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Abstract
Depleted gas reservoirs represent the most viable option for research and development
and are the most preferred method for Enhanced gas recovery and sequestration
application. The adsorption process acts as a displacement mechanism in the enhanced
gas recovery, therefore investigating this process will lead to a better understanding of
methane recovery in the EGR-CO2 process. Despite many pilot studies on EGR-CO2 in
depleted reservoirs, no projects have moved to commercial phase, due to both technical
and economic issues. This research demonstrated the role of adsorption as a mechanism
for gas displacement in the EGR-CO2 process by investigating the interaction of the
mineral components of sandstones (i.e. Quartz, Plagioclase, feldspar and clays), with
methane (CH4), the effect of pressure and the interaction between water/brine and
methane (CH4) gas in a competitive sorption environment for sandstones and their
constituents.
The first series of tests were conducted using commercial helium pycnometer to
quantify the effect of experimental parameters (pressure, contact time) and water on
void volume of sandstone core samples. The average of the measured void volume using
helium was 8.017cm3 for Bandera and 4.5171cm3 for the Scioto sandstones with a
deviation of less than 0.002 cm3 and 0.001 cm3 indicating little dependence on pressure
in void volume measurement. Water content of 5.62 wt. % and 5.48wt. % for both
samples respectively can reduce the dry capacity by as much as 12.53% and 11.20%.
Subsequently, a manometric adsorption apparatus was self-fabricated specifically for
this research to quantify the methane adsorption capacity of sandstone cores samples.
The experiments were conducted using dry sandstone core samples. Methane (CH4)
adsorption capacity of sandstones was investigated using dry sandstone samples. The
methane (CH4) adsorption capacity varied for the different sandstone types, which for
the present studies Bandera and Scioto are considered. The Scioto sandstone has the
largest CH4 adsorption capacity of the tested samples with a maximum amount of
adsorbed CH4 of 0.110 mmol/g while the Bandera sandstone had significantly less CH4
sorption capacity with a maximum amount of adsorbed CH4 of 0.089 mmol/g. Using Xray diffraction (XRD) results, the Scioto sample had the highest total amount of clays
present (22%) compared to Bandera (14%) and had the highest adsorption capacity. The
previous analyses imply that high content of clay minerals in the Scioto sample relative
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to the Bandera provides extra surface area for adsorption of methane (CH4). As a result,
it can be concluded that there exists a correlation between methane (CH4) adsorption
capacity and surface area of clay present in the samples.
Finally, the methane (CH4) adsorption capacity of sandstones saturated with water or
brine at a particular water/ brine content (33, 65 and 91%) was investigated. The
analysis showed that for water saturated core samples the CH4 adsorption capacity
decreased by 47.21, 54.47 and 60.89 % for Scioto and 10.26, 24.36, and 38.03% for
Bandera relative to dry core samples. The loss of methane adsorption capacity was due
to increase in water content (33, 65 and 91%) and was much lower than that of dry
samples at the same experimental pressure (0 - 400 psia). The presence of brine in
sandstone samples caused an overall decrease in methane adsorption capacity of
30.17,43.57 and 69.83% for Scioto and 28.90, 42.58 and 52.85% for Bandera compared
to dry samples. These results indicate that methane adsorption of clay minerals found in
a combined state with sandstone rock fabric as the case in real reservoirs will be
influenced by its structural, physical, geotechnical, and geological properties.
Experimental data verification were conducted using the repeatability and best fit
method. Two replicate runs were conducted to investigate the reproducibility of the
isotherm measurements. The average data deviation was 0.33 and 0.42 for dry Scioto
and Bandera samples respectively, while the deviations were 3.85 and 3.59 for samples
saturated with water and brine respectively between the first and repeat experiments.
Excellent repeatability of experimental data for both sandstone samples (Scioto and
Bandera) was observed.
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CHAPTER 1
1 INTRODUCTION
1.1

Research Background

Securing the energy supply of the future will require the application of innovative
approaches to overcome existing energy crisis. These challenges, which include a
shortage of hydrocarbons, increasing crude oil prices, logistical problems and increased
carbon dioxide emissions, have compelled stakeholders in the gas and oil industry to
develop innovative approaches when exploiting natural resources (Max., 2013). On the
other hand, there has been growing interest from governments around the world about
the impact of discharging CO2 into the atmosphere, which contributes to global warming
(Stein et al., 2010). So far, the solutions proposed as sustainable to overcome this
energy crisis include using renewable energy source, efficient fuel consumption, and
biomass fuel source (Ampomah et al., 2015). Among the prior sustainable technologies
is EGR-CO2 (Enhanced gas recovery and sequestration). This process is regarded as an
efficient and effective method that can be adopted for the reduction of CO2 emission
into the atmosphere (IPCC. 2005, Hester and Harrison. 2010, Baines and Worden. 2004;
Dai et al., 2014; Bachu. 2015, Ampomah et al., 2015). Enhanced gas recovery and
sequestration (EGR-CO2) is a process that combines Carbon Capture and
Sequestration (CCS) with Enhanced gas recovery. It is used to recover natural gas
mainly methane by injecting CO2 in natural gas reservoirs. Recovery of natural gas is
highly efficient, leaving a significant amount of void space and surface area to store
CO2 (Stevens et al., 2001). Despite the viability of producing methane from gas
reservoirs by injecting CO2 using a process were CO2 replaces methane using
adsorption mechanism in the gas reservoir by Enhanced gas recovery and sequestration
(EGR-CO2), significant amounts of methane remain unrecoverable, retained through
interactions with minerals in gas reservoirs. Releasing the trapped CH4 through these
processes requires understanding adsorption interaction of sandstone and its
components (i.e. clay) with methane (CH4) and developing strategies that will
permanently enhance the retention of Carbon dioxide (CO2). Moreover, precise
1|Page
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knowledge of methane (CH4) induced interactions between CH4, water or saline
formation fluid and reservoir rock, and of the impact of gas adsorption on these twophase reservoirs is critical to the optimisation of these reservoir types.
An essential starting parameter, determined in the laboratory, is the methane (CH4)
storage potential of core samples, being the sum of the adsorption and void volume.
Accurate determination of void volume is a critical step in an adsorption isotherm
experiment since the amount of adsorbed gas is calculated using the previously
calculated void volume data. However, the parameters affecting both the adsorption
capacity and void volume calculation of sandstones are not entirely understood.
The assessment of the adsorption capability of a microporous solid involves the
quantification of a certain amount of adsorbant in this case, a gas present at the surface
of the adsorbent at different pressures under a certain temperature to obtain an
adsorption isotherm. It is then fitted to a theoretical model to analyse certain parameters
(Adsorption volume, pressure). In general, the adsorption capacity of these materials
depends on:
o The distribution of pore sizes in the material (Ross & Bustin., 2007; Heller and
Zoback., 2015),
o The molecular size of the adsorbate gas (Sing et al., 1985; Roquerol et al., 1999;
Ross & Bustin., 2007, Anovitz and Cole., 2015, Aljaman et al., 2010).
o The combined interfacial forces and energy of the surface material and the
adsorbate gas (Langmuir., 1916; Brunauer et al., 1938).

Due to the importance of adsorption mechanism for gas storage, numerous authors
(Ross & Bustin., 2007; Ji et al., 2012; Liu et al., 2013, Heller and Zoback, 2014) have
made valuable contributions to the literature through both laboratory studies and
modelling to characterize adsorption of various rocks found abundantly in different
categories of geological formation. Many theoretical isotherm models (Langmuir., 1916;
Brunauer et al., 1938, Freundlich., 1906; Redlich and Peterson., 1959) have been
formulated and used for fitting experimental data. Among them, the Langmuir isotherm,
which is the most widely implemented, represents the adsorption of a monolayer of
molecules on the surface of a material considering an ideal surface (Langmuir, 1916).
The assumptions of the Langmuir model (Do., 1998) are:
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o The surface is homogeneous, and the adsorption energy is constant over all
sites.
o Adsorption on the surface is localised, and adsorbed atoms or molecules are
adsorbed at individual, restricted sites.
o Each site can accommodate only one molecule or atom.

The assumptions in Langmuir isotherm are simple and might not hold for depleted
sandstone gas reservoirs of interests, and CO2 storage purpose (Li et al., 2015). There
are a lot of literature on methane(CH4) adsorption measurements with respect to CO2
capture storage and sequestration for coal (Salmachi., 2013; Holloway., 2013; Zhang et
al., 2016; Paschke & Dreisbach., 2013), and shale gas reservoirs (Godec et al.,
2013,2014; Boosari et al.,2015). However, for Powdered clay (Ji et al., 2012; Liu et al.,
2013; Heller and Zoback, 2011, 2014) only a few exist with sketchy details. On the
other hand, reports on methane (CH4) adsorption measurements of depleted sandstones
gas reservoirs are few. This research aims to contribute to these critically needed and
sought for information.
This thesis is composed of two parts: first, a commercial helium pycnometer was used
to quantify the effect of experimental parameters (pressure, contact time) and water on
void volume of sandstone core samples; secondly, a manometric adsorption apparatus
was self-fabricated specifically for this research to quantify the methane adsorption
capacity of sandstone cores samples. The experiments were conducted using dry and
sandstone core samples saturated with water and brine. The aim of using the wet
samples was to investigate the effect of pre adsorbed water or brine at a particular
content (33, 65, and 91%) on the methane adsorption capacity of sandstones.
Experimental data verification were conducted using the repeatability and best fit
method.
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Depleted reservoirs as a means of Enhanced gas recovery and Sequestration
(CO2-EGR)

The first reported natural gas storage using pipeline in depleted gas reservoirs during summer
for later utilisation in the winter was in the US in 1915(Jordan., 1959, Davis., 1951). About
339 reservoirs with a capability to store about 211x109 m3 (7.437 TSCF) of natural gas were
in existence in 26 states in the United States by 1979; these gas reservoirs had a seasonal
withdrawal of 1.1x109 m3 (39.7 BSCF). The main types of reservoirs used for these
operations were depleted gas reservoirs, which provided about 80% of storage capacity with
the remaining 20% provided by aquifer-filled reservoirs at a pressure range of 300 to 4,000
psi (Mamora et al., 2002). There are about 630 underground ground storage facilities
worldwide with the United States having 394 underground storage facilities out of which 37
were classified as marginal (there was no injections or withdrawals, or withdrawals only were
made) at the end of 2005 (EIA., 2006). 410 underground natural gas storage facilities were in
operation in 1998, with an increase to 418 operational sites in 2001. However, between 1998
and 2005, 26 new sites were placed in service, and 42 facilities were depleted or abandoned
while in Europe around 120 facilities were still in operation as at 2006 (EIA., 2006). Depleted
oil/gas fields (478 or 76%) are the major types of reservoirs that have been utilised for
Underground gas storage (UGS), with aquifers (80 or 13%) outnumbering those in salt
caverns (66 or 11%) (Evan and West. 2008). The storage capacity available in depleted gas
reservoirs worldwide for CCS is estimated to be 140 Gigatonnes Carbon (Sobers et al., 2004).
Studies (IEA GHG Programme in 1993) evaluate an extra storage capacity of about 670
Gigatonnes Carbon (GtC) CO2 (assuming the volume of recovered hydrocarbons could be
replaced by carbon dioxide) in abandoned gas reservoirs (Taber et al., 2012). Currently
considered storage options (Figure 1.1) for CO2 in geological media include:
o
o
o
o
o

Injection into depleted oil and gas fields
Deep aquifers
Using CO2 for enhanced gas recovery (EOR)
Enhanced coal bed methane recovery (ECBM)
Deep unmineable coal seams
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Figure 1.1: Geological storage opportunities (IPCC, 2005)
Depleted gas reservoirs represent the most viable option for research and development
and are the most preferred method for Enhanced gas recovery and sequestration
application (Holloway, 2004; Jenkins et al., 2012). Research and development projects
using depleted gas reservoirs include; Five Metric tonnes(Mt) of acid gas (CO2 and
H2S) safely stored in depleted gas reservoirs in Canada (Bachu & Haug., 2005), the
European Union-funded, Ketzin, (Schilling et al., 2009), Total, Lacq, (Aimard et al.,
2007) in Germany and France respectively. These demonstration prototypes are
projected to increase the scientific understanding of the processes and impact of
enhanced gas recovery and carbon dioxide sequestration (EGR-CO2). The scientific
analyses of which are made readily accessible and ally the public, which may otherwise
block the implementation of this technology (Jenkins et al., 2012).
As a possibility for mitigating greenhouse gas emission, the use of depleted gas
reservoirs in capturing and long-term storage of massive amounts of carbon dioxide
(Figure 1.2) using technologies such as EGR-CO2 (Gniese et al., 2013) provides a longterm solution to reducing CO2 emissions to the atmosphere.
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Figure 1.2: Schematic of enhanced gas recovery and CO2 Sequestration (Gniese et al.,
2013).
They are the most efficient among other systems for isolating greenhouse gas emissions
(Benson & Cook., 2005; Bachu et al., 2007; Loizzo et al., 2009; IEA, 2009). These
types of deep geological formations have advantages (Pawar et al., 2006; Van der Meer
et al., 2006) such as;
o The geological structure and physical properties of these reservoirs are well
understood.
o They have adequate integrity and safety to trap reservoir gases.
o

Storage costs are compensated by the saving of using some of the existing
infrastructure and wells for handling CO2 storage operations and by the sale of
the additional gas recovered in the case of enhanced gas recovery (Azin et al.,
2008).

An efficient way of decreasing CO2 emissions into the atmosphere would be to
implement the methods outlined by the U.S. Department of Energy, which involves
recycling CO2 from sources of broad emission and thus injecting it into depleted gas
reservoirs. In Europe and North America, thousands of gas fields are approaching or are
already past their productive economic duration. These gas reservoirs are depleted or
have already been abandoned. Many of these formations could act as active
sequestration sites for CO2 disposal (Taber et al., 2012). The injection of CO2 into
geological formations (oil reservoirs) has been practised for years to improve oil
recovery (Stalkup., 1984, Jarrell et al., 2002, Stein et al., 2010). However, the effect
depends on the efficiency and suitability of the different types of reservoirs, i.e.
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depleting/depleted oil and gas fields, deep saline aquifers, the deep ocean, coal seams.
Relative to storage in saline aquifers, CO2 injection in depleted gas reservoirs will
enhance methane production, where the increased revenues generated can be used to
offset the costs of CO2 Sequestration. Furthermore, the risk of leakage is low, as the inplace methane has proven that adsorption, retention and seal have been there effectively
for millions of years (Godec et al., 2013). For Oil reservoirs, the presence of water
either injected during the recovery processes or invaded because of reservoir pressure
decline, decreases the available storage for Carbon dioxide (CO2). The CO2 storage
capacity in water as dissolved gas is much less than that of CO2 as supercritical gas in
empty pores. Meanwhile, the residual oil saturation after most tertiary recovery methods
is still as high as 30% (Schumacher. 1980). It has been found that compared to the
depleted natural gas reservoir with a similar pore volume a depleted oil reservoir can
store significantly less CO2 (Wang et al., 2009). The reasons for the reduced storage is
due to two primary reasons (Mamora et al., 2002):
o The gas recovery (about 65% of initial gas-in-place) is typically about twice that
of oil (average 35% of initial oil in place). In addition, gas density – in-situ
gradient about 0.08 psi/ft. is significantly less than that of oil, which is typically
about 90.27 psi/ft. There is, therefore, less hydrocarbon remaining in a gas
reservoir than in an oil reservoir under the same recovery process.
o Methane gas is 30 times more compressible than oil or water. At 200 psia (1.38
MPa), the isothermal compressibility of natural gas is typically about 500x10-6
psia (3.46x10-6 MPa) versus 15x10-6 psia (1.37x10-7 MPa) for oil and 3x10-6 psia
(2.48x10-8 MPa) for water.
Coal seams have a higher affinity to adsorb gaseous carbon dioxide than methane
(Cracknell et al., 1996; Dreisbach et al., 1999; Kurniawan et al., 2006; Liu and Wilcox.,
2012). Carbon dioxide (CO2) in coal seams can displace methane, at the same time
enhancing Coalbed methane (CBM) recovery (Paschke & Dreisbach., 2013;
Gensterblum, 2013). However, a depth of less than 1000 m (Metz et al., 2005;
Mazumder et al., 2006) restricts them.
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Saline formations are sedimentary rocks saturated with formation waters or highly
mineralized brines, which have a relatively high affinity for CO2. Their storage
capacities are significantly greater than those of gas reservoirs, and are more likely to be
found close to large CO2 point sources. However, these sites are still relatively poorly
understood regarding their properties and characteristics compared to gas fields.
Geologic sequestration literature (Bachu et al., 1994; Freund and Ormerod., 1997;
Holloway., 1997, 2004; Hitchonetal., 1999; Bachu., 2000; Busch et al., 2008; Hovorka
et al., 2009) shows that the main sequestration sites include:
o Depleted hydrocarbon reservoirs such as depleted oil and gas repositories.
o Brine-bearing "saline" formations & Ocean storage, at approximately 3,000meter depth.
o Unmineable coal seams.
o

Natural and human-made caverns, unused porous and permeable reservoir
rocks, if the CO2 can be maintained at supercritical conditions by injecting it
deep underground (800-1000 meters minimum).

These sequestration sites have received attention but have been limited by time
constraints and considerable logistical problems (Ehlig-Economides and Economides,
2009). By far the best and most practical option among these choices for bulk carbon
dioxide injection is an abandoned gas reservoir depleted without active water drive (Li
et al., 2005; Ehlig-Economides and Economides, 2009).

1.3

Research Problem Statement

Thousands of gas fields are currently in production; most of them are past their
economic output and will become depleted in the coming decades (Bolourinejad, 2015).
These fields are close to abandonment or have already been abandoned. An Estimated
capacity of as much as 140 Gigatonnes Carbon (GtC) can be sequestered into depleted
or abandoned natural gas reservoirs, with about 10 to 25 Gigatonnes Carbon (GtC) in
the United States alone (Oldenburg et al., 2001). Emissions from the combustion of
fossil fuels, especially of carbon dioxide (CO2) into the atmosphere, have caused global
warming and adverse climate fluctuations and is becoming a source of global concern.
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The amount of gas in depleted reservoirs at abandonment pressure is of interest since it
has to do with the mechanics of the storage reservoirs. Abandonment pressure varies for
different gas fields, with values ranging from 50 – 100 psia or 0.34 – 0.69 MPa
(Okwananke et al., 2011) or range of 50.76 and 116.03psia or 0.35 and 0.80 MPa
(MacRoberts, 1962; Okwananke et al., 2011, Yekeen Adeboye & Sulaimon 2011,
Mathias et al., 2014). Singh et al., (2011, 2012) considered an initial pressure of
580.151psia or 4.0 MPa, Han et al., 2012 considered an initial pressure of 999.31psia
(6.89 MPa), Mukhopadhyay et al., 2012 presented numerical simulations concerning
CO2 injection into a depleted gas reservoir at 72.5189 psi or 0.50 MPa. Afanasyev, 2013
assumed a minimum initial pressure of 652.67psia (4.50 MPa) and Ziabaksh-Ganji &
Kooi, 2014 assumed an initial pressure of 870.226 psi (5.90 MPa). Most previous work
relating to Enhanced gas recovery and CO2 sequestration in depleted gas reservoirs used
simulation with investigated pressures ranges higher than 1450.38 psi or 10.0 MPa
(Andre et al., 2010; Mathias et al., 2013), and mainly investigated the effect of CO2
injection on depleted gas reservoirs. The effect of methane (CH4) adsorption at
abandonment pressure of depleted reservoirs is yet to be evaluated.
Several investigators found positive correlations between clay content and adsorption
capacity (Gasparik et al., 2012; Ji et al., 2012; Schettler and Parmely., 1991; Merkel et
al., 2015). Compared with extensive studies of CO2 adsorption in depleted reservoirs,
less attention has been paid to CH4 adsorption of clay minerals, although clay minerals
are a critical component of sandstone. This lack of research may be because it is
assumed that clay minerals have higher hydrophilicity and low porosity; consequently, it
is expected that clay minerals would encounter difficulty in the adsorption of methane
(CH4). However, recent studies (Cheng and Huang., 2004; Lu et al., 1995; Ross and
Bustin., 2009) have shown the ability of clay minerals for methane (CH 4) adsorption.
Although the above-mentioned studies examined the CH4 absorption capacity of clay
minerals, unfortunately, the CH4 adsorption mechanisms, including CH4 adsorption sites
and influencing factors, remain unclear (Liu et al., 2013). Advanced imaging techniques
have revealed the amount of microporous clays (Kaolinite, illite, Chlorite) can vary in
sandstones from very little to high; which have high adsorption capability due to their
large surface area. As a result, adsorption is an important mechanism of sandstone
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reservoirs for gas storage. The clay content in depleted sandstone gas reservoirs exhibits
methane (CH4) gas storage capacity at the depleted adsorption sites.
The use of helium as an inert gas to determine the buoyancy or void volume of samples,
in gravimetric and manometric/volumetric adsorption methods respectively is widely
utilised in adsorption measurements (Gensterblum., 2013; Wang et al., 2013; Gasparik
et al., 2014; Rexer et al., 2014). The use of Helium as an inert gas for void volume
measurement has been a subject of debate between researchers (Charles et al., 1969;
Sing et al., 1985; Lu et al., 1993, 1995; Roquerol et al., 1999; Krooss et al., 2002;
Goodman et al., 2004, Zhang et al., 2011; Mohammed et al., 2009; Sakruvos et al.,
2009; Gasparik et al., 2013, 2014). The impact of helium adsorption on the void volume
measurements of microporous adsorbents (clay-shale, sandstones, powdered pure clay)
is a still a contentious issue. In the literature, there is no unanimous agreement among
the different authors. In the laboratory, errors in void volume measurements affect the
accuracy of adsorption analysis. These errors in measured void volume occur not from
the efficiency and accuracy of the measuring devices but because of the primary
measurements of experimental parameters. The sources of error involved in void
volume determination when using helium for void volume evaluation as suggested by
researchers (Ross and Bustin, 2007; Muhammed et al., 2009) include:
o

Selection of helium as an appropriate inert gas (Sing et al., 1985; Lu et al., 1993,
1995; Roquerol et al., 1999, Krooss et al., 2002; Goodman et al., 2004; Ross &
Bustin., 2007; Zhang et al., 2011).

o Averaging the void volume values for multiple pressure steps (Chareonsuppanimit
et al., 2012; Gasparik et al., 2012, 2014, Heller and Zoback., 2014; Rani et al.,
2015).
o Contact time (Ross and Bustin, 2007; Gasparik et al., 2013).
o The presence of water (Ekrem et al., 2003; Ross & Bustin., 2007; Muhammed et
al., 2009).

Methane (CH4) gas adsorption capacities are typically reported on a dry basis,
neglecting water or brine content and adsorption onto clay surfaces. The presence of
water in reservoirs has negative impact on adsorption capacity (Don & Ann., 1981;
Hovorka et al., 2009; Fischer et al., 2010; Yu et al., 2012) of the sandstone in gas
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reservoirs. Researchers with interest in gas reservoirs have a general agreement that
water has adverse effect on methane adsorption of reservoirs in general (Gasparik et al.,
2013; Ross and Bustin., 2007; Tan et al., 2014; Yuan et al., 2014; Merkel et al., 2015).
The ratio of adsorbed and free gas is strongly dependent on the water saturation of the
sandstone, but quantitative impact analyses are not available in the literature. While the
impact of water on methane adsorption using powdered clay minerals have been
investigated (Ji et al., 2012; Heller and Zoback, 2011, 2014; Jin and Foozabadi, 2014;
Liu et al., 2013), studies on the impact of water on the methane adsorption capacity of
water or brine saturated sandstones are few. Notwithstanding, the effect of water on the
adsorption behaviour of methane and on enhanced gas recovery and sequestration, is
still not sufficiently understood.
In the case of the absence of sufficient data to characterise methane (CH4) adsorption
capacity of sandstones, it will be hypothesised that clays in sandstone will behave like
coal, which preferentially adsorbs carbon dioxide (CO2) compared to methane (CH4).
However, the contribution of methane(CH4) adsorption in depleted sandstone reservoirs
has always been neglected, in spite of that, it could provide insight of the adsorption
displacement process of Enhanced gas recovery and Carbon dioxide Sequestration in
depleted reservoirs. So far, the following questions of critical interest have not been
fully answered or understood:
1. What factors will influence the process of evaluating the void volume?
2. How reliable are the current method using helium to quantify the void volume as part
of the adsorption quantification process in sandstone?

3. Which parameters control gas storage of sandstone core samples at depleted
reservoir pressure?
4. What role does methane (CH4) adsorption play in depleted reservoirs during the
displacement process of EGR-CO2 (Carbon Sequestration and Enhanced gas
recovery) Process?
5. How does the presence of water and brine affect methane (CH4) adsorption of
sandstones?
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This study helps in addressing this knowledge gap. First, experimental studies of the
interactions between sandstones and its components (i.e. Clays) with CH4 were designed
to study the effect of pressure, contact time and water on void volume as part of the
methane adsorption capacity measurement. Secondly, the impact of adsorption
mechanism at equilibrium and abandonment pressure of gas reservoirs was studied by
measuring the adsorption capacity of dry and sandstone core samples saturated with water
or brine.
This study particularly provides researchers with a detailed analysis of methane (CH4)
adsorption data of sandstones from the initial void volume measurement to the methane
adsorption capacity of dry, and sandstones core samples with preadsorbed water and
brine, such that effect of adsorbed methane in sandstone depleted reservoirs could be
accounted for while increasing gas recovery. Researchers will gain an understanding of
CH4 adsorption process, which can be contrasted with data from carbon dioxide (CO2)
adsorption to understand how the displacement process by adsorption can be optimised to
improve the enhanced gas recovery and sequestration (EGR-CO2) implementation
process. It is the hope of the author that the contribution in knowledge from this research
will help when developing strategies for permanently enhancing the retention of Carbon
dioxide (CO2) in depleted reservoirs.

1.4
1.

Research objectives:
Conduct an experimental study on the effect of pressure, equilibrium time and
water content on void volume measurement.

2.

Evaluate methane adsorption of sandstones using a self-assembled manometric
adsorption set up;

3.

Apply existing adsorption theoretical isotherms (Langmuir, Freundlich, Redlich
Paterson) using experimental data to find the best-fit isotherm which describes
adsorption sandstone reservoirs.
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Research Contributions

This work aims to contribute to the investigation of adsorption at solid–gas interfaces of
sandstones in gas reservoirs and Increase the knowledge of the role of methane(CH4)
adsorption as a displacement process in CO2-EGR (Carbon Sequestration and Enhanced
gas recovery), especially in depleted reservoirs. This will lead to the understanding of
the physical mechanism of adsorption in depleted reservoirs since the study of
adsorption is necessary to optimise the CO2-EGR processes. The following research
questions of critical interest are answered by this thesis in order to contribute to
knowledge:
a. Can helium be used as an inert gas in void volume estimation?
b. What factors will influence the process of evaluating the void volume?
c. How does the presence of water and brine affect the methane (CH4) adsorption
capacity of sandstones?
d. Which parameters control adsorbed gas storage of sandstone core at the
simulated temperature and variable pressure?
e. The effect of methane adsorption in sandstones and its role in depleted reservoirs
during the displacement process of CO2-EGR (Carbon Sequestration and
Enhanced gas recovery).
The first question regarding the use of Helium as an inert gas for sandstone specifically
was, what fraction of the void volume of the sandstone core sample could be considered
available for the free gas phase? The results regarding reliability indicate that:
Helium can be used to determine the void volume of sandstones accurately. However,
using other gases for examples argon has the potential to be adsorbed therefore leading
to inaccurate void volume determination (Rani et al., 2015; Moghadam, 2013).The
averaging of pressure shows constancy of average void volume with pressure in
sandstone core sample indicating helium adsorption at the surface of the investigated
samples was not in observable quantity and can be neglected. This means helium was
not adsorbed in both sandstone core samples at the investigated pressure (15 - 115 Psia
or 0.10 – 0.79 MPa). If helium were adsorbed, then the graphical plot of void volume as
a function of experimental pressure would behave like an adsorption isotherm. It can be
concluded that reported negative adsorption (Ross and Bustin. 2007, Merey. 2009)
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caused by overestimation of void volume by helium comparable to methane at high
pressure is not applicable to sandstones at investigated experimental pressure ranges
(i.e., 15 – 115Psia or 0.10 – 0.79 MPa).
Secondly, considering the dramatic effect of water on the void volume estimation and
the fact that free gas storage calculations for adsorbed methane are usually performed
using void volume measured on dry samples. These observations imply that most
calculations are massively overestimating the void volume of sandstones. Experimental
investigation showed that water content of 5.62 wt. % and 5.48wt. % for both sandstone
samples respectively can reduce the dry capacity by as much as 12.53% and 11.20%.
This implies that in both cases if formation water is present in sufficient quantities, it
occupies adsorption sites and pore throats of sandstone surface and pore spaces, in turn
creating less space for the helium molecule and may restrict helium diffusion, as
suggested by the less void volume value in water-saturated samples.
Thirdly, if the water in pore spaces takes up a significant fraction of the sandstone pore
volume, how accurately is the sandstone gas storage capacity estimated using the
conventional helium pycnometry methods? This question was answered by showing that
the current industry standard disregards the volume consumed by the water in pore
spaces, thus inadvertently overestimating the pore volume available for free-gas storage.
We demonstrated that with Equation (3.10) a correct volume is calculated. Thus, using
any other than the water saturated void volume data would yield unrealistically high
values for storage calculations.
The second question regarding the factors that influence the void volume was answered
through:
a. Averaging void volume at various experimental pressure steps;
b. Monitoring the contact time of sandstone cores as a function void volume and;
c. Saturating core samples with water at certain water content.
It has been shown that the pressure ranges investigated show close results regarding the
measured void volume value with data scattering about an average of 8.017cm3 for
Bandera and 4.5171cm3 for the Scioto samples. These values corresponds to both
experimental and numerical works, which imply there was negligible pressure
dependence.
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Equilibrium time was attained after a contact time between helium and sandstone
samples of 240mintes (Four hours). The investigation revealed that longer contact times
between gas and sandstone core samples yield better void volume data, this is because
as equilibrium time increased, helium could access minute sizes of pores because of its
small molecular diameter. This is because adequate time must be allowed for samples to
be completely saturated with gas, due to the time-dependent diffusive transport of
helium.
The experimental investigation indicates that water content of 5.62 wt. % and 5.48wt. %
for both samples respectively can reduce the dry capacity by as much as 12.53% and
11.20%. Therefore, when quantifying storage in sandstones, which is water-wet,
corrections must be made in calculations to account for water in its various forms
(adsorbed form and in pore space) or errors might arise.
The question about the parameters controlling adsorbed gas storage at the simulated
depletion conditions was answered by investigating the effect of adsorption at
equilibrium and abandonment pressures and comparing the results with carbon dioxide
adsorption capacity. Firstly, For the Bandera sandstone, the maximum adsorbed volume
at 1250 psia (8.62 MPa) was 0.089 mmol/g. For the Scioto sample, the maximum
adsorbed volume at the maximum adsorbed volume at 1250 psia (8.62 MPa) was 0.110
mmol/g. The amount of methane uptake increases with an increase in the pressure for
experimental equilibrium adsorption data, but when the adsorbent monolayer is
saturated the amount of adsorption approaches to a limit gradually. This indicates that
the types of isotherm is a type 1 isotherm.
For sandstone core samples at abandonment pressure of depleted reservoirs, the
experimental adsorption capacity at very low pressures up to 500 psia (3.45 MPa)
remains concave, indicating the availability of adsorption sites. The result for maximum
adsorption capacities of methane result at depleted reservoir pressure were 0.61 and
0.82mmol/g. This indicates that the adsorption rate of CH4 depends strongly on
pressure. The result of this investigation is favourable indicating that available sites can
be filled up by a gas with more adsorption capability, i.e. CO2.
Clay minerals in sandstone core samples are composed of different particle sizes, For
example, the abundance of micro- and mesopores in the size range of 10s of nanometres
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in chlorite and illite interstratified clay. The high internal surface area with pores of 1–2
nm radius between crystal layers and variable micro pore volume in sandstone samples
(mainly kaolinite, illite and chlorite) utilised in this investigation will provide an overall
increase in adsorption capacity. The Scioto sample had the highest total amount of clays
present (22%) compared to Bandera (14%) and had the highest adsorption capacity.
This implies that high content of clay minerals in the Scioto sample relative to the
Bandera provide extra surface area for adsorption of methane(CH4) therefore
contributing to the overall sorption capacity of the samples.

Experiments were conducted at a variable water and brine content (33, 65 and 91%) to
investigate the effect of the presence of water and brine on methane (CH4) adsorption
capacity of sandstones. These studies revealed the qualitative and quantitative impact of
water and brine on the methane sorption characteristics:
Detailed analyses of the experimental data show that sandstone core samples saturated
with water have an overall decrease in adsorption capacity of 47.21, 54.47 and 60.89%
for Scioto and 10.26, 24.36, and 38.03% for Bandera with increasing water content (33,
65 and 91%) and were much lower than the adsorption capacity of dry samples at the
same variable pressure (0 – 400 psia or 2.76 MPa). For sandstone samples saturated
with brine, an overall decrease in the methane adsorption capacity of 30.17, 43.57 and
69.83% for Scioto and 28.90, 42.58 and 52.85% was observed for the Bandera when
compared to dry samples. At 20% brine salinity saturation, there was an additional loss
of methane adsorption capacity compared to samples saturated with water of 47.21,
54.47, 60.89% for Scioto and 10.26, 24.36, 38.03% for Bandera.
Two adsorption types control the interaction of water with sandstone rocks; a)
physisorption onto polar surfaces and b) chemisorption onto clay surfaces, which results
in a substantial water adsorption capacity due to extra electric charges formed on their
surface by isomorphous substitution. At 20% sodium chloride (NaCl) low salinity brine
will alter the Bandera sandstone wettability toward strongly water-wet conditions, while
the surface charge of Scioto sandstone will be strongly affected by low-salinity water
and the zeta potential of illite and chlorite clays will be significantly decreased.
The main reasons leading to the significant reduction in adsorption capacity are the
hydrophilic nature of clay minerals. The water would occupy the hydrophilic adsorption
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sites in clay minerals and block the access of methane molecules to clay minerals by
filling the pore throat. Hence, hydrophilic nature of clay minerals must be considered to
adequately describe the adsorption capacity of sandstone rocks under water-saturated
condition. For this reason, the amount of gas adsorption under reservoir conditions
evaluated based on gas adsorption measurements in the laboratory using dry cores
samples might be overestimated because of the water or brine content in depleted gas
reservoirs. Therefore, to accurately describe the gas adsorption amount in these gas
reservoirs, the influence of water content both in adsorbed and in free gas storage
volume should be taken into consideration.
It can be concluded that the sorption capacity of CH4 decreases with increasing water
content. Typically, gas adsorption capacity measurements are done on dry core samples,
because the presence of water would substantially reduce the measured gas adsorption
capacity. Based on the water content, all of the sandstone core samples at a certain
amount of water content (33, 65 and 91%) proved that methane (CH4) sorption capacity
would be significantly reduced due to the presence of water or brine.

1.6

Structure of Research thesis

The overall description of this thesis including its significance is divided into five main
chapters:
Chapter 1 – Introduction
The chapter introduces the general purpose and objective of research work. It explains
the concept of gas adsorption including definition, analytical models and error functions.

Chapter 2- Literature review
The chapter has a significant role in supporting this research. It presents a review of the
impact of parameters on void volume, the adsorption mechanism in sandstone reservoirs
and the impact of water and brine.
Chapter 3 – Material and Methods
The chapter covers the detailed experimental set up, description and design involved. It
also provide set up schematics, fabrication details and assemblies of experimental
apparatus.
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Chapter 4 – Main Results and Discussions
The chapter discusses the results of rigorous experimental work conducted in chapter 3
to investigate the influence of a range of process parameters on void volume
measurement and to quantify the methane adsorption capacity of dry, water and brine
saturated sandstone samples. Experimental Data verification was conducted by using
repeatability experiments, and theoretical isotherms were fit to experimental data using
nonlinear regression to analyse experimental data sets.
Chapter 5 – Conclusion and Recommendation
The chapter provides conclusions of the findings made from the research, benefits of the
results and recommendations for future studies.
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CHAPTER 2
2 ADSORPTION FUNDAMENTALS AND THEORY
2.1

Helium Void volume

The amount or volume of space, in which free or non-adsorbed gas is stored and is
present in the sample cell (SC) during adsorption experimental setup, is termed the void
volume (Ross and Bustin., 2007). Accurate determination of void volume is a critical
step in an adsorption isotherm experiment since the amount of adsorbed gas is
calculated using the previously calculated void volume data (Rani et al., 2015).
However, errors have been observed in experimental data from the void volume step
(Mohammed et al., 2009; Sakurovs et al., 2008; Gasparik et al., 2014). Different
methods (Helium Pycnometer, Volumetric and Manometric methods) and an inert
probing gas i.e. Helium of known volume (mole) are used to determine this free gas
volume. The process of which is referred to as Helium void volume or pycnometry. The
inert gas is allowed to fill in the sample cell volume containing the sample in a core or
crushed form.
Researchers (Lu et al., 1993, 1995; Krooss et al., 2002; Goodman et al., 2004; Zhang et
al., 2011) have shown that the inert gas is not adsorbed onto the microporous samples at
a room temperature. The gas pressure in the void volume increases as the inert gas
occupies the total adsorbent volume (i.e. pore space). This procedure is repeated many
times, and in successive steps, as the gas is filled with higher pressure. The void volume
is calculated for each step and then averaged. The average void volume is used for
subsequent adsorption calculation.

2.2

Adsorption Fundamentals

Adsorption is a process whereby gas molecules (adsorbate) attach to the surface of a
substrate known as the adsorbent (Zhang et al., 2013). Because of surface energy, a film
of the adsorbate is formed at the surface of the adsorbent (Gregg and Sing., 1982). The
surface energy is the excess energy applied on the adsorbate compared to the bulk
adsorbate material under free and open states. There are two types of adsorption:

19 | P a g e

CHAPTER 1: ADSORPTION FUNDAMENTALS AND THEORY

School of Computing, Science & Engineering
University of Salford

o Physisorption (physical adsorption), which is predominantly due to attractive
van der Waals’ intermolecular forces.
o Chemisorption (chemical adsorption), in which a chemical bond is formed.

In general, the gas adsorption that commonly occurs in sandstones is physical
adsorption, with a corresponding heat of adsorption of less than 20 kJ/mole (Atkin.
2006). The process is exothermic, reducing free energy and the entropy of the adsorbed
gas. In this process, when the gas adsorbate, the methane (CH4) in this case, is in contact
with the solid adsorbent, the sandstone surface, after a period the adsorbent and
adsorbate will reach an equilibrium at the end, a state depending on gas pressure,
temperature and the material properties of the adsorbent and adsorbate, which can be
expressed using a state function, i.e.: Vads = f (P, T), where Vads is the equilibrium
adsorbed amount of methane in unit of mmol/g or SCF/ton, P is the gas pressure, T is
the temperature.

Figure 2.1: Principles of adsorption on a solid surface (Micrometrics, 2012)
Figure 2.1 shows isolated sites begin to adsorb gas at low pressure (stage 1), and as
pressure increases, a monolayer coverage of molecules is formed at the surface (stage
2). As pressure continues to increase, a multilayer may form depending upon the gas
and solid (stage 3) and finally as equilibrium is reached, the surface area will be
completely saturated with gas molecules (stage 4). There are different ways to quantify
gas adsorption in an experiment. If pressure is varied and the temperature is kept
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constant, the relationship between the adsorbate volume and the adsorbate gas pressure
at equilibrium is termed adsorption isotherm, i.e.: Vads = f (P). If pressure is kept
constant, but temperature varies, i.e.: (Vads = (f (T), the relationship is called adsorption
isobar. If the amount of adsorbate is kept constant, but temperature or pressure varied
respectively, i.e.: P = f (T), the relation is called adsorption isosteric. In practice, the
adsorption isotherm is widely used for adsorption assessment rather than the adsorption
isobar or isosteric. Table 2.1 lists out the main symbols/terms and their definition for the
adsorption process.
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Table 2.1: Important definitions for gas adsorption
Definition/symbol
n

Description
The no of moles of gas in both bulk and
adsorbed form.

V

The total volume of the present in the
sample

cell

(including

the

volume

occupied by the adsorbent). It is known
by calibrating the instrument.
𝑉𝑣

The amount or volume of space, in which
free or non-adsorbed gas is stored and is
present in the sample cell (SC) during
adsorption experimental setup. It is the
volume impenetrable to the adsorptive
gas and is measured by a helium
pycnometer.

Vg

Grain volume is the volume of the rock
grains or solids (not including the pore
volume).

𝑉𝑏

Bulk volume is the volume that the rock
occupies,

sometimes

called

matrix

volume.
m

Mass of the adsorbent

𝑉𝑣𝑑

Dead volume. The space within control
instruments such as valves and fitting.

Adsorptive

Components in the bulk fluid phase
before adsorption.

Adsorbent

Bulk solid phase.

Adsorbate

Adsorbed gas molecules on the solid
surface

22 | P a g e

CHAPTER 1: ADSORPTION FUNDAMENTALS AND THEORY

School of Computing, Science & Engineering
University of Salford

2.2.1 Gibbs Surface Excess
The Gibbs surface excess is a model proposed by Josiah Willard Gibbs, which is widely
applied to measure the adsorbed phase of gas molecules in contact with an adsorbent
surface. It assumes the original surface of an adsorbent as an idealised surface of zero
thickness (Gibbs., 1928; Sircar., 1999), because of the difficulty to determine the
structure of the adsorbed phase (absolute adsorption) experimentally. Figure 2.2
illustrates this model using a geometric plane surface parallel to the adsorbent surface,
using a single gas phase at constant pressure and temperature (p, T) in contact with a
solid adsorbent (m).
In Figure 2.2, the layer model represents adsorption in a real system while the Gibbs
representation describes the idealised system. In a real system, the gas/adsorbate
density(𝜌) decreases with increasing distance (z) until it reaches the constant gas bulk
density. In the layer model, three zones are distinguished: adsorbent (zone I), adsorbed
layer (zone II), and adsorptive gas (zone III).
The zone III is at a sufficient distance from the adsorbent, where the solid surface has
little influence on the gas molecules, and the equilibrium gas density depends on
pressure and temperature there. Zone II has one side bonded to the solid surface while
the other end of the bulk gas phase. The force field of the solid surface applied on the
gas causes the increase of gas density towards the surface. The local density of this layer
depends on the distance from the solid surface.

Figure 2.2: The layer and Gibbs representation (Rouquerol et al, 1998)
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Using the Gibbs approach, the system is divided into two regions using a geometrical
plane surface parallel to the adsorbent surface. The Gibbs dividing surface placed on the
solid surface is shown in Figure 2.2, In the Gibbs representation, the sum of the free
bulk (Vfree) gas volume and adsorbed (Vads) equals the total void volume (𝑉𝑣 ) as shown
(Eqn. 1.1):
𝑉𝑣 = 𝑉𝑓𝑟𝑒𝑒 + 𝑉𝑎𝑑𝑠

(1.1)

Therefore, the surface excess amount, n, illustrated in Figure 2.2 is the difference
between the total amount of adsorbate gas in the material surface and the amount of gas
present in the bulk phase. In this thesis, the surface excess (Eqn. 1.2) is defined as
𝑛𝑎𝑑𝑠 𝑒𝑥𝑐𝑒𝑠𝑠 , 𝑛𝑖𝑛𝑗 is the total amount of adsorbate and 𝑉𝑣 is the volume of gas present in
the bulk phase, the surface excess can then be calculated using:
nads excess = ninj − ρg (P, T)Vv

(1.2)

𝑛𝑖𝑛𝑗 is the total amount of gas transferred successively through the reference volume
into the sample cell containing the sample, and the void volume (𝑣𝑜𝑖𝑑) is determined by
helium expansion measurement before the adsorption experiment.

2.2.2 Adsorption Isotherm
Adsorption isotherms are graphs that describes the adhesion of molecules to a solid surface as
a function of pressure at a fixed temperature. It is a mathematical plot of the solid adsorbent
capacity against its pressure. For pure gases, experimental physical adsorption isotherms have
shapes that are classified into five types as discussed below. Each of these types is observed
in practice but by far the most common are types I, II and IV. The types of adsorption
isotherms are shown in Figure 2.3 (Gregg and Sing., 1982):
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Figure 2.3: Types of adsorption isotherm (Gregg and Sing., 1985)
o The monolayer is formed on the surface of adsorbent in Type I (Gregg and Sing.,
1982). The appearance of a nearly horizontal plateau is an indication of a tiny
horizontal pore surface area, and this is typical of microporous solids.
o Type II is ubiquitous for the case of physical adsorption with multilayer
formation. At a low relative pressure, it is concave, and then linear for a small
pressure range where monolayer coverage is complete. Then, it becomes convex
to the relative pressure axis. Multilayer's thickness increases progressively with
an increase in relative pressure (Gregg and Sing., 1982).
o Both Type III and Type V isotherms are characterised by being convex to the
relative pressure axis. As seen in Figure 2.3, Type III Isotherm's convexity
continues throughout the isotherm. However, Type V isotherm reaches a plateau
at a high relative pressure. The convexity of the isotherm indicates that the
already adsorbed molecules tend to enhance the adsorption of other molecules.
In nonporous or highly microporous adsorbents, Type III isotherms are standard.
On the other hand, Type V isotherms are observed in the case of mesoporous or
microporous adsorbents for the adsorption of both polar and nonpolar adsorbent
(Gregg and Sing., 1982). The convexity of the isotherm is the indication of
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cooperative adsorption, which means that the already adsorbed molecules tend to
enhance the adsorption of other molecules. In other words we can say that it
support the adsorbate-adsorbate interaction.
o Type IV isotherms are observed in the case of mesoporous adsorbents. At low
relative pressures, the shape of isotherms follows the same path as Type II.
Then, the slope starts decreasing at a higher pressure. At saturation vapour
pressure, the isotherm levels off to a constant value of adsorption. The portion of
isotherm that is parallel to the pressure axis is attributed to pore filling by the
capillary condensation (Gregg and Sing., 1982). The shape of the type IV
isotherm is similar to that of type II at the start but differs at the higher relative
pressure region where it displays a hysteresis loop. The hysteresis is attributed to
capillary cracks from which adsorbate molecules do not desorb as readily as they
adsorb. This is due to vapour pressure lowering over the concave meniscus
formed by condensed liquid in the pores (Sing et al., 1985).
2.3

Theoretical adsorption Isotherms Fitting

Different adsorption isotherm models have been analysed by researchers (Kumar et al.,
2007; Mohammed, 2007; Foo and Hammed, 2009; Chen et al., 2012, 2015; Osmari et
al., 2013) to assess their ability to fit experimental data. These model are either two or
three-parameter models (Foo and Hammed, 2010). Some models were modified by
incorporating more parameters into the original form of the model (McKay and Porter.,
1997; Al-Asheh et al., 2003; Liu and Wang., 2008). Besides, to use the theoretical
assumptions behind these mathematical equations, several error deviation functions
have been used to measure the goodness of fit of the models (Mohammed, 2007). These
error functions are criteria that evaluate the error distribution between the experimental
data and the predictive values of isotherm models (Foo and Hammed, 2010).
Researchers (McKay and Porter., 1997; Allen et al., 2003; Ho and Wang., 2004; Ho.,
2004; Wang and Qin., 2005; Parimal et al., 2010) select one, two or several criteria to
determine the best performance for all functions (Ho et al., 2002; Ringot et al., 2007;
Allen et al., 2003; Chen et al., 2012).
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Published studies have compared the performances of linear and non-linear regressions
of adsorption isotherms (Kumar and Sivanesan, 2005, 2006; Kumar, 2006; Bolster and
Hornberger, 2007; Parimal et al., 2010). However, the non-linear regression procedure
provides better fits and can be performed for different models with the same set of
adjustable variables, allowing for more direct comparison of distinct model fits (osmari
et al., 2013). Search for the best-fit adsorption isotherm using the non-linear method is
the most widely used technique to predict the optimum isotherm. Currently, non-linear
regression method is found to be the best way in selecting the optimum isotherm (Ho.,
2004; Kumar, 2006, 2007; Kumar and Porkodi, 2006; Ho et al., 2005). The coefficient of
determination, r2 is the most widely used error function to minimise the error
distribution between the experimental equilibrium data and isotherms (Ho., 2004;
Kumar. 2006, 2007; Kumar and Porkodi, 2006; Ho et al., 2005).

2.4

Analytical models for adsorption

Accurate representation of the adsorption of gas onto a solid depends upon a good
description of the equilibrium between the two phases. By plotting the adsorption
capacity (mmol/g) against pressure (psia) graphically, it is possible to depict the
equilibrium adsorption isotherm. The adsorption isotherm must be established to
evaluate the capacity of an adsorption system (Cheng et al., 2012). There are many
theories relating to adsorption equilibrium. However, the models used in this research
were the Freundlich, Langmuir, and Redlich–Peterson. The mathematical equations of
these models and their associated parameters are illustrated below:
2.4.1 Langmuir Isotherm
The Langmuir isotherm (Eqn. 2.3) is an empirical model originally developed to
describe one layer or monolayer adsorption (Langmuir. 1916). The assumptions of the
Langmuir model (Yang 1997; Do., 1998) are; 1). The surface is homogeneous, that is
the adsorption energy is constant over all sites; 2). Adsorption on the surface is
localised, that is adsorbed atoms or molecules are adsorbed at individual, restricted sites;
3). Each site can accommodate only one molecule or atom. It is expressed as:
V=

VL p
⁄p + P
L

(2.3)
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Where, V is adsorption equilibrium capacity (SCF/tonne); VL is the Langmuir volume,
and PL is the Langmuir Pressure (psia). This model is the most widely used to describe
adsorption dynamics, but due to it, not adequately describing multi-layer adsorption or
temperature differentials other isotherms were developed.
2.4.2 Freundlich Isotherm
Freundlich presented the earliest known adsorption isotherm equation (Freundlich.
1906). This empirical model can be applied to monolayer and multilayer adsorption
types on different surfaces and is expressed by Equation 2.4:
x
m

1

= kPn

(2.4)

Where x: the amount of adsorbed methane (g), m: the mass of clay adsorbent (g), P: the
pressure of methane gas (psia), k and n: are empirical constant characterising adsorption
capacity and intensity. For an excellent adsorbent, 1<n<10, and a higher value of n
indicates better adsorption and formation of a strong bond between the adsorbate and
adsorbent.

2.4.3 Redlich- Paterson Isotherm
Redlich–Peterson isotherm (Eqn. 2.5) is an isotherm featuring both Langmuir and
Freundlich isotherms; it is a hybrid developed by Jossens and workers, who modified
the three-parameter equation first drawn up by Redlich and Peterson, (1959). At low
pressure, it describes the Langmuir isotherm at high pressure it becomes the Freundlich
isotherm (Ho et al., 2001). It is expressed mathematically as:

qe =

KR Ce
⁄1+a C g
R e

(2.5)

Where, KR, aR, and g are the Redlich-Peterson isotherm constants. It comprises of a
three-parameter empirical equation that is similar to the Langmuir isotherm, but with
the equilibrium concentration in the denominator raised to a ‘g’ parameter, which is
positive and smaller than 1. It also can be easily observed that the Redlich–Peterson
isotherm reduces to the Langmuir isotherm when the parameter g is equal to 1. Besides,
when the term 𝑎𝑅 𝐶𝑒 𝑔 in the denominator is much higher than 1, the behaviour of the
Redlich–Peterson isotherm is similar to the Freundlich isotherm (Osmari et al., 2013).
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Error Functions

For a given combination of adsorbent (solid) and adsorbate (gas), selection and
configuration of an appropriate isotherm expression is typically accomplished by
regression against experimental data (Roy et al., 1992; Matott and Rabideau., 2007).
The MATLAB computer program automates this process and provides a range of postregression statistical and diagnostic measures. The goodness of fit is an essentially
important parameter that estimates how well the curve predicts the experimental data. It
is based on the theory that the scale of the difference between the experimental data
points and the prediction curve is a good measure of how well the curve fits the data.
The following parameters are measured to judge the goodness of fit (Hossain et al.,
2013):
2.5.1 The coefficient of multiple determination (r2),
This statistic measures how successful the fit is in explaining the variation of the data. It
is presented in Equation 2.6. Put another way, R-square is the square of the correlation
between the response values and the predicted response values:
2

r=

∑(qmeas - qcalc )
2

2

∑(qmeas - qcalc ) + ∑(qmeas - qcalc )

2

(2.6)

Where qmeas is the constant obtained from the isotherm model, qcalc is the equilibrium
capacity obtained from experimental data, and qcalc is the average of qcalc. A value closer
to 1 indicates a better fit to experimental data (Karadag et al., 2007; Foo and Hammed,
2009).

2.5.2 The sum of squares due to error (SSE)
A statistic that measures the total deviation of the response values from the fit to the
response values and is presented as Eqn.2.7. It is also known as summed square of
residuals.
2

∑N
i=1(qcalc - qmeas )

(2.7)

Where, qcalc is the theoretical adsorbed gas phase, which have been calculated from one
of the isotherm equations and qmeas is the experimentally determined adsorption
capacity. A value closer to 0 indicates that the model has a smaller random error
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component and that the fit will be more useful for prediction (Kumar et al., 2006; Mane
et al., 2007; Foo and Hammed, 2009).

2.5.3 The root mean squared error (RMSE)
It is also known as the fit standard error and the standard error of the regression. It is an
estimate of the standard deviation of the random component in the data and is presented
in Equation 2.8:
1

RMSE= √N ∑ni=1(qcalc - qmeas )

2

(2.8)

Where, qcalc and qmeas are the calculated and experimental adsorption capacity
respectively and N is the number of data points. Just as with SSE, an RMSE value closer
to 0 indicates a fit that is more useful for the prediction of the fit (Ho et al., 2002;
Hossain et al., 2012, 2013).

2.5.4 Residual plot
It is an important criterion to assess the adequateness of a regression model (Draper and
Smith, 1981; Myers, 1986). The distribution between the model predictive errors
(residuals) versus predictive values is called the residual plots (Chen et al., 2012).
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CHAPTER 3
3 LITERATURE REVIEW

3.1

Introduction

Depleted Sandstone reservoirs are an important resource and have recently attracted
attention as a medium for isolating greenhouse gases. The adsorbed state is one of the
most important storage mechanism of methane (CH4) in these reservoirs. Investigating
the capacity of adsorbed gas in sandstones is required not only to understand the
reservoir but also as a means of optimising the process of enhanced gas recovery and
sequestration (Chalmers and Bustin., 2008; Curtis., 2002; Ross and Bustin., 2007, 2008;
Strapoc et al., 2010; Zhang et al., 2012; Liu et al., 2013). Enhanced gas recovery and
sequestration (EGR-CO2) operations in depleted gas reservoirs will require reliable
predictions of the physical and chemical effects of methane (CH4) on the sandstone, i.e.
a clear understanding of sandstone-CH4 interaction processes under relevant conditions.
An essential starting parameter, which is determined in the laboratory is the methane
(CH4) storage potential of the core samples being the sum of the adsorption capacity and
void volume measurements. When considering microporous solids as a medium to store
CH4, physical adsorption is considered as the primary process. Physical adsorption was
also found to be an important process in gas adsorption where clay minerals are present
(Busch et al., 2008) for example in sandstone reservoirs.
The Helium void volume i.e. the amount or volume of space, in which free or nonadsorbed gas is stored and is present in the sample cell (SC) during adsorption
experimental setup is affected by many parameters. However, this thesis concentrates on
the effect of pressure, equilibrium time and water content. Moreover, it is also important
to take account of the sample form (crushed, core) and type (pure clay, clay shale,
sandstone) used for these tests since each material has different properties.
Methane (CH4) gas adsorption capacities are typically reported on a dry basis,
neglecting water or brine content and adsorption onto clay surfaces. The presence of
water in reservoirs has negative impact on adsorption capacity (Don & Ann., 1981;
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Hovorka et al., 2009; Fischer et al., 2010; Yu et al., 2012) of the sandstone in gas
reservoirs. Methane (CH4) adsorption on mineral surfaces (especially clays) has been
found to be significant (Busch et al., 2008; Weniger et al., 2010a; Wollenweber et al.,
2010). Carbon dioxide (CO2) adsorption capacities are of a high order compared to
methane adsorption on clay minerals (Fitzgerald et al, 2005; Ottiger et al, 2008; Pini et
al, 2010; Gensterblum, 2013).
The methane (CH4) adsorption capacity of sandstones, the impact of abandonment
pressure (0-500psia) on methane (CH4) adsorption and the parameters that affect the
void volume of sandstones are yet to be investigated. Research on this topic is still in
progress and mechanisms are not well understood yet. Therefore, it might be misleading
to report CH4 adsorption capacities based on dry basis alone without the consideration
of water, brine and clay mineral surfaces (depending on the respective contents).
In this chapter, a comprehensive literature review of the research topics relevant to this
study is presented. The chapter is divided into two sections:
Section 1: focuses on the use of helium as an inert gas for void volume measurements
in adsorption experiments of microporous materials, and in doing so examines the
effects of averaging pressure, contact time and the presence of water.
Section 2: presents a review of adsorption mechanism in sandstone reservoirs and the
impact of water and brine. It considers the abandonment pressure of depleted reservoirs,
Methane (CH4) and Carbon dioxide (CO2) adsorption in Enhanced gas recovery and
sequestration (EGR-CO2), Methane (CH4) adsorption of clay-rich rocks and the effect of
Water and Brine content on methane (CH4) adsorption capability.
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SECTION 1: The Impact of parameters on void volume quantification

3.2.1 Helium as an inert gas for void volume quantification
The use of helium as an inert gas to determine the buoyancy or void volume of samples,
in gravimetric and manometric/volumetric adsorption methods respectively is widely
utilised in adsorption measurements (Gensterblum., 2013; Wang et al., 2013; Gasparik
et al., 2014; Rexer et al., 2014). The use of Helium as an inert gas for void volume
measurement has been a subject of debate between researchers (Charles et al., 1969;
Sing et al., 1985; Lu et al., 1993, 1995; Roquerol et al., 1999; Krooss et al., 2002;
Goodman et al., 2004, Zhang et al., 2011; Mohammed et al., 2009; Sakruvos et al.,
2009; Gasparik et al., 2013, 2014). The impact of helium adsorption on the void volume
measurements of microporous adsorbents (clay-shale, sandstones, powdered pure clay)
is a still a contentious issue. In the literature, there is no unanimous agreement among
the different authors:
Using helium to define the reference "non-sorption" case is not entirely unambiguous,
and several works have indicated that a non-negligible adsorption of helium takes place
at ambient temperatures on activated carbons and zeolites (Malbrunot et al., 1997;
Sircar., 2001; Gumma and Talu., 2003). However, Researchers (Sing et al., 1985;
Roquerol et al., 1999; Ross & Bustin., 2007) argued against the assumed non-adsorption
of helium in microporous adsorbent, when measuring the void volume, pointing out it
could be a source of uncertainty in experiments. For example, the small kinetic diameter
of helium compared to the molecular diameter of other gases is shown in Table 3.1. The
smaller molecular size of helium can lead to an overestimate of the void volume (Ross
and Bustin, 2007). The error due to molecular sieve effect can be eliminated by using
other inert gas such as argon (Ross and Bustin, 2007; Vermylen, 2011), which has
molecular diameter of 0.34 nm, comparable to methane. However, Argon has a higher
rate of adsorption compared to helium and should be avoided (Rani et al., 2015).
Table 3.1: Molecular diameter of gases compared with helium.
Gas
Molecular

Helium

Carbon Dioxide

Nitrogen

Methane

Diameter

0.26

0.33

0.36

0.38
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Higher penetration of helium to the finest microporosity (Ross & Bustin., 2007;
Aljaman et al., 2010; Anovitz and Cole, 2015) compared to other gases, which is the
ability of the helium gas to penetrate smaller pores spaces in microporous materials due
to its low molecular size. This ability of helium can overestimate the void volume
compared to the void volume available to methane (CH4), which leads to Negative
values in Methane and Carbon dioxide (CH4 and CO2) adsorption isotherm (Ross &
Bustin., 2007; Moghaddam., 2013; Merey et al., 2016). Furthermore, Helium can be
absorbed on inert solids such as silicates and clays (Charles et al., 1969; Ross & Bustin.,
2007). Other authors (Walker Jr., 1988; Siemons and Busch., 2007; Sakurovs et al.,
2009; Gensterblum., 2013) have provided an overview of the topic.
Helium adsorption is very negligible; it is adsorbed on solid adsorbents at low
temperatures and high pressures, but not at room temperature and low-pressure
(Tarczewski and Grillet., 1989; Malbrunot et al., 1997; Rani et al., 2015). It has unique
properties such as; a low chemical reactivity (inert); an ideal gas (Aljaman et al., 2010;
Anovitz and Cole, 2015) and a high diffusivity (Anovitz and Cole, 2015). These
properties suggest that Helium is the perfect choice for void volume measurement (Lu
et al., 1993, 1995; Krooss et al., 2002; Goodman et al., 2004, Zhang et al., 2011). In
clays, shale and coal the magnitude of the helium sorption is expected to be slight (in
μmol/g range compared to mmol/g of the typical adsorption capacities for CH 4 or CO2)
and thus considered negligible (Sakurovs et al., 2009; Gasparik et al., 2013; Heller and
Zoback, 2014).
Ross & Bustin., (2007) investigated the effects of helium adsorption on the void volume
measurement of powdered clay minerals (illite, smectite and kaolinite). The study
showed that:
o The measured void volume increases with pressure due to helium adsorption or
access to finer pores at higher pressures (up to 725.189 psia or 5 MPa).
o If adsorption of helium were responsible for the variation in void volume
measurement with pressure, the general slopes of the helium isotherm curves
would plateau at higher pressures rather than being continuous and relatively
constant. The previous observation suggests that helium will not be significantly
adsorbed as no saturation point is reached.
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o The negative values of adsorption isotherm was because of an overestimation of
the void volume due to ‘molecular sieving' effect.
However, the increasing trend in void volume with pressure in their results was mainly
a consequence of greater accessibility of helium to restricted pores (i.e. a capillary
effect) which occurs only at high pressure (upto 5MPa).The adsorption is this research
was negative indicating that the void volume was not only the cause of error in their
adsorption capacity experiments. The molecular sieve effect is observed in porous
materials with the pore size comparable to molecular size. This effect is as a result of
Helium (He) molecules having a smaller kinematic diameter compared to other gases
(CH4, CO2) as shown in Table 3.1. It can access tiny pores that are not accessible to
methane (CH4) gas. Helium adsorption, if present, will be in little range as compared to
CH4 or CO2 adsorption capacity, which is usually in a high range and hence can be
neglected (Sakurovs et al., 2009; Gensterblum., 2013). Moreover, the adsorption of
helium at ambient temperature (i.e. 25°C) and low pressure (0 - 2175.57 psia or 0 – 15
MPa) is small.
It has been advocated that helium void volume measurements be modified to account
for helium adsorption (Myers and Monsoon, 2002). This procedure is, however, lengthy
and tedious because it requires the determination of the Henry constant for adsorption of
helium. One inefficient factor of using Helium is due to its virial coefficient, which is
smaller than most adsorptive gases, and, it may increase in density near the pore wall
surfaces (adsorption) in micropores (Myers and Monsoon, 2003). However, using
theoretical density or pycnometer in measuring void volume will solve this problem.
Theoretically, the adsorption of helium on a microporous surface is not of importance.
In adsorption experiments, the only methodology that acts as a differentiation standard
between experiments on adsorption has to do with the procedure of choosing a gas that
can quantify the void volume and a reference state (Myers and Monsoon, 2003).
Questions such as; Firstly, how do we differentiate between the adsorbed gas and free
gas, and which procedure will lead to a more accurate result? These questions need to
be considered in experimental measurements. Furthermore, if gas expansion methods
are adopted, which gas should be used and at what reference state? The last two
questions have vital importance when determining the void volume (Roquerol et al.,
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2009). The answers to these questions depend on the methodology adopted. There are
direct and indirect methods available for quantifying the void volume.
A procedure used by Gasparik et al., (2013) to estimate the void volume consists of
constructing the total-mass-of transferred- helium versus the equilibrium density of
helium. It involves plotting a graph of the total amount of helium transferred (mHetrans)
successively as a function of helium density (ρscHe) in the sample cell (Figure 3.1), with
the slope of this “helium isotherm” equal to the void volume. The total mass of helium
transferred is calculated using Eqn. 3.1:
be
ae
He
He
mHe trans = VRc ∑N
s=1[ρRc (T, P2s ) − ρRc (T, P2s+1 )]

(3.1)

Where mHetrans is the total amount of helium transferred from the reference cell, VRc is
the volume of the reference cell, ρRcHe (T, P2sbe) is the helium density in the sample cell
at an initial pressure and before equilibrium(upper script be) and ρRcHe (T, P2s+1ae) is the
helium density at equilibrium(upper script

ae

) at a constant temperature. N and s

represent the number of successive injection steps.

Figure 3.1: Mass of helium transferred versus helium density (Gasparik et al., 2013)
The advantages of this procedure (Gasparik et al., 2013) are that:
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o It does not require any individual data point elimination or selection (e.g.
outliers, data scatter as the equilibrium pressure approaches the maximum
pressure value).
o The slope is independent of the initial pressure value.
o It mimics the evaluation of the excess isotherm in which the total amount of
adsorptive gas transferred into the sample cell is measured. It is, moreover,
analogous to the measurement of the "helium isotherm" in the gravimetric
method to obtain the sample volume for the buoyancy correction.
However, this procedure is lengthy and the choice of Equation of State will have a
significant influence on the calculated sorption quantity. Preferred reliable predictions
of void volume should be jointly with other sources of error as suggested by Ross and
Bustin such as: 1) averaging the void volume values for multiple pressure steps; and 2)
selection of an appropriate inert gas (Ross and Bustin, 2007).

Several other attempts have been used to incorporate potential further changes of the
volume of the solid adsorbent like swelling, water adsorption and reaction with
microporous adsorbent:
Khosrokhavar et al. (2012) and Moghaddam. (2013) suggested modification in void
volume calculations (Eqn. 3.2) to account for the volume occupied by adsorbed helium,
swelling of the sample due to its infinite weight, and the reaction of adsorbed gas with
the microporous solid:
N
N
V N void = V 0 void − ∑N
i=1 ∆ Vads − ∑i=1 ∆ Vsw − ∑i=1 ∆ Vrec

(3.2)

Where, N is the number of experimental steps, ∆Vads is the volume adsorbed on the clay
surface; ∆Vsw is the effect of swelling and the reaction of adsorbed gas with the
microporous surface (∆Vrec). The authors claimed that the void volume determined with
Helium may overestimate the void volume accessible to CH4. Then the void volume can
change at every time step due to the finite volume of the adsorbed phase, swelling of the
clays and possible reactions of the introduced gas with the minerals. However, the void
volume measurements in their research was validated with Argon and Helium and they
report not observing any change in void volume before and after introducing the CH 4 to
the sample.
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The application of helium as an inert gas is still the only and most accurate for void
volume determination. So far, this approach provides an important and useful
generalised procedure for void volume determination as reported in many recently
published papers (Lu et al., 1993, 1995; Krooss et al., 2002; Goodman et al., 2004;
Badalyan & Pendleton., 2008; Mohammed et al., 2009; Zhang et al., 2011;
Khosrokhavar et al., 2012; Gasparik et al., 2013; Moghaddam., 2013; Rani et al., 2015).
The helium expansion method is the only accurate and efficient method available for
now, and is used generally as a "standard" procedure for measuring adsorption on the
surface of adsorbent solids (Gasparik et al., 2013). Nevertheless, it is also important to
take account of the sample form (crushed, core) and type (pure clay, clay shale,
sandstone) used for these tests since each of these materials have different properties.

3.2.2 Effect of averaging pressure on void volume measurement
Errors were observed in the experimental data when quantifying adsorption capacity,
some of which have been attributed to the inaccuracy of void volume measurement
(Sakurov et al., 2008; Gasparik et al., 2014). At pressures, 0 - 2175.57 psia or 0 - 15.0
MPa (Chareonsuppanimit et al., 2012; Gasparik et al., 2012, 2014; Heller and Zoback.,
2014; Rani et al., 2015), the average void volume change as a function of pressure is
little for coal, shale and pure powdered clay minerals (kaolinite, illite, Smectite).
However, the experiment by Ross and Bustin (2007) did not agree with that of others
because of gas capillary effect and helium adsorption at higher pressures with the
natural microporous materials.
Chareonsuppanimit et al., (2012) observed that the void volume calculated from helium
injections varied less than 0.3 cm3 for an average reading of 60 cm3. The helium void
volume measurements were performed at the same temperature as the gas adsorption
isotherms (328.2 K) and over a range of pressures from 0 - 12.4 MPa (1800 psia) in
intervals of 1.4 MPa (200 psia). The helium adsorption was considered negligible at
these conditions and we modified our apparatus to reduce, as much as possible, the void
volume in the equilibrium cell. An injection pressure of 7 MPa (about 1000 psia) was
used since this gives the optimal overall performance for a fixed pressure, experimental
apparatus. Our apparatus modifications resulted in a 34% reduction in void volume, and
this lowered the expected uncertainties in adsorption by more than two-fold.
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Heller and Zoback, (2014) also observed similar results (Figure 3.2) reporting average
void volume data of 14.956ml with a deviation of 0.0045ml for Eagle Ford shale sample
at pressure up to 1400 psia or 9.65 MPa.

Figure 3.2: Void volume versus Pressure for Eagle Ford sample (Heller and Zoback,
2014)
Rani et al (2015) compared the void volume in a volumetric adsorption study using two
shale types, KG and Salanpur, from India at 40°C and 1334.35 psia (9.2 MPa). Using
Argon and helium, they observed that, in the case of helium, void volume was
independent of pressure, while for argon, they found a correlation between pressures
and void volume measurement (Figure 3.3). They concluded that the reason for this
relationship between pressure and void volume is due to argon adsorption and molecular
sieving effect.

39 | P a g e

CHAPTER 3: LITERATURE REVIEW

School of Computing, Science & Engineering
University of Salford

Figure 3.3: Void volume measurements for Krishna Godavari (KG) and Salanpur shale
using Argon and helium (Rani et al., 2015)
However, this result is not agreeable to the suggestion by Ross and Bustin, 2007 and
Vermylen, 2011 that the error due to the molecular sieve effect can be eliminated by
using other inert gas such as argon to determine the void volume. With a molecular
diameter of 0.34 nm, argon is comparable to methane and it is suggested that error due
to molecular sieving will be reduced. Generally, helium is used as the inert gas for void
volume determination. Helium has a smaller kinetic diameter (0.265 nm) compared to
methane (0.380 nm).
Ross and Bustin, (2007) observed that at a pressure of 36.25 to 725.19 psia (0.25 to
5Mpa), the total void volume increased as a function of incremental pressure for
powdered clay minerals. They calculated the void volume by mass balance using the
Equation 3.3:
P -P

Vv = P 2- P3
3

1

(3.3)

Where with appropriate correction for non-ideality, 𝑉𝑣 is the void volume, P1 is the
initial sample cell pressure, P2 is the pressure in the reference cell after charging with
helium and P3 is the pressure in the sample cell and reference cell after expansion. By
comparing plots of helium void volume measurement versus pressure for clay minerals
(Kaolinite, Smectite and illite) with quartz as shown in Figure 3.4; they observed that
the total void volume increased for pure clay minerals compared with a constant value
for quartz. However, the assumptions of constant void volume for quartz in the research
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was not obvious compared to that of clay minerals which increased with increasing
pressure.

Figure 3.4: Comparison of measured void volume for major constituents of shale/mud
rock samples (all on dry basis). (a) Kaolinite; (b) smectite; (c) illite; (d) quartz (Ross
and Bustin, 2007)
They conclude that the uniform pore size of quartz leads to the total void volume
remaining constant compared with the inconsistent structure of shale and clay minerals
in which there was an apparent total void volume increase with variable pressure.

3.2.3

Effect of Contact Time on void volume measurements

The contact time influences the void volume measurement due to the time-dependant
diffusive nature (Mair et al., 1998) of helium. However, only two researchers (Gasparik
et al., 2013, Ross and Bustin, 2007) conducted experiments to analyse the impact of
contact or equilibrium time on void volume measurement.
Gasparik et al, (2013) observed that an equilibrium period of at least 500 min (> 8 hrs),
must be given when measuring the void volume in organic shale due to their low
permeability.
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Figure 3.5: Measured shale porosity as a function of equilibrium time (Gasparik et al.,
2013)
From Figure 3.5, as equilibrium time increased the total sample porosity increased until
it tends to stabilise at 500 minutes. This observation indicates that insufficient contact
time, for example, less than 30 min, could result in a significant underestimation of the
apparent porosity.
Ross and Bustin, (2007) investigated the effect of contact time on accurate void volume
estimation on shale and pure clay minerals (Kaolinite, illite, Smectite). They observed
that diffusion of helium into sample volume is a function of time from calculated excess
helium capacities using different calibration times.

Figure 3.6: Calculated helium isotherms of a shale sample using various contact time
(Ross and Bustin, 2007).
They concluded that using shorter time in void volume measurements produces smaller
void volume since the samples will not be saturated due to less time for helium to
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diffuse and occupy the sample (Figure 3.6). However, with longer contact time (i.e.
1000 s), the gas molecule has higher accessibility to sample pore spaces.

3.2.4 Effect of water content on void volume measurement
Errors in measured void volumes due to the presence of water in pore spaces and surface
area of core or crushed samples remain a challenge for storage capacity estimation.
Ross and Bustin, (2007) used shale and mudrock samples to investigate the effect of
moisture on void volume. They conclude that the occupation of adsorption sites and
pore-throats by water creates less space for the helium molecule to occupy and may
restrict helium diffusion, as suggested by the less significant increase in void volume in
moist samples from their results.
Muhammed et al., (2009) evaluated errors in helium void volume determination,
assuming that the sample under investigation is at its equilibrium saturation state with
water i.e. assuming that no water-rich phase exist. The water is adsorbed completely by
the sample in the volume of the sample cell (Vcell) and has a volume of Water (Vads).
This assumption is based on available experimental data on helium solubility in water
and considering that, the Helium void volume does not vary with change in pressure as
reviewed in section 3.2.2. They applied the equation (Eqn. 3.4) below to determine the
void volume of a water saturated adsorbent:
Vvoidhelium = Vcontainer – (Vadsorbent + Vwaterads)

(3.4)

Where Vvoidhelium is the measured void volume, Vcontainer is the volume of the sample cell,
Vwaterads is the water adsorbed in a sample and Vadsorbent is the solid adsorbent capacity.
Adsorbents with water present in their void spaces have a correction that accounts for
the fact that the void volume measurements in the presence of water will lead to errors
i.e. underestimating the volume. The correction for this experimental error is to subtract
the amount of gas soluble in the water from the amount adsorbed (calculated in the
usual manner for dry adsorbents). Errors in this correction is expected to be greatest in
magnitude for gases that are highly soluble in water, such as CO2 (Mohammed et al.,
2009).
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At the macro scale, Gasparik et al, (2014) proved that trace amounts of water (usually in
ppm range) in high-purity gases could affect void volume estimations. They conclude
that the presence of water in adsorption experiment requires attention because the total
amount of water in the system container does not change with pressure (assuming dry
injection gas).
So far, most literature related to the effect of water on void volume measurement are
mostly theoretical formulations that only consider the effect of adsorbed water.
Unfortunately, few experimental studies have investigated the effect of water on the
void volume measurement using sandstone as part of adsorption capacity experiments.
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Summary
o The sources of error involved in void volume measurements when using helium
as suggested by researchers (Ross and Bustin, 2007; Muhammed et al., 2009)
include; Selection of helium as an appropriate inert gas, averaging the void
volume values for multiple pressure steps, Contact time and the presence of
water.
o Helium expansion method is the only accurate and efficient method available for
now, and is used generally as a "standard" procedure for measuring adsorption
on the surface of adsorbent solids.
o Sample form (crushed, core) and type (pure clay, clay shale, sandstone) used for
these tests need to be taken into account since each of these materials have
different properties. Moreover, most of the research on void volume
measurements were related to either powdered clay or shale.
o

Literature review showed that proper experimental techniques and a void
volume of high precision are critical for obtaining an accurate adsorption
quantification.

o Methodology adopted in research determines the accuracy and precision of
experimental dataset while helium accessibility to sample pore space mainly
determined by helium adsorption and its accessibility to the void volume.
o Water occupies adsorption sites in surface, pore throats of microporous solids
creating less space for the helium molecule to occupy, and may restrict helium
diffusion.
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SECTION 2: Adsorption mechanism in sandstone reservoirs and the effect of
water and brine

3.4.1

Abandonment pressures of Depleted gas reservoirs

Depletion is a stage in the lifetime of a reservoir when hydrocarbons production
diminishes to sub-economic levels even though significant hydrocarbons remain in the
reservoir, some of which may be recovered with appropriate workovers on wells or
assisted recovery technique (Hovorka et al., 2009). The abandonment pressure is the
minimum pressure of the reservoir at abandonment or depletion.
Recent studies have shown that the abandonment pressure is a key connection point
between the methane (CH4) gas recovery efficiency and CO2 sequestration. From the
angle of economic development, if the abandonment pressure is too high, the gas
recovery will reduce (Godec et al., 2014), the injection pressure also must be high
enough to inject CO2 into depleted gas formation, on the contrary, if the abandonment
pressure is too small, the gas recovery and CO2 storage capacity will be enhanced.
However, too little abandonment means too low abandonment gas rate. Thus, the
development cost will sharply increase (Tian et al., 2016).
The amount of gas in depleted reservoirs at abandonment pressure is of interest since it
has to do with the mechanics of the storage reservoirs. Abandonment pressure varies for
different gas fields, with values ranging from 50 – 100 psia or 0.34 – 0.69 MPa
(Okwananke et al., 2011) or range of 50.76 and 116.03psia or 0.35 and 0.80 MPa
(MacRoberts, 1962; Okwananke et al., 2011, Yekeen Adeboye & Sulaimon 2011,
Mathias et al., 2014). Singh et al., (2011, 2012) considered an initial pressure of
580.151psia or 4.0 MPa, Han et al., 2012 considered an initial pressure of 999.31psia
(6.89 MPa), Mukhopadhyay et al., 2012 presented numerical simulations concerning
CO2 injection into a depleted gas reservoir at 72.5189 psi or 0.50 MPa. Afanasyev, 2013
assumed a minimum initial pressure of 652.67psia (4.50 MPa) and Ziabaksh-Ganji &
Kooi, 2014 assumed an initial pressure of 870.226 psi (5.90 MPa).
Most previous work relating to Enhanced gas recovery and CO2 sequestration in
depleted gas reservoirs used simulation with investigated pressures ranges higher than
1450.38 psi or 10.0 MPa (Andre et al., 2010; Mathias et al., 2013), and mainly
investigated the effect of CO2 injection on depleted gas reservoirs. The effect of
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methane (CH4) adsorption at abandonment pressure of depleted reservoirs is yet to be
evaluated.
3.4.2

Methane (CH4) and carbon dioxide (CO2) adsorption in Enhanced gas recovery
and sequestration (EGR-CO2)

Sandstones in gas reservoirs are composed of clays that serve as adsorption sites, which
have high gas storage capacity (Sondergeld et al., 2010). The adsorption characteristics
of clays in sandstone are necessary for the exact determination of gas reserves in
depleted reservoirs, i.e. of the optimisation of primary and secondary recovery
procedures (Sandor, 1977). The determination of adsorption capacity of sandstone is a
complicated task because sandstones have a complex mineral composition, particle size
also changes within a wide range (Berczi et al., 1970). Clays as important component of
sandstone will contribute significantly to gas storage in sandstone reservoirs.
Numerous research have been conducted regarding CO2 storage in depleted reservoirs
and various mechanism have been reported. Even though an understanding of, as well
as an ability to predict these different physical and chemical processes are needed for
successful storage projects to be designed. These mechanisms with the exception of
adsorption process are not the focus of this research and have been reviewed in brief.
The process of CO2 injection into an underground reservoir initiates various trapping
modes in sequence. The initial trapping method is physical (stratigraphic and residual),
followed by chemical (solubility and mineral) trapping as time progresses (IPCC., 2005;
Jung and Wan., 2012; Luo et al., 2012; Bolourinejad et al., 2013; Goater et al., 2013;
Hellevang et al., 2013). These mechanisms have been extensively investigated using
numerical modelling and laboratory experiment (Gunter et al., 1993, 1997; Xu et al.,
2003, 2005; Gaus et al., 2005; Knauss et al., 2005; White et al., 2005; Zerai et al., 2006;
Ide et al., 2007; Hesse et al., 2008; Saadatpoor., 2009; Gaus, 2010; Pentland et al., 2011;
Lu et al., 2012).

Carbon dioxide can be retained in geologic formations by the

following four mechanisms (Hitchon., 1996; Dooley., 2006; Mazumder et al., 2006):
first, CO2 can be trapped as a supercritical fluid under a low permeability caprock. This
process is known as hydrodynamic trapping (Bachu et al., 1994; Saripalli and McGrail.,
2002; Klusman., 2003) and relies on the physical displacement of pore fluids. Second,
CO2 can dissolve into the fluids present in the formation, referred to as solubility
trapping. Third, CO2 can react directly or indirectly with the brine and minerals in the
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geologic formation leading to the precipitation of secondary carbonate minerals referred
to as mineral trapping. Fourth, methane molecules are adsorbed in reservoir rocks and
clays; however, since the chemical bond between these rocks/clays and CO2 is
favorable, CO2 will replace methane when it is injected into the reservoir. This
mechanism is referred to as CO2 adsorption.
The mechanism of Enhanced gas recovery and sequestration is gas displacement and
pressurisation; as injected CO2 moves through the pore space and surface area
displacing CH4 ahead of it. The high density of carbon dioxide can be exploited to
favour displacement of methane with limited gas mixing by injecting carbon dioxide in
low regions of a reservoir while producing from higher areas in the reservoir
(Oldenburg et al., 2004). The process of Enhanced gas recovery and sequestration is
depicted in Figure 3.7. It shows the separation and compression of CO2 from industrial
and petroleum refining sources, injection into a mature natural gas reservoir, repressurization and enhanced production of CH4, and the beneficial use of the CH4 as a
fuel. (Oldenburg et al., 2004).

Figure 3.7: Schematic of EGR-CO2 process (Oldenburg et al., 2014).

Van der Meer et al., (2009) advocate including the concept of total affected space, i.e.
the entire space whose state or qualities change during the total storage time because of
the storage operation in storage capacity calculations. Regarding the methane (CH4)
adsorption of sandstones gas reservoirs and its application in the Enhanced recovery and
sequestration process, there are little to be found in the literature.
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To date, there have only been few published papers on CH4 and CO2 adsorption in
sandstones:
Fujii et al., (2010) measured CO2 adsorption on Berea sandstones at 50°C and 100°C.
They found Langmuir-like CO2 of Berea sandstone to be 3.7 mmol/g and 2.8 mmol/g at
50°C and 100°C at 2900.75 psia or 20 MPa respectively.
Eliebid et al. (2017) measured CO2 adsorption using Kentucky sandstone. They found
CO2 adsorption of Kentucky sandstone to be 8.92 mmol/g, 2.8 mmol/g and 10.06
mmol/g at 50°C, 100°C and 150°C and 725.189 psia or 5 MPa respectively.

3.4.3 Methane (CH4) Adsorption of Clay-rich rocks
Early studies on clays adsorption focused on the adsorption study of polar organic
compounds (Bissada and John., 1969; Berrada., 1992; Goss., 1994) or volatile organic
compounds (Goss., 1996; Morrissey and Grismer., 1999; Donahue et al., 1999).
Previously, methane and wet hydrocarbon gases were believed to be inherently nonadsorptive to mineral matter and clays (Crosdale et al., 1998; Stoessell and Byrne.,
1982; Kosuge., 1994), although the adsorption of methane, ethane on crystalline silica
(Choudhary and Mayadevi., 1996) and non-hydrocarbon gases including noble gases
were already measured for clay systems (Aylmore., 1974; Cheng & Huang., 2004).
Recently, using single gas measurements, higher adsorption of CO2 compared to CH4
have been reported under the same pressure and temperature conditions (Gensterblum,
2013).
Clay minerals may provide adsorption capacity in sandstone due to their high internal
surface area (or micropore volume). Using powdered clay minerals & quartz minerals,
Schettler et al. (1991) noted the significant adsorptive capacity of clay minerals when
measured individually. Studies by Lu et al., 1995, Ross and Bustin, (2007) and recently
Gasparik et al., (2012) and Ji et al., (2012) have shown significant methane adsorption
capacities in clays and clay-rich rocks. Illite has significant methane storage capacity
and in reservoirs with high clay composition act as the primary storage system (Lu et
al., 1995; Gasparik et al., 2014). Analysis of composition and pore structure shows
micro porosity in clay minerals, particularly illite and montmorillonite (Ross and
Bustin, 2009). Most of the research on carbon dioxide (CO2) and Methane adsorption
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(Lu et al.,1995; Ross and Bustin., 2009; Gasparik et al., 2012; Ji et al., 2012; Schaef et
al., 2014; Li and Wu., 2015;) were conducted on clay-rich shale or pure powdered clay.

Ji et al., (2012) used powdered clay (Montmorillonite, Kaolinite, Chlorite and
interstratified illite/Smectite) at different temperatures of 35, 50, and 65°C, respectively,
and at a different pressure up to 2175.57psia (15MPa).
Table 3.2: Methane adsorption capacity of different clay-mineral dominated rocks.
Montmorillonite

I–S
mixed
layer

0.380
0.182
Langmuir
maximum
(mmol/g rock)
Langmuir
constant (1/MPa)
35.4°C
0.451
0.269
50.4°C
0.343
0.203
65.4° C
0.254
0.163
Note: Unit conversion factor: 1 mmol/g = 711.24 scf. /ton.

Illite

Kaolinite

Chlorite

0.079

0.120

0.103

0.211
0.181
0.148

0.179
0.134
0.105

0.165
0.132
0.119

The results from this study are shown in Table 3.2 . They show an increasing sequence
of the Langmuir maxima of CH4 adsorption capacity following a sequence of
montmorillonite/I–S mixed layer/kaolinite/chlorite/illite. In contrast, the Langmuir
constant

decreases

following

a

sequence

of

montmorillonite/I–S

mixed

layer/illite/kaolinite/chlorite. Recently Zhang et al., (2013), have drawn a similar
conclusion as well.
Liu et al., (2013) have found that the adsorption capacities of individual clay minerals
decrease in the order: smectite >> mixed layer I/S > Kaolinite > Chlorite > illite (these
results differ somehow from those presented by Ross and Bustin on pure clay standards,
suggesting that texture of clay minerals and sample preparation techniques should be
considered).

Schaef et al., (2014) conducted a study to investigate the interactions between dominant
clay minerals and adsorbing gases (CH4 and CO2) and associated economic
consequences. Where enhanced condensation of CO2 followed by desorption on a clay
surface is observed under supercritical conditions, a linear sorption profile emerges for
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CH4. Volumetric changes to montmorillonites occur during exposure to CO2. Theorybased simulations identify interactions with interlayer cations as energetically
favourable for CO2 intercalation. In contrast, experimental evidence suggests CH4 does
not occupy the interlayer and has only the propensity for surface adsorption. Mixed
CH4: CO2 gas systems, where CH4 concentrations prevail, indicate preferential CO2
adsorption as determined by in situ infrared spectroscopy and X-ray diffraction
techniques.

Heller and Zoback, (2014) measured methane and carbon dioxide adsorption isotherms
using pure clay minerals. Carbon dioxide isotherms were included to assess its potential
for preferential adsorption in depleted gas reservoirs. They showed carbon dioxide has
approximately 2–3 times the adsorptive capacity of methane in pure mineral
constituents.

Li and Wu, (2015) clarified in more details on the gas adsorption contribution by
individual clay minerals, showing that the sequence of gas adsorption contribution from
high to low is montmorillonite/kaolinite/illite/chlorite.

Several investigators found positive correlations between clay content and adsorption
capacity (Gasparik et al., 2012; Ji et al., 2012; Schettler and Parmely., 1991; Merkel et
al., 2015). Compared with extensive studies of CO2 adsorption in depleted reservoirs,
less attention has been paid to CH4 adsorption of clay minerals, although clay minerals
are a critical component of sandstone. This lack of research may be because it is
assumed that clay minerals have higher hydrophilicity and low porosity; consequently, it
is expected that clay minerals would encounter difficulty in the adsorption of methane
(CH4). However, recent studies (Cheng and Huang., 2004; Lu et al., 1995; Ross and
Bustin., 2009) have shown the ability of clay minerals for methane (CH4) adsorption.
Although the above-mentioned studies examined the CH4 absorption capacity of clay
minerals, unfortunately, the CH4 adsorption mechanisms, including CH4 adsorption sites
and influencing factors, remain unclear (Liu et al., 2013). Abundant studies have
focused on CO2 adsorption of sandstones. However, results of adsorption capacity of
CO2 and CH4 in clays, which are component of sandstones, have revealed high CO2
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adsorption capacity compared to CH4 adsorption capacity (Cui et al., 2009; Lu et al.,
1995; Liu et al., 2013; Heller and Zoback, 2014).

3.4.4 The effect of Water and Brine content on methane (CH4) adsorption
capability
Sandstone is the most widespread reservoir rock and have available pore spaces to
reserve hydrocarbon (Alimoradi et al., 2011). These reservoirs consist of at least two
different phases e.g. gas-water (Dandekar, 2006). The increasing price of natural gas in
recent years has stimulated interest in methane-saturated formation waters of sandstone
reservoirs as a potential source of energy. Most of the storage capacity identified in the
subsurface consists of porous rocks saturated with brine or fresh water (Jordan &
Doughty., 2009).
The result of depletion is that as hydrocarbon recovery declines in gas reservoirs, they
become more like brine formations. However, hydrocarbon production rate commonly
exceeds the rate at which brine can flow into a reservoir resulting in pressure depletion
during production operations (Hovorka et al., 2009). Hydrocarbon reservoirs occur in
the same types of rocks and have the same kinds of seals as their host brine formations;
the CH4 will move through and is trapped in substantially the same manner in both. As
methane saturation decreases in depleted reservoirs, its rate of flow also decreases. In
most depleted fields, water is mostly produced with a small percentage of hydrocarbon
(Hovorka et al., 2009).
Different methods have been utilised to study the impact of water on methane
adsorption in clays:
Liu et al. (2013) investigated the impact of adsorbed water and interlayer distance of
montmorillonite, kaolinite and illite on CH4 adsorption. Adsorbed water can occupy the
adsorption sites, leaving little space for CH4 adsorption. Results from their study
indicates that Kaolinite and illite had lower contents of adsorbed water than
Montmorillonite and more readily adsorbed CH4. Montmorillonite adsorbed CH4
molecules in its interlayer space because its interlayer distance is larger than the size of
the CH4 molecule. The entrance of CH4 into the interlayer space of Montmorillonite
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occurred at low pressures, and more CH4 molecules entered the interlayer space at high
pressures.
Jin & Foozabadi, (2014) quantified the effect of water on the methane adsorption of
clays at the molecular scale and observed that for a sample with a pore size of the range
1nm – 4nm, methane sorption decreases significantly as the average water density
increases. Water molecules interact actively and have a high affinity for clay surface
leading to sorption capacity reduction.
Using relative humidity condition of 0.01 to 0.09 and water saturation of 5 to 50%, Li et
al., (2015) showed that:
o Water saturation is significantly affected by pore size, and when the pore size is
small, the water saturation is higher.
o Pores full of water have no capacity for gas adsorption.
o For partially saturated pores, the gas adsorption depends upon the interaction
characteristic between the gas, solid and liquid interaction, which could lead to
a reduction in adsorption by about 90%.
Researchers with interest in gas reservoirs have a general agreement that water has
adverse effect on methane adsorption of reservoirs in general (Gasparik et al., 2013;
Ross and Bustin., 2007; Tan et al., 2014; Yuan et al., 2014; Merkel et al., 2015). The
ratio of adsorbed and free gas is strongly dependent on the water saturation of the
sandstone, but quantitative impact analyses are not available in the literature. While the
impact of water on methane adsorption using powdered clay minerals have been
investigated (Ji et al., 2012; Heller and Zoback, 2011, 2014; Jin and Foozabadi, 2014;
Liu et al., 2013), studies on the impact of water on the methane adsorption capacity of
water or brine saturated sandstones are few. Notwithstanding, the effect of water on the
adsorption behaviour of methane on the reservoir scale, hence also on enhanced gas
recovery and sequestration, is still not sufficiently understood.
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Summary

This section reviewed the Methane adsorption behaviour in sandstones, which is critical for
using adsorption as a displacement process in depleted reservoirs for enhanced gas recovery
and sequestration applications and the areas covered so far in the literature as are follows:
o Adsorption capacity of sandstones were mostly conducted with CO2 under
different (unconfined, isostatic) conditions.
o Most studies on depleted reservoirs were conducted using simulations with
pressures higher than the abandonment pressures (i.e. greater than 1450.38 psia)
o

The methane adsorption capacity of clay-rich shale and pure powdered clay
have been more researched compared to sandstone.

o Gas storage capacity identified in most depleted reservoirs consists of porous
rocks saturated with brine or fresh water.
o The result of depletion is that as hydrocarbon recovery declines in gas
reservoirs, they become more like brine formations.
o Precise knowledge of CH4-induced interactions between CH4, water or saline
and sandstone rock and of the impact on the chemical and physical properties of
the reservoir system is critical to the design and operation of the EGR-CO2
process.
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CHAPTER 4
4 EXPERIMENT SET UP AND PROCEDURE
4.1

Introduction

This chapter introduces the experimental set up involved, procedures and description of
detailed steps involved to ensure precise and accurate results. The research methodology
focused on collecting and analysing experimental data acquired through a programme of
experiments relating to the interaction of a range of different parameters and their
influence on the adsorption of sandstones. The sandstone core samples used during this
study are: 1) Bandera, and 2) Scioto. Details of the rock cores are presented in
Subsection 4.2.1.
The chapter covers two phases of the work including:
o Phase 1: The Material characterisation was conducted by measuring the Void
volume available for gas storage using a helium pycnometer (PORG 200). Many
parameters affect the measurement of the helium void volume, but in this study,
we concentrate on the pressure, contact time and water content. These
mechanisms were investigated and analysed based on the results of experimental
laboratory work.
o Phase 2: Quantitative measurement of sandstone adsorption was conducted
using a self-assembled manometric set-up, some parameters, which affect
methane sandstone adsorption such as the effect of equilibrium pressure, the
abandonment pressure in depleted reservoirs, clay minerals; Brine and water
content were investigated.

Details of the experimental scheme and steps are provided in Figure 4.1.The
experimental set ups, procedures as well as precautionary measures and sources of error
are detailed in each respective section.
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SANDSTONE SAMPLES

MATERIAL
CHARACTERISATION

ADSORBED GAS
ANALYSIS

NON-LINEAR
REGRESSION
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VOID VOLUME
EVALUATION
USING PORG-200

METHANE (CH4)
ADSORPTION
USING
FABRICATED RIG

MATLAB R2016a
CURVE FITTING
TOOL

Figure 4.1: Schematic flow diagram of techniques.
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Materials

4.2.1

Sandstone samples

Bandera and Scioto sandstone core samples of sizes 3 by 1.5 inches respectively (Figure
4.2) were obtained from Kocurek Industries INC, Hard Rock Division, 8535 State
Highway 36 S Caldwell, TX 77836). Table 4.1 presents the physical properties of the
sandstone samples respectively:

a

b

Figure 4.2: Image of 3 by 1.5-inch sandstone cored sample, (a) Bandera and (b) Scioto.
Table 4.1: Dimensions and Physical Properties of Core samples.
Core sample

Length(cm)

Diameter(cm)

*Porosity

Bandera Gray

7.6650

2.5199

21%

Scioto

7.6685

2.5179

11%

*This is the porosity determined by Kocure industries were samples were sourced.
4.2.2 Laboratory gases
Helium stored in a BOC gas cylinder under a pressure of 2103.047 psia (14.50 MPa)
and temperature 15°C was used to measure void volume. Meanwhile, the adsorption
capacity measurement used Methane. The purity of all the gases was 99.996%. The
gases were supplied by BOC in Surrey, UK.
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Material Characterisation

4.3.1 XRD technique
XRD is a rapid analytical technique primarily used for phase identification of a
crystalline material. The analysed material is finely ground, homogenised, and average
bulk composition is determined. Table 4.2 presents the X-ray Diffraction (XRD) results
by Kocurek Industries of the mineral constituents.
Table 4.2: XRD results by Kocurek Industries showing the mineralogy of samples.
Minerals
Quartz
Plagioclase
KFeldspar
Dolomite
Pyrite
Mica + illite
Kaolinite
Chlorite

4.4

Bandera
57
12
Nil
16
Trace
10
3
1

Scioto
70
5
2
Nil
Trace
18
Trace
4

SECTION 1: Void Volume evaluation

4.4.1 Experimental setup
The experimental apparatus was a PORG-200, a manually operated helium
pycnometer incorporating digital technology manufactured by Core Industries
(11Princess Road, Suite H Lawrenceville, NJ 08648, a U.S.A). The component of the
apparatus shown in Figure 4.3 consists of a helium inlet port: a 1/8” swagelok
bulkhead fitting on the rear side of the device that allows connection of the PORG-200
to a regulated helium source. Two chambers, the sample holder (with a removable gastight lid) hold the sample and the second chamber of fixed, known (via calibration)
internal volume – referred to as the reference cell, was used as a reference volume for
gas expansion. Stainless steel disk of varying known volumes were placed inside the
sample holder. These disks were used for calibration procedures.
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Digital
Display
Gas
Outlet
Sample holder
Calibration
Disk

Figure 4.3: Experimental setup of Core Lab PORGTM 200.

UPSTREAM
PRESSURE

INLET
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REGULATOR
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HELIUM
CYLINDER

MATRIC
CUP

Figure 4.4: Schematic representation of PORG 200TM

The device (Figure 4.4) additionally comprises of two valves, valve 1 (V1) controls the
flow of helium from the regulator to the reference cell, and valve 2 (V2) is a twoposition valve that directs helium from the reference cell to the sample cell or vents the
cell after the measurement is complete. A Digital pressure display labelled upstream
pressure reads reference pressure in psia, and a regulator allows fine-tuning of the input
gas pressure to the desired reference pressure while a pressure gauge marked regulator
inlet pressure displays the inlet helium pressure in psia. The outlet has a 1/8”
Swagelok fitting that allows connection of the PORG-200 to the sample holder for
grain volume measurement. A digital temperature sensor measures the temperature of
the helium.
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4.4.2 Principle of operation of PORG 200TM
The principle of operation of this device is based on the ideal gas Law. Grain volume is
determined from the expansion of a known volume of helium into a calibrated sample
holder. Using Ideal Gas Law (Eqn. 4.1) and a known volume of gas (Helium) expanded
into a calibrated sample holder:
P1 V1
T1

=

P2 V2

(4.1)

T2

where:
p1

=

Initial Absolute Pressure

v1

=

Initial Volume

T1

=

Initial Absolute Temperature

p2

=

Expanded Absolute Pressure

v2

=

Expanded Volume

T2

=

Expanded Absolute Temperature

The reference volume was pressured to an initial pressure and expanded into a sample
holder containing the sample to be analysed. A second pressure is read and used to
compute the unknown volume. The following Eqn. 4.2 is often used to derive grain
volume:
P -P

Vg = Vc -Vr (P1 -P2 ) +Vvd (P
2

a

P2
2 -Pa

)

(4.2)

Where:
𝑉𝑔

=

Grain Volume

Vc

=

Sample Chamber Volume

Vr

=

Reference Chamber Volume

Vvd

=

Valve Displacement Volume

P1

=

Absolute Initial Reference Volume Pressure

P2

=

Absolute Expanded Pressure

Pa

=

Absolute Atmospheric Pressure Initially in Sample Chamber
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4.4.3 Sample preparation
4.4.3.1 Bulk volume measurement
Bulk volume is the total volume of the sample including particle volume, inter-particle
void volume, and internal pore volume. It can be calculated accurately from the
dimensions of a core sample using a caliper (Figure 4.5) if it is an exact right cylinder
and there are no surface irregularities.

Calliper

Core sample

Figure 4.5: Bulk Volume Measurement using Calliper method.

In this investigation, this was taken care of by making three measurements for both core
samples and calculating the average (Table 4.3). The procedure used is outlined below:
a. The sample was dried in the oven for 24 hours at 60°C
b. Samples were then allowed to cool at for 3-4 hours
c. The dry mass of the samples was determined
d. The cored samples were rotated at 90° between each measurement
e. The Caliper was placed about 1/3 the length of the core sample each time the
measurement was taken.
f. About three measurements were taken to determine the diameter of the sample
g. The calliper was kept perpendicular to the core during each measurement
h. Using a calliper to obtain several diameter measurements and several length
measurements, the average diameter and average length were used to calculate
the bulk volume (Eqn. 3.3) of the sample using the calliper method:
Vb = πr 2 L

(4.3)

Where r is the radius of the cylinder, L is the length and 𝜋 is a mathematical constant
approximated as 3.14159.
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Table 4.3: Bulk volume measurements of core samples.
Scioto

Bulk Volume

Bandera Gray

Bulk Volume

3 by 1inch core sample

Average

Radius(in)

Length(in)

0.4956

3.0191

2.33𝑖𝑛3 or
38.17𝑐𝑚3

Radius(in)

Length(in)

0.4960

3.0178

2.33𝑖𝑛3 or
38.22𝑐𝑚3

3 by 1.5-inch core sample
Average

0.7540

3.0200

5.39𝑖𝑛3
(88.3263cm3)

0.7337

2.9904

5.06𝑖𝑛3
(82.91854cm3)

4.4.3.2 Water content determination
Water content was determined by drying the sandstone samples at 60°C over a period of
48hrs in an oven – (173-001-1-Re oven (7979 Willow Chase Blvd. Houston, TX 77070,
US). Sample mass before and after saturation was recorded (Figure 4.6a), followed by
saturating the sample in water for 48 hrs (Figure 4.6b). For each determination, the
water content (WC) was calculated from the mass loss using Equation 3.4:
wc =

Mwet - Mdry
⁄M x 100
dry

(3.4)

Where Mdry is the mass of the dry sample, Mwet is the mass of the wet sample.
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b.

Crucible
Water
Sandstone

Figure 4.6: a) Weight measurement and b) Water saturation procedures.
4.4.4 Experimental Procedure
The PORG-200 was powered up thirty minutes before samples were to be run to
allow the transducer to reach equilibrium. During this time, the gas supply pressure was
set at 120 psia (0.83 MPa) for the helium supply. The matrix cup (sample holder) was
then attached to the helium outlet on the front panel of the instrument. Valve V2 was
then turned to the vent position, and Valve V1 was opened. The regulator was set at
approximately 95 psia (0.66 MPa), and Valve V1 was then closed. Turning Valve V2
to expand led to a pressure drop, which stabilised immediately. The pressure was then
observed for 10 to 20 minutes. If the pressure continues to fall, there is a leak in the
system. The helium source was switched off, and Valve V1 was opened, setting V2 to
expand (to the open matrix cup). The pressure reading on the digital readout was
showing zero. After the leak test, the volume was calibrated using five (5) reference
disks of known volume at 90Psia (0.62 MPa). The relationship between the calibrated
disk volumes and the resultant pressure was ascertained experimentally. This direct
approach considers any variability of the reference or Matrix Cup volumes due to
changes in temperature or other factors.
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The experimental procedure involved, placing the sample with a known bulk volume
(Vb) into a sealed matric Cup (i.e. sample holder) (Vc). Gas was charged into a reference
cell (Vr) at a predetermined reference pressure (P1), which is higher than the pressure
(P2) into the sample holder. The reference cell gas was then expanded into a connected
chamber of a known volume containing a core sample by opening a valve between the
two cells. The pressure of the system is then allowed to equilibrate until a stable value is
observed. The grain volume (Eqn. 4.5), which was used to calculate the measured void
volume, can then calculated using:
P -P

Vg = Vc - Vr (P1 - P2 ) + Vvd (P
2

a

P2
2 - Pa

)

(4.5)

Where:
𝑉𝑔
Vc
Vr
Vvd
P1
P2
Pa

=
=
=
=
=
=
=

Grain Volume
Sample holder Volume
Reference Chamber Volume
Valve Displacement Volume
Absolute Initial Reference Volume Pressure
Absolute Expanded Pressure
Absolute Atmospheric Pressure Initially in Sample Chamber

The pore volume (Vp) can be calculated from the bulk volume and grain volume
measurements using Eqn. 4.6:
Vp = Vb -Vg

(4.6)

However, the definition of void volume (Vv) in this study refers to the total free spaces
in the system, which are the pore volume in sandstone core sample, and the dead
volume between system and matrix cup (Eqn. 4.7). Therefore, the void volume can be
determined from:
Vv = Vp + Vd

(4.7)

Where, Vv, Vb, Vg, Vp, Vd are the Void volume, Bulk volume, Grain Volume, Pore
volume and Dead volume between the sample and the holder respectively. Considering
that pressure does not impact void volume and that there is no adsorption of helium on
the core samples (Eqn. 4.8), therefore:
Ptotal = P1 + P2 And Vads, initial = Vads, final =0

(4.8)
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Where, Ptotal, P1, and P2 are the total gas pressure, initial gas pressure and final gas
Pressure respectively. Considering that, the void volume is constant overall pressure
range and no adsorption on core samples at each pressure step (Eqn. 4.9), therefore:
Vv initial void(P,T) = Vvfinal void(P,T)
Vvinitial

void(P, T)

and Vvfinal

void(P, T)

(4.9)

are the initial calculated void volume at initially

expanded pressure step and final void volume at the final expanded pressure step
respectively. Since the initial volume does not change, we consider the volume of water
taken up in the pore space of the sandstone core samples. By subtracting the space taken
up by water from the void volume (Eqn. 4.10) we have:
Vv total = Vinitial void - ∑ ∆Vpore

(4.10)

Where, Vvtotal is the total void volume, Vinitial void is the initial calculated void volume
and ∆Vpore is volume of water in pore space of core sample.

4.4.4.1 Effect of Pressure measurements on void volume
To investigate the influence of a range of experimental pressure on the measured void
volume, the sandstones initial weight (i.e. the sample weight and moisture content) in
grammes(g) was determined using a KERN Precision Balance as shown in Figure 4.7a.
Samples were then dried in an oven (Ofite limited instrument) (Figure 4.7b) for at least
48hrs at 60°c. This was to avoid altering the clay properties (Aljaman et al., 2015). The
sample weight being monitored until a constant weight was achieved. Using the
pycnometer, incremental experimental pressures of 15 psia (0.10MPa), 45 psia (0.31
MPa), 65 psia (0.49 MPa), 85 psia (0.59 MPa), 95psia (0.66 MPa), 105 psia (0.72 MPa)
and 115 psia (0.79 MPa) were used to determine the void volume. Helium gas of an
initial pressure of 15 psia (0.10 MPa) was expanded into the sample holder containing
the sample, after allowing 30 minutes for the system to reach thermodynamic
equilibrium as suggested by the vendors. The expanded pressure in the sample volume
was then recorded; the same step was repeated until all pressure steps were carried out.
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The temperature of the system was also registered for each experiment conducted.

a.

b.

Crucible
Oven
Digital
balance

Figure 4.7: a) Electric Oven and b) Precision balance

4.4.4.2 Effect of Contact time measurement on void volume
Test to examine the influence of contact time on void volume values involved weighing
the samples, and drying the samples in an ofite instrument – 173-001-1-Re oven (7979
Willow Chase Blvd. Houston, TX 77070, US. The temperature was kept at 60°c for
48hrs. Once a constant weight was achieved, the samples were then placed into the
sample holder of the helium pycnometer (PORG 200TM). Helium expansions were
carried out on the samples for each investigated pressure respectively. After each
expansion, the system was allowed to reach thermodynamic equilibrium, and expanded
pressure values were recorded at a 4-minute interval for about 4 hours (240mins) at a
constant temperature of 23°C.
4.4.4.3 Advantages of the PORG 200TM apparatus:
o Calibrated disk volumes and the resultant pressure is ascertained experimentally.
This direct approach considers any variability of the reference or sample holder
volumes due to changes in temperature or other factors.
o The void volume does not change with pressure; therefore, the void volume does
not need to be recalculated at each step.
o The void volume is determined from grain volume. Therefore, error due to
volume changes and reference cell to sample holder ratio are negligible.

66 | P a g e

CHAPTER 4: EXPERIMENT SET UP AND PROCEDURE

School of Computing, Science & Engineering
University of Salford

o The determination of grain volume is not affected by the dead space between the
sample and sample holder as the case with directly determining the void volume
directly.

4.5

SECTION 2: Methane (CH4) Adsorption capacity experiments

Since the inception of gas adsorption experiments until date, there have been some
techniques used by various laboratories and researchers (Manometric, Volumetric,
Gravimetric and chromatographic). The most widely used method in the laboratory to
measure adsorption capacity is the manometric (Van Hemert et al., 2009; Battistutta et
al., 2010; Ji et al., 2012; Khosrokhavar et al., 2014; Rani et al., 2015) and volumetric
method (Sudibandriyo et al., 2003; Chareonsuppanimit et al., 2014; Guo et al., 2014).
This technique is sometimes referred to as Sievert's method and can be designed as
constant-volume (manometric) or constant pressure (volumetric) measurement (Liu et
al., 1995). These methods are widely used because of their simplicity and ease of
construction. Regarding modification and user designed equipment; researchers used
several tactics:
a. Gasparik et al., (2013) modified their set up to enable sorption measurements at
high temperatures, by separating the low-temperature zone (reference cell) and
high-temperature zone (sample cell).
b. Li et al., (2015) developed a high-pressure gas adsorption–desorption instrument
mounted on a constant-temperature oil bath,
c. Heller & Zoback., (2011) modified a conventional tri-axial machine to measure
adsorption and gas permeability by incorporating a Quizix Series 1500 pump,
using a method similar to volumetric adsorption principle.
d. Kang et al., 2011 used adsorption equipment in which an isothermal multistep
gas- uptake process measures the storage capacity.
For this research, an adsorption rig was assembled by modifying a core flooding system
by incorporating Swagelok fitting, tubing and digital measurement devices. The
methane adsorption capacity of other rocks such as activated carbons, coals and shale
(Lu et al., 1995) compared to sandstones might differ. Thus, an experimental design that
is adequate for gas adsorption measurements on other microporous materials may not be
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suitable for adsorption measurements on sandstone. Other researchers (Lu et al., 1993;
Chareonsuppanimit et al., 2012) made a similar conclusion after making modifications
to their experimental design.
4.5.1 Principle of operation
The principle of operation of the manometric adsorption equipment is based on the Ideal
gas law (Eqn. 4.11) and is similar to void volume estimation using a helium
pycnometer. The experimental set-up consists of two chambers, the reference cylinder
(RC) and core holder (CH) separated by three valves (V1, V2, V3) as shown in Figure
4.8:

Figure 4.8: Schematic of self-built adsorption apparatus
The procedure involves pressuring the reference cylinder and then expanding the gas
into a sample vessel of known volume and again measuring the pressure. The adsorbed
amount n (moles) of gas is then calculated using the ideal gas law:
PV = nRT

(4.11)

Where P is the pressure, V is the volume, n is the number of moles, R is the universal
gas constant, and T is the temperature. This data is then used to calculate the void
volume by applying Equation 4.12:
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𝑃𝑟𝑒𝑓1

Vvoid =

𝑃𝑟𝑒𝑓2
−
]
𝑍𝑟𝑒𝑓1 𝑍𝑟𝑒𝑓2
𝑃𝑠𝑎𝑚2 𝑃𝑠𝑎𝑚1
−
𝑍𝑠𝑎𝑚2
𝑍𝑠𝑎𝑚1

𝑉𝑟𝑒𝑓 [

(4.12)

Where, Vv is the void volume, Vref the volume of the reference cell, Pref1 is the initial
reference cell pressure, Pref2 is the initial pressure in the reference cell, Psam1 and Psam2 is
the initial pressure and pressure after expansion of helium in the sample cell, and Z are
the respective compressibility factors of helium. The amount of gas adsorbed is
determined by expanding methane from the reference cell at known initial pressure
directly into the sample cell containing the sandstone core sample. The mass balance of
gas within the reference cell and the void volume was then derived using the excess
adsorbed volume equation (Eqn. 4.13). During the expansion of an adsorbing gas from
the reference cell to the sample, the pressure will decrease due to both void volume
filling as well as adsorption. Thus, the amount of gas adsorbed by the core sample at a
certain pressure is the calculated as follows:
nexcess ads = ninj - nnonads

(4.13)

Where ninj is the number of moles originally in the reference cell (the number of moles
expected to be in the system if no adsorption occurred), and nads is the number of
molecules in the free phase at equilibrium (Eqn. 4.14), calculated as:

nnonads =

𝑉𝑣𝑜𝑖𝑑 𝑃𝑠𝑎𝑚2
𝑅𝑇

[𝑍

𝑠𝑎𝑚2

]

(4.14)

The amount of gas injected from the reference cell to the sample cell can be
determined using Eqn. 4.15:

ninj =

Vref
RT

[

Pref1
P
⁄Z - ref2⁄Z ]
ref1
ref2

(4.15)

Where Vref and Vsample are the reference and sample cell volumes respectively, following
a measurement at a single pressure, the valve separating the two chambers is closed, the
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reference cell charged to a higher pressure and the process repeated until a full isotherm
has been characterised. The procedure outlined above is for calculating what is termed
excess adsorption (or sometimes Gibbs adsorption).
4.5.2

Experimental setup

The experimental setup is a customised manometric adsorption apparatus, it was
designed and assembled to measure methane adsorption capacity at room temperature
and specified pressure (Figure 4.9). It consists of a stainless-steel cylinder (core lab) and
a Hassler-type core holder (Temco Inc.) used as the sample cell and reference cell
respectively.

Figure 4.9: Self-assembled manometric adsorption apparatus.
Tempo ECH-series core holders, which are hassler-type core holders (Figure 4.10) are
used as a sample cell. They are routinely used for gas and liquid permeability testing
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and water flooding experiments. The core sample is held within a rubber sleeve by
radial confining pressure, which simulates reservoir overburden pressures. Inlet and
outlet distribution plugs allow fluids and gases to be injected through the core sample.

Figure 4.10: Temco core holder.
All apparatus components (valves, pressure gauges, temperature probe, a vacuum pump)
were connected using Swagelok tees and crosses using 1/4" and 1/8" tubing with a
combination of pipe with size 1/8" (316SS-Swagelok) and 1/4" with metal connections
(Figure 4.11a and Figure 4.11b).

a)

b)

Figure 4.11a, b: Swagelok Valves and Fittings.
Three Swagelok stainless steel valves are used as shut-off valves in front of the
reference steel cylinder to control supply pressure, between the stainless-steel cylinder
and core holder, and as a vent after the core holder. Due to their construction and
operation mode, there is a zero-net change in dead volume upon switching the position
of the valves. The pressure was monitored closely and efficiently using two pressure
gauges, an analogue pressure gauge (Figure 4.12a) and a high precision, Omega digital
gauge (Figure 4.12b) connected to the sample, and reference cell respectively is used to
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measure pressure. The Omega DPG8001 Digital Series offers 0.25% full-scale terminal
point accuracy in a rugged easy-to-use unit.

a)

b)

Figure 4.12a, b: Analogue and Omega DPG 8001 digital Pressure gauges.
Temperature readings were taken from a digital thermometer (Avax) installed externally
and in proximity to the Hassler core holder with an estimated accuracy of ±1°C, with a
measurement range of -50°C to +300°C (Figure 4.13).

Figure 4.13: Avax DT-1 digital thermometer.
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A vacuum pump shown in Figure 4.14 was connected to the core holder set up to
evacuate gases from the system. It was manufactured by Wenling Zhen-sheng
machinery Co. Limited, Zhejiang Province, P.R China, with an ultimate vacuum of 11.60psia and motor speed of 3500r/m.

Intake fitting
Motor

Figure 4.14: Vacuum Pump.
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4.5.3 Sample preparation
4.5.3.1 Dry sample preparation
Before the experiment, the sandstone (Bandera and Scioto) core samples were placed in
an oven for 24 hours at 60°c under vacuum conditions as shown in Figure 4.15. To
apply vacuum pressure, the opening of the cell was connected to a vacuum pump inside
the oven. To obtain optimal experimental condition during the dry adsorption
determination; the moisture content was tried to be reduced to the least minimum. After
the evacuation procedure, the sample cell was closed immediately.

Digital temperature
display
Oven

Sandstone samples
in crucible

Figure 4.15: Dry sample preparation using an oven.
4.5.3.2

Water saturation procedure

Samples were dried overnight in an oven at 60°C. This drying is necessary to remove
any moisture taken up by the sample in contact with air humidity and as received
moisture. Water saturated samples were prepared by saturating the sample with water at
room temperature for 24, 48 and 72 hours. The resulting water uptake for each the
investigated samples was measured using a high precision balance (Kern Model ABJ
320–4). The water content (wc) was calculated using Eqn. 4.16:

wc =

Mwet -Mdry
⁄M × 100
wet

(4.16)
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Here, Mwet and Mdry is the weight of water saturated and dry sample, respectively.
4.5.3.3 Brine saturation procedure
Brine was prepared by adding Sodium chloride (NaCl) salt into water; the salinity and
concentration of salt in the fluid were determined to be 20% and 200,000ppm by using a
refractometer. The samples were saturated for 24, 48, 72 hours, and the brine content
calculation using the previous formula (Eqn. 4.17). The salts were purchased from
Fisher Scientific and had a purity of 99.9%.

wb =

mwet - mdry
⁄mdry 𝑥 100

(4.17)

Where, Mwet and Mdry is the weight of Brine saturated and dry sample, respectively.

4.5.4 Experimental Procedure
4.5.4.1 Adsorption apparatus Leak test
The first step is to verify whether the system is leak free or not. For this purpose, the
system was pressurised to 50, 100 and 120 psia (0.34, 0.67 and 0.83 MPa) at different
intervals. The test was then divided into three stages. This phase involved connecting
the reference cell to the Swagelok cross with digital pressure gauge, thermometer, and
vent valve. Using gas detection fluid (screw fix) all gas pressurised connection and
fittings were tested for leaks. The second stages involved inserting the pressurised set
up into water in a closed sink, and any leakage from tubing, fittings or valves was then
rectified. The third stage was carried out on the complete experimental setup. However,
the core holder rubber sleeves were left exposed (Figure 4.16). The system was
pressurised as before, then gas leak detection fluid was used to detect any visible leaks
in the system, which were then rectified.
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Helium Cylinder

Helium Inlet
Core holder rubber
sleeve
Core Holder
Cover

Swagelok cross
with connections
Gas
Vent/Vacuum

Figure 4.16: Stages of leak test using Helium.
The next step after the Helium leakage test was evacuation (Figure 4.17). For this
purpose, the valve in between the reference and sample cells is closed, and the valve at
the end of the sample cell is opened to decrease the Helium pressure. Afterwards, it was
closed again, and the reference cell is evacuated by opening the valve in between the
two cells leading to more pressure drop, the mid-point valves are closed once more and
sample cell gas release procedure is done as described before.

Vacuum
Pump

Valve 1
Digital
Thermometer
Stainless steel
cylinder

Core holder

Valve 2

Figure 4.17: Helium Evacuation procedure.
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Then the valve between the two compartments is opened, this causes deep evacuation of
the helium gas used for the leak test. To remove air and remaining gas from the system,
a vacuum pump is connected to the reference cell, and the valve connecting the two
cells is shut off. To purge the sample cell stepwise, we use the following procedure in
each step. Firstly, the reference cell is evacuated and stabilised for an hour until the
absolute pressure of 0.39 ± 0.03 psia (0.0027± 0.03 MPa) is reached, then the vacuum
pump is connected to the sample cell, the vacuum was applied for 3 minutes until all air
was evacuated out of the system.

4.5.4.2 Void volume and equilibrium time of core samples
For void volume measurement, the reference cell was pressurised to about 115psia (0.79
MPa) after evacuation using helium. About 30minutes was allowed for the gas to reach
thermodynamic equilibrium, the pressure (P1) was recorded, and gas was expanded
from the reference cell to the Hassler core holder by opening valve V-2 with the vent
valveV-1 at the closed position. The gas is allowed to interact with the sandstone
sample in the adsorption cell until thermodynamic equilibrium had been realised i.e.
constancy of pressure and temperature, then the pressures in both the ref-cell (P2) and
adsorption cell (P3) were recorded.
The contact time required for samples and gas to reach equilibration depends on the
type of the gas and its temperature. This was determined by observing the pressure for
about 3 hours. Therefore, a constant equilibrium time of 3 hours was determined for
these components. After the void volume measurement, gas evacuation procedure was
then repeated to prepare for methane (CH4) adsorption capacity measurement.

4.5.4.3 Adsorption capacity measurements of core samples
The schematic of the self-assembled adsorption equipment is shown in Figure 4.18.
Adsorption capacity measurements consisted of the addition of methane(CH4) gas
pressure to the reference cell by opening V-3 and V-5 with V-1 and V-2 at close
position, after pressure and temperature stabilisation, the gas supplied was expanded to
the adsorption cell containing the sandstone core sample by opening V-2 and closing V3 and V-5. After this step, the system pressure is monitored until the adsorption
equilibrium was reached, which is assumed to occur when the rate change of the
pressure approaches zero under isothermal conditions, i.e., the pressure variation is
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lower than 0.01450 psia (0.00001 MPa), which is the accuracy of the pressure
transducers employed (0.05% of their full scale).

Figure 4.18: Schematic of the assembled manometric adsorption equipment
Then, the adsorption cell was once again isolated from the reference volume, by
closing valve V-2, and the method is repeated until enough experimental points to
generate the adsorption isotherm are obtained. When the maximum pressure is reached,
a similar procedure is repeated, but this time by stepwise depressurization of the
reference volumes and subsequent contact with the adsorption cell.

4.5.4.4 Manometric adsorption apparatus Optimisation
The first step in any adsorption experiment is to ensure that the results are as accurate as
possible. To achieve this, the experimental set-up and design of the apparatus were reoptimized to reduce the expected experimental uncertainties from the adsorption
measurements. A detailed analysis of factors (random errors) due to experimental
uncertainties in the volume of gas adsorbed has been thoroughly researched
(Mohammad et al., 2009; Chareonsuppanimit et al., 2012; Gasparik et al., 2014). The
studies identified the major contributors to the experimental uncertainty to be the void
volume, dead space and the precision or accuracy of measurement devices and
operation errors. Therefore, in this research, the following steps have been taken to
ensure accuracy:
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a. Measuring the void volume in the sample cell using a core holder of the same
size with the sandstone core sample;
b. Minimising the dead space within the apparatus (in lines, fittings, etc.).
c. Using measurement devices of high accuracy (i.e. digital pressure gauges and
thermometer).
d. Sufficiently purging and evacuating the core holder with methane as gas
impurities (e.g. air trapped in the sample) will affect the accuracy.
e. The operational design of the manometric adsorption apparatus was designed to
allow independent control of the equilibration times.
f. Much care was taken when determining the void volume of the sample cell by
conducting multiple pressure expansion during the helium pycnometry runs to
minimize the error by averaging.
g. The equilibrium time was determined by observing the effect of contact time
between methane gas and sandstone core samples, and choosing the most
efficient time range for reaching equilibrium.
h. The drying cycle was monitored until there was no mass change, since small
amount of moisture can affect the dry adsorption measurement.
i. High leak rates may result in a substantially overestimated sorption capacity
and may still go unnoticed in the results. Leak test was conducted on the
adsorption rig to ensure that its effect on the sorption measurement is avoided.
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Summary

The methodology of this investigation followed a sequential approach to methane (CH4)
adsorption of sandstones using the following scheme:
o Bulk volume was determined using the calliper method by making three
measurements for both core samples and calculating the average.
o Due to efficiency and accuracy, the application of a commercial helium
pycnometer (Core Lab 200TM) a manually operated helium pycnometer
incorporating digital technology manufactured by Core Industries was solely
adopted for void volume experiments instead of using the manometric setup
currently utilized for adsorption measurements.
o The sandstones were characterised using Helium pycnometry to establish the
effect of pressure, contact time and water at experimental pressures of 15 psia
(0.10MPa), 45 psia (0.31 MPa), 65 psia (0.49 MPa), 85 psia (0.59 MPa), 95psia
(0.66 MPa), 105 psia (0.72 MPa) and 115 psia (0.79 MPa) on the void volume.
o The experimental setup for adsorption capacity measurements was a customised
manometric adsorption apparatus, which was designed and assembled to
measure adsorption capacity at room temperature and specified experimental
pressure.
o To ensure accurate results, the experimental set-up and design of the apparatus
were re-optimized to reduce the expected experimental uncertainties from the
adsorption measurements.

The results obtained from this section are presented and extensively discussed in the next
Chapter. This consists of the presentation and discussion of results obtained from
experimental runs for void volume evaluation and methane adsorption capacity of sandstones.
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CHAPTER 5
5 RESULTS AND DISCUSSION
5.1

Introduction

This chapter discusses the results obtained from the experimental investigation
conducted per the scheme set out in Figure 4.1. The primary objectives of this study
were to explore:
a. What factors will influence the process of evaluating the void volume?
b. How reliable are the current method using helium to quantify the void volume as
part of the adsorption quantification process in sandstone?
c. Which parameters control adsorbed gas storage of sandstone core at the
simulated temperature and variable pressure?
d. What role does methane adsorption play in sandstones and in depleted reservoirs
during the displacement process of EGR- CO2 (Carbon Sequestration and
Enhanced gas recovery and carbon dioxide sequestration?
e. How does the presence of water and brine affect methane (CH4) adsorption
of sandstones?

The experimental results provide insight into the Methane (CH4) adsorption capacity of
sandstones and the role of adsorption as a mechanism of depleted reservoirs as
candidates for enhanced gas recovery and CO2 sequestration. It also contributes to the
understanding of the interaction between water/brine and methane (CH4) gas in a
competitive sorption environment for sandstones and their constituents. According to
the original target of this investigation, the results are categorised into sections in which
the experimental sequence followed:
o Section 1: Research conducted to define the sources of adsorption measurement
uncertainty from measured helium void volume using sandstone core samples
and to recommend the suitability of helium as an inert gas for void volume
measurements. It determines how their propagation influences the results used
for porous materials characterisation.
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o Section 2: Results from the analyses of a series of CH4 adsorption experiments
using two sandstone core samples (Bandera and Scioto) conducted at 23°C and
methane (CH4) pressures up to 1250 psia (8.62 MPa) under dry conditions.
Moreover, the result of CH4 adsorbed on core samples at pressures up to 500psia
under dry conditions are applied to analyse the impact of abandonment pressure
of depletion reservoirs on the methane adsorption capacity of depleted gas
reservoirs.
o Section 3: Methane adsorption capacity of sandstones saturated with water or
brine to investigate the impact of pre-adsorbed water and brine at particular
water content (33, 65, and 91%) on the adsorption capacity of core samples.
o Section 4: Result from adsorption measurements were validated using two
methods (Repeatability and Best-fit model). The best-fitting model was
determined using error functions. Then, the applicability of the proposed
statistical tools was discussed based on a comparative study between them.
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SECTION 1: Void Volume analysis using Helium pycnometry

5.2.1 Effect of averaging pressure on void volume measurements
Experimental uncertainties in quantifying the void volume as part of adsorption
quantification are associated with averaging the experimental pressure (Mohammed et
al., 2009; Gasparik et al., 2014). To investigate the effect of averaging pressure on void
volume measurements, as a part of an overall study to quantify adsorbed methane (CH4)
storage in sandstone core samples, helium was used for the expansion test on two types
of sandstone core samples, i.e. Bandera and Scioto. The sandstone core samples were
chosen for their clay contents since clays have a high methane adsorption capability.
These gas expansion tests were conducted in the laboratory using low pressure in the
range of 15 – 115 psia (0.10 – 0.79 MPa) and at a room temperature of 23°C. Figure 5.1
shows the measured void volume calculated using helium expansion with increasing
experimental pressures for the sandstone core samples studied. Figure 5.1(a)
demonstrates the result of increasing experimental pressures on measured free gas
storage capacity (void volume) for Bandera sample, while Figure 5.1(b) illustrates the
result for Scioto sample. Figure 5.2(a) and Figure 5.2(b) show the standard deviation of
void volume for Scioto and Bandera samples respectively. The standard deviation is a
statistical measure that quantifies the amount of variation of a set of data values.
Figure 5.3(a) and Figure 5.3(b) shows the variation of the average void volume up to
5%. Table 5.1 and Table 5.2 presents the experimental result for measured void volume
at variable pressure ranges (15 – 115 psia or 0.10 – 0.79 MPa) for the sandstone
samples. The error due to averaging is calculated regarding deviations. The deviations
in void volume data at each pressure step from the average void volume values were
calculated for Bandera and Scioto sandstone. Figure 5.2 and Figure 5.3 indicate that
there is a slight variation of about of less than 0.002 cm3 and 0.001 cm3 in average void
volume for the Bandera and Scioto samples respectively with increasing pressure.
Moreover, the pressure ranges investigated for both core samples (Bandera, Scioto)
show similar results of a small variation with increasing pressure regarding the
measured void volume value (Table 5.1 and Table 5.2). The averaging error values of
the void volume are less than one, which is low.
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Figure 5.1: Effect of averaging pressure on void volume for Bandera and Scioto
sandstones.
Table 5.1: Helium void volume at different studied pressures for Bandera sandstone.
Bulk Volume
38.22 cm3

Reference Pressure (psia)
15
45
65
85
95
105
115

Void Volume (𝐕𝐯 )(𝐜𝐦𝟑 )
8.0169
8.0167
8.0171
8.0171
8.0172
8.0172
8.0173

Table 5.2: Helium void volume at different studied pressures for Scioto sandstone.
Bulk volume
38.17 cm3

Reference Pressure (psia)
15
45
65
85
95
105
115

Void Volume (𝐕𝐯 )(𝐜𝐦𝟑 )
4.5179
4.5169
4.5170
4.5169
4.5168
4.5170
4.5172

The relationship between pressure and void volume for the two samples shown in
Figure 5.1a and Figure 5.1b were not identical, the reason for this difference is that
when analysing the plot showing the relationship between the pressure and void
volume, the diffusion of the helium into the void volume determines the shape of the
plot. The primary purpose of the plots is to answer two important questions:
a. Is the data deviation from averaging the void volume as a function of pressure
close or far?
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b. Do the plots resemble adsorption isotherms?
The answers to these question are in the negative for this research, therefore it can be
concluded that the constancy of average void volume with pressure for sandstone core
sample indicates that there was no Helium adsorbed in observable quantity, and as such
there will be no decrease in the void volume as a result of helium adsorption for both
samples investigated.
From Figure 5.1(a) and Figure 5.1(b), it is observed that in case of helium, the void
volume is independent of pressure. The pressure independence of the helium void
volume as seen in the present study is contrary to the finding of Ross and Bustin that
suggests the void volume is pressure dependent (Ross and Bustin, 2007). However, it is
supported by the study of Heller and Zoback, where void volume is found to be
independent of pressure (Heller and Zoback, 2014) for shale. Moreover, (Gasparik et al,
2012, 2014) conducted a test to determine the void volume of organic shale using
pressures of up to 2175.57 psia (15MPa), they also did not observe void volume
measured value changing with pressure. Chareonsuppanimit et al., (2012) also reported
a 0.5% deviation from the average void volume using helium.
4.518
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Figure 5.2: Standard deviation of void volume for Scioto and Bandera samples.

Figure 5.2a and b show horizontal and vertical error bars representing the standard
deviation of the pressure measurements, while Figure 5.3a and Figure 5.3b are the
deviation of data at 5%.
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Figure 5.3: Variation of the average void volume up to 5% for Scioto and Bandera
samples.
Figure 5.2(a), and Figure 5.2(b) indicate that the standard deviation of void volume data
was averagely 8.017cm3 for Bandera and 4.5171cm3 for the Scioto sample respectively.
Figure 5.3(a) and Figure 5.3(b) indicate that the difference between measured void
volume is very close by observing the graph; the data show less than 1% deviation,
which is negligible, and suggest that the measurements are very accurate. The constancy
of pressure (Figure 5.3(a) and Figure 5.3(b) indicate that sandstone core samples will
reach saturation independent of molecular diameter but by the rate at which gas
transport by diffusion occurs and velocities of the helium particles.
For adsorbed gas, the pressure increases with respect to storage volume and leads to a
decrease in the volume available for free gas storage in the void volume (Mohammed et
al., 2009). From experimental data (Figure 5.3(a) and Figure 5.3(b) in this investigation,
the constancy of average void volume with pressure for the sandstone core samples
indicates that there was no increase in helium density at the surface of the investigated
samples (i.e. Helium adsorption) in observable quantity. This result proves that there is
no decrease in the void volume from adsorption for both samples investigated. This
means helium is not adsorbed in both sandstone core samples at the investigated
pressure (15 - 115 Psia or 0.10 – 0.79 MPa). If helium were adsorbed, then the plot of
void volume as a function of pressure (Figure 5.1a, Figure 5.1b) would behave like an
adsorption isotherm. Adsorption isotherms are used to determine the theoretical
adsorption capacity of adsorbent and are defined by an exponential increase in pressure
until a saturation point is reached where the isotherm plateaus. However, the
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experimental data plot does not rise exponentially neither does it plateau at maximum
saturation. Therefore, we can isolate helium adsorption by both samples studied. The
experimental data indicate that at low pressure, the void volume in sandstone core
samples corresponds to the total gas introduced into the system (helium gas), which is a
result of void volume filling.
For sandstone core samples, as differential pressure increased and helium is transported
by slow viscous flow into the cored samples of variable pore spaces and particles, there
was no void volume data deviation at low pressure (15-115 psia or 0.10 – 0.79 MPa).
This lack of increase of void volume data with pressure was also reported by Rani et al.,
2015; Heller and Zoback., 2014; Gasparik et al., 2012, 2014,) for shale at high pressure
(up to 2175.57 psia or 15 MPa). For powdered clays at high pressure, Ross and Bustin.,
(2009) has shown that a mechanism called “molecular sieving effect” was responsible
for increased access of helium to finer pores and this is a likely cause of high void
volume values in helium pycnometry. The molecular effect occurs because of helium
molecular diameter, which is smaller than the particle size of most microporous solids
(i.e. clays, shale, and coal).
This investigation was conducted at low pressure, using cored samples, with variable
pore types and particle sizes. The constancy of pressure in the experimental result
(Figure 5.1 (a) and Figure 5.1(b)) indicate that the Bandera and Scioto samples will
reach saturation independent of molecular diameter but more on the rate at which gas
transport by diffusion occurs and velocities of helium particles, all of which are pressure
dependent.

5.2.2 Effect of water content on void volume measurements
Bandera and Scioto samples with pre-adsorbed water were used during this research to
investigate the effect of water content on the experimentally measured void volume.
Table 5.3 presents the calculated water content of each sample, and Table 5.4 shows the
calculated void volume of water-saturated samples. Table 5.5 is a comparison of
measured dry and wet sample void volume; Figure 5.4 presents measured water
saturated void volume as a function of pressure for samples analysed.
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Table 5.3: Water content of samples.
Core Sample

Wet Mass (g)

Dry Mass(g)

Water content (%)

Bandera Gray

89.41

84.65

5.62%

Scioto

88.17

83.59

5.48%

Table 5.4: Measured water saturated void volume for Bandera and Scioto sandstones.
Void Volume(cm3)
Bandera
7.0110
7.0121
7.0140
7.0132
7.0131

Pressure(Psia)
15
45
65
85
95

Scioto
4.0080
4.0126
4.0120
4.0117
4.0115

Table 5.5: Comparison of measured Dry and Wet sandstones void volume.
Pressure(Psia)

Bandera
Dry sample
8.0169
8.0167
8.0171
8.0171
8.0172

15
45
65
85
95

Scioto

Void Volume (cm3)
Wet Sample
Dry Sample
7.0110
4.5179
7.0121
4.5169
7.0140
4.5170
7.0132
4.5169
7.0131
4.5168

Wet Sample
4.0080
4.0126
4.0120
4.0117
4.0115

7.0145

Fig 5.4a
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Figure 5.4: Effect of averaging pressure on void volume for water saturated sandstones.
Figure 5.4(a) and Figure 5.4(b) indicates that the void volume values scattered about a
mean of 7.0127cm3 and 4.0011cm3 for the Bandera and Scioto samples saturated with
water respectively. Table 5.5 presents a comparison of the measured void volume for
dry and Bandera and Scioto samples saturated with water.
From Table 5.5, the void volume of dry samples is compared to that of samples
saturated with water. The results indicate that the gas access to the void volume is
restricted by the presence of water. The measured average void volume of dry samples
compared to water saturated sandstones show that water content of 5.62 wt. % and
5.48wt. % for Bandera and Scioto respectively can reduce the dry samples average void
volume by as much as 12.53% and 11.20% for investigated Bandera and Scioto
samples.
The reduction of void volume for samples saturated with water in Table 5.5 proves that
water blocked the pore spaces available to helium gas, as compared to dry samples
where the gas has complete access to the total void volume.

Pore spaces in the

sandstone samples are hydrophilic due to the presence of clay minerals, which have a
natural affinity for water compared to helium. Moreover, the connectivity of these
hydrophilic pore networks in the sandstones will cause preferential uptake of water
compared to helium and will be one of the leading cause of void volume reduction in
sandstones with water content. Variations in pore size that are closely related to
permeability will determine to a large degree the relative amounts of the storage
capacity of helium and water in pore space.
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Water or brine content in sandstones will affect their natural material properties such as
the gas porosity and permeability and in turn the void volume measurement. These are
geometric properties of the rock and are both the result of it's lithological (composition)
character. These properties determine the amount of gas that can be stored in the
sandstones and the type of methods that should be used in the sample characterization
and analysis. The cause of the decrease in the void volume of sandstone samples with
water can be attributed to water blockage of pore space and throat.

5.2.3 Effect of contact time on void volume measurements
Contact time between helium gas and the solid adsorbent is a critical factor in void
volume determination because it determines the accuracy of measured void volume
(Ross and Bustin, 2007) and in turn, affects the estimated capacity of free gas storage of
sandstones at reservoir scale. This investigation was conducted to quantify the impact of
longer contact time between helium and sandstones core samples on void volume.This
effect is quantified by carrying out a comparative analysis of pressure ( 15 to 95 psia or
0.10 – 0.79 MPa) as a function of contact time. About 30 minutes were allowed for
thermal equilibration, followed by close observation of expanded pressure (P2), taken
every 4 min for about 240 minutes (four hours) period. Thus the void volume was
measured with respect to time.
For Bandera sample, Figure 5.5 shows the impact of contact time on the average void
volume value at incremental pressures. Figure 5.5(a), Figure 5.5(b), Figure 5.5(c),
Figure 5.5(d) and Figure 5.5(e) demonstrates the influence of contact time on measured
void volume from 0 - 240 minutes at 15, 45, 65, 85 and 95 psi respectively. Figure 5.7
presents a comparison of void volume as a function of contact time at differential
pressures.
For Scioto sample, Figure 5.6 shows the effect of contact time on average void volume
value. Figure 5.6(a), Figure 5.6(b), Figure 5.6(c), Figure 5.6(d) and Figure 5.6(e) show
the influence of contact time on average measured void volume at 0 to 240 minutes for
15, 45, 65 and 95 psia respectively. For comparison purposes, measured average void
volume as a function of contact time is presented in Figure 5.8.
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The dependence of helium diffusion on increasing time was observed from calculated
helium void volume for different contact times (Figure 5.5 and Figure 5.6). The result
shows that there was an increase in the void volume values for contact times of 100, 150
and 250 minutes (Figure 5.6 - Figure 5.8). The results suggest that for shorter
calibration times there is less time available for helium to diffuse into the sample, which
produces a smaller void volume. The experimental data indicate that pore access at
increasing contact time is critical for accurate void volume calculations.
Figure 5.7 and Figure 5.8 shows that total saturation was attained at an average duration
of 180 minutes and 184 minutes for Bandera and Scioto respectively. Furthermore, as
pressure increased with a corresponding increase in contact time between helium and
sandstone core samples, the total equilibrium or saturation was achieved at about 240
minutes (4hrs). The movement of helium into pore space and particles with different
sizes in core samples is a slow viscous flow described by Darcy's Law. The movement
of gas depends upon the fact that gas flow in core samples is directly related to the
difference in pressure between the points of the sample cell and the distance between
the points, and are related to contact time. The relationship between the pressure,
distance and contact time is the cause of faster saturation or equilibrium time at an
incremental pressure (Figure 5.5a, Figure 5.5b, Figure 5.5c, Figure 5.5d and Figure
5.6a, Figure 5.6b, Figure 5.6c, Figure 5.6d). This result implies that at a higher pressure,
the helium particles have higher velocities and would travel the distance of sample cell
faster than its previous lower pressure.
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Fig 5.5(a), P = 15 psia

Fig 5.5(c), P = 65 psia
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Figure 5.5: Effect of contact time on void volume for Bandera sandstone.
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Figure 5.6: Effect of contact time on void volume for Scioto.
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Figure 5.7: Comparison of Contact time at studied pressure ranges on void volume for
Bandera.
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Figure 5.8: Comparison of Contact time at studied pressure ranges on void volume for
Scioto.
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Figure 5.7 and Figure 5.8, indicates that the overall interconnectivity of flow pathways,
the permeability, the pore size distribution and particle size in the sandstone samples are
the dominant factors that determine the gas saturation with contact time. For example,
Pore size scale is a major factor and has been shown to influence gas transport in gas
reservoirs (Feast et al., 2015). The pore sizes of the investigated core samples are in the
range of 2nm –100 nm (micro to mesopores). Therefore, the distance between gas
molecules and pore size is large. In such conditions, the gas molecules will travel faster
compared to microporous materials with smaller pore sizes. Helium will move in a
random manner through the pores of differential sizes and connectivity, followed by
slow filling of all accessible empty spaces in the sample as a function of time, until
complete saturation is reached (Figure 5.7 and Figure 5.8).
The permeability will determine the ease at which helium gas will travel through the
sample length. For example, Gasparik et al., 2013 showed that due to the very low
permeability of shale, the equilibration times for core samples could be as high as > 10
hours. However, for sandstone core samples, the equilibrium time was about 240
minutes (4hours); this is to be expected since the permeability of sandstone is higher
compared to shale. It is therefore suggested that for accurate void volume measurement,
an average waiting time of 180 to 184 minutes and complete equilibrium time of 240
minutes should be allowed for helium expansion until full saturation is reached as
indicated in Figure 5.7 and Figure 5.8.
The void volume distribution was also non-uniform at all contact time as a function of
pressure for both samples (Figure 5.5 and Figure 5.6(a-d)) i.e. scattering of measured
void volume data about a mean, this seems to be an issue of methodology (Gasparik et
al., 2014). The reason for data noise is that void volume calculation is carried out using
different approaches such as pressure ratio (Bustin et al., 2009), differential and
cumulative (Gasparik et al., 2014), the equation of state (Heller and Zoback. 2014) and
in this study, using grain volume calculation. These methods are all reliable and
precision guaranteed; the only difference is that some might reduce the noise associated
with significant data as proved by Gasparik et al., (2014). It is largely a matter of
preference and experimental setup.
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SECTION 2: Evaluation of CH4 adsorption capacity of sandstones using a
manometric method

5.3.1

Experimental Equilibrium methane (CH4) adsorption capacity (The adsorption
capacity of sandstones (Bandera and Scioto) using methane)

Adsorption is a process by which atoms, ions, or molecules of a gas or liquid adhere to a
surface. This process creates a film of the adsorbate on the surface of the adsorbent. For
the measurement of the amount of adsorbed gas, the adsorption isotherms are
determined in the laboratory using core samples. In this work, a series of methane (CH4)
adsorption capacity experiments were conducted on two sandstone core samples at
pressures up to 1250 psia (8.62 MPa) and a constant temperature of 23°C. Appendix A1 shows the experimentally measured data, Figure 5.9a, and Figure 5.9b shows the
corresponding Equilibrium adsorption capacity plot for Bandera and the Scioto samples
respectively. The experiments were conducted up to a pressure of 1250 psia (8.62 MPa)
in twenty (20) steps until the sandstone samples became fully saturated by reaching
equilibrium.
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Figure 5.9: Equilibrium Methane Adsorption isotherm of a) Bandera and b) Scioto
sandstones.
The experimental adsorption values for Bandera and Scioto sandstone samples plotted
in Figure 5.9a, b show that the amount of gas uptake increases with an increase in the
pressure, but when the adsorbent monolayer becomes saturated, for example at a
pressure of 950 psia (6.55 MPa) the plateau of the system was observed. The results
were obtained at each pressure increment at a constant experimental temperature (230C),
and at the saturation, the system reached equilibrium before readings were recorded.
These indicated that the surface interactions on the Bandera and Scioto with CH4 are
dependent of the equilibrium and saturation pressure, however other factors such as the
distribution of pore sizes in the material, the effective molecular size of the adsorbing
gas, and the combined attraction energy of the surface material and the adsorbing gas
play a role in determining the shape of the isotherm. The potential forces from the
adjacent walls of the pores increase the interaction energy between the sandstone
(Bandera and or Scioto) surface and CH4 molecules, which causes an increase in
adsorption and cause complete filling of pores at low pressures. The isotherms obtained
for methane adsorption of sandstones investigated in this research belong to type 1 of
the IUPAC classification. For materials that demonstrate a type I isotherm for a
particular gas, the equilibrium energy state for the gas-surface system would be a single
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or monolayer of adsorbed gas molecules. Hence, after filling nearly all pores, at higher
pressures, the peaks of the adsorption capacity becomes stable. The results indicate that
pore sizes and surface area are important for adsorption capacities of the sandstones.
The methane (CH4) adsorption capacity varied for the different sandstone types, which
for the present studies Bandera and Scioto are considered. The Scioto sandstone has the
largest CH4 adsorption capacity of the tested samples with a maximum amount of
adsorbed CH4 of 0.110 mmol/g while the Bandera sandstone had significantly less CH4
sorption capacity with a maximum amount of adsorbed CH4 of 0.089 mmol/g.
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Figure 5.10: Comparison of Methane (CH4) adsorption capacities of Bandera and
Scioto samples.
Figure 5.10 presents a comparison of methane (CH4) adsorption capacities of Bandera
and Scioto sample. As indicated in the figure, the Scioto sample has a higher adsorption
capacity compared to Bandara sample. This may be attributed to their mineralogical
content of the two samples.
Figure 5.11 shows the scanning electron microscope (SEM) images of pore types in the
Bandera and Scioto sandstones and Table 5.6 shows the X-ray diffraction (XRD) results
of sandstone cores.
The mineralogical differences of these samples indicate that composition was one factor
responsible for variance in methane adsorption capacity between the samples analysed.
Moreover, previous investigations using shale have shown the negligible methane (CH4)
adsorption capacity of other components (i.e. quartz and dolomite). For example, Lu et
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al., concludes that “the principal mineral constituents of Devonian shale are clay
(mainly illite), carbonates and quartz, and since carbonates and quartz do not adsorb
methane, illite may be a factor for adsorbed gas storage” (Lu et al., 1994).

a

b

Figure 5.11: SEM images of pore types in (a) Bandera and (b) Scioto samples
Table 5.6: XRD results of sandstone cores
Minerals
Quartz
Plagioclase
KFeldspar
Dolomite
Pyrite
Mica + illite
Kaolinite
Chlorite

Bandera
57
12
Nil
16
Trace
10
3
1

Scioto
70
5
2
Nil
Trace
18
Trace
4

X-ray diffraction (XRD) results (Table 5.6) confirmed the mineralogy of the sandstone
samples. For example, the Bandera sample is composed of illite (10%), Kaolinite (3%)
and Chlorite (1%), while the Scioto has a kaolinite content of 18% and chlorite of 4%.
The Scioto sample had the highest total amount of clays present (22%) compared to
Bandera (14%) and had the highest adsorption capacity. The previous analyses imply
that high content of clay minerals in the Scioto sample relative to the Bandera provides
extra surface area for adsorption of methane (CH4). As a result, it can be concluded that
there exists a correlation between methane (CH4) adsorption capacity and surface area
of clay present in the samples.
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The pores in the sandstones sample are mainly the inorganic pores and inter-particle
pores as seen from the SEM images in Figure 5.11. The abundance of micro and
mesopores in the size range of 10s of nanometres in chlorite and illite interstratified
clay, high internal surface area with pores of 1–2 nm radius between crystal layers and
variable micropore volume in sandstone samples (mainly kaolinite, illite and chlorite)
utilised for this investigation provide extra adsorption sites for methane (CH4) resulting
in an overall increase in adsorption capacity.
The clay minerals in the sandstone investigated are composed of different particle sizes.
The particle size determines the extent of adsorption in powdered clays as shown by Ji
et al., (2013). Furthermore, Gasparik et al., (2013), showed that when preparing powder
samples that are widely used for adsorption measurement, an increased internal surface
area is provided by confined pores spaces which lead to an increase in adsorption
capacity of powdered samples compared to core samples that are utilised in this work.
However, these entirely depend on the method employed in the investigation.
The two sandstone samples, i.e. Bandera and Scioto are comprised of clay minerals with
differences in type and structure, which plays a critical role in their methane (CH4)
adsorption capacity. For example, Kaolinite clay has a 1:1 type clay structure
comprising a water–Al layer and a Si–O layer (Palomino and Santamarina, 2005);
Kaolinite does not have shrinking or swelling abilities and comprises of an inactive
layer and internal surface area (Ji et al., 2015). Illite has a structure similar to
montmorillonite with relatively little expandability (Ross and Bustin, 2009; Cheng and
Huang, 2004). In illite, the replacement of Si atoms by Al- atoms in the tetrahedral layer
causes a negative charge imbalance that is compensated by K+ between the clay layers
(Ji et al., 2012). Illite has a small internal surface area and average adsorption capacity.
Chlorite has a similar crystal layer structure to illite, but an additional octahedral layer
containing Mg or another cation (Milliken et al., 2012) replaces the K+ layer.
Sandstone reservoir consists of different minerals, and the dominant are Sand-quartz,
feldspar and clay minerals. The clay minerals vary based on the sandstone depositional
environment; the clay types include; kaolinite, illite, montmorillonite and chlorite. The
clays contribute to their gas adsorption capacity because of their large surface areas
which give them significant gas adsorption capacity (Ji et al., 2012; Heller and Zoback.
2015; Zhang et al., 2014). The adsorption capacity of pure clays was reported by
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previous work (Ji et al., 2012; Heller and Zoback. 2015; Zhang et al., 2014), which
indicates that the adsorption capacities of individual clay minerals decrease in the order:
smectite >> mixed layer I/S > Kaolinite > Chlorite > illite. These results differ
somehow from those presented by Ross and Bustin. (2007), who used pure clay
standards, suggesting that texture of clay minerals and sample preparation techniques
should be considered.
The experimentally measured values of methane (CH4) adsorption capacity of
sandstones are listed in Appendix A-2 and plotted in Figure 5.10. The pressure ranges
used for adsorption capacity experiments represent those occurring in depleted
reservoirs at abandonment as reported by MacRoberts, 1962; Okwananke et al., 2011;
and Mathias et al., 2014. Moreover, methane adsorption capacity at equilibrium is used
in this section to investigate the difference between the natural adsorption capacities of
adsorbed CH4 at equilibrium pressure versus abandonment pressure.
The adsorption isotherm of the core samples (sandstone) at equilibrium shows that the
potential adsorption surfaces become filled up by methane molecules until they become
fully gas saturated, and the plot becomes linear indicating that the microporous solid has
reached gas saturation representing type 1 isotherm. These statements appear to be true
for sandstone samples in Figure 5.9a,b and powdered pure clay samples (Ji et al., 2012,
Gasparik et al., 2014) at a pressure up to 1000 psia (6.89 MPa) and 2175.57 psia (15
MPa) respectively. However, for sandstone core samples at abandonment pressures, the
experimental adsorption capacity at pressures up to 500 psia (3.45 MPa) for both Scioto
and Bandera sandstones indicate that there are more adsorption site available as
equilibrium was not reached. Therefore, CO2 injection at a higher pressure will build up
the system pressure, and due to the higher adsorption capacity of CO2, CH4 gas would
be replaced in the system there by recovering more of CH4 in the reservoir.
The experimental result for maximum adsorption capacities of methane (CH4) at
equilibrium pressure for the Bandera and Scioto sandstones were 0.089 mmol/g and
0.110 mmol/g respectively. However, the adsorption capacity of CH4 at abandonment
pressure (500psia) is 0.061 mmol/g and 0.082 mmol/g respectively. In the literature, all
studies were conducted at 50 and 100°C. Fujii et al., (2010) estimated CO2 adsorption
on Berea sandstones at 50°C and 100°C. They found Langmuir-like CO2 of Berea
sandstone to be 3.7 mmol/g and 2.8 mmol/g at 50°C and 100°C at 2900.75 psia (20
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MPa) respectively. Eliebid et al. (2017) measured CO2 adsorption using Kentucky
sandstone. They found carbon dioxide (CO2) adsorption of Kentucky sandstone to be
8.92 mmol/g, 2.8 mmol/g and 10.06 mmol/g at 50°C, 100°C and 150°C and 725.189
psia (5 MPa) respectively. The results for methane (CH4) adsorption capacity of Scioto
and Bandera at equilibrium and abandonment pressure are lower than those for CO2
found in the literature. These results indicate that for the sandstone sample, CO2 has an
adsorption capacity approximately 2–5 times greater than that of CH4.

5.4

SECTION 3: Water and brine saturation dependence on CH4 sorption
capacity of sandstones

5.4.1 Effect of Water content on Methane adsorption capacity
The analysis of the methane adsorption capacity of dry sandstone samples in sections
5.3.1 indicates that physical and experimental parameters such as the pressure, clay
structure and mineralogy determines the gas adsorption capacity of the sandstones core
samples. However, most sandstone reservoirs consist of at least two different phases e.g.
gas-water (Dandekar, 2006; Jordan and Doughty, 2009; Sloss et al., 2015). Trace
amounts of water (usually in ppm range) in high-purity gases contribute in errors from
adsorption experiments (Gasparik et al., 2014).
Adsorption isotherms are best measured on dry samples as wet samples give less
reliable results (Gasparik et al., 2014). The uncertainties associated with the reservoir
storage capacity calculation include the presence of formation water and the reactions of
methane (CH4) with the rock and saline water. The effect of the presence of adsorbed
water, which occurs from the sandstone-water interaction cannot be avoided owing to
the hydrophilic nature of the rocks (clays), therefore the determination of the adsorption
isotherm is required for both states. In this investigation sandstone samples (Bandera,
Scioto) with pre-adsorbed water were measured to determine their methane (CH4)
adsorption capacity at different water content, by which the effect of water on methane
adsorption was analysed.
Appendix A-3 presents the experimentally measured methane (CH4) adsorption capacity
of water saturated Bandera and Scioto samples respectively, and Table 5.7 presents the
estimated percentage decrease in adsorption capacity due to the presence of water.
Figure 5.12 and Figure 5.13 show the plot of experimentally measured adsorption
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capacity of both samples at different water content (33, 65 and 91%) for Bandera and
Scioto core samples respectively.
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Table 5.7: Calculated percentage decrease in adsorption capacity to water content.
Scioto

Bandera
Decrease in adsorption capacity (%)
Water content (%)

Pressure (psia)

33%

65%

91%

33%

65%

91%

50

58.33

75

91.67

30

50

50

100

45.45

68.18

72.73

31.58

52.63

52.63

150

48.48

60.61

66.67

24

40

40

200

46.51

58.14

62.79

19.35

32.26

32.26

250

50.98

54.90

62.74

21.62

35.13

35.13

300

48.27

51.72

58.62

20.93

30.23

30.23

350

47.76

50.75

56.72

21.28

31.91

31.91

400

41.67

47.22

52.78

9.80

19.61

19.61

Total Decrease (%)

47.21

54.47

60.89

10.26

24.36

38.03
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Figure 5.12: Experimental Methane (CH4) sorption capacity of water saturated samples
for Bandera at varying water content.
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Figure 5.13: Experimental Methane (CH4) sorption capacity of water saturated samples
for Scioto at varying water content.
Table 5.7 indicate that the amount of gas adsorbed on water saturated samples decreased
at an overall rate of 47.21%, 54.47% and 60.89 for Scioto and 10.26%, 24.36%, and
38.03% for Bandera with increasing water content. These values were much lower than
the adsorption capacity of dry samples at the same variable pressure. However, to
quantify the effect of water content on sandstones, a plot of a comparison between
experimental adsorption capacity of dry and water-wet samples is presented (Figure
5.12 and Figure 5.13). For water content of 33%, although the shape of the adsorption
isotherms remains almost similar, the adsorption isotherms experiments show a
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substantial decrease in CH4 adsorption amounts compared to the dry sample. The
experimental data further showed a decline in the adsorbed amounts of methane upon
increasing the water content from 65 to 91%.
The experimental results in Figure 5.12 and Figure 5.13 indicate that the interaction of
water with sandstones is controlled by two adsorption types, a) physical adsorption and
b) chemisorption onto clay surfaces, which results in a substantial water adsorption
capacity due to extra electric charges formed on their surface by isomorphous
substitution. Which occurs when an element substitutes another element in a mineral
without a significant change in the crystal structure. In addition, water tends to form
solid-like clusters via hydrogen bonds. For small amounts of adsorbed water, although
the shape of the experimentally measured adsorption capacity plots remains similar, the
adsorption capacity decreased in the investigated Bandera and Scioto core samples as
seen in Table 5.7. It was observed that the adsorbed amount of methane decreases with
increasing water content (33, 65 and 91%) at variable pressure (0 – 400Psia or 0 – 2.76
MPa) as shown in Figure 5.12 and Figure 5.13.
Competition for adsorption sites between water and methane (CH4) is another cause of
the observed decline in the methane adsorption capacity of sandstones. Water has a
strong affinity to clay, moreover, since water and methane molecules will be adsorbed
on the same sandstone surface, there will be competition between Methane (CH4) gas
molecules and water for pore space and surface area. Clay pores spaces and the surface
will be blocked by water clusters due to their hydrophilic nature (high water
adsorption), and this will lead to pore and surface area blockage. The cause of water
blockage is due to hydrophilic nature of clays, which results because their structure is
made of hydrous aluminium silicate platelets, with spaces between the alumina and
silica layers occupied by exchangeable cations such as Mg2+, Ca2+, Na+, K+, and Li+.
The cause of this phenomenon can be explained by differentiating between the
mechanism

of

hydrophobicity

and

hydrophilicity.

The

boundary

between

hydrophobicity and hydrophilicity occurs when the difference between the polar
attraction and repulsion between clay particles immersed in water is equal to the
cohesive polar attraction between the water molecules. Under these conditions, the
interfacial free energy of interaction between particles immersed in water (ignoring
electrostatic interactions) is exactly zero. When the interfacial free energy is positive,
106 | P a g e

RESULTS AND DISCUSSION

School of science, Engineering and computing
University of Salford

the interaction in the material with water becomes dominant, and the surface of the
material is hydrophilic; however, if the interfacial free energy is negative, the polar
cohesive attraction between the water molecules dominates, and the material is
hydrophobic (Van Oss and Giese., 1995).
A critical moisture holding capacity was reported in the literature (Day et al., 2008;
Joubert et al., 1973, 1974; Levy et al., 1997) typically observed at 75 – 99% relative
humidity. This phenomenon has been observed in studies (Merkel et al., 2015, Gasparik
et al., 2014) of adsorption capacities conducted at different moisture contents and
relative humidity using shales and coal samples. This is a point where a linear decrease
up to certain "critical moisture" content is observed above which there was no change in
adsorption capacity with a further increase in moisture (Day et al., 2008; Joubert et al.,
1973, 1974; Levy et al., 1997). However, in this study, the samples were not saturated
up to 75% or 99% water content; therefore, we could not observe the latter fact.
The particle sizes of water and methane are relatively small at molecular level and can
easily penetrate clay layers. Moreover, it is expected that competition for adsorption
sites between water and methane entering the clay layer will be dependent upon the
structure of clay, hydrophilicity, and type of clay in the individual samples (Bandera,
Scioto). These differences are due to the variation in the amount and distribution of the
water within the different sandstone samples.

Hydrophilic sorption sites are

concentrated within the micro and mesoporosity as a positive trend occurs between the
moisture content and the micro and mesoporous surface area. The pore size distribution,
in turn, is controlled by mineralogy, pore space, internal surface area and particle size.

5.4.2 Effect of Brine on Methane(CH4) Adsorption capacity
Following the previous investigation in section 5.4.1, Dry and samples saturated with
water were used to analyse the adsorption capacity of sandstones. Using these two
samples, the adsorption capacity yielded different results. To verify the effect of brine
on investigated samples, further research was conducted using low salinity (20%) Brine
made using NaCl (sodium chloride).
Appendix A-4 presents experimental values of the adsorption capacity of Bandera and
Scioto sample at 33%, 65%, and 91% brine content respectively. Figure 5.14 and Figure
5.15 shows a plot of the experimentally measured methane (CH4) sorption capacity of
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Bandera and Scioto sandstones saturated with brine respectively at varying brine
content. Table 5.8 shows the percentage decrease in adsorption capacity due to brine
content.
Experimental results in Table 5.8 indicates that for both samples saturated with brine,
the presence of brine caused an overall reduction in the methane adsorption capacity of
30.17%,43.57%, 43.57% and 69.83 for Scioto sandstone saturated with brine and
28.90%, 42.58% and 52.85% for Bandera sandstone saturated with brine compared to
dry samples. This decrease was also observed in sandstone samples saturated with water
in Section 5.4.1. Furthermore, it was noted that at 20% brine salinity, there was an
additional loss of methane adsorption capacity compared to raw water saturated samples
(47.21%, 54.47%, 60.89% for Scioto and 10.26%, 24.36%, 38.03% for Bandera). The
additional loss of adsorption suggests that the initial amount of adsorbed water desorbs
with methane pressure or due to the removal of small quantities of residual moisture
after the exposure to low-pressure gas and subsequent evacuation. Analysis of
experimental data indicates that blockage of both sample pore space and surface area by
low salinity brine led to a decrease of methane (CH4) adsorption capacity.
The microstructure of the sandstones exhibits a large surface area from clays, significant
pore size viability and a pore system associated with clay and other constituents such as
quartz, dolomite, Plagioclase, Feldspar. A general hypothesis is that when in contact
with water or brine, the large surface area, pore size viability, multiple pore systems and
differential particle sizes of sandstone will be in contact with interfacial forces
(electrical double layer and solvation) that bound them to the low salinity brine at
varying degrees. The clay surfaces, which will become water-wet, develop high
capillary forces that bound the brine with a strength that is inversely proportional to the
pore radius.

108 | P a g e

RESULTS AND DISCUSSION

School of science, Engineering and computing
University of Salford

Table 5.8: Percentage (%) decrease of methane (CH4) adsorption due to brine content.
Scioto

Bandera
% Reduction in adsorption capacity
Brine content at 20% salinity

Pressure (Psia)

33%

65%

91%

33%

65%

91%

50

66.67

83.33

91.67

50

70

90

100

59.09

68.18

86.36

36.84

63.16

78.95

150

57.57

63.63

81.81

40

52

68

200

55.81

60.46

74.42

35.48

51.61

58.06

250

52.94

56.86

70.59

27.03

37.84

51.35

300

50

53.45

67.24

27.91

41.86

46.51

350

49.25

52.24

64.18

27.66

38.30

46.81

400

45.83

48.61

59.72

15.69

27.45

37.25

Total Decrease (%)

30.17

43.57

69.83

28.90

42.58

52.85
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Figure 5.14: Experimental Methane (CH4) adsorption capacity of Brine saturated
Bandera at variable Brine content.
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Figure 5.15: Experimental Methane (CH4) sorption capacity of Brine saturated Scioto
at variable Brine content.

In addition, structurally bound hydroxyls are present and are part of the clay structure.
As a result, there is a continuum range of capillary and surface forces keeping water
attached to the pore surfaces, and these forces then are stronger than the weak van der
Waal forces in physical adsorption of methane to clay. For methane to be adsorbed at
high capacity, these forces must be overcome.
Secondly, the experimental result suggests that 20% sodium chloride (NaCl) low
salinity brine will alter the Bandera sandstone wettability toward strongly water-wet
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conditions, while the surface charge of Scioto sandstone will be affected by low-salinity
water, and the zeta potential of illite and chlorite clays will be significantly decreased.
5.4.3 Summary
Using Helium Pycnometry as a measurement tool for void volume of two sandstone
samples (Bandera, Scioto); data was presented which documents the effect of pressure,
time and water content on void volume measurements. The following summary has
been drawn from this chapter:
o The pressure ranges investigated showed close results regarding the measured
void volume value with measurement scattered about an average of 8.017cm3 for
Bandera, and 4.5171cm3 for the Scioto samples.
o Void volume data showed that there was little data deviation of 0.002 cm3 and
0.001 cm3 in void volume with pressure for the Bandera and Scioto samples.
o Equilibrium was attained after a 240mintes (four hour) interval indicating that
longer times yield better void volume data; this is because as contact time
increased, helium was able to access pores of tiny sizes.
o The investigation indicates that water content of 5.62 wt. % and 5.48wt. % for
both samples respectively, can reduce the dry capacity by as much as 12.53%
and 11.2%.
o Water blocks some of the pores accessible to helium and leads to a decrease in
void volume. When quantifying storage in sandstone at reservoir scale, which is
water-wet, it is necessary to make corrections by accounting for pore blocked by
water.

The CH4 adsorption capacity of dry sandstones was measured using a purposely-built
adsorption apparatus under pressure (0–1000 psia) and 0 – 500 psia and a constant
temperature (23°C).The results showed that:
o Sandstones reached equilibrium adsorption capacity at 950 - 1250 psia (6.55 to
8.62 MPa) while at abandonment pressure (0 - 500 psia or 0 – 3.45 MPa), the
adsorption isotherm remained convex indicating available adsorption sites.
o Based on types, some clays in sandstones have higher adsorption capacity than
others.
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o Methane (CH4) adsorption capacity of sandstones at abandonment and
equilibrium pressure were lower than that of carbon dioxide (CO2).
o The results indicate that the adsorption capacity of CO2 of sandstone is
approximately 2–5 times greater than that of CH4.

Using sandstones saturated with water, and 20% salinity brine content (33%, 65%, and
91%). The experimental findings from this research reveal that:
o Sandstone samples saturated with water showed an overall decrease of 47.21,
54.47 and 60.89% for Scioto and 10.26, 24.36, and 38.03% for Bandera with
increasing water content (33, 65 and 91%) and were much lower than that
adsorption capacity of dry samples at the same variable pressure.
o The presence of brine caused an overall decrease in the methane adsorption
capacity by 30.17, 43.57, 43.57 and 69.83% for Scioto and 28.90, 42.58 and
52.85% for Bandera compared to dry samples. Furthermore, it was observed that
for 20% brine salinity saturated samples, there was an additional loss of methane
adsorption capacity compared sandstones saturated with water (47.21, 54.47,
60.89% for Scioto and 10.26, 24.36, 38.03% for Bandera).
o Two adsorption types control the interaction of water with sandstone core
samples: (a) physisorption onto polar surfaces and (b) chemisorption onto clay
surfaces, which results in a substantial water adsorption capacity due to extra
electric charges formed on their surface by isomorphous substitution.
o At 20% sodium chloride (NaCl) rich low salinity brine will alter the Bandera
sandstone wettability toward strongly water-wet conditions, while the surface
charge of Scioto sandstone will be strongly affected by low-salinity water and
the zeta potential of illite and chlorite clays will be significantly decreased.
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SECTION 4: Accuracy of experimental data

To verify the accuracy of the current available adsorption model, the first and crucial
step is to set comparison criteria for each model. Two general criteria are used here.
First, the repeatability denotes the consistency of repeated measurements for a given
sample, on the same setup at the same conditions and by the same operator (Gasparik et
al., 2014). It is crucial to prove the reliability of the adsorption experiments (Merey et
al., 2016). Secondly, the goodness-of-fit of the model to test data will be evaluated. This
is a straightforward approach to show whether the proposed model can describe the
experimental measurements. An accurate model should closely match the data using the
minimal but the most significant assumptions. If the proposed model meets the all the
above two standards, the model should be treated as valid.

5.5.1 Repeatability & verification of Adsorption measurements
The repeatability of the adsorption data for the two sandstone samples (i.e. Scioto and
Bandera sandstone) was checked by conducting repeat experiments. Similar
experimental conditions (T = 23°C and up to a pressure of 400 psia (2.76 MPa) in eight
pressure steps) was maintained for water and brine saturated sandstones, while the dry
samples were conducted at equilibrium (i.e. 1000 psia or 6.89 MPa and 23°C). Figure
5.16 presents the test data for the repeatability of methane (CH4) adsorption capacity of
sandstones using dry, and sandstones core samples saturated with water and brine. Table
5.9 shows the measured repeatability values for methane adsorption of dry sandstone
samples at equilibrium while Table 5.10 lists the pressure, adsorption capacity and the
expected experimental uncertainty for each datum compared to those found in the
literature.
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Figure 5.16: Comparison of repeatability and accuracy of CH4 adsorption experimental
data using; a) Dry Bandera sandstone; b) Dry Scioto sandstone and; c) water saturated
Scioto and; d) Brine saturated Scioto.
Two replicate runs were conducted to investigate the reproducibility of the isotherm
measurements (Figure 5.16 a – d). The average data deviation was 0.33 and 0.42 for dry
Scioto and Bandera samples respectively, while the deviations were 3.85 and 3.59 for
samples saturated with water and brine respectively between the first and repeat
experiments. Excellent repeatability of experimental data for both sandstone samples
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(Scioto and Bandera) was observed. As can be seen, the adsorption isotherms for dry
sample agree closely. However, the higher data deviation for the samples saturated with
water and brine is because the interaction of water and methane is a function of a
number of processes occurring simultaneously (i.e. physical and chemical adsorption,
pore space blockage). Moreover, wet samples give less reliable results (Gasparik et al.,
2013, 2014; Sloss et al., 2015).
The results of the adsorption experiments indicate that the self-assembled equipment
used for this research is sufficient for simultaneously measuring adsorption. The data
deviations from all the experimental runs were accurate and within the range reported in
the literature, for example, Chareonsuppanimit et al., (2012) data was 9.0. The
differences of repeated results were all within 3.0 for Lu et al., (1994), while that of
Rani et al., (2015) was 6.4.
Table 5.9: Repeatability data of Dry sandstone samples.
Dry Experiments
Scioto

Bandera

Pressure
(Psia)

First

Repeat

First

Repeat

50

0.012

0.012

0.010

0.010

100

0.022

0.022

0.019

0.019

150

0.033

0.033

0.025

0.025

200

0.043

0.043

0.031

0.031

250

0.051

0.051

0.037

0.037

300

0.058

0.058

0.043

0.043

350

0.067

0.067

0.047

0.047

400

0.072

0.072

0.051

0.051

450

0.078

0.077

0.058

0.057

500

0.082

0.082

0.061

0.061

550

0.087

0.086

0.066

0.065

600

0.09

0.090

0.068

0.068

650

0.095

0.094

0.073

0.072

700

0.097

0.097

0.075

0.075

750

0.102

0.101

0.08

0.079

800

0.103

0.103

0.082

0.082

850

0.106

0.105

0.086

0.085

900

0.108

0.108

0.087

0.087

950

0.11

0.110

0.089

0.089

1000

0.11

0.110

0.089

0.089
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Table 5.10: Experimental data of water/Brine samples and comparison of repeatability data to literature.
Brine saturated
Experiments @ 20%
salinity
Scioto (33%)

Water saturated
Experiments
Scioto (33%)

Comparison of reliability Data to Literature

Pressure
(psia)

First

Repeat

First

Repeat

50

0.004

0.005

0.004

0.005

100

0.010

0.012

0.010

0.011

150

0.017

0.017

0.013

0.014

200

0.022

0.023

0.016

0.017

250

0.024

0.025

0.023

0.026

Lu et al., 1995

300

0.029

0.030

0.029

0.031

Chareonsuppanimit et al.,
2012.

350

0.034

0.035

0.033

0.034

Rani et al., 2015

400

0.042

0.042

0.039

0.040

Authors

Method

Experiments from this
research
Experiments from this
research
Experiments from this
research
Experiments from this
research

Manometric
Manometric
Manometric
Manometric
Manometric
Manometric
Manometric

Type

Data Deviation

Dry

0.33

Dry

0.42

water

3.85

Brine

3.59

Dry

3

Dry

9

Dry

6.4
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5.5.2 Best Fit model output
In this section, firstly, the best-fitting model was determined using error functions.
Then, the applicability of the proposed statistical tools was discussed, based on a
comparative study between them. Three theoretical isotherm models, namely:
Langmuir, Freundlich, and Redlich were employed to fit two sets of experimental
methane(CH4) adsorption capacity results, which were from adsorption experiments in
Sub section 5.3.1, using two sandstone core samples (Bandera, Scioto). The non-linear
regression fitting was carried out using MATLAB R2016A software. The non-linear
regression procedure provides better fits and can be performed for different models with
the same set of adjustable variables, allowing for more direct comparison of distinct
model fits. The application of the non-linear model is direct and does not require
mathematical manipulations as in the case of linear regression.
Experimental data was inputted into the MATLAB software along with the analytical
models for adsorption presented in section 2.4 , followed by curve fitting using nonlinear regression and error functions. Three criterion, SSE (sum of squares due to error),
RMSE (root mean squared error), r2 (Coefficient of multiple determination) and
Residual Plots were used to determine the goodness of fit for the two sandstone types.
The non-linear regression fittings are presented in Figure 5.17a, Figure 5.17 b, Figure
5.18a, Figure 5.18b and Figure 5.19a, Figure 5.19b. Table 5.11 shows the values of
corresponding isotherm parameters, their multiple correlation coefficients (r2) and the
sum of squares due to error (SSE) for each parameter.
The coefficient of multiple determination (r2) for the fit should range between 0.9 and
1.00 to show a good fit for the model. Fitting results (Figure 5.17, Figure 5.18, Figure
5.19 and Table 5.11) show that for Bandera sample, the Redlich Paterson isotherm and
Langmuir have the same r2 value of r2 = 0.9992, while the Freundlich isotherm model
has a value of that r2 = 0.9935. For the Scioto sample, the r2 values of the three isotherm
models are 0.9996, 0.9978 and 0.9798 for the Redlich Paterson, Langmuir and
Freundlich, respectively. The coefficients of multiple determination (r2) for fitting the
Langmuir, Redlich-Paterson and Freundlich isotherm models were all of high value as
shown in Table 5.11. The coefficient of multiple determination (r2) for all isotherm fit
ranged between values of 0.9935 to 0.9798 showing an overall good fit by all isotherm
models. These fitting results indicate that based on the r2 analysis the Redlich-Paterson
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and Langmuir isotherm model will generate a satisfactory fit to the experimental data
compared to the Freundlich, isotherm model.
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Figure 5.17: a) Non-linear fitting of experimental data and b) Residuals of Langmuir
isotherm model to core samples (Bandera, Scioto).
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Figure 5.18: a) Non-linear fitting of Experimental data and b) Residuals of Redlich
Paterson isotherm model to core samples (Bandera, Scioto).
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Figure 5.19: a) Non-linear fitting of experimental data and b) Residuals of
Freundlich isotherm model to core samples (Bandera, Scioto).

Table 5.11: Estimated values of statistical indicators and model parameters.
Isotherm model / Error Function

Bandera

Scioto

Freundlich
KF
n

0.0173
0.6632

0.0187
0.5993

Goodness of Fit

SSE: 7.665e-4
r2: 0.9935
RMSE: 0.002064

SSE: 3.609e-4
r2: 0.9798
RMSE: 0.004478

Langmuir
VL
PL

0.095
0.1064

0.116
0.1520

Goodness of Fit

SSE: 9.605e-6
r2: 0.9992
RMSE: 0.0007305

SSE: 3.854e-5
r2: 0.9978
RMSE: 0.001463

Redlich Patterson
KR
aR
g

0.092
0.9848
0.830

0.113
1.343
0.9186

Goodness of Fit

SSE: 9.65e-6
r2: 0.9992
RMSE: 0.0007534

SSE: 7.138e-6
r2: 0.9996
RMSE: 0.000648
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The sum of squares due to error (SSE) for the fit should be closer to zero (0) to indicate
a good fit for the model. From, Table 5.11, the values of the sum of squares due to error
(SSE) from fitting result showed that the Freundlich isotherm model had values further
from zero (0) in both Scioto (7.665e-04) and Bandera (3.609e-04) samples respectively.
The SSE values of the Redlich Paterson and Langmuir models were 9.65e-6, 7.138e-6
and 9.605e-6, 0.004478 for the Bandera and Scioto samples respectively. Just as with
SSE, a root mean squared error (RMSE) value closer to 0 indicates a fit that is more
useful for prediction. The small values of RMSE show the better model fitting and
similarity of the model with the experimental data respectively. The value of the RMSE
of the fitting result (Table 5.11) from the best fit to the least was 0.0007534 and
0.000648 for Redlich-Paterson, 0.0007305 and 0.001463 for Langmuir and 0.002064
and 0.004478 for the Freundlich model for the Bandera and Scioto Samples
respectively.
The theoretical values of maximum adsorption capacity determined using the Redlich
Paterson isotherm were 0.092mmol/g and 0.113mmol/g for Bandera and Scioto
respectively. These values are near the experimental maximum adsorbed amounts of
0.089mmol/g and 0.110mmol/g (Appendix A-1) for the Bandera and Scioto samples,
which indicates that the Redlich-Paterson model can accurately be used to determine
sandstone adsorption capacity. However, the fitting result shows that values of
theoretical adsorption capacity for the Langmuir model were 0.095mmol/g and
0.116mmol/g and are close to the Values from the Redlich-Paterson. The Values from
the Freundlich model were 0.0173mmol/g and 0.0187mmol/g; these results are greater
than the Maximum adsorption capacity of sandstones from experimental result in Sub
section 5.3.1.
The experimental data fitting with Freundlich isotherm is shown in Figure 5.19 with
normal coordinate. Relatively large deviations are observed between the experimental
data and the non-linear fitting values for the Freundlich isotherm. One of the possible
reasons for the disagreement of experimental data with Freundlich isotherm is that,
Freundlich isotherm is based on the adsorption phenomena, in which an indefinite multilayer formation is formed after completion of the monolayer and that was not the case
for the sandstone/methane adsorption system. To include the homogeneity of the
adsorbent surface, Langmuir isotherm and Redlich-Paterson was also used to fit the
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experimental data. The data fitting with Redlich-Paterson and Langmuir isotherm is
shown in Figure 5.17 and Figure 5.18.
The agreement of experimental result with Redlich Paterson isotherm is better than that
of Langmuir isotherm. The Langmuir isotherm fits the experimental data for each
sandstone sample (i.e. Bandera and Scioto), however, the Redlich-Paterson isotherm fit
was more within the experimental temperature and pressure range of this research. This
implies that adsorption is monolayer since at low pressure; the Redlich-Paterson
describes the Langmuir isotherm while at high pressure it becomes the Freundlich
isotherm. The adsorption of methane by the two sandstone samples was found to be well
represented by both Langmuir and Redlich-Peterson isotherm. Therefore, by
comparison, the order of the isotherm best fits from r2, SSE and RMSE error function
for two sandstone samples (i.e. Bandera and Scioto) in this chapter is Redlich-Paterson
>Langmuir> Freundlich.
The best-fitting isotherm is determined using three well-known functions to calculate
the error deviation between experimental and predicted equilibrium adsorption data,
after non-linear analysis. Hence, per Table 5.11, the Redlich–Peterson model is the most
suitable model to describe the methane adsorption phenomenon satisfactorily. Indeed,
the highest r2 value and the lowest RMSE and SSE values were found when modelling
the equilibrium data using the Redlich–Peterson.
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5.5.3 Summary
Using repeatability/ verification and best-fit model output in validating the experimental trials
investigated in this work, the following summary have been derived from the results:
o The coefficient of multiple determination (r2) for all isotherms were all in the
range of 0.9935 to 0.9798. This indicates an overall good fit by all isotherm
models showing that all isotherm model will generate a satisfactory fit to the
experimental data.
o The sum of squares due to error (SSE) for the fit should be closer to zero (0) to
indicate a good fit for the model. The SSE values of the Redlich Paterson and
Langmuir models were 9.65e-6, 7.138e-6 and 9.605e-6, 0.004478 for the
Bandera and Scioto samples respectively which indicate a good fit. However,
the Freundlich isotherm model had values further from zero (0) in both Scioto
(7.665e-04) and Bandera (3.609e-04) samples respectively.
o Just as with SSE, a root mean squared error (RMSE) value closer to 0 indicates a
fit that is more useful for prediction. The small values of RMSE show the better
model fitting and similarity of the model with the experimental data
respectively. The value of the RMSE of the fitting result from the best fit to the
least was 0.0007534 and 0.000648 for Redlich-Paterson, 0.0007305 and
0.001463 for Langmuir and 0.002064 and 0.004478 for the Freundlich model for
the Bandera and Scioto Samples respectively.
o The average data deviation was 0.33% and 0.42% for dry Scioto and Bandera
samples respectively, while the deviations were 3.85% and 3.59% for water and
brine saturated samples respectively between the first and repeat experiments.
o The higher data deviation for the water and brine saturated samples was more;
this was because of the procedure used in saturating the core samples.
o The theoretical values of maximum adsorption capacity determined using the
Redlich Paterson isotherm were 0.092mmol/g and 0.113mmol/g for Bandera and
Scioto respectively. These values are near the experimental maximum adsorbed
amounts of 0.089mmol/g and 0.110mmol/g.
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CHAPTER 6
6 CONCLUSIONS AND RECOMMENDATIONS
6.1

Conclusions

6.1.1 Effect of averaging pressure, water and contact time
The standard methods (gravimetric, manometric/volumetric) used for adsorption
capacity measurements depend on the use helium as an inert gas to determine the void
volume of microporous solids (manometric/volumetric). The use of helium as an inert
gas to measure the free gas volume or void volume is not unique, and several works
have reported that a non-negligible adsorption of helium takes place at ambient
temperatures on activated carbons and zeolites (Malbrunot et al., 1997; Sircar., 2001;
Gumma and Talu., 2003). The void volume, i.e. the amount or volume of space, in
which free or non-adsorbed gas is stored and is present in the sample cell (SC) during
the experimental adsorption set-up, was estimated using a helium pycnometer (PORGTM
200). Many parameters affect the measurement of the helium void volume; however,
this research concentrated on the effect of pressure, equilibrium time and water content.
Moreover, it is also important to take account of the sample form (crushed, core) and
type (pure clay, clay shale, sandstone) used for these tests since each material has
different properties. These parameters were investigated and analysed using two
sandstone core samples (Scioto and Bandera) based on the results of experimental
laboratory work. The conclusion from section 1 of chapter 5 is:
o The constancy of average void volume with pressure for sandstones core
samples indicates that there were no adsorption of helium in observable
quantity, and as such, there was no decrease in the void volume from adsorption
for both samples investigated.
o At low pressure, core samples with variable pore types and particle sizes, the
constancy of pressure indicate that sandstone core samples will reach saturation
independent of molecular diameter but more on the rate at which gas transport
by diffusion occurs and velocities of helium particles, all of which are pressure
dependent.
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o The gas access to the total pore spaces or void volume is restricted by the
presence of water. Water content of 5.62 wt. % and 5.48wt. % for Bandera and
Scioto respectively can reduce the dry samples average void volume by as much
as 12.53% and 11.20% for investigated Bandera and Scioto samples. This
decrease in free gas storage by water saturated sandstone samples is due to water
blockage of pore space and throat.
o The transport of helium into pore space and particles of different size in core
samples is described by slow viscous flow described by Darcy flow. This type of
flow depends on the fact that gas flow in cored samples is directly related to the
difference in pressure between the points of the sample cell and the distance
between the points, which are related to contact time, and therefore were the
cause of faster saturation or equilibrium time at incremental pressure. The latter
implies that at higher pressure, the helium particles have higher velocities and
would travel the distance of sample cell faster than its preceding lower pressure.
The overall interconnectivity of flow pathways in the cored sampled between the
points, the permeability, the pore size distribution and particle size will be the
dominant factors that will determine overall gas saturation with contact time.
The permeability will ascertain the ease at which helium gas will travel through
the sample length.

6.1.2 Methane (CH4) adsorption of sandstones and the impact of water and brine.
Adsorption processes in methane rich gas reservoirs are of growing importance in both
science and engineering. This is reflected – for example – in a growing number of
research papers (Passey et al., 2010; Shi et al., 2010; Sondergeld et al., 2010; Ji et al.,
2012; Kalantari-Dahaghi., 2010; Gensterblum., 2010, 2013; Heller and Zoback., 2014;
Rexer et al., 2014; Gasparik et al., 2012, 2013, 2014; Rani et al., 2016) investigating
methane adsorption capacity using either crushed or core reservoir rock samples. As gas
adsorption equilibria data up to now cannot be calculated accurately by theoretical or
analytical simulation based models, it is necessary to measure them, i.e. to determine
them by reliably and precisely performed experiments (Keller and staudt, 2005).
Depleted sandstones gas reservoirs are globally abundant, and the development of these
resources can increase CH4 production while permanently isolating green gases
emissions such as CO2. The purpose of this thesis is to understand methane adsorption
124 | P a g e

CONCLUSIONS AND RECOMMENDATIONS

School of Computing, Science & Engineering
University of Salford

in sandstone and the role it plays in depleted sandstone gas reservoirs. This objective is
achieved by exploring the impact of CH4 adsorption on enhanced gas recovery and
sequestration (EGR-CO2). Using sandstone core samples in dry, with water and 20%
salinity brine content (33%, 65%, and 91%); the methane (CH4) adsorption capacity was
measured using a purposely-built adsorption apparatus. Earlier studies indicate that in
reservoirs, with adsorption capabilities, the ratio of CO2 storage was higher for every
molecule of CH4 produced. However, the technical feasibility of enhanced gas recovery
and sequestration (EGR-CO2) needs to be investigated in more detail (Khosrokhavar et
al., 2014).
In Chapter 3, a custom-built adsorption apparatus was used to measure the methane
(CH4) adsorption capacity of dry sandstone samples up to equilibrium pressures (0 –
1250Psia or 0 – 8.62 MPa) with the following conclusions:
o The result for maximum adsorption capacities of methane at depleted reservoir
pressure were 0.61 and 0.82mmol/g. This indicates that the adsorption rate of
CH4 depends strongly on pressure.
o For the Bandera sandstone, the maximum adsorbed volume at 1250 psia or 8.62
MPa was 0.089 mmol/g. For the Scioto sample, the maximum adsorbed volume
at the maximum adsorbed volume at 1250 psia or 8.62 MPa is 0.110 mmol/g.
The amount of methane uptake increases with an increase in the pressure for
experimental equilibrium adsorption data, but when the adsorbent monolayer is
saturated the amount of adsorption approaches to a limit gradually.
o For sandstone core samples at abandonment pressure of depleted reservoirs, the
experimental adsorption capacity at very low pressures up to 500psia or 3.45
MPa shows that the isotherm does not have a flat part indicating that a full
saturation state has not been reached. The result for maximum adsorption
capacities of methane at depleted reservoir pressure were 0.61 and 0.82mmol/g.
This indicates that the adsorption rate of CH4 depends strongly on pressure. The
time required for adsorption was approximately 30h at abandonment pressure
and 54h at equilibrium adsorption capacity.
o Methane (CH4) is readily adsorbed onto sandstone in depleted reservoirs.
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o The values of the methane adsorption capacity for each sandstone indicate how
likely it is for the CO2 to adsorb and remain in place in the depleted reservoirs
being targeted.
o Mineralogical differences, structure, particle and pore size of clays in sandstone
samples caused variance in methane adsorption capacity between samples. Clay
minerals in sandstone core samples are composed of different particle sizes, For
example, the abundance of micro- and mesopores in the size range of 10s of
nanometres in chlorite and illite interstratified clay. The high internal surface
area with pores of 1–2 nm radius between crystal layers and variable micropore
volume in sandstone samples (mainly kaolinite, illite and chlorite) utilised in this
investigation will provide an overall increase in adsorption capacity.
o The difference in the composition of clay minerals in the sandstones samples
influences the CH4 adsorption. An analysis of the mineralogical differences
between these samples indicated that composition was one factor responsible for
variance in methane adsorption capacity between cored samples. Moreover, the
Scioto sample had the highest total amount of clays present (22%) compared to
Bandera (14%) and had the highest adsorption capacity. This implies that high
content of clay minerals in the Scioto sample relative to the Bandera provide
extra surface area for adsorption of methane(CH4) therefore contributing to the
overall sorption capacity of the samples.

6.1.3 Data verification using reproducibility and best-Fit method.
o Two replicate runs were conducted to investigate the reproducibility of the
isotherm measurements at 1000 psia (6.89 MPa) and 400 psia (2.75 MPa). An
average data deviation of 0.33%, 0.42% for dry Scioto and Bandera samples
were calculated while a value of 3.85% and 3.59% was calculated for water and
brine saturated samples respectively between the first and repeat experiments.
Excellent repeatability of experimental data for both sandstone samples (Scioto
and Bandera) was observed.
o In any single component isotherm study, determining the best-fitting model is a
key analysis to mathematically describe the sorption system and, therefore, to
explore the related theoretical assumptions. Hence, error calculation functions
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have been widely used to estimate the error deviations between experimental and
theoretically predicted equilibrium adsorption values. In this research,
equilibrium adsorption of methane by sandstones has been carried out. The
related results have been modelled using Freundlich, Langmuir and Redlich–
Peterson equations, via nonlinear regression analysis. The best-fitting model was
evaluated using three different error functions. The examination of all these error
estimation methods showed that the Redlich-Peterson model provides the best fit
for the experimental equilibrium data (i.e. highest r2 and lowest SSE and RMSE
values). The applicability of three statistical tools to determine best-fitting
isotherm model was investigated for non-linear analysis. The related results
showed that the r2, SSE and RMSE seem to be adequate to point out the bestfitting isotherm model after a non-linear regression approach.
o Theoretical fitting of experimental adsorption capacity showed that both
Langmuir isotherm model and the Redlich Paterson isotherm model could
generate a satisfactory fit to the experimental data, while Freundlich isotherm
model will not. The theoretical values of maximum adsorption capacity
determined using Redlich-Paterson isotherm were 0.00092mmol/g and
0.00113mmol/g for Bandera and Scioto respectively. The values are near the
experimental adsorbed amounts of 0.089mmol/g and 0.110mmol/g which
corresponding closely to the adsorption isotherm plateau, indicating that the
Redlich-Paterson model accurately determines the methane adsorption capacity
of sandstone. Therefore, by comparison, the order of the isotherm best fits from
r2, SSE and RMSE value for Bandera and Scioto samples in this study is
Redlich-Paterson >Langmuir> Freundlich isotherm.
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Recommendations

The research objectives of this study focused on a comprehensive investigation of both
sample-free gas storage capacities from void volume measurement and methane (CH4)
adsorption capacity of sandstones, allowing the key research questions to be
investigated within the scope of this study. However, based on the knowledge and
feedback gained from the present study; the following are recommended:
o An inter-laboratory research should be conducted using a large number of
sandstones samples to compare with other available methods for measuring void
volume.
o Methane (CH4) Adsorption experiments should be continued with more
sandstones with different clay mineralogical composition, variable experimental
conditions (pressure, temperature) as well as various components of gases
present in sandstone reservoirs.
o Clay contents, pore sizes, particle sizes of these samples should be known. This
experiments will be helpful to understand the effects of temperature, clay
materials, composition and structure on the adsorption dynamics of clays in
sandstones. Moreover, this is critical for improving the calculations used in
initial gas-in-place calculations for sandstone gas reservoirs.
o The accuracy of experimental setup should be increased for most accurate
adsorption isotherms by increasing the sensitivity of pressure transducers,
thermocouples, constant water temperature bath and pump.
o Only a few measurements were performed on water, and brine saturated
sandstones; more measurements should be carried out for a range of different
water content and brine salinity.
o Adsorption measurements using water and brine samples should be treated as is
being done for gas adsorption by considering that water exists as two phases, i.e.
free and adsorbed phase.
o It would also be interesting to compare the impact of water by using relative
humidity method and water saturation method (this research) to compare their
accuracy.
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o A joint research should be conducted using two or more custom-built adsorption
apparatuses such as the one custom built for this research (Chapter 3, section
3.4.2) to determine the accuracy of these modifications on adsorption capability.
o

Full characterisation of depleted sandstone gas reservoirs might be achieved
through the integration of standard nuclear, electrical and acoustic logs with
geochemical laboratory and log measurements to solve for all the important
minerals present at the sandstone gas formation.

o A complete research on adsorption in sandstones should be conducted by
combining experimental, imaging and numerical simulation techniques.
o An investigation related to the chemistry of adsorption in depleted sandstones
reservoirs should be carried out to analyse reaction, chemisorption and sorption
kinetics, this is important since these have been observed during this
investigation as fundamental issues affecting the methane adsorption of
sandstones.
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APPENDIX A-1: Dry Bandera and Scioto adsorption experimental adsorption
results at 23°C and variable pressure.
Pressure(psia)
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150
1200
1250

Bandera
0.010
0.019
0.025
0.031
0.037
0.043
0.047
0.051
0.057
0.061
0.065
0.068
0.072
0.075
0.079
0.082
0.085
0.087
0.089
0.089
0.089
0.089
0.089
0.089
0.089

Excess Adsorbed (mmol/g)
Scioto
0.012
0.022
0.033
0.043
0.051
0.058
0.067
0.072
0.077
0.082
0.086
0.090
0.094
0.097
0.101
0.103
0.105
0.108
0.110
0.110
0.110
0.110
0.110
0.110
0.110
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APPENDIX A-2: Dry Bandera and Scioto adsorption isotherm data at 23°C and
variable pressure.
Excess Adsorbed (mmol/g)
Pressure (psia)

Bandera

Scioto

50

0.010

0.012

100

0.019

0.022

150

0.025

0.033

200

0.031

0.043

250

0.037

0.051

300

0.043

0.058

350

0.047

0.067

400

0.051

0.072

450

0.057

0.077

500

0.061

0.082
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APPENDIX A-3: Water-saturated Bandera and Scioto Methane (CH4) experimental adsorption data at 23°C and variable pressure.
Methane Adsorbed (mmol/g) (Scioto)

Methane Adsorbed (mmol/g) (Bandera)

water content
Pressure(psia)

water content

Dry

Dry
33%

65%

91%

33%

65%

91%

50

0.012

0.005

0.003

0.001

0.010

0.007

0.005

0.002

100

0.022

0.012

0.007

0.006

0.019

0.013

0.009

0.007

150

0.033

0.017

0.013

0.011

0.025

0.019

0.015

0.010

200

0.043

0.023

0.018

0.016

0.031

0.025

0.021

0.018

250

0.051

0.025

0.023

0.019

0.037

0.029

0.024

0.020

300

0.058

0.030

0.028

0.024

0.043

0.034

0.030

0.025

350

0.067

0.035

0.033

0.029

0.047

0.037

0.032

0.028

400

0.072

0.042

0.038

0.034

0.051

0.046

0.041

0.035
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APPENDIX A-4: Brine saturated Bandera and Scioto measured methane (CH4) adsorption capacity at 23°C and variable pressure.
Pressure(Psia)

Methane Adsorbed (mmol/g)(Bandera)
Brine Content at 20% NaCl Salinity
33%
65%
91%
0.005
0.003
0.001

Methane Adsorbed (mmol/g)(Scioto)

0.012

Brine Content at 20% NaCl Salinity
33%
65%
91%
0.004
0.002
0.001

0.004

0.022

0.009

0.007

0.003

0.012

0.008

0.033

0.014

0.012

0.006

0.020

0.015

0.013

0.043

0.019

0.017

0.011

0.037

0.027

0.023

0.018

0.051

0.024

0.022

0.015

300

0.043

0.031

0.025

0.023

0.058

0.029

0.027

0.019

350

0.047

0.034

0.029

0.025

0.067

0.034

0.032

0.024

400

0.051

0.043

0.037

0.032

0.072

0.039

0.037

0.029

Dry
50

0.010

100

0.019

0.012

0.007

150

0.025

0.015

200

0.031

250

Dry
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