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Abstract

Gas desorption is one of the major gas transport mechanisms in shale gas reservoirs. However,
its actual contribution to gas production is often masked by the indiscriminate use of
adsorption-derived parameters for desorbed gas volumes during gas production calculations at
reservoir conditions. Traditionally, it is believed that gas adsorption is fully reversible at the
high-pressure, high-temperature conditions found in shale gas reservoirs. However, research
has shown that desorption isotherms are often different from, and often show hysteresis with
their adsorption counterparts. But, the cause of this hysteresis behavior at high temperature and
high pressure remains unclear. More importantly, the implications of sorption hysteresis on
production performances of shale gas reservoirs have not been previously studied.

In this study, adsorption and desorption isotherms of methane were studied at temperatures of
25°C, 40°C, 60°C, and 80°C and pressures up to 7MPa using the Particulate System’s HPVA-
[I® 200 equipment first for a coal sample and then for shale samples from Ordovician
Goldwyer Formation, Canning Basin, Western Australia. The coal sample was used to test the
effect of equations of states (EOSs) on the measured isotherms and their subsequent
applications. The use of coal eliminated the complexities of shale and isolated the effect of
fluid densities resulting from the use of different EOSs. Six popular EOSs namely Peng-
Robinson’s (PR), Soave-Redlich-Wonk’s (SRK) and their volume translated forms (PR-
Peneloux and SRK-Peneloux), Soave’s modified Benedict-Webb-Rubin’s (SBWR), and Lee-
Kesler’s (LK) were used for data interpretation and the results were compared with those
calculated by the equipment using Z-factors from the equipment’s software implementation of
McCarty and Arp’s EOS for helium and Setzmann & Wagner’s EOS for methane (a
combination subsequently referred to as NIST-refprop®). The three-parameter Langmuir
model was used to describe each of the adsorption isotherms and the results showed that all the
equations of state tested gave varied deviations in the measured isotherms, calculated model
parameters, observed type and degree of sorption hysteresis and original gas in-place because
of the variations in the calculated Z-factors of both helium and methane relative to NIST-

refprop. Consequently, the SWBR EOS was selected for studies involving the shale samples.

Early pore saturation, indicated by maximum excess adsorptions at pressures in the
neighbourhood of the critical pressure of methane, was also observed for all the shale samples.
Consequently, the measured sorption isotherms could not be represented directly by three-

parameter Langmuir model. Therefore, a two-step modelling approach was adopted. First, each



excess adsorption isotherm was modelled using Dubinin—Radushkevich (D-R) model to obtain
the adsorbed phase density used to convert both the adsorption and desorption amounts to their
absolute equivalents. In the second step, and based on the intended application of the results,
the conventional Langmuir model was used to describe the resultant absolute adsorption and
desorption isotherms. Significant hysteresis was observed for all samples at all temperatures,
albeit the relationship between the size of the hysteresis and temperature was inconsistent.
Desorption isotherms resulted in lower model parameters than the corresponding adsorption
isotherms. For both processes, Langmuir volumes positively correlated with TOC contents but
show no significant correlations with total clay contents. A novel ratio of total clay to TOC
(i.e. clay-to-organic-carbon, COC) applied as a single predictor showed good correlations with
Langmuir volumes (R?-values comparable to those of correlations with TOC). The size of the
hysteresis, as well as the BET surface areas and pore volumes determined from low-pressure
adsorption experiments, also showed significant correlations with TOC contents and COC.

Lastly, a compositional 3D multiple interacting nested continua (MINC) model was developed
in CMG-GEM® to test the effect of the observed hysteresis at reservoir conditions on shale
gas production. For each sample, a base scenario, corresponding to a “no-sorption” case was
compared against two other cases; one with adsorption Langmuir parameters (adsorption case)
and the other with desorption Langmuir parameters (desorption case). The simulation results
showed that while gas production can be significantly under-predicted if gas sorption is not
considered, the use of adsorption isotherms in lieu of desorption can lead to over-prediction of
gas production performances.
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Chapter 1
Introduction

1.1 Background

Despite the increased interest in renewable sources of energy, natural gas resources continue
to play a vital and leading role in global energy supply, accounting for over 24% of the primary
energy supply in 2019 (BP, 2020). According to BP’s 2020 energy outlook, natural gas
consumption rose by 2% in 2019 while gas production increased by 3.4% over the same period
(BP, 2020). Moreover, the International Energy Outlook 2016 (IEO2016) also projected that
the global demand for natural gas will increase by more than 69% in the next 2 decades, from
120 trillion cubic feet (Tcf) in 2012 (EIA, 2016). With 90% of the current gas production in
the United States of America (USA) contributed by tight and shale gas resources (Figure 1.1),
it is evident from the USA’s Annual Energy Outlook 2020 (AEO2020) that unconventional
resources (or more specifically gas shales) will contribute a significant portion of the gas
production over the next few decades.

Dry Gas Production Projection
50 - ) - 100

40 A - 80

30 A - 60

——Gas production

20 A —% tight/shale gas - 40

Gas Production, Tcf
% Gas Production from tight/shale gas

10 A . - 20

History : Predictions

0 T T T T T T T T T 0
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 1.1: US gas production history and projections with contribution from shale gas (data
from EIA (2016))

Shale gas resources are widely distributed across many countries with the USA at the forefront
of the exploration and development of these low-quality reservoirs. Australia is also blessed

with abundant shale gas resources, estimated at 437 Trillion cubic feet (Tcf) technically



recoverable volume, which could augment the country’s liquefied natural gas (LNG) exports
when fully harnessed (Cook et al., 2013). Most of the shale resources in Western Australia are
concentrated in the Canning Basin in which the Ordovician Goldwyer Formation forms the
most prospective (Bahar and Triche, 2013). Several studies have shown that the Goldwyer
Formation is highly diverse in organic matter content, and mineralogy (Johnson et al., 2019,
Ghori, 2013, Spaak et al., 2017, van Hattum et al., 2019, Yuan et al., 2019, Johnson et al., 2017,
Johnson, 2019, Hashimoto et al., 2018, Ghori, 2018, Bahar and Triche, 2013, Alshakhs, 2017,
Delle Piane et al., 2015). However, despite this knowledge, little is known of the relationship
between the properties of the shale reservoirs and their gas contents. Thus, one of the purposes
of this thesis is to establish such a relationship through a series of experimental studies and

subsequently mathematical modelling of the experimental results.

1.2 Shales and their Characteristics

Shales are composed of complex pore structures made up of organic matter and inorganic nano-
scale pores of different sizes broadly classified as micropores (pores up to 2nm), mesopores
(pores in the range 2nm — 50nm) and macropores (pores > 50nm) (Thommes et al., 2015, Sing
et al., 1985). Adsorbed gas in shale rocks reside mostly in the micropores and mesopores while
the macropores, and natural fractures, mostly contain free-gas and in situ water saturation (Ross
and Bustin, 2007, Ross and Bustin, 2008, Bustin, 2005, Chalmers and Bustin, 2007). Thus, a
combination of different experimental techniques is required to fully describe the spectrum of
pores and the structural properties of shale rocks (Guo et al., 2019, Chen et al., 2017, Bahadur
et al., 2014). Low-pressure adsorption and desorption of Nitrogen (LPN2) at 77K is the most
popular technique among researchers because it can conveniently cover a wide range of pore
sizes (up to about 300nm) (Klobes et al., 2006, Sing and Williams, 2004, Garrido et al., 1987,
Hansen and O’Leary, 1993). Micropores not accessible to nitrogen and are best characterised
using low-pressure carbon dioxide (LPCO2) adsorption at 273K (Sing and Williams, 2004,
Garrido et al., 1987, Ross and Bustin, 2009). Given its smaller molecular size, CO2 can access
ultra-low micropores and as such, LPCO> adsorption is commonly used for characterising ultra-
micropores (down to about 0.35nm) (Thommes et al., 2012). The results of the LPN tests,
often modelled using the Brunauer, Emmett, and Teller (BET) isotherm (Brunauer et al., 1938),
can be combined with density functional theory (DFT) kernels (Ravikovitch et al., 2001, Do
and Do, 2003, Lastoskie et al., 1993), to obtain the distribution of pore sizes. Analytical models
such as the Barrett-Joyner-Halenda (BJH) model can also be used to derive the mesopore

volumes and specific surface areas (Anovitz and Cole, 2015, Clarkson et al., 2012, Clarkson et

2



al., 2013, Kuila et al., 2014, Cui et al., 2007). LPCO; tests are often modelled using Dubinin-
Radushkevich (DR) which can be combined with t-plots to obtain the micropore volumes and

specific surface areas (Kuila et al., 2014, Ross and Bustin, 2009, Gregg et al., 1967).

Although LPN: tests can give the distribution of macropores up to about 120nm, mercury
intrusion is capable of characterising pores up to Imm and as such, is the preferred approach
for characterising macropores (Klock, 1968). Mercury intrusion technique relies on the
application of an external pressure, P¢ to deliver mercury into pore throats (Lowell and Shields,
1981) of average radius r. The Young-Laplace equation (Equation 1.1) gives the relationship
between Pc, r, and the contact angle (8) between the mercury and the solid (Washburn, 1921).

2y cos 6

P, = 1.1

r

The parameter y in equation 1.1 is the surface tension between the non-wetting phase (mercury)
and wetting phase (air). Given the inverse relationship depicted by equation 1.1 between P
and r, pressures greater than 400MPa may be required to penetrate small pore throats, down to
about 3nm lower pore throat limit (Cao et al., 2016). This obviously shows the mercury-
intrusion technique is not capable of defining the wide spectrum of pore throat sizes inherent
in shale rocks. Besides, the high pressure required to force mercury into the smaller pore throats
may result in induced fractures within the rock sample (Klaver et al., 2015). Thus, the
characterizations of micropores and mesopores are routinely performed using the low-pressure

gas adsorption techniques previously described.

The techniques discussed above are all invasive and as such, can only provide inFormation on
the accessible pores (Bahadur et al., 2014). Non-invasive methods such as the nuclear magnetic
resonance (NMR), small-angle and ultra-small-angle neutron scattering (SANS and USANYS)
have also be used by various researchers to characterize the pore structures of shale rocks
(Bahadur et al., 2014, Testamanti, 2018, Clarkson et al., 2013, Yang et al., 2017, Sun et al.,
2017, Zhang et al., 2015a, Mastalerz et al., 2012, Bernard et al., 2012). They can provide useful
information on the distribution of pore size distributions and are also useful for inferring the
structural properties of the pore systems in shale rocks. Information on pore morphology can
be qualitatively inferred from the techniques so far discussed. Microscopic imaging techniques,
such as the scanning electron microscopy (SEM) and its various adaptations (for example, field
emission scanning electron microscopy (FE-SEM), focused ion beam scanning electron

microscopy (FIB-SEM), and transmission electron microscopy (TEM)) are preferred in
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obtaining information on the morphology of the pore system in shales (Milliken and Curtis,
2016, Loucks et al., 2009, Xiong et al., 2020, Bahadur et al., 2014). Besides, these techniques
can provide visual information on the pore geometry, pore size, pore types, and pore
connectivity (Chen et al., 2019b, Guo et al., 2019). However, they are best useful as qualitative
indications of pore properties like pore sizes and their distributions (Chen et al., 2019b, Guo et
al., 2019).

In terms of composition, shales are composed of organic matter and several inorganic
constituents such as clay minerals, quartz, feldspar, pyrites, carbonates, plagioclase, and their
cohorts. The abundance and maturity of the organic matter content of a shale Formation can be
obtained from its geochemical properties often measured using RockEval pyrolysis. The clay
and other mineral contents of shale are routinely determined using x-ray diffraction (XRD)
analysis. In addition to controlling its gas adsorption capacity, the composition of a shale
affects its mechanical (strength) and chemical stability (Li et al., 2019) and consequently, its
brittleness and fracability (Ma et al., 2019). Thus, a detailed understanding of the mineralogy
of shale is essential to both reserve estimations and development planning of the shale reserves.
It not surprising therefore that the relationships between adsorption capacities (as well as gas
production performances) of shale reservoirs and shale properties such as total organic carbon
(TOC) contents and clay contents have been extensively studied (Zou and Rezaee, 2019,
Gasparik et al., 2014a, Zou and Rezaee, 2020, Wang et al., 2017c, Liu et al., 2017a, Ma and
Guo, 2019, Chen et al., 2019a).

1.3 Shale Gas Adsorption and Desorption

Significant portions of the gas in unconventional resources like shale are predominantly stored
as adsorbed gas in the internal surface areas of the rock matrix (Curtis, 2002, Leahy-Dios et
al., 2011) making adsorption the primary storage mechanism in unconventional reservoirs. The
relation of the amount of adsorbed gas to pressure at a constant temperature is referred to as
adsorption isotherm and has been the primary means of assessing the gas adsorption capacity
of shale reservoirs (Seidle, 2011b). The reversed process of adsorption is desorption in which
the adsorbed gas is released as pore pressure is reduced. The relation is mostly measured
experimentally using different techniques such as volumetric, manometric, gravimetric, and
some combinations of thereof (Keller and Staudt, 2005) most of which rely on some equation

of state to obtain gas compressibility factors for data interpretation (Gasparik et al., 2014b).



As the pressure is lowered to produce gas, adsorbed gas molecules in the pores and surface of
the adsorbent begin to desorb. Where the adsorption process is characterized by capillary
condensation, the amount of desorbed gas at a given pressure is often different from the amount
initially adsorbed at the same pressure. This phenomenon is known as sorption hysteresis and
it is a common observation under low-temperature, low-pressure conditions (Rajniak and
Yang, 1993). Adsorption and desorption of methane in coals and shales are usually conducted
at high-temperature and high-pressure conditions, similar to reservoir conditions at which
capillary condensation is theoretically impossible (Dantas et al., 2019). Thus, methane sorption
hysteresis in coals and shales remains an elusive subject. Attempts have been made to attribute
this anomaly to measurement uncertainties (Ozdemir, 2017, Bell and Rakop, 1986). However,
this has been debunked by other researchers who have also offered several incongruous theories
to explain this phenomenon.

In attempts to investigate high-pressure sorption hysteresis for methane on coal samples from
Blue Creek and Cameo-D seams, Bell and Rakop (1986) reported significant hysteresis
between measured adsorption and desorption isotherms. The authors were more focused on
establishing the effects of simulated in-situ moisture contents on measured gas contents in
comparison with actual field data and as such, the observed hysteresis was not linked to any
physical parameter. Instead, the authors suggested that the sample preparation procedure,
moisture contents, and temperature could significantly affect the results of sorption
experiments (Bell and Rakop, 1986). In a similar study using pure CH4, pure CO> and a natural
gas, Pariti (1992) reported no hysteresis for any of the gases despite the visible differences
between reported adsorption and desorption isotherms. Busch et al. (2003) reported different
of degrees sorption hysteresis for both CO2 and CH4 on Argonne Premium coal samples of
different ranks. The authors observed that the hysteresis decreased with coal rank for CO> but
no relationship could be established for CH4 hysteresis with coal rank (Busch et al., 2003). In
their inter-laboratory comparison study for CO2 sorption on similar coal samples, Goodman et
al. (2004) also observed rank-dependent sorption hysteresis as reported by three of the
participating laboratories (Goodman et al., 2004). The authors attributed the observed
hysteresis to residual moisture contents, coal swelling and/or CO; trapping (Goodman et al.,
2004). Ozdemir (2004) also explored adsorption and desorption isotherms of CO2 on Argonne
Premium coal samples of different ranks and found that significant hysteresis occurred at
supercritical conditions for all ranks (Ozdemir, 2004). The authors also observed that the initial

desorption steps appeared to be characterized by the readsorption of CO2 (Ozdemir, 2004).



Weishauptova et al. (2004) reported low-pressure reversible sorption isotherms for methane on
activated charcoal at 25 °C but significant hysteresis for methane on coal samples at the same
experimental conditions (Weishauptova et al., 2004). The authors believed the observed
hysteresis in coal was caused by methane absorption accompanying the adsorption process due
to the increased contact time with methane (Weishauptova et al., 2004). Harpalani et al. (2006)
also reported significant sorption hysteresis for CO> on coal samples from San Juan and Illinois
basins but small to negligible hysteresis with methane. Harpalani et al. (2006) also reported
significant CH4 sorption hysteresis with coal samples from Illinois basins and zero CH4
sorption hysteresis with a coal sample from San Juan under the same experimental conditions.
However, CO2 was reported to show significant sorption hysteresis for all samples (Harpalani
et al., 2006). While the authors noted that the observed hysteresis could have been caused by
many different reasons, they recommended further investigations of any claims of structural
changes to the solid, caused by the sorption processes (Harpalani et al., 2006). Jessen et al.
(2008) reported significant sorption hysteresis for CO2, CH4 and N2 with coal samples from
Powder River Basin. The authors claimed that surface heterogeneity, and not experimental
errors, was the cause of the observed hysteresis (Jessen et al., 2008). Ju et al. (2009) reported
CHys sorption hysteresis for both primary and tectonically deformed coal samples. The authors
observed that the observed hysteresis is largest for the strongly deformed coal samples and
smallest for the primary coals. The trend with deformation was attributed to structural changes
to the micropores in the coal samples (Ju et al., 2009). Bae et al. (2009) reported that high-
pressure sorption hysteresis could be related to reduced surface areas resulting from pore mouth
blockage by volatile hydrocarbons. The authors believed that heat-treatment at high
temperature, above a certain threshold potential known as the activation barrier (Bae et al.,
2009), will result in the evolution of the volatile hydrocarbons and consequent opening of the
pore mouths leading to increased surface areas and reduced hysteresis (Bae et al., 2009). Pan
et al. (2010) also reported small hysteresis for both CO2 and CHs on a coal sample from the
Sydney Basin at different moisture contents. Battistutta et al. (2010) reported significant CO>
sorption hysteresis and no hysteresis for No & CH4 on coal samples from South Wales
Coalfield. The authors assumed insufficient equilibration time, presence of residual water
content in the coal samples, and irreversible bonding between the molecules of CO> and coal
were responsible for the observed hysteresis (Battistutta et al., 2010). The authors however
failed to explain why these factors did not affect the sorption of N2 and CH4 on the same coal
samples. Dutta et al. (2011) reported significant CO2 sorption hysteresis on a set of coals from

India and zero to discernible hysteresis for CH4 on the same samples. The authors believed
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molecular interaction of CO2 with coal, CO. absorption by coal and CO> dissolution were the
causes of the observed CO; sorption hysteresis (Dutta et al., 2011). The authors also assumed
that the few cases of discernible CHs sorption hysteresis could be attributed to incomplete
drying of the coal samples leading to measurement errors (Dutta et al., 2011). However, it was
no clear why these errors did not exist in case of CO. considering that the same samples were
used for both gases. Pillalamarry et al. (2011) reported no hysteresis for CH4 on two coal
samples even though their results for sample 1 showed that desorption isotherm fell below the
adsorption curve from pressures above 4 MPa. Zhou et al. (2013) reported no significant
sorption hysteresis for pure N2, CO2 and CH4 on a coal sample from Qinshui Basin but
significant hysteresis for binary/ternary mixtures of the gases. Wang et al. (2014a) also reported
COz sorption hysteresis on coal. The authors found that the path followed by the desorption
isotherm varied with the maximum pressure in adsorption cycle (Wang et al., 2014a). A similar
observation was previously made by Jessen et al. (2008) for N2, CO, and CH4 on coal although
the authors could not explain this observation. This observation of desorption path dependence
on maximum adsorption pressure further reaffirms the failure of assuming reversible sorption
isotherms for coals and shales under high-pressure, high-temperature conditions. Not only is it
imperative to apply desorption isotherms for gas production calculations involving coal seams
and shale reservoirs, but desorption scanning curves (resulting from the dependence on
maximum adsorption pressure) may also be required to adequately match gas production
history and ensure accurate forecasts. Zhang et al. (2014) and Feng et al. (2016) found a
relationship between coal’s particle sizes and sorption hysteresis for both CO2 and CHys, the
hysteresis being larger for large particle sizes. To model their observed CO2 and CHj sorption
hysteresis four different coal samples, Zhang and Liu (2016) introduced a partitioning
parameter to theoretically isolate adsorption sites unavailable to desorption. The authors
believed the selectiveness of adsorption sites (related to Langmuir pressure) during desorption
and/or gas-solid molecular interaction at the solid surface were the cause of observed hysteresis
(Zhang and Liu, 2016). Liu et al. (2017b) believed sorption hysteresis is the consequence of

irreversible gas absorption due to coal swelling during adsorption.

It is generally believed that, where hysteresis exists, desorption isotherms should lie above their
adsorption counterparts. This type of hysteresis is referred to as “positive hysteresis” (Kim et
al., 2011) and was the case with all the examples cited above. Less commonly, cases of
“negative hysteresis” and cross-overs (desorption isotherm intercepting adsorption isotherm)
have also be reported (He et al., 2010, Keller and Staudt, 2005, Kim et al., 2011, Rodrigues et



al., 2018). However, it was hitherto believed that such observations could only be caused by
pressure non-equilibration, desorption of pre-adsorbed gas in the adsorbent (Keller and Staudt,
2005), or irreversible structural changes to the solid as a result of gas adsorption (He et al.,
2010, Kim et al., 2011).

From the above literature survey, it is obvious that there is no consensus on what causes

sorption hysteresis at high-pressure. Hence, the need for further research on the subject.
1.4 Research Objectives

Methane-shale adsorption isotherm has been widely studied both experimentally and
mathematically for years due to the importance of the sorption mechanisms in shale gas
reserves estimation and development. The sensitivity of measured isotherms to the gas
compressibility factors used during experimental data interpretation has been reported
(Gensterblum et al., 2010, Gasparik et al., 2014b, Goodman et al., 2004). However, it was not
clear how much effect this would have on the model parameters associated with the isotherms

as well as the reserves estimated from those parameters.

Besides, while there are numerous adsorption studies of methane on shale, none of those studies
paid adequate attention to gas desorption despite the well-established need to incorporate this
(desorption) in the flow equations for shale gas production. The need to perform desorption
experiments is often ignored because the Langmuir isotherm, which is often assumed to be
suitable for shale-gas adsorption, is believed to be fully reversible based on its underlying
monolayer theory. Hence, adsorption curves are traditionally used to account for desorbed gas
volume in shale-gas production equations. Also, while few reported cases of modelling high-
pressure methane desorption in shales and coals with the Langmuir isotherm (modified or not)
have been reported (Zhang and Liu, 2016, Bell and Rakop, 1986, Wei et al., 2017a), there is
no record of an empirical model to estimate the Langmuir (or any similar model) parameters

for desorption.

Based on the above-mentioned knowledge gaps, this research seeks to:

1. Investigate the effect of equation of state on measured isotherms, their derived model
parameters, associated reserves estimate as well as the size and type of sorption
hysteresis. To achieve this objective, seven different equations of state were applied to
calculate the gas compressibility factors of helium and methane required to compute

isotherms from measured HPV A data.



2. Investigate hysteresis between the adsorption and desorption isotherms of supercritical
methane on shales and relate the observed hysteresis to temperature and shale
properties. To achieve this objective, series of adsorption and desorption isotherms
were measured for a number of shale samples at four different temperatures and up to
7MPa. The samples exhibited early pore saturation, resulting in early peaks in excess
adsorption (at about 5MPa). Thus, the measured isotherms were converted to absolute
ad/desorption isotherms using adsorbed phase densities calculated from Dubinin-
Radushkevich (DR) model and then fitted to the Langmuir model.

3. Develop analytical models for predicting Langmuir parameters, for both adsorption and
desorption as functions of temperature and shale properties.

4. Investigate the effect of sorption hysteresis on gas production from gas shale reservoirs.
This was achieved through numerical simulation studies utilizing a single-phase,
compositional, MINC model developed with Computer Modelling Group’s GEM®
(ref).

1.5 Thesis Layout

Chapter 1 provides a quick insight into the need for shale gas exploration and production. It
presents an overview of the characteristics of shale reservoirs that make them unconventional
gas reservoirs. It introduces gas adsorption as a key process in shale gas reserves estimation
and gas desorption has a key shale gas transport mechanism. This chapter also covers a review
of the existing literatures on the causes of sorption hysteresis supercritical methane on coals
(and shales) at high-pressure conditions. Lastly, the chapter presents the primary objectives of

this research and x-rays the contents of each chapter contained in this thesis.

Chapter 2 describes the characteristics and geological background of the samples used in this
study. Details of the experimental approaches used in characterising the samples and the
relationships (or otherwise) between the mineralogy, geochemical and micro-structural
properties of the Ordovician Goldwyer shales are discussed. Some parts of this chapter have
been recently published (along with Chapter 4) in the Journal of Natural Gas Science and

Engineering.

Chapter 3 describes the high-pressure volumetric analysis (HPVA) approach for measuring
the adsorption and desorption isotherms of supercritical methane on coal. Its primary focus is
to present the effect of equation of state on measured isotherms and their associated model
parameters, the size and type of hysteresis between the resulting adsorption and desorption
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isotherms (if any), as well as estimated gas reserves. The use of a coal sample was to eliminate
complications that might be introduced by the complex microstructures of shale rocks and
isolate the effects of fluid density on the final isotherms. This chapter is a combination of two

already published articles.

Chapter 4 presents the results of HPVA measurements of methane sorption isotherms on shale
samples. Mathematical modelling of the isotherms is also presented in this chapter. It also
presented the approaches to quantify the size of the hysteresis between the measured adsorption
and desorption isotherms. Lastly, analytical models of the relationships between the model
parameters, temperature, and key shale properties are also presented. This chapter has also been

recently published in the Journal of Natural Gas Science and Engineering.

Chapter 5 presents an investigation of the effect of observed sorption hysteresis on shale gas
production. A composition three-dimensional single-well model, developed with CMG-GEM®
was used for this purpose. This chapter is expanded from a section of an article that was

published in Energies.

The last chapter, Chapter 6, is a summary of the key findings and conclusions from this thesis.

It also provides recommendations for further research on the subject.
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Chapter 2
Sample Selection and Characterisation

2.1 Introduction

Until recently, interests in unconventional resources, such as shale gas resources, have soared
primarily due to technological advances in hydraulic fracturing and multi-lateral drilling which
have facilitated production from unconventional resources (Yu et al., 2014a, Feast et al., 2015).
Shale is a complex micro-structure that requires the integration of different experimental
methods for its full characterisation. Geochemical properties determined from thermal
treatment and kerogen pyrolysis are used to infer the hydrocarbon generation potential and
thermal maturity of the rock (Hunt 1996, Lafarge et al., 1998, Li et al., 2018, Peters and Cassa,
1994, Peters, 1986, Rabbani and Kamali, 2005). The mineral contents are often determined
with x-ray diffraction (XRD) tests and analysis and can be used to infer the brittleness and
fracability of the Formation (Ma et al., 2019). Pore structural properties such as pore-size
distributions, surface areas, and pore volumes and their distributions can be determined from
low-pressure adsorption nitrogen experiments at 77K (Sing, 2001, Sing et al., 1985, Thommes
et al., 2015). Low pressure adsorption of carbon dioxide (CO.) gas at 298K can be conducted,
if necessary, to further characterise micropores inaccessible to nitrogen. A careful combination
of these properties can provide useful insights into their distribution across the depth of the

Formation, generating continuous profiles that can be correlated with wireline logs.

While the geochemical properties of the Goldwyer Formation in the Canning Basin are well
documented, little has been reported about the relationship of these properties and the mineral
composition as well as the pore characteristics of this Formation. Most published articles on
this subject often concluded that total organic carbon (TOC) content is the controlling
parameter for the pore structural properties of this shale Formation (Testamanti, 2018). Such
conclusions are premised on the poor to weak correlations observed between total clay contents
and pore structural properties (Testamanti, 2018, Labani, 2014). However, Yuan et al. (2019)
recently reported that clay contents are the principal factors affecting the properties of
mesopores of size range 2 -17 nm in Goldwyer Formation (Yuan et al., 2019). Since this size
range accounts for a significant proportion of the pores in this Formation, relying on TOC

contents alone for predicting the rock properties in this Formation may be grossly misleading.
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This study presents a new perspective to the relationships between the geochemical properties,
mineralogy, and pore structural properties of Goldwyer Formation using experimental data
from eight samples selected across the three sub-divisions of the Formation. Acknowledging
the lack of any appreciable mathematical relationship between the TOC contents and clay
minerals, we employed a novel clay-to-organic carbon ratio (COC) as a single parameter to
correlate with the micro-structural properties determined from low-pressure nitrogen

adsorption/desorption experiments.

2.2 Geological Overview — Sample Description

Predominantly in Western Australia, the Canning Basin spans approximately 506,000 km? in
total area (Hashimoto et al., 2018). Structurally compartmentalized by the NW-SE trending,
Fitzroy Trough- onshore Gregory Sub-basin and the south-bound Willara Sub-basin—Kidson
Sub-basin, depocenters, the onshore Canning basin accounts for about 85% of the total area.
These depocenters have maximum sediment thicknesses of 15km and 5km (Hashimoto et al.,
2018, Kennard et al., 1994, Parra-Garcia et al., 2014), and are separated by the Jurgurra, Mowla
and Barbwire terraces, Broome platform, and the Crossland platform. While the Jones arch
separates the Fitzroy trough and the Gregory sub-basin, the Munro arch separates the Willara
sub-basin and the Kidson sub-basin as depicted by Figure 2.1. More elaborate discussions on
the geology of the Canning basin are available in (Hashimoto et al., 2018, Ferguson, 2016,
Kennard et al., 1994, Parra-Garcia et al., 2014) and the references therein. However, a brief
discussion on the Broome platform is subsequently presented to provide some insights into the
geological basis of the Goldwyer Formation from which the samples used in this study were

acquired.
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Figure 2.1: Map of Canning Basin Showing Broome Platform with Theia 1 well (modified
from Johnson et al. (2019))

The Goldwyer Formation occurred within the Ordovician-Silurian sequence and is
predominantly made up of oil and gas-prone kerogen types 1l & 111 (Bahar and Triche, 2013).
The Formation is primarily composed of alternating proportions of calcareous mudstone and
dolomitized limestone with sparse distributions of pyrite mostly in the south-east area of the
basin (Alshakhs, 2017). Structurally, the Goldwyer Formation is sub-divided into upper
(Goldwyer — 1), middle (Goldwyer — II) and lower (Goldwyer — 111) with evidence showing
vertical and areal variations in geochemical properties and source rock potential across the
Formation (Johnson, 2019). Along the eastern part of the Formation, the upper Goldwyer is
reported to have excellent geochemical properties (Bahar and Triche, 2013, Cadman et al.,
1993) and consequently, excellent hydrocarbon generating potential due to the abundance of
Gleocapsamorpha Prisca (Spaak et al., 2017). Theia-1 well (Figure 2.2) recently drilled on the
Broome Platform has cleared our initial understanding of the source rock potential of the lower
Goldwyer Formation in this platform. Samples taken from the Theia 1 well showed evidences
of good source rock potential in the lower Goldwyer Formation contrary to the previously held
views that the Formation is poorly developed in the north of the Broome Platform and towards
the Willara sub-basin (Hashimoto et al., 2018, Kennard et al., 1994, Spaak et al., 2017).
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For this study, eight shale samples were selected from the Theia 1 well to cover the different
sub-divisions (units) of the Goldwyer Formation as shown in Figure 2.2. Core descriptions
revealed that the shallowest sample, GTh-1 is predominantly claystone with traces of limestone
while the rest of the samples contains varying proportions of (calcareous) mudstone and
(fossiliferous) limestone. The middle Goldwyer appears to be richer in limestone than the rest
of the Formation and the proportion of mudstones was found to be higher in the lower part of

the Formation.
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Figure 2.2: Gamma-ray, TOC content and lithological distributions in Theia 1 well drilled
into Broome Platform with core images of our study samples (modified from Spaak et al.
(2017))
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2.3 Sample Characterization

Following the core descriptions, geochemical, mineralogical, and pore size characterisations
of the samples were conducted respectively using RockEval-6®, X-ray diffraction, and low-
pressure nitrogen sorption experiments. The details of each experiment are discussed

subsequently.

2.3.1 Geochemical Analysis

Aliquots of the pulverised samples were placed into the sample crucibles sample holders and
subjected to pyrolysis using the RockEval-6® (Vinci Technologies, France) available at the
Unconventional Gas Resources (UGR) research laboratory, Curtin University. The key steps

used in the RockEval-6® pyrolysis are summarized as shown in Figure 2.3 below:

—[ 1. Sample preparation and loading

* Place 60 - 80 mg of pulverised sample into the crucible

N’

—[ 2. Calibration with IFP standard sample - 16000

N’

« Initial analysis and subsequently after every six samples

—[ 3. Isothermal Heating to 300°C

e’/

*To expel free hydrocarbons from the sample - S, peak

—[ 4. Thermal Cracking of Kerogen from 300 - 650°C at 25°C/min

* To release additional hydrocarbons - S, peak at a temperature, T .,
* To release carbondioxide, CO, at about 390°C- S, peak

e

Figure 2.3: Steps in RockEval-6® pyrolysis of rock samples
2.3.2 Mineralogy

The mineral contents of the samples were determined using the Bruker D8 X-ray diffraction
(XRD) unit available at Curtin University’s John de Laeter Centre. Homogenised aliquots of
the pulverised samples were treated with methanol and then placed in an oven to dry under a
vacuum at a temperature of 40°C for an extended period prior to the XRD analysis. Rietveld
refinement method implementation in TOPAS software was used to analysis the resulting XRD
patterns (Hadian and Rezaee, 2020).

2.3.3 Low-Pressure Nitrogen Adsorption and Desorption Tests

Following the geochemical and mineralogical characterisations, five of the samples were

subjected to low-pressure nitrogen adsorption and desorption experiments to quantify their
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pore-size distributions and related pore-structure characterisation. The choice of these five
samples was dictated by sample availability. The nitrogen isotherms were measured at 77.3K
and relative pressure (P/Po) range from about 0.01 to 1 for all five shale samples using
Micromeritics® Tristar 11 3020 apparatus. Prior to the tests, each sample was pulverized and
sieved to particle sizes 44—74 um (325-200 mesh). This range was selected to cover a wide
range of pore sizes typically found in shales and more so, to provide adequate surface areas
favourable to gas adsorption (Zou and Rezaee, 2016a, Yan-Yan et al., 2016). An aliquot of
each pulverized sample was then degassed at a temperature of 110°C for at least eight hours
followed by the adsorption and desorption measurements. The isotherms and their associated
parameters (such as pore-size distributions, surface areas and pore volumes) were
automatically generated by the equipment’s inbuilt software system using the Brunauer-
Emmett-Teller (BET) model (Brunauer et al., 1938) for isotherm fitting and density functional
theory (DFT) (Ustinov and Do, 2004, Ustinov and Do, 2005, Lastoskie et al., 1997, Lastoskie
et al., 1993) for pore size distribution (PSD).

2.4 Results and Discussion
2.4.1 Geochemical Properties

Table 2.1 shows the results of the RockEval® pyrolysis. The samples have TOC contents in
the range of 0.28 — 4.16 wt. % covering a wide spectrum of source rock qualities from poor to
excellent based on the classification by Peters and Cassa (1994). The first peak, S1, detected by
the flame ionizing detector (FID) in the equipment (Lafarge et al., 1998, Peters, 1986) is in the
range of 0.04 — 2.85 mg/g. This parameter represents the amount of hydrocarbon expelled at
300°C prior to thermal cracking (Peters, 1986, Lafarge et al., 1998). The second peak, S, has
values in the range 0.85 — 7.55 mg/g, suggesting that the source rocks range from poor to good
based on the same classification scheme by Peters and Cassa (1994). These values denote the
amounts of hydrocarbon produced from the thermal cracking of the kerogen and heavy
hydrocarbons present in the rock samples. Similarly, the third peak, Sz, representing the amount
of carbon dioxide produced through thermal cracking of kerogen at about 390°C, is in the range
0.28 — 0.73 mg/g. Tmax, the temperature at which S, was recorded ranged from 430 — 458°C
indicating a varied level of thermal maturity. Hydrogen index (HI) ranges from 107mg/g TOC
to 393mg/g TOC indicating kerogen types 11, 11/111 and I11. The observation of kerogen type Il
is supported by the evidence of graptolite (Figure 2.4) in the upper Goldwyer Formation (Spaak
et al., 2017). The observation of kerogen types II/11l and Il could be attributed to organic
matter maturation since land plants did not exist in the Ordovician-Silurian age (Wellman et
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al., 2013). Using pyrolysis-gas chromatography data from samples taken across the Goldwyer

Formation, Johnson et al. (2020) has also recently attributed their observation of kerogen type

[1/111 in the lower Goldwyer Formation to maturity effect. Oxygen index (Ol) is significantly

higher for the shallowest sample compared to the remaining samples with values ranging

13mg/g TOC in the deepest sample to 175mg/g TOC in the shallowest sample. Lastly, the

production index (PI) ranges from 0.035 to 0.375 indicating varied stages of thermal maturity.

Although sample GTh-1 has a high HI value, this does not necessarily imply high potential to

generate hydrocarbon (Peters and Cassa, 1994, Peters, 1986) but may be attributed to its low

TOC content. Similarly, the high Ol value for this sample may be related to oxidation (Nunez-

Betelu and Baceta, 1994), but is more likely invalid because organic lean samples (TOC < 0.5

wt.%) generally produce anomalous values (Espitalie et al., 1977).

Table 2.1: Geochemical properties of study samples

Sample | Depth | TOC S1 S2 Ss Tmax, HI Ol Pl
ID m wt% mg/g | mg/g | mgl/g °C | mg/gTOC | mg/gTOC -
GTh-1 | 1201 | 0.28 0.04 1.10 0.49 442 393 175 0.035
GTh-2 | 1390 1.26 0.63 2.43 0.28 454 193 22 0.206
GTh-3 | 1473 | 3.20 2.12 7.55 0.51 454 236 16 0.219
GTh-4 | 1478 2.82 1.57 4.66 0.43 456 165 15 0.252
GTh-5 | 1521 2.76 1.63 3.50 0.63 430 127 23 0.318
GTh-6 | 1531 | 0.75 0.51 0.85 0.41 458 113 55 0.375
GTh-7 | 1543 | 3.86 1.86 4.12 0.73 435 107 19 0.311
GTh-8 | 1550 | 4.16 2.85 6.96 0.53 430 167 13 0.291

Graptolite

Figure 2.4: A photomicrograph showing evidence of graptolite in Goldwyer | (adopted from
(Spaak et al., 2017))
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2.4.2  Mineral Compositions

The XRD analysis of the samples revealed a vertical complex variation in the mineralogy of
the samples. As shown in Table 2.2, six of the samples are composed primarily of clay minerals
(ranging from 67.5% - 83.5%), of which illite/mica form most of the clay contents, indicating
a high degree of plasticity which may not be favourable for hydraulic fracking. The remaining
two samples, GTh-5 and GTh-8 have lower clay contents, are slightly richer in quartz and more
in carbonates, and are therefore less plastic and more suitable for hydraulic fracking than the
other samples. Combined with the quartz contents, the presence of potash-feldspar (K-feldspar)

in all the samples indicates some, albeit varied, degree of brittleness (Ma et al., 2019).

Table 2.2. Mineralogical Composition of study samples.

Sample Depth, | Quartz, | K-feldspar, | Plagioclase, Total Carbonate**, | Pyrite,
ID m % % % Clay*, % % %
GTh-1 1201 15.68 2.23 1.96 76.58 2.11 1.44
GTh-2 1390 12.42 1.24 1.84 83.50 0.25 0.77
GTh-3 1473 17.39 1.78 3.54 74.28 0.42 2.59
GTh-4 1478 20.11 2.63 4.21 67.52 3.93 1.60
GTh-5 1521 27.11 1.49 3.02 37.10 29.11 2.17
GTh-6 1531 12.93 191 1.20 68.44 12.71 1.75
GTh-7 1543 9.14 2.74 2.06 72.47 12.11 2.42
GTh-8 1550 21.61 11.13 4.32 46.33 14.21 1.47

* Total clay = Kaolinite + illite/mica + chlorite; Carbonate** = calcite + dolomite

2.4.3 Low-Pressure Nitrogen Sorption Isotherms and Pore Structural Properties

The results of the low-pressure nitrogen adsorption and desorption tests are shown in Figure
2.5. As shown in the Figure, all the samples have non-zero initial nitrogen adsorption uptakes
which may be an indication of micropore filling or some localised monolayer coverage (Sing,
2001). The samples (especially GTh-3 & GTh-4) exhibit significant overlap between the onset
of the multilayer adsorption and the completion of monolayer coverage, which appears to be
at relative pressure less than 0.1 (as can be seen in GTh-1, GTh-2 and GTh-6). The multilayer
coverages appear to be associated with mesopore filling and capillary condensation indicated
by the sharp increase in the nitrogen adsorption up to about 0.9 relative pressure. The further
increase in the nitrogen adsorption for relative pressure > 0.9 is an indication of macropore
filling (Xiong et al., 2015). The desorption isotherms for all the samples exhibit significant
hysteresis with the adsorption counterparts due to the mesopores emptying along paths
different from those followed during mesopore filling (Sing, 2001). The shapes of the

hysteresis loops suggest they are all of type H3 (based on IUPAC classification) characterised
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by adsorption isotherms of type Il and lower closure of the hysteresis loop, at relative pressure

of about 0.4 — 0.5, suggesting slit-like nanopores (Thommes et al., 2015, Sing et al., 1985).

Low-Pressure Nitrogen Sorption Isotherms

40

GTh-1
GTh-2
GTh-2
GTh-4
GTh-6

SRR

Amount Adsorbed (cc/g STP)

0.0 02 0.4 06 oe 1.0
Relative Pressure

Figure 2.5: Low-pressure nitrogen adsorption and desorption isotherms showing hysteresis

As shown in Figure 2.6, the samples have similar ranges of pores which are roughly bi-modally
distributed with dominant pore sizes of approximately 4nm and 25nm. Besides, the Figure
shows small peaks in the PSDs below the 2nm micropore boundary and the presence of
macropores (> 50nm). This implies that mesopores (2nm - 50nm) account for the majority of
the pores in all the samples. The small volume of micropores observed here may be due to the
limited accessibility of these small pores by nitrogen molecules as a result of pore blockage
caused by illite precipitation (Pevear, 1999, Delle Piane et al., 2015) and other diagenetic
reactions (Delle Piane et al., 2015).

Pore-Size Distributions for all Samples
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Figure 2.6: Pore-size distributions based on low-pressure nitrogen adsorption
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2.4.4 Relationship between Geochemical Properties and Mineral Compositions

The ternary plot in Figure 2.7 shows a binary classification in the distribution of carbonates
with depth. For depths up to 1478m (that is samples GTh-1 through GTh-4), the carbonates are
relatively low compared to the amount of the brittle minerals (quartz and K-feldspar) indicating
that these samples are more brittle and, except for the high clay contents, should be good
candidates for hydraulic fracking. Conversely, the remaining samples (GTh-5 through GTh-8)
have carbonate contents comparable to the amount of their brittle minerals indicating that the
expected brittleness might be neutralised by the high ductile strength of the carbonates.
Consequently, the suitability of the samples for hydraulic fracking would depend largely on

their clay contents.

Figure 2.8 shows that the illite/mica dominates the clay minerals for all the samples with
kaolinite and chlorite only existing in limited amounts. Among other geological and
depositional considerations, the abundance of the illite/mica in these shales can explain the low
values of the TOC contents observed in some of the samples. Illite can precipitate and block
off small organic pores (Pevear, 1999). This is supported by the negative trend observed in

Figure 2.9 between TOC content and illite/mica content.

Mineral Composition

Total Clay
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]
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Quartz + K Feldspar Carbonate

Figure 2.7: Ternary plot of samples’ mineral compositions
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CLAY MINERALS
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Figure 2.8: Composition of total clay minerals in study samples
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Figure 2.9: Relationships between TOC Contents and Mineral Compositions with 95%
Confidence Intervals

Figure 2.9 clearly shows that no correlational relationships can be established between TOC
content and any of the inorganic components of the shale samples. This attests to the vertical
heterogeneity in reservoir qualities and might be due to the presence of thin laminates
intermittently found at different depths in this Formation. Lastly, the vertical or stratigraphic
trends of the source rock characteristics are shown in Figure 2.10. This Figure shows that the
middle and lower section of the Goldwyer Formation exhibits better source rock characteristics
than the upper section. While the need for more samples from the upper and middle sections
of the Formation is acknowledged, the findings in this study clearly indicate the lower
Goldwyer Formation may contain better source rock qualities than previously believed.
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Figure 2.10: Stratigraphic trends of key geochemical properties and mineral contents
(Brit. Min. = Brittleness Minerals = Quartz + K-feldspar)

2.4.5 Relationship between Pore Structural Properties, Geochemical Properties and

Mineral Compositions

The nitrogen uptakes (and consequently, the derived PSDs) appear to be negatively influenced
by TOC contents. A similar finding has been reported by Guo et al. (2019) in clay-rich
Longmaxi shale samples from the Sichuan Basin in China. While this is contrary to most
published LPN2-GA results, it is in part due to the effect of the pore blockage by illite in the
Goldwyer shales (as previously discussed). Nitrogen adsorption is believed to be controlled by
the abundance of micropores and mesopores which are believed to be related to organic matters
(Guo et al., 2019), hence the positive correlations found in the literature between nitrogen
uptakes and TOC content. However, Goldwyer shales are clay-dominated and it has been
reported that a larger portion of the mesopores are controlled by clay minerals (Yuan et al.,
2019). Also, (most) clay minerals are polar and have strong affinity for polar molecules
(Thompson and Goyne, 2012). Although nitrogen does not have dipole moments, it has an effective
guadrupole moment (Buckingham et al., 1968) which explains why the columbic law is often included
in the force-fields for molecular simulation of nitrogen (Coasne et al., 2010). It is therefore possible
that the contributions of the clay minerals to nitrogen adsorption in these samples superseded
that of organic matters leading to the observed deviation from the commonly observed trends

between nitrogen uptakes and TOC contents. Moreover, the samples have lower quantities of
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quartz and feldspar and are therefore prone to higher mechanical compaction which might
reduce the pore spaces available to nitrogen (Guo et al., 2019).

The above discussion suggests that the low-pressure nitrogen sorption processes are controlled
by a combined effect of both the organic matter and mineral composition of the shale samples.
To capture this interplay, we employed the ratio of clay-content to TOC content (subsequently
referred to “clay to organic carbon, COC” defined by Equation 2.2) which was first introduced
by Liu et al. (2008) and hitherto referred to as RCO.

coC = Total Clay Content 22
~ TOC Content '

Figure 2.11 shows a plot of COC as a function of TOC content for the eight samples used in
this study and another plot for seventy-seven data points from the literature. The published data

(shown in Table A1, appendix A) included in this plot have TOC contents ranging from 0.12

wt.% to 7.74 wt.% and clay contents from 14.2 wt.% to 72 wt.%, covering the ranges of
properties of the samples studied in this work. It is clear from this Figure that a strong
correlation exists between COC and TOC contents even when there is no significant
relationship between TOC and clay contents as in the case in this study. Therefore, COC would
be a better parameter to correlate with properties like surface area, pore volume, and gas
contents when one or both TOC and clay contents fail to yield a reliable correlation.

COC as a function of TOC Content

® From literature
®  This study
— fit_data_from_lit.
——- fit_this_study
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Figure 2.11: Relationship between COC and TOC Content

As shown in Figure 2.12, BET-Surface areas and total pore volumes show negative correlations
with the TOC contents, no appreciable correlation with clay contents was observed. However,

COC shows positive correlations with both surface area and pore volume, with accuracies
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comparable to (or better than) those of the correlations with the TOC contents. This observation
agrees with our postulation about the use of COC as a single predictor of surface area and total

pore-volume when either TOC or clay content fails to give a satisfactory correlation with these

properties.
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Figure 2.12: Relationships between pore structural properties and TOC contents (a & b), clay
contents (¢c & d), and COC (e & ).
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2.5 Conclusions

Characterization of shale samples from the Goldwyer Formation is presented based on the
results of the geochemical analysis, XRD analysis and low-pressure nitrogen adsorption
experiments conducted on eight samples selected across the three sections of the Formation.
The rock properties are found to vary stratigraphically from the upper to the lower sections of
the Formation. The samples are composed of varying amounts of inorganic components, such
as quartz, feldspar, pyrites, and carbonates, and relatively high clay contents, predominantly
illite/mica with small amounts of kaolinite and chlorites. TOC contents in these samples
appeared to be negatively, albeit weakly, correlated with the clay and illite contents but no
appreciable correlation with other inorganic components was observed. Contrary to most
published shale rocks around the world, these Ordovician Goldwyer shale samples studied here
exhibited pore characteristics that are highly negatively correlated with TOC contents and show
very weak to no correlations with clay contents. Lastly, the parameter (COC) used a single
predictor to correlate with structural properties (surface areas and total pore volumes) showed
strong positive correlations with accuracies comparable to those of correlations with TOC

content.
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Chapter 3

High-Pressure Volumetric Measurements of Methane Sorption Isotherms —
Effect of Equation of State

3.1 Introduction

Adsorbed gas represents a significant proportion of the total gas in place in coal seams and gas
shale (Curtis, 2002) due to their characteristic pore structures and mineral make-ups (Leahy-
Diosetal., 2011, Didier et al., 2014). Hence, investigations, mostly experimental, of adsorption
capacities of coal samples to methane have been widely explored (Bell and Rakop, 1986, Wei
et al., 2017b, Wei et al., 2013, Zhang and Liu, 2016). Menon (1968) discussed different
approaches for laboratory measurements of high-pressure gas-solid sorption isotherms. These
include the glass-piezometric method used for methane-coal sorption studies up to 50 MPa,
Mitchel’s modified glass-piezometric method for gas-solid sorption and general PVT studies
up to 300 MPa, modified gas-chromatographic method for both pure and multicomponent gas-
solid sorption studies up to about 14 MPa and the modified gravimetric method used for
methane-silica gel up also up to 14 MPa (Menon, 1968). More recently, Keller and Staudt
(2005) also discussed in details, several experimental approaches for measuring gas-solid
sorption isotherms. These include the volumetric method, the manometric method, the
gravimetric method, the rotational oscillometric method, the impedance spectroscopic or

dielectric method, and some combinations thereof (Keller and Staudt, 2005).

Based primarily on its simplicity (Keller and Staudt, 2005), the volumetric method seems to
have gained a wider acceptance among researchers. Zhang and Liu (2016) used the volumetric
method to measure isotherms for different coal samples using subcritical CO, gas &
supercritical methane with a focus on sorption hysteresis (Zhang and Liu, 2016). Busch et al.
(2005) also used the volumetric approach for CO2 and CH4 adsorption isotherms on coal up to
23 MPa and 45 °C (Busch et al., 2005). Gasparik et al. (2012) measured shale gas adsorption
up to 25 MPa using the volumetric method at 65 °C. Simply put, the volumetric method
operates primarily on gas expansion and equilibration processes resulting in a pressure profile
that is converted to amounts using the ideal gas equation corrected for non-ideality by real gas
compressibility (Z-) factors calculated with a chosen equation of states (EOS) (Goodman et al.,
2004). Volumetric balance at each equilibrium pressure step allows for the calculation of
adsorbed gas volume. Despite its wide use, there is no known standard for reporting measured

data (Goodman et al., 2004). This lack of reporting standard for high-pressure volumetrically
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measured gas/solid sorption isotherms has made it nearly impossible to compare or reproduce,
with any degree of certainty, reported data (Gasparik et al., 2014b, Gensterblum et al., 2010,
Goodman et al., 2004). One obvious issue identified from published reports is the varied (and
sometimes inconsistent) use of EOSs. For example, Tang et al. (2015) measured the adsorption
of methane on coal by volumetric approach up to 9 MPa and calculated the Z-factors of
methane using Redlich-Kwong EOS (Tang et al., 2015). Zhang et al. (2015b) applied a 32-
parameter modified Benedict-Webb-Rubin (MBWR) EOS for their data interpretation in a
similar study with coal. In a more recent study with shale, Yang et al. (2018a) used McCarty
and Arp EOS to calculate the Z-factors of helium for void space calculations and Setzmann
and Wagner EOS for Z-factors of methane (Yang et al., 2018a).

While various explanations have been attempted to explain some of the commonly observed
anomalies in high-pressure sorption isotherms (for example, observations of hysteresis loops
in high-pressure supercritical methane isotherms (Bell and Rakop, 1986, Wei et al., 2017b, Wei
etal., 2013, Zhang and Liu, 2016, Rajniak and Yang, 1993), observations of reducing amounts
adsorbed at medium to high pressure especially in coals and shale rocks (Lutynski et al., 2011,
Zhang et al., 2015b), little has been reported on equation of state as a potential (or primary)
reason for some (or all) of these observations. To demonstrate the effect of Z-factor on CO;
excess adsorption, Goodman et al. (2004) compared the ideal isotherm (one obtained with Z =
1) with those calculated using Z-factor from two other sources (Span & Wagner’s and Gas
Encyclopaedia) and found that CO. excess adsorption is much lower for the ideal case.
Lutynski et al. (2011) investigated the effect of equations of state on the adsorption of
supercritical CO2 by comparing the performances of PR-EOS and SRK-EOS with Span and
Wagner’s EOS (SW-EQOS). The authors found that both PR-EOS and SRK-EOS gave
unrealistically higher results above the critical pressure (7.39 MPa) following lower results at
subcritical pressures and attributed these discrepancies to errors in density calculations by these
EOS relative to SW-EOS (Lutynski et al., 2011). Al-Fatlawi et al. (2017) have also reinstated
the need for accurate predictions of Z-factors for gas reserves estimations, which is one of the

direct applications of gas adsorption.

Hysteresis in high-pressure sorption isotherms of supercritical methane on coals and shales has
become a common observation and yet, it remains difficult to explain. Some researchers
believe it is caused primarily by measurement uncertainties (Ozdemir, 2017, Bell and Rakop,
1986, Dutta et al., 2011) while others have argues that it could be too significant to be attributed

to measurement errors alone (Bell and Rakop, 1986). Parameters such as equilibrium time
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(Battistutta et al., 2010, Keller and Staudt, 2005), (residual) moisture contents of coal
(Goodman et al., 2004, Battistutta et al., 2010), coal ranks (Busch et al., 2003, Goodman et al.,
2004), particle sizes of coal (Feng et al., 2016, Zhang et al., 2014), irreversible structural
changes to the adsorbent due to gas adsorption (Zhang and Liu, 2016, Liu et al., 2017b),
irreversible absorption associated with gas adsorption (Dutta et al., 2011, Weishauptova et al.,
2015), surface heterogeneity (Jessen et al., 2008), gas trapping (Goodman et al., 2004),
irreversible chemical bonding of gas molecules with molecules of the adsorbent (Battistutta et
al., 2010, Dutta et al., 2011, Zhang and Liu, 2016) and selectiveness of adsorption sites during
desorption (Zhang and Liu, 2016) have been offered as explanations for observed high-pressure

CO2 and CHg sorption hysteresis.

It is generally believed that, where hysteresis exists, desorption isotherms should lie above their
adsorption counterparts. This type of hysteresis is referred to as “positive hysteresis” (Kim et
al., 2011) and was the case with all the examples cited above. Less commonly, cases of
“negative hysteresis” and cross-overs (desorption isotherm intercepting adsorption isotherm)
have also been reported (He et al., 2010, Keller and Staudt, 2005, Kim et al., 2011, Rodrigues
et al., 2018). However, it was hitherto believed that such observations could only be caused by
pressure non-equilibration, desorption of pre-adsorbed gas in the adsorbent (Keller and Staudt,
2005), or irreversible structural changes to the solid as a result of gas adsorption (He et al.,
2010, Kim et al., 2011).

From the above discussion, it is obvious that there is no single universal explanation for CO>
or CH4 sorption hysteresis at high-pressure. A similar conclusion was made by Wang et al.
(2014b) in their review paper on sorption hysteresis of CO2 and CH4 on coals. It is noteworthy,
however, that majority of the articles reviewed were based on the volumetric/manometric
method. This invariably means that the authors used some equations of state to obtain the fluid
data required for experimental data analysis. Interestingly, none of the authors considered that
the choice of EOSs (and hence, calculated Z-factors) could be the cause of the observed

hysteresis.

This chapter presents a comparison of the performances of different equations of state relative
to a combination (subsequently referred to as NIST-refprop) of McCarty & Arp EOS (for
helium) (McCarty and Arp, 1990) and Setzmann & Wagner’s EOS (Setzmann and Wagner,
1991) (for methane) in high-pressure volumetric measurements of methane adsorption on a

coal sample. It focuses on establishing that the choice of EOS can significantly affect the
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volume of free space, the calculated isotherms and their associated model parameters, the size
and type of hysteresis between the resulting adsorption and desorption isotherms (if any), as
well as estimated gas reserves. The coal sample used here is a medium-ranked, volatile
bituminous coal, selected to eliminate complications that may be introduced by the complex

microstructures of shale rocks and isolate the effects of fluid density on the final isotherms.

3.2 Equations of State

The thermodynamic state of a system is often defined in terms of the relationship between its

pressure (P), temperature (T), and molar volume (vm) such that:
fP,T,vm) =0 3.1

This relationship is referred to as the equation of state (EOS) (Kikic, 2005). By solving
Equation 3.1 for vy, for a given system over a range of pressure and temperature conditions,
other physical properties such as the compressibility factor, enthalpy, entropy, fugacity, etc. as
well as the phase equilibrium of the system can be calculated (Jia et al., 2016). Equations of
state are empirically classified as cubic and non-cubic based on the degree of the polynomic
function (Kikic, 2005) represented by Equation 3.1. In this paper, only the cubic EOS of Peng-
Robison’s (PR) and the Soave-Redlich-Wonk (SRK) and their volume translated forms
(Pedersen and Christensen, 2007, Péneloux et al., 1982) are discussed. Also, Soave’s modified
Benedict-Webb-Rubin’s (SBWR) (Soave, 1999) and Lee-Kesler’s (Lee and Kesler, 1975)
equations of state are the only non-cubic equations of states discussed in this paper. The details

of these equations of state are included in appendix B.

3.3 Materials and Methods
3.3.1 Sample

The coal sample used in this study is ranked medium volatile bituminous with a mean vitrinite
reflectance of 1.43%. The results of the sample’s petrographic and proximate analyses are
summarized in Table 3.1. The sample was pulverized and sieved to particle sizes 45—75 um
(325-200 mesh) and then subjected to low-pressure nitrogen adsorption to determine its pore-
size distributions (PSDs).

29



Table 3.1: Properties of coal sample

Components | Composition (%)
A. Petrographic Analysis

Vitrinite 75.0
Fusinite 3.3
Semi-fusinite 13.0
Macrinite 0.3
Inertodetrinite 4.0
Mineral matter 45
Mean maximum reflectance 1.43
B. Proximate Analysis

Ash content 9.6
Moisture content 1.2
Volatile matter 21.2
Fixed carbon 68.0

3.3.2 Measurement of Methane Sorption Isotherms

Methane adsorption and desorption isotherms were measured at 25°C and 40°C using
Particulate System’s HPVA-II® 200 unit described in (Zhang et al., 2015b, Zou and Rezaee,
2016b, Zou et al., 2017, Ekundayo and Rezaee, 2019a). The fully automated HPVA can
measure up to 500 °C temperature and 20 MPa pressure (Micromeritics, 2013) and it uses
NIST’s refprop® to calculate the Z-factors used in generating the isotherms. It also logs the
pressure and temperature data at specified intervals thereby allowing the user to perform their
own calculations. In this work, the data logged by the equipment was used to calculate
adsorption and desorption isotherms with Z-factors obtained from each of the equations of
states identified in section 3.2. Some schematics and descriptions of the HPVA-I1 200® unit,
its data interpretation approach and typical experimental procedures have been discussed by
Zhang et al. (2015b); Zou and Rezaee (2016b), Zou et al. (2017). As much as possible, we have
also used similar notations as these authors to make a comparison of our analysis and theirs

easy for readers.

Figure 3.1 shows the schematic of a typical pressure-time profile for a complete adsorption-
desorption experiment using the HPVA-I1 200. The pre-adsorption steps are usually performed
to obtain the volume of the free-space needed for subsequent calculations and to stabilize the
sample cell at the experimental temperature. For any two consecutive adsorptionstepsi — 1 & i

(as illustrated in Figure C1 in Appendix C), the differential and cumulative amounts adsorbed

(at any step r), per unit mass of the adsorbent, can be calculated using Equations 3.2 and 3.3

below (details of derivation are available in Appendix C).
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Pria, Tma & Zma In Equation 3.2 are respectively the initial pressure, temperature and Z-factor
of the reference cell (of volume, V,,,,) before dosing gas into the sample cell,
P, Tmp & Zyp represent the conditions of the reference cell after dosing. P, Ts.& Zg. are
the equilibrium pressure, temperature, and corresponding Z-factor in the sample cell (of
volume V,.), T,s& Z, are the temperature and Z-factor in the upper stem (of volume, V) of
the sample holder while T;4& Z; are the temperature and Z-factor in the lower stem (of volume
Vis) of the sample holder. Vgrp, R and M, are respectively the molar volume of gas at standard

conditions, gas constant (= 8.3145 Jmol~1K~1) and mass of the adsorbent.

The equipment uses a helium expansion method to measure the volume of free space which
includes the volumes of the lower and upper parts of the stem (that is, V;; & V¢ respectively)
connecting the sample cell to the reference cell. The details of this measurement technique have
been discussed by Zhang et al. (2015b), Zou and Rezaee (2016b), Zou et al. (2017) and are also

discussed in Appendix C. The volume free space at ambient condition (V) is given as

follows:
VAmfs = Voc + Vis + Vs 3.4
Where:
V _ TSI-CIeZ;‘-ée (PTI;IliVman P‘;Ilg Vman [)SI;‘IeI/uS RS‘I;JIe I/1.1.5 ) 3 5
A — - - .
TR \ThGZRG TasZng  TEZEE T T

The parameters in Equation 3.5 are defined similar to those in Equation 3.2.

These equations were used to calculate the amounts adsorbed per unit mass which were plotted
against corresponding equilibrium pressures to obtain the adsorption isotherms. One important
assumption made in using Equations 3.2 & 3.3 is that P2 = 0 since the system is expected to

be fully evacuated prior to the first adsorption step.

31



fe----- e Adsorption steps = ---------oooooooooooos M- mmm oo Desorption steps ~ -------------- >
i T_____SEE_P_n____) 1
‘ag.; E i :St 1
g | i =P
o H H H
=2 H |
g | I | P I
s 3 i i Tk Skes g
: [ ! — i o
5 I i L 3
2 o i ! i @
> 5 : ; | i 2.
s i : i i S
g 2 | ! — | = )
g | 2 i i o
£ o H H o
2 . 00 1 i I
[<3) 2 c : ! [ 2
= K A H H H =
=2 [ © i ! ] ©
n g ) | = o 0
) Qo = | R =
[4}) o o ! H I 1]
— S c i R ke
o @ | . I : ®
TR I ' ! !
|2 ! : [ —
L | i P !
g | N L
g i ]
2 i i I
S i ! ol
2 — |l Stenk,
S i step2) ek S
o ' — 1 H —
2 ol ! o
® sepr || ; : L
o istepti | i = Manifold/Ref. Cell ; |
o [ ' i
N m— Sample Cell . i
= |
1] H
’ i
Time

Figure 3.1: Typical pressure-time plot for a HPVA adsorption-desorption experiment

If the amounts adsorbed at any two consecutive adsorption steps i — 1 and i are V;*4° and 7245
respectively, then the differential amount adsorbed at step i (as shown in Equation 3.2) can be
written as:

AViads — Viads _ ~i(ic§s 3.6
Thus, the target amount during the desorption from step ito i — 1 is AV, In practice,
however, the desorption step terminates at a new pressure point j (typically, P,_; <P; < F;)
desorbing an amount Al7jdes. Therefore, the amount adsorbed at the pressure point P; is given
as:

Vjads — Viads + Adees 3.7

A plot of 17]-‘1‘15 against P; on the same axes as the adsorption isotherm gives the desorption
isotherm. In a rare case where P; = P;_, |AV/%¢*| = AV%. For this ideal case, the isotherms
do not only overlay, they are also equal. However, in reality, P, # P;,_; and |Al7jdes| may be

less or greater than AV,*? resulting in one of three scenarios:
1. Negligible (or Zero) Hysteresis in which the isotherms overlay even though |AV%¢*| =

AViads_
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2. Positive Hysteresis in which |AV/¢*| < AV#% and as such, desorption isotherm lies
above the adsorption curve
3. Negative Hysteresis in which |[AV**°| > A% and as such, desorption isotherm lies

below the adsorption curve

3.4 Isotherm Parameterisation and Application
3.4.1 Isotherm Modeling

The measured excess adsorbed amounts are usually converted to absolute amounts, which are
needed for practical applications (Gasparik et al., 2012). In this study, the measured isotherms
were parameterized using the three-parameter Langmuir model (Gasparik et al., 2012, Zhang
and Liu, 2016, Zhang et al., 2015b, Gasparik et al., 2014b) which includes a factor to convert
the excess amount adsorbed to the absolute amount. If the excess amount at any equilibrium

pressure, P is V,,., then the model is given as:

VP Pbulk
Ve = (1 — ) 3.8
exe P+ PL Pads
Where:
Vi, PL = Langmuir volume and pressure (respectively)
Paas = Adsorbed gas phase density
= Density of the bulk gas phase 3.9

Poulk = 7RT
M = Molecular weight of methane

The model parameters (V,, P, and p,qs ) Were determined by non-linear curve fitting using
the trust region reflective algorithm implementation in Scientific Python (SciPy) to allow for
the parameters to be bounded to non-negative values. Each of the parameters is thus bounded
to (0, +0). The quality of the match with experimental isotherms has been assessed using the

coefficient of determination, R? defined as:

i=n i=n
. .2 . _ 2
R*=1- Z(Velxpt - Vflit) /Z( elxpt - Vexpt) 3.10
i=1 i=1

Where Vg'xpt is the experimental amount adsorbed at stepi (i = 1,2,3,...,n); Vfiit is the
corresponding amount adsorbed calculated with Equation 3.8 and Vexpt is the mean

experimental amount adsorbed given as:
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i=n
Vexpt = Z(Veixpt)/n 3.11
=]

i

3.4.2 Gas in-Place Calculation

The total volume of gas originally in-place, in a coal-seam, is the sum of the free gas and

adsorbed gas and can be calculated using Equation 3.12 (Seidle, 2011a):

435600;(1 — S,,;) vresp;
= A 1359 e —— 12
Gi h Bgi + 135 Prock Pi + PLres 3

In this equation, A (acre) is the area of the coal seam, h (ft) is the thickness, @;, S,,; represent
the respective initial porosity and water saturation in the cleat system, p,.,cx (g/cc) is the density
of the coal seam, P; (MPa) is initial reservoir pressure, B; (rcf/scf) represents the initial gas
Formation volume factor (FVF) calculated from Equation 3.13, V]"®® (scf/ton) is the Langmuir
volume for the adsorption isotherm at reservoir temperature, T,.; (°C) & P/®® (MPa) is the
corresponding Langmuir pressure. Table 3.2 shows the parameters used in calculating the
OGIP for each EOS.

_0.000195 Z; (1.8T5 + 492)

i = B 3.13

Z; = Z-factor of methane at initial coal seam pressure and temperature

It is obvious from Equation 3.13 that the gas FVF is directly related to Z- factor and as such is
also EOS-dependent. To isolate the effect of the gas FVF on the calculated volume of gas in-
place, two different cases were investigated as follows:

Case 1. Gas FVF equals the value calculated for each EOS.

Case 2: Gas FVF equals constant for all EOS. The constant value was set as the value

obtained for the reference EOS.
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Table 3.2: Parameters used for initial gas reserves estimates

Parameters
Reservoir Temperature, °C 40
Initial Res. Pressure, MPa 10.34
Rock density, g/cc 1.34*
Initial porosity, fraction 0.1*
Initial water saturation, fraction 0.8*

* data from Rodrigues et al. (2018)

3.5 Results and Discussion
3.5.1 Low-Pressure Nitrogen Sorption Isotherms and Pore-Size Distribution

Figure 3.2 shows the low-pressure nitrogen sorption isotherms (Figure 3.1a) and the
corresponding pore-size distribution, PSD (Figure 3.1b) for the sample. The nitrogen
adsorption isotherm shows no monolayer coverage but exhibits a significant multilayer
coverage (Thommes et al., 2015), up to relative pressure of about 0.8, followed by a sharp
increase in the amount adsorbed (an indication of capillary condensation (Jun-yi et al., 2014)
thereafter. Negligible hysteresis of type H3 (IUPAC classification, (Thommes et al., 2015))
characterized by a type Il adsorption isotherm and a lower closure of the hysteresis loop
indicate that the sample is composed of non-rigid aggregates of slit-like particles and the
possible presence of a network of macropores (Thommes et al., 2015). The PSD shows that the
sample is composed of approximately bi-modal distributed pores with mesopores accounting
for more than 90% of the distribution and dominant pores sizes of approximately 4nm and
25nm. The PSD also shows negligible micropores thereby confirming the absence of

monolayer coverage observed in the nitrogen adsorption isotherm.
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a.) Low-Pressure Nitrogen Sorption b.) Pore-Size and Pore Volume
Isotherms Distributions
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Figure 3.2: Pore-Size Distribution from Low-Pressure Nitrogen Adsorption Data

3.5.2 Methane-Coal Adsorption Isotherms

Figure 3.3a shows the variation in the ambient volume of free-space calculated by different
EOSs relative to the value obtained from NIST-refprop. These deviations are directly related
to the differences in the Z-factor of helium gas calculated by the different EOSs. As shown in
Figure 3.3b, PR-EQOS, SBWR-EOS and LK-EOS gave higher helium Z-factors than NIST-
refprop, and thus their corresponding ambient volumes of free space are less proportionately.
On the other hand, PR-Peneloux-EOS, SRK-EOS, and SRK-Peneloux-EOS gave lower Z-
factors of helium compared to NIST-refprop and consequently, their resultants ambient
volumes of free space are proportionately larger. All EOSs (except Lee-Kesler) deviated to less
than 0.1% compared to the reference EOS. In fact, the deviations are within -0.025% to
+0.009% for the cubic EOSs and 0.09% for SBWR-EOS. The greater deviation (< 0.25%)
observed with Lee-Kesler EOS may be due to its use of linear interpolation to calculate the Z-
factor of a fluid from those (Z-factors) of a simple fluid and a reference fluid. The inverse
relationship observed between the Z-factor and ambient volume of free space, for each EOS,
follows from the gas law (n = PV /ZRT ). For the same, pressure, volume, and temperature,
the amount of gas (n) in a system is inversely related to the Z-factor of the gas which (as shown

in Figure 3.3b) is dependent on the choice of EOS.
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(a) Variation in volume of free-space @ 25 °C by EOS (b) % Difference in Z-factor of Helium (@ 25 °C & 0.5
relative to NIST-Refprop MPa) by EOS relative to NIST-Refprop
Lee-Kesler Lee-Kesler
SBWR SBWR
SRK-Peneloux SRK-Peneloux
SRK SRK
PR-Peneloux PR-Peneloux
PR FR
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Figure 3.3: (a) Variation in the volume of free space by different equations of state (actual
free space volumes are in Figure C1 of Appendix C) (b) Variation in Z-factor of helium gas
by EOS (Reference Z-factor = 1.0023)

It should be noted that the deviations in the volume of free space from NIST-refprop’s are not
to be considered errors but rather they serve to warn that any reported volume of free space
may not be taken as absolute but is highly sensitive to Z-factor (and by implication, EOS). This
has implications for the calculated isotherms especially at higher pressures where the amounts
of gas adsorbed have been reported to be highly sensitive to the volume of free space
(Rouquerol et al., 2016, Do and Do, 2007). A similar observation is made here as shown in
Figure 3.4 in which a change of +0.25% in the ambient volume of free space resulted
in +10% change in the amount adsorbed at the last equilibrium pressure tested in this paper.
While this may be argued to be within the range of uncertainty for this type of measurements,
we envisage that the effect may be more pronounced in a shale due to its lower organic matter
content (compared to coal). It is illustrated in this paper (see Figure 3.5) that this behaviour is
not necessarily connected with pressure equilibrium or any leakage in the system, as is
generally believed (Keller and Staudt, 2005), but is predominantly controlled by the EOS used
in calculating the Z-factor.
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Effect of Volume of Free-Space on Methane Adsorption
EOS = NIST-Refprop
700 4
—&— Measured FS vol
=@ Less 0.25% - =

650 1 ... Plus 0.25% -

600 -
5504 Ll e

500 A

Amount adsorbed, Scf/ton
woow s
(=] 5 (=] Ul
o o (=} [=]
. . . .

N

w1

(=]
1

200

0 2 4 6 8
Pressure, MPa

Figure 3.4: Effect of Volume of free space on methane-coal adsorption isotherm at 25 °C
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Figure 3.5: Example of pressure equilibration for methane adsorption at 7 MPa & 25 °C

To minimize the error in calculated isotherms due to variation in the volume of free space, Z-
factor of methane was calculated with the same EOS used in calculating the Z-factor of helium.
The variations in the Z-factors of methane at 25 °C calculated by different EOSs at different
equilibrium pressures are shown in Figure 3.6. For each pressure value, SBWR-EQS, followed
by LK-EOS, gave the closest Z-factor of methane relative to NIST-refprop’s. The deviation
from the reference value increases with pressure for each EOS hence, the deviation in the

resultant isotherm (shown in Figure 3.7) also increases proportionately with pressure.

38



Considering the inverse relationship between the Z-factor of gas and the amount of the gas in
a system, it is not surprising that PR, PR-Peneloux and SBWR EOSs gave higher methane
adsorption isotherms than the reference EOS since their Z-factors are lower (Figure 3.6). For
these EOSs, the higher methane adsorption isotherms (compared to the reference EOS) are the
results of the combined effects of volume of free space (actually, Z-factor of helium) and Z-
factor of methane. PR-EOS and PR-Peneloux EOS gave almost the same volumes of free space
as the reference EOS but their significant negative deviations in Z-factor of methane resulted
in great amounts adsorbed at each pressure. Similarly, SBWR-EOS which gave a lower volume
of free space relative to the reference EOS should ordinarily give much higher amounts of
methane adsorbed at each pressure compared to PR-EOS and PR-Peneloux EOSs but for its
methane Z-factors which are significantly lower (Figure 3.6) compared to these EOSs. On the
other hand, SRK-EOS and its volume-shifted form resulted in lower methane adsorption
isotherms compared to the reference EOS. This is expected considering that both the volume
of free space and Z-factor of methane from these EOSs are higher compared to the reference
EOS. Lastly, the LK-EOS gave higher methane adsorption isotherm compared to the reference
EOS despite its higher methane Z-factors. This is because the effect of the Z-factor is

counteracted by the lower volume of free space (compared to the reference EOS).

The above observations of combined effects of Z-factors of helium (and methane are also true
at 40 °C (Figure 3.7). The difference, in this case, is the reducing effect of temperature on
adsorption isotherms. At higher temperature, lower amounts of methane are adsorbed at each

pressure because of the reducing effect of temperature on gas density.
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3.5.3 Methane-Coal Desorption Isotherms & Sorption Hysteresis

It is clear from the preceding section that adsorption isotherms from the same experimental
data vary significantly for different EOSs. Similar observations are made with desorption
isotherms and hysteresis between the adsorption and desorption isotherms. Figure 3.8 shows
the adsorption and desorption isotherms for different EOSs. Negligible hysteresis can be seen
between the adsorption and desorption isotherms for NIST-refprop® at both temperatures. For
the measurements at 25°C, the desorption isotherm is slightly lower than the adsorption
isotherm for most test pressures (Figure 3.8a). Although the reason for this behavior is not
clear, it is unlikely due to any significant irreversible structural changes to the coal sample, as
postulated by He et al. (2010), given the near negligible difference between the isotherms. Also,
pressure equilibrium was achieved (as shown in Figure 3.9) for each desorption step, therefore,
pressure non-equilibration was also ruled out as a reason for this anomaly. Thus, it is assumed
that this observation may be related to measurement uncertainties especially fluctuations in

experimental temperature.

(a) Methane Sorption Hysteresis (b) Methane Sorption Hysteresis (c) Methane Sorption Hysteresis
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Figure 3.8: Methane-coal sorption hysteresis by equation of state (* SRK-Peneloux is

similar)

Compared to refprop, each of the comparison EOS gave significant differences between the

adsorption and desorption isotherms (Figure 3.8b-f) leading to two types of observed sorption
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hysteresis. On one hand, EOSs (that is PR-Peneloux, PR-EOS & SBWR-EQS) that gave lower
values of Z-factor for methane resulted in positive hysteresis and the more negatively deviated
the Z-factors are, the bigger the observed hysteresis loop. As shown in the example plot in
Figure 3.10a, these EOSs gave lower differential amounts of desorbed gas than the
corresponding differential amounts adsorbed. Conversely, EOSs (that is SRK-Peneloux, SRK-
EOS & LK-EOQS) that gave positive relative deviations for Z-factors of methane (Ekundayo
and Rezaee, 2019a) produced negative hysteresis loops and the more positively deviated the
Z-factors are, the larger the loop. As shown in the example plot in Figure 3.10b, each of these
EOSs gave differential amounts of gas desorbed greater, for most of the pressure steps, than

the corresponding differential amounts adsorbed.
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Figure 3.9: Equilibrium pressures for all desorption steps at 25°C
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(a) Differential Sorbed Amount (b) Differential Sorbed Amount
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Figure 3.10: Comparing differential ad/desorbed amounts Vs. EOS

3.5.4 Langmuir Parameters — Adsorption Isotherms

Table 3.3 shows the model parameters obtained by fitting the three-parameter Langmuir model
to each of the adsorption isotherms. The results showed that the model achieved over 99%
match with each of the isotherms as indicated by the R? values. For each EOS, it was also
observed that Langmuir volume and adsorbed phase density are lower, while Langmuir
pressure is higher, at 40°C than the corresponding values at 25°C due to the reducing effect of
temperature on gas adsorption (Gasparik et al., 2012, Tang et al., 2015, Yang et al., 2018a,
Zhang et al., 2015b, Zou et al., 2017). The lower adsorbed phase density at 40°C is an indication
of the temperature-dependence of this parameter which is often assumed to constant and
temperature-independent (Zhang and Liu, 2016, Harpalani et al., 2006, Zhang et al., 2015b,
Gasparik et al., 2012). As shown in Figure 3.11, SBWR-EOS gave the closest values of
Langmuir volume and pressure compared to NIST-refprop at both temperatures. Conversely,
PR-EOS and PR-Peneloux gave the largest deviations for these parameters relative to the
reference values. These observations agree with the deviations of Z-factors of methane
obtained from these EOSs. Lastly, the adsorbed phase density obtained from SBWR-EOS at
25°C is large and as such, the ratio of the bulk gas density at each pressure to adsorbed phase
density is negligibly small so that excess adsorption approximates absolute adsorption for this

EOS at this temperature.
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Table 3.3: Langmuir Parameters for Different Equations of State

(Adsorption Isotherms only)

Equation of State  Langmuir
Parameters
25.0°C 40.0°C
NIST-refprop VL, Scf/ton 772.9 705.8
PL, MPa 1.02 1.26
pads, Kg/m?® 689.9 92.1
R? 0.9985 0.9953
PR VL, Scf/ton 943.3 860.9
PL, MPa 1.34 1.63
pads, Kg/m?® 590.9 103.7
R? 0.9969 0.9918
PR-Peneloux VL, Scf/ton 964.6 880.1
PL, MPa 1.38 1.68
pads, Kg/m3 5788 1046
R? 0.9966 0.9915
SRK VL, Scf/ton 806.6 740.0
PL, MPa 1.08 1.34
pads, Kg/m?® 183.8 69.4
R? 0.9978 0.9946
SRK-Peneloux VL, Scf/ton 815.0 748.2
PL, MPa 1.10 1.35
Pads, Kg/m® 165.4 66.9
R? 0.9977 0.9947
SBWR VL, Scf/ton 800.0 699.7
PL, MPa 1.09 1.23
Pads, Kg/m® 1.30E+09 116.6
R? 0.9983 0.9957
Lee-Kesler VL, Scf/ton 836.8 768.4
PL, MPa 1.13 1.39
Pads, Kg/m® 742.9 98.2
R? 0.9973 0.9911
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(a) % Difference in Langmuir Volume (relative (b) % Difference in Langmuir Pressure (relative
to NIST-Refprop) to NIST-Refprop)
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Figure 3.11: Percentage difference in Langmuir parameters by EOS with respect to NIST-
Refprop®

3.5.5 Original Gas in-Place (OGIP)

Figure 3.12 shows the calculated initial Z-factor, initial gas FVF, OGIP, and relative
differences in the calculated OGIP for each EOS. Similar to previous observations on variations
in Z-factors of methane, PR-Peneloux, PR, and SBWR EOSs gave lower values of Z-factor of
methane compared to the Setzmann & Wagner’s (shown as refprop in Figure 3.12) while SRK-
Peneloux, SRK and Lee-Kesler EOSs gave higher values. The corresponding values of initial
gas FVF are shown in Figure 3.12b (grey bars). Given the direct relationship between Z-factor
and gas FVF (as shown in equation 3.13), the calculated initial gas FVF followed the same
trend as the Z-factors. The black bars in Figure 3.12b represent the constant value of gas FVF
for case 2. This constant value is the reference gas FVF obtained from Setzmann & Wagner’s
EOS. As shown in Figure 3.12c, the calculated OGIPs for cases 1 & 2 show a minimal
difference. This implies that gas FVF (by implication Z-factor) has a negligible effect on OGIP
for this coal. Therefore, it can be concluded that the observed variation in calculated OGIPs
(shown in Figure 3.12d) is primarily caused by the variations in Langmuir parameters obtained
with the different EOSs. Thus, SBWR-EOS gave the lowest deviation in OGIP relative to
refprop while PR-Peneloux EOS gave the largest deviation. As shown in Figure 3.13, the
deviations in OGIP correlate directly with deviations of Langmuir volume (or pressure) relative

to the refprop. The proportion of OGIP that is adsorbed is shown in Figure 3.14. It is not
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unsurprising that the adsorbed gas accounted for over 90% of gas in-place (for each EOS) given
the initial porosity and initial water saturation in the cleats (Table 3.2). This is also supported
by the sample’s pore-size distribution which contains less than 10% of macropores that could

hold free gas.

(a) Gas Compressibility at Initial Reservoir Condition (b) Initial Gas Formation Volume Factor by EOS

. case 1
W case

Lee-Kesler Lee-Kesler

SBWR SBWR

SRK-Peneloux SRK-Peneloux
SRK SRK
PR-Peneloux PR-Peneloux

PR
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I T T T T I
0.82 0.84 0.86 0.88 0.20 0.92 0.0090
Z-factor Gas FVF, rcf/scf

1
T T T T T
0.0091 0.0092 0.0093 0.0094 0.0095 0.0096

(c) Initial Gas Reserves Estimate by EOS (d) Relative Difference in OGIP by EOS
v
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Figure 3.12: Effects of Equation of state on OGIP (a) EOS Vs Z-factor at initial reservoir
conditions (b) EOS Vs Initial FVF (c) EOS Vs OGIP (d) Relative difference in calculated
OGIPs
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Figure 3.14: Adsorbed gas as a ratio of the original gas in-place

3.6 Conclusions

This chapter presents the effects of equations of state on the results of high-pressure volumetric
measurements of methane adsorption and desorption isotherms on a coal sample. The results
showed that all the equations of state tested gave varied deviations in the measured isotherms,
calculated Langmuir parameters, observed type and degree of sorption hysteresis, and original
gas in-place because of the variations in the calculated Z-factors of both helium and methane
relative to NIST-refprop. It can be concluded that:
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1. Gas compressibility factors have significant effects on high-pressure adsorption and

desorption isotherms of methane on coal.

2. Langmuir parameters also varied significantly with the choice of EOS with the SBWR-
EOS having the closest values Langmuir volumes and pressures to NIST-refprop at

both test temperatures.

3. For each EOS, Langmuir volume and adsorbed phase density are lower for 40°C than
the corresponding values at 25°C because of the negative effect of temperature on
adsorption.

4. High-pressure methane-coal adsorption-desorption hysteresis is not a unique

phenomenon; its existence, degree, and type depend on the applied EOS.

5. For both test temperatures, negligible hysteresis was observed for the reference EOS
while a relationship was observed between the deviations of methane Z-factor for each
EOS (relative to Setzmann & Wagner’s) and the type of sorption hysteresis observed.
Negatively deviating EOSs produced positive sorption hysteresis while positively

deviating ones gave negative sorption hysteresis for the same dataset.

6. Calculated OGIP is predominantly in adsorbed phase and as such, varies with Langmuir
volume.
In summary, it has been demonstrated that, significant uncertainties may be incurred in
estimated gas contents and gas reserves of unconventional gas reservoirs due to the choice of
EOS for computing the gas compressibility factors needed for experimental data analysis.

48



Chapter 4

Experimental Investigation and Mathematical Modelling of Shale Gas

Adsorption and Desorption Hysteresis

4.1 Introduction

High-pressure adsorption of supercritical methane is often used to determine the gas contents
of shale reservoirs at in situ conditions. This is because gas adsorption in the internal surface
areas of the rock matrix is the primary storage mechanism in such reservoirs (King, 1993,
Curtis, 2002, Bell and Rakop, 1986). The amount of gas adsorbed by a rock is affected by
controllable factors such as pressure, temperature, and moisture contents (Bell and Rakop,
1986) as well as the rock’s organic and inorganic matter compositions. The relationship
between the amount of gas adsorbed, at a constant temperature, and pressure is known as
adsorption isotherm and can be measured experimentally using various techniques such as
volumetric, spectroscopic, and gravimetric among others. The measured adsorption is referred
to as the excess adsorption which implies that the difference in the amount of gas in the
adsorbent at a given pressure and temperature and the amount that would otherwise be present
as bulk phase if all the adsorbent’s pore volume were accessible under the same conditions
(Myers and Monson, 2014). A typical workflow in determining the gas contents of shale
resources involves the conversion of excess to absolute adsorption followed by a mathematical
modelling of the resultant absolute adsorption isotherm, typically using the Langmuir model
(Langmuir, 1918). Detailed discussions of the different types of adsorptions and how to convert
from one to the other have been extensively discussed in the literature (Myers and Monson,
2002, Brandani et al., 2016, Myers and Monson, 2014). However, it is important to reiterate
that the density of the adsorbed phase (pads) controls the shape and size of the resultant absolute
adsorption and consequently, the model parameters associated with the isotherm. Currently,
there is no practical mechanism to measure pags. Thus, different approaches have been devised
to estimate this parameter, including modifications to original adsorption models to handle
supercritical conditions. Despite these efforts, padgs remains an elusive parameter to estimate

accurately.

The workflow described above is an indirect method used extensively for estimating gas
contents in shale reservoirs and coal-seams. Several samples might be collected at different

depths in a well to capture vertical trends in gas contents and possibly across several wells to
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reduce the uncertainties in the estimated gas contents for the shale play. However, considering
the associated cost, more often, adsorption experiments are conducted with few samples, fitted
to a choice model (usually Langmuir) and the model parameters correlated with experimental
parameters like temperature and shale properties such as TOC and clay contents (Liu et al.,
2017a, Zou and Rezaee, 2019). Since TOC and clay contents can be tied to wireline logs (Fertl
and Chilingar, 1988), these empirical models can be used to study the vertical and areal
variations in gas contents. Several empirical models have been reported in the literature for
predicting gas contents in different shale Formations across the world. For example, using data
from different shale Formations, Zou and Rezaee (2019) developed prediction models for
temperature-dependent Langmuir volume and pressure as functions of TOC and total clay

contents.

Just as gas adsorption is akin to reserves estimation in shale reservoirs, gas desorption is also
paramount to gas transport (and hence, production) in such reservoirs (Wang et al., 2017b,
Ekundayo and Rezaee, 2019b). The importance of gas adsorption and desorption processes in
modelling flows in shale gas reservoirs has also been re-emphasized by two recent independent
review articles (Taghavinejad et al., 2020, Yang and Liu, 2020). However, despite the
significant records of gas adsorption studies in shale reservoirs, studies involving desorption
of methane from shales at high-pressure and high-temperature conditions remain very scanty.
It is generally believed that high-pressure methane adsorption in shale reservoirs is a physical
and reversible process (Ozdemir, 2017, Bell and Rakop, 1986, Dutta et al., 2011). Hence, the
existence of sorption hysteresis under high-temperature, high-pressure conditions is often
doped as an experimental error (Ekundayo and Rezaee, 2019c, Zhang et al., 2015b, Bell and
Rakop, 1986, Zhang and Liu, 2016, Battistutta et al., 2010, Weishauptova et al., 2015, Dutta et
al., 2011, Jessen et al., 2008, Liu et al., 2017b, Feng et al., 2016, Busch et al., 2003, Ozdemir,
2017, Wang et al., 2017a). However, findings from studies involving methane-coal systems
have refuted this argument, suggesting other factors unconnected with the experimental
parameters, might be responsible for this phenomenon (Ekundayo and Rezaee, 2019c,
Ekundayo et al., 2020, Wang et al., 2014b). Excellent summaries of the key factors researchers
have identified as the primary causes of sorption hysteresis in supercritical methane-coal
systems at high pressures are available in (Ekundayo and Rezaee, 2019c¢, Ekundayo et al., 2020,
Wang et al., 2014b).

In addition to the lack of enough studies on high-pressure methane desorption in shale

Formations, there is no record of an empirical model to estimate the Langmuir parameters for
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desorption. Also, the reported cases of high-pressure desorption of methane in shales and coals
were either not modelled mathematically, or described using the Langmuir model with or
without modifications. For example, while Zhang and Liu (2016) modelled desorption
isotherms of methane in coals using a multiplied the Langmuir model by a factor referred to as
the hysteretic factor to define the fraction of the gas-adsorbed sites available for desorption,
Wei et al. (2017a) added a constant referred to as the “residual adsorption capacity” to
Langmuir model to achieve the same objective for methane in shale. This same approach was
adopted by He et al. (2019) However, it is noteworthy that neither of these proposed
modifications to the Langmuir model (for desorption) has a scientific and theoretical backing,

and thus, could be subjective.

To avoid the subjectivity associated with these modifications, this study applies the Langmuir
model without modifications (similar to (Bell and Rakop, 1986)). Besides the elimination of
subjectivity, the use of the unmodified Langmuir model allows for an unbiased comparison of
the model parameters for desorption isotherms with the corresponding values from adsorption
isotherms. Furthermore, this study develops the first ever mathematical models to predict the
Langmuir parameters for desorption of methane in shales as functions of both temperature and
rock properties. Moreover, while the predictive models developed for both adsorption and
desorption in this study are based on Goldwyer shales, the approach used here can be replicated
in other shale Formations especially those with clay (illite/mica) contents.

4.2 Sample and Methods
4.2.1 Sample

The properties of the samples used in this chapter have been discussed in detail in the Chapter
2 of this thesis.

4.2.2 Measurement and Modelling of Methane Sorption Isotherms & Hysteresis

Methane adsorption and desorption isotherms were measured at 25°C, 40°C, 60°C and 80°C
for each sample using a high-pressure volumetric analyser (HPVA-11 200). The equipment uses
the volumetric technique to measure the sorption isotherms of a gas on powdered rock samples
and helium expansion for void volume measurements. Details of the measurement procedures
and volumetric calculations have been extensively discussed in the literature (Ekundayo and
Rezaee, 2019a, Ekundayo and Rezaee, 2019c, Zhang et al., 2015b, Zou et al., 2017). Prior to

helium calibration, an aliquot of each sample was degassed in a furnace under vacuum at 110°C
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for at least 16 hours to ensure all moisture contents and light hydrocarbons are completely
removed. The measured excess isotherms (Vexc) were converted to absolute isotherms (Vabs)

using equation 4.1 below:

4.1

Pbulk )

Vaps = Vexc/<1 -
Paads

The bulk gas density (pbuk) was obtained from Soave’s modified Benedict-Webb-Rubin’s

equation of state (SBWR-EOS) (Soave, 1999). The resultant absolute isotherms were then

represented by the traditional 2-parameter Langmuir model (Langmuir, 1918) as shown in

equation 4.2.
abs P+ PL .

For each sample, the Langmuir volume, V. and Langmuir pressure, P_ were determined for
both adsorption and desorption isotherms. Equations 4.1 and 4.2 are often combined to a three-
parameter Langmuir model for easy calculation of both the Langmuir parameters and adsorbed
phase density (pads). However, it has been reported that this approach can be inappropriate
within the pressure ranges tested in this study (Ekundayo and Rezaee, 2019b, Zhang et al.,
2016) or in a case where the excess adsorption reaches an early maximum (Gasparik et al.,
2012). Moreover, the method of linearly fitting plot of excess adsorption — bulk density post-
saturation has also been shown to be subjective especially where the post-saturation data points
are too few to justify the mathematical fit (Ekundayo and Rezaee, 2019b). On these bases, the
modified Dubinin-Radushkevich (DR) (equation 4.3) (Sakurovs et al., 2007, Yang et al.,
2018b, Rexer et al., 2013) was employed in this study to fit the measured adsorption data and
obtain the value of the adsorbed phase density for each sample at each temperature. The
calculated adsorbed phase density was then used in equation 1 to convert both the adsorption
and desorption isotherms to absolute isotherms which were then fitted to equation 4.2. This
hybrid DR-Langmuir fitting approach combined the superiority of the DR-model in calculating
the adsorbed phase density (Rexer et al., 2013) for the range of pressures used in this study

with the simplicity of Langmuir model.

2
Viwe = V, x expd —D * ln<pads) (1 _ pbulk) 43
Pbuik Pads
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Vo in equation 4.3 is the maximum absolute adsorption while D is a parameter related to pore
structure through the characteristic energy of adsorption (E) (Hutson and Yang, 1997) as shown
in equation 4.4 below.

o= () - (2

Where E, is the characteristic energy of adsorption for a reference vapour (typically benzene)
and [ is known as similarity constant (Hutson and Yang, 1997) which indicates the affinity of
the adsorbent for the adsorbate (Tang et al., 2017). The characteristic energy of adsorption can
be used to discriminate between physical adsorption (physisorption) and chemical adsorption

(chemisorption).

Following the calculations of the Langmuir parameters, the size of the observed hysteresis
between the adsorption and desorption isotherms was quantified using both the areal hysteresis
index (AHI) (Zhang and Liu, 2016, Zhu and Selim, 2000) and improved hysteresis index (IHI)
(Wang et al., 2014b) for each sample at each temperature. Figure 4.1 is an illustration of a
typical sorption hysteresis of supercritical methane on shale rocks.

Schematic of Gas-Solid Sorption Hysteresis

Sorption
Hysteresis

Absolute Adsorption
e,

L,;’ Prage
/ A/

Equilibrium Pressure

Figure 4.1: lllustration of hysteresis between gas-solid adsorption and desorption isotherms

The area covered by the hysteresis loop (A™) is given as the difference between the areas
bounded by desorption isotherm (A%®) and adsorption isotherm (A2*) and can be expressed

mathematically as:
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Prmax VdeSP VadSP
o \PT 1P P 1P

The difference between AHI and IHI lies in the definition of the base area to which the
hysteresis area is compared. AHI is the ratio of the hysteresis area to the area bounded to the

pressure axis by the adsorption curve.

P+ P,
hys VLdes Pmax _ fles % In L desmax
A P

AadS = Pads P
Vo (P max — PA% X In <%>)

AHI = -1 4.6

IHI on the other hand, is the ratio of the hysteresis area to the area bounded to the adsorbed
volume axis by the adsorption isotherm. The latter area is equivalent to the fully irreversible
hysteresis area (A™).

Ahys Ahys
IHI = = 4.7

irr _ Aads
A Vmax * B max A

4.3 Results and Discussion
4.3.1 High-Pressure Methane Sorption Isotherms

Figure 4.2 shows the measured methane adsorption isotherms for all the eight samples
described in the preceding sections. For each sample, the excess adsorption followed the
expected decreasing trend with temperature. The amount adsorbed increased rapidly with
pressure until about 5SMPa, which is in the neighbourhood of the critical pressure of methane,
beyond which the rate of increase was significantly lower and for some samples, adsorbed
amounts decreased beyond this pressure point. This behaviour is a typical characteristic of

excess adsorption of supercritical fluids on solids (Do and Do, 2005).

At the point of inflection, the rates of change of the adsorbed and bulk phase densities with
pressure are the same. This phase equilibrium (between the adsorbed and free fluids) occurred,
for most of our samples, at the pressure in the neighbourhood of the critical pressure of methane
(4.6MPa). Although lower than most of the values published for pressures at maximum excess
adsorption of methane on shale, similar values exist in literature for a few samples. For
example, the “Geverik” shale sample in Gasparik et al. (2012) showed significant maximum
excess adsorption at about 6MPa while samples X2-4 and X3-1 in Zhou et al. (2018) showed

maximum excess adsorptions between 5SMPa — 10MPa. While no explanation was offered for
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these observations in the latter, the Geverik’s case was attributed to the high proportion of
organic microporosity due to the sample’s over-maturity (Gasparik et al., 2012). On the
contrary, our samples are predominantly mid to late matured marine shales and are
characterised by larger proportions of mesopores in the inorganic components. Thus, thermal
maturity alone cannot explain the early pore saturation observed in this study. It is expected
that the high clay (illite) contents in these samples will counteract the high methane adsorbing
capacity of their organic matters by reducing the surface areas available to methane adsorption
in the organic pores and consequently, leading to earlier pore saturation than expected.

(a) Methane Excess Adsorption @ 25°¢C (b) Methane Excess Adsorption @ 40°C
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Figure 4.2: Excess adsorption of methane on shale samples at different temperatures

It follows from the above discussion that the methane sorption processes in our samples are
controlled by a combined effect of their organic and inorganic contents. To capture this
interplay, the parameter COC, discussed in Chapter 2 of this thesis, was used to better account
for the effect of clay contents on adsorption and desorption model parameters. Table 4.1
summarises the relationship between the maximum excess adsorption and each of TOC

content, total clay content, and the clay-to-organic-carbon (COC) ratio. These results show that
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maximum excess adsorption has a strong positive linear correlation with TOC content but a
weak negative linear correlation with total clay contents. The opposing correlations of
maximum excess adsorption with TOC and total clay contents support our explanation for the
observed low excess adsorptions and early pore saturation. At each temperature, maximum
excess adsorption shows positive correlations with COC with values of the coefficient of
determination (R? values) greater than 70%; lower than those of correlations with TOC because
of the influence of clay contents. The decreasing slope and (vertical) intercept for each rock
property is a reflection of the negative effect of temperature of adsorption.

Table 4.1: Relationships between maximum excess adsorption and rock properties

Maximum Ve vs TOC Content | Maximum Ve vs Total Clay Maximum Vexc vs COC

T,°C | Equation R? Equation R? Equation R?
25 0.3173 x TOC + 1.0304 0.9517 | 2.4921 - 0.0108 x Clay 0.1300 | 2.0913 - 0.0047 x COC | 0.7745
40 0.2731 x TOC + 0.8463 0.9482 | 2.1997 - 0.0107 x Clay 0.1733 | 1.7592 - 0.0040 x COC | 0.7692
60 0.2191 x TOC + 0.7347 0.9443 | 1.8074 - 0.0084 x Clay 0.1646 | 1.4597 - 0.0031 x COC | 0.7124
80 0.1800 x TOC + 0.6107 0.9126 | 1.6061 - 0.0087 x Clay 0.2499 | 1.2084 - 0.0026 x COC | 0.7077

4.3.2 Desorption Isotherms and Sorption Hysteresis

In addition to the adsorption isotherms, desorption isotherms were measured at each
temperature for each of the samples to enable us to examine the existence and size of sorption
hysteresis and its relationships with rock properties. As shown in Figure 4.3, significant
hysteresis was observed between the adsorption and desorption isotherms for all the samples
at all test temperatures. We have previously reported that the observed hysteresis was primarily
due to the choice of equation of state (EOS) used to calculate the gas compressibility factors

for experimental data analysis (Ekundayo and Rezaee, 2019b, Ekundayo and Rezaee, 2019c).

4.3.3 Isotherm Modelling — Model Parameters & Relationships with Rock Properties

As previously stated, the three-parameter Langmuir model was found to be inappropriate for
isotherms exhibiting early excess adsorption maxima. Thus, the DR-model was used to
parameterise the excess adsorption isotherms in this study. The value of pads Obtained by fitting
the modified DR-model to each adsorption isotherm was used to convert both excess adsorption
and (the corresponding) desorption isotherms to absolute sorption isotherms. The results of the
modified DR-model fit to the adsorption isotherms are summarised in Table 4.2. The maximum
absolute adsorption (Vo) decreases with temperature in line with the expected negative effect
of temperature on adsorption. However, contrary to the traditional practice of neglecting the

temperature-dependence of the parameter D in the DR-model, the results here show that the
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values of D show positive, albeit weak to strong, correlations with temperature. This is also
obvious from equation 4.4, which expresses the parameter D as a function of temperature. The
characteristic energy of adsorption, E (not shown in the Table) calculated from these results
(using equation 4.4) ranged from 5.7 — 7.2 kJ/mol indicating the adsorption type is
physisorption (Amrhar et al., 2015). Adsorbed phase densities show mild to strong negative
correlations with temperature for all samples except GTh-1 and GTh-6. Lastly, while no
appreciable correlation with TOC content, total clay content or COC could be established for
parameter D, the characteristic energy (E) of adsorption and adsorbed phase density, the
maximum absolute adsorption (Vo) showed strong positive correlations with TOC content and

COC but relatively no correlation with total clay content as summarised in Table 4.3.
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Figure 4.3: Shale gas adsorption and desorption isotherms and their associated hysteresis
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Table 4.2: DR’s model parameters at different temperatures

Sample Temp. = 25°C Temp. =40°C Temp. = 60°C Temp. = 80°C
ID Vo, D Pads, Vo, D Pads, Vo, D Pads;, Vo, D Pads,
ce/g | () Kg/m® | cclg ) Kg/m® | cclg | (-) | Kg/m® | celg | (-) | Kg/m®
GTH-1 | 1.65| 0.15 136.90 1.49 0.20 | 106.67 1.31 ({ 0.19 | 112.61 1.11 | 0.21 75.95
GTH-2 | 2.89 | 0.17 164.07 253 | 018 133.60| 2.01|0.21| 10504 | 1.68 | 0.19 82.68
GTH-3 | 3.73 | 0.13 24054 | 3.00| 0.15]| 193.42| 264 |0.16 | 158.72 | 2.00 | 0.17 | 106.96
GTH-4 | 3.60 | 0.16 188.07 | 3.04 | 0.18| 14258 | 2.62|0.17 | 160.23 | 2.15| 0.23 78.24
GTH-5 | 3.12 | 0.12 230.34 | 273 | 0.15| 15224 | 230 0.19| 110.26 1.99 | 0.19 90.40
GTH-6 | 2.25 | 0.15 139.85 2.06 | 0.21| 107.99 1.80 | 0.19 | 114.19 1.62 | 0.22 76.62
GTH-7 | 3.84 | 0.14 22472 | 3.44 | 021 | 119.64 | 287 |0.21 | 11045| 242 |0.21 94.65
GTH-8 | 4.08 | 0.16 157.09 | 3.76 | 0.19| 12257 | 3.26 | 0.21 | 100.62 | 2.86 | 0.21 89.97

Table 4.3: Relationships between DR’s maximum absolute adsorption (Vo) and sample properties

V, vs TOC Content Vo vs Total Clay V, vs COC
T,°C | Equation R? Equation R? Equation R?
25 0.5615 x TOC + 1.8054 0.9245 | 4.2708 - 0.0172 x Clay | 0.1029 | 3.6872 - 0.0084 x COC 0.7637
40 0.4875 x TOC + 1.5931 0.9296 | 3.9220-0.0178 x Clay | 0.1471 | 3.2146 - 0.0071 x COC 0.7278
60 0.4213 x TOC + 1.3461 0.9453 | 3.4199 - 0.0163 x Clay | 0.1683 | 2.7349 - 0.0059 x COC 0.6944
80 0.3447 x TOC + 1.1565 0.8838 | 3.0882 - 0.0169 x Clay | 0.2534 | 2.2939 - 0.0049 x COC 0.6546

To take advantage of the greater popularity and commercial software implementations of the
traditional Langmuir model, the resultant absolute sorption isotherms were described with the
two-parameter Langmuir model represented by Equation 4.2. Figure 4.4 shows the calculated
absolute adsorption isotherms (markers) and the corresponding Langmuir model fits (solid
lines). The absolute adsorption isotherms at each temperature followed the expected positive
trend with TOC contents, with GTh-8 having the highest and GTh-1 having the lowest absolute
adsorption at all temperatures. The values of the Langmuir volume and Langmuir pressure, for
each sample and for each temperature, are summarised in Table 4.4. The results show that the
Langmuir model adequately described the absolute adsorption and desorption isotherms with
R? values exceeding 98%. Thus, it can be concluded that the Langmuir model, without any
modification, can satisfactorily describe desorption isotherms. Due to the hysteresis, the
desorption isotherms resulted in lower Langmuir volumes and pressures than the corresponding

values obtained with the adsorption counterparts.
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(a) Methane Absolute Adsorption @ 25°C

(b) Methane Absolute Adsorption @ 40°¢
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Figure 4.4: Absolute adsorption isotherms of methane on shale samples (markers represent
absolute adsorption while lines represent corresponding model fitting)

Table 4.4: Langmuir model parameters for all samples at different temperatures

Temperature = 25°C Temperature = 40°C
Sample Adsorption Desorption Adsorption Desorption
ID Vi, P, R2 Vi, P, R Vi, PL, R2 Vi, Pi, R2
cc/lg | MPa cc/lg | MPa cclg MPa cclg MPa
GTH-1 | 237 | 454 | 09967 | 1.71 | 158 | 0.9915 | 2.73 7.36 | 0.9931 | 1.92 3.02 | 0.9957
GTH-2 | 5.00 | 8.02 | 0.9969 | 3.34 | 2.86 | 0.9922 | 6.79 | 10.17 | 0.9954 | 4.19 3.47 | 0.9946
GTH-3 | 522 | 6.31 | 09977 | 3.74 | 2.37 | 0.9984 | 4.53 7.00 | 09971 | 341 3.45 | 0.9986
GTH-4 | 6.23 | 879 | 0.9952 | 3.96 | 3.04 | 0.9977 | 5.30 7.99 |0.9932 | 3.38 2.58 | 0.9964
GTH-5 | 418 | 537 | 0.9958 | 3.47 | 2.72 | 0.9927 | 4.11 5.84 |0.9938 | 3.01 2.46 | 0.9957
GTH-6 | 3.22 | 452 | 09959 | 2.37 | 1.66 | 0.9948 | 3.80 755 |0.9930 | 2.68 3.15 | 0.9951
GTH-7 | 559 | 6.66 | 0.9931 | 3.96 | 2.53 | 0.9963 | 6.83 9.30 | 0.9887 | 4.59 3.94 | 0.9984
GTH-8 | 6.31 | 6.07 | 0.9970 | 441 | 2.24 | 0.9969 | 6.77 7.73 109942 | 4.72 3.27 | 0.9969
Temperature = 60°C Temp =80°C
Sample Adsorption Desorption Adsorption Desorption
ID Vi, P, R Vi, P, R2 Vi, PL, R2 Vi, P, R2
cc/lg | MPa cc/lg | MPa cclg MPa cclg MPa

GTH-1 | 236 | 7.73 | 0.9909 | 1.50 | 2.64 | 0.9969 | 1.88 5.63 | 0.9920 | 1.50 2.38 | 0.9814
GTH-2 | 390 | 865 | 0.9929 | 2.72 | 3.94 | 0.9991 | 2.63 489 |0.9928 | 2.37 2.87 | 0.9881
GTH-3 | 439 | 811 |0.9944 | 2.96 | 3.02 | 0.9960 | 3.09 555 | 0.9968 | 2.19 1.76 | 0.9920
GTH-4 | 461 | 9.24 | 0.9950 | 345 | 471 | 0.9961 | 4.01 7.10 |0.9901 | 2.76 2.45 | 0.9929
GTH-5 | 3.94 | 693 | 09941 | 2.98 | 3.53 | 0.9987 | 3.24 5.69 |0.9924 | 2.45 2.61 | 0.9974
GTH-6 | 3.28 | 7.95 | 0.9907 | 2.10 | 2.78 | 0.9969 | 2.78 579 109918 | 2.23 2.51 | 0.9805
GTH-7 | 5.68 | 9.26 | 0.9932 | 3.61 | 3.55 | 0.9983 | 4.60 8.21 |0.9923 | 3.18 3.56 | 0.9963
GTH-8 | 6.02 | 7.65 | 0.9931 | 427 | 3.49 | 0.9971 | 5.25 7.46 | 0.9932 | 3.89 3.61 | 0.9953
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4.3.4 Hysteresis Quantifiers and Relationship with Temperature and Rock Properties

The size of each hysteresis loop, quantified by the indices given by Equations 4.5-4.7, is
significantly affected by temperature as shown in Figure 4.5. All three hysteresis quantifying

parameters (indices) appear to decrease with temperature with notable deviations at 80°C.
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Figure 4.5: Effect of temperature on the size of the hysteresis loop measured by

(A) hysteresis area (B) areal hysteresis index (AHI) and (C) improved hysteresis index (IHI)

This observation is related to the thermodynamics of adsorption and desorption processes

which is governed by the Gibb’s free energy change (AG) given by equation 4.8 below:

AG = —RTInK 4.8

Negative AG is required for adsorption to be spontaneous and the more negative the value of
AG, the more favourable the adsorption is (Zhang et al., 2016). Typically, AG becomes less
negative as temperature increases due to the inverse relationship between In K (where K =
adsorption equilibrium constant) and temperature, T (Zhang et al., 2016, Rani and Sud, 2015).
Consequently, adsorption is less spontaneous and the degree of freedom (randomness) of
methane molecules increases (Rani and Sud, 2015). Thus, desorption is more favoured at
higher temperature. For most of the samples, the observed hysteresis at 80°C appeared to be
characterized by methane readsorption (Ozdemir, 2004) causing unduly higher areas enclosed

by the desorption isotherms. The higher values of the quantifying parameters are in part due to
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this phenomenon. Also, the lower values of adsorbed phase density at this temperature resulted
in larger values of Langmuir volumes for the desorption process and consequently, larger
hysteresis areas and hysteresis indices. Moreover, the choice of equation of state alone may not
be a sufficient reason for the extent of the hysteresis. Given their high clay contents, it is
difficult to rule out structural changes to the shale samples, caused by the sorption processes
(Goodman et al., 2004, Wang et al., 2017a, Yang et al., 2018b), as an explanation for the
observed increasing hysteresis size with temperature (from 40°C to 80°C) for sample GTh-3.
Adsorption has been reported to induce swelling in rock samples (Zhang and Liu, 2016, Liu et
al., 2017b) and the swelling was said to be irreversible by the desorption-induced shrinkage
(Cui et al., 2007). Thus, it can be hypothetically stated that the rate of adsorption-induced
swelling in this sample increased with temperature. Thus, at higher temperatures, the sample
swells more leading to reduced pore throats, increased inaccessibility of pores and

consequently, increased gas trapping (Goodman et al., 2004, Wang et al., 2017a).
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Figure 4.6: Relationship between sorption hysteresis at 25°C and rock properties

A comparison of the hysteresis quantifying parameters as functions of the rock properties is
shown in Figure 4.6. It is obvious that both AHI and IHI showed weak to negligible correlations
with each of the three rock properties examined. Considering that the amounts adsorbed are

different at different temperatures, it is expected that while the size of the hysteretic area may
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become smaller with increased temperature, the adsorption area also becomes smaller
potentially leading to a higher ratio than expected. Thus, a comparison of the absolute values
of areas enclosed by the hysteresis loop at different conditions offered better insights into the
relationship between the size of sorption hysteresis and the controlling factors like temperature

and rock properties.

4.3.5 Relationships between Langmuir Parameters and Shale Properties

As shown in Figure 4.7, Langmuir volumes for both adsorption and desorption processes
showed strong positive correlations with TOC content, indicating that TOC content is the
primary factor affecting adsorption and desorption in the Goldwyer Formation shales. A similar
relationship between Langmuir volume and TOC content for methane adsorption has been
reported in the literature for this Formation (Zou and Rezaee, 2019). The strong relationships
between Langmuir volumes and TOC contents can be explained in terms of the stronger affinity
of organic matters for methane as a non-polar adsorbate. It is believed that when a non-polar
adsorbate (such as methane) binds with the hydrophobic organic matter of the adsorbent, the
interfacial area between the non-polar adsorbate and the hydrophilic minerals (such as clay) is
reduced (Thompson and Goyne, 2012). This observation is supported by the poor negative
correlations found between Langmuir volumes and clay contents as shown in Figure 4.8.
However, in order not to downplay the contributions of the clay minerals to methane adsorption
and desorption in Goldwyer shales, COC was used as a predictor to capture the effect of clay
contents on Langmuir volumes. As shown in Figure 4.9, Langmuir volumes for both adsorption
and desorption show significant correlations with COC at all test temperatures. The lower
values of the correlation coefficients, compared to of TOC content, are because of the poor

correlations of Langmuir volumes with clay contents.

Langmuir pressures showed no appreciable correlation with either TOC, clay contents, or COC.
However, positive (albeit weak to intermediate) linear correlations were observed between

Langmuir pressures and Langmuir volumes at all temperatures as shown in Figure 4.10.

63



Langmuir Volume as a Function of TOC Content
Temperature =25°C

Langmuir Volume as a Function of TOC Content
Temperature =40°C

15.00
1500 1 o VL ads, /g ® VL_ads, «c/g
® VL _des, cc/g ® VL_des, cc/g
%D 12.00 4 Linear (VL_ads, cc/g) %D 12.00 Linear (VL_ads, cc/g)
S — — —Linear (VL_des, cc/g) GU; — — —Linear (VL_des, cc/g)
i)
E 900 { £ 900 1
= S
Z Vi_ags= 0.8204*TOC +2.8092 *>: V1_ads = 0.8600*TOC +2.7639 o 0
E 600 4 R? = 07095 d 5 600 4 R2=0.7644
t%; * —»-® gn o © __o-°
£ 3.0 | —. __---- F-e- & 3.00 ) -
$-o Vi des= 0.5771*TOC +1.9936 e VL_des = 0.5884*TOC +1.9429
R2=0.8616 2=
0.00 T T T T ! 0.00 T T 1;{ 0.8285‘ |
0.00 1.00 2.00 3.00 4.00 5.00 0.00 1.00 2.00 3.00 4.00 5.00
TOC Content, wt.% TOC Content, wt.%
Langmuir Volume as a Function of TOC Content Langmuir Volume as a Function of TOC Content
15.00 - Temperature =60°C 15.00 - Temperature =80°C
® VL _ads, cc/g ® VL _ads, «c/g
201200 { ©® VLdescclg w1200 1 @ Videscog
8~ Linear (VL_ads, cc/g) 51 Linear (VL _ads, cc/g)
9 ) 0 .
- ==L VL_des, ---L VL _des, cc/
—g 9.00 4 inear (VL_des, cc/g) g 9.00 1 inear ( es, cc/g)
S G
>
B 600 V1 _aas= 0.7742*TOC + 2.4255 ° z V1_ads= 0.6888*TOC +1.7928
s > R2=0.8757 5 6.00 R2=0.8037 °
& o & .
53.00< _ E 3.00 —_ e _--0-
e-* VL aes= 0.5624*TOC + 16077 --- VL des 20.4086*TOC + 1.5965
0.00 v v R 08738 v 0.00 , , - RE-06789 ,
0.00 1.00 2.00 3.00 4.00 5.00 0.00 1.00 2.00 3.00 4.00 5.00
TOC Content, wt.% TOC Content, wt.%
Figure 4.7: Relationship between Langmuir volumes and TOC contents
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Figure 4.8: Relationship between Langmuir volumes and clay contents
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Figure 4.9: Relationship between Langmuir volumes and COC
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Figure 4.10: Relationship between Langmuir parameters at different temperatures
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4.3.6 Prediction Models for Langmuir Parameters

Figure 4.7 shows that the Langmuir volumes for both adsorption and desorption isotherms
follow linear relationships with TOC contents at all test temperatures. If the slope and vertical
intercept of this linear relationship at a given temperature are m and c respectively, then the
following generalised equation can be written for the relationship between Langmuir volume
and TOC content:
V. =mXTOC+ c 4.9

Another observation from the Figure is that both the slopes and vertical intercepts are functions
of temperature. Thus, for temperature T in °C, the temperature-dependent nature of both m and

c can be represented, for each the sorption process, by the following equations:

Maas(T) = 0.9240 — 0.0027 X T 4.10qa
Maes(T) = 0.6861 — 0.0030 X T 4.10b
Caas(T) = 3.0199 — 0.0081 X T 411a
Caes(T) = 2.2093 — 0.0083 X T 4.11b

Combining equations 4.10 and 4.11 with equation 4.9, a single relationship was derived for
the temperature-dependence of Langmuir volume as a function of TOC contents for each
sorption process as shown in equation 4.12.
Vi qas(TOC,T) = 3.0199 + 0.9240 x TOC — 0.0027 X T X (TOC + 3.00) 4.12a
Vi 4es(TOC,T) = 2.2093 + 0.6861 X TOC — 0.0030 x T x (TOC + 2.79) 4.12b

Similar equations were also developed for the Langmuir volume as a function of COC as

shown in equation 4.13.

V, aas(COC,T) = 6.5456 + 0.0144 x COC — 6.7 x 1075 x T x (COC —438.4)  4.13a
Vi 4es(COC,T) = 4.5215 4+ 0.0104 X COC —5.2 X 1075 X T x (COC — 358.5)  4.13b

Figures 4.11 and 4.12 compare the actual and calculated Langmuir volumes for adsorption
and desorption isotherms respectively using both the TOC-based and the COC-based models.
The results showed that both models can adequately reproduce the actual Langmuir volumes

with acceptable errors.
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Figure 4.12: Comparing predicted and actual Langmuir volumes for desorption isotherms
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Figure 4.13 shows a comparison of the relative errors associated with the TOC-based and the

COC-based models for the adsorption isotherms at each test temperature. The errors are of

similar magnitudes indicating the reliability of using COC as a single predictor to account for

the effect of clay contents in this Formation.
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Figure 4.13: Comparing the relative errors in calculated Langmuir volumes for adsorption

isotherms

Also, Figure 4.10 shows that a linear relationship exists between Langmuir pressure and

Langmuir volume for both sorption processes at each test temperature. If the slope and

vertical intercept of the straight-line trend between P and V. are mz and c: respectively, then:

PL=m1XVL+ C1 4‘14

It was also observed that the slopes and intercepts of the lines in Figure 4.10 are quadratic

functions of temperature. Therefore, for temperature T in °C, the temperature-dependence of

m; and ¢ can be represented by the following equations:

ml(T) = aoTz + alT + a, 4‘15

Cl(T) = boTz + blT + bz 416

The values of the coefficients aj and bj (i = 0, 1, 2) in equations 4.15 and 4.16 are

summarized in Table 4.5.
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Table 4.5: Coefficients of the quadratic relationship between temperature and each of m; and ¢,

Process ao a1 a bo b1 b
Adsorption | 0.0008 -0.0879 2.5212 -0.0057 0.6213 -9.7478
Desorption 0.0003 -0.0230 0.8049 -0.0019 0.1939 -2.6734

Figures 4.14 and 4.15 show the comparison of the calculated Langmuir pressures for adsorption
and desorption isotherms respectively at all test temperatures with the corresponding actual

values. Again, the model’s predictions adequately match the actual values.
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Figure 4.14: Comparing predicted and actual Langmuir pressures for adsorption isotherms

While the analytical models developed here for Langmuir parameters as functions of temperature and
rock properties show good performances in predicting experimental values, they should be used with
caution considering the assumptions underlying their development. The following assumptions made

in their developments may limit their performances to new datasets:

1. The isotherms were characterised by early pore saturation and could only be modelled using a
“hybrid” approach.

2. The Langmuir parameters used in developing the models are highly-dependent on the value of
adsorbed phase density calculated from D-R model.

3. The samples used in this work are clay-dominated, with TOC ranging from 0.28 — 4.16 wt.%.

The models’ performances may deteriorate in high TOC samples (with low clay contents).
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4. The models’ performances may also deteriorate at higher temperatures where the excess
adsorption isotherms might peak a little earlier resulting in lower adsorbed phase densities
and poorer relationships between Langmuir parameters and TOC contents or COC.
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Figure 4.15: Comparing predicted and actual Langmuir pressures for adsorption isotherms

4.4 Conclusions

This study presents the adsorption and desorption isotherms of methane on shale samples from
the Ordovician Goldwyer Formation in the Canning Basin of Western Australia. The results
showed that methane adsorption in these shales was characterized by early pore saturation
resulting in peak excess adsorptions at about 5SMPa. Also, for all test temperatures, desorption
isotherms were in hysteresis with the adsorption curves resulting in different temperature-
dependent model parameters for both processes. Moreover, the size of the hysteresis loop was
also affected negatively by temperature. Langmuir volumes for both processes strongly
correlated positively with TOC contents but showed a weak to no significant relationship with
clay contents. However, the ratio of clay to organic carbon (COC), used to capture the
combined effect of both TOC and clay contents showed negative correlations with Langmuir
volumes for both adsorption and desorption processes. While the areal hysteresis index (AHI)
and improved hysteresis index (IHI) did not show any appreciable correlations with rock
properties, the absolute values of the hysteresis area showed strong correlations with TOC

content and COC. Lastly, analytical models were developed for the temperature-dependence
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of Langmuir volume as functions of TOC contents and COC for each sorption process. The
models showed a significant match with experimental results and as such, can be adopted for

temperature conditions beyond those investigated in this study.
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Chapter 5

Effect of Sorption Hysteresis on Shale Gas Production — A Numerical Simulation
Study

5.1 Introduction

Gas production from shale rocks has gained attention worldwide due to advances in hydraulic
fracturing and multi-lateral drilling technologies (Yu et al., 2014a, Feast et al., 2015). Shale
rocks have an affinity for gas storage in the internal surface area of their pore structures,
particularly their organic matter pores, and their natural fractures (Curtis, 2002, Leahy-Dios et
al., 2011). Therefore, gas adsorption and desorption mechanisms must be considered during
shale gas reserves evaluations and shale gas production predictions respectively (Wang et al.,
2016a, Wang et al., 2015, Wei et al., 2013). Research has found that gas production can be
significantly under-predicted if “adsorption” is not accounted for in the calculation (Wang et
al., 2018, Zhang et al., 2017, Yu et al., 20144, Feast et al., 2015). The word “adsorption” in this
context signals a traditional practice of using adsorption isotherms to obtain desorbed gas
volumes during gas production calculations (Wang et al., 2018, Zhang et al., 2017, Yu et al.,
2014a, Feast et al., 2015). This practice is based on the assumption that both sorption processes
follow the fully reversible monolayer adsorption theory underpinning the Langmuir model
(Langmuir, 1918), which is arguably the standard model for shale gas adsorption isotherms
(Feast et al., 2015, Yu et al., 2014b). This assumption invariably ignores the hysteresis

behaviour of shale gas adsorption-desorption isotherms at in situ conditions.

It has been demonstrated in the preceding chapter that significant hysteresis may exist between
the adsorption and desorption isotherms of methane on shale rocks at high pressure and high
temperature conditions. These findings support the few existing literatures on this subject (Wei
etal., 2017a, Wei et al., 2013, Ekundayo and Rezaee, 2019c, Bhowmik and Dutta, 2019, Zhang
et al., 2015b, He et al., 2019). However, while it is well-acknowledged that gas desorption is
one of the several complex flow mechanisms characterizing gas production from shale
reservoirs (Wang et al., 2018, Wang et al., 2015, Feast et al., 2015, Yu et al., 2014b, Yu et al.,
2014a), its true contribution to gas production is often masked by the assumption of reversible
sorption isotherms. Despite the published results on the contributions of “adsorption” to shale
gas production, we are not aware of any literature that explicitly discussed or the implication

for gas production predictions, of using adsorption isotherms in lieu of desorption isotherms.
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Hence, the main objective of this chapter is to demonstrate that the existence of gas sorption
hysteresis means different gas production performances for adsorption and desorption
isotherms. And more so, to show that assuming adsorption equates to desorption can result in

wrong estimations of gas production performances.

5.2 Simulation Model

A three-dimensional, single-phase, multiple interacting nested continua (MINC) model
(Pruess and Narasimhan, 1985) was developed in CMG-GEM® to study the influence of
sorption hysteresis on gas production from shale rocks. The model was based on GEM’s sample
dataset (GMFRRO005.DAT) for “Fractured Gas Reservoir with MINC” (CMG, 2016). The main
reservoir and well parameters used for the “no sorption” (base case) are listed in Table 5.1. The
base case was the same for all samples and involves the use of neither adsorption nor desorption
isotherm parameters. This was compared with two other cases named adsorption and
desorption cases, for which Langmuir parameters at 80°C was used to simulate the
contributions or sorption processes to gas production. GEM uses the keywords “ADGMAXC”
and “ADGCSTC” to define the Langmuir volume and the reciprocal of Langmuir pressure
needed for simulating the desorption process for gas production calculations (CMG, 2016). For
simplicity, all natural fractures were assumed to be uniformly spaced and run perpendicular to

the I- and J-directions through the entire reservoir thickness.

It is acknowledged that there are several parameters (matrix permeability, fracture
permeability, fracture spacing, and so on) that can influence gas production from shale
reservoirs. Several sensitivity analyses will be required to quantify the effect of individual
parameter on gas production. Examples of such sensitivity studies abound in the literature
(Feast et al., 2015, Wang et al., 2018, Yu et al., 2014a, Zhang et al., 2017). The focus of this
study was to demonstrate the effect of sorption hysteresis on gas production and as such,
keeping other parameters constant was necessary to isolate this effect. A similar approach was
adopted by other authors in their work (Feast et al., 2015, Wang et al., 2018, Yu et al., 2014a,
Zhang et al., 2017).
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Table 5.1: Base case’s model parameters

Parameter Value
Reservoir area, ft? 1378 x 1378
Reservoir thickness, ft 66
Number of layers 1
Reservoir pressure, psi 2750
Reservoir temperature, °F 176
Initial gas saturation, % 100
Matrix porosity, fraction 0.04
Matrix permeability, mD 1x10°
Fracture porosity, fraction 1x103
Fracture permeability, mD 1x103
Fracture spacing, ft 26
Compressibility factor, psi* 1x10°
Rock density, g/cc 2.65
Number of producing wells 1
Wellbore radius, ft 0.12
Minimum flowing BHP, psi 350
Duration, year 10

5.3 Results and Discussions

The results of the numerical simulation with and without sorption parameters are shown in
Figure 5.1 for all eight samples. For each sample, the base case (no-sorption case) ultimately
gave the lowest gas production rate and 10-year cumulative gas production compared to the
other two cases. This confirms the importance of gas sorption parameters on shale gas
production calculations. However, there is no significant difference between the gas production
for the base case and each of the two comparison cases during the early stages of gas
production. This suggests that the effect of gas adsorption or desorption is minimal during the
early time. Given the assumption of 100% initial gas saturation, it is expected that the volume
of free gas in the reservoir will be significant. For the base case, this volume is the simulated
original gas in-place (OGIP) volume estimated as 862 MMSCF for all the samples. As
summarized in Table 5.2, the difference between this volume and the OGIP for the adsorption

case for each sample represents the adsorbed gas content at the initial reservoir conditions.
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Table 5.2: Contributions of Gas Adsorption to Original Gas in Place

Sample | OGIP*, MMSCF | Adsorbed Gas Vol., MMSCF % Contr. of Adsorbed Gas
GTh-1 1347 485 36.0
GTh-2 1559 697 44.7
GTh-3 1661 799 48.1
GTh-4 1837 975 53.1
GTh-5 1696 834 49.2
GTh-6 1573 711 45.2
GTh-7 1936 1074 55.5
GTh-8 2122 1260 59.4

* OGIP for adsorption cases

For all the samples, the adsorption case gave the highest production rate and cumulative gas
production after 10 years resulting in 8.4 — 22.2% additional gas production (relative to the
base case). This agrees with existing literature on the effect of adsorption on shale gas
production (Wang et al., 2018, Zhang et al., 2017, Yu et al., 20144, Feast et al., 2015). While
desorption cases also gave higher gas production performances than the base case, the
additional gas productions due to desorption are less than the corresponding values for the
adsorption cases (Figure 5.1). This confirms that the use of adsorption model parameters, which
assumes no hysteresis exists between the sorption processes, can lead to a significant over-
prediction of gas production. The difference between the cumulative gas productions from the

two sorption cases was used to quantify the effect of sorption hysteresis on gas production.

It follows from the above discussion that while gas sorption generally has a positive effect on
gas production from shale reservoirs, the effects are often exaggerated by the assumption of
fully reversible sorption isotherms. Where hysteresis exists between adsorption and desorption
isotherms, the (Langmuir) model parameters are usually lower for desorption isotherms than
for the adsorption counterparts and the differences will directly translate to lower gas
production with the desorption parameters.
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Shale Gas Production Performances
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Figure 5.1: Gas production performances showing the effect of gas sorption hysteresis
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Figure 5.2: Sample pressure distributions for all three simulated scenarios
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Figure 5.2(a) shows the initial pressure distribution in the simulation grids. This was the same
for all the simulated cases and for all the samples. On the other hand, Figures 5.2(b-f) show the
final simulated pressure distributions for the base case, and the adsorption and desorption cases
for two selected samples (GTh-1, the lowest TOC sample and GTh-8, the highest TOC sample).
For each of these Figures (5.2 b-f), the final pressure is lowest (and approximately equal to the
minimum bottom-hole flowing pressure shown in Table 5.1) in the region around the wellbore.
Also, while none of the scenarios achieved a complete sweep, it is obvious that the areas
drained by the different scenarios are significantly different. To achieve the level of gas
production performances shown in Figure 5.1, the base case had drained a lot more area than
each of the other cases. Thus, the final pressure at any point (away from the wellbore) is much
lower compared to the other cases. Similarly, a comparison of the final pressure distributions
for the adsorption and desorption cases shows that for each of the two selected samples, the
desorption case drained more area to achieve its gas production performances. Thus, it has a
lower final pressure at any given location (away from the wellbore) than the corresponding

adsorption case.

5.3.1 Effect of Rock Properties
It was demonstrated in Chapter 4 that TOC content was the primary factor affecting the
adsorption and desorption parameters of the Goldwyer Formation. Considering the abundance
of clay minerals in this Formation, and given the poor relationship between clay contents and
sorption parameters, the parameter Clay to-Organic Carbon ratio (COC) was used to capture

the combined effect of both TOC content and clay content.

As shown in Figure 5.3(a), the difference in production gains (relative to the base case) between
the adsorption and desorption cases follows a positive linear trend with TOC content. This is
expected given a similar relationship between Langmuir volumes and TOC contents presented
in Chapter 4 for these samples. The lower value of the coefficient of determination (R? =
0.7261) may be related to the effect of Langmuir pressure which, as stated in Chapter 4, showed
no significant correlation with TOC contents. The effect of adsorbed phase density on
Langmuir volume is another possible reason for the low R? value. As discussed in Chapter 4,
the calculated values of the adsorbed phase density at 80°C, were much lower for some samples
than others irrespective of their TOC content. This resulted in absolute isotherms that deviated
slightly from the expected trend with TOC content. Consequently, the resultant Langmuir
volumes for both adsorption and desorption also deviated accordingly, with the deviations (as

shown in Figure 4.7, Chapter 4) being more pronounced for desorption at this temperature.

78



Prod. over-estimation, %

12.0

10.0

8.0

6.0

4.0

2.0

0.0

(a). Change in Prod. vs TOC Content

R2=0.7519

= -
o N
o o

©
o

>
=)

Prod. over-estimation, %
[e2}
o

N
o

o
o

1.00 2.00 3.00

TOC Content, wt.%

(b). Change in Prod. vs Clay Content

4.00 5.00 0

20 40 60 80
Clay Content, wt.%

100

12.0

10.0

8.0

6.0

4.0

Prod. over-estimation, %

2.0

0.0

(c). Change in Prod. vs COC

R2=0.5907

50 100 150 200
COC, dimensionless

250 300

Figure 5.3: Relationship between relative production over-prediction and rock properties

As shown in Figure 5.3(b), a very weak negative relationship exists between the relative

amount of gas production over-estimated and clay contents. Again, this follows a similar

observation like the one reported in Chapter 4 between Langmuir volumes and clay contents.

Lastly, Figure 5.3(c) shows a negative non-linear correlation between production over-

prediction and COC. The lower R? value (compared to Figure 5.3(a)) is a reflection of the

opposing effects of TOC contents and clay contents.

Lastly, a comparison of the final pressure distributions for the two samples (shown in Figure
5.2) shows that for each process, sample GTh-8 (TOC = 4.16 wt.%) drained less area and thus

has a higher final pressure at any given grid-cell compared to sample GTh-1 (TOC = 0.28

wt.%) suggesting a relationship may exist between the final pressure at a given location and

TOC content. An example of such a relationship is shown in Figure 5.4.
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Figure 5.4: An example of the relationship between final block pressure and TOC content

(adsorption case)

5.3.2 Effect of Sorption and Sorption Hysteresis
Given the observed differences in gas productions between the two comparison cases relative
to the base case, an attempt was made to see the relationships between the relative amounts of
these differences and each of the hysteresis quantifiers discussed in Chapter 4. Figure 5.5(a-c)
below shows the relationships between the gas production over-predictions and the hysteresis
quantifying parameters, namely hysteresis area, areal hysteresis index, and improved hysteresis
index. Unsurprisingly, the production over-predictions did not show a significant correlation

with any of the parameters.
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Figure 5.5: Relationship between relative production over-prediction and Hysteresis
Quantifiers

As discussed in Chapter 4, all the hysteresis quantifying parameters deviated at 80°C from the
expected decreasing trend with temperature possibly due to methane readsorption during the
desorption process and/or due to possible gas trapping caused by irreversible adsorption-
induced structural changes to the samples’ pore systems. However, further studies would be

required to validate this hypothesis.

Lastly, one of the conclusions from Chapter 4 of this thesis was that Langmuir parameters
would be lower for desorption than the corresponding values for adsorption due to hysteresis
between the two processes. Given the strong positive correlations between Langmuir volumes
and TOC contents for each of the processes, it is expected that the difference in Langmuir
volumes (AVL) between the sorption processes would also correlate positively with TOC
content as shown in Figure 5.6(a). In fact, AVL could also be used a measure of the size of
hysteresis between adsorption and desorption. Thus, it is obvious from Figures 5.3(a) and
5.6(a), that the relative difference in gas production between adsorption and desorption would
also correlate positively with this new measure of hysteresis. This relationship is shown in
Figure 5.6(b).
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Figure 5.6: Relationship between differential Langmuir volumes and (a) TOC content,

(b) relative amount of gas over-predicted.

5.4 Conclusions

This chapter presented the effect of gas sorption and sorption hysteresis on shale gas
production. The results showed that although gas sorption has a positive effect on gas
production from shale reservoirs, using adsorption model parameters to calculate desorbed gas
volumes during gas production could lead to production over-prediction. In summary, it can

be concluded that:

1. Gas sorption contributes significantly to both estimated reservoir gas volumes and gas
production. Thus, neglecting the gas sorption during gas production predictions can
lead to under-estimation of gas production performances.

2. The relative amounts of gas over-predicted by neglecting hysteresis between adsorption
and desorption showed a positive correlation with TOC content. This is expected given
the positive correlation between Langmuir volumes and TOC contents.

3. The relative amount of gas over-predicted negatively correlated, albeit, weakly with
clay content but moderately with COC, a parameter introduced to better capture the
contribution of clay contents.

4. No significant relationship was found between each of the hysteresis quantifying
parameters (hysteresis areas, areal hysteresis index, and improved hysteresis index) and
the relative amount of gas over-predicted. While the exact reason for this was not
established in this thesis, it was postulated that gas readsorption during desorption at

high temperature and/or irreversible structural changes caused by adsorption could be
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responsible for this observation. However, further studies would be required to
ascertain this proposition.

5. A strong positive correlation was found between the relative amount of gas over-
predicted and the difference in Langmuir volumes between adsorption and desorption

isotherms, which is another indication of the extent of sorption hysteresis.

Lastly, while this study offers insights into the effect of sorption hysteresis on gas production,
it is acknowledged that gas transport in shale is a multiphysics process and the inclusion of
other flow mechanisms may affect the simulation outputs. However, in keeping with the
objectives of this study, it was necessary to keep other parameters constant to isolate the effect
of sorption parameters and hysteresis on gas production. Several publications exist that adopted
similar approach in their studies (Feast et al., 2015, Wang et al., 2018, Yu et al., 2014a, Zhang
etal., 2017).
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Chapter 6
Conclusion and Recommendations

6.1 Conclusions

The primary aim of this research was to investigate the hysteresis between methane adsorption
and desorption isotherms measured at high temperature and pressure conditions for selected
Goldwyer shale samples and their effects on gas production from shale reservoirs. To achieve
these objectives, series of high-pressure methane adsorption and desorption experiments were
conducted using a medium-ranked, volatile bituminous coal in the first part, and eight shale
samples from the Ordovician Goldwyer Formation in the Canning Basin, Western Australia in
the latter part of this thesis. The samples were first characterised using conventional techniques
low-pressure nitrogen adsorption tests to determine the pore-size distributions and micro-
structural properties like specific surface areas and pore volumes, and x-ray diffraction for
mineral composition studies. In addition to characterization techniques, geochemical analysis
with RockEval® pyrolysis was also conducted on the shale samples to establish the total

organic carbon (TOC) contents and its associated parameters.

The part of this thesis involving the coal sample explored the effects of equation of states on
methane adsorption and desorption isotherms, as well as their associated model parameters and
sorption hysteresis. The findings from this part suggested that equation of states has a
significant effect not only on the measured isotherms, but also on the type and size of hysteresis
between adsorption and desorption isotherms of methane on coal. This provided new insights
into equation of state as a possible cause of the observed hysteresis between methane

adsorption and desorption isotherms at high-pressure and temperature conditions.

The latter part of this thesis involved the use of shale samples to investigate the effect of
temperature on sorption hysteresis as well as the relationships between sorption hysteresis and
rock properties. Following the mathematical modelling of the measured isotherms using a
combination of DR and Langmuir models, the relationships between the calculated Langmuir
parameters and selected TOC and clay contents of the samples were determined for both
adsorption and desorption processes. These relationships gave insights which formed the basis
of novel analytical models developed for Langmuir parameters as functions of temperature and
rock properties (TOC contents and COC, a parameter which combines the clay and TOC

contents) for both adsorption process and, for the first time, desorption process. Lastly, a
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numerical block simulation model was set-up using CMG-GEM® to study the effects of

observed gas sorption hysteresis on gas production from shale gas reservoirs.

In this chapter, each of the key chapters of this thesis is summarized and its main findings are
further discussed. Also, some suggestions are made for future direction in advancing this

research subject.

6.1.1 Effects of Equation of States on Gas Sorption Isotherms and Hysteresis

The first broad objective of this thesis, as stated in Chapter 1, was to investigate the effect of
equation of state (EOS) on high-pressure methane adsorption and desorption isotherms, the
associated model parameters and other parameters derived from these. High-pressure
adsorption of supercritical methane is routinely used to study the adsorption capacity of shale
reservoirs and coal-seams. However, there is no agreement on the best EOS for computing gas
densities required for experimental data analysis making it difficult to compare or reproduce
published data. Thus, this aspect of this thesis aimed, in part, to alert fellow researchers of
potential errors that might be caused by their choice(s) of EOS for this type of study. Secondly,
it is particularly important to choose the most suited EOS for the rest of this research. These

objectives were addressed in Chapter 3 of this thesis.

In that chapter, a synthetic coal sample was used to study methane adsorption and desorption
at 25°C and 40°C. Six sets of adsorption and desorption isotherms calculated, from the same
experimental data, using different equations of states were compared with the reference
isotherms calculated using the system’s inbuilt software (NIST-Refprop®). The software used
the combination of McCarty & Arp EOS (for helium) and Setzmann & Wagner’s EOS (for
methane) for transforming the measured pressure and temperature data to sorption isotherms.

The key findings from this chapter can be highlighted as follows:

1. Measured adsorption and desorption isotherms, resulting model parameters as well as
the type and extent of the hysteresis between them varied significantly with the applied
EOS

2. The type of sorption hysteresis was found to be related to how the Z-factor of methane
deviated from the reference EOS (Setzmann & Wagner’s EOS); negatively deviating
EOS produced positive sorption hysteresis while positively deviating ones gave

negative sorption hysteresis for the same dataset.
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3. Due to the significant contribution of adsorption to the gas contents in unconventional
gas reservoirs, deviations of estimated initial gas in-place correlated with those of
Langmuir volumes relative to the reference adsorption data.

4. Soave-Benedict-Webb-Rubin’s (SBWR) EOS (Soave, 1999) gave the lowest
deviations from the reference adsorption isotherms (obtained from the system’s inbuilt
software), SBWR-EOS resulted in sorption hysteresis that conforms to reality (as

evident from existing literature). Thus, it was selected for the rest of this research.

6.1.2 Experimental Investigation and Mathematical Modelling of Sorption Hysteresis

The next objective of this research was in two folds. The first was to investigate hysteresis
between the methane adsorption and desorption isotherms and how it relates to temperature,
selected shale properties. In furtherance to that, this research also sought to develop analytical
models for Langmuir parameters as functions of temperature and selected shale properties.

These objectives were the key focus of Chapter 4 of this thesis.

In that chapter, methane adsorption and desorption isotherms were measured at four different
temperatures on selected shale samples from the Ordovician Goldwyer Formation. The samples
were previously characterised in Chapter 2 of this thesis using different techniques. The
samples exhibited high clay contents dominated by illite and as such, their methane adsorption
isotherms deviated from the expected behaviour with pressure. Methane adsorption capacities
of these samples appeared to have been reduced by illite precipitation into the organic
micropores resulting in lower amounts been adsorbed than expected. The excess adsorption
isotherms reached maximum values in the neighbourhood of 5MPa, much lower than most
published values on this subject, as a result of early pore saturation. Such a behaviour could
only be satisfactorily modelled using a hybrid approach involving DR-model to estimate the
adsorbed phase densities followed by Langmuir model to parameterise the resulting absolute

(adsorption and desorption) isotherms.

The isotherms followed the expected negative trend with temperature and positive trend with
TOC contents. However, no discernible correlation could be established between the measured
isotherms and clay contents. Similar observations were made between Langmuir volumes and
these rock properties. The effects of clay contents were therefore inferred from the correlations
of the Langmuir parameters with the novel ratio of clay to organic carbon, COC, which gave

(mild to strong) negative correlations with Langmuir parameters.
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Furthermore, all the samples exhibited significant hysteresis between the adsorption and
corresponding desorption isotherms and the absolute area enclosed by the hysteresis loop

followed the same relationships with TOC content and COC as Langmuir volume.

The second part of this objective was achieved by developing novel analytical models for
temperature-dependent Langmuir parameters, for both adsorption and desorption, as functions
of TOC content and COC.

Lastly, the main findings from this aspect of this study are:

1. Due to their high illite compositions, the shale samples used in this thesis exhibited
methane adsorption isotherms characterised by early pore saturation leading to excess
adsorption peaks at about 5SMPa

2. Significant hysteresis was observed between adsorption and desorption isotherms at all
test temperatures resulting in lower Langmuir parameters for desorption compared to
the corresponding adsorption isotherms

3. Strong positive correlations were observed between Langmuir volume and TOC content
for both adsorption and desorption. Reflecting the negative impact of clay contents on
the adsorption capacities of the samples used in this study, COC negatively correlated
with Langmuir volume for both adsorption and desorption.

4. The commonly used indices (areal hysteresis index (AHI) and improved hysteresis
index (IH1)) for quantifying the size of sorption hysteresis could not be correlated with
rock properties and their relationships with temperature were also inconsistent.
Conversely, the absolute area of the hysteresis loop was found to give strong
correlations with TOC content and COC.

5. The analytical models developed for Langmuir parameters as functions of temperature
and rock properties gave a significant match with experimental data and may therefore
be useful in studying methane adsorption and desorption for similar shale Formations

or beyond the experimental conditions investigated in this thesis.

6.1.3 Investigation of the Effects of Sorption Hysteresis on Shale Gas Production

The last primary objective of this thesis was to investigate the effect of the observed hysteresis
between methane adsorption and desorption isotherms on shale gas production. This objective
was achieved through a numerical simulation study detailed in Chapter 5 of this thesis. It is
commonly assumed that adsorption isotherms can be used in simulating shale gas production

on the basis that methane adsorption would be fully reversible at high-pressure, high-
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temperature conditions (Kierlik et al., 2002, Monson, 1983). In addition to few existing
evidences of hysteresis between methane adsorption and desorption isotherms at high pressure
and temperature conditions (Bhowmik and Dutta, 2019, Wei et al., 2013, Wei et al., 2017a),
this research also found that significant hysteresis between these sorption processes. Thus, a
3D simulation model was developed in CMG-GEM® to quantify the difference in gas
production caused by the observed sorption hysteresis. The results showed that although gas
sorption has a positive effect on shale gas production, the true contribution of gas sorption may
be significantly exaggerated by the assumption of fully reversible sorption isotherms. Where
hysteresis exists between adsorption and desorption isotherms, desorption would have lower
Langmuir model parameters compared to the corresponding adsorption isotherm and by

implication, desorption-based gas production would be lower.
In summary, the key findings from Chapter 5 are highlighted as follows:

1. Gas sorption is very important for gas production from shale reservoirs. Neglecting its
contribution can lead to significant under-estimation of gas production performances

2. Significance differences were observed between the adsorption-based gas productions
compared to the desorption-based gas productions. These differences represent the
volume or undesorbed gas due to sorption hysteresis

3. Gas production difference due to sorption hysteresis was found to show a positive
correlation with TOC contents and a negative correlation with clay contents, as inferred
from the correlation with COC.

4. Lastly, while the production over-estimation did not give a significant correlation with
any of the hysteresis quantifying parameters, it was found to strongly correlate with the

difference in Langmuir volumes between adsorption and desorption isotherms.

6.2 Limitations and Recommendations

This thesis provided useful insights into some of the key issues in high-pressure shale gas
adsorption and desorption processes. The choice of EOS was identified as a potential reason
for the observed hysteresis between adsorption and desorption isotherms of methane on shale
rocks at high-pressure, high temperature conditions. It was also demonstrated that high illite
content in shale samples could lead to early pore saturation by methane. When that happens,
the excess isotherms would exhibit maximum adsorbed amounts at much lower pressures than
the commonly cited 10 - 15MPa range (Zhang et al., 2016). In such cases, Langmuir isotherm

might result in relatively low values of adsorbed phase density and consequently, exaggerated
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absolute adsorptions and Langmuir parameters. A hybrid modelling approach, involving the
use of DR model to estimate adsorbed phase density followed by the traditional Langmuir

model to fit the resultant absolute isotherms, is recommended.

Given the limited number of samples used in this research, it is recognised that more work
would be required to validate the results and conclusions presented in this thesis. The following

points could guide future research to address the limitations of this research:

1. The adsorption and desorption isotherms measured in this thesis were based on high
purity (99.9%) methane to determine the shale gas adsorption and desorption capacities
of the Goldwyer Formation. Naturally, shale gas contains different impurities such as
CO2 and N2 which also have significant adsorption and desorption tendencies in shale.
It is therefore recommended that a more representative adsorbate be used to better
quantify the sorption hysteresis in this Formation and develop more representative
predictive models for Langmuir parameters.

2. The analytical models developed in this thesis did not take into consideration, the
contribution of the individual mineral constituent of the shale rock. To fully understand
how each mineral affects the adsorption/desorption in the Goldwyer shales, it may be
necessary to expand the models to include the relationships of Langmuir parameters
with the key minerals found in the shales.

3. The numerical model used to study the effect of sorption hysteresis on gas production
is a single-phase homogeneous block model. In addition to reducing the adsorption
capacity of shales, the presence of water has also been reported to cause sorption
hysteresis by gas trapping. Therefore, a two-phase (gas-water) simulation model can be
developed to further validate the respective contributions of adsorption and desorption
processes in the presence of residual moisture (water saturation).

4. The observed deviation at 80°C, of the hysteresis quantifying parameters from the
decreasing trend with temperature, was hypothetically attributed to re-adsorption of
methane during the desorption process and/or gas trapping caused by irreversible
structural changes to the pore systems induced by adsorption. To verify these
assumptions, it is therefore recommended that the experimental set-up used in this study

be modified to measure the structural changes associated with sorption processes.
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Appendix A

TOC and Total Clay Contents from literature

Table Al: Additional data used in Figure 2.14

Total
Sample | TOC content Total Clay Sample Toc Clay
Source content Source content
ID wt.% ID content
wt.% wt.%
wt.%
MF3-1 0.97 51.0 S-1 2.19 53.7
MF4-1 1.87 72.0 S-2 0.33 14.2
Wang and Guo Y88-1 0.97 55.0 S-3 1.67 35.6
(2019) Y88-2 1.90 52.0 S-4 1.72 38.8
Y88-3 4.62 45.0 Chen et al. S-5 0.78 44.0
Y88-4 3.21 56.0 (2018) S-6 0.12 22.6
LQ-1 7.68 35.4 S-7 0.62 31.3
LQ-6 4.24 34.8 S-8 1.53 42.2
LQ-9 2.18 37.8 S-9 1.12 38.5
LQ-13 1.46 48.7 Sample 1 1.42 45.1
Wang et al. GS-6 5.23 34.1 Sample 2 1.01 44.9
(2016b) GS-7 4.82 38.5 Sample 3 1.56 44.3
GS-15 1.76 36.1 Pan et al. (2016) | Sample 5 2.62 38.5
CX-18 2.17 27.2 Sample 6 3.47 52.5
HW-5 4.40 20.1 Sample 7 3.41 49.2
HW-9 3.90 28.7 Sample 8 3.98 525
T3t-1 0.87 33.0 Y-1 0.73 38.5
T3t-2 2.24 48.0 Y-2 0.39 39.7
T3t-3 2.57 49.0 Y-3 0.74 54.4
T3t-4 1.22 36.0 Chen et al Y-4 0.54 44.0
T3t-5 2.42 43.0 (2019) ' Y-5 0.99 32.3
T3h-1 1.05 46.0 Y-6 0.97 47.1
T3h-2 0.70 42.0 Y-7 1.72 43.0
T3h-3 0.98 45.0 Y-8 1.63 41.3
T3h-5 1.30 47.0 Y-9 0.74 47.6
T3h-6 5.76 55.0 CJIG-7 7.28 21.8
T3h-7 1.55 60.0 CJG-10 7.74 19.3
T2-3k-1 0.50 26.0 QT-1 2.75 35.1
Guoetal. (2017) | T2-3k-2 0.95 40.0 QT-2 3.59 35.4
T2-3k-3 0.81 42.0 QT-4 2.69 47.9
Cao etal.
T2-3k-4 0.76 41.0 (2015) QT-5 2.76 45.7
J2g-1 1.02 58.0 NSH-1 4.4 34.8
J20-2 1.17 35.0 NSH-6 4.59 35.1
J20-3 1.38 57.0 MB-1 2.22 50.8
J20-4 1.62 52.0 MB-4 2.09 62.5
J2kz-1 1.48 36.0
J2kz-3 2.39 36.0
Jly-1 2.47 43.0
Jly-2 5.35 70.0
J1y-3 5.33 70.0
J1y-5 4.59 60.0
J1ly-6 1.55 55.0
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Appendix B

Equations of State

This section of has been published as a supporting material in the article titled “Effect of
Equation of States on High Pressure Volumetric Measurements of Methane-Coal
Sorption Isotherms - Part 1: Volumes of Free Space and Methane Adsorption Isotherms”
and is available online at 10.1021/acs.energyfuels.8b04016.

B1. Cubic Equations of State
In terms of molar volume, Van der Waal type cubic equations of state assume the following

general mathematical form:

RT a(T)

P ot A Gt Om 1)

B1

Where the parameters P, R and T are the pressure, gas constant and temperature respectively;
& and y are EOS-specific parameters while parameters a(T)and g are similarly defined for

all Van der Waal type equations of state as:

N,a(T)R?T?
a(l) =a= M B2
Fe
B =—b B3
The parameter b is given as:
0y RT,
p="2"¢ B4
Fe

Where £2,, 2,, EOS-specific constants and T'c, Pc are the critical temperature and critical
pressure of the gas respectively. The temperature dependent parameter a(T) is also EOS-

specific and is given as:

a(T) = <1 +m (1 - Té))z B5

Where:
T, = Tl is the reduce temperature and m is EOS-specific.

c

In terms of the molar volume, the Equation B1 can be expanded to yield

91


https://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.8b04016

. RT RT . RT a
Um® + Up (ﬁ+5+y—F)+vm<,86+[3y+6y—?5—?)/+5>

+(a RT5+5)—0 B6
Pﬁ 5 Y péy | =

The molar volume of the gas can be obtained as the lowest root of Equation B6 for a given
EOS. Alternatively, Equation B6 can be expressed in terms of the gas compressibility factor,

Z as:

2

73 + Zz<}%(ﬁ+5+y)—1>+z< P

5 5 P6 P P
Rsz(ﬁ + By + 6y) Tl a

RT R2T?

p? p? p3
+ B3T3 ap — RZIT? oy + R3T3 Béy )] =0 B7

The largest root of Equation B7, solved iteratively, is the z-factor of the gas for the given
EQOS parameters a, 3,6 and y.

Also, for use in subsequent subsections, two additional parameters A & B are generally

defined as
aP
A= R2T2 B8
~RT
B1.1 Soave-Redlich-Kwong (SRK) Equation of State
The SRK-EOS is given as:
RT a(T
p= () B10

(vm - b) - vm(vm + b)

Compared to Equation B1, it can be seenthat § = —b; § = 0andy = b. The SRK-EOS
is also characterized by 2, = 0.42747; 2, = 0.08664 and the parameter m is given as:

m= 0.480 + 1.574w — 0.176w? B11
w 1s the acentric factor of the fluid/gas being studied.

Substituting for the parameters 3, § and y in Equation B7 and simplifying with Equations B8
& B9, the SRK-EOS can be written in terms of gas compressibility as:

73— 724+7Z(A—B—B%)— AB = 0 B12
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B1.2 Peng-Robinson (PR) Equation of State
The PR-EQS is given as:

RT a(T)
(v, —b)  (v,,2 + 2bv,, — b?)
RT a(T)

= @n=D  [(om+ (L =2)0)|[(om + (1 + V2)D)] B3

p =

Compared to Equation B1, it can be seenthat p = —b; § = (1—+V2)bandy =
(1 + v/2)b. The PR-EOS is also characterized by 2, = 0.457535; 2, = 0.077796 and

m is given as:
m = 0.37464 + 1.54226w — 0.26992w? B14

Substituting for the parameters 3, § and y in Equation B7 and simplifying with Equations B8
& B9, the PR-EOS can be written in terms of gas compressibility as:

73+ (B—1)Z2+Z(A—2B—3B2)+ (B3+B2—AB) = 0 B15

B1.3 SRK-Peneloux Equation of State
The SRK-Peneloux EOS is given as:

RT a(T)
P = - B16
(v —b) (Wup+c)(w, +b+ 2c)
Compared to Equation B1, it can be seenthat § = —b; § = candy = b + 2c. Parameter

c is the volume shift factor introduced by Peneloux et al, to modify the SRK-EOS and given

as:

RT,
¢ = 040768

Cc

(0.29441 — Zg,) A17

Where Zy4is known as the Rackett compressibility factor (Pedersen and Christensen, 2007)

given as:
Zpa = 0.29056 — 0.08775w A18

Introducing a parameter C defined as:

cP

C =— A19
RT
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Substituting for the parameters £, § and y in Equation B7 and simplifying with the
definitions of 4, B & C, the SRK-Peneloux EOS can be written in terms of gas
compressibility as:

73+ (B3C—-1)Z*+[A—B—-B%?—-2BC —3C+2C?)Z
— (AB+BC+B?C+2BC*+2C%) =0 B20

B1.4 PR-Peneloux Equation of State
The PR-Peneloux EOS is given as:

P
RT a(T)

T On=B)  [om (L —2) (2 VD Jiom + PV F 1 D))

Comparing Equation B21 to Equation B1, it can be seenthat 8 = —b; § = b(l — \/E) +
c(2—-+v2)andy =b(1+v2)+ c(2 + V2). The volume shift factor, ¢ is defined in
Equation B17 above. With these and the definition of C given in Equation B19, the PR-

Peneloux EOS can be written in terms of Z-factor as:

Z3 4+ (B+4C—-1)Z24+[A—-2B —3B% —4BC —2C + 2C?)Z
— (AB—B?—-B3 +2BC?*+2C% =0 B22
B2. Non-Cubic Equations of State
Two virial-type equations of state have been selected for comparison with the cubic equations
presented in section B1.
B2.1 LK-EOS
Lee and Kesler (1975) presented a modification of Benedict-Webb-Rubin (BWR) EOS
following the principle of corresponding states (Jia et al., 2016, Lee and Kesler, 1975). In
terms of the reduced parameters (B, T, & v,.), the LK-EOS is given as:

B C D Cy 14 Y\ _ b
1+ —+—+—+ ( +—) (——)— =0 B23
v‘l" v‘l"z vrs TT vT'Z ﬁ vT'Z eXp vrz TT‘

The values of the variables B, C & D are given by the following auxiliary equations:

The compressibility, Z of any fluid of known acentric factor (w) is given in terms of the
compressibility Z° of a simple fluid (w = 0) and the compressibility Z"¢/ of a reference

fluid (w = w™®) as follows:
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w
Z=2+—(Zr -2°)
w

Where:
ZO _ PTvT(‘)
T,
ref
Zref — Prvr
T,

vl & v, °f are respective the reduced specific molar volumes of the simple fluid (rare gas)

B24

B25a

B25b

and reference fluid (n-octane) determined by solving the Equation B23 for v, using the

corresponding values of the coefficients by, b2, bs, bs, €1, C2, C3, Cs, d1, d2, B and y from Table

B1 below.
Table B1: Numerical Values of the coefficients of the LK-EOS (Lee and Kesler, 1975)

Coefficient Simple fluid Reference fluid
b1 0.1181193 0.2026579
b2 0.265728 0.331511
bs 0.15479 0.027655
D4 0.030323 0.203488
C1 0.0236744 0.0313385
C2 0.0186984 0.0503618
C3 0 0.016901
C4 0.042724 0.041577
d: 1.55488 x 10° 4.87360 x 10°
d2 6.23689 x 10° 74.0336 x 10°
B 0.65392 1.226
Y 0.060167 0.03754

B2.2 SBWR-EQOS

Soave (1999)’s modification represented an attempt to reduce the number of terms while
improving the accuracy of the BWR-EOS. The SBWR-EOS is given in terms of the three

parameters (B., T, & v,) as:

1+B+D+E(1+F) ( F) e B26
UT vT‘4 UTZ Urz exp UTZ Tr B

The variables B, D, E and F are defined as given in the following auxiliary equations:

RT, 1 1

c T r
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RT.Z\* 1 1 z
D= a(F%) T, (2 -1) 4 (2-1) B27b

c TT‘ TT‘
RTAN\?[ 1 1y 1
E:(Pc) eZC+e1(FT—1)+eZ(T—r—1) +e3<i—1> B27c
RT.Z.\*
F= f( ) B27d
Fe

Pc, Tc and Zc are respectively the critical pressure, critical temperature and critical Z-factor of
a given fluid whose acentric factor is w. The critical z-factor can be calculated from the

Rackett equation (Soave, 1999) given as:
Z. = 0.2908 — 0.099w + 0.04w? B28a

The coefficients in equations 2.27a-d can be obtained as follows:

b=2Z,—1—d—-e(1+ fexp (—f) B28b
le—ZZC—e(1+f—2f2)exp (=) B28¢
3
o 2~ 52 B28d
(1+f+3f%—2f%)exp (—f)
f=077 B28e
d; =0.4912 4+ 0.6478w B28f
d, = 0.3000 + 0.3619w B28g
e; = 0.0841 + 0.1318w + 0.0018w? B28h
e, = 0.0750 + 0.2408w — 0.0140w? B28i
e; = —0.0065 + 0.1798w — 0.0078w? B28j

The compressibility of any fluid of known acentric factor can then be calculated from
Equation B29 below once the reduced specific molar volume is obtained from Equation B26
above.

P.v,
T

7 = B29
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Appendix C

Description of the Adsorption Steps

C1. Adsorption Steps

Consider two consecutive adsorption steps i — 1 & i as illustrated in Figure C1 below. Each

adsorption step involves 3 processes discussed as follows:
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Figure C1: Schematic of two consecutive adsorption pressure steps

a. Filling the manifold with the adsorbate: The amount of gas that enters into the manifold

at pressure, P\, ,and temperature, T, (Wherei =1, 2, 3,..., n) is given as:
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The equivalent volume at STP is given as:
i o P 1inAVman VSTP C2

Vs ® ———
" ThaZina R

Where V;,,.,, IS the volume of the manifold, R = gas constant, Z is the gas

compressibility factor and Vgpp is the molar gas volume at STP (= 22400 cc).

b. Expanding gas from the manifold to the sample cell: The final pressure and temperature

in the manifold are P.L and T/ grespectively. Hence, the amount of gas
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expanded/dosed into the sample cell and the equivalent volume at STP can be calculated

as.
, P\ 1%
Noss =8 () e c3
man
. PV PL.V V.
Véosed ~ < nL:LA n;:lan - nilB nilan> X = C4
TmAZmA TmBZmB R

c. Equilibrating the gas in the system: The volume, at STP, of gas in equilibrium is given

as:
Vfiree = (Velq - V;ziq_l C5
The free space available to gas is composed of three parts, the lower stem of volume,

Vs, the upper stem of volume, ¥, = 7cc (Zou et al., 2017) and the sample cell of

volume, V.. Therefore:

Vi — VSTP [(Psicvsc + PsicVus + Psichs>
free R O\TLZ  TisZis  TiZL

Psic_lvsc Psic_lvus Pslc_ 1Vls
o i-17i—-1 i—-17i—1 i-17i—1 C6
Tsc Zsc Tus Zus Tls le
Writing a volume balance for the system,
Vdiosed = Vfiree + AVi c7

Putting Equations C4 and C6 in C7, the differential adsorbed volume per unit mass of the

adsorbent can be obtained as follows:

AVi — VSTP l(PrinAVman _ PrinBVman> _ <R€ichc + PsicVus + RGL'CVIS>
RM |\ TL, zi = Ti Zi . ToZse  TisZyus  TisZis
( P sic_lvsc Rsic_lvus Rsic_lvls )]

i-1~7i—1 i-17i—1 i—-17i—-1
Tsc Zsc Tus Zus Tls le

C8

The cumulative volume adsorbed per unit mass at any pressure step is given as:

T
pads — Z(Afﬂ) c9
i=1
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For the first adsorption step, it can be safely assumed that P2 = 0 since the system is
expected to be in fully evacuated prior to this step.
C2. Ambient Free space Volume Calculation
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Figure C2: Schematic of helium expansion step measurement of free-space volume

As shown in Figure C2, free space measurement follows the adsorption processes described
in section C1 above except that helium gas is used in this case. It is arguably assumed that
helium adsorption is negligible (AV %4 He ~ () (Zhang et al., 2015b, Zou et al., 2017).

Therefore:
Vinsea = Vet €10

He He He He He
PmAVman _ PmBVman _ Psc Vsc Psc Vus Psc Vls

He7He He7He ~ HerHe He7He He7He
TmAZmA TmBZmB Tsc Zsc Tus Zus Tls le

C11

The HPVA-11 200® uses two temperature-point steps to determine the volume of free-space
and the corresponding values Vi, the volume of the lower stem of the sample holder and V., the
volume of the sample cell. Note that the volume of the upper stem V;; = 7cc (Zou et al., 2017).
For the first step, it is assumed that TH¢ = T/® = Ambient temperature. In this case

Equation 3.4 can be written as (Zhang et al., 2015b):

VAmfs = Vee ¥ Vig + Vs = Vige + Vs C12a
Which means:
Vise = Voc +Vis = Vamps — Vus C12b

99



Equation C11 can now be written as:

C13

He7He He He He He

v _ Tsc Zsc P, mAVman P, mBVman Psc Vus Psc Vus

Amfs — He He7He  mHeryHe  mHerHe He 7He
P, sc TmAZmA TmBZmB Tus Zus Tsc Zsc

The second step proceeds at the experimental temperature such that T2¢ # T,Z¢. In this case,
Equations C11 & C12a are solved for the values of V. and V5 using the value of Vs

determined from the previous step (Zhang et al., 2015b).
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