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 ABSTRACT 

Sorpt ion-based methodologies are proposed and developed to study rock-fluid 

interact ions and propert ies of the fluid-phase in organic-rich shale reservoirs. Lack of 

appropriate methods to study these at t ributes of shale reservoirs affects the efficiency and 

economy of the shale-based explorat ion and product ion (E&P ) efforts. A macroscopic 

concept ion of fluids st ill guides most  exist ing methods for studying rock-fluid interact ion and 

fluid phase propert ies. However, the modified regime of surface forces in fluids confined within 

nanometer and sub-nanometer sized pores typical of shales render such a macroscopic t reatment  

fundamentally inconsistent . Apart  from these theoret ical limitat ions, shales are operat ionally 

challenging for the exist ing methods for rock-fluid interact ion studies, primarily due to their 

ult ra-low permeabilit y, composit ional heterogeneity, and the presence of organic mat ter and 

swelling clay minerals. Therefore, I propose using sorpt ion-based methods that  are sensit ive to 

the modified regime of the surface forces in nano- and sub-nano-pores to study rock-fluid 

interact ion and fluid-phase propert ies in shales 

The Nit rogen adsorpt ion method that  is commonly used to study pore-st ructures was 

improvised in this thesis. In addit ion to nit rogen, water and hexane vapors were used to study 

rock-fluid interact ions in organic-rich shales, which helped in quant ifying the surface areas of 

the hydrophilic and hydrophobic pores of shales. In another study, the role of hydrophilic and 

hydrophobic pores in supercrit ical CO2 sorpt ion was further invest igated by measuring 

supercrit ical CO2 sorpt ion isotherms for illit e clay and organic-rich shale samples in dry and in 

water-imbibed condit ions. In a separate study, ult rasonic p-wave measurements during sorpt ion 

experiments allowed a determinat ion of the phase propert ies of fluids confined in the nano- and 

sub-nanometer sized pores.  

BET  specific surface areas (SSA) determined from the isotherms of water and hexane 

vapors in organic-rich shale and silt stone samples suggest  that  hexane vapor measures pores in 

both clay and in organic mat ter (OM) while water vapor select ively probes only clay-hosted 

pores. Thus, OM pores, which are not  accessed by water vapor adsorpt ion, are concluded to be 

hydrophobic. Nit rogen adsorpt ion underest imates porosity in the organic rich shales due to the 
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kinet ic-rest rict ion faced by nit rogen in the cryogenic test  condit ions. The OM pores in the 

organic-rich shale samples retained their sorpt ion capacity after water-imbibit ion. On the other 

hand, illit e clay pores lost  most  of their supercrit ical CO2 sorpt ion capacity in the presence of 

water. The diffusion of dissolved CO2 in water and it s subsequent  sorpt ion in the OM pores 

suggests that  dissolved gases can st ill be sorbed. As a consequence, rock-fluid interact ion in 

nano- and sub-nanometer sized pores of shales may potent ially alter the PVT propert ies of 

mult i-component  hydrocarbon liquids. The deformat ional and flow propert ies of confined 

undersaturated condensates (CUC) or the adsorbed phase of water and hexane in the nano- 

and sub-nanometer sized pores of various clay minerals were thus characterized and found to 

have liquid-like propert ies. However, the cat ion-hydrat ing CUC of water had unusual phase 

propert ies, as it  was found to increase the overall p-wave st iffness of the clay aggregates. 

The sorpt ion-based methods developed in the thesis for studying the rock-fluid 

interact ion and fluid propert ies of shales are shown to be theoret ically consistent  and appear 

operat ionally more viable than the exist ing methods for rock-fluid interact ion studies. 

Therefore, the proposed methods may have wider implicat ions in the rock-physical and reservoir 

engineering studies of shales. 
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1. CHAP TER 1 

INTRODUCTION 

 

-C olonel Edw in D rake  
The first  American to successfully drill for oil 

 

About  a decade or two ago, the idea of hydrocarbon product ion from shales was just  as 

radical as drilling for oil was in the 1850s. Recent  commercial success of shale hydrocarbon 

resources is most ly at t ributed to the advancements in the horizontal drilling and well-

complet ion techniques. However, for shales, not  much is understood about  the mechanisms of 

fluid flow and storage, which are observed to vary significant ly from that  of the convent ional 

sandstone and carbonate reservoir rocks. One of the reasons for this deviat ion in shales may be 

due to their very narrow pores, which are usually up to 2-3 order of magnitudes smaller than 

the pores of convent ional reservoirs. In very narrow pores of shales, the nature of rock-fluid 

interact ion, which crucially affects the flow and storage of pore-bound fluids, may be different  

than that  of the convent ional reservoir rocks. Moreover, the exist ing laboratory methods for 

studying the rock-fluid interact ion, which were originally devised for convent ional reservoir 

rocks, are observed to have serious limitat ions for shales. Therefore, for shales, sorpt ion-based 

methodologies for studying the rock-fluid interact ion and it s effect  on the fluid propert ies were 

developed in this research. 

1.1. T erm inology  

First ly, the frequent ly used terms in the thesis are described. Since there is 

interdisciplinary inconsistency in the usage and meaning of some of these terms, the terms used 

in the thesis will have the specific meaning as described here. 

1.1.1. Sorpt ion, A dsorpt ion and A bsorpt ion  

Sorpt ion   atoms or molecules on or 

 substance. The guest  molecules or the atoms and the host  substances are 
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generally referred to as the sorbat e  and the sorbent , respect ively. The third term in this 

series of terminology, the sorpt ive  refers to the group of atoms or molecules that  are 

unat tached to the sorbent  but  can potent ially sorb. Sorpt ion may be completely or part ially 

reversible, and desorpt ion  refers to the process of release of the sorbate from the sorbent . The 

various sorpt ion processes are governed by intermolecular at t ract ions between the sorbate and 

the sorbent . Sorpt ion that  is rest ricted to the surface of the host  is termed as adsorpt ion , 

while the sorpt ion involving bulk volume of the host  is called absorpt ion .  

Adsorpt ion (a term int roduced by the German physicist  Heinrich Kayser 1881) is st rict ly 

a surface phenom enon , in which the sorbate occupies the sorbent  surface only, and, similar 

to other interfacial processes such as surface tension, it  involves surface energy changes. On the 

other hand, absorpt ion is a volume or bulk phenom enon  in which the atoms or the molecules 

of the sorbate and the sorbent  mix homogeneously, leading to a change in the energy state of 

the ent ire volume of the sorbent . Absorpt ion should not  be confused with the sponge-like filling 

of porous materials, such as in water-saturated sandstones where molecular-level mixing of 

sandstone and water phases is negligible or absent . Of the four frequent ly encountered sorbate-

sorbent  combinat ions, namely liquid-liquid, gas-liquid, gas-solid and liquid-solid, the lat ter 

three were of part icular significance in this research. 

1.1.2. Isot herm s  

The sorpt ion process for a given sorbate-sorbent  system is usually described by an 

isotherm, a dataset  of sorbate-quant it ies at  various sorpt ive concent rat ions at  a constant  

temperature. Other parameters may be used to represent  sorpt ive concent rat ions. For example, 

gas sorpt ion is described by the absolute pressure of the sorpt ive gas, while water vapor sorpt ion 

is frequent ly described by relat ive humidity. 

1.1.3. Sub-, N ear- and Super-crit ical Sorpt ion 

Sorbate quant it y in a sorpt ion process decreases with an increase in temperature. A 

significant  difference in the sorpt ion isotherms at temperatures close to the crit ical temperature 

of the sorpt ive fluid leads to the following classificat ion of the isotherms:  
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1) Subcrit ical sorpt ion refers to the sorpt ion of subcrit ical fluids, that  is, fluids below 

crit ical temperature. Thus, subcrit ical sorpt ion is always associated with either a 

liquid or a vapor sorpt ive.  

2) Supercrit ical sorpt ion involves a super-crit ical sorpt ive fluid, essent ially a non-

liquefiable gas. 

3) Near-crit ical sorpt ion involves supercrit ical sorptives as well. However, the isotherm 

temperature is less than 10°C above crit ical temperature of the sorpt ive. 

An example of this sorpt ion process classificat ion is given by carbon dioxide (CO2) as 

the sorpt ive fluid with a crit ical temperature of 31.1°C. At  temperatures below 31.10°C, the 

CO2 sorpt ion isotherms are called subcrit ical; at  temperatures above 41.10°C, the isotherms 

belong to the supercrit ical category; between 31.10°C and 41.10°C, the isotherms are termed 

near-crit ical. 

1.1.4. A dsorbent , A dsorbat e and A dsorpt ive 

Adsorbent , adsorbate and adsorpt ive are terminological equivalents of sorbent , sorbate 

and sorpt ive for an adsorpt ion process.  

1.1.5. M icro-, M eso- and M acro-pores 

For adsorpt ion-related studies, the Internat ional Union of Pure and Applied Chemist ry 

[IUP AC] (Sing 1985) recommends the following three categories of pores: 

 M acropore: P ores with diameters >  50nm that  are considered to adsorb vapors similar to 

that  on flat  surfaces. Vapors adsorb in these pores through so-called m ult i-layer 

adsorpt ion, which results in the format ion of an adsorbate film with a thickness of a few 

molecules. 

 M icropore : P ores with diameters <  2nm that  are filled by the adsorbate through t he so-

called m icropore-filling  mechanism (Dubinin 1960). The adsorbate-adsorbent  interact ion 

is enhanced in these pores due to their small width, about  4-5 t imes the diameter of the 

adsorbate molecules. The term sub-nano pores used in this study referred to all those 

micropores, which have their width smaller than 1nm. 



4 

 M esopore : Intermediate-sized pores with diameter of between 2-50nm that  undergo pore-

filling by the adsorbate through mult i-layer adsorpt ion as well as the so-called capillary  

condensat ion phenomenon. The pore curvature effect  is significant  in these pores, in which 

the undersaturated vapor prematurely condenses in the pores and the process follows the 

Kelvin equat ion (Thomson 1872). The term nano-pores used in this study referred to all 

the mesopores as well as the micropores, which are larger than 1nm. 

Sing (1985) does ment ion that  the specified size ranges for the pores are rather arbit rary, 

since size-specific pore-filling mechanisms are affected by other factors as well, such as pore-

shape and intensity of adsorbate-adsorbent  interaction. Nonetheless, for maintaining a 

consistency in the terminology, the IUP AC classificat ion is widely used in adsorpt ion-related 

research. 

1.1.6. Organic M at t er  

Commercial pet roleum reserves are widely accepted to have originated from the thermal 

maturat ion (Selly 2014) of the organic remains of specific organisms. Sediments, dominated by 

fine-grained minerals such as clays, play a vital role in the preservat ion and burial of the organic 

remains. With increasing burial-depth, the sediments and the organic remains are subject  to 

geothermal temperatures and overburden pressures result ing in a t ransformat ion of the mud to 

shales and the organic remains to kerogen (Espitalie 1977). K erogen  organic mat ter (OM) is 

considered more like a macro-molecular compound, rather than a polymer, and has unusually 

high atomic weight  ranging in between 10,000 to 25,000 g/ mole (Vandenbroucke et  al. 2007). 

More commonly, kerogen is described as OM that  is insoluble in organic solvents. Successive 

maturat ion of the sediments converts increasing amounts of kerogen into bitumen, a precursor 

to init ially oil and, then, natural gas (Barker 1990). B itum en  OM may be semi-solid in 

subsurface condit ions and composed of the macromolecules with a molecular weight  ranging 

between 600 - 1500 (Lesueur 2009). Unlike kerogen, bitumen is soluble in organic solvents. 

Further maturat ion of kerogen forms solid pyrobitumen OM ( Evans et  al. 1971), which is 

also insoluble in organic solvents. Therefore, an organic-rich shale  may consist  of the 
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following three broad categories of OM: kerogen, bitumen and pyrobitumen, which are mixtures 

of various complex compounds of carbon with smaller amount s of hydrogen, oxygen, nit rogen, 

and sulfur. The weight  percent  of OM, often referred to as T otal Organic C arbon  (TOC) 

varies from 1 to 40 percent  in shales (Ross and Bust in 2009). The solid OM components, namely 

kerogen and pyrobitumen, can host  the micro- and meso-porous sized pores (e.g. Curt is et  al. 

2012; Milliken et  al. 2013), as confirmed by scanning elect ron microscope based pet rography 

(e.g. P assey et  al. 2010) and by gas adsorpt ion studies (Kuila and P rasad 2013; Zargari et  al. 

2015). 

1.1.7. Organic-rich Shale 

Shale, in general, is a fine-grained clast ic sedimentary rock, which is composit ionally 

dominated by clay minerals. It  also consists of varying proport ions of silt -size part icles primarily 

of siliceous minerals such as opal and chert ; other silicate minerals such as feldspar and quartz 

det ritus; and carbonate minerals such as calcite, dolomite and siderite (Blat t  et  al. 2006). The 

mat rix of shale is known to have ult ra-low nano-darcy permeabilit y, primarily due to it s fine-

texture (Gondouin and Scala 1958). The organic-rich shale  or the black-shale  apart  from 

consist ing of clay and silt -sized minerals, also contains organic carbon or OM, which was 

described in the previous sub-sect ion. A scat tered and random dist ribut ion of OM in the 

cont inuous mineralic phase imparts a significant  degree of composit ional heterogeneity to 

shales.    

1.2. W ider Im plicat ions of Sorpt ion in Shales 

Reservoir engineering and reservoir characterizat ion of shale reservoirs deviate 

significant ly from convent ional sandstone and carbonate reservoirs. Sorpt ion of hydrocarbon 

fluid in shale pores is considered one of the reasons for such anomalies. It  is now widely believed 

that  the total fluid storage capacity of organic-rich shales has a hydrocarbon-sorpt ion 

component  (e.g. Ross and Bust in 2007). However, the nature of hydrocarbon sorpt ion is not  

fully understood in shale-pores. Since sorpt ion is mot ivated by an at t ract ive sorbate-sorbent  

interact ion, it  should exist  for the sorbed hydrocarbons in shale pores as well. The sorpt ion 
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capacity of shales suggests that  their rock-fluid interact ion must  be not iceably st ronger in shales 

as compared to convent ional reservoir rocks. The stronger rock-fluid interact ion in shales can 

be at t ributed to the significant  amounts of clay-bound and OM-bound micro- and mesopores 

(e.g. Kuila and P rasad 2013). Enhanced adsorbate-adsorbent  interact ion in these pores 

promotes adsorpt ion with micropore-filling and capillary condensat ion mechanisms. In addit ion 

to adsorpt ion, absorpt ion might  add to the total sorpt ion capacity for hydrocarbons in organic-

rich shales since the semi-solid bitumen OM might  addit ionally dissolve (absorb) hydrocarbon 

fluids (Curt is 2002). Such hypotheses are largely speculat ive since the sorpt ion mechanisms are 

not  well understood. 

Numerous reservoir engineering and rock physics procedures involve characterizat ion of 

rock-at t ributes by saturat ing or invading the pores with various fluids. The process may include 

spontaneous and forced imbibit ion and drainage of fluids. The rock propert ies thus evaluated 

include relat ive permeabilit y, capillary pressure, wet tabilit y, wave propagat ion and 

poroelast icit y. Therefore, if fluid invasion in shales is driven by sorpt ion, then the sorpt ion in 

shale must  have a wider implicat ion than just  fluid-storage. Therefore, sorpt ion-based 

laboratory studies have the potent ial for evaluat ion of organic-rich shale propert ies, which are 

determined for convent ional rocks using fluid invasion methods. Moreover, the dependence of 

sorpt ion on sorbate-sorbent  interact ion can be used as a method for qualitat ive and quant itat ive 

evaluat ion of the rock-fluid interact ion in shales.  

Most  laboratory methods and equipment  that  were originally developed for convent ional 

rocks often fail to characterize shales due to their low permeabilit y, which makes fluid invasion 

experiments slow and prone to errors. However, even if the exist ing methods are improvised to 

deal with low permeabilit y, challenges remain due to the int rinsic heterogeneity (mineral-bound 

and OM-bound pores) of shales. Moreover, the exist ing methods, which are based on a sponge-

like not ion of pore-filling, pose a risk for discount ing the effect  of sorpt ion in shales. Therefore, 

new experimental methods, which include the effect  of sorpt ion driven pore-filling, are required 

for the characterizat ion of organic-rich shales.  
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1.3. R esearch Object iv es 

The limitat ion of convent ional geoscient ific methods to characterize shales and the vast  

applicat ion of sorpt ion studies provided the mot ivat ion for this research. This research is 

focused on developing sub- and super-crit ical sorption-based experimental methodologies for 

characterizat ion of rock-fluid interact ions and sorbed fluid at t ributes in shales. 

1.4. Organizat ion of T hesis 

This thesis is arranged in six different  chapters. Chapter 2 reviews the limitat ions 

associated with analogical extension of the macroscopic not ion of wet tabilit y to the micro- and 

meso-pores. Chapters 3, 4, and 5 document  the thesis research as three journal-style papers, 

each with sect ions on int roduct ion, materials and methods, results, discussion and conclusions, 

as appropriate for peer-reviewed publicat ions. The last  chapter summarizes the findings and 

applicat ions of the research and lists recommendat ions for future work. A brief synopsis of the 

thesis chapters is given below: 

C hapter 2 : A literature-review on the concept  of wet tabilit y in the micro- and meso-

pores is provided in this chapter. The purpose of this chapter is to out line the limitat ions 

associated with using the macroscopic concept  of wet tabilit y, such as contact  angle and piston-

like displacements for shales in which micro- and meso-pores dominate mat rix porosity. 

C hapter 3 : This chapter is a paper on select ive adsorpt ives for wet tability 

characterizat ion of organic-rich shales. In this paper, a vapor adsorpt ion-based methodology for 

wet tabilit y-characterizat ion of organic-rich shales is proposed. This methodology was applied 

on organic-rich Upper Bakken shale samples, in which water vapor was found to probe the 

clay-bound pores select ively, while hexane vapor was found to probe OM pores as well as clay 

pores. The hydrophobic nature of OM pores was one of the major findings of the study.   

C hapter 4 : This chapter is a paper on supercrit ical CO2 sorpt ion in water immersed 

organic shales. This paper analyzes the implicat ion of OM hydrophobicity on supercrit ical gas 

sorpt ion in water saturated organic-rich shales. Liquid water was not  able to fill the OM pores, 
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even under forced imbibit ion condit ions; supercrit ical CO2 sorpt ion in these unoccupied pores 

was the major finding of this study. 

C hapter 5 : This chapter is a paper on acoust ic signatures of confined undersaturated 

condensates. In this research, the phase propert ies of the adsorbed water and hexane vapor in 

clay aggregates were studied through ult rasonic acoust ic methods. The study describes the 

acoust ic signatures of the confined undersaturated condensates (CUC) of water and hexane 

vapors in clay micro- and meso-pores. It  was found that  non-polar CUC in clay micro- and 

meso-pores had liquid-like flow and deformat ional propert ies. On the other hand, polar CUC 

in clay mesopores behaves like liquids, while in micropores it  deviates from liquid-like behavior. 

C hapter 6 : General conclusions of the thesis and recommendations for the future work 

are provided in this chapter. 

1.5. List  of P ublicat ions 

C onference P roceedings 

1) Kumar, S., P rasad, M., and P ini, R. "Select ive Adsorpt ives to Study P ore St ructure 

and Wet t ing Behavior of Self-resourcing Shales." Accepted for presentat ion in 12th 

Internat ional Conference on the Fundamentals of Adsorpt ion, 2016 (Scheduled). 

2) 

and Resist ivit t h Annual Logging 

Symposium. Society of P et rophysicists and Well-Log Analysts, 2016 (Scheduled). 

3) Kumar, S., P rasad, M., and P ini, R. "Select ive Adsorpt ives to Study P ore St ructure 

and Wet t ing Behavior of Self-sourcing Shales." In SP WLA 56t h Annual Logging 

Symposium. Society of P et rophysicists and Well-Log Analysts, 2015. 

P eer R ev iew ed ( In preparat ion)  

1) Kumar, S., P rasad, M., and P ini, R. Select ive adsorpt ives to study pore st ructure 

and wet t ing behavior of self-resourcing shales.  

(Target  J ournal: C arbon) 
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2) Kumar, S., P rasad, M. Acoust ic signatures of confined undersaturated 

condensates. 

(Target  J ournal: Journal of G eophysical R esearch ) 

3) Kumar, S., P rasad, M. Supercrit ical CO2 sorpt ion in water immersed organic rich 

shales. 

(Target  J ournal: Internat ional Journal of G reen H ouse G as C ontrol) 

4) Kumar, S., P rasad, M. Vapor sorpt ion based wet tabilit y study of sub-micron pores 

using surface energy and pore-size dist ribut ion studies  Only the theoret ical 

background of this paper is included in Chapter 2 of the thesis.    

(Target  J ournal: Langm uir) 
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 CHAP TER 2 

ROCK-FLUID INTERACTION IN MICRO- AND MESO-PORES: 

 LITERATURE REVIEW 
 

This chapter was submit ted for publicat ion in The Leading Edge, Society of 

Explorat ion Geophysicist . 

 

Fundamentals of rock-fluid interact ion in the nano- and sub-nano sized pores of shales 

are discussed in this chapter. A flat -surface analogy may not  be applicable to study wet tabilit y 

in shales dominated by such small pores. The much-used ways to describe wet tabilit y, such as 

t riple-phase point  contact  angle may not  be applicable to typical mat rix pores of shales, while 

the effects of fluid polarit y and rock mineralogy might  need a larger emphasis in exist ing rock 

physics models. F ine-grained rocks, such as shales, are characterized by large surface areas. In 

heterogeneous shale systems, mineralogy, surface area, and surface chemist ry play a significant  

role in preferent ial fluid coverage. By understanding these interact ions, experimental methods 

can be devised to determine them. 

2.1. Int roduct ion 

P referent ial wet t ing between a solid and a fluid has a st rong influence on the mult i-

phase fluid flow and storage propert ies of reservoirs. Anderson (1986a-c; 1987) provide a 

comprehensive review of the various aspects of wet tabilit y of pet roleum reservoirs. However, 

these studies were for convent ional sandstone and carbonate reservoirs with homogeneous 

mineralogy containing most ly of large pores (> 1µm); they have limited applicat ions in 

unconvent ional shale systems. Resent  at tempts to study wet tabilit y on shales, especially on 

shales containing organic mat ter (OM) are based on spontaneous imbibit ion method (Morrow 

et  al. 1994; Borysenko et  al. 2009; Roychaudhuri et al. 2011, P agels et  al. 2012; Dehghanpour 

et  al. 2013; Xu and Dehghanpour 2014; Lan et  al. 2014) and NMR measurements (Odusina et  

al. 2011; Sulucarnain et  al. 2012). Wet tabilit y of pores may vary in shales depending on the 

surface propert ies of the host  minerals. For example, inorganic mineral hosted pore are generally 
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hydrophilic while pores within the organic mat ter (OM) are hydrophobic (e.g. Mitchell et  al. 

1990, Clarakson et  al. 2013). I review here the general understanding of wet tabilit y for nano- 

and sub-nano sized pores that  are inherent  in shales. These pores are located in shales in mineral 

components, such as clays or equivalent -sized part icles (e.g. Ross and Bust in 2009; Kuila et  al. 

2013; Saidian et  al. 2015) or inside the kerogenic or bituminous organic mat ter (e.g. Loucks 

2009; P assey 2010; Zargari et  al. 2015). I revisit  the physics of solid-fluid interfaces in these 

narrow const rict ions, which may have profound impact  on the concepts such as t riple-phase 

point  contact  angle in shales. 

T radit ionally, wet tability measurements in pores using methods such as contact  angle 

measurements are limited to macroscopic liquid droplets, where long range surface forces can 

be neglected in most  fluid molecules. However, in fluid films ranging in thickness between 30Å 

to 1µm, the influence of surface forces may be significant  throughout  the thickness of the film 

(de Gennes 1985). Therefore, for a sufficient ly thin film, all the molecules may lie well within 

the domain of the surface force. For fluid-films in small pores, wet tability should be perceived 

as a bulk, rather than a surface phenomenon. Moreover, the classical t reatment  does not  

account  for the effect  of capillary condensat ion in mesopores and micropore filling (Dubinin 

1960) in pores less than 2nm. Thus, our understanding of wet tabilit y needs to be revisited for 

shale and silt stone reservoirs that  are dominated by small pores (<  1 µm). This may help in 

explaining the inconsistency reported by Dehghanpour et  al. (2012) between the measured 

contact  angle and imbibit ion propert ies of organic rich shales. 

2.1.1. F orces at  Solid-fluid Int erfaces and P ressure in a D roplet  

In a droplet , molecules at  the interfaces are at  a higher net  free-energy state due to an 

overall force imbalance as compared to those in the bulk phase.  These interfacial forces are 

generally termed as surface tension (at  liquid-solid interface) and interfacial tension (at  fluid 

interface), which are the cumulat ive effect  of one to one interact ion in between the molecules 

of the two phases at  the interface. Based on the origin of the interact ion, there are three 

different  types of interfacial forces, namely van der Walls forces, elect rical double layer forces, 

and st ructural forces (Derjaguin 1987). 
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F igure 2.1: (a) For a part ial wet t ing case, the physical meaning of contact  angle (� ) for two 

immiscible fluids, namely water(W) and hydrocarbon(H), and a solid surface(S) system 

illust rated through a 2-D depict ion of liquid droplet . The system at tains stat ic or dynamic 

equilibrium only with a certain � , which allows a balance in the forces act ing at  the points P1 

and P2 (where the solid and the two fluid phases meet ). The aforesaid forces: water-solid surface 

tension (���), hydrocarbon-solid surface tension (�ℎ�) and water-hydrocarbon surface tensions 

(��ℎ) at  P1 and P2 result  from the discont inuity in phases and they are featured in the famous 

Young and Dupree equat ion (� � � = �ℎ� − ��� ��ℎ⁄ ) for contact  angle. For part ial wet t ing, 

(a) represents a water wet t ing surface as  � < °, (b) represents an oil wet t ing surface because� > .  Fully wet ted cases are shown in (c) and (d), which represent  fully water wet  (� = °)
and fully oil wet  (� = °) surfaces, respect ively.

Non-polar materials at  the interfaces interact  with van der Walls t ype dispersive forces, 

P olar subst rates and liquids are dominated by electrical double layer and st ructural forces. 

Under the influence of these forces, the interfacial phenomena, such as wet tabilit y are subjected 

to the minimizat ion of the free-energy of the interfaces, which also determines the equilibrium 

condit ions or the macroscopic contact  angle for a droplet  on the subst rate (F igure 2.1).  The 

result ing liquid-liquid interface curvature gives rise to the phenomena of capillarit y, where the 

liquid pressure in the concave side of the liquid-liquid interface is lower than that  in convex 

side. 

2.1.2. Y oung Laplace Equat ion in N arrow  P ores 

The validit y of the Young-Laplace (YL) equat ion at  the microscopic scale has been 

widely contested (see for example, Berry 1974; Miller and Ruckenstein 1974; Ruckenstein and 

Lee 1975; J ameson and del Cerro 1976; White 1977; P ethica 1977; Merchant  and Keller 1992). 

The primary argument  against  using the Young-Laplace (YL) equat ion for small pores is the 

existence of a deformed base of the droplet  due to the existence of a microscopically thin fluid-

film (F igure 2.2a). The film is formed as the liquid molecule adsorbs on the solid-subst rate 
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surface surrounding the droplet . Due to it s microscopic thickness, maximum thickness of 4-5 

molecules, the pressure and interfacial force in the film are fundamentally different  than those 

in the droplet  body. The interfacial forces act  on all liquid molecules throughout  the film 

thickness, and as a consequence, the fluid is subjected to addit ional pressure, also termed as 

 fluid in a microscopically thin 

film is subjected to pressures of three different  origins, namely hydrostat ic, capillary and 

disjoining. The pressure in the thin film t ransit ions via a t ransit ion zone to that  of a bulk liquid 

in the macroscopic droplet . The various pressures in a droplet -subst rate system at  a microscopic 

scale raises reservat ions over the existence of a dist inct  t riple phase point  (point  C in F igure 

2.1a and b). P oint  C (F igure 2.1a, b) is the basis of contact  angle definit ion and determinat ion. 

In macroscopic droplets, the film t rail holds a very small fract ion of liquid volume and it s effect  

on wet tabilit y can be neglected. However, for a microscopic droplet , the film t rail may contain 

a sizable fract ion total liquid, which may induce significant  deviat ion in the nature of 

wet tabilit y and the value of contact  angle determined from YL equat ion. Such microscopic 

droplets are expected to form inside narrow shale pore of nano- or sub-nano sized pores with 

mult iple fluid phases. Thus, the YL equat ion may not  be appropriate in studying the wet tabilit y 

of shales using the contact  angle method. Furthermore, solid-fluid interact ions in sub-nano 

pores are enhanced due to closely spaced pore walls and addit ive nature of the surface force. In 

the classical theory of adsorpt ion, this effect  is known as micro-pore filling (Dubinin 1960). In 

nanometer-sized pores, capillary condensat ion cont rols the nature of fluid-pore interact ion and 

the thickness of the film. Due to the dominance of micro-pore filling and capillary condensat ion, 

the thermodynamic aspect  of liquid filling in sub-nanometer and nanometer-sized pores are also 

fundamentally different  than that  in open surface or macro-pores. This is expected to affect  the 

free-energy changes associated with wet tabilit y and is decisive for the droplet  shape. 
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F igure 2.2: (a) The t riple-line contact  of the solid-liquid system is shown at  macroscopic, 

microscopic and the molecular-scale. The liquid t rail, which is otherwise neglected at  the 

macroscopic scale is present  as a film t rail around the droplet  and as shown in the molecular 

scale, it  is formed by mult i-layer adsorpt ion of the liquid molecules, which consist  of about  4-5 

molecules along the thickness. There also exist s a t ransit ion zone in between the film and the 

droplet  main body, in which the property of the fluid gradually shift s from that  of a microscopic 

film to a macroscopic droplet . (b) A nano- and sub-nano capillary bound droplet  is illust rated, 

in which the droplet  profile is cut -short  by the width of the capillary. For microporous capillary 

(sub-nano sized), which is formed by the surfaces S1 and S2, the standalone droplet  profiles of 

the two surfaces are depicted as LVP 1 and LVP 2 respect ively. Only the thin film port ion of 

the droplet  should exist  in the pore bound by surfaces S1 and S2 as the profiles LVP 1 and 

LVP 2 are rest ricted due to the width of the capillary. Similarly, for nano-sized const rict ion 

bound by surfaces S1 and S3, the profiles LVP 1 and LVP 3 are rest ricted to the film and 

t ransit ion regime. In both cases the main domal body of the liquid droplet  is t runcated, and 

with that  applicat ion of YL equat ion and the usage of contact  angle to study wet tabilit y become 

ambiguous. 

Such considerat ions have significant  bearing on our indirect  measurements of rock 

propert ies using geophysical techniques. Sorbed water vapor has been shown to reduce seismic 

velocit ies of various rocks by as much as 25% as compared to the corresponding velocity in 

vacuum (Clark and T it tman 1980). This decrease in velocity is accompanied by an increase in 

at tenuat ion. Waite et  al. (1997) measure significant  losses in the seismic frequency range 

ascribed to the presence of a fluid meniscus. Revil et  al. (2013) and Saidian et  al. (2015) show 

a direct  correlat ion between surface area and the cat ion exchange capacity (CEC). In SIP 

measurements, the quadrature conduct ivit y and the format ion factor are direct ly correlated to 

the specific surface area, while Zargari et  al. (2015) demonst rate the specific surface area and 
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pores can be covered or filled by specific fluids. F luid saturat ions and seismic at tenuat ions also 

follow capillary effects and can lead to patchy fluid saturat ions (Sharma et  al. 2013). Thus, the 

preferent ial fluid coverage and heterogeneous wet t ing propert ies must  be considered when 

invert ing geophysical measurements for physical propert ies. 

2.2. C hapt er C onclusion  

Nature of the thin liquid films formed by adsorpt ion on solid-subst rate are 

fundamentally different  than that  of the macroscopic droplet . For sufficient ly small shale pores 

(F igure 2.2b), the film not  the droplet  may be the actual physiological form of the liquids in 

nano- and sub-nano pores. Thus general not ion of wet tabilit y study needs to be revisited in the 

context  of shales as the YL equat ion is not  well equipped to entail the pore-fluid interact ion 

forces and thermodynamics of thin films in narrow pores of shales. 
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 CHAP TER 3 

SELECTIVE ADSORPTIVE FOR WETTABILITY CHARACTERIZATION OF  

ORGANIC RICH SHALES  
 

This paper is current ly in preparat ion for peer-reviewed submission in  

Carbon J ournal. 

 

Gas adsorpt ion is a powerful tool to measure surface area and pore size dist ribut ions of 

materials containing nanometer-sized pores. However, when applied in it s basic form, this 

method requires that  adsorbate-adsorbent  interact ions are homogenous in all t he pores. This 

assumpt ion is valid for classic adsorbents, such as zeolites, silicas or act ivated carbons, but  not  

for most  sedimentary rocks, which are anything but  monomineralic. Sedimentary rocks, 

part icularly organic-rich shales are composit ionally heterogeneous as they consist  of clay 

minerals, organic mat ter, and clay-, silt -, and sand sized part icles that  lead to the creat ion of 

a pore-system characterized by ununiform adsorbate-adsorbent  interact ions. In this study, I 

determine the relat ive affinit y of water and hexane vapors to pores associated with various 

const ituents of shale and silt stone samples from the Bakken format ion (USA) by means of sub-

crit ical adsorpt ion studies. The measured isotherms are used to determine the specific surface 

areas (SSA) of the samples by the BET method. While SSAs of the silt stone samples depend 

solely on the clay content  and the SSA are similar for both water and hexane, the organic-rich 

shales show dist inct  affinit y to water and hexane. Water vapor appears to favor clay pores, 

while hexane favors both clay and organic pore surfaces. This novel approach of using water 

and hexane provides a pract ical wasy to characterize pore space in heterogeneous systems 

consist ing of both hydrophilic and hydrophobic pores. 

3.1. Int roduct ion 

P orous rocks are classified as water- or oil-wet  when the surface of their pores is mainly 

hydrophilic or hydrophobic, respect ively. Intermediate-wet  rocks contain pores that  do not  

show any preference towards water or oil, while mixed-wet  rocks contain both water- and oil-
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wet  pores dist ributed in hydrophilic and hydrophobic mineral mat ter. This last  situat ion is 

characterist ic of organic mat ter (OM) rich shale rocks, which are widely considered as the 

pet roleum source rock, in which subsurface hydrocarbons forms and over t ime migrates to more 

permeable pet roleum reservoirs. T radit ionally, shale rocks were considered irrelevant  to 

hydrocarbon product ion due to their very low permeabilit y to hydrocarbon flow However, 

recent  developments in hydraulic fracturing and horizontal drilling have facilitated hydrocarbon 

product ion from the so called self-sourcing shales. Micro- and meso-sized pores are 

characterist ics of shale rocks (Kuila and Prasad 2013), which are located part icularly in it s 

clays or clay-sized (< 62.5µm) const ituents and inside the OM (Loucks et  al. 2009). Ross and 

Bust in (2009), Kuila and P rasad (2013) have reported N2-BET surface areas of various OM 

rich shale rocks to be in between 2-40 m2/ g.  

Wet tabilit y orientat ion of the pores significant ly affects the mult iphase fluid flow and 

storage in porous media (Anderson 1987a and b) including that  of shales. Knowledge of the 

wet t ing character of shale and other rocks is important , because wet tabilit y affects fluid 

dist ribut ions in their pores: at  any given saturat ion, the wet t ing fluid tends to first  occupy 

smaller pores, while the non-wet t ing phase accumulates in the larger pores (Anderson 1986a). 

However, the diverse nature of shale const ituents can have significant  implicat ion on the 

uniformity in surface phenomena including that  of wet tabilit y and adsorpt ion in their pores. 

By comparing the wet tabilit y of clay dominated shales, Borysenko et  al. (2009) concluded that  

illit ic and smect it ic shales tend to be hydrophilic, whereas the kaolinit ic shales tend to be more 

hydrophobic in nature. Using spontaneous imbibit ion, in a simulat ion study of wet tabilit y of 

shales containing 1 to 3 weight  percent  organic matter (OM), Xu and Dehghanpour (2014) 

assumed OM to be hydrophobic and clay to be hydrophilic and concluded that  the connected 

pore network in intact  shale samples is mainly water-wet . To my knowledge, the preferent ial 

affinit y of water and hydrocarbon fluids to OM remains to be determined. In this, a major 

challenge lies in the abilit y to isolate OM without altering it s propert ies. 

Rock wet tabilit y is commonly determined by contact  angle measurements on polished 

surfaces or by comparing results from the spontaneous and forced displacement  experiments 
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during core-floods with intact  rocks, such as with the Amot t  method, and the U.S. Bureau of 

Mines (USBM) method (see Anderson 1986b for a descript ion of their advantages and 

shortcomings). As described with more detail in the Theory sect ion, methods based on vapor 

adsorpt ion can also be used to infer the wet tability of microporous samples. Intuit ively, the 

applicat ion of adsorpt ion techniques is condit ional to the pore accessibilit y and subsequent  

adsorpt ion of the given adsorpt ive: if the lat ter is unable to adsorb inside a pore or a pore-class, 

the cont ribut ion of that  port ion of the pore space is excluded from the measured adsorpt ion 

isotherm. At  the same t ime, experiments with different  adsorpt ives can be profitably combined 

to study pore-select ive adsorpt ion in heterogeneous materials and to provide a t ruthful 

representat ion of their pore space. 

I propose a new quant itat ive method to different iate between the water- and oil-wet t ing 

pores in shale rocks and to quant ify their corresponding total surfaces. Subcrit ical isotherms of 

water (H2O), hexane (C6H14) and nit rogen (N2) vapors (adsorpt ives) in various OM-rich shales 

(adsorbents) were measured. It  is shown that  water vapor can act  as a select ive adsorpt ive for 

shales, as it  preferent ially probes hydrophilic pores, while hexane adsorbs in both hydrophilic 

and hydrophobic pores. The hydrophilic and hydrophobic specific surface areas (SSA) in each 

sample studied are obtained by comparison of values calculated from isotherms measured using 

these two adsorpt ives. While extent  of hydrophilic SSA correlates with the clay content  of the 

material, for all shale samples but  one, 50% of the total SSA is in hydrophobic pores associated 

with the organic-rich components of the rocks.  

3.2. M at erials and M et hods 

This sect ion starts by int roducing the various samples used in the study, along with the 

composit ion. Subsequent ly, the test  procedure, which includes sample preparat ion and the 

recording of the subcrit ical adsorpt ion isotherms is elaborated. 

3.2.1. Sam ples 

Eight  Upper and Lower (U and L) Bakken shale samples and four Middle Bakken 

silt stone samples from the Bakken format ion with mineral composit ions as listed in Table 3.1 
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were used in this study. The silt stone samples have a similar mineralogy as the shales; they 

consist  most ly of illit ic clay and silt -sized grains of silica, dolomite and calcite. Table 3.1 also 

lists the total organic content  (TOC) and thermal maturity (T , HI) of the shale samples, 

which were determined by Rock-Eval pyrolysis (Espitaliè et  al. 1977).  In this method, T  is 

defined as the pyrolysis temperature at  which maximum hydrocarbon is generated, and higher 

values denote higher maturit y (P eter 1986). HI (Hydrogen Index), represents the amount  of 

pyrolyzable OM, which generally decreases as the organic cont ent  of the shale matures (P eter 

1986).  

Table 3.1: Mineral composit ion (in weight  percent ; wt .%) of the silt stone and shale samples 

used in the study along with OM content  (wt .%), HI index (mg HC/  g TOC) (from Nandy et  

al. 2015). 

Sample 
Mineralogy (wt .%)   OM P ropert ies 

Carb Silic P yrite Clay  TOC (wt .%) HI T max(°C) 

S
ilt

st
o

n
e

 1 50 45 0 5  n/ a n/ a n/ a 

2 46 37 2 15  n/ a n/ a n/ a 

44 20 64 0 16  n/ a n/ a n/ a 

3 32 46 2 20  n/ a n/ a n/ a 

S
h

a
le

 

LG 11 68 4 17  14.4 508 429 

U13 10 75 1 14  6.2 331 445 

U14 10 64 3 23  12.9 401 444 

U5 14 58 1 27  13 377 444 

U7219 2 65 3 30  16.1 556 - 

U11005 9 57 3 31  12.4 131 - 

U16 9 57 1 33  15.1 395 443 

U1 12 36 2 50   10 373 445 

 Carb: Calcite+ Dolomite+ Siderite; Silic: Silica+ K-feldspar+ P lagioclase; n/ a: Not  applicable; 

 - : not  measured; L# , U# : Lower and Upper Bakken shale 

 

The Tmax values listed in Table 3.1 suggest  that  the shale samples used in this study 

belong to oil maturit y window (Schmoker and Hester 1983). The absence of OM in the silt stone 

samples has a dual benefit : they have a simpler texture as compared to the shales, which allows 

for a more st raight forward interpretat ion of the results, and it  is further used to segregate the 

effects of minerals and OM in the overall wet tabilit y characterist ics of shales. 



20 

3.2.2. Sam ple P reparat ion 

I followed the procedure detailed in Kuila and P rasad (2013). Briefly, about  10g of rock-

chips were crushed gent ly in a mortar. The crushed samples were sieved with 40 US mesh 

(425µm opening), any remaining larger pieces were crushed and sieved again t ill the ent ire 

sample was able to pass through 40 US mesh. Homogenized powders of each sample were 

port ioned into aliquots of about  2, 4 and 4 g, for adsorpt ion, XRD and Rock-Eval studies, 

respect ively. Same 2g aliquot  were used to generate isotherms for water, hexane and nit rogen. 

Samples were degassed at  0.005 Torr vacuum and 200°C temperature for at  least  24 hours 

before each isotherm experiments. 

3.2.3. Sub-crit ical G as A dsorpt ion 

Adsorpt ion and desorpt ion isotherms of sub-crit ical nit rogen, water and hexane vapors 

were measured with a Micromerit icsTM ASAP 2020 analyzer. A procedure suggested by Kuila 

and P rasad (2013) to measure nit rogen isotherm was extended in this study for water and 

hexane vapor isotherm determinat ion. The default  threshold set t ing of 0.01% change in average 

pressure within 5 seconds was used as the equilibrat ion criteria at  each pressure step. Nit rogen 

isotherms were recorded at  the liquid nit rogen boiling temperature (-197.5°C), whereas water 

and hexane vapor isotherms were recorded at  ambient laboratory temperatures (21° to 23° C). 

The pressure limit  of the isotherms for each adsorpt ive was determined from it s saturat ion 

pressure p0 at  the isotherm temperature, namely 760 mmHg for N2 (Span et  al. 2000), 18-21 

mmHg for H2O (Wagner and P russ 2002) and 127-139 mmHg for C6H14 (Starling 1973). 

3.3. B ackground 

In the following sub-sect ions, first ly, theoret ical backgrounds for various types of 

molecular interact ion, which mot ivates the adsorpt ion of vapor-molecules on solid-surfaces, are 

discussed. Thereafter, the BET theory for specific surface area (SSA) evaluat ion, which was 

used in this study, is elaborated. 
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3.3.1. A dsorbate-A dsorbent  Int eract ions 

In this study, I am part icularly interested in the select ive affinit y of different  adsorpt ives 

to pores found in the organic mat ter and clay-minerals that  are found in shale rocks. Based on 

the nature of forces involved, Barrer (1966) categorized adsorbate-adsorbent  interact ions as 

specific and non-specific. Specific interact ions result  from forces operat ing between two or more 

charge-centers of the adsorbate and the adsorbent , whereas non-specific interact ions are due to 

dispersive-type forces. These forces govern adsorbate-adsorbent  interact ions and are thus 

responsible for adsorbate condensat ion. For example, nit rogen and hexane molecules exist  in a 

liquid or a solid state due to dispersive forces, which also dominate during their adsorpt ion on 

polar and non-polar adsorbents. Therefore, hexane and nit rogen are expected to adsorb on both, 

mineral and OM pores. Condensat ion of water, on the other hand, is caused by hydrogen 

bonding between water molecules. Specific interact ion forces are responsible for water 

adsorpt ion on various materials due to either hydrogen-bonding or dipole-cat ion interact ions 

(Kiselev 1958; Young 1958; Snyder and Ward 1966; Klier et  al. 1973; Curthoys et  al. 1974). 

Examples of poor absorbabilit y of water on non-polar (hydrophobic) materials include 

microporous and mesoporous carbon that  produce type V isotherms (Dubinin 1980). In a 

comparison of adsorpt ion and desorpt ion isotherms of water and benzene vapors in microporous 

carbon F igure 3.1, adapted from Dubinin 1980), the st rong adsorpt ion of benzene at  low relat ive 

pressures suggests the presence of micropores. At  the same t ime, the shape of the water isotherm 

measured on the same sample implies negligible adsorpt ion in the pores at  relat ive pressure 

below p/ p0 =  0.4. Dubinin (1980) suggested that  adsorpt ion of water is minimal in pores of 

hydrophobic materials due to weak adsorbate-adsorbent  interact ions and can be explained by 

the lack of both hydrogen bonding and cat ion-dipole interact ion sites on pore surfaces; the 

adsorpt ion at  relat ive pressures above 0.4 is due to the presence of a few randomly dist ributed 

oxidized carbon sites on the pore surface. These sites adsorb only one water molecule through 

hydrogen bonding at  low relat ive pressure. As relative pressure increased beyond 0.4, this 

adsorbed water acts as bonding sites for addit ional molecules of water. With relevance to shale 

rocks, it  is worth emphasizing that  naturally occurring OM is a complex mixture of high 
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molecular weight  polar and non-polar organic compounds, and their proport ions should cont rol 

the OM affinity for fluids. 

F igure 3.1: P lot  adapted from Dubinin (1980) shows the adsorbed amounts of water and 

benzene as a funct ion of relat ive pressure in a supposedly hydrophobic carbonaceous porous 

subst rate. 

3.3.2. B ET  SSA  M ethod 

The BET method for SSA determinat ion is based on the theory of mult ilayer adsorpt ion 

(Brunauer et  al. 1938). P rocedural details of the method can be found in Sing (1985). The 

linear form of the BET isotherm equat ion is as follows: 

⁄− ⁄ = � + �−�  ⁄ (3.1) 

Where,  is the adsorbed quant ity at  pressure p in the recorded isotherm,  is the 

monolayer adsorpt ion capacity of the adsorbent . The constant  C is somet imes called the BET -

constant , which is related to the enthalpy of adsorpt ion and describes the affinity bet ween 

adsorbate-adsorbent  (Malandrini et  al. 1997). As Equat ion 3.1 suggests, the BET equat ion 

requires a linear relat ion between 
⁄− ⁄ and ⁄ , however, for the experimentally 

determined subcrit ical adsorpt ion isotherms, the linearit y is usually rest ricted within the p/ p° 
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range of 0.05-0.35. The slope and the intercept  of the st raight  line fit  then can be used to 

determine the monolayer capacity of the adsorbate.   

Admolecule area (� ), which is defined as the area of a circle with a diameter equal to 

the distance between two adsorbate molecules on the given adsorbent  surface, had special 

relevance in this study. �  is used to calculate an adsorbate specific surface of the adsorbent  

material by using the following expression (Sing 1985): 

SSA = NA ∙ n ∙ σ        (3.2) 

Where, � is the Avogadro number. The value of �  actually depends upon the nature 

and st rength of adsorbate-adsorbent  interact ions (Gregg and Sing, 1982); it  need not  be 

constant  for any given adsorpt ive. Sing (1985) suggest  that  �  may vary by up to about  20% 

from one surface to another. Note that  using the cross-sect ional area of the adsorbate molecules 

to represent  �  implies zero spacing between adsorbate molecules. This inter-adsorbate spacing 

should depend on specific adsorbate-adsorbent  and inter-adsorbate interact ions. St rong 

adsorbate-adsorbent  interact ions result  in small inter-adsorbate spacing. In any case, the 

result ing density of the adsorbate phase should not exceed the density of the condensed liquid 

(Emmet t  and Brunauer 1937). Table 3.2 lists upper and lower limits of σ  for water, hexane 

and nit rogen adsorpt ives on various adsorbates taken from McClellan and Harnsberger (1967). 

Since independent  verificat ion of  σ  values for water, hexane, and nit rogen on the pore-

surfaces of the shale and silt stone const ituents was beyond the scope of this study, I follow the 

following formulat ion (Brunauer 1937) for apparent  values (σ̀ ) to calculate surface areas 

(termed apparent  SSA or ASSA): 

σ̀  = . ρ A ⁄
     (3.3) 

Where, M is the molecular weight  of the adsorpt ive, ρ  is the density of condensed liquid 

phase of the adsorpt ive and NA is the Avogadro number. In this formulat ion, adsorbate phase 

is considered equivalent  to the liquid state for the adsorpt ive molecule spacing, and hexagonal 

packing of the molecules is assumed on the adsorbent  surface. Table 3.2 lists the calculated 

values of σ̀  for water, hexane and nit rogen. 
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Table 3.2: Water, hexane and nit rogen adsorpt ive parameters used in BET SSAs calculat ions.  

Adsorpt ive parameters Unit   H O  C H   N   

M (Molecular wt .) g/ mole  18.02 86.18 28.01 ρ  liquid density   g/ cm3  1 0.6556 0.813  σ   nm2  0.06-0.25 0.41-0.72 0.13-0.20 σ̀    nm2  0.125 0.51 0.162 

Molecular Size(core-dia.) nm  0.275a 0.43b 0.301c 

 a Huang et  al. (2013), b J ulbe (2007), cNiwa et  al. (1991) 

3.4. R esult s 

Figure 3.2 (a) and F igure 3.3 (a) show isotherms of silt stone sample (MB44) and the 

shale sample (U16), respect ively. P lots (b), (c) and (d) in F igure 3.2 and F igure 3.3 show their 

BET  ASSA evaluat ions from the isotherms of each of the three adsorpt ives. The linearity 

criterion (Rouquerol et  al. 2014) used to ident ify the BET st raight  line fit t ing range is marked 

in the BET t ransform plots. Table 3.2 lists our results for the BET ASSA, the monolayer 

capacity, and the value of BET -constant  C for all twelve samples. Rouquerol et  al. (2014) 

specify that  the BET-constant  C should fall between the range of 50 and 200. Our C-values for 

N2 do lie in this range. However, for water and hexane, the C values are below 10 for the 

silt stones and between 9 and 60 for the shales.  

Table 3.3: Water, hexane and nit rogen isotherm derived BET ASSA (ASSA, m2/ g) results for 

the twelve samples separated into shales and silt stones. The super- and sub-scripts associated 

with each ASSA results signify the mon-layer capacity (in mmol/ g) and parameter C of the 

samples. 

 
Silt stone   Shale 

1 2 3 44   U1 U5 U13 U14 U16 LG 7216 11005 H O  . .  . .  . .  . .    .  .  . .  . .  . .  . .  . .  . .  C H   . ..  . ..  . ..  . .    . .  . .  . .  . .  . .  . .  . .  . .  N   . .  . .  . .  . .    . .  . .  . .  . .  . .  . .  . .  . .  
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0.995R

5.12C

g/mmol.07.122InterceptY

g/mmol.278.72Slope

2 





0.999R

78.04C

g/mmol.01.21InterceptY

g/mmol.06316.44Slope

2 





0.998R

9.83C

g/mmol.19.215InterceptY

g/mmol.2745.98Slope

2 





 

F igure 3.2: (a) Nit rogen (77K), hexane (298K) and water (298K) isotherms shown for the 

silt stone sample MB44. The solid circle symbols in (b), (c) and (d) show the BET t ransform 

plots, obtained by using equat ion 3.1 for nit rogen, hexane and water isotherms of the sample 

MB44. The diamond symbol plots the BET st raight  line fit t ing range select ion criteria 

suggested by Rouquerol et  al. (2014), and thus determined ranges are shown as gray shaded 

regions in (b), (c) and (d). 

The experiment  on pure illit e clay yield a similar result , with an ASSA =  49 m2/ g and 

C =  15 for H2O adsorpt ion and ASSA =  25 m2/ g and C =  61 for N2 adsorpt ion. Low C values 

of 4-15 have been reported for H2O adsorpt ion on montmorillonite clays (Mooney et  al. 1952).  

Isirikyan and Kiselev (1961) have reported C values below 10 for adsorpt ion of pentane and 

hexane vapors on silica. The BET-constant  C is shown to increase with adsorbate polarit y 

(Malandrini et  al. 1997) in quartz. However, this parameter requires further scrut iny for mult i-

mineralic rocks with compet ing adsorbate-adsorbent  interact ions. The BET ASSA results for 

silt stones (Table 3.3) are similar for water, hexane and nit rogen. On the other hand, the BET -

ASSA of the shale samples differ significant ly from one adsorbate to the other. 
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F igure 3.3: (a) Nit rogen (77K), hexane (298K) and water (298K) isotherms shown for the shale 

sample U16. The solid circle symbols in (b), (c) and (d) show the BET t ransform plots, obtained 

by using Equat ion 3.1 for nit rogen, hexane and water isotherms of the sample MB44. The 

diamond symbol plots the BET st raight  line fit t ing range select ion criteria suggested by 

Rouquerol et  al. (2014), and thus determined ranges are shown as gray shaded regions in (b), 

(c) and (d). 

Hexane ASSAs are upto 800 % higher than N2 ASSA and upto 400% higher than water 

ASSA. In the following, I analyze the differences in the shale ASSA results with their 

composit ions. F irst ly, the sensit ivit y of the ASSA values on the parameter  σ ̀  was studied by 

repeat ing the calculat ions using the ranges reported in Table 3.2. It  should be noted that  a 

change in parameter σ ̀  is consistent  with Equat ion 3.3 as it  essent ially signifies the changed 

density of the adsorbate phase in comparison to it s liquid phase. The results shown in F igure 

3.4 confirm the t rends described above: measurements with the three adsorpt ives are in 

excellent  agreement  for silt stone samples, while differences in ASSA are observed for the shale 

samples depending on adsorpt ive.  
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The N2 ASSA values are much lower than those obtained for water and hexane even 

with assumpt ion of the highest  nit rogen ad-molecule area in Equat ion 3.2. The low N2 - ASSA 

may be caused by limited accessibilit y of N2 into the shale micropores. Similar observat ions 

have been reported for sub-microporous carbonaceous materials (Marsh and Wynne-J ones, 

1964; Kipling et  al. 1966) and coals (Marsh 1965; Spencer 1967; P arfit t  and Sing 1976; Debelak 

and Schrodt  1979). These studies at t ribute low N2 ASSA to poor act ivated diffusion (Marsh 

and Wynne-J ones 1964) or kinet ic rest rict ion for the diffusion of nit rogen molecules at  77K 

(Garrido et  al. 1986) and suggest  using other adsorpt ives, such as CO2, with higher boiling 

points for pore-st ructure analyses. Garrido et  al. (1986) also suggested that  such carbonaceous 

materials may theoret ically require infinite t ime for equilibrat ion during an adsorpt ion 

experiment .  

However, N2 is widely accepted as a standard adsorpt ive because it gives reliable pore-

st ructure results for various microporous subst rates such as zeolites. Therefore, the observed 

shortcoming of N2 as an adsorpt ive for porosity characterizat ion of organic-rich shale or other 

carbonaceous material could be material-specific. It  may also be possible that  the 

underest imat ion of SSA in organic-rich shales with N2 may be related specifically to the kerogen 

or bitumen OM. I suggest  further studies for resolving these hypotheses. 

 

F igure 3.4: The maximum and minimum possible values of the water, hexane and nit rogen 

SSAs determined from the reported ranges of the σ , as listed in Table 3.2. The t ick-mark (-) 

on each of the float ing bars show the corresponding ASSA values, whereas the labels on the 

top of the bars represent  the sample names.  
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3.5. D iscussion 

Figure 3.5 show ASSA versus clay content  correlat ion plot  of the shale and silt stone 

samples for nit rogen (a), hexane (b), and water (c). All three adsorpt ives show a posit ive 

correlat ion with clay content  for the silt stones. Similar observat ions are reported in Kuila and 

P rasad (2013) for a variety of mudrock samples. Most  important ly, the slopes of the best -fit  

lines are similar for all three adsorpt ives and suggests (i) that  most  of the SSAs in the silt stone 

samples are bound with clay pores and (ii) that  all three adsorpt ive are equally effect ive in 

accessing the external surface areas of the clay pores. The shale ASSA appear uncorrelated with 

clay content  for N2 and C6H14 adsorpt ives. The N2 ASSA in shales are much lower, while the 

C6H14 ASSA in shales are much higher than in silt stones.  

 

F igure 3.5: Correlat ion between sample clay content  and nit rogen (a), hexane (b) and wat er 

(c) ASSA results. The broken line show the correlation fit  for silt stone samples. The shale 

samples plot  below, above and on the silt stone correlat ion line in graph (a), (b) and (c) 

respect ively. The vert ical dot ted line with arrow at  both ends in (b) can be interpreted as the 

cont ribut ion of OM pores in the total ASSA assessed by hexane. The plot t ing of shales with 

the silt stone samples in (c) indicates water can only access clay pores, leaving the OM pores 

unassessed.  

The ASSA measurements with water however show a similar correlat ion with clay 

content  for the silt stones and the shales. Similar observat ions for N2 ASSA have been used to 

infer that  OM may be filling clay bound pores and thus dest roying the associated SSA in marine 

sediments (Weiler and Mills 1965; Mayer 1999), in Niobrara samples in the oil maturit y window 

(Kuila et  al. 2014), and in Bakken shales (Zargari et  al. 2015). Our results of a st rong correlat ion 
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between water ASSA and clay content  for all samples, regardless of OM content  (F igure 3c) 

indicate that  the presence of OM does not  affect  water from entering clay pores and that  OM 

does not  fill clay pores as previously suggested. 

In F igure 3.5b, hexane ASSA of all shale samples plot  above the correlat ion line for the 

silt stone indicat ing the presence of additional non-clay pores in these samples or possibly the 

absorpt ion of hexane in the OM. Thus, the ASSA results for shale suggest  that  OM pores are 

undetected by water vapor (F igure 3.5 c), but  are detected by hexane (F igure 3.5b). These 

addit ional non-clay pores are observed exclusively in the shales suggest ing their associat ion 

with the OM content  of these samples. Our hexane ASSA results show that  OM pores in shales 

develop at  the onset  of oil generat ion window; these OM pores might  not  be filled with bitumen 

and would therefore be accessible to hexane. Ideally, the pores accessed by hexane should also 

be accessible by water. Furthermore, because of it s smaller molecular size, water should have 

higher diffusivity than hexane the same isotherm temperature. Low values of water ASSA in 

comparison to hexane ASSA may be associated to the hydrophobic nature of OM. St rongly 

hydrophobic OM may result  in the select ive adsorpt ion of water only in non-OM pores and 

exclude the cont ribut ion of OM pores from the water ASSA results. Hydrophobic carbon 

material was reported to adsorb only insignificant  amounts of water in the BET SSA relat ive 

pressure ranges (0.05 to 0.35) (Dubinin 1980). Possibly, the high clay content  (50%) in sample 

U1 made the sample st rongly water wet  and led to high water ASSA results, despite an OM 

content  of 10 weight  %. 

Water vapor adsorpt ive is able to detect  the hydrophilic pores of the shales that  are 

primarily associated with clay minerals. On the other hand, the hexane vapor adsorpt ive is able 

to detect  both, hydrophilic (clay) and hydrophobic pores (OM) pores. I use the difference 

between the water and hexane ASSAs in the samples to represent  the ASSA of the OM-bound 

hydrophobic pores. The ASSAs obtained from this separat ion of hydrophobic and hydrophobic 

pores for all samples are shown as a bar-chart  in Figure 3.6.  
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F igure 3.6: Bar-chart  of ASSAs of hydrophilic and hydrophobic pores. The italic and underlined 

labels show the total ASSAs of the samples obtained from hexane vapor. The numerical labels 

at  the bot tom show the hydrophilic pore ASSAs obtained from water vapor. The numerical 

label at  the top-inside show the hydrophobic pore ASSAs obtained by subt ract ing the water 

ASSA results with that  of hexane. 

3.6. C hapt er C onclusion 

 Using the subcrit ical isotherms using water, hexane and nit rogen vapors, SSA of the 

hydrophilic and hydrophobic pores in shales were determined.  

 Water vapor as a select ive adsorpt ive allowed segregat ion of the hydrophilic and 

hydrophobic pores.  

 OM pores are hydrophobic, whereas, illit e-clay pores are hydrophilic in nature. 

 Nit rogen may not  be an appropriate adsorpt ive to study the organic rich shale of oil 

maturit y window. 
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 CHAP TER 4 

 SUPERCRITICAL CO2 SORPTION IN DRY AND WATER-IMBIBED ILLTE 

CLAY AND ORGANIC- RICH SHALE 
 

This paper is current ly in preparat ion for peer-reviewed submission in  

Internat ional J ournal of Green House Gas Cont rol.  

 

The purpose of this study is to assess the sorpt ion capacity of illit e clay and organic-

rich shale samples in their dry and water-imbibed states. The water saturated condit ions of the 

shales closely resembles with their natural subsurface condit ions in which the pores are expected 

to have varying levels of water or brine saturat ions. Supercrit ical CO2 sorpt ion tests were 

performed on the organic-rich shale and illit e clay samples, both in the dry and water-imbibed 

states. In the dry condit ion, illit e clay had a higher adsorpt ion capacity than the organic-rich 

shale samples. However, after water imbibit ion, the illit e clay sample lost  most  of it s sorpt ion 

capacity, while the shale samples only experienced a part ial loss in sorpt ion capacity. Since 

water completely saturated the illit e sample, and subsequent ly no unoccupied space was 

available for the sorpt ion of supercrit ical CO2. Most  probably, the clay-bound pores in the 

organic-rich shale samples were filled with water, while, the hydrophobic (OM) pores remained 

unfilled and were able to sorb supercrit ical CO2. The CO2 sorpt ion in the water-imbibed shales 

was most  likely to include: (a) diffusive t ransportat ion of the dissolved CO2 in liquid water, 

and (b) sorpt ion of CO2 in OM pores from it s dissolved state. The findings of this can improve 

our present  understanding of fluid storage mechanism in part ially water-saturated shales for 

both, hydrocarbon product ion and CO2 sequest rat ion applicat ions. 

4.1. Int roduct ion 

Supercrit ical sorpt ion is widely accepted to cont ribute to the hydrocarbon storage 

capacity of unconvent ional shale gas reservoirs (e.g. Ross and Bust in 2007; Ambrose et  al. 2010; 

Chareonsuppanimit  et  al. 2012; Zhang et  al. 2012; Clarkson et  al. 2013). However, the 

experimental studies for the assessment  of sorpt ion capacity in shales generally ignore the 
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presence of other pore-fluids, such as liquid water. As a mat ter of fact , the experimental 

determinat ion of gas sorpt ion capacit ies of shales is preceded by a thorough degassing of the 

samples, which drives most  of the fluids out  of the pore space. Therefore, such analyses largely 

discount  the effect  of compet ing pore-fluids on the gas sorpt ion capacity of shales. Chalmers 

and Bust in (2008) illust rated the effect  of moisture on the methane sorpt ion capacity of Lower 

Cretaceous gas shales, Brit ish Columbia, and concluded that  the sorpt ion cont ribut ion of illit e 

clay const ituents was reduced significant ly with the moisture incorporat ion in the samples. The 

authors also out lined the importance of the OM of the shales for their sorpt ion capacit ies. 

The existence of OM pores in the gas and oil producing shales was validated by 

numerous high resolut ion SEM pet rography studies (e.g. Loucks 2009; P assey 2010; Zargari et  

al. 2015). These studies also suggest  that  the OM exist s as a scat tered phase in the cont inuous 

clay matrix. The findings of Chapter 3 of this thesis indicate that  OM pores are potent ially 

hydrophobic as they do not  fill with water during the vapor adsorpt ion tests. Likewise, liquid 

water may not  invade the potent ially hydrophobic micro- (< 2nm) and meso-(2-50nm) OM 

pores. Therefore, these unoccupied OM pores in water-imbibed shales may facilitate sorpt ion 

of supercrit ical gases. To resolve this hypothesis, supercrit ical CO2 sorpt ion isotherms were 

determined experimentally for the organic-rich shale and illit e clay samples, in both, dry and 

water-imbibed condit ions. The kinet ics of sorpt ion was also studied by performing a pressure 

t ransient  analysis (P TA) based study on the t ime profile of pressure associated with the 

progression of sorpt ion in the samples. The effect  of pore-water on the rate of sorpt ion was 

studied qualitat ively by comparing the P TA derived results for dry and water-imbibed samples. 

4.2. M at erials and M et hods 

Samples and the sorpt ion apparatus, which were used in this study are discussed in this 

sect ion. Sample preparat ion for the sorpt ion test  and the funct ioning of a manomet ric apparatus 

for sorpt ion experiments are elaborated. The design of the manomet ric system, which was 

custom-built  for this study, is subsequent ly described. F inally, the calculat ion-steps for 
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obtaining the isotherm from the pressure measurements of the manometric system for both dry 

and water-imbibed samples are out lined.  

4.2.1. Sam ples and P reparat ion 

Table 4.1 lists the samples, which were used in t his study, along with their respect ive 

mineralogy, TOC, and the vapor adsorpt ion derived specific surface areas (SSA) results. The 

illit e clay sample, which was used in this study, was obtained from the Source Clay Repository 

of the Clay Mineral Society (CMS). The other two samples were essent ially organic-rich shales, 

from the Bakken Format ion, North Dakota. The BK1 (Ro= 0.8) and EP U119 (Ro= 3.0) samples 

belonged to the oil and gas thermal maturity windows, respect ively. EP U119 sample, which 

was one of the bitumen ext racted shale samples of Zargari et  al. (2015), was used in this study.  

Table 4.1: List  of the samples, along with their XRD derived mineral composit ion (in wt .%) 

and Rocak-evalTM derived TOC (in wt .%) are given. The BET surface area (SSA) of the samples 

listed in the table were obtained from N2, water and hexane vapor adsorpt ion tests. The 

difference between the hexane and water BET SSA results give an est imat ion of OM bound 

hydrophobic pores and the clay bound hydrophilic pores by using methodology described in 

Chapter 3. 

Sample 

XRD Mineralogy Rock-

EvalTM 

TOC 

Thermal 

Maturit y 

(Ro) 

BET  SSA 

Illite Silicates Carbonate P yrite N2 H2O C6H14 

Illit e 100 - - - - - 25.1 47.5 24.2 

BK1 25 62 10 3 12.5 0.8 2.2 9.1 18.2 

EP U119 34 59 6 1 11 3.0 22.8 11.2 21.2 

 

The BET surface area (SSA) of the samples listed in the table were obtained from N2, 

water and hexane vapor adsorpt ion tests. The difference between the hexane and water BET 

SSA results give an est imat ion of OM bound hydrophobic pores and the clay bound hydrophilic 

pores by using methodology described in Chapter 3. It  was also noted that  the N2 gave a lower 

or underest imated SSA for BK1 sample. On the other hand, for EP U119 shale sample, which 

had similar TOC (but  of higher thermal maturity and zero bitumen content ), the N2 and C6H14 

SSA results were similar. Therefore, it  appeared that  underest imat ion of porosity in organic-
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rich shales by nit rogen might  be related to the bitumen OM. However, further analyses may 

be required for substant iat ing this hypothesis. 

Before performing the sorpt ion tests, samples were degassed for about  24 hours under 3 

millitorr vacuum and at  150°C temperature. Degassing was performed by placing the sample 

in the AceTM glass-tube (F igure 4.1), and it s interior was subjected to the specified vacuum and 

temperature by mount ing the tube on the degas port  of the Micromerit icsTM ASAP 2020TM 

analyzer. Followed by a 24 hours of cont inuous degassing, the sample-tube was un-mounted 

after shift ing the plunger of the sample-tube to the closed posit ion to maintain the vacuum 

inside the tube. Weight  measurement  of the sample-tube gave the weight  of the dry sample 

(��) as the empty weight  of the tube was known from a previous measurement . 

 

F igure 4.1: Schemat ic illust rat ion showing the various components of an AceTM glass-tube with 

a plunger valve. The isolat ion of the tube interior is achieved by shift ing the posit ion of the 

plunger, which in turn shift s the orifice (2) from inside the tube to an outside posit ion.  

4.2.2. F orced Im bibit ion of W ater in Sam ples 

The sample was degassed in a similar fashion as discussed in Sub-sect ion 4.2.1. 

Subsequent ly, the sample tube was submerged in a water-filled beaker, which was followed by 

the shift ing of the plunger to the open posit ion. This allowed water to enter the tube. Forced 

imbibit ion in the samples was performed by placing the tube in a pressure vessel, in which 

water was pumped at a pressure of 4000 psi. The vessel was maintained at  this pressure level 

for about  48 hours, after which, the sample tube was taken out  of the vessel and the weight  of 

the tube was measured after drying it s exterior. This weight  measurement  gave the total weight  

of water (��) inside the tube.  
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4.2.3. M anom etric A pparat us for Isot herm  M easurem ent   

A manomet ric apparatus for the sorpt ion studies, which is shown in F igure 4.2a, has a 

reference vessel (RV) and a sample vessel (SV) as it s primary const ituents. The isotherms are 

measured at  constant  temperature; therefore, the components of the manomet ric system are 

required to be placed in an isothermal chamber or a constant  temperature bath. Each data-

point  on the isotherms are associated with a gas-expansion sequence, which are performed in 

the apparatus by orderly opening and closing of Valve 1 (V1) and Valve 2 (V2). An example 

of the pressure versus t ime response for a gas-expansion sequence is shown in F igure 4.2b. At  

t ime t , the V1 is opened (V2 is closed at  this point ), which init iates the t ransfer of the sorpt ive 

gas from an upst ream source (e.g. cylinder) to the RV. The V1 is closed at  t ime t′ , when the 

pressure in the RV reaches to the required value (p ). At  t ime t , the V2 is opened, which allows 

the gas in the RV to isothermally expand in SV. 

 

F igure 4.2: (a) The basic const ruct ion of a manometric sorpt ion study apparatus is shown 

through a schemat ic diagram. (b) Various stages of a gas-expansion sequence are shown on a 

plot  for the usual t ransducer output  or the pressure versus t ime data. At  t ime t , the pressure 

in the system starts to rise rapidly with the opening of Valve 1 (Valve 2 is closed at  this point ), 

which init iates the t ransfer of gas from the source to the Reference Vessel(RV). At  t ime t′ , 

Valve 1 is closed, and at  t ime t  Valve 2 is opened to allow the gas in the RV to expand in 

sample vessel (SV). During the gas expansion, some of the gas molecules get  sorbed in the pores 

of the sample. The drop in the pressure is a cumulat ive effect  of gas expansion and sorpt ion, 

and an equilibrium is at tained in the system at  t ime t , when the pressure becomes constant  

(p�). 
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The drop in the pressure of the manomet ric system, as shown in F igure 4.2b, is caused 

by both, gas expansion and sorpt ion. The manomet ric system at tains an equilibrium when the 

pressure becomes constant  with t ime (at  t ime t  in F igure 4.2b) due to exhaust ion of sorpt ion 

capacity in the sample at  the pressure p . The init ial pressure (p ) and final pressure (p ) are 

used for determining the sorpt ion quant ity (q), which corresponds to the pressure p  in the 

isotherm. However, determining sorpt ion quant it y from p  and p  also requires est imat ing the 

SV and RV volumes. The volume of RV is an inst rument  constant , which is required to be 

determined only once, that  is after the commissioning of the inst rument . The volume of SV, 

which is sensit ive to the volume of the solid rock-frame of the sorbents, were evaluated at  the 

beginning of the experiments using the gas-expansion sequence with helium gas. 

4.2.4. C ust om -designed M anom et ric Syst em  

A custom-designed manomet ric gas sorpt ion apparatus, which is shown in F igure 4.3,  

was used for measuring the isotherms in this study. Table 4.2 lists the various components, 

which were used in the apparatus, along with their respect ive specificat ions and vendor 

informat ion. The pressure of CO2 was boosted to about  3000psi from 900psi (cylinder pressure), 

by using the syringe pump and sequent ial opening and closing of the valve 5 (V5) and valve 6 

(V6). Valve 3 (V3) connects the apparatus to a vacuum pump, which allowed the purging of 

the inst rument  interiors of all unwanted gases and volat ile liquids. Valve V4 connects the 

system to a helium cylinder, which is required for the free space measurements at  the beginning 

of each sorpt ion experiment . The components discussed t ill now, make the apparatus-ancillary, 

which helps in t ransferring the CO2 and helium gas into the apparatus-core (similar to that  in 

F igure 4.2a). To maintain an isothermal condit ion for the sorpt ion tests, the apparatus core 

was placed in an isothermal water bath. The apparatus core consisted of valves V1 and V2, 

vessels RV (1), SV (3), pressure t ransducer (2), and the intermediate pressure connect ions. 

Rubber o-ring, which were found to swell and leak with the exposure of the high pressure 

subcrit ical CO2, were discarded in the design. Therefore, to avoid leaks in the system, which in 

turn affects the accuracy of the measurements, the components with metal-metal contact  seal 

were used in the apparatus design. Only the SV cap required an o-ring type seal, and for that , 



37 

the Teflon o-rings, which were tested and found to be effect ive in withstanding the high pressure 

supercrit ical CO2 gas, were used. Three 72 hour-durat ion leak tests were performed for the 

apparatus-core with CO2 at  2000psi pressure and 50°C temperature. These tests indicated that  

the apparatus had a consistent  leak rate of about  0.2psi/ day, and the effect  of gas leak on the 

sorpt ion calculat ions was corrected by using the methodology suggested by van Hemert  et  al. 

(2009). 

 

 

F igure 4.3: Schemat ic diagram illust rat ing the custom built  manomet ric apparatus, which was 

used for the sorpt ion tests in this study. The alphanumeric labels on the various components 

of the diagram have the following connotat ions. V1: reference vessel valve, V2: sample vessel 

valve, V3: vacuum valve, V4: helium gas supply valve, V5: syringe pump upst ream valve, V6: 

syringe pump downst ream valve, 1: reference vessel (RV), 2: t ransducer, 3: sample vessel (SV), 

4: glass sample-tube. The slanted posit ion of sample tube rest ricts the water in the sample tube 

from coming out  to the sample vessel. The t ransducer cont inuously t ransfers the pressure 

recording to the personal computer, where it  is automat ically saved.  
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Table 4.2: List  of the components, which were used in the custom-designed supercrit ical 

sorpt ion apparatus, along with their respect ive vendor informat ion and other specificat ions. 

Components Vendor P art  ID Specificat ions 

He Cylinder General Air  Grade 4.5 (99.995% purit y), 2800 P si 

CO2 Cylinder General Air  Inst rument  Grade (99.99% purit y) with dip-

tube 

Syringe P ump Teledyne  Isco 266HP  266ml capacity, 9500psi 

Valves (V) HiP   15-11AF2 Taper seal Needle valve, 15,000psi  

Connect ions HiP   15-9A2 

 

Isothermal Bath P olysicience  

 

P P 45R-20 -25-135°C, ±.005°C,  

Working Access: 54.9 x 39.8 x 14 cm 

Reference Vessel  HiP   30-HM16-12  

Sample Vessel  P hoenix TX Custom built  60ml, Teflon O-  

P ressure t ransducer Omega  P X409AUSBH 3500psi, .08% BSL Accuracy, 85°C 

Glass Sample Tube  Ace Glass  8648-60  100psi, 15ml, with plunger valve 

4.2.5. Sorpt ion Experim ent s 

In this study, sorpt ion isotherm of supercrit ical CO2 [crit ical temperature: 31.03°C 

(Suehiro et  al. 1996)] was determined for the samples at  a constant  temperature of 50°C. To 

init iate the sorpt ion test  for a given dry sample, placed in the sample-tube, the tube was 

inserted in the SV of the apparatus by maintaining the closed posit ion of the plunger. To 

maintain the degassed condit ion for the sample, the atmospheric gas present  in the SV was 

evacuated before shift ing the plunger to the open posit ion. For that , the cap of the SV was 

carefully t ightened t ill the Teflon o-ring on the SV cap started to engage with the inner wall of 

the SV. The sealing of the interior of the SV was at tained at  this point  without  pushing the 

plunger of the sample-tube to the open posit ion. Subsequent ly, V1, V2 and V3 were opened, 

which evacuated the RV and the SV to a vacuum level of 0.1torr. Then, the SV cap was further 

t ightened, which pushed the plunger in the sample tube to the open posit ion, and consequent ly, 

the sample in the tube was no more isolated from the interior of the SV. The steps, which have 

been out lined up to this point , were not  required for the water-imbibed samples as there was 

no risk of losing the degassed condit ion for these samples, which were already submerged in 

water as shown in F igure 4.3. 
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The free space of the SV was measured by following the methodology described in Sub-

sect ion 4.2.3. For that , first, the V2 and V3 were closed, and then the V4 was opened, which 

allowed the t ransfer of the helium gas from the cylinder to the RV. The V1 and V4 were closed 

as soon as the t ransducer read a pressure value of approximately 500-600 psi. After a thermal 

equilibrium in the inst rument  core was reached, which usually took 2-3 minutes, the V2 was 

opened. This caused the helium gas contained in the RV to isothermally expand in the free 

spaces of the SV, including those in the pores of the sample (only for the dry sample). The 

pressure in the system dropped gradually (similar to F igure 4.2b), and an equilibrat ion in 

pressure indicated that  all connected pores in the sample were now occupied by the helium gas. 

The equilibrat ion pressure values, before and after the opening of the V2, were used for the free 

space calculat ion of the SV by using the expressions out lined in Appendix-A. Thereafter, the 

V1, V2 and V3 were opened to purge the system of all helium gas. This step prepared the 

apparatus for the next  stage of the sorpt ion experiment , which was essent ially the first  gas-

expansion sequence using the supercrit ical CO2 gas. In the later stage of the experiment , CO2 

gas was required to be t ransferred to the apparatus-core. For that , first, the syringe pump was 

charged with CO2, and as per the pressure requirement  in the apparatus-core, the gas was 

further compressed. The subsequent  steps of the experiment  were similar to those described in 

Sub-sect ion 4.2.3. 

The material balance and CO2 equat ion of state (EOS) proposed by Span and Wagner 

(1996) were used for the evaluat ion of sorpt ion isotherms from the gas-expansion sequences. 

The isotherm calculat ion steps for the dry samples were discussed earlier, and the associated 

expressions are deduced and listed in Appendix-A. A Mat labTM code for the Span and Wagner 

EOS for CO2 is included in Appendix-B. For the water-imbibed samples, the material balance 

calculat ion for the sorpt ion quant ity evaluat ion also required the quant it y of dissolved CO2 in 

water at the isotherm pressure and temperature condit ions. For that , the standard solubilit y 

data of CO2 in water, as reported by Wiebe and Gaddy (1940), were used in this study. 

Moreover, the P VT data for brine and CO2 as reported by Hassanzadeh et  al. (2008) indicated 

that  a negligible fract ion of water molecules exists in the gas phase (F igure 4.4a). Also, the 
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swelling of water with the CO2 dissolut ion is insignificant  as indicated by the plot  for the 

format ion volume factor (B ) in F igure 4.4b. Therefore, for water-immersed samples, the effect  

of change in the volume of water due to the swelling and water evaporat ion can be neglected 

in sorpt ion excess calculat ions. The expression used for the sorpt ion isotherm calculat ion for 

the water-imbibed samples is derived and listed in Appendix-A.  

 

F igure 4.4: (a) P lot  showing experimental results for the solubilit y of CO2 in water at  50°C 

temperature at various values of pressure up to 4000 psi (Wiebe and Gaddy,1940). The mole-

fract ion of water in the gas phase at  various pressure values is also shown. (b) Water format ion 

volume factor (B ) for CO2 dissolut ion is plot ted at  various pressure values (Hassanzadeh et  

al. 2008). 

4.3. R esult s and D iscussion  

First ly, the sorpt ion isotherm results for the samples in their dry and water-imbibed 

states are compared and analyzed. Subsequent ly, the results of the P TA based interpretat ion 

of the sorpt ion kinet ics study are discussed and the role of pore-water on the rate of sorpt ion 

is described.  

4.3.1. Sorpt ion C apacit y  

The isotherms obtained for the dry and water-imbibed samples are shown in F igure 4.5. 

In was observed that , the isotherm for a given sample in it s dry state plot ted above that  of it s 
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water-imbibed condit ion. This indicated that  the pore water in the sample had a negat ive 

impact  on the sorpt ion capacit ies for the supercritical CO2. However, for the illit e clay sample, 

the drop in the sorpt ion capacity with water imbibit ion was noted to be more pronounced than 

that  for the organic-rich shale samples. Indeed, the isotherm of water imbibed-illit e clay sample 

was plot t ing very close to the x-axis in F igure 4.5a, which suggested that  the sorpt ion of CO2 

was reduced to almost  negligible values in the presence of water in the pores. This result  implied 

that  during the forced imbibit ion, water filled most  of the illit e-pores, which were otherwise 

sorbing the supercrit ical CO2 in the absence of water. This hypothesis was substant iated by 

the reported water-wet t ing characterist ics of the illit e clays (Borysenko et  al. 2009). Shang et  

al. (2008) also suggested the same through the contact  angle measurements for the illit e clays.  

In cont rast , for the organic-rich shale samples, which consisted of illit e as well as the 

OM, the drop in the sorpt ion capacit ies was not  as pronounced (F igure 4.5b). The part ial loss 

of the CO2 sorpt ion capacity in the two shale samples (F igure 4.5b) appears to have happened 

from the invasion of water in the illit e-pores, which in the dry state, were also cont ribut ing to 

the sorpt ion capacity. However, it  was likely that  even with the forced imbibit ion of water in 

the shale samples, some of the non-water wet  pores had remained unoccupied, and later those 

pores were cont ribut ing to the CO2 sorpt ion. However, it  was also possible that  these non-

wet t ing pores were get t ing filled with water and later get  displaced by CO2. Among the 

const ituents of shales samples, which are listed in Table 4.1, the illit e clay was expected to 

have similar hydrophilic characterist ics as observed in the illit e clay sample. Silicate and 

carbonate const ituents may be either hydrophilic or hydrophobic; however, the BET SSA 

results, obtained from water and hexane vapor adsorpt ion for the silt stone samples in Chapter 

3, suggested that  these two const ituents cont ribute the least  in the micro- and meso-pore surface 

area of the samples. Therefore, their cont ribut ion in CO2 sorpt ion in shales, which is most  likely 

to take place in the micro- and meso-pores, was considered insignificant . Thus, the OM was 

the only remaining potent ial const ituent , which was likely to have facilitated the CO2 sorpt ion 

in shale samples in their water-imbibed state. The lower BET specific surface area (SSA) result  

obtained from water vapor adsorpt ion for shale samples in Table 4.1, which according to the 
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findings of Chapter 3, were a repercussion of the hydrophobic characterist ics of the OM pores. 

Therefore, during the forced imbibit ion of water, the clay-pores of shale samples were most  

likely to be filled with water, as was the case for the illit e clay sample.  

 

F igure 4.5: (a) P lot  showing sorpt ion isotherms of BK1 and clay samples in their dry and water-

imbibed condit ions. (b) P lot  comparing the sorpt ion capacit ies of two shale samples in their 

dry and water-imbibed states. The lines in the isotherms represent  the best  fit ted-curves, while 

the symbols represent  experimentally determined isotherm data-points. 

High capillary ent ry pressure for ent ry of water in the hydrophobic OM pores because 

of their meso-(2-50nm) and micropore (< 2nm) size-range (e.g. Loucks 2009; P assey 2010; 

Zargari et  al. 2015). However, the cont ribut ion of these pores in the CO2 sorpt ion capacity of 

the shale samples indicated that  the CO2 gas was able to access these pores at  pressure values, 

which were as low as 200psi (during sorpt ion). Therefore, it  was concluded that  capillary 

pressure of the water-supercrit ical CO2 system in shale OM pores st rongly favors the pore-

filling by the CO2 sorbate. 

The difference in the sorpt ion capacit ies of t he two shale samples can be at t ributed to 

the difference in their thermal maturity. As discussed earlier, BK1 sample belongs to the oil 

maturit y window, while EP U119 belongs to the gas maturit y window of thermal maturity . 

Moreover, EP U119 sample was t reated with toluene by Zargari et  al. (2015) to remove it s 
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bitumen OM. Therefore, the absence of bitumen could have resulted in a lower CO2 sorpt ion 

capacity of EP U119 than that  of BK1 (F igure 4.5b). This implied that  the bitumen OM was 

likely to cont ribute in the overall supercrit ical gas sorpt ion capacity of shales. 

4.3.2. K inet ics of Sorpt ion in W at er Im m ersed Sam ples 

Sorpt ion in a given sample would require the t ransportat ion of the sorpt ive gas from 

the interior of the apparatus core to the pore-space of the sample. F low of the sorpt ive gas in 

the samples was expected to have both diffusive and advect ive components. Although such flow 

of fluids can be mathemat ically formulated and solved using the diffusivit y equat ion, in this 

study the technique of pressure t ransient  analysis (P TA) was adopted for qualitat ively studying 

the kinet ics of sorpt ion.  P TA is widely used in the well-test ing applicat ion, in which a t ransient  

pressure response is generated by varying the product ion or inject ion rate of the well (Bourdet  

2002). These pressure t ransients are interpreted using P TA techniques for the quant itat ive 

est imat ion of the reservoir rock permeabilit y, well-bore skin, reservoir shape and size, etc. 

Similar t ransient  pressure response for the flow or invasion of sorpt ive CO2 in the porous and 

permeable samples was obtained during the gas-expansion sequences of the sorpt ion tests. 

Analyzing these pressure t ransients using the P TA techniques helped in understanding the 

kinet ics of the sorpt ion process in this study. There are various other pressure t ransient  based 

methods for rigorous analysis of the rate of sorpt ion in materials such as zeolites. Among them, 

the most  widely used piezomet ric method (Bulow and Micke, 1995) is known to be effect ive in 

challenging systems, which involve fast  diffusion and st rong adsorbate-adsorbent  interact ion 

(Brandani, 1997). However, given the slow rate of diffusion in the shale and illit e samples and 

the qualitat ive nature of the analysis, the P TA based curve-fit t ing method was found adequate 

for this study.  

F igure 4.6 shows an example of a cont inuous pressure versus t ime record for one of the 

sorpt ion tests. Three different  gas-expansion sequences exist  in this part icular example, which 

were obtained during the sorpt ion experiment  on the water-imbibed EPU119 sample. Similar 

pressure responses, which were essent ially pressure t ransients for the flow of gas in the samples, 

were used for studying kinet ics of sorpt ion. F irst ly, from the pressure values in the t ransient  
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pressure data, the final pressure (p ) was subt racted, which gave the pressure difference (∆p). 

Likewise, t ime-difference (∆t) was also obtained by subt ract ing t  from the absolute t ime values 

in the data. In the P TA technique, first ly, the flow geomet ries are ident ified by plot t ing ∆p 

against  various t ransformat ions of ∆t. For a radial flow geometry or regime, a linear relat ionship 

is obtained in the ∆p versus the logarithmic of ∆t plot  (Horner 1951). A similar linear 

relat ionship is obtained between ∆p with the square root  of ∆t for a linear flow geomet ry (Cinco-

Ley 1981). For a spherical flow geomet ry, the linear relat ionship exists in between ∆p and the 

inverse square root  of ∆t (Raghavan 1993).  

 

F igure 4.6: T ime versus pressure chart  showing the t ransducer-data for the CO2 adsorpt ion test  

on the water saturated EP U119 shale sample. Three gas-expansion sequences, which correspond 

to the three different  data-points on the isotherm of the sample, are shown. 

The flow geomet ry in the samples during the sorpt ion tests was ident ified by plot t ing ∆p with various funct ions of ∆t, namely log ∆t, √∆t and √∆t⁄ . ∆p versus √∆t plot  (linear flow) 

had linear intervals for water-imbibed samples in the early t ime region (ETR), while ∆p versus log ∆t plot  (radial flow) was observed to have linear-fit intervals for both water-imbibed and 

dry samples in the middle t ime region (MTR). The init ial linear flow geomet ry relates physically 

with the configurat ion of the water immersed sample in the tube (F igure 4.7b). The samples 

were placed at  the bot tom of the sample tube; therefore, the sorpt ive gas init ially diffuses 
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through the bulk water phase with a linear flow geomet ry as illust rated in F igure 4.7b. On the 

other hand, in MTR, the flow of sorpt ive gas in both dry and water-imbibed samples was 

expected to have a pseudo-spherical flow geomet ry as shown in F igure 4.7 (a) and (c). However, 

due to the permeabilit y anisot ropy, the flow was expected to be dominant  along the bedding 

of the samples (horizontal direct ion in F igure 4.7a and c). Therefore, a pseudo-radial flow 

geomet ry, dominated in the samples in the MTR. 

 

F igure 4.7: Various flow geomet ries for the sorpt ive gas for the sorpt ion process (a) dry sample 

(b) init ial t ime region in water immersed (c) the middle t ime region for water immersed samples. 

After having ident ified the flow geomet ry in the samples, the rates of the sorpt ion 

process were compared for the dry and water-imbibed samples. F igure 4.8 shows the ∆p versus √∆t plots for the dry and water-imbibed BK1 and illit e samples. The plots in F igure 4.8 indicate 

that  the pressure drop was slow during the gas-expansion sequence in water-imbibed samples, 

in comparison to that  for the dry condit ion of the respect ive samples. The init ial linear fit  in 

the water-imbibed samples was interpreted as the linear flow geomet ry for the diffusive 

t ransportat ion of the dissolved CO2 gas through the overlying column of water in the tube 

(F igure 4.7b). This hypothesis was substant iated by similar values of the slope of the ETR 

regression-fit s in F igure 4.8 a and b, which suggested that  the sample did not  affect  this flow 

regime. In the MTR, the logarithmic curve fit t ing confirms the pseudo-radial flow geomet ry in 
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both water-imbibed and dry samples. According to the semi-logarithmic plot t ing technique of ln -fit  equat ions can be 

interpreted as the inverse of t ransmissivit y of CO2 in the samples. Therefore, for the water 

immersed samples, higher values for these coefficients suggest  a slower rate of the sorpt ion in 

the presence of liquid water in the pores.  

t t

tt
 

F igure 4.8: The pressure change (∆p) versus the square-root  of t ime (√∆t) plot  for the water-

imbibed and dry states of BK1 and Illite samples are shown. Early t ime region (ETR) linear 

and the middle-t ime region (MTR) pseudo-radial flow geometries are ident ified in the water-

imbibed (a) BK1 and (b) illit e samples by the regression-fit s, for which the equat ions are given 

on the plots. For dry (c) BK1 and (d) illit e samples, the ETR linear flow regime was absent ; 

however, the MTR radial flow was confirmed by the logarithmic regression-fit , for which the 

equat ions are given on the plots.  
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4.3.3. M echanism  of Sorpt ion in W at er-Im bibed Sam ples 

As the water-imbibed samples were submerged in a liquid water column during the 

sorpt ion experiments (F igure 4.3, F igure 4.7), the CO2 gas that  was reaching the sample was 

essent ially in the dissolved state. The CO2 gas was not  expected to be t ransport ed as gas 

bubbles in water due to the very low pressure-different ial for the flow. Therefore, under these 

circumstances, in which only the dissolved gas was available in the vicinit y of the sample, the 

t ransportat ion of gas in the pores was also expected to take place through diffusion in water. 

The reported value of the diffusion coefficient  of dissolved CO2 in liquid water at  50°C is about  

3-4× − m2/ s (e.g. J ahne et  al. 1987; Versteeg and Swaalj 1988; Tamimi et  al. 1994), and the 

value of the self-diffusion coefficient  for CO2 in the gas phase is about  4 × − m2/ s (Takahashi 

and Iwasaki 1966). Therefore, the diffusion of dissolved CO2 in pores of the water-imbibed 

samples was expected to be substant ially lower than the diffusion in the pores of the dry sample, 

which explains the lower rate of sorpt ion in the former.  

For the sorpt ion to take place, it  was essent ial for the dissolved CO2 to get  released 

from water after it  reached the vicinity of the OM pores. The spontaneity of the process 

suggested that  the sorpt ion from a liquid solut ion indeed took place in shales. Instead of a 

water-CO2 fluid system, if there were a liquid hydrocarbon, which consisted of lighter and 

heavy-end alkanes, it s composit ion might  also get  altered with the sorpt ion of light -end 

hydrocarbons, such as methane, in the OM pores. The significance of such alterat ions in the 

liquid hydrocarbon composit ion may change the P VT propert ies of the hydrocarbon fluid in 

the subsurface environments. However, such a hypothesis for a hydrocarbon fluid needs to be 

verified with actual experiments. 

4.4. C hapt er C onclusion 

Based on the experimental findings of this study, the following conclusions were made: 

 OM pores play a crucial role in retaining the supercrit ical CO2 sorpt ion capacity in the 

water-imbibed state of organic rich shales. 
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 The Illite clay sample shows negligible supercrit ical sorpt ion for CO2 in the water 

imbibed condit ion. 

 Rate of sorpt ion is reduced substant ially in the presence of water due to the much lower 

diffusion coefficient  of CO2 in liquid water than that  of it s gas state. 
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 CHAP TER 5  

ACOUSTIC SIGNATURES OF CONFINED UNDERSATURATED CONDENSATES 
 

This paper is current ly in preparat ion for peer-reviewed submission in  

J ournal for Geophysical Research. 

 

Vapors can form molecular films of confined undersaturated-condensate (CUC) on flat  

solid surfaces due to mult ilayer adsorpt ion. Similarly, micro-(< 2nm) and meso-pores (2-50nm) 

fill with CUCs through the so-called micropore-filling and capillary condensat ion mechanisms. 

CUCs are considered to be dense as liquids; however, it  is ambiguous whether their rheological, 

deformat ional and interface propert ies are similar to a liquid or that  of a compressed gas. In 

this study, ult rasonic acoust ic methods were used to understand these phase propert ies of the 

CUCs. Commonly used at t ributes of acoust ic waves, namely wave velocity and at tenuat ion are 

sensit ive to the flow, deformat ional and interfacial propert ies of the pore fluids. Hexane and 

water vapors were allowed to adsorb in the micro- and meso-pore dominated aggregates of 

common clays, while simultaneously acquiring ult rasonic p-wave responses. The p-wave 

velocity, which is a measurement  of the media st iffness, did not  change with hexane adsorpt ion. 

However, water vapor adsorpt ion init ially increased the p-wave velocity in the clay aggregates. 

Aft er about  5-6% saturat ion of water CUC, the p-wave velocity decreased sharply with 

increasing water vapor adsorpt ion. The presence of the adsorbate in clay pores resulted in larger 

at tenuat ion of the p-wave, similar to at tenuat ion observat ions at  part ial liquid saturat ion in 

the pores. The findings provide experimental verificat ion of some of the poorly understood 

phase at t ributes of the very thin CUC films located in narrow confinements. 

5.1. Int roduct ion 

P ropert ies of fluids confined within small spaces, such as narrow capillaries and thin 

films, are radically different  than those of their normal bulk phase (Snook and van Megen 1979; 

Chan and Horn 1985; Israelachvili 1987; Henderson and Lozada-Cassou 1986; P eterson et  al. 

1986; Evans and Marconi 1987; Bitsanis et  al. 1987; Israelachvili et  al. 1988; Israelachvili 2011). 
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The classical theory of vapor adsorpt ion in porous subst rates deals with the confining effect  of 

the pore-walls on the adsorbate phase density. However, not  much is known about  the stat ic 

deformat ional propert ies of CUCs. The current  understanding of dynamic propert ies, such as 

rheological and dynamic deformat ional propert ies of the thin fluid-films, are most ly rest ricted 

to liquids (not  CUC). Gee et  al. (1990) provided a broad descript ion of the dynamic propert ies 

of thin films and suggested that  the fluid molecules modify their orientat ion and become 

progressively more ordered as the size of the confinements is decreased. Granick (1991) later 

suggested that  the successive reduct ion of the thickness of confined films has enhanced effect ive 

shear viscosity as compared to their bulk fluid viscosity. Moreover, thin films consist ing of 5-6 

fluid-molecules undergo liquid to solid-like t ransit ion. Schoen et  al. (1995) described the very 

high resistance fo

influence of the surrounding rigid neighbor-molecules. Therefore, aided by the no-slip boundary 

condit ion at  the solid-fluid interface, an elevated shear viscosity of the film can reduce the 

effect ive hydrodynamic pore-radius considerably for sufficient ly narrow confinements. The 

effect  of the wet t ing preference of the capillary or the flat  surfaces on the modificat ion of flow 

propert ies was studied by Vinogradova (1995). It  was shown that  a repellent  surface or capillary 

had enhanced drainage of a non-wet t ing fluid without  no-slip condit ions, similar to that  noted 

for the flow of gas in narrow capillaries.  

T ribology, the science of sliding surfaces, involves studying flow and deformat ional 

propert ies of the thin liquid films. The surface force apparatus (SFA) is used in nano-t ribology 

for the measurements of the stat ic and dynamic propert ies of molecularly thin films. SFAs were 

used for studying pore-hosted CUCs by F isher and Israelachvili (1981), Christenson (1994), 

Kohonen and Christenson (2000). These studies, however, were limited to the experimental 

verificat ion of some of the basics principals of vapor adsorpt ion, such as capillary condensat ion. 

Using scanning microscopy based t ribology methods, such as frict ion force and atomic force 

microscopes to study capillary condensed water on a graphite surface, J inesh and Frenken 

(2006) found an ice-like rigidit y in thin films. However, it  is unknown whether such rigid 
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st ructures form only for dipolar molecules of water or if the phenomena extend to non-polar 

fluids, such as light -end alkanes. 

Nano- and sub-nano sized pores of shales are located in mineral components, such as 

clays or equivalent -sized part icles (e.g. Ross and Bust in et  al. 2009; Kuila et  al. 2013; Saidian 

et  al. 2015) or inside the kerogenic or bituminous organic mat ter (e.g. Loucks 2009; P assey 

2010; Zargari et  al. 2015; Kumar et  al. 2015). These pores in shales can potent ially develop 

CUC of light -end or volat ile hydrocarbon vapors. Moreover, the supercrit ical adsorpt ion in 

shale micropores is now widely accepted (e.g. Ross and Bust in 2007; Ambrose et  al. 2010; 

Chareonsuppanimit  et  al. 2012; Zhang et  al. 2012; Clarkson et  al. 2013) as the reason behind 

the anomalously high fluid-storage abilit ies of shales. The phase propert ies of the supercrit ical 

adsorbates, which have a density similar to that  of liquid (e.g. Himeno et  al. 2005), are also 

largely unknown. The rheology of CUC and super-critical gas condensates (SCGC) in shale 

reservoirs may have a significant  effect  on the nature of fluid flow because of the modificat ion 

in fluid mobilit y in the pore conduits. The effect  is largely analogous with the phenomena of 

ret rograde condensate near the well-bore region, which is det rimental to the gas flow through 

the pores, as the condensate phase occupies pore boundaries and thus reduces the effect ive flow 

radii for the gas (e.g. Henderson et  al. 1996; P ope et  al. 2000). 

Understanding the nature of thin fluid films is crucial for a wide variety of science and 

engineering applicat ions such as lubricat ion, film coat ing, biotechnology, soil science and space-

technology. Clay as the CUC host ing subst rate are an obvious choice for this study for the 

following reasons. F irst ly, they have meso- and microporous pores for CUC host ing (e.g. Quirk 

and Aylmore, 1971; Cases et  al. 1992; Rutherford et al. 1997; Neaman et  al. 2003; J ullien et  al. 

2005; and Kuila and P rasad, 2013). Moreover, common clays are among the most  

comprehensively studied natural materials due to their ubiquitous existence and wide use in 

different  fields such as soil sciences, shale pet roleum resources, sedimentary and pet roleum 

geology, dyes, catalysts and hazardous waste disposal. The applicat ion of ult rasonic acoust ic 

methods for studying CUC in confined spaces is rare. Similar studies were undertaken for the 

characterizat ion of moon-rocks using the geophysical method. The very low seismic wave 
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at tenuat ion in the moon-rocks (e.g. T it tmann et  al. 1973; 1974) mot ivated the subsequent  

studies to invest igate the role of a very small amount  of volat iles and later undersaturated 

vapor on the acoust ic wave at tenuat ion in macroporous subst rates (e.g. T it tmann et  al. 1976; 

Clark et  al. 1980). Since the macroporous materials used in above ment ioned studies might  

have hosted only a small amount  of CUC saturat ion, the interpretat ion of CUC viscoelast ic 

propert ies is examined further by using consolidated clay aggregates as CUC hosts. 

Furthermore, hexane and water vapor were used to dist inguish between a polar (water) and 

non-polar (hexane) CUCs. 

5.2. B ackground 

First ly, the mechanism of CUC format ion on flat  surfaces and that  inside meso- and 

micro-porous subst rates are discussed in this sect ion. Thereafter, the micro-st ructure of clays, 

which is crucial for understanding the shape and size of the CUC host ing pores, are elaborated. 

Subsequent ly, the nature of water and hexane adsorpt ion and CUC format ion in the pores of 

clays are discussed. F inally, the fundamentals of acoust ic wave propagat ion and at tenuat ion in 

the fluid saturated porous subst rates are elaborated.  

5.2.1. C U C  and V apor A dsorpt ion 

Undersaturated vapors form a few-molecules thick film of CUCs on a flat  subst rate by 

mult i-layer adsorpt ion (e.g. Brunauer et  al. 1969). At  the surface of the subst rate, the fluid 

molecules are subjected to the so-called interfacial force, which may be either at t ract ive or 

repulsive in nature. Disjoining P ressure [DP ] (Derjaguin 1987) is one of the methods of 

represent ing these forces. For at t ract ive surface-fluid interact ion, film format ion occurs 

spontaneously due to net  negat ive work (or an excess of free energy) associated with the process. 

According to the DLVO theory (after B. V Derjaguin, L.D. Landau, E.J . Verwey and J .Th.G. 

Overbeek), there are three different  kinds of DP , namely van der Walls (VW), elect rostat ic 

(ES), and st ructural (St ) (Derjaguin 1974). While the VW type interact ion is ubiquitous, it  

may be negligible when compared to a polar or dipolar surface-fluid pair in which the ES and 

St forces are most  likely to dominate. Therefore, in this study, the polar pore-surfaces of the 
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clays were expected to form fluid-films of the non-polar hexane molecules through the VW type 

interact ion. In cont rast, for water molecules, the interact ion can be expected to be of 

the ES or St  t ype. While the intensity of both, the VW DP and the at t ract ive ES DP decay 

with inverse cube and inverse square of film thickness, respect ively; the St  DP decays 

exponent ially with the film thickness (e.g. Churaev and Sobolev 1995). Ellipsomet ric studies of 

the adsorbed vapors on flat  subst rates have confirmed such decaying characterist ics of the DP 

with the CUC film thickness. For example, Gee et  al. (1989) observed inverse cubic decay for 

the VW type DP  for the normal alkane (C5-C8) films, which adsorbed on the quartz surface. 

However, for water, unusually thick films are known to exist  over the hydroxylated quartz 

surfaces because of the slowly decaying DP (e.g. P ashley and Kitchener 1979). This effect  was 

explained by the authors using the so-called clustering of water molecules at  discrete hydroxyl 

sites of the quartz surface. 

In cont rast , if the solid surface has a curvature or a const rict ion like that  of a narrow 

capillary or a pore, CUC format ion in vapor adsorption follows the classical theory of subcrit ical 

adsorpt ion in porous subst rates. At  the onset  of adsorpt ion, when the vapor pressure of the 

fluid is low (say 0-0.4 p p⁄ ), a CUC film is formed on all pore surfaces of the given porous 

subst rate. However, if micropores (< 2nm) are also present  in the porous subst rates, they 

undergo CUC filling at  very low vapor pressure (p p⁄ <  0.05) by the so-called micropore-filling 

mechanism (Dubinin 1960). As the vapor pressure or concent rat ion is further increased the 

capillary condensat ion sets in, through which the mesopores (2-50nm) begin to fill completely 

with the CUC. The CUC filling follows the size order of the pores, which essent ially means that  

the smaller the mesopores, the lower the vapor pressure needed to fill it , and vice versa. The 

Kelvin equat ion (Thomson 1982) relates the vapor pressure with the size of the smallest  pore, 

which does not  fill with CUC due to capillary condensat ion during adsorpt ion (Gregg and Sing 

1967). In the ent ire process, the macropores behave more like a flat  subst rate than a pore; 

therefore, the CUC films form only on their surfaces through the mult i-layer adsorpt ion, while 

a large fract ion of their space is occupied by the gaseous vapors phase. F igure 5.1 summarizes 

the fluid-filling in porous subst rates by vapor adsorpt ion. 
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F igure 5.1: The fluid dist ribut ion in a porous subst rate undergoing vapor adsorpt ion. The 

arrows show the direct ion of progression for increasing vapor pressure in an adsorpt ion 

isotherm. The fract ion of vapor in the pores decreases with increasing vapor pressure and the 

CUC fract ion of fluid held as thin film also decreases. In cont rast , the fract ion of CUCs, which 

completely occupy the pores, increases with increasing vapor pressure. 

5.2.2. C lay-st ruct ure 

Clays have mult iple levels of microst ructural hierarchy (F igure 5.2). Several features 

from F igure 5.2 can be observed in the F ield Emission Scanning Elect ron Microscope (FESEM) 

pet rographical image of one of the clay samples used in this study (F igure 5.3). The most 

elementary const ituent  of the clays is referred to as a layer, which in most  instances is either 

T O (Tet rahedron-Octahedron) or T OT  (Tet rahedron-Octahedron-Tet rahedron) type (Brown 

and Brindley 1980). The natural clays, for example, illit e and smect ite, consist  of TOT layers, 

whereas the TO layers const itute the kaolinit ic clays. These layers are negat ively charged due 

to the isomorphic cat ion subst itut ion of quadravalent  silicon (Si +) from the tet rahedron lat t ice 

with a t rivalent  cat ion Al + , and that  of aluminum Al +   from the octahedral lat t ice with a 

bicat ion, such as Fe +, Mg +, Ti + (e.g. Brown and Brindley 1980). These charge deficit s are 

counter-balanced by the st ructural cat ions of clays, which are either sandwiched in the inter-

layer spaces or located at  the periphery or the edge of the layers (e.g. Vaccari 1998).  The 

stacking of layers forms the so-called tactoids or lamella. The st ructural integrit y of the 

stacking in the presence of water is dependent  upon the hydrat ion characterist ics of the 

interlayer countercat ions (e.g. Dontsova et  al. 2004). For a sw elling  smect it ic series of clay 

minerals, the presence of st ructural countercat ions, such as Ca +, Mg +and Na+, which have 

high hydrat ion potent ial, results into the penet ration of water in the interlayer space.  



55 

 

 

F igure 5.2: Micro-st ructure of common clays is illust rated through a schemat ic diagram. The 

most  elementary micro-const ituents are the TOT or TO layers, which in turn stack together 

to form the Tactoid. The tactoids form the micro-aggregates, which in turn form the 

macroscopic clay aggregates.  Inter-layer pores at  the rugged edge (P 2) and inter-tactoid pore 

(P 1) can be observed in the micro-aggregate illust rat ion. The aggregate is illust rated on the 

right , which shows a macropore (P 3) of clay. 

 

 

F igure 5.3: F ield Emission Scanning Elect ron Microscope image of clay aggregate IMt -1 showing 

the tactoids (with dot ted encirclement  in the inset) and micro-aggregates. 
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Subsequent ly, if water is present  in sufficient  amounts, it  forms a few-molecules thick 

film in the interlayer space, which ult imately causes disassembling of the stacked layers of the 

tactoids due to so-called repulsive hydrat ion (Israelachvili and P ashley 1982). Therefore, the 

interlayer space of the clays may become a pore-space for swelling clays if polar fluids, such as 

water, are present . On the other hand, the non-sw elling  clays, such as illit e, which consist  of 

low hydrat ion potent ial K+as it s st ructural countercat ions, that  the water molecules from 

entering into the interlayer space. 

For non-polar fluids, including that  of the vapors of nit rogen and alkanes, the interlayer 

pores are reported to be impenet rable (Rutherford et  al. 1997; P rost  1997). However, various 

other systems of micro- and mesopores are known to exist  for both swelling and non-swelling 

clays, which are shown in F igure 5.2. A group of tactoids forms the so-called micro-aggregates, 

which host  the inter-tactoid pores (P 1), whereas the rugged edges (P rost  1997) of the tactoids 

form the interlayer pores (P 2). The stacking of the micro-aggregates results in the format ion of 

the aggregates of clays, which host  their macropores (P 3 in F igure 5.2). 

5.2.3. C U C  in C lays P ores 

As clays were used as the CUC host ing subst rates in this study, it  was crucial to 

understand the nature of vapor adsorpt ion in clay minerals. Most  vapor adsorpt ion studies 

regarding the clays are performed with the primary purpose of determining the specific surface 

area (SSA) and the pore-st ructure (e.g. Kuila et  al. 2013). As discussed earlier, the adsorpt ion 

of non-polar vapors like that  of nit rogen and alkanes are dominated by the VW DP in clays 

and other materials. Standard adsorbates like nit rogen and argon do not  access the interlayer 

micro-space of both the swelling and non-swelling natural clays, which is t rue for alkane vapors 

as well (Rutherford 1997). Therefore, the micropores (< 2 nm) probed by nit rogen adsorpt ion 

studies belong to the smallest  of the interlayer const rict ions at  the tactoid overlap region (e.g. 

Rutherford 1997; P rost  1997), as shown in F igure 5.2 and labelled as P2. The CUC format ion 

of a non-polar vapor through the capillary condensat ion was expected to take place in the inter-

tactoid meso-pores (P 1 in F igure 5.2). As described in Sub-sect ion 5.2.1, clay macropores (P 3 
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in F igure 5.2) were likely to form the surficial CUC without  completely get t ing filled with CUC 

during the adsorpt ion of non-polar vapors. 

Adsorpt ion of water in clays, especially in the swelling clays, has complex characterist ics 

(e.g. Mooney 1952a, b; Barshad 1955; Mart in 1960). Clays adsorb water vapor due to both, 

hydrat ion of the ions (such as exchangeable cat ions), and filling of the clay micro-pores and 

meso-pores (Low 1994; P rost  1997). Mooney (1952a) found that  the accessibilit y of water in 

the swelling clay interlayer spaces based his water adsorpt ion and x-ray diffract ion studies. 

Through experimental measurements, Sposito and P rost  (1982) suggested that  in swelling clays, 

the hydrate monolayer in the interlayer space have ice-like st iffness. On the other hand, 

Dontsova (2004) reported that  for non-swelling clays, that  water molecules do not  access the 

interlayer space due to the poor hydrat ion potent ial of K+cat ions. However, the exchangeable 

cat ions, which are not  in the interlayer, play a role in the adsorpt ion of water in such clays 

(Sadda 1995). P ark and Sposito (2002) suggested that  for mica surface, which are st ructurally 

and chemically similar to the non-swelling illit e clays, a single layer of hydrat ion water molecule 

exists as a rigid solid material, while a water-film thicker than 0.4nm are liquid-like. 

5.2.4. P oroelast icit y  of C lay  A ggregates 

The acoust ic wave velocity of a given medium correlates with it s st iffness and the 

material density. Therefore, in this study, the ult rasonic p-wave velocity measurements for clay 

aggregates were indirect ly determining their st iffness at  various levels of CUC and vapor 

saturat ions. Like other porous subst rates, st iffness of clay aggregates can be expected to have 

three major cont rols, namely mineral st iffness, bonding or cement ing between the grains (which 

affects rock-frame st iffness) and the type and saturat ion of the pore fluids. Int rinsic mineral 

modulus of different  natural clays is described in the next  sub-sect ion. F luids, such as water, 

apart  from having poroelast icit y effect  on clays, also affects the cementat ion between the 

tactoids and the micro-aggregates. This effect  is observed even for clay-dominated shales, which 

have amorphous silica-cement  (Oelkers 1996; van de Kamp 2008; Thyberg 2010). These clay-

rich shales, despite the silica cementat ion, may undergo swelling and disintegrat ion in the 

presence of water (Steiger 1982). Therefore, the classical Gassmann (1951), Biot  (1956a, b) and 
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Domenico (1976) theory of poroelast icit y may fail to model the water saturat ion effect  on the 

elast icit y of clay-

study to provide a reference for examining the pore-fluid effect  of CUCs on the media st iffness 

of the clay aggregates, which helped in understanding the phase propert ies of CUCs.  

5.2.5. A coust ic W ave A t tenuat ion 

For a change in liquid saturat ion in the porous media, the wave at tenuat ion propert ies 

often change more substant ially than the wave velocity (Toksöz et  al. 1979). Moreover, Winkler 

and Nur (1979) showed that  part ial brine saturat ion in sandstone resulted in more at tenuat ion 

in comparison with the completely saturated sandstone. Therefore, if the CUC has phase 

propert ies similar to that  of liquids, then the part ial CUC saturat ion due to adsorpt ion in clay 

aggregates may change their at tenuat ion propert ies more significant ly than their wave 

velocit ies. The wave at tenuat ion propert ies of a macroscopic porous material are a cumulat ive 

effect  of various phenomena such as mechanical loss due to frict ional grain sliding (e. g. Walsh 

1966; Mavko 1979), fluid flow (Biot  1956a, b; 1962a, b), viscous shear relaxat ion in pores (Walsh 

1969)  1977), gas bubble 

resonance (Anderson 1980a, b), vibrat ion of the vapor-liquid meniscus (Waite et  al.1997) and, 

scat tering from pores (Yamakawa, 1962). T it tman et  al. (1976) and Clark et  al. (1980) 

illust rated the remarkable effect  of a small amount  of volat iles or adsorbed vapors in the pores 

on the at tenuat ion propert ies of the media. 

5.3. M at erials and M et hods 

In this sect ion, the various clay-types that  were used in this study, along with their 

preparat ion method, are discussed. Then, the hexane immersion method, which was used for 

the evaluat ion of the porosity, grain density and bulk density of the clays is described. 

Thereafter, the experimental procedure for the vapor adsorpt ion isotherm measurement  with 

the MicrometricsTM ASAP 2020TM analyzer is discussed. F inally, the inst rumentat ion for the 

simultaneous ult rasonic p-wave recording on the vapor adsorbing clay aggregates is elaborated. 



59 

5.3.1. C lay  A ggregates  

This study used Montana illit e (IMt -1), Wyoming montmorillonite (Swy-2) and Mancos 

Shale illit e-smect ite mixed (60I/ 40S, ordered) layer (ISMt -2) clays, which were obtained from 

the Source Clay Repository of the Clay Mineral Society (CMS). Table 5.1 lists the as-received 

form and the CMS reported micro-st ructural chemical formula for these clay-types. Although, 

these natural samples were expected to have some minor impurit ies, such as amorphous silica 

(van der Kamp 2008), the specific clay minerals dominated their composit ions. The 

unconsolidated form of the clays was not  appropriate for the acoust ic measurements; therefore, 

about  10 grams of 40 mesh sieved samples of each clay types were cold pressed into cylindrical 

pellets for this study (F igure 5.4a) by applying a 25,000lbf uniaxial load.  The obtained pellets 

(from hereon referred to as aggregates) had standard diameter of 25mm; however, their length 

varied between 8 to 12mm, depending upon the amount of the clay-powders used. 

Table 5.1: The as-received form and the elementary st ructure of the clay sample used in the 

study. 

Clay type As-received form    St ructure 

IMt -1 Chips Mg. Ca. K . [Al . Fe. Fe. Mg. Ti . ][Si . Al . ]O OH  

Swy-2 P owder Ca. Na. K. [Al . Fe. Mn. Mg. Ti . ][Si . Al . ]O OH  

ISMt -2 P owder Mg. Ca. Na. K. [Al . Fe. Fe. Mg . Ti . ][Si . Al . ]O OH  

 

 

F igure 5.4: (a) Image showing the pellets of ISMt -2, IMt -1 and SWy-2 clays. (b) Image of IMt -

1 pellet  with the at tached p-wave crystals and the connect ion wires. The curved surface of the 

of the cylindrical pellet  was filed and flat tened at  diamet rically opposite points for an effect ive 

gluing of the crystals with a thermo-resistant  and non-conduct ing epoxy. 
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5.3.2. C lay  A ggregate P orosit y  

The effect ive porosit ies of the clay aggregates, along with their grain- and bulk-densit ies 

were determined using a method similar to the water immersion technique as described by 

Kuila et  al. (2014). However, in this study, hexane was used as the immersion fluid, instead of 

water, because water immersion resulted in the disintegrat ion of the clay aggregates. An 

OhausTM semi-micro balance was used for the sample weighing at  different  stages of the 

immersion test , which was precise up to the sixth significant  digit . The dry weight  of the 

aggregates was measured after drying them in a 3 millitorr vacuum and 200°C temperature for 

about  24 hours (F igure 5.5a). This was followed by immersion of the aggregates in liquid hexane 

for 48 hours. 

 

F igure 5.5: Configurat ion of the weight  balance for the weight  measurements of the sample in 

(a) normal and (b) buoyed condit ions. The text -box lists the various components of the balance. 

Subsequent ly, the submerged or buoyed weight  of the aggregates in liquid hexane was 

measured by using the balance configurat ion as shown in F igure 5.5 uoyancy 

was used to evaluate the grain density (ρ ) and the dry volume (V ) of the aggregates from 

their submerged weights. In the third and the final step, the hexane saturated weight  of the 

sample was taken by again switching back to the init ial balance configurat ion (F igure 5.5a). 
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This measurement  gave the weight  of the hexane in the pore-space of the aggregates, which in 

turn gave their  pore volume (V ) as the liquid hexane density (ρ =  655kg/ m3) was known. The 

following expression was used for to calculate the porosit ies of clay aggregates from V  and V :  

ϕ = V (V + V )⁄      (5.1) 

The standard cylindrical geometry of the clay aggregates provided an alternate method 

for calculat ing their porosit ies. From the diameter and the thickness of the aggregates, their 

bulk volume (V ) were calculated, which in turn was used in the following equat ion for porosity 

determinat ion: 

ϕ = V V⁄        (5.2) 

Table 5.2 lists both porosit ies (ϕ  and ϕ ), along with the grain and bulk densit ies, for 

each of the three clay aggregates. The reliabilit y of the hexane immersion method is indicated 

by the similarit y of the ϕ  and ϕ  of a given clay aggregate. 

Table 5.2: P orosity determined using two different  approaches (ϕ and ϕ ), dry bulk density 

(ρ ) and grain density ρ ) for the three clay aggregates obtained from the hexane immersed 

method. 

Sample ϕ   

(%) 

ϕ   

(%) 

ρ   

(g/ cc) 

ρ   

 (g/ cc) 

IMt -1 17.66 17.89 2.27 2.75 

Swy-2 17.46 17.67 2.21 2.66 

ISMt -2 20.95 21.32 2.11 2.67 

5.3.3.  V apor A dsorpt ion T est  

In this study, the adsorpt ion isotherms of water and hexane vapors for the clay 

aggregates were generated at  a constant  temperature of 22.5°C with the Micromerit icsTM 

ASAP 2020TM subcrit ical analyzer. The ASAP 2020TM inst rument  funct ions automat ically and 

records the isotherms by performing a series of adsorpt ion quant it y measurements at  the 

specified pressure points. A special sample tube, which is shown in F igure 5.6, was used in this 

study for the adsorpt ion experiments. A 24 hour degassing cycle under a 3 millitorr vacuum 
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and 210°C temperature preceded each adsorpt ion test, which ensured the removal of the pore-

fluids from the clay aggregates. The illit e clays lose their hydrat ion water at  100-200°C (Grim 

and Bradley, 1948; Gaudet te et  al. 1966), whereas the smect ite clays lose water in between 150-

270°C (Fajnor and J esenak, 1996). Therefore, after a 24 hour degassing cycle at  210°C 

temperature, IMt -1 clay was expected to lose most  of it s hydrat ion water, while some of the 

water was expected to stay in the SWy-2 and ISMt -2 clays. The measured isotherms were 

essent ially data-set , which consisted of the adsorpt ion quant itates or excess q: in mmole/ gram 

of the sample unit ) at  various levels of relat ive pressure (p p⁄ : the rat io of absolute pressure 

and saturat ion pressure of the vapor). The fract ion of the total pore volume filled with the 

CUC at  various relat ive pressure was calculated from the adsorpt ion excess of isotherms by 

using the following equat ion: 

SC C p p⁄ = C C  = ⁄ lϕ ρb⁄          (5.3) 

Where, SC C p p⁄  is the saturat ion of the CUC in the given clay aggregate at  a relat ive 

pressure p p⁄ , v  is the molar volume of the condensed vapor (0.131 cm /mmole  for hexane, 

0.018 cm /mmole for water), ϕ is the pellet  porosity and ρ  is the density of the adsorbed phase, 

which is considered similar to the liquid-density as suggested by Brunauer et  al. (1938). 

F igure 5.7 shows the measured hexane and water vapor isotherms for the three clay 

aggregates. For hexane vapor, a standard type-IIB (Rouquerol et  al. 2013) isotherm (which is 

a characterist ic of a mesoporous material with considerable macropore volume) was obtained 

for all three samples (F igure 5.7a). The type-H3 hysteresis in the hexane isotherms were 

characterist ic of platy part icles and their slit -shaped mesopores (Sing 1985) similar to those 

shown for clays in F igure 5.2. For water vapor, the qualit y and the signal st rength of the 

measured p-waveforms were observed to deteriorate significant ly after the isotherms reached 

relat ive vapor pressure values, which were much lower than 1.0 (F igure 5.7b). As p-wave 

measurements were the primary object ive of this study, the water vapor tests were terminated 

after the p-wave signal qualit y started to deteriorate. The desorpt ion branches of the water 
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isotherms were also not  recorded since the p-wave signal st rength did not  recover in the 

desorpt ion cycle. 

 

F igure 5.6: Various components of the special sample tube, which was used to acquire 

simultaneous adsorpt ion and acoust ic measurements are shown schemat ically. The hermet ic 

sealing, which is essent ial for performing vapor adsorpt ion is at tained by the compression of 

the rubber o-ring (3) located within the steel cap (1) and the glass-tube (5) annulus. The 

compression in the o-ring is actuated by the ferrule (4) as the nut  (2) is t ightened on the thread 

of the steel cap. The sample tube is placed at  the analysis port  of the ASAP 2020TM analyzer 

with another nut  and ferrule and an o-ring used at the port  opening (12). Elect rical leads (9) 

from the crystals (7, 8) on the clay aggregate (6) in the tube is connected to the pulser-

oscilloscope assembly through the elect rical feedthroughs (11). 
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F igure 5.7: The adsorpt ion and desorpt ion isotherms of (a) hexane and (b) water vapors for 

the clay aggregates are shown. Note that  the desorpt ion branch was not  recorded and therefore, 

not  shown in the water isotherms. 

The isotherms in F igure 5.7 also feature a secondary y-axis for the saturat ion t ransform 

of the adsorpt ion quant it ies, which was evaluated using Equat ion 5.2. The difference in the 

level of CUC saturat ion at tained at  the end of the adsorpt ion cycles, as shown in F igure 5.7, 

indicated that  each clay aggregate had different  amounts of macropores, which did not  fill with 

the CUC during vapor adsorpt ion. Therefore, for the IMt -1 aggregate, which at tained the lowest  

saturat ion in the isotherm, the macropore fract ion in the total porosity can be expected to be 

the maximum. 

5.3.4. Sim ult aneous U ltrasonic M easurem ents 

A pulser-oscilloscope assembly was used for the excitat ion of ult rasonic pulse (1MHz) 

through one of the p-wave piezomet ric crystals affixed on the curved surface of the aggregates 

(F igure 5.4b). This elast ic pulse t raversed along the diameter of the clay aggregates and 

intercepted the receiver crystal, which was at tached at  the opposite diamet ric end. The receiver  
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F igure 5.8: The p-waveforms recorded at  the various stages of adsorpt ion of the hexane (left ) 

and water (right ) vapors are shown for IMt -1 (top), SWy-2 (middle) and ISMt -2 (bot tom) 

aggregates. The gray ellipses indicate the region of the arrival of the p-waves at  the receiver 

crystals. 
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crystal converted the mechanical energy of the p-wave oscillat ions into elect ric signals, which 

was in turn received and processed by the oscilloscope. The wave at t ributes (such as velocity, 

frequency and the amplitude) of these elect ric signals are either the same or proport ional to 

that  of the elast ic p-wave oscillat ions, which the receiver crystal intercepted. The sample tube 

shown in F igure 5.6 facilitated elect rical connect ions between the crystals and the pulser-

oscilloscope assembly without  affect ing the seal-hermet icit y of the tube, which was essent ial for 

adsorpt ion tests. A personal computer cont rolled the pulser and the oscilloscope for the 

automat ic excitat ion of the pulse in the source crystal at  regular intervals and it  also saved the 

elect rical waveform from the oscilloscope to the computer hard-drive. This facilitated automat ic 

acquisit ion of p-waveform for each of the adsorpt ion and desorpt ion data-points in the isotherms 

of F igure 5.7. These recorded waveforms for t he three samples at  the various stages of hexane 

and water adsorpt ion are shown in F igure 5.8. The arrival-t ime of the p-wave to the receiver 

crystal is ident ified by the first  deflect ion in the waveform-amplitude (gray encirclements in 

F igure 5.8). F inally, the p-wave velocit ies of the clay aggregates are obtained by dividing the 

distance between the crystals by the obtained arrival t imes. 

5.3.5. V elocit y  M odelling 

The st iffness of the part ially CUC saturated clay aggregates, which were obtained from 

the recorded p-waveforms, were compared with the model-derived st iffness. The Modified 

Ga -subst itut ion equat ion (Mavko et  al. 1995) was used in this study to 

model the st iffness. The input  parameters in this model include the solid mineral modulus (M ), 

dry rock-frame modulus (M ), porous media density (ρ ), porosity (ϕ), pore-fluid bulk modulus K , and the pore-fluid density (ρ ). The mineral modulus M  for the clays obtained from the 

published literature are listed in Table 5.3. The rock-frame moduli (M ) of the clay aggregates 

were obtained by using the following expression with the velocity in their dry state: 

M = ρ V       (5.4) 

Where, ρ  is the dry bulk density and V   is the p-wave velocity of the rock frame. The 

values of ρ  of the clay aggregates were obtained from the hexane immersion method, which 
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was discussed in subsect ion 5.3.2. The density of the pore fluid at  a given CUC saturat ion was 

determined by using the following equat ion: 

ρ = ρC CSC C + ρ − SC C      (5.5) 

Where, ρC C and ρ  are the densit ies of the CUC and vapor phases in the clay pores.  

Table 5.3: The reported values of bulk (K), shear (μ) and p-wave (M) moduli (in GPa) for 

fluids and clay minerals listed along with their source in the literature. 

 Density p-velocit y K μ M(GP a) Reference 

Water Vapor 0.0206 425.25 3.7x10-6  3.7x10-6 Saul and Wagner (1989) 

Hexane Vapor 0.65731 172.02 1.94x10-5  1.94x10-5 J aeschke and Schley (1995) 

Water Liquid 997.95 1491 2.21  2.21 Saul and Wagner (1989) 

Ice 950.00 3390   10.4 T imur (1968) 

Hexane Liquid 656.52 1064.1 0.74  0.74 J aeschke and Schley (1995) 

Illit e Mineral   52.3 

60.2 

31.7 

25.4 

94.57 

94.07 

Katahara (1996) 

Wang et  al. (2001) 

Smect ite Mineral   7.0 

9.3 

3.9 

6.9 

12.2 

18.5 

Vanorio et  al. (2001) 

Wang et  al. (2001) 

I-S (60/ 40) Min.   37.0 18.2 61.27 Wang et  al. (2001) 

 

For velocity modelling, the values of ρC C were considered to be equal to the liquid 

densit ies (Brunauer et  al. 1938), whereas the values of ρ  were calculated using the relevant  

equat ion of state (EOS). For water and hexane vapors, EOS proposed by Saul and Wagner 

(1989) and J aeschke and Schley (1995) were used, respect ively. The saturat ion of the CUC 

(SC C) was obtained from Equat ion 5.2. F inally, the bulk density (ρ ) of the aggregates at  

various stages of CUC saturat ion (SC C) were calculated using the following equat ion: 

ρ = ϕ ρ + − ϕ ρ�       (5.6) 

The p-wave modulus M  and the bulk modulus K  are essent ially the same for fluids. 

By using the isost ress or the Reuss modulus averaging of the vapor and liquid saturat ion in the 

pore (Smith et  al. 2003), the following expression was obtained:  

M = K = [ CUCKCUC + − CUCKv ]−
      (5.7) 



68 

Where, KC C and K  are the bulk modulus of the CUC and the vapor phase respect ively. 

For velocity modelling, KC C was assumed to be the same as the liquid phase, and their values 

and that  of the K  were obtained from the literature, which are listed in Table 5.3. F inally, the 

following modified form of the Gassmann equat ion was used to calculate the model p-wave 

velocity (VC C) of the clay aggregates at  various stages of vapor adsorpt ion: 

VC C = [{M + −MdMsϕMf+ −ϕMs −MdMs } ρ⁄ ] .
            (5.8) 

5.3.6. A t t enuat ion A nalysis 

The so-called spect ral rat io method used in this study for analyzing the at tenuat ion 

effect  of the CUC part ial saturat ion was described by Toksoz et  al. (1979). However, the method 

described by the authors requires waveform acquisition for a reference material, such as 

aluminum. The experimental setup in this study limited the scope of such reference acquisit ions; 

therefore, the changes occurring in the at tenuat ion propert ies of the clay aggregates with the 

pore-filling by the CUCs were invest igated qualitatively. For that , t he peak-frequency of the 

FFT  derived amplitude-frequency spect ra were used as a proxy for the p-wave at tenuat ion 

at t ributes of the media (e.g. P rasad 2002). The detect ion of a change in at tenuat ion was based 

on the fact  that  the wave at tenuat ion in the media relates inversely with the peak-frequency. 

Appendix C includes the MATLABTM code used for the evaluat ion of the Fast  Fourier 

T ransform (FFT) spect ra for the p-waveforms, which were recorded for each data-point  in the 

isotherms. F igure 5.9 shows the overlay plots for the FFT spect ra for the various stages of 

hexane and water vapor adsorpt ion on the IMt -1 aggregate. The arrows indicate the direct ion 

the spect ra shifted with the progression of adsorption in the sample. For both water and hexane 

adsorpt ion in clays, a general t rend of decrease in the peak-amplitude and the peak-frequency 

were observed.  
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F igure 5.9: The FFT spect ra for IMt -1 aggregate at  different  stages of the (a) hexane and (b) 

water vapor adsorpt ion tests. The arrows show the direct ion in which the peaks of the spect ra 

shifted with the progression of the adsorpt ion tests. The circles on the curves represent  the 

peaks in the spect ra, which shift  to the lower frequency values as the adsorpt ion quantit ies in 

the aggregates are increased. 

5.4. R esult s 

In this sect ion, the pore-st ructure at t ributes of the clay aggregates, which were obtained 

from the adsorpt ion branch of the hexane isotherms, are discussed. Then, the waveform-derived 

p-wave velocit ies at  various CUC saturat ions in the aggregates are subsequent ly analyzed. 

F inally, the t rends obtained in the peak-frequency and the peak-amplitude of the FFT spect ra 

at  various CUC saturat ions of hexane and water are elaborated. 

5.4.1. Specific Surface A rea and P ore-st ruct ure R esult s 

The BET specific surface area (SSA) of the three clay aggregates obtained from the 

adsorpt ion branch of the hexane and water vapor isotherms are listed in Table 5.4. The higher 

SSA obtained from water isotherms were most  likely due to the added adsorpt ion capacity for 

water, which was in turn a result  of the hydrat ion of the exchangeable cat ions. It  might  also 

have caused by the swelling driven dismant ling of clay tactoids or the micro-aggregates, which 

essent ially resulted in the format ion of new surface areas for water vapor.  
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Table 5.4: The BET specific surface area [SSA] (m2/ g) for the three clay aggregates obtained 

from water and hexane isotherms. 

 IMt -1 SWy-2 ISMt -2 

BET  SSA Hexane 21 22 24 

BET  SSA Water 51 47 39 

 

As discussed in sect ion 5.2.1, the micro- and meso-pores fill with the CUC by the 

micropore filling and capillary condensat ion mechanisms, respect ively. In this study, the 

possible difference in the micro- and meso-pore bound CUC were also invest igated. These two 

pore-filling mechanisms commence at  dist inct  vapor pressure intervals, which allowed analyzing 

the micro- and meso-pore bound CUCs separately. For the mesopores, smaller pores fill first  at  

lower vapor pressure, followed by successive filling of the larger pores as the vapor pressure in 

the adsorpt ion test  gradually increased. Therefore, pore-size dist ribut ion of the aggregates was 

considered crucial in this study. Meso-pore size dist ribut ion (msP SD) was obtained for the 

three aggregates by applying the BJH method (Barrett  et  al. 1951) to the adsorpt ion branch 

of the hexane isotherms, and the obtained result s are shown in F igure 5.10. The frequency 

peaks in the bimodal msP SD were not  prominent , which suggested that  a fair degree of 

cont inuity existed in the pore-size of the clay aggregates. Therefore, the CUC saturat ion in the 

mesopores of the aggregates were expected to increase gradually with the progression of the 

adsorpt ion tests. Addit ionally, the pore systems of the clay aggregates were represented by the 

two dist inct  peaks in the msPSD, which can be correlated with their microst ructure as 

illust rated in F igure 5.2 and F igure 5.3. The smaller mesopores (2-5nm) in the PSD were 

associated with the pores located in the rugged edge of the tactoids (P 2 in F igure 5.10), while 

the peak of the bigger mesopores (30-80 nm) was associated with the inter-tactoid voids (P 1 in 

F igure 5.10). 

The micropores of the aggregates were assessed using the Dubinin-Radushkevich (D-R) 

method (Dubinin 1967). The D-R t ransform-plots obtained from the water and hexane 

adsorpt ion isotherms for the clay aggregates are shown in F igure 5.11. The y-intercepts of the 

fit ted lines in the D-R plots are essent ially the logarithmic of the micropore volume of the clay 
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aggregates. As the non-polar hexane molecules do not  access the interlayer space (discussed in 

Sub-sect ion 5.2.3), the micropore volume of the clays obtained from hexane vapor isotherms 

were essent ially associated with the inter-tactoid space. 

)(logwd

dV

 

F igure 5.10: P lot  showing the bimodal mesopore size dist ribut ion (msPSD) obtained for the 

clay aggregates IMt -1, SWy-2 and ISMt-2 using the BJH method. The associated peaks with 

the clay micro-st ructure are also illust rated, where the inter-tactoid pore is labelled as P 1 and 

pores located at  the edge of the tactoids are marked with P 2.  

 

 

F igure 5.11: The Dubinin- Radushkevich (D-R) plots for the three clay aggregates IMt -1, SWy-

2 and ISMt-2 for hexane and water vapors are shown. The regression lines for the micropore 

region and their equat ions are also included. The two different  linear intervals for water were 

fit ted with dist inct  regression lines, and are labeled as (a) and (b). 
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For water, uncharacterist ic D-R plots with two linear intervals for swelling SWy-2 and 

ISMt -2 clays were obtained (F igure 5.11). Therefore, two dist inct  micropore volume were 

obtained for each of these swelling clays from the y-intercepts of the two linear-fit s in the D-R 

plots. Kraehenbuehl et  al. (1987) studied the nature of water adsorpt ion on the swelling 

montmorillonite clay and reported similar D-R t ransform plots, in which mult iple linear 

intervals existed. According to Kraehenbuehl et  al. (1987), the linear-intervals (a) and (b) for 

SWy-2 and ISMt-2 in F igure 5.11 represent  the mult i-step expansion process of the clay 

interlayer space with successive hydrat ion of the interlayer cat ions. Therefore, mult iple values 

for the micropore volume obtained from water vapor for SWy-2 and ISMt -2 in this study were 

interpreted as the increasing volume associated with the ever-expanding interlayer micropore 

space in the presence of water vapor. Moreover, apart  from the actual micropore volume, the 

micropore capacity obtained from the D-R plot  for water also includes the ion-hydrat ing water, 

which may be located in the micro-, meso- or macro-pores (Gregg and Sing, 1982). Therefore, 

the micropore volume obtained from water vapor of isotherms were essent ially an 

overest imat ion of the actual volume of the less than 2nm pores in the clay aggregates. In 

cont rast , the hexane micropore volume results obtained from the D-R plot  were expected to 

have bet ter reliabilit y because there was no ion hydrat ion component  in the micropore volume 

results (Dubinin and Stoeckli 1980).  

Nevertheless, the micropore capacity were evaluated from water and hexane using the 

D-R plot  method, and were subsequent ly converted into the respect ive CUC saturat ion 

equivalents using Equat ion 5.2. For the two dist inct  linear intervals in D-R plots associated 

with the swelling SWy-2 and ISMt-2 clays, F igure 5.12 show two different  micropore results. 

However, for IMt -1 clay, due to the only one linear interval in the D-R plot  for water vapor, a 

unique micropore volume result  was obtained, which essent ially were associated either with the 

actual micropore volume filling or with the hydrat ion of the exchangeable cat ions. However, 

both of these cont ributors were likely to be located in the inter-tactoid region of the non-

swelling IMt -1 clay. 
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F igure 5.12: Comparison of the micropore analysis results of three clay aggregates IMt -1, SWy-

2 and ISMt -2. The labels above the bars denote the CUC saturat ion-equivalent  of the micropore 

capacit ies of the clays obtained from water and hexane vapors. Water-a and Water-b micropore 

results correspond to the two linear intervals in the D-R plot  in F igure 5.11 for swelling clays 

(SWy-2 and ISMt -2) in which the layers expand with water vapor adsorpt ion. 

5.4.2. P -w ave V elocit y  T rends w it h C U C  Saturat ion 

The p-wave velocit ies obtained at  different  hexane CUC saturat ions in the clay 

aggregates are shown in F igure 5.13. The change in the arrival-t imes were either very small 

(for IMt -1) or undetectable (for SWy-1 and ISMt -1) with the resolut ion of the ut ilized 

inst rument . The plots in F igure 5.13  also show the results for the Modified Gassmann model, 

which were obtained using the steps out lined in Sub-sect ion 5.3.5. It  was observed that  the 

velocity changes for IMt -1 followed the model as shown in F igure 5.13a. However, for ISMt -2 

and SWy-2, the velocit ies did not  change with the increase in hexane saturat ion, thereby 

result ing in a significant  deviat ion from the model (F igure 5.13b). The decrease observed in the 

model-derived velocit ies in F igure 5.13 is referred to as the density effect . This effect  essentially 

is resulted from a decrease in elast ic wave velocity due to an increase in the media-density, 

which in turn results from an increase in liquid saturat ion in otherwise empty pores. However, 

for the SWy-2 and ISMt -2 clays, a signature of the density effect  of hexane CUC saturat ion 

was observed to be absent  from their  p-wave velocity responses. Similar unchanged ult rasonic 

p-wave velocity for up to 80% brine saturat ions in the unconsolidated sands were reported for 
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by Domenico (1976). The deviat ion was at t ributed to the highly localized saturat ion 

dist ribut ion in the pores as the brine filled the narrow pores, while the gas fills the larger pores 

in the sand-pack. For such localized saturat ion dist ribut ion, it  is inappropriate to use the 

isost ress mixing law for the fluid modulus (Equat ion 5.6). Knight  and Nolen-Hoeksema (1990), 

and Sharma et  al. (2013) later described such deviat ions with t he so-called patchy or 

heterogeneous dist ribut ion of gas and liquid phases in specific pores. Pore-filling by hexane 

CUC during adsorpt ion was expected to have similar patchy characterist ics, as the micropore 

filling and capillary condensat ion took place select ively in the smaller pores, while the bigger 

pores were most ly filled by vapors (of hexane or water). 

The effect  of water CUCs on the p-wave velocit ies of the aggregates is shown in F igure 

5.14. Unlike hexane, pore-filling effect  with CUCs were significant  and uncharacterist ic in 

nature. In the two dist inct  velocity regimes observed for water, the first  was marked by an 

increase in the velocity with increasing water CUC saturat ions. In the second regime, the 

velocit ies decreased sharply with increasing water CUC saturat ion. Further descript ion of the 

effect  of water on the p-wave velocity is given in Discussion sect ion. 

 

F igure 5.13: The hexane CUC saturat ion versus p-wave velocity (V p) plots. These plots also 

compare the experimental and Modified Gassmann subst itut ion model-obtained results (solid 

lines) for (a) IMt -1 (b) ISMt -2 and SWy-2. 
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F igure 5.14: The water CUC saturat ion versus p-wave velocity (V p) plots, which compares the 

experimental and modified Gassmann Model obtained results for (a) IMt -1 (b) ISMt -2 and 

SWy-2. 

5.4.3. P eak-pow er and P eak-frequency  

The values of peak-power and peak-frequency at  the various CUC saturat ions were 

obtained from the respect ive FFT  spect ra, which are shown in F igure 5.9. The values obtained 

for peak-frequency and peak-power at  different  hexane CUCs are plot ted in F igure 5.15, while 

the same for water CUCs are plot ted in F igure 5.16. A general t rend of increasing peak-

frequency with increase in the water and hexane CUC saturat ion was obtained for three clay 

aggregates. As at tenuat ion and peak-frequency of the FFT spect ra are inversely related, the 

clay aggregates were essent ially at tenuat ing the p-waves more intensely with an increase in 

hexane or water CUC saturat ion. Unlike velocity, a marked effect  of hexane CUC on the peak-

power and peak-frequency was observed, which suggested that  the at tenuat ion analysis was 

more suitable for studying hexane CUC in clay aggregates. The hysteresis observed in peak-

frequency and the peak-power curves appears to have resulted from the difference in the hexane 

CUC dist ribut ion in the pores during the adsorpt ion and desorpt ion cycles. Such differences in 

the fluid dist ribut ion in vapor adsorpt ion phenomena are at t ributed to the cavitat ion effect  

(Burgess and Everet t  1970). 
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F igure 5.15: The peak frequency and the peak power are plot ted as a funct ion of hexane CUC 

saturat ions for (a) IMt -1 (top), (b) SWy-2 and (c) ISMt -2 clay aggregates. The t rends are 

shown for both adsorpt ion (black symbol) and desorpt ion cycles (white symbol).  
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F igure 5.16: The peak frequency and the peak power are plot ted as a funct ion of water CUC 

saturat ions for (a) IMt -1 (top), (b) SWy-2 and (c) ISMt -2 clay aggregates. 

The hexane vapor adsorpt ion experiment  was temporarily paused for the SWy-2 

aggregate, at  the end of adsorpt ion cycle, which was followed by the lowering the temperature 

of the sample-tube by adding ice-cubes in the isothermal Dewar. A drop in the tube-temperature 

caused condensat ion of the hexane-vapor in the sample pores, which in turn increased the 
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hexane CUC saturat ion in the sample. The effect  of this maneuver was t ranslated in peak-

frequency and peak-power response in the adsorpt ion cycle at  the maximum saturat ion values 

(F igure 5.15b). This suggested that  the aggregate may have at tained approximately 100% liquid 

saturat ion, at  which the at tenuat ion of the p-wave is known to be lower than a part ial liquid 

saturat ion case (e.g. Winkler and Nur 1979). P eak frequency and peak power versus saturat ion 

curves for water CUC in clay aggregates are shown in F igure 5.16. While the hexane curves 

were in general convex toward origin, those for water were found to be concave toward the 

origin. These observat ions are further elaborated in the Discussion sect ion. 

5.5. D iscussion 

The results of this study are analyzed and their interpretat ions are presented in this 

sect ion. The relat ionship between the p-wave velocity, peak-power and peak-frequency with the 

CUC saturat ions in the samples are discussed, which helped in understanding the deformat ional 

and rheological propert ies of the water and hexane CUCs in the clay aggregates. 

5.5.1. V elocit y  Effect  of CU C  

In this sub-sect ion the unusual p-wave velocity results for the water CUCs are discussed. 

Clark et  al. (1980) have shown similar changes in p- and s-wave velocity responses due to water 

vapor in comparison to that  of non-polar vapors adsorbed in various sandstones and limestones. 

The authors found that  the effect  of adsorbed water was most  significant  in the sandstone, 

which had maximum clay percentage. Therefore, Clark et  al. (1980) concluded that  the 

softening of clays with water as the reason behind the decrease in the st iffness of samples, which 

in turn decreased their p- and s-wave velocit ies. By using aggregates of clay minerals, the 

findings of Clark et  al. (1980) could be extended to micro- and meso-pore bound CUCs. The p-

wave moduli at  various water CUC saturat ions were evaluated by using an expression similar 

to Equat ion 5.3 for the recorded velocit ies and the media densit ies (obtained from Equat ion 

5.4). Thereafter, the p-wave moduli of the three clay aggregates for various water CUC 

saturat ions were normalized with respect  to their respect ive frame-modulus ( ). The result  of 

the normalizat ion for the three clay aggregates are shown in F igure 5.17, which indicates that  
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the moduli of SWy-2 and ISMt -2 increased slight ly unt il water CUC saturat ion of 

approximately 3% (point  a) was reached. This saturat ion value was interpreted as the 

complet ion of the first  stage of micropore filling by water, similar to the results of Kraehenbuehl 

et  al. (1987). In this regime, water molecules hydrate the exchangeable cat ions located in the 

inter-tactoid region. It  appears that  ion-hydrat ion adds to the st iffness of the clay aggregates 

by enhancing the cohesion between the tactoids. Similar rise in the modulus of the non-swelling 

IMt -1 appears to have occurred unt il approximately 5% saturat ion. 

As the CUC saturat ion in the samples increased above 5%, the moduli of SWy-2 and 

ISMt -2 (swelling clays) were observed to decrease cont inuously. The drop in moduli was most  

likely to have been caused by the expansion of the clay interlayer and their filling with a 

cont inuous film of water. However, the magnitude of the drop in the moduli requires the water 

CUC in the interlayer, which has a thickness of about  2-3 molecules, to have liquid-like 

deformat ional propert ies. The cont inuous drop in the moduli with no apparent  change in the 

t rend suggested that  the process of interlayer expansion cont inued, which in turn progressively 

increased the thickness of the water film in the expanded interlayer space.  
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F igure 5.17: Normalized p-wave modulus of the clay aggregates IMt -1, SWy-2 and ISMt -2 

plot ted against  the water CUC saturat ion (Sw). The inset  shows a rise in the p-wave modulus 

of the clay aggregates of up to approximately 3-5% water CUC saturat ion (Sw). For IMt -1, 

point  b indicates the saturat ion value up to which the modulus of the aggregate did not  change. 

For the non-swelling IMt -1 clay, the longitudinal modulus did not  drop unt il the 

saturat ion value reached to about  20% (point  b in Figure 5.17), which is the same as the 
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saturat ion-equivalent  of the water micropore capacity in IMt -1 (F igure 5.12). As discussed 

earlier, the micropores in IMt -1 are situated at  discrete locat ions of the inter-tactoid space; 

therefore, their filling with water was not  expected to form a cont inuous water film, similar to 

that  observed for the swelling clays. Therefore, for the init ial 20% saturat ion, the modulus of 

the clay appears to have remained largely unaffected for micropore filling in IMt -1 because of 

the patchy dist ribut ion of water CUCs. 

As suggested in F igure 5.12, at  about  20% water CUC saturat ion in IMt -1, the 

micropores fill completely, and the subsequent  water CUC saturat ion was expected to be 

located in the mesopores. In this regime, a sharp drop in the modulus in this non-swelling clay 

was observed (F igure 5.17), which can be explained by the weakening of cohesion in between 

the tactoids. Moreover, as shown in F igure 5.14d, the velocit ies in the later stage of this regime 

dropped to a very low magnitude, which can be explained by considering that  the vapor in the 

larger pores also becomes one of the load-bearing phases of the media. It  was concluded that 

the unusually low p-wave velocity with water CUCs must  have resulted from the gradual loss 

of the tactoid-tactoid contact  points in the micro-aggregates as shown in F igure 5.18. However, 

in this ent ire process the contact  between the micro-aggregates, must  have remained largely 

intact  due to the negligible presence of water CUCs in the macropores. This explains a largely 

consolidated form of the IMt -1 aggregate even after the water adsorpt ion experiment  was 

completed.  

This hypothesis of losing tactoid-tactoid contact  was substant iated by the larger water 

BET SSA results than that  obtained from hexane. The higher surface area obtained with water 

could have been the result  of the generat ion of new pore surfaces, which is most  likely to have 

formed with the loss of some of the tactoid-tactoid contacts. This analysis suggests that  

mesopore-bound water CUCs have liquid-like at t ributes, because similar disintegrat ion of IMt -

1 aggregate took place in liquid water. 
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F igure 5.18:  Illust rat ion showing various stages in which the st iffness of the IMt -1 aggregate 

varied with water CUC saturat ion. (a) Init ially, for up to about  5-6% saturat ion, the st iffness 

increased due to increasing cohesion with the adsorpt ion of ion-hydrat ing water. (b) 

Subsequent ly, the filling of scat tered micropores did not  affect  the st iffness substant ially. (c) 

In the third stage, the filling of mesopores, with liquid-like water CUCs resulted in losing some 

of the tactoid-tactoid contact , which caused the stiffness to drop sharply.  

5.5.2. A t t enuat ion due to C U C  

Similar to velocit ies, the peak-frequency of the spect ra, which is used in this study as a 

proxy for at tenuat ion, were normalized and plot ted against  CUC saturat ions as shown in F igure 

5.19. For hexane, the drop in the normalized peak frequency at  maximum at tainable CUC 

saturat ion (65%: IMt-1, 95%: SWy-2 and 72%: ISMt -2) was about  10%. The maximum drop in 

the normalized peak frequencies was found to have taken place during the init ial CUC 

saturat ions (up to 40-50%), after which a stabilizat ion was at tained. From the decreasing peak 

frequency response, it  was apparent  that  hexane CUCs enhanced the at tenuat ion in the clay 

aggregates, and for that  it  must  have had liquid-like propert ies. Liquid-like hexane CUCs aided 

in both frict ional sliding of the grains and the other part ial liquid saturat ion related at tenuat ion 

mechanisms, which includes bubble peak, inert ial liquid, squirt  flow and viscous shear relaxat ion 

mechanisms. Moreover, both the micro- and meso-pore hexane CUCs cont ributed to the 

at tenuat ion, which suggested that  both of them have liquid-like flow and deformat ional 

propert ies. 
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In cont rast , for water during the init ial 20% CUC saturat ion, the drop in normalized 

peak frequency was slow and subsequent ly, the drop was observed to be sharp and cont inuous 

in the whole saturat ion range. For IMt -1, a short  period of rise in the normalized frequency 

was observed up to 5% CUC saturat ion, which is similar to it s normalized velocity response. It  

appeared that  the hydrat ion water in this stage interlocked the otherwise loose grain-grain 

contacts and thereby reduced the frict ional sliding and at tenuat ion. It  was concluded that  the 

phase propert ies of water in this region deviated from that  of a normal liquid because it  did 

not  facilitate frict ional sliding. Indeed, it  acted more like a highly viscous liquid in IMt -1 clay, 

which apart  from the increasing the cohesion between the tactoids, also discouraged the fluid-

flow related at tenuat ion in the clay aggregates.  

 

F igure 5.19: Normalized peak frequency for the clay aggregates, namely IMt -1, SWy-2 and 

ISMt -2 plot ted against  the (a) hexane (b) water CUC saturat ions. 

For swelling clays (SWy-2 and ISMt-2), it  was discussed in the previous sub-sect ions, 

the init ial water saturat ion progressively forms 1-3 molecule thick confined films in the 

interlayer space. Therefore, from a decrease in the normalized peak-frequency response for water 

CUC in this regime (0-5%), it  appeared that  the confined water in the interlayer space behaved 

more like a liquid than a solid. The liquid-like behavior of the mesopore-bound water in all the 
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three clay aggregates was confirmed by the cont inuous drop in the normalized peak frequency.  

Moreover, the difference in the magnitude of the fall in the normalized frequency observed for 

water and hexane in the mesopores must  have resulted from the loss of some grain contacts 

with water, as noted in the previous sub-sect ion. The loss of cement  st rength at  the grain 

contact  with water was expected to promote the frict ional sliding and the anelast ic behavior 

for the clay-aggregates, which was expected to increase the overall at tenuat ion in the clay 

aggregates. 

Clark et  al. (1980) reported similar rise in at tenuation with the adsorpt ion of water and 

various other non-polar vapors in sandstones and limestones. The study ut ilized resonance bar 

method in both torsional and extensional modes that had a frequency range of 2-20kHz. Similar 

to the higher at tenuat ion noted for water than that for the non-polar hexane, Clark et  al. (1980) 

also noted that  a non-polar benzene vapor increased the shear wave at tenuat ion in the 

sandstones and limestones only slight ly, in comparison to polar water. Clark et  al. (1980), 

T it tmann (1980), and Bulau et  al. (1984) explained the increase in at tenuat ion with frict ional 

sliding and a reduct ion in the surface energy with adsorpt ion.  

However, addit ional mechanisms might  cont ribute to the at tenuat ion observed in clay-

aggregates with part ial CUC saturat ion as listed below: 

1) Frict ional sliding at  the tactoid contact  due to the lubricat ion effect  of the liquid-like 

viscosity of hexane and water CUCs (e.g. J ohnston et  al. 1979; Clark et  al. 1980), 

2) Reduct ion in the surface energy with adsorpt ion (Clark et  al. 1980; T it tmann 1980; 

Bulau et  al. 1984), 

3) Inert ial fluid flow due to part ial liquid-like CUC and vapor saturat ion in pores (Biot  

1956a, b), and 

4) Vapor bubble resonance (Anderson 1974) and the vibrat ion of the vapor-liquid meniscus 

(Waite et  al. 1997). For both mechanisms, CUCs are required to have liquid-like flow 

and deformat ional propert ies to cause the at tenuat ion. 
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5.6. C hapt er C onclusion 

The following was concluded based on the findings of this study: 

 Liquid-like deformat ional and flow propert ies were observed for pore-filling hexane and 

water CUCs in the micro- and meso-pores of clays. 

 P ropert ies of ion-hydrat ing water deviated from that  of a normal liquid phase and 

resembled more like a highly viscous liquid because it  discouraged both, frict ional sliding 

in between the clay-tactoids and the fluid-flow related at tenuat ion mechanisms. 

 Water in the expanded interlayer space of the swelling clays was observed to have liquid-

like flow and deformat ional propert ies. 

 At tenuat ion was found to be more sensit ive than velocity towards hexane CUCs 

saturat ion. However, water CUC affected both velocity and at tenuat ion at t ributes. 
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 CHAP TER 6 

CONCLUSION AND RECOMMENDATIONS  
 

The primary object ive of this research was to develop methodologies to characterize the 

fluid phase propert ies and to understand the nature of the rock-fluid interact ion in shales using 

sorpt ion-based studies. To at tain the research object ives of the thesis, various improvisat ions 

and synergies were proposed in the exist ing sorpt ion-based studies in shales. Water and hexane 

vapor adsorpt ion, and the supercrit ical CO2 sorpt ion in water-imbibed samples were the two 

improvisat ions, which helped in the characterizat ion of the rock-fluid interact ion in shale and 

silt stone samples. The sorpt ion experiments were synergized with the ult rasonic acoust ic 

measurements, which helped in understanding the phase propert ies of fluids in the nanopores 

of various clay-types. The conclusions of the thesis are summarized in Sect ion 6.1, whereas the 

recommendat ions for future work are listed in Sect ion 6.2. 

6.1. C onclusion 

General findings of this research are summarized in the following five-points: 

1) The wet tabilit y study for the organic-rich shales using the select ive adsorpt ives, such as 

water, enabled quant ifying their hydrophilic and hydrophobic pores individually. The 

relevance of such quant ificat ion was illust rated through the retent ion of supercrit ical CO2 

sorpt ion capacity in the water-imbibed shale samples. 

2) Likewise, supercrit ical CO2, methane and ethane hydrocarbon gases may also get  sorbed in 

the organic mat ter (OM) pores of the water-imbibed organic rich shales. For shale gas 

reservoirs, it  is expected that  water saturat ion may inhibit  sorpt ion in their clay 

const ituents; however, the OM pores may st ill act ively part icipate in sorpt ion and thereby 

cont ribute to hydrocarbon gas storage in these reservoirs.  

3) The supercrit ical CO2 sorpt ion in the water-imbibed organic-rich shale samples suggested 

the possibilit y of sorpt ion of dissolved gases from a liquid solut ion. Likewise, in liquid-rich 

shale reservoirs, some of the light -end members of the hydrocarbons may remain sorbed or 
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get  sorbed after their release from the liquid phase, due to a drop in the reservoir pressure. 

Therefore, the retent ion of the hydrocarbon gases due to sorpt ion can delay the at tainment 

of crit ical gas saturat ion, which is essent ially the minimum saturat ion required for the gas 

phase to become mobile in the reservoir. Moreover, the t rue P VT phase at t ributes of 

hydrocarbon fluids, such as the solut ion gas-oil rat io, may get  modified in the subsurface 

condit ion due to the sorpt ion-driven retent ion of the dissolved gases. However, experimental 

verificat ion would be required to substant iate these hypotheses in liquid-rich shale 

reservoirs.   

4) Sorbed fluids are considered to have liquid-like densit ies but  there has been an uncertainty 

over the flow and deformat ional propert ies of the sorbed or confined undersaturated 

condensates (CUC). In this research, these uncertaint ies were resolved to some extent . The 

acoust ic signature of the CUC of a non-polar fluid was found to have liquid-like flow and 

deformat ional propert ies. For water, a deviat ion from the liquid-like propert ies was observed 

for the ion-hydrat ing phase; however, as a nanopore-filling fluid it  was found to behave like 

a liquid. 

5) Serious limitat ions were observed for N2 adsorpt ion-based pore-st ructure analyses of the 

organic rich shales, especially of those belonging in the oil maturit y window. The 

underest imat ion of the porosity was most  likely due to the kinet ic rest rict ion faced by the 

N2 molecules at  cryogenic isotherm temperature (77K).  Kinet ic rest rict ion limits the abilit y 

of the molecules to access the sub-nano pores. However, it  affects the porosity est imat ion 

beyond the underest imat ion of the sub-nano pores in the organic-rich shales. The sub-nano 

pores are most  likely to bot t le-neck the flow channels and, for that  reason, even the 

nanopores also become inaccessible to the cryogenic N2. Similar underest imated results were 

obtained from the adsorpt ion test  of cryogenic argon, which due to it s inertness is considered 

a more ideal adsorpt ives for pore-st ructure studies. This further substant iated the kinet ic-

rest rict ion hypothesis for cryogenic vapors in the organic-rich shales. 
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6.2.  R ecom m endat ions for F ut ure W ork 

The methodologies described in this thesis to study confined fluids were applied solely 

on shales and clays. However, these methodologies can be equally applicable for other 

phenomena involving very thin or confined fluid films. The findings and methodologies of this 

research could be applied to the following areas: 

1)  Resist ivity measurements for water adsorpt ion on clays and sandstones can help in 

verifying various phenomena associated with thin water films and very low water 

saturat ions. For example, elect rical double layer, theory of percolat ion threshold and 

conduct ivit y with proton hopping could be invest igated using the methods of this research. 

2) Acoust ic studies for super-crit ical fluid adsorpt ion on standard microporous materials may 

help in explaining the largely unknown phase propert ies of supercrit ical sorbates. 

3) Surface energy and disjoining pressure-based quant ificat ion of rock-fluid interact ion for 

shales can be performed using similar vapor absorption methods. The area beneath the 

isotherm curves is equivalent  to the negat ive work for the adsorpt ion process. Therefore, 

comparing the areas under the isotherms for two different  vapors can help in determining 

the wet t ing preference for the adsorbent  (shale, in this case) for the liquid phase of the two 

vapors. 

4) The scope of the sorpt ion-based methodologies proposed in this research can be furthered 

using the following improvisat ions and extensions: 

 The effect iveness of the select ive adsorpt ion can be verified by using these techniques 

on mechanical mixtures of standard hydrophilic materials (e.g. clays) and standard 

hydrophobic materials (e.g. carbon-black). 

 Ult rasonic s-wave measurements, along with that  of the p-wave on the vapor-adsorbing 

clay aggregates, may further improve the interpretat ion of the CUC phase. St rain gauge 

measurements on clay aggregates may be useful in studying the nature of swelling in 

aggregates with water vapor adsorpt ion. 

 Instead of using water, liquid immersed-CO2 sorpt ion tests can be performed using 

hydrocarbons such as cyclooctane, the molecules of which, due to their large size, may 
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not  enter the sub-nanopores. Then, these unoccupied pores may facilitate the sorpt ion 

of the light -end molecules, such as methane and CO2. 
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 AP P ENDIX A: SORPTION ISOTHERM CALCULATION 

This appendix includes the expressions used for the calculat ion of the CO2 sorpt ion 

isotherms in the Chapter 3. These expressions were used on the pressure readings obtained 

from the t ime versus pressure data recorded by the pressure t ransducers of the manomet ric 

apparatus described in Chapter 3. 

F ree space calculat ion  FS = V + V = V (p p⁄ )              (A1) 

Sorpt ion-excess calculat ion 

D ry  sam ple: 

First  isotherm point : q = n − n  

Or,  

q = W RT [p VZ − p FS − VZ f ] − q  

Or, 

q − p VW RTZ f = W RT [p VZ − p FSZ f ] − q  

q = W RT [p VZ − p FSZ f ] − q  

 (A2) 

Second point  and onwards: q = n − n + q −  

Or, 

q = W RT [p VZ + p − FS − V − V −Z f− − p FS − VZ f ] − q + q −  
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q − p VW RTZ f = W RT [p VZ + p − FS − VZ f− − p FSZ f ] − q + q − − p − V −W RTZ f−  

   

q = W RT [p VZ + p − FS − VZ f− − p FSZ f ] − q + q −  

 (A3) 

W ater-im m ersed sam ple: 

The sorpt ion (q ) and dissolut ion q excess in sample and water respect ively ware 

determined for the first  isotherm point  using (A2), and for subsequent  point  using (A3). 

However, the free space (FS) in the prior to being used in the two equat ion is corrected for the 

presence of water by the following equat ion: FS = FS − W ⁄                 (A4) 

 

P olynomial curve fit t ing on the CO2 solubilit y data in F igure 4.4 gives the following 

equat ion for predict ing the amount  of dissolved CO2 in per gram of water at  a given isotherm 

pressure (): q = − . ∙ − + . ∙ − p − . ∙ − (p ) − . ∙ − (p ) + . ∙ − (p ) − . ∙ − (p )     (A5) 

F inally, the sorpt ion for water immersed samples are calculated by subt ract ing the 

dissolut ion from the total excess in SV: q = (W q − W q ) W⁄ + q −    (A6) 

List  of sy m bols: FS: Apparatus core free space V : Volume of sample vessel V : Volume of reference vessel 
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p : Equilibrium pressure before opening the valve V2 for free space calculat ion 

experiment  p : Equilibrium pressure after opening valve V2 for free space calculat ion experiment  q : Total sorbed gas in jt h step in mole/ gram of sample unit  n : Number of mole of gas in apparatus core in jth step before opening valve V2 during 

sorpt ion experiment  n : Number of mole of gas in apparatus core in jth step after opening valve V2 during 

sorpt ion experiment  W : Weight  of sample R: Universal gas constant  T: Isotherm temperature p : Equilibrium pressure in jt h step before opening the valve V2 for free sorpt ion 

calculat ion experiment  p : Equilibrium pressure in in jt h step after opening the valve V2 for free sorpt ion 

calculat ion experiment  Z : CO2 compressibilit y factor at  pressure p  and temperature T , calculated using Span 

and Wagner (1996) EOS q : Amount  of gas leaked in number of moles jt h step of sorpt ion experiment , calculated 

using van Hemert  et  al. (2009) FS : Modified free space for water immersed tests W : Weight  of water in sample tube q : Sorpt ion-excess quant ity per gram of sample q : Dissolved gas quant ity (for water immersed case)
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 AP P ENDIX B: MATLAB TM CODE FOR CO2 EQUATION OF STATE 

Isotherm calculat ion from the manometric system in Chapter 3 requires the 

compressibilit y factor (Z) at  various pressure values. The MATLABTM code included in this 

Appendix was used for the evaluat ion of Z from the Span and Wagner (1996) equat ion of state 

(EOS). 

 

function zf = z(tau4,del4) 

n = [0.388568 2.93855 -5.58672 -0.767532 0.31729 0.548033 0.122794... 

    2.1659 1.58417 -0.231327 0.0581169 -0.553691 0.489466 -0.0242757... 

    0.0624948 -0.121759 -0.370557 -0.0167759 -0.119607 -0.0456194... 

    0.0356128 -0.00744277 -0.00173957 -0.0218101 0.0243322 -0.0374401... 

    0.143387 -0.13492 -0.0231512 0.0123631 0.00210583 -0.000339585... 

    0.00559937 -0.000303351 -213.655 26641.6 -24027.2 -283.416 

212.473... 

    -0.666423 0.726086 -0.0550687]; 

d = [1 1 1 1 2 2 3 1 2 4 5 5 5 6 6 6 1 1 4 4 4 7 8 2 3 3 5 5 6 7 8 10.... 

    4 8 2 2 2 3 3]; 

t = [0. 0.75 1. 2. 0.75 2. 0.75 1.5 1.5 2.5 0. 1.5 2. 0. 1. 2. 3. 6. ... 

    3. 6. 8. 6. 0. 7. 12. 16. 22. 24. 16. 24. 8. 2. 28. 14. 1. 0. 1. ... 

    3. 3.]; 

c = [1 1 1 1 2 2 3 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 3 3 3 4 4 4 4 4 4 5 

6]; 

af = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 25 25 25 15 20]; 

bt = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 325 300 300 275 275 0.3 0.3 0.3]; 

gm = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 1.16 1.19 1.19 1.25 1.22]; 

ep = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 1 1 1 1 1]; 

a = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 0 0 0 0 0 3.5 3.5 3.0]; 

b = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 0 0 0 0 0 0.875 0.925 0.875]; 

ai = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 0 0 0 0 0 0.7 0.7 0.7]; 

bi = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 
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    0 0 0 0 0 0 0.3 0.3 1.0]; 

ci = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 0 0 0 0 0 10.0 10.0 12.5]; 

di = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

... 

    0 0 0 0 0 0 275 275 275]; 

th = @(tau1, i1, del1)((1-tau1)+ai(i1)*((del1-1)^2)^(1/(2*bt(i1)))); 

dlt = @(tau2, i2, del2)((th(tau2, i2, del2))^2 + bi(i2)... 

    *((del2-1)^2)^a(i2)); 

psi = @(tau3, i3, del3) (exp(-ci(i3)*(del3-1)^2-di(i3)*(tau3-1)^2)); 

phi1=0; 

phi2=0; 

phi3=0; 

phi4=0; 

    for i1=1:7 

        phi1=phi1+n(i1)*d(i1)*del4^(d(i1)-1)*tau4^t(i1); 

    end 

    for i2=8:34 

        phi2=phi2+n(i2)*exp(del4^c(i2))*(del4^(d(i2)-1)*tau4^t(i2) ... 

        *(d(i2)-c(i2)*del4^c(i2))); 

    end 

    for i3=35:39 

        phi3=phi3+n(i3)*del4^d(i3)*tau4^t(i3)*exp(-af(i3)*(del4 ... 

            -ep(i3))^2-bt(i3)*(tau4-gm(i3))^2)*(d(i3)/del4-2*af(i3) ... 

            *(del4-ep(i3))); 

    end 

    for i4=40:42 

       phi4=phi4+ n(i4)*(dlt(tau4,i4, del4))^b(i4)*(psi(tau4,i4, del4) 

... 

         +del4*diff(psi(tau4,i4, del4),del4))+diff(dlt(psi(tau4,i4, ... 

         del4))^b(i4),del4)*del*dlt(psi(tau4,i4,del4)); 

    end 

zf = 1+phi1+phi2+phi3+phi4; 

end
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 AP P ENDIX C: MATLABTM CODE FOR FAST FOURIER TRNSFORM (FFT) 

 

This appendix includes the MATLABTM code, which was used for the FFT spect ra 

generat ion for the p-waveforms of Chapter-3. The code also returns the peak-power and peak 

frequency for the waveforms. 

 
Filename1='waveform.xlsx'; %imports the waveforms for the isotherm  
Sheet1=1; 
x1range1='B1:AF10001'; 
isw=xlsread(filename1,sheet1,x1range1); 

 

filename2=isotherm.xlsx'; %imports the isotherm: p/po | Q | Sl  
sheet1=1; 
x1range2='B1:D81'; %81 points in the isotherm 
isotherm=xlsread(filename2,sheet2,x1range2); 

 

% ni and nf provides number of waveforms to be transformed 

ni=2; 
nf=28; 

 

%Defining the padding for the transform 
n=1000000; 
ti=4824; 
tf=7208; 
fs=500000; 
t=1/fs; 
f=fs*(0:(n-1))/n; 

 

%FFT Spectra generation 
y=fft(isw(ti:tf,ni:nf),n); 
power = (y.*conj(y))./n; 
maxa=zeros(1,(nf-ni+1)); 
maxf=zeros(1,(nf-ni+1)); 

 

%Reading máxima in the spectra. 
for i=1:(nf-ni+1) 
    maxa(i)=max(power(1:4000,i)); 
    [x1]=find(power(1:4000,i)== maxa(i)); 
    maxf(i)= x1/2; 
end 

 
% Quality check with various plots 

figure; 
subplot(2,3,1) 
plot(isw(ti:tf,1),isw(ti:tf,ni:nf),'.'); 
title('waveforms'); 
subplot(2,3,2) 
plot(f(1:2000),power(1:2000,:),'.'); 
title('spectra'); 
subplot(2,3,3) 
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plot(isotherm(ni:nf,1),maxf,'o'); 
title('p/po vs max-freq'); 
subplot(2,3,4) 
plot(isotherm(ni:nf,3),maxf,'o'); 
title('Sw vs max-freq’); 
subplot(2,3,5) 
plot(isotherm(ni:nf,1),maxa,'o'); 
title('p/po vs max-amp’); 
subplot(2,3,6) 
plot(isotherm(ni:nf,3),maxa,'o'); 
title('Sw vs max-amp’); 
end 
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