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Abstract 

Carbon capture and storage in unmineable coal seams has been recognised as one of 

several possible means for mitigating anthropogenic green-house-gas emissions into the 

atmosphere. However, implementation of this technology on the industrial scale required 

to significantly reduce CO2 emissions is inhibited by the lack of understanding of many 

aspects of the interactions between the injected CO2 fluid and coal microstructure.  

This thesis introduces and details the aspects of the techniques of sorption manometry 

and small-angle X-ray scattering applicable to the investigation of CO2 adsorption by coal. 

The experimental work is divided into three sections: the first investigates a self-consistent 

method for determining the helium density of a microporous material, the second 

assesses the reliability of manometric measurements of CO2 uptake by small samples, and 

the third presents an in-situ small-angle X-ray scattering study of CO2 and Xe adsorption by 

Baralaba coal and Takeda 4A activated carbon.   

An established self-consistent method for determining the helium density of a 

microporous material from gravimetric helium sorption data was reworked for application 

to manometric sorption data. The method was applied to a data set of four He isotherms 

obtained for a sample of activated carbon at 77, 87, 195 and 298 K using the manometric 

technique, yielding an unrealistic helium density value of 1.06 g/cm3. It was found that the 

sensitivity of the method to sample density was too low to provide a reliable measure of 

the helium density, owing to insufficient variation in the temperature dependency of the 

Henry constant for temperatures above room-temperature. Assuming negligible helium 

adsorption at low-pressure (P ≤ 1 bar) and room-temperature remains the best method at 

present for determining the helium density of a microporous material. Application of this 

method yielded a helium density value of 2.01 g/cm3 for the activated carbon sample 

studied.  

A manometric apparatus for measurement of CO2 uptake by small samples (< 1 g) was 

built and characterised. The apparatus, rated up to 400 bar pressure, was completely 

immersed in a temperature controlled bath to minimise temperature gradients and aid 

temperature stability. CO2 and Xe isotherms obtained at 45°C with no sample in place 
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(blank isotherms) indicated amplified error when bulk pressures approximately above that 

required to reach the critical density were in the system. An analysis of the uncertainty of 

excess sorption measurements revealed that the degree of error associated with the 

uncertainty in the calculated compressibility factor (from P and T measurements) in the 

80 to 120 bar pressure region is substantial compared to other possible sources of error 

and accounts for the amplified error measured in the blank isotherms. Excess CO2 sorption 

data obtained using the apparatus were only considered reliable up to 80 bar pressure, 

owing to the high relative uncertainty in the measurement of mass of sorbate per mass of 

sample for higher pressures.  

The sorption of carbon dioxide and xenon by the micro- and small-mesopores of a high 

volatile bituminous Australian coal sample (Baralaba coal) and Takeda 4A activated carbon 

was investigated for bulk pressures up to 100 bar using time- and position resolved small-

angle X-ray scattering. The response of the measured scattering profiles to step changes in 

pressure revealed that the kinetics of Xe uptake by Takeda 4A were much slower than that 

of CO2, particularly at low pressure. For both the activated carbon and the coal sample it 

was found that both CO2 and Xe preferentially adsorbed in the smallest pores, followed by 

successively larger pores with increasing pressure. Three 100  200  500 m3 regions on 

the coal wafer were studied, each showing remarkably different responses to fluid 

invasion in terms of kinetics and pore-confined-fluid densification. The results suggested 

that mineral matter dispersed in the coal matrix accelerated the kinetics of both CO2 and 

Xe permeation/sorption. A new method for determining the scattering contributions 

arising from inaccessible pores and mineral matter embedded in the coal matrix was 

proposed and applied, enabling the matrix−pore-confined-fluid scattering to be extracted 

and the applicability of the two-phase model to be tested. For bulk CO2 pressures up to 

79 bar, the scattered intensity arising from the coal matrix and pore-confined-CO2 (for 

pores 25 to 138 Å in diameter) was consistent with a two-phase model in which the CO2 

density is uniform inside a particular pore-size to within the spatial resolution of the 

measurements. Numerical fits to the two-phase model (for the 0 to 79 bar bulk CO2 

pressure scattering data) yielded a pore-confined fluid density between 3 and 9 times that 

of the bulk CO2, with greatest fluid densification occurring in the smallest applicable pores. 

For bulk Xe pressures up to 40 bar, the scattered intensity arising from the coal matrix and 

pore-confined-Xe was consistent with a two-phase model with a densification factor 

between 3 and 6 for pores 30 to 138 Å in diameter. Included in the the analysis of the 

small-angle scattering data is a trial of a proposed method for generating excess sorption 
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isotherms from the simultaneously obtained transmission measurements. The excess CO2 

and Xe sorption isotherms produced show the potential of the methodology for obtaining 

site-specific excess sorption isotherms from X-ray transmission data.  

The project has resulted in improved methodologies for studying the uptake of gases by 

porous materials. It has also raised a significant challenge for theory, to understand why 

densification occurs in small pores with apparently uniform fluid density. 
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1. Introduction 

1.1 Problem statement 

Climate change is the most topical environmental issue facing society in the 21st century. 

Studies have shown that the warming of the Earth’s climate system has prompted an 

increase in the global average air and ocean temperatures, widespread melting of snow 

and ice, and a rise in the global average sea level [1]. These detrimental effects on the 

environment have triggered a significant amount of political and economic debate over 

the past decade and, consequently, numerous international organisations, such as the 

International Panel on Climate Change (IPCC) and the United Nations Framework 

Convention on Climate Change (UNFCCC), have formed to address the issue.   

While a variety of factors impinge on climate, human activities have become the dominant 

force. The primary anthropogenic contribution results from the release of greenhouse 

gases, such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), into the 

atmosphere. The most prominent greenhouse gas, responsible for about two-thirds of the 

enhanced greenhouse effect, is carbon dioxide [1]. Analysis of air enclosed in polar ice 

cores from Antarctica has revealed that prior to the industrial revolution the atmospheric 

concentration of CO2 was around 280 parts per million by volume (ppm) [2] and that over 

the millennium leading up to the 20th century the concentration only changed by about 

15 ppm [3]. In spite of this, the 20th century has seen a roughly exponential increase in the 

atmospheric concentration of this greenhouse gas owing to the rapid increase in 

population and energy consumption. An air monitoring program in Hawaii, which has 

continuously logged the atmospheric CO2 concentration since 1958, measured an increase 

from 316 ppm in 1959 to 397 ppm in 2013 [4, 5]. If CO2 emissions were to remain at the 

year 2000 level, the atmospheric concentration would rise to 520 ppm by 2100 [1]. 

However, six different emission scenarios investigated by the IPCC predicted that, if 

business-as-usual was to be continued, by the year 2100 the atmospheric CO2 

concentration would rise to a level between 600 ppm and 1550 ppm and the global 

average surface temperature would rise by 1.8 to 4.0C [1].   
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A majority of anthropogenic CO2 emissions result from the burning of fossil fuels for power 

generation and large-scale industrial processes. In 2009, Shafiee and Topal [6] predicted 

fossil fuel reserve depletion times for oil, gas and coal of approximately 35, 37 and 107 

years, respectively. With world-wide reserves of fossil fuels being far from exhausted and 

the extensive infrastructure already in place, it is likely that fossil fuels will continue to be 

used as the primary means for energy production for at least the next 25 to 50 years [7].  

In the push to reduce anthropogenic carbon emissions, much research has been devoted 

to renewable energy sources, nuclear power and improving the efficiency of fossil fuel 

energy production. Potentially enabling the continued use of fossil fuels with a dramatic 

reduction in the accompanying greenhouse gas emissions is the process of carbon capture 

and storage (CCS). The IPCC defines CCS as “a process consisting of the separation of CO2 

from industrial and energy-related sources, transport to a storage location and long-term 

isolation from the atmosphere” [8]. One of the most promising means for isolating the 

captured CO2 from the atmosphere is through storage in geological formations. Geological 

hosts considered for CO2 storage include saline aquifers, depleted oil and gas reservoirs, 

and unmineable coal seams. The suitability of a geological site depends on its estimated 

storage capacity, geographical extent, economic feasibility and also geological and 

engineering considerations.  

This thesis addresses the storage of CO2 in unmineable coal seams. Numerous unmineable 

coal seams are promising candidates for CO2 storage owing to (i) their proximity to large 

anthropogenic CO2 point sources (e.g. coal-fired power stations), (ii) their potential storage 

capacity and (iii) their low economic value. Furthermore, some coal seams offer the 

potential to offset costs through enhanced coalbed methane recovery (ECBM) [9], where 

injected CO2 displaces coalbed methane.  

Several pilot studies at various locations around the world have demonstrated the 

feasibility of sequestering CO2 in coal seams and its effectiveness in enhancing coal bed 

methane recovery [9]. However, complicating the implementation of CCS in unmineable 

coal seams is the wide variability of properties (e.g. coal structure and chemical 

composition) and in-seam conditions (e.g. temperature and pressure) between different 

coals and even across a single seam. These properties dictate vital factors such as the rate 

of permeation of the injected fluid, storage capacity and stability. Accordingly, for this 

technology to be implemented on the scale required to significantly mitigate CO2 
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emissions into the atmosphere, a better understanding of the interactions between the 

injected CO2 fluid and coal microstructure is vital.  

1.2 Objectives 

Overall, this study addresses the fundamental aspects of CO2 uptake by porous carbons. 

The primary objective of this research was to develop a greater understanding of the 

mechanisms of CO2 sorption by coal at reservoir temperatures and pressures. In an 

attempt to enhance the current state of knowledge, the experimental techniques of 

sorption manometry and small-angle X-ray scattering were deployed; although both 

techniques are well established in the literature, their application to the study of CO2 

uptake by small (< 1 g) coal (or other porous carbon-based) samples is relatively recent 

and the full potential of combining the techniques and results unrealised.  

Given the complex and heterogeneous nature of coal, a simpler carbon-based material, 

activated carbon, was also investigated in this study to act as a model host. Fluids other 

than CO2 were also included as a means to examine the fundamentals of sorption 

behaviour. The following aims for the project were set: 

 Design and construct a manometric apparatus for accurate measurement of sub- 

and supercritical CO2 uptake by small (< 1 g) porous carbon samples. 

 Investigate the effect of the assumption of zero helium adsorption in the 

measurement of true density of microporous materials. 

 Conduct in-situ small-angle scattering experiments on coal samples and other 

porous carbons during sorption of CO2 and other gases to investigate pore-size-

specific sorption behaviour and test the applicability of two- and three-phase 

scattering models.  

 Measure excess sorption isotherms that supplement the small-angle scattering 

data.  

 

The scope of this research includes investigating the factors that contribute to the physical 

sorption of CO2 by coal pores at reservoir-like conditions; it does not include the logistics 

of CCS.   
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1.3 Thesis structure 

This introductory chapter has aimed to put into context the importance of studying CO2 

adsorption by coal and outlined the motivations of the project. The following pre-

experimental chapters of this thesis were written to introduce and critically examine the 

concepts applied in the subsequent experimental chapters. Firstly, a brief overview of the 

properties of CO2 and coal relevant to carbon sequestration technology is provided in 

Chapter 2. Next, Chapter 3 covers adsorption: it starts with the basic terminology, 

followed by a description of the manometric technique, how it can be used to generate 

excess sorption isotherms and the sources of experimental error associated with it, and to 

finish there is a discussion on the interpretation of adsorption isotherms. Chapter 4 is 

dedicated to small-angle scattering: it covers the necessary terminology, basic theory, 

models that can be applied to porous materials, data normalisation and transmission 

measurements. 

Chapter 5, “Critical literature review of the state of the art”, provides a review of published 

experimental work that is directly relevant to the work presented in the subsequent 

experimental chapters. This chapter is divided into two sections: the first summarises the 

findings of four round-robin studies that were conducted to assess the inter-laboratory 

reproducibility of CO2 isotherm measurements on porous carbons; the second reviews in-

situ small-angle scattering studies of fluid adsorption by porous carbons. 

Chapter 6 is the first of three experimental chapters. This chapter addresses the problem 

of how to accurately determine the sample density of a porous material. This is a 

fundamentally important problem in all adsorption measurements. An accurate value for 

sample density is also needed for certain aspects of small-angle scattering analysis.  

Chapter 7 records the attempt to build a manometric apparatus for reliable high-pressure 

CO2 sorption measurements on small (< 1 g) porous carbon samples. This chapter details 

the design of the most-apt manometric apparatus developed and investigates, both 

experimentally and theoretically, the problems associated with obtaining reliable high-

pressure CO2 sorption data using the manometric technique.   

Chapter 8 presents the most novel experimental work that was undertaken for this 

project. In conjunction with colleagues, two in-situ small-angle X-ray scattering 

experiments were conducted by the author throughout the project candidature. The 

results and findings of the first, preliminary experiment were published and reprints are 
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attached as Appendix A and Appendix B. Chapter 8 focusses on the second SAXS 

experiment, which was similar but superior to the first in several ways. It presents the 

details and findings of the complex in-situ experiment which investigated the pore-size-

specific adsorption of CO2 and xenon by Baralaba coal and Takeda 4A activated carbon. 

Included in the in-depth analysis of the results is a new, improved way to test the 

applicability of the two-phase model to small-angle scattering data for fluid-filled porous 

materials.   

Chapter 9, “Conclusions”, provides a summary of the major findings of this project. 



6  CHAPTER 1. 

Chapter 1 References 

1. IPCC, Climate Change 2007: The Physical Science Basis, in Fourth Assessment Report, 

Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change: [S. Solomon, D. Qin, M. Manning, Z. 

Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller], Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA. 

2. Neftel, A., Moor, E., Oeschger, H. & Stauffer, B. , Evidence from polar ice cores for the 

increase in atmospheric CO2 in the past two centuries. Nature, 1985. 315: p. 45-47. 

3. Etheridge, D.M., et al., Historical CO2 record from the Law Dome DE08, DE08-2, and 

DSS ice cores (atmospheric CO2 concentrations, Antarctic ice cores). In: Trends: A 

Compendium of Data on Global Change, 1998, Carbon Dioxide Information Analysis 

Center. 

4. Keeling, C.D. and T.P. Whorf. Atmospheric CO2 records from sites in the SIO air 

sampling network. Trends: A Compendium of Data on Global Change 2005  

21/02/2008]; Available from: http://cdiac.esd.ornl.gov/trends/co2/sio-mlo.html. 

5. Scripps Institution of Oceanography. Scripps Atmospheric CO2 Dataset.  17/04/2013]; 

Available from: http://co2now.org/images/stories/data/co2-atmospheric-mlo-

monthly-scripps.pdf. 

6. Shafiee, S. and E. Topal, When will fossil fuel reserves be diminished? Energy Policy, 

2009. 37(1): p. 181-189. 

7. Kaldi, J.G. and P.J. Cook. Geosequestration of CO2; a key strategy for the sustainability 

of energy industries. in New Zealand Petroleum Conference. 2006. Auckland. 

8. IPCC, IPCC Special report on carbon dioxide capture and storage, 2005, Prepared by 

Working Group III of the Intergovernmental Panel on Climate Change. Metz, B., 

Davidson, O., de Connick, H.C., Loos, M. & Meyer, L.A. (eds). Cambridge University 

Press, Cambridge, UK & New York, USA, 442 pp. 

9. White, C.M., Smith, D. H., Jones, K.L., Goodman, A.L., Jikich, S.A., LaCount, R.B., 

DuBose, S.B., Ozdemir, E., Morsi, B.I., Schroeder, K.T., Sequestration of Carbon Dioxide 

in Coal with Enhanced Coalbed Methane Recovery - A Review. Energy and Fuels, 2005. 

19(3): p. 659-724. 

 



7 

 

2. Materials 

2.1 Introduction 

The central materials used in this study were coals, activated carbons and carbon dioxide. 

The aim of this chapter is to provide a brief overview of the properties of these materials 

that are relevant to carbon sequestration technology. 

2.2 Coal 

2.2.1 Formation and composition 

Coal is a naturally occurring heterogeneous material that is a product of both biological 

and geologic processes acting on plant remains over long periods of time. The first stage in 

the formation of coal is the degradation of large masses of plant biopolymers to form peat. 

Over time, the peat gets buried and with the elevated sub-surface temperatures and 

pressures the transformation into coal takes place. The coals we dig up today began their 

formation tens of thousands to hundreds of millions of years ago [1].  

Coals are comprised of a mixture of various organic and inorganic materials. The organic 

entities, called macerals, are subdivided into three primary petrographic groups: vitrinite 

(derived from woody tissue); liptinite (derived from the lipid-rich fractions of vascular 

plants); and inertinite (derived from plant materials altered by oxidation processes during 

the initial stages of the coals formation). Furthermore, the three primary maceral groups 

each contain a number of different maceral types, of which there are several hundred in 

total. The inorganic component of coal includes minerals and other inorganic 

contaminants, collectively referred to as mineral matter. Mineral matter typically only 

comprises 5−15% (by weight) of dry coal; the remaining 85−95% being organic material [2]. 

The gross properties of coal typically reflect the properties of vitrinite as most coals 

contain 50−80% of this maceral [3]. Owing to the wide range of constituents and the 

diverse nature of the coal formation process, no two coals are exactly alike. As stated by 
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Orem and Finkelman, “coal is one of the most complex and challenging natural materials 

to analyse and understand” [1].  

2.2.2 Sub-surface conditions 

The CO2 storage capacity of a coal seam not only depends on the properties of the coal 

itself but also the in-situ thermodynamic conditions. The average temperature in many 

sedimentary basins increases by approximately 25−30C/km below the ground surface or 

sea bed [4]. Pressure in the pore spaces of sedimentary basins is commonly considered to 

be close to hydrostatic pressure, which increases approximately linearly with depth at a 

rate of 10 bar per 100 m [5], corresponding to the weight of a column of water.    

2.2.3 Coalbed gas 

Coal seams are natural sources and reservoirs of numerous gasses and liquids. Coalbed gas 

typically comprises a mixture of hydrocarbons (C1 to C4) and carbon dioxide, and 

occasionally contains small percentages of nitrogen, oxygen, hydrogen and helium [6]. 

Methane, which is generated in coals by both biogenic and thermogenic processes, is 

usually the major constituent (88−98%) of coalbed gas [3]. Several studies have shown that 

CO2 has a greater affinity to be adsorbed onto coal compared to CH4, where the reported 

CO2:CH4 sorption ratios vary from 1.1 to 9.1 [6]. Consequently, when CO2 is injected into a 

coal seam it displaces methane from the sorption sites and, due to the pressure gradient 

introduced by the penetrating CO2, pushes it towards a production well where it is 

recovered for its use as an energy resource. The process of sequestering CO2 with 

simultaneous recovery of methane is termed CO2-ECBM/sequestration. 

2.2.4 Rank 

Coals are typically classified according to their rank. The rank of a coal primarily depends 

on its degree of metamorphism or thermal maturity and can fall into one of three main 

categories − lignite, bituminous or anthracite – which are further sub-divided into several 

different groups. There is no single parameter used to define rank over the entire 

coalification range. When classifying rank, the following parameters are typically 

considered: organic carbon, hydrogen and oxygen content, vitrinite reflectance, moisture 

content, volatile matter content and calorific value [1]. The general trend with increasing 

rank is an increase in carbon content, vitrinite reflectance and calorific value, accompanied 

by a decrease in the abundance of hydrogen, oxygen, moisture and volatile matter. Many 
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of the coal properties that are relevant to carbon sequestration, such as porosity and 

permeability, are related to rank [3].  

2.2.5 Porosity 

Coals are naturally porous materials. In theory, the volume fraction of a porous material 

occupied by void or empty space is known as the porosity. In practice however, coal 

porosity is the volume fraction of coal that may be occupied by a particular fluid, and this 

varies from fluid to fluid [7].  

As it is the inter-connected pore network that (i) allows fluid to permeate through a coal 

seam, (ii) yields the high surface area (>100 m2/g for bituminous, sub-bituminous and 

lignites [2]) for increased adsorption and (iii) provides the space for fluid (whether it be 

adsorbed or not) to reside, quantifying the porosity of coals is essential to understanding 

how they store fluids such as CO2. In coal petrology, pores are classified (in accordance 

with the IUPAC notation [8]) into four size groups depending on their diameter: sub-

micropores (<0.8 nm), micropores (0.8−2 nm), mesopores (2−50 nm) and macropores (>50 

nm). Coal pores that are connected with the external surface of the material by channels 

are termed “open” pores, while pores that are not accessible from the surface are termed 

“closed” pores.  

Some studies have shown trends between porosity and rank, however, the results 

presented in the literature are varied. Hall et al. [9] found that porosity levels decreased 

with increasing rank. A study by Prinz and Littke [10] found that (i) microporosity levels 

had a parabolic curvature with rank with a minimum at vitrinite reflectance  1.4% and 

(ii) ultramicroporosity (<0.4 nm) increased linearly with rank which corresponded to the 

linear increase of aromatic bonded carbon structures. Gan et al. [11] studied a variety of 

American coals with porosity ranging between 4.1 and 23.2% and concluded that in the 

lower-rank coals (carbon content <75%) porosity was primarily due to the presence of 

macropores, in the medium-rank coals (carbon content 76–84%) approximately 80% of the 

total open pore volume was due to micro- and mesopores, and in the high-rank coals 

(carbon content >85%) the pore volume was dominated by micropores. On the contrary, 

other studies (e.g. [12]) have found no consistent trends between porosity and rank.  

The pore−matrix boundaries of many coals can be described by surface fractals over many 

orders of magnitude of distance [13]. For small-angle scattering, surface fractal 

microstructure can be simulated using a polydisperse spherical pore (PDSP) model [14-16]. 
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This relationship provides a means to convert the experimental reciprocal space Q range 

to a corresponding pore diameter range [16], the details of which will be discussed in 

Section 4.2.3.    

2.2.6 Permeability 

When modelling gas flow behaviour, coal is generally considered to be a dual porosity 

system comprised of a matrix of micropores surrounded by a naturally occurring network 

of mesoporous pseudo two-dimensional fractures called cleats [17]. There are two main 

cleat types – face cleats and butt cleats – both of which are oriented perpendicular to the 

bedding plane. Face cleats extend laterally along the coal seam and serve as the primary 

conduits for fluid flow. Butt cleats are oriented perpendicular to face cleats and are non-

continuous, terminating at face cleats. The length of a cleat is typically on the order of 

centimetres to metres, while the width ranges from microns to centimetres [18]. Adjacent 

cleats are usually spaced on the order of centimetres apart [18]. The dual porosity system 

is depicted in Figure 2.1.  

The distribution of pore sizes plays an important role in the flow of fluid through a coal 

seam. In the dual porosity model, gas transport in coal has two primary modes: 

(i) pressure-driven flow through the cleat network, which is typically modelled using 

Darcy’s Law, and (ii) diffusion into the coal matrix, which is generally assumed to be 

concentration-driven and thus modelled using Fick’s Law [19]. For sequestered CO2, the 

cleats serve as fast transport pathways for the injected fluid while the microporous coal 

matrix traps and adsorbs a large volume of the fluid enabling a high storage capacity.  

 

 

Figure 2.1: Dual porosity model of coal 

Butt cleats 
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cleats 

Matrix blocks 
containing micropores 
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2.2.7 Swelling 

The swelling and shrinkage of coals in the presence of CO2 is a well-known phenomenon. 

Several studies have shown that coal swelling by sub-critical CO2 increases with increasing 

pressure and decreasing rank [20-22]. Day et al. [23] measured the swelling of three 

Australian coal samples in sub- and supercritical CO2 using an optical method and found 

that (i) swelling increased as a function of CO2 pressure up to about 80 to 100 bar, after 

which no further increase in swelling was observed, (ii) the maximum volumetric swelling 

was between about 1.7 and 1.9%, and (iii) the swelling was completely reversible, with 

each sample returning to its original dimensions after the fluid was removed. Additionally, 

numerous studies have shown that coal swelling induced by CO2 is anisotropic, being 

significantly greater in the direction perpendicular to the bedding plane compared to that 

in the parallel plane [23-27].   

CO2-induced coal swelling is important in CCS research as (i) it may affect the fluid 

transport through the coal seam (e.g. by reducing cleat apertures resulting in decreased 

permeability) and (ii) it affects the accuracy of sorption measurements. The mechanism of 

coal swelling and its relationship to sorption is not yet fully understood. Larsen [28] has 

suggested that CO2 dissolves into the organic coal matrix and acts as a plasticizer, enabling 

physical structure rearrangements and lowering the coal’s softening temperature. 

However, since there is no clear consensus in the literature, we continue to adopt the 

conventional model where CO2 sorption does not modify the coal matrix.   

2.3 Activated carbon 

Activated carbon is a carbonaceous material that has undergone some form of physical or 

chemical activation process to yield a high internal surface area. Charcoal is the most 

commonly used precursory material for large-scale production, however a variety of 

materials are suitable. Most activated carbons are highly microporous, with a surface area 

exceeding 500 m2/g. The properties of the activated carbons used in this work will be 

detailed in the appropriate experimental chapters.  



12  CHAPTER 2. 

2.4 Carbon dioxide 

2.4.1 Basic properties 

Carbon dioxide is a colourless and odourless chemical compound, which, at standard 

temperature and pressure, exists in the gaseous state. A molecule of CO2 consists of two 

oxygen atoms each double bonded to a central carbon atom to form a linear molecule 

(O=C=O) that has no electrical dipole. At atmospheric pressure CO2 has no liquid state, 

subliming at a temperature of –78.51C. The pressure−temperature phase diagram for 

carbon dioxide is shown in Figure 2.2. 

 

Figure 2.2: CO2 phase diagram 

The temperatures and pressures of coal seams considered for geological sequestration of 
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Fluid Thermodynamic and Transport Properties (REFPROP) database [29], are listed in 

Table 2.1.   

Property Value 

Critical temperature 30.978°C 

Critical pressure 73.773 bar 

Critical density  0.4676 g/cm³ 

Table 2.1: Critical properties of carbon dioxide 

Darr and Poliakoff [30] suggest that a more useful definition of a supercritical fluid is “any 

substance, the temperature and pressure of which are higher than their critical values, and 

which has a density close to or higher than its critical density”, where critical density is the 

density of the fluid when it is at its critical temperature and pressure. They endorse this 

definition because, a substance above its cT  and cP  but far below its critical density ( c ) 

ceases to display the non-ideal properties typically associated with supercritical fluids (e.g. 

ability to dissolve solids, miscibility with permanent gases, high diffusivity and low 

viscosity [30]). For the remainder of this thesis, the standard definition of only having to be 

above cT  and cP  for a substance to be supercritical will be used.  

To reflect coal-reservoir conditions, laboratory experiments conducted for this research 

often used supercritical CO2. Therefore it is important to note that, at high enough 

pressures (resulting in bulk c  ), supercritical CO2 exhibits substantial solvent powers, 

being able to dissolve a wide range of substances. This property was taken into 

consideration when designing apparatuses for handling supercritical CO2. 

2.4.3 Compressibility 

The compressibility factor, Z, provides a measure of the deviation in the thermodynamic 

properties of a real fluid from ideal behaviour. An ideal fluid, i.e. a fluid in which the atoms 

or molecules have zero volume and interact only via direct elastic collisions, has a 

compressibility factor of 1 and consequently the fluid density is directly proportional to the 

pressure. For a real fluid:  

 
PV

Z
nRT

 (2.1) 
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where R is the real gas constant, and P, V, n and T represent the pressure, volume, number 

of moles and temperature of the fluid respectively. Thus when Z deviates from 1 the 

density of the fluid in a fixed volume depends on both the temperature and pressure. For 

the work presented in this thesis, the compressibility factors,  ,Z P T , for all fluids were 

calculated using the NIST REFPROP [29] database. 

Figure 2.3 shows the compressibility factor and density of CO2 at 45C for pressures up to 

400 bar (data are shown for CO2 at 45C as a majority of the CO2 experiments presented in 

this thesis were conducted at this temperature).  

 

Figure 2.3: Compressibility and density of CO2 at 45C for 0<P<400 bar 

At 45C, the CO2 compressibility reaches a minimum of approximately 0.3 at about 114 bar 

pressure. Given the relationship between compressibility and density, the (minimum) 

turning point pressure of the compressibility indicates the region of greatest slope in the 

pressure-density plot. Consequently, in this pressure region (where the compressibility is 

small), the accuracy of fluid density calculations from P and T measurements is highly 

dependent on the resolution of the pressure transducer. This issue is examined further in 

Chapter 7. 
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3. Adsorption 

3.1 Introduction 

Accurate determination of the quantity of fluid taken up by a material is essential in 

numerous fields of research. For example, in the context of sequestering carbon dioxide in 

coal seams, small errors in laboratory-scale sorption measurements may lead to 

substantial over- or underestimates in the storage capacity of the potential coal seam and 

hence the overall economics of the process.  

The intention of this chapter is to provide sufficient detail such that a reader with no prior 

knowledge in the field of adsorption can understand the analyses and findings presented 

in the subsequent experimental chapters. To start, the fundamental terminology used in 

the field is outlined. Then, the techniques and apparatus used for measuring adsorption 

are detailed, followed by a summary of the causes and consequences of errors inherent in 

the chosen method. The last section provides an idea of how to interpret the graphical 

representation of adsorption data and presents one of the most popular isotherm 

equations for describing gas adsorption by a microporous material.   

3.2 Terminology 

3.2.1 Adsorption and absorption 

The uptake of a fluid by a solid host material is achieved through one of two means: 

adsorption or absorption.  

The term ‘adsorption’ refers to a surface phenomenon between a solid adsorbent and a 

fluid adsorbate. More specifically, it is defined as the enrichment of material or increase in 

the density of a fluid in the vicinity of an interface [1]. Depending on the nature of the 

forces involved in this enrichment, adsorption is classified as either physisorption or 

chemisorption.  
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Physisorption involves van der Waals forces akin to those responsible for the condensation 

of vapours and the non-ideal behaviour of real gases [2]: London dispersion forces and 

short-range repulsion. The former are attractive interactions that occur when the rapid 

fluctuations in electron density of one atom (or molecule) induce an electric dipole 

moment in a neighbouring atom (or molecule), while the latter arise when the electron 

clouds of neighbouring atoms (or molecules) interpenetrate. In physisorption, the 

physically adsorbed fluid has no fixed points of attachment on the surface of the host 

material [3]. Furthermore, through adsorbate-adsorbate interactions, the atoms or 

molecules comprising the adsorbed fluid need not be in direct contact with the adsorbent 

surface, thus facilitating multilayer adsorption [2].       

In chemisorption, adsorbate molecules adhere to active sites (atoms or ions with unfilled 

valence requirements) on the surface of the adsorbent through the formation of a 

chemical bond. In this case, the adsorbate enrichment is restricted to monolayer surface 

coverage.  

Term Definition 

Adsorption 
The enrichment of material or densification 
of fluid in the vicinity of an interface 

Adsorbent Solid material capable of adsorbing 

Adsorptive Material that is capable of being adsorbed 

Adsorbate Substance in the adsorbed state 

Table 3.1: Adsorption terminology 

The term ‘absorption’ is used when a fluid (absorbate) penetrates the bulk phase of a solid 

host material (absorbent) and the absorbed atoms or molecules are taken up within the 

volume of the host material. 

The term ‘sorption’ encompasses both ad- and absorption. It is typically used when it is 

not possible to measurably distinguish between adsorption and absorption, or, the two 

phenomena occur simultaneously. 

3.2.2 Excess and absolute adsorption 

Absolute adsorption refers the quantity of fluid in the adsorbed phase, that is, the amount 

of fluid that is confined by the sample at a density different to that of the bulk. The 

calculation of absolute adsorption requires knowledge of the size, structure and properties 
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of the adsorbed phase, which unfortunately cannot be experimentally determined using 

the current measurement techniques. To overcome this problem, Gibbs proposed the 

concept of excess sorption (also called surface excess or Gibbsian surface excess) [4]. 

Excess adsorption is defined as the total amount of fluid present in the system (i.e. as 

adsorbed and bulk phase fluid) minus the amount of fluid that would be present in an 

equivalent system containing only bulk fluid. The calculation of excess adsorption requires 

no assumptions about the properties of the adsorbed phase and can be directly measured 

using standard measurement techniques. This is demonstrated in Section 3.3.3. Usually 

there is no need to make ambiguous assumptions about the adsorbed phase in order to 

calculate the absolute adsorption, as excess quantities can be used to describe both the 

thermodynamic adsorption equilibria and the adsorption kinetics [5]. 

3.2.3 Isotherm 

The sorption of a fluid by a material is typically represented in the form of an isotherm. An 

isotherm is a plot of the magnitude of sorption as a function of the equilibrium pressure 

for a given temperature. The magnitude of sorption is usually given as the amount of 

sorbate per unit amount of sorbent.  

3.3 Sorption manometry 

3.3.1 The manometric apparatus 

There are several techniques available for measuring fluid sorption; manometry and 

gravimetry are the most commonly used. The former is based on measurements of gas 

pressure in a constant volume while the latter involves measuring changes in sample 

weight. The manometric technique was used in this work as it is relatively inexpensive and, 

with careful design, the apparatus can be portable and used for in-situ scattering studies. 

The fundamental components comprising a basic manometric apparatus are shown in 

Figure 3.1.  

Reliable measurement of fluid uptake by a sample requires a leak tight, isothermal system. 

The accuracy of the uptake measurement primarily depends on the resolution of the 

pressure transducer and the accuracy of the temperature sensor. Blach and Gray [6] 

introduced rules-of-thumb for the magnitude of the volumes of the reference and sample 

chambers comprising a manometric apparatus, which, if followed, minimise systematic 
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errors in sorption measurements, particularly for low density samples. They recommend 

that the volumes of the reference chamber and empty sample chamber be roughly equal 

and large compared to the volume occupied by the sample, by a factor of at least 100. 

They also proposed a figure of merit for the sensitivity of a manometric system to changes 

in fluid uptake by a sample. Their figure of merit was developed to quantify the 

performance of hydrogenators (manometric apparatuses for measuring hydrogen uptake 

by a host material); an equivalent figure of merit for manometric CO2 sorption systems is 

presented in Section 3.3.4. 

 

 

Figure 3.1: Basic manometric apparatus 

Based on the results of a round-robin study investigating the inter-laboratory 

reproducibility of high pressure excess sorption isotherms of CO2 on coals, Gensterblum et 

al. [7] recommend that, in order to minimise the uncertainty in the measurement, the 

ratio of the sample cell void volume to the reference cell volume should be between 1 and 

10. Additionally, they recommend that the void volume in the sample cell be minimised by 

using a large amount of sample to ensure the ratio between the initial pressure and the 

pressure drop due to the sorption is as large as possible.  

3.3.2 The manometric procedure 

Prior to conducting a manometric sorption experiment, the volumes of the sample and 

reference chambers ( cellV  and refV  respectively) must be calibrated; this is typically done 

using helium or nitrogen expansion from a pre-calibrated volume. The volume occupied by 

the sample must also be accurately measured in order to determine the volume within the 
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sample chamber that will be available to the sorptive fluid, a quantity called the void 

volume ( voidV ). Methods for measuring the volume occupied by the sample and errors 

inherent in the current techniques are mentioned in Section 3.4.2 and the issue is 

examined further in Chapter 6. 

The sample under investigation is placed in the sample chamber and any gas in the system 

is evacuated. Measuring single-fluid sorption by the material involves filling the reference 

chamber ( refV , the volume between the three valves in Figure 3.1) with the sorptive fluid 

to a measured pressure and temperature and then opening the connecting valve (labelled 

C in Figure 3.1) to allow the fluid to expand into the sample chamber. The sorption of fluid 

by the sample is determined from the measured change in fluid pressure in the system, 

where system refers to the combination of the reference volume and the sample chamber 

void volume. Typically, the first step is performed with the sample chamber evacuated, 

followed by stepwise increases in pressure to produce a sorption isotherm. Subsequent 

stepwise decreases in pressure allow a desorption isotherm to be generated. As, for a 

given step, the amount of fluid sorbed by the sample is determined from the measured 

changes in bulk phase fluid pressure, it is imperative that thermodynamic equilibrium is 

reached before a subsequent step is commenced. One downside of the stepwise nature of 

the manometric approach is that each point on the isotherm is referenced to the 

preceding point and consequently any errors introduced in a single measurement are 

accumulated for the remainder of the isotherm. 

3.3.3 Calculation of excess sorption 

For each individual fluid expansion step the manometric apparatus is a closed system. 

Accordingly, the total number of moles of fluid in the system (i.e. contained in the sorbed 

and bulk phases) prior to opening the connecting valve must be equal to that after 

opening the connecting valve. The number of moles of bulk fluid in a given section of the 

apparatus is calculated from the measured pressure and temperature (provided the 

volume is pre-calibrated) using the non-ideal gas law (see Equation (2.1)). Given the 

sequential nature of the manometric method, the number of moles of bulk fluid in the 

void volume for the kth step is determined using the system pressure and temperature 

measurements from the (k – 1)th step. Therefore, for a given step, step k, we can write: 

 

 

 
  

1 1

1 1
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n

RT Z RT Z RT Z
 (3.1) 
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where P, T, V, Z and R denote pressure, temperature, volume, compressibility and the gas 

constant, respectively, the subscripts ref, void and sys respectively denote the reference, 

void and system conditions, and k
adsn  denotes the absolute number of moles of fluid 

adsorbed by the sample in step k.  

When using the manometric technique, it is not possible to distinguish whether a change 

in bulk phase molar concentration is due to the formation of a densified sorbed layer or to 

changes in the sample volume, e.g. sample swelling. In the calculation for the amount of 

fluid adsorbed by the sample presented here, the sample volume is assumed to remain 

constant throughout the pressure cycling. This assumption is the main reason Blach and 

Gray [6] suggest making cellV  large, to decrease the sensitivity of the calculated adsorption 

to an inaccurate value for samV . Accordingly, the void volume ( voidV ), which is the volume 

of sample chamber ( cellV ) that is not occupied by sample ( samV ) or adsorbed fluid ( adsV ) at 

the point in time the measurement was recorded, can be written as:  

   k k
void cell sam adsV V V V  (3.2) 

The system volume is therefore: 

    k k
sys ref cell sam adsV V V V V  (3.3) 

Applying Equations (3.2) and (3.3) in Equation (3.1) we get:  
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 (3.4) 

Rearranging Equation (3.4) for the absolute number of moles of fluid adsorbed in the thk  

step gives: 
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The number of moles of fluid adsorbed after N consecutive steps is the sum of the number 

of moles of fluid adsorbed for all steps up to and including the Nth step:  
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When performing the sum presented in Equation (3.6) for N steps, several terms cancel 

out, leaving only: 
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 (3.7) 

Typically, prior to dosing the reference volume with the first aliquot of adsorptive fluid, the 

sample cell is at vacuum. In this case, 0k
sysP  is zero and, because the sample is yet to be 

exposed to the adsorptive fluid, 0k
adsV  is also zero (i.e. no adsorption has taken place). 

Thus, for the typical case, we can write:  

  


   
           

   
1

k k N NN
ref sys sys sysN N

ads ref cell sam adsk k k k N N N N
k

ref ref sys sys sys sys sys sys

P P P P
n V V V V

RT Z RT Z RT Z RT Z
 (3.8) 

From equation (3.8) it is evident that calculation of the true (absolute) amount of fluid 

adsorbed by the sample ( N
adsn ) requires knowledge of the volume occupied by the 

adsorbed phase. Using the manometric technique, or any other of the standard 

measurement techniques for measuring adsorption, it is not possible to determine this 

volume. Therefore we must adopt the concept of excess sorption. The measurement of 

excess sorption ignores the fact that the adsorbed fluid occupies volume within the sample 

chamber, i.e.  0k
adsV  and thus  k

void cell sampleV V V  is assumed. Hence the calculation for 

excess adsorption ( N
excn ) is: 
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 (3.9) 

The relationship between the excess and absolute number of moles adsorbed is thus: 

  
sys ads

exc ads

sys sys

P V
n n

RT Z
 (3.10) 

Equivalently, Equation (3.10) can be written in terms of mass: 

  exc ads bulk adsm m V  (3.11) 
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Following Equations (3.10) and (3.11), excess sorption is an underestimate of true 

(absolute) sorption by an amount equivalent to the quantity of bulk phase fluid that would 

have occupied the volume taken up by the adsorbed fluid had it not been there (provided 

ads bulk  ). 

3.3.4 Figure of merit for the sensitivity of a manometric CO2 apparatus 

This section follows the approach presented by Blach and Gray [6] used to develop a figure 

of merit for a hydrogenator, to arrive at an equivalent figure of merit for a manometric 

CO2 sorption apparatus. The figure of merit presented below is for the sensitivity of the 

apparatus to changes in excess adsorption. 

Consider the kth step in a sorption experiment. From the instant the connecting valve is 

opened, the total number of moles of CO2 contained as either bulk fluid in the system or 

fluid adsorbed by the sample must remain constant: 

 
  

  constant

k
sys ref cell sam k

exck k
sys sys

P V V V
n

RT Z
 (3.12) 

Therefore, the change in the excess CO2 uptake by the sample for the kth step, which is 

resolved through the change in the system pressure, is given by: 

 
   

  

k
sys ref cell samk

exc k k
sys sys

P V V V
n

RT Z
 (3.13) 

If we let  0k
sysP  be the system pressure immediately after the connecting valve has been 

opened but before any sorption has occurred, and  k
sysP t  be the pressure in the system at 

a subsequent time t, we can write: 

 
       

  
0k k
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P t P V V V
n

RT Z
 (3.14) 

Rearranging equation (3.14) for the system pressure at time t yields: 
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 (3.15) 

As CO2 uptake by coal is typically measured as a weight percentage, we will convert the 

bulk phase molar change occurring in the kth step to a change in the ratio of mass of CO2 to 

mass of sample: 
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where adsM  is the molar mass of the sorptive fluid.   

Following the method of Blach and Gray [6], we denote  ks  as the slope of the isochore 

for the kth
 step: 

 


 ( ) (0)
k

k k exc
sys sys k

sam

m
P t P s

m
 (3.17) 

where the slope of the isochore is calculated as the rate of pressure change with respect 

to change in CO2 uptake (where CO2 uptake is measured as a wt%), that is:   
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 (3.18) 

The figure of merit proposed by Blach and Gray [6] is: 

  ks

P



 (3.19) 

where P  is the usable resolution of the pressure transducer. Blach and Gray [6] consider 

100  as a suitable rule of thumb for obtaining high quality hydrogen sorption 

isotherms. The value of 100  was based on a molar hydrogen to host ratio of 1 and 

chosen such that over the full sorption isotherm the minimum drop in pressure owing to 

hydrogen sorption was as least 100 times the accuracy of the pressure transducer, 

i.e. 


 100k

H
s P

X
 , where 

H

X
 is the change in hydrogen to host ratio over the entire 

sorption isotherm and is approximated to be 1. If we approximate the total uptake of CO2 

by a sample to be 10 wt% we have: 
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 (3.20) 

Therefore, the equivalent figure of merit for a manometric CO2 sorption system (assuming 

an excess adsorption of 10 wt%) is   = 1000.  
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To determine the minimum mass of sample required to obtain high quality CO2 sorption 

isotherms for a particular manometric system, we rearrange equation (3.18) as follows: 
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 (3.21) 

It is important to note that, in a typical hydrogen sorption experiment, the compressibility 

of hydrogen does not deviate far from 1 and therefore the isochore is roughly linear. On 

the contrary, the compressibility of carbon dioxide varies significantly over the typical 

experimental temperature and pressure ranges applied for CO2 sorption on coals and 

other carbons. Therefore, the slope of the isochore is dependent on pressure and will be 

different for each step of the sorption isotherm. As the compressibility value decreases, 

the slope of the isochore is reduced and consequently the figure of merit for the system is 

also reduced. To account for this, when applying the figure of merit to a system involving a 

non-ideal gas, the worst case scenario for the system, i.e. the lowest experimental 

compressibility value, will be considered. 

3.4 Causes and consequences of experimental errors 

3.4.1 System volumes 

Calibration of the reference and sample cell volumes of a manometric apparatus is 

fundamental to its accuracy. Provided the system is isothermal (e.g. totally immersed in a 



ADSORPTION  27 

 
 

spatially homogeneous temperature-controlled bath), calibrating the appropriate volumes 

is relatively simple and typically achieved using gas expansion from an accurately known 

calibration volume. The accuracy of this type of volume calibration depends on the 

accuracy of the pressure and temperature measurements and the accuracy of the 

calibration volume. When performing calibrations and sorption experiments, 

measurements should be recorded with the valves consistently opened or closed to the 

same extent to avoid changes in the system’s volumes.  

3.4.2 Defining and determining sample volume 

As discussed in Section 3.3.3, to construct a sorption isotherm from manometric P and T 

measurements, the volume occupied by the sample must be known in order to determine 

the system’s void volume. Determining the sample’s volume is not trivial, particularly for 

highly porous materials. It is common practice to use low pressure helium expansion at 

ambient temperature and assume that He adsorption by the sample is negligible under the 

experimental conditions. However, several groups (e.g. [8-11]) have demonstrated that 

this is not always a valid assumption and can lead to errors in the subsequently obtained 

excess sorption isotherms. This issue is investigated in Chapter 6. Another problem 

stemming from the use of helium expansion to determine the sample/void volume is that 

helium, being the smallest known fluid molecule, can access more pores than the sorptive 

fluid of interest. This results in a negative offset being added to the excess sorption [12]. 

Owing to their high bulk densities, the calculation of excess sorption of supercritical fluids 

strongly depends on the definition of samV  (as the value of samV  directly impacts the 

calculation of the amount of bulk fluid displaced by the sample). 

3.4.3 Changes in sample volume 

As discussed in Section 2.2.7, coals have been observed to swell in the presence of CO2. On 

the contrary, high pressure exposure to other fluids may result in mechanical compression 

or shrinkage of the adsorbent, e.g. [13, 14]. Sample swelling or compression may affect the 

sample volume in two different ways; the most obvious being an increase or decrease in 

the bulk dimensions of the adsorbent, the other being a widening and/or narrowing of 

pores and pore apertures which effectively modifies the internal volume accessible to the 

adsorptive fluid. Ozdemir et al. [15] present an adsorption isotherm equation which 

accounts for the volume effects which may occur when an adsorbate alters the volume of 
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an adsorbent. Applying their model to volumetric sorption measurements obtained for 

Argonne Premium coal samples at 22°C and pressures up to 35 bar, they found that the 

volume accessible to CO2 was always larger than that measured initially by He expansion. 

Day et al. [16] fitted a modified Dubinin-Radushkevich model to excess CO2 sorption data 

for Hunter Valley coal at 55°C and found that (i) there was very little difference between 

the corrected and uncorrected isotherms for P < 50 bar despite the fact that most of the 

swelling had already occurred (owing to the relatively low bulk fluid density in this 

pressure range), and (ii) the consequence of swelling was very noticeable at higher 

pressures, reporting a 30% difference in the uncorrected and corrected sorption capacity 

at 150 bar. In a coal seam, where the swelling is largely constrained (except into cleats), 

the sorption ability of coal for CO2 might be expected to be reduced [12]. 

3.4.4 Temperature 

In both manometric and gravimetric systems, the density of bulk fluid is determined from 

P and T measurements using an equation of state. Owing to the large variation in 

compressibility around the critical temperature, the density calculation and hence 

estimated sorption capacity is particularly vulnerable to errors in this region. For isotherms 

conducted at a temperature close to the critical temperature, a relatively small error in the 

temperature measurement or a temperature gradient within the system has the potential 

to distort the isotherm drastically. Sakurovs et al. [12] suggest that the accuracy of the 

temperature measurement has to be better than 0.1°C to avoid excessive errors in 

calculated sorption capacities. If this is the case, the temperature uniformity of the system 

should also be within 0.1°C. Temperature errors also have the potential to complicate the 

interpretation of sorption data as the sorption capacity of coals has been reported to be 

temperature dependant, decreasing with increasing temperature [17].  

3.4.5 Impurities in the adsorptive fluid 

Impurities in the adsorptive fluid can arise from a variety of sources, e.g. directly from the 

compressed gas cylinder, incomplete evacuation of the system prior to starting the 

experiment and residual He pressure from volume calibrations. The presence of impurities 

affects the equation of state of the bulk fluid and thus introduces error in the excess 

sorption isotherm. According to Van Hemert et al. [18] who measured excess CO2 sorption 

on Filtrasorb 400 activated carbon at 45°C and pressures up to 180 bar, the error 

introduced by remnant He is much larger than that associated with impurities in the 
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bottled CO2 and air contamination. However, in the same publication they disclose that 

0.15 – 0.25 bar of He pressure remains in their sample cell after evacuation. Such a large 

amount of residual helium after evacuation seems unfitting, particularly given the article, 

published in 2009, is titled “Improved manometric setup for the accurate determination of 

supercritical carbon dioxide sorption”.  

3.5 Interpretation of physisorption isotherms 

3.5.1 Types of (absolute) physisorption isotherms 

The shape of a physisorption isotherm is determined by the pore size distribution and 

surface character of the material under investigation. According to the IUPAC classification 

(after Sing et al. [19]), there are six main types of gas physisorption isotherms, these are 

illustrated in Figure 3.2.  

 

Figure 3.2: The classification of physisorption isotherms defined by the IUPAC [19]. 

Type I isotherms are typical for an adsorbent material in which the primary mechanism of 

fluid adsorption is micropore filling. The onset of the almost horizontal plateau at 

relatively low partial pressure is a clear indication of a very small external surface area and 

the absence of any significant mesoporosity [1]. Type II isotherms are generally obtained 

for non-porous or macroporous adsorbents. The point of inflection (indicated by Point B in 

Figure 3.2) is considered to signify the completion of a monolayer and the onset of 

B 



30  CHAPTER 3. 

multilayer adsorption. Type III isotherms are generated when adsorbent-adsorbate 

interactions are relatively weak and adsorbate-adsorbate interactions play an important 

role. The Type IV isotherm is similar to the Type II isotherm in the lower partial pressure 

region, however exhibits hysteresis at higher partial pressures. This type of isotherm is 

typical for a mesoporous adsorbent where hysteresis is a consequence of irreversible 

capillary condensation in the mesopores. The Type V isotherm, comparable to Type III, 

indicates weak adsorbent-adsorbate interactions, however hysteresis is observed in the 

higher partial pressure region owing to the mechanism of pore filling and emptying. 

Type VI isotherms reflect layer-by-layer adsorption by a homogeneous surface material.  

The adsorbents investigated in this thesis, i.e. coals and activated carbons, are primarily 

microporous. Consequently, the absolute sorption isotherms will be dominated by Type I 

character, however, other types of sorption behaviour may be contributing to the 

measured isotherm owing to mesopores, macropores and cleats in coal.  

3.5.2 The shape of excess versus absolute sorption isotherms 

Here we will consider the shape of a Type I isotherm in terms of absolute and excess 

adsorption and what the different features correspond to.  

As we know, the magnitude of the absolute adsorption corresponds to the amount of fluid 

in the vicinity of the adsorbent’s surface that is at a density different to that of the bulk 

fluid. As the bulk pressure is increased, there comes a point where the adsorbed phase 

extends far enough from the surface of the material that the surrounding bulk phase no 

longer feels the attraction of the surface. At this point, the absolute adsorption capacity of 

the material has reached its maximum and further increases in the bulk pressure result 

only in an increase in the amount of bulk adsorbate residing in the void (minus adsorbed 

phase) volume. This gives rise to the plateau in the Type I absolute adsorption isotherm.  

Based on the relationship between absolute and excess sorption (Equations (3.10) and 

(3.11)), there will be a turning point in the excess sorption isotherm when the number of 

moles of sorptive fluid entering the adsorbed phase is equal to the number of moles of 

bulk fluid that are displaced by the presence of that increase in adsorbed phase. 

Furthermore, if the volume and density of the adsorbed phase (i.e. adsV  and ads ) are 

constant when the pressure/bulk density is increased beyond that required to saturate the 

absolute adsorption isotherm, then, in this given pressure/bulk density region 

exc bulkn  . Thus, beyond (absolute) saturation conditions, the volume of the adsorbed 
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phase can be obtained from the linear region of the graph of excess sorption versus bulk 

fluid density. If high enough experimental pressures are reached, the excess sorption will 

pass through zero when the bulk fluid density reaches that of the adsorbed phase 

(i.e. bulk ads  ). Figure 3.3 illustrates this type of behaviour. If the excess isotherm falls 

short of passing through zero, extrapolation of the linear region of the graph can provide 

an estimate of the adsorbed phase density. Sudibandiryo et al. [20] applied this method to 

an excess CO2 sorption isotherm measured for a dry bituminous coal-based activated 

carbon (Filtrasorb 400) at 45°C and obtained ads  = 1.02 g/cm3. This value, which they 

label the “graphical estimate from the Gibbs adsorption isotherm”, is between that 

generated by the Ono-Kondo model and the van der Waals covolume method (which yield 

ads  = 0.996 and 1.03 g/cm3 respectively) [20]. 

 

Figure 3.3: Schematic diagram of excess versus absolute sorption behaviour. 

3.5.3 The Dubinin−Radushkevich equation 

The Dubinin−Radushkevich (DR) equation is one of the most popular isotherm equations 

for describing gas adsorption by microporous materials, particularly those of carbonaceous 

origin. The equation stems from the theory of volume filling of micropores (TVFM) [21], 

which postulates that the mechanism for adsorption is that of pore-filling rather than layer 

by layer surface coverage. In micropores, the adsorption potentials of dispersion forces are 

enhanced due to the overlap of the atomic potentials from the opposite pore walls and 

interactions between the adsorbed molecules [22]. On the assumption that the pore size 

distribution is Guassian, the classic DR equation [22] takes the form: 
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where W represents the volume of the adsorbed phase at temperature T and partial 

pressure sP P , 0W  is the total volume of the micropores,   is an affinity constant for the 

gas to the adsorbent, E  is the heat of adsorption and A  is the differential molar work, 

expressed as: 

 
 

  
 

ln sP
A RT

P
 (3.23) 

where R  is the universal gas constant.  

Sakurovs et al. [17, 23] write the DR equation in a different form, which will be adopted for 

the remainder of this thesis (here however, the terms adsW , g  and a  in [17, 23] will be 

replaced with excW , bulk  and ads  respectively to be consistent with the terminology used 

in Section 3.3.3): 

          
2

0 1 exp lnexc bulk ads sW W D P P   (3.24) 

where excW  is the excess adsorption per unit mass of adsorbent, 0W  is the maximum 

sorption capacity (per unit mass of adsorbent), bulk  is the bulk phase gas density, ads  is 

the density of the adsorbed phase, sP  is the saturation pressure (equal to the pressure at 

which the gas condenses at the temperature of the test), P  is the pressure and D  is a 

constant (  
2

D RT E ). The term  1 bulk ads   accounts for the fact that the 

adsorbed phase occupies volume that would otherwise be occupied by bulk fluid and 

hence converts the absolute adsorption term (W  in Equation (3.22)) to an excess sorption 

term ( excW  in Equation (3.24)). 

The drawback of the DR equation is that it is limited to sub-critical fluids at pressures lower 

than the saturation pressure. To overcome this problem, Sakurovs et al. [23] proposed 

that the sP  term be replaced by the adsorbed phase density ( ads ) and likewise pressure    

( P ) by density ( bulk ): 

          
2

0 1 exp lnexc bulk ads bulk adsW W D     (3.25) 
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They [23] further proposed the addition of a term proportional to the fluid density to yield 

what they refer to as the DR/Henry Hybrid or DR+k equation:  

          
2

0 1 exp lnexc bulk ads bulk ads bulkW W D k      (3.26) 

where k  is the difference between the volume of adsorbent accessible to the adsorptive 

fluid and that accessible to helium, but also includes any errors in the helium density and 

the free space volume [12]. Sakurovs et al. [23] applied Equations (3.25) and (3.26) to CO2 

adsorption isotherms obtained for 3 coals at 53°C and pressures up to 200 bar and found 

that the addition of the k  term significantly improved the fit: the data were fitted by the 

DR+k equation to within 1% of the sorption capacity across the isotherm in nearly all cases, 

while without the k term the sorption at high pressure was substantially under-predicted.    
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4. Small-angle scattering 

4.1 Introduction 

When a beam of X-rays (or neutrons) traverses an inhomogeneous material, some of the 

X-rays (or neutrons) are attenuated by either absorption or scattering while the remainder 

are transmitted. Both the scattered and the transmitted radiation provide useful 

information about the material under investigation. The non-invasive technique of small-

angle X-ray scattering (SAXS) was used in this research to investigate pore-size-specific 

fluid invasion and adsorption in porous carbons. Such application is relatively recent, with 

most, if not all, of the prior work being carried out using neutrons as the probe source 

(small-angle neutron scattering, SANS).  

This chapter begins with a brief introduction to small-angle scattering (SAS) theory, 

generally applicable to both SAXS and SANS. Next, the models used to interpret small-

angle scattering by porous media will be presented in detail. Following this is a discussion 

on how the transmission of a multi-component system is calculated and how transmission 

measurements recorded during fluid sorption can be used to arrive at a value for the 

average density of fluid in the system and hence be used to obtain a sorption isotherm.  

4.2 General theory and terminology 

4.2.1 The scattering vector 

In a small-angle scattering experiment, a beam of monochromatic radiation (whether it be 

X-rays, neutrons or light) is incident on the sample under investigation. Some of the 

radiation is absorbed by the medium through which it traversed while the remainder is 

either transmitted without any phase change or elastically scattered. Small-angle 

scattering arises from inhomogeneities present in the sample: in the case of X-rays, 

neutrons and light, the scattering arises from fluctuations in the electronic density, nuclear 

scattering cross section and refractive index, respectively. The intensity and angular 

distribution of the scattered radiation depend on the magnitude of the relevant 
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fluctuations present in the irradiated voxel of sample and on the sizes of the regions over 

which these fluctuations occur [1]. For this reason, small-angle scattering techniques have 

become a popular tool for characterising heterogeneous materials. 

The incident and scattered radiation differ only by their phase,  , which is 2   times 

the difference between the optical path and some arbitrary reference point [2]. If we 

denote 0k̂  and k̂  as the unit vectors in the direction of the incident and scattered 

radiation respectively, then the scattering vector, Q , is defined as:  

    0

2 ˆ ˆQ k k



 (4.1) 

where   is the wavelength of the radiation. To be consistent with terminology used in 

crystallography, the scattering angle is defined by 2 , as shown in Figure 4.1. Using basic 

trigonometry, the magnitude of   0
ˆ ˆk k  is 2sin . Therefore, the magnitude of the 

scattering vector is: 

  
4 sin

Q Q
 


 (4.2) 

As we are only concerned with the scattering that occurs at small-angles   5 , 

sin  , and the corresponding Q -values are also small. Thus, as Q  is a reciprocal space 

parameter, small-angle scattering is used to examine large structural features. The size of 

objects accessible with a modern SAS apparatus extends from about 1 nm to 300 nm [3]. 

Ultra-small-angle scattering instruments (USANS or USAXS) can probe linear size ranges 

from about 300 nm to 30 m [3].  

 

 

Figure 4.1: Schematic of a SAS experiment 
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4.2.2 The scattering profile 

In a typical SAS experiment, the intensity of scattered radiation is measured by an area 

detector (e.g. CCD detector) resulting in a two-dimensional scattering pattern, an example 

of which is shown in Figure 4.2. The two-dimensional scattering pattern is then radially 

(azimuthally) averaged to produce a one-dimensional scattering profile, I(Q). A photodiode 

is placed in the beam stop position to (i) ensure that the CCD detector is not damaged by 

the high-intensity transmitted central beam, and (ii) provide a measurement of the 

transmitted beam intensity.   

 

Figure 4.2: An example of a raw SAXS pattern. This particular image is of the Bulli 4 
coal sample investigated in the SAXS experiment detailed in Appendices A and B.  

The measured I(Q) profiles contain scattering and background contributions from many 

sources especially, in the case of in-situ measurements, the sample environment. 

Extracting the true sample scattering is then not a trivial process. Section 4.3.6 outlines the 

procedure for extracting the true sample scattering and normalising the scattering data. 

Scattering profiles can furthermore be plotted on an absolute scale by calibrating the 

measured scattered intensity against that measured for a pre-calibrated standard. 

Converting the data to absolute units is desirable as it enables direct comparisons 

between different samples measured at different times on different instruments. In cases 

where the sample under investigation is inside a cell, the process required to convert the 

true sample scattering data into absolute units is complex and requires additional 

measurements performed on the empty cell and with a standard material in the cell.  

Analysis of a scattering profile requires the use of a correlation function to describe the 

average distribution of matter in the sample under investigation. The concept of the 
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correlation function is introduced in Section 4.3.1 and then applied in two-phase and 

three-phase models in Sections 4.3.2 and 4.3.5 respectively. For now it will suffice to say 

that the correlation function can be obtained by taking the Fourier Transform of the 

scattered intensity. 

4.2.3 Relationship between reciprocal space and real space 

A sample containing periodic features, such as the atoms in a crystal lattice, gives rise to 

sharp peaks in the scattering profile. This phenomenon is described by Bragg’s Law, which 

shows that constructive interference of the radiation scattered from successive repeat 

features (separated by a distance d ) occurs when the path difference is an integer number 

( n ) of wavelengths:  

 2 sind n   (4.3) 

where 2d . Given the equation for the magnitude of the scattering vector (Equation 

(4.2)), it can be determined that the sharp peaks arising from the periodic features will be 

centred at 2Q n d . Therefore, for periodic features, the conversion from reciprocal 

space to real space is straightforward, i.e. 2d Q .  

As coal is primarily an amorphous mixture of organic matter containing an inter-connected 

network of voids (pores), the scattering profile arising from a coal sample does not 

typically contain sharp peaks except from crystalline inclusions. For a scattering system 

comprised of non-periodic particles (or features), the scattering profile of every particle 

extends over a broad range of Q-values and consequently specific geometrical models are 

required in order to determine the characteristic sizes of the particles contributing to the 

scattered intensity at a given Q-value [4].  

Pfeifer and Avnir [5] introduced the application of fractals, which are characterised by self-

similarity over many length scales [6], to the study of porous materials in 1983. The next 

year, Bale and Schmidt [7] published SAXS data for Beulah lignite coal which exhibited 

power law scattering (
  


3.44 0.03

I Q ) over many orders of magnitude of Q and they 

demonstrated that the scattering could be considered as arising from a system of pores 

with boundary surfaces which are fractals. It has since been observed that many coals 

have surface fractal type microstructure (e.g. [3, 8, 9]) which, for small-angle scattering, 

can be simulated using a polydisperse spherical pore model [10]. Using this model, 
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Radlinski et al. [4] found that for rough fractal surfaces the scattered intensity at a given Q-

value, 0Q , is dominated by spheres of radius  02.5R Q  (with ±50% spread in R values).  

4.2.4 Advantages of SAXS relative to SANS 

The fundamental difference between SAXS and SANS is the cause of scattering: SAXS 

arising from fluctuations in electron density; SANS arising from fluctuations in nuclear 

scattering cross section. Accordingly, in SAXS and SANS, scattering centres of a given size 

and shape contribute to scattering across the same angular distribution, however the 

scattering intensities are not proportional. When studying fluid adsorption in porous 

materials, this property alters the condition required to contrast match the pore-confined 

fluid with the solid matrix of the porous material. Contrast matching is a phenomenon that 

occurs when the electron density (for X-rays) or scattering cross section (for neutrons) of 

the pore-confined fluid is homogeneously distributed throughout the pore space and is 

equal to that of the porous solid. In this scenario, the beam traversing the material sees no 

fluctuations in the relevant scattering property and therefore is not scattered. The 

conditions for contrast matching will be discussed further in Section 4.3.3.   

A further difference between SAXS and SANS is the typical size of the irradiated scattering 

volume, or illuminated voxel, arising in the very high photon flux that is generally available, 

compared to neutron fluxes. In a typical SAXS experiment, like the one presented in 

Chapter 8, the sample thickness is a fraction of a millimetre (e.g. 0.5 mm) and the beam 

spot may be reduced to several hundred m2. In SANS however, the sample thickness and 

beam size are much larger, generally several mm and 1 cm2 respectively. For this reason, 

SAXS data can provide volume-resolved information with a gauge volume < 1mm3 while 

SANS data are necessarily averaged over a much larger volume of sample. This is an 

important distinction when studying macroscopically inhomogeneous materials such as 

coals. 

4.3 Interpretation of SAS by porous materials 

4.3.1 The correlation function 

To analyse the small-angle scattering of radiation by an inhomogeneous material, Debye 

and Bueche [1] introduced the concept of the correlation function. The role of the 
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correlation function, (r), is analogous to that of the structure factor for crystals. In fact, 

(r) is the only microstructural quantity of the system that contributes to the measured 

scattered intensity. More specifically, it provides a reciprocal-space measure of the degree 

of correlation between fluctuations in the appropriate physical property (electron density 

for X-rays, nuclear scattering length density for neutrons) as a function of their distance of 

separation (r). It has no physical dimensions and can take any value from 0 to 1; being 0 

when r is very large, and approaching 1 as r approaches 0. The scattered intensity is 

related to (r) by a Fourier transform. To understand how the correlation function is 

applied in the analysis of SAS data, we will first consider the simplest heterogeneous 

sample: a two-phase system. 

4.3.2 Two-phase model 

A volume, V, comprised of two different substances (denoted by the subscripts 1 and 2) 

each possessing constant electron density ( 1
e  and 2

e ) throughout the fraction of the 

total scattering volume it occupies ( 1  and 2 , where  1 2 1  ), constitutes a two-

phase system. When investigating porous materials, the assumption of uniform electron 

density throughout the (chemically uniform) solid porous network is valid in the small-

angle scattering regime, as effects due to the varying electron density connected with the 

atomic structure of the constituent materials only become apparent at larger angles, that 

is, in the wide-angle scattering regime.  

Consider two randomly selected points, A (at location Ar ) and B (at location Br ), 

separated by a distance r (  A Br r r ). Here we will consider the case applicable to X-

rays, where the observed scattering arises from fluctuations in electron density. The 

average electron density of the scattering volume is given by  1 1 2 2
e e e     . At point 

A, the magnitude of the electron density fluctuation from the average for the scattering 

volume is     e e
A AA Ar r   , and likewise for point B,     e e

B BB Br r   . For a 

fixed length r, the correlation function [1, 11],  r , is defined such that: 

   2
A Br     (4.4) 

where 2  is the mean square electron density fluctuation from the average for the 

scattering volume (i.e.   
2

2 e e
i i

i

     for a system comprised of i homogeneous 
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phases) and A B   is the average of the product of the two fluctuations. For a more visual 

interpretation, A B   is found by moving points A and B around within the scattering 

volume a large number of times, while maintaining a fixed separation r, and taking the 

average value of A B  . Obviously this average will depend on the distance r: if  0r  we 

will have  2
A B   , defining   0 1 ; if r is large we will have  0A B  , because as r 

increases A  and B  begin to vary quite independently and accordingly  1r . The 

correlation function is thus a dimensionless parameter which indicates the average 

extension of the inhomogeneities within the scattering volume.  

Now, following the method first presented by Debye, Anderson and Brumberger [11], 

consider the possible outcomes as we move the points A and B around within our two-

phase scattering volume, while maintaining fixed separation. There are four permutations 

in total: both A and B are located in phase 1; A is in phase 1 and B is in phase 2; A is in 

phase 2 and B is in phase 1; or both A and B are located in phase 2. Given that point A is in 

phase i, the conditional probability that point B (a distance r away) is in phase j will be 

denoted  ijP r , where i and j can each represent phase 1 or phase 2.  

If points A and B are both randomly selected anywhere within the entire scattering 

volume, then the probability of point A being in phase i and point B being in phase j, 

denoted  ijP r  and called the absolute probability, is simply the abovementioned 

conditional probability multiplied by the probability of point A residing in phase i. The 

probability of a point residing in a particular phase is simply the volume fraction of that 

phase. Accordingly, we can write the absolute probability of A being in phase i and B being 

in phase j in terms of the conditional probability as follows: 

    ij i ijP r P r  (4.5) 

Taking into account all possible outcomes for A and B, we can form the average of A B       

( A B   in Equation (4.4)) and write the correlation function as: 

    2

,
ij i j

i j

r P r    (4.6) 
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where for a two-phase system i and j can each be phase 1 or phase 2. Thus, incorporating 

the fact that 12P  and 21P  are equally probable, the correlation function for a two-phase 

system takes the form: 

          2 2 2
11 1 12 1 2 22 22r P r P r P r      (4.7) 

For a two-phase system, 1  and 2  can be simplified as follows: 
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    (4.8) 

where  e  is the scattering contrast term:  

   1 2
e e e    (4.9) 

To further simplify Equation (4.7), we introduce a new term: the spatial correlation 

function. The spatial correlation function,  0 r , is defined such that:  

     11 1 2 0P r r    (4.10) 

Using this relationship, we can also write expressions for  12P r ,  21P r  and  22P r  in 

terms of the spatial correlation function as follows: 
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  →     12 2 2 0P r r      (4.11) 
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  →     21 1 1 0P r r      (4.12) 
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  →     22 2 1 0P r r      (4.13) 

By converting the absolute probabilities in Equations (4.10) to (4.13) to conditional 

probabilities using Equation (4.5) and substituting the obtained values into Equation (4.7), 

as well as also substituting in the simplified values of 1  and 2  presented in Equation 

(4.8), we arrive at a relatively simple solution of  2 r   for a two-phase system: 

           

   

           

 

2 22
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r

                     

   

  (4.14) 

using  1 2 1  . 

According to the classical theory of scattering [12], the intensity of X-rays scattered by an 

illuminated voxel of volume V, can be represented by the integral: 

     
iQ r

A Be A BV V
I Q I e dr dr   (4.15) 

where eI  is the coherent scattering amplitude of a single electron ( 2 2
04e mc ). Given 

Equations (4.4), (4.14) and (4.15), the scattered intensity for a two-phase system takes the 

form: 

       
2

1 2 0
e iQ r

e V
I Q I V e dr     (4.16) 

For an isotropic sample, the phase factor, iQ re , can be replaced by its average taken over 

all directions of r [13],  

  
siniQ r Qr

e
Qr

 (4.17) 

giving the scattered intensity as: 

    


  
2 2

1 2 0

0

sin
4e

e

Qr
I Q I V r dr

Qr
      (4.18) 
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The integral in Equation (4.18) is called the form factor. The form factor is a function 

defined by the geometry and spatial distribution of the two phases within the examined 

volume of the sample. The magnitude of the contrast term sets the scale of the total 

scattered intensity while the form factor determines its angular distribution.   

Now let’s consider a sorption experiment involving fluid injection into a porous material. If 

it is reasonable to assume that the porous material and the pore-confined fluid each have 

uniform electron density, i.e. there is no fluid densification in the vicinity of the pore-wall 

interface, then the system can be considered as two-phase. Furthermore, as the scattered 

intensity at a given small Q-value arises primarily from pores in a narrow size range [4] (see 

Section 4.2.3), the two-phase model constraint of the uniformity of electron distribution 

throughout the whole pore-confined fluid can be approximately replaced by the 

requirement of uniformity across similar-sized pores.  

If the abovementioned restrictions hold for the porous material (denoted by the subscript 

matrix from here on) and pore-confined fluid (denoted by the subscript pcf), and no 

significant structural changes (e.g. sample swelling) occur during fluid injection, then the 

form factor is constant regardless of the density of the invading fluid since 0  depends 

only on spatial variables. Consequently the scattered intensity for a particular Q-value, Q0, 

is proportional to the scattering contrast term: 

         
2 2

0
e e e

matrix pcfI Q     (4.19) 

As the mass density and hence the electron density of the pore-confined phase ( pcf  and 

e
pcf  respectively) may be different from that of the equation-of-state density for bulk fluid 

( bulk  and e
bulk  respectively), it is convenient to write Equation (4.19) as follows: 
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 (4.20) 

Using the relationship between electron density and mass density, Equation (4.20) can be 

written as a function of the bulk fluid density: 
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 (4.21) 
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where  matrix pcf pcf matrixk Z M Z M  and Z  and M  denote atomic number and molar mass 

respectively. 

Following Equation (4.21), if the electron density of the porous matrix remains constant at 

all fluid pressures, linearity of the plot of  0I Q  versus bulk-phase fluid density ( bulk ) 

indicates a constant ratio of the pore-confined fluid to bulk fluid density in pores with 

corresponding size. We call this ratio, pcf bulk  , the densification factor [14].  

Given linearity of the abovementioned plot, the densification factor is proportional to its 

slope, but cannot be determined solely from the slope as the constant terms in Equation 

(4.18) cannot be calculated without knowledge of the geometry or spatial distribution of 

the matrix/pore network. Computing the densification factor involves two steps: (1) 

calculating the fluid density required to achieve contrast matching with the porous 

material ( pcf  in Equation (4.26) presented in the following section), and (2) dividing pcf  

calculated in the previous step by the applied bulk density at which the experimental 

intensity vanishes, i.e. bulk  when   0 0I Q . The calculated densification factor may be 

different for different Q0-values, enabling the densification factor to be obtained as a 

function of pore-size. If the range of experimental data does not reach the contrast match 

point, the plot of  0I Q  versus bulk  must be linearly extrapolated to determine the bulk 

phase density at which contrast matching would have occurred had the experiment been 

taken to higher pressures (larger bulk phase densities). 

4.3.3 Determining the contrast match point of two materials 

Given a material comprised of n different elements (i), the density of electrons per unit 

volume of material, e , can be determined as follows: 

 


 
1

n
e i i

Av
i i

f Z
N

M
   (4.22) 

where   is the skeletal1 mass density of the material, AvN  is Avagadro’s number, and if , 

iZ  and iM  are the atomic fraction, atomic number and molar mass of the ith element 

respectively.  

                                                           
1
 Meaning the volume occupied by the atoms that make up the material. 
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In SAXS or SANS, the contrast match point for a two-phase system comprised of a porous 

sample (matrix) and pore-confined fluid (pcf) occurs when the scattering length densities, 

 * r , of the two materials are equal: 

    * *
matrix pcfr r   (4.23) 

Thus for SAXS: 
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2 2
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e e
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e e

mc mc
 

 
 (4.24) 

where the factor  2 2
04e mc  is the Thomson scattering length of the electron ( eI  in the 

equations for  I Q ) and e  is the density of electrons per unit volume of material. 

Therefore, contrast matching in a two-phase system is achieved when the electron 

densities of the two materials are equal: 
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 (4.25) 

where matrix  is the skeletal density of the solid matrix containing n different elements of 

atomic fraction, atomic number and molar mass if , iZ  and iM  respectively, and pcf  is 

the density of the pore-confined fluid comprising m different elements of atomic fraction, 

atomic number and molar mass jf , jZ  and jM  respectively. 

Given Equation (4.25), if the elemental composition and skeletal density of the solid matrix 

are known, then the density of pore-confined fluid required to contrast match the matrix 

can be determined as follows: 

 
 

  
     

   
 

1 1

n m
ji i

pcf matrix
i ji j jmatrix pcf

Mf Z

M f Z
   (4.26) 

4.3.4 Power law scattering 

A broad distribution of pores, such as those found in many coals, can represent a fractal 

system. The property defining a fractal is that it appears to be the same after a 

transformation of scale. This property is often referred to as ‘self-similarity’. Theoretical 
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derivations have found that both surface and mass fractal systems, provided they are two-

phase, yield power law scattering. Surface fractals are bulk objects with a rough surface, 

the roughness being scale invariant [15]. For surface fractals the majority of the building 

blocks remain in the bulk, while for mass fractals the majority of the building blocks are 

exposed to the surface [15].  

Real fractal materials only exhibit power law scattering over a limited Q  range, which 

reflects the existence of the lower and upper size limits of the fractal behaviour. These are, 

at their extremes, bounded by (i) the size of the smallest building block and (ii) the total 

linear diameter of the object, respectively. Power law scattering (  SI Q ) appears as a 

constant negative slope (of magnitude S) when SAS data are graphed on a log-log scale. In 

the Q  range within which power law scattering is observed,  3 4S  indicates a surface 

fractal, while 3S  indicates a mass fractal [15]. Surface fractals are more commonly 

represented by the form  


(6 )sDI Q , where sD  is the surface fractal dimension                     

(  2 3sD ) [7]. For a perfectly smooth surface (or pore-boundary), 2sD  and the 

classical Porod limit,  4I Q , is reproduced.  

Bale and Schmidt [7] presented one of the first examples of surface fractal microstructure. 

They applied fractal analysis to their scattering data obtained for a lignite coal, which 

exhibited power law behaviour over more than 7 orders of magnitude in intensity, and 

found that the pore system could be described as being bounded by surfaces with a fractal 

dimension 2.56 ± 0.03.  

4.3.5 Three-phase model 

An extension of the two-phase formalism to model a heterogeneous sample with three 

phases, e.g. matrix, densified fluid layer in the vicinity of pore-wall regions and bulk phase 

fluid, is very desirable. Only one such model has been published [16] and this proves to 

contain errors. We follow the developments by Wu [16], where the three-phase 

correlation function is expressed in terms of the correlation functions of each of the 

constituent phases. The correlation function for a given phase is treated with a somewhat 

“mean field” approach, where all phases other than the one in question are considered to 

comprise a single phase. With this approach, the spatial correlation function for phase i, 

 i r , is defined such that:  
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        1ii i i iP r r    (4.27) 

where i represents any one of the three phases and the definition of  iiP r  is consistent 

with that used in the two-phase model, i.e. it is the probability that given point A is located 

in phase i, point B a distance r away is also located in phase i. Denoting  
iiP r  as the 

probability that point B is located outside phase i given that point A is also located outside 

phase i: 

        ' 1ii i i iP r r    (4.28) 

The absolute probabilities of points A and B both being located inside or outside phase i 

are  

             1ii i ii i i i iP r P r r      (4.29) 

and 

                    1ii j k ii j k i i iP r P r r        (4.30) 

respectively. To obtain an expression for  jkP r  in terms of the spatial correlation 

functions, we can use the following probabilistic relationship: 

        jk j k ii jj kkP r P P P   (4.31) 

which simply states that, if points A and B (separated by a distance r) are randomly 

assigned positions inside the scattering volume, the probability of point A residing in phase 

j and point B residing in phase k is equal to the probability of both points not being located 

in phase i minus the probability of both points being located in either phase j or phase k. 

Due to the probabilistic nature of the problem:  

    jk kjP r P r  (4.32) 

and expressions for  ijP r ,  jiP r ,  ikP r  and  kiP r  can be obtained in an analogous 

fashion.  

In a given phase, say i, the deviation of the electron density from the average for the 

scattering volume is:   
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 (4.33) 

According to Wu’s publication [16], performing the summation in Equation (4.6) where i 

and  j can now each be phase 1, 2 or 3 (using the definitions provided in Equations (4.28), 

(4.29), (4.31) and (4.33)) yields the following expression for the correlation function of a 

three-phase system:   
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 (4.34) 

Wu [16] subsequently states that a Fourier transform of Equation (4.34) yields the 

scattered intensity for isotropic cases as: 
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 (4.35) 

Expressions (4.34) and (4.35) can be reduced to those for a two-phase system by making 

the electron densities of two of the phases equal. The author performed the same 

summation in Equation (4.6) and could not reproduce Equation (4.34) (and consequently 

Equation (4.35)) published by Wu [16]. Instead the author produced:  
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 (4.36) 

which is not equivalent to Equation (4.34). To test the conflicting results for the 

summation, realistic values for all variables were input into (i) the full sum, Equation (4.6), 

(ii) Wu’s published result, Equation (4.34) and (iii) the authors’ result, Equation (4.36). 

Table 4.1 presents one set of values used in the test. 
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Variable Test value 

1  1.4 

2  1.0 

3  0.1 

1  0.7 

2  0.1 

3  0.2 

1  0.5 

2  0.2 

3  0.3 

Table 4.1: One set of values used to test the conflicting three-phase model equations 

Using the values presented in Table 4.1, both the full summation and Equation (4.36) 

yielded   2 0.0667r  , while Wu’s equation produced   2 0.1043r  . Several 

different sets of realistic values were tested and each time the numerical value resulting 

from the full summation was the same as that output using Equation (4.36) while Wu’s 

equation produced a different value. This simple test indicates that the equation published 

by Wu is incorrect. Several research groups, e.g. [17-21], have applied Wu’s equations to 

their scattering data and their findings must therefore be questioned.  

The three-phase model (with Wu’s errors corrected) was studied in detail with the aim to 

apply it to scattering data obtained during fluid adsorption by a porous material whilst 

conducting an isotherm in situ. To satisfy the conditions of a three-phase system, it would 

be assumed that each of the three phases, i.e. (i) the porous material (matrix), (ii) a 

densified fluid layer in the vicinity of pore-wall regions (ads), and (iii) bulk phase fluid 

(bulk), are of uniform electron density and separated by distinct boundaries.  

For the abovementioned scenario many parameters contributing to the scattered intensity 

can be determined or approximated. The density and hence the electron density of the 

porous sample can be obtained prior to the sorption experiment, either from transmission 

data or by one of several other means. That of the bulk fluid phase is readily measured in 

situ via the pressure and temperature measurements. The density of the adsorbed phase 

is unknown, however, many models assume that it is equal to the liquid density of the 

material at similar temperature and pressure, e.g. [22], in which case, ads  is constant. If it 

is reasonable to assume that the structure of the porous material is unchanged during 

sorption, e.g. no swelling occurs, then (i) the volume fraction of this phase ( matrix ) is 
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constant and consequently there is a fixed volume fraction available to the adsorbed and 

bulk fluid     1 constantads bulk matrix   , and (ii) the spatial correlation function for 

the porous material ( matrix ) is constant. This particular correlation function can be 

obtained from a scattering profile acquired with the porous material under vacuum 

pressure (via an inverse Fourier transform of the scattered intensity). Unfortunately, 

despite the ability to determine or approximate many of the parameters, functions for 

ads  and bulk  and values for ads  and bulk  are unknown and without further knowledge 

of these variables there are too many unknowns in Equation (4.36) for useful information 

to be extracted.  

4.3.6 Data normalisation 

To eliminate background scattering components and the (small) scattering arising from the 

cell and surrounding environment, all scattering profiles presented in this thesis have been 

processed to extract the true sample/fluid scattering following a procedure akin to that 

presented by Gray et al. for the attenuation correction of neutron powder diffraction 

profiles measured with a thick-walled sample cell [23]. An adapted version of the 

procedure, applicable to SAS data, is detailed below. 

In the small-angle scattering regime, the counts measured by the area detector with (i) no 

objects   AC Q , (ii) the cell   CAC Q , and (iii) the cell/sample/fluid combination

  SFCAC Q  in the beam-path arise from the following contributions:  
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 (4.37) 

where eB  is the detected background component from electronic noise, uB  is the detected 

background component from radiation that is not scattered by the cell/sample/fluid 

combination (uncorrected for attenuation), sB  is the background component arising from 

radiation that is scattered by the cell/sample/fluid combination or volume that it would 

normally occupy if it is not present, AT , CT  and SFT  are the transmission factors applicable 

to air, the cell and the sample/fluid combination respectively, and  AI Q ,  CI Q  and 

 SFI Q  are the true air, cell and sample/fluid scattering counts respectively. It must be 
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noted that Equations (4.37) (i, ii and iii) do not account for any multiple scattering effects. 

Transmission is discussed in Section 4.4. 

The true air, cell and sample/fluid scattering are therefore: 
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 (4.38) 

In a SAXS experiment, eB  can be obtained from a dark count (which involves recording the 

detector counts with the beam switched off), and it is reasonable to assume that the 

background field of X-rays is negligible (i.e. uB  and  0sB ). Nonetheless, as is reflected in 

Equations (4.38), any contributions from sB  are accounted for in the calculations for the 

true cell and sample/fluid scattering.  

The transmission factors can be determined from the ratio of beam stop detector counts 

 BSI  to incident beam detector counts  0I , where both measurements are firstly 

corrected for instrumental background noise. As BSI  and 0I  are measured using two 

different detectors, the different detector efficiencies must be known in order to 

determine the absolute value of the transmission factors. Such knowledge would require a 

measurement of BSI  and 0I  with the beam passing only through vacuum or through 

standard samples of known transmission. Nevertheless, as we are only interested in 

outputting the true scattering profiles on a relative arbitrary scale, we can write: 
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where k is a constant accounting for the different efficiencies of the upstream ( 0I ) and 

downstream ( BSI ) detectors.  

For a set of scattering profiles to be on the same arbitrary scale, the measured counts of 

 AC Q ,  CAC Q  and  SFCAC Q  must each be normalised to their simultaneously measured 

incident beam count ( 0I , which itself must be corrected for background noise). Doing this 

will account for (i) different exposure times over which the profiles were recorded and 

(ii) fluctuations in the incident beam intensity. Therefore, in terms of experimental 

measurements, the true cell and sample/fluid scattering can be obtained on a single 

arbitrary scale as follows: 
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where it is assumed that (i)  0uB  and (ii) multiple scattering effects are insignificant. To 

obtain the true air scattering on the same arbitrary scale, it must further be assumed that 

 0sB :  

    
 

 


 

A e
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I
 (4.41) 

4.4 Interpretation of transmission by porous materials 

4.4.1 General transmission theory 

The proportion of radiation transmitted by a uniform slab of material is given by: 

  
0

tI
T e

I
  (4.42) 

where 0I  is the intensity of the incident beam, I  is the intensity of the transmitted beam, 

  is the linear attenuation coefficient of the material (cm−1) and t  is the thickness of 

material traversed by the beam (cm). The linear attenuation coefficient is calculated by 
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using either (i) the mass attenuation coefficient,   (cm2/g), or (ii) the scattering cross 

section,   (cm2/atom), of the material: 

 (i)     (4.43) 

 (ii) VN   (4.44) 

where   is the skeletal density (g/cm3) and VN  is the number density (atom/cm3) of the 

material. The degree to which the radiation is attenuated by the material is wavelength 

dependent, hence   and   vary with the energy of the radiation.  

If a material is comprised of a mixture of n elements, the mass attenuation coefficient of 

the material can be determined provided the weight fraction of each of the constituent 

elements, iw , is known: 
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In most small-angle scattering experiments, the beam passes through numerous materials 

before reaching the detector. Here, the different materials through which the beam must 

traverse before reaching the detector will be called phases. The transmission of a system 

comprised of m phases is given by: 
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 (4.46) 

4.4.2 Experimental transmission contributions 

For the in-situ sorption experiments presented in this thesis, the experimental setup 

involved a solid wafer or powdered sample situated between two beryllium (Be) windows 

of a sample cell. Details of the sample cell can be found in Gray et al. [24]. A shroud with 

Kapton windows was placed over the sample cell and evacuated to aid with temperature 

stability and homogeneity. The gaps between (i) the exit point of the beam and the first 

shroud window and (ii) the second shroud window and the detector, contained air. The 

experimental procedure involved injecting fluid into the sample cell and obtaining SAXS 

and transmission measurements during sorption of the fluid by the sample. For simplicity, 

we will call all materials within in the sample cell, i.e. the sample, bulk fluid and adsorbed 

fluid, the sample environment phase. Figure 4.3 illustrates all the phases described above.  
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Figure 4.3: Phases involved in the in-situ SAXS experimental setup. 

Applying Equation (4.46) to the experimental setup indicated in Figure 4.3, the intensity of 

radiation measured at the detector when all phases are traversed is: 

 
       

 * * * * * ** *

0
air air vac vac Be Be SF SF Be Be vac vac air airK K K Kt t t t t t tt tI I e e e e e e e e e       

 (4.47) 

where the Kapton window phase is denoted by the letter K, all other phases take obvious 

abbreviated names and * indicates the second of the corresponding phase that the beam 

traverses.  

As Equation (4.47) is a multiplication of exponential terms, the transmitted intensity 

measured at the beamstop detector is independent on the order of the phases through 

which it traversed. This means we can directly adopt the convention used in Section 4.3.6 

and use the subscript A to represent the two air phases, C for the cell (which includes the 

two Kapton and two beryllium windows), S for the sample and F for the adsorptive fluid. 

As the two regions between the Kapton and Be windows of the sample cell are under 

vacuum they should not absorb or scatter radiation, i.e.  0vac  and thus 1vacT . 

Accordingly we can write the transmitted intensity as:  

  0 S F C AI I T T T T  (4.48) 

A measurement of the transmitted intensity with the sample environment containing only 

vacuum, known as an “empty cell run”, can be used to obtain C AT T  (as in this case ST  and 

1FT ). 
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A measurement of the transmitted intensity with the sample placed in the sample cell with 

the remaining cell volume under vacuum can then be used to find ST  (as 1FT ).  
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Lastly, during the sorption experiment, FT  can be found as follows: 

 

 
 
 


 
 
 

0

0

SFCA
F

SCA

I

I
T

I

I

 (4.51) 

As the calculations for both ST  and FT  are ratios of two similarly obtained measurements, 

the different efficiencies of the upstream and downstream detectors is eliminated (thus in 

Equations (4.50) and (4.51) we can replace I with the experimentally measured BSI ).   

4.4.3 Determining excess sorption from transmission measurements 

If the elemental composition of the sample is known (i.e. n elements of weight fraction  

iw ), then, by applying Equations (4.42), (4.43) and (4.45), it is possible to calculate the 

thickness of the sample (at the position of the beam) from the transmission 

measurements as follows: 
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 (4.52) 

Provided the distance between the beryllium windows ( Bed ) is accurately known, then the 

void space thickness, i.e. space in the sample cell that is not occupied by sample and will 

be available to sorptive fluid ( Ft ), can be determined: 

  F Be St d t  (4.53) 



SMALL ANGLE SCATTERING  59 

 
 

In an in-situ sorption experiment, the sample environment phase contains the sample (S) 

and sorptive fluid (F). If we consider the fluid component to be comprised of two distinct 

phases each of uniform density – (i) bulk fluid (bulk) with density bulk  and (ii) adsorbed 

fluid (ads) with density ads  – then by application of Equation (4.46) we can write: 

 
 

 bulk bulk ads adst t
FT e e 

 (4.54) 

Using the fact that the bulk and adsorbed phase fluid may only occupy void space within 

the sample cell, i.e.  bulk ads Ft t t , we can write: 

 
   

 bulk F ads ads adst t t
FT e e

 
 (4.55) 

which can be rearranged to: 

 





ln F bulk F
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bulk ads

T t
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 (4.56) 

As the bulk and adsorbed phase fluid are the same material (at possibly different 

densities), their mass attenuation coefficients are the same, i.e.  bulk ads F   . Given 

the definition of the linear attenuation coefficient (Equation (4.43)(i)), we can write:   

 
 






ln F F bulk F
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 (4.57) 

If the density of both the bulk and adsorbed phases are known, then Equation (4.57) can 

be used to determine the thickness and hence the volume fraction of the two phases 

(provided the illuminated voxel is a good representation of the average for the sample). 

The density of the bulk phase can readily be obtained by inputting the experimental 

temperature and pressure into the real gas equation (Equation(2.1)); however, the 

adsorbed phase density is typically unknown. Nonetheless, an excess adsorption isotherm 

(for the studied illuminated voxel) can be obtained from the in-situ transmission 

measurements without knowing the adsorbed phase density and volume fractions of the 

bulk and adsorbed phases. To do so, we must utilise the average fluid density within the 

illuminated voxel, F . For a system comprising the two distinct fluid phases mentioned 

previously: 

 


 ads ads bulk bulk
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  (4.58) 
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To obtain a value of F  from the in-situ transmission measurements we can use equations 

(4.42) and (4.43) to get: 

  
ln F
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F F
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t



 (4.59) 

Now, rearrangement of the equation for excess sorption (Equation (3.11)), with 

additionally incorporating (i) the fact that the ratio ads SV V  is equivalent to ads St t  and 

(ii) the definition of F  (Equation (4.58)), as follows: 
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can yield an equation for excess sorption that purely contains terms that can be obtained 

from the transmission measurements and other experimentally measured parameters. 

Hence, the excess sorption (mass of excess fluid per mass of sample) can be obtained 

from: 

 
 


F bulkexc F

S S S

m t

m t

 


 (4.60) 

where bulk  is determined from experimental temperature and pressure measurements 

and S  is measured using one of many means prior to the in-situ experiment, e.g. helium 

expansion.   
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5. Critical literature review of the state of the art 

5.1 Introduction 

The preceding chapters have presented a review of the materials, methods and models 

applicable to the experimental work undertaken for this project, with reference mainly to 

the literature concerned with technical matters. The literature on in-situ scientific studies 

of CO2 sorption by porous carbons using small-angle scattering is relatively recent and not 

extensive. The techniques for obtaining data and analysing them are still in development. 

While the literature on measurement of isotherms is older and larger, technical questions 

regarding the reliability of the measured isotherms are still being raised and answered. 

This chapter focusses on literature presenting experimental results and conclusions that 

are specifically relevant to the work described in the forthcoming experimental chapters, 

focusing on factors that determine the reliability of the results. 

5.2 Inter-laboratory comparisons of CO2 isotherms 

At present, there is no standard procedure or apparatus for obtaining CO2 isotherms on 

porous carbons. Consequently, laboratories typically obtain isotherms using their own 

custom-designed apparatus, for which they calibrate the components to meet their own 

standards. Although individual laboratories often demonstrate intra-laboratory isotherm 

reproducibility, it is important to establish whether isotherms obtained for a given sample 

under specified conditions by different laboratories are reproducible. The results of four 

“Round Robin” studies investigating the inter-laboratory reproducibility of CO2 isotherm 

measurements on porous carbons have been published [1-4]. This section summarises the 

four inter-laboratory comparisons and presents their primary outcomes. 

5.2.1 Inter-laboratory comparison I (2004) 

The first inter-laboratory study [1] was initiated by the U.S. Department of Energy – 

National Energy Technology Laboratory (DOE-NETL) and it involved four independent 

laboratories from different locations around the world. Five different samples of dry 
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Argonne Premium coal (two high-rank, one mid-rank and two low-rank), reported to be 

“as chemically and physically identical as possible”, were supplied to the participating 

laboratories as powders with particles less than or equal to 500 m. All laboratories 

handled the samples in an inert environment of either nitrogen or helium and dried the 

coal samples under vacuum for 36 hours at 80C prior to the sorption measurements. 

Sorption isotherms were obtained using either the manometric technique 

(i.e. measurements of pressure change for a constant volume) or volumetric technique 

(i.e. measurements of displaced volume at constant pressure) and all laboratories 

calculated compressibility coefficients using the same source (Span and Wagner [5], which 

is the basis of the compressibility calculator in the REFPROP database [6] used for the work 

presented in this thesis). The specifications of the apparatus (i.e. sample cell volume, 

reference cell volume, sample mass, equilibration time and CO2 purity) used by the 

participating laboratories were reported and varied greatly.  

Three of the laboratories measured adsorption data at 22C and pressures up to 55 bar. 

The resulting isotherms for the two high-rank coal samples were all in good agreement, 

however, the isotherms for the two-low rank coal samples varied greatly (by up to a factor 

of approximately 2) and the agreement of the results for the mid-rank sample was 

between these two extremes. Two laboratories measured adsorption data at 55C and 

pressures up to 140 bar. Up to 70 bar CO2 pressure, the isotherms obtained by the two 

laboratories exhibited a small deviation for one of the low-rank coal samples while the 

remaining four were in excellent agreement. The higher pressure (>70 bar) data were not 

presented in the publication. Two laboratories performed desorption measurements at 

22C and one at 55C, the resulting isotherms obtained by all three laboratories exhibited 

rank-dependent hysteresis: small or no hysteresis for the higher-ranked coals and large 

hysteresis for the lower-ranked coals. 

The authors attribute the divergence in the inter-laboratory results to a moisture-related 

trend, suggesting that minor differences in the drying procedures carried out by each of 

the laboratories may have yielded differences in the resulting dried materials. Specifically, 

they suggested that the dried materials may have had differences in structure and hence 

surface area, particularly for the low-rank coals. Isotherms obtained by one of the 

laboratories on both “as-received” and “dried” samples revealed that the moisture 

content of the Argonne coal samples had a significant effect on the sorption capacity of 

the coals. The greatest effect was observed for the lower-ranked samples, where the “as-

received” samples had a measured excess adsorption of over twice that of the “dried” 
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samples. The authors believe that the possible differences in residual moisture content 

explain the rank-dependence of the inter-laboratory precision, the better agreement at 

the higher temperature and the hysteresis observed upon desorption. The primary 

conclusion from this study was that stricter control on the drying and handling conditions 

of coal samples is necessary for inter-laboratory reproducibility. 

5.2.2 Inter-laboratory comparison II (2007) 

The second inter-laboratory study [2] was also initiated by the DOE-NETL. It involved six 

independent laboratories measuring sorption isotherms for three moisture-equilibrated 

Argonne Premium coal samples at 55C and pressures up to 150 bar. Akin to the first 

study, each laboratory followed the same general procedure but measured the isotherms 

using their own apparatus and measurement technique. In this study, one laboratory used 

a volumetric system, one used a gravimetric system and the remainder used manometric 

systems. Again, all sample handling was carried out in an inert atmosphere and, with the 

exception of the laboratory using a gravimetric system (which measures the fluid density 

directly), all participants used the Span and Wagner [5] equation of state to calculate the 

CO2 compressibility values.  

Five of the six laboratories followed the same strict procedure to prepare the moisture-

equilibrated coal samples, while the sixth laboratory prepared one sample according to 

the set procedure and used the other two samples “as received”. Each laboratory 

measured the moisture content of a sub-sample of each moisture-equilibrated coal prior 

to the sorption experiment. The reported moisture contents of each coal varied greatly 

amongst the six laboratories, with the greatest variation occurring for the highest ranked 

coal (for which there was over an order of magnitude discrepancy between the highest 

and lowest reported values).  

With a few minor exceptions, the isotherms produced by all six laboratories were generally 

in good agreement up to 80 bar CO2 pressure. The exceptions included three of the 

eighteen measured isotherms, each by a different laboratory. The authors attributed the 

minor differences in these three isotherms to the different moisture contents of the coals 

after the moisture-equilibration procedure had been performed. For pressures above 

80 bar, four of the laboratories produced excess sorption isotherms for the three coal 

samples that were in fair agreement up to the maximum experimental pressure of 

150 bar, while the isotherms produced by the other two laboratories, which both used 
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manometric systems, diverged significantly. No obvious trend could explain the 

discrepancy in the higher-pressure results. The conclusion of this study was that “further 

studies need to be conducted in order to address deviations and experimental problems 

associated with measuring high-pressure CO2 sorption isotherms”. 

5.2.3 European inter-laboratory comparison of high pressure CO2 sorption isotherms I: 

Activated carbon (2009) 

The third inter-laboratory study [3] involved four European research laboratories each 

measuring the excess CO2 uptake by Filtrasorb 400 (F400) activated carbon at 45C and 

pressures up to 160 bar. F400 was chosen for the study as it is a readily available, well-

characterised homogeneous material with a chemical composition and micropore 

structure similar to that of natural coal. Additionally, F400 is resistant to high 

temperatures, allowing a drying procedure sufficient of removing all moisture. All 

laboratories dried their samples under vacuum at 200C for 24 hours; such extreme drying 

conditions should yield identical initial samples. All laboratories measured the skeletal 

density of the sample using helium expansion and the obtained values were very 

consistent, with the average and standard deviation being 2.140 g/cm3 and 0.070 g/cm3 

respectively. 

For the isotherm measurements, two laboratories used manometric systems and two used 

gravimetric systems. Interestingly, the two manometric systems both had a large sample 

cell volume compared to the reference cell volume: one system had volumes of 13.1 cm3 

and 1.8 cm3 respectively, while the other had volumes of 78.3 cm3 and 12.2 cm3 

respectively. The laboratory with the smaller manometric system measured isotherms on 

5 to 7 g of sample, while the laboratory with the larger manometric system used 

approximately 35 g of sample. The gravimetric measurements were obtained on smaller 

amounts of sample, 1.7 and 2.0 g. The specifications of the apparatus of each laboratory 

are detailed in the publication. 

Three of the laboratories each obtained two isotherms up to 160 bar CO2 pressure, while 

the fourth laboratory, using a gravimetric system, only measured one isotherm up to 

50 bar CO2 pressure. The resulting seven excess sorption isotherms all exhibited a 

maximum value of about 8 mmol/g at approximately 50 bar CO2 pressure, which equates 

to a maximum excess sorption of 35 wt%. More specifically, the average maximum 

sorption (of all 7 isotherms) was 8.0 mmol/g with a standard deviation of 0.16 mmol/g. 
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Over the entire pressure range, the maximum difference between the results obtained by 

the four laboratories was 0.3 mmol/g. Overall, the high-pressure CO2 isotherms obtained 

by all participating laboratories agreed to within an acceptable level of accuracy. The three 

laboratories that performed two isotherms all achieved excellent intra-laboratory 

reproducibility with deviations between 0.2 and 0.4%.    

The plots of excess sorption versus bulk CO2 density decreased in a linear fashion at 

densities beyond 0.25 g/cm3 (at the experimental temperature, a density of 0.25 g cm3 is 

equivalent to 81 bar pressure). Extrapolation of the linear regions of the plots yielded an 

adsorbed phase density ranging from 0.956 to 1.014 g/cm3. All sets of experimental data 

were approximated by a Langmuir-based regression function with accuracy within the 

limits of the experimental uncertainties. The parameters of the fit yielded an adsorbed 

phase density ranging from 0.963 to 0.995 g/cm3 and an absolute sorption capacity 

ranging from 10.99 to 11.20 mmol/g.  

The authors also compared the high pressure F400 excess CO2 sorption isotherms 

obtained in this study to three found in previously published literature [7-9]. Although the 

published experiments were also conducted at 45C, the values measured in this study 

were consistently higher than those formerly published. Further isotherms obtained by 

one of the laboratories on a sample of F400 that had been exposed to air for several 

minutes after the activation procedure revealed that the different activation and handling 

procedures used by the three other laboratories accounted for the differences in the 

reported isotherms.  

With inter-laboratory deviations of less than 5% and intra-laboratory deviations of less 

than 1%, the results of this study are much more promising than those obtained in the 

previous two studies. However, again, emphasis was placed on the need for identical 

sample handling and preparation in order to accomplish inter-laboratory isotherm 

reproducibility. 

5.2.4 European inter-laboratory comparison of high pressure CO2 sorption isotherms II: 

Natural coals (2010) 

The most recent inter-laboratory study [4] involved three of the four laboratories from the 

first European inter-laboratory study where excellent agreement was achieved for excess 

sorption isotherms on F400 activated carbon [3]. In this study, excess CO2 sorption 

isotherms were measured for three coal samples of different rank (a lignite, a high-volatile 
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bituminous coal and a semi-anthracite) at 45C and pressures up to 160 bar. As the 

previous inter-laboratory studies on coal [1, 2] identified moisture as one of the major 

sources of discrepancy, all samples in this study were dried by the participating 

laboratories at 105C for 24 hours.  

One laboratory used a gravimetric system while the other two used manometric systems 

with cell volumes similar to those used in the previous study [3]. In this publication 

however, the authors discuss the use of a large sample cell void volume to reference cell 

volume ratio. They say, without reference to any sources, “In the manometric method the 

ratio of the measuring cell void volume ( mV ) to the reference cell volume ( rV ) must be 

optimised: A larger /m rV V  ratio results in lower errors but also in smaller pressure steps 

and, in consequence, more pressure steps are required to reach the final pressure. Since 

errors for each pressure step add up, the total number of pressure steps should not 

exceed a value of 20. Within this study, errors for the manometric setups were estimated 

as 0.1% to 0.5% for each pressure step, which results in a total experimental error of 

2 − 10%. Calculations show that for CO2 isotherms, a /m rV V  ratio between 1 and 10 is a 

good compromise in terms of pressure-step size and minimising error.”  

The helium skeletal density values measured by the three laboratories differed by 7.4%, 

2.3% and 2.2% for the lignite, bituminous and semi-anthracite respectively. They attribute 

the differences to possible heterogeneities in the sample composition and differing 

residual moisture.  

Good agreement of the excess CO2 isotherms was observed for all three coals in the low 

pressure range, with deviations less than 1.5% for pressures up to 30 bar. In the mid-

pressure range (30 to 60 bar) the isotherms measured by the three laboratories differed 

by approximately 5%, which they considered to be “satisfactory agreement”. In the high 

pressure region the isotherms deviated substantially. At 130 bar pressure, the excess 

sorption measured by the participating laboratories differed by 23% for the lignite coal, 6% 

for the bituminous coal and 26% for the semi-anthracite coal. The authors believe that 

systematic differences in the experimental methods are unlikely to be the cause of the 

variance in the isotherms measured by the participating laboratories as they previously 

achieved excellent agreement for excess CO2 sorption on F400 activated carbon [3]. They 

attribute residual moisture as the primary source contributing to the differences in the 

isotherms measured by the three laboratories.  
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5.3 Small-angle scattering studies 

Small-angle scattering techniques have been used to investigate the microstructural 

properties of coals and other porous carbons for decades, e.g. [10]. Analysis of scattering 

profiles can yield information such as pore geometry, pore size distribution, total porosity 

and internal specific surface area. As summarised by Mares et al. [11], most SAS studies on 

coal to date have either compared rank effects on the pore space geometry and porosity 

of coal samples originating from different coalfields or were focused on the effect of 

solvents on the pore structure.  

Using SAS techniques to study fluid-filled porous materials has only become popular 

relatively recently; however, some notable published experiments date back as far as the 

1980’s. In 1986, Gethner [12] used SANS to investigate the void geometry and structure of 

Illinois No. 6 bituminous coal. He exposed powdered samples of the coal to several 

different aqueous and cyclohexane solutions. By varying the hydrogen-to-deuterium ratios 

of the solutions he successfully contrast matched the accessible pore volume with the coal 

matrix, thereby making the inaccessible pore volume visible. He concluded that that the 

aqueous solution completely filled the microvoids so that the residual scattering, which 

was not eliminated by the contrast-matched aqueous solution, was due to the organic 

matrix structure. For the cyclohexane solution however, he found that there appeared to 

be a cut-off below which pores of smaller size were not filled. 

The first in-situ SAXS experiment was performed by Nemmers et al. [13] in 1990. They 

studied a subbituminous coal during various stages of fluid (tetrahydrofuran) extraction at 

temperatures up to 380°C. Compared to the scattering measured at atmospheric pressure, 

the presence of tetrahydrofuran at 45 and 152 bar pressure considerably enhanced the 

scattering in the high-Q region, developing a pronounced shoulder centred about 

Q   0.3 Å−1. They attributed this to the formation of an extensive new micropore structure 

due to micropore dialation. A more in-depth interpretation they provide, after presenting 

additional results and analyses, is that “the entire pore structure is penetrated at least to a 

degree by the fluid, but the degree of dilation of the pore volume due to the filling is quite 

dependent on pore size, with nearly no swelling associated with macropore filling and 

proportionately more swelling upon filling of the micropore structure” [13].  

The two- and three-phase models discussed in Sections 4.3.2 and 4.3.5 were originally 

developed to model scattering from microvoids in binary composite materials [14]. The 

models were first applied in the analysis of scattering from fluid-filled porous materials to 
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investigate CO2 [15-18] and propane [19] uptake by silica aerogels, which are highly porous 

materials with known and simple chemical composition and a well-characterised pore 

structure.  

Two independent publications, appearing in the same issue of the same journal, were the 

first to present in-situ SAS experiments on CO2 sorption by coal: one, by Melnichenko et 

al. [20], used SANS and USANS; the other, by the author and colleagues [21], used SAXS. 

Section 5.3.2 presents a critical review of the publication by Menlnichenko et al. [20], 

while the X-ray work [21] is provided in Appendix A.  

Experiments utilising contrast matching to determine the pore-size dependent fraction of 

coal pore volume that is accessible to CO2 (and methane) were first published by 

Melnichenko et al. [22]. Section 5.3.3 discusses some of the later contrast matching work 

published by this research group [23]. Firstly, however, a brief summary of the results of 

two experiments that used SAS to examine the effect of fluid exposure on coal 

microstructure (i.e. swelling) is provided.  

5.3.1 Swelling studies 

Melnichenko et al. [20] used SANS and USANS to investigate the sorption of CO2 in three 

different coals: Seelyville coal from the Illinois Basin, USA; Bulli 4 coal from the Sydney 

Basin, Australia; and Baralaba coal from the Bowen Basin, Australia. The combination of 

the two techniques allowed pores from 35 Å to 10 m to be probed by neutrons. For each 

coal sample, the experimental temperature and maximum pressure was chosen to 

simulate the coal’s respective subsurface condition: 16C and 50 bar for Seelyville; 27C 

and 100 bar for Bulli 4; and 35C and 200 bar for Baralaba. By comparing the scattering 

curves obtained prior to CO2 injection to those obtained after the CO2 pressure was 

released, Melnichenko et al. [20] concluded that the CO2 pressure cycling did not affect the 

microstructure of the Seelyville and Baralaba coal samples. However, for the Bulli 4 coal 

sample, the scattered intensity in the small Q-region (approximately Q < 10−3 Å−1) was 

measurably larger after the CO2 exposure. They attributed the measured increase in 

scattered intensity to a small permanent increase in the volume of the largest pores, 

possibly caused by removal of CO2 dissolved in organic matter or by a distortion of the coal 

matrix due to absorption. 

Sakurovs et al. [24] used SANS and USANS to examine the effect of mechanical fluid 

pressure on two Australian bituminous coals: a high porosity, inertinite rich coal; and a low 
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porosity, vitrinite rich coal. Heluim gas was used in their experiments as it is effectively 

invisible to neutrons owing to its low scattering length density even at high pressures. 

Consequently, provided no significantly densified adsorbed helium phase forms in the coal 

pores, changes in SANS and USANS profiles arising from the addition of helium into the 

scattering volume arise entirely from structural changes. From the scattering profiles 

obtained before, during and after exposure to 155 bar helium at 20C, Sakurovs et al. [24] 

found that, for both the high and low porosity coals, application of mechanical pressure 

had no observable effects on the total porosity or pore size distribution in the pore size 

range examined (3 nm < R < 10 m). 

5.3.2 Characterisation of the CO2 fluid adsorption in coal as a function of pressure 

using neutron scattering techniques 

Melnichenko et al. [20] used SANS and USANS to investigate CO2 fluid adsorption in coal as 

a function of pressure. It is the author’s understanding that some of the equations they 

present and apply to their data are incorrect. This section outlines and explains what are 

believed to be their mistakes and inconsistencies. 

Firslty, Melnichenko et al. [20] say that it is possible to quantify the average fluid density in 

pores of different sizes by analysing the neutron contrast factor as a function of the 

scattering vector Q. To obtain the average pore-confined fluid density they use the 

following equation: 

    
2

2
* *
s COI Q    (5.1) 

where *
s  is the scattering length density of the solid coal matrix and 

  
2

* 10 22.5 10 cmCO pore   is the scattering length density of CO2 in coal pores calculated 

for an average fluid density in pores ( pore ). Equation (5.1), extracted directly from their 

paper, is misleading as the term “average fluid density” implies that the fluid does not 

have to be homogeneously dense and that this equation could be applied to a system of 

infinite phases. It is the author’s opinion that this equation is only true if the density of the 

pore-confined fluid is uniformly distributed throughout the pore volume, i.e. the system is 

two-phase. Deviations from uniformity would introduce new phases, which in turn 

introduce volume fraction dependent correlation functions.  
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Melnichenko et al. [20] present plots of  
1/2

I Q  versus 
2CO  for several Q-values which 

they claim “are well approximated by straight lines over the limited range of studied fluid 

densities”. They then apply a two-phase model to the scattering data to produce graphs of 

the average fluid density in pores ( pore ) as a function of bulk fluid pressure for several 

pore sizes for the Seelyville and Baralaba coal samples studied. For both coal samples, the 

plots of pore  for each given pore size are not directly proportional to 
2CO , which implies 

that there is a pressure-dependent densification factor. A pressure-dependent 

densification factor would result in non-linear plots of  
1/2

I Q  versus 
2CO , hence their 

results are self-inconsistent.  

Using Equation (5.1), Melnichenko et al. [20] found that for the Seelyville coal sample the 

ratio of the average CO2 density in coal pores to the density of bulk CO2 at subsurface 

conditions is greatest in pores of radius 105 Å (where / 4.4pore bulk  ), approximately 1 

for intermediate sized pores (radius 1000 Å) and approximately 3 for micrometer sized 

pores (radius 1 to 10 m). A two-phase system with a fluid densification factor of 3 seems 

unlikely for micrometer sized pores; such a result implies that the effect of the pore-wall 

surface forces extends as far as 10 m from the pore wall and is of the same magnitude in 

the near-wall region as it is in the centre of these large pores. Following their fits to the 

two-phase model, Melnichenko et al. [20] say that their results “illustrate that the dense 

condensed phase starts to form in Seelyville coal immediately after the introduction of 

CO2, which indicates that the porous coal matrix helps to condense the gaseous CO2 to 

form coexisting gas and liquid phases”. This statement completely contradicts the 

underlying assumptions of the two-phase model which they applied to their data to get 

the results.    

Secondly, they state that “the intensity of scattering (neutron coherent cross section  I Q  

in units of cm−1) from the three-phase system is proportional to the square of the 

fluctuations of the neutron scattering length density (also called the contrast factor n )”: 

    
  

 
2* *

1 3
n i j i j

i j

I Q      (5.2) 

where *  and   are the scattering length density and volume fraction of the phase 

denoted by the subscript. They reference 3 papers ([25], [26] and [27]) to this particular 

equation, none of which present an equation which is equivalent to or reduces to Equation 
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(5.2). It is the author’s understanding that the summation in Equation (5.2) is for the mean 

square fluctuation in the scattering length density of a three-phase system, i.e.: 

  
  

 
22 * *

1 3
i j i j

i j

     (5.3) 

and the scattered intensity is the Fourier transform of  2 r  . As shown in Section 4.3.5, 

the scattered intensity arising from a three-phase system involves contributions from 

three different correlation functions (corresponding to the three different phases). As the 

correlation function for each constituent phase changes as a function of its volume 

fraction, to the best of the author’s knowledge, the three correlation functions cannot be 

grouped into one constant term in order to yield Equation (5.2).  

To apply Equation (5.2) to their scattering data, Melnichenko et al. [20] firstly use the fact 

that the volume fractions of the three phases add to 1 to write the summation in Equation 

(5.2) as: 

                     
2 2* * * * * * * *1 1 2n s a s s u a u u s a u a s uI Q                  (5.4) 

where the subscripts s, a and u denote the solid, adsorbed and unadsorbed (bulk) phases. 

Next, they write Equation (5.4) as a quadratic function of u  and solve for u : 

 

    

          

 

      
  

           
      




2* * * * * *

22 2 2* * * * * * * * * *

2* *

4 1

2

s a u a s u a

s a u a s u a u a n s a s s

u

u a

      

             


 
 

  (5.5) 

With the assumption that the density of the adsorbed phase is equal to that of liquid CO2 

at similar temperature and pressure, Melnichenko et al. [20] use the experimentally 

obtained pore-size-specific average fluid density (determined from the scattering data 

using Equation (5.1)) to firstly calculate the contrast factor for a three-phase system 

comprised of (i) a porous solid, (ii) adsorbed phase fluid and (iii) bulk phase fluid, and 

subsequently calculate the volume fraction of the adsorbed CO2 at subcritical conditions. 

Using this method, they found that the volume fraction of the adsorbed phase (where 

here the sum of the volume fractions of the adsorbed and bulk phases is 1) was 0.41 in 

micrometer size pores and 0.91 in nanometre sized pores. To the best of the author’s 
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knowledge, this method is incorrect and intrinsically inconsistent as Equation (5.1) is only 

valid for a system comprised of two phases and they are using the results obtained using 

this equation as input information for their (also incorrect) three-phase model.  

To summarise, unless there are some unstated assumptions or approximations that 

appropriate the equations and methodology for their given scenario, the quantitative 

analysis and findings presented in this publication should be questioned.   

5.3.3 Pore accessibility by methane in coal as determined by neutron scattering 

He et al. [23] applied contrast matching SANS (CM-SANS) and contrast matching USANS 

(CM-USANS) techniques to four different bituminous coal samples to quantify the volume 

fraction of pores (in the size range 10 Å to 5 µm) that are inaccessible to deuterated 

methane (CD4). Experimentally, they obtained in-situ scattering profiles of the four coals in 

the pressure range from 0 to about 400 bar at room temperature (23°C).  

Firstly, they determined the total porosity of each sample ( 1 matrix ) from the profiles 

obtained with the samples under vacuum pressure via the Porod invariant ( Z ), which for a 

two-phase system takes the form: 

      


   
22 2 * *

0
2 1matrix pcf matrix matrixZ Q I Q dQ        (5.6) 

where *  symbolises scattering length density (SLD) and the remainder of the notation is 

consistent with that used in Chapter 4. When the sample is under vacuum * 0pcf , and to 

calculate the SLD for each coal ( *
matrix ) they used its pre-determined chemical composition 

and matrix (helium) density. The total porosity determined using this technique varied 

from 6.7% to 13.0% for the four different samples.   

In order to determine the volume fraction of pores inaccessible to methane, they used 

scattering profiles acquired with the coals saturated with CD4 at the pressure 

corresponding to the two-phase zero average contrast (ZAC)-matching condition, see 

Figure 5.1. For a two-phase system, the ZAC-matching condition is achieved when the 

scattering length density of the invading fluid is equal to that of the solid coal matrix. They 

used equations of state obtained from the NIST REFPROP database to determine the 

pressure at which the bulk CD4 fluid density would be such that the SLD of the fluid was 
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equal to that of each coal sample, where the SLD of CD4 was calculated using 

            
   4 4 4

* 10 2 10 210 10 cm 1.25 10 10 cmCD CD CH   .  

In the publication [23], they state that the SLD ( *
matrix , calculated using the 

abovementioned method) is 2.2 × 1010 cm−2 for coals 1 and 2, 3.44 × 1010 cm−2 for coal 3 

and 2.33 × 1010 cm−2 for coal 4. They describe the method for calculating the pressure at 

which the ZAC-condition should be reached for a given coal sample, however they do not 

publish the pressure values. Using their proposed method, basic calculations reveal that, 

at the experimental temperature of 23°C, the ZAC-condition would be reached at a CD4 

pressure of 226 bar for coals 1 and 2, 501 bar for coal 3 and 243 bar for coal 4. For each of 

the samples, they present graphs of the scattering profiles acquired at vacuum pressure 

and (what they claim to be) the CD4 contrast-matching point (though they don’t state the 

bulk CD4 pressures at which these profiles were obtained). This is baffling, as the 

calculated pressure required to reach the ZAC-condition for coal 3 should be 501 bar and 

yet their maximum applied pressure was 400 bar.  

 

Figure 5.1: Scattering patterns of coal 2 acquired in vacuum and at the 
contrast-matching point with CD4 fluid [23]. 

Applying Equation (5.6) to the scattering profiles obtained at the (alleged) ZAC-pressure, 

they calculated the fraction of the total porosity inaccessible to CD4 to be between 12.5 

and 26.3% for the four coal samples, with the proportion of inaccessible porosity 

decreasing with increasing total porosity.  
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This “contrast-matching” method for determining the fluid-specific (CD4 in this instance) 

inaccessible pore volume is bound by many assumptions, whether they are reasonable or 

not is debatable. Firstly, for the two-phase model to be applicable, the pore-confined fluid 

must be approximately uniformly dense inside all accessible pores of a given size. 

Secondly, they are presuming that contrast matching occurs for all pore-sizes (i.e. at all Q-

values) at one bulk applied pressure, implying that at the ZAC-condition there is no pore-

size specific fluid densification. Thirdly, as they used EOSs to determine the ZAC-condition, 

they are suggesting that, at the calculated ZAC pressure the pore-confined fluid is at a 

density equal to that of the bulk fluid, i.e. no adsorption is taking place. Thus, overall, they 

are suggesting that at the pre-determined ZAC pressure the pore-confined fluid is 

uniformly dense inside all accessible pores (in the pore size range examined) at a density 

equal to that of the bulk.  

One graph in their publication, shown here as Figure 5.2, shows the high-Q region of the 

SANS patterns obtained for coal 2 with increasing CD4 pressure.  

 

Figure 5.2: SANS patterns for coal 2 measured in vacuum and after injection of CD4 
at various pressures. The inset shows the scattering curve with the incoherent 
background subtracted [23]. 

It is the author’s opinion that the increase in scattered intensity with increasing pressure in 

the high-Q region (see Figure 5.2) indicates that contrast matching was achieved in the 
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smallest pores (pores < 40 Å) at some pressure between 0 and 67 bar. In the larger pores 

(pores 40 − 400 Å) contrast matching (a turning point in the scattered intensity with 

increasing bulk pressure) appears to occur at some pressure between 207 and 345 bar. 

Thus, the pre-determined ZAC-pressure of 226 bar may be appropriate for some pore-sizes 

in this range. However, the fact that the scattering profiles around this pressure region are 

not parallel may signify that the contrast matching pressure is pore-size dependent. If the 

entire range of Q-data for the profiles obtained with increasing bulk CD4 pressure had 

been published, they may have been able to validate that their pre-determined ZAC 

pressure was in fact that required to achieve contrast matching (in the corresponding 

pore-range). However, without these plots, they are just stating that they are at the 

appropriate contrast matching pressure (and that it is not pore-size-specific) without any 

justification.  

5.4 Conclusion 

Although CO2 sorption isotherms are routinely published in the literature, the results of 

the inter-laboratory comparisons raise questions regarding the reliability and accuracy of 

high pressure CO2 sorption data for coals. Typically, good agreement was achieved 

amongst the participating laboratories in the low-pressure region (P < 30 bar), satisfactory 

agreement for mid-range pressures and substantial discrepancies for pressures 60 – 80 bar 

and above. The common and most emphasised conclusion from the inter-laboratory 

studies was that, for coals, the residual moisture content plays a dominant role in affecting 

measured CO2 isotherms. However, despite identical preparation and handling procedures 

in the most recent study, significant differences in the measured skeletal densities and 

high-pressure sorption measurements prevailed. A round-robin study on coal samples that 

are dried, crushed and divvied up by a control laboratory, and transported under vacuum 

or an inert atmosphere, so that the starting materials obtained by each participating 

laboratory are as similar as possible and no further preparation is required, may (i) confirm 

the findings of the activated carbon study, which, because the isotherms agreed to within 

an acceptable level of accuracy across the entire pressure range examined (0 – 160 bar), 

indicated that the discrepancies in the high-pressure region of the coal isotherms are 

related to differences in the starting material and not due to systematic error, or (ii) reveal 

some other source/s of error contributing to the high-pressure discrepancies, e.g. error 

related to the behaviour of the CO2 fluid at pressures near and around the critical point. It 
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would be very useful to have a standardised procedure which incorporates all possible 

sources of error and uncertainty to calculate appropriate error bars for the CO2 isotherms. 

A calculation of this sort may give insight into the degree of vulnerability of sorption 

measurements around the critical region, and the carry on effect that this could have for 

the higher pressure data points of isotherms obtained using the manometric or volumetric 

technique where error is accumulated. 

Small-angle scattering studies investigating fluid adsorption in porous materials are scarce 

in the literature, particularly those focusing on CO2 in porous carbons. Of the published 

experimental work that is of similar nature to that which was carried out for this project 

(and presented later in Chapter 8), questions have been raised regarding the application of 

the two- and three-phase models detailed in Sections 4.3.2 and 4.3.5. It may be that 

further knowledge of small-angle scattering theory, beyond that presented in Section 4.3, 

justifies the use of some (unstated) assumptions or approximations that validate the 

methods used in the publications reviewed.  



CRITICAL LITERATURE REVIEW OF THE STATE OF THE ART  79 

 
 

Chapter 5 References 

1. Goodman, A.L., et al., An Inter-laboratory Comparison of CO2 Isotherms Measured on 

Argonne Premium Coal Samples. Energy & Fuels, 2004. 18(4): p. 1175-1182. 

2. Goodman, A.L., et al., Inter-laboratory comparison II: CO2 isotherms measured on 

moisture-equilibrated Argonne premium coals at 55 °C and up to 15 MPa. 

International Journal of Coal Geology, 2007. 72(3-4): p. 153-164. 

3. Gensterblum, Y., et al., European inter-laboratory comparison of high pressure CO2 

sorption isotherms. I: Activated carbon. Carbon, 2009. 47(13): p. 2958-2969. 

4. Gensterblum, Y., et al., European inter-laboratory comparison of high pressure CO2 

sorption isotherms II: Natural coals. International Journal of Coal Geology, 2010. 84(2): 

p. 115-124. 

5. Span, R. and W. Wagner, A New Equation of State for Carbon Dioxide Covering the 

Fluid Region from the Triple-Point Temperature to 1100K at Pressures up to 800MPa. 

Journal of Physical and Chemical Reference Data, 1996. 25(6): p. 1509-1596. 

6. Lemmon, E.W., Huber, M.L., McLinder, M.O., REFPROP, NIST Standard Reference 

Database 23, Version 8.0, 2007, Physical and Chemical Properties Devision: The United 

States of America. 

7. Humayun, R. and D.L. Tomasko, High-resolution adsorption isotherms of supercritical 

carbon dioxide on activated carbon. American Institute of Chemical Engineers, 2000. 

46(10): p. 2065-2075. 

8. Pini, R., et al., Reliable measurement of near-critical adsorption by gravimetric 

method. Adsorption, 2006. 12(5): p. 393-403. 

9. Sudibandriyo, M., et al., Adsorption of Methane, Nitrogen, Carbon Dioxide, and Their 

Binary Mixtures on Dry Activated Carbon at 318.2 K and Pressures up to 13.6 MPa. 

Langmuir, 2003. 19(13): p. 5323-5331. 

10. Bale, H.D. and P.W. Schmidt, Small-Angle X-Ray-Scattering Investigation of 

Submicroscopic Porosity with Fractal Properties. Physical Review Letters, 1984. 53(6): 

p. 596. 

11. Mares, T.E., et al., Assessing the potential for CO2 adsorption in a subbituminous coal, 

Huntly Coalfield, New Zealand, using small angle scattering techniques. International 

Journal of Coal Geology, 2009. 77(1-2): p. 54-68. 

12. Gethner, J.S., The determination of the void structure of microporous coals by small-

angle neutron scattering: Void geometry and structure of Illinois No. 6 bituminous 

coal. Journal of Applied Physics, 1986. 59(4): p. 1068-1085. 

13. Nemmers, S., D.K. Horne, and H.D. Bale, In situ small angle x-ray scattering from coal 

during fluid extraction. Journal of Applied Physics, 1990. 68(7): p. 3178-3186. 



80  CHAPTER 5. 

14. Wu, W.-l., Small-angle X-ray study of particulate reinforced composites. Polymer, 

1982. 23: p. 1907-1912. 

15. Melnichenko, Y.B., et al., Density fluctuations near the liquid-gas critical point of a 

confined fluid. Physical Review E, 2004. 69(5): p. 057102. 

16. Melnichenko, Y.B., et al., Adsorption of supercritical CO2 in aerogels as studied by 

small-angle neutron scattering and neutron transmission techniques. The Journal of 

Chemical Physics, 2006. 124(20): p. 204711. 

17. Melnichenko, Y. and G. Wignall, Density and Volume Fraction of Supercritical CO2 in 

Pores of Native and Oxidized Aerogels. International Journal of Thermophysics, 2009. 

30: p. 1578-1590. 

18. Melnichenko, Y.B., et al., Monitoring Phase Behavior of Sub- and Supercritical CO2 

Confined in Porous Fractal Silica with 85% Porosity. Langmuir, 2009. 26(9): p. 6374-

6379. 

19. Rother, G., et al., Microstructural Characterisation of Adsorption and Depletion 

Regimes of Supercritical Fluids in Nanopores. J. Phys. Chem. C 2007. 111: p. 15736-

15742. 

20. Melnichenko, Y.B., et al., Characterization of the CO2 fluid adsorption in coal as a 

function of pressure using neutron scattering techniques (SANS and USANS). 

International Journal of Coal Geology, 2009. 77(1-2): p. 69-79. 

21. Radlinski, A.P., et al., Small angle X-ray scattering mapping and kinetics study of sub-

critical CO2 sorption by two Australian coals. International Journal of Coal Geology, 

2009. 77(1-2): p. 80-89. 

22. Melnichenko, Y.B., et al., Accessibility of pores in coal to methane and carbon dioxide. 

Fuel, 2012. 91: p. 200-208. 

23. He, L., et al., Pore Accessibility by Methane and Carbon Dioxide in Coal as Determined 

by Neutron Scattering. Energy & Fuels, 2011. 26(3): p. 1975-1983. 

24. Sakurovs, R., et al., Stability of the Bituminous Coal Microstructure upon Exposure to 

High Pressures of Helium. Energy & Fuels, 2009. 23(10): p. 5022-5026. 

25. Peterlin, A., Small angle scattering by a three component system. Die 

Makromolekulare Chemie, 1965. 87(1): p. 152-165. 

26. Goodisman, J. and H. Brumberger, Scattering from a Multiphase System. Journal of 

Applied Crystallography, 1971. 4: p. 347-351. 

27. Ciccariello, S. and P. Riello, Small-angle scattering from three-phase samples: 

application to coal undergoing an extraction process. Journal of Applied 

Crystallography, 2007. 40(2): p. 282-289. 

 

 



81 

 

6. Helium density of a microporous material 

6.1 Introduction 

Constructing an adsorption isotherm from experimental data obtained using any of the 

currently practised techniques requires knowledge of the volume occupied by the 

adsorbent material under investigation (details outlined in Section 3.3.3). Determining the 

volume of a microporous adsorbent is not a trivial process and has been a topic of debate 

for many decades (e.g. [1-4]). Typically, this parameter is measured prior to the sorption 

experiment using helium expansion/displacement in a system of pre-calibrated volumes 

with the assumption that helium is not adsorbed under the experimental temperature and 

pressure conditions (usually T ≥ 25°C and P ≤ 1 bar). Helium is predominantly used as the 

probe gas as, being the smallest known gas molecule (Lennard−Jones kinetic diameter of 

2.55 Å), it is able to access more pores within the adsorbent than any other gas molecule. 

Pores that are not penetrated by helium are considered to be part of the solid matter of 

the adsorbent and are included in the definition of samV . When the density of the 

adsorbent is calculated from the directly measured mass divided by the volume 

determined by helium expansion it is termed “helium density”.  

The assumption of negligible helium adsorption in the calculation of helium density (and 

consequently the estimation of sample and void volumes) can lead to serious errors in the 

measurement of excess adsorption at high pressures [3]. The occurrence of helium 

adsorption leads to an overestimation of the pore volume and this in turn produces an 

underestimation of the measured excess adsorption. The magnitude of this error depends 

on the material and on the temperature at which the He calibration was performed [2]. 

In 2003, Gumma and Talu [4] proposed the first self-consistent technique to determine the 

helium density of a microporous solid from gravimetric data without the assumption of 

non-adsorbing helium at any temperature. Their method utilises the temperature 

dependency of helium adsorption over a wide range of temperatures. Here an analogous 

procedure for analysing manometric sorption data is presented.  
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6.2 Gumma and Talu’s method for determining helium density adapted 

for manometric measurements 

6.2.1 Calculation of excess sorption for a two-temperature system 

Section 3.3.3 presented equations for calculating excess sorption from measurements 

obtained using an isothermal manometric system. The experiments presented in this 

chapter used a two-temperature system with a fixed portion of the sample cell at the 

desired experiment temperature (denoted C for cold volume) and the remainder of the 

sample cell at the same temperature as the reference volume (denoted H for hot volume). 

The designation of the experiment temperature as “cold” refers to the typical study of 

porous materials at cryogenic temperatures. In this scenario  
C Hcell cell cellV V V , but as the 

sample resides entirely in the cold volume of the sample cell, adsorption results in a 

reduction in the cold void volume while the hot volume remains constant throughout the 

experiment (i.e.   
C C

k k
void cell sam adsV V V V  and   constant

H H

k k
void cellV V ). It is important to 

note that, if the experimental temperature is greater than the reference temperature, the 

C and H notation used in the forthcoming equations should be interchanged to avoid 

confusion. Following the convention used in Chapter 3, for a given step, step k , the 

number of moles of fluid in the system before and after opening the connecting value can 

be written and equated as: 
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  (6.1) 

For excess adsorption ( k
excn ), we let  0k

adsV  and obtain: 
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 (6.2) 

Rearranging for the excess number of moles adsorbed in the thk  step gives: 
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As detailed in Chapter 3, the number of moles of fluid adsorbed after N consecutive steps 

is the sum of the number of moles of fluid adsorbed for all steps up to and including the 

Nth step. If we denote P RTZ  , we can write the full summation as:  
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and see that it reduces to: 
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Provided the sample cell was at vacuum prior to dosing the reference volume with the first 

aliquot of adsorptive fluid for the first step of the sorption isotherm, i.e.  0 0k
sysP , we can 

write: 
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 (6.6) 

The excess adsorption in terms of mass of adsorbate per unit mass of sample is thus: 
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 (6.7) 

where M  is the molar mass of the adsorptive fluid. 
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6.2.2 Applying Henry’s law 

Rearranging Equation (6.7) such that the measurable variables/parameters are on the left 

hand side and the unknowns are on the right, while maintaining the conversion to mass of 

adsorbate per unit mass of sample, yields: 
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 (6.8) 

If we denote the left hand side of Equation (6.8) as A, the unknowns on the right hand side 

are the excess number of moles adsorbed ( N
excn ) and the number of moles of bulk fluid 

displaced by the presence of the sample ( N
sys samV , which is directly proportional to the 

bulk fluid density). Accordingly, we can equally write equation (6.8) as: 

  
N
exc bulk sam

sam sam

n M V
A

m m


 (6.9) 

In the limit of very low pressure (i.e. 0P ) the helium adsorption isotherm can be 

modelled by Henry’s Law. In the Henry’s Law region, the adsorbate molecules are 

considered to act independently and consequently the amount of excess adsorption ( excn ) 

is proportional to the density of the adsorptive fluid ( bulk ). To be consistent with the 

method presented by Gumma and Talu [4], and thus be able to directly compare 

experimental findings, we will consider the adsorption in the Henry’s Law region to be 

proportional to fluid pressure rather than density, which is a reasonable approximation as 

the ideal gas law is closely followed in the limit of very low pressure. The form of Henry’s 

Law used by Gumma and Talu [4] is: 

 exc

sam

n
HP

m
 (6.10) 

where H  is the Henry’s law constant. 

Combining Equations (6.9) and (6.10) we can write: 

   bulk sam

sam

V
A HPM

m


 (6.11) 
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Applying the ideal gas law (which (i) is reasonable for helium, particularly in the limit 

0P  and (ii) must be used to be consistent with Henry’s Law), we can see that, provided 

the volume of the sample is constant, the group of directly measurable variables (A) is 

proportional to the bulk density:  

 
 

  
 

sam
bulk

sam

V
A HRT

m
  (6.12) 

Deviation from linearity of a plot of A versus bulk  indicates that helium is adsorbed. To be 

consistent with the notation used by Gumma and Talu [4], we will denote the slope of the 

group of directly measureable variables (A) versus bulk  at the origin as  :   
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 (6.13) 

The temperature dependency of the Henry constant can be expressed as 
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where 1H  is the isosteric heat of adsorption and 0H  is related to the entropy of 

adsorption [4]. Substituting this definition of H  into the equation for   yields an equation 

equivalent to Equation (16) in Gumma and Talu’s publication [4]: 
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  (6.15) 

Regression analysis of  -data can be used to determine 0H , 1H  and samV  as temperature 

independent constants without the need to assume helium does not adsorb at a particular 

temperature. 

Given the definition of   (Equation (6.15)), the  -plot should pass through a minimum 

when the derivative 
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is equal to zero, i.e. when  1RT H : 
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6.3 Sample 

6.3.1 Activated carbon 

The activated carbon sample used to investigate He adsorption was obtained from the 

CSIRO Energy Centre, Newcastle, and consisted of roughly spherical pellets approximately 

1 mm in diameter. 

6.4 Apparatus 

6.4.1 Manometric system 

The manometric system used for the adsorption measurements was modified several 

times between different temperature isotherm measurements due to changing equipment 

availability. For all isotherms, the system comprised stainless-steel VCR-4 components, a 

platinum thermometer and a Rosemount 55 bar pressure transducer with accuracy 

±0.075% of span. The components which were changed between isotherms were the 

valves and the sample cell.  

For the room-temperature isotherms, the entire manometric apparatus was in air, with 

the laboratory temperature being stable to within about ±0.1C. For the colder isotherms, 

a fixed portion of the sample cell was immersed in a box or dewar containing the coolant 

while the remainder of the apparatus was at room-temperature. As the coolant 

evaporated over time, it was regularly topped up to the same level within the container in 

attempt to maintain constant cold and hot volumes. In all cases, the portion of the sample 

cell emerging from the coolant was a narrow pipe in order to minimise the effect small 

fluctuations in the height of the fluid would have on the cold and hot volumes. 

Each time a volume in the system was changed volume calibrations were performed using 

helium expansion from a calibrated 303.2 cm3 volume. To do so, the volume of the pipe 

work connecting the calibrated volume to the reference chamber had to be calibrated 

first, followed by the volume of the reference chamber and finally the volume of the 

sample chamber. The 303.2 cm3 calibrated volume included a high precision Paroscientific 

pressure transducer rated to a maximum pressure of 70 bar with accuracy of 0.01% of full 

scale. For the volume calculations, the pressure measurements from this extremely high 
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accuracy transducer were used rather than using those from the less accurate Rosemount 

pressure transducer in the reference volume of the manometric rig.  

For each different coolant/sample cell combination, the effective hot/cold volumes were 

determined using helium expansion from the reference to sample cell. These calculations 

used the pressure reading from the Rosemount pressure transducer inherent in the 

reference volume and the values of refV  and cellV  obtained via the abovementioned 

calibration procedure. For all volume calibrations, at least five separate helium expansion 

measurements were recorded and the volume was taken to be the average of all trials. 

The system volumes at the time of each isotherm are presented in Table 6.1.  

6.5 Method 

6.5.1 Excess sorption isotherms – sample 1 

In an atmosphere of air, 2.1130 g of the activated carbon sample was loaded into the 

sample chamber of the manometric apparatus. The sample was then subjected to dynamic 

vacuum and, using a furnace mounted around the cell, heated to 60C for 24 hours to 

remove any trapped/sorbed moisture or other impurities that may have accumulated 

during storage. It was later realised that, although 60C is considered sufficient to outgas 

most coal samples, the activated carbon should have been subjected to a higher 

temperature in order to effectively outgas the sample. A room-temperature sorption 

isotherm was measured and then the sample was left under dynamic vacuum for several 

days before measuring an isotherm with the sample at 77.4 K. After the 77.4 K isotherm, 

the sample was removed from the sample cell and weighed in air. The mass of the sample 

was 2.0011 g. The same sample was then re-loaded back into the sample cell and, while 

under dynamic vacuum, again heated to 60C for 24 hours. An isotherm with the sample at 

194.7 K was measured, followed by an isotherm with the sample at 87.3 K (with exposure 

to several hours of dynamic vacuum between the two isotherms).  

6.5.2 Excess sorption isotherms – sample 2 

A new portion, 3.100 g, of the activated carbon sample was loaded into the sample cell. 

The sample was exposed to dynamic vacuum for 12 hours at 60C, after which it weighed 

2.903 g (measured in a glovebox without being exposed to air). An isotherm with the 
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sample at 77 K was performed and then the sample was subjected to dynamic vacuum for 

18 hours at room-temperature. Subsequently, the sample was weighed (again without 

being exposed to air) and the mass was 2.898 g. Next, three low-pressure helium 

expansions were performed (further details below) followed by a room-temperature 

isotherm. Table 6.1 indicates the sample mass used in the analysis of each different 

isotherm.   

6.5.3 Low-pressure helium expansion – sample 2 

With sample 2 in the sample cell, three low-pressure helium expansion steps (from 

reference to sample cell) were performed at room-temperature. Each expansion step 

started with the sample cell at vacuum and had a maximum final system pressure of 

approximately 1 bar. These measurements provide a means to calculate the sample cell 

void volume and hence the volume occupied by the sample ( samV ) using the traditional 

method which assumes no helium adsorption at room-temperature and P ≤ 1 bar. 

6.6 Results 

6.6.1 Manometric system volume calibrations 

Table 6.1 presents the calibrated system volumes and the measured sample masses used 

in the calculation for excess sorption for each of the isotherms.   

 Coolant 

Sample 
temp. 

(K) 

Sample 
mass 

(g) 

Reference 
volume 

(cc) 

Cell 
volume 

(cc) 

Hot 
volume 

(cc) 

Cold 
volume 

(cc) 

1 Room-temp. air 297.7 2.0011 12.115 9.380 0.000 9.380 

2 Liquid nitrogen 77.4 2.0011 12.115 9.380 3.300 6.080 

3 Dry ice 194.7 2.0011 12.115 9.380 3.036 6.344 

4 Liquid argon 87.3 2.0011 13.505 7.487 1.914 5.573 

5 Liquid nitrogen 77.4 2.898 13.505 9.399 1.910 7.489 

6 Room-temp. air 299.0 2.898 13.505 9.399 0.000 9.399 

Table 6.1: Experimental details for each helium/activated carbon isotherm 

6.6.2 Helium density from low-pressure helium expansion 

Applying the assumption that the activated carbon did not adsorb helium, the three low-

pressure, room-temperature helium expansions yield sample volumes of 1.440, 1.431 and 
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1.458 cm3. The average of the three trials is thus 1.443 cm3 and, given the mass of sample 

(2.898 g), this indicates a helium density of 2.01 g/cm3.   

6.6.3 Raw data isotherms 

Figure 6.1 shows a plot of A  (the grouped directly measured variables on the left hand 

side of Equation (6.8)) versus the bulk helium density. To allow direct comparison, the 

units are the same as those used in the plot published by Gumma and Talu [4] which 

presents the observed specific mass change of silicalite as a function of helium density. 

 

Figure 6.1: Directly measured variables (A) versus bulk helium density. The filled 
symbols and solid lines indicate points measured during pressure increases while 
the open symbols and dotted lines indicate points measured during pressure 
decreases. 

6.6.4 Application of Henry’s Law 

To obtain an estimate of the slope of the raw data (A) versus bulk  at the origin (i.e.  ), 

the data points for bulk  < 2 mg/cm3 were fitted to a quadratic equation with the intercept 

fixed at 0,0 (i.e.  2
bulk bulkA    where   is the slope at the origin). The obtained 

fitting function for each temperature is graphed in Figure 6.2.  
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Figure 6.2: Quadratic fits to <2mg/cm
3
 A data. The data points indicate the 

measured value of A while the solid lines indicate the quadratic function used to 
estimate the slope of the data at the origin. 

Figure 6.3 shows how   varies with temperature for the obtained activated carbon 

isotherms. The dotted line is a graph of Equation (6.15) using the parameters obtained by 

regression of the sample 1  -data. 

 

Figure 6.3: β-plot for helium adsorption by activated carbon 
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Table 6.1 presents the parameters obtained by regression of the sample 1  -data 

according to Equation (6.15). The helium density is the inverse of the obtained value of 

sam samV m . For comparison, the parameters Gumma and Talu [4] obtained for their 

gravimetric helium/silicalite data are included.  

 
Helium density 

(g/cm3) 

0H  

(mmol/(kg.kPa)) 

1H  

(kJ/mol) 

Activated carbon 1.06 7.50 × 10−2 2.9 

Gumma and Talu’s 
results for silicalite [4] 

2.13 5.19 × 10−3 3.9 

Table 6.2: Parameters obtained by regression of the β-data 

Figure 6.4 shows the excess helium adsorption isotherms created using the helium density 

value obtained via the proposed method. The isotherms generated using the helium 

density value obtained from the low-pressure, room-temperature helium expansions are 

presented in Figure 6.5. 

 

Figure 6.4: Excess helium adsorption by activated carbon using the helium density 
obtained using the proposed method (1.06 g/cm

3
). 
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Figure 6.5: Excess helium adsorption by activated carbon using the helium density 
obtained by assuming zero adsorption at room-temperature and low-pressure 
(2.01 g/cm

3
). 

6.7 Discussion 

6.7.1 Raw data isotherms 

The difference in the 77 K raw data isotherms for sample 1 and sample 2 (shown in Figure 

6.1) is most likely a consequence of accumulated experimental errors. Errors associated 

with the manometric technique are discussed in Section 3.4. With a two-temperature 

manometric system, fluctuations in the hot−cold volumes provide an additional source of 

error. The room-temperature isotherms for sample 1 and sample 2 are in good agreement.  

The increasing deviation from linearity with decreasing sample temperature indicates the 

increase in helium adsorption. The negative values of A for the room-temperature and 

194.7 K data signify that, if helium adsorption is occurring at these temperatures, the 

number of moles adsorbed is less than that displaced by the presence of the sample. The 

positive values of A observed for the 87.3 K and 77.4 K data indicate that the number of 

moles adsorbed by the sample is greater than that displaced by the sample.   

Bulk helium pressure (bar)

0 5 10 15 20

E
x
c
e

s
s
 a

d
s
o

rp
ti
o
n

 (
g

H
e
/g

s
a
m
)

0.000

0.002

0.004

0.006

0.008

0.010

Sample 1 - 297.7 K

Sample 2 - 299.0 K

Sample 1 - 194.7 K

Sample 1 - 87.3 K

Sample 1 - 77.4 K

Sample 2 - 77.4 K



HELIUM DENSITY OF A MICROPOROUS MATERIAL 93 

 
 

6.7.2 Helium density 

The sample density obtained from the low-pressure, room-temperature helium 

expansions (2.01 g/cm3) is close to the density of graphite (2.09 – 2.23 g/cm3 [5]) and so is 

reasonable for the activated carbon sample. The value obtained using the (manometric-

adapted) method proposed by Gumma and Talu [4] (1.06 g/cm3) is clearly too low, thus 

the application of this method has not succeeded. To test the sensitivity of the fit to 

sample density, the  -data were fitted to Equation (6.15) with the sample density fixed at 

0.5, 1.0, 1.5, 2.0 and 2.5 g/cm3 while allowing 0H  and 1H  to vary. The results are graphed 

in Figure 6.6 and the parameters obtained are presented in Table 6.3. 

 

Figure 6.6: Fits to the helium/activated carbon β-data with sample density fixed at 
the value indicated by the legend. 

From Figure 6.6 it can be seen that a significant increase in the helium density from the 

fitted value of 1.06 g/cm3 to a fixed value of 1.50 g/cm3 has negligible effect on the  -

plot. For example, the change in the magnitude of   at room-temperature is less than the 

difference in the room-temperature  -values obtained for sample 1 and sample 2. 

Accordingly, four  -data points ranging from 77 K to 298 K are not sufficient to obtain a 

reliable value of helium density using the proposed method. Additional  -data points, 

particularly  -data for T > 298 K, may generate a more reliable estimate of helium 

density. 

Temperature (K)

100 200 300 400


 (

c
m

3
/g

)

-0.5

0.0

0.5

1.0

1.5

data

0.5 g/cc

1.0 g/cc

1.5 g/cc

2.0 g/cc

2.5 g/cc



94  CHAPTER 6. 

Fixed sample density 

(g/cm3) 

sam samV m  

(cm3/g) 

0H  

(mmol/(kg.kPa)) 

1H  

(kJ/mol) 

0.5 2.0 3.20 × 10−1 1.73 

1.0 1.0 8.52 × 10−2 2.32 

1.5 0.67 2.62 × 10−2 2.97 

2.0 0.5 8.93 × 10−3 3.60 

2.5 0.4 4.08 × 10−3 4.07 

Table 6.3: Henry’s constants obtained via regression analysis of the 
helium/activated carbon β-data to Equation (6.15) with the sample density fixed at 
the value indicated. 

6.7.3 Analysis of Gumma and Talu’s [4] data 

To further test the sensitivity of Gumma and Talu’s [4] method to helium density and 

establish whether or not a larger data set generates a more reliable estimate, a more in-

depth analysis of their helium isotherm measurements obtained for silicalite using the 

tabulated raw data provided in their publication is now presented.  

For a gravimetric system,   is defined as: 
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  (6.18) 

where tM  is the reading of the balance and buV  is the volume of the bucket. For each 

experimental temperature, Gumma and Talu [4] published the measured mass change of 

the sample per unit solid mass ( tW ) as a function of pressure ( P ). To analyse their data, 

the NIST REFPROP database [6] was used to determine bulk  from the given T  and P  

measurements, and the relationship 

 t t
sam

bulk bulk

dM dW
m

d d 
 (6.19) 

was applied in order to yield a usable equation for  : 
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 (6.20) 

Gumma and Talu [4] specified that, for their gravimetric system, the volume of the bucket 

was 0.6875 cm3. However, as they did not indicate the mass of the sample in their 
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publication, it had to be back-calculated using the information provided. To do so, the  -

value for the 515 K data (   = −0.40 cm3/g, obtained from Figure 4 in their publication) and 

the slope of the tabulated tW  versus bulk  data at the origin (−0.5224 cm3/g, determined 

using linear regression analysis with the intercept fixed at (0,0)) were input into 

Equation (6.20) to obtain bu samV m  = 0.1224 cm3/g. Thus the (back-calculated) mass of the 

sample was 5.62 g.  

In their publication, Gumma and Talu [4] also did not indicate the method used to 

determine   from their isotherms. Here, linear regression analysis was used for the 

higher temperature isotherms (158 K to 515 K) and for the three lower temperature 

isotherms (93 K, 110 K and 131 K) the data points in the helium density range 0 to 

2 mg/cm3 were fit to a quadratic equation. For all fits, the intercept was fixed at the origin. 

Table 6.4 presents the results. 

Temp. (K) Fitted equation 
2R  

0bulk

t

bulk

dW

d



   

93   20.0114 0.0271t bulk bulkW    0.8238 −0.0271 0.1495 

110   20.0172 0.2730t bulk bulkW    0.9985 −0.2730 −0.1506 

131   20.0128 0.3666t bulk bulkW    0.9993 −0.3666 −0.2442 

158  0.4729t bulkW   0.9998 −0.4729 −0.3505 

197  0.5071t bulkW   0.9999 −0.5071 −0.3847 

262  0.5327t bulkW   0.9997 −0.5327 −0.4103 

276  0.5386t bulkW   0.9994 −0.5386 −0.4162 

302  0.5303t bulkW   1.0000 −0.5303 −0.4079 

358  0.5323t bulkW   1.0000 −0.5323 −0.4099 

392  0.5335t bulkW   1.0000 −0.5335 −0.4111 

439  0.5286t bulkW   0.9998 −0.5286 −0.4062 

515  0.5224t bulkW   1.0000 −0.5524 −0.4000 

Table 6.4: Results of fits to Gumma and Talu’s [4] data for helium adsorption in silicalite. 

The results for   are graphed in Figure 6.7 and for comparison the  -plot from Gumma 

and Talu’s publication [4] is presented in Figure 6.8. The comparison shows that the 

analysis presented here reproduces the results of Gumma and Talu.   
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Figure 6.7: β-data obtained using the method outlined in Section 6.7.3. The dotted 
line indicates the fit to Equation (6.15). The dashed line has been included for visual 
comparison to Figure 6.8.  

 

 

 

Figure 6.8: The β-plot from Gumma and Talu’s publication [4]. 
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Table 6.5 presents (i) the parameters obtained by regression of the obtained  -data 

according to Equation (6.15) and (ii) the parameters published by Gumma and Talu [4]. The 

two sets of parameters are in relatively good agreement; the slight differences in the 

values would stem from the use of different techniques for determining the slope of the 

raw data at the origin (as stated earlier, unfortunately Gamma and Talu did not indicate 

the method they used).  

 Sample density 

(g/cm3) 

sam samV m  

(cm3/g) 

0H  

(mmol/(kg.kPa)) 

1H  

(kJ/mol) 

(i) This work 2.15 0.47 4.75 × 10−3 4.0 

(ii) Gumma and Talu [4] 2.13 0.47 5.19 × 10−3 3.9 

Table 6.5: Parameters (i) obtained by regression analysis of the β-data obtained 
using the method presented in Section 6.7.3 and (ii) published by Gumma and Talu.   

To gauge the sensitivity of the  -data fit to sample density, the  -data were fitted to 

Equation (6.15) with the sample density term (the inverse of sam samV m ) fixed at a range of 

values. The results are presented in Figure 6.9.  

 

Figure 6.9: Fits to the β-data (obtained here) with sample density fixed at the value 
indicated by the legend. The inset provides a zoomed-in view of the fits to the β-
data for T > 140 K. 

The results graphed in Figure 6.9 clearly show that the sensitivity of the fit to sample 

density is too low for the proposed method to yield a reliable measure for helium density. 
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Furthermore, the form of Equation (6.15) does not represent the variation of the data 

satisfactorily (see inset to Figure 6.9).  

In their publication, Gumma and Talu [4] emphasise that the  -plot “seems to go through 

a minimum and it does not seem to have a discernible asymptotic value”. Furthermore, 

they say “our data is the first in literature showing this thermodynamically required 

minimum”. Figure 6.10 shows the  -data fits extrapolated to higher temperatures. The 

minimum in the  -plot is extremely shallow, so much so that the variation in   from the 

minimum turning point value to that which would be obtained at temperatures as high as 

1000 K is considerably smaller than the experimental error (as indicated by the 

fluctuations in the obtained  -data relative to the  -data fit). Accordingly, the 

abovementioned claims by Gumma and Talu are not supported by a close analysis of their 

data. The analysis presented here suggests that the realistic silicalite helium density value 

obtained by Gumma and Talu [4] using the proposed method was fortuitous. 

 

Figure 6.10: Extrapolation of the helium/silicalite β-data fits to higher temperatures. 
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the advantage that it relies more on physical measurement and less on a physical model 

than the Gumma and Talu approach. A further significant advantage is that it eliminates 

the need to assume that the sample volume is independent of fluid pressure. Testing the 

new methodology was beyond the scope of this project and is left to further work.   

The method requires multiple manometrically measured sorption isotherms (a minimum 

of two) for one sample and the sorptive fluid of interest. The first isotherm should be 

measured with only the sample in the sample cell, while consecutive isotherms should 

have additional non-adsorbing volume fillers (of known volume) in the cell. Theoretically, 

the calculation for excess sorption from manometric measurements is independent of the 

reference and sample cell volumes and it is only the magnitude of uncertainty within the 

calculation that differs for different values of refV  and cellV . The addition of a volume filler, 

or multiple volume fillers, simply reduces cellV . Provided (i) the adsorption process is 

completely reversible and repeatable (the same assumption underlying measurements at 

many temperatures with the same sample), (ii) all isotherms are measured with the 

system at the same temperature, and (iii) there is no change in sample volume, e.g. 

swelling, over the pressure range examined, then the resulting isotherms should overlie 

each other. However, as has been the focus of this chapter, to create a sorption isotherm 

from manometric measurements, a value for the volume of the sample is required. The 

idea behind this new method for determining the (fluid dependent) sample volume is that 

using an incorrect value of samV  in the calculations for excess sorption will affect the 

isotherms measured with different cell volumes to different extents and only the correct 

value of samV  will cause the two (or more) isotherms to overlap. This value of samV  is the 

volume of sample that is inaccessible to the sorptive fluid under investigation. This method 

could be applied by fitting an appropriate excess sorption equation (e.g. the DR equation, 

which would also model slight differences in temperature) to each isotherm and using 

regression analysis to determine the value of samV  that minimises the difference in the 

isotherms. For samples that are known to swell in the presence of the sorptive fluid, this 

method could be applied with samV  allowed to vary as a function of pressure to provide a 

pressure-dependent measure of the inaccessible sample volume.  

Without testing against actual sorption data, it is hard to ascertain whether the effect of 

the different sample cell volumes will provide enough deviation in the isotherms (for a 

realistic range of sam  or samV ) or be lost within the magnitude of uncertainty associated 
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with the measurements. If the sensitivity to sample density is not outweighed by the 

experimental error, this method could be used to investigate swelling and to determine 

the volume of sample that is impenetrable to a range of sorptive fluids and subsequently 

give information regarding the pore size distribution.  

6.8 Conclusion 

Gumma and Talu’s method for determining the helium density of a microporous material 

from gravimetric helium sorption data has been reworked for application to manometric 

sorption data. Their proposed self-consistent method, which utilises Henry’s Law in the 

limit of low pressure and the temperature dependency of the Henry constant, was applied 

to an experimental data set of four different temperature helium sorption isotherms (77, 

87, 195 and 298 K) yielding an unrealistic value for the helium density of the sample of 

1.06 g/cm3. Further investigation, of both the manometrically obtained activated carbon 

helium sorption data and Gumma and Talu’s gravimetrically obtained silicalite helium 

sorption data, exposed the insensitivity of the proposed method to sample density. For 

both the manometric and gravimetric data sets, the experimental error outweighed the 

level of accuracy that would be required in order to provide a reliable measure of the 

helium density.  

Overall, it has been established that, relative to the degree of error associated with the 

manometric and gravimetric measuring techniques, the temperature dependency of the 

Henry constant does not vary greatly enough at temperatures above room-temperature in 

order for the proposed method to provide a reliable measure of helium density. Hence the 

most commonly practiced method for determining helium density, whereby negligible 

helium adsorption at low-pressure (P ≤ 1 bar) and room-temperature is assumed, is still 

the best method at present, although higher-temperature isotherms should be more 

satisfactory. The low-pressure, room-temperature helium expansion trials conducted here 

generated a reasonable helium density value of 2.01 g/cm3 for the activated carbon 

sample.  

A new method was suggested for measuring the (possibly pressure dependent) sample 

volume by repeated isotherms with varying sample cell volume. Testing this method is left 

to further work that could lead to a significant improvement in the practice of measuring 

sorption isotherms for coals and other porous materials.  
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7. Manometric apparatus for measurement of CO2 

uptake by small samples 

7.1 Introduction 

A significant fraction of the project time was devoted to developing a manometric 

apparatus for high pressure CO2 sorption measurements on small samples (< 1 g). The 

primary intent of creating such a rig was to measure excess CO2 sorption isotherms for the 

coal and activated carbon samples investigated in the in-situ small-angle scattering study 

presented in the forthcoming chapter. The key problem is then the very small amount of 

sample available, compared with the 100 g samples typically used for characterising coals 

by isotherm measurements.  

Several complete rigs were designed, assembled, tested and deemed inadequate for 

generating reliable CO2 sorption isotherms on samples < 1 g. To begin with, a few of the 

highly erroneous isotherms obtained using the various rigs are presented to highlight the 

extent of the problems encountered. Next, the design of the final manometric rig is 

presented, followed by a discussion on its reliability for obtaining excess CO2 sorption 

isotherms. A small section outlining some of the interesting observations and failures has 

been included as it may be of use to someone building a similar apparatus. 

7.2 Problems of excess sorption measurements 

Baralaba coal was the most studied sample throughout this research project. During the 

apparatus development stage, where modifications were frequently made in attempt to 

produce a reliable excess CO2 sorption isotherm, sorption measurements were typically 

obtained for Baralaba coal. Chemical and petrology data for Baralaba coal are provided in 

Section 8.2.2, but for the purpose of this chapter they are not important. 

A tiny wafer of Baralaba coal, weighing only 0.039 g, was the focus of the in-situ scattering 

experiment presented in the forthcoming chapter. The goal was to generate an excess CO2 

sorption isotherm for this tiny wafer of coal to complement the SAXS data. In contrast to 
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the usual practice in this research group, simultaneous determination of CO2 uptake while 

running the X-ray experiment proved to be highly inaccurate. 

Two isotherms were obtained for the sample at 45°C in different variations of a 

manometric apparatus; the results are presented in Figure 7.1. The specifications of the 

two apparatus used are detailed in Table 7.1. In both cases, the entire manometric system 

was immersed in a 45°C circulated glycol−water bath. 

 

Figure 7.1: Two (unreliable) isotherms measured for the 0.039 g Baralaba coal 
wafer at 45°C. The inset provides a zoomed-in view of the data for P < 20 bar.  

Date isotherm 
was initiated 

Pressure transducer 

(accuracy of full scale) 

Reference 
volume (cm3) 

Sample cell 
volume (cm3) 

Sample mass 
(g) 

29/04/2009 
Wika P-10 

(0.1%, 160 bar) 
3.790 1.163 0.039 

20/05/2009 
Quartzdyne 

(0.015%, 340 bar) 
3.285 1.157 0.039 

26/06/2009 
Quartzdyne 

(0.015%, 340 bar) 
3.285 1.157 0.398 

26/02/2010 
Presens DPX-2000 

(0.01%, 400 bar) 
2.756 1.650 0.390 

Table 7.1: Specifications of the manometric apparatus used to produce the 
Baralaba coal isotherms presented in Figure 7.1 and Figure 7.2. 
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The isotherms generated for the 0.039 g of sample are obviously not credible. After much 

thought, and considering the figure of merit (detailed in Section 3.3.4) of the manometric 

systems used, it was realised that a much larger portion of sample would be required in 

order to obtain a reliable isotherm: with the rig configuration used for the isotherm 

initiated on 29/04/2009, to achieve a figure of merit of 1000, 1.1 g of sample would be 

required to produce reliable low-pressure isotherms, and up to 2.5 g of sample would be 

required to achieve respectable data at higher pressure (this calculation considers the 

compressibility of CO2 at 100 bar); while with the rig configuration used for the isotherm 

initiated on 20/05/2009 which had a much more accurate pressure transducer, to achieve 

a figure of merit of 1000, 0.24 g of sample would be required to produce reliable low-

pressure isotherms, and up to 0.67 g of sample would be required to achieve respectable 

data at higher pressure. 

Using the same apparatus as that used to create the isotherm for 0.039 g of sample 

initiated on 20/05/2009, an isotherm for a larger portion, 0.398 g, of Baralaba coal was 

measured (initiated on 26/06/2009). With this amount of sample and the apparatus 

configuration at the time, the best and worst case figure of merits for the applied pressure 

range (0 to 211 bar) are 1698 and 510 respectively, hence one would expect to produce a 

credible isotherm. However, the isotherm, graphed in Figure 7.2, contained an 

uncharacteristic dip centred at about 120 bar.  

 

Figure 7.2: Baralaba coal isotherms obtained for 0.39 g of sample at 45°C. 
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As the high-accuracy Quartzdyne pressure transducer was temporarily borrowed from 

another researcher’s apparatus, it was replaced with a new Presens DPX-2000. At the 

same time, the sample chamber of the apparatus was also changed. A second isotherm, 

initiated on 26/02/2010, was subsequently recorded on the larger portion of sample to see 

whether the “dip” in the isotherm was reproducible. The resulting isotherm, included in 

Figure 7.2 for comparison, also contained the uncharacteristic dip but this time occurring 

at slightly lower pressure. The overall shape of the two isotherms was very similar; 

however, the magnitude of excess sorption in the subsequently measured isotherm was 

lower for pressures prior to the dip and higher for pressures beyond the dip. To investigate 

the source of the error further, thorough testing of the rig in this configuration (which was 

its final form) was conducted; the tests, results and findings are presented in Section 7.4. 

Firstly however, Section 7.3 details the design and specifications of the final manometric 

apparatus.     

7.3 Final apparatus design 

Each of the different manometric rig configurations consisted of a reference chamber and 

sample cell mounted inside a Perspex tank, and a pressure amplification stage. 

Unfortunately a photo of the apparatus in its final form was not taken; however, the photo 

shown in Figure 7.3 which is of a previous, but similar, configuration gives a general idea of 

its configuration.    

7.3.1 Reference section 

The reference section of the final manometric apparatus was comprised of VCR-4 gas 

handling components, VCR-4 to SITEC adapters, two SITEC 710.3320 valves rated to 

1000 bar, a platinum thermometer silver soldered into a VCR-4 cap (thus enabling in-situ 

measurement of the fluid temperature) and a Presens DPX-2000 pressure transducer with 

a pressure range of 0 − 400 bar, calibrated temperature range of 5 to 55C and total error 

band of 0.01% full scale. The pressure transducer had a NPT fitting sealed to a NPT-VCR 

converter with Teflon tape. As the Teflon was highly constrained it sealed CO2.  

7.3.2 Sample cell 

Many different sample cells were used on this manometric apparatus. The first design 

used o-rings but did not successfully seal CO2; details are provided in Section 7.3.5.1. 
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Subsequent cells were made from combinations of standard VCR-4 or VCR-12 

components, some of which were modified by the Griffith University workshop 

(e.g. hollowing of blind glands to create sample space). A short length of 7-kbar pipe with a 

VCR-4 gland on one end and SITEC threading on the other was used to connect the 

different VCR-based sample cells to the SITEC valve. All cells were sealed with copper or 

stainless steel gaskets and contained a frit between the sample space and gas inlet to 

prevent sample from escaping into the reference chamber. 

 

Figure 7.3: An early-stage manometric rig. Note the total immersion of the valves 
and manifold, and partial immersion of the pressure transducer, in a temperature 
controlled bath. 

7.3.3 Temperature control 

The reference and sample chamber assembly was mounted onto an anodised aluminium 

plate that was designed to slide vertically in and out of a Perspex tank. For temperature 

control and stability the Perspex tank was filled with a mixture of deionised water and 

glycol which was circulated by a pump connected to a temperature controlled bath. The 

ability to remove the manometric panel from the tank allowed for easy sample loading 

and made the rig accessible for any necessary alterations. The manometric panel was 

designed small enough to fit in the large antechamber of the glove box, allowing samples 

to be loaded and unloaded under an argon atmosphere without exposure to air.     

The Presens pressure transducer was not suitable for completely immersing in fluid; the 

top end of the transducer where the electrical cables emerged had to remain out of the 
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temperature controlled fluid. To keep the whole device as close to the experimental 

temperature as possible, a copper jacket with the temperature controlled glycol−water 

mix flowing though it was placed over the top of the pressure transducer, and additionally 

the copper jacket had a tail which protruded down into the temperature controlled bath.  

7.3.4 Pressure amplification stage 

In all the experiments presented in this thesis, CO2 was sourced from a compressed gas 

cylinder which at room temperature produced a maximum pressure of approximately 

60 bar (liquid-vapour equilibrium). To generate the higher pressures used in the sorption 

experiments a pressure amplification stage was designed and directly connected to the 

reference volume of the manometric apparatus (similar to that shown in Figure 7.3). The 

primary components comprising the pressure amplification stage included a condensation 

cell, a pressure transducer, a K-type thermocouple and valves (the type of pressure 

transducer and valves used changed several times during the rig development stage due to 

availability and the desire to achieve higher pressure amplification in the preparation 

region). The condensation cell was made from stainless steel VCR-8 components with 

3 mm thick walls and connected to the remaining gas handling components with 7-kbar 

pipe. The sensor of the thermocouple was located inside the condensation cell for in-situ 

fluid temperature measurement. Pressure amplification was achieved via the following 

series of steps: 

(i) Fill the condensation cell with CO2 from the compressed gas cylinder and close 

the connecting valve. 

(ii) Submerge the cell in a dewar of liquid nitrogen to condense the contained fluid.  

(iii) Open the connection between the condensation cell and compressed gas 

cylinder to allow additional fluid to condense in the cell.  

(iv) Close the connection to the compressed gas cylinder and remove the liquid 

nitrogen dewar.   

(v) Heat the condensation cell (using a heat gun) until the cell pressure is 

approximately the same as that inside the reference chamber. 

(vi) Allow the gas to expand across to the reference chamber while continuing to 

heat the condensation cell until the required pressure is reached. 
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On some occasions this procedure had to be performed several times in order to generate 

the pressure required in the reference volume. The volume of the condensation cell was 

chosen such that the maximum obtainable pressure (i.e. if the entire condensation volume 

contained solidified CO2) would not exceed that of the rating of the gas handling 

components.   

7.3.5 Some notable failures along the way 

7.3.5.1 Trying to seal CO2 with O-rings 

The first sample cell design, shown in place in Figure 7.3, comprised two 304 stainless steel 

flanges held together with 8  M8 nickel plated socket-head screws: the bottom flange 

had a 25 mm diameter by 3 mm deep cylindrical sample space (designed to hold wafer 

shaped samples) inside a BS-123 o-ring groove; the top flange had a VCR-4 gland with an 

inner diameter of 1.6 mm welded to it. A frit was placed between the sample space and 

the gas inlet to prevent sample from entering other sections of the rig. Problems were 

encountered when trying to seal the sample chamber with high pressures of CO2. Viton o-

rings did not seal CO2; they reacted with the fluid causing the material to form visible 

bubbles. Nitrile o-rings seemed to work occasionally. Interestingly, on several occasions, 

after exposure to supercritical CO2 the inner diameter of the o-ring expanded in size upon 

removal from the confines of the sample cell groove. It was decided that a metal seal 

would be the most reliable option for use with supercritical CO2 so this cell was 

abandoned.   

7.3.5.2 Valves leaking helium 

The first manometric rig designed and tested comprised SS-43GVCR4-A valves. These 

valves were chosen as they do not contain Teflon and their ball-valve design is such that 

there is no volume change within the system when the valves are opened or closed. 

However, these valves were found to leak helium through the front face. As helium 

expansion is the method used to determine the sample density and void volume of the 

sample chamber it was vital that the rig be leak tight with helium. Valves of the same 

dimension but with the ability to seal helium were not available, so the usable 

components of the system were salvaged but unfortunately the custom-made Perspex 

tank was redundant. 
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7.3.5.3 Volume fillers 

Initially, brass rods were placed inside the VCR-4 gas handling components on the 

reference side to reduce the reference volume. However, with the rods in place, the 

reference side took an unusually long time to settle for each pressure dose and so they 

were removed. It was suspected that the small apertures between the brass rods and 

inner walls of the stainless steel gas handling components may have been of similar size to 

adsorptive pores causing some level of fluid densification in the confined spaces.  

7.4 Characterising the final apparatus 

7.4.1 Volume calibrations 

The volume of the reference chamber was determined using room-temperature nitrogen 

expansion from a pre-calibrated volume. The pressure was measured using a Paroscientific 

pressure transducer (rated to 70 bar with an accuracy of 0.01% of the full-scale) which 

formed part of the pre-calibrated volume. Using the average value of four gas expansion 

trials, the reference volume was found to be 3.6206 cm3 (with a standard deviation of 

0.0044 cm3). 

The volume of the sample chamber was determined using the results of a helium isotherm 

obtained at 45°C with no sample in the sample cell. The concept of such an isotherm, 

i.e. one performed on no sample (later introduced as a blank isotherm), is outlined in 

Section 7.4.3. The volume of the sample cell was taken to be that which minimised the 

fluctuations of the first 9 data points of the isotherm (ranging from 0 to 114 bar) from zero 

(the reliability of the higher pressure steps was compromised due to temperature 

fluctuations, details outlined later). Using this method, the sample cell volume was found 

to be 1.5117 cm3 (with a standard deviation of 0.0071 cm3 for the nine data points). 

7.4.2 Minimum sample required for high quality isotherms 

The accuracy of the Presens pressure transducer is 0.01% of full scale (400 bar), giving 

0.04barP . Thus, to achieve a figure of merit 1000,  1000 40barks p . Owing to 

the compressible nature of CO2 (as detailed in Section 2.4.3) the figure of merit is 

dependent on the pressure range of the experiment. Here the best and worst case 

scenarios will be considered, that is, when the compressibility factor is 1 and when the 
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compressibility factor is at its lowest. At 45C, in the pressure range 0 – 200 bar, the 

lowest compressibility factor is 0.30 (occurring at 114 bar CO2 pressure). The density of 

coal is typically around 1.4 g/cm3, thus applying Equation (3.21) we have: 
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Therefore, for this manometric system, an absolute minimum of 0.33 g of coal is required 

in order to obtain high quality low-pressure CO2 sorption isotherms, with more required 

for higher-pressure measurements due to the increasingly non-ideal behaviour of the fluid. 

Approximately 1 g of coal should be sufficient over the usable pressure range of the 

apparatus. 

Performing the same calculation for activated carbon (where a sample density of 2.0 g/cm3 

is assumed) gives best and worst case scenarios for the minimum sample mass as 0.33 g 

and 1.02 g respectively.   

7.4.3 Blank isotherm tests 

To test the accuracy of the final manometric apparatus and look for possible sources of 

experimental error, several isotherms were conducted with no sample in place; from here 

on, such isotherms will be called “blank isotherms”. The concept of excess sorption is not 

directly valid for a blank isotherm as the sample mass is zero; hence, the blank isotherms 

will be plotted as either (i) the stepwise error (which represents the number of moles 

unaccounted for in that given step) versus bulk fluid pressure or (ii) the accumulated error 

(which represents the sum of the number of moles unaccounted for up to and including 

that step) versus bulk fluid pressure. A measurement other than zero indicates a source of 

error. More specifically, a positive deviation from zero indicates that fluid has 

“disappeared” from the system (which if there was a sample in place would give a false 

measure of additional sorption by the sample), while a negative deviation from zero 
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indicates that the system has “gained” fluid (which if there was a sample in place would 

appear as a reduction in the actual excess sorption).   

Helium, carbon dioxide and xenon blank isotherms were obtained as these are the gases of 

interest in the forthcoming experimental chapter. Measurements were obtained with the 

system at 45C to replicate the conditions used in the in-situ SAXS work. Table 7.1 lists the 

purity of the fluids used and indicates the temperature stability of the system over the 

time each blank isotherm was obtained. The listed system temperature was that measured 

by the platinum thermometer located inside the reference section of the manometric 

apparatus. Although this was the only point of temperature measurement in the system, 

the rate at which the temperature-controlled glycol–water mix was being pumped through 

the Perspex tank was considered sufficient to maintain temperature uniformity across the 

submerged manometric apparatus. Ideally, the temperature would be measured at 

multiple locations in the sample and reference chambers to conclusively rule out localised 

temperature fluctuations.  

 

Blank isotherm Min. fluid purity System temp. (°C) 

CO2 Trial 1 Anaerobic grade 
CO2 

99.95% 

44.80 ± 0.10 

CO2 Trial 2 45.06 ± 0.02 

CO2 Trial 3 45.05 ± 0.02 

Xenon 
Ultra high purity Xe 

99.999% 
45.07 ± 0.02 

Helium 
High purity He 

99.99% 
45.08 ± 0.04 

Table 7.2: Fluid and system specifications for the blank isotherms 

Figure 7.4 and Figure 7.5 show the results of 3 blank CO2 isotherms. The first CO2 blank 

isotherm (Trial 1) exhibited large deviations from zero for 80 < P < 150 bar in both the 

increasing pressure and decreasing pressure cycle. To investigate further, additional steps 

(approximately every 5 bar) in the pressure range of interest were included in the second 

trial. After the second trial, the water outlet of the Perspex tank was raised in order to 

immerse a greater portion of the pressure transducer and insulation was packed around 

the entire Perspex tank and protruding valves. The subsequently obtained third isotherm 

closely followed that of the second and thus possible problems with temperature stability 

and temperature gradients within the manometric system were ruled out. 
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Figure 7.4: Stepwise error measured during the blank CO2 isotherms measured at 
45°C. The solid symbols represent steps measured during pressure increases while 
the hollow symbols represent steps measured during pressure decreases. 

 

Figure 7.5: Blank CO2 isotherms measured at 45°C. The solid symbols represent 
steps measured during pressure increases while the hollow symbols represent 
steps measured during pressure decreases. 
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Increasing the number of pressure steps in the blank CO2 isotherm decreased the 

magnitude of the error for a given step in the high-error region; possibly due to the 

relatively smaller pressure top-ups required in the reference volume compared to the 

larger pressure doses when fewer steps were performed. Interestingly, although more 

steps were used in Trial 2 the accumulative error was lower than that for Trial 1, as can be 

seen in Figure 7.5. In all 3 blank CO2 trials, in the high-error region the stepwise error 

exhibited a small negative dip for system pressures less than about 100 bar, followed by 

larger positive deviations from zero for pressures greater than 100 bar. With the additional 

steps included in Trials 2 and 3, the high-error region reduced to 80 < P < 120 bar. This 

recurring high-error region corresponds roughly to the same suspicious pressure region in 

the Baralaba coal isotherms obtained during the rig development stage (presented in 

Figure 7.2).  

Figure 7.6 and Figure 7.7 present the results of the He and Xe blank isotherms, with the 

CO2 Trial 2 isotherm included for comparison. During the time over which the last six data 

points of the blank Helium isotherm were recorded, the laboratory room temperature was 

fluctuating between 23 and 29C as the air-conditioning sensor was damaged. 

Consequently, for these few steps there is a larger degree of error associated with the 

reduced temperature stability of the glycol−water bath. The He data are nevertheless 

much better than those for CO2 and Xe, demonstrating the insensitivity of the rig to 

fluctuations in the ambient temperature.       

The Xe blank isotherm exhibits large deviations from zero between about 100 < P < 160 

bar. Although the magnitude of the Xe stepwise error in the high-error region is much 

larger than that in the same region for the plotted CO2 data (Trial 2), it is approximately 

the same magnitude as that recorded in CO2 Trial 1 where similar pressure increments 

were applied.  

In comparison to the CO2 and Xe blank isotherms, the helium isotherm fluctuates 

negligibly about zero across the entire experimental pressure range (0 to 237 bar); this is 

the result expected for a blank isotherm. The magnitude of the fluctuations could be used 

as a guide for appropriate error bars for helium sorption isotherms obtained for samples 

using this apparatus (at 45°C), provided any uncertainty in the sample volume is 

additionally incorporated into the error bar calculations.  
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Figure 7.6: Stepwise error measured during the blank He, CO2 (Trial 2) and Xe 
isotherms measured at 45°C. 

 

Figure 7.7: Blank He, CO2 (Trial 2) and Xe isotherms measured at 45°C. 
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indicates that the errors occurring with CO2 and Xe in the system are gas-related rather 

than stemming directly from problems with the apparatus itself (e.g. inaccurate volume 

calibrations or a non-linearity in the pressure transducer). To investigate whether the 

measured error is within the limitations of the apparatus, the uncertainty of the 

measurements was considered.  

7.4.4 Preliminary uncertainty analysis 

Figure 7.8 shows the compressibility of the three gases investigated as a function of 

pressure at the experimental temperature of 45°C. The compressibility factor of both CO2 

and Xe varies considerably across the experimental pressure range; with a minimum 

turning point occurring in the pressure region where the blank isotherms were indicating a 

high-level of error. The accuracy of a density calculation based on P and T measurements 

reduces with (i) decreasing compressibility factor and (ii) increasing rate of change of 

compressibility as a function of pressure. This suggests that the high-error region may have 

something to do with the uncertainty associated with calculating the compressibility factor 

corresponding to a given and uncertain P and T. This uncertainty is in addition to the 

intrinsic uncertainty in Z at a perfectly known combination of P, T.   

 

Figure 7.8: Compressibility of CO2, Xe and He at the applied experimental 
temperature of 45°C. 
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Figure 7.9 shows the uncertainty in the CO2 and Xe compressibility factors arising from 

±0.04 bar uncertainty in P and ±0.05°C uncertainty in T at 45°C (corresponding to the 

manometric rig specifications). The calculation assumes that the greatest uncertainty in 

the compressibility factor occurs at one of the extremities of the P and T uncertainty limits, 

and furthermore, does not take into account any uncertainty in the compressibility factor 

itself. More specifically, it was taken to be ± half the difference in the maximum and 

minimum Z values obtained out of Z(Pmax, Tmax), Z(Pmax, Tmin), Z(Pmin, Tmax) and Z(Pmin, Tmin). 

The peak in the uncertainty corresponds roughly to the “high-error region” in the blank 

isotherms. For CO2, a maximum uncertainty of ±0.42% is reached at 96 bar CO2 pressure. 

This degree of uncertainty is substantially larger than the relative uncertainties in the P 

and T measurements (e.g. the uncertainty in P at 100 bar is ±0.04% and the uncertainty in 

T at 45°C is ±0.016%). 

 

Figure 7.9: Calculated uncertainty in the CO2 and Xe compressibility factors at 45°C 
arising from ± 0.04 bar uncertainty in P and ± 0.05°C uncertainty in T. 

A calculation of the uncertainty in the number of CO2 moles in the reference cell, empty 

sample cell and system volume at 45°C in the pressure range 0 to 200 bar (in 1 bar 

increments) was performed, the results are presented in Figure 7.10. The calculation 

incorporated the uncertainty in P (±0.04 bar), T (±0.05°C) and the volume calibrations 

(taken to be ± the standard deviation of multiple volume expansion trials), as well as the 

uncertainty in Z arising from the uncertainty in P and T. Again, it was assumed that the 
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greatest uncertainty occurs at one of the extremities of the (P, V, T and Z) uncertainty 

limits. 

 

Figure 7.10: Absolute uncertainty in the number of moles of CO2 in the system (in 
its final configuration) at a given pressure based on the uncertainty in P, V and T 
and the uncertainty in Z arising from the uncertainty in P and T. 

A single data point on an excess sorption or blank isotherm relies on the calculation of 

three molar quantities, namely the number of moles in (i) the reference cell prior to 

opening the connecting valve, (ii) the sample cell prior to opening the connecting valve 

and (iii) the system after opening the connecting valve. Consequently, the magnitude of 

the uncertainty in a single sorption computation accumulates the uncertainty of these 

three molar calculations. Considering this and given the magnitude of the absolute molar 

uncertainties for the different system volumes plotted in Figure 7.10, the “stepwise error” 

measured in the blank CO2 isotherms (Figure 7.4) is thus well within the theoretical 

uncertainty of the apparatus.    

Figure 7.11 compares the absolute uncertainty in the number of moles in the system 

volume (3.6206 + 1.5117 cm3) with and without incorporating the uncertainty in the 

compressibility factor arising from the uncertainty in P and T. It clearly shows that the 

uncertainty in the compressibility factor significantly contributes to the overall uncertainty 

in the 80 to 120 bar region.        
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Figure 7.11: Absolute uncertainty in the number of moles of CO2 in the system 
volume at a given pressure if (i) the uncertainty in P, V and T and the uncertainty in 
Z arising from the uncertainty in P and T are considered [green] and (ii) only the 
uncertainty in P, V and T are considered and the uncertainty in Z is neglected, i.e. 
assumed to be zero [pink].   

7.5 Trusted excess sorption measurements 

7.5.1 Baralaba coal isotherms 

Using the manometric rig in its final configuration, six low-pressure helium expansion trials 

(resulting in system pressures P  1 bar) were conducted to approximate the volume (and 

hence density) of the 0.390 g Baralaba coal sample. The resulting density calculated using 

the average of the six trials was 1.4173 g/cm3 (with a standard deviation of 0.0166 g/cm3).   

Three CO2 ad- and desorption isotherms were measured for the 0.390 g Baralaba sample; 

with pressure steps approximately matching those applied in the in-situ SAXS experiment. 

Although the in-situ SAXS work went to 100 bar pressure, here the maximum pressure 

applied in the first and third isotherm was 79 bar, and 63 bar for the second isotherm. 

Figure 7.12 shows the results.   
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Figure 7.12: Excess CO2 sorption by Baralaba coal at 45°C. The solid symbols 
represent steps measured during pressure increases while the hollow symbols 
represent steps measured during pressure decreases. 

The three CO2 isotherms are in excellent agreement up to the 63 bar pressure step, so 

much so that the symbols are hard to distinguish in the figure as they overlay so closely. 

For Isotherm 2, where the maximum pressure was 63 bar, the desorption cycle closely 

backtracks the adsorption cycle; while for Isotherms 1 and 3, where the maximum 

pressure was 79 bar, there is hysteresis between the adsorption and desorption cycles. 

Looking at the molar scale, the apparent hysteresis, which is greater for Isotherm 3 

compared to Isotherm 1, is within the stepwise error measured at similar pressure in the 

blank CO2 isotherms, inferred from Figure 7.4. Accordingly, it is unlikely that the hysteresis 

is real. The total number of CO2 moles adsorbed at 63 bar pressure (around 6 × 10−4) is 

approximately the same as the magnitude of error in the high-error region when similar 

pressure increments (20 bar) were used to generate the blank CO2 isotherm (Trial 1). This 

shows that the uncharacteristic dip in the high pressure Baralaba coal isotherms obtained 

in the rig-development stage (Figure 7.2) is within the uncertainty of the apparatus in the 

corresponding pressure region (also remembering that the apparatus at the time of 

measuring these isotherms comprised a less accurate pressure transducer). Based on the 

blank isotherms and the sorption capacity of Baralaba coal, with the manometric rig in its 

final configuration, CO2 isotherms for the 0.390 g sample are only reliable up to 

approximately 60 bar pressure. To generate reliable sorption data at higher pressures a 

much greater sample mass would be required to reduce the relative error.  
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Figure 7.13: Excess He, CO2 and Xe sorption (gsorbate/gcoal) by Baralaba coal at 45°C. 
The solid symbols represent steps measured during pressure increases while the 
hollow symbols represent steps measured during pressure decreases. 

 

Figure 7.14: Excess He, CO2 and Xe sorption (moles of sorbate) by Baralaba coal at 
45°C. The solid symbols represent steps measured during pressure increases while 
the hollow symbols represent steps measured during pressure decreases. 

Figure 7.13 and Figure 7.14 show the excess He and Xe sorption by Baralaba coal at 45°C, 
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adsorption across the entire pressure range (0 to 99 bar) is within the molar uncertainty of 

the apparatus indicated by the blank He isotherm and thus the Barabala coal sample is 

considered not to adsorb Helium at 45°C. The Xe isotherm, recorded up to 59 bar pressure, 

exhibits hysteresis between the adsorption and desorption cycles; however, the hysteresis 

is not considered real as the maximum difference (3.6 × 10−5
 moles of Xe) is within the 

stepwise error measured in the same pressure range in the blank Xe isotherms. 

7.5.2 Takeda 4A activated carbon isotherms 

In addition to Baralaba coal, Takeda 4A was also studied in the in-situ SAXS experiment 

presented in the next Chapter. To complement the scattering data, excess sorption 

isotherms at 45°C were obtained for 0.450 g of Takeda 4A with CO2, Xe and He as the 

sorptive fluid. The maximum system pressure applied for the CO2 and Xe isotherms was 

60 bar as higher pressure data obtained using this apparatus are considered too 

erroneous for this amount of sample (based on the blank isotherms and Baralaba sorption 

data).  

After generating the three abovementioned sorption isotherms, three low-pressure 

helium expansions (resulting in system pressures of 1 bar) at 45°C were performed to 

determine the volume of the Takeda 4A sample. The average of the three trials yielded a 

sample density of 2.1046 g/cm3 (with a standard deviation of 0.0027 g/cm3).  

The measured isotherms, shown in Figure 7.15, indicate that the activated carbon sample 

did not adsorb He at 45°C. The maximum measured excess CO2 sorption was 16 wt% at the 

42 bar pressure step. The maximum measured excess Xe sorption was 37 wt%, occurring 

around the 20 and 41 bar pressure steps. On a molar basis, the excess CO2 sorption was 

greater than that for Xe (as can be seen in Figure 7.16). In the same experimental pressure 

range (up to 63 bar) the Baralaba coal sample did not reach its maximum turning point in 

excess sorption. The differences in the make-up of the pore volumes of the two samples 

accounts for the earlier occurrence of maximum excess sorption by activated carbon 

compared to coal; Takeda 4A consists of >90% micropores [1] while coals typically contain 

a broader range of pore sizes including micro-, meso- and macropores.  
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Figure 7.15: Excess He, CO2 and Xe sorption (gsorbate/gsample) by Takeda 4A activated 
carbon at 45°C. The solid symbols represent steps measured during pressure 
increases while the hollow symbols represent steps measured during pressure 
decreases. 

 

 

Figure 7.16: Excess He, CO2 and Xe sorption (moles of sorbate) by Takeda 4A 
activated carbon at 45°C. The solid symbols represent steps measured during 
pressure increases while the hollow symbols represent steps measured during 
pressure decreases. 
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7.6 Discussion 

7.6.1 Similar findings in the literature 

Amongst the vast amount of literature presenting carbon dioxide isotherms obtained for 

coals and other porous carbons, only few publications present measurements of 

supercritical CO2 adsorption by small samples (less than a few grams). Interestingly, most 

of these report strange sorption behaviour for pressures greater than 80 bar.  

Recalling from the literature review, the excess CO2 sorption isotherms for a variety of coal 

samples at 55°C obtained by six different laboratories that participated in “Inter-laboratory 

comparison II” were generally in good agreement up to 80 bar CO2 pressure, fair 

agreement for 80 < P < 150 bar for four laboratories, but diverged significantly for 

80 < P < 150 bar for two laboratories. Figure 7.17 shows the resulting isotherms obtained 

by the six different laboratories for one of the samples (extracted directly from the 

publication [2]).  

 

Figure 7.17: Excess CO2 sorption isotherms at 55°C on moisture-equilibrated 
Pocahontas No. 3 coal measured by six different laboratories as part of 
Interlaboratory comparison II [2].    

The authors say that “apparent factors such as equipment, sample size, equilibration time, 

apparatus dimensions and coal moisture content do not explain the significant divergence 

in the data above 80 bar for Laboratories 2 and 4” and provide no explanation for the 

discrepancy in the higher-pressure results. Interestingly, and in alignment with the findings 

of this Chapter, the two laboratories which produced the anomalous isotherms used the 
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manometric technique; with Lab 2 using around 2 g of sample and Lab 4 using around 79 g. 

Blank CO2 isotherms obtained with their apparatus and/or a theoretical uncertainty 

analysis may reveal that the discrepancy is in fact within the accuracy of the measurement, 

particularly for Laboratory 2 where only around 2 g of sample was used.     

 

 

 

Figure 7.18: Excess CO2 sorption isotherms for dry Hengevelde-1 VI coal (top), dry 
Joppe-1 IX coal (middle), and moisture-equilibrated Hengevelde-1 VI coal (bottom) 
at 40, 60 and 80°C from Krooss et al. [3]. 
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Krooss et al. [3] published high-pressure (up to 200 bar) CO2 sorption isotherms for dry and 

moisture-equilibrated Pennsylvanian coals at 40, 60 and 80°C. Their sorption data was 

obtained using a volumetric apparatus comprising a pressure transducer with a precision 

of 0.05% of full scale (250 bar). They do not provide details regarding the volumes within 

the system, and the amount of sample used when obtaining an isotherm is unclear (based 

on their “sample preparation” description it could have been 1, 5 or 25 g). For all coal 

samples, the 40°C CO2 isotherms exhibit strange behaviour in the 80 to 120 bar pressure 

range, a few are displayed in Figure 7.18 for example. The uncharacteristic sorption 

behaviour is also evident in the 60°C and 80°C isotherms but to a much lesser extent. They 

claim that their experimental measurements have been thoroughly reviewed and that 

experimental errors can be largely ruled out. They attribute the substantial deviations of 

the isotherm from the “normal” shape to strong volumetric effects due to the formation of 

a voluminous adsorbed phase at high pressures and/or to swelling of the coal matrix. 

Based on the findings of this Chapter however, it is more likely that the uncharacteristic 

shapes that the isotherms take on for pressures > 80 bar is an error associated with the 

uncertainty in the compressibility factor. The much more obvious anomalies at 40°C are 

then easily understandable because of closer proximity to the critical temperature (31°C) 

and therefore lower minimum Z and higher 




Z

P
. 

Siemons and Busch [4] published high-pressure (up to 200 bar) CO2 sorption isotherms for 

various coals at 45°C. Two different volumetric apparatuses were used to collect the data: 

one comprised a pressure transducer with a precision of 0.05% of full scale (250 bar) and 

had reference and sample cell volumes of 1.16 cm3 and 9.22 cm3
 respectively; the other 

comprised a pressure transducer with a precision of 0.05% of full scale (180 bar) and had 

reference and sample cell volumes of 1.48 cm3 and 17.92 cm3
 respectively. Interestingly, 

both rigs had a large sample cell volume relative to the reference cell volume (this was 

discussed by the authors of the European inter-laboratory comparison on natural coals [5], 

see Section 5.2.4). Both apparatuses were placed in a temperature-controlled oven with 

stability of ±0.2°C (note that this is significantly less stable than the stability of the 

temperature controlled water bath used for the apparatus presented in this Chapter). 

Despite it being a critical factor, nowhere in the publication do they specify the mass of 

sample used for their isotherms (however, based on the abovementioned sample cell 

volumes, the maximum amount of sample would be around 10 and 20 g for the two 

different apparatus). As can be seen in Figure 7.19, some of the resulting excess sorption 
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isotherms exhibit unusual behaviour in the 80 to 100 bar region, namely an 

uncharacteristic increase followed by a decrease in sorption capacity. They attribute this 

unusual feature to one or a combination of the following possibilities: (i) an inadequacy of 

the EOS in the near critical region leading to inaccurate density estimates, (ii) a first order 

wetting transition taking place below the critical point, or (iii) an artefact of the conversion 

of P, T, and volumes to CO2 density. Later, in their conclusions, they say “small oscillations 

in the isotherms around the critical region are attributed to the variation in the adsorbed 

phase density near the critical point”.   

 

Figure 7.19: Excess CO2 sorption for different dry coal samples at 45°C, from 
Siemons and Busch [4]. 

7.6.2 Reliability of CO2 uptake measurements 

Excess CO2 sorption isotherms published in the literature rarely contain error bars, and if 

they do, a description of how they were calculated is not provided. At present, there is no 

standard procedure for generating appropriate error bars for CO2 sorption data obtained 

using a manometric system. The results presented in this Chapter however, have 

highlighted the need for thorough error analysis in order to assess the reliability of a given 

isotherm, particularly for CO2 pressures > 80 bar. Most laboratories measure isotherms for 

a large mass of sample to reduce the relative error of excess sorption per mass of sample; 

however, at what point does the error in the measurement exceed an acceptable limit?  

It is beyond the scope of this thesis, but a theoretical calculation, along the lines of that 

done for hydrogen isotherms by Webb and Gray [6], for the uncertainty in the manometric 

measurement of excess CO2 sorption is necessary. To cover all possible sources of error, 

the ideal calculation would take into account (i) the system volumes, (ii) the density of 
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fluid in the reference, sample cell, and system for the given step, (iii) the accuracy of the 

temperature and pressure measurements, system volume calibrations, sample mass, 

sample volume (or density) and compressibility factor, (iv) possible temperature gradients 

in the system and (v) impurities in the sorptive fluid. Not only does the possible error in 

the compressibility factor arising from the uncertainty in the P and T measurements need 

to be considered, but also the uncertainty in the compressibility factor itself.  

The preliminary uncertainty analysis presented here has shown that, in the 80 to 120 bar 

pressure region, the uncertainty associated with the compressibility factor is substantially 

larger than the relative uncertainties in the P and T measurements. The large uncertainty 

in the calculated compressibility factor explains the high-error region exhibited in the 

measured blank CO2 isotherms. For the manometric rig developed here, the molar 

uncertainty associated with a measurement for pressures > 80 bar is comparable to the 

excess CO2 sorption by the small (0.390 g) sample of Baralaba coal. Using a more accurate 

pressure transducer and temperature sensor would reduce the overall uncertainty within 

the measurement of excess sorption, but even with the most accurate equipment 

currently available it is infeasible to generate a reliable high-pressure CO2 sorption 

isotherm for porous carbon samples < 1 g using the manometric technique.       

The experimental findings and preliminary uncertainty analysis clearly show that the 

“figure of merit” calculation for determining the minimum amount of sample required for 

reliable sorption isotherms (introduced in Section 3.3.4) is not appropriate for studies 

involving CO2 in the vicinity of its critical point because it does not take into account the 

effect of a rapidly changing Z. A procedure for calculating error bars for manometric 

sorption measurements, which does not neglect the uncertainty in the compressibility 

factor, is needed in order for one to then be able to determine the minimum amount of 

sample required to produce a credible isotherm (which contains error bars). 

Blank isotherms, the concept of which was introduced in Section 7.4.3, provide an 

indication of the pressure-dependent degree of error associated with the apparatus for 

the fluid under investigation. After further consideration, a method for experimentally 

measuring error bars for an excess sorption isotherm has been envisaged. The method 

involves obtaining an isotherm for a non-adsorbing sample which occupies the same 

volume as the sample to be investigated, therefore resulting in the same reference and 

void volumes in the system. Such an isotherm will be called a “blind isotherm” from here 

on. The steps of the blind isotherm should correspond as closely as possible to those which 
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will be used for the subsequently obtained isotherm for the sample of interest (obviously 

there will be some deviation in reference dose and/or system pressure due to fluid uptake 

that occurs with the adsorbing sample in place). For the blind measurements, the 

traditional style excess sorption isotherm can be generated, i.e. excess sorption versus 

bulk fluid pressure. The step-dependent deviations from zero could be used as a guide for 

error bars in isotherms measured for samples studied under the same conditions.  

7.6.3 Uncertainty associated with the equation of state 

Although the preliminary uncertainty analysis conducted here revealed that the “error” 

measured in the blank isotherms was within the uncertainty of the measurement, the level 

of reproducibility of the blank isotherms is surprising. Could this be an indication that the 

EOS is inadequate near the critical region? The Span and Wagner equation of state [7] is 

universally used for the density/compressibility calculations required for manometrically 

obtained CO2 sorption isotherms without considering its uncertainty. It would be useful to 

investigate uncertainty associated with the EOS and its propagation into the uncertainty of 

excess sorption measurements. This is left for future work. 

7.7 Conclusion 

The endeavour to build a manometric apparatus for high pressure CO2 sorption 

measurements on small samples (< 1 g) was not successful. Despite having the entire 

apparatus immersed in a temperature controlled glycol−water bath to ensure the system 

was isothermal, recording the fluid temperature in situ, and using a high-precision 

pressure transducer (max. error 0.04 bar), it was experimentally found that the degree of 

error associated with measurements for CO2 pressures > 80 bar was comparable to the 

magnitude of excess sorption for the 0.390 g of Baralaba coal investigated.    

For the two supercritical fluids studied (CO2 and Xe), the measured blank isotherms (i.e. 

isotherms recorded with no sample in place) indicated amplified error when bulk phase 

pressures above that required to reach the critical density of the fluid were present in the 

system. It was found that the magnitude of the error in the high-error region varied 

depending on the number of steps in the isotherm; the more steps included the lower the 

error per step. At pressures > 120 bar for CO2 and > 160 bar for Xe, the error reverted back 

to be similar in magnitude to that recorded for the low pressure (< 80 bar) region; it should 

be noted however, that the abovementioned high-pressure cut-off of the high-error region 
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is not directly comparable for the two fluids as different sized pressure steps were used in 

the isotherms.  

For the close-to-ideal fluid, helium, the blank isotherms fluctuated about zero; with the 

magnitude of the fluctuations negligible compared to that measured for CO2 and Xe. This 

led to the conclusion that the significant, somewhat reproducible, fluctuations from ideal 

exhibited in the CO2 and Xe data were gas-related rather than stemming from inaccuracies 

associated with the manometric system itself. Of the few high-pressure CO2 isotherms 

obtained for small samples found in the literature, nearly all exhibited strange sorption 

behaviour for pressures > 80 bar. Siemons and Busch [4] acknowledged that the 

uncharacteristic sorption behaviour may stem from an inadequacy of the EOS in the near 

critical region or be an artefact of the conversion of P, T¸ and volumes to CO2 density.  

A preliminary analysis of the uncertainty of excess CO2 sorption measurements revealed 

that the degree of error associated with the uncertainty in the compressibility factor is 

much larger than that associated with the uncertainty in volume calibrations and pressure 

and temperature measurements in the 80 to 120 bar pressure region; and here the 

calculation for the uncertainty in the compressibility factor only considered the 

contributions arising from the uncertainties in P and T and neglected the uncertainty 

associated with the EOS. The large uncertainty in the compressibility factor explained the 

high-error regions exhibited in the blank CO2 and Xe isotherms. Even though the blank 

isotherms reverted back to a relatively low level of error for pressures beyond the high-

error region, which aligned with the reduced uncertainty in the compressibility factor for 

P > 120 bar, due to the accumulative nature of the manometric technique the rig was 

deemed unable to yield reliable excess CO2 (and Xe) sorption data for P > 80 bar for small 

(< 1 g) samples.  

The thorough work reported here has outlined the difficulties in obtaining reliable high-

pressure CO2 sorption data for small samples using the manometric technique. Emphasis 

has been placed on the need to consider the uncertainty in the compressibility factor 

when determining the reliability of an excess CO2 sorption isotherm, particularly for 

P > 80 bar. Further work investigating the uncertainty in excess CO2 sorption 

measurements may reveal that the only way to produce a reliable high-pressure isotherm 

for small samples (< 1 g) is to use the gravimetric technique where errors are not 

accumulated and often the apparatus independently measures the fluid density which 

thus eliminates the need to use the EOS. Until this issue is resolved, CO2 isotherms 
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obtained using the manometric technique should be performed on large samples in order 

to reduce the relative uncertainty in the measurement to an acceptable level.  



132  CHAPTER 7. 

Chapter 7 References 

1. Krutyeva, M., et al., Characterization of carbon materials with the help of NMR 

methods. Microporous and Mesoporous Materials, 2009. 120(1-2): p. 91-97. 

2. Goodman, A.L., et al., Inter-laboratory comparison II: CO2 isotherms measured on 

moisture-equilibrated Argonne premium coals at 55 °C and up to 15 MPa. 

International Journal of Coal Geology, 2007. 72(3-4): p. 153-164. 

3. Krooss, B.M., et al., High-pressure methane and carbon dioxide adsorption on dry and 

moisture equilibrated Pennysylvanian coals. International Journal of Coal Geology, 

2002. 51: p. 69-92. 

4. Siemons, N. and A. Busch, Measurement and interpretation of supercritical CO2 

sorption on various coals. International Journal of Coal Geology, 2007. 69(4): p. 229-

242. 

5. Gensterblum, Y., et al., European inter-laboratory comparison of high pressure CO2 

sorption isotherms II: Natural coals. International Journal of Coal Geology, 2010. 84(2): 

p. 115-124. 

6. Webb, C.J. and E.M. Gray, Analysis of the uncertainties in gas uptake measurements 

using the Sieverts method. International Journal of Hydrogen Energy, 2014. 39(1): p. 

366-375. 

7. Span, R. and W. Wagner, A New Equation of State for Carbon Dioxide Covering the 

Fluid Region from the Triple-Point Temperature to 1100K at Pressures up to 800MPa. 

Journal of Physical and Chemical Reference Data, 1996. 25(6): p. 1509-1596. 

 

 



133 

 

8. In-situ SAXS investigation of CO2 and Xe 

adsorption 

8.1 Introduction 

In 2007, the author and colleagues conducted an experiment to test the utility of small-

angle X-ray scattering in the study of CO2 invasion and sorption in coal pores at 

thermodynamic conditions akin to those found in-seam. This was the first ever study of 

volume-resolved CO2 sorption kinetics. The recording of kinetics, specific to the micro- and 

small mesopores (diameter 5 to 175 Å), was possible owing to the high intensity of the X-

ray beam. A beam footprint of 200 × 200 µm2 permitted the observation of fairly 

homogenous regions of the sample. The experiment was performed using the 

ChemMatCars synchrotron-source SAXS instrument at the Advanced Photon Source, 

Argonne National Laboratory, Illinois, USA. Two Australian coal samples were studied: Bulli 

4 coal (low-volatile bituminous in rank) and Baralaba coal (high-volatile bituminous in 

rank). The results were published in 2009 in the International Journal of Coal Geology [1] 

and Langmuir [2]. The publications are provided in Appendix A and Appendix B 

respectively. Of particular mention here are the observations and findings for the Baralaba 

coal sample, namely (i) CO2 preferentially invaded the smallest micropores with a pore-

confined CO2 density up to five times that of the free CO2, (ii) faster CO2 sorption kinetics 

was associated with higher mineral matter content but, the mineral-matter rich regions 

had lower-density CO2 confined in their pores, and (iii) the kinetics was pore-size 

dependent, being faster for smaller pores.  

This Chapter presents a second SAXS experiment which was conducted at the Australian 

Synchrotron, Melbourne, Australia, in 2009. The main objective of this experiment was to 

demonstrate reproducibility of the aforementioned Baralaba coal SAXS results, with the 

addition of extending the applied pressure range to 100 bar and comparing CO2 and Xe. A 

sample of activated carbon was included in this study as, without all the structural 

inhomogeneities that coal possesses due to its complex make-up of macerals and 

minerals, it should be easier to characterise and model and thus may provide a more 
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direct means to elucidating the fundamental sorption mechanisms of fluids in porous 

carbons.  

The scope of this experiment included the investigation of two different probe fluids: 

(i) carbon dioxide because of its importance as a greenhouse gas, and (ii) xenon because 

its critical temperature (Tc = 290 K) is close to that of CO2 (Tc = 304 K) and also because it is 

a stronger scatterer of X-rays owing to its relatively high electron density 

(54 electrons/atom compared to 22 electrons/molecule for CO2). The advantage of using a 

fluid rich in electrons is the lowering of the experimental pressure at which contrast 

matching with the coal (or activated carbon) matrix can be achieved. For both fluids, the 

applied pressure range was 0 to 100 bar, allowing both sub- and supercritical fluid 

invasion and sorption in two different types of porous carbons to be investigated via SAXS.  

8.2 Samples 

8.2.1 Activated Carbon 

The activated carbon sample used here was Takeda 4A, a commercial ultra-microporous 

carbon material typically used as a molecular sieve. The pore volume of Takeda 4A consists 

of >90% micropores, where the size of the mouth in the microporous space is 4 Å [3]. 

Using N2 adsorption isotherms at 77 K, the BET surface area of Takeda 4A was measured 

by seven laboratories in a round robin test and the resulting value was 389 m2/g with a 

standard deviation of 37 [4]. In the same round robin test, six laboratories measured the 

micropore volume of Takeda 4A to be 0.16 cm3/g with a standard deviation of 0.1 [4]. 

Krutyeva et al. [3] measured the micropore volume of Takeda 4A to be 0.22 cm3/g. Schmitz 

et al. state that the BET specific surface area of this material is 397 m2/g and that the 

helium density is 1.85 g/cm3 [5]. Low-pressure helium expansion trials for 0.450 g of the 

Takeda 4A sample at 45°C yielded a helium density of 2.1046 g/cm3 (see Section 7.5.2). 

8.2.2 Baralaba Coal 

The Baralaba sample was retrieved from a seam in the Baralaba Formation, Bowen Basin, 

Queensland, at a depth of 1035m. This seam is considered to be a potential CO2 storage 

site. The sample is high-volatile bituminous in rank with a vitrinite reflectance of 0.67%.  

The portion of Baralaba coal used in this experiment was a wafer cut adjacent to the 

sample used in the previous SAXS experiment [1, 2]. The chemical and petrology data for 
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the small block of coal from which the wafers were cut are presented in Table 8.1 and 

Table 8.2 respectively. A sub division of the maceral groups is given in Radlinski et al. [1]. 

H 

(wt%) 

C 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

Dry ash 

(wt%) 

5.11 82.3 1.99 0.36 10.2 5.8 

Table 8.1: Elemental composition and ash content for Baralaba coal. 

 

Vitrinite 

(vol%) 

Liptinite 

(vol%) 

Inertinite 

(vol%) 

Minerals 

(vol%) 

Ro 

(%) 

69.35 2.8 26.75 1.1 0.67 

Table 8.2: Petrology data for Baralaba coal. 

8.3 Equipment 

8.3.1 SAXS Instrument 

This experiment was performed using the SAXS/WAXS instrument at the Australian 

Synchrotron, Melbourne, Australia. The X-ray photons had energy of 18 keV 

(corresponding to a wavelength of 0.69 Å). The cross section of the beam at the sample 

position was 100  200 μm2. Data were collected using a MAR−165 CCD camera (165 mm 

diameter). A single sample-detector distance (1.173 m) was used to give a Q range of 

0.036 < Q < 0.809 Å−1, corresponding to an approximate pore diameter range for coal of 

6.2 Å < 2R < 138 Å ( 2.5R Q , where R is pore radius).  

8.3.2 Gas Handling Apparatus 

The gas handling apparatus used in this SAXS experiment comprised a manometric system; 

however, it did not have sufficient sensitivity to accurately measure the sorption isotherms 

for the small quantities of activated carbon and coal used in the in-situ SAXS experiment. 

After the SAXS experiment, modifications were made to the manometric rig and excess 

CO2 and Xe sorption isotherms were measured for larger portions of each sample at the 

Solid State Physics Laboratory, Griffith University. Both the apparatuses used for the in-situ 

SAXS work and for the subsequent isotherms are detailed below. 
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8.3.2.1 In-situ SAXS apparatus 

The gas handling apparatus used for the in-situ SAXS experiment consisted of a 

manometric apparatus and a fluid pressure amplification stage. The sample chamber of 

the manometric system was a pressure cell with beryllium windows [6], potentially 

allowing SAXS measurements and isotherm measurements to be performed 

simultaneously. The cell contained two 2 mm thick parallel beryllium windows separated 

by 0.60 mm, between which the sample was placed. To aid temperature stability, the 

reference section of the manometric system was completely immersed in a temperature-

controlled circulating glycol−water bath, connecting pipes were jacketed with circulating 

glycol−water loops and a vacuum shroud with Kapton windows was placed over the 

pressure cell. By these means the cell temperature, measured with a platinum 

thermometer mounted directly on the cell, was maintained at 45.1  0.15C. The pressure 

was measured using a Wika P-10 pressure transducer with accuracy ≤0.1% of full scale 

(0 − 160 bar). The pressure amplification stage comprised a stainless steel ‘condensation’ 

cell with a thermocouple mounted internally, VCR gas handling components and a 

pressure transducer. Amplification was achieved by submerging the condensation cell in 

liquid nitrogen to condense the fluid (sourced from the attached compressed gas cylinder) 

and then heating the closed volume until the required pressure was reached. 

 

 

Figure 8.1: Gas handling apparatus setup in the X-ray beamline 

Gas inlet 

Condensation 

cell 

Manometric 

apparatus 

Sample cell 
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8.3.2.2 Manometric apparatus used for isotherm measurements 

The X-ray pressure cell (SAXS in-situ sample chamber) was replaced with a stainless steel 

VCR-4 male−male union with one end capped and the other end holding a 100 nm frit to 

ensure the sample was confined within the cell. The sample cell was completely immersed 

in the temperature controlled circulating glycol−water bath (with the reference volume), 

ensuring the entire manometric system was isothermal. The Wika pressure transducer was 

replaced with a more accurate transducer – a 400-bar Presens Precise DPX-2000 with 

0.01% of full scale accuracy. A majority of the pressure transducer was immersed in the 

glycol−water bath, leaving only the top portion with the electrical connections outside the 

temperature-controlled fluid. To ensure the entire pressure transducer was at the 

isothermal temperature a copper jacket with a circulating glycol−water loop and a tail 

extending into the glycol−water bath was placed over it. 

A new preparation panel was designed to enable higher pressure isotherms to be 

obtained. It consisted of SITEC needle valves (rated to 1000 bar) connected with 4-kbar 

piping, an 800-bar Presens Precise DPX-2000 pressure transducer with 0.02% of full scale 

accuracy and a larger stainless steel condensation volume, all mounted on a stainless steel 

panel.  

8.4 Experimental method 

8.4.1 Sample preparation 

8.4.1.1 Activated Carbon 

Small pellets of the Takeda 4A sample were outgassed in two steps: under dynamic 

vacuum, they were firstly heated to 110C for 24 hours, followed by 250C for 4 hours. 

After outgassing the sample pellets were handled in a glove box under an argon 

atmosphere.  

Under the argon atmosphere, the sample pellets were ground using a mortar and pestle 

and sieved to 53 – 106 m. For the in-situ SAXS experiment, 0.069 g of the powdered 

sample was loaded into the X-ray pressure cell. A copper ring with a small gap for gas flow 

was used as an outer support to contain the powder (see Figure 8.2).  
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Figure 8.2: The Takeda 4A sample being loaded into the X-ray pressure cell (inside 
the glove box). 

For the subsequently measured excess sorption isotherms conducted at Griffith University, 

0.450 g of the powdered sample was used. 

8.4.1.2 Baralaba Coal 

A small block of the Baralaba coal was embedded in a low-viscosity epoxy resin and then 

sliced into wafers using a low-speed precision diamond saw. The wafer chosen for this 

study was 0.70 mm thick with its face oriented perpendicular to the bedding plane. It was 

sent from Geoscience Australia embedded in the resin; a photograph of the received 

sample is shown in Figure 8.3 on the left.  

One week before the SAXS experiment, the coal wafer was removed from the resin and 

cut into several pieces at Griffith University, as shown in Figure 8.3. All the pieces of 

sample were dried under dynamic vacuum at 60C for 10 hours. The sample remained 

under vacuum during transportation to the Australian Synchrotron facility. 

    

Figure 8.3: The Baralaba coal wafer embedded in resin (left) and pieces being 
loaded into the outgassing rig (middle and right). 

One piece of the outgassed Baralaba sample was chosen for the SAXS experiment and 

loaded into the X-ray pressure cell, during which time it was exposed to air. When 

fastening the cell it was established that the coal wafer was too thick for the design of the 
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cell and consequently one of the beryllium windows cracked and had to be replaced. The 

sample wafer was filed back to 0.5 mm and then re-outgassed at 50C overnight.  

When transferring the resized sample from the outgassing rig to the X-ray pressure cell it 

was exposed to air for approximately 10 minutes. For this reason, it was evacuated for 

approximately 30 minutes at the experimental temperature of 45C prior to starting the 

sorption experiment. The mass of sample, measured in a glove box after the SAXS 

experiment without further exposure to air, was 0.038 g. 

For the subsequent isotherm measurements, obtained at Griffith University, the entire 

Baralaba sample was used in order to reduce the relative error in the excess sorption 

measurements. All the wafer pieces were outgassed overnight at 60C in the sample cell of 

the manometric apparatus. Prior to the sorption measurements, the outgassed sample 

was weighed in a glove box (argon atmosphere) and reloaded into the sample cell without 

exposure to air. The mass of sample was 0.390 g. 

8.4.2 Transmission raster scans 

A transmission raster scan of the activated carbon was obtained (with the sample under 

dynamic vacuum) to assess the distribution of the powder within the beryllium windows of 

the sample cell. As the activated carbon sample is supposedly homogeneous, only one 

location was selected for the SAXS study. For the Baralaba coal sample, a transmission 

raster scan was obtained (also with the cell evacuated) to assess the heterogeneity of the 

coal wafer and select several regions for the detailed SAXS study. For both scans, the beam 

size was 100  200 m2 and measurements were recorded 500 m  500 m apart over a 

6 mm2 region.  

8.4.3 SAXS measurements during CO2 and Xe adsorption 

For both the activated carbon and Baralaba coal samples, the in-situ sorption experiments 

involved pressurising the sample chamber with CO2, and later Xe, in nine steps to 

approximately 1, 2, 5, 10, 20, 40, 60, 80 and 100 bar. Although, in the case of the Baralaba 

coal sample, it would be ideal to replicate in-seam conditions (T = 35C, P = 100 bar), both 

the CO2 and Xe experiments were conducted at a temperature of 45C in order to be 

adequately above the critical temperature of the two fluids and hence reduce the large 

density fluctuations when passing through the critical pressure. For consistency, the 

activated carbon sorption experiments were also carried out at 45C. Figure 8.4 illustrates 
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the difference in electron densities of bulk phase CO2 and Xe at the experimental 

pressures applied in the scattering experiment.  

 

Figure 8.4: Density and electron density of bulk phase CO2 and Xe at the nine 
experimental (Baralaba coal) pressure steps and experimental temperature of 

45C. 

For the Baralaba sample, SAXS profiles were acquired at four selected 

100  200  500 m3 regions on the coal wafer in a cyclic fashion. The same four 

locations were examined for the CO2 and Xe experiments. Recording of profiles was 

initiated the instant the fluid was released into the sample chamber. Three profiles with 

exposure times of 1, 2 and 5 seconds, respectively, were recorded at location 1, then at 

locations 2, 3 and 4, with this process being repeated until either sorption equilibrium was 

reached or for as long as time constraints permitted (typically a maximum of 1 hour). The 

shorter exposure time profiles were recorded to ensure that data in the low-Q region was 

obtained without saturating the detector, while the 5 second exposure profiles were 

recorded to provide better statistics for the high-Q data. The acquisition time for one 

complete cycle of 12 SAXS profiles (including sample movements) was approximately 2 

minutes, resulting in an effective temporal resolution of sorption kinetics of about 2 

minutes at each location on the Baralaba coal wafer.  

For the activated carbon sample, only one 100  200  600 m3 region was investigated (a 

different location for the CO2 cycle and Xe cycle) and exposure times of 2, 5 and 
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10 seconds were used. The time between each loop of 2, 5 and 10 second exposure 

profiles was about 33 seconds, resulting in an increased temporal resolution of sorption 

kinetics relative to the coal data.  

 After the final CO2 pressure step, the activated carbon and Baralaba coal samples were 

subjected to dynamic vacuum for approximately three and six hours respectively (at the 

experimental temperature of 45C). Then, the same procedure was performed with Xe as 

the sorptive fluid.  

Throughout the sorption experiments, the ‘beam stop detector’ was measuring the 

transmitted beam intensity during the acquisition of each SAXS profile. A second, 

independent measurement of the transmitted beam intensity was recorded using the 

‘transmission detector’ after each pressure step had reached equilibrium.   

8.4.4 Additional SAXS data acquisition for calibration purposes 

SAXS profiles were obtained for (i) air, (ii) Type 1 glassy carbon (0.975 mm thick), and (iii) 

water in a 1.5 mm diameter Kapton capillary, to use as standards to enable calibration of 

the scattering data to absolute units if desired. For further calibration checks, several SAXS 

profiles were obtained with only CO2 fluid, at a pressure of 66.86 bar and temperature of 

41.36C, in the sample cell.    

A raster scan of SAXS profiles of the empty cell (under vacuum pressure) was obtained 

after unloading each sample. For these scans, the beam cross-section was 100  200 m2 

and measurements were recorded at locations corresponding exactly to those from the 

transmission raster scan performed with the sample in the cell. The empty cell scattering 

profiles obtained at the locations corresponding to those chosen for the detailed SAXS 

study were used (in Equation (4.40)) to eliminate the scattering arising from the sample 

cell and surrounding environment from the scattering profiles obtained at the location 

under investigation. This meticulous method was used, rather than using a single empty 

cell scattering profile recorded at some arbitrary location, as it accounts for any deviations 

from uniformity in the beryllium windows and/or other sample environment materials 

such as the Kapton windows.  

Throughout the sorption experiments (between most pressure adjustments), several SAXS 

profiles and transmission detector measurements were recorded with the beam switched 

off in order to provide a measure of the background counts for each of the detectors 
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(i.e. the incident beam detector, beam-stop detector and transmission detector). For each 

sample−fluid combination, the average of all the measured background counts for each 

detector was subtracted from all intensity measurements recorded with that detector.      

8.4.5 Sorption isotherms 

As discussed in Chapter 7, the in-situ manometric setup was not capable of providing 

reliable isotherms for the small amounts of sample used in the SAXS experiments. For the 

isotherms subsequently measured in the Griffith University laboratory, the intention was 

to replicate as closely as possible the equilibrium pressure steps recorded in the SAXS 

experiment and furthermore go beyond 100 bar and record sorption data for higher 

pressures. However, although the rig was adapted to increase the accuracy of sorption 

data and enable higher pressure measurements (up to 400 bar), it was established that the 

CO2 and Xe sorption data obtained for system pressures > 80 bar were unreliable (full 

details are presented in Section 7.5). Thus, unfortunately, excess sorption data for 

pressures > 80 bar are not available to complement the SAXS and X-ray transmission 

analysis. 

The modified manometric rig had a reference volume of 3.6206 cm3 and sample cell 

volume of 1.5117 cm3. Larger portions of the samples were used for the subsequently 

measured isotherms: 0.450 g of activated carbon and 0.390 g of Barlaba coal. For both 

samples, helium expansion was used to approximate the volume occupied by the sample 

and hence the sample density. Excess CO2 and Xe sorption isotherms were obtained up to 

80 and 60 bar pressure respectively with pressure steps approximately the same as those 

in the SAXS experiment.  

8.5 Results and Analysis 

8.5.1 Transmission raster scans 

8.5.1.1 Activated Carbon 

The centre 2 mm  2 mm region (81 data points) of the Takeda 4A transmission raster scan 

had an average transmission value of 0.93, with a minimum, maximum and standard 

deviation of 0.82, 0.97 and 0.030 respectively. The variations in measured transmission 

arise from the differing amounts of powdered sample packed into each illuminated voxel 



IN-SITU SAXS INVESTIGATION OF CO2 AND XE ADSORPTION BY COAL AND ACTIVATED CARBON 143 

 
 

(i.e. variations in packing density), where the voxel dimensions were 100  200  

600 m3 and the grain size of the powder was 53 − 106 m. The sample stage was 

positioned to (x, y) = (0, 0) for the CO2 sorption experiment and (x, y) = (0.6, 0.6) for the Xe 

sorption experiment. The transmission at these locations (measured prior to fluid 

exposure, with the sample under dynamic vacuum) was 0.885 and 0.923 respectively.  

8.5.1.2 Baralaba Coal 

The centre 2 mm  2 mm region (81 data points) of the Baralaba coal transmission raster 

scan had an average transmission value of 0.93, with a minimum, maximum and standard 

deviation of 0.88, 0.98 and 0.015 respectively. Here, the thickness of the wafer sample was 

approximately uniform and thus the variations in measured transmission arise from the 

differing chemical composition of each illuminated voxel. Four locations were selected for 

the detailed SAXS experiment: one with low transmission, two with moderate transmission 

and one with high transmission. The relative positions and measured transmission values 

of the four locations are indicated in Table 8.3.  

Location X-position (mm) Y-position (mm) Transmission 

1 1.0 0.0 0.884 

2 −1.5 −1.0 0.930 

3 0.0 2.0 0.926 

4 3.0 0.0 0.975 

Table 8.3: Position and X-ray transmission measured at the four chosen locations 

Relatively high transmission values correspond to voxels comprised primarily of organic 

matter while lower transmission values indicate regions richer in mineral matter, owing to 

the preponderance of relatively heavy elements (strong X-ray absorbers) in the inorganic 

coal components. Thus, the low transmission of Location 1 indicates that this voxel 

contains a relatively high abundance of mineral matter compared to the other locations. 

Locations 2 and 3 have transmissions close to that of the average of the sample and thus 

represent regions containing a moderate amount of mineral matter. Location 4 was 

chosen for its high transmission value as a high transmission typically indicates a region 

comprised primarily of organic matter. However, it was later established from the SAXS 

profiles that location 4 clipped the edge of the coal wafer and hence that particular voxel 

comprised both coal and a portion of void space. As it is not possible to determine the 

portions of the voxel occupied by coal and void, comparing the transmission value and 
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scattering profiles to those obtained for the other locations is meaningless. For this reason 

Location 4 was omitted from the analysis. 

8.5.2 True scattering profiles 

All scattering profiles were processed to extract the true sample environment scattering 

using the procedure outlined in Section 4.3.6. Here the scattering data were not converted 

into absolute units using the available IDL software as it was uncertain whether or not the 

process applied by the software correctly accounted for sample cell scattering and/or 

applied the appropriate transmission factors where applicable. Unless it is necessary to 

compare scattering profiles obtained by different instruments or recorded with different 

instrumental settings (e.g. detector distances) there is no need to convert the scattered 

intensity into absolute units. To indicate the relative contributions from the different 

experimental components, Figure 8.5 presents the true scattering profiles for the empty 

beam-line (air), the empty cell, CO2 at a pressure of 66.86 bar and temperature of 41.36C, 

activated carbon (under vacuum) and Baralaba coal Location 1 (under vacuum).  

 

Figure 8.5: True scattering profiles for the empty beamline (air), the empty cell, CO2 
at 67 bar pressure, Activated carbon and Baralaba coal Location 1. 

The broad peak centred at approximately Q = 0.4 Å−1 in the air and empty cell profiles 

arises from Kapton in the SAXS instrument and additionally for the empty cell profile 

Kapton embedded in the vacuum shroud that sits over the sample cell to aid temperature 
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stability. The smoothness of the CO2 fluid, activated carbon and Baralaba coal scattering 

profiles in this region clearly indicates that the procedure used to eliminate scattering 

contributions arising from all components outside the sample environment was successful.  

8.5.3 SAXS profiles under vacuum 

8.5.3.1 Activated Carbon 

The true scattering profiles of the activated carbon sample at Location (0, 0) prior to any 

fluid exposure and Location (0.6, 0.6) prior to Xe exposure are presented in Figure 8.6. The 

two scattering profiles are almost identical, reflecting the homogeneity of the powdered 

sample. For Q < 0.065 Å−1 the scattered intensity decreased according to a power law with 

a negative exponent, S, of 2.97 (with R2 = 0.9996, where R2 is the coefficient of 

determination from the regression analysis). Power law scattering was also exhibited for 

Q > 0.30 Å−1; in this region S = 2.05 (with R2 = 0.9988). As discussed in Section 4.3.4, for a 

two-phase system, power law scattering with an exponent S < 3 may suggest that the 

material has mass fractal properties in the size interval corresponding to the Q range 

within which the power law scattering was observed. However, as the power law 

scattering only extends over such a limited Q range this correlation may not be valid.  

   

Figure 8.6: True SAXS profiles of activated carbon under vacuum at Location (0, 0) 
prior to CO2 exposure and Location (0.6, 0.6) prior to Xe exposure. The solid red 
and blue lines indicate power laws with exponents −2.97 and −2.05 respectively. 
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8.5.3.2 Baralaba Coal 

The true scattering profiles for the three chosen locations on the Baralaba coal wafer are 

presented in Figure 8.7. These profiles were obtained with the sample environment under 

vacuum, prior to any exposure to CO2 or Xe fluid. 

 

Figure 8.7: SAXS profiles of Baralaba coal acquired at locations 1, 2 and 3 with the 
coal wafer under vacuum. The solid grey lines represent power laws with 
exponents −3 and −4 as indicated. 

The small peak centred at Q = 0.44 Å in the Location 1 profile is a Bragg peak arising from 

crystalline mineral matter embedded in the coal matrix. The profiles for Locations 2 and 3 

do not contain any Bragg peaks, which is consistent with the expectation from the 

transmission values that Location 1 contained a higher content of mineral matter than 

Locations 2 and 3.  

The predominant surface fractal nature of the pore-matrix interface inside the three 

illuminated voxels is indicated by approximately power law type scattering with slope (on 

the log-log scale) between −3 and −4 (see Figure 8.7) [7]. In the experimental linear size 

region, however, the internal structure of coal matrix building blocks is also influencing the 

scattered intensity [8, 9]. The broad peak centred at Q  0.4 Å−1 is thought to be caused by 

scattering from the lamellar structure of small stacks of polyaromatic sheets embedded in 

the matrix [8], and the shoulder positioned near Q  0.04 Å−1 is most likely due to 
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scattering on 3D regions of  increased concentration of finely dispersed particles of 

inorganic matter [9]. 

8.5.4 Transmission measurements with increasing pressure of CO2 and Xe 

8.5.4.1 Activated Carbon 

Figure 8.8 and Figure 8.9 show the transmission measurements of the activated carbon 

sample with increasing pressure of CO2 and Xe respectively. The measurements recorded 

by the beam-stop detector during the acquisition of SAXS profiles are in good agreement 

with those recorded by the transmission detector between pressure steps. The 

transmission recorded with increasing CO2 pressure does not follow the expected trend of 

decreasing transmission with increasing bulk phase density, which should occur due to the 

increase in electrons in the path of the beam. The fluctuations and unexpected increase in 

transmission likely result from a varying amount of sample in the illuminated voxel during 

the CO2 pressure cycling; being a fine powder, the application of each pressure step may 

have shifted the sample around within the cell. On the contrary, the transmission 

measurements recorded with increasing Xe pressure clearly show the expected decreasing 

trend. The introduction of each pressure step is recognisable and, particularly for the 

lower pressure steps, the kinetics of the fluid permeation and/or sorption is detectible. 

Interestingly, for the highest pressure step, the transmission initially drops upon exposure 

to the 102 bar Xe fluid as expected, but then gradually increases with time. The origin of 

this effect is uncertain but the pressure corresponds to the range in which Z changes 

rapidly and may therefore reflect critical behaviour, such as critical opalescence.   
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Figure 8.8: Transmission of the activated carbon sample measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of CO2 fluid. 

 

Figure 8.9: Transmission of the activated carbon sample measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of Xe fluid. 
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8.5.4.2 Baralaba Coal 

The transmission measurements recorded at the three selected locations on the Baralaba 

coal wafer with increasing pressure of CO2 and Xe are shown in Figure 8.10 to Figure 8.15. 

For the CO2 experiment, the transmission recorded by the transmission detector is 

consistently slightly higher than that recorded by the beamstop detector (possibly due to 

an underestimate in the transmission detector dark counts or an overestimate in the 

beamstop detector dark counts for this sample/fluid combination), whereas for the xenon 

experiment, the two independent transmission measurements are in excellent agreement. 

With the exception of the 63 bar CO2 pressure step, the transmission decreases with 

increasing pressure of CO2 and Xe as expected. As was the case with the activated carbon 

sample, the kinetics of permeation/sorption is clearly discernible in the Xe transmission 

measurements. The behaviour of the Location 3 transmission with increasing Xe pressure 

is noticeably different to that recorded for Locations 1 and 2. This is consistent with the 

SAXS findings which are presented in Section 8.5.6.2 along with explanations for the 

uncharacteristic behaviour.   
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Figure 8.10: Transmission of the Baralaba Coal sample, Location 1, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of CO2 fluid. 

 

Figure 8.11: Transmission of the Baralaba Coal sample, Location 1, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of Xe fluid. 
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Figure 8.12: Transmission of the Baralaba Coal sample, Location 2, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of CO2 fluid. 

 

Figure 8.13: Transmission of the Baralaba Coal sample, Location 2, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of Xe fluid. 
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Figure 8.14: Transmission of the Baralaba Coal sample, Location 3, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of CO2 fluid. 

 

Figure 8.15: Transmission of the Baralaba Coal sample, Location 3, measured by the 
beamstop (blue circles) and transmission (red triangles) detectors during exposure 
to increasing pressures of Xe fluid. 
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8.5.5 Trial of generating excess sorption isotherms based on transmission 

measurements 

The dependence of the sample transmission on the identity and density of elements in the 

path of the X-ray beam raises the possibility of measuring adsorption isotherms in situ via 

transmission measurements – see section 4.4.3 for details. This possibility is now explored.  

For all transmission calculations undertaken in this Chapter, the mass attenuation 

coefficients for the elements were calculated based on data obtained from the NIST 

website [10]. For each relevant element, the six data points (mass attenuation coefficient 

values) between 14.4 and 20.1 keV [10] were fitted to a power trendline in Microsoft Excel 

and the resulting equation was used to approximate the mass attenuation coefficient at 

18 keV. The values determined are presented in Table 8.4. 

Element or compound 
Mass attenuation coefficient 

at 18 keV (cm2/g) 

Carbon 0.5343 

Oxygen 1.1094 

Hydrogen 0.3976 

Nitrogen 0.7733 

Sulphur 8.8297 

Xenon 34.0198 

CO2 0.9527 

Table 8.4: Mass attenuation coefficients of the elements and CO2 at 18 KeV. 

8.5.5.1 Activated Carbon 

As there were illogical trends with the transmission measurements recorded during CO2 

exposure (see Section 8.5.4.1), only the Xe transmission measurements will be considered 

here.   

Firstly, using a rearranged version of Equation (4.42), the distance between the beryllium 

windows of the sample cell can be determined based on the transmission measurement 

recorded with only CO2 in the cell. Being fluid, the CO2 would have filled the confines of 

the sample cell and thus the “thickness” (t) of CO2 that the X-ray beam traversed is equal 

to the distance between the beryllium windows:  
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lnT

t


  (8.1) 

where T is the measured transmission, α is the mass attenuation coefficient and ρ is the 

density of the material traversed by the beam. The mass attenuation coefficient for CO2 at 

18.00 keV is 0.9524 cm2/g and the density of CO2 at the time the transmission 

measurements were recorded was 0.177 g/cm3. The transmission values measured by the 

transmission detector and beam-stop detector were in good agreement; 0.982 and 0.981 

respectively. Using the value measured by the transmission detector in Equation (8.1) 

yields a distance of 1.08 mm between the windows of the sample cell. It is acknowledged 

that this method for calculating the distance between the Be windows is very sensitive to 

the accuracy of the transmission measurement for T   1, and thus the uncertainty in the 

obtained distance between the windows is large; however, we will proceed with the trial 

excess sorption calculations using this value and accept that, for future experiments, a 

substantially more electron dense fluid would provide a more reliable calibration.  

Secondly, the transmission measurement of the activated carbon sample under vacuum 

(T = 0.923) can be used to approximate the “thickness” of solid carbon sample in the 

illuminated voxel examined in the Xe sorption experiment. Assuming a sample density of 

2.10 g/cm3 (subsequently measured by low-pressure helium expansion for the larger 

portion of sample, see Section 7.5.2) and given the mass attenuation coefficient of carbon 

at 18 keV is 0.5343 cm2/g, application of Equation (8.1) yields a (solid) carbon sample 

thickness ( St ) of 0.72 mm. This suggests that there was a void thickness of 0.36 mm 

between the cell windows available for invading fluid to reside (denoted Ft ). This “void” 

thickness encompasses pore-space, gaps between the powdered pieces of sample and 

gaps between the sample and Be windows. 

Finally, the excess Xe sorption as a function of bulk Xe pressure (or density) can be 

calculated using Equation (4.60). Within Equation (4.60), the in-situ transmission 

measurements recorded after each Xe pressure step had reached equilibrium (shown in 

Figure 8.16) were used to calculate the average fluid density using Equation (4.59), 

tF/tS = 0.36/0.72 as determined previously, bulk  was determined from the measured 

temperatures and pressures throughout the experiment and sam  was assumed to be 

2.10 g/cm3. Figure 8.17 presents the generated isotherm for the illuminated voxel of 

activated carbon. The excess Xe sorption calculated based on the transmission 

measurements reached a maximum of around 0.09 g/g around the 60 bar pressure step. 
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The subsequently measured manometric isotherm, also graphed in Figure 8.17, indicates 

much greater excess sorption compared to the transmission isotherm. Here, the isotherm 

generated using the transmission measurements has a high degree of uncertainty owing to 

the lack of sensitivity of the calibration procedure, but the potential of the methodology 

has been revealed.  

 

 

Figure 8.16: Transmission of the activated carbon sample with increasing bulk Xe 
density, as measured by the transmission detector (blue dots). For comparison the 
red line indicates the transmission that would result if the system comprised the 
sample with bulk fluid filling the remaining void space. 
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Figure 8.17: Excess Xe sorption by activated carbon determined using (i) the in-situ 

transmission measurements recorded for the 100 × 200 × 1080 µm
3
 voxel (blue 

dots) and (ii) the manometric technique for 0.45 g of sample (red triangles).  
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the Be windows. Prior to loading the Baralaba coal in the newly windowed sample cell, the 

coal wafer was filed back to 0.50 mm. Assuming a porosity of 5% (measured previously for 

the Baralaba sample), the (solid) sample thickness can therefore be approximated as 

St  = 0.475 mm, leaving an available fluid space of Ft  = 0.125 mm. Assuming a coal density 

of 1.42 g/cm3
 (measured by low-pressure helium expansion for the larger portion of the 

sample), the transmission data recorded with increasing CO2 and Xe pressure (Figure 8.18 
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Figure 8.18: Transmission of the (bulk and sorbed) CO2 fluid at the 3 studied 
Baralaba coal locations with increasing bulk CO2 density, as measured by the 
transmission detector. For comparison the transmission that would result if the 
void space was completely filled with bulk fluid (theoretically calculated) has been 
included (grey line). 

 

Figure 8.19: Transmission of the (bulk and sorbed) Xe fluid at the 3 studied 
Baralaba coal locations with increasing bulk Xe density, as measured by the 
transmission detector. For comparison the transmission that would result if the 
void space was completely filled with bulk fluid (theoretically calculated) has been 
included (grey line). 
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Figure 8.20: Excess CO2 sorption at the three studied Baralaba coal locations 
determined using the in-situ transmission measurements and assumptions outlined 
in Section 8.5.5.2. The excess CO2 sorption subsequently measured using the 
manometric technique has been included for comparison. 

 

Figure 8.21: Excess Xe sorption at Locations 1 and 2 on the Baralaba coal sample 
determined using the in-situ transmission measurements and assumptions outlined 
in Section 8.5.5.2. The excess Xe sorption subsequently measured using the 
manometric technique has been included for comparison. 
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The excess CO2 sorption at all the three studied locations is considerably larger than that 

subsequently measured for 0.39 g of the sample using the trusted manometric technique. 

The Xe isotherms generated using the in-situ transmission data for Locations 1 and 2 are 

comparable to the subsequently measured manometric isotherm obtained for the larger 

portion of Baralaba sample. The negative excess Xe sorption calculated for Location 3 

(which indicates 
ads bulk   in this voxel) is consistent with the SAXS findings which 

suggested that Xe fluid struggled to penetrate into the pore-space. 

Due to insufficient calibration measurements (because calculating excess sorption from 

the in-situ transmission measurements was an afterthought), the trial isotherms presented 

here have relied on approximations of (i) the distance between the Be windows and (ii) the 

solid sample thickness in the particular voxel. As the accuracies of the approximations are 

unknown, there is a high level of uncertainty associated with the trial excess sorption 

isotherms. With the employed approximations aside, the Xe sorption data are 

considerably more reliable than the CO2 sorption data owing to the relative uncertainties 

in the transmission measurements: the total change in transmitted beam intensity across 

the 100 bar increase in Xe pressure was 60%, compared to only 2% for CO2. Although, 

overall, the trial isotherms are considered quantitatively unreliable, the relative 

magnitudes of excess sorption at the three locations do provide a true qualitative 

indication of the voxel-dependent sorption behaviour. These results show the promise of 

this new method for generating site-specific excess sorption isotherms from X-ray 

transmission measurements, particularly for electron dense adsorptive fluids.   

8.5.6 SAXS profiles with increasing pressure of CO2 and Xe 

8.5.6.1 Activated Carbon 

Figure 8.22 presents the SAXS profiles of the activated carbon sample with stepwise 

increases in applied bulk CO2 (top) and Xe (bottom) pressure from 0 to about 100 bar. For 

each pressure step, the profile shown was obtained after the system had reached 

thermodynamic equilibrium (or as close to thermodynamic equilibrium as was possible 

given the time constraints). The 2/Q scale at the top of each plot is provided to give a 

rough indication of the size of the scattering objects (i.e. pore diameter). For visual 

improvement, the profiles have been re-plotted with the lower and higher pressure 

profiles on separate graphs in Figure 8.23 (CO2) and Figure 8.24 (Xe).  
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The introduction of 1 bar CO2 pressure, which corresponds to an applied bulk density of 

only 0.00176 g/cm3, significantly reduced the scattered intensity in the high-Q region 

(corresponding to micropores approximately 8 to 20 Å in diameter) with the reduction 

gradually decreasing with increasing pore size to a negligible change for pores larger than 

about 60 Å. This highlights the substantial densification occurring in micropores at low 

bulk pressure.    

As the applied CO2 pressure was increased to 2, 5, 11 and then 20 bar, the greatest 

decrease in intensity occurred around the shoulder of the original 0 bar profile (centred at 

about 0.2 Å−1). When the CO2 pressure was increased from 11 to 20 bar, the scattering for 

Q > 0.5 Å−1 was approximately constant, followed by successive increases in intensity with 

increasing pressure. Similarly, the scattering for 0.3 > Q > 0.5 Å−1 was approximately 

constant when the pressure was increased from 20 to 41 bar, followed by successive 

increases in intensity with increasing pressure. This indicates that contrast matching 

between the carbon matrix and pore-confined fluid was achieved in the micropores 

(i.e. pores < 20 Å in diameter) at bulk pressures between 11 and 41 bar, with the smaller 

micropores reaching the contrast match condition at a lower bulk pressure compared to 

the larger micropores.  

In the low-Q region, the scattered intensity only begins to noticeably decrease when the 

bulk CO2 pressure was increased (from 20 bar) to 41 bar. For pores > 100 Å, further 

increases in pressure up to the maximum of 104 bar caused the scattered intensity to 

continue to drop, and thus contrast matching was not achieved in pores of this size. Even 

though scattering profiles were only obtained at nine discrete bulk pressures, the 

dependency of pore size on contrast matching conditions can be seen, i.e. the smaller the 

pore the lower the bulk CO2 pressure required to contrast match the coal matrix and pore-

confined fluid. Had higher bulk pressures been applied, contrast matching would have 

been achieved for pores > 100 Å.   
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Figure 8.22: SAXS profiles of the activated carbon sample with increasing bulk 
pressure of CO2 (top) and Xe (Bottom). The key indicates the system pressure (in 
units of bar) at the time the corresponding profile was obtained. 

2/Q (Å)
10100

Q (Å-1)

0.1 1

S
c
a

tt
e
re

d
 i

n
te

n
s
it

y
 (

a
rb

it
ra

ry
 u

n
it

s
)

0.001

0.01

0.1

0

1

2

5

11

20

41

62

80

104

2/Q (Å)
10100

Q (Å-1)

0.1 1

S
c
a
tt

e
re

d
 i

n
te

n
s
it

y
 (

a
rb

it
ra

ry
 u

n
it

s
)

0.001

0.01

0.1

0

1

2

5

11

20

41

61

80

102

CO
2

Xe



162  CHAPTER 8. 

 

Figure 8.23: SAXS profiles of the activated carbon sample with increasing bulk 
pressure of CO2. The key indicates the system pressure (in units of bar) at the time 
the corresponding profile was obtained. Here the lower pressure profiles (top) and 
higher pressure profiles (bottom) have been graphed separately for visual 
improvement. 
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Figure 8.24: SAXS profiles of the activated carbon sample with increasing bulk 
pressure of Xe. The key indicates the system pressure (in units of bar) at the time 
the corresponding profile was obtained. Here the lower pressure profiles (top) and 
higher pressure profiles (bottom) have been graphed separately for visual 
improvement.  
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The introduction of low pressures of Xe affected the scattering profiles in a similar way to 

CO2, but to an amplified extent owing to the greater electron density of Xe compared to 

CO2 at any given pressure. As can be seen in Figure 8.25, with the exception of the very-

high-Q region, the profile obtained with 1 bar Xe in the system is similar in shape, but of 

slightly reduced magnitude compared to the profile obtained with 2 bar CO2 in the system. 

This is the outcome one might expect, because at these pressures the electron density of 

the bulk phase Xe (1.38 × 1021 e−/cm3) is just slightly larger than that of CO2 

(1.11 × 1021 e−/cm3). With the exception of the high-Q region corresponding to about 

2/Q < 13 Å, the 2 bar Xe profile is almost identical to the 5 bar CO2 profile. At these 

pressures the electron density of the bulk phase CO2 is approximately equal to that of the 

bulk phase Xe (2.73 × 1021 e−/cm3 compared to 2.72 × 1021 e−/cm3) and so the similarity in 

shape and magnitude of these two profiles indicates that, at these low electron densities, 

the two fluids exhibit comparable sorption behaviour in pores approximately 13 to 173 Å 

in diameter. The 5 bar Xe profile is roughly the same as the 20 bar CO2 profile for Q < 0.1 Å, 

but despite the electron density of the bulk phase Xe being less than that of CO2 at these 

pressures (6.75 × 1021 e−/cm3 compared to 1.10 × 1022 e−/cm3), the scattered intensity for 

larger Q is lower. This implies that when the bulk-phase fluid has about this density, Xe 

exhibits greater in-pore densification compared to CO2. With further increases in electron 

density the shape of the profiles begins to differ significantly. This can be seen in the inset 

of Figure 8.25 which shows the 20 bar Xe and 40 bar CO2 profiles which are recorded with 

the sample exposed to similar bulk electron densities (2.69 × 1022 e−/cm3 for Xe compared 

to 2.52 × 1022 e−/cm3 for CO2). With increasing CO2 pressure, the scattering profiles seem 

to somewhat maintain the shoulder centered around 0.2 Å−1, while with increasing Xe 

pressure the scattered intensity in that region decreases substantially more such that the 

shoulder gradually flattens out until it is completely gone in the 11 bar profile. It is 

believed that the shoulder in the original 0 bar profile stemmed from a relatively higher 

concentration of pores in the corresponding size region (centred at 2/Q = 30 Å 

diameter) and the difference in the shapes of the scattering profiles with increasing CO2 

and Xe pressure in this region reflects a difference in the composition of the pore-confined 

CO2 compared to the pore-confined Xe (e.g. different volume fractions and/or densities of 

adsorbed phase and bulk phase fluid, provided a three-phase model is appropriate).  

As expected, contrast matching between the pore-confined Xe and carbon matrix was 

achieved at lower bulk pressures compared to CO2. The maximum pore diameter in which 

Xe contrast matching was achieved was 115 Å, slightly larger than the maximum pore size 
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for which CO2 contrast matching was achieved. Assuming a sample matrix density of 

2.10 g/cm3, the pore-confined Xe would need to be at a density of 2.55 g/cm3 to result in 

contrast matching (applying Equation (4.26)), i.e. for the electron density of the pore-

confined Xe to equal that of the carbon matrix. To emphasize the degree of densification 

occurring in the contrast matched pores, a bulk phase pressure of 783 bar would be 

required to reach a Xe density of 2.55 g/cm3 at the experimental temperature of 45.1°C. 

 

Figure 8.25: SAXS profiles of the activated carbon sample with various selected 
pressures of CO2 and Xe in the system.  

 

8.5.6.2 Baralaba Coal 

Figure 8.26, Figure 8.27 and Figure 8.28 show how the true “sample environment” 

scattering varies with increasing bulk CO2 and Xe pressure at Locations 1, 2 and 3 on the 

Baralaba coal wafer respectively. Again, the profile shown for each pressure step was that 

obtained after the system had reached thermodynamic equilibrium (or as close to 

thermodynamic equilibrium as was reached given the time constraints). 
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Figure 8.26: SAXS profiles acquired at Location 1 on the Baralaba coal wafer with 
increasing bulk pressure of CO2 (top) and Xe (Bottom). The key indicates the system 
pressure (in units of bar) at the time the corresponding profile was obtained. 
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Figure 8.27: SAXS profiles acquired at Location 2 on the Baralaba coal wafer with 
increasing bulk pressure of CO2 (top) and Xe (Bottom). The key indicates the system 
pressure (in units of bar) at the time the corresponding profile was obtained. 
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Figure 8.28: SAXS profiles acquired at Location 3 on the Baralaba coal wafer with 
increasing bulk pressure of CO2 (top) and Xe (Bottom). The key indicates the system 
pressure (in units of bar) at the time the corresponding profile was obtained. 
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The scattering profiles recorded with increasing CO2 and Xe pressure clearly show that the 

response to fluid invasion is site-specific, even though the three 100  200  500 m3 

voxels examined were spaced within millimetres of each other. At Locations 1 and 2, fluid 

densification preferentially occurs in the smaller pores at low pressures followed by the 

larger pores at higher pressures. The change in scattered intensity with increasing fluid 

pressure was greater for Location 2 compared to Location 1, but contrast matching was 

achieved/exceeded for larger pores at Location 1 compared to Location 2. Although this 

may seem counterintuitive, it is consistent with the findings from the transmission 

measurements that Location 1 is more mineral-matter rich than Location 2. Mineral-

matter components in the coal matrix present electron density fluctuations in the 

scattering system, which contribute a Q-dependent level of scattering that is independent 

of fluid pressure. Consequently, for the mineral-matter rich Location 1 the scattered 

intensity at which contrast matching will be achieved will be higher than that for Location 

2. This concept is more thoroughly introduced and applied in Section 8.5.8. Although so 

much more can be inferred from Figure 8.26 and Figure 8.27, further discussion will be left 

for Section 8.5.7 where the entire series of profiles (not just those obtained after each 

pressure step had reached thermodynamic equilibrium) is examined. 

At Location 3 the scattered intensity decreased with increasing bulk CO2 pressure for all 

pressure increments, with the decrease tailing off at the high-Q end of the data for the 

final few pressure steps. This signifies that, across the range of examined pore sizes, the 

pore-confined CO2 at Location 3 did not reach the density required to contrast match the 

coal matrix. Unlike Locations 1 and 2 where the reduction in scattered intensity was much 

greater with equivalent pressures of Xe, there was negligible change in the scattered 

intensity across all experimental Q values with increasing Xe pressure. After the final CO2 

pressure step the coal wafer was subject to dynamic vacuum for approximately 6 hours 

before being exposed to Xe. For Locations 1 and 2, the profiles obtained immediately prior 

to Xe exposure were essentially the same as those recorded prior to CO2 exposure (see 

Figure 8.29, top), indicating that (i) all CO2 had been successfully desorbed and removed 

from these two locations and (ii) exposure to 100 bar CO2 pressure had no irreversible 

effects on the pore size distribution of the coal in the measured pore size range (6.2 Å to 

138 Å). On the contrary, for Location 3, the magnitude of the scattered intensity measured 

after CO2 exposure and subsequent evacuation was within that measured with the sample 

exposed to between 60 and 80 bar CO2 pressure (see Figure 8.29, bottom). This suggests 

that after the 6 hours exposure to dynamic vacuum, Location 3 still had residual CO2 
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trapped in pores, and/or, exposure to up to 100 bar CO2 fluid altered the structure of the 

matrix-pore network, e.g. irreversible swelling may have closed off some of the pores, 

reducing or blocking access of any confined fluid to the pore network.  

At Location 3 there is an apparent negative peak growing with increasing Xe pressure at 

Q  0.4 Å−1. As can be seen in Figure 8.5, the true scattering profile for the empty cell has a 

broad peak centred at Q  0.4 Å−1 (arising primarily from the Kapton film in the vacuum 

shroud). As the maximum of this peak is close in magnitude to that of the Baralaba coal at 

the same Q value, the uncertainty in the calculation for the true sample environment 

scattering is much greater in this region. Hence, the negative peak forming with increasing 

Xe pressure is an artifact. 

8.5.7 Temporal evolution of the sorption/permeation process 

8.5.7.1 Activated carbon 

The hundreds of activated carbon scattering profiles acquired during CO2 and Xe sorption 

were concatenated into a time-evolving series. These contour images (shown in Figure 

8.30) provide insight into the pore-size-specific sorption behaviour of the two invading 

fluids in the micro- to lower-mesopores (i.e. 8 < 2/Q < 178 Å). 

The changes in scattered intensity with time result collectively from the applied stepwise 

increases in bulk pressure, permeation of the fluid through the porous network and 

additionally, if adsorption is occurring, in-pore densification. The profiles recorded during 

the 2 bar Xe step show an unexpected large drop in scattered intensity about two-thirds of 

the way through this step. This is because, at this point in time, the connecting valve was 

accidentally opened and the sample was prematurely exposed to approximately 6 bar Xe 

pressure. The system pressure was subsequently reduced to be approximately the same as 

that last measured in the 2 bar step and the experiment was continued.   

 



IN-SITU SAXS INVESTIGATION OF CO2 AND XE ADSORPTION BY COAL AND ACTIVATED CARBON 171 

 
 

 

 

Figure 8.29: SAXS profiles acquired at Locations 1 and 2 (top) and 3 (bottom) before 
exposure to CO2 fluid (solid lines) and after CO2 exposure and subsequent 6 hours 
under dynamic vacuum (dashed lines). For Location 3 the profiles obtained with 60 
and 80 bar bulk CO2 pressure have been included to show their closeness to the 
profile obtained after 6 hours under dynamic vacuum. 
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Figure 8.30: The entire set of activated carbon SAXS profiles obtained during 
increasing CO2 (top) and Xe (bottom) pressure increments concatenated into a 
time-evolving series. 
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The most striking difference between the contour images for the two fluids is the 

substantially slower kinetics of Xe sorption/permeation compared to that for CO2. Figure 

8.31 shows the change in scattered intensity for Q = 0.3138 Å−1 from the instant the 

activated carbon sample was exposed to 1 and 2 bar CO2 pressure (for this Q value the 

measured scattered intensity arises primarily from pores 20 Å in diameter). The response 

to CO2 was instant within the time-resolution of consecutive profiles (33 seconds); on the 

contrary, the scattered intensity dropped in a roughly exponential fashion upon exposure 

to the low pressure Xe steps, with neither the 1 nor 2 bar steps reaching equilibrium 

within the 33 and over 50 minutes measuring time respectively.  

 

Figure 8.31: Relative scattered intensity change at Q = 0.3138 Å
−1

 (corresponding to 

pores 20 Å in diameter) resulting from 1 and 2 bar CO2 and Xe exposure. 

For all nine experimental pressure increments, ranging between 1 and 100 bar, the 

kinetics of the CO2 permeation/sorption process within the 100 × 200 × 1080 µm3 voxel 

of powdered activated carbon sample was fast compared to the experimental temporal 

resolution of acquiring SAXS profiles (33 seconds). The slower kinetics of the Xe 

permeation/sorption process is clearly visible in the contour images and additionally it can 

be inferred that the sorption kinetics accelerates with increasing Xe pressure.  

The change in direction of the contour lines in Figure 8.30 with increasing pressure 

indicates that the contrast matching condition has been reached/exceeded in the 
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corresponding pore size. With both CO2 and Xe the scattered intensity turning point occurs 

at lower pressures for smaller pores, clearly showing the preferential sorption with 

decreasing pore size.   

 

Figure 8.32: SAXS response at Q = 0.3138 Å
−1

 (pores 20 Å in diameter) to the 
102 bar Xe pressure step. The inset shows the simultaneously measured system 
pressure. 

The SAXS response to the 102 bar Xe pressure step shows unexpected behaviour. Upon 

opening the connecting valve (which had separated 110 bar pressure in the reference 

volume from 80 bar pressure in the sample cell) the scattered intensity initially increased 

owing to the presence of additional Xe (an increase is expected as by this stage the 

contrast matching condition had already been exceeded in most of the studied pore range) 

but then surprisingly the scattered intensity subsequently dropped gradually with time. 

The scattering measured at Q = 0.3138 Å−1 is shown in Figure 8.32 for example. The inset in 

the figure presents the simultaneously measured system pressure, which shows no 

obvious trend relating to the unexpected scattering behaviour. The transmission 

measurements discussed in 8.5.4.1 showed similar bizarre, somewhat reverse trend, 

behaviour for this Xe pressure step which was suggested may stem from the critical 

behaviour of the fluid. Although, at the experimental temperature, the Xe fluid is 

considered supercritical for P > 58.42 bar, only the 102 bar pressure step yields a bulk 
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the 102 bar pressure step is the only step in which the bulk phase fluid would exhibit the 

non-ideal properties typically associated with supercritical fluids (see Section 2.4.2).  

8.5.7.2 Baralaba coal 

For each of the three Baralaba coal locations, the hundreds of scattering profiles acquired 

during CO2 and Xe sorption were concatenated into a time-evolving series as was done for 

the activated carbon. These contour images (shown in Figure 8.33 for CO2 and Figure 8.34 

for Xe) provide insight into the pore-size-specific sorption behaviour of the two invading 

fluids in the micro- to lower-mesopores (pores 6 to 138 Å in diameter).  

The contour images clearly show that, at Locations 1 and 2, exposure to low pressures of 

CO2 and Xe results in preferential densification in micropores. It is not until the 20 or 

40 bar pressure step (depending on the location/fluid) that a change in scattered 

intensity owing to fluid uptake by the mesopores becomes apparent. The turn-around 

from decreasing to increasing change in scattered intensity with increasing pressure at 

Location 1 signifies that the contrast matching condition was reached and exceeded in 

pores of corresponding size. Although contrast matching was achieved for the smallest 

pores in Location 2 (as outlined in Section 8.5.6.2), the resolution of the iso-intensity 

profiles is not sufficient to show it.   

Without further analysis, it is not possible to deduce any differences in the kinetics of CO2 

and Xe diffusion/sorption from the contour plots. However, the slower rate of change of 

iso-intensity contours observed with each pressure increment at Location 2 compared to 

the faster rate at Location 1, qualitatively reveals that, with both CO2 and Xe, the kinetics 

of the combined fluid diffusion/sorption process was faster in the mineral-matter rich 

Location 1 compared to the more organically comprised Location 2. 

The behaviour of both CO2 and Xe sorption at Location 3 is clearly different to that at 

locations 1 and 2, confirming that a feature of the sample is responsible. Here, the 

scattered intensity in the micropore region decreased marginally with time and the 

kinetics of the response to pressure change are evidently very slow. One explanation is 

that, in this voxel, the rate of sorption is controlled by unusually slow permeation of fluid 

through the pore network, possibly caused by the presence of microstructural percolation 

bottlenecks and/or above average abundance of closed pores, possibly with precipitated 

inorganic matter. For CO2 pressures more than 39 bar, the scattered intensity arising from 

the mesopores examined (up to 138 Å) gradually decreased with pressure, but the slow 
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kinetics indicates again that access into the mesopores is also limited by microstructural 

percolation barriers.    

 

Figure 8.33: The entire set of Baralaba coal Location 1 (top), Location 2 (middle) 
and Location 3 (bottom) SAXS profiles obtained during increasing CO2 pressure 
increments concatenated into a time-evolving series. 
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Figure 8.34: The entire set of Baralaba coal Location 1 (top), Location 2 (middle) 
and Location 3 (bottom) SAXS profiles obtained during increasing Xe pressure 
increments concatenated into a time-evolving series. 
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8.5.8 Q-dependent invariable phase contribution 

As discussed in the theoretical SAXS Chapter (Chapter 4), small-angle X-ray scattering 

arises from inhomogeneities in the electron density profile of the material or system under 

investigation. If all materials in the scattering system have the same, uniform electron 

density there should be no small-angle scattering. One of the aims of this experiment was 

to contrast match the pore-confined fluid with the solid carbon (or coal) matrix, that is, 

subject the samples to bulk pressures high enough such that the electron density of the 

pore-confined fluid is equal to (or greater than) that of the solid matrix. For the activated 

carbon sample and Locations 1 and 2 on the Baralaba coal wafer, the scattering profiles 

measured with increasing bulk CO2 and Xe pressure (see Section 8.5.6) initially decreased 

as the fluid flooded the pore-network and then, for the large Q-region, at higher bulk 

pressures began to increase. This phenomenon indicates that contrast matching between 

the coal matrix and fluid-filled pores had been achieved and furthermore the electron 

density of the pore-confined fluid exceeded that of the coal matrix. However, in all cases, 

the scattered intensity did not drop all the way to zero at the minimum measured value. 

The inhomogeneities in the electron density profile causing the residual scattering could 

be from (i) mineral matter of comparatively high electron density embedded in the coal 

matrix or impurities in the activated carbon matrix, (ii) inaccessible pores which did not 

contain the sorptive fluid, and/or (iii) density fluctuations within the pore-confined fluid. 

Provided it is reasonable to assume that the scattering contributions arising from the 

components can be characterised by independent correlation functions, the scattering 

arising from mineral matter and inaccessible pores, should, in theory, contribute a 

constant (though Q-dependent) addition to the matrix−pore-confined-fluid scattering 

(provided pore-accessibility is not pressure or time dependent). Here, these contributions 

will be collectively termed the Q-dependent invariable phase contribution. The importance 

of determining the Q-dependent invariable phase contribution within a given voxel is that 

it must be subtracted from the scattering data before testing the applicability of the two-

phase model (detailed in Section 4.3.2).  

To determine the Q-dependent invariable phase contribution for a given sample/location, 

the intensity at which contrast matching between the coal matrix and fluid-filled-pores 

occurred (i.e. where the scattered intensity reached a minimum and then increased with 

increasing bulk fluid density) would need to be determined for all Q-values. Measuring the 

exact non-zero contrast match intensity would require (i) measurements at infinitesimally 

small pressure increments and (ii) the electron density of the pore-confined fluid to exceed 
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that of the porous material for all pore sizes examined. Here, profiles were only recorded 

at nine different bulk fluid pressures and contrast matching was not achieved for all Q-

values. For Q-values where a minimum in scattered intensity was reached, the measured 

minimum value was taken to be the non-zero contrast match intensity (though it may be a 

slight overestimate of the true value which would be obtained if data were recorded for 

smaller pressure increments). For the low Q-values where contrast matching was not 

achieved, for each Q value the scattered intensity as a function of bulk fluid density was 

fitted to a stretched exponential function,    
 0

n
bulkC

I Q A Be


, to estimate the Q-

dependent invariable phase contribution (A). Although the stretched exponential function 

does not exhibit a minimum turning point as the scattering data would if higher pressures 

had been applied and contrast matching achieved, a more suitable function was not able 

to be found. More specific details for the method used for each sample/fluid combination 

are given in the following two sections.  

8.5.8.1 Activated carbon 

For the activated carbon sample, the location studied during CO2 exposure (0, 0) was 

different to that examined during Xe exposure (0.6, 0.6). Although this sample (unlike coal) 

is considered to be homogenous, here, the CO2 scattering data were used to find the Q-

dependent invariable phase contribution for location (0, 0) and the Xe scattering data 

were used to find the Q-dependent invariable phase contribution for location (0.6, 0.6). 

Then, when testing the applicability of the two-phase model, the appropriate Q-

dependent invariable phase contribution was subtracted from the respective SAXS 

profiles. This method accounts for possible differences in the packing densities and/or 

pore size distributions in the two voxels examined. It will also account for the possibly 

different pore accessibilities of CO2 and Xe, but still assumes that pore accessibility is not 

pressure dependent.      

For Location (0, 0), the scattering data for 0, 11, 20, 41, 80 and 104 bar CO2 pressure (i.e. 

excluding the data at 1, 2, 5 and 62 bar) were fitted as a function of    
 0

n
bulkC

I Q A Be


 

to approximate the Q-dependent invariable phase contribution A for 0.0362 ≤ Q ≤ 0.0633 

Å−1 (corresponding to 173 ≥ 2/Q ≥ 99 Å). For Q > 0.0633 Å−1 contrast matching was 

exceeded and consequently the minimum measured scattered intensity throughout the 

CO2 experiment was taken to be the Q-dependent invariable phase contribution. In a 

similar manner, for Location (0.6, 0.6), the scattering data for 0, 11, 20, 41, 61, 80 and 
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102 bar Xe pressure (i.e. excluding the data at 1, 2 and 5 bar) were fitted as functions of 

the stretched exponential function for 0.0362 ≤ Q ≤ 0.0547 Å−1 (corresponding to 173 ≥ 

2/Q ≥ 115 Å) to approximate the Q-dependent invariable phase contribution at these Q 

values, while for larger Q values the minimum measured scattered intensity throughout 

the Xe experiment was used. Figure 8.35 graphically illustrates the abovementioned 

procedure for a few representative Q values / pore sizes: the top and middle plots show, 

for 168 Å and 120 Å pores respectively, the stretched exponential fits to the CO2 and Xe 

scattering data extrapolated to higher bulk pressures with the resulting invariable phase 

contribution presented as a dotted blue line; the bottom plots present the scattering data 

for 50 Å pores to illustrate how the invariable phase contribution was obtained for larger Q 

values where contrast matching was achieved. 

The overall Q-dependent invariable phase contributions for Location (0, 0) and Location 

(0.6, 0.6) generated using the abovementioned procedure are presented in Figure 8.37. 

The resulting profiles for the two different locations are noticeably different. In the high-Q 

region, the invariable phase contribution obtained using the CO2 data is roughly parallel to 

the activated carbon profile recorded under vacuum (at about 60% of the magnitude), 

whereas the invariable phase contribution obtained from the Xe data converges towards 

the vacuum profile with increasing Q. This could be interpreted as CO2 being able to access 

smaller pores compared to Xe. In general, the invariable phase profile obtained using the 

CO2 data is not dissimilar in shape to the original activated carbon profile: it is roughly 

parallel in the low-Q (at 50 to 58% intensity) and high-Q (at 60 to 68% intensity) regions 

with greater divergence (down to as low as 35% of the original profile) in the mid-Q region 

where there was a pronounced shoulder in the original scattering profile. On the contrary, 

the invariable phase profile obtained using the Xe data is of markedly different shape to 

the original activated carbon profile. Further work is needed to decide if this difference 

reflects a basic uncertainty of the methodology or a genuine difference owing to the 

differing abilities of CO2 and Xe to penetrate the pores. 
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Figure 8.35: Stretched exponential fits (red lines) to the activated carbon scattering 
data measured with increasing pressure of CO2 for 168 Å pores (top) and 120 Å 
pores (middle). The bottom graphs show the scattering data for 50 Å pores, for 
which the Q-dependent invariable phase contribution was taken to be the 
minimum measured scattered intensity. 
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Figure 8.36: Stretched exponential fits (red lines) to the activated carbon scattering 
data measured with increasing pressure of Xe for 168 Å pores (top) and 120 Å 
pores (middle). The bottom graphs show the scattering data for 50 Å pores, for 
which the Q-dependent invariable phase contribution was taken to be the 
minimum measured scattered intensity. 
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Figure 8.37: Activated carbon Q-dependent invariable phase contribution for 
location (0, 0) (top) and location (0.6, 0.6) (bottom). The red line corresponds to 
the minimum measured scattering value for Q values at which the contrast 
matching condition was exceeded with the particular fluid and the blue line 
corresponds to the predicted minimum scattering value calculated via 
extrapolation of the stretched exponential fit to the scattering data.   
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8.5.8.2 Baralaba coal 

Each of the different chosen locations on the Baralaba coal sample may have different Q-

dependent invariable phase contributions owing to the varying composition and pore-

geometry/accessibility within each illuminated voxel. Furthermore, as was outlined in the 

activated carbon analysis, the invariable phase contribution may be different for CO2 and 

Xe invasion owing to the different size and shape and thus pore-accessibility of the two 

fluids. To determine the unique invariable phase profile for each location/fluid 

combination, the minimum measured scattering for the given location/fluid was used for 

Q values where contrast matching was achieved, while for small-Q values where the 

contrast matching condition was not met the 0, 20, 40, 59, 79 and 100 bar Xe scattering 

data (i.e. excluding the 1, 2, 5 and 10 bar data) were fitted to the stretched exponential 

function to approximate the minimum scattering value that would have been reached had 

higher pressures been applied. The Xe rather than the CO2 scattering data were used to 

determine the invariable phase contribution for small-Q as they were much closer to 

reaching the contrast match point and therefore provide a more reliable prediction of the 

turning point scattered intensity (and one would expect the pore accessibility of Xe and 

CO2 to be the same in the large pore region). This procedure was carried out for Locations 

1 and 2. The resulting stretched exponential fits for a range of pore sizes are graphed in 

Figure 8.39 to show how well the equation fits the data. 

The different profiles collectively used to generate the Location 1 and Location 2 invariable 

phase contributions for the entire range of Q values are graphed in Figure 8.40 (top) and 

Figure 8.41 (top) respectively. For the low-Q data (i.e. Q < 0.08 Å−1 for Location 1; 

Q < 0.15 Å−1 for Location 2), the stretched exponential fits for both Locations 1 and 2 

approximately follow a power law with the exception of the lowest 6 data points, which 

produce a bump in the resulting profile (positive deviation for Location 1 and negative for 

Location 2). As the bump in the Location 1 profile exceeds the minimum scattering 

recorded with Xe in the system, it is suspected that the deviations from power-law 

scattering are some form of artefact. To smooth these unlikely deviations, the 23 data 

points for 0.0436 ≤ Q ≤ 0.0707 Å−1 were fitted to a power law and the resulting equation 

was used to extrapolate the approximate power law scattering over the low-Q region 

containing the bump (shown in green in the Figures). The overall Q-dependent invariable 

phase contributions for Locations 1 and 2 generated from (i) the power law fit for low Q 

(Q ≤ 0.0424 Å−1), (ii) the stretched exponential fit to the Xe scattering data (for 

0.0436 ≤ Q ≤ 0.1444 Å−1 for Location 1 and 0.0436 ≤ Q ≤ 0.2045 Å−1 for Location 2) and 
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(iii) the minimum measured scattered intensity recorded with either Xe or CO2 in the 

system for high Q, are shown in Figure 8.40 (bottom) and Figure 8.41 (bottom) 

respectively. As expected, the Location 1 invariable phase profiles (i.e. for both CO2 and Xe 

invasion) contain the Bragg peak arising from mineral matter embedded in the coal matrix. 

As was the case with the activated carbon sample, the invariable phase contribution is 

greater for Xe invasion compared to CO2 invasion in the high-Q region (Q > 0.4 Å−1 for 

Location 1; Q > 0.2 Å−1 for Location 2), which might suggest greater pore accessibility for 

CO2 compared to Xe in the small pore region (pores < 12.5 Å for Location 1; pores < 25 Å 

for Location 2).    

Overall, the agreement between the invariable phase profiles determined using CO2 and 

Xe is remarkably good. This suggests that the methodology is sound and results and 

meaningful.   



186  CHAPTER 8. 

 

Figure 8.38: Stretched exponential fits (red lines) to the scattering data measured 
with increasing pressure of Xe (black dots) for selected pore sizes for Location 1 on 
the Baralaba coal wafer. The bottom graphs show the data for pores 10 Å in 
diameter, for which the Q-dependent invariable phase contribution was taken to 
be the minimum measured scattered intensity. 
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Figure 8.39: Stretched exponential fits (red lines) to the scattering data measured 
with increasing pressure of Xe (black dots) for selected pore sizes for Location 2 on 
the Baralaba coal wafer. The bottom graphs show the data for pores 10 Å in 
diameter, for which the Q-dependent invariable phase contribution was taken to 
be the minimum measured scattered intensity. 
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Figure 8.40: Baralaba coal Location 1 profiles used in generating the overall 
invariable phase scattering arising from mineral matter and pores inaccessible to 
CO2 and Xe.  
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Figure 8.41: Baralaba coal Location 2 profiles used in generating the overall 
invariable phase scattering arising from mineral matter and pores inaccessible to 
CO2 and Xe. 
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8.5.9 Coal matrix – pore-confined-fluid scattering 

To test the applicability of the two-phase scattering model (detailed in Section 4.3.2), the 

appropriate sample/location/fluid Q-dependent invariable phase contribution was first 

subtracted from the corresponding scattering profiles obtained with increasing fluid 

pressure. This assures that the remaining scattering is from the coal matrix and pore-

confined fluid (pcf) and that there are no additional phases from inaccessible pores and/or 

mineral matter (or impurities) embedded in the coal matrix. Next, the matrix−pcf data for 

each Q value were plotted as a function of bulk fluid density. Recalling from Section 4.3.2, 

an ideal two-phase scattering system yields a linear plot of I(Q)1/2 versus bulk fluid density. 

8.5.9.1 Activated carbon 

The I(Q)1/2 versus bulk fluid density plots for a range of Q-values (i.e. pore sizes according 

to the relationship pore diameter  2/Q) are presented in Figure 8.42 (CO2) and Figure 

8.43 (Xe). 

The plots of I(Q)1/2 versus bulk CO2 and Xe density are approximately linear for the few 

largest Q-values, as is shown for Q = 0.0375 Å−1 corresponding to pores approximately 

168 Å in diameter, but are certainly not linear for the remaining majority of pore sizes. 

Figure 8.44 re-presents the plots for the 168 Å pores with the addition of a plot which 

shows the value of I(Q)1/2 that would arise if no adsorption occurred and consequently the 

density of pore-confined fluid was equal to that of the bulk phase. This additional plot 

helps visualise the procedure for determining the two-phase model densification factor. 

Based on the slope and intercept of the linear fits to the 168 Å pore data, application of 

the two-phase model yields a CO2 densification factor of 2.6 and Xe densification factor of 

1.3 for pores of this size. For these large activated carbon pores, the two-phase model fits 

the entire 0 to 100 bar data set, which extends into the supercritical region for both 

fluids (P > 73.7 bar for CO2 and P > 58.4 bar for Xe). For the majority of pore sizes however, 

the two-phase model does not fit the scattering data (even for a reduced pressure range) 

and due to the complexity of and number of unknown parameters/variables in the three-

phase model (discussed in Section 4.3.5) no further quantitative analysis can be 

undertaken. Qualitatively, it can be said that for both sub- and supercritical applied CO2 

and Xe pressures, the pore-confined fluid cannot be described as a single phased entity 

and must have density fluctuations within it. 
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Figure 8.42: Activated carbon + pore-confined CO2 data for selected pore sizes. The 
graph for 168 Å pores includes an extrapolated linear fit to the scattering data (red 
line). The high pressure data points which exceeded the contrast matching 
condition have been plotted as negative for easier viewing. 
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Figure 8.43: Activated carbon + pore-confined Xe data for selected pore sizes. The 
graph for 168 Å pores includes an extrapolated linear fit to the scattering data (red 
line). The high pressure data points which exceeded the contrast matching 
condition have been plotted as negative for easier viewing. 
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Figure 8.44: For activated carbon, Intensity
1/2

 versus bulk CO2 (left) and Xe (right) 

density for Q = 0.0375 Å
−1

 (i.e. pores 168 Å in diameter). The red line presents the 
linear fit (extrapolated to Intensity

1/2
 = 0) to the data. The blue line shows the value 

of Intensity
1/2

 that would arise if there was no adsorption occurring and 
consequently the density of pore-confined fluid was equal to that of the bulk phase 
fluid.     

8.5.9.2 Baralaba coal 

The I(Q)1/2 versus bulk fluid density plots for a range of Q values (i.e. pore sizes according 

to the relationship pore diameter  5/Q) are presented in Figure 8.45 (CO2) and Figure 8.46 

(Xe) for Location 1 and Figure 8.47 (CO2) and Figure 8.48 (Xe) for Location 2.  
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phase pressure exceeds the critical pressure and the bulk fluid becomes a relatively more 

dense supercritical fluid, one might expect the two-phase boundary previously formed by 

the adsorbed and bulk phases to vanish and for the pore to contain fluid of roughly 

uniform density. However, the fact that the two-phase model fits the scattering data for 

P < Pc suggests that, in the applicable pore size ranges, the pore-confined fluid is 

approximately homogeneous for sub-critical bulk fluid pressures. On the contrary, the 

non-linearity of I(Q)1/2 versus bulk  for P > Pc  suggests density fluctuations within the pore-

confined fluid when the bulk fluid is in the supercritical state.   

Assuming Baralaba coal is comprised of C6.85O0.64H5.07N0.14S0.011 pseudo-molecules and that 

the density of the matrix is 1.35 g/cm3 (based on an overall coal + mineral matter density 

of 1.42 g/cm3 subsequently measured by low-pressure helium expansion for a larger 

portion of the sample, and that the sample contains 5.8% mineral matter at an 

approximated density of 2.5 g/cm3), the density of pore-confined fluid that would be 

required to contrast match the coal matrix is 1.88 g/cm3 for CO2 and 2.29 g/cm3 for Xe 

(using Equation (4.26)). Following the procedure outlined in Section 4.3.2, the two-phase 

model was used to determine the CO2 and Xe densification factors ( pcf bulk  ) for 

Locations 1 and 2 on the Baralaba coal wafer (valid for the pressure ranges and pore sizes 

discussed earlier). The results are presented in Figure 8.49. 



IN-SITU SAXS INVESTIGATION OF CO2 AND XE ADSORPTION BY COAL AND ACTIVATED CARBON 195 

 
 

 

 

 

 

 

 

 

Figure 8.45: Baralaba coal Location 1 matrix + pore-confined CO2 data for selected 
pore sizes (black dots) with extrapolated linear fits to the 0 to 79 bar CO2 data (red 
lines). Intensity

1/2
=0 corresponds to contrast matching.  
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Figure 8.46: Baralaba coal Location 1 matrix + pore-confined Xe data for selected 
pore sizes (black dots) with extrapolated linear fits to the 0 to 40 bar Xe data (red 
lines). Intensity

1/2
=0 corresponds to contrast matching.  
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Figure 8.47: Baralaba coal Location 2 matrix + pore-confined CO2 data for selected 
pore sizes (black dots) with extrapolated linear fits to the 0 to 79 bar CO2 data (red 
lines). Intensity

1/2
=0 corresponds to contrast matching.  
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Figure 8.48: Baralaba coal Location 2 matrix + pore-confined Xe data for selected 
pore sizes (black dots) with extrapolated linear fits to the 0 to 40 bar Xe data (red 
lines). Intensity

1/2
=0 corresponds to contrast matching. 
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Figure 8.49: Densification factor determined via application of the two-phase 
model to the 0 to 79 bar CO2 scattering data and the 0 to 40 bar Xe scattering data 
for Locations 1 and 2 on the Baralaba coal wafer. 
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Location 2 exhibited slower kinetics of diffusion/sorption compared to Location 1 (as 

inferred from the contour images presented in Section 8.5.7.2) may imply that there is 

restricted access to these small-mesopores.     

8.6 Discussion 

8.6.1 Comparison to previous SAXS study 

The (qualitatively observed) faster kinetics of the fluid permeation/sorption process in the 

mineral-matter rich Location 1 compared to the more organically comprised Location 2 is 

consistent with the findings of the previous SAXS study [1, 2] and thus supports the 

conclusion that mineral matter dispersed in the coal matrix provides conduits for the 

accelerated movement of fluid towards the adsorptive pore regions.  

This experiment also confirms the findings of the original study that CO2 adsorption by coal 

is pore-size-specific, with the uptake preferentially occurring in the smallest micropores 

followed by successively larger pores with increasing pressure.  

The previous study found a distinct negative correlation between mineral matter 

abundance in a particular voxel and the CO2 densification factor; here, no such correlation 

was found. In the previous work however, the two-phase model was applied to arrive at a 

densification factor without accounting for mineral matter embedded in the coal matrix 

and inaccessible pores (i.e. the Q-dependent invariable phase contribution proposed in 

this work was not determined and subtracted from the profiles to yield matrix−pcf only 

scattering). Additionally, the I(Q)1/2 versus bulk fluid density data were only linear for 

pressures greater than 5 bar. After considerable thought about the two-phase model, the 

author is now of the belief that the two-phase model is only applicable if the data are 

linear from 0 bar onwards and therefore questions the reliability of the densification 

factors obtained in the previous study.     

Given that the data presented in this chapter were obtained using a different synchrotron-

source SAXS instrument and different in-situ apparatus compared to those used for the 

original work [1, 2], the similarity in the Baralaba coal findings validates the effectiveness 

of this in-situ SAXS technique for studying fluid invasion/sorption by porous materials.  
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8.6.2 Recommendations for future experiments 

The SAXS experiments raised more questions than they answered, but the potential of in-

situ SAXS to elucidate coal sorption behaviour is clear. The following extensions to this 

work are recommended: 

 Extend the Q range to examine larger pores (include USAXS). This will confirm that 

the limit of the densification in larger pores is 1 and facilitate testing of scattering 

models (see below).  

 Use other adsorptive fluids of interest, particularly electron dense fluids.  

 Use non-sorptive fluids to purely study fluid permeation and pore-accessibility. 

 Increase the experimental pressure range. 

 Include desorption steps which mimic the adsorption steps to investigate possible 

irreversible effects.   

 Investigate the effects of different temperatures. 

The following more detailed recommendations stem from the experience gained from 

conducting two complex in-situ SAXS experiments:   

 In future experiments of this kind, it would be highly useful to include a “fluid only” 

location in the study; i.e. in addition to the chosen voxels of sample, include a voxel 

that contains no sample and therefore purely comprises bulk phase fluid for 

reference. The scattering profile of the bulk phase fluid will reveal phenomena 

such as critical scattering fluctuations that may influence the behaviour of the 

pore-confined fluid. Furthermore, the simultaneously recorded transmission 

measurements could be used to provide an independent measurement of the 

density of the bulk phase fluid. 

 Expanding the experimental Q range would obviously enable a larger range of pore 

sizes to be examined; but furthermore, if the experimental Q range spans wide 

enough such that the small-Q data enter the Guinier region (allowing 

approximations for Q → 0 to be made) and the large-Q data exhibit Q−4 Porod 

behaviour (allowing approximations for Q →  to be made), the scattering 

invariant, often denoted Z, can be determined [  


 
2

0
Z I Q Q dQ ]. In the 

literature, the scattering invariant has been used to determine the density and 



202  CHAPTER 8. 

volume fraction of the adsorbed phase in a three-phase system (Melnichenko et al. 

[11-13]); however, the method used was based on the equations published by Wu 

[14] which were shown to be incorrect in Section 4.3.5. The scattering invariant has 

also been used for “evaluating the volume fraction of accessible pores as a 

function of Qi (or Ri) by measuring the SANS/USANS patterns from the “dry” and 

contrast matched samples and finding the ratio of the scattering intensities at each 

Qi” [15].  

 Most SAS studies investigating fluid uptake by porous materials have used 

neutrons as the probe source. It would be interesting to conduct identical SAXS 

and SANS experiments (and ideally USAXS and USANS as well) on a given 

homogeneous sample and compare the results and findings.  

 Including a non-adsorbing fluid that is known not to affect the structure of the 

porous material under investigation may be a way to validate the proposed 

method for determining the Q-dependent invariable phase contribution. For a non-

adsorbing fluid the in-pore fluid should be of uniform density. Thus, after 

subtracting the Q-dependent invariable phase contribution, the two-phase model 

must fit the matrix−pcf scattering data (otherwise the determined Q-dependent 

invariable phase is incorrect or the fluid is not uniformly dense).  Helium would be 

an appropriate fluid for such an experiment; however, SAXS would not be effective 

with He as the probe fluid owing to its extremely low electron density, and SANS 

would require the use of the very expensive isotope He3 in order to produce useful 

data. 

8.7 Conclusion 

The non-invasive technique of small-angle X-ray scattering has been applied to provide 

fresh pore-size-specific insight into the permeation and adsorption of sub- and super-

critical CO2 and Xe in Baralaba coal and Takdeda 4A activated carbon. While CO2 

adsorption by coal is topical owing to the potential for carbon geosequestration, the 

inclusion of Xe in this study was valuable as it enabled contrast matching at lower 

pressures and in a larger pore size range.  
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SAXS with a small beam size has a clear advantage over SANS for studying an 

inhomogeneous material, as shown by the spread of behaviours exhibited by the selected 

locations on the coal wafer. SANS would average over these.  

For the powdered Takeda 4A activated carbon sample (53 – 106 m), it was found that 

CO2 travelled through and adsorbed in the porous network much faster than Xe. Both the 

transmission measurements and compiled SAXS contour images qualitatively showed that 

the kinetics of Xe permeation/sorption in activated carbon accelerated with increasing 

pressure.  

The response to fluid invasion was markedly different for the three studied Baralaba coal 

locations. The kinetics of both CO2 and Xe permeation/sorption were faster in the mineral-

matter rich Location 1 compared to the more organically comprised Location 2, thus 

supporting the conclusion of the original study that mineral matter dispersed in the coal 

matrix accelerates the kinetics of fluid permeation/sorption. Location 3 exhibited 

unusually slow fluid permeation through the porous network which was attributed to the 

presence of microstructural percolation bottlenecks and/or a high abundance of closed 

pores. At both Locations 1 and 2, the exposure to high pressure CO2 (up to 100 bar) and 

subsequent evacuation had no observable irreversible effects on the pore-structure of the 

coal in the measured pore size range (6.2 to 138 Å); while at Location 3, either some CO2 

was trapped in the pores and/or structural changes occurred. 

A method for determining the scattering contributions arising from inaccessible pores and 

mineral matter (or impurities) embedded in the matrix, collectively called the Q-

dependent invariable phase contribution, was proposed and applied. For each Q-value 

(corresponding roughly to a specific pore size), the intensity arising from the invariable 

phase was subtracted from the data recorded with exposure to increasing fluid pressure to 

yield the scattering arising purely from the matrix and pore-confined fluid. The two-phase 

model was found to fit the matrix−pcf scattering very well for the entire sub- and 

supercritical CO2 and Xe pressure range for the largest examined activated carbon pores of 

around 168 Å in diameter. In these larger pores, the pore-confined CO2 density was 

2.6 times that of the bulk phase CO2 and the pore-confined Xe density was 1.3 times that 

of the bulk phase Xe. The two-phase model did not fit the activated carbon matrix−pcf 

scattering data for the remaining majority of pore sizes, indicating that in the micro- and 

small-mesopores (pores < 168 Å in diameter) both the CO2 and Xe fluid contained density 

fluctuations. For the Baralaba coal sample, the two-phase model was found to fit the 0 to 
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79 bar CO2 matrix−pcf scattering for pores > 25 Å, and the 0 to 40 bar Xe data for 

pores > 30 Å. Within these pressure and pore-size limitations, the CO2 densification factor 

was found to be greatest (as high as 9.1 at Location 1) in the smallest applicable pores 

(25 Å), decrease significantly (to about 3.5) with increasing pore size up to about 60 Å, but 

then only decrease marginally with further increase in pore size. The Xe densification 

factors at Locations 1 and 2 were found to be approximately the same as the 

corresponding CO2 densification factors for pores > 80 Å, but for smaller pores showed 

different trends. The upper pressure limit of the applicability of the two-phase model to 

the Baralaba coal matrix−pcf scattering was around the critical pressure of the two fluids, 

suggesting that when the bulk phase fluid is sub-critical the pore-confined fluid is roughly 

uniformly dense, while when the bulk phase fluid is supercritical the pore-confined fluid is 

inhomogeneous. 

For both the activated carbon and Baralaba coal samples, it was established that both CO2 

and Xe preferentially adsorb in the smallest pores, followed by successively larger pores 

with increasing pressure, which supports the findings of the original Baralaba SAXS study. 

While in a typical small-angle scattering experiment, the simultaneously recorded 

transmission measurements are used purely to normalise their scattering profiles, here it 

has been shown that, with careful experimental planning, transmission measurements 

have the potential to be used to generate an excess sorption isotherm for sorptive fluids 

that are sufficiently electron dense. The trial isotherms generated here using the X-ray 

transmission data qualitatively showed site-specific behaviour of the fluid uptake by the 

Baralaba coal sample.  

This work has successfully validated the findings of the original Baralaba coal SAXS study 

and furthermore highlighted the value of small-angle scattering in investigating pore-size-

specific fluid adsorption by porous carbons.   
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9. Conclusions 

9.1 Overview 

This thesis has introduced and detailed the aspects of sorption manometry and small-

angle X-ray scattering applicable to the investigation of CO2 adsorption by coal. Questions 

were raised regarding some of the published literature; in particular (i) the three-phase 

scattering model presented by Wu [1], which was here proposed to be mathematically 

incorrect, (ii) the application of two- and three- phase models to SANS data, (iii) the 

usefulness of Gumma and Talu’s [2] self-consistent method for determining the helium 

density of a microporous solid and (iv) the quality of excess CO2 sorption isotherms 

obtained for small samples using the manometric technique. 

The experimental work encompassed three different, but interrelated, topics; the next 

section provides a summary of each, with focus on the major findings.   

9.2 Summary of experimental work 

9.2.1 Helium density of a microporous material 

A self-consistent method for determining the helium density of a microporous solid from 

manometric sorption measurements was presented. The method, which utilises Henry’s 

Law and the temperature dependency of helium adsorption, is equivalent to that first 

proposed by Gumma and Talu [2] for application to gravimetric sorption data. Application 

of the method to carefully obtained helium sorption isotherms at four different 

temperatures yielded an unrealistic helium density value of 1.06 g/cm3 for the activated 

carbon sample examined. An in-depth analysis exposed the insensitivity of the method to 

sample density and revealed that the realistic silicalite helium density value obtained by 

Gumma and Talu through application of the method to their gravimetric sorption data was 

fortuitous. It was concluded that the method cannot be used to provide a reliable measure 

of the helium density of a microporous material and that the current practice of assuming 

negligible helium adsorption at low-pressure (P ≤ 1 bar) and room-temperature (or higher) 
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is still the best method at present. Low-pressure, room-temperature helium expansion 

trials yielded a sensible helium density value of 2.01 g/cm3 for the activated carbon sample 

examined.  

9.2.2 Manometric apparatus for measurement of CO2 uptake by small samples 

A manometric apparatus for high pressure CO2 sorption measurements was designed and 

built. Preliminary CO2 isotherms obtained for 0.039 g and then 0.390 g of Baralaba coal 

exhibited uncharacteristic, inexplicable behaviour. Blank isotherms, i.e. isotherms 

obtained with no sample in place, revealed amplified error for steps which involved a CO2 

pressure between about 80 and 120 bar. A preliminary uncertainty analysis showed that 

the experimental error measured in the blank isotherms was within the uncertainty of the 

measurement. It was found that, in the 80 to 120 bar pressure region, the degree of error 

associated with the uncertainty in the compressibility factor is much larger than that 

associated with the uncertainty in volume calibrations and pressure and temperature 

measurements. The uncertainty in the measurement of CO2 uptake by the 0.390 g of 

Baralaba coal for P > 80 bar was too large relative to the absolute uptake by the sample to 

consider the data reliable. In order to obtain credible high-pressure CO2 sorption data 

using the manometric technique much larger portions of sample must be used to reduce 

the relative error in the measurement of mass of sorbate per mass of sample. The 

experimentally obtained blank isotherms together with the findings of the preliminary 

uncertainty analysis clearly showed that the “figure of merit” calculation for determining 

the minimum amount of sample required for reliable sorption isotherms is not appropriate 

for studies involving CO2.  

9.2.3 In-situ SAXS investigation of CO2 and Xe adorption  

The adsorption of CO2 and xenon by samples of Baralaba coal and Takeda 4A activated 

carbon was studied using in-situ small-angle X-ray scattering. The response of the 

measured scattering profiles to step changes in pressure led to the following main 

conclusions:  

 In Takeda 4A activated carbon, the process of CO2 permeation/adsorption 

occurred faster than that of Xe.  

 The kinetics of Xe uptake by Takeda 4A activated carbon accelerated with 

increasing pressure. 
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 CO2 and Xe adsorption by coal is very site-specific. 

 Mineral matter dispersed in the coal matrix accelerated the kinetics of both CO2 

and Xe permeation/sorption.   

 CO2 and Xe preferentially adsorbed in the smallest pores, followed by successively 

larger pores with increasing pressure. 

A new method for determining the scattering contributions arising from inaccessible pores 

and mineral matter (or impurities) embedded in the coal (or carbon) matrix was proposed 

and applied. The method utilises the measured, or predicted, contrast match intensity at 

each Q-value to determine the “Q-dependent invariable phase contribution” for the given 

sample/location/fluid combination. Subtraction of the Q-dependent invariable phase 

contribution from the corresponding scattering profiles allowed the applicability of the 

two-phase scattering model to the resulting pore-confined fluid scattering to be tested. 

For Takeda 4A it was found that: 

 CO2 in pores around 168 Å in diameter was approximately uniformly dense for 

applied bulk phase pressures up to 100 bar, with a densification factor of 2.6.  

 Xe in pores around 168 Å in diameter was approximately uniformly dense for 

applied bulk phase pressures up to 100 bar, with a densification factor of 1.3.   

 CO2 and Xe fluid in the micro- and small-mesopores (pores < 168 Å in diameter) 

contained density fluctuations.  

For Baralaba coal is was found that: 

 CO2 in pores 25 to 138 Å in diameter was approximately uniformly dense for 

applied bulk pressures up to 79 bar, with a densification factor as high as 9 in the 

smallest pores.  

 Xe in pores 30 to 138 Å in diameter was approximately uniformly dense for applied 

bulk pressures up to 40 bar, with a densification factor as high as 6 in the smallest 

pores.  

 The magnitude of CO2 and Xe densification in pores of diameter  80 to 138 Å was 

approximately the same. 

 CO2 and Xe fluid in the micropores contained density fluctuations. 
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9.3 Future work 

Serious questions regarding the reliability of high-pressure excess CO2 sorption isotherms 

obtained using the manometric technique have been raised. A standard/universal 

procedure for calculating the uncertainty in the measurement of excess CO2 sorption is 

needed in order for researchers to gauge the reliability of their isotherms. This work has 

shown that it is imperative that the uncertainty associated with the compressibility factor 

of the fluid, which is often overlooked, is accounted for in the calculations.  

As the application of small-angle scattering techniques in the investigation of fluid 

adsorption by porous materials is relatively recent, the potential for future experiments is 

huge. A detailed list of recommendations for future scattering work was provided in 

Section 8.6.2; here only the more substantial ones will be discussed.  

 It would be of interest to conduct both SAXS and SANS experiments on the same 

sample under the same conditions to compare the findings and hopefully cross-

validate the applicability of the two techniques. Such data may unveil the relative 

sensitivity of each technique to mineral-matter inclusions in the coal matrix. 

 Expanding the experimental Q range to smaller Q would allow larger mesopores to 

be examined. This could be achieved by using multiple camera distances or to a 

greater extent by using an ultra-small-angle scattering (USAXS or USANS) 

instrument.    

 The proposed method for determining excess sorption from simultaneously 

recorded in-situ transmission measurements needs to be validated. This would 

require (i) a carefully planned out SAXS experiment in which all the appropriate 

calibration measurements are obtained and (ii) reliable sorption data obtained 

using an already established technique. The uncertainty in the excess sorption 

quantity determined from the transmission data needs to be investigated to assess 

the usefulness of the method.     
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Appendix A 

Small angle X-ray scattering mapping and kinetics study of sub-critical CO2 

sorption by two Australian coals 

 

Reprinted from “Radlinski, A.P., Busbridge T.L., Gray, E.M., Blach, T.P., Cookson, D.J., Small 

angle X-ray scattering mapping and kinetics study of sub-critical CO2 sorption by two Australian 

coals. International Journal of Coal Geology, 2009. 77(1-2): p. 80-89” with permission from 

Elsevier. 
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Coal
synchrotron small angle X-ray scattering data were acquired from samples of
two Australian coal seams: Bulli seam (Bulli 4, Ro=1.42%, Sydney Basin), which naturally contains CO2 and
Baralaba seam (Ro=0.67%, Bowen Basin), a potential candidate for sequestering CO2. This experimental
approach has provided unique, pore-size-specific insights into the kinetics of CO2 sorption in the micro- and
small mesopores (diameter 5 to 175 Å) and the density of the sorbed CO2 at reservoir-like conditions of
temperature and hydrostatic pressure.
For both samples, at pressures above 5 bar, the density of CO2 confined in pores was found to be uniform,
with no densification in near-wall regions. In the Bulli 4 sample, CO2 first flooded the slit pores between
polyaromatic sheets. In the pore-size range analysed, the confined CO2 density was close to that of the free
CO2. The kinetics data are too noisy for reliable quantitative analysis, but qualitatively indicate faster kinetics
in mineral-matter-rich regions.
In the Baralaba sample, CO2 preferentially invaded the smallest micropores and the confined CO2 density was
up to five times that of the free CO2. Faster CO2 sorption kinetics was found to be correlated with higher
mineral matter content but, the mineral-matter-rich regions had lower-density CO2 confined in their pores.
Remarkably, the kinetics was pore-size dependent, being faster for smaller pores.
These results suggest that injection into the permeable section of an interbedded coal-clastic sequence could
provide a viable combination of reasonable injectivity and high sorption capacity.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction

To reduce the concentration of anthropogenic CO2 in the atmo-
sphere, capture and storage of CO2 in geological formations have been
proposed as a practical remedial measure (IPCC, 2005; White et al.,
2005). Unmineable coal seams may be attractive hosts for carbon
storage based on their proximity to coal-fired power stations (large
anthropogenic CO2 point sources), sizeable potential storage capacity
and low economic value (White et al., 2005). In addition, some coal
seams offer the potential to offset costs through enhanced coal seam
gas recovery. Several pilot studies around the world have demon-
strated the feasibility of sequestering CO2 in coal and its potential in
enhancing coal bedmethane recovery (e.g. Van Bergen et al., 2006; Shi
et al., 2008). However, for this technology to be implemented on the
scale needed to significantly reduce CO2 emissions into the atmo-
adliński).

08 Published by Elsevier B.V. All rig
sphere, a better understanding of the trappingmechanisms, structural
effects and longevity of CO2 storage in coal seams is required.

The mechanisms operating during injection, adsorption and
retention of CO2 in coal are not clearly understood (White et al.,
2005). In particular, little is known about the underlying causes of
several CO2–coal interaction phenomena: swelling (Karacan, 2003a;
Day et al., 2008), plasticization (Larsen, 2004), molecular absorption of
CO2 into the organic matrix, and the density (as well as density
distribution) of CO2 fluid confined in the pores. The problem is further
complicated by the heterogeneity of coal and the great variability
between coals.

We employed a non-destructive technique, small angle X-ray
scattering (SAXS), to obtain quantitative pore-size-specific informa-
tion on the sorption of CO2 by coal at reservoir-like conditions and
thus gain insight into sorption phenomena at the nearly-molecular
scale. The technique presented here not only offers potential to
enhance the understanding of the storage of CO2 in coal but also can
be broadly applied to investigate the interaction of invading fluids
with porous media of any kind.
hts reserved.
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2. Small-angle scattering

2.1. Application to porous materials

Small-angle scattering techniques, SAXS and SANS (small angle
neutron scattering), are especially valuable for studying nanoporous
materials1 because of the reciprocal relationship between the size of
the scattering centres (the pores) and the angle at which the radiation
(X-rays in this case) is scattered. This feature provides a gateway to
pore-size-specific microstructural information averaged over the
illuminated sample volume (voxel). The quantitative relationship
between scattering angle and pore size is discussed in Section 2.3.

The pore size range accessible with X-ray and neutron small angle
scattering techniques extends from about 5 Å to 20 µm (Bonse and
Hart, 1965; Glinka et al., 1986; Agamalian et al., 1997; Radlinski, 2006;
ChemMatCARS, 2008). In this work, we employed a particular
configuration of a synchrotron-source SAXS camera tuned to observe
the smallest pores in coal, with diameters ranging from approximately
5 to about 175 Å. With synchrotron X-ray sources, the linear
dimension of the incident X-ray beam in a SAXS machine can be
selected anywhere between a fraction of a millimetre down to about
20 µm. Here we used a beam footprint of 0.2×0.2 mm2 and sample
thicknesses of 0.70 mm for the Baralaba sample and 0.84 mm for the
Bulli 4 sample. Therefore, the defining voxel dimensions were
0.2×0.2×0.7 mm3 for Baralaba and 0.2×0.2×0.84 mm3 for Bulli 4.

SAXS and SANS are well established techniques and their
applications to the investigation of the porous microstructure of
sedimentary rocks (including coals) has been reviewed recently
(Radlinski, 2006). SANS has also been applied to study the properties
of CO2 invading stable man-made porous media (Melnichenko et al.,
2006). The interpretation of our results is based on concepts presented
in these two references. In the following sections we only list the main
theoretical results.

2.2. Scattering from coal: experimental arrangement and microstructural
models

To discuss small angle scattering we use the reciprocal space
parameter Q=4πsinθ/λ, where 2θ is the scattering angle and λ the X-ray
(orneutron)wavelength.Q is knownas the scatteringvector andmayalso
be defined as Q=k−k0, where k0 is thewavevector of the incident X-rays,
k is the wavevector of the scattered X-rays, and k=k0=2π/λ in the
assumed elastic scattering process (Fig. 1).

In the absence of an invading fluid, coal can be envisaged
approximately as a two-phase system comprised of coal matrix and
(vacuum or air filled) pores. The validity of the two-phase approxima-
tion for coal is discussed towards the end of this section. For an ideal
two-phase system, the scattering intensity is a product of two terms:
one representing the system's ability to scatter radiation (the contrast
term); the other, related to the geometry and distribution of the pores,
determining the angular distribution of the scattered radiation (the
form factor). In mathematical terms, the scattered intensity as a
function of the scattering vector (the scattering profile) can be
expressed as:

I Qð Þ = 4π Δρ⁎ð Þ2∫∞0 r2γ rð Þ sin Qrð Þ
Qr

dr = Δρ⁎ð Þ2F Qð Þ ð1Þ

where F(Q) is the form factor, (Δρ⁎)2 is the scattering contrast and γ(r)
is the spatial correlation function (Debye et al., 1957; Radlinski et al.,
2000; Radlinski, 2006). Note that: (i) for small angles, sinθ≈θ, and the
scattering vector Q is simply the scattering angle expressed in
1 In this study we follow the classification of pores used in coal petrology: sub-
micropores have diameters less than 8 Å; micropores, 8–20 Å; mesopores, 20–500 Å
and macropores, N500 Å.
different units (Å−1) and (ii) the correlation function γ(r) is the only
microstructural property of the matrix-pore system that contributes
to the measured scattered intensity. γ(r) is defined by:

γ rð Þ = ∫
V
Δρe r̄ 0ð ÞΔρe r̄ 0 + r̄ð ÞdV 0

where ρe is the electron density (Debye et al., 1957) and r ̄ is the
position of a point within the sample.

For isotropic scatterers (including the coal platelets used in this
study, which were cut with their face perpendicular to the bedding
plane), Eq. (1) predicts an isotropic scattering pattern, as illustrated in
Fig. 2. After subtracting the scattering of the empty cell and correcting
for sample transmission, the two-dimensional scattering pattern is
azimuthally averaged to produce a one-dimensional scattering profile,
I(Q). The detector is protected from the transmitted central beam by a
beam stop. The low Q-limit of the experiment is determined by the
sample-detector distance, beam diameter and the consequent beam
stop size. The large-Q limit is determined by the smaller of the cell
acceptance angle and the size of the detector.

As the scattering contrast between thematrix and the empty pores
is fully determined by the chemical composition, density and porosity
of the coal matrix (see Eq. (2)), the porous microstructure of coal can
be modelled from scattering intensity data by finding a distribution of
pores whose correlation function mimics the experimentally deter-
mined γ(r). One possible choice is the polydisperse spherical pore
(PDS) model, fromwhich the pore size distribution, total porosity and
specific surface area can be calculated (Hinde, 2004; Radlinski et al.,
2004a,b).

Now suppose that pores of a particular size are occupied by a
homogeneously dense fluid (ρpore(R)). In this case, the pore-matrix
system remains two-phase for the corresponding Q-value and the
scattering contrast term is now given by:

Δρ⁎
� �2

= ρ⁎
1−ρ

⁎
2

� �2
Φ 1−Φð Þ = f1ρ1

M1
−
f2ρ2

M2

� �2

Φ 1−Φð Þ ð2Þ

where the subscripts 1 and 2 refer to the two phases (1=coal matrix,
2=invading fluid). In this notation, M1 is the molecular weight of a
pseudo-molecule whose composition is equivalent to the average
chemical composition of the organic coal matrix, M2 is the molecular
weight of the invading fluid (both in g/mol),Φ is the porosity, ρ⁎ is the
scattering length density (in cm−2), f is the scattering amplitude
(f=NANeIe, where NA is Avogadro's number, Ne is the number of
electrons per pseudo-molecule orfluidmolecule and Ie=2.82×10−13 cm
is the coherent scattering amplitude of a single electron), and ρ is the
density in g/cm3 (for example calculations of the scattering length
density see Radlinski, 2006).

Coals are chemically heterogeneous and may contain both organic
matter and mineral matter. For typical compositions of the organic coal
matrix as well as for most abundant minerals, the scattering length



Fig. 2. Example of a raw SAXS pattern. This pattern corresponds to the scattering profile
of the Bulli 4 sample at location 1 and 0 bar CO2 pressure shown in Fig. 5.
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density for X-rays, fρ/M (see Eq. (2)), is proportional to the density ρ
(Radlinski, 2006). Therefore, density fluctuations directly translate into
additional scattering, which is not accounted for in the two-phase
approximation. Since the typical density of coal matrix is about 1.4 g/cm3

and that for most abundant mineral matter is 2.2 g/cm3 and above, the
additional scattering may be quite significant.

For mineral-matter-free coals the density fluctuations are small
compared to the density contrast between the solid matrix and the
pore space, and the additional scattering may be expected to be
insignificant. For such coals, the porosity and specific surface area
determined from the PDS model (or any other two-phase structural
model) should be consistent with values obtained by independent
means, which is indeed the case (Radlinski et al., 2004b).

For coals containing significant amounts of mineral matter the size
distribution of the minerals becomes critical for interpretation of the
SAXS data. If the mineral matter is concentrated in relatively large
homogeneous regionswith diametermuch larger than 2π/Qmin, where
Qmin is the lower limit of the Q-range, then it does not influence the
shape of the scattering curve. It can only affect the scattering intensity
through the decreased volume fraction of the organic matrix. As the
absolute scattering intensity measured by modern SAXS set-ups is
determined with an accuracy of about 10%, even 10% (by volume) of
mineral matter may not be detected in coal samples with such
microstructures. In this work, homogeneous mineral inclusions larger
than about 1000 Å across would not have been detected.

If, on the other hand, the mineral matter is distributed in micro-
inclusions with size d, such that for a significant proportion of the
range of sizes, 2π/d falls within the experimental Q range, additional
features appear in the SAXS profiles which reflect their chemical
composition, density and the size distribution. It is possible to test for
the presence of such additional features by comparing SAXS profiles
with SANS data acquired from the same coal sample, as the scattering
of neutrons is relatively insensitive to the presence of mineral matter
and reflects only themicro-architecture of the solid matrix-pore space
system (Radlinski, 2006). Examples of such a combined SAXS and
SANS analysis include the detection of layers of mineral matter
intercalated between polyaromatic sheets of mature coal (Radlinski
et al., 2004b) and the demonstration of the presence of three-
dimensional mineral-matter-coated regions of about 100 Å diameter
in Huntly Basin coals (Mares and Radlinski, in preparation). In both
cases the observed modification of the scattering profiles was subtle
and limited to a relatively narrow range of Q values.
In the following it is assumed that the amount of mineral matter in
the coal samples analysed (b5 vol.%) is not significant and that the
two-phase approximation is valid. For the coal samples studied here
there is no experimental SAXS evidence to indicate a significant
departure from the typical scattering profile of low-ash coals,
although it cannot be ruled out given the limited experimental Q
range. We estimate that in the worst-case scenario the measured
scattering intensity reported here may depart by up to 5% from the
value for an equivalent mineral-matter-free coal.

It follows from Eqs. (1) and (2) that, for a given Q value, say Q0, the
square root of the scattered intensity is a linear function of the density
of the fluid in the pores (ρ2=ρpore):

I Q0ð Þ1=2 = A + Bρpore = A + B
ρpore

ρCO2

 !
ρCO2

ð3Þ

where A=F(Q0)(f1ρ1/M1)ϕ(1−ϕ) and B=−F(Q0)(f2/M2)ϕ(1−ϕ). Conse-
quently, ρpore can be determined from the slope of the I1/2 versus ρCO2

plot for every value Q0 (which as we show in Section 2.3 corresponds
to a particular pore size). Thus, the relationship between ρpore and
pore size can be established.

The two-phase model of scattering presented above was validated
for invading CO2 in porous Vycor glass (Melnichenko et al., 2006). It
was found that ρpore was very close to the density of free CO2 under
the same conditions of (p,T).

Many adsorption models predict a fluid density gradient in the
vicinity of a wetted surface, including possibly a dense layer directly in
contact with the solid wall (e.g. see Hocker et al., 2003). The presence
of a third phase in the system will cause deviations from the linear
form of Eq. (3) and require a three-phase scattering model (Wu,1982).
A three phasemodel was reported to fit SANS data obtained from CO2-
flooded aerogels (Melnichenko et al., 2006).

2.3. Relationship between the scattering vector and pore size

For Bragg diffraction by any periodic structure with periodicity
comparable to the wavelength, the repeat distance corresponding to a
Bragg peak at Q=Q0 is given by d0=2π/Q0. An analogous relationship
is found for less regular structures such as fractals, which are
characterised by self-similarity on many length scales (Mandelbrot,
1982). Sedimentary rocks, including coals, are often surface fractals on
length scales from nearly molecular to tens of micrometers, which
leads to power-law scattering profiles (Radlinski et al., 2004a,b). For
mature coals, with vitrinite reflectance Ro≈0.8% or larger, the lower-
limit length scale for the surface fractal microstructure increases
to about 100 Å due to a gradual formation of periodically stacked
polyaromatic sheets (Radlinski et al., 2004b). Surface fractality of the
coal matrix-pore space interface can be envisaged as a collection of
inter-connected, highly polydisperse, roughly spherical pores and
dents embedded in the coal matrix. The mathematical implementa-
tion of this representation of surface fractal interfaces in the
polydisperse spherical pore model (PDS) has been well tested
(Hinde, 2004; Radlinski et al., 2004a; Mares et al., 2009-this volume).

Radlinski et al. (2000) modelled small-angle scattering from various
distributions of polydisperse spheres, including those corresponding to
fractal scatterers. They found that for fractal dimensions DN2.5 (for
coals D is often close to 3), the scattering intensity for a given Q value is
dominated by spheres of radius R≈2.5/Q (±50%), where the value in
parenthesis indicates the spread of the R-values. For example, for
R=100 Å the distribution of R-values contributing over 50% of the
scattering intensity at Q=2.5/R is from 50 Å to 150 Å. Based on these
simulations, the approximate relationship between the radius of a
fractal pore (Rfractal) and the corresponding scattering vector at which
scattering from pores of similar size dominates is Rfractal≈2.5/Q. Fractal
dimensions given in this section are Hausdorff dimensions, and 1, 2 and
3 are Euclidean dimensions for length, area and volume, respectively.
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The process of thermalmaturation of coals leads to the formation of
stacked polyaromatic sheets (lamellae), which are revealed in SAXS
profiles for coals with vitrinite reflectance of about Ro≥0.8% as broad
Bragg-like peaks located aroundQ=0.22 Å−1. As the coal rank increases
further, these stacks (and their contribution to the scattered intensity)
grow in extent, whilst the fractal scattering region gradually shifts
towards smaller Q-values (larger pore sizes). For lamellar materials
with slit pores, an approximate measure of the repeat distance
(dlamellar=polyaromatic sheet thickness+distance between sheets)
corresponding to the scattering at a given Q value is dlamellar=2π/Q.
The lamellar repeat distance is typically 25–30 Å for high-rank coals.

3. Coal samples

Two Australian coal samples were used in this study (Table 1). The
low-volatile bituminous sample from the Bulli seam (Bulli 4,
Ro=1.42%) originates from the Late Permian Illawarra Coal Measures
in Southern Coalfield, located in the southern part of Sydney Basin.
Gas produced from the Bulli seam contains a very high percentage of
CO2, most likely introduced during periodic igneous activity from the
Permian to the Tertiary (Faiz and Hutton, 1995; Faiz et al., 2007). The
Bulli seam is thus a natural analogue of a CO2 coal reservoir. The high-
volatile bituminous sample (Baralaba, Ro=0.67%) retrieved from a
seam in the Baralaba Formation, Bowen Basin (Ward and Christie,
1994) originates from a depth of 1035m. This seam is considered to be
a potential CO2 storage site.

The coal samples for our SAXS experiments were prepared as
circular wafers about 13mm in diameter, 0.84mm thick for Bulli 4 and
0.70 mm thick for Baralaba, with the face oriented perpendicular to
bedding plane. Immediately before the SAXS experiment the samples
were dried under vacuum for approximately 20 h at 60 °C. After
drying, the Bulli 4 and Baralaba samples weighed 0.1254 g and
0.1209 g respectively. The samples were then transferred to the
experimental pressure cell and evacuated. The total time spent in air
between drying and re-evacuation was less than 5 min.
Table 1
Chemical and petrology data for Baralaba and Bulli 4 coals (a) elemental composition
and ash content for both coals, (b) petrology data for the Bulli 4 sample, (c) petrology
data for the Baralaba sample

(a)

Ro (%) H C N S O Total (wt.%) Dry ash (wt.%)

Bulli 4 1.42 4.92 89.82 1.7 0.38 3.18 100.1 8.1
Baralaba 0.67 5.11 82.3 1.99 0.36 10.2 99.94 5.8

(b)

Maceral Vol.% Maceral group Vol.%

Telovitrinite 13.6 Vitrinite 37.8
Detrovitrinite 24.2
Sporinite b0.1 Liptinite 0
Cutinite b0.1
Semifusinite 47.4 Inertinite 58
Fusinite 1.8
Macrinite 2.4
Micrinite b0.1
inertodetrinite 6.4
Minerals 4.2 Minerals 4.2
Total 100

(c)

Maceral Vol.%

Telovitrinite 47.55
Detrovitrinite+gelovitrinite? 21.8
Liptinite 2.8
Inertinite 26.75
Minerals 1.1
Total 100

This sample is dull banded to interbanded: dull — 52%, bright — 37.1%, fusain — 10.9%.
4. Experimental methodology

The experiments were performed using the ChemMatCars syn-
chrotron-source SAXS instrument at the Advanced Photon Source,
Argonne National Laboratory, Illinois, USA. Datawere collected using a
12.4 keV X-ray beam (corresponding to a wavelength of 1.00 Å) with a
cross section of 200×200 μm2. One sample-detector distance was
used (0.613 m) to give a Q range of 0.03bQb1.08 Å−1.

The samples were investigated in a pressure cell with beryllium
windows (Gray et al., 2006), allowing SAXS measurements to be
performed under hydrostatic (only) CO2 pressure. Each coal wafer was
a close fit between the Be windows, minimising the amount of
unconfined CO2 in the beam. Prior to obtaining SAXSmeasurements, a
radiography (relative X-ray transmission) map was recorded on a grid
with 0.2×0.2 mm2 pixels with the sample under vacuum in order to
assess its heterogeneity. Based on the radiography map, five
representative locations (0.2×0.2 mm2 each) of differing mineral
matter content were selected for detailed SAXS studies.

The in-situ sorption experiment was carried out by pressurising
the sample cell with CO2 fromvacuum to a sub-critical Pmax (55 bar for
Bulli 4 and 50 bar for Baralaba) and then depressurising to vacuum in a
stepwise manner (see Fig. 3). To represent underground (in-seam)
conditions, the Bulli 4 data were acquired at 27 °C and the Baralaba
data at 35 °C.

Each time the CO2 pressure was increased or decreased the sample
was allowed to equilibrate for 40 to 80 min. During equilibration SAXS
data were acquired cyclically at the five selected locations, thus
recording the kinetics of the sorption process via the SAXS profiles.
The SAXS acquisition time for one cycle, including the five sample
movements, was approximately 1 min, resulting in an effective
temporal resolution of sorption kinetics of about 1 min at each
location.

Although the design of the pressure cell and manometric
apparatus used for controlling the CO2 pressure in situ in principle
allowed for simultaneous measurement of SAXS profiles and sorption
isotherms, it did not have sufficient sensitivity to accurately measure
the CO2 uptake on these very small samples (~0.1 g). Therefore,
sorption isotherms were later recorded in the laboratory using the
same two coal samples.

The isotherms were measured using a manometric (Sieverts)
apparatus, in which an aliquot of gas in a reference volume (Vref) is
introduced to the sample cell (Vcell) via a valve (marked S in Fig. 4), the
excess sorption by the sample being calculated from the resulting
change in the pressure. The isotherms obtained from these subse-
quent manometric experiments, which were conducted at room
temperature (23 °C), are presented in Section 5.5.

5. Results and discussion

5.1. Radiography transmission imaging

The X-ray radiography maps clearly reveal the heterogeneous
nature of the two coal samples (Fig. 5). Measured variations in
transmission arise from the differing chemical composition for each
voxel of dimensions 200×200× t μm3 where t is 700 μm for the
Baralaba sample and 840 μm for the Bulli 4 sample. Relatively high
transmission values correspond to voxels comprised primarily of
organic matter while lower transmission values indicate regions
richer in mineral matter (MM), owing to the preponderance of
relatively heavy elements (strong X-ray absorbers) in the inorganic
coal components. Horizontal depositional layers are clearly discern-
ible in both samples.

For each sample, the five locations chosen for the SAXS study are
labelled (1) to (5) in order of decreasing mineral matter abundance.
Locations 3, 4 and 5 on the Baralaba sample contain very similar
amounts of mineral matter.



Fig. 3. Timing of CO2 pressure steps applied during the experiment.
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5.2. SAXS profiles

5.2.1. Response of SAXS intensity profiles to CO2 flooding at selected
locations

Fig. 6 shows SAXS intensity profiles for three CO2 pressures at
locations (1) and (5) on each sample, after equilibration. The SAXS Q
range corresponds to the pore diameter range from about 5 Å to 175 Å,
calculated as 2R (where R=2.5/Q), thus spanning sub-micropores,
micropores and some mesopores. The highest intensity SAXS profiles
(dotted line) differ significantly between the Bulli 4 and Baralaba
samples. Baralaba shows a fractal-like power-law scattering profile in
the small-Q region, monotonically decreasing towards a flat back-
ground at large Q-values, which is typical for lower-rank coal. In
contrast, the scattering profile of Bulli 4 exhibits fractal behaviour at
small Q values with a superimposed broad “lamellar” peak (centred at
about Q=0.25 Å−1), characteristic of mature coals (Radlinski et al.,
2004b). The SAXS profiles of both samples show a sharp Bragg peak
(centred at aboutQ=0.88 Å−1) from an unidentified crystallinemineral.

The response of both samples to CO2 flooding is remarkably
different (Fig. 6). For both coals the scattered intensity generally
decreases with increased uptake of CO2, owing to decreased contrast
between the coal matrix and fluid-filled pores (Eqs. (1) and (2)). The
SAXS intensity for Bulli 4 decreases rather uniformly at all Q values,
indicating that pores of all sizes are flooded simultaneously (although
we note that the response may be slightly less accentuated near the
maximum of the “lamellar” peak). For Baralaba however, the smallest
pores are invaded at low CO2 pressures, followed by larger pores at
higher pressures.

5.2.2. SAXS intensity maps
For each of the 5 locations on both samples, hundreds of SAXS

intensity profiles, I(Q), acquired during several hours of pressure
Fig. 4. Minimal Sieverts apparatus for measuring the excess adsorption of a gas by a
porous material.
cycling, were concatenated into a time-evolving series, covering the
entire sorption and most of the desorption sequences. Fig. 7 shows
iso-intensity contours as functions of Q (pore size) and time
(pressure). Each of these graphics, unique to the small-angle
scattering technique, provides a rich pictorial representation of the
temporal evolution of CO2 sorption in sub-micro- tomesopores for the
illuminated voxel.

As discussed in Section 2.3, a fixed Q value corresponds roughly to
a particular pore size, the exact relationship depending on the pore
structure. A vertical (constant-Q) slice through the intensity contour
maps (Fig. 7) therefore provides information on the kinetics of CO2

sorption into pores of a particular size. More specifically (as already
discussed in Section 5.2.1), the observed decrease of the scattered
intensity with increasing pressure results from the loss of scattering
contrast between the coal matrix and the pores ((Δρ⁎)2 in Eq. (1)), as
the density of CO2 confined in the pores increases. As the pressure is
subsequently decreased, CO2 desorbs and the original scattering
contrast is re-established.

The immediate utility of the intensity contour maps is that by
looking at a single image one can assimilate information inherent in
hundreds of scattering curves. In particular, (i) the range of pore sizes
preferentially flooded by the invading fluid can be immediately
identified and (ii) the kinetics of the fluid sorption process can be
compared for various pore sizes. For instance, Fig. 7 shows that for the
Baralaba sample the kinetics is fastest at locations with largest MM
content, and at locations with low MM content the kinetics is pore-
size-dependent (fastest for the smallest pores).
Fig. 5. Relative transmission radiography grids. Locations are labelled in order of
decreasing mineral matter contents (1)–(5).



Fig. 6. Small angle scattering profiles at 0,10 and 50 bar CO2 pressure for the highest and
lowest mineral matter content regions on the Bulli 4 and Baralaba samples. The solid
grey lines illustrate the hypothetical power law scattering for a fractal with Hausdorff
dimension D=3.
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The intensity contourmaps for the Bulli 4 sample reveal amuch less
marked response to CO2 flooding than for the Baralaba sample (Fig. 7),
owing to lower CO2 uptake (note that the discontinuity occurring as
the pressurewas increased to 2.2 bar is an instrumental artefact owing
to a problem with normalisation of the X-ray intensity). The response
to individual step changes in the CO2 pressure is just discernible on the
long-term trend at locations 1, 2 and 5. At location 3 only the general
trend is apparent. The strongest response was observed at location 4,
but even there it is difficult to extract reliable kinetics data throughout
the entire pressure range. Therefore, in the following section we only
present quantitative kinetics data for the Baralaba sample.
Qualitatively, the kinetics in the Bulli 4 sample appears to be fastest
at locations with largest MM content, resembling the Baralaba sample
in this respect. Furthermore, it appears that the average density of
adsorbed CO2 fluid is slightly smaller in pores with sizes correspond-
ing to the centre of the “lamellar” peak (at Q≈0.28 Å−1) than on its
shoulders (the re-entrant tongue of intensity in Bulli 4 panels 2, 3 and
5 in Fig. 7). This indicates that some of the slit pores may not be
entirely penetrated by the CO2 fluid, possibly due to the presence of
organically-bound mineral matter between the polyaromatic sheets
(Radlinski et al., 2004b).

5.3. Sorption kinetics of CO2 in micro- and mesopores of Baralaba sample

Following the procedure described in Section 2.2, the evolution of
density of CO2 fluid confined in pores of various sizes was determined
for the five locations on the Baralaba sample using the data presented
in Fig. 7. The diffusion mechanism for matrix-wetting fluids (like CO2)
in coal is complex owing to the co-existence of interpenetrating
networks of micro-cleats with fractal pores (micro, meso and macro).
Fluid diffusion in such a system has the usual bulk component and a
pressure-dependent surface component, the latter becoming more
accentuated as the molecular coverage of the internal surface
increases with increasing pressure (Gray and Do, 1992).

This diffusionmodel was successfully applied to coal using kinetics
data obtained from X-ray computer tomography experiments (Kar-
acan, 2003b). In that work, the apparent diffusion coefficient was
estimated as Dapp=CR2/t1/2, where R is half of the smallest dimension
of the adsorbing sample volume and t1/2 is the experimental diffusion
half-time. The value of constant C was determined to range from 1 to
10 (from the fits of experimental kinetics curves of CO2 density versus
time to the theoretical predictions of Gray and Do, 1992).

Fig. 8 shows the calculated CO2 diffusion half-times for the Baralaba
coal sample at three locations (3, 4 and 5, Fig. 5). Results are shown for
several pressure steps, during both the adsorption and desorption
sequences, for various pore sizes. Sorption kinetics at these three
locations (characterised by high X-ray transmission values, Fig. 5)
were similar to each other (Fig. 8a), whereas the sorption kinetics at
locations 1 and 2 (with lower X-ray transmission values, Fig. 5) were
fast compared to the experimental temporal resolution of 1 min.
Remarkably, adsorption kinetics at locations 3, 4 and 5was clearly pore
size dependent (particularly in the low pressure region), in general
being faster for smaller pores. Note that all diffusion half times
which were too large to be determined accurately from fits to the
experimental SAXS intensity datawere allocated avalue of 1000min in
Fig. 8.

Desorption kinetics at locations 3, 4 and 5 (Fig. 8b) were in general
faster than the corresponding adsorption kinetics. The hysteresis was
particularly accentuated in the low pressure region, in which the pore
size dependence during the desorption sequencewas only apparent at
locations 4 and 5. It is likely that this complex adsorption-desorption
behaviour is related to a transient density gradient of CO2 fluid
contained in the micro- and mesopores, which forms in the low
pressure region (p≤5 bar, see Section 5.4).

Given the above complexities, we simply use the approximation
C≈1 to roughly estimate the range of apparent diffusion coefficient,
Dapp, at various locations, rather than rely on the specific adsorption-
model-dependent numerical values for the constant C (Karacan,
2003b). For instance, for pore diameters of about 10 Å at location 3 in
the Baralaba sample (high transmission, low MM content), the
estimated value of Dapp increases tenfold within the CO2 pressure
range 1 to 50 bar (from 1×10−6 to 1×10−5 cm2/min). For a pressure
fixed at 5 bar at the same location, Dapp decreases eightfold in the pore
diameter range of 10 Å to 167 Å (from 4×10−6 to 5×10−7 cm2/min). For
pressure 1 bar and pores larger than 10 Å the kinetics is very slow and
Dapp can only be estimated to be no larger than 2×10−7 cm2/min
(corresponding to t1/2=1000 min).



Fig. 7. SAXS iso-intensity contours for the five locations on the both the Baralaba sample (left) and Bulli 4 sample (right).
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In contrast, at location 1 (low transmission, high MM content), the
kinetics of adsorption (not shown) is fast compared to the experimental
temporal resolution of 1 min: Dapp varies from about 1×10−5 cm2/min
(at 1 bar CO2 pressure) to ≥1×10−4 cm2/min (detection limit) in the CO2

pressure range of 1–50 bar.
Three important inferences can be drawn from the SAXS kinetics

data. Firstly, the fact that the sorption process is much faster at
locations 1 and 2 than at locations 3, 4 and 5 suggests that the mineral
matter dispersed in the coal matrix provides conduits for the
accelerated movement of fluid towards the adsorptive pore regions.
Secondly, for both MM-rich and MM-poor regions, the sorption
kinetics accelerates as the CO2 pressure increases, as can be seen both
indirectly, from the evolution of the iso-intensity profiles in Fig. 7 in
response to a step change in the CO2 pressure, and directly, from the
variation of diffusion half times with pressure shown in Fig. 8. Thirdly,
adsorption of CO2 by coal is pore-size-specific: this remarkable
phenomenon is evident in Figs. 6 and 7: on initial exposure to carbon
dioxide (i.e. at the smallest pressure of CO2) the smallest micropores
are flooded preferentially, followed by successively larger pores,
which is akin to capillary condensation.



Fig. 8. Pore-size-specific kinetics of CO2 diffusion in the Baralaba coal sample during adsorption (a) and desorption (b) for locations 3, 4 and 5.
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Based on these results, the Baralaba coal sample can be pictured as
an interconnected fractal porous system with a distributed molecular
pump preferentially loading the smallest micropores. Invading CO2

molecules initially diffuse along the high-permeability network of
macropores with relatively small sorbate capacity and are sorbed into
the smallest micropores first. Only then are larger pores invaded to
their sorption capacity.

5.4. Density of CO2 confined in coal micropores

As discussed in Section 2.2, for a coal matrix-pore systemwith CO2

uniformly distributed in pores of size corresponding to a particular Q
value, the square-root of scattered intensity (at a fixed Q value) is a
linear function of the density of unconfined CO2, ρCO2

, at the same (p,T)
conditions. The applicability of this model was verified for our data
following the procedure of Melnichenko et al. (2006).

Fig. 9 shows aplot of I1/2 versusρCO2
,where the densityof unconfined

CO2 was calculated from the equation of state using the experimental
values of temperature and pressure at each pressure step. This plot is
presented for several representative experimental Q values, for location
1 and location 5 on each sample. For ρCO2

N0.09 g/cc, corresponding to
CO2 pressures larger than 5 bar, the data follow a linear trend. Slight
hysteresis between the adsorption and desorption cycles for the Bulli 4
sample may possibly be an artefact due to insufficient time allowed
for equilibration. The linearity is consistent with the prediction given in
Eq. (3), and demonstrates that at pressures above 5 bar the two-phase
approximation is valid in the pore size range examined. This in turn
implies that these pores contain CO2 fluid of average density ρpore(R)
which is uniform throughout the entire volume of individual pores,
although possibly differing between pores of different sizes R.

Following the procedure described in Section 2.2, the relative
density of confined CO2, ρpore/ρCO2

(the densification factor), was
calculated for all locations on both samples and is presented in Fig. 10.

For the Bulli 4 sample, the densification factor is around 1 over the
entire micropore size range examined, akin to the behaviour previously
reported for porous Vycor glass (Melnichenko et al., 2006). In addition, no
correlation between the quantity of mineral matter (as indicated by the
radiography transmission image) and the densification factor is evident.

In contrast, a densification factor significantly larger than 1 was
found for the Baralaba sample. This densification process is pore-size-
specific: Fig. 10 shows that the densification is most pronounced in
pores about 20 to 40 Å in diameter, where the density of the sorbed
CO2 was found to be up to five times that of the unconfined CO2 at the
same (p,T) conditions. The densification factor for larger pores (40 to
175 Å) is less dependent on pore size and varies between 3 and 4,
depending on location within the sample. There is also a distinct
negative correlation between mineral-matter abundance in a parti-
cular voxel and the density of CO2 confined in the pores in that voxel.

The deviations from linearity at unconfined CO2 densities below
0.09 g/cc (corresponding to pressures less than 5 bar, Fig. 5) suggest a
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departure from the two-phase approximation. A similar departure
was reported for pressurised CO2 confined in aerogel and it was
demonstrated that in that particular porous system a third, surface
bound, phase formed at low pressures and then dissolved as the
pressure was increased (Melnichenko et al., 2006). The scattering
behaviour of a three-phase system depends on the density and
volume fractions of all three phases and both negative and positive
departures from linearity on the plot of I1/2 versus ρCO2

can be
expected, depending on the interplay of these parameters.

Therefore, a hypothesis postulating the existence of a third, surface
bound phase of CO2 at low pressures is qualitatively consistent with
Fig. 10. Densification of sorbed CO2 as a function of pore size.

Fig. 9. I(Q)1/2 versus ρCO2
data for the highest and lowest mineral matter content regions

of the Bulli 4 and Baralaba samples. Legend: circles — 150 Å pores; triangles — 100 Å
pores; squares — 50 Å pores; diamonds — 20 Å pores.
our SAXS data. However, there is an intriguing alternative that the
deviation from two-phase behaviour may be caused by coal swelling
owing to uptake of carbon dioxide. As swelling may result only in
about a 1–2% increase of the linear size of the entire coal sample in the
pressure range studied here, a proportional increase of the size of all
pores would be just outside the reproducibility of a typical SAXS
instrument, which is about 1% of scattered intensity. Therefore,
compared to the contrast variation effects caused by densification of
CO2 inside the pores (as high as 50% of the scattered intensity), coal
swelling contributes very little to the scattered intensity. It is possible,
however, that the observed nonlinearity is caused by the variation of
contrast at the pore-wall interface during the initial stages of CO2

penetration through the pore walls (absorption) at the lowest
pressures of CO2. In order to test both models, SAXS and SANS
experiments using various gases that interact with the pore walls to
varying degrees would need to be performed.

5.5. Sorption isotherms

Fig. 11 shows the excess2 CO2 sorption isotherms for the Bulli 4 and
Baralaba samples, measured in the pressure range of 0 to 10 bar after
the SAXS experiment using the Sieverts technique. An additional
isotherm was measured for the Baralaba sample up to 50 bar CO2

pressure, and demonstrates reasonable reproducibility in the 0 to
10 bar range given the very small sample.

The sorption isotherms indicate that at the equilibrium pressure
of 10 bar the Baralaba sample had an excess sorption capacity
approximately three times as large as the Bulli 4 sample. In addition,
the Baralaba isotherm shows no evidence of saturation up to the
maximum experimental pressure of 50 bar. This feature is consistent
with our observation gathered from the SAXS data: the densification
2 Excess sorption is the additional sorbent present in the host material owing to
densification through interaction with the material, relative to that measured in a
reference material that induces no densification.
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factor in sub-micro- and mesopores is independent of applied CO2

pressure (for pN5 bar), i.e. as the unconfined CO2 density is increased,
the density of confined CO2 increases proportionally.

6. Conclusions

We demonstrated the application of SAXS to map the sorption
of CO2 by two Australian coals. In both samples, for applied CO2

pressures greater than 5 bar, the sorbed CO2 in the sub-micro- to
mesopores was found to be of uniform density, exhibiting no fluid
density gradient within the pore volume. Despite the Bulli 4 seam
being a natural CO2 reservoir, the Bulli 4 sample showed no significant
CO2 densification in the sub-micro- to mesopores when exposed to
CO2 pressures up to 55 bar. For the Baralaba sample, we showed that
(i) mineral matter dispersed in the coal matrix accelerates sorption
kinetics, (ii) CO2 sorption occurs preferentially in the smallest
micropores, (iii) the density of sorbed CO2 is pore-size-dependent,
being greatest in pores of diameter 20 to 40 Å, and (iv) the sorbed CO2

is more dense in mineral-matter-poor regions and can exceed the
density of bulk CO2 at the same (p,T) conditions by a factor of up to
five. The technique presented is not only valuable for assessing
potential carbon geosequestration hosts but also has wide applic-
ability in studies of sorption in porous media of any kind.
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We have applied X-ray and neutron small-angle scattering techniques (SAXS, SANS, and USANS) to study the
interaction between fluids and porous media in the particular case of subcritical CO2 sorption in coal. These techniques
are demonstrated to give unique, pore-size-specific insights into the kinetics of CO2 sorption in a wide range of coal
pores (nano to meso) and to provide data that may be used to determine the density of the sorbed CO2. We observed
densification of the adsorbed CO2 by a factor up to five compared to the free fluid at the same (p, T) conditions. Our
results indicate that details of CO2 sorption into coal pores differ greatly between different coals and depend on the
amount of mineral matter dispersed in the coal matrix: a purely organic matrix absorbs more CO2 per unit volume
than one containing mineral matter, but mineral matter markedly accelerates the sorption kinetics. Small pores are
filled preferentially by the invading CO2 fluid and the apparent diffusion coefficients have been estimated to vary in
the range from 5 × 10-7 cm2/min to more than 10-4 cm2/min, depending on the CO2 pressure and location on the
sample.

1. Introduction

In this paper, we address the science of CO2 sorption into coal
using a new approach based on small-angle scattering of X-rays
and neutrons. The context is storage of CO2 captured from power
stations that burn fossil fuels,1 but the methodology has great
generality, delivering new insights into the interactions of fluids
and porous media at the nanoscopic scale in a relatively direct
way compared to inferences drawn from conventional adsorption
measurements.

Coal is a chemically and structurally heterogeneous material
on both the macroscopic and microscopic scales. Statistically,
there is no obvious relationship between the chemical and
petrographic properties of coal and sorption isotherms for gases.2

While significant progress was recently made in understanding
details of gas sorption in relatively simple man-made porous
media (e.g., silica gels,3-5 zeolites4,6), among carbons, activated
carbon has typically been used as a model material instead of
rather complex natural coal.7,8

A breakthrough in coal sorption research was achieved recently
through employment of a technique capable of imaging gas storage
in coal with high spatial and temporal resolution, the X-ray
computer tomography (X-ray CT) technique.9 X-ray CT (spatial
resolution ∼250 µm, temporal resolution ∼10 min) revealed a
great wealth of detail related to coal inhomogeneity and the
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(9) Karaçan, C.Ö. Chem. Eng. Sci. 2003, 58, 4681–4693.

2385Langmuir 2009, 25, 2385-2389

10.1021/la801925k CCC: $40.75  2009 American Chemical Society
Published on Web 01/21/2009



kinetics of CO2 sorption in various lithotypes. Another significant
development was achieved through application of the small angle
neutron scattering (SANS) technique (capable of resolving
individual pores larger than about 1 nm) to silica aerogels and
porous Vycor glass. Using these materials, it was demonstrated
that the critical behavior of CO2 in confinement is markedly
different from that in the free state,10 and the density and volume
fraction of two separate phases of CO2 in pores of various sizes
was determined for the first time.11 Both X-ray CT and SANS
measurements were performed on samples confined in pressure
cells in controlled (p, T) conditions.

Here, we demonstrate the utility of nondestructive techniques,
namely, synchrotron-source small-angle X-ray scattering (SAXS),
small angle neutron scattering (SANS), and ultrasmall-angle
neutron scattering (USANS), to provide quantitative, pore-size-
specific information on the sorption of CO2 into coal micro-
structure at subsurface-like conditions. These techniques provide
results in the range of pores with diameters from nearly molecular
to submillimeter (5 Å to 200 000 Å). Our results provide unique,
previously unavailable insights into the sorption of CO2 in coal
and offer great potential to advance the understanding of the
interaction of invading fluids with natural porous media generally.

2. Samples. Two coal samples were investigated in this study:
one from the Bowen Basin in Australia, retrieved from 1035 m
depth (Baralaba), and the other from the Illinois Basin in the
USA, collected from 167 m depth (Seelyville Vigo 518). The
Baralaba and Seelyville coals were selected, as in situ they
represent end-member conditions with regard to temperature
and pressure of potential geological storage sites for carbon
dioxide: (pmax, T) ) (100 bar, 35 °C) and (50 bar, 16 °C),
respectively, where T is the temperature and pmax is the maximum
applied CO2 pressure. Both coals are of highly volatile bituminous
rank but contain different proportions of the organic macerals
vitrinite, liptinite, and intertinite. Further properties of the two
coal samples are presented in Table 1.

3. Small Angle Scattering from Fractal Porous Media.
For a two-phase porous system (e.g., coal matrix and pores), the
scattering intensity can be expressed as

I(Q)) 4π(∆F*)2∫0

∞
r2γ(r)

sin(Qr)
Qr

dr (1)

where Q is the scattering vector (Q ) 4π sin θ/λ, 2θ is the
scattering angle, and λ the X-ray or neutron wavelength), (∆F*)2

is the scattering contrast, Φ is porosity, and γ(r) is the correlation

function.12,13 In this report, all scattering intensities were measured
on an absolute scale and are expressed as differential cross sections
(dΣ/dΩ) in units of cm-1.

The scattering occurs because of the nuclear potential contrast
(for neutrons) or electronic density contrast (for X-rays) between
the coal matrix and the pores, as explained in detail in ref 13.
Suppose that all pores are invaded by a fluid (applied at an external
pressure, p, which corresponds to free gas density FCO2) that in
confinement has uniform density, Fpore, within each pore but
possibly different density between pores of different sizes. For
a two-phase pore-matrix system, the scattering contrast term is
given by

(∆F*)2 ) (F1*-F2*)2Φ(1-Φ) (2)

where the subscripts 1 and 2 refer to the two phases (1 ) coal
matrix, 2 ) invading fluid), Φ is the porosity, and F* is the
scattering length density (SLD).

The strength of radiation-matter interaction that influences
the contrast term, (∆F*)2, is dependent on the average of all the
nuclei in a pseudomolecule whose chemical composition reflects
the average composition of each of the two rock phases: the solid
phase (rock matrix) and the fluid phase (the content of the pore
space). The neutron scattering length density, F* ) Fn, for each
single phase of pseudomolar mass M is

Fn )
NAd

M ∑
j

pj(∑
i

sibi)
j

(3)

where NA ) 6.022 × 1023 is Avogadro’s number, d is density
(in g/cm3), si is the proportion by number of nucleus i in
compound j, pj is the proportion by molecular number of
compound j in the mixture, and bi is the coherent scattering
amplitude for nucleus i.

For X-ray coherent scattering, the single-phase factor in the
contrast term, F* ) Fel, is simply

Fel ) IeFe )
NAd

M
NeIe (4)

where Fe is the electron density (i.e., number of electrons per unit
volume), Ie ) e2/(mc2) ) 2.82 × 10-13 cm is the coherent
scattering amplitude of a single electron, Ne is the number of
electrons per one supramolecule (of composition as per the double
summation), M is the molecular weight of one supramolecule,
and d is bulk density (in g/cm3).

It follows from eqs 1 and 2 that, for this two-phased system
(i.e., coal matrix with CO2-filled pores), for a particular value
of Q ) Q0, the square root of the scattered intensity is a linear
function of the density of the fluid in the pores (F2 ) Fpore)

I(Q0)
1⁄2 )A+BFpore )A+B(Fpore

FCO2
)FCO2

(5)

where constants A and B are readily determined from eq 1 and
specific expressions for SLDs for neutrons and X-rays (eqs 3 and
4).13 Consequently, Fpore can be determined from the slope of the
I1/2 versus FCO2 plot for every value of Q0.

Coals are surface fractal scatterers in the linear scale range
from several nanometers to tens of micrometers.14 In this range,
γ(r) for the pore space is equivalent to γ(r) for a polydisperse
distribution of uncorrelated spheres.14,15 Furthermore, the mean

(10) Melnichenko, Y. B.; Wignall, W. D.; Cole, D. R.; Frielinghaus, H. Phys.
ReV. E 2004, 69, 057102.
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(14) Schmidt, P. W. J. Appl. Crystallogr. 1982, 15, 567–569.
(15) Radlinski, A. P.; Ioannidis, M. A.; Hinde, A. L.; Hainbuchner, M.; Baron,

M.; Rauch, H.; Kline, S. R. J. Colloid Interface Sci. 2004, 274, 607–612.

Table 1. Origin and Petrographic Characteristics of Coal
Samplesa

coal seam basin
Ro

(%)

ash
yield

(weight %)

petrographic
composition

(vol %)
sample

orientation

Seelyville Illinois Basin 0.53 8.02 V - 88.4 in bedding plane
Vigo 518 (USA) L - 4.6

I - 3.8
MM - 3.2

Baralaba Bowen Basin 0.67 4.1 V - 69.4 perpendicular
(Australia) L - 2.8 to bedding plane

I - 26.8
MM - 1.1

a MM, mineral matter; Ro, reflectance of vitrinite; V, vitrinite (derived
from preserved, commonly woody plant tissues); L, liptinite (derived from
lipid-rich tissues, waxes, and spores); I, intertite (derived from burnt or
oxidized plant tissues in the precursory peat phase of the coal).
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radius (Rpore) of the pore contributing most to the scattered intensity
at a given angle, 2θ, is Rpore ) 2.5/Q.16 This makes it possible
to directly relate the Q value at a given scattering angle to the
mean size of the dominant scattering objects (pores), even though
scattering from each individual object may cover a wide Q range.
This is a fractal analogue of the Bragg formula D) 2π/Q, where
D is the repeat distance of the scattering planes.

In the Q range corresponding to the smallest pores (less than
about 100 Å in diameter), scattering from coals evolves from
fractal-like to Bragg-like as coal rank increases and stacks of
polyaromatic sheets with a repeat distance of about 25 Å are
gradually formed inside the organic coal matrix. The crossover
occurs at a vitrinite reflectance of about Ro ) 0.8%.17 Both
Seelyville Vigo 518 and Baralaba coal are on the fractal side of
the transition.

4. Experimental Methods. SAXS experiments were per-
formed on the ChemMatCARS beam line, Advanced Photon
Source, Argonne National Laboratory, Argonne, Illinois, USA.18

The X-ray photon energy was tuned to 12.4 keV (λ ) 1.00 Å),
and the beam footprint on the sample was 0.2 × 0.2 mm2. The
Baralaba coal sample (0.7 mm thick, 13 mm diameter) was
mounted in a SAXS pressure cell,19 and an X-ray radiography
transmission map was obtained for the central region of the
sample. The cell was then pressurized with CO2 up to 50 bar and
depressurized back down to 2 bar at 35 °C over a period of about
18 h. The CO2 pressure was changed stepwise and allowed to
equilibrate for 40-80 min after each step, during which time
SAXS data were continuously recorded in the Q-range corre-
sponding to the micropore and lower mesopore region20 (pore
diameters 5-176 Å). The SAXS acquisition time was 5 s at each
of five locations (two reported here), completing the cycle of five
sample movements and five SAXS data acquisitions in about
60 s. The 2D SAXS spectra were azimuthally averaged to produce
SAXS profiles (absolute intensity versus Q). At the two locations
selected for analysis presented in this paper, the X-ray transmission
values were largest and smallest, thus indicating the lowest and
highest mineral matter content, respectively.

SANS experiments were performed at the NIST Center for
Neutron Research, Gaithersburg, Maryland, USA. The NG7 30 m
SANS instrument was used,21 and the neutron wavelength was
tuned to 6 Å. For each sample, two sample-to-detector distances
(1.4 and 15.3 m) were used, covering the Q-range 0.002 e Q
e 0.2 Å-1 (the higher Q-limit was determined by the acceptance
angle of the pressure cell). Scattering in the high-Q domain 0.08
< Q < 1 Å-1 was measured at ambient conditions using the
General Purpose SANS instrument at Oak Ridge National
Laboratory, Oak Ridge, Tennessee, USA. USANS experiments
were also performed at NIST, using the BT5 perfect crystal SANS
instrument22 (λ ) 2.4 Å) and covered the Q-range 3 × 10-5 e
Q e 1 × 10-3 Å-1. Thus, a broad range of pore sizes
(approximately 35 Å to 200 000 Å in diameter) was probed with
neutrons.

The Seelyville Vigo 518 sample (1.0 mm thick, 16 mm
diameter) was mounted in a SANS/USANS pressure cell.11 The
neutron beam size was about 1 cm2 and acquisition times were
on the order of 30 min for SANS and several hours for USANS.
SANS and USANS scattering profiles of the Seelyville coal were
acquired at T ) 16 °C in the pressure range up to 50 bar CO2.
The pressure was increased stepwise and equilibration for about
80 min was allowed between the steps. Scattering data were
acquired at saturation and no kinetic measurements were
performed.

5. Transmission Radiography. Figure 1 presents the X-ray
radiography (relative transmission) map for the Baralaba sample.
The variation of transmission across the sample is caused by
spatial variability of the chemical composition and associated
mass density, attributed to varying mineral matter (MM) content.
In this sample, which was cut with its plane perpendicular to the
bedding plane, horizontal depositional layers are clearly discern-
ible. To account for this inhomogeneity, the SAXS measurements
were performed at several fixed locations. Here, we discuss data
for location A, with low MM content relative to the average for
the sample (1.1 vol %) indicated by the relatively high
transmission, and B, with higher MM content.

6. Kinetics of CO2 Sorption in Micro- And Mesopores.
Figure 2 shows the time series of 575 SAXS intensity profiles,
acquired in the Q range from 0.03 to 1.0 Å-1 at locations A
(Figure 2a) and B (Figure 2b) for the Baralaba coal during stepwise
pressurization from vacuum to 50 bar CO2 pressure followed by
depressurization. Such a graphical representation can be con-
sidered a SAXS signature of the sorption process in the micro-
and mesopore regions for the illuminated 0.2 × 0.2 × 0.7 mm3

volume element. In particular, a vertical section (constant Q
value) provides information about the kinetics of CO2 sorption
into pores of a corresponding size, with radius given by Rpore )
2.5/Q.16 More specifically, the temporal evolution of the pore
size specific CO2 fluid density in confinement can be calculated
following eq 3.

Figure 3 shows the CO2 diffusion half-times determined for
location A for various pore sizes at several CO2 pressures during
adsorption. Our kinetics results are consistent with a coal sorption
model23 employed by Karacan,9 according to which the diffusion
process inside the macropores has a volume and a surface
component, with the latter being pressure-dependent owing to
the increasing molecular CO2 coverage of the internal coal-pore

(16) Radlinski, A. P.; Boreham, C. J.; Lindner, P.; Randl, O. G.; Wignall,
G. D.; Hope, J. M. Org. Geochem. 2000, 31, 1–14.
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245–271.
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Figure 1. 12.4 keV radiography image for the Baralaba coal. X-ray
transmission decreases in regions of high mineral matter content owing
to the generally heavier elements introduced.
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interface with increasing pressure of CO2. The apparent diffusion
coefficient in such a two-tiered system is Dapp ) C × R2/t1/2,
where C is a constant on the order of one to ten, R is half of the
smallest dimension of the adsorbing sample volume, and t1/2 is
the experimental diffusion half-time.9,23

For pore diameters of about 10 Å at location A in the Baralaba
sample (low MM content), the estimated values of Dapp increase
10-fold within the CO2 pressure range 1 to 50 bar (from 1 × 10-6

to 1 × 10-5 cm2/min). At 5 bar CO2 pressure, Dapp decreases
8-fold in the pore diameter range 10 Å to 167 Å (from 4 × 10-6

to 5 × 10-7 cm2/min); at 1 bar CO2 pressure, the kinetics is very
slow in pores larger than 10 Å, and Dapp can only be estimated
to be no larger than 2 × 10-7 cm2/min (corresponding to t1/2 )
500 min). At location B (high MM content), the kinetics of
adsorption is fast compared to the experimental temporal

resolution of 1 min: Dapp varies from about 1 × 10-5 cm2/min
(at 1 bar CO2 pressure) to g1 × 10-4 cm2/min (the upper limit
of detection) in the CO2 pressure range 1-50 bar.

Three important inferences can be drawn from the SAXS
kinetics data. First, the fact that the sorption process is much
faster at location B than at location A suggests that mineral
matter dispersed in the coal matrix provides conduits for the
movement of fluid toward the adsorption sites located inside the
coal matrix. Second, for both MM-rich and MM-poor regions,
the sorption kinetics accelerates as the CO2 pressure increases,
as can be seen both indirectly, from the evolution of the iso-
intensity profiles in Figure 2 in response to a step change in the
CO2 pressure, and directly, from the variation of diffusion half-
times with pressure (Figure 3). Third, adsorption of CO2 by coal
is pore-size-specific: this remarkable phenomenon is evident in
Figure 3: on initial exposure to carbon dioxide (corresponding
to the smallest pressure of CO2), the smallest pores are flooded
preferentially, followed by successively larger pores, which is
akin to capillary condensation.

On the basis of these results, the Baralaba coal sample can be
pictured as an interconnected fractal porous system with a
distributed molecular pump preferentially loading the smallest
micropores. Invading CO2 molecules initially diffuse along the
high-permeability network of macropores with relatively small
sorbate capacity and are sorbed into the smallest micropores
first. Only then are larger pores invaded to their sorption capacity.

7. Density of CO2 Fluid Confined in Coal Pores. Figure 4
shows SANS and USANS intensity profiles (expressed as
differential cross section) at several pressures of CO2 for the
Seelyville coal sample. A power law line with an exponent e )
-3 is shown for comparison to indicate the generally surface
fractal character of the scattering (where -4 < e e -3 is
expected).24 It is evident that the scattering intensity is affected
to a different degree in various Q-regions by the presence of CO2

in the pores of this coal. After completion of the pressure cycling,
the neutron scattering curves returned to their original shapes
within 1% accuracy for both the Seelyville and Baralaba samples.
This result implies that both coal microstructures were unaffected
by exposure to CO2 pressure over a period of days, in agreement
with previous SAXS25 and adsorption2 results for a total of about
40 coals with widely ranging properties. This indicates that the
phenomenon of coal plasticization upon exposure to carbon
dioxide may be less widespread than thought previously.26

Consequently, the evolution of the scattering intensity with CO2

(24) Bale, H. D.; Schmidt, P. W. Phys. ReV. Lett. 1984, 53, 596–599.
(25) Winans, R. E.; Clemens, T.; Seifert, S. Twenty-Third Annual International

Pittsburgh Coal Conference; September 26-28, 2006.
(26) Larsen, J. W. Int. J. Coal Geol. 2004, 57, 63–70.

Figure 2. Evolution of SAXS intensity profiles versus Q with increasing
CO2 pressure acquired at location A, with low MM content (a), and
location B, with higher MM content (b).

Figure 3. Diffusion half-times of CO2 versus final CO2 pressure (CO2

density) load for Baralaba coal at location A (low mineral matter content
region) for pores of specified diameter. Error bars indicate 95%
confidence.

Figure 4. SANS and USANS profiles for Seelyville Vigo 518 coal at
various pressures of CO2.
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pressure is dominated by contrast variation between the coal and
the CO2.

For a series of representative Q-values, we verified that the
square-root of the scattering intensity (for both neutron and
X-rays) varies linearly with the density of invading fluid,11 except
for small departures in the low-pressure region (pe 5 bar). This
indicates that for external carbon dioxide pressures larger than
5 bar the two-phase approximation15 is valid and can be used
to assess the average fluid density (Fpore) in coal pores (using eq
5).

Figure 5 shows the calculated ratio of the average density of
CO2 confined in pores to the density of bulk fluid at the same
(p, T) conditions (eq 3), obtained for the Seelyville coal sample
for pore diameters in the range approximately 35-160 000 Å.
Similar data obtained from the analysis of SAXS results for the
Baralaba coal sample, in a much narrower pore diameter range
(10-175 Å), are shown for comparison.

For Baralaba coal, even the smallest of micropores (diameter
about 10 Å) are invaded by CO2. The average density of CO2

confined in micropores exceeds the bulk gas density by a factor
of 2 to 5. Therefore, at the greatest experimental CO2 pressure
(50 bar), the density of confined CO2 is between about 0.2 and
0.6 g/cm3. Condensation is most pronounced in pores about 20-40
Å in diameter. Furthermore, the condensation effect is suppressed
by the presence of mineral matter (Figure 5).

For Seelyville Vigo 518 coal, however, pores smaller than
60-80 Å in diameter are not present, which is evidenced by flat
(background) scattering at Q > 0.1 Å-1 (Figure 4), and thus,
CO2 adsorption tends to zero at these pore sizes (Figure 5). Again,
an adsorbed fluid phase was observed, with an average density
significantly higher than that of the bulk CO2, in pores of diameters
from about 70 to 500 Å and 5000 to 100 000 Å. For these pores,
the average density exceeds the bulk fluid density by a factor of

about 3, with a maximum of 4 for pore diameters of about 200
Å. The adsorbed phase does not form in pores with diameters
in the range 500-5000 Å, where Fpore/Fbulk is not significantly
greater than 1. We believe that these results reflect the
microstructural and chemical complexity of the precursory plant
material from which the coal was formed.

SANS was previously used to study adsorption of CO2 in
man-made porous media: Vycor glass and aerogels.11 Data
presented in this paper show that the sorption behavior of CO2

in Baralaba coal at 35 °C seems to be intermediate between the
Vycor glass (where no condensation occurs) and aerogel, where
a dense adsorbed phase (Fads ) 1.07 g/cm3), coexisting with a
third less dense fluid phase, is formed immediately after exposure
to CO2 at the same temperature. We demonstrate that previously
developed methodology can be applied to complex natural porous
media characterized by significant chemical heterogeneity.

8. Conclusion

We demonstrated the utility of modern X-ray and neutron
scattering techniques to gain access to details of CO2 sorption
processes in coal. For our widely different samples, we found
that (i) the microstructure of coal remains unaffected by pressure
cycling up to 50 bar; (ii) the CO2 sorption kinetics is markedly
accelerated in mineral matter-rich regions; however, the density
of sorbed CO2 is greater in mineral matter poor regions; (iii) CO2

sorption occurs preferentially in the smallest micropores; and
(iv) the density of CO2 sorbed in coal is pore-size-dependent and
can exceed the density of bulk CO2 at the same (p, T) conditions
by a factor of 2 to 5. Our approach has wide applicability to the
study of fluid sorption in porous media generally.
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Figure 5. Densification factor of confined CO2 (Fpore/Fbulk) versus pore
size for Seelyville Vigo 518 coal (at T ) 16 °C) and Baralaba coal (at
T ) 35 °C). Error bars indicate 95% confidence.
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