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ABSTRACT

Unlike conventional natural gas, unconventional natural gas such as shale gas is stored
in source rock and has drawn much attention all over the world. Shale gas contains not
only free gas in pore space and natural fractures but also adsorbed gas on the matrix
particle surface. As shale is very porous material with nano-scale pores, the amount of
adsorbed gas in shale could be significant. To evaluate gas storage of shale gas system
precisely, it is necessary to consider gas adsorption in shale. However, the gas
adsorption capacity in shale is controlled by various parameters, including reservoir
conditions (pressure and temperature) and internal parameters (composition, pore
structure, and moisture content). In this study, we defined the controlling factors of
gas adsorption capacity and adsorption kinetics in shale and introduced a prediction

tool to estimate gas adsorption capacity in shale.

Shale samples in this study are from the Perth and Canning basins, Western Australia.
High-pressure methane adsorption experiments were carried out on samples at
different temperatures in both dry and wet conditions. The experiment results were
fitted using the Langmuir model to obtain Langmuir volume and Langmuir pressure,
which are the fundamental parameters for the evaluation of gas adsorption. Methane
adsorption kinetics were also measured under different pressures and temperatures.
The results of methane adsorption rate were fitted by the bidisperse diffusion model to
determine parameters about diffusion in shale. The pore structure of the samples was
studied using low-pressure adsorption experiment. Besides, some experimental data
of methane adsorption in shale from references were also engaged to construct the

prediction model.

The results of this study showed that temperature and moisture control methane
adsorption capacity in shale gas system. The methane adsorption capacity decreases
with increasing temperature. This negative effect of temperature on methane
adsorption is more sensitive to high TOC shale samples than low TOC samples.
Besides, the methane adsorption capacity is reduced by moisture, as moisture can
occupy sorption sites and block pore throat in shale. Under actual reservoir condition,
moisture and temperature work together. These two factors weaken each other on

methane adsorption capacity in shale gas system.
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Thermodynamic parameters were determined based on the temperature dependence of
the Langmuir pressure. The results showed that organic matter releases more heat than
clay minerals in terms of methane adsorption. Moreover, methane adsorbed on the
organic matter has a different configuration from methane adsorbed on clay minerals.
Comparing with wet samples, dry samples have more negative values of adsorption

heat.

Methane adsorption rate in shale is positively related to temperature but not pressure.
The results of effective diffusivity are more related to micropores (<2nm, from low-
pressure CO» adsorption) than mesopores and macropores (2-100nm, from low-
pressure N> adsorption). It is likely that micropores play the role of the throat for

connectivity in shale.

Based on the controlling factors of methane adsorption in shale, a prediction model
was introduced for adsorbed gas content at certain pressure and temperature. The
model can help log analysts to quantify adsorbed gas from well-log data since TOC
(total organic carbon) and Vi (total clay content), which are the measure inputs of the
introduced models, can be obtained from well-log data as well. The model showed a
good prediction for Langmuir volume at experimental temperature (25°C). However,
more data is required to improve the accuracy of the model for the Langmuir volume

at reservoir temperature and Langmuir pressure.
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Chapter 1

Introduction

1.1 Introduction

Methane adsorption in shale gas system has drawn much attention because of the
significance of shale gas to mitigate the energy crisis of the world. With the
development of the oil and gas industry and the increasing demand for energy, shale
gas has been widely explored and developed all over the world. However, there are
many uncertainties in the evaluation and development of shale gas due to the
complicated adsorption properties of methane in the shale gas system. As reported,
methane is stored as free gas and adsorbed gas in shale gas reservoirs. The percentage
of'adsorbed gas could be up to 85% in shale gas reservoir (Curtis, 2002). The adsorbed
gas has also been reported to influence the gas flow and permeability, which are crucial
to the field development plan (Guo et al., 2017). Therefore, understanding the theory
of methane adsorption characteristics is required to reduce uncertainties in reservoir

evaluation and design economical production strategies.

However, methane adsorption characteristics of shale gas reservoir are controlled by
various factors. One of the most important controlling factors of methane adsorption
in shales is nano-scale pore structure with large internal surface area (Ross and Bustin,
2009), which is characterized by many measurements. As pores in shale can be divided
into three categories based on the [UPAC: micropores (<2nm), mesopores (2-50nm)
and macropores (>50nm) (Rouquerol et al., 1994), various methods focusing on
different pore size have been used to characterize pore structure of shale samples. Low-
pressure CO> adsorption has been used for the characterization of micropores
(Clarkson et al., 2013) and low-pressure N adsorption for characterization of
mesopores and macropores (2-100nm) (Labani et al., 2013). However, low-pressure
adsorption has a maximum pore size limit of 300 nm (Scherdel et al., 2010). The
mercury intrusion porosimetry (MIP) is an efficient and accurate method to determine
the porosity of the rock, pore diameter, etc., but its application is limited to

interconnected pores that range from 3.6 nm to 1 mm (Hinai et al., 2014; Mastalerz et



al., 2013). In addition, the nuclear magnetic resonance (NMR) is another indirect
method to characterize pore size distribution, this method has been used to measure
pore size distribution of tight sandstones and shale with high accuracy (Rezaee et al.,
2012; Sigal, 2015; Wang et al., 2015). These techniques (MIP, LPA & NMR) can
provide data of quantitative pore size distribution and reproducible porosity but no
actual pore geometry. Direct approaches, such as field emission scanning electron
microscopy/transmission electron microscopy (FE-SEM/TEM) (Loucks et al., 2009),
focused ion beam scanning electron microscopy (FIB-SEM) (Curtis et al., 2012) and
small angle neutron scattering (SANS) and ultra-small-angle neutron scattering
(USANS) (Clarkson et al., 2012; Clarkson et al., 2013) have shown the geometry, size,
and distributions of pores in shale. Data from these methods cannot be used to
characterize the pore structure of the whole sample, because the scanned area is
random and tiny (Liu et al., 2011). Three-dimensional X-ray (CT) imaging is another
direct approach used in the numerical reconstruction of 3D pore texture, which can be

applied at the microscale to the nanoscale.

As speculation still exists in the characterization of pore structure in shales, the effect
of pore structure on methane adsorption capacity is unclear. Moreover, it is hard to
isolate the influence of pore structure from the various controlling factors on methane
adsorption capacity in shales by experiment method. Grand Canonical Monte Carlo
(GCMC) simulation has been employed on methane adsorption in shale or coal system.
Characteristics of methane adsorption isotherms have been studied using GCMC
simulation on pores with ranged sizes, demonstrating that smaller pores exhibit larger
excess density comparing to bigger pores (Mosher et al., 2013). Apart from the pore
size, it is worth considering the effect of pore geometry on methane adsorption
capacity in shales. Because the pore geometry controls the configuration of methane
adsorption in a confined pore space, which results from the greater contribution of gas-

solid interactions compared to gas-gas interactions (Liu et al., 2012).

Organic matter and inorganic matter in shale both can adsorb methane and control the
pore structure (Yang et al., 2015). Total organic carbon (TOC) shows a positive linear
correlation with methane adsorption capacity in shale gas system (Dang et al., 2017a;
Ross and Bustin, 2009). The maturity of organic matter is also regarded as the
controlling factor of methane adsorption capacity. TOC-normalized adsorption

capacity was observed to increase with the increasing thermal maturity up to some



critical value and followed by a reversed trend at high maturity (Gasparik et al., 2014).
Two reasons based on the previous reports can be used to explain this trend. One
reason is that micropores are generated with thermal maturation, which offers more
pore volume for methane adsorption (Ross and Bustin, 2009). Another reason is the
changes in the surface chemistry of kerogen with thermal maturation: affinity between
methane and kerogen increases with maturity because of increasing aromaticity
(Zhang et al., 2012). In addition to the maturity and TOC, kerogen type was also
reported to have an effect on methane adsorption capacity. The methane adsorption
capacity of individual kerogen types follows the order: type III > type II > type 1. Apart
from the organic matter, for the clay-rich shales, the inorganic matter can also
influence the total methane adsorption capacity (Fan et al., 2015 ). For pure clay
minerals, the methane adsorption capacity was reported to decrease in the order:

smectite > mixture of illite and smectite > kaolinite>chlorite > illite (Ji et al., 2012).

External parameters such as pressure, temperature and moisture can affect the methane
adsorption capacity in shales as well. Moisture can reduce the methane adsorption
capacity greatly by occupying sorption sites in shale gas reservoirs (Chalmers and
Bustin, 2010). Studies related to the effect of moisture on methane adsorption have
been conducted on coal, clay and shale samples using both experiment and simulation
methods (Krooss et al., 2002; Zhao et al., 2017). A Monte Carlo simulation study on
clay minerals has claimed that water molecules cover the clay surfaces by forming a
water film (Jin and Firoozabadi, 2014). A combined experiment and simulation study
on shale has shown that moisture in actual condition could exist as capillary water in
pores and water film bounded on pore surface (Li et al., 2016). The capillary water
blocks available adsorption sites and the water film changes the interaction between
methane and clay. Another experiment study on low TOC shales demonstrated that
moisture influences macropores most and micropores least, and methane adsorption
capacity reduces significantly (Wang and Yu, 2016). However, micropores are
believed to be more important than macrospores in methane adsorption in shales.
Besides, the methane adsorption capacity of shale decreases with increasing moisture
content until a critical moisture content reached (Gasparik et al., 2014). By contrast,
another study showed that no correlation exists between moisture content and methane
adsorption capacity (Chalmers and Bustin, 2008). Although the effect of moisture on

methane adsorption in shale gas reservoirs is well documented by experiment and



simulation studies, a question about how moisture reduces the methane adsorption
capacity is still not well-understood. Especially, how moisture changes the pore
structure characteristics of micropores and its related impact on methane adsorption

are unclear.

Methane adsorption in shales is an exothermic process and, methane adsorption
capacity reduces at the high temperature. Many methane adsorption studies at ranged
temperature have shown that methane adsorption isotherms vary significantly at
different temperatures (Guo, 2013; Ji et al., 2015). Adsorbed methane content
decreases with rising temperature and the change of adsorbed gas content with
increasing temperature is greater at higher pressure. Up to date, however, the study of
the effect of temperature on methane adsorption of low TOC shale samples has rarely

been mentioned and is still limited.

In addition, the contribution of adsorbed gas to gas transport in shale is a very
important subject. Mechanisms of the gas transport related to the adsorbed gas include
the gas adsorption, desorption, diffusion and Darcy flow. Given that a large proportion
of pores in shale are nano-scale (Kuila et al., 2014; Labani et al., 2013), the gas flow
in nano-scale pores is mainly limited by the gas diffusion rather than the Darcy flow
in big pores or fractures. Therefore, adsorption kinetics from methane adsorption
experiments describe the process of gas diffusion in pore throats and gas adsorption
on pore surfaces. Some scholars have realized the importance of gas adsorption
kinetics in coal and shale. Methane adsorption rate data has been analyzed for shale
samples, showing a negative relationship between the adsorption rate and pressure
(Dang et al., 2017). The diffusion behavior in porous material can be indirectly
obtained from adsorption kinetics using diffusion models, such as the “unipore
diffusion model” and the “bidisperse diffusion model”. Even though the unipore
diffusion model has been successfully used for high-rank coals (Clarkson and Bustin,
1999), it is inadequate for shale with heterogeneous pore structures and would overrate
the diffusivity (Dang et al., 2017; Yuan et al., 2014). This is because the unipore model
assumes that the pore structure is homogenous. Unlike the unipore model, the
bidisperse diffusion model was developed for small and large pores in the matrix,
named as micropore and macropore, respectively (Ruckenstein et al., 1971). Note that
the macropore and micropore in the bidisperse model represent pores with different

sizes but not any specific sizes. The assumption of the bidisperse model is linear



isotherm. The methane adsorption isotherm of low pressure (<4MPa) was observed as
linear in shale, and the adsorption rate of low pressure (<4MPa) were well fitted by
the bidisperse model in previous work (Yuan et al., 2014). The fitting results have
shown that macropore diffusivity decreases with increasing pressure, and both
macropore and micropore diffusivity are reduced by water. Although some scholars
have analyzed the gas adsorption rate and applied different diffusion models in shale
(Chenetal., 2018; Dang et al., 2017b; Rani et al., 2018), the behavior of gas adsorption

kinetics and diffusion in different shale samples are unclear.

1.2 Thesis objectives

This study attempted to investigate the methane adsorption capacity in shale gas
system through laboratory measurements. The objectives of this study are to:
e (Quantitatively describe the effect of temperature on methane adsorption
capacity in shale gas system.
e Investigate the mechanism of moisture controlling methane adsorption in
shales.
e Examine the combined effect of moisture and high temperature on methane
adsorption capacity in shales.
e Characterize adsorption kinetics and diffusion of methane in shale.

e Establish a prediction model for methane adsorption capacity in shales.

1.3 Structure of the thesis

According to the above objectives, the content of each chapter in this study is

explained briefly as follows:

Chapter 2 shows the geochemical and mineralogical information of the employed shale
samples in this study. This chapter also addresses the experimental setups, procedures,
and conditions for low-pressure adsorption and high-pressure methane adsorption
experiments. Sample preparations are designed based on research purposes. The
models to fit methane adsorption isotherms and adsorption kinetics are provided,
which could determine the Langmuir parameters, thermal dynamic parameters, and
effective diffusivities. In addition, the analytical particle size of sample powders used

in this study is discussed.

Chapter 3 evaluates the effect of temperature and moisture and their combined effect

on methane adsorption capacity in shales. A series of low-pressure and high-pressure
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adsorption experiments were conducted on dry and moisturized samples at different
temperatures. Methane adsorption isotherms were fitted by the Langmuir model to
obtain Langmuir parameters. The results can provide a better understanding of the

temperature and moisture controlling methane adsorption capacity in shales.

Chapter 4 characterizes methane adsorption kinetics and diffusivity in shales. Methane
adsorption rate was measured by experiment and fitted by bidisperse diffusion model.
The methane adsorption rate and diffusivity are discussed on various shale samples. It

will be followed by a proposed pore model to explain the roles of different pores in
the diffusion of shale.

Chapter 5 examines the effect of organic matter richness, clay content, and thermal
maturity on the methane adsorption capacity of shale samples published in references
and measured in our lab. The relationship between the Langmuir parameters and their
controlling factors are quantitatively characterized. A prediction model for methane

adsorption capacity in shales is built.
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Chapter 2
Methods and materials

2.1 Introduction

The quantification of gas storage in shale is challenging due to its heterogeneous pore
structure and complex composition. To evaluate methane adsorption capacity under
reservoir conditions in shale gas system, one reliable and popular research method is
high-pressure methane adsorption experiment. The high-pressure methane adsorption
experiment can provide the adsorbed gas content as a function of pressure at constant
temperature, which is defined as gas adsorption isotherm. Prior to the high-pressure
adsorption experiment, the shale samples must be well prepared. The first step of
sample preparation is to crush the samples to particular particle size, as the rock sample
takes too long to reach the adsorption equilibrium (Chen et al., 2015). The second step
is to dry the shale samples at high temperature to remove the residual moisture or
volatile. Methane adsorption isotherms are fitted by the Langmuir model to calculate
the Langmuir parameters and thermal dynamic parameters, which are important to
characterize methane adsorption capacity of shale samples. Adsorption kinetics are
fitted by the bidisperse diffusion model to determine effective diffusivities. In addition,
low-pressure CO> and N, adsorption were conducted as well to characterize the pore

structure of shale samples.

This chapter presents a detailed description of the compositional information of the

studied shale samples, sample preparations, experiments and fitting models.

2.2 Samples and sample preparations

2.2.1 Samples

A total of 15 shale samples were analyzed in this experimental study, 10 samples from
the Ordovician Goldwyer Formation of the Canning Basin and 5 samples from the
Permian Carynginia Formation of the Perth Basin. Tables 2.1 and 2.2 show the
mineralogical composition and geochemical analysis, respectively. Tmax of the

Canning Basin samples varies between 441 and 458°C, which is lower than that of the
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samples in the Perth Basin (458 to 465°C). Clay mineral content of the studied samples

ranges from 27.9 to 83.5%. Generally, the Canning Basin samples are more

argillaceous than the Perth Basin samples.
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Figure 2.1 Location map showing the Canning and Perth basins of Western Australia (from
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Table 2.1 Composition of the studied shale samples from XRD.

Basin Sample Depth (m) Quartz Kaolinite  Illite/Mica Chlorite Total Clay ~ Other
(%) (%) (%) (%) (%) minerals
(%)
AC-1 2780 24.5 2.6 46.4 7.1 56 19.5
AC-2 2794 53 0.8 272 3.1 31.1 159
Perth AC-3 2806 413 0.8 34.7 52 40.7 18
Basin AC-4 2812 53.8 0.5 24.5 2.9 27.9 18.3
AC-5 2831 44.5 1.2 27.6 4.3 33.1 224
T-1 1201 15.7 1.5 71.1 3.9 76.6 7.7
T-2 1371 N/A N/A N/A N/A N/A N/A
T-3 1390 12.4 1.5 67.5 14.5 83.5 4.1
T-4 1473 17.4 7.1 61.3 59 74.3 83
T-5 1478 20.1 1.3 56.2 10.1 67.5 12.4
T-6 1506 16.2 1.6 44.6 8.7 54.9 289
Canning T-7 1516 17.3 2.3 483 3.6 54.2 28.5
Basin T-8 1521 27.1 1.4 32.0 3.7 37.1 35.8
T-9 1529 16.5 2.2 49.2 4.5 56.0 27.5
T-10 1531 12.9 2.0 61.2 52 68.4 18.6

N/A: not available.

Table 2.2 Geochemical information for the studied shale samples from Rock-eval.

Basin Sample TOC Si S2 S3 HI Ol PI Tmax °C
(wt%)  (mg/g) (mg/g) (mg/g)
AC-1 3.03 0.54 1.95 0.16 64 5 0.22 459
AC-2 0.64 0.13 0.25 0.17 39 27 0.34 458
AC-3 1.82 0.33 1.15 0.03 63 2 0.22 460
Perth AC-4 1.08 0.19 0.52 0.09 48 8 0.27 465
Basin AC-5 0.23 0.04 0.1 0.19 43 83 0.29 N/A
T-1 0.28 0.04 1.1 0.49 393 175 0.03 442
T-2 0.52 0.22 0.9 0.42 173 81 0.2 453
T-3 1.26 0.63 2.43 0.28 193 22 0.21 454
T-4 3.2 2.12 7.55 0.51 236 16 0.22 454
T-5 3.1 1.57 4.66 0.43 165 15 0.25 456
T-6 2.6 1.78 5.62 0.57 216 22 0.24 453
T-7 1.53 1.74 3.41 0.35 223 23 0.34 441
Cannin ~ T-8 1.24 1.43 3.23 0.4 260 32 0.31 453
gBasin T9 2.76 2.33 5.83 0.49 211 18 0.29 448
T-10 0.75 0.51 0.85 0.41 113 55 0.37 458

HI, the hydrogen index; OI, the oxygen index; PI, the production index.

To construct a prediction model for methane adsorption capacity in shales (Chapter 5),
we also analyzed some high-pressure methane adsorption data from literature. As the

high-pressure methane adsorption experiments are intrinsically controlled by various
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factors (Gasparik et al., 2014), all the considered data must be obtained under similar
experimental conditions (e.g., dry with the particle size of <250 pm) with available
compositional and geochemical information. It is worth mentioning that data of wet
shale samples were not employed because the moisturization level is not constant and
the number of shale samples in wet condition is constrained. Meanwhile, the 60 mesh
(<250 um) was used in this study, as it has been widely used in the related studies.
Under these conditions, a total of 66 samples from 6 Basins in China and Western
Australia were studied (Guo et al., 2017; Ji et al., 2015; Ji et al., 2014; Wang et al.,
2016). The samples have a TOC range of 0.23 to 28.48 wt% and clay content range of
20.1 to 83.5%. Thermal maturity of the samples was measured by rock-eval in Tmax,
ranges from 424 to 589 °C. Vitrinite Reflectance (R,) is not used for the thermal
maturity, because the convention from Tmax to R, 1s not constant for different basins.
The wide ranges of compositional and geochemical parameters indicate good
representativeness of the studied shale samples. The detailed information about the

studied samples is provided in an appendix at the end of the thesis.
2.2.2 Sample preparations

All the studied shale samples were crushed to powders below 250 um. After at least 8
hours degassing (110°C) to remove moisture and volatile, about 5 and 0.5 grams of
samples were used for high-pressure methane adsorption and low-pressure nitrogen
and carbon dioxide adsorption tests, respectively. Procedures of samples preparations

are designed differently for dry and wet samples.

After crushing, all the samples were dried under vacuum at 110°C for 8 hours to
remove residual moisture completely, which may alter some clays texturally and
chemically. Before loading the sample into the sample cell of the low-pressure/high-
pressure adsorption measurements, all the samples were degassed to remove volatile
compounds. For the dry samples, the typical degassing temperature of 110°C was

used, which is consistent with the drying temperature.

To prepare wet samples, around 10 grams of each dried sample was moisturized in an
atmosphere of the saturated solution (KCI) at 25°C for 72 hours, which provides a
consistent relative humidity (RH) of 84% (Greenspan, 1977). Even though only one

moisturization level was conducted, it still can offer informative comparisons between
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dry and wet samples on adsorption measurements. Besides, it has been observed that
methane adsorption in shale decreases with increasing RH and no change exists
between 75 and 97% RH. Thus, the 84% RH we chose in this study can influence the
methane adsorption in shales strikingly. For moisturized samples, 40°C is used as the
degassing temperature to remove free and condensed water but not high enough for
clay-bound water under near vacuum condition. It is inevitable that water desorbs
during degassing. Thus, we compared the weight of samples before and after 8 hours
degassing. The percentage of reduced weight after degassing for both dry and
moisturized samples ranges from 4 to 6%, which indicates that the loss of bound water
during degassing is very limited for wet samples. Therefore, the moisture content
studied in this study is the adsorbed water excluding the condensed water and free
water. Besides, even though the degassing temperature is 110°C for dry samples and
40°C for wet samples, the different adsorption results between the dry and wet samples
cannot attribute to the different degassing temperature as all samples were initially

dried at 110°C.

2.3 Methods

2.3.1 High-pressure methane adsorption analysis

High-pressure up to 7MPa (1015psi) methane adsorption was measured on shale
samples using Micromeritics high-pressure volumetric analyzer (HPVAII-200)
(Figure 2.1). The experimental setup basically consists of a vacuum pump, an
outgassing furnace with a temperature controller, a sample cell, a sample chamber, a
thermostat and a reference cell connected to two pressure transducers (high-pressure
transducer and low-pressure transducer). All valves are controlled by software on the
connected computer. The experimental temperature is controlled by the thermostat
connected to the sample chamber, which holds the sample cell. The thermostat was
filled with water due to the expected experimental temperature less than 100°C. The
sample cell is put inside the sample chamber. The temperature in the sample chamber
is measured by a temperature probe and recorded by the software of the instrument.
The pressure is measured by a pressure transducer with an accuracy +0.04% and

stability +0.1%.

15



(@] (@)

I
6( 7 8/
I

. Connected to valve 1.
7 R Vacuum
High pressure /5 F
transducer — 4 4
Reference cell B ]j |
Low pressure —
transducer s ‘_ <+ T Vacuum pump
(1 X2 (3
|. ‘ [
"IVENT
9 9
Thermostat | —
Sample bath Furnace

(a)

Figure 2.2 Schematic diagram of adsorption apparatus: (a) experimental setup of the
volumetric system for methane adsorption on shale samples. (1) analysis port valve; (2) vent
valve; (3) degas port valve; (4) full vacuum valve; (5) manifold valve;(6) CHs gas valve;(7)
CO; gas valve; (8) helium gas valve. (b) Sample tube consists of three parts: Vyu, the volume
of the upper stem; Vi, the volume of the lower stem; Vi, the volume of the sample cell.

The procedures of adsorption measurement for each sample at different temperatures

were as follows:

(1) Degassing the sample in the furnace for more than 12 hours. After the sample

had cooled down to the ambient temperature, the sample cell was attached to the

sample tube and then connected to valve 1. A 60-micron filter gasket was used

between the sample cell and tube to prevent sample particles from entering the tube.
(2) Purging the system. After attaching the sample cell to valve 1, helium was dosed

to the reference cell and sample cell until the pressure increased to 15bars

(217.6psi). Then helium vented out with decreasing pressure to around 1bar

(14.5psi). This step was repeated three times to purge the system. Finally, the

system was vacuumed by a pump.

(3) Measuring the void volume at ambient temperature using helium expansion. It

is assumed that helium is not adsorbed on the sample, so the helium volume dosed

into the sample tube is regarded as the volume of free space. Up to 10bars (145.0psi)
of helium was dosed to reference cell. As soon as the determined equilibrium

criteria was met (pressure variation less than 0.001 bars in one minute or waiting

for 15 minutes after dosing the gas into the reference cell), helium was dosed into
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sample cell. In this process, pressure and temperature before and after helium
dosed from a gas cylinder to the manifold are recorded. With compressibility
factors at each temperature and pressure, the amount of helium dosed to the sample
tube was determined with compressibility factors at each temperature and pressure
using Equation 2.1. Herein, compressibility factors were provided by the software
of HPVA, which are calculated from multiple equations of state using NIST
REFROP.

— pmAI/m _ meI/m
TmAZmAR TmBZmBR

N pe Equation 2.1

As shown in Figure 2.1b, the sample cell volume has three different temperature
zones: Vi, Vivand V. The Upper stem and manifold have the same temperature,
which is recorded by the software. Lower stem and sample cell are connected with
the same pressure and temperature. The measuring temperature is used for lower
stem and sample cell for helium expansion. Therefore, the total volume of free

space at ambient temperature was determined in Equations 2.2 and 2.3.

psleU + psl(VxL +Vs)

Nye = Equation 2.2
TmBZxUlR TAstlR
Vinrs =V +V +V, Equation 2.3

The upper stem is in the temperature controlled region of the manifold. This
volume is about 7cm®and temperature is measured by a resistance temperature
detectors.

(4) Measuring void volume in the sample cell at analysis temperature. After
increasing temperature in the sample cell using the connected thermostat, the
volume of free space at analysis temperature in sample cell was determined using
Equation 2.4. It is worth mentioning that ambient temperature was used for the
lower stem in this step. The temperature gradient between the analysis temperature
in the sample chamber and the exposed lower stem at ambient temperature was

averaged out in the free space measurement.

n. = PV + PV + PV
" TBZxUlR TAmZxLR TAnZs2R

m

Equation 2.4
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(5) Measuring adsorbed amount of methane at expected pressure points. The
equipment system was evacuated first after helium expansion. Then the methane
was dosed to manifold from the gas cylinder which provides 99.999% purity
methane. Once the equilibrium criteria (pressure variation less than 0.001 bars in
one minute or waiting for 15 minutes after dosing the gas into the reference cell)
was reached, methane was dosed to the sample tube and cell. The next pressure
step was not started until the equilibrium criteria for methane adsorption in the
sample cell was reached. This step was repeated to the maximum pressure as
expected. In this process, data logging interval of pressure and temperature in the
sample cell was 2 mins or 0.005 bars. The temperature of the lower stem was
measured as well for the calculation of adsorbed gas content. Given the amount of
methane dosed from the manifold, the amount of methane adsorbed was calculated

using Equations 2.5, 2.6 and 2.7.

pmA'I/m _ me'Vm

Miosed = 7 1, A Equation 2.5
TmA Zma R TmB ZmB R
14 14 14
M Nads = Pols | Potw | Pola Equation 2.6
TS‘ZSR TxUZxUR TxLZxLR
Muas = MNaosed — MNads Equation 2.7

2.3.2 Langmuir mode

Gas adsorption is usually described by isotherm, which is the amount of adsorbed gas
as a function of pressure at constant temperature. As for methane adsorption on shale,
Langmuir equation has been used to fit experimental results due to its simplicity and
accuracy. It is worth mentioning that the used Langmuir equation does not imply that

the Langmuir theory is justified.

According to the Langmuir equation, the amount of adsorbed methane can be

expressed using Equation 2.8.

— VLP
P+P

ads. Equation 2.8

Where », is the Langmuir volume, defined as the maximum amount of gas that can

be adsorbed on shale at an infinite pressure; P, is the Langmuir pressure, defined as
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the pressure at which one-half of the Langmuir volume can be adsorbed, P is the
experimental pressure.
Langmuir volume and Langmuir pressure were determined using the rearranged
Langmuir Equation 2.9.

P —_—

P P
—=—+-L Equation 2.9
Vads‘ VL VL

Given that experimental pressure is recorded and the amount of adsorbed methane is

P 1
measured, a plot of — versus P is provided as a fitted line. The slope is 7, and the
ads. L

P
intercept is VL Langmuir volume is used to describe the maximum adsorbed gas
L

volume at infinite pressure. Langmuir pressure describes the affinity between

adsorbate and adsorbent.

It is worth mentioning that the Langmuir function is an absolute adsorption model
while in high-pressure adsorption the excess character of the measurable adsorption
process becomes more and more relevant. However, the Langmuir model is still

meaningful in this work for relatively low maximum experimental pressure (7MPa).

2.3.3 Thermodynamic parameters

The reciprocal of Langmuir pressure is Langmuir constant ( K ), which is a function

of temperature and adsorption thermodynamic parameters as shown in Equation 2.10:

As’ As’
KXpO :eXp(%-l'T) or IHKZ%‘F?—IHPO Equation 2.10
Where q is the heat of methane adsorption, As® is the standard entropy; pO is 0.1MPa

as standard atmospheric pressure; R is the gas constant, 8.3145JK™! mol™!. Langmuir

constant at different temperatures is determined by Equation 2.9, and then a plot of
InK VGI‘SUS% is provided as a fitted line. The slope is % and the intercept is

0
T—ln 0.1. Therefore, adsorption thermodynamic parameters can be obtained from

Langmuir isotherms at different temperatures.
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2.3.4 Adsorption rate analysis

Methane adsorption rate can also be measured using Micrometritics high-pressure
volumetric analyzer (HPVAII-200). The methane adsorption rate was measured to a
maximum pressure of 50bar with a pressure step of 10bar. During each pressure step,
pressure (every 0.002bar) in sample cell as a function of time was recorded until
meeting the determined equilibrium criteria (pressure variation less than 0.003 bar in
one minute or waiting for 60 minutes after dosing the gas into the reference cell). The

adsorption rate at any time ¢ can be obtained by the approximation (Busch et al., 2004):

M/My, = (Py — P)/(Py — Ps) Equation 2.11
Where, M, /M,, is the ratio of the volume of adsorbed gas at time ¢ and at equilibrium;
P; and P,, are the pressure in the sample cell at time ¢ and at equilibrium respectively;
P, is the first pressure in the pressure decay during the adsorption process. Some
scholars have mentioned that the pressure increases in a few seconds to attain thermal
equilibrium after opening valve and allowing the gas into the sample cell from
manifold (Clarkson and Bustin, 1999). Therefore, the maximum pressure at each
pressure step was regarded as P, . Furthermore, the temperature in the manifold was

set to be consistent with the experimental temperature in the sample cell.
2.3.5 Bidisperse diffusion model

The bidisperse diffusion model describes the gas diffusion in a spherical particle
comprising an agglomeration of small pores within a large pore (Ruckenstein et al.,
1971). The small pore and large pore are regarded as micropore and macropore,
respectively. The equations of gas diffusion in micropore and macropore are provided

as following Ruckenstein et al., (1971):

Dagy 0 [ 2aca] aC, 0Csa 2 aC; )
——|r =g, —+S,—+ n4nR;"g;D; (— Equation 2.12
ra?2 oral 2 oarg a gt + 93 at + V1N o/ g, q
ri=Rj
Disi d [ Zaci] 6Ci 6C5i .
it bl G e i S B Equation 2.13
2oLl o i5c T2 q

The solutions of the Equations 2.12 and 2.13 have been given based on the assumption
of linear isotherms. Moreover, a simplified solution has also been provided to easily

fit the adsorption rate data.
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8 yo 1 _nznzDét) Bl 6o 1 _n’n?aD{t
M, [1 T[zZn=1nzexp< Rz t3all-z Znt1 zexp w2 |
- B Equation 2.14
Moo 1+—
3x
Di,
Where= %2/ . Dt =—Pa__. pi__ D p_ 30-caFi D
ere = Dy > Pa =7 , Dy = “.,ﬁ_ L L
-a +HqSa/€a 14+H;S;/€; £q R? Dg

RE

Where D, is the macropore diffusivity, m?/s, D; is the micropore diffusivity, m%/s; g,
is the macropore porosity, & is the micropore porosity; 7, is the distance from
macrosphere centre, m, 7; is the distance from microsphere centre, m; C, is the
macropore gas concentration, mol/m?, C; is the micropore gas concentration, mol/m?;
Csq is the macropore adsorbed gas concentration, mol/m?, Cs; is the micropore
adsorbed gas concentration, mol/m?; H, is the isotherm constant for macropore, m>/m?,
H; is the isotherm constant for micropore, m*/m?; S, is the macropore surface area,
m?/m?, S; is the micropore surface area, m?>/m?; R; is the microsphere radius, m; R, is
the macrosphere radius, m; n is the number of microspheres per unit volume of

. . . . D D;’
macrosphere. The parameters in the equations, including =% and — and £ can be
’ R2 R? a
L

determined by fitting the adsorption rate data from experiment.
2.3.6 Low-pressure nitrogen and carbon dioxide adsorption analysis

Pore structure characteristics in shale were described by low-pressure nitrogen and
carbon dioxide adsorption. Low-pressure nitrogen was measured on a Micromeritics®
Tristar II apparatus at 77K. Carbon dioxide adsorption was measured on a
Micromeritics® Tristar II plus apparatus at 273K. Both gas adsorption volume was
measured over the relative equilibrium adsorption pressure (P/Po) range of 0.01-0.99,
where P is the gas vapor pressure in the system and Py is the saturation pressure of

nitrogen.

The nitrogen adsorption data was interpreted by the Brunauer-Emmett-Teller (BET)
method for BET surface area and nitrogen-based density functional theory for
mesopores and macropores size distribution. The pore size range from the nitrogen-
based density functional theory is 2.7 tol00nm. The surface area is calculated in the
P/Py range of 0.1-0.3. The carbon dioxide adsorption data was interpreted using

Dubinin-Astakhov (D-A) for micropores volume and micropores surface area, which
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is calculated in the (P/Po) range of 0.01-0.05. Carbon dioxide-based non-local density
functional theory was used to describe the micropores size distribution. The pore size
range from the carbon dioxide-based non-local density functional theory is 0.4 to

1.6nm. Therefore, there is a gap in pore size distribution between 1.6 and 2.7nm.

2.4 Determination of particle size used for sample preparation

Prior to the high-pressure adsorption experiment, the sample is crushed and sieved to
particular particle size. Surprisingly, different particle size has been used in high-
pressure methane adsorption related studies. Table 2.3 shows the particle size used in
high-pressure methane adsorption related studies. A study by Clarkson and Bustin
(1999) has suggested that a particle size of 4mesh (<4.75mm) and 60mesh (<0.250mm)
coal sample has a negligible effect on high-pressure methane adsorption. Another
study on pure clay samples has shown that methane adsorption capacity of clay
minerals increases with decreasing particle size because of the enlarged internal
surface area (Ji et al., 2012). Furthermore, the effect of particle size on gas adsorption
porosimetry and high-pressure CO» adsorption has been investigated as well (Chen et
al., 2015; Lutynski and Gonzalez Gonzalez, 2016), which has shown that micropore
volume generally increases with particle size reduction. Although high-pressure
methane adsorption has been widely used, the effect of particle size on the high-

pressure methane adsorption is not clear.

Table 2.3 Particle sizes used in high-pressure methane adsorption related studies.

Literature particle size (qum)
Gasparik, 2013 500-1000, <100
Ross and Bustin, 2009 <250
Chalmers and Bustin, 2012 <250
Zhang et al., 2012 150-500

To avoid wasting the collected shale samples, coal sample was used as analogy of
organic matter of shale. We measured high-pressure methane adsorption on the same
coal sample in different particle sizes. Low-pressure N2 sorption was also engaged to

give an insight into the pore structure characteristics of the studied samples.

For the purpose of this section, the particle size of the sample was the only

experimental variable. Herein, commercial coal provided by BM Alliance coal

22



operations Pty Ltd was used. Table 2.4 shows the sample information. The mean

Vitrinite Reflectance of the sample is 1.43%.

The original coal was sieved to four particle size range: 325mesh, 200-325mesh, 60-
100mesh, and 18-20mesh. The samples were measured on high-pressure methane

adsorption and low-pressure N> adsorption.

Table 2.4 Petrographic composition of BM Alliance coal sample.

Telovitrinite (%) 71.1
Detrovitrinite (%) 3.7
Fusinite (%) 33
Semi-Fusinite (%) 13
Macrinite (%) 0.3
Inertodetrinite (%) 4
Mineral matter (%) 4.5

2.4.1 Results

Figure 2.2 shows the comparison of low-pressure N> adsorption and desorption

isotherms of samples with different particle sizes.
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Figure 2.3 Low-pressure N, sorption/desorption isotherms of the studied samples at 77K:
C45, C75, C250, and C1000 are sample names with particle size range in Table 2.5.

As shown in Table 2.5, total pore volume and BET surface area increase significantly
with particle size reduction. The total pore volume of C45 sample is 0.733 cm?® per

100gram, which is nearly 10 times of total pore volume of C1000 sample (0.07 cm?
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per 100gram). The BET surface area increases from 0.4757 m?/g to 3.3571m?/g from
the coarsest to the finest sample. The BET surface area is the summary of the internal
surface area and the external surface area. It is assumed that all particles are spherical.
Based on the average radius of the studied samples, the external surface area can be

calculated by the following formula:

a=6/pd

where a is the external surface area (with the assumption that the surface is completely

smooth), © is the sample density, d is the particle diameter.

Table 2.5 Low pressure N» sorption result of the studied samples

Sample Particle size range BET surface Total pore External surface Internal surface
area(m?/g) volume(cm®/100g) area(m?/g) area(m?/g)
C45 <45um (325mesh) 3.36 0.7 5.82E-02 3.302
C75 45~75um (325-200mesh) 3.29 0.56 3.64E-02 3.25
C250  150~250um (100-60mesh) 0.58 0.13 1.09E-02 0.57
C1000  850~1000um (20-18mesh) 0.48 0.07 2.36E-03 0.48

Given that the sample density here is the true density of coal, a value of 1.37g/cm? is
used for theoretical calculation (Stanton, 1982). The external surface area of samples
with different particle size is shown in table 2.5. The internal surface area is obtained
by subtracting an external surface area from BET surface area. The increase in BET
surface area with particle size reduction mainly results from an increase in internal

surface.

Figure 2.3 shows the pore size distribution of samples with different particle size using
incremental pore volume. All studied samples reveal multimodal pore size distribution
and pore volume increases with decreasing particle size. Although pore size
distribution among varying particle size follows the same trend for pores larger than
10nm, it is different for pores less than 10nm: the main mode of C45 is between 2.5nm
to 3.7nm; the main mode of C75 is between 3.7nm to 5.0nm; the main mode of C250
is between 3.0nm to 3.7nm. Table 2.6 is the pore volume proportion of samples with
different particle size. It is shown that the pore volume proportion of small pores

(<10nm) increases with particle size reduction.
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Figure 2.4 Pore size distribution defined by incremental pore volume at the pore width range
of 1-100nm.

Table 2.6 Pore volume proportion of samples with different particle sizes

Sample name Pore volume proportion of small ~ Pore volume proportion of big
pores(<10nm) pores(>10nm)
C45 40.60% 59.40%
C75 35.70% 64.30%
C250 28% 72%
C1000 19.10% 80.90%

Figure 2.4 compares methane adsorption on coal samples with different particle size.
Isotherm curves for samples with different particle size are different from each other.
In general, methane adsorption capacity increases with decreasing particle size at
145psi and the adsorption increase rate of the fine sample decreases rapidly with
increasing pressure. C45 has the highest methane adsorption capacity at 145psi and
reaches its methane adsorption peak at 870psi. C250 has low methane adsorption
capacity at 145psi, but the adsorption increase rate remains stable with increasing
pressure. Therefore, the methane adsorption capacity of samples at 870psi with

different particle size follows this order: C75>C250>C45 >C1000.
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Figure 2.5 Comparison of methane adsorption of samples with different particle size at 30°C.
Points are the experimental results and lines are the Langmuir fitting results.

As shown in Figure 2.4, methane adsorption isotherms can be well fitted by the
Langmuir equation. Table 2.7 shows the Langmuir volume (Vi), Langmuir pressure
(PL) and correlation coefficient (R?). Among samples with varying particle size, C250

has the highest Langmuir volume.

Table 2.7 Langmuir parameters of samples with different particle size

Sample Vi (scf/ton) Py (psi) R?

C45 545 101 0.999
C75 573 111 0.998
C250 984 890 0.999
C1000 378 604 0.999

2.4.2 Discussion

Particle size can influence the pore structure of the sample significantly. The crushing
sample creates new sections in particle and the sections can connect more pores to the
particle surface. The introduced connectivity of pores enlarges the internal surface area
and pore volume and changes pore size distribution. For coarse samples, small pores
(<10nm) are neglected because the pressure equilibrium of N> sorption takes too much
time to reach or small pores (<10nm) are isolated. As for fine sample, small pores

(<10nm) are connected by new sections and pressure equilibrium of N> sorption is
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easy to reach. Therefore, pore size distribution of small pores (<10nm) is different with

decreasing particle size.

The hypothetical types of pores are shown in Figure 2.5 (Rouquerol et al., 2014).
Decreasing particle size can influence closed pores rather than open pores (if pore
channels are wide enough for probe gas). The introduced connectivity of isolated pores
results in an increase in pore volume and surface area and the difference in pore size
distribution. So the increase in total pore volume from C1000 to C45 indicates that
isolated pores in studied coal sample is at least 10 times of open pores in terms of pore
volume. Meanwhile, pore volume proportion of small pores (<10nm) increases with
particle size reduction, so crushing sample connects more small pores than big pores
(> 10nm). Therefore, isolated pores have more small pores (<10nm) than big pores

(>10nm) in terms of pore volume.

Figure 2.6 Cross section of a hypothetical particle (Rouquerol et al., 2014).

Methane adsorption capacity of coal sample is related to particle size. The studied coal
sample with different particle sizes have different Langmuir volume and pressure.
However, no trend is found between the Langmuir parameters and particle size.
Sample C250 has the largest Langmuir volume and pressure. Besides, it has been
reported that the particle fractions of coal sample have different compositions (Busch
et al., 2004), which could be another reason that the particle size has an impact on

methane adsorption and pore structure of coal sample.

Based on the experimental results, an appropriate particle size can be recommended
for high-pressure methane adsorption experiment in this study. If sample powder is
too fine, much new connectivity for small pores is introduced by crushing sample. If
the sample is too coarse, the time to reach pressure equilibrium would be very long.
Both small and big pores can be measured in the 150-250um sample, and 150-250pm

sample has the highest Langmuir volume.
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Chapter 3

Effect of temperature and moisture on

methane adsorption in shales

3.1 Introduction

In-situ conditions such as the presence of moisture and high temperature can affect
methane adsorption capacity in shale gas reservoirs significantly. Moisture is known
to reduce methane adsorption in shale by occupying sorption sites. High temperature,
as an important parameter of in-situ state of shale, reduces the methane adsorption
capacity as methane adsorption in shales is physical adsorption and accompanied by
heat release. Moreover, for the in-situ state of shale, the moisture and high temperature
are always working together. By analyzing the results of adsorption experiments for
pre-dried and pre-moisturized shale samples at different temperatures, this chapter
attempts to address the effect of temperature, moisture, and their combined effect on

methane adsorption capacity in shales.

A total of 6 shale samples were studied for the temperature and moisture effect on
methane adsorption capacity in shale. The samples were measured on high-pressure
methane adsorption at different temperatures in the dry and wet conditions described
in Chapter 2. Low-pressure adsorption approach was also used to characterize pore

structure of the samples studied.

3.2 Experimental results

3.2.1 Low-pressure adsorption analysis

Nitrogen and carbon dioxide sorption isotherms of all samples in dry and wet
conditions are shown in Figures 3.1 and 3.2, respectively. Sample T-5 was only
measured in dry condition. It is obvious that the dry sample adsorbs more N> and CO

than the wet one, except for sample AC-1.
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Figure 3.1 Low-pressure N2 isotherms for the shale samples.
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Figure 3.2 Low-pressure CO; adsorption isotherms for the shale samples.

Table 3.1 shows the BET surface area and total pore volume from N> isotherms and
micropore volume from CO; isotherms. Sample AC-2 with low TOC (0.64) has large
micropore volume. BET surface area of the dry sample is larger than that of the wet
sample. The reduced percentage of BET surface area due to moisture for the studied

samples ranges between 5.6% and 33.0%. Sample AC-1 has the smallest reduced
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percentage value. The micropore volume of dry samples ranges between 0.1466 and
0.2844 cm?®/100g, while for wet samples this value varies from 0.1361 to 0.1919
cm?®/100g. The reduced percentage of micropore volume for the studied samples ranges
between 3.7% and 32.7%. As can be noted, the change in the percentage of micropore
volume of AC-4 and AC-5 is smaller than the other samples.

Table 3.1 Pore structure parameters derived from low-pressure nitrogen and carbon dioxide
adsorption for the studied samples.

BET surface area (m?/g) Total pore volume (cm’/100g) Micropore volume (cm’/100g)
Dry Wet Reduction (%) Dry Wet Reduction (%) Dry Wet Reduction (%)
AC-1 7.1 6.7 5.6 11.6 10.5 9.0 0.2844 0.1913 32.7
AC-2 4.9 33 33.0 8.3 5.5 33.0 0.2665 0.1896 28.9
AC-3 9.7 7.6 21.1 11.2 10.1 9.3 0.2679 0.1919 28.4
AC-4 6.0 4.7 21.9 8.3 7.6 8.6 0.1625 0.1565 3.7
AC-5 7.8 5.2 33.0 10.0 8.8 12.6 0.1466 0.1361 7.2
T-5 13.7 N/A N/A 19.3 N/A N/A 0.2094 N/A N/A

Nz isotherms in Figure 3.1 are of type II, which can be described as slit model (De
Boer, 1958). Therefore, the slit model was applied in the density functional theory
model to determine the pore size distribution. Figure 3.3 illustrates that the pore size
distribution from low-pressure nitrogen and carbon dioxide adsorption isotherms focus
on nano-scale pores ranging from 0.4 to 100nm. All studied samples reveal multimodal

pore size distribution, demonstrating complex pore structures in the studied samples.

According to the comparison of pore size distribution (PSD) between the dry and wet
samples, the change in PSD shape of the samples after moisturizing can be grouped

into three different ranges of pore diameter.

(1) Micropores (0.4-2 nm): The dry and wet samples have minimal or no obvious
difference in the PSD shape for sample AC-1, AC-3, AC-4, while sample AC-
2 and AC-5 have more striking changes in PSD shape after moisturizing for
pore diameters ranging from 1.1 to 1.6nm.

(2) Fine mesopores (2-16 nm): Sample AC-1 and AC-2 have very similar PSD
shapes in the dry and wet states. For sample AC-3, the dry sample has a much

larger pore volume than the wet sample. The PSD of wet samples for sample
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AC-4 and AC-5 appears in the discrete form, which is different from the
continuous PSD of dry samples.

(3) Big mesopores and macropores (16-100nm): No obvious change exists in the
PSD shape after moisturizing for sample AC-3 and sample AC-1. Apart from
these two samples, the other samples have a distinct shift toward smaller pore

width from the dry to wet samples.
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Figure 3.3 Pore size distribution defined by incremental pore volume within the width range
of 0.4 to 100nm for the studied samples.

3.2.2 High-pressure methane adsorption isotherms analysis

Figure 3.4 shows methane adsorption isotherms for the dry shale samples at different
temperatures. Under the same pressure, as the temperature increases, the adsorption
decreases. At 25°C the adsorption capacity of the studied samples decreases in the
following order: T-5 > AC-1 > AC-3 > AC-4 > AC-5, which is consistent with the
order of TOC contents (Figure 3.5).

In order to quantify the effects of the pressure and temperature on the methane
adsorption, we derived the adsorption quantity of the samples under various
temperature and pressure and the results can be seen in Figure 3.6. Adsorbed methane
content decreases with increasing temperature at each pressure. The slope of the curve,
regarded as the decrease rate of methane adsorption with increasing temperature,
increases with increasing pressure from 5 to 50bars (725.2psi) but remains stable when

pressure keeps increasing from 50 to 70bars (1015.3psi).
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Figure 3.4 Methane adsorption capacity for the dry shale samples at different temperatures.
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Figure 3.5 Comparison of methane adsorption isotherms for the dry shale samples at 25°C.
Note that sample AC-2 has more adsorbed gas content than sample AC-4 at the first 3
pressure points.
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Figure 3.6 Comparison of correlations between temperature and adsorbed methane under
isobaric conditions. The points are the experimental results and the dotted curves are the linear
regression fitting results.

Figure 3.7 shows the comparison of methane adsorption isotherms for dry and wet
samples at three different temperatures (25, 45 and 60°C). For each sample, methane
adsorption capacities of the dry and wet sample decrease with increasing temperature.
Compared with wet samples, the dry sample has larger methane adsorption at the same
temperature. Meanwhile, the differences in methane adsorption between the dry and

wet samples decrease with rising temperature. For sample AC-1, the difference of
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methane adsorption between the dry and wet sample at maximum experimental

pressure decreases from 7.1 to 3.5 scf/ton as the temperature increases from 25 to 60°C.

Figure 3.8 shows the comparison of methane adsorption isotherms for the wet samples
at 60°C. At this high temperature the moisture equilibrated, high TOC samples AC-1
and AC-3 (3.3% and 1.82% TOC) have larger methane adsorption capacities than the
other samples AC-2, AC-4, and AC-5 with TOC values ranging from 0.23 t01.08%

have similar methane adsorption isotherms.
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Figure 3.7 Comparison of methane adsorption isotherms between dry and wet shale samples
at different temperatures: the red and blue dots represent the dry and wet samples, respectively.
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Figure 3.8 Comparison of methane adsorption isotherms at 60°C for wet samples: sample
AC-2, AC-5, and AC-5 have similar results.

Methane adsorption isotherms can be well fitted by the Langmuir equation and the
fitting results are presented in Table 3.2. For the dry samples, Langmuir volumes
decrease and Langmuir pressures increase with increasing temperature; The Langmuir
volume of the shale samples shows different degrees of change upon temperature
increase from 25°C to 80°C. For instance, Langmuir volumes of methane adsorption
on samples AC-1 and AC-4 decrease from 51 to 37 (scf/ton) (27.5% change) and 34
to 20 (sct/ton) (41.1% change), respectively. However, Langmuir volumes on samples

AC-2 and AC-5 both decrease from 26 to around 20 (scf/ton) (23.1% change).

Comparison between the dry and wet samples shows a decrease in Langmuir volume
after moisturization. At 60°C, the Langmuir volume of wet samples decreases in the
order AC-1>AC-3>AC-4=AC-5>AC-2, which is not in agreement with the order of
TOC contents. Compared with the dry samples, the wet samples have a higher
Langmuir pressure at any temperature. As shown, the Langmuir pressures of wet

samples at 60°C are significantly higher than those of the dry sample at 25°C.
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Table 3.2 Langmuir parameters for the shale samples at different temperatures.

25°C 45°C 60°C 80°C
Vi(scfiton)  Pu(psi)  Vi(scflton)  Pi(psi)  Vi(scf/ton)  Pi(psi)  Vi(scfiton)  Pi(psi)

AC-1 dry 513 218.9 46.3 277.8 40.2 346.9 37.6 433.8
wet 46.9 294.8 41.7 338.7 37.5 388.7 N/A N/A
AC-2  dry 26.9 256.1 23.1 306.7 20.6 322.5 19.8 429.2
wet 24.2 294.8 21.2 316.9 19.4 344.2 N/A N/A

AC-3 dry 46.5 263.8 40.5 364.3 32.5 424.9 N/A N/A
wet 41.2 299.4 38.2 421.6 31.5 468.8 N/A N/A
AC-4 dry 34.2 422.1 29.5 544.6 22.2 562.0 20.5 729.7
wet 31.2 464.5 27.7 575.0 21.5 588.1 N/A N/A
AC-5 dry 26.5 383.5 24.0 398.3 22.1 4453 20.7 505.4
wet 24.7 475.3 23.4 521.8 21.5 522.1 N/A N/A

T-5 dry 80.6 338.2 63.7 371.7 50.3 481.4 N/A N/A

3.3 Discussion

3.3.1 The effect of temperature on methane adsorption

The effect of temperature on methane adsorption of shale samples is related to their
composition. As shown in Figure 3.6, methane adsorption decreases with increasing
temperature under isobaric condition. The decrease rate, used to describe the effect of
temperature on methane adsorption, differs from pressure to pressure and sample to
sample. For each sample, the decrease rate increases with increasing pressure for
pressure less than 50bars. Meanwhile, as a general rule of physisorption, adsorbed gas
content increases with increasing pressure. The trend of adsorbed gas content with
pressure is in line with the trend of the decrease rate with pressure. So it is reasonable

to guess the decrease rate is positively related to adsorbed gas content.

However, the correlation between the decrease rate and adsorbed gas content is not
true of shale samples with different compositions. Figure 3.9 shows that the correlation
between adsorbed gas content and the decrease rate follows this order: AC-3 > T-5 >
AC-1 = AC-4 > AC-2 = AC-5. Sample AC-2 and AC-5 are less sensitive to the
increased temperature on methane adsorption comparing to the other samples with

relatively high TOC. Adsorbed gas content normalized by TOC at 80°C presented in
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Figure 3.10, displays samples AC-2 and AC-5 with low TOC have abnormally larger
TOC-normalized adsorbed gas content than sample AC-1 and AC-4 with relatively
high TOC. It might infer that the proportion of methane adsorbed on clay minerals is
much higher for sample AC-2 and AC-5 than sample AC-1 and AC-4. The lesser
sensitivity to the increased temperature for sample AC-2 and AC-5 could attribute to
the higher proportion of methane adsorbed on clay minerals, which implies the
methane adsorbed on clay minerals is less sensitive to the increased temperature than
that adsorbed on kerogen. Even when relatively high TOC and low TOC samples have
the same adsorbed gas content at different pressures, the decrease rate of methane
adsorption with increasing temperature is greater on relatively high TOC sample,
which also suggests that the methane adsorbed on kerogen is more sensitive to the

increased temperature on methane adsorption than on clay minerals.
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Figure 3.9 Comparison of correlations between adsorbed gas content and the decrease rate of
methane adsorption with increasing temperature.
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Figure 3.10 Comparison of adsorbed gas content normalized by TOC at 80°C for four shale
samples. Samples AC-2 and AC-5 have larger adsorbed gas content normalized by TOC than
samples AC-1 and AC-4.

3.3.2 The effect of moisture on pore structure characteristics

The comparison of N»-based and CO»-based adsorption isotherms, PSD shapes and
pore structure parameters between dry and wet samples prove that the pore structure
characteristics in shales change substantially after moisturizing. In PSD shapes, the
most striking phenomenon is the left shift mode for big mesopores and macropores
from dry to wet sample. The possible reason could be that the pore diameter of the big
mesopores and macropores is reduced due to adsorbed water, and the water which is
adsorbed on the pore walls has a similar thickness. As shown in Figure 3.11, D and d
are the pore diameter of one pore from the dry and wet sample respectively; D-d
represents the change of pore diameter from the dry to the wet sample, which is the
distance of the left shift. Adsorbed water on the surface of pore displays as a film with
a certain thickness. The thickness of adsorbed water can be generally described by the
half distance of the shift mode. In this case, the thickness of adsorbed water for AC-2,
AC-4, and AC-5 ranges from 8 to 9nm. It has been reported the thickness of adsorbed
water in shales is controlled by various factors, such as relative humidity, pore size,
and clay type (Li et al., 2016a; Li et al., 2017; Li et al., 2016b). Besides, no shift
exists in the PSD of sample AC-3 and AC-1, which suggests limited hydrophilic sites

in big mesopores and macropores of the samples.
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water

Figure 3.11 Theoretical pore model for the thickness of adsorbed water, D and d are the pore
diameter of at dry and wet conditions respectively; T is the thickness of adsorbed water,
which can be defined as (D-d)/2; D-d represents the distance of the left shift in PSD.

Compared with the big mesopores and macropores, fine mesopores have no systematic
change in pore structure characteristics after moisturizing for all samples. For sample
AC-1 and AC-2, no significant change in PSD of fine mesopores exists after
moisturizing, demonstrating no hydrophilic sites in fine mesopores. Sample AC-3 has
a distinct decrease in the pore volume of fine mesopores from dry to wet sample, but
different from the shift mode mentioned for the big mesopores and macropores. Due
to the narrow enough pore throat of fine mesopores, the adsorbed water with certain
thickness could block pore network connectivity and isolate potential sorption sites.
With respect to sample AC-4 and AC-5, PSD of fine mesopores is discontinuous for
the wet sample. The PSD is calculated by fitting isotherms from DFT model on
individual pores to experimental isotherms of N> (Lastoskie et al., 1993). The possible

reason for the discontinuous PSD is the reduced pore volume after moisturization.

Micropores characteristics in shales are also changed by moisture according to the
decrease in micropore volume and change of PSD in micropores between the dry and
wet samples. However, the change in PSD shape for high TOC samples is not as
obvious as that for low TOC samples. Low TOC samples (AC-2, AC-5) have a larger
proportion of clay-hosted micropore volume than high TOC samples (AC-1, AC-3,
and AC-4). Micropore volume normalized by TOC is shown in Figure 3.12, indicating
that low TOC samples (AC-2 and AC-5) have abnormally larger normalized micropore
volume than high TOC samples. The proportion of clay-hosted microporosity for these
low TOC samples is much larger than the other three samples. Water mainly adsorbs
on the hydrophilic sites at the surface of clays, so both micropore volume and PSD of
micropores in low TOC samples changes significantly with moisture. As for high TOC

samples (AC-1, AC-3, and AC-4) with a low proportion of clay-hosted microporosity
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and a high proportion of organic matter-hosted microporosity, the similar PSD
between the dry and wet sample indicates that the amount of hydrophilic sites in
organic matter is very limited. However, the high TOC sample (AC-1, AC-3) with no
obvious change in PSD has a striking decrease in micropore volume after moisturizing.
The phenomenon implies that micropore volume in the high TOC sample decreases
evenly along the pore diameter range by adsorbed water. The reduced micropore
volume is composed of the clay-hosted and organic matter-hosted micropore volume.
Therefore, even though water adsorbed on clay blocks the narrow throat directly,
organic matter-hosted micropores connected to the narrow throat is blocked indirectly.
The largely reduced micropore volume of sample AC-1 and AC-3 illustrates that a
significant amount of organic matter-hosted micropores is connected to the clay-

hosted throat and could be indirectly blocked by adsorbed water.
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Figure 3.12 Micropore volume normalized to TOC for the dry samples.

3.3.3 The effect of moisture on methane adsorption characteristics

Methane adsorption capacity in shale-gas systems changes along the entire pressure
range due to the presence of moisture. The effect of moisture on methane adsorption
changes with increasing pressure. The ratio of Vieduction/ Vdry (Vreduction refers to Vry-
Vwet) in Figure 3.13, which can quantify the effect of moisture on methane adsorption,
decreases first and then becomes stable with increasing pressure. Vieduction in Figure
3.14 the reduction of methane adsorption capacity with moisture, increases at the first

stage and then remains stable during the second stage with increasing pressure.
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Figure 3.13 The reduced percentage of methane adsorption with moisture as a function of
pressure for all shale samples. The solid line represents the general trend of the points.
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Figure 3.14 The reduction of methane adsorption with moisture as a function of pressure for
all shale samples: Vicduction=Vdry-Vwet. The solid line represents the general trend of the points.

Therefore, at the first stage with low pressure, the decrease of Vrieduction/Vdry With
increasing pressure suggests that the effect of moisture on methane adsorption
decreases with increasing pressure. According to the pore-filling theory, gas is
adsorbed in small pores first and then into bigger pores with increasing pressure. It

might infer that the moisture effect on the methane adsorption is stronger in small
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pores than larger pores. This is because that the small pores like micropores discussed
in the last section could be thoroughly blocked by adsorbed water and not available to
methane adsorption. With increasing pore diameter, larger pores like mesopores are
less likely to be blocked by adsorbed water than small pores. Methane is gradually
adsorbed into bigger pores with increasing pressure, but the effect of moisture on

methane adsorption decrease.

At the second stage with high pressure, the difference of methane adsorption between
the dry and wet samples attributes to the multilayer adsorbed water in big pores like
big mesopores and macropores. Vrieduction and Vreduction/ Vdry both become relatively
stable, which indicate the effect of the adsorbed water on methane adsorption in big
pores is very limited. This finding could be explained in four assumptions: 1) the
amount of methane adsorbed in big pores is very limited, as methane adsorption
capacity in shales is mainly controlled by micropores and fine mesopores (Mosher et
al., 2013); 2) Methane and moisture may adsorb at different sorption sites. It has been
observed that shale can have both high moisture content and methane adsorption
capacity (Chalmers and Bustin, 2008). In this case, moisture can reduce methane
adsorption only if blocking connectivity of the pore network; 3) the coverage of
adsorbed water is not sufficient. Methane adsorption capacity decreases with
increasing of water coverage on clays (Li et al., 2016a). The limited reduction of
methane adsorption in big pores may result from the small coverage of adsorbed water;
4) Methane is dissolved in water at high pressure. As reported, methane solubility in
water increases with increasing pressure (Duan et al., 1992; Ma and Huang, 2017).
With increasing pressure to the second stage, methane dissolved in water may weaken

the moisture effect on methane adsorption.

The effect of moisture on methane adsorption in shales is related to TOC for the studied
samples. The Vieduction/Vdry at maximum pressure (1015psi) and VLreduction/VLary, used
to describe the effect of moisture on methane adsorption for each sample, have a
positive correlation with TOC rather than clay content for the studied samples (Figure
3.15). The correlation demonstrates that high TOC sample is more sensitive to
moisture comparing with low TOC sample on methane adsorption. In other words,
clay adsorbs moisture directly, but the moisture effect on methane adsorption is related
to organic matter. Organic matter-hosted small pores, as micropores discussed in the

last section, could be indirectly blocked by water adsorbed on clay. Therefore, the
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positive relation between moisture effect on methane adsorption and TOC illustrates
that the high TOC sample has a large proportion of organic matter-hosted small pores

blocked by adsorbed water, which is in agreement with the result of micropore volume.

In addition, VLreduction/VLary of samples AC-2 (0.64% TOC) is higher than that of
sample AC-4 (1.08%TOC). This is because the low TOC sample has a larger
proportion of methane adsorption capacity on clay. Although the amount of organic
matter-hosted small pores blocked is limited in low TOC sample, the reduced pore
volume from clay-hosted pores can lead to a significant decrease in methane

adsorption capacity.
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Figure 3.15 Relation between the effect of moisture on methane adsorption and TOC for
shale samples. The red line describes the correlation of Vreduction/Vdry at maximum
pressure (1015psi) to TOC, the blue line represents the correlation of V Lrequction/VLary to
TOC.

The correlation between TOC and reduction of methane adsorption with moisture in
Figure 3.16 is not in agreement with the trend reported by Wang and Yu (2016), which
suggested a negative correlation between TOC and the differences on methane
adsorption between dry and wet shales. The possible reason could be that the shale
samples in the reported study show a positive relationship between the methane
adsorption capacity and the clay content instead of the TOC, which indicates a high
proportion of methane adsorption on clay. Thus, the reduced methane adsorption with

moisture has no positive relation with TOC.
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Figure 3.16 The correlation between the TOC and reduction of methane adsorption with
moisture at maximum pressure.

3.3.4 Methane adsorption characteristics at high temperature with

moisture

The organic fraction (TOC) is the main controlling factor of methane adsorption in
shales at high temperature with moisture. As shown in Figure 3.17, positive linear
correlations exist between the Langmuir volume and TOC for both dry samples at
25°C and wet samples at 60°C. However, wet samples of AC-2, AC-4, and AC-5 with
low TOC (TOC ranges from 0.23 to 1.08%) have similar Langmuir volume at 60°C.
This means that the role of organic matter in methane adsorption for low TOC sample
is not critical due to the combined effect of high temperature and moisture. In this case,
other parameters (clay content and pore structure) need to be considered in the
determination of the Langmuir volume at high temperature with moisture. Compared
with the dry samples at 25°C, correlation of Langmuir volume to TOC for the wet
samples at 60°C has a lower slope of regression, which implies that the conditions
(high temperature and presence of moisture) may restrain the contribution of organic

matter to methane adsorption in shales.
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Figure 3.17 Correlation of Langmuir volume for dry samples at 25°C and wet samples at
60°C to TOC.

In addition, the reciprocal of Langmuir pressure can be used to describe the affinity of
methane adsorption in shales. As shown in Table 3.2, Langmuir pressure increases
with increasing temperature and moisture, which demonstrates that the increased
temperature and presence of moisture lead to a weaker affinity for the methane

adsorption in shales.

3.3.5 The combined effect of moisture and high temperature on methane

adsorption in shales

The moisture and high temperature can reduce the methane adsorption in shales
individually. However, the coexistence of these two factors can bring some joint
effects. The moisture effect on methane adsorption in shales decreases with increasing
temperatures. As shown in Figure 3.18, Vieduction/Vdry, used to quantify the moisture
effect on methane adsorption, decreases with increasing temperature for all the studied
samples. The range of Vieduction/ Vary at maximum pressure for all samples at 25°C is
12% to 17%, while Vieduction/Vary at the maximum pressure at 60°C decreases to the
range of 5% to 14%. Besides, the wet samples are less sensitive to the high temperature
compared with the dry samples. The temperature effect on methane adsorption can be
described by the decrease rate of methane adsorption capacity with increasing
temperature. As shown in Figure 3.19, the decrease rate of Langmuir volume with

increasing temperature for the dry samples is larger than the wet ones. The wet samples
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have a decrease rate of Langmuir volume in the range of 0.09 to 0.27, while the
decrease rate for the dry samples ranges from 0.13 to 0.4. Therefore, the effect of high

temperature and moisture on methane adsorption in shales weakens each other.
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Figure 3.18 The reduced percentage of methane adsorption with moisture as a function of
pressure at different temperatures.
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Figure 3.19 The decrease rate of Langmuir volume with increasing temperature for the dry
and wet samples.

The phenomenon that moisture and high temperature effect weakens each other can be
explained by their mechanisms of reducing methane adsorption in shales. As physical
adsorption, methane adsorption in shales releases heat, which is restrained by the
increased temperature. The increased temperature reduces the adsorbed methane on all
sorption sites. Unlike the high temperature, moisture only reduces the adsorbed

methane on the certain sorption sites, which are blocked or covered by adsorbed water
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in shales (Li et al., 2016; Li et al., 2017). In this case, the possible reason for the
moisture and high temperature weakening each other is that the two factors mainly
influence the same part of adsorbed methane. In this work, the small pores are more
sensitive to moisture than large pores. It might infer that the high temperature also

primarily reduce adsorbed methane in the small pores.
3.3.6 Thermodynamic parameters

Thermodynamic parameters were calculated from the temperature dependence of the
Langmuir pressure, including the heat of adsorption and the standard entropy of

adsorption listed in Table 3.3.

Figure 3.20 shows that the heat of adsorption for the dry samples is positively related
to the TOC. It has been reported that the process of methane adsorption on kerogen
releases more heat than that on clay minerals (Ji et al., 2012; Zhang et al., 2013; Zhang
et al., 2012). As for shale sample AC-2 and AC-5 with very low TOC in this study, a
certain amount of methane adsorbed on clay minerals contributes to the low heat of
adsorption. The heat of adsorption decreases with the increasing proportion of methane
adsorbed on clay minerals. Moreover, the correlation coefficient is 0.83 in Figure 3.21,

demonstrating that the heat of adsorption is not only related to the TOC.

The heat of adsorption determined for the dry shale samples in this work is ranging
between 4.5 and 14.5 kJ/mol, which is smaller than the published results in Table 3.4
on kerogen, organic-rich shale and even Montmorillonite clay and I-S mixed clay
(Gasparik et al., 2014; Ji et al., 2012; Zhang et al., 2013; Zhang et al., 2012). The
reason could be: 1. the studied shale samples have low TOC (0.23~3.07%); 2. the
particle size used in this study (<250 pm) is much coarser than the particle size of the
Montmorillonite clay and I-S mixed clay in the literature <50um. It has been shown
that the decreasing of particle size can change the pore size distribution of shale
samples by crushing sample rock into powder, which leads to increased small pore and
internal surface areas (Chen et al., 2015). The changed pore size distribution enhances

the heat of methane adsorption (Myers, 2004).

After moisturizing, the heat of adsorption shows a decrease for each sample. Given
that the dominant mechanism of moisture effect on methane adsorption is the blockage

of small pores, the difference in the thermodynamic parameters between dry and wet
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samples is attributed to the blocked small pores. The decrease in heat of adsorption
after moisturizing illustrates that the heat of adsorption for the blocked small pores is
larger than that of the whole sample. In this case, the larger heat of adsorption for the
blocked small pores can be explained in two aspects: 1. methane adsorbed in small
pores releases more heat than that in larger pores for the same composition (clay or
kerogen) (Myers, 2004); 2. sorption sites on kerogen primarily distribute in small pores
in shales, and kerogen is believed to have larger heat of adsorption than clay minerals

(Jietal., 2012; Zhang et al., 2012).

The entropy of adsorption reflects the restricted mobility of adsorbed molecules (Xia
et al., 2006), which should be close to the loss of translational entropy from three-
dimensional free gas to two-dimensional adsorbed gas (Xia and Tang, 2012). The dry
samples have more negative entropy of adsorption than the wet ones, which indicates
methane adsorbed in dry samples has less mobility than that in wet samples. The less
mobility of adsorbed methane in wet samples is attributed to the blocked small pores
by moisture. Methane adsorbed in small pores has less mobility than that in larger
pores. It has been reported that methane adsorbed in small pores has a larger density

than methane adsorbed in larger pores (Mosher et al., 2013).

Note that the difference in thermodynamic parameters between the dry and wet sample
is striking for the studied samples except sample AC-3, which suggests that the
thermodynamic parameters of the small pores blocked by moisture in sample AC-3 are
similar to the parameters of the large pores. In addition, the standard entropy of
adsorption for the dry samples is ranging between -42 and -74.7 Jmol'K"!. Sample
AC-2 and AC-5 with low TOC have less negative values, which indicates that methane
molecules adsorbed on clay minerals have more mobility than methane molecules
adsorbed on kerogen. The difference in mobility suggests different configurations of
methane adsorbed on clay and kerogen. It is likely that methane adsorbed on clay

minerals has a lower density than that on kerogen.
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Table 3.3 Thermodynamic parameters of methane adsorption for the dry and wet shale samples.

Heat of adsorption, q (kJmol™!) Entropy of adsorption, A's (Jmol'K™)

AC-1 Dry 10.7 -58.5
Wet 6.4 -46.6
AC-2 Dry 7.8 -49.7
Wet 3.6 -37.0
AC-3 Dry 11.2 -62.1
Wet 10.7 -61.4
AC-4 Dry 8.2 -55.6
Wet 5.8 -48.4
AC-5 Dry 4.5 -42.0
Wet 2.3 -36.9
T-5 Dry 14.5 -74.7

Table 3.4 Thermodynamic parameters of methane adsorption on different samples from
published data.

Heat of adsorption, q(kJmol™") Entropy of adsorption, As(Jmol'K™)

Green river kerogen(type 1) 10.3 -49
Woodford Kerogen(type II)? 21.9 -81.1
Cameo coal(type III)* 28 -92.2
Green river rock® 15.1 -64.5
Woodford rock® 15.3 -57.2
Lee C-5-1 rock® 14 -56.9
Oxy Tarrant #A-3 rock® 7.3 -36.2
Blakely#1 rock® 18.4 -63.4
Montmorillonite clay® 16.6 -79.5
I-S mixed layer® 14.6 -77.2

Ilite clay® 10.3 -65.3
Kaolinite clay® 9.6 -65.3
Chlorite® 9.4 -64.8

Note: * from Ross and Marc Bustin (2007) and Zhang et al.(2012)  ° from Ji et al.(2012)
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Figure 3.20 The correlation between the heat of adsorption and the TOC.

3.3.7 Estimation of methane adsorption in shales with moisture at a high

temperature

This study has confirmed that methane adsorption capacity in shales is greatly reduced
by the coexistence of high temperature and moisture which is real for the in-situ state
of shale. To estimate the gas adsorption potential in shales under the actual condition,
external parameters (temperature, pressure, and moisture) must be considered. Given
the surface pressure (14.7psi) and temperature (23°C), the pressure and temperature of
the studied samples at reservoir condition are determined using the pressure and
temperature gradient in Table 3.5. In terms of moisture, we assume the moisture
content for each sample is constant at all depths. Herein, the moisture content derived
from relative humidity of 84% in this work is used. The methane adsorption isotherm
of each sample at reservoir conditions is described by Langmuir parameters. The
Langmuir pressure and Langmuir volume are calculated using the temperature
dependence in Table 3.2. Based on the measured adsorption isotherms, the methane
adsorption capacity (V(scf/ton)) under the actual reservoir condition was estimated.

The results are listed in Table 3.5.
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Table 3.5 Estimated methane adsorption capacity of shale samples under reservoir conditions.

Pressure (psi) Temperature (°C) Vi (scf/ton) Pr(psi) V(scf/ton)

AC-1 4128 121 21.2 551.8 18.7
AC-2 4149 121 10.8 418.0 9.8
AC-3 4176 122 15.9 905.8 13.0
AC-+4 4203 122 5.5 842.6 4.5
AC-5 4167 122 16.2 604.4 14.1

Note: the temperature gradient is 35.1°C/km; the pressure gradient is 1479.4 psi/km.

No correlations exist between the estimated methane adsorption capacity and the TOC
under actual reservoir conditions considering the presence of moisture and high
temperature. The methane adsorption capacity under actual reservoir conditions
decreases in the following order: AC-1>AC-5>AC-3>AC-2>AC-4. Sample AC-4 with
1.08% TOC has the lowest methane adsorption capacity, while sample AC-5 with 0.23%
TOC has large methane adsorption in reservoir condition. The two factors limit the
contribution of organic matter to methane adsorption. Given the low TOC range of the

studied samples, more data are required for shale samples with high TOC values.

3.4 Conclusion

e The effect of temperature on methane adsorption is different for shale samples
with different compositions. Methane adsorption on kerogen is more sensitive
to temperature increase than methane adsorption on clay minerals.

e Moisture leads to a shift to smaller sizes in PSD of big mesopores (16-50 nm)
and macropores (>50 nm) from dry to wet sample due to the multilayers
adsorbed water. The thickness of the multilayer adsorbed water can be
generally determined from the half distance of the shift in PSD shape. No shift
is observed in the PSD of fine mesopores (2 nm-16 nm) but a decrease in pore
volume with moisture. As for micropores, all the studied samples show the
decrease tendency in micropore volume, but the change in PSD shape for high
TOC samples is not as obvious as that for low TOC samples.

e The effect of moisture on methane adsorption in shales is largest at low
pressure. It decreases first and then keeps stable with increasing pressure. The

moisture effect on methane adsorption in shales decreases with increasing pore
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diameter: small pores like micropores can be thoroughly blocked by adsorbed
water, but bigger pores like mesopores are less likely to be blocked.

e The effect of moisture on methane adsorption in shales is related to the TOC.
For the high TOC samples, organic matter-hosted pores can be blocked by the
water adsorbed in clay-hosted small pores. The reduction of the methane
adsorption in low TOC samples with moisture is due to the blocked clay-hosted
small pores.

e Wet samples have lower Langmuir volumes and larger Langmuir pressures
than dry samples at experimental temperatures. Langmuir volume decreases
and Langmuir pressure increases with increasing temperature for both dry and
wet samples.

e Moisture and high temperature can reduce the methane adsorption in shales
individually, and the two factors weaken each other for methane adsorption on
shales. The moisture effect on methane adsorption in shales decreases with
increasing temperature. The dry samples are more temperature sensitive than
the wet samples. This phenomenon implies that both the increased temperature
and moisture have a greater impact on the methane adsorption of small pores
in shales.

e The heat of adsorption for the dry shale samples is lower than the results in the
literature due to the lower TOC and coarser particle size. According to the
standard entropy of adsorption, methane adsorbed on clay minerals has more
mobility than methane adsorbed on kerogen, which indicates the different
configurations between methane adsorbed on clay minerals and kerogen.

e The heat of adsorption shows a decreasing trend and the entropy of adsorption
becomes less negative after moisturizing. The difference in thermodynamic
parameters between the dry and wet samples is attributed to the blocking of
small pores by moisture, illustrating that methane adsorbed in the blocked
small pores release more heat and have less mobility than the methane adsorbed

in the whole sample.
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Chapter 4

Methane adsorption Kinetics and diffusion in

shale

4.1 Introduction

Mechanisms of gas transport in shales differs significantly from conventional gas
reservoirs due to its complex geological properties and adsorbed gas content. Gas flow
in shale is mainly controlled by gas diffusion, which can be characterized indirectly
by adsorption kinetics. Thus, we investigated the adsorption kinetics on different shale
samples at different temperatures and pressures. Gas diffusion parameters were
determined by fitting data of adsorption rate using the bidisperse diffusion model. The
proposed method offers an alternative to the gas desorption measurement for the gas
flow parameters in shale if the desorption data is not available. In addition, the analysis

of the adsorption rate can also give an insight into the process of gas adsorption.

4.2 Experiment results

A total of 5 shale samples were used to measure the adsorption kinetics in wet
condition. Figure 4.1 shows the curves of methane adsorption rate for the studied
samples at three pressure steps (10, 30 and 50 bars). The three pressure steps were
chosen to improve the comparative results, as the curves of the adsorption rate under

close pressures are similar. For all the curves of methane adsorption rate, the fractional

uptake (&) increases strikingly at the initial time range and then becomes relatively
Moo

stable in the later period.

4.3 Discussion

4.3.1 Pressure effect on methane adsorption rate

For all studied samples the methane adsorption rate shows a reduction with increasing
pressure. As shown in Figure 4.1, the adsorption rate at low pressure is larger than that
of high pressure. The negative relationship between methane adsorption rate and
pressure in shale has been observed in previous works (Dang et al., 2017; Rani et al.,

2018; Yuan et al., 2014). The phenomenon has been explained that gas molecule-
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molecule collision is intensive at high pressure, which could lead to a slow gas
adsorption (Rani et al., 2018). In addition, according to the pore-filling theory, gas first
adsorbs in small pores and then move into bigger pores with increasing pressure. As
the adsorption rate at low pressure is greater, it can be suggested that the methane

adsorption process in small pores is faster than in large pores.
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Figure 4.1 Methane adsorption rate at three pressure steps for the shale samples. The vertical
axis is the fraction uptake and the horizontal axis is the square root of time (s°°).

4.3.2 Temperature effect on methane adsorption rate

Figure 4.2 shows the methane adsorption rate at different temperatures for sample AC-

1 and AC-5. The methane adsorption rate (30bar) is greater at a higher temperature,
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indicating the positive effect of temperature on the methane adsorption rate. It has been
explained that gas molecules move faster in pore throats and have more collisions with
the pore walls at high temperature, leading to a faster gas transport and adsorption

(Wang et al., 2016).
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Figure 4.2 Methane adsorption rate under 30bar at three different temperatures for sample AC-
1 and AC-5.

4.3.3 Comparison of methane adsorption rate between samples

We also compared the methane adsorption rate of different shale samples at the three
pressure steps (10, 30 and 50bar). As the adsorption rate curves are very similar to
each other, a quantifying method was used to calculate the slope of the curve in the
initial time range, which is regarded as the linear portion of the adsorption rate curve.
The time range chosen includes at least 4 time points above zero, so 6s%° was used in
each determination of adsorption rate. Table 4.1 shows the slope of methane adsorption

rate at 3 pressure steps for all the samples.

Figure 4.3 shows a good relationship between the TOC and slope of adsorption rate
at 50bar, which indicates the organic matter contributes to the methane adsorption rate
at high pressure. As for low pressure, the slope of adsorption rate at 10 and 30bar have
no relation to the TOC. However, it can be seen in Figure 4.3 that a moderate positive
relation exists between the slope of the adsorption rate at 30bar and micropore volume.
It might be inferred that the sample with high micropore volume provides more surface
area for adsorption and more throats for gas flow, which could lead to a great
adsorption rate. Furthermore, the relations between the micropore volume and the
slopes of the adsorption rate at 10 and 50bar are weak, indicating the effect of

micropore volume on the adsorption rate is not consistent for different pressure steps.
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In addition, no relation exists between the sum of the mesopore and macropore
(<100nm) volume and adsorption rate at the three pressure steps. In a word, the
controlling factors of methane adsorption rate are complex, and more parameters need

to be studied.

Table 4.1 The slope of adsorption rate at three pressures for the shale samples.

Slope, 10bar Slope, 30bar Slope 50bar
AC-1 0.093 0.086 0.08
AC-2 0.094 0.089 0.069
AC-3 0.105 0.1 0.074
AC-4 0.091 0.076 0.074
AC-5 0.091 0.074 0.064
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Figure 4.3 The relation of methane adsorption rate to TOC and micropore volume. The
adsorption rate at 50 bar shows a good correlation with TOC; a moderate correlation exists
between the adsorption rate at 30 bar and the micropore volume.

4.3.4 Diffusivity

The bidisperse diffusion model (see Chapter 2.3.5) was used to fit the methane
adsorption rate for the shale samples (Figure 4.4). As shown, the bidisperse diffusion
model gives a good match with the data of methane adsorption rate in shales. The

fitting results provide the parameters of the bidisperse diffusion model in Tables 4.2
Di,

FYE R,, the macrosphere radius, could represent the mean
i

and 4.3, including L;—“Z and

particle radius of sample. As the samples were crushed to the same particle size (see

Chapter 2.2.2), R, is consistent for all the samples. As for R;, it is believed that the
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microsphere radius (R;) is controlled by organic matter or clay minerals in shale.
Herein, the shale samples are from the same formation of one borehole, so R; is

considered uniform for all the samples. Therefore, informative comparisons on

!

effective diffusivities (D, and D;") can be obtained from D—“Z and 2L . Tables 4.2 and

RZ R?

/ o
4.3 show that I;—“Z is larger than i—‘z for all the measurements, indicating that the

a l

macropore effective diffusivity (D,') is much greater than the micropore effective
diffusivity ( D;"), because the R; is significantly smaller than the R,. Therefore, gas
diffusion in shale includes a faster macropore diffusion and a slower micropore

diffusion.
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Figure 4.4 The methane adsorption rate at 30bar fitted using the bidisperse diffusion model for
the shale samples.
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!

i—az shows a decrease trend with pressure except for the 40bar of sample AC-1 and

a

AC -3 (Table 4.2). For these two samples, the determined L;—“Z at the pressure step of

40bar is larger than that at 30bar, which was also reported in the previous work (Cui
et al., 2004; Dang et al., 2017). The decrease trend suggests a negative pressure effect
on the macropore diffusivity. It has been explained that shale matrix could swell due
to methane adsorption. The swelling narrows the pore throat and reduces the
permeability (Rani et al., 2018). Even if no swelling exists in shale matrix, the
increased adsorbed gas content with increasing pressure could tighten the path for gas

transport as well (Li et al., 2016).

Table 4.3 displays that the L;—“Z increases with increasing temperature for sample AC-1

!

. D; . oy .
and AC-5, while the R—LZ shows no obvious trend with increasing temperature,

i

indicating limited temperature effect on the micropore effective diffusivity.
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Table 4.2 Gas diffusion parameters from the bidisperse model for the shale samples at 25°C
(using Equation 2.14 in Chapter 2.3.5).

AC-1(25°C) AC-2(25°C) AC-3(25°C)
Pressure(bar) Da’ Di’ E Da, Di’ E Da’ Di’ E
RZ R? a RZ RZ @« R RZ a
10 0.0062 0.00029 46 0.00572 0.0002 43 0.0068 0.0002 35
20 0.0033 0.00025 55 0.00417 0.00021 42 0.0051 0.00026 4.6
30 0.0031 0.00020 45 0.00416 0.00020 42 0.0034 0.00017 10
40 0.0034 0.00021 10 0.00304 0.00024 8.1  0.0038 0.00015 13
50 0.0030 0.00019 5.3 0.00313 0.00017 83  0.0033 0.00012 15
AC-4(25°C) AC-5(25°C)
D, D, B D, D, B
RZ R? a RZ RZ a
10 0.0068 0.00028 58 0.00437 0.00034 6.3
20 0.0040 0.00019 5.7 0.00344 0.00021 11
30 0.0039 0.00025 5.0 0.00284 0.00017 6.3
40 0.0043 0.00019 6.9 0.00225 0.00023 48
50 0.0038 0.00019 8.6 0.00227 0.00019 8.9
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Table 4.3 Gas diffusion parameters from bidisperse model for sample AC3-1 and AC3-5 at 45
and 60°C (using Equation 2.14 in Chapter 2.3.5).

AC-1(45°C) AC-1(60°C)
pressure(bar) D, D;’ p D, D, B
RZ R« R R? «
10 0.006456 0.00026 5.4 0.006766 0.00072 7.9
20 0.003905 0.00039 7.1 0.004035 0.00045 7.5
30 0.00364 0.00034 3.6 0.003936 0.00030 3.0
40 0.004434 0.00019 1.3 0.004309 0.00017 14
50 0.003626 0.00012 7.8 0.003848 0.00011 6.0
AC-5(45°C) AC-5(60°C)
D, D, B D, D, B
RZ RZ o« RZ R? a
10 0.00474 0.00031 19 0.006154 0.00024 11.9
20 0.004236 0.00028 2.5 0.005713 0.00028 24
30 0.002956 0.00016 2.0 0.003323 0.00014 2.4
40 0.003802 0.00025 3.2 0.002843 0.00016 34
50 0.002828 0.00024 33 0.002893 0.00016 6.4

As the macropore effective diffusivity is much larger than the micropore effective

diffusivity, the L;—“Z 1s compared among all the shale samples. Fig 4.5 shows that TOC

a

Dy’ . " .
R—‘; at 10bar, while a strong positive relation

a

has a weak positive relationship with

!
a

. D . .
exists between the ol at 10bar and micropore volume. This phenomenon

a

demonstrates that the contribution of micropore volume to the macropore effective
diffusivity is more significant than the TOC. Sample AC-2 with low TOC but large
micropore volume has a great macropore effective diffusivity. It might be implied that
the larger micropore volume offers more available void space for gas diffusion.

However, the sum of the mesopore and macropore (<100nm) volume shows no
relationship with the L;—“Z at 10 and 50bar (Figure 4.6), indicating the pores in the range

of 2 to 100nm have little contribution to the macropore effective diffusivity. Therefore,
the diffusion at low pressure in shale is mainly controlled by micropores rather than

meSopores and macropores.
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Herein, a hypothetic pore model is proposed in Figure 4.7. Pores in shale play different

roles in gas transport and storage: micropore connected with mesopore or macropore

dominates the diffusion as a throat; mesopore or macropore is related to gas storage

sites but not for diffusion. The hypothetic pore model in shale could explain the

different relations of the macropore effective diffusivity to the micropore volume and

the sum of the mesopore and macropore (<100nm) volume, but more investigations

are necessary to verify the model.
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Figure 4.7 A hypothetic pore model in shale: micropore is not in fact a pore but it plays the
role of the throat and contributes to the diffusion.

It is worth mentioning that macropore and micropore diffusivity are not discussed in
this study. For the determination of the macropore and micropore diffusivity in the
bidisperse model, pore structure parameters are needed to be known, including
porosity and specific surface area for both micropore and macropore. However, these
parameters are unobtainable, as it is hard to distinguish the micropore and macropore

precisely.

4.4 Conclusion

The methane adsorption kinetics and diffusion of 5 shale samples from the Perth Basin
in Western Australia were studied. The methane adsorption rate was measured
experimentally and the effective diffusivities were fitted using a bidisperse diffusion

model. The major conclusions are as follows:

e Pressure has a negative effect on methane adsorption rate, while temperature
can positively affect the adsorption rate. Methane adsorption rate shows a
positive relationship with TOC at high pressure (50bar) and the micropore
volume is positively related to the methane adsorption rate at 30 bar.

e The relationship between TOC and the macropore effective diffusivity at low
pressure (10bar) is positive but weak, while micropore volume from low-
pressure CO, adsorption displays a good positive relation with the macropore

effective diffusivity at low pressure (10bar). However, no relation was found
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between the sum volume of mesopores and macropores (<100nm) and the
macropore effective diffusivity.

e A hypothetic pore model is proposed to explain the effect of pores on diffusion
in shale: micropore controls the effective diffusivity as a throat, while
mesopore or macropore (<100nm) has limited contribution to the diffusion.

e These findings highlight that the micropores in shales need to be redefined as

pore throats that connect pores rather than to play as a pore itself.
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Chapter S

A prediction model for methane adsorption

capacity of shales

5.1 Introduction

The methane adsorption capacity of shale samples at a certain pressure can be
predicted using the Langmuir parameters. Thus, it is necessary to have a quantitative
model of the Langmuir parameters for evaluating the methane adsorption capacity in
shales. However, the Langmuir parameters are controlled by various factors (Gasparik
et al.,, 2014a). It has been reported that the Langmuir volume is related to the
compositional properties (total organic content, thermal maturity, and clay minerals
content), pore structure properties (specific surface area and micropore volume) and
reservoir conditions (pressure, temperature and moisture content) (Dang et al., 2017;
Guo, 2013; Jietal., 2012; Zhang et al., 2013). As for the Langmuir pressure, the most
considered controlling factor is temperature, but it was also observed that the
Langmuir pressure is related to composition and volume of small pores (Ji et al., 2012;
Myers, 2004; Zhang et al., 2012). Furthermore, a power-law decrease trend was found
between the Langmuir pressure and Vitrinite Reflectance (Gasparik et al., 2014a).
Based on the controlling factors of the Langmuir parameters, prediction models for the
methane adsorption capacity of shale gas have been proposed by many scholars (Li et
al., 2017; Liu et al., 2017; Zhang et al., 2012). As listed in Table 5.1, however, the
considered factors in the models are different. In terms of the Langmuir volume, TOC
is the only factor for organic-rich shales. Liu et al. (2017) also considered TOC and
clay content. Li et al. (2017) used other parameters in the model, such as the amount
of residual hydrocarbon and temperature to improve accuracy. Zhang et al. (2012)
classified the shales in terms of thermal maturity and expressed the Langmuir pressure
as a function of temperature. Temperature is the only considered factor in the model
of the Langmuir pressure by Liu et al. (2017), while the content of clay minerals, illite,
feldspar, and carbonate was used by Li et al. (2017). However, some of the relevant

parameters are hard to obtain from conventional well-logs, such as the contents of
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residual hydrocarbons, illite, feldspar, and carbonate. Furthermore, the prediction
models of methane adsorption capacity in previous studies were established on
insufficient data or data from specific basins. To assess the methane adsorption
capacity in shales, it is required to establish a prediction model based on representative
data and proper factors.

Table 5.1 Factors considered in the prediction model for Langmuir parameters in previous
studies.

Langmuir volume Langmuir pressure
Zhang et al. | TOC temperature and thermal maturity
(2012)
Liuetal. (2017) | TOC and clay content temperature
Lietal. (2017) TOC, clay content, the content of clay minerals, illite,
temperature and residual of | feldspar, and carbonate minerals
hydrocarbon (s1)

In this chapter, we analyzed the controlling factors of methane adsorption capacity in
shales and built a prediction model based on high-pressure methane adsorption data
measured in our lab and some data from the literature (Appendix I). Given that the
experimental temperatures are not constant, the Langmuir parameters were modeled
at experimental temperature first and then the temperature dependence of Langmuir
parameters was explored. The models can contribute to the understanding and

evaluation of the methane adsorption in shales.

5.2 Results

Since the adsorption isotherms of the shale samples were measured at different
temperatures and the amount of data at each high temperature is limited, a model of
the Langmuir volume at an experimental temperature of 30°C was considered first.
Experimental isotherms determined in the range of 25-30°C were considered similar
due to the small temperature difference. In a second step, the model was updated for
the methane adsorption under actual reservoir conditions, at higher reservoir

temperature.

5.2.1 Model of Langmuir volume at experimental temperature
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As the collected adsorption data of 10 samples are not available at experimental
temperature, a total of 56 samples from 5 basins were studied for the model of
Langmuir volume at experimental temperature. Figure 5.1 shows the positive
relationship between the TOC and Langmuir volume at experimental temperature,
with a coefficient of determination of 0.87, indicating the critical role of organic matter
in methane adsorption in shales. However, more data are still required as a limited

number of shale samples in the TOC range of 10 to 25 wt% exists in Figure 5.1.

Compared to the TOC, clay content appears to have a much lesser influence on the
Langmuir volume (Figure 5.2), demonstrating a limited contribution to the methane
adsorption. However, it has been reported that the contribution of clay minerals to
methane adsorption is significant for low TOC shale samples (Fan et al., 2015; Ji et
al., 2012). To explore the effect of clay on methane adsorption in shales, the samples
studied were classified into three groups of low (0-1.5%), medium (1.5-3%), and high
(>3%) based on the TOC content.

500

400
y=13.69x+32.83

R?*=0.87
300+

200+

100

0 5 10 15 20 25 30
TOC (Wt%)

Langmuir volume at experimental temperature (scf/ton)

Figure 5.1 The relationship between the TOC and Langmuir volume at experimental
temperature for the shale samples studied.
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Figure 5.2 A weak relationship exists between the clay content and Langmuir volume at
experimental temperature for the studied shale samples.

As for the clay content, Figure 5.3 displays a good relationship between the clay
content and Langmuir volume at experimental temperature for the low TOC (0-1.5%
TOC) samples but not for medium and high TOC samples. The phenomenon
demonstrates that the clay content is the critical controlling factor of methane
adsorption for low TOC shales, while its effect weakens in higher TOC samples due
to the organic matter. Furthermore, the slopes of the relationship between the clay
content and Langmuir volume at experimental temperature for the three groups of
shales have no big difference, with the range of 1 to 1.73. The similarity of the slopes
indicates that there is no remarkable difference between organic-poor and organic-rich
shales with respect to the adsorption capacity of clay minerals. Note that the type of
clay minerals was not specified for their relationship to Langmuir volume. The reason
is that the content of each clay type is hard to obtain directly from well-logs and illite

dominates the clay content for this data set.
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Figure 5.3 The relationship between the clay content and Langmuir volume at experimental
temperature for low, medium and high TOC shale samples.

Apart from the TOC and clay content, thermal maturity is also believed to control the
methane adsorption in shales. It has been reported that the relationship between the
TOC-normalized maximum methane adsorption capacity (Langmuir volume divided
by the TOC) and thermal maturity is positive for mature shales and negative for over
mature shales (Gasparik et al., 2014a; Zhang et al., 2012). However, the thermal
maturity in terms of Tmax displays no relationship to the TOC-normalized Langmuir
volume at experimental temperature for the collected data (Figure 5.4). The
phenomenon could be due to the fact that the TOC-normalized Langmuir volume may
be influenced by clay content, especially for the low TOC shale, and other factors such
as kerogen type and thermal maturity levels may have impacts on methane adsorption
capacity. Therefore, the thermal maturity is not considered in the model of the

Langmuir volume at experimental temperature.
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Figure 5.4 There is no meaningful relationship between the TOC-normalized Langmuir
volume at experimental temperature and Tmax for the shale samples studied.

Given the Langmuir volume at experimental temperature, TOC and clay content in
this study, a multiple linear regression was carried out to derive a model for the
Langmuir volume at the experimental temperature. The regression, using the 56 data

sets, yielded the following regression:

Vi, = 13.87TOC + 0.79V,, — 4 Equation 5.1

By determining the coefficients in the following equation:

VL =aXTOC+b X Vg, +c Equation 5.2

where a, b and c are the fitting coefficients, which can be determined using the 56
studied samples in by multiple linear regression; here V; is the Langmuir volume at
experimental temperature, scf/ton; 7OC 1is the total organic carbon, wt%; Vg, is the

total clay content, %.

The predicted versus measured Langmuir volume values at experimental temperature

plotted in Figure 5.5 shows a good correlation.
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Figure 5.5 The relationship between the measured and predicted Langmuir volume at
experimental temperature.

5.2.2 Model of Langmuir volume at reservoir temperature

As the methane adsorption in shale is an exothermic process, the methane adsorption
capacity is reduced at a higher temperature. It has been observed that the Langmuir
volume decreases with increasing temperature (Guo, 2013; Ji et al., 2015). A linear
negative correlation exists between the Langmuir volume and temperature, which can

be written in the following equation:

VL(T) = —-dT + e Equation 5.3

Where V, (T) is the Langmuir volume at reservoir temperature, scf/ton; T is the
reservoir temperature, °C; d and e are the fitting coefficients. The value of the trend-
line slope, d, is denoted as decrease rate of Langmuir volume with increasing
temperature, which quantitatively describes the decrease of Langmuir volume with
temperature. It has been shown that methane adsorption on the organic matter is more

sensitive to the temperature than methane adsorption on the minerals (Ji et al., 2012).
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The finding is also confirmed in Figure 5.6, which displays a positive relationship
between the TOC and decrease rate of V;, with an R? of 0.58. With this relationship,
the decrease rate of V. (d) can be calculated based on the TOC using Equation 5.4:

d = 0.35TOC — 0.05 (scf/ton/°C) Equation 5.4

Given that the Langmuir volume at experimental temperature discussed in last section,
the Langmuir volume at reservoir temperatures can be estimated using the decrease
rate of V; or the d value from Equation 5.4. Thus, the Langmuir volume at reservoir

temperature can be written as:

VL(T)-Vio
T-T,

= —d Equation 5.5
By rearrangement:

V,.(T) = [13.87TOC + 0.79V, — 4] — (T — T,)(0.35TOC — 0.05) Equation 5.6

where V,(T) is the Langmuir volume at reservoir temperature, scf/ton; 7 is the
reservoir temperature, °C; Ty is the experimental temperature, °C; TOC is the total

organic carbon, wt%; Vs the total clay content, %.

As the available data for the temperature dependence of Langmuir volume cover only
a TOC range from 0.23 to 5.15 wt%, the result here may not be reliable for shales with
larger TOC. Moreover, the samples with the TOC range of 3.03 to 5.15 wt% have a
larger variation on the relationship than low TOC samples. Therefore, more data are
required for the shale samples with TOC larger than 3.03 wt% in terms of the

temperature dependence of Langmuir volume.
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Figure 5.6 The relationship between the TOC and decrease rate of Langmuir volume with
increasing temperature.

5.2.3 Model of Langmuir pressure at experimental temperature and

reservoir temperature

Langmuir pressure is also required to calculate the methane adsorption capacity in
actual reservoir conditions. The reciprocal of the Langmuir pressure represents the
affinity of the gas for sorbent. It has been concluded that the adsorption affinity on the
organic matter is stronger than that on clay minerals (Ji et al., 2012). Thermal maturity
and volume of small pores were also regarded as controlling factors of the Langmuir
pressure (Gasparik et al., 2014a; Myers, 2004). In the present study, the Langmuir
pressure shows no trend with the thermal maturity, TOC or clay content, but a
logarithmic-law trend exists in the Langmuir volume, with R? of 0.31 (Figure 5.7). The
poor correlation might result from the sensitive and various controlling factors of the
Langmuir pressure. The shale sample with a large Langmuir volume has a high
Langmuir pressure, which represents a weak adsorption affinity of methane. As
reported, the organic matter and small pore have stronger adsorption affinity of
methane compared to the clay and large pore, respectively. In this case, the adsorption
affinity of methane in shale reflects the proportion of adsorbed methane in small pore
and organic matter. Thus, the weak adsorption affinity in the shale sample with a large
Langmuir volume might infer that the proportion of adsorbed methane in the small
pore and organic matter is low. Since the relationship between the Langmuir volume

and Langmuir pressure is obtained from a large amount of data, the relationship can
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be informative. Therefore, the Langmuir pressure can be predicted using the following
equation:
P, =93.8In(V, —9.3) Equation 5.7

where P, and V7 are the Langmuir pressure and Langmuir volume at experimental

temperature in psi and scf/ton, respectively.
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Figure 5.7 The relationship between the Langmuir pressure and Langmuir volume at
experimental temperature for the samples studied.

The temperature dependence of the Langmuir pressure has been described by the

following equation (Xia et al., 2006):

1 m .
ln(a) =15 Th Equation 5.8

Where m and n are the fitting coefficients, resulting from the thermaldynamic
parameters: the heat of adsorption and the standard entropy of adsorption. These
parameters have been compared between the organic matter and clay minerals,
concluding that the enthalpy of adsorption of methane on organic matter is higher than
its enthalpy of adsorption on clay. A linear relationship between the heat of adsorption
and the standard entropy of adsorption has been proposed for different types of
kerogen, clay and shale samples at different thermal maturity (Gasparik et al., 2014a).
It might imply that the thermaldynamic parameters are related to the TOC. For each

shale sample, the coefficients m and n are determined using a linear fit bewteen ln(pi)
L
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and . In terms of the samples studied, the plot of m with TOC is shown in Figure

T+273

5.8 as the following equation:

m = 1215.3T0C%17° Equation 5.9
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Figure 5.8 The relationship between the fitting coefficient m and the TOC.

Combined with the prediction model for the Langmuir pressure at experimental
temperature, the Langmuir pressure at reservoir temperature (Pr(n)) can be obtained

using the following equations:

PL(T)) _ ( 1 1 ) .
ln( P )T M \Tg+273 T Te273 Equation 5.10
1215.3TOCO179)x(—Lt L _ .
P.(T) = P, X e( ) (T0+273 T+273) Equation 5.11
= — 1215.3T0C0-179 1 _ 1
P.(T) = 93.81n(13.87TOC + 0.79V;, — 13.3) X e( )% (T0+273 T+273)

Equation 5.12

where m is the fitting coefficient in Equation 5.8; 7p is the experimental

temperature, °C; T is the reservoir temperature, °C.

Therefore, the methane adsorption capacity at a certain pressure and temperature can

be estimated by the Langmuir model, Equation 5.13:

VL(T)XP
PL(T)+P

gc(T,P) = Equation 5.13
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where gc(T) is the adsorbed amount of gas at certain temperature and pressure, scf/ton;
V.. (T) is the Langmuir volume at reservoir temperature, scf/ton; P (T) is the Langmuir

pressure at reservoir temperature, psi; P is the reservoir pore pressure, psi.

5.3 Discussion and conclusions

In this chapter, we proposed a prediction model for the methane adsorption capacity
in shales based on the results of high-pressure methane adsorption experiments. The
methane adsorption capacity at certain pressure and temperature can be estimated
using the Langmuir model with the Langmuir parameters. Herein, the prediction model
for methane adsorption in shales was built in 4 steps: a model of the Langmuir volume
at experimental temperature, the temperature dependence of the Langmuir volume, a
model of the Langmuir pressure at experimental temperature, the temperature

dependence of Langmuir pressure.

The model of the Langmuir volume at experimental temperature considers the TOC
and clay content but not the thermal maturity, which shows no relationship with the
TOC-normalized Langmuir volume. The predicted Langmuir volume at experimental
temperature was plotted against the measured results, showing a good R-square.
However, more data is still required to improve the model, as shale samples in the

TOC range of 10 to 25 wt% is rarely measured.

For the other three steps, the relationships are informative but not precise enough to
provide a reliable prediction. A positive relationship exists between the TOC and
decrease rate of Langmuir volume with increasing temperature based on the published
data, which requires more data for the shale samples with TOC larger than 3 wt%. As
the Langmuir pressure is sensitive to too many factors, it is hard to estimate using the
TOC and clay content. The temperature dependence of Langmuir pressure is related
to the TOC. Furthermore, as the high-pressure methane adsorption experiments on
shales were measured under different conditions in the references, the amount of
samples for the temperature dependence of the Langmuir parameters is insufficient,

which limits the accuracy of the related models.

Moisture was not considered in this chapter, but is also regarded as an important
controlling factor on methane adsorption in shales (Li et al., 2016; Wang and Yu, 2016;
Zou et al., 2018). The moisture in shales occupies pore volume or blocks pore throats,

thus reducing the adsorption capacity. However, the levels of moisture content used in
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the references are too different to collect sufficient comparable data. Moreover, it is
hard to determine the moisture content under in-situ conditions and its variation within

a shale reservoir.

The major application of this work is that the well-log data can be used to calculate
TOC and Vsn without any problem and therefore this study can help to calculate VL
and Py at the reservoir condition for volumetric calculation of absorbed gas in shale

reServoirs.
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Chapter 6

Conclusions

Facing the decline of conventional gas resources, unconventional natural gas such as
shale gas has drawn much attention all over the world. Within the shale gas system, a
significant amount of adsorbed gas has been observed. To evaluate the gas storage in
shale, it is necessary to understand the mechanisms of methane adsorption in shale. In
this study, we analyzed shale samples from Western Australia to explore the
controlling factors of methane adsorption capacity in shale. High-pressure methane
adsorption and low-pressure nitrogen and carbon dioxide sorption experiments were
carried out to obtain the characteristics of methane adsorption and pore structure,
respectively. The results showed that external and internal parameters both have
critical impacts on methane adsorption capacity in shale. External parameters such as
pressure, temperature and moisture were comprehensively investigated by conducting
experiments at various conditions; internal parameters related to the organic matter,
inorganic matter and pore structure were also examined using experimental data
measured in our lab and some data from the literature. Based on our findings of
methane adsorption in shale, a prediction model for methane adsorption was
constructed, which makes it possible to evaluate methane adsorption capacity in shale
using well-log data. Besides, how the adsorbed gas influences gas transport in shale
was taken into account, providing a better understanding of gas transport in shale.
Although our detailed conclusions were addressed in each chapter, here comes the

highlighted conclusions and understanding about methane adsorption in shale.

6.1 Concluding remarks

The effect of temperature on methane adsorption in shale is negative, as it is an
exothermic process. However, this effect varies among shale samples with different
compositions: high TOC shale samples are more sensitive to temperature increase than
low TOC samples. It might infer that the effect of temperature on methane adsorbed

on kerogen is greater than that on clay minerals. This finding helps to evaluate the
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methane adsorption capacity in shale at reservoir temperature. A relationship between
the TOC and temperature effect on methane adsorption can be obtained based on a
sufficient database. Up to date, however, shale samples measured at different

temperatures on high-pressure methane adsorption mostly have TOC lower than 3 wt%.

The effect of moisture on methane adsorption in shale was analyzed using a sample
preparation method of pre-adsorbed water. The adsorbed water in shale occupies
sorption sites or blocks pore network connectivity to reduce the methane adsorption in
shale. This effect of moisture on methane adsorption decreases first and then keeps
stable with increasing pressure, which implies the moisture effect is greater on small
pores than bigger pores. Small pores like micropores can be thoroughly blocked by
adsorbed water, while bigger pores like mesopores are less likely to be blocked.
Moreover, the effect of moisture on methane adsorption is positively related to TOC.
It might infer that adsorbed water not only blocks clay-hosted small pores directly but
also organic matter-hosted small pores indirectly. This hypothesis is based on the
assumption that water is preferentially adsorbed on clay minerals rather than organic

matter in shale.

In addition, the comparison of pore structure characteristics between wet and dry
samples show some information about the distribution of adsorbed water in shale. A
shift to smaller pore size exists in PSD of big mesopores (16-50 nm) and macropores
(>50 nm) for three analyzed shale samples. The phenomenon indicates that adsorbed
water distributes in these pores as water film with a certain thickness, which can be
generally determined by the distance of the shift. This finding offers an indirect method

of measuring the thickness of adsorbed water in shale if it is a common phenomenon.

To evaluate methane adsorption capacity in shale under reservoir condition, it is
necessary to understand the combined effect of moisture and high temperature on
methane adsorption. Moisture and high temperature reduce the methane adsorption in
shales individually, and the two factors weaken each other on methane adsorption
when coexisting in shales. The possible reason is that both factors mainly work on
small pores. Given the combined effect of moisture and high temperature, the methane
adsorption capacity of shale may show no relationship with the TOC. As only one

relative humidity (84%) was used in this study which offers a very high moisture level,
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more experimental data obtained at different RH and a method determining the RH

under reservoir condition are required.

Thermodynamic parameters such as the heat of adsorption and the standard entropy of
adsorption were determined from the temperature dependence of the Langmuir
pressure in this study. Comparing with the published data, the heat of adsorption for
the dry samples in this study is lower due to the lower TOC and coarser particle size.
The dry samples show a positive relationship between the heat of adsorption and the
TOC, which suggests the process of methane adsorption on organic matter release
more heat than that on clay minerals. As for the standard entropy of adsorption,
methane adsorbed on clay minerals has more mobility than methane adsorbed on
kerogen, which indicates different configurations of adsorbed methane between clay

minerals and kerogen.

The difference in thermodynamic parameters between the dry and wet samples is due
to the blocking of small pores by adsorbed water, illustrating that methane adsorbed in
the blocked small pores release more heat and have less mobility comparing with the
methane adsorbed in the big pores. As the findings of thermodynamic parameters are
pore scale, it is necessary to explore the thermodynamic parameters at different

adsorption layers to provide a better understanding.

Methane adsorption kinetics in shale were measured and the results were interpreted
using the bidisperse diffusion model. The results of adsorption rate showed that
pressure has a negative effect on methane adsorption rate, while temperature can
positively affect the adsorption rate. Similarly, the pressure effect on the macropore
diffusivity is negative, while the temperature effect on the macropore effective
diffusivity is positive. A good positive relationship exists between the micropore
volume (<2nm, from low-pressure CO, adsorption) and macropore effective
diffusivity at low pressure (10bar), while no relationship was found between the sum
mesopore and macropore volumes (<100nm) and the macropore effective diffusivity.
Micropore therefore controls diffusion as a throat, which needs to be redefined to
connect pores rather than as pore itself. Besides, a pore model considering adsorption
layers is needed to address the effect of adsorbed methane on gas diffusion in shale, as

the adsorption layers could narrow pore throat.
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A prediction model was constructed for methane adsorption capacity in shale,
considering both external (pressure and temperature) and internal parameters (TOC
and clay content). The model provides good Langmuir volume at experimental
temperature, which was plotted against measured results with a good correlation.
However, more data of shale samples in the TOC range of 10 to 25 wt% are required
to improve the model. It is hard to predict the methane adsorption capacity at reservoir
temperature due to the uncertainties in the temperature dependence of the Langmuir
pressure. The model can help log analysts to quantify adsorbed gas from well-log data
since TOC and Vg, which are the measure inputs of the introduced models, can be

obtained from well-log data as well.

6.2 Limitations

Methane adsorption capacity in shales was investigated using high-pressure and low-
pressure adsorption experiments at various conditions, on a limited amount of samples
and analyzed using different methods. Therefore, there are some limitations to this

study:

e Maximum of pressure in high-pressure methane adsorption experiment is 7
MPa (1015psi), which is not indicative of reservoir conditions.

e Shale samples measured on high-pressure methane adsorption at different
temperatures have TOC ranging from 0.23 to 3.07 wt%, which is not
representative for high TOC shales.

e Only one level of moisture content was examined in the investigation of
moisture effect on methane adsorption capacity in shales.

e A low-temperature (40°C) degassing process was conducted for wet samples
before low-pressure adsorption experiments, which removed pre-adsorbed
water inevitably.

e The experimental temperature used in high-pressure methane adsorption for
wet samples was up to 60°C, which is higher than the temperature for
preparation of the wet samples.

e It was assumed that moisture distributes on clay minerals rather than kerogen
in the investigation of moisture effect on methane adsorption capacity in shales.

e Temperature dependence of the Langmuir pressure was determined only based

on three experimental temperatures.
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e The number of shale samples analyzed on adsorption kinetics and diffusion in
shale is limited.
e The prediction models for Langmuir parameters at reservoir temperature are

not reliable enough.

6.3 Recommendations and future research:

Given the complex properties of shale and complicated controlling factors of methane
adsorption capacity, more research studies on various shale samples are demanded.
The following points are recommended for future research on methane adsorption of

shales:

e Methane adsorption capacity in shales measured at reservoir pressure, which is
much higher than the maximum pressure (7 MPa, 1015psi) used in this study.

e High-pressure methane adsorption experiments at reservoir temperature on
shale samples with TOC larger than 3 wt%, which have rarely been conducted
up to date. The results can help to quantitatively describe the relationship
between methane adsorption capacity and temperature in shales.

e The temperature effect on methane adsorbed at different adsorption layers,
which can provide a better understanding of temperature effect on methane
adsorption in shale.

e The combined effect of high temperature and moisture on methane adsorption
capacity in shales using various moisture content and shale samples to expand
the finding of this study.

e Distribution of adsorbed water in shales to understand the mechanism of
moisture reducing methane adsorption capacity.

e The effect of pore geometry on methane adsorption in shale, which compares
the methane adsorption in slits and cylinders at a wide range of size.

e As the prediction model for the Langmuir parameters at reservoir temperature
in this study is not reliable enough, more high-pressure methane adsorption
isotherms need to be collected or measured.

e As the effective diffusivities in shales change with increasing pressure, the
relationship between the methane adsorption capacity and permeability is

important to characterize permeability and understand gas transport in shales.
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e A new model combining high-pressure methane and low-pressure nitrogen and
carbon dioxide to determine the pore structure of shale, which may provide

pore size distribution of organic and inorganic matter.
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Appendix I

Source TOC Clay T Mesh VL PL(psi) | Tmax Decrease rate of
Wt%) | (%) (°C) (scf/ton) (°C) VL
Wang et al | 7.68 35.4 30 60 152.9 3379 | N/A N/A
424 34.8 30 60 126.4 346.6 | N/A N/A
(2016) 2.18 378 30 60 713 3785 | N/A N/A
1.46 48.7 30 60 60.4 2872 | N/A N/A
523 34.1 30 60 74.9 6889 | N/A N/A
4.82 38.5 30 60 95.3 4554 | N/A N/A
1.76 36.1 30 60 42.7 507.6 | N/A N/A
8.54 293 30 60 108.4 6324 | N/A N/A
10.02 | 37.4 30 60 117.6 551.1 N/A N/A
2.17 272 30 60 18.4 103.0 | N/A N/A
4.4 20.1 30 60 343 1015 [ N/A N/A
3.9 28.7 30 60 32.8 2103 | N/A N/A
Our unpublished | 0.28 76.58 25 60 87.7 296.1 442 N/A
0.52 N/A 25 60 40.0 2819 | 453 N/A
data 1.26 83.49 25 60 87.7 331.3 454 N/A
32 74.28 25 60 89.3 3724 | 454 N/A
2.82 67.52 | 25 60 80.6 3382 | 456 N/A
2.6 5490 | 25 60 0.0 4202 [ 453 N/A
2.11 5422 |25 60 86.2 4583 | 441 N/A
1.24 37.10 [ 25 60 42.6 317.1 453 N/A
2.76 5597 | 25 60 82.6 4556 | 448 N/A
0.75 68.44 | 25 60 69.0 372.5 | 458 N/A
Guo etal. (2017) [ 0.5 26 30 60-80 | 26.1 2335 589 N/A
0.95 40 30 60-80 | 35.0 3133 | 475 N/A
0.81 42 30 60-80 | 27.5 358.2 533 N/A
0.76 41 30 60-80 | 283 2437 | 477 N/A
1.05 46 30 60-80 | 51.6 407.6 | 444 N/A
0.7 42 30 60-80 | 33.9 384.4 | 424 N/A
0.98 45 30 60-80 | 36.0 522.1 574 N/A
13 47 30 60-80 | 51.6 384.4 | 460 N/A
5.76 55 30 60-80 | 1663 742.6 | 458 N/A
1.55 60 30 60-80 | 84.4 509.1 455 N/A
0.87 33 30 60-80 | 31.1 2088 | 494 N/A
2.24 48 30 60-80 | 62.5 375.6 | 442 N/A
2.57 49 30 60-80 | 75.9 2654 | 442 N/A
122 36 30 60-80 | 41.0 264.0 | 474 N/A
2.42 43 30 60-80 | 73.5 340.8 | 441 N/A
247 43 30 60-80 | 96.4 3858 | 463 N/A
535 70 30 60-80 | 163.1 4815 | 447 N/A
533 70 30 60-80 | 142.0 465.6 | 453 N/A
4.59 60 30 60-80 | 108.4 319.1 452 N/A
1.55 55 30 60-80 | 55.1 2959 | 469 N/A
1.48 36 30 60-80 | 57.6 4467 | 462 N/A
2531 23 30 60-80 | 427.6 467.0 | 501 N/A
2.39 36 30 60-80 | 59.0 4235 | 460 N/A
2458 | 68 30 60-80 | 266.6 480.1 424 N/A
1.02 58 30 60-80 | 39.6 319.1 571 N/A
1.17 35 30 60-80 | 43.1 4496 | 434 N/A
138 57 30 60-80 | 43.8 2048 | 492 N/A
1.62 52 30 60-80 | 53.0 2393 | 444 N/A
2848 | 35 30 60-80 | 478.5 5642 | 436 N/A
(Jietal,2015;Ji | 1.41 N/A 20 60 93.9 1958 | N/A 0.3778
N/A 40 60 85.5 2205 | N/A
etal,, 2014) N/A 60 60 84.0 3800 | N/A
N/A 80 60 735 4337 | N/A
N/A 100 | 60 62.2 4757 [ N/A
4.13 N/A 20 60 135.6 2074 | N/A 0.452
N/A 40 60 128.9 2205 | N/A
N/A 60 60 119.7 3829 | N/A
N/A 80 60 109.8 422.1 N/A
N/A 100 | 60 99.9 464.1 N/A
0.45 N/A 20 60 59.7 1929 | N/A 0.2066
N/A 40 60 54.4 2234 | N/A
N/A 60 60 51.9 3815 | N/A
N/A 80 60 47.0 4279 | N/A
N/A 100 | 60 42.7 4699 [ N/A
0.87 N/A 20 60 773 1973 [ N/A 0.3337
N/A 40 60 71.7 2248 | N/A
N/A 60 60 68.9 393.1 N/A
N/A 80 60 57.9 420.6 | N/A
N/A 100 | 60 50.9 4714 | N/A
0.8 N/A 20 60 74.5 1857 | N/A 0.2966
N/A 40 60 71.0 2219 | N/A
N/A 60 60 68.9 3829 | N/A
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N/A 80 60 61.8 435.1 N/A
N/A 100 60 49.4 464.1 N/A
1.49 N/A 20 60 100.6 191.5 N/A 0.5279
N/A 40 60 98.2 227.7 N/A
N/A 60 60 92.5 387.3 N/A
N/A 80 60 74.5 438.0 N/A
N/A 100 60 59.7 468.5 N/A
0.62 N/A 20 60 71.7 198.7 N/A 0.3655
N/A 40 60 66.4 219.0 N/A
N/A 60 60 60.0 384.4 N/A
N/A 80 60 54.0 436.6 N/A
N/A 100 60 41.3 468.5 N/A
1.35 N/A 20 60 85.8 195.8 N/A 0.4379
N/A 40 60 80.5 217.6 N/A
N/A 60 60 74.2 381.5 N/A
N/A 80 60 64.3 427.9 N/A
N/A 100 60 50.1 449.6 N/A
5.15 N/A 30 60 216.8 207.4 N/A 1.8362
N/A 40 60 202.7 216.1 N/A
N/A 50 60 184.7 307.5 N/A
N/A 60 60 159.6 388.7 N/A
N/A 70 60 146.6 419.2 N/A
4.76 N/A 30 60 205.9 206.0 N/A 2.8497
N/A 40 60 184.7 214.7 N/A
N/A 50 60 140.9 248.0 N/A
N/A 60 60 111.6 298.8 N/A
N/A 70 60 99.9 320.5 N/A
(Zouetal., 2017) | 3.03 51.3 25 60 51.3 218.9 459 0.3135
45 60 46.3 2717.8
60 60 40.2 346.9
80 60 37.6 433.8
0.64 26 25 60 26.0 256.1 458 0.1538
45 60 23.1 306.7
60 60 20.6 322.5
80 60 19.8 429.2
1.82 46.5 25 60 46.5 263.8 460 0.5846
45 60 352 352.3
60 60 26.0 492.2
80 60 N/A N/A
1.08 342 25 60 342 422.1 465 0.337
45 60 29.5 544.6
60 60 22.2 562.0
80 60 20.5 729.7
0.23 26.5 25 60 26.5 383.5 N/A 0.1257
45 60 24.0 398.3
60 60 22.1 445.3
80 60 20.7 505.4
3.07 76 25 60 80.6 338.2 452 0.8646
45 60 63.7 371.7
60 60 50.3 481.4
80 60 N/A N/A
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Paper “Effect of temperature on methane adsorption in shale gas reservoirs” Energy &
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Paper “Investigation of moisture effect on methane adsorption capacity of shale
samples” Fuel, Volume 232, 2018, Pages 323-332.
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