of the coal is influenced 

by the molecular size and shape of the molecules. ∅ was found to correlate with the 

critical temperature (� � ) of the gas; a smaller ∅ was found for the gas with the higher � � . 

Further studies where different gases (CO2 or CH4) were already present in the coal 

demonstrated that sorption rates could be significantly reduced by pre-sorption. The 

rate of uptake of the second gas (CO2 or CH4) by the coal reduced further as the gas 

pressure increased. It was suggested this was due to slow mixing. 

An analysis of sorption-induced swelling kinetic data then showed that the coal that 

swelled the most swelled the fastest. This is the opposite behaviour to what could be 

expected, if according to suggestion (iii), the swelling of coal constricts entry into pores. 

In addition, these fast-swelling coals had the highest inertinite (and lowest vitrinite) 

content and a larger sorption capacity. As the slow tail for volume changes in the coal 

occurred on the same timescale expected for sorption uptake for a large coal piece, and 

the rate of swelling for CH4 was lower than for CO2 at the same pressure, hypothesis (v) 

(absorption and dissolution of gas in the coal is a limiting factor for sorption kinetics) 

was further supported. 

The temperature dependence of both CO2 and CH4 sorption rates was also examined. 

No preferential change with the rates with temperature was found between the gases. It 
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is unlikely that (iv), differences in activation energy  can explain the difference in 

sorption rates between the two gases. 

10.2 CONCLUSION AND RECOMMENDATIONS 

Although the application of an empirical model such as the stretched exponential makes 

cannot capture the complex nature of diffusion in coal there are clearly physical 

properties that can be elucidated through its application to experimental data. It can be 

deduced from the experimental evidence gathered that gas uptake is initially rapid in 

the coal, with sorption occurring quickly over the whole surface of the coal upon gas 

exposure, and that the smallest pores fill preferentially as the pressure is increased. 

However, the long tail observed in both sorption uptake, SAXS contrast changes over a 

range of pore sizes and the volumetric changes associated with swelling support a 

hypothesis that there is a slow relaxation of the coal structure associated with the 

absorption of gas into the coal matrix. Diffusion is anomalous with the time taken for 

absorption and the mechanical deformation of the coal occurring at a rate much slower 

than the transport of gas into the pores and adsorption on the coal surface, and it exhibits 

a distribution of relaxation times. It is proposed that gas uptake rates strongly depend 

on how condensable the gas is as well as the gas molecule size and shape; the more 

condensable a gas (as determined by a higher gas critical temperature), the greater the 

concentration of gas sorbed, but, as a consequence of sorption there are volumetric 

changes in the coal on a molecular scale (as observed by the coal swelling), inducing 

further sorption.  
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Of the many external parameters varied independently  temperature, pressure, particle 

size, molecular species  and after making observations of pore-size specific information 

with SAXS, along with analysis of swelling kinetic data, it was found that the choice of 

coal caused the largest variation in sorption rates between CO2 and CH4. It is suggested 

that the maceral composition may be a key factor in the differing equilibrium times of 

the two gases.  The ratio of the CO2 and CH4 uptake rates (also the sorption capacity) 

was not constant; it also could depend on the vitrinite content of the coal. This could be 

due to molecule-specific interactions with the vitrinite maceral –  with the smaller 

molecular diameter and possibly the linear shape of CO2 introducing an additional term 

to the dynamics. 

An additional finding is that the presence of pre-sorbed CH4 on the coal significantly 

delays the uptake of CO2. At low pressures this may be due to differences in site 

energetics, but the results from high pressure studies indicate it is likely due to slow 

mixing.  

The stretched exponential model fits uptake data more satisfactorily than the contrasted 

diffusion models, implying a distribution of characteristic diffusion times. The part of 

the data where the stretched exponential does not fit well is in the earliest stages of 

sorption, where the initial uptake is very rapid. If modelling of diffusion in coal is to 

progress, accounting for this fast initial uptake will be necessary. Since it is probable that 

this initial uptake is unrelated to swelling, contrasting sorption and swelling uptake data 

directly obtained in the same experiment could possibly isolate the mechanism of this 

early uptake; before that can be attempted the equipment and procedure for measuring 
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sorption (and swelling) rates need improvement so that the contribution of 

concentration-dependent parameters can be minimised and an improvement made in 

the time resolution (much better than 1 s for the early data points). 

If the dispersive nature of gas diffusion in coal is confirmed then obtaining a fixed 

diffusion coefficient for coal may not be achievable. Moreover, such a fixed diffusion 

coefficient may not be useful for scaling to large coal seams, since depending on the coal 

particle size and distribution, pressure history, existing gas-in-place, size of the pressure 

increment and maceral content, the uptake rates can change significantly  factors 

inherently unpredictable from small scale information. The utility of a diffusion 

coefficient in an ECBM scenario is questionable as there will be an additional driving 

force for gas transport due to the pumping of CO2. Determining the nature of the 

fundamental interaction of gases with coal is still vital for making progress in 

understanding sorption kinetics at a more fundamental level in coal, so that different 

coals can be assessed more accurately. This detailed study has revealed important 

physical features of gas uptake in coal. As the coal that sorbed the slowest had the most 

vitrinite, the work in this thesis supports other published studies that vitrinite content is 

a key factor in sorption kinetics and indicates that this maceral and its interaction with 

gas needs to be further understood and considered in the assessment of coals for ECBM 

recovery. The time taken for the mechanical deformation of the coal due to swelling is 

strongly related to the size of the coal piece relaxing. Thus, even in gas depleted coal 

seams, CO2 transport within a network of large coal blocks could take a long time, and 

due to volume changes this potentially places significant time limits on the process, 

especially if the seam has significant vitrinite content. If the maceral composition varies 
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within a seam CO2 may preferentially traverse inertinite-rich bands, whilst vitrinite 

regions are still slowly relaxing, potentially leading to early breakthrough of CO2. The 

significant delay on CO2 uptake when CH4 is pre-sorbed on the coal is of concern and 

requires attention. This delay not only calls into question the usefulness of deriving 

single-component kinetic parameters, but potentially creates significant engineering 

challenges to ensure CO2 breakthrough does not occur before it can drive CH4 out of the 

coal matrix. 

Experiments that may provide further valuable indicating information are: 

(a)  Studying sorption and swelling kinetics simultaneously on the same coal, to 

potentially quantify and isolate the influence of swelling on sorption rates. 

(b) Use of more reference or standard microporous sorbates, as well as other coals, 

to identify which behaviour is general and which is coal specific. 

(c) Use SAXS to observe other coal-gas interactions. For example, if inertinite-rich 

regions are isolated from vitrinite-rich regions, the sorption kinetics in differing 

macerals can be more clearly differentiated and commented on.  

(d) The inclusion of trace amounts of other gases and moisture in uptake rate 

experiments will more realistically depict sorption kinetics as they would occur 

in a coal seam. 

(e) Pre-sorption of CH4 on coal at differing concentrations, and dosing of CO2 at 

varying pressures in both static and steady-state experiments. The relationship 

between matrix diffusion, matrix swelling, permeability changes in the cleats and 

possible early CO2 breakthrough can be more thoroughly addressed as these 
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conditions more likely simulate those in a coal seam and so derived parameters 

are likely more applicable. 

(f) Change the configuration of the above experiments using a cell that can 

mechanically confine the coal. This could also potentially contrast the volume 

changes in coal pores due to external stresses when viewed with SAXS and 

ultimately how sorption behaviour changes. 

A next step in theoretical developments could be to develop a model that can account 

for both combined pore diffusion and the time-dependent and concentration-dependent 

sorption analytically. 

This experimental study has disproved a number of previous suggestions proposed to 

explain (i) why uptake of gas in coal takes a considerable amount of time and (ii) why 

CO2 sorbs faster than CH4, and it has provided an argument as to why no homogeneous 

gas diffusion model has been found to be suitable for coal. The decrease of sorption rates 

with increasing pressure is consistent with current understanding of molecular 

diffusion, whereby an increase in frequency of gas molecule collisions leads to an overall 

reduction of gas transport in the system, but that can only explain part of the sorption 

behaviour. Based on the obtained experimental evidence gathered in this research, the 

author s assessment is that the condensation of the gas in all coal pores (adsorption) is 

quite rapid but the much slower penetration by a gas molecule (absorption) that causes 

the coal structure to relax creates new volume elements for further gas to be held by the 

coal leading to a distribution of relaxation times. These structural changes are of the 

order of molecular scale, such that the time for this transition to occur depends on the 
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shape and size of the molecule and possibly the maceral composition of a coal. The 

sorption process is describable by the stretched exponential, indicating that uptake due 

to absorption is dispersive and spatially and temporally extensive across a range of pore 

sizes in the coal. 

This investigation using a range of experimental techniques to examine sorption kinetics 

in coal has been demonstrated to improve upon current understanding of the 

fundamentals of sorption behaviour. Future research that expands upon this study by 

including more coals and considers additional factors such as confining stress, gas 

mixtures and moisture may reveal further complexities not yet considered by 

researchers. These may also test assumptions made in gas transport models and 

ultimately on the choice of coal seam suitable for ECBM recovery. 
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CHAPTER 11:  

APPENDIX 
The following tables are the isotherm tables: 

CHAPTER 4,5 AND 6 ISOTHERMAL SORPTION DATA 

 

Figure 11-1 CO2 and CH4 isotherm summary table for the coal comparison sorption experiments with Coal-A and 

Coal-B. 

  

 

Pressure 

(MPa) 

 Excess 

(kg/t) 

 

Pressure 

(MPa) 

 Excess 

(kg/t) 

 

Pressure 

(MPa) 

 Excess 

(kg/t) 

 

Pressure 

(MPa) 

 Excess 

(kg/t) 

-           -               -           -                -           -           -           -           

0.21         18.93           0.10         1.26              0.39         3.89         0.02         3.70         

0.54         29.44           0.26         2.64              0.99         6.59         0.08         10.01      

0.99         37.04           0.44         3.74              1.52         7.97         0.13         14.16      

1.51         42.76           0.71         4.99              2.02         8.97         0.22         18.54      

2.09         47.27           0.91         5.69              2.75         10.08      0.34         23.22      

2.54         49.93           1.25         6.64              4.72         11.99      0.52         27.99      

3.10         52.42           1.64         7.52              5.67         12.57      0.80         33.26      

3.52         54.19           1.85         7.93              1.10         37.12      

4.31         56.68           2.72         9.20              1.42         41.49      

4.51         10.83           2.21         46.99      

5.32         11.30           4.44         54.65      

1.64         7.57              

CO2 CH4

Coal-A Isotherm Data Coal-B Isotherm Data

CO2 CH4
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CHAPTER 7 ISOTHERMAL SORPTION DATA 

 

Figure 11-2 isotherm summary table for Coal A at 55 °C. 

Pressure Gas Density

(MPa) (Kg/m
-3

) 0-3.2 0-1 0 - 1.7 0 - 6

0.00 0.00 0.00 0.00 0.00 0.00

0.18 2.70 1.53 2.45 2.45 1.76

0.42 6.16 2.78 4.00 3.85 2.60

0.79 11.65 4.49 5.74 5.64 4.02

1.33 19.53 6.41 7.78 7.67 5.84

1.98 29.21 8.38 9.83 9.72 8.37

2.99 44.17 11.34 13.13 12.73 11.12

4.13 61.24 13.69 15.69 15.24 13.65

5.02 74.65 15.18 17.33 16.72 15.03

6.17 91.97 17.05 19.34 18.52 17.04

7.46 111.45 18.72 21.29 20.35 18.81

8.82 132.09 20.30 22.91 21.75 20.64

10.07 151.12 21.50 24.32 22.97 21.93

11.67 175.28 22.64 25.41 23.91 23.20

13.15 197.38 23.93 26.93 25.12 25.14

14.92 223.85 24.82 28.05 26.23 26.44

16.43 246.05 25.96 29.27 26.98 27.63

17.82 266.35 26.73 30.08 27.61 27.76

19.20 286.13 27.23 30.71 28.10 27.85

Excess (kg/t)

Methane Isotherm Summary Table for Coal A (55°C) 

Coal Particle Size (mm)
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Figure 11-3 Argon isotherm summary table for Coal A at 55 °C. 

Pressure Gas Density

(MPa) (Kg/m
-3

) 0-3.2 0-1 0 - 1.7 0 - 6

0.00 0.00 0.00 0.00 0.00 0.00

0.06 0.37 0.63 0.90 0.72 1.61

0.18 1.04 1.70 2.06 1.72 3.02

0.27 1.59 2.24 2.71 2.36 3.42

0.42 2.50 3.31 4.06 3.57 4.81

0.62 3.68 4.15 4.80 4.24 5.51

0.93 5.52 5.17 5.79 5.26 6.50

1.17 6.97 5.78 6.45 5.82 7.13

1.48 8.89 6.50 7.36 6.36 7.66

1.95 11.73 7.35 8.22 7.51 8.76

2.62 15.91 8.33 9.21 8.46 9.91

3.41 20.84 9.28 10.33 9.41 10.87

4.58 28.36 10.48 11.70 10.74 12.69

5.69 35.68 11.33 12.53 11.52 13.33

6.75 42.78 11.71 13.03 11.88 13.84

8.65 55.76 12.75 14.08 12.67 14.77

10.18 66.31 13.27 14.60 13.07 15.13

Excess (kg/t)

Argon Isotherm Summary Table for Coal A (55°C) 

Coal Particle Size (mm)
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Figure 11-4 CO2 isotherm summary table for Coal A at 55 °C. 

  

Pressure Gas Density

(MPa) (Kg/m
-3

) 0-3.2 0-1 0 - 1.7 0 - 6

0.00 0.00 0.00 0.00 0.00 0.00

0.06 0.94 7.23 8.18 8.36 8.21

0.17 2.83 13.09 14.41 14.50 13.97

0.31 5.04 17.86 19.19 19.37 18.52

0.45 7.41 21.53 22.92 23.02 21.75

0.65 10.66 25.19 26.84 27.02 25.77

0.93 15.46 29.30 31.12 31.33 29.73

1.22 20.64 32.75 34.55 34.88 33.27

1.63 27.93 36.54 38.69 38.65 37.16

2.11 36.96 40.34 42.64 42.57 41.60

2.81 50.90 44.52 46.88 46.82 45.78

3.68 69.41 48.27 50.91 50.76 49.58

4.60 91.17 51.41 54.26 53.90 53.10

5.71 121.17 54.14 57.16 56.41 55.94

6.60 149.11 55.63 58.76 58.00 57.50

7.80 195.03 56.72 60.05 58.82 58.68

8.52 229.44 56.95 60.29 58.45 57.95

9.03 258.18 56.52 59.86 58.10 57.63

9.68 301.39 55.60 59.07 56.85 56.52

10.13 336.17 54.35 57.90 55.54 55.35

10.12 335.53 54.61 58.28 55.83 55.60

10.63 381.64 53.14 56.93 54.53 54.43

10.84 401.42 52.44 56.20 53.56 53.48

11.23 438.00 51.22 55.16 52.13 52.48

11.80 490.05 49.47 53.82 50.01 51.81

Excess (kg/t)

Coal Particle Size (mm)

CO2 Isotherm Summary Table for Coal A (55°C) 
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CHAPTER 8 ISOTHERMAL SORPTION DATA 

 

Figure 11-5 Isotherm and stretched exponential summary table for Coal A at 45 °C for the different gases used. 

 Pressure 

(MPa) 

 Sorpton 

(mmol/g) 
k (/s) β

0.087          0.254        0.611          0.220          

0.117          0.292        0.428          0.227          

0.205          0.406        0.246          0.243          

0.421          0.570        0.161          0.250          

0.797          0.750        0.101          0.266          

0.221          0.135        0.017          0.256          

0.603          0.268        0.013          0.274          

0.919          0.337        0.011          0.286          

1.322          0.403        0.010          0.293          

2.225          0.505        0.009          0.307          

0.300          0.062        0.028          0.297          

0.646          0.122        0.026          0.304          

1.049          0.178        0.024          0.318          

1.521          0.233        0.024          0.327          

1.927          0.274        0.023          0.323          

0.009          0.043        0.197          0.217          

0.019          0.104        0.096          0.212          

0.050          0.214        0.033          0.195          

0.218          0.413        0.008          0.222          

0.238          0.071        0.016          0.335          

0.482          0.135        0.015          0.345          

0.775          0.199        0.014          0.351          

1.097          0.256        0.011          0.354          

0.035          0.032        0.043          0.231          

0.256          0.184        0.021          0.255          

0.334          0.221        0.016          0.270          

0.434          0.262        0.016          0.262          

0.536          0.298        0.014          0.272          

0.693          0.345        0.012          0.281          

Krypton

Effect of Gas Type on Sorption Kinetics Data

Carbon Dioxide

Methane

Argon

Ethane

Nitrogen
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CHAPTER 9 ISOTHERMAL SWELLING DATA 

 

 

 

 

Pressure 

(MPa) Swelling (%)

0.00          -                 

2.00          0.43               

3.96          0.64               

7.87          0.93               

10.91        1.07               

14.27        1.20               

Coal-G

Methane Swelling Data

Pressure 

(MPa)

Swelling 

(%)

Pressure 

(MPa)

Swelling 

(%)

-             -           -               -         

1.01           1.58         0.97             0.77       

2.01           2.17         1.99             1.09       

4.01           2.99         4.02             1.56       

8.28           4.35         8.17             2.00       

11.91         4.94         11.99          2.29       

15.36         4.94         14.95          2.39       

-             -           0.10             -         

1.01           1.72         1.48             0.77       

2.03           2.43         3.07             1.23       

4.11           3.24         6.17             1.59       

8.26           4.10         8.12             1.71       

11.93         4.43         10.09          1.83       

14.21         4.66         11.99          1.90       

15.04          2.03       

-             -           

0.97           0.65         

1.99           0.98         

4.02           1.39         

8.18           1.71         

11.99         1.91         

14.95         1.94         

Coal G

Carbon Dioxide Swelling Data

Coal-C Coal-D

Coal E Coal F

Figure 11-6 CO2 and methane swelling summary table. 
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