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ABSTRACT

Kerogen is defined as the insoluble macromolecular organic matter in sedimentary rocks
and is a complex mixture of organic chemical compounds. The process of kerogen

maturation is accompanied by the loss of functionalized molecules, leading to a decreased
H/C and O/C ratios, as well as a reduction in molecular weight. The degree of thermal

maturation is often expressed by the van Krevelen diagram with H/C and O/C ratios as

indicators. Even though kerogen pores are widely viewed as hydroeaditing, some

recent experimental work indicates the existence of water in kerogen. It then becomes
necessary to evaluate the wettability characteristics of kerogen and to determine the
governing factors controlling kerogen pore surface wettability.

Addressing these ogerns is very essential because wettability is directly related
to the dynamics of fluids and is likely to be extremely relevant to developing models for
reserves estimates and multiphase flow. Additionally it may provide some answers to the
common obsemtion of low recovery of hydraulic fracture water.

In this study, porescale molecular dynamics simulations are used to understand
the relationships between kerogen maturity and its wettability. The modeling approach
adopted here includes a proper degsimipof the kerogen pore systems with differing
levels of thermal maturity, surface roughness, tortuous paths, and porous nature. Three
kerogen models, namely activated kerogen, kerogen free of activated sites and the
graphite slit pore are considered Imststudy. This work examines the sensitivity of the
storage of pure water, brine water and a mixture of water and hydrocarbon to pore size,
degree of kerogen maturity and pore wall roughness. A quantitative analysis to discuss

the dependence of kerogenttability on maturity degree is also presented.

XV



The results indicate that the kerogen models constructed in this study more
accurately represent organic pores in comparison to widely used planar grappaeeslit
systems. Confinement of water in kerogen pores is shown to lead to water entrapment
and plase changes of water in comparison to its bulk properties. Fluid adsorption on the
kerogen surface is observed to be mlalyfer, instead omonolayer assumed in the
Langmuir adsorption theory. Lastlyhe results demonstrate th&erogen maturity
governswettability of organic kerogen pores. Kerogen of intermediate maturity is shown
to be characterized by heterogeneous wettability and may lead to trapping of water in

organic pores.
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CHAPTER 1

INTRODUCTION

This chapter provides antroduction anda literature review otopics related to shale
characterization, petrophysical characterization and moddhetuding hydraulic
fractuiing, the microstructure of shaleshale gas$n-place estiratesand the evaluatio
of kerogen.

According to an assessment published by the US Energy Information
Administration (EIA) in 2013, shale playsave contributed to a growth imorld oll
reervesby 11% andn gas reserves by 47%. In the United States, orgaticshale
playsare vital to domestic energy supply and currently constitute the most productive oil
and gas fields. From 2000 to 2012, shale oil output increased from 0.2 million barrels per
day (MMbbl/d) to nearly 2 MMbbl/dwhile shale gas productidncreasedrom just 0.3
trillion cubic feet (Tcf) to 9.6 Tcf (EIA 2013). The main portion of the shale production
in the US is confined to major shale formations of Bakken and Eagle Ford (oil), Barnett,
Haynesville, Marcellus (gas).

Current hydrocarbon storage fahale gasn-place estimates involgethe
guantification of free, adsorbed, and solution gas quantities stored in- mntcmane
scale pores. (Ambrose 2011). Even though shale fornsatioasess extremely low
permeability, technology development in theeas of horizontal well drilling and
hydraulic fracturinghas enabled economic production gmmdmotel the tremendous

growth in shale development activity.



However, there are several issues that remain poorly understood. These include
the poor recovery ofydraulic fracture water during well cleap and kerogen pore
wettability and the role of thermal maturity of kerogen in governing kerogen wettability.
The purpose of this thesis is to utilize molecular dynamics simulation method to
characterize the weitility in shale kerogeasand study the role of the organic matter in
governing fluid dynamics. As a fundamental work, the study could possibly provide some
insight into the low recovery issue of hydraulic fracture fluid, hydrocarbeguace

estimationandwater entrapment and storage in shale

1.1 Issues in Hydraulic Fracture Treatment
Hydraulic fracturing to stimulate shale wells is routinely employed to enable increased
contact with larger reservoir volumes. This technique promotes shale Vixdiraieility
by creating a fissure network for hydrocarbons to flow from the reservoir to the well. The
creation of hydraulic fractures is accomplished by injecting high pressure fracturing fluids
in to the well and through selected perforations in tdahmation. For shale wells, these
fluids are predominantly fresh water treated with viscosity reducers and with low
proppant concentrations. The use of wdn@sed fracturing treatments for shale wells is
driven by the low cost and its ability to creategkexr and more complex fractures
(Warpinski et al. 2005, Cipolla et al. 2009), and the potential for less formation damage
and easier cleanup (Schein 2005, Palisch et al. 2008).

In practice, there are several interesting and common phenomena observgd durin
fluid flowback. In general, only a small portion of thedraulic fracture waters

recovered during the cleanup phase, although several million gallons of fluids are pumped



into the reservoir. King (2012) shows that this small portion may range frdittleaas

5% of the water volume used to fracture the rock in Haynesville shale to as much as 50%
in the Barnett and Marcellus shales. A very large quantity of water is therefore retained
in the reservoir. Additionally, although the malke of the fractung fluid is largely fresh

water, flowback water shows a high concentration of soluble chloride salts. Especially at
later times, the salt concentration can be as high as 80,000 to 100,000 ppm (King 2010)
and raises concerns regarding the source of tharsaltreates challenges for produced
water disposal.

The mechanisms behind these observations are poorly understood. Several
theories have been proposed to account for these field phenomena. Depending on the
salinity, dessicated clay minerals have be®mkn to adsorb substantial amounts of water
that may remain irrecoverable (King 2012). King (2012) also report that induced micro
cracks may trap some water following the release of pressure on the well, while capillary
trapping in inorganic pores may als@count for some loss of fracture water. The
presence of high capillary forces (Sondhi 2011) and heterogeneous wettability
characteristics of shales (Elijah 2011) may lead to coumteent imbibition of water
when shales are exposed to hydraulic fractwrater (Qin 2007). However, these theories
lack experimental evidence, and we still do not fully understand the physiochemical
process behind these observations. A full understanding of the underlying production
mechanisms requires joint efforts from geschanics and petrophysics, modeling of

transport and storage, completions design and drilling.



1. 2 The Microstructure of Shale

Understanding the microstructure of shales is critical to determine gasypdgce
estimation and the related storage #rahsportation mechanisms. Shale formation is
made up of inorganic and organic materials. Shale permeability is associated with
inorganic matrix where relatively larger pores and fractures exist. The organic material,
known as kerogen, is finely dispersedthin the inorganic matrix and molecular
phenomena such as adsorption occurs within the kerogen (Akkutlu et al. 2011).

Heterogeneity and nargcale pores are typically found in shale samples. Recent
developments of improved imaging techniques emplojatgsed ion bearscanning
Electron Microscopy (SEM) methods (Curtis et al. 2011, Chalmers et al. 2012) provide
visual analysis of the shale microstructure. These indicate that shales are highly
heterogeneous and depending on the geological formation, voluenes may be
associated with either the inorganic matrix in plays such as the Haynesville shale or within
kerogen material such as Barnett, Woodford, Eagle Ford, Marcellus etc. (Curtis et al.
2010). Other experimental approaches based on Mercury Imecapillary Pressure
(MICP) experiments (Sondergeld et al. 2010) report pore sizes in the orddOairf
for the Barnett shale.

With an even higher resolution than the SEM, Scanning Transmission Electron
Microscopy (STEM) technique is able to image theernal structure of kerogen and
capture some observations that are not able to be seen using SEM. The study from Curtis
et al. (2011) revealed the presence of complex pore networks, sigangeternal
structure, and the existence of large surfacesdi@aadsorptive storage. Figure 1.1 is a

STEM image from Curtis et al. (2011) in which pores as smal3asif in diameter were



observed in the image. At this magnification, the variation in gray scale provided hints of
connectivity in the internal strture of kerogen. Such high degree of complexity of shale

microstructures and the internal pore structure can potentially have a significant impact
as observed in the significant variations in the overall gas storage and permeability

estimates in shale.

HV mode jet WD HFW mag

D€ de 2 00 nm
30.00 kV DF STEM Il 5.0 mm 366 nm 350 000 x Barmnett-Bruno-DF-2010090¢

Figure 1.1: a) STEM image of kerogen from the Barnett shale samples.
b) Higher magnification image of the porosity in the kerogemevealing
some pore diametergCurtis et al. 2011)



In addition to the presence of heterogeneity and complex pore systems, the
wetting characteristics of shales are also critical to quantifying hydrocarbon recovery,
estimating the distribution of hydrocarbons and understanding the fate of hydraulic
fracture water. Because these shalasmprise of organicich sediments that were
deposited in watelbased environments such as deep water maaicgstrineanddeltaic
systems, it is likely that shales may have been wagtrinitially. Under sufficient
overburden and temperature changes leading to thermal maturity, hydrocarbon products
are generated, expelled, migrated and/orpedp These changes may lead to changes in
wettability of shales. However, it is possible that water may be present in the organic
material of shales.

The accepted view of shale wettability is that the organic pores are hydrocarbon
wetting and the inorgampore systems are hydrophilic (Elijah 2011). However, the view
of kerogen pores being hydrophobic (Passey et al. 2010) is being challenged by some
recent studies that provide evidence of the existence of water in kerogen material
(Chalmers and Bustin 201 Ruppert et al. 2013). Chalmers and Bustin (2010) detected
moisture contents ranging from 0.5 to 15% at 6 MPa for a suite of ongelmishales
including Devonian, Jurassic, and Cretaceous shales from northeastern British Columbia.
By comparing a suitef moistureequilibrated shales, they also pointed out that the effect
of moisture on methane storage capacity is likely to be a function of the distribution of
hydrophobic and hydrophilic sorption sites throughout the pore network. Ruppert et al.
(2013) @mbined SmalAngle Neutron Scattering (SANS) and UhsamallAngle
Neutron Scattering (USANS) to study the accessibility of pores to methane and water in

Barnett Shale samples. In their study, a large percentage of the pores were associated with


http://en.wikipedia.org/wiki/Lake
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the orgarc components. Their results indicate that most pores were accessible to both
water and methane over a wide size range
pores (<30 nm) appeared to be much more accessible to water than methane. These recent
resultsdemonstrate the need for careful consideration of the heterogeneous wettability of

shales and kerogen pore systems.

1.3 Gasin-place Estimation and Pore Confinement Effect

In the volumetric method, shale gasplace calculation involves the quantificat of

free, physically adsorbed, and dissolved gas quantities (Ambrose 2011). The free gas is
usually stored in the inorganic pores and large organic pores. Adsorption is a surface
phenomenon and physically occurs on large internal surface area of thgerker
Dissolved gas may be present in the formation water and the amount of dissolved gas in
formation water is not generally considered important (Qampos 2010).

With pore sizes in nanometer scales in shale formations and with kerogen
possessing a Ij@ portion of total porosity (Passey et al. 2010), the volumetric equation
for the free gas amount calculations required corrections to consider the loss of the pore
volume taken up by the adsorbed molecules (Ambrose 2011). Recent studies have
demonstrate the important role that adsorbed gas plays in totalrgpkce estimates
and have motivated the need for modified gas transportation models (Xiong et al. 2012,
Fathi et al. 2012).

The amount of adsorbed gas is also significantly impacted by poreneornt
effect. DiazCampos (2010) found that gas adsorption and solubility in liquid are

enhanced due to dominant pore wall effects. Additionally, critical properties of the fluid



confined to small pores were founded to be influenced by the pore sizk gapmanee
2011, Devegowda et al. 2012, Didar 2012; Firincioglu 2013, Travalloni et al. 2013).

In summary, adsorption plays an important role in total storage, and the effect of
pore confinement on the adsorption amount and the phase behavior iscangnifi
Combination of these effects can have a potentially significant impact on the storage,

transportation, and production of hydrocarbons in shale reservoirs.

1.4. Kerogen Maturation
Kerogen is insoluble macromolecular organic matter and it accoantshé most
abundant sedimentary organic matter on Earth. It is known to have the capability of
generating hydrocarbons (Rulliker and Michaelis 1990). Kerogen forms under
sufficient geothermal pressures and with geologic time primarily from animal matter
(Vandenbroucke et al. 2007). During this continuous evolution, the chemical structure
and composition of source rock kerogen change and serves as an indicator of rock
maturity. The source of kerogen is responsible for its diverse chemical composition and
as such, no single chemical formula can adequately represent these complex organic
compounds (Facelli et al. 2011).

As kerogen evolves during maturation, hydrocarbons and functionalized
molecules are lost that results in reduction in H/C and O/C atotios end a decrease
in molecular weight. The classic van Krevelen diagram (provided in Figure 1.2)
effectively illustrates the changes of these ratios and classifies three kerogen types based
on the maturation (Vandenbroucke et al. 1993 and Tissot an@ \\M&18). The highest

yield of oil is associated with kerogen type | (the Green River Oil Shale) with H/C ratio



more than 1.5 and O/C ratio varies from 0.03 to 0.1 depending on the maturity, while type
[l typically generates gas with a lower H/C (less tBa8) and a wider O/C range (from

0.03 to 0.3) (Vandenbroucke et al. 2007). For Type Il kerogen from Paris Basin Toarcian,
Behar and Vandenbroucke (1987) showed that the atomic H/C and O/C ratios were 1.34
and 0.196 respectively at the beginning of diagenéhese values decreased to a H/C
ratio of 1.25 and an O/C ratio 0.089 when catagenesis began and were further reduced to

H/C ratio of 0.73 and O/C ratio of 0.026 at the end of catagenesis.

+ GREEN RIVER SHALES type |
a PARIS BASIN type I
* GERMAN LIAS & type |l

- « MAHAKAM COALS  type Il

1.00 =

ATOMIC HC ——»

0.50 —

0.30

1 t
( 0.10 0.20 0.30

ATOMICO/C —F—>
Figure 1.2: The ClassicVan Krevelen diagram showing kerogen maturation path
associatedwith different types of kerogen(Vandenbroucke et al 1993 and Tissot
and Welte 1978)
Geochemists can evaluate the elemental ratios of H/C and O/C by monitoring the

petroleum compounds of saar rock released at high temperature. In source rock

assessment, Rock Eval pyrolysis technique is an industry standard where a small crushed
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kerogen sample is combusted during a programmed temperature heating in an inert
atmosphere of helium or nitrogen ¢Rarthy et al. 2011). This method quantifies the
amount of free hydrocarbons in the sample, and the amount of generated hydrocarbons
and CQ volatilized through thermal cracking. These values reflect the potential of the
rock to produce hydrocarbon, ane déurther used to determine the Hydrogen Index (HI)
and the Oxygen Index (Ol) which are derived from the ratio of hydrogen to TOC and
ratio of CQ to TOC respectively. The indices of HIl and Ol are proportional to the amount
of hydrogen and oxygen containiecthe kerogen.

In addition to HI and Ol indices, Rock Eval pyrolysis also produce a Tmax peak,
a pyrolysis oven temperature at which the maximum generation of hydrocarbons is
reached during the cracking of the kerogen. The value of Tmax depends @natpenk
type and it is also used a maturity indicator. A higher Tmax means more mature kerogen.
Rock Eval pyrolysis technique also determines the production index (PI) which is a ratio
of already generated hydrocarbon to potential hydrocarbon. Becausalsgradable
components in kerogen are further converted to free hydrocarbon as kerogen becomes
mature, Pl increases with kerogen maturation before hydrocarbon expulsion (McCarthy
et al. 2011). The method of Re&kval is not recommended for kerogen of hydnogoor
and oxygen rich, such as coal, due to incomplete combustion of some refractory organic
matter (Crain 2010).

Vitrinite reflectance is another key diagonostic technique indicative of the rock's
thermal maturity. This evaluation method measures theuamof light reflected by
vitrinite in the source rock and is expressed as the percentage of reflectance in oil, Ro.

The value of Ro depends on kerogen type and increases with thermal maturity. Vitrinite

10



reflectance is widely used as indicators of thermaturity, especially in shale, and is

also used to rank coals. However this technique is not suitable to measure rocks that lack
vitrinite. A combined use of different techniques helps refine kerogen type and access
maturity, for example plotting Tmax \&rs HI, HI versus Ro or depth plots of Ro and

Tmax.

1.5 Kerogen Modeling

The diverse chemical compositions associated with kerogen are of a consequence of the
maturation process and are a function of the source, maturation time, and geologic
processes iachieving the final state of the rock. As a result, kerogen has a complex
structure, as can be seen from the STEM image in Figure 1.1. Atomic modeling of
kerogen is a topic that researchers are always pursuing. Traditionally, the model chosen
as a proxy foorganic pore systems is the graphene slit pore model with the purpose of
determining thermodynamic properties of adsorbed fluids in porous kerogen (Striolo
2003, Severson and Snurr 2007, D@ampos 2010, Didar 2012). Very recently, Liu and
Wilcox (2012)considered functional groups positioned on the surface layers of graphite
slabs and investigated the influence of these groups era@drption.

Although very informative, graphene slit pore models are deficient in addressing
the known complexities of kegen and their impact on fluid behavior (Hu et al. 2013a,
2013b, 2013c2014a, 2014h Some of these complexities include different surface
chemistry components, surface roughness, tortuous paths and porous nature. In this thesis,
| built simplified kerogn models that are closer structurally to kerogen in Figure 1.3 for

the Green River kerogen (Facelli et al. 2011) than the graphitic slit pore model, with most
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structural properties listed above taken into account. Although still an approximation to
the ral world, a dramatic differences in the distribution of fluid are observed when
comparing the kerogen models with the ideal graphene slit model. It was clear that the
surface morphology of the pores influenced the results greatly. Hence there is a need to
move beyond planar graphene-glitre systems towards more sophisticated pore systems

in molecular dynamics simulations.

Figure 1.3: Green River kerogen Siskin model.
Colors: C-gray, O-red, N - blue, S-yellow, H - white (Facelli et al 2011)

1.6 Purposes of the Study

Due to the nanometeized scale of shale pores, the extreme conditions of pressure and
temperature at the reservoir, utilization of physical experiments to investigate quantifies
of interest suclas wettability becomes challenging. An alternative approach is to employ

molecular dynamics simulations that essentially simulate physical movements of atoms
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and mol ecul es foll owing t he Newt onods eql

experiments.

This thesis uses the latter method to provide fundamental@akanalyses of
the physiochemical processes of fluid inside the shale pores. There are three objectives
of this thesis.

1) The first one is to build an easily constructed but relativelystieakerogen
models. For this purpose, two kerogen models are demonstrated. One model, referred to
as the activated kerogen model, contains several functional groups on the pore surface,
while the other model, the inactive kerogen model contains onyprai he activated
and inactive kerogen models serve to represent a moderately mature kerogen and a highly
mature kerogen pore system respectively.

2) The second objective is to study the influence of pore sizes, surface roughness
and the degree of keragenaturity on the behavior of fluid in organic nanopores. The
considered fluid includes pure water, brine water with NaCl, and a mixture of water and
alkane. By comparing the results of the kerogen models and the smooth graphene slit
pores, the study undsmores the need for accurate characterization of kerogen pore
systems in terms of the pore morphology, level of surface activation and pore size. In
addition, the results indicate that kerogen pore systems may create adequate conditions
for water entrapmenrand the surface structure of kerogen could impact the adsorption
characteristics traditionally modeled by the Langmuir monolayer adsorption theory.

3) The last goal is to understand the role of kerogen maturity on wettability of
organic systems. The c@at angle of water droplet and a binary mixture of water and

alkane on surfaces with varying degrees of kerogen maturity are characterized. The
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results demonstrate that maturity level controls the wettability of organic nanopores and
for intermediate matity such as in liquidsich shales, organic pore systems may have
heterogeneouwet characteristics.

As a fundamental study, this work may provide some valuable insight into the low
recovery of hydraulic fracture water, pore confinement effect on predsevior, water
storage and entrapment, wettability characterization in shale, and may further impact the
parameterization of current shale hydrocarbon storage models (Ambrose 2011 and Sigal
et al. 2013) and therefore our estimates of hydrocabqitace.

This thesis is therefore organized as follows: The current chapter provides
background information related to the theme of the thesis and reviews some of the
relevant literature associated with shale microstructure, thermal maturity and wettability.
Chaper 2 briefly introduces the molecular dynamics simulation approach. In Chapter 3,
detailed modeling of shale kerogen is described. In this chapter, the advantages of the
proposed models over the graphene slit pore model are also Gsigpter 4 studiehé
surface wettability effect of kerogen, and the wettability is shown to be dependent on
kerogen maturity level. Chapterd & provide fluid dynamics and emphasize the effect
of kerogen maturation in fluid distribution, considering pure water, brinerwate a
mixture of water and alkane in the kerogen systems respectinedgldition, Chapter 6
studies the saline water distribution in the premature inorganic proxy as well and the
comparison results in organic and inorganic pores could be insightfakfdynamics of
hydraulic fracture water in shale nanopores. Lastly, Chapter 8 concludes this thesis and

provides some recommendations for future research.
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CHAPTER 2

MOLECULAR DYNAMICS SIMULATION APPROACH

Current simulation schemes and interpretation of laboratory experiments generally do not

account for pore proximity effects in shale nanopores where strongmotecular
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interactions become dominant. Consequently, limgiegsics simulation and transpor
models although insightful may not be accurate enough for quantitative analyses. In this
circumstance, molecular dynamics simulation is an alternative tool to investigate fluid
behavior confined in nanoporous materials.

Molecular dynamics simulation agpgach is a mechanics based computer
simulation method where atoms and molecules interact over a period of time following
Newton's equations of motion. The method was originally conceived by theoretical
physicist in the late 1950s (Alder and Wainwright, 2% becomes enormously popular
in recent years due to the availability of high speed and large capacity computers. It is an
excellent tool in science and engineering research to determine system structure and
thermodynamic properties of large molecudesl to examine the dynamics of atomic
level phenomena among several other applications. This computer simulation approach
makes it possible to conduct virtual experiments where laboratory experiments are either
costly and difficult or even unrealistid.he interested readsrare referredo Striolo
(2011) and Cole (2013) for details concemithe simulation protocol. This chapter
summarizeshe basic theory behind the molecular dynamics simulation and iethew

potential fields utilized irthis study.

2.1 Basic Theory

Molecular dynamics simulation approach simulates atomic level movements caused by
interandintramo | ecul ar forces by integrating Newt
two basic steps: the determination of interacting forces usitenga fields, and the

tracing of molecular movements by solving Newton's equation of motion. The interacting
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force applied on each atom is calculated from the gradient of the potential. The force
acting on atom i is provided in Equation 1, whBrés the potential energy ar@is

related to the atomdés position.
&  — 1)

The second law of Newton describes the force with the rate of ehahg
momentum (Equation 2), whete andA are the mass and the acceleration of atom i
respectively. With Equation 1 and 2, we can determine the trajectory of the system for
each time step.

& I — 1A 2)

The possible states of a real system are classified in the corresponding statistical
ensemble. In molecular dynamics, three ctadgsiypes of ensembles are commonly used
including the canonical (NVT) ensemble, the microcanonical (NVE) ensemble, and the
isothermalisobaric (NPT) ensemble. N, V, P, T, E represent the number of molecules,
volume, pressure, temperature and energy ysi@s respectively.

1. Canonical (NVT) ensemble describes a system in contact with a heat bath and
therefore maintains constant temperature, volume and the number of molecules.

2. Microcanonical (NVE) ensemble is an isolated thermodynamics system that
fixes the number of molecules, the volume and the total energy. The total energy is a
summation of kinetic energy, potential energy and internal energy.

3. Isothermaisobaric (NPT) ensemble maintains constant pressure and
temperature within a fixed numbedrraolecules, while the volume is allowed to fluctuate.

During the simulation processes of NVT and NPT ensembles, controlling

temperature and / or pressure is necessary. The system temperature is adjustable by
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scaling the velocities of atoms using a thestabsuch as Berendsen and AlE®over
thermostats. Pressure control is usually achieved by changing the size of the simulation
box with some most commonly used barostat including Berendsen and Parrinello
Rahman barostats etc.

Periodic boundary conditiors usually applied in three dimensions to avoid
problems caused by finite size, and make the system effectively infinite. The cubical
simulation box is replicated in all simulated direction so that the whole space is fulfilled
and the system has no edgeitiwthe periodic boundary condition, we are able to
calculate macroscopic properties from fewer particles.

The procedure of a classical molecular dynamics simulation is summarized in
Figure 2.1 At initial step, molecules are positioned differently froneit expected
position with randomly assigned initial velocities. The force applied on each molecule is
then calculated based on the potentials in the forcefield. During the simulation, velocities
are rescaled by thermostat to achieve the desired temgerdjpdated velocities and
positions at the next time step are obtained according to numerical integration algorithms
based on Equation 1 and 2. The loop in the flowchart is repeated at every time step until
either the wanted number of iterations or thstey equilibrium is reached. We then

analyze the final trajectory of molecules to calculate properties.
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Figure 2.1: General flow chart for classical molecular dynamics simulations

2.2 PotentiaFields
Potential fields describe the potential energy among interacting atoms. Parameters in
potential fields are empirical and are usually derived from experiments and quantum
mechanical calculations. A potential field includes nonbonded and bondedtiotera
and is expressed in Equation®. ,5 ,5 are total energy, nonbonded energy and
bonded energy respectively.
5 5 5 3)

Nonbonded interactiomisually referred to as intermolecular interaction, is energy
of attraction or repulsion acting between neighboring particles. The components of
nonbonded interaction can be further broken down into two groups including van der
Waals and electrostatic poteis (Equation 4). The van der Waals forces are represented
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by the 126 LennardJones (LJ) potential shown in Equation 5 where the potential well

depth, distance of zero intermolecular potential and the particle distance are expressed by

U, 0 a rrabtatic poterEfidlseare tgenerated due to unequal charge distribution over
the atoms of a mol ecul e, and they are pr
calculates the electrostatic interaction and is described in Equation 6 whepearg

partial dharges, and is the permittivity of free space.

5 5 5 (4)
5 O 1R - - (5)
5 0 — (6)

Bonded interaction is the energy that holds together the atoms making up a
molecule and it is alsmamed intramolecular interaction. There are three primary
components of this interaction, as Equation 7 shows. Bond stretching describes a bond
bet ween two atoms. The bond energy i s mod
where k is the force constamicarO is the reference bond length. Similar to bond energy,
the bond angle bending is modeled with a harmonic pote@tial [ , shown in
equation 9, wherg,[ andE are the current bond angle, equilibrium bond angle and
force constant respectively. @itral angle potential involves four atomic positions and
it describes the interaction caused by torsional forces in a molecule. Torsional flexibility
is usually treated with the cosine expansion model in equation 10iwighthe current
dihedral angle,rad ci are constants respectively.

5 5 5 5 (7)

5 O -EO O (8)
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5 J -EJ | 9)

5 n A Ap AT® Ap AT Ap Aian (10)

2.3 Molecular Dynamics Tool and Potential Fields Used in This Thesis

All the simulations irthis thesis are carried out using the molecular dynamics package
GROMACS (van der Spoel et al. 2005, Hess et al. 2008) with a time step of 1.0 fs
implemented in the leapfrog algorithm.

LJ potential parameters and partial charges for pure componentgdstudnes
thesis, except the octane molecules, are listed in Talle Calculation of unlike
interactions is based on the Lore®erthelot mixing rules in Equations 11 and 12. The
cutoff distance for the Coulomb potential is set to 0.9 nm. For systemlsimg non
zero charges, long range corrections to electrostatic interactions are treated using the
particle mesh Ewald (PME) summation meth®éde LJ parameters proposed by Cheng
and Steele (199Qre usedo model carbon atoms in the kerogen and graphibdels.

The parameters for NaCl are taken from Dang (1995). The force field of MgO follows

Cygan et al. (2004).
A -K K (11)
X X X (12)

For water molecules, the simple point charge extended (SPC/E) model is used,
which is a rigid threeite model with a 0.1 nm @ bond and 109.47° 4#D-H angle
(Berendseret al. 1987). The SPC/E water model is one of the more widely adopted
models of water and a comparative study by Vega et al. (2005) verified the accuracies of

the SPC/E model predictions of density and water structural properties against
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experimental obseations.Vega and Abascal (2014)so investigated equation of state
of water athigh pressures of 1000 and 200 bar, and the results of density prediction
using SPC/E water modale very goodDuring the simulation, the SPC/E water bond
lengths andrgles are fixed by employing the SETTLE algorithm. These force fields for
carbon and water have been utilized widely and verified in several previous studies
including water adsorption in graphite ghbres (Striolo et al. 2003) and the behavior of
agueos ionic solutions confined in graphite pores (Chialvo and Cummings 2011, Kalluri
et al. 2011). For the carbonyl group, the LJ potential parameters and the partial charge for
oxygen atom are taken from Tenney and Lastoskie (2006), and Liu and Wilcox (2012)
involving CQ adsorption functionalized graphite slit pores with surface heterogeneities.
A unitedatom alkane representation and the transferable potentials for the phase
equilibria (TraPPBJA) model is utilized for the octane molecules (Martin and
Siepmann, 1998). The TraPREA force field has been shown to accurately describe the
vaporliquid coexistence curves and critical properties of linear alkanes from methane to
dodecane (Martin and Siepmann, 1998artin and Siepmann (1998) also investigated
the influence of high pressure on PVT behavior and showed agreement with experiment
for n-pentane.The TraPPEUA alkane model was previously adopted to analyze
adsorption of alkanes with different molecular lengthgraphite slit pores (Harrison et
al. 2013) and on carbon nanotubes (Kondratyuk et al. 2005). Jiang et al. (2004) also
utilized it to study capillary phase transitions of normallkanes in a carbon nanotube.
In TRAPPEUA model, each CH3 or CH2 group i®ated as a single pseudmm. A

rigid bond length of 1.54 A connects adjacent pseatdms of an octane molecule. The
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bond angle bending is modeled based on Equation 10. Torsional flexibility is expressed

in equation 11. The interaction parameters faaoe molecules are shown in Tabl2.2

Table 21: LJ potential parameters for pairs of pure atoms and partial charges

Atom type RIE * + £T11 q(e)
Oxygen in wateér 78.23 0.3166 | -0.8476
Hydrogen in watér 0 0 0.4238
Carbon not iri C=C? 28 0.34 0
Carbon ini C=0? 28 0.34 1.047
Oxygen ini C=C? 78.23 0.3166 -1.047

Magnesium in Mg® | 0.0004546 0.5264 1.05

Oxygen in MgG3 78.23 0.3166 -1.05
Sodiun? 50.34 0.2584 1.0
Chloride 50.34 0.44 -1.0

(" kB is the Boltzmann constant ! Berendsen et al. 19872 Cheng and Steele 1990;
3 Liu and Wilcox 2012; 4 Cygan et al. 20042 Dang 1995

Table 22: Non-bonded and bonded parameters
for the TraPPE-UA force filed for octané”

Non-bonded RIE ~ + £T11 q (e)
CH3i1 CH3 98 0.3750 0
CH21 CH2 46 0.3950 0
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Bond angle ETE® +TOAA [

CHxT1 (CH2)1 CHy 62500 114
Torsion ATE® + |ATE  + |ATE " + |ATE" +
CHxi (CH2)i (CH2)i CHy 0 355.03 | -68.19 | 791.32

(" ke is the Boltzmann constant™ Martin and Siepmann 1999

To confirm that the equilibrium fluid distributions are achieved, values of
temperature, energy, average pressure and average density profiles faréwhdecked
to ensure meaningful interpretation. However, criteria for equilibrium are slightly
different, depending on thetudiedcases. The types of ensembles, box sizes and the
number of molecules utilized also vary by cases. All of these are described in the

following chapters for different applications.
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CHAPTER 3

PORE SCALE MODELS OF SHALE KEROGEN

The reliability of any molecular simulation study of thermodynamic properties of fluids
in porous carbon materials relies on adopting an appropriate model for kerogen pores.
While it is desirable to build a realistic model fully representative of theraystenterest,

the model design should also be simplistic enough to allow ease of interpretation and
computational efficiency. The most common model for organic pore surfaces is the
graphite slit pore model that consists of two planar graphite sheetsateepay a
specified distance. This arrangement has been utilized to quantify the thermodynamic
properties of fluids under confinement in organic nanopores. However, this model is not
able to replicate some structural properties especially the porous obkemgen, and

the pure carbon model cannot reflect the maturity of the kerogen which is strongly linked
to the amount of functionalized groups in kerogen. To honor the fact of the complexity
and heterogeneity in kerogen composition, two kerogen madelsonstructed. These
models us¢he fragments of graphene sheets to mimic the porous nature of kerogen. This
chapter reviews the graphite slit pore models, desciibesconstructedsimplified
kerogen models with different degrees of maturity and provides advantaghs of

proposednodels over the traditional ones.

3.1 Graphite Slit Pore Models Description
The study of fluid properties such as adsorption, modified critical prepeahd fluid

densities in organic kerogen pores has traditionally relied on the use edtzapdd pure
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graphite pore model (Striolo et al. 2003, Severson and Snurr 2007CBimagos 2010,

Kalluri et al 2011, Didar 2012). Striolo et.a2003) analyze water adsorption and
distribution. Severson and Snurr (2007) studied the pore size effect and lengths of alkane
chain on alkane adsorption. Kalluri et €011) studied distribution of aqueous NaCl
solutions. DiazZCampos (2010) and Didar (2012) revedlslenhancement of sorbed gas

due to pore confinement and demonstrated the need for new fluid models that provide
properties distinct from the corresponding bulk fluid.

In graphene, carbon atoms (blue color) are arranged in a regular hexagonal pattern
with separation of 0.142 nm and Fig@ré&a is an illustration of the structure of graphene.
Layers of graphene sheets form graphite with a distance of 0.335 nm between adjacent
sheets. The graphite slit pore is built by placing two graphite slabs sepasdieally as

shown in Figure8.1b to form the top and bottom surfaces of a slit pore.
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b) Graphite slit pore model

Figure 3.1: An illustration of the pure graphite model

In spite of the utility of graphene pore models for adsorption studies, the model
lacks the ability to replicate the behavior of kerogen surfaces of intermediate maturity
that are characterized by naaro atomic O/C and H/C ratios. In order to address thi
deficiency, several researchers have proposed the use of activated carbon models that
contain surfacéoound oxygenated groups. Miller and Hung (2000) investigated the
adsorption of water and water vapomethane mixture on activated carbon pores while

Striolo (2007) studied selfiffusion of water through oxygenated carbon nanotubes. Liu
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and Wilcox (2012) recently analyzed the influence of some functionalized groups placed
on the surface graphite on g@dsorption. All these studies indicate that thealvedr of

fluid molecules in the vicinity of activated carbon is significantly different from the
observations obtained for pure graphene surfaces. Bg2peovides the detailed atomic
structure of a carbonyl pair colored in black which includes a tdpbattom carbonyl
group grafted on the same breakingconds in the graphene basal plane. The bond
length of thé C=0 is 0.123 nm and the angle of the surface oxygen from the basal plane

is 49.5° (Bagri et al. 2010).

Figure 3.2: The atomic structure of graphene oxide sheet with a carbonyl pair
containing a top and a lmttom carbonyl group
However, the smooth and flat crystallite surfaces of graphite slit pores are likely
to be deficient in re@senting the more complex structure of kerogen shown in the SEM

images (Curtis et al. 2011, Chalmers et al. 2012).

3.2 Description of Kerogen Models with Different Degrees of Maturity
To reflect the complexity in kerogen structure and compositicely on two simplified

approximations of kerogen that structurally and chemically mimic real organic matter.
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The first model contains only carbon and is intended to represent highly mature kerogen
associated with extremely low O/C ratios, such as those ishgdes (Jarvie 2012a) and

is referred to as the Ainactivated kerogen
simulates the nature of partially mature shales such as those associated with oil or
condensate production and includes a representativgenated group, the carbonyl (

C=0) group, to mimic the presence of functional groups in kerogen of intermediate
maturity. The addition of the oxygenated group in the second model creates hydrophilic

| ocations within the katedekhemongensmoeé¢lor
are constructed by mimicking the maturation process of organic matter at elevated
temperature and pressure conditions in a molecular dynamics simulator and contain
features that are more realistic than the graphite sk ggstems.

The inactivated kerogen model used here is composed of fragments of graphene
sheets with various hexagonal unit cells shown in Figus& with blue color describing
carbon atoms and with a dimension of 4.02 nm by 3.87 nm by 2.00 nm. Thaitotam
of carbon atoms is 1257. This model is constructed using molecular simulation at the high
temperature of 1340 oF and pressure of 7252 psi for a sufficiently long time using an
NPT ensemble. The initial arrangement of graphene sheets to construtiotesis
random; however the equilibrium configuration of the carbon atoms is progressively
reached through a sufficiently long simulation time. The intention is to replicate some of
the realistic kerogen structural profiles previously reported in litexafFacelli et al.
2011).

The activated kerogen model is based on the inactivated model, but it contains

hydrophilic carbonyl {C=0) groups to model O/C ratios of kerogen of intermediate
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maturity. Oxygen atoms argrafted onto randomly chosen edge carbon atoms in the
inactivated kerogen modeFigure 3.3 illustrates this model with black circles
representing the 20 oxygen atoms in the kerogen body. With the same total number of
carbon as the inactivated model, tDAC ratio in this model is around 1.6%. Although
lower than O/C ratios of kerogen from shales of intermediate maturity (Vandenbroucke
et al. 2007), the results of simulation studies demonstrate that even for such small O/C
ratios, the behavior of water activated kerogen is substantially different from a highly
mature inactive kerogen model. Hence with a more realistic ratio, the effect of surface
activation is expected to be much more significanttilize a 0.1214 nmC=0 bond

length (Brennan et al. PQ) and assign the oxygen atom in the direction that carbonyl
bond axes are parallel to the basal plate of the hexagonal cells. The oxygen atom in the
carbonyl group carries-d4.047e point charge, derived from Liu and Wilcox (2012). To
maintain the eleatrneutrality, a charge of +1.047e is assigned to the carbon atom that
directly connects to the oxygen, while the other carbons in the model kerogen have zero

charge.
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b) The ativated kerogen model

Figure 3.3: lllustrations of the activated and inactivated kerogen models

To quantify the roughness of the kerogen surface, the region oftap Bertical
direction isstudied, ashown in Figure 3.4n Figure 3.4a,le green areeorrespond$o

the plane z = 14\ and te red shaded plane is the middle surface between z = 15 A and
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the top of the kerogen surface z = 20%viation of carbon atoms in the z > 15 A regions
from the red shaded plane provides an idea abeusurface roughneds. Figure 3.4b,
the deviations of some selected carbons are marked by aFmuse 3.5 shows how
carbon atoms are distributed away from the -pihe of z = 17.5A. Minimum,
maximum, mean and the standard deviation are also daldutar these deviations and

the results are tabulated in Table 3.1. Figure 3.5 and Table 3.1 show that the surface is

very rough.
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b) Side view with parts of carbon atoms

Figure 34: Using carbon atoms in the vertical top layer of 54 length to quantify
the roughness of the kerogemsurface
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Figure 35: Histogram of deviations of atoms in the z > 18 region
from the plane z = 17.5A

Table 31: Statistics of deviations of atoms in the z > 14 region
from the plane z = 17.5A

Minimum -2.47
Maximum 2.47
Mean 0.08

Standard Deviation 1.40

3.3 Organic Pore Model

Figure3.6 illustrates an organic pore structure using the activated kerogen model shown

in Figure3.3b. This structure is built by placing two slabs of porous kerogen (referred to

as a fNkerogen bodyo) across a silit pore

changing the distance between the bottommost carbon atoms of the top slab and the
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topmost carbons of the bottom slab. The bounding box of FRjGrencloses the pore
model as well as free volumes surrounding the pore model and therefore allows fluid
molecules to attain their equilibrium configuration either within the slit pore and porous
kerogen or outside in the bulk volume. Consequetttymodel construction allows a
study of the natural arrangement of fluid molecules in shale nanopores where they are
likely to preferentially occupy either the pore volume or remain outside the pores in bulk

spaces such as fractures depending on the affinity of the fluids to the pore walls.

Figure 3.6: Activated kerogenslit pore model with adjustable pore width

In comparison with the graphite slit pore model, the kerogen models (Bgire
proposed here are characterized by structural features similar to those observed in shale
organics that are absent from the gismodel (Hu et al. 2013a, 2013b). Consequently,
the fluid adsorption is no longer restricted to a planar surface as in the graphite model.
Secondly, tortuous pathways and the complex porous structure ofiorgatter are
embedded into theswaodels. Thidly, the irregular packing of graphitic nanocrystals in

the proposed kerogen models leads to disordered nanostructure and imperfect pore
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openings. These influence the long range correlation and impact the free energy barriers
for molecules to enter pordsastly, the addition of surface functionalized groups reflects
kerogen maturity and may alter surface wettability due to the hydrophilic nature of these
active sites. Therefore, althougtill an approximation to kerogen gtiproposed kerogen
modelsrepreent a substantial improvement over the graphite slit pore model and the
corresponding impact on confined fluid behavior will be demonstrated in a subsequent

discussion.

35



CHAPTER 4
A MICROSCOPIC CHARACTERIZATION OF WETTABILITY IN
KEROGEN CHARACTERIZED BY VARYING DEGREES OF

MATURITY

The kerogen maturation process is associated with the loss of H/C and O/C ratios which
may influence the wettability depending on the affinity of these functionalized molecules
with water.

This chapteprovides conclusive tests to quantify the wetting angle of water on
organic surfaces andetermines the kerogemateroctane contact angle. To avoid the
effect of surface roughness on the results of wettability, the traditional flat kerogen
surface is utized and grafting functionalized groups onto it simulates activated surface.
The wettability analysis begins with a study of droplets of pure water on the surfaces and
is extended to a mixture of water and alkanes. The results from these studies are then
utilized to determine contact angles for each of the phases and to quantify wettability.
The results imply that the wettability in kerogen is very likely to be heterogeneous.
Depending on the maturity level, kerogen may be hydrocarbon wetting at hightynaturi
neutral wetting at intermediate maturities or even hydrophilic for organic surfaces of very

low maturities.

4. 1. Graphene Oxide Surfaces
In this work, the graphene surface model shown in Fi§utés chosen as a proxy for

kerogen surfaces. Becaugmphene is 100% carbon, it is chosen to represent highly
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mature kerogen with negligible atomic O/C ratios and virtually no surface functionalized
sites. Modeling less mature kerogen pore surfaces with higher atomic C/O ratios, involves
grafting differentamounts of the representative oxygenated group onto the graphene
surface. Bagri et a{2010) reported that the most stable and favorable structure within
the graphene basal plane involved the carbonyl groups when compared to other well
known functional goups such as epoxies and ethers. For this reason, the representative
oxygenated group considered in this work is the carbo@#@) group. The atomic
structure of the oxidized graphene is introduced in Fi§u2eThe degree of maturation
is described by the-by-n carbonyl pairs where n is an odd integer and varies from O to
8. The resulting kerogen surfaces are shown in Figurevith blue and black colors
representing surface carbon and oxygen respectivelgll lkerogen models, the total
surface areas is 4.26 nm by 3.936 nm. Figufiealso shows a uniform distribution of
carbonyl pairs to avoid localized effects that may result from a heterogeneous distribution
of the activated sites. A later section of thwerk also models a few cases with a
heterogeneous distribution of carbonyl pairs. Although the overall atomic O/C ratios
remain identical, the localization of these polarized pairs has a significant impact on the
behavior of water and eventually on kerogeettability.

The results of computed O/C ratios for each surface are tabulated in4Thble
The table illustrates that the O/C ratios of kerogen in this study range from 0 to 0.2. An
example of type Il kerogen from the Paris Basin Toarcian providexample of the
variation in O/C ratios with kerogen maturity. According to Behar and Vandenbroucke
(1987) the atomic O/C ratio of 0.196 at the beginning of diagenesis changed to 0.089 at

the beginning of the catagenesis and finally evolved to 0.026 anthef catagenesis.
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Hence, the variation of the O/C ratios chosen for this study is highly representative of gas

shales that largely contain type Il kerogen.
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d) Kerogen with éy-6 carbonyl pairs e) Kerogen witkh8-8 carbonyl pairs
Figure 4.1: Kerogen surfaces are modeled using graphene while kerogen maturity
is represented by the atomic O/C ratios going from the most mature in (a) to the

least mature n (e)
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Table 41: Calculated O/C ratio corresponding to various kerogen models

Kerogen models

No 2-by-2 4-by-4 6-by-6  8-by-8
carbonyl  carbonyl carbonyl carbonyl carbonyl
pairs pairs pairs pairs pairs
Calculated O/C 0/ 1.25% 5% 11.25% 20%
ratio, %
Total carbon 640 640 640 640 640
numbers
Total cgrbonyl 0 4 16 36 64
pairs
Total carbonyl 3 32 72 128

groups

4.2 Determination of Wettability through Molecular Dynamics
When applying a thin layer of liquid to a solid surface, wetisnipe ability of the liquid
to stick to the solid surface. Known as wettability, the degree of wetting is generally
guantified by the contigporintaafacg meets the salid whi ¢
liquid interface. The contact angle of a macroscajaplet is well described by the
celebrated Youngds equation explaining the
forces. ForJwather soil i ddsear®@ce i sJtkeonsi der
it is hydrophobic. Complete wettingcorpee nds X o d = 0

The determination of contact angle is normally a tstep process following
Werder et al(2003) and Scocchi et.dR011). First, the ensemble average densities are

calculated for a water droplet by introducing a concentric cylindbcaling of equal
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volume. The vertical coordinate of the topmost layer in the surface is used as the zero
reference level, and the axis normal through the mass center of the droplet is considered
as the reference axis. In this study, the cylindrical banea height of 0.1 A and a base
area per bin of 10 A2. By averaging the counted number of water molecules falling within
a given volume element, the average density maps for water droplet in different systems
are obtained. Detailed density maps for défersystems are illustrated in their respective
sections below. Secondly, the fllwdpor interface is identified as an isochoric density
profile at a particular density. Lastly, the density profile is fitted with some function and

is extrapolated to theugface to measure the contact angle. In this paper, | use a circular
best fit. As an example, Figure 4ilustrates how to calculate contact angle using the
graphene system. Black points are the isochoric density points and fitted circle are shown
in red line. Tangent line determining contact angle is illustrated in green. For this
example, the isochoric density points below a height of 6 A are not considered for the

fitting to avoid the influence of the solid surface on the density.

e  |sochoric density points
Fitted circle H
*  Circle center

Z in Angstrom

2t - .
Contact angle

1]
]
1

0 5 10 15 20
X in Angstrom
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Figure 42: Profile of the water droplet in graphene systenobtained from density
contours

4.3 The Effect of Kerogen Maturity on Contact Angle of Water Droplet
4.3.1 System configuration & initialization
The fluid studied is pure ater droplet. During the simulation, oxygen atoms in functional
groups and carbon atoms are held stationary, and water molecules are free to move.
Simulations are conducted at ambient conditions with the temperature controlled at 300
K and the pressure fttuating around 1 bar. The canonical ensemble (NVT) is used where
the number of molecules, the system volume and the temperature are constant. All studies
are run for 22 ns to make sure that the system equilibrium is reached. | calculate
temperature, presee, energy, fluid density and contact angles to ensure equilibration.
Once the equilibrium has been achieved, the results from the last 5 ns are averaged for
the final analysis. The initial configuration is built with 175 water molecules artificially
placed on the surface center. Figyr@ demonstrates this initial arrangement using the
4-by-4 GO system as an example. In this figure, the oxygen and hydrogen in water are
represented by red and white colors. All other systems use equivalent initial areatggem
as Figuret.3illustrates. As the simulation progresses, water molecules form droplets and

their shapes vary with the amount of carbonyl pairs on the surface.

41



P4 S it
+25%s p
.t.t.t’ﬁ*xgﬂ‘t.t‘i.

PP %S , iht P
sgesetaiatarstedeld
i n e ee%e
P S St s S
PRSI VR TS L
2252084 2o te¥e ¥y ¥n
2252025202520 % 0%
L8202 2028202828
sgasatatetetete?
2242085248084 %0 %48,

13838292024 202eds
sesetstetesededs de

b) Top vew
Figure 4.3: Demonstration of the initial arrangement for all the systems with water
molecules artificially located near the center of the surfaces. The example here is a
4-by-4 GO system, but all other systems hauwbe same initial configuration
4.3.2 Results
The representative simulation snapshots of the final configurations are provided in Figure

4.4. In all simulations, water molecules aggregate to form droplet shapes, due to the fact

that water molecules apslarized and they tend to form hydrogen bonds with each other.
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However, the heights of water droplets seem to decrease, as the amount of surface
functionalized groups increase. For the graphene model;lilie2 2and 4by-4 graphene

oxide monolayers, theater molecules are observed to form clusters close to the surface.
In comparison, water forms sheets adjacent to thg-& and 8by-8 graphene oxide
surfaces. It appears that there exists a critical density of surface active sites beyond which
the kerogempore system could be considered to be complete wagerThe study shows

that the shape of the water droplet has a strong dependency on kerogen maturity that is

modeled by modifying the density of the surface functionalized groups.

a) Kerogen without carbonyl pairs

43



e) Kerogen with 8y-8 carbonyl pairs

Figure 4 4: Final configurations for different systems
To quantify the possible wettability alternation, contact angles is calculated for
each case. The average density maps in number of molecule$fpemfter droplet on
pure graphene,-By-2 and 4by-4 graphene oxide surfaces are shown in Figusel do
not include the density maps for the other two models, simply because they appear to be
complete wetting in Figuré.4. Figure4.5 confirms that tke shape and the height of the

water droplets change with the density of surface functionalized groups.
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b) Kerogen with 2by-2 carbonyl pairs  ¢) Kerogen with 4y-4 carbonyl pairs
Figure 4.5: Average density maps for water droplet in different systems. Z=0
corresponds to the carbon surfaces
The calculated contact angle for each system is shown in #abl€he contact
angle of the graphene monolagerface obtained from the simulation is consistent with
the experimental data (Shih et 2012) of 9@ and other molecular dynamics simulation
results (Taherian et.@013) of 100. Additionally, the surface wettability changes from

hydrophobicity of thegraphene model to neutral wetting of th&y22 graphene oxide
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model, and is even further altered to hydrophilicity when the graphene oxide surfaces
have intermediate levels of surface activation. The surface becomes complete wetting
with an O/C ratio higer than a critical value (O/C = 0.1125 for thbys6 GO model).

Figure4.6plots the contact angle versus the O/C ratio. Clearly, as the ratio increases, the
contact angle decreases until a threshold O/C ratio is reached. Hence, the wettability of

kerogen is very likely to depend on its maturity level.

Table 42: Calculated contact angles for different systems

Graphene:
experimental data
and other MD

8-by-8 | 6-by-6 | 4-by-4 | 2-by-2 | Graphene:
iC=0 | 1C=0 | iC=0 | iC=0 | thisMD
kerogen| kerogen| kerogen| kerogen| simulations

simulations
Contact 64.51
angle— Of Of c 89.25° | 102.6E 95~10&
degree

(" Shih et al 2012, Taherian et al2013)
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Figure 4.6: Contact angle dependence on O/C ratitor pure water wettability
study

4.4 Characterization of Wettability in Kerogen with Water and Hydrocarbon in Systems
4.4.1 System configuration & initialization
This session is an extension of the previous study in Chapter 6. It includes a mixture of
water and octane molecules in the systems. All the fluid molecules are allowed to move
as simulation time progresses and their different behavioral patterns associated with each
surface are examined to evaluate kerogen wettability. During the simulaticosfhees
are held stationary. For all the cases, simulations are conducted with both canonical
ensemble (NVT) and isothermialbbaric ensemble (NPT) where N, V, P and T represent
constant quantities of numbers of molecules, system volume, pressure agedatene
accordingly. To start simulations, | first run a 10 ns NVT and then a 10 ns NPT with
Berendsen weak coupling method. Finally, a 50 ns NVT concludes the simulations with
stable equilibrium configurations achieved. During the simulations, the peessu

controlled at 1 atm with a relaxation time of 100 fs and the temperature is maintained at
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300 K (80 oF) using the Noddoover thermostat approach with a relaxation time of 200

fs. In the final NVT step, | check values of pressure, temperature, erfieidydensity

and contact angle to ensure that system equilibrium is reached for each case. All these
guantities are constant for the last 20 ns of the 50ns NVT simulations and hence the
simulation results of the last 20 ns are used to produce theodat@alysis.

The behavior of octane and water molecules in the vicinity of different surfaces
is studied. The total number of fluid molecules is 560 with 280 octane and 280 water
molecules. The initial configuration is chosen to avoid any bias causedUnyiny like
molecules together and consists of water and alkane molecules arranged alternatively to
fill the simulation box of size 4.26 nm by 3.94 nm by 5.67 nm. Due to the periodic
boundary condition applied, the surfaces extend infinitely in thenXY - directions with
an effective pore width of about 5 nm. For each system, the surface is built based on a
threelayer graphite with the surface activated site applied to the top layer only. The
purpose of this arrangement is to construct a +s&ed porevhere the upper pore wall
is graphene while the bottom surface contains functionalized groups thereby providing a
strong contrast in surface chemistry and a means to illustrate the significance of surface
activated sites to fluid behavior. Figude7 illustrates the initial configuration of the
octane and water molecules in a kerogen system witr@carbonyl pairs where green
color is for the octane, and the white and red are for hydrogen and oxygen atoms in water
molecules. Initial arrangements for allher systems are equivalent to that shown in

Figure4.7.
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Figure 4.7: The initial arrangement of binary fluid in a kerogen system with 6-by-6
carbonyl pairs

4.4.2 Characterization of Wettability in Kerogen
The fluid arrangements for the various graphene surfaces with varying levels of O/C
ratios when equilibrium is achieved are displayed in FiguBeBecause of the periodic
boundary conditions imposed and the fact that the carbonyl groups are only grafted onto
thetop graphene sheet of thesBeet graphite surface, the fluid at the top of the simulation
box is effectively under the influence of a pure graphene surface while the fluid molecules
in the lower part of the box are influenced strongly by the activatéacsurThe level of
influence is controlled by the density of the carbonyl groups. For the polar water
molecules, there are two competing forces: the interaction between the polar carbonyl
group and water as well as the watater interactions. Figure.8lillustrates some
observations listed below:

1. Water molecules form round or drepape clusters when octane molecules are

present. The clustering mechanism is because polarized water molecules have a strong
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tendency to form hydrogen bonds with each otfiérs is observed in all case studies
irrespective of the level of surface activation.

2. The locations of the water droplets however depends on the intensity of surface
activation. When the surfaces contain very few carbonyl groups, these additiar gro
have an almost negligible impact on the water droplet, as the accumulated water
distributes itself around the center of the 5 nm pore and there are only negligible
differences between the pure graphene surface (Mg8agand the by-2 carbonyl pas
kerogen pore wall (Figuré4.80) indicating that the lower surface is largely hydrophobic
with an affinity to octane. However, as more activated sites become available in Figure
48e, water molecules form Abri dgseasesult,wi t h t
the water clusters are attached to these kerogen surfaces and their shape reflects the
influence of the kerogen maturity. The kerogen surface with O/C = 5% (Hgsoke
appears to be hydrophobic as indicated by the water droplet contact lamgkjer,
higher O/C ratios influence the height, the radius and the contact angle of the droplet,
perhaps resulting in different wetting properties.

3. A distinct adsorbed octane layer is formed in the vicinity of the pure graphene
surface, due to plangeometry of the surface and the strong potential between the octane
and the surface carbon. These vaafined alkane layers are also reported in Severson
and Snurr (2007), Dia€ampos (2010) and Didar (2012). When the kerogen surface is
modified to reprsent intermediatenaturity levels (Figure &c-€), the water aggregates
break the adsorbed octane layer due to the stronger interaction between water and the

surface oxidized sites.
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Figure 4.8: Representative snapshots of equilibrium state for kerogen surfaces of
different degrees of activaion
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To calculate contact angles, the average density map of water is plotted in Figure
4.9, providing isochore information in number of molecules pérfdk the kerogen
models with 4by-4, 6-by-6, and 8by-8 carbonyl pairs. For the other two kerogen models,
water aggregates in the center of the pore, indicating strong hydrophobicity of the
surfaces; thereby the contact angles for these two models aaadated. As figurd.9
illustrates, the height of the droplet decreases and the droplet extends to attach to the

surface in a larger area as the O/C ratio increases.
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Figure 4.9: The average density map of wateclusters for 3 kerogen models
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The calculated contact angles for the 3 kerogen models along with their
responding O/C tas are summarized in Tabfe3. For the kerogen model withlagy-4
carbonyl pairs, the contact angle demonstrates that the surface is still hydrophobic with
an O/C ratio equal to 5%. However, when this ratio increases to 11.25%, the surface
becomes almosteutral wetting and it further alters to become hydrophilic at the highest
O/C ratio. These quantitative results confirm that the wettability of the kerogen is very
likely to be a function of the surface functionalized groups and thereby depends on the

level of maturity of the kerogen.

Table 4.3: Calculated contact angles for 3 kerogen models with uniformly
distributed carbonyl pairs

Kerogen models with uniformly distributed carbonyl pairs

4-by-4 -C=0 pairs | 6-by-6 -C=0 pairs | 8-by-8-C=0 pairs

ol C(;at'os’ 5% 11.25% 20%
0
Contact
anglef, 180° 92.18° 71.12°
degree
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4.4.3 The Influence of Surface Heterogeneity on Wettability

This section discusses the impact of heterogeneity in the placement of surface activated
groups on kerogen wettability. The kerogen surfaces of Fgafeare constructed with
similar atomic O/C ratios as the surfaces containibg-4, 6-by-6, and 8by-8 carbonyl

pairs in Figure4.l; however in Figuret.1Q the distribution of the carbonyl groups is
random. The motivation for this study is to understand the link between the local densities
of the surface oxygen to the wetting characteristics of the ssf&8y employing the

same initial configuration and simulation process as previously described, the finalized
states are shown in Figureld By comparing the results of Figureld with those
presented in Figure 8 it becomes apparent that with a fFmmogeneous distribution of
carbonyl groups, the contact angles are lower for the same levels of atomic O/C ratios.
For the case of O/C = 20%, water molecules even form sheets adjacent to the kerogen
surface indicating a strorgjfinity towards water. Tablé.4tabulates the contact angles

for these three heterogeneous kerogen models. Surface wettability changes from
hydrophobic with the kerogen model carrying 5% O/C ratio to hydrophilic with an O/C
equivalent of 11.25% and becomes completely water wetting@t@matio = 20%. The
results seem to indicate that the effect of localization creates conditions where beyond a

critical local O/C ratio, kerogen may become completely hydrophilic.
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c) Kerogen model with O/C =20%

Figure 4.10: Modeling of kerogen with heterogeneus distributed carbonyl groups
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c) Kerogen model with O/C =20%

Figure 4.11: The representative snapshot of equilibrium state for kerogen systems
with heterogeneas distributed carbonyl groups
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Table 4.4: Calculated contact angles for 3 kerogen models with heterogeneous
distributed carbonyl pairs

Kerogen models with heterogeneous distribute
carbonyl pairs

O/C =5% O/C =11.25%| O/C=20%

Of C(;a“os’ 5% 11.25% 20%
0
Contact 120.55° 83.58° 0°
angle

4.5 Conclusion
This chapter reports the wettability changes of the organic materials in terms of contact
angle with various kerogen maturity levels. In all cases, the polar water molecules
aggregate to form clusters in the present of alkane. The shape and the lo¢hBomatér
cluster, however, have a strong correlation with the density of the surface functionalized
sites that serves as a proxy for kerogen maturity.

The key observations of this study are summarized as following:

1. With small O/C ratios as seen irghly mature gas shales, the kerogen is very
likely to be octanavetting. Small levels of surface activation has a negligible impact on
wettability. However, for shales of intermediate maturity and higher O/C ratios, kerogen

may be heterogenecuget or everhydrophilic.
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2. Heterogeneity in the placement of the surface activated sites tends to decrease
water droplet contact angles resulting in kerogen surfaces that are morevetiey
than the surfaces with a uniform distribution of functionalized sites.

3. It is possibly that, in reality, there exists a critical density of surface
functionalized sites beyond which the kerogen pore system could be considered to be
completely watefvet.

The results from this study have several implications of practicaifiseymce.

Firstly, it demonstrates that kerogen wettability is a function of shale maturity. Secondly,
it indicates that modeling multiphase flow, estimating hydrocarbglace and
understanding changes in fluids saturations is more complex than prénaaght. More
research is needed to fully capture the resessaate impact of the changes in wettability

with kerogen maturity.
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CHAPTER 5
THE BEHAVIOR OF WATER

IN ORGANIC KEROGEN NANOPORES

Understanding the distribution of water in organah shales is crucial to quantifying the
relationship between oil well productivity and recovery of fracture water, to evaluating
or interpreting multiphase flow measurements and simulations for wettaniti relative
permeability effects and to accurately model storage of hydrocarbons. The study of the
governing factors controlling the distribution of water in organic rich shales is therefore
merited.

This chapter focuses on a peeale study of theistribution of water in organic
kerogen shale nanopordsifferent kerogen modelare comparedandthe sensitivity of
the results to pore size, degree of kerogen maturity and pore wall roughness on the storage
of waterare examinedAdditionally, the effets of pore filling and phase changes in
kerogen nanopores that are a result of the characteristics of nanopore confinement of

water are demonstrated.

5.1 SystentConfigurationand hitialization

Three slit pore sizes of 1.6, 1.2 and 0.9 nm are considered in this study with the pore
located in the center of the simulation box shown in FiGudeFor the inactivated and
activated kerogen model, considering the roughness of the pore surface ptieosizgs

are measured between the lowest carbon atom of the upper surface andrtbsttafpm

of the lower one. For the graphite model, pore width refers to the center to center distance
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between the bottormost layer of the top slab and the-opst lgyer of the bottom slab.

The box dimension is 10 nm by 3.87 nm by 8.6nm for kerogen systems and 10 nm by
3.834 nm by 4.8 nm for graphite slit pore models. Information regarding the numbers of
molecules and the carbon density for the different pore syssepnevided in Tablé.1

For graphite, the density of carbon atom is known to be 114 atoms per nm3 (Steele 1974).
The carbon densities in both activated and inactivated kerogen are 2514/(2*4.02*3.87*2)
~ 40 atoms per nm3. The initial configuration is bwith water molecules placed outside

of the slit pore to allow the molecules to reach their equilibrium configuration either
inside or outside the pore. Therefore as the simulation progresses, water either fills the
pore or remains outside of it dependmgthe interactive forces between water and the
pore wall.

To run the simulations, both canonical ensemble (NVT) and isothésotzdric
ensemble (NPTare usedA 10 ns NPT is conducted to set the pressure to 200 bar (2901
psi) by Berendsen weak couplingethod. Then, a 50 ns NVT is run with a temperature
maintained at 300 K (&0) using the Nos#loover thermostat. The relaxation time for
the NoseHoover thermostat and the Berendsen weak coupling method is set to be 100 fs.
During the process, all the tam and oxygen atoms in the kerogen bodies are fixed. The
simulation box is periodic in three directionscalculate temperature, energy, average
pressure, number of particles within the surface or pores and average density profiles
inside and outside th@ore to ensure equilibration. Once equilibrium has been achieved,

the results from the last 10 ns are averaged for the final analysis.

Table 51: Composition of three models with various pore widths and their
associated arbon densities
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Carbon

Carbon

-~ Carbon Oxygen density,
Water not_m in-C=0 in-C=0 Atoms per
C=0

nm’

Activated Kerogen 8962 2474 40 40 40
Model - all three pores
Inactivated Kerogen

Model- 0.9 nm 8650 2514 N/A N/A 40
Inactivated Kerogen

Model- 1.2and 1.6 nm 8962 2514 N/A N/A 40

Graphite Slit Modet all 5002 3672 N/A N/A 114

three pores

5.2 Results

The final configurations for the pore sizes of 0.9 nm, 1.2 nm and 1.6 nm are reported in
Figure5.la-c for the activated kerogen model, in Figbr8a-c for inactivated kerogen
model and in Figur.3a-c for graphite slit pore model respectively. Water is shown with
red and white dots and all other colors are the same as in Bi@uiighe corresponding

fluid density profiles across the width of there are plotted in Figurésld-f, 5.2d-f and

5.3d-f where the first water layers are highlighted with shaded grey color and the second
layers with a striped pattern. The density profiles are computed from the top of the

topmost pore wall to the bottonf ihe lower pore wall and represent the averaged water

density over the entire length of the pore surface.
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Figure 5.1: a - ¢ are the final configurations for the activated kerogen pores.
d - f are the corresponding densities of wateacross the width of the pore
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5.2.1Pore Filling Effect
The simulation results indicate that for the larger pores of 1.2 nm and 1.6 nm, water
molecules penetrate the pores at 300 K (8&nd 200 bar (2901 psi), regardless of the
pore wall material and pore surface geometry. The water within these largerspores i
the liquid phase with peaks in the density profiles occurring due to adsorption of water at
the pore walls. The results also highlight the asymmetric density profiles present in the
kerogen pores in contrast to the more symmetric profiles of the egragiit pore. This
is simply a consequence of the irregular, 4ptamar structure of the pore models
constructed for this study and shown in Figi#

In contrast, the behavior of water in the 0.9 nm pores is distinctly different. For
the 0.9 nm poresyater partially enters the activated kerogen pore (Figuseands.1d),
does not enter the inactivated kerogen pore system (FgBaeand5.2d) while it
completely fils the graphite pore (Figure 2&nd5.3d). The density profiles of water in
theseD.9 nm pores also substantially differ from the corresponding profiles for the 1.2nm
and 1.6 nm pores. For the graphite model, the density profile indicates two very prominent
adsorption peaks, while in the 0.9 nm activated kerogen pore, water is vérydike
in the vapor phase because partial penetration of water in to the pore leads to a much
lower water density. For the inactivated kerogen model, water preferentially remains
completely outside of the 0.9 nm pore at a pressure of 300 bar (290illysiaing the
hydrophobicity of highly mature organic kerogen at this pressure. These simulation
results indicate that under the same pressure and temperature conditions, water has
different density (phase) and adsorption characteristics depending renspdace

chemistry and pore geometry.
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This phenomenon of complete pore filling is related to the relative strength of
adsorbentidsorbate and adsorbatdsorbate interactions (Striolo et al. 2003). The
adsorbent in this study is the pore wall while the adsorbate is water. The results obtained
with the graphite model are consistent with Chialvo and Cummings (2011) in which pure
water filled the graphite slit pores with widths larger than 0.7 nm at ambient conditions
and no water entered the pore when the width was reduced to 0.6 nm or less.

As the pore becomes smaller, the pressure required to support the pore filling
phenomenon decreases (Striolo et al. 2003) enabling easier access of the fluid molecules
to the pore volume. However, pore filling transitions to pore emptying at pore widths
smaller than a threshold distance. This is observed in the case of the 0.9 nm inactivated
kerogen model of Figurés2a and5.2d. Generally, the theory behind the pore emptying
phenomenon is related to the distortion of the tetrahedral hydrogen bonded ndtwork o
liquid water due to the influence of the pore walls and therefore much higher pressures
are required to fill the pores (Striolo et al. 2003, Giovambattista et al. 2007Yy.dase,
the difference of results for all three pores of 0.9 nm width is refatén carbon density
and the density of oxygenated groups. The lower carbon density of the inactivated
kerogen models (shown in Talldl) likely results in weaker watgyore wall interactions
contributing to the need for a very large liquid entry pressin contrast, pore filling
occurs for the 0.9 nm graphite slit pore while for the 0.9 nm activated kerogen pore, the
water density profiles suggest an intermediate state created by a balance of forces: the
attractive forces between the activated sur&ies and water, and forces for pore filling
created by the kerogen body. This behavior is also indicated in Brennan et al. (2002)

where adsorption isotherms were studied for a porous carbon model with various
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densities of the activated sites and the amofiwater adsorption was shown to increase
with the density of activated surface sites. Hence, these quantitative results depend not
only on carbon density, but also on the density of oxygenated groups, because these polar
groups can form hydrogen bonagh water.lt seemghat the kerogen surfaces increases
the threshold pore width below which pore emptying occurs leading to negligible water
adsorption inside the pore compared to using graphite slit pore model. It is likely that in
addition to the carbodensity and density of surface activation sites, the surface geometry
may play a role in impacting the pressure values required for fluid entry. In fact, the work
of Palmer and Gubbins (2012) on the development of realistic models for activated
carbons hs shown that the predictions regarding the fluid behavior in cdrésed
materials strongly depend on the model implemented for the adsorbent material.
Experimentally, significant water adsorption due to pore filling effect was
reported for activated daon nanopores (Kaneko et #9099, AlcafiizMonge et al2002,
Kimura et al 2004) and for nanoporous hydrophobic solids (Ohba 208b, Cailliez et
al. 2008). It is possible that immature shales and shales within the oil window may be
characterized byansiderable water storage within the organic pore networks of the
kerogen. The observations in Figufgd and 5.2 also indicate that water may enter

organic pore networks at low pore pressures followaimgnitial period of depletion.

5.2.2Influence ofSurface Roughness on Water Adsorption
The impact of the pore surface on water adsorption causes differences in the density
profiles for water shown in Figureés1d-f, Figures5.2d-f and Figures5.3d-f for the

activated kerogen pores, the inactivated kemogases and the graphite slit pores
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respectively. These plots provide water density profiles calculated across the simulation
box in the vertical direction from the bottom pore wall to the upper pore wall. The
different regions of the pore are labeledesch figure. The figures show well defined
water layers for different pore widths with slight deviations from symmetric profiles
occurring for the kerogen pore models. When pore filling occurs in the 1.2 nm and 1.6
nm pores of Figures.1, 5.2and5.3, thenumber of highdensity layers of water does not
seem to change irrespective of the pore surface geometry and degree of surface activation.
For the 1.2 nm pores, the 3 distinct peaks in Figbres 5.2e and5.3e indicate that the

water molecules arrange themselves in 3 layers with the layers adjacent to the pore walls
exhibiting a higher density due to packing on the pore walls. For the 1.6 nm pores, 4
layers are formed with two high density layers adjacerfie@ore walls.

However, there are some key differences in the density profiles depending on the
surface material and surface roughness; in particular, the ratios of the high density layers
at the pore walls to the density of the fluid layers in the ceritdre pores. In graphite
slit pores, as seen in Figue3, this ratio is substantial, while the density profiles are
more uniform across the width of the pore for the kerogen pores of Figlrasd5.2
This is related to surface roughness, and pearladgp to the carbon density in the pore
walls. Note that the density of carbon atoms at the pore surface is related to the strength
of the watercarbon interactions. As illustrated in Tabl4, the carbon density in kerogen
models is much lower than tham the graphite slit pore model. The much lower carbon
densities in the kerogen models yield weaker effective attractive interactions between
water molecules and pores, resulting in less prominent water layers close to the pore

walls. Surface roughnesstisought to be responsible for the more uniform distribution
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of water molecules within the kerogen model pores. Surface roughness and surface
asperities lead to additional pore volume that the water mekecan access as seen in
Figure5.1e-f and Figures.2e-f, where the equilibrium density of water is rp&ro within

the kerogen bodyl'o emphasize the impact of surface roughness, we calculate the water
density profiles over successive 1 fwide windows across the entire pore length as
shown in Figure 5.for the 1.2 nm inactivated kerogen pore. The different density profiles
suggest a dependence of the local density on the surface structure which may be locally

smooth or may have asperities.
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Figure 54: Water density profiles calculated with successive 1 niwide windows
across the length of the pore for a 1.2 nm inactivated kerogen model
The number of water molecules stored per unit length in each of the layers of
Figures5.1d-f, 5.2d-f and5.3d-f is also calculatetb quantify the amount of adsorption.
The results are shown in Figuseé. In the graphite pore model, adsorption in the first

layer exceeds the amount adsorbed in the second layer irrespective of the pore width. In
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the case where substantial surface roegi is present, surface roughness diminishes the
amount of water adsorbed in the first layer, while there is little to no impact on the amount
adsorbed in the second layer. This is observed across all kerogen pore widths irrespective
of whether activatedr not. The low value for the first layer adsorption within the 0.9 nm
activated kerogen model in Figuses is due to the fact that this pore is only partially
filled, as illustrated in Figur&.la. Although this study focuses on the distribution of
water, in a previous study (Hu et al. 2013c), we demonstrated similar reduction in
adsorbed volumes of octane in layers adjacent to the pore wall when pore roughness is
present.

The water density profiles (Figubeld-f, Figure5.2d-f and Figures.3d-f) and the
adsorption quantified in Figuge5 provide some evidence of multilayer adsorption. Even
though validity of the monolayer Langmuir adsorption model (Langmuir, 1916) needs
further study about the adsorptidesorption processdbgeobservation may indi¢a the
deficiency of it in nano scaled kerogen pores. For shale gas reservoirs, the invalidity of
the Langmuir isotherm when the pore filling phenomena were present was previously

reported in Chen et.g2013) and Li et al. (2013).
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5.2.3The Role of Kerogen Maturity on Water Uptake

In this section, the role of maturity quantified by O/C ratios on water uptake in kerogen
bodies andhe organic poress reviewed In the case of the activated kerogen which
serves as a proxy for kerogen in shales of moderate maturity, water molecules are seen to
diffuse into the porous space around the oxygenated surface sites. This occurs because of
the hydrogen bonds that can form between water molecules and the oxygenated sites
within the kerogen, as shown in Figiié. A randomly chosen surface activation site is
shown in green and 3 water molecuka® observedshown in yellow and white,
surroundig this site. The observation that not significant amounts of water molecules
accumulate around the active sites could be a consequence of the sparse distribution of
functionalized groups and very narrow porous volume inside the kerogen body

considered ithesesimulations.
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b) Overall 3D view

Figure 5.6: Water uptake in activated kerogen materials

For highly mature kerogen characterized by very small O/C ratios, water uptake
is only restricted to a few large nanmcks around the borders of the kerogen as shown
in Figure5.2a-c. For the graphite cases in Figbr8a-c, it would be impossible to uptake
any water. What this signifies is that water may be present even within the kerogen body
and diffusion of water in to kerogen may be a mechanism for storage of water, either
following hydraulic fracturing or during thelepositional process and subsequent

maturation of the shale.
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Figure 5.7 provides the average number of water molecules found within the
kerogen body as well as in the pore space during the coutsesghulations. The results
are used to quantify thefluence of kerogen maturity on water uptake. For the O/C ratio
of 1.6%, Figures.7a shows that water uptake in the activated kerogen model is about
twice as much as that within the inactivated kerogen. These differences are solely the
consequence of themount of oxygenated functional groups and their corresponding
distribution in the material. Although a low O/C raisaadopted in this study, it is likely
that for shales within the oil window with O/C ratios as high as 10% (Vandenbroucke et
al. 2007), he amount of water that can be stored within the kerogen will be substantially
more. For the inactivated kerogen model, the smaller amount of water uptake found in
some nanaracks near the surfaces is mainly due to the effect of surface roughness. This
suface effect leads to wider effective pore widths in kerogen models than in the graphite
pores. As can be seen in Figlrda-c and Figures.2a-c, the water density have wider
nonzero regions than the nominal pore widths. As a result, when pore fillougsom
the 1.2nm and 1.6 nm pores, the water stored in the activated and inactivated kerogen

model is higher than that in the gragghpore, shown in Figuig7b.
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a) Total number of water molecules in kerogen
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b) Total number of water moleculespore space
Figure 5.7: Total number of water molecules(a) in kerogenand(b) in pore space
for various systems
The presence of water uptake in kerogen indicates that water may enter organic
pores when surface activation sites are present. This phenomenon is likely to be a function
of the density of the activated sites and is likely to impact transport of fluitie at
nanoscale and thereby influence relative permeability, capillary pressure curves, water

mobility and hydrocarboim-place estimates.

5.3 Conclusion
This chapter emphasizes the influence of pore sizes, surface roughness and the degree of
kerogen matuty on the behavior of water in organic nanopores. Some of the key findings
from this work are provided below:

1. Complex kerogen structure strongly influences the behavior of water, when

compared to the results of planar graphitemite systems. Theseeate conditions for
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different mechanisms of water entrapment, differing amounts of adsorption ake upt
of water by the pore body.

2. The degree of surface activation that represents kerogen maturity has a
considerable impact on interactions betweetew and kerogen pore walls. This may
result in trapping of water in the organic matter, and may partially explain the low
recovery of hydraulic fracture water during well clagn Similar observation was also

reported in a model of active carbons (Breneaal. 2002).
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CHAPTER 6
THE DYNAMICS OF HYDRAULIC FRACTURE WATER

IN SHALE NANO -PORES

Field operations of hydraulic fracture treatment have some common observations
including poor recovery of hydraulic fracture water and the progressive inclieases
produced water salinity. Although there have been some attempts to address these
phenomena, the associated theories are lacking in scientific rigor. The purpose of this
study is to provide some fundamental insights into the above issues and reveal the
potential trapping mechanisms for hydraulic fracture water.

In Chaptelb, the distribution of pure watés analyzedHowever, the fresh water
injected for the hydraulic fracturing treatment also contains a limited amount of salt. To
better represent theytiraulic fracture water, brine water should be studied.

This chapter extends the Chapfeiandfocueson describing the distribution of
saline water in organic and inorganic pores as a function of pore size and pore
morphology. To simplify the system, tlselectedsaline solution is the NaCl aqueous
solution. The results implythat introducing electrolyteinto the water system does not
affect the water dynamics in various pores and the distribution of ions depends on the

chemistry of the surface material.

6.1 Modeling of Inorganic Matters in Shale
Realistic inorganic materials in shale are very challempgo model because of the

heterogeneity in mineralogy. Inorganic material in shales may occur due to the presence
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of silica, carbonates, various clays such as illite, smectite, kaolinite and also due to the
presence of other minerals such as pyrite. Lgrdgecause of the presence of these clays,
their different structural elements, surface areas and eaticimange capacities, it
remains very challenging to represent this level of heterogeneity and to model their
interactions.

To simplify the problem, ngnesium oxide (MgO) crystals usedto represent
inorganic materials. As a fundamental constituent of several minerals found in the
subsurface, the MgO itself is an inorganic material and is relatively easy to analyze. For
some ultramafic rock types (Widl 1970), such as dunite, MgO concentrations are more
than 40%. For pure dolomite (i.e. calcium magnesium carbonate), the amount of MgO is
as high as 22%. Additionally, MgO possesses similar wetting properties to materials that
constitute the inorganic nmextal in shales. Consequently, as a basis for comparison with
organic materials, MgO serves as a reasonablediidgr approximation to inorganic
pores.

The structure of the MgO crystal is a famntered cubic with magnesium (silver
color), and oxygengurple color) atoms alternate with each other, as is shown in Figure
6.1 The distance between magnesium and oxygen atoms is 0.21 nm. The dimension of

the simulation box is 4.205 nm by 4.205 nm by 1.2615 nm.
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Figure 6.1: Crystal structure of magnesium oxide

6.2 System configuration & initialization

Thiswork considers 3 pore sizes of 0.9 nm, 1.2 nm and 1.6 nm. Each pore is centered in
the simulation box with the overall lengths listed in Talld. For the initial
configuration, water and NaCl ions are placed outside of the pores, as shown in Figure
6.2 The composition of the simulated systems with three pore widths is illustrated in
Table6.2 for kerogen pores and Tal8e8 for MgO systems. Thspecified number of
molecules is chosen to render liquid properties outside of the pore at equilibrium state
consistent with the corresponding properties in the bulk. The ionic concentration is almost
the same (1.95 1.96 M) which makes the results conmgdale to each other as the pore
sizes and surface materials change. Although, the specified NaCl salinity is much higher
than typicalhydraulic fracture watetreatments, statistical bias arising from the use of a

small number of molecules may bias theiptetation and consequently, a higher salinity

is chosen.
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Table 61: Dimensions of simulation boxes for various organic and inorganic pores

X,nm | y,nm | z,nm

Organic- Inactivated Kerogen Mode 10 3.87 8.6

Inorganic- MgO Crystal Model 9.995 | 4.205 | 7.702
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Figure 6.2: Orthographic illustrations of the initial system configurations for both
inactivated kerogen and MgOpores.Pore widths are 1.2 nm
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Table 62: Composition of the kerogen systems for different pore sizes

0.9 nm

1.2 nm

1.6 nm

Number of Molecules

lonic Strength

Water Na" CI Carbon
8602 301 301 2514
8602 301 301 2514
8504 298 298 2514

Unit in Unit in

Molarity gram/liter
1.953 114.142
1.953 114.142
1.956 114.307

Table 63: Composition of the MgO systems for different pore sizes

0.9 nm

1.2 nm

1.6 nm

Number of Molecules

lonic Strength

Water Na* CI MgO
8530 299 299 2400
8530 299 299 2400
8504 298 298 2400

Unit in Unit in

Molarity gram/liter
1.957 114.341
1.957 114.341
1.956 114.307

For all the simulations, both canonical ensemble (NVT) and isothesotzdric
ensemble (NPTare conductedrhe temperature is maintained at 300 K (80 oF) using the
NoseHoover thermostat and the pressure is controlled at 200 bars (2901 psi) by the

Berendsen weak coupling method. The total simulation time is 63 ns for each organic
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pore case anid 133 ns for each inorganic simulation. The first 5 ns are for NVT running
to start the simulation. The next 8 ns are run with NPT to control the pressure. Then, a 50
ns NVT is conducted in the final step until the system equilibrium is reached for organic
systems and a 120 ns NVT is conducted for the inorganic systems. The results of the last
10 ns of the 50 ns NVT stepre used for data analysis in organic pores, while the last 20
ns of the 120 ns are used for the inorganic ones. During the simulag@ure walls are
fixed, but water molecules are allowed to move dynamically.

Criteria for equilibration included constant temperature and pressure, constant
energy, and constant averaged density profiles inside and outside thEgore et al
(2011) report a strong influence of the pore wall on the fluids up to a distanek.®f 1
nm from the pore wall. fierefore the bulk regiom this thesis is defineds the volume
outside the pore located more than 1.5 nm away from the kerogen bodiesth&hen
system is stable, the influence of the pore wall on the properties of fluid in the bulk regions
is negligible and hence this region is meant to replicate the bulk properties. Hence, i
additionto above criterial also check the density of water imetbulk region andhe

results are consistent with experiments.

6.3 Results

6.3.1 Hydraulic fracture water distribution

Initially water and NaCl ionare locateautside of the pores. During the simulations, the
electrolyte solution enters the pores daling inter and intra molecular interactions.

The final equilibrated states for inactivated and activated kerogen systems, and inorganic
pores are described in Figuée3, 6.4 and 6.Fespectively. Color representations of

surfaces are exactly the sangia Figure3.3and6.1 Oxygen and hydrogen atoms in
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water molecules are demonstrated in red and white. Yellow and green bfatssadium

and chloride ions.

b) 1.2 nminactivatedkerogen pore c) 1.6 nminactivatedkerogen pore

Figure 6.3: Snapshots of final configurations for the inactivated kerogen pores of
different sizes
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b) 1.2 nm MgO pore c) 1.6 nm MgO pore
Figure 6.5: Snapshots of final configura_tions for the crysal MgO pores of different
sizes
The water distribution in #horganic pores is very similar to the pure water study
in Chapteb. For the 0.9 nm pore width, water molecules only partially enter the activated
kerogen pore, while pore emptying is observed in the inactivated kerogen system. For
larger pores, the comgte pore fillingis observed In addition, one thing worth
mentioning in activated kerogen pores is thate exissome water molecules inside the
kerogen material itself, regardless of pore siZehe possible mechanisms for these

phenomena have been discussed in previous chapter and is omitted here to save space.
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For various inorganic (MgO) pores, the pore emptjikg phenomenon is no
longer observed. The reason is because that MgO is atvazadtby polar groups on the
hydrophilic surfaces. Hence, extensive hydrogen bonds are formed near the surfaces, and
the water molecules are expected to fill all the studied MgO plirésgure 6.5, water
density is the greatest near the MgO surfacesaantkar preferred water orientation
(formation of hydrogen bonds duetofllsdo | i d i nt eraction) denot
ringo around the MgO surfaces is formed wh
red. This ring is not observed in the preasty studied kerogen pores due to the fact that
hydrophobic surfaces are npolar materials and they are not capable of forming

hydrogen bonds with water molecules.

6.3.2 Distribution of lons in Organic and Inorganic Pore Models

The average number of water molecules and electrolyte within the kerogen pore surfaces
and the pores are presented in T&#eFor a fixed pore width, the number of molecules
stored in the top and bottom activated kerogen surfaces at the equilibriemarsat
approximately identical to each other with the exception of the 0.9 nm pore. In the 0.9
nm pore, the surface differences are mainly due to the fact that the pore does not allow
sufficient uptake of water and the pore is only partially filled. Aspibve size increases

from 0.9 nm to 1.2 nm, more water molecules diffuse into the surfaces along with a few
electrolyte ions. When pore filling occurs, the storage capacities of the kerogen body
becomes almost constant as illustrated by the amount wittfaces of the 1.2 nm and

1.6 nm pores in Table.4. The sodium ions are preferentially adsorbed in comparison to

the chlorides because of the attraction between the negatively charged surface oxygen
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and the cations. The relatively low numbers of sodiurs iarthe bottom surface for the

1.6 nm pore indicates the possibility that there is a competition with water for adsorbing
to the activated sites, and also could be due to ion hydration forces sndf@ce oxygen
interaction.

Within the pores itselfas pore sizes increase, there is a corresponding increase in
the number of water molecules and electrolytes. With the small O/C ratio in the activated
kerogen pore model, no significant change in the storage of water is observed in
comparison to the inagtted one (see Tab&4), which indicates that the effect of the
surface activation on the water adsorption in the pore is somewhat negligible and may

become insignificant in larger pores.
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Table 64: Average number of molecules in the water and ions systems for two
kerogen models with different pore sizes

Activated Kerogen Inactivated Kerogen
Systems Systems
Number of molecule
09nm| 1.2nm| 1.6 nm 1.2 nm 1.6 nm
Water | 78.71 | 93.6 92.62 39.58 36.9
Top Sodium| 0.34 0.8 0.86 0.04 0.04
Surface
Chlgr'd 0.08 0.12 0.1 0.04 0.02
Water | 68.67 | 94.2 91.97 39.28 36.2
Bottom | Sodium| 0.3 0.83 0.34 0.03 0.02
Surface
Ch'g”d 0.05 | 0.09 | 0.06 0.02 0.02
Water | 146.72| 538.44| 732.31 528 729
Sodium| 1.06 13.14 | 21.68 7.85 17.4
Pore
Ch'g”d 0.8 | 13.69 | 22.37 | 8.02 17.1

To quantify the distribution of electrolytes betwekapore and bulk volume, the
par ti t i oniscawdatedvhiah is defined a8 the ratio of ionic concentration in
the pore to that in the bulk. Equation (13) shows how the partitioning coefficient is

computed. In this study, since the diffusion of water into the kerogen surfaces occurs,
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determination of the nuber of ion and water outside of the pore does not include the

amount stored in the kerogen body and is formulated in equation (14).

3 13)

(14)

The aveage partition coefficients of Nand Cl ions are provided in Tab&5.

All the partition coefficients are less than unity which indicates that ions prefer to stay in
the bulk regions exterior to the pore. The values of the partition coefficients could depend
on the planar size of the pore surfaces since more ions aretbkedyattracted to pores

with a larger surface area which may result in a higher partition coefficient. This
preference is explained by entropy due to the fact that hydrated ions inside the neutral
pores have limited free volume accessibility (Kalluriagét 2011). This explains the
observation that as a pore becomes wider, more ions enter the pore as indicated in the
Table6.5. For a 0.9 nm pore, the small partition coefficients are due to the reason that
water only partially fills the pore.

Compared wh partition coefficients obtained from inactivated kerogen model,
there are moderate increases for all the pores considered in this study indicating the
influence of ionsurface oxygen interaction. This result is reinforced by comparing the
stored numbeof molecules in Tablé.4, andthere is anncrease of ion number in the
pores when the kerogen surfaces are activated. In both activated and inactivated kerogen
case studies, there however is always some amount of water within the kerogen body.

Water adsmption in the inactivated surfaces is due to the surface roughness, as water
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appears to stay in some large nanacks around the borders of the surfaces illustrated
in Figure6.3. With the oxygenated surfaces, waserface oxygen attraction may play a
more important role.

In contrast to the results for a smooth neutrally charged graphene slit pore reported
in Kalluri et al. (2011) where a countable amount of ions were found only in the 1.6 nm
graphene slit pore, the ionic concentrations in this studigdtr 0.9 nm and 1.2 nm are
significantly higher. Considering the size of the hydratetd aa Clions (0.72 nm and
0.66 nm respectively), this could be due to the larger excluded volume effect or wider
effective pore sizes resulting from surface roughaeskionsurface oxygen interaction
in the activated kerogen model sinitere aresome water molecules in naooacks
within the activated kerogen surfaces.

The influence of hydrophilic pore on the distributions of ions is also reflected in
partition codficients in Table6.5. Compared to all of the kerogen case studies, there is
a significant increase in the number of ions inside the pores, due to the interaction of ions
with MgO surfaces and with the obvious water layer near the surfaces. In faatgéor
pore widths of 1.2 nm and 1.6 nm, there is no obvious preference regarding where they
would like to stay, which is indicated by unity partition coefficients. For the 0.9 nm pore,
even though the pore width is comparable to the hydrated ions, vesicitts the entry
of ions, the nofzeros values of partition coefficients indicate the strong interaction
among ioAawater and iorsurfacelnterestlyt he G v al*foethed®nni Mg® Na
pore is slightly smaller than that in the 1.2 nm pore. Thiddcbe possiblypecausehe
number of Naattracted into a relatively larger pasdargely restrictetb the water layers

closest to the wall surfac€Bigure 6.5), and the wall surface has a limited adsorption
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capacity with a fixed surface arekhis sudy therefore shows that hydrophilic surfaces
not only create ideal conditions for water adsorption close to the surface, but also
influences the ion distributions due to the combined effect e§usface, ioAvater and
ion-ion interactionslin realisticclay in shals, due to the negative charges on the clay
layers, shales are reported to be permeable to thé&Nampervious to the C(Peters
2012). Even though the results from this study doindicate the stronger transport
ability of Na" than Cl in MgO, the studyreveas that the surface materials hazgreat
impact on the dynamics of ions as a result of thesiafiace, iorwater and iofion

correlations.

Table 65: Average partition coefficients for ions inactivated kerogen pores

Organic Systems Inorganic Systems
Pore
width, Activated Kerogen | Inactivated Kerogen MgO
nm
Na* Cr Na* Cr Na* CI

0.9 0.2 0.15 N/A N/A 0.65 0.72
1.2 0.67 0.7 0.4 0.41 1.07 1.08
1.6 0.82 0.84 0.66 0.65 1.02 1.09

6.3.3Density profiles
Density profiles in the number of molecules per angstrom3 for water and ions are
correspondingly shown in Figui6, 6.7, 6.8 for kerogen and the inorganic pores. For

kerogen systems, considering that some water molecules also penat@teacks in
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the surface, plots in Figurg.6 and 6.7 include densities from the bottom to the top

kerogenpore walls
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Figure 6.6: Atomic density of oxygen (black solid line) and hydrogen (black dotted
line) atoms in water molecules, Na(red long dashed line) and Cl(blue short
dashed line) ions for inactivated kerogen pores. Left and right-gxis represents
the density of water molecuésand ion atoms, respectively
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In kerogen pores, when NacCl electrolytes are present, water molecules have the
same énsity profile as the studyf purewater in Chapteb. Regarding the distributions
of ions inside the kerogen pores, most of thé alad Ci ions accumulate within the
center of the pore. The ion density for the 0.9 nm activated pore is significandly low
than in the other ones, which is consistent with the low partition coefficient results. There
appears to be a direct relationship among ions and the water layers located in the pore
center. This indicates the formation of the hydration shell of atttagtter molecules
around those ions, as a result of favorable interaction bfdM&I) ions with oxygen (or
hydrogen) atoms of water. In addition, some ionic correlations exist between the density
of Na" and Cl.

For the inorganic pores in Figuée8, regardless of pore sizes, water molecules
form four layers in the pores. Two of these water layers are due to strong interaction
between water and MgO surfaces, leading to prominent;deéhed layers close to the
surfaces with sharp density intensitiesFigure6.5, t he Ared ringso arc
correspond to these prominent water layers. Another two of the water layers are located
near the center of the pore. Since the shape of the hydrogen density is quite different from
that of the oxygen deitg, the water structure or the orientation of the water molecules is
very likely to be strongly influenced by the confined MgO pores. There are two hydrogen
layers formed around the prominent water layer near each surface. The first layer is made
up of aportion of the hydrogen atoms from the wedlfined water layers, as these
hydrogen atoms are pointing towards the walls. The second hydrogen density peak with
a higher intensity is largely formed by the rest of the hydrogen atoms in the same water

layer dose to each walland the remaining hydrogen atonia these water layerare
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pointing away from the surface. The water density profiles are consistent with Phan et al.

(2012), in which thin water films in contact with free standing MgO surface was studied.
With respect to the distribution of the ions in the MgO pores,ddans to have

an affinity towards the MgO surfaces, since it is attracted to the negatively charged

oxygen in the prominent water layers:,®ly contrast, is pushed towards the pore center,

as a result of the repulsive forces interacting with these watesldgeaddition, a small

amount of Na also accumulates around the center of the pore, because of 4@ ion

correlation between Nand CI.

6.4 Conclusion

This paper investigates the dynamics of water molecules and NaCl electrolytes confined
in organicand inorganic pores with various widths. Compared with the Chapthis

study involves brine water and is more appropriate to describe the distribution of
hydraulic fracture water. In addition to the conclusions made in Chaptatditional
findings include:

1. Surface activation by grafting oxygenated functional groups onto the kerogen
material couldattract water molecules into the organic matter; hence it amsiblyhange the wettability property
of the organic pores.

2. Water entrapment ipsibly not restricted to inorganic pores and water storage
could occur in organic pores as well. The combination of these two would prevent flow
back of some hydraulic fracture water.

3. The chemistry of the surface material clearly impactslisieibution of ions.

For the kerogen pores, ions generally prefer to stay outside the aodesnly a small
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amount enters the pores. By contrdkg inorganic pores have a strong affinity for

agueous NacCl electrolytes.
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CHAPTER 7
THE DYNAMICS OF WAT ER AND HYDROCARBON
IN SHALE -KEROGEN PORES OF POTENTIALLY

HETEROGENEOUS WETTABILITY

Studies on shale maturity and shale molecular structure indicate the presence of some
functional groups associated with oxygen, hydrogen and nitrogen (Vandenbroucke et al.
2007, Facelli et al. 2011). Because of the presence of these polarized groups, our
understanding of the wettability of the kerogen surface as purely hydrophobic may be
inadequate. We may instead have to consider kerogen characterihetefmygeneous
wet surfaces because of the affinity of hydrogen in water molecules to these surface sites.
Even thoughl have already considered the effect of surface activation in the
studies of Chapteb and 6, the focus of these chapters was on water entrapment
mechanisms in small organic kerogen pores and hence the major fluid in the systems is
water. It is however likely that kerogen, because of its relative hydrophobicity, is also
associated with the storage of alkanes. Therefore, in this chapter, a more Egistic
containing both water and octane molecules is investigated in kerogen pore systems. The
dynamics of the mixture enables an understanding of both the activated kerogen model
and the water trapping mechanisms when alkanes are présemesults indiate that
maturity of the kerogen controls the wettability of organic nanopores and for intermediate
maturity such as in liquidgch shales, organic pore systems may Haeterogeneous
wet characteristics.

The material presented in this chapter was aecdetot the SPE Journal.
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7.1 System configuration & initialization
The model configuration is a large simulation box with a pore located in the center.
Because of the size of the simulation box, fluid molecules are not constrained to remain
either within tle pore or within the kerogen body and therefore a more representative
analysis of fluidpore wall interactions may be achievdthe simulation results of the
activated kerogen porare comparedvith the inactivated kerogen pores and smooth
graphite slit poes having similar planar areas of the organic surfaces and the same pore
width of 5 nm. The surface carbons are shown in black and the oxygen atoms in the
functional groups as green dots. Hydrogen and oxygen atoms in water molecules are
represented by wta and purple colors. The octane molecules are shown in yellow. Sizes
of the spheres do not reflect real sizes of atoms. Tablgives the box dimensions for
the various 5 nm pores.

Equalamounts of water and octaaee usedn all studies and the compbens of
the different simulated systems are tabulated in T&kke The octane and water
molecules are initially placed randomly throughout the simulation box to avoid favoring
any particular configuration as shown in Figdré for the activated keroggpore as an
example. The initial configuration for the inactivated kerogen pore and the graphite slit
pore are identical. Carbon atoms in kerogen are shob@lines and it is decorated by
black oxygen atoms in the functional group. Oxygen and hydregems of water are

shown inredand white; octane molecules are showgrieen
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Table 71: Dimensions of simulation boxes for water and octane systems
in various 5 nm kerogen pores

Dimensions

Models
X,nm | y,nm | z,nm

Activated kerogen 12 3.87 9.05

Inactivated kerogen 12 3.87 9.05

Graphite slit pore 12 3834 | 7.01

Table 72: Composition of the water and octane systems
in various 5 nm kerogen pores

Number of molecules
Models , . )
Water | Octane Inactivated Activated Activated
Carbon Carbon Oxygen
Activated | 4145 | 1950 2474 40 40
kerogen
Inactivated | 1144 | 1189 2514 N/A N/A
kerogen
Graphite slit | g,7 | gp7 4284 N/A N/A
pore

Simulations are conducted with canonical ensemble (NVT) where number of
molecules, system volume and temperature are held constant. All studies are run for 35

ns. The last 7.5 ns of each system are used for data analysis. During the simulation,
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temperatures maintained at 300K (800F) by using the Nék®ver thermostat with a
relaxation time of 100 fs. The final system pressure is around 300 bar (4351 psi). During
the simulation, oxygen atoms in functional group and carbon atoms are held stationary.
Periaic boundary conditions are applied in three directions.

In order to confirm that the equilibrium fluid distributions are achieVvetheck
values of temperature, energy, average pressure and average density profiles for water
and octane inside and outsitie pore to ensure meaningful interpretation. Additionally,
octane densities in regions far removed from the pore surfaces are compared with
experimentally obtained bulk octane densities. The octane density in the units of number
of molecules per angstr@rn the bulk region surrounding the 5 nm activated kerogen
pore is calculated to be 0.0037 which compares well with the experimental result of

0.0038 at the 300K and 300 banddions (Lemmon et al. 2005).
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Figure 7.1: An orthographic illustration of the initial system configurations of the
water and octane systems for 5 nm activated kerogen pore
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7.2 Results
Because kerogen has traditionally been viewed as hydrophobic, a mixture of water and
octane molecules is expected to provide an understanding of wettability as a function of
surface activation and also investigate water trapping mechanisms in the prasence
alkanes. The evolution of water and octane from their initial configuration to their
respective final states in a 5nm wide activated kerogen pore is shown in Figurae
final configuration at the end of the simulation for the 5nm wide activatedj&erpore
is shown in Figur@.3. The corresponding figures for the 5nm wide inactivated kerogen
pore are shown in Figur@s4and7.5while the results for the graphite slit pore are shown
in Figures7.6and7.7.

The results indicate that as time progessduring the simulation, water molecules
first form small clusters that then group together to create a larger water cluster. Because
of the presence of polar activated functional groups in FiguBend7.3, the large water
cluster is attracted in tthe activated kerogen pore while water shows a preference to
occupy regions outside the pore in both the inactivated kerogen pore and the graphite slit
pore models. The asymmetric pore structure tends to cause imbalances in the final
distribution of waterin the case of the inactivated kerogen pore. In contrast, when the
pore model is symmetric, water distributes itself in a1sgarmetric arrangement outside

the pore.
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Figure 7.2: Snapshots of the simulation process witime beginning with the initial
configuration for the 5nm activated kerogen pore system

Figure 7.3: Final configuration of the 5nm activated kerogen pore system
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Figure 7.4: Snapshots of the simulation process with time beginning with the initial
configuration for the 5Snm inactivated kerogen pore system

Figure 7.5: Final configuration of the 5Snminactivated kerogen pore system
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