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ABSTRACT

Fine-grained sedimentary rocks, such as mudrocks, are characterized by a complex porous
framework containing pores in the nanometer range that can store a significant amount of natural
gas (or any other fluids) through adsorption processes. Unfortunately, although the adsorbed gas
can take up to a major fraction of the total gas-in-place in these reservoirs, the ability to produce
it is limited, and the current technology focuses primarily on the free gas in the fractures. A
better understanding and quantification of adsorption/desorption mechanisms in these rocks is
therefore required, in order to allow for a more efficient and sustainable use of these resources.
Additionally, while water is still predominantly used to fracture the rock, other fluids, such as
supercritical CO;, are being considered; here, the idea is to reproduce a similar strategy as for the
enhanced recovery of methane in deep coal seams (ECBM). Also in this case, the feasibility of
CO; injection and storage in hydrocarbon shale reservoirs requires a thorough understanding of
the rock behavior when exposed to CO,, thus including its adsorption characteristics. Shale
reservoirs are widely distributed in the U.S. with existing infrastructures used for gas and oil
production operation; should CO; injection in such reservoirs prove feasible, the capacity of
geologic formations for CO, storage will increase significantly.

The main objectives of this Master’s Thesis are as follows: (1) to identify the main controls
on gas adsorption in mudrocks (TOC, thermal maturity, clay content, etc.); (2) to create a library
of adsorption data measured on shale samples at relevant conditions and to use them for
estimating GIP and gas storage in shale reservoirs; (3) to build an experimental apparatus to
measure adsorption properties of supercritical fluids (such as CO; or CH,) in microporous
materials; (4) to measure adsorption isotherms on microporous samples at various temperatures
and pressures.

The main outcomes of this Master’s Thesis are summarized as follows. A review of the
literature has been carried out to create a library of methane and CO, adsorption isotherms on
shale samples from various formations worldwide. Large discrepancies have been found between
estimates of the adsorbed gas density from different measurement techniques using
representative fluids (such as CH4 and CO,) at elevated pressures, and the adsorbed density can
range anywhere between the liquid and the solid state of the adsorbate. Whether these
discrepancies are associated with the inherent heterogeneity of mudrocks and/or with poor data

quality requires more experiments under well-controlled conditions. Nevertheless, it has been



found in this study that methane GIP estimates can vary between 10-45% and 10-30%,
respectively, depending on whether the free or the total amount of gas is considered.
Accordingly, CO, storage estimates range between 30-90% and 15-50%, due to the larger
adsorption capacity and gas density at similar pressure and temperature conditions.

A manometric system has been designed and built that allows measuring the adsorption
of supercritical fluids in microporous materials. Preliminary adsorption tests have been
performed using a microporous 13X zeolite and CO; as an adsorbing gas at a temperature of
25°C and 35°C and at pressures up to 500 psi. Under these conditions, adsorption is quantified
with a precision of +/- 3%. However, relative differences up to 15-20% have been observed with
respect to data published in the literature on the same adsorbent and at similar experimental
conditions. While it cannot be fully explained with uncertainty analysis, this discrepancy can be
reduced by improving experiment practice, thus including the application of a higher adsorbent’s
regeneration temperature, of longer equilibrium times and of a careful flushing of the system
between the various experimental steps.

Based on the results on 13X zeolite, virtual tests have been conducted to predict the
performance of the manometric system to measure adsorption on less adsorbing materials, such
as mudrocks. The results show that uncertainties in the estimated adsorbed amount are much
more significant in shale material and they increase with increasing pressure. In fact, relative
uncertainties in the adsorbed amount can reach up to 80 and 200% at 500 and 1600 psia,
respectively. The latter can be reduced (i) by increasing the mass of adsorbent material (15.2%
and 42.3% when the mass of adsorbent is doubled as compared to the experiment with 13X
zeolite) and/or (ii) by increasing the precision of the pressure transducers (uncertainty is further
reduced to 3% and 8.4% from case (i) when the transducers with 0.05% accuracy are used. These
experiments are justified by the need of extending the current data set on gas adsorption of
mudrocks, thus enabling a more reliable estimate on the available gas reserves in shale reservoir

and the potential of carbon dioxide storage
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CHAPTER 1
INTRODUCTION
The large volumes of newfound shale gas reserves indicate that this resource will play a
major role in maintaining and securing future energy supply. In 2013, the U.S Energy
Information Administration (EIA, 2013) reported that there are 6,634 trillion cubic feet of
technically recoverable shale gas outside the U.S. and 665 trillion cubic feet within the country
(EIA, 2013). A summary of where these plays occur in the U.S. is shown in Figure 1.1.
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Figure 1.1: Map of the United Stafés shale plays in the Lower 48 states. Sedimntary basi
highlighted in purple. Current plays are highlighted in red. Prospective future plays are
highlighted in orange (EIA, 2013).
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However, despite major recent advances in drilling and completion technology, these
plays are still poorly exploited. In fact, production is nowadays achieved through massive
drilling and the simultaneous stimulation of the reservoir. As a result, current technology focuses
primarily on the recovery of free gas from hydraulic fractures, while the adsorbed gas that is



retained in the matrix of the rock is left behind (NSF, 2012). As discussed below, the latter is
thought to account for up to 50-80% of total resources (Montgomery et al., 2005, Lane et al.,
1991; Curtis, 2002), thus dramatically affecting the efficiency of the recovery operation. In this
context, a better understanding of the mechanisms of adsorption that control storage and gas
release in these reservoirs is needed to fully disclose Gas-In-Place (GIP) and recoverable reserve.
Additionally, while water is still predominantly used to fracture the rock, other fluids, such as
supercritical CO, are being considered. Hereby, the relatively low viscosity of supercritical CO,
leads to breakdown pressures that are considerably lower than those observed with water
injection under the same in situ rock stress and flow rate (Ishida et al., 2012). Also in this case,
the feasibility of CO, injection and storage in hydrocarbon shale reservoirs requires a thorough
understanding of the rock behavior when exposed to CO,, thus including its adsorption
characteristics. Shale reservoirs are widely distributed in the US with existing infrastructures
used for gas and oil production operation; should CO; injection in such reservoirs prove feasible,
the capacity of geologic formations for CO, storage will increase significantly.

As anticipated above, one feature that distinguishes unconventional from conventional
gas reservoirs is the manner in which the gas is stored. In conventional reservoirs, the
recoverable gas exists as a compressed fluid in the pores and cracks of the reservoir rock; this is
known also as free gas and its behavior can be described by an equation of state, such as the real
gas law. On the other hand, unconventional reservoirs contain fine-grained sediment rocks, such
as mudrocks or coals, have significantly lower permeability and their porosity is limited to the
existing nanopores. These nanopores are associated to minerals, such as clays, and organic
materials, and they can retain significant amount of gas in the form of a condensed fluid by
physical adsorption (Ambrose et al., 2012). Mathematically, the volume of fluid stored in a shale

reservoir can be estimated with a relationship of the following form:

a

GIP:p{M—n—a}%rna (1.1)
Po P

GIP is the total gas in place including both free gas volume and adsorbed gas volume, p is
free gas phase density, py is bulk rock density, p? is adsorbed gas phase density, ¢ total porosity
fraction, S, is the residual water saturation, and n? is amount of adsorbed fluid. The first term on

the right hand side of Equation 1.1 is the amount of free gas; note that it includes the effect of



pore space reduction due to gas adsorption (n®)p%). The second term accounts for the amount of
adsorbed gas, which can be obtained through the measurement of an adsorption isotherm.
Several comments are worth making with respect to this equation. First, the available
experimental data set of adsorption isotherms on shale samples at representative conditions is
rather scarce and, accordingly, GIP estimates are still uncertain. Secondly, despite its association
with gas storage in shale reservoirs, current methodologies to estimate volume capacities are
improperly accounting for gas adsorption. Common practices neglect the volume occupied by
the adsorbed fluid, n%/p?, thus resulting in the overestimation of the pore volume available for
free gas storage (Ambrose et al., 2012). Yet, when this volume is accounted for, assumptions are
made regarding the value of the density of the adsorbed fluid, p?; the key of the problem is that at
sub-critical conditions, the adsorption process is dictated by the vapor-liquid transition and the
adsorbed fluid takes the density similar to the one of the saturated liquid. However, at reservoir
conditions most gases are in the supercritical state: here, a phase transition is absent and
accordingly the density of the adsorbed fluid is not known a priori. As discussed in Chapter 2,
this value is often assumed and a variety of methods can be applied to this purpose, thus leading

to as many different results.

1.1 Obijectives
As described above, the adsorption mechanism is important in unconventional reservoirs

since the adsorbed gas can take up a major fraction of the total gas in place (20-80%) (Lane et
al., 1991; Curtis, 2002). In practice, the ability to produce the adsorbed gas is still limited and
current technology focuses primarily on the free gas in the fractures. Therefore, a better
understanding and quantification of adsorption/desorption in these reservoirs is required, in order
to allow for a more efficient and sustainable uses of these resources. Additionally, the density of
the adsorbed fluid is a key parameter for disclosing reliable estimates of gas reserves and storage
capacities, but its estimation still represents a major challenge. Large discrepancies have been
found between estimates from different measurement techniques using representative fluids such
as CO;, and CH, at supercritical conditions and the adsorbed density can range anywhere
between the liquid and the solid state of the adsorbate (Pini, 2014). The main objectives of this
Master’s Thesis are as follows:

1) To understand the adsorption control mechanism of fluids in mudrocks (TOC, thermal

maturity, clay content, etc.).



2) To create a library of adsorption data measured on shale samples at relevant conditions
and to analyze these data through the concepts of excess adsorption; these will be used to
provide estimates for the density of adsorbed gas.

3) To build an experimental apparatus to measure adsorption properties of supercritical
fluids (such as CO, or CHy) in microporous materials. The system shall hold pressures up
to 1,800 psi and temperatures up to 70°C.

4) To measure adsorption isotherms on microporous samples at various temperatures and

pressures.

1.2 Organization of Thesis

The remainder of this thesis is organized as follows:

Chapter 1 briefly introduces the importance of gas adsorption and gas storage capacity in
unconventional reservoirs together with the objectives of the present Master Thesis. This chapter
shows that the current methodology to estimate GIP may be inappropriate for unconventional
plays, since it does not take into account for pore space reduction due to adsorbed gas at
reservoir conditions, thus overestimate the total GIP.

Chapter 2 contains an in-depth literature review of gas adsorption in source rocks. First,
this chapter gives a brief introduction of source rock, its unique characteristics and parameters
that controls adsorption. It also addresses the complexity of measuring adsorbed gas density and
how it may vary from play-to-play or even from well-to-well within the same reservoir. A
methodology is presented to estimate the adsorbed gas density from measured adsorption
isotherms.

Chapter 3 introduces a new methodology to estimate GIP and storage capacities. A
comparison of GIP in term of free and total gas between the conventional method and the new
method has been performed to understand the uncertainties in gas reserve and storage capacities
estimates.

Chapter 4 first introduces the approach that has been used design the adsorption
apparatus and to measure adsorption. The analysis of potential sources of uncertainty is carried
out and the equations are presented to account for them. Results are presented of CO, adsorption
on a benchmarking material (13X zeolite) at two temperatures (25°C and 35°C) and in the

pressure range of 500psia.



Chapter 5 discusses the outcomes from the adsorption tests and provides a comparison
with a selection of data from the literature. Suggestions for improving experiment practice are
presented, thus including the extension to the measurement of adsorption is shale.

Chapter 6 summarizes this research study and presents future recommendations.



CHAPTER 2
LITERATURE REVIEW

2.1 Pore Structure of Shales

Mudrocks are characterized by a complex pore structure that reflects the inherent
heterogeneity of natural materials. A thorough study carried out by Loucks and coworkers on
reservoir samples from the Barnett Shale reports that porosity in these rocks is predominantly
characterized by so-called intra-particle organic pores, i.e. pores with sizes ranging between 5-
800 nm and that are located within the organic matter of the rock (Loucks et al., 2009). Figure
2.1 shows intra-particle organic nanopores and illustrates the variation of shapes present inside
the organic matter. It should be noted that the minimum pore size reported in the study by
Loucks and coworkers was defined by the resolution of the applied technique (analysis of SEM
images) and that smaller pores could therefore also be present. With respect to the IUPAC
definition, therefore, we anticipate that all sorts of nanopores can be present in mudrocks, thus
including micro- (< 2 nm), meso- (2-50 nm) and macropores (> 50 nm). Most importantly, the
density of these nanopores can be very high, with most of the grains containing hundreds of
nanopores and porosities ranging from 6 up to 30% for entire grains (Loucks et al., 2009). This
is an important observation for mainly two reasons. First, nanopores are directly associated with
adsorption of gas, due to the strong interactions between fluid molecules and solid constituents in
these highly confined environments. Second, the relatively large value of porosity suggests that
adsorption can significantly contribute to gas storage in mudrocks, in addition to simple gas

compression that is characteristic of conventional reservoirs.

Figure 2.1: Images of the variegated population of pores the Barnett Shale sample. A) Spherical
nanopores with diameter ranging from 18-46nm. B) Complex large pore structure (550 nm
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diameter). C) and D) Tube-like and elliptical pores (20nm). Images taken from secondary
electron (Loucks et al., 2009).

2.2 Concept of gas adsorption

In a shale gas system, gas is stored in two different states, namely free gas and adsorbed
gas (Montogomery et al., 2005). This situation can be depicted as shown in Figure 2.2, where a
schematic is shown of an idealized fractured shale sample. Free gas is present within the fracture
as well as inside the large pores, which include both macro- and meso-pores. Additionally,
adsorbed gas is present on the surface of these large pores and it completely fills the micropores.

The latter contribute to the vast majority of adsorbed gas.

Macropores/

Mesopores
contain free gas

Fracture contains
free gas

Micropores contain
adsorbed gas

K Adsorbed gas on the
surface of organic

N O @ matter and inside
A Micropores

Figure 2.2: Gas adsorption behavior within shale sample.

From a physical standpoint, adsorption refers to the creation of a phase within the pores
of the adsorbent material with a different (and significantly larger) density, as compared to the
one of the homogeneous bulk fluid. In practical terms, adsorption can be seen as a condensation
phenomenon of the gas within the pores of the material; as a matter of fact, conventional
techniques to quantify porosity and pore size distributions exploit adsorption as a controlling
mechanism (Kuila and Prasad, 2013). Hereby, experiments are conducted at low pressures (sub-
atmospheric conditions) and the vapor-liquid equilibrium controls the process, thus ensuring that
at saturation pressure the entire pore-space is filled with liquid adsorbate (Dubinin et al., 1960).

The interest of gas adsorption at elevated pressures has recently gained momentum due to the
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huge potential of natural gas production from unconventional reservoirs. High-pressure
adsorption is synonymous of adsorption at above-critical (or super-critical) temperatures; hereby,
a clear phase-transition is absent and accordingly the properties of the adsorbed fluid (density
and volume) are not well defined. As a matter of fact, the measurement and the interpretation of
the experimentally obtained adsorption data at these conditions still represent a technical and
scientific challenge, and the actual mechanism of adsorption of a supercritical fluid is still far
from being understood (Zhou et al., 2001).

Secction 2.3 will discuss the adsorption isotherms of CH4 and CO, on several shale
samples around the world at different temperature reading and reservoir properties. These data
are plotted as a function of pressure and they are reported in terms of excess adsorbed amounts.
The latter is the truly measurable quantity in a high-pressure adsorption experiment and it is
defined as the difference between the actual amount adsorbed, m?, and the amount that would be
present in the same volume at the density of the fluid in the bulk phase, p#? (Pini, 2014). The
excess adsorption has been defined because we cannot know a priori the volume (and
accordingly the density) of the adsorbed fluid. Mathematically, this measure is defined by
Equation 2.1:

mexcess — ma _pVa (2.1)

Where m*®* is the excess adsorbed amount, m* is the actual amount adsorbed, p is the

density in the bulk phase, and V2 is the adsorbed volume. From Equation 2.1, note that m®and

a . a a a a
V" can be written as V" 2" and ™/ A" respectively. Equation 2.1 can be further simplified in

term adsorbed gas density and adsorbed amount and can be seen in Equation 2.2.

excess a p
m =m? 1-
[ p° j (2.2)

The concept of excess adsorption is very important at high-pressure condition. It is also a

useful tool to determine the adsorbed volume and adsorbed gas density without using any
assumptions, thus reducing the uncertainty in the final results. The following section will
demonstrate how Equation 2.2 can be used in Langmuir adsorption isotherm model to estimate
excess adsorption. In Section 3.3.4 we will show the operating equations to obtain excess

adsorbed amounts experimentally by using the manometric method to measure adsorption



isotherms. In addition, excess adsorption data have been reviewed and gathered from the

literature on different shale plays can be seen in Section 2.3.

2.2.1 Adsorption isotherm models

Adsorption is highly controlled by the type of adsorbent material. There are many types
of adsorption isotherm models that have been developed for microporous solids, such as coals
and shale. Langmuir has developed on of the first methods of describing an adsorption isotherm.
There are three main assumptions on his model; (1) the adsorbent material has a fixed number of
adsorption sites; (2) these vacant adsorption sites have all the same size and are energetically
equivalent; (3) each site can only contain one adsorbed molecule (monolayer) and there are no
interactions between neighboring adsorbed molecules (Langmuir, 1918). The general form of
Langmuir equation can be seen in the following.

ne _ Gbp

1+bp
Where, m® is the adsorbed amount at density p, Qs is the saturation capacity from

(2.3)

Langmuir model, b is Langmuir constant, which is a function of temperature. gsc and b
parameters can be obtained by fitting with the adsorption isotherm curve.

Note that Langmuir original equation is limited to low-pressure conditions. At higher
pressures, it cannot capture the behavior of excess adsorption, which is the truly measurable
quantity and that is characterized by a maximum (Section 2.2.2). The Langmuir equation can be
modified to take into account for the volume and density of adsorbed phase using the concept of

excess adsorption, i.e. Equation 2.4. The modified Langmuir equation can be seen in the

following:
mexcess — qscbp 1_£ (24)
1+bp p°
Here, m™®* is the excess adsorbed amount and p? is the adsorbed gas density. In most

case, p are normally assumed to be the liquid density; however, this assumption is not
appropriate and will be discussed later in this thesis. The second term on the right hand side
(RHS) of Equation 2.4 comes from the definition of excess adsorption as can be seen in Equation
2.2. In the next section, the concept of excess adsorption will be coupled with another method

known as Graphical approach to estimate the adsorbed gas density.
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2.2.2 Interpreting adsorption through a graphical approach
The interpretation of adsorption isotherms measured at elevated pressures requires a

thorough understanding of the definition of excess adsorption, i.e. Equation 2.1. At relatively low

pressures, the density of the bulk free phase is small and the term V?* p becomes negligible;

excess

accordingly, m = m® In other words, the behavior of the measured adsorption isotherms
follows closely the one predicted by a Langmuir-like model. On the contrary, at high-pressures
the term V?* pbecomes comparable to m® and needs to be taken into account. This effect

becomes particularly important when a fluid is used, whose critical temperature is close to the
temperature at which the experiment is carried out. The manifestation of such situation is that the
excess adsorption isotherm reaches a maximum followed by a decrease as the pressure increases.
When the isotherm is plotted as a function of the fluid’s bulk density this decrease has to become
linear when m® and V® are constant, a condition that is met once adsorption saturation is reached.
In other words, the volume occupied by the adsorbed fluid can be estimated from the slope of the
linear descending portion of the isotherm and, accordingly, its density from the intersection of
that line with the horizontal axis (m®®* = 0). This method will be applied on excess adsorption
isotherms reported in literature for various shale samples. The result of adsorbed gas density for
both CO, and CHy, at different adsorbent material can be found in Table 2.1 (ie. page 12). Figure
2.3 illustrates an example how to estimate adsorbed gas density of CO, using graphical method

in Permian Shale sample from Brazil.

0.16

0.14 -

0.12 - ' \"\

mexcess= ma \
"
01 -+ S
; -

)

0.08 | |

L5
‘;a
-

0.06 -

Excess adsorption (mmol/g)

Ay
N\ p=1.04 g/cc

o
0 0.5 15 2

1
Density (g/cc)
Figure 2.3: Excess adsorption isotherms of CO, as a function of bulk density measured at 45°C
on Permian Shale sample from Brazil. The dashed line has been used to fit a straight line to
determine adsorbed gas density. This technique is known as Graphical method. (Weniger et al.,
2010).
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The adsorbed phase density is a key parameter in the calculation of the total adsorption
capacity of an adsorbent. As previous discussed, at high—pressure condition, a phase transition of
the fluid from gas to liquid is missing, thus resulting in many assumption on actual value of
adsorbed gas density. Several assumptions have been made in literature to address the problem.
A common assumption is that adsorbed phase fluid density is the same as the liquid density,
meaning that there would be no excess adsorption once the fluid reaches saturation (Sircar et al.,
1971). However, this assumption does not address the case of CO, after the saturation point,
since there is still excess adsorption beyond critical point (as it can be seen in Figure 2.3),
indicating that the density of adsorbed density of CO, is greater than the liquid saturation
density. Others assumed that the pore volume of the adsorbent material is equal to the adsorbed
volume, since any molecule inside the pores is considered to be adsorbed (Wakasugi et al.,
1981). Another method to estimate the adsorbed fluid density uses the close packing density of
molecules at a fixed diameter (DeGance, 1992). An experimental study by Haydel and
Kobayashi in 1967 shows that the adsorbed phase density for methane and propane on silicate
gel to be close to the inverse of the van der Waals volume of the adsorbate. Other approaches
involve molecular simulations or the use of optical/imaging techniques. Another interesting and
practical approach is given by the graphical interpretation of the measured excess adsorption
isotherm. The results from this last approach are summarized in Table 2.1 together with a
selection of results from the techniques listed above. There are several interesting points that can
be taken from Table 2.1. First, adsorbed gas density values vary significantly among different
adsorbents; when the so-called graphical interpretation approach is applied, estimates for CO,
range around 1 g/ cm® for activated carbons and reach values as high as 1.75 g/ cm® for 13X
zeolite, the latter being even larger than the solid density of CO, (1.6 g/cm®). These results raise
some questions regarding the reliability of the measured adsorption data and/or the applicability
of the estimation technique. Most importantly and with specific relevance to this study, large
variations exist also when the same material is subject to similar pressure and temperature
conditions, as it is the case for coals (0.93-1.49 g/cm®) and shales (0.79-1.08 g/cm?®).
Interestingly, similar outcomes are observed with CHs where adsorbed gas density varies
significantly using the same experimental approach on various shale samples (0.2-0.78 g/ cm®).
The fact that in other cases discrepancies are observed when different techniques are applied on

the same material suggests that some of the assumptions underlying these methods need to be
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revisited. For instance, in most of these studies, the volume of adsorbent material is often
required. The latter is typically estimated using helium gas, since the latter is assumed to be an
inert gas and does not react with adsorbent materials. However, recent observations with 13X
zeolite suggest that the adsorbent’s volume can be overestimated when helium is used and that
other methods should be applied (Pini 2014). It is one of the goals of this study to apply a similar
procedure as described in Pini 2014 to shale samples.

Table 2.1: Density of adsorbed CH,4 and CO, using different approaches and adsorbent materials

Adsorbed
. Range of CO,/CH
Adsor_bed Reference Adsorbent materials Density 9 2 ¢
Fluid 3 (g/em®)
(g/cm’)
Ambrose et al. (2012) Graphite 0.34
Haydel et al. (1967) Silica Gel 0.37
Mavor et al. (2004) Coal 0.42
Rolniak et al. (1980) Zeolite 13X and 5A | 0.16-0.32
Moffat et al. (1955) Carbon Black 0.23
Gasparik et al. (2012) 0.2-0.64
CH, - 0.2-0.78
Gasparik et al. (2013) 0.53
Gasparik et al. (2014) 0.42-0.78
Moghaddam et al. (2013) Shale 0.19
Rexer et al. (2014) 0.76
Rexer et al. (2013) 0.26
Tan et al. (2014) 0.3-0.5
Melnochenko et al. (2006) Silica Aerogel 1.07
Di Giovanni et al. (2001) Silica Gel 1.09
Radlinski et al. (2009) 0.20-0.60
Fitzgerald et al. (2005) Coal 1.40
Weniger. P et al. (2012) 0.93-1.49
Steriotis el al. (2004) 0.52-0.59
Humayun and Tomasko (2000) 1.01-1.04
Sudibandriyo et al., 2003 . 0.99
Van Hemert et al. (2009) Activated Carbon 0.99
Pini et al. (2006) 1.05
Gensterblum et al. (2009) 0.95-1.01
CO, Weniger et al. (2010) 0.79-1.08 0.35-1.25
h imit et al. (2012 1.2
Chareonsuppanimit et al. (2012) Shale/Clay 5
Busch et al. (2008) 0.84-1.2
Jeon et al. (2014) 0.35-0.84
Gao et al. (2004) NAY Zeolite 0.8-1.3
Hocker et al. (2003) ) 1.59-1.75
— Zeolite 13X
Pini (2014) 1.14-1.23
Steriotis el al. (2002) 0.57-0.75
Kurniawan et al. (2006) Carbon slit-pore 0.88
Liu and Welcox (2012) 0.81-0.90
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2.3 Current data set of adsorption on shale samples

The data set presented in the following has been gathered from published studies that
report adsorption data on clay samples and mudrocks from various basins around the world. The
latter include plays situated in North America (Barnett, New Albany, Muskwa, Duvernay,
Montney), in Europe (Mesozoic, Paleozoic, Posidonia, Alum, Carboniferous), in South America
(Irati, Rio Bonito, Ponta Grossa), and Asia (Longmaxi, Niutitang, Muderong). Most of the
collected data refer to the adsorption of CH,4, because of the need to improve reserves estimates
for gas plays. Few studies have included CO, adsorption (Weniger et al., 2010,
Chareonsuppanimit et al., 2012, Busch et al., 2008, Jeon et al., 2014) due to a more recent
interest on the sequestration potential in the same plays. Table 2.2 and Table 2.3 (ie. page 15)
contain detailed rock properties information on each sample, including controls of adsorption,
such as TOC, thermal maturity, and clay content. Table 2.2 provides CH,4 adsorption on sources
rock while Table 2.3 covers CO, adsorption on source and different type of clay minerals.
Furthermore, the data set has been divided into five groups, namely CH,4 adsorption on North
America shale plays (Figure 2.4, ie. page 16)), CH,4 adsorption on Europe shale reservoir (Figure
2.5, ie. page 17), CH,4 adsorption on Asia shale plays (Figure 2.6, ie. page 18), CO, adsorption
from North and South America shale plays (Figure 2.7, ie. page 19), and CO; adsorption on pure
clay minerals (Figure 2.8, ie. page 20). Excess adsorbed amount from these figures have been
converted from mmol/g to SCF/ton. The standard temperature and standard pressure that was
used are 59°F and 14.7 psi. The conversion number from mmol/g to SCF/ton are 759.078.
Derivation of this number can be seen in Appendix A.

As can be seen in Table 2.2 and Table 2.3 no two shale reservoir systems are exactly
alike. The adsorbed CH, density from Table 2.2 is ranging from 0.19 to 0.88 g/cm® while the
adsorbed CO, density from Table 2.3 is ranging from 0.36 to 1.30 g/cm®. The sample properties,
such as TOC, clay content, and thermal maturity, vary significant from basin to basin, even from
well to well. For example, two shale samples from Gasparik et al. (2014), HAD-103 and HAD
119, are both from Posidonia formation in Europe. They have the same TOC content and thermal
maturity, however, the total clay contents are significantly different from each other, 35.9% and
16.2%, respectively. On an interesting note, these two samples have the similar adsorbed CH4

density (0.7 glcm®), as obtained from graphical method described earlier.
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Table 2.2: Adsorption data set from multiple unconventional plays around the world on CH,4

. Clay content Adsorbed

References | Location |Sample ID [Acronym| Formation | Geological Age | Sample type | Gases P/T TOC Meturit . . iy . Gas Density
conditions y IIlite-Smectite Kaolinite Chlorite 3

(gfem’)

North Americal 8995 | NA-L | Muskwa Shale Frasnian Shale CH, |20 Mpal70C 092 0.402
Be?;%rl(e)t)al. North Americal 9261 | NA-2 |Duvernay Shale Frasnian Shale CH, |27 Mpa2C nfa nfa 0.560
North Americal 9256 | NA-3 | Montney Shale | Lower Triassic Shale CH, |27 Mpa/85C na 0.560

Europe | Aalburgl | E-1 Shale CH, | 25 Mpal65C 1.02 na 60.2 47 6.5 0.640

Gaspariketal.|  Europe | Aalburg2 | E-2  |Mesozoic Shale|  Oxfordian Shale CHy |25 Mpa/65C 5.04 52 5 23 0.500
(2012) Europe | Sleenl | E3 Shale CH, |25 Mpa/65C 082 538 96 0 0.530
Europe | Gewrik | E-4 |Paleozoic Shale|  Namurian Shale CH, |25 Mpa/65C 6.1 34 0 0 0.200

Europe | HAD-103 | E-5 | Posidonia | Lower Toarcian Shale CH, |25 Mpa/65C 6.7 15 359 0.720

Europe | HAD-119 | E-6 | Posidonia | Lower Toarcian Shale CH, |25 Mpal65C 11 15 162 0.780

) Europe | WIC-149 | E-7 | Posidonia | Lower Toarcian Shale CH, | 25Mpal65C 17 0.5 nfa 0.520
g’las‘();gfg Ewoe | S22 | E8 | Aun | UperCambrian | Sl | CH, |25 MyalGsc 75 24 507 0760
Europe S123 E-9 | Carboniferous |  Mississippian Shale CH, |25 Mpa/65C 55 42 421 0.420

North America| M1-576 | NA4 Barnett Mississippian Shale CH, |25 Mpa/65C 45 1 43 0.680

North Americal R NA5 Barnett Mississippian Shale CH, |25 Mpa/65C 41 0.7 0.880
:fg?:idﬁg Europe na E-10 | Carboniferous |  Mississippian Shale CH, |12Mpa/62C na e 0.193
Rexeretal. | Europe | HAR7060 | E-11 | Posidonia | Lower Toarcian Shale CH, |14 Mpa/5C 578 e 262 6.6 0 0.260
(2014) Europe | HAR7090 | E-12 | Posidonia | LowerToarcian |  Shale | CH, |14 Mpai45C 141 239 39 07 0.760
Re(xzeorle;)a" Ewope | # | E13 | AumSrle | UpperCambrian |  Shle | CH, |14Mpald5C 635 16 29 07 42 0260
Asia 6009507 | Al Longmaxi  [Lower Silurian Shale)  Shale CH, |23 Mpa/46C 3.34 253 2108 0.300

Asia 6009509 | A2 Longmaxi ~ [Lower Silurian Shale)  Shale CH, |23 Mpa/46C 1.68 25-3 28.88 0.380

Asia | G011298 | A-3 | Longmaxi |Lower Silurian Shalel  Shale CH, |23 Mpaid6 C 415 253 8.53 0.500

T(a;oeltAa)I. Asia  |GO11313-1| A4 Nittitang | Lower Cambrian Shale CH, |23 Mpaid6 C 138 335 2328 0.320
Asia (6009521 | A5 Niutitang | Lower Cambrian Shale CH, |23 Mpal46 C 285 335 1981 0480

Asia (6009518 | A6 Niutitang | Lower Cambrian Shale CH, |23 Mpa/46 C 744 335 12 0480

Asia | G009517 | AT Nittitang | Lower Cambrian Shale CH, |23 Mpaid6 C 6.02 3-35 5.97 0.380
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Table 2.3: Adsorption data set from multiple unconventional plays around the world on CO,

. . . y . Clay contnt Adsorel Gas

References | Location | SampleID | Acronym - Fomation | Geokgial Age | Sampletype | Gass {PTT condions T00 Maturty — - . o
lite-Smecte Kaolnie Chorte | Dersity (g
SouAmerca | 0634 | SAL | I Permin Sk | CO; | Z3MoalC 162 L0
SouAmera | (B168 | AL |l Permin ek | CO, | 23NpaltC U lh 050
SouAmerca| 0600 | A3 | I Permin Sk | CO; | Z3MoaaC il 0840
o |SoAnena | OMLU4 | SA4 | RoBoabp | Pemn Stee | COy | 23MpaliC 1 2L L
We(";goelroe;a" etz 00 | 8 | b | Pemn | S |0, |BMakc|  am | 1 1
SouAmerca| 07166 | SAG | RoBonto | Pemen ek | CO; | Z3MoaaC I I " il
SouAmerca| 0181 | SAT | RoBonto | Pemen ek | CO; | Z3MpaaC 113 15 080
SouAverca| (BA00 | SAS | PoriaGuss | Devonen St | COy | 23MpaldiC 1 080
SuAreica| 000 | SA9 | PoaGrosa | Devonen e | C0p | 28MallC 07 00
VEISHE ol 1 | 6 | ety | Dol | S | 0 || o " 1%

mietal (L)

Mo | th | AS | Mdeony | Ceaeoss | Montoorkoie | CO, | 1oMPa45C 05 ] b b L0
B”(;?U;t)a[ Koo | ot | A0 | Mg | Cemms | M |00 |BRsC] 0
Me | na | A | Maeony | Ceeos | Kaolnte | CO, | ISMPY4C 05 " " " " 080
kongtal [ NomAmerca| e | NAT | (Mool | CO, | I3WP345C [ 0%
W4 NobAreia| th | NAS | nd I lie | 00, | LNPalsC h Ik
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In another study, Rexer et al. (2014) also performed high pressure CH4 adsorption experiments
on samples from the Posidonia formation. These samples, HAR 7060 and HAR 7090, were
analyzed by X- Ray Diffraction and Eval Pyrolysis analysis to obtain mineral compositions and
TOC content. While the clay and TOC content of HAR7060 and HAR7090 are relatively close
(30% and 6%, respectively), the adsorbed CH, density of these two samples are significantly
different from each other, namely 0.26 g/cm® for HAR7060 and 0.76 g/cm® for HAR7090.
Deviation in adsorbed CO, density within the same formation can also be seen in the data
reported by Weniger et al. (2010). In their study, three different shale samples from Irati
formation were analyzed. The TOC content of each samples are 1.62%, 24.21% and 11.66%,
respectively, while thermal maturity and clay content were not provided. Interestingly, the
adsorbed CO, densities of three samples are the highest for the lowest TOC content and

relatively the same for the other two, i.e. 1.1 g/ cm® and 0.85 g/cm?®, respectively.
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Figure 2.4: CH,4 adsorption on North America shale plays. References are provided in Table 2.2.
Note that 1MPa is approximately 145 psi.
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Figure 2.5: CH,4 adsorption from Europe shale reservoir. References are provided in Table 2.2.
Note that 1MPa is approximately 145 psi.
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Several interesting features can be observed from Figure 2.4 to 2.8. The excess adsorbed
amounts for CO, and CH, are significantly different in different type of materials, thus
confirming that the adsorption process depends on the type of adsorbate and on its specific
interactions with the solid. For example, the excess adsorbed amount of CO; in shale reservoir
reaches up to 450 SCF/ton, while for CH, excess adsorbed values reach a maximum of 120
SCF/ton. The excess adsorbed amount of CO; in clay material is much larger than for shale
samples. In particular, adsorbed amounts in clay can reach up to 1,300 SCF/ton, i.e. almost three
times the maximum value observed for shale samples. Moreover, out of the three different types
of clays, montmorillonite (1,300 SCF/ton) adsorbs more than illite (300 SCF/ton) and more than
kaolinite (100 SCF/ton).

In addition, the behavior of excess adsorption for CO, on both clays and shale samples
shows a similar trend, as they both increase up to about 8 MPa followed by a steep nonlinear
decline as can be seen in Figure 2.7 (ie. page 19) and Figure 2.8 (ie. page 20). As it can be seen
in Figure 2.4 (ie. page 16) and Figure 2.6 (i.e. page 18), this trend does not appear in the case of
CHy, adsorption isotherms at the sample pressure condition for several reasons. The maximum
increase in excess adsorbed amount is related to the rapid increase in the density of CO, in the
corresponding pressure range. At the corresponding pressure, saturation of m* and V2 are also
reached, meaning that m* and V® will be relatively constant as pressure increases. Therefore, at
this pressure the term pJ® becomes suddenly very large. In the case of CHy, the density is much
smaller as compared to CO, at the same pressure and the term p 7 is much smaller. Accordingly,
the maximum increase in excess adsorbed amount of CH, is believed to occur at much higher
pressure as can be seen in Figure 2.4, 2.5, and 2.6. From the previous figures, it can be observed
that the maximum increase in excess CHy4 adsorption is ranging from 15 to 18 MPa. However,
some of the adsorption isotherms show maximum peak in excess adsorption at much lower
pressure. For example, one sample Mississippians shows a maximum increase in excess
adsorption at 4 MPa. Other example from Frasnian formation in Figure 2.4 shows peak in excess
adsorption at much higher pressure, approximately 22 MPa. The inconsistence in maximum
excess adsorption in CH4 could relate to multiple sources, such as error during measurements,
assumptions used to determine adsorbent volume, or due to adsorption mechanism of the

material itself. The latter will be addressed in the following section.
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2.4 Controls on adsorption

The previous section has undoubtedly evidenced the variability of adsorption isotherm
across different shale samples. Shales contain both organic- and inorganic matter and like any
other natural material, are inherently complex. For instance, it was shown in Section 2.3 that
excess adsorption values of CO; on pure clay minerals tend to be greater than those for shale
materials; this observation in turn suggests that clays contribute significantly to the adsorption
capacity of shales, while the presence of inert material in a reservoir shale sample reduces the
amount of adsorbed gas per unit mass. In addition to clay content, other properties, such as total
organic carbon (TOC), thermal maturity, moisture content, pressure and temperature conditions
can potentially affect adsorption capacity. These controls are reviewed in the following and have
been used in the literature to identify guidelines to evaluate shale samples. We anticipate that,
although useful, these guidelines should be taken as approximations. As shown in Table 2.4 in
most cases observations are in fact still contradictory with regards of whether a given property
(such as the clay content or thermal maturity) has a positive or negative impact on adsorption.
Accordingly, a definitive explanation regarding the actual mechanism of adsorption in shale
samples is still missing and the actual contribution of mineral vs. organic matter not yet resolved.
These observations highlight once more the complexity of gas adsorption on these

unconventional reservoirs and the need for experimental data under different geological settings.

2.4.1 Total Organic Carbon (TOC)

Total organic carbon content represents the organic matter (OM) content of the petroleum
system. TOC in a source rock has three basic components, hydrocarbon (i.e. OM transformed
and retained as hydrocarbon), convertible carbon (OM that can be converted into hydrocarbons),
and residual organic carbon (i.e. OM that will not produce hydrocarbon) (Jarvie et al., 2007).
While TOC content is an important parameter in shale reservoir and can have significant effect
on gas adsorption capacity, results are so far controversial. Some authors have presented a
positive correlation between TOC on CH,4 adsorption capacity on shale samples from all around
the world and have used this correlation to estimate gas in place (GIP) (Ross and Bustin, 2009,
Weniger et al., 2010, Rexer et al., 2013, Zhang et al., 2012, Wang et al., 2013, Gasparik et al.,
2014, Tan et al., 2014). Others have found no correlation between TOC content and adsorption
capacity, as it is the case for dry shales from Paleozoic and Mesozoic shale from Netherlands
with TOC ranging from 04% to 14.1% (Gasparik et al., 2012).
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Table 2.4: A review on the effect of different properties of shale sample on excess adsorbed amount. The effects are shown with three
abbreviations: N (negative), P (positive), n/a (Not available)

Reference Gases |Sample Type| Method | TOC | Thermal Maturity | Clay Content | Moisture | Temperature | Pressure
Gasparik et al. (2012) CH, Shale Manometric | N N P na na P
Gasparik et al. (2013) CH, Shale Manometric | n/a na na P P
Gasparik et al. (2014) CH, Shale Manometric | P P N N N P

Huetal. (2015) CH, shale Manometric | n/a P na na N P
Moghaddam et al. (2013) CH, Shale Manometric | n/a na na na N P
Rexer et al. (2013) CH, Shale Manometric | n/a na na na N P
Rexer et al. (2014) CH, Shale Manometric | P P P na N P
Tanetal. (2014) CH, shale Manometric | P P N na na P
Weniger et al. (2010) CO,/CH{ Shale Manometric | P N na N na P
Chareonsuppanimit et al. (2012) CH,/CO4  Shale Volumetric | n/a na na na na P
Guo et al. (2013) CH, Shale Volumetric | n/a na na na N P
Guo etal. (2014) CH, Shale Volumetric | N P P na na P
Wang et al. (2013) CH, Shale Volumetric | P nfa N nfa n'a P
Zhang et al. (2012) CH, Shale Volumetric | P P na na N P
Ji(2012) CH, Cly Volumetric | nfa nfa P na N P
Luietal. (2013) CH, Cly Volumetric | na nfa P N N P
Busch et al. (2008) CO2 Clay Manometric | n/a na P P na P
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In the latter case, the argument was brought that TOC is not the sole indicator, but the type of
organic matter is also controlling adsorption capacity.

Organic matter is indeed further divided into an insoluble (kerogen) and a soluble
(bitumen) component. The sum total of the bitumen and kerogen is called TOC. The major
constituents of kerogen are carbon, hydrogen, and oxygen; Kerogen breaks down into
hydrocarbon molecules when exposed to elevated temperatures and pressures over a long period
of time. There are three types of kerogen, which are classified based on their respective
compositions and evolution paths in a van Krevelen diagram (Levine, 1987). In particular, the
hydrogen-carbon (H/C) ratio decreases from Type I- to Type Ill-kerogen, while the oxygen-
carbon (O/C) ratio increases (McCarthy et al., 2011). One of the results of this evolution is that
the relative amount of aromatic hydrocarbons as compare to aliphatic and naphthenic
hydrocarbon increases. In this context, Zhang et al. (2012) suggests that adsorption increases
when the kerogen contains a larger amount of higher aromatic structures; accordingly, Chalmers
and Bustin (2008) concluded that gas adsorption decreases in the order Type IlI- > Type II- >
Type I-kerogen.

Bitumen, as previous mentioned, is a soluble material. It tends to fill the pore throats and
complicate the adsorption process in source rocks. Several studies have performed experiments
to see how adsorption isotherm behaves before and after extracting bitumen. A study by Valenza
and co-workers show that surface area of shale sample increases as bitumen extracted (Valenza
et al., 2013). A more recent study by Gou and co-workers show that adsorbed CO, and CH4
volume in bitumen attracted shales were much higher than for the unextracted shales (Guo et al.,
2014). Despite the possibility of some gas dissolved in bitumen, the reduced surface area of the
source rocks due to the presence of bitumen leads to a net decrease in gas adsorption (Ellis et al.,
2014)

2.4.2 Thermal maturity

As described above, kerogen and bitumen generate petroleum in the form of oil and gas
when exposed to elevated pressures and temperature for a sufficient amount of time. The degree
to which this transformation has occurred is referred to as thermal maturity and is one of the
most important parameters that are being used to assess the potential of shale plays and source
rocks in general. There are three levels of maturity that are recognized by petroleum

geochemists: early, peak, and late. Vitrinite reflectance (R,) and Rock-Eval pyrolysis (Tmax) are
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methodologies applied to quantify the stage of thermal maturation. For the former, a R, value of
0.5 or lower represents the early stage, where minimal amounts of hydrocarbons have been
generated. Accordingly, a R, value between 0.6 and 0.78 represents peak maturity, and a R,
value of 0.78 and above usually indicates late maturity.

Rock-Eval pyrolysis involves a temperature-programmed heating of a small amount of
rock sample (100mg) in an inert-gas atmosphere (helium or nitrogen). This determines the
quantity of free hydrocarbons present in the sample, known as the S1 peak. The pyrolysis oven
temperature when determining S1 peak is at 300°C for several minutes. The amount of
nonvolatile hydrocarbons and oxygen-containing compounds are also determined during the
thermal cracking of the kerogen in the rock sample, which are known as the S2 and S3 peaks,
respectively. Once S1 is determined, the oven temperature is programmed to increase at 25 °C
per minute to a maximum temperature of 850°C. The temperature at which the maximum amount
of S2 hydrocarbons is generated is known as Tmax. Tmax is a useful indicator of maturity, as
the higher the value the more mature the source rock is (McCarthy et al., 2011). S3 maximum
temperature corresponds to CO; that is released from thermal cracking of the kerogen during the
pyrolysis experiment.

As it was the case for TOC, the debate is still open regarding the role of thermal maturity
of shale on gas adsorption. Weniger and co-workers (Weniger et al., 2010) and Gasparik and co-
workers (Gasparik et al., 2012) suggest that adsorption is not associated with thermal maturity
based on experimental observations. On the contrary, a study by Hu and co-workers propose that
oil and gas generation cause structural changes of the solid, insoluble organic matter in terms of
additional mesoporosity and, accordingly, surface area. These in turn translate into higher
adsorption capacity. In agreement with these arguments, similar positive correlations between
thermal maturity and adsorption capacity on shale have been reported in other studies (Tan et al.,
2014, Rexer et al., 2014, Gasparik et al., 2014).

2.4.3 Clay Content

Beside organic matters clay minerals represent a major component of mudrocks. Major
shale reservoirs, such as Haynesville, Eagle Ford, Barnett and Marcellus possess an average clay
content of 27%, 8%, 45%, and 50%, respectively. Illite/smectite, kaolinite and chlorite represent
some the major constituents of the clay fraction; accordingly, some studies have focused on the

adsorption properties of pure clay minerals as a first step towards the evaluation of the potential
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of shale reservoir. However, also in this case, it is not surprising that the scientific community is
not in complete agreement with regards to the role of clay content on gas adsorption. On the one
hand, due to their high internal surface area and micropore volume clay minerals can
significantly contribute to gas adsorption in clay-rich shales reservoir. Following these
arguments, several studies report a positive correlation between adsorption capacity and clay
content (Gasparik et al., 2012, Rexer et al., 2013, Ji et al., 2012, Busch et al., 2008, Liu et al.,
2013), with the exception of the studies by Wang et al. (2013), Gasparik et al. (2014) who report
a decrease in gas adsorption with increasing clay content. When pure clays are considered
adsorption capacities decreases in the order of montmorillonite > illite/smectite mixed >
kaolinite > illite (Ji et al., 2012 and Liu et al., 2013). These studies propose that gas adsorption
takes place on the external surface of illite and kaolinite, while adsorption takes place interlayer
of montmorillonite and interface of the clay mineral. Generally, studies seem to agree on the fact
that the contribution of clay minerals to gas adsorption is an order of magnitude less when
compared to organic matter (Ji et al., 2012, Gasparik et al., 2014, Tan et al., 2014) and it
becomes negligible in the presence of moisture because of the high affinity of water to clay
surface that prevent the access of gas molecules to the adsorption sites (Ross and Bustin, 2009).
Beside the negative effect of moisture on gas adsorption, swelling is another factor that
contributes less gas adsorption. Swelling has been observed in coal material at relative high
pressure. Swelling was increased linearly with the amount of CO, adsorbed (Kelemen et al.,
2009 and van Bergen et al., 2009). A similar scenario has also occurred in shaly clay sample.
Studies by Busch et al. (2008) have shown that specific surface area of a highly shale clay
sample before and after the adsorption experiment has been changed. This change in specific
surface area, however, only occurs at high pressure condition, thus could possible relate to the

swelling effect in clay.

2.4.4 Moisture

Several studies from literature have shown that moisture content generally limits
adsorption capacity in shale reservoirs (Gasparik et al., 2014, Weniger et al., 2010, Zhang et al.,
2012, Gasparik et al., 2013, and Liu et al., 2013). In fact, moisture occupies surface sites of clay
minerals, causing these particles to swell and block pore throats, which would eventually reduce
porosity, permeability and restrict access to adsorption sites. It has also been shown that the

decrease in adsorption with moisture is limited by a critical value of the moisture content beyond
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which no effects are seen. Interestingly, moisture content has a different effect on gas adsorption
depending on the type of gases adsorbate. Day et al. (2008) argues that at the same moisture
content, CO, would have more adsorption capacity than CH, because CO, has smaller Kinetic
diameter compared to CH4. The latter would allow CO; to enter some of inaccessible sites that

CH, would not able to get into.

2.4.5 Temperature and pressure

Together with pressure, temperature is a primary control of the physical state of shale
gas. Gas adsorption is an exothermic process; thus, the adsorption capacity of organic rich shale
decreases with increasing temperature (Gasparik et al., 2014, Meghaddam et al., 2013, Rexer et
al., 2013, Rexer et al., 2013, Zhang et al., 2012, Ji et al., 2012, Gasparik et al., 2013, Gou 2013).
Some studies show that the adsorption capacity decrease by a factor of approximately two when
temperature is doubled (Marc et al., 2009). In other words, with constantly increasing
stratigraphic temperature, the adsorption capacity of organic rich shale decreases constantly, and
the ratio of free gas rises continuously. A study by Lu and coworkers (Lu et al., 1995) simulated
the gas adsorption capacity of Antrim shale at different temperatures and found that it decreases
gradually as temperature rises from 25 °C to 60 °C. Chalmers and Bustin in 2008 found that
temperature and gas adsorption capacity exhibit a negative exponential relationship, with the
latter decreasing rapidly with rising temperature. A report by Guo in 2013 shows that under the
combined effect of temperature and pressure, the influence of pressure on gas adsorption
capacity is greater than that of temperature in the low temperature and low-pressure section,
while the opposite is true in the high-temperature and high-pressure zone.

Pressure is directly correlated with depth. In general, the adsorption capacity of organic
rich shale rises with increasing pressure. Specifically, the adsorption capacity increases rapidly at
low pressure, and it gradually flattens with increasing pressures, eventually reaching a plateau.
This is also the typical behavior predicted by a Langmuir-like adsorption curve. Note that when
the experimental results are plotted as excess adsorbed amounts (Section 2.2 and 2.3), the
isotherm is characterized by a maximum; the latter doesn’t imply that beyond it, adsorption
decreases, but it reflects simply the increase in adsorption (m®) is smaller than the corresponding

increase in the buoyant term (p 1%).

27



CHAPTER 3
USING ADSORPTION DATA FOR GIP AND STORAGE ESTIMATES
The conventional GIP calculation consists of a volumetric component representing
hydrocarbons stored in the pore space of the reservoir system as free gas. However, as mentioned
above, this methodology is not applicable to an unconventional reservoir system, as gas is
additionally adsorbed on the large internal surface area of the nanopores within the organic and
inorganic components of shale. A second volumetric term is required to take into account for
adsorbed gas. Ambrose et al. (2012) has regarded the volume occupied by the adsorbed phased

into their GIP estimation calculation, as given by Equation 3.1.

_ *107° '
Gst:32.0368 g(1-S,) 1.318*10 M(GSL p J +(GsL P j
Bg pb pa p+pL p+pL

Where G is total gas storage capacity, By is gas formation volume factor, ¢ is total

(3.1)

porosity fraction, S, is water saturation, py is bulk rock density, pa is adsorbed phase density, M
is apparent molecular weight, G is the Langmuir storage capacity, p is reservoir pressure, p is
Langmuir pressure. 32.0368 and 1.318E™® are the conversion constants to convert the total GIP
value into unit of SCF/ton at standard temperature and pressure. These numbers will be derived
later in Appendix A. In this study, we use standard temperature of 59°F or 15°C and standard
pressure of 14.7 psi or 1 atm.

By using Equation 3.1, Ambrose and coworkers in 2012 have shown that conventional
methods directly applied to unconventional reservoirs neglect the volume occupied by the
adsorbed phase, thus overestimating the pore volume available for free gas storage and,
accordingly, the GIP. More realistic estimates can be 10-25% lower than estimates with the
conventional approach. In the following, we are arguing that the current uncertainty in adsorbed
density values further increases this discrepancy. Note that there are many similarities between
Equation 1.1 (based on our analysis) and Equation 3.1 (based on Ambrose’s analysis). Both of
these equations properly account for the volume occupied by the adsorbed gas in the free gas
volume. If we generalize Equation 3.1 in terms of adsorbed gas density (p,), free gas density (p),
amount of adsorbed fluid (n®), then Equation 3.1 becomes Equation 1.1. In Equation 3.1,
reservoir parameters, such as formation volume factor, porosity, water saturation, bulk rock

density and reservoir pressure can be obtained through field measurements. Langmuir storage

28



capacity, Langmuir pressure and adsorbed phase density can be estimated from laboratory
studies using equilibrium adsorption isotherms. Ambrose and co-workers estimated the adsorbed
density of methane by using molecular simulations and report a value of 0.34 g/cm®. However, as
shown in Table 2.4 (i.e page 23), many other alternatives to estimate this value exist; in the
following, we investigate the sensitivity of storage capacity estimates to the actual value of the
adsorbed phase density, by considering both methane (CH,4) and carbon dioxide (CO). To this
aim, representative parameters of a shale reservoir are used, as summarized in Table 3.1. Figure
3.1 shows the obtained methane GIP for three cases: (i) conventional approach than neglects the
volume of the adsorbed phase (blue line), (ii)) Ambrose’s approach that assumes an adsorbed
density of 0.34 g/cm® (star symbol), and (iii) Ambrose’s approach by assuming any value of the
adsorbed density between the critical and solid density of methane. In the latter case, we further
distinguish between GIP based solely on free gas (red line) and total GIP (green line). Figure 3.2
(ie. page 31) shows the corresponding situation for CO,. As can be seen from these figures, the
relative difference of estimated GIP by considering free and total amount of CH, can vary
between 10-45% and 6-27%, respectively. In the case of CO, discrepancies are even greater and
range between 30-90% and 15-50%, respectively. There are several reasons to explain the
significant differences between CO, and CHj. First, CO, has a much greater density when
compared to CH,4; moreover, CO, has a much larger adsorption capacity than CH,4 in shale
reservoir. Note that irrespectively of the fluid considered, there is a unique trend showing relative
differences increasing with decreasing adsorbed density. It can be concluded that GIP estimates
are very sensitive to the value of the adsorbed density; therefore, exact value of this parameter is
required to avoid uncertainty in the final calculation.

Table 3.1: Shale and reservoir properties using to estimate GIP (CH,4) and gas storage capacity
(COy).

Properties CH, ValuegCO, Values unit
Porosity, ¢ 0.08 0.08 Fraction
Water Saturation,S,, 0.35 0.35 Fraction
Oil Saturation, S, 0 0 Fraction
Bulk Rock Density, py, 2.5 2.5 g/lcm®
Z factor 1 0.7 Fraction
Langmuir Pressure, P 1800 1800 psia
Gas Formation VVolume Factor, By 0.0046 0.0031 rcf/scf
Molecular Weight, M 16 44 Ib/Ib-mol
Langmuir Storage Capacity, Gy 120 240 scf/ton
Pressure, P 4000 4000 psia
Temperature, T 180 180 °F
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CHAPTER 4
DETERMINATION OF EXCESS ADSORPTION

4.1 Materials

Synthetic 13X zeolite in pellet form (Z10-03, Lotm 60009369.05, 1.6-2.5mm) from
Zeochem AG (Uetikon am See, Switzerland) were selected in this study as a benchmarking
adsorbent to design our system, mainly because adsorption isotherms on this material have been
published in the literature (see Pini 2014, Cavenati et al., 2004, Hyun et al., 1982). 13X zeolite
possess also a well-defined pore structure that allows for an interpretation of the adsorption
isotherm that is more straightforward.

Helium (99.999%. purity, from General Air service and supply) and CO, (99.999%
purity, from General Air service and supply) gases were used to conduct the adsorption
experiments. Due to its inertness towards most materials, helium is used to determine the skeletal
volume of the sample material.

The sample is regenerated at a temperature of 215°C and under vacuum for 12 hours prior
to each experiment. After the regeneration process, the sample is quickly weighted and placed
inside the apparatus. Gas adsorption may occur during the previous step, thus possibly causing
uncertainty in the final result. The manometric apparatus is therefore placed inside the oven to be
dried at 215 °C and under vacuum for another 12 hours. Next, the entire system is allowed to
cool down and is placed inside a water bath for the helium and CO, adsorption experiments.
Note that the regeneration temperature for 13X zeolite performed in this study is below its

requirement, which is approximately 550°C (Pini, 2014).

4.2 Experimental Methods

There are various experimental procedures for the determination of supercritical
adsorption isotherms. The choice of each technique depends on the primary variable to be
measured, namely pressure (manometric technique), weight (gravimetric technique), or gas flow
(volumetric technique) (Santos, 2012). The manometric method is based on material balances
and Boyle’s law, and it will be used in this study. An extensive description of the principles of
the manometric approach can be found in several papers published in literature; these include
Mavor et al. (1990), Zhou et al. (2001), and Krooss et al. (2002). However, despite its simplicity,
the manometric technique is prone to measurement errors, which may become even more

significant when high-pressures conditions and weakly adsorbing materials are used. As
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discussed in some recent studies, these problems can be effectively minimized when a careful
design of the adsorption apparatus is carried out (Quinglin et al., 2003, Mohammad et al., 2009,
Sircar et al., 2013). One of the key parameters that are used to reduce the error in a manometric
system is to optimize the ratio between void volume and the dose cell volume. Gasparik and co-
workers has stated in their studies that ratio volume of a manometric system should be in range
of 2-6 (Gasparik et al., 2014). The ratio volume, 5.61, from literature will be implemented here
in the apparatus design. In addition, virtual experiments have been carried out to see how
uncertainties of pressure gauge affect the estimation of dose volume and uptake volume, as well

as the excess adsorbed amount.

4.3 Manometric Method

The manometric method is based on the concept of mass conservation. The accuracy of
excess adsorption values depends heavily on the accurate knowledge of system pressure, and
temperature and void volume. Figure 4.1 illustrates a schematic diagram of the manometric
apparatus used in this study. The latter consists of a dose cell (from Swagelok, withstanding
pressures up to 1,800 psi), a sample cell (from Swagelok, withstanding pressures up to 1,800
psi), three high-pressure valves (from HIP), two 2um filters (from Swagelok), and two pressure
transducers (from APG digital pressure gauge, 3,000 psi with 0.25% accuracy). The 2-um filters
are placed at the entrance and exit of the sample cell to prevent small particles from entering the
valves. The entire system is placed inside a thermostat bath (from Thermo Fisher scientific) that
can operate at temperatures up to 100°C with an accuracy of 0.1°C. Table 4.1 lists other
equipment that was used for the adsorption experiment.

The dose volume consists of the space within the tubing between Valve 1 and Valve 2.
The sample volume includes the sample cell, filters, and space between Valve 2 and Valve 3.
The ratio between sample volume and dose volume in this system is about 6, as suggested from
previous literature studies (Gasparik et al., 2014). The actual values of the dose and sample
volume are selected based on virtual experiments, as explained in the next section.

Table 4.1: Equipment used for adsorption experiment

Quanity | Equipment Manufacturer Limitation  |Accuracy (%)
2 Pressure gauge | APG digital pressure gauges | up to 3,000 psi 0.25
1 Thermo Bath Thermo Fisher Scientific up to 100 °C 0.1°K
2 Filter Swagelok 2um -
5 Pressure valve HIP up to 15,000 psi
1 Vacuum pump Milwaukee under 10 psi
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Figure 4.1: Schematic diagram of the manometric system

4.4 Virtual experiments

The goal of this section is to predict the uncertainties in measured quantities (dose and
uptake volumes, adsorbent volume and adsorbed amount) based on the uncertainties of the
pressure transducers. To this aim, a virtual experiment is performed that essentially solves a
simple material balance, namely initial amount of gas in the system equal to final amount of gas
in the system. The virtual experiment is carried out in the stages, namely (1) estimation of the
empty volumes of the two reservoir cells, (2) estimation of the volume of the solid adsorbent,
and (3) estimation of the adsorbed amount. While the uncertainty of 0.25% in the pressure gauge
readings will affect each one of these three steps, the overall uncertainty in the measured
property will increase from (1) to (3), due to error propagation. In the virtual experiment,
accuracy of pressure gauge is assumed to be random within the range of 0.25% at each pressure
step. The procedures of virtual experiment in determining system volume, adsorbent volume and

excess adsorption isotherm uncertainties are explained in details in Appendix D.

4.4.1 System volume calibration using helium gas
The first step in designing the manometric system is to determine the size of the dose
volume and uptake volume. Accordingly, the sum of these two volumes represents the system

volume. There are three different options of volume system available in the design, which are
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400 cm®, 150 cm®, and 82.2 cm®. In order to decide the size of the apparatus, three virtual
experiments have been carried out. System volume that has the least uncertainty in dose volume
and uptake volume would be selected since they will result the least uncertainty in excess
adsorption result. Uncertainty in these volumes is estimated from statistical measures, such as the
standard deviation. To this aim, a total of 200 virtual experiments have been carried out, so as to
achieve a statistically significant sample population. The following equations have been used to

perform virtual experiment in all three scenarios.

Vsc :pj_pDC,j 1)
Ve Pija~Pj .
Vo = VR(pj—l_pj)
DC ~ vV (4.2)
sC
Poc.j +V(le_:01)_/’j
DC

Where Vg is the known amount of reference volume (stainless steel spherical balls), Vs is

uptake cell volume, Vyc is dose cell volume, py ;is the density in the dose cell at step j, p; is
the equilibrium density at step j, p;_, is the equilibrium density at previous step. Derivation of

these equations is shown in Appendix A. Equation 4.1 is obtained from helium gas expansion in
an empty system to determine the volume ratio between uptake cell and dose cell volume.
Equation 4.2 is also obtained using helium gas expansion; however, in this equation the uptake
cell contains a known amount of reference volume. Note that the reference volume is different in
all three cases, so as to maintain a constant system volume /reference volume ratio (arbitrarily set
to 8 in this study). Accordingly, the reference volume values are 9.5 cm®, 17.2 cm® and 45.9 cm®,
for a system volume of 82.2 cm®, 150 cm®, and 400 cm®, respectively. Figure 4.2, Figure 4.3,
and Figure 4.4 in the following pages show the standard deviation of dose volume at three
different system volumes.

As expected, while the relative uncertainty remain constant among the three scenarios
(about 2% error), the absolute uncertainty (standard deviation) decreases as system volume
decreases. Note that these virtual experiments did not take into account of uncertainty in
reference volume. As previously mentioned, reference volume used in this studies are stainless

steel spherical balls. Each of these spherical balls possesses a volume uncertainty. As reference
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volume increases in case of larger system volume, uncertainty in these systems also increase,
thus resulting a negative impact on the overall calculation. Overall, it can be concluded that
system volume of 82.2 cm? is the best option out of three possible choices. Using the system
volume of 82.2 cm?, the dose cell volume and uptake cell volume are approximately 69.8 cm®
and 12.4 cm®, respectively. According to virtual experiment, the standard deviations for dose and
uptake volume are 0.2 cm® and 1 cm?®, respectively. Using this information, uncertainties in

adsorbent volume can be determined, as addressed in the following section.
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Figure 4.3: Figure illustrates the standard deviation of dose volume value if system volume is
150 cm®.
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Figure 4.4: Figure illustrates the standard deviation of dose volume value if system volume is
400 cm®,

4.4.2 Adsorbent volume

Prior to the adsorption test, the skeletal volume of 13X zeolite materials is determined
through helium experiment. The helium test is performed at the same conditions as the
adsorption experiment. However, the use of helium for pore volume determination may be
problematic (Pini, 2014). In this virtual experiment, helium is assumed to behave as a perfect
inert gas, which contributes to no adsorption during the experiment. In addition, the uncertainties
of adsorbent volume are mainly impacted by the uncertainty in dose volume and uptake volume.
Accordingly, the maximum uncertainty of adsorbent volume based on the previous assumptions
is 1.4 cm® using error analyses. Note that the uncertainties of adsorbent volume also depend on
the total adsorbent amount. As the adsorbent amount increases, the uncertainty of dose and
uptake volume decreases, thus reducing the uncertainty in adsorbent volume. The amount of
adsorbent volume selected in this virtual experiment was 22.7g or approximately 9.5 cm®. The

latter is the adsorbent amount that will be used for the actual adsorption test (Section 4.5). The
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error analyses equation that used to estimate uncertainty in adsorbent volume can be seen in

Equation 4.3.

oVg = 1 - +0'\/52C (4.3)

Where oV, is the uncertainty in adsorbent volume, oV, is the uncertainty in the dose

volume, and oV is the uncertainty in the sample volume. The derivation of the above equation

will be included in the Appendix A. Table 4.2 shows the result of dose volume, uptake volume
and adsorbent volume as well as their volume uncertainty using virtual experiment.

Table 4.2: Uncertainty results of dose volume, uptake volume, and adsorbent volume from
Virtual experiment.

Value (cm®) | Uncertainty (cm’)
Dose volume (cm®) 12.4 0.2
Uptake volume (cm®) 69.8 1.0
Adsorbent volume (cm®) 9.5 1.4

4.4.3 CO; excess adsorption on 13 X zeolite at 25°C and 35°C up to 500 psi

Virtual experiments have been carried out to predict excess adsorption of 13X zeolite.
The virtual test here incorporates the uncertainty in dose volume, uptake volume and adsorbent
volume, as determined in Section 4.4.1 and 4.4.2, to predict the range of uncertainty in excess
adsorption up to 500 psi. To this aim, adsorption data from the literature (Cavenati et al., 2004)
has been input to the model, so as to predict the equilibrium fluid density in the system. The
adsorption parameters were obtained from Cavaneti’s study and they were best fitted using
Langmuir adsorption isotherm curves (Table 4.3). Using the information in Table 4.3, excess
adsorption isotherms and the range of uncertainty at two experimental temperatures, namely
25°C and 35°C, can be estimated using error analysis from Equation 4.4. Derivation of this
equation is included in Appendix A. Figure 4.5 shows the excess adsorption isotherms of 13X

zeolite at 25°C and 35°C, up to pressure of 500 psi.

excess _ ( excess 2 O-VDZC (IODC,j - ,0])2 + (GVSZC + 6\\/32 ij _pj—l)z

om; ) +
i j-1 2 (4.4)
mAD

om
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Table 4.3: Inputs used to determine adsorption isotherm curve of 13X zeolite in virtual

experiment at 25°C and 35°C.

Excess adsorption (mmol/g)

Figure 4.5: CO, excess adsorption isotherm at 25°C and 35°C as a function of equilibrium

Temperature (°C)

25 35
Solid weight (g) 22.7
Solid density, ps (g/cm’) 2.4
Standard deviation in dose 0.2
volume (cm?’)
Standard deviation in uptake 10
volume (cm3)
Standard deviation in 14
adsorbent volume (cms)
b (cm®/mmol) 24 23
Saturation capa(;lty, gsc 18 165
(mmol/cm”)

~o-Virtual experiment at 25C

—— Virtual experiment at 35C

100 200

300

Pressure (psi)

400

500

pressure. Note that the uncertainty of dose volume, uptake volume and adsorbent volume also
included here in this plot. The relative error of excess adsorption at 500 psi for 25°C and 35°C
are approximately 1.6%.
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As can be seen from Figure 4.5, the uncertainties of excess adsorption capacity at 25°C
and 35°C are relatively small, approximately 1.6%. Note that, the error in uncertainties
calculation did not account for cumulative error in density, and only accounted for error in dose
volume, uptake volume and adsorbent volume. In the following section, additional virtual
experiments have been performed to quantify the uncertainties of excess adsorption at higher

pressure.

4.4.4 CO; excess adsorption on 13X zeolite at 25°C and 35°C up to 1,600 psi

Virtual experiments have been carried out to predict excess adsorption of 13X zeolite at
higher pressure. The virtual test here incorporates the uncertainty in dose volume, uptake volume
and adsorbent volume, as determined in Section 4.4.1 and 4.4.2, to predict the range of
uncertainty in excess adsorption up to 1,600 psi. To this aim, adsorption data from the literature (
Cavenati et al., 2004) has been input to the model, so as to predict the equilibrium fluid density
in the system. The adsorption parameters were obtained from Cavaneti’s study and they were
best fitted using Langmuir adsorption isotherm curves (see Table 4.3). Figure 4.6 shows the

excess adsorption isotherms of 13X zeolite at 25°C and 35°C, up to pressure of 1,600 psi.
8

~
|

Frodg

(02}
|
O

w
|

Approximately
1,600 psi

-2 Virtual experiment at 25C  ——Virtual experiment at 35C

Excess adsorption (mmol/g)
M w Eay

=

=
-

o
—

10 15 20
Density (mol/L)

o
w

Figure 4.6: CO, excess adsorption isotherm at 25°C and 35°C as a function of equilibrium
density. Note that the uncertainty of dose volume, uptake volume and adsorbent volume also
included here in this plot. The relative error of excess adsorption at 1,600 psi for 25°C and 35°C
are 19.9% and 18.6%, respectively.
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As can be seen from Figure 4.6, the uncertainties of excess adsorption capacity at 25°C
and 35°C in higher pressure are much greater, 19.9% and 18.6%, respectively. Note that, the
error in uncertainties calculation did not account for cumulative error in density, and only

accounted for error in dose volume, uptake volume and adsorbent volume.

4.5 Experimental tests

In this section, results from multiple experimental tests are described. Besides providing
actual experimental data, these results can be compared to those from the virtual experiments,
thus including measured uncertainties in system volume, adsorbent volume and excess

adsorption isotherm.

4.5.1 System volume calibration using helium gas

As shown in the previous section, a system volume of 82.2cm® is chosen for the
experiments. The experiment is performed at the same condition as the virtual experiment (25°C,
pressure range of 300 psi) and using helium gas. The procedure is as follows: helium gas is first
injected into dose cell; once pressure has stabilized (typically after about 30 minutes), valve 2 is
opened and gas is allowed to expand into sample cell. The pressure reading is recorded before
and after expansion to determine the density in dose cell and equilibrium density in the system.
The experiment is carried out at increasing pressures and results are summarized in Table 4.4
(volume ratio of dose and uptake cell) and Table 4.5 (dose and uptake volumes) for the different

pressure step. Note that the uncertainty of dose volume and uptake volume is also included in

Table 4.4: Volume ratio between uptake volume and dose volume from helium gas expansion in
empty system volume

: : _ s Volume | Average
Temperature Dosing Dosmg Eqwhbnum EqU|I!br|um ratio, | volume
() [ ity o) s | v |
pst)|pde (molil)] (P em) | )
25 842 | 0234 128 0.036 5.563
25 1837 | 0.508 385 0.107 5620 | 5.609
25 2503 | 0.691 70.2 0.195 5.643
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Table 4.5: Value of dose volume and uptake volume from helium gas expansion at different
pressure step and their standard deviation

Standard | Standard
. S PR P Averag [Average| . |
Dosing | Dosing | Equilirium | Equilibrium |Reference | Dost | Sampl Ceviationin deviation
Temperature , | e dose | sample .
. oressure, | density, | pressure, Pj| demsity, pj | Volume- | volume: | volume ure | vdlure dose | nsample
9 P (si) poerat| (s} | (moll) | em) | o) | emh) |, |, | Volume | volume
) pem) | |
o) | (em)
o[ 006|009 | T2 | 0MB | 95 | 123 | 62
5| 236|050 | W6 | 015 | 95 | L5 | 4 | 4] 68 0 | U
5 N0 |08 | W3 | 0,5 | 95 | L5 | T

4.5.2 Adsorbent volume
Once dose volume and uptake volume are known, the adsorbent volumes (and its
uncertainty) are determined using helium gas. The experiment is carried out similarly to the
calibration experiment, though this time the uptake cell is filled with a given amount of
adsorbing material. Equation 4.5 shows the material balance equation to determine 13X zeolite
volumes.
Poc.1Voc +/0J—1(VSC _Vs): Pj (VDR + Ve _Vs) (4.5)
Where ppc,; is the density in the dose cell at step j, p;is the equilibrium density, Vqc is the
volume of the dose cell, p;.1 is the equilibrium density in the system at the previous step. Vsc and
V; are uptake cell volume and adsorbent volume, respectively. We can arrange Equation 4.5 and
solve for adsorbent volume, V. Using Equation 4.6, adsorbent volume can be determined at any

pressure steps.

Ve (Pj ~ Pbc,3 )

V. =V
Tt (,DJ-—,O,-_l)

(4.6)

At each step, the uncertainty in the measured adsorbent volume is estimated from
Equation 4.3. The adsorbent volume (and its uncertainty) used in the calculation of adsorbed
amount are taken as the average from the three measurements. Table 4.6 shows the result of

adsorbent volume at different pressure as well as their standard deviation.
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Table 4.6: Results of 13X zeolite volumes from helium gas expansion.

.| Standard | Standard
i i libi librium | Zeol . |A
Termperae Dosing D93|ng Eqwhbnum Equn!bnurr.l eolite devitonf| deviatonf Verage
T pressure Pdc |density, pde pressure, Pj| density, pj | Volume dsarert | adsorert Zeolite
si) | (mollL si) | (mollL 3 volume
(ps) | (oll) | (ps) | (mollL) | em) T
(om)
2 1096 0.30 87 006 | 89 | 13
2 1976 0.5 196 04 1 97 | 13 13 95
s 1% 054 748 028 | 9% | 13

It is worth noting that the uncertainties in dose volume, uptake volume, and adsorbent
volume from experimental test reported in Table 4.5 and Table 4.6 are in close agreement with
values estimated from the virtual experiments based on the uncertainty in the pressure readings
(Table 4.2, ie. page 39). The uncertainties from virtual experiments are slightly greater than those
obtained from experimental test because virtual test has been simulated up to 200 data points. At
each of these points, a maximum uncertainty has been assumed. Experimental test, in contrast,
only have 3 data points. It is believed that uncertainty in experimental test will increase if more

tests are performed.

4.5.3. CO, excess adsorption on 13X zeolite at 25°C and 35°C

The measurement of an excess adsorption isotherm involves multiple pressure steps of
gas expansion from a dosing cell into an uptake cell. Prior to the adsorption experiment, a
procedure was carried out to ensure both dosing and uptake cell are clean and dry. This was done
by drying the manometric apparatus and the zeolite material up to 215°C and under vacuum for
12 hours. Then, the manometric system is placed inside the temperature-controlled water bath
and vacuum is applied for 1 hour prior to the adsorption measurement. The CO, adsorption test
is started by filling the dose cell at a given pressure. Once equilibrium in the dose cell is reached
(reached after about 1hours), the valve connecting the dose- to the uptake-cell is opened to allow

gas expanding into the uptake cell. System pressure and temperature are measured before and
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after the gas expansion in order to determine gas density at that particular pressure step. The
excess adsorbed gas amount can be computed subsequently. This procedure is then repeated in
sequence by increasing the pressure at each step until reaching desired gas pressure. Using the
database of the U.S. National Institute of Standards and Technology (NIST), the density of tested
gas can be calculated at any given experimental temperature and pressure condition. Note that
the equilibrium time at each expansion step is approximately 1 hour. The operating equation that
is enabling to compute excess adsorbed amount from measured pressures is explained in the

following. For the first pressure step, the following material balance Equation 4.7 is obtained.

_ pDC,lvDC ~Pj (VDC +Ve =Vs _Vla)
Mo

N 4.7)

Where n; is the adsorbed amount at Step 1 per unit mass adsorbent, ppc 1 is the density
inside dose cell before equilibrium for Step 1, Vpc is volume of dose cell, p; is the density at
equilibrium inside the system for Step 1, Vsc is volume of uptake cell, Vs is volume of adsorbent,
V2 is the amount adsorbed volume for Step 1, and map is mass of adsorbent material.
Accordingly, for Step 2, the following material balance, Equation 4.8, can be derived, where the

amount of fluid already present in the sample cell is accounted for.

Vi [(PDc,z - ,02)"' (pDC,l - Pl)]_ Py (Vsc -V _Vza)

n2 =
48
My, (4.8)

Equation 4.8 can be generalized for any j Step to provide the excess adsorbed amount.

Excesss adsorbed amount at any pressure step can be found using Equation 4.9.

j
excess _ _ a _ e _
m==nmy PjVj =V, (pDC,i pi) P (Vsc Vs) (4.9)
i=
All terms on the right-hand side of Equation 4.9 can be measured. Pressure inside the
dose cell and equilibrium pressure are recorded, and an equation of state is applied to calculate
the initial and equilibrium density. Parameters that were obtained from adsorption experiment on

13X zeolite at 25°C and 35°C can be seen from Table 4.7 and Table 4.8, respectively.
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Table 4.7: Excess adsorption results at 25°C on 13X zeolite

Temperature ( Dosing Do'smg Eqwhbnum Equn!bnun-] Exces§ Cummulative | Percentage Percentage .
o pressure,Pd | density, pdc | pressure, Pj | density, pj adsorption error (%) error (%) error @500 psi
) csi) | (moiy (psi) (mollL) (mmolig) (%)
25 400 131 0.1 0.000 0.717 0.01 16
25 588.7 2.17 12 0.003 1.890 0.02 12
25 766.2 329 74 0.021 3.630 0.04 10
25 748.2 315 516 0.146 4.937 0.05 0.9
25 784.7 344 180 0.535 5.490 0.06 11 26
25 1142.2 17.57 773 3.344 5.795 0.23 40 '
Table 4. 8: Excess adsorption results at 35°C on 13X zeolite.
Temperature ( Dosing Dqsing Eqwllbrlum_ Equn!bnun? Exces; Cummulative | Percentage Percentage .
o pressure,Pd| density, pdc | pressure, Pj | density, pj adsorption error (%) error (%) error @500 psi
) ¢ (psi) (mol/L) (psi) (mol/L) (mmol/g) (%)
35 397.8 1.236 2.7 0.0073 0.652 0.01 17
35 569.2 1.9192 39 0.0105 1.686 0.02 12
3b 7845 3.028 9.7 0.0262 3.285 0.03 10
3b 770.6 2.9436 43.6 0.1189 4.581 0.04 0.9
35 779.5 2.9974 145.1 0.4093 5.223 0.05 10 25
3b 1385.5 15.77 753.6 2.8435 5.813 0.20 35 '
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Figure 4.7: CO, excess adsorption isotherm at 25°C and 35°C as a function of equilibrium
pressure. The relative error of excess adsorption at 500 psi for 25°C and 35°C are 2.6% and

2.5%, respectively.
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Figure 4.8: CO, excess adsorption isotherm at 25°C and 35°C as a function of equilibrium
density. The relative error of excess adsorption at 500 psi for 25°C and 35°C are 2.6% and 2.5%,
respectively.
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Percentage uncertainties in excess adsorption from experimental tests at 25°C and 35°C
up to 500 psi on 13X zeolite are slightly greater compared with those from virtual experiment,
2.6% and 2.5%, respectively, as can be seen in Figure 4.7 and Figure 4.8. Note that these values
were obtained using linear extrapolation and can be seen in Table 4.7 (ie. page 46) and Table 4.8
(ie. page 46). While the apparent experimental uncertainties are small, the results from these tests
are significantly different from those predicted in the previous sections that are based on
literature data. The relative difference in excess adsorption values at 500 psi between
experimental and virtual tests is approximately 9.4% and 8.2% at 25°C and 35°C, respectively.
Also, the effect of temperature on the measured adsorption isotherms is surprisingly rather small,
with the isotherm measured at 25°C being just slightly above the one measured at 35°C. These
observations suggest that other factors may be affecting these experiments and these potential

sources of errors will be addressed in Section 5.

4.6 Virtual tests on shale sample

When compared to a synthetic zeolite, shale can adsorb 10-15 times less CO; per unit
weight of material. The purpose of this section is to assess the performance of the current
manometric system in measuring gas adsorption on shale samples at representative conditions
through a series of virtual tests. These virtual tests incorporate the same uncertainty in dose
volume, uptake volume and sample volume that were founded in experimental test from Section
4.5.

4.6.1 CO; excess adsorption on New Albany shale - Case 1

As an example of general validity, the New Albany shale from Chareonsuppanimit’s
study (Chareonsuppanimit et al., 2012) is considered for these tests. Its adsorption parameters
have been fitted using Langmuir isotherm curve and are reported in Table 4.9 together with other
properties that characterize the adsorption isotherm curve. Figure 4.9 shows the excess
adsorption isotherm curve of New Albany shale and percentage error at 500 psi and 1,600 psi.

Table 4.9: Parameters used to plot excess adsorption isotherm in New Albany shale in Case 1.

Solid weight (g) 22.7

Solid density, ps (g/cm®) 2.4

Standard deviation in dose volume (cm®) 0.1
Standard deviation in uptake volume (cm?®) 1.1
Standard deviation in adsorbent volume (cm?®) 1.3
Saturation capacity, gsc (mmol/cm?®) 0.71

b (cm*/mmol) 0.2

Temperature (°C) 55
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Figure 4.9: CO, excess adsorption isotherm of New Albany shale as a function of equilibrium
pressure as computed from a virtual experiment together with experimental data from
Chareonsuppanimit et al. (2012). Error bars and percentage error of excess adsorption are also
included in the plot. Mass of adsorbent sample is 22.695 g.

As can be seen from Figure 4.9, the uncertainty is undoubtedly significant in the
computed excess adsorbed amount and it increases with increasing equilibrium pressure. The
percentage error of excess adsorption increases from 80% at 500 psi to 200% at 1,600 psi. As
shown in the next section, this uncertainty needs to be reduced if this manometric system were to

be used to measure adsorption isotherms on shale samples.

4.6.2 CO, excess adsorption on New Albany shale- Case 2

For this scenario, the mass of has been increased from 22.695 g to 50g, while keeping
unchanged values for dose volume, uptake volume and adsorbent volume. Their uncertainties;
however, are different since adsorbent volume has been changed. The latter is used to determine
uncertainty in dose volume and uptake volume as previous mention in Section 4.4.2. Table 4.10

provides input parameters that have been used to plot adsorption isotherm.
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Table 4.10: Adsorption parameters used to plot excess adsorption in New Albany shale in Case
2.

Solid weight (g) 50
Solid density, ps (g/cm°) 2.4
Standard deviation in dose volume (cm®) 0.09
Standard deviation in uptake volume (cm®) 0.4
Standard deviation in adsorbent volume (cm?) 0.5
Saturation capacity, gsc (mmol/cm®) 0.71
b (cm*/mmol) 0.2
Temperature (°C) 55
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Figure 4.10: CO, excess adsorption isotherm of New Albany shale as a function of equilibrium
pressure as computed from a virtual experiment together with experimental data from
Chareonsuppanimit et al. (2012). Error bars and percentage error of excess adsorption are also
included in the plot. Mass of adsorbent sample is 50g.

As can be seen from Figure 4.10, increasing in equilibrium pressure still results in
greater uncertainty in excess adsorption when accounting errors in dose volume, sample volume
and adsorbent volume, but the relative error is now smaller. The percentage error in this case at
500psi and 1,600 psi are 15.2% and 42.3%, respectively. It can be shown that uncertainties in
excess adsorption can be further reduced if more materials are used to conduct the adsorption

test.
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4.6.2 CO, excess adsorption on New Albany shale- Case 3

As can be seen from the previous case, uncertainty in excess adsorption can be reduced
by increasing the adsorbent volume. In this section, another virtual test has been conducted to see
how uncertainties change by reducing the uncertainty in pressure gauge, from 0.25% to 0.05%.
Table 4.11 provides input parameters that have been used to plot adsorption isotherm.

Table 4.11: Adsorption parameters used to plot excess adsorption in New Albany shale in Case
3.

Solid weight (g) 50
Solid density, ps (g/cm®) 2.6
Standard deviation in dose volume (cm®) 0.02
Standard deviation in uptake volume (cm?) 0.7
Standard deviation in adsorbent volume (cm?®) 0.1
Saturation capacity, gsc (mmol/cm?®) 0.765
b (cm*/mmol) 0.212
Temperature (°C) 55
Uncertainty in pressure gauge(%o) 0.05
0.14
Percentage error (@
0.12 - 500 psi=3 %
0.1 -

o

o

co
I

Percentage error (@
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Figure 4.11: CO, excess adsorption isotherm of New Albany shale as a function of equilibrium
pressure as computed from a virtual experiment together with experimental data from
Chareonsuppanimit et al. (2012). Error bars and percentage error of excess adsorption are also

included in the plot. Mass of adsorbent sample is 50g in this case and uncertainty in pressure
gauge is 0.05%.
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The uncertainties in excess adsorption isotherm at 500 psi and 1,600 psi in case 3 have
significantly reduced compared to those results from case 2, as can be seen from Figure 4.11.
Note that the only input differences between these two cases are uncertainties in pressure gauge.

The uncertainties in excess adsorption in case 3 seem now to be more acceptable.

4.7 Other tests

This sections introduces experimental tests that used to determine the leakage rate of the
manometric system (Leak-off test), and to isolate the adsorption from experimental artifacts
(Blank test).

4.7.1 Leak-off test

The accuracy of the excess adsorption isotherm depends on the measurement of the
equilibrium pressure. The latter can be effected by gas leakage from the manometric system. The
influence of leakage causes the adsorption isotherm to move upwards and could overestimate
adsorbed gas density. In this study, a leakage test has been conducted using helium gas at
temperature and pressure relevant to the adsorption test, 25°C and 500 psi. The manometric
system was tested up to 500 psi and showed a maximum leak rate of 0.2psi/hour. This is

considered insignificant and is in agreement with other studies (Belmabkhout et al., 2004).

4.7.2 Blank test

The purpose of performing the blank test is to identify the artifacts that could reflect
excess adsorption and quantify the error in the overall excess adsorption isotherm. These artifacts
could be inner wall adsorption, gas impurity, and other unknown factor. A blank test is
performed similarly to the adsorption test; however, instead of working with an adsorbent
material, a non-adsorbing sample is used. It is expected that from such a test, a zero excess
adsorption isotherm is obtained. Stainless steel spheres are used to conduct the blank test and
their amount is chosen so as to obtain a very similar sample volume as in the adsorption tests.
One blank test has been conducted at 25°C temperature. The data and result of this blank test can
be seen in Table 4.12. The result from this test is then used to correct 13X zeolite CO, excess
adsorption as shown in Figure 4.12. The results from the blank test are suggesting that no
particular artifact is affecting the experiment, as adsorption is always smaller than 0.004 mmol/g.
This corresponds to a relative error of less than 0.1 % for zeolite samples and less than 4% for

shale samples.
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Table 4.12: Excess adsorption results from blank test at 25°C.

Temperature ( Dosing Dosing Equilibrium Equilibrium Blank Excess
°C) pressure,Pd | density, pdc | pressure, Pj density, pj adsorption
¢ (psi) (mol/L) (psi) (mol/L) (mmol/g)
25 123.8 0.360 26.6 0.075 -0.00203
25 244.1 0.745 74.6 0.213 -0.00241
25 263.5 0.811 116.0 0.336 -0.00185
25 234.6 0.713 141.4 0.414 -0.00217
25 316.6 0.998 180.0 0.535 -0.00381
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Figure 4.12: Excess adsorption from blank test at 25°C. The blank test results have been
corrected with excess adsorption data from 13X zeolite.
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CHAPTER 5
RESULTS AND DICUSSION

5.1. System volume

As previously shown, the size of the manometric system impacts the uncertainty in the
measured dose- and uptake-cell volumes. By means of virtual experiments, three scenarios have
been investigated corresponding to a total volume of 400 cm?®, 150 cm® and 82.2 cm®. The results
of these tests are summarized in Table 5.1. As system volume decreases, uncertainties in dose
and uptake volume also decrease. Accordingly, among the available options, a system volume of
82.2 cm® that contains uptake volume of 69.8 cm® and dose volume of 12.4 cm?® represents the

best choice for conducting the experiment.

Svstemn Actual des\t/?:;?:::)f Relatlvi Actual dj\t/?;?;:c:)f lati Actual Standard Relative
Y dose error o uptake Relative error| -, ysorbent | deviation of error of
Volume dose dose uptale of uptake
volume volume volume adsorbent adsorbent
(cm®) . volume volume 5 volume volume (%) 3 I 3y | volume (%)
(cm”) (cm?) (9%) (cm”) (cm?) (cm?) volume (cm?) o
400 60.5 1.0 1.7 339.5 51 1.5 46 6.4 13.9
150 22.7 0.4 1.8 127.3 1.9 1.5 17.2 2.7 15.7
82.2 12.4 0.2 1.5 69.8 1.0 1.4 9.5 1.4 14.7

Table 5.1: Uncertainty in dose volume, uptake volume and adsorbent volume at different system
volumes.

Moreover, the uncertainties obtained upon repeated experiments using the system with
82.2 cm® (see Table 5.2) are close agreement with the values reported in Table 5.1. In other
words, the virtual experiment represents a reliable method to design the experimental set-up and
the assumptions used in these tests are valid. Note that the uncertainties from virtual tests are
slightly greater than those from experimental test. This difference is due to the fact that virtual
experiment has been performed 200 repetitions for 5 pressure steps while experimental test only
conduct in 3 pressure steps. It is believed that if more experimental tests on system volume are
carried out, the results of uncertainties would be similar to those from virtual tests.

Table 5.2: Uncertainties in dose volume, uptake volume and adsorbent volume from Virtual and
Experimental test.

Lo Uncertainties in
Uncertainties in .
Value (cm®) . 5 Experimental test
Virtual test (cm?) 3
(cm®)
Dose volume (cm®) 12.4 0.2 0.1
Uptake volume (cm?) 69.8 1.0 1.1
Adsorbent volume (cm?) 9.5 1.4 1.3
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5.2 Excess adsorption

It can be seen that excess adsorption isotherm curves conducted at 25°C and 35°C exhibit
a common behavior. The adsorbed amount of CO, on the 13X zeolite material increases very
rapidly with the increase in pressure at lower pressures and it flattens as equilibrium pressure
continues to increase as shown in Figure 4.8 (ie. page 47). In addition, the adsorption isotherm
curve shows a slight effect of temperature on the CO, adsorption capacity. Adsorption is an
exothermic process and it is therefore expected that the adsorption capacity decreases as
temperature increases, as an increase in temperature provides more internal energy to CO,
molecules in the gas phase, thus reducing the chance for CO; to be adsorbed in the adsorbent
surface. However, the observed effect is rather small for the experiments reported here.

The excess adsorption amount of CO, on 13X zeolite at 25°C and 35°C up to 500 psi are
5.8mmol/g and 5.6 mmol/g, respectively. These values are significantly lower than previously
published data. Excess adsorption from a study by Cavenati (Cavenati et al., 2004) at 25°C and
35°C on 13X zeolite are approximately 7.00 and 6.60 mmol/g, respectively (Cavenati et al.,
2004). A comparison between the two data sets is shown in Figure 5.1.

8

~

)]

o

Excess Adsorption (mmol/g)
sy

@25C @35C
3 7.00 mmol/cc @500 psi 6.60mmol/cc @500 psi
5 5.8 mmol/cc @500 psi 5.6 mmol/cc @ 500 psi
1 -4 Cavenati et al. -25C -8-Cavenati et al. -35C
@ Tan-25C -o-Tan-35C
0 T T T T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500

Pressure (psi)

Figure 5.1: CO, excess adsorption on 13X zeolite at 25°C and 35°C obtained from this study and
Cavenati study (Cavenati et al., 2004).
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As anticipated above, the uncertainty analysis cannot explain these differences, as the

applied method seems to be rather precise under the applied temperature and pressure conditions.

It is believed that the lower adsorption values observed in this study may be the result of poor

experiment practice; some of the potential sources of errors are as follows:

Gas impurity: helium tests are normally conducted to determine the effective pore
volume prior to the adsorption test. Without flushing and vacuuming the pressure line
carefully, helium could possibly reside within the pressure line, thus reducing the
density of the adsorbing CO, gas.

Equilibrium time: in this study, only one hour has been waited to reach pressure and
adsorption equilibrium. This time may be too short; it is suggested to longer tests are
carried out to define the optimum equilibrium time. Also, this time may vary for
different materials. Longer time may be needed at lower pressures to allow for gas to
fully adsorb into smaller pores. Insufficient equilibration times will result an
underestimation of the adsorption capacity of the zeolite materials and possibly affect
the isotherm adsorption curve. Sample material such as shale contains significant
amount of nanopores would require lengthy time to reach equilibrium. A true
equilibrium might never be found due to kinetic restrictions (Gasparik et al., 2014).
On the other hand, lengthy equilibration time requires manometric system that has
low to none leakage rate or explicitly consider leakage rate in the mass balance
equation (Van Hemert et al., 2009).

Moisture: presence of residual moisture could be associated with the relatively low
temperature (215°C) used for the regenerating of the samples. The suggested
temperature for fully regenerating 13X zeolite materials is approximately 500°C.
Therefore, it is possible that some of the pores within the zeolite cages are still partly
occupied by other impurities, such as water. CO, adsorption data at 14.7 psi on 13X
zeolites regenerated at different temperatures are summarized in Table 5.3. It can be
seen that there is indeed a tendency for adsorption to increase with increasing
regenerating temperature. For example, studies of Siriwardance et al. (2001) and
McEwen et al. (2013) show excess adsorption of 3.6 and 1.7 mmol/g, respectively,
when drying 13X zeolite at 25°C. Other studies show excess adsorption varies from

4.1 to 4.5 mmol/g when adsorbents regenerated at 320°C (Cavenati et al., 2004 and
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Delago et al., 2014). The excess adsorption further increases from 4.3 to 4.7 mmol/g
when 13X zeolite dried at 350°C (Hauchlum et al., 2014, Bezerra et al., 2011). When
comparing excess adsorption from our study to those that have similar regenerating
temperature at the same equilibrium pressure (14.7 psi) and temperature (25°C), our
result, 4.0 mmol/g, is similar with other studies (3.9- 4.1 mmol/g) (Hyun et al., 1982

and McEwen et al., 2013).
The discrepancy between adsorption data measured in this study with literature data is
believed to be a combination of the various sources of error listed above. Among them, the

presence of residual moisture seems to play the most important role.

Table 5.3: CO; adsorption of 13X zeolite at different regenerating temperature.

Regenerating | Pressure | Testing |Excess adsorption
Reference temperature | range |temperatur| @ 14.7 psi
(°C) (ps) | e(°C) (mmol/g)

25 4.1

Del tal. (2014 320 87
elago et al. ( ) s 38
Hyun et al. (1982) 194 20 25 3.9
Cavenati et at. (2004) 320 464 25 4.5
' 35 4.1
Siriwardance et al. (2001) 25 350 25 3.6
Bezerra et al. (2011) 350 145 25 4.68
25 4.25

Hauchl l. (2014 14.
auchlumet al. (2014) 350 5 35 39
25 1.7
McEwen et al. (2013) 200 14.7 25 a1
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CHAPTER 6
CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Summary and conclusions

One feature that distinguishes unconventional from conventional gas reservoirs is the
manner in which gas is stored. In conventional reservoirs, gases are stored as a compressive fluid
in pore space and naturally fracture rocks. Fine-grained sedimentary rocks in shale reservoirs are
characterized by a complex pore structure containing pores in the nanometer range that can store
a significant amount of gas by adsorption. It is estimated that adsorbed gas can be a major
fraction of the total GIP, up to 80%, due to the much larger density of the adsorbed fluid as
compared to the density of gas. As a result, it is essential to quantify adsorbed gas content in
unconventional reservoirs in order to disclose more reliable gas reserve and storage capacities
estimates.

A conventional GIP calculation is commonly applied to estimate gas reserves and storage
capacities. However, the former neglects the effect of pore space reduction due to gas adsorption
in unconventional reservoirs, thus overestimating GIP. The modified volumetric GIP calculation
developed by Ambrose and coworkers (Ambrose et al., 2012) takes into account the previous
effect by arbitrarily chosing a value for the density of the adsorbed gas. However, a summary
from literature studies highlights that larger discrepancies exist between estimates from different
measurement techniques using representative fluids (such as CH4 and CO,) at elevated pressures,
and the adsorbed density can actually range anywhere between the liquid and the solid state of
the adsorbate. Examples have been performed in this study to demonstrate the variability in both
the computed GIP (CH,) and storage capacity (CO) due to the corresponding uncertainty in the
adsorbed gas density by considering adsorption data on various shale plays situated all around
the world. The range of adsorbed gas density of CH, and CO, for these shale plays varies
between 0.19-0.88 g/cm® and 0.36-1.30 g/ cm?®, respectively. Accordingly, these estimates further
indicate that the relative difference of estimated GIP by considering free and total amount of CH4
can vary between 10-45% and 6-27%, respectively. In case of CO,, discrepancies are even
greater and range between 30-90% and 15-50%, respectively.

A manometric system has been designed to measure excess adsorption data on porous
solids that would enable the measurement of new adsorption data on shale samples. As a first

step in this direction, synthetic 13X zeolite in pellet form has been used as a benchmarking
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adsorbent to ensure the accuracy of our system. The system volume was calibrated using helium
gas and an uncertainty analysis has been carried out to estimate errors in the measured volumes
of the various components within the system, thus including dosing reservoirs and adsorbent’s
volume. These uncertainties have been used to predict errors in the estimated by means of simple
rules of error propagation. The computed relative error takes a value of about 3% at 25°C and
35°C and at 500 psi.

CO; adsorption isotherms have been measured on 13X zeolite at 25 and 35°C and up to
500 psi. A disagreement of about 10% has been found when these data are compared with those
reported in the literature. The lower regeneration temperature applied in this study is believed to
be the reason for such discrepancies, thus allowing for some impurities to remain within the pore
space of the adsorbent.

Virtual experiments have been conducted to investigate the potential of the current
system to measure adsorption on less adsorbing material such as mudrocks. It is shown that
relative uncertainties in measured adsorption isotherms are much larger and can be as high as
200% at 1600 psi. Guidelines are provided to significantly reduce these errors and include an
increase in the adsorbent volume (and mass) together with a higher accuracy of the pressure

transducers.

6.2 Future recommendations

Several changes can be implemented to the current system to better estimate excess gas

adsorption on 13X zeolite materials.

e The current drying temperature needs to be increased from 215°C to 500°C to ensure
completely removal of residual moisture.

e If possible, pressure gauges should be attached next to the dose cell and uptake cell to
have a more accuracy pressure reading. In addition, ensure that the pressure gauges are
completely submerged in the water bath. The latter step would help in reducing
uncertainties at higher pressures since CO, gas density is very sensitive to slight
temperature variations.

e A larger thermal bath could be utilized to ensure complete submersion of manometric

system. This would ensure equilibrium across the entire system.
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e The accuracy of the current pressure gauges should be improved from 0.25% to 0.05% to

better estimate excess adsorption in weakly adsorbing materials.

The literature is still in disagreement with respect to the role of TOC, thermal maturity, and
clay content on the adsorption capacity on shales. As a result, more studies need to be carried out

to further understand the factors that control adsorption mechanisms in mudrocks.
A standardized method to measure the adsorption on weakly adsorbing material should be

developed, thus including adsorbent characterization, regeneration and adsorption measurement.

In this context, inter-laboratory comparison and benchmarking studies could be beneficial.
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LIST OF SYMBOLS

Bg
Bo

Map

excess

m
na
Ny
p
qSC

pL
R

Sw
T
Ve
Vbc
Vs
Vsc

AU
p
Pb
o
Pi
p1
Pi-1

poc

gas formation volume factor, reservoir volume/surface volume
temperature dependence (cm®/mol)

adsorbed- gas storage capacity (SCF/ton)

free- gas storage capacity (SCF/ton)

Langmuir storage capacity (SCF/ton)

total gas storage capacity (SCF/ton)

apparent molecular weight (Ibm/lbm-mol)

actual amount adsorbed (SCF/ton or mol)

mass of adsorbent material (g)

excess adsorbed amount (SCF/ton or mol)

amount of adsorbed fluid (mol)

adsorbed amount at step 1 (mol)

pressure (psia)

saturation capacity (mmol/ cm?)

Langmuir pressure (psia)

universal gas constant (0.08314 L*bar/k*mol)
water saturation (fraction)

temperature (°F)

actual adsorbed volume (cm?)

dose chamber volume (cm®)

solid volume (cm®)

sample chamber volume (cm®)

energy adsorption (kcal/mol)

free gas phase density (mol/cm?)

bulk rock density (g/ cm®)

adsorbed gas phase density (mol/cm?)

density at equilibrium for step j (mol/cm?)

density at equilibrium inside the system for step 1 (mol/cm?)
density at equilibrium for previous step j (mol/cm?)

density inside dose chamber before equilibrium for step j (mol/cm®)
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pDpC1 density inside dose chamber before equilibrium for step 1 (mol/cm?®)

(0] total porosity (fraction)
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APPENDIX A-DERIVATION OF EQUATIONS AND UNIT CONVERSIONS

A.1 Unit Conversions

For Equation 3.1, since the desired unit is in SCF/ton, the following conversion has been
done to reach that goal. The ideal gas law equation of state has been used. The standard

temperature and standard pressure for this equation are 59°F and 14.7 psi.

V_RT
n p
V _RT _10.73159* ft** psi , 519.67R , 2000lb
n p R*Ib —mol 14.7psi  1ton
V 758960t
n ton*mol
*
N _j 31810 2N Mol (A1)
Vv ft

With the density in g/cm® and then desired units in SCF/ton, the following conversion has
been done to achieve that goal

g scf
3:> R
cm®  ton
%116 3
g _ 1.10231*10 "ton 2831§cm: 0.0311t0—n
cm 19 ft scf
1 f
— = 32159 (A2)
0.0311° " ton
scf

The conversion from mmol/g to SCF/ton is derived and can be observed in the following
section. The ideal gas law equation of state has been used to convert to scf/ton

V _RT _0.08314*L*bar, 288.7*K , 0.035314 ft*

n p K *mol 1.013*bar L
V 08363 (A3)
n mol

Then simple unit conversion has been done to convert mmol/g to mol/ton
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mmol mol
=

g ton
mmol _, 19, _Imol __q57 1780l (Ad)
g 1.1023E "ton 1000mmol ton

Combine these two conversions, A-3 and A-4 and we will obtain SCF/ton.

v = 0836 *gg7.178M!
mol ton
v = 759,078 (A5)
ton

A.2 Derivation of Equations
This section includes derivations of equations used in this work.

A.2.1 Equation 4.1-Volume ratio in an empty system

This equation is used to determine the volume ratio between dose cell and uptake cell in
an empty system using helium gas. In order to do so, helium gas is first injected into dose cell
and then expanded into uptake cell. Pressure reading before and after helium expansion is
recorded. Next Valve 2 is closed and helium gas is injected into dose cell. The same procedure is
repeated until reaching a desire pressure.

For the first helium gas expansion, the following equation is obtained using material

balance concept
PocaVoc = Py (VDC "'Vsc) (A.6)
However, Equation A.6 is only applicable to solve for volume ratio at first step. We need
an equation that allows us to determine volume ratio at other pressure steps. For the second step
the following equation is obtained:
Poc.Noc + PiVsc = P (VDC +Vsc:)
The above equation can be simplified and generalized to solve to Vs at any other pressure

steps, as can be seen in Equation A.7:
Poc.iVoc T PjVsc = P Ve + P Vsc
VSC(pj—l ~Pj ):VDC(pj _pDC,j)
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Vsc _ (pj _pDC,j)

Ve (pj—l _,Oj)

(A7)

A.2.2 Equation 4.2-Volume ratio with reference volume

Another ratio volume equation is derived in this section. This equation, however, contain
a known reference volume (stainless steel spherical ball). The equation derived in this section is
then used with Equation A.7 to determine dose cell and uptake cell. The same exact procedure is
carried out, but this time a known amount of reference volume is placed inside the uptake cell.

For the first helium expansion, the following equation is obtained.

PocVoc = /01<VDC +Vsc _VR) (A8)
Again, Equation A.8 only works at the first pressure step. We need an equation that
allows us to determine volume ratio at other pressure steps. For the second step the following

equation is obtained:
Poc.iVoc + pj—l(VSC —Vi ) = P; (VDC +Vse _VR)

The above equation can be simplified and generalized to solve to Vpc at any other

pressure steps, as can be seen in Equation A.9:

(Vsc Vi )(Pj - pj—l)

Poc.j = P; = V..
Poc.; ~ P; =\\;fz(p,- —p,-_l)—\\,/fi(p,- -py)
\%(p,- —p,-_l)=\\/%(p,- ~Pya)=Poc + P,
Ve = \6(,0] L A9
Poc, +VZZ(p,- -y, a9

A.2.3 Equation 4.3-Error analysis in adsorbent volume
In this section, an error analysis has been done to estimate the uncertainties in adsorbent
volume. This error analysis incorporates uncertainty in dose volume and uptake volume and
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neglect uncertainty in dose density and equilibrium density. The following equation is obtained
from helium expansion with adsorbent material inside the uptake cell. It is then simplified to

solve for adsorbent volume, as can be seen in Equation A.10
Poc,Voc + pj—l(VSC -V ) = Pj (VDC +Vee = Vs )

pDC,jVDC +/0j—1VSC _Pj—lvs = ijDC +ijSC _ijS
Ve (IODC,j ~Pj )+VSC(pj—1 ~ P ):Vs (pj—l —,0,-)
(PDc,j —,oj)

Since adsorbent volume, Vs, is a function of Vpc and Vsc, then the uncertainty in Vs is
obtained by taking the partial derivative of Vs with respect to Vpc and Vsc. Uncertainty in

adsorbent volume can be estimated using Equation A.11.

N, = G\/[?C(pDC,j _Pj)z "‘Vszc
(,0,-_1—/3,- )2

(A.11)

A.2.4 Equation 4.4- Error analysis in excess adsorption

In this section, an error analysis has been done to estimate the uncertainties in excess
adsorption. This error analysis incorporates uncertainty in dose volume, uptake volume,
adsorbent volume and neglect uncertainty in dose density and equilibrium density. The following
equation is obtained from CO, expansion with adsorbent material inside the uptake cell. It is then

simplified to solve for adsorbed amount, n,, as can be seen in Equation A.12
a a
pDC,jVDC + pj—l(VSC _Vs )"' Ni_, = pj (VDC "'Vsc _Vs)+ n;
a __ ,a
Ny =Ni, +Voe (pDC,j ~Pj )_ (VSC -V )(pj - pj—l) (A.12)
Since adsorbent volume, ng, is a function of Vpc , Vsc, and Vs then the uncertainty in ng
is obtained by taking the partial derivative of n, with respect to Vpc, Vsc and Vs, Uncertainty in
excess adsorbent amount can be estimated using Equation A.13.
oV F+(ovZ +ov2) )
excess)2+ oc\Poc,j —Pj) T\0Vsc T0Vs \O; = Pj

excess
omy— = (Omj—l 2 (A.13)
mAD
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A.2.5 Equation 4.9- Excess adsorption amount
In this section, equation is derived to predict excess adsorption at multiple pressure steps.

The following equation is obtained from the concept of material balance for step 1.
a
PocVoc = pl(vDC +Vse —Vs -V, )"’ n
We can further simplify the above equation and solve for gas adsorption at Step 1.
N = Ppe 1 Voc _pl(VDC +Vse Vs _Vla) (A.14)
At step 2, gas adsorption is estimated using the following equation.
Poc.2Voc +,01(\/5(: —Vs =V, )+ N =0, (VDC +Vsc —Vs _Vza)+ n, (A.15)
Substitute Equation A.14 into A.15 and we will obtain Equation A.16:
Poc.2Voc +P1(Vsc -V =V )+ PocVoc _Pl(ch +Vse —Vs _Vla): P> (VDC +Vge —Vs =V )"‘ n,
N, =Vpe [(/ODC,Z _p2)+(pDC,l _,01)]_102 (Vsc -V _Vza) (A.16)

Equation A.16 is then used and simplified to find operating equation for excess

adsorption at any pressure step, and can be seen in equation A.17
a
N, =Vpc (/ODC,Z _p2)+(10DC,1 _101)]_102 (VSC -V -V, )

n; =Vpc é(poc,i _pi)_pj (VSC =V _Vja)

j
Ny =Vip; =Voc E(Poc,i P )_Pj (Vsc —Vs) (A.17)

Knowing the general equation of excess adsorption
meXCESS — na _pva (A18)

Now, Equation A.18 is used and incorporate into A.17, thus obtaining the following
Equation A.19 :

j
eSS =V,e é(pDC,i — P, )_pj (VSC _VS) (A19)

73



APPENDIX B- GRAPHICAL METHOD

Graphical method is used to estimate the density of adsorbed gas using the relationship
between excess adsorption isotherm and equilibrium density. Most of the excess adsorption
isotherms from literature studies are demonstrated as a function of equilibrium pressure.
Therefore, a conversion between pressures to density is required. This conversion can be made if
experimental temperature is known. The following example will demonstrate how to obtain
equilibrium density and how adsorbed gas density can be estimated using Graphical method.

The following example is taken from Weniger et al. (2010). CO, excess adsorption
isotherm curve is plot as a function of equilibrium pressure. The experimental temperature
conducted in this test is 45°C. First, equilibrium pressure is first converted into equilibrium
density. This can be done by using equation of state (EOS). The result of this step can be seen in
Table B.1.

Table B.1: Excess adsorption data from Permian shale in Brazil (Weniger et al., 2010)

Pressure Equibrium Excess adsorption
Temperature (°C) (MPa) densﬂi/ ( mmolig)
(g/cnr’)
0.08 0.001 0.003
1.59 0.028 0.050
3.09 0.059 0.072
6.26 0.151 0.124
8.70 0.302 0.144
9.59 0.430 0.128
10.17 0.522 0.112
10.79 0.587 0.094
11.64 0.641 0.082
45 12.41 0.674 0.074
13.18 0.699 0.072
14.03 0.721 0.068
14.61 0.742 0.066
15.23 0.746 0.064
15.73 0.755 0.060
15.97 0.759 0.060
16.39 0.766 0.060
16.70 0.771 0.058
17.36 0.781 0.056

Next, excess adsorption is plotted as a function of equilibrium density. Graphical method

is then used to obtain the adsorption gas density, as can be seen in Figure B.1.
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Figure B.1: Excess adsorption isotherms of CO; as a function of bulk density measured at 45°C
on Permian shale sample. The dashed line has been used to fit a straight line to determine
adsorbed gas density. This technique is known as Graphical Method. Weniger et al. (2012)
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APPENDIX C-LANGMUIR ADSORPTION ISOTHERM
In order to carry out virtual experiment of excess adsorption in 13X zeolite and other
shale plays, adsorption parameters are required to plot excess adsorption isotherm curve. These
adsorption parameters are obtained by best fitting using Langmuir adsorption isotherm, from
Equation C.1. An example has been performed to show how adsorption parameters, qsc and b, are

obtained.

~ 1+bp p°
The excess adsorption data used in this example is from Permian shale sample in

(C.1)

meXcess — qsc(bp) (1_£j

Weniger et al. (2010), as can be seen in Table C.1.

Table C.1: Excess adsorption data from Permian shale in Brazil (Weniger et al., 2010)

o Equilibrium £ d .
Temperature (°C) (reli;splg)e density XC?;;;;J tion
(gfem’)

0.08 0.001 0.003
1.59 0.028 0.050
3.09 0.059 0.072
6.26 0.151 0.124
8.70 0.302 0.144
9.59 0.430 0.128
10.17 0.522 0.112
10.79 0.587 0.094
11.64 0.641 0.082
45 12.41 0.674 0.074
13.18 0.699 0.072
14.03 0.721 0.068
14.61 0.742 0.066
15.23 0.746 0.064
15.73 0.755 0.060
15.97 0.759 0.060
16.39 0.766 0.060
16.70 0.771 0.058
17.36 0.781 0.056

The following procedure shows how adsorption parameters, gsc and b, are determined:
1) Assuming a value of b and gs to solve for excess adsorption using equilibrium density.

Name this excess adsorption as m®®-*,
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excess_1

2) Adjusting b and gsc value until m closely match with true excess adsorption as
obtained from literature study

Result of b and gsc from the current example can be seen in Table C.2.

Table C.2: Adsorption parameters b and gsc obtained from Langmuir adsorption model. The
adsorption isotherm curve is from Permian shale in Brazil (Weniger et al., 2010)

Equilibrium . B Qsc
Temperature (°C ) Pressure density Excess adsorption (Cm3/mmo| (mmol/cm3 rEXcess_L
( MPa) 3 ( mmol/g) (mmol/g)
(g/cm’) ) )

0.08 0.001 0.003 0.0022
1.59 0.028 0.050 0.0404
3.09 0.059 0.072 0.0720
6.26 0.151 0.124 0.1209
8.70 0.302 0.144 0.1375
9.59 0.430 0.128 0.1265
10.17 0.522 0.112 0.1118
10.79 0.587 0.094 0.0993
11.64 0.641 0.082 0.0878
45 12.41 0.674 0.074 0.23 0.84 0.0804
13.18 0.699 0.072 0.0746
14.03 0.721 0.068 0.0694
14.61 0.742 0.066 0.0644
15.23 0.746 0.064 0.0633
15.73 0.755 0.060 0.0611
15.97 0.759 0.060 0.0602
16.39 0.766 0.060 0.0585
16.70 0.771 0.058 0.0573
17.36 0.781 0.056 0.0549
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APPENDIX D-VIRTUAL EXPERIMENT
Virtual experiments have been conducted to estimate the uncertainties in system volume
(dose cell volume, and uptake cell volume), adsorbent volume and excess adsorption. This
section describes the procedure on how to perform virtual experiment as well as their

assumptions.

D.1 Selection of apparatus size

As mentioned in Section 4.4.1, there are three apparatus size that were available in
designing the manometric system, such as 400 cm®, 150 cm® and 75.6 cm®. It is believed that
apparatus size could affect results in excess adsorption; therefore, three virtual experiments have
been conducted to determine the best size for our system.

In each of these virtual tests, there are two separate parts that solve for volume ratio
(between uptake cell and dose cell), volume ratio in empty system (part 1) and volume ratio with
a known reference volume (part 2). There are several assumptions have been made (1)
uncertainty of pressure gauge in both parts is the same, up to 0.25% (2) an ideal gas law has been
applied to calculate for gas density because helium gas characteristic (3) Cumulative error
neglect in the calculation (4) Uncertainty in reference volume is the same for all three virtual
experiments. The following example is demonstrated virtual experiment in system volume of
400cc.

Part 1- Volume ratio in empty system-400 cm®

1) Create a list of pressure in dose cell. In this example, dosing pressure is increasing at
incremental of 10 bars (145 psi) and reach maximum of 50 bars (725 psi).

2) The testing temperature is assumed to be 298.15 °K or (25 °C)

3) Next, dosing pressure is tasked with a range of uncertainty within +/- 0.25%. This is
known as Ppgr_error

4) Using ideal law equation, uncertainty in dosing density can be obtained. This is known as
PDR_Error

5) Next, using Equation D.1, uncertainty in equilibrium density can be obtained. This is

known as pj_error. Note that Equation D.1 is derived from Equation A.7.

_ PDc,jVDc +/91'—1\/3(:
Ve +Vse

Pi
(D.1)
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6) Uncertainty in volume ratio between uptake volume and dose volume can be determined

using Equation A.7.
Part 2- VVolume ratio with reference volume-400 cm®

1) Create a list of pressure in dose cell. In this example, dosing pressure is increasing at
incremental of 10 bars (145 psi) and reach maximum of 50 bars (725 psi).

2) The testing temperature is assumed to be 298.15 °K or (25 °C)

3) Next, dosing pressure is tasked with a range of uncertainty within +/- 0.25%. This is
known as Ppr_error

4) Using ideal law equation, uncertainty in dosing density can be obtained. This is known as
PDR_Error

5) Since system volume is 400 cm?, reference volume is 50 cm®. Note that reference volume
varies in different system volume.

6) Next, using Equation D.2, uncertainty in equilibrium density can be obtained. This is

known as pj_error. Note that Equation D.2 is derived from Equation A.9

_ PDc,jVDc + pj—l(VSC _VR)
i D.2
J VDC +Vsc _VR (®-2)

7) Using the uncertainty volume ratio result obtained from Part 1, dose cell volume can be
determined using Equation A.9.
8) Next, uptake cell volume can be obtained using the result from dose cell.
9) Finally, the uncertainty in adsorbent volume can be determined using Equation A.10.
The result of part 1 and 2 for volume system of 400 cm® can be seen in Table D.1 and D.2,
respectively. Using the same approach, uncertainty in dose cell volume, uptake cell volume, and
adsorbent volume for 150 cm® and 75.6 cm® can be obtained. It is concluded that system volume

of 75.6 cm® has the least standard deviation in dose cell, uptake cell, and adsorbent volume.
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Table D.1: Anexample of virtual experiment in an empty volume system to determine volume ratio. This example is conducted for
400 cm® volume system

Step 1 Step 2 Step 3 Step 4 Step5 Step 6
. Uncertainty in dosing {Uncertainty in dosing| ~ True dosin Uncertainty in
Dosing pressure, | Termperature ity in dosing ! ty.l "9 - , ik True equilibrium R 4 . True volume Uncertainty in
P (br) ” pressure, Ppg eror density, density, ppg densiy, o, (moll) equililibrium density, ratio (%) Volume rato (%)
> ) (bar) Pog_eno(MOIL) (moliL) h DL (mOIL)
10 298.15 9.982 0.403 0.403 0.061 0.061 5.609 5.621
20 298.15 20.000 0.807 0.807 0.174 0.174 5.609 5.609
30 298.15 29,963 1.209 1.210 0.331 0.330 5.609 5.619
40 298.15 39.991 1.613 1.614 0.525 0.525 5.609 5.611
50 298.15 49,999 2.017 2.017 0.751 0.750 5.609 5.609

Table D.2: An example of virtual experiment in a system with reference volume to determine dose volume and uptake volume. This
example is conducted for 400 cm® volume system

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9
. Uncertainty in S Reference Uncertainty in o I Uncertainty in
Termperature Uncertainty in dose |Uncertainty in uptake
Dosing pLessure, Por F:K dosing pressure, dUn(‘tertalnty " ?;2;3) Volume, Vi | equililiorium density, I Vty X I t\)// P .| adsorbent volume,

ar ensity, , ,

(bar) (’K) Pog o (021 tY, PoR error ) NP volume, Ve (cm®) | volume, Vg (cm®) Ve (e
10 293.15 9.9821 0.4027 45,9854 0.0688 59.6 335.0 6.00
20 293.15 20.0003 0.8068 45,9854 0.1951 60.2 3374 5.99
30 293.15 29.9629 1.2088 45,9854 0.3684 59.8 335.9 6.00
40 293.15 39.9914 1.6133 45,9854 0.5815 59.9 336.2 5.99
50 298.15 49.9992 2.0171 45,9854 0.8269 60.4 338.9 6.00
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D.2 Uncertainty in excess adsorption isotherm
This section describes step by step of how to obtain uncertainty of excess adsorption isotherm.
The following example is conducted on New Albany shale. As mentioned before, uncertainty in
excess adsorption is only accounted for uncertainty in dose cell, uptake cell and adsorbent
volume. Cumulative error in gas density is ignored.
1) Create a list of dosing pressure
2) Determine dosing density using equation of state
3) Solve for the amount of gas in dose cell
4) Solve for the amount of gas and equilibrium density after CO, expansion. This can be
done by using adsorption isotherm equation
5) Using equilibrium density, equilibrium pressure can be determined through EOS
6) Error analysis is then performed to determine uncertainty in excess adsorption at each
pressure step using Equation A.13.
7) Percentage error is then determined using Equation D.3.
X, — X,

O)( -
X (D.3)

0
The input parameter used in this example can be seen in Table D.3. Table D.4 contains
the calculation and results for the example. The uncertainty of excess adsorption can be seen in

Figure D.1

Table D.3: Input parameters used to determine uncertainty in excess adsorption of New Albany
shale

Solid weight (g) 50
Solid density, ps (g/cm®) 2.6
Standard deviation in dose volume (cm®) 0.02
Standard deviation in uptake volume (cm®) 0.7
Standard deviation in adsorbent volume (cm?) 0.1
Saturation capacity, gsc (mmolicm®) 0.765
b (cm*/mmol) 0.212
Temperature (°C) 55
Uncertainty in pressure gauge(%) 0.05

81



Table D.4: Calculation and results of excess adsorption in New Albany shale using virtual test

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7
. . Amount of I Uncertainty in
Dosing Termperature D93|ng Amount of gas in|  gas at Equilibrium Equilibrium Exces_s excess Percentage
pressure ,Ppr density, ppr o goal seek (mol) . pressure, P; adsoprtion .
(°K) dose cell (mol) | equilibrium density, p; (mol/L) ! adsorption error (%)
(bar) (mol/L) (bar) (mmol/g)
(mol) (mmol/g)

10 328.2 0.381 4,719 4.719 4.719 0.073 0.073 0.0043 0.0002 5.0484
20 328.2 0.793 9.831 13.639 13.639 0.213 5.6646 0.0119 0.0005 3.8606
30 328.2 1.244 15.423 26.427 26.427 0.413 10.793 0.0221 0.0007 3.3687
40 328.2 1.743 21.613 42,924 42,924 0.672 17.133 0.0340 0.0011 3.1284
50 328.2 2.304 28.572 63.166 63.166 0.991 24.49 0.0468 0.0014 3.0238
60 328.2 2.947 36.548 87.422 87.422 1.376 32.734 0.0599 0.0018 3.0126
70 328.2 3.704 45.935 116.297 116.297 1.836 41.726 0.0730 0.0022 3.0812
80 328.2 4.627 57.379 150.910 150.910 2.389 51.421 0.0855 0.0028 3.2347
90 328.2 5.807 72.001 193.280 193.280 3.070 61.784 0.0972 0.0034 3.4984
100 328.2 7.386 91.591 246.798 246.798 3.934 72.742 0.1075 0.0042 3.9293
110 328.2 9.428 116.901 314.915 314.915 5.038 83.857 0.1152 0.0053 4.5976
120 328.2 11.464 142.154 394.599 394.599 6.333 93.755 0.1188 0.0065 5.4644
130 328.2 12.982 160.977 477.040 477.040 7.677 101.63 0.1180 0.0076 6.4104
140 328.2 14.053 174.257 556.096 556.096 8.969 107.95 0.1142 0.0084 7.3857
150 328.2 14.849 184.128 629.010 629.010 10.161 113.49 0.1087 0.0091 8.3817
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Figure D.1: Uncertainty in excess adsorption for New Albany shale using virtual test.
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