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Abstract
CO2 storage in geological formations is a promising option of carbon capture and
sequestration (CCS) technologies. The environmental risks of this technology is strongly
dependent on the reliability of the concrete used in well casings, as well as in sealing
abandoned wellbores. To minimize these risks and to optimize CCS operations, a proper
understanding of the fluid transport pathways within the host rock formations and wellbore
concrete is essential. We perform atomistic computer simulations of CO2/H2O fluids nanoconfined within cement’s main hydration phase: calcium silicate hydrate (C-S-H), necessary
for molecular level understanding and quantification of fluid migration through leakage
pathways as result of cement degradation. At the first stage, the atomistic models of C-S-H
phases and typical host rock mineral components (quartz, clays, calcite) are built. The
effects of the cement chemistry and pore size distribution are taken into account by varying
the C/S ratio of the C-S-H phases from 0.83 to 1.75 and the pore sizes from 1 to 5 nm,
respectively. Grand canonical Monte Carlo (GCMC) simulations are then performed to
determine the density of and composition of CO2/H2O mixture confined within the pores in
equilibrium with the same bulk mixture at 323 K/90 bar mimicking the T/P conditions of
sequestration. Finally, the equilibrium compositions and structures from the GCMC
simulations are used as an input for classical molecular dynamics (MD) simulations using
ClayFF potential. Preliminary results for the structural properties of the nanoconfined water
and carbon dioxide are presented.

Key word list
carbon capture and sequestration, concrete, calcium silicate hydrate, quartz, atomistic
simulations

Definitions and acronyms
Acronyms

Definitions

C-S-H
C/S
CCS
MD
GCMC
LAMMPS

Calcium Silicate Hydrate
CaO/SiO2 ratio
Carbon capture and sequestration
Molecular dynamics
Grand canonical Monte Carlo
Large-scale Atomic/Molecular Massively Parallel Simulator
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1.

Introduction

Geological CO2 sequestration is considered a feasible technique to mitigate greenhouse
gas emissions (Matter et al., 2011). Experimental and theoretical studies have shown that
permanent CO2 trapping can be achieved through mineral carbonation, for instance, in
basaltic rock formations (Gysi, 2017; Matter et al., 2011). For the CCS operations to be of
any practical significance, the rate of mineralization and the degree of mineral carbonation
should be well accounted for through investigation of the rate-limiting conditions that
probably depend on features such as rock type, brine composition, temperature and
pressure. In addition, long-term storage of CO2 can also be sabotaged by leakages, which
may be as a result of cement degradation (Carroll et al., 2016; Farooqui et al., 2017; Guo et
al., 2017).
In line with S4CE goal of quantification, prediction and eventual control of fluid transport
pathways in subsurface rock formations and cement-based materials in the mechanisms of
CO2 fixation, we are employing atomistic computer simulations to study, at the fundamental
molecular scale, the fluid transport in concrete and rock samples and the failure
mechanisms of concrete in the subsurface CCS operations. The expected outcome of this
study is to provide a better quantitative understanding of fluid/rock and fluid/cement
interactions which are critical to understanding mineral carbonation and cement
degradation mechanisms in CO2 storage wells and to reliable prediction and control of these
processes.
Over the last two decades, atomistic computer simulations have become an increasingly
useful tool to study the molecular scale structure, dynamics, and reactivity of mineral-water
interfaces (e.g., Striolo, 2014; Kirkpatrick et al., 2015), including clay-related (Kalinichev et
al., 2016) and cement-related (Kalinichev et al., 2007; Mishra et al., 2017) systems. The
effects of CO2 and salt compositions on the properties of fluids nanoconfined in clay
interlayers are also beginning to be addressed by a combination of experimental and
atomistic modeling techniques (Loring et al., 2014; Tenney and Cygan, 2014; Michels et al.,
2015; Rao and Leng, 2016; Bowers et al., 2017; Tenney et al., 2017; Loganathan et al., 2018).
However, the interaction of CO2-rich fluids with other minerals, and especially with such
complex and disordered solid surfaces as those of cement and concrete, are not yet
investigated.
In this report (Deliverable_5.1: Modelling results of fluid pathways in cement based
concrete samples and rock samples), the molecular models of fluids (CO2/H2O mixtures) are
developed and the effects of nano-confinement within cement and rock pores on their
structural and dynamic properties are explicitly simulated. As the first stage, we model
concrete samples by the calcium silicate hydrate (C-S-H) phase - the principal binding
component of cement, and the rock sample by crystalline quartz. Classical Monte Carlo (MC)
and molecular dynamics (MD) atomistic computer simulation tools are utilized to model the
interactions of C-S-H and quartz with CO2/H2O mixtures at conditions relevant for CCS.
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2.

Methodological approach

First, the atomistic models of C-S-H and quartz substrates were constructed and used
to create models of several slit-like pores of different sizes. This work was based on our
previous experience of simulating mineral-fluid interfaces for similar systems (Kalinichev
and Kirkpatrick, 2002; Kalinichev et al., 2007; Ngouana-Wakou and Kalinichev, 2014;
Androniuk et al., 2017; Mutisya et al., 2017, 2018).
Next, Monte Carlo simulations in the grand canonical ensemble (µH2OµCO2VT) were
performed using the Towhee computational package (Martin, 2013) to determine the
density of and composition of CO2/H2O mixtures confined within the pores in equilibrium
with bulk CO2/H2O mixtures at 323 K/90 bar, mimicking the T/P conditions of carbon
sequestration (Loring et al., 2014). The chemical potential values for H2O/CO2 bulk mixtures
at the specified temperature and pressure conditions were obtained from the work by Rao
et al. (2016).
On the next step, to further investigate the structure of the H2O/CO2 fluid
intercalated in the C-S-H and quartz nano-channels, molecular dynamics (MD) simulations
were performed using the LAMMPS simulation package (Plimpton, 1995; Plimpton and Gale,
2013). The initial atomic configurations for the MD simulations were obtained from the
GCMC calculations. Each MD run consisted of an initial equilibration of 1 ns in the NPT
statistical ensemble and an additional 3 ns simulation in the NVT ensemble to generate
equilibrium atomic trajectories for the subsequent property analysis.
All the atom-atom interactions are described using the ClayFF (Cygan et al., 2004)
classical potential in its more recent modified version (Pouvreau et al., 2017, 2018), which
allows for more accurate description of the hydroxylated C-S-H and quartz surfaces and
nanoparticle edges. H2O and CO2 molecules are described by implementing the flexible SPC
(Teleman et al., 1987) and EPM2 (Harris and Yung, 1995; Cygan et al., 2012) models,
respectively. Long-range electrostatic interactions are calculated using the Ewald
summation method (Frenkel and Smit, 2002) with a cut-off radius of 10 Å. Periodic
boundary conditions (Frenkel and Smit, 2002) are applied in all three dimensions.

3.

Summary of activities and research findings

3.1 Cement sample models: Calcium silicate hydrate
3.1.1 C-S-H atomistic models
Hydrated cement is a heterogeneous material in which the main phase is the calcium
silicate hydrate (C-S-H) constituting 50 to 70 % of the total volume (Richardson et al., 2010).
We model cement using the C-S-H phase since it is the principal binding phase and thus
responsible for most of the mechanical and chemical properties of cement. C-S-H is known
to be a poorly ordered material, characterized by layered silicate structure resembling an
imperfect tobermorite and/or jennite (Richardson et al., 2010). The C/S ratio, which varies
from 0.7 to 2.1, is one of the most important parameters of the chemical composition of CS-H (Garbev et al., 2008; Renaudin et al., 2009), which also characterizes the degree of
cement degradation.
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To build the atomistic C-S-H models, the starting configuration is tobermorite 14 Å
crystal with a chemical composition of Ca5Si6O16(OH)2·7H2O (Bonaccorsi et al., 2005); this
structure has a C/S ratio of 0.83. The chemistry of tobermorite 14 Å is modified by creating
surface defects via removal of charge neutral SiO2 units, as suggested recently Androniuk et
al. (2017) and by Kumar et al. (2017). Once a defect has been introduced, local charge
neutrality is satisfied by the addition of H+ and Ca(OH)+. Additional molecular H2O and
Ca(OH)2 units are introduced to obtain the desired C/S ratio. The introduction of surface
defects was guided by available spectroscopic and diffraction data (Yu et al., 1999; Garbev
et al., 2008; Renaudin et al., 2009; Richardson et al., 2010) and took into account that silica
tetrahedral dimers are the most abundant of all silicate species in C-S-H and linear
pentamers are the second most abundant. Water dissociation in contact with reactive C-S-H
surface can lead to the formation of additional hydroxyl groups on the surface and protons
at the created defect sites. Taking recent DFT calculations of Churakov et al., (2014) as a
guide, different schemes of surface protonation should be considered since they can result
in the accumulation of different surface charge. Aqueous hydroxyl ions were added to the
system to maintain the total electrostatic neutrality of each model.
The final C-S-H models investigated in this work have a C/S ratio of 0.83 (defect free),
1.25, 1.5 and 1.75 (Figure 1a). For each system, planar pores of sizes 1-5 nm were created by
cleaving the crystal model and gradually increasing the interlayer space along the (002)
direction. The pore sizes selected for simulation are within the typical size of gel pores
according to the C-S-H colloid model (i.e., 1 to 12 nm) (Jennings, 2000, 2008). Figure 1b
illustrates a 1-nm pore model filled with CO2/H2O mixture.

Figure 1: a) Atomistic C-S-H model with a C/S ratio of 1.75 illustrating the cleavage plane
(002) to create a slit-like nanopore model. b) A 1 nm C-S-H slit pore model with confined
H2O/CO2 mixture. Color legend: O, red; H, white; Ca, green, Si, yellow, C, grey.
Modifying the chemistry of C-S-H leads to the modification of the pore surfaces
(Figure 2). Specifically, as the C/S ratio is increased, the pore size widens due to deletion of
SiO2 units and the number of surface calcium atoms increases. This alteration is expected to
affect the fluid-C-S-H surface interactions.
Due to the porous nature of C-S-H, CO2 and ions, if present, may intercalate into the
well cement casings during carbon storage processes. In our simulations, the created C-S-H
PU
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pores were filled with CO2/H2O fluid mixtures following the approach of similar modeling
studies for swelling clays (Botan et al., 2010; Rao and Leng, 2016). The equilibrium
concentrations of CO2 and H2O in the nanopores were calculated from GCMC simulations.
Table 1 shows the resulting mole fractions of CO2 (xCO2) intercalated within the C-S-H pores,
as well as in quartz pores, which are discussed below. Our results indicate that xCO2
decreases with increasing C/S ratio. We relate these differences to the increasing amount of
Ca2+ ions on the C-S-H surface. Others have also shown that ions play a role in the
intercalation of CO2 in smectite clays (Michels et al., 2015; Bowers et al., 2017; Loganathan
et al., 2018).

Figure 2: Surface structure details for the C-S-H model pores corresponding to the four
increasingly higher C/S ratios. The surface H2O molecules and OH- groups are removed for
clarity.
Table 1. CO2 mole fraction in 1-nm wide pores for C-S-H cements with varying C/S ratio, and
in 1-nm wide quartz pores.
Pore type
C-S-H with C/S = 0.83
C-S-H with C/S = 1.5
C-S-H with C/S = 1.75
Quartz
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3.1.2 Structural Analysis
The H2O and CO2 density profiles along the direction perpendicular to the pore
surface in C-S-H pores show oscillations, which are typical of fluids in nano-confinement
(Figure 3). For C/S = 0.83, the density profiles for both 1-nm and 2-nm pores (Figures 3a and
3d) show that CO2 molecules lie within the first hydration layer of the surface; coexisting
with water molecules. The density peak on the left of the surface is attributed to the
H2O/CO2 molecules trapped within the channels formed by the silicate chains running along
the [010] crystallographic direction. In contrast, for higher C/S ratios (1.5 and 1.75), the CO2
molecules are located far off from the surface with H2O molecules forming a definite
hydration layer adjacent to the C-S-H surface. As the pore size increases from 1 to 2 nm,
bulk-like density profile for the water molecules is attained above approximately 7 Å from
the surface, which is typical of other slit-like mineral nanopores (e.g., Kirkpatrick et al.,
2015). However, there is a noticeable depletion of CO2 concentration near the C-S-H
surface, especially at higher C/S ratios, since the surface is becoming relatively more
hydrophilic. This observation is consistent with recent simulations results for competitive
adsorption of H2O/CO2 mixtures into similar smectite clay interlayers, which also show some
CO2 depletion at the surface with a more hydrophilic local environment (Loganathan et a.,
2018b).

Figure 3: Atomic density profiles of H2O and CO2 mixtures within the nanopores of C-S-H
models. a) 1-nm pore at C/S=0.83; b) 1-nm pore at C/S=1.5; c) 1-nm pore at C/S=1.75;
d) 2-nm pore at C/S=0.83; e) 2-nm pore at C/S=1.5; f) 2-nm pore at C/S=1.75.
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3.2 Rock sample models: Quartz crystal
The single crystal model of quartz is derived from experimental data by Levien et al.
(1980). The lattice parameters are a = b = 4.916 Å, c= 5.405 Å, α=β= 90° and γ=120°. Unlike
clay and C-S-H structures, the quartz crystals do not have obvious cleavage planes that can
be used to create slit-like nanopores. In fact, a typical quartz crystal habit exposes surfaces
oriented along numerous directions (Figure 4), of which the crystallographic planes (101)
and (100) are the most abundant (Murashov and Demchuk, 2005; Kroutil et al., 2015). These
two planes are marked as surfaces r and m in Fig. 4. Consequently, a quartz supercell of 6 x
6 x 6 was created and then cleaved along the (101) and (100) surfaces. All the surface
oxygen atoms were protonated to create a surface as illustrated in Figure 5 (right). 1-nm
pores were then created to investigate CO2/H2O adsorption and transport properties. GCMC
simulations of CO2/H2O intercalation into a 1-nm pore of quartz indicate that the mole
fraction of CO2 is 0.0366 (Table 1). This value is higher than that found within the C-S-H
models, indicating that CO2 intercalates more easily into quartz rock pores than in cement.

Figure 4: Common habit of a natural quartz crystal (after
Murashov and Demchuk, 2005).

The MD-simulated atomic density profiles of CO2 and H2O within a quartz nanopore formed
by (101) surfaces are shown in Figure 5. They indicate that CO2 molecules also occupy the
surface region, similarly to what was observed within pores representative of low-C/S C-S-H
cement phases (Figure 6). The less sharp peak of the water molecules is an indication of
weaker structuring of H2O molecules in the vicinity of the quartz surface. Further analysis of
the CO2 and H2O orientation and adsorption sites on the quartz crystal is currently
underway.
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Figure 5: (Left) A snapshot of CO2/H2O mixture confined within quartz along the (101)
surface. (Right) Zoomed image showing the (101) quartz surface hydroxylation details.

Figure 6: Atomic density profiles of CO2/H2O mixture nano-confined within a 1-nm slitshaped pore formed by two (101) quartz surfaces.
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4.

Conclusions and future steps

The models for the fluid transport within several representative cement and rock
samples have been built. The intercalation of CO2/H2O mixtures within such nanopores has
been investigated using GCMC simulations. Preliminary structural analysis of the
nanoconfined fluids was also performed. Using ClayFF (Cygan et al., 2004; Pouvreau et al.,
2017,2018), we were able to establish that CO2 molecules preferentially position themselves
away from the surface for C-S-H phases with high C/S ratios.
The next research steps include further analysis of the intercalation of CO2/H2O
within C-S-H and quartz pores at different temperature, pressure, and relative humidity
conditions. In terms of the structure, the adsorption sites will be studied as well as the
orientation of H2O and CO2 molecules near the pore surfaces.
The transport of the CO2/H2O mixtures will be investigated by performing MD
simulations, which will yield dynamical properties such as molecular diffusion (e.g.,
Ngouana-Wakou and Kalinichev, 2014; Loganathan et al., 2018) and nanoscopic
hydrodynamics (e.g., Botan, 2011).
Future work also includes atomistic modeling of other important rock samples, such
as calcite (e.g., Kirch et al., 2018) and feldspar (e.g., Kerisit et al., 2008, 2009) – the primary
mineral component of basalt host rocks in geological carbon sequestration settings.
The effect of cations on the CO2/H2O distribution and mobility in rock and cement
nanopores should also be investigated in detail following similar studies of clay nanopores
(e.g., Loganathan et al., 2018). In this regard, the relevant brine compositions representative
of the field sites considered by the S4CE consortium need to be established.
Importantly, many of the real mineral nanopores and fluid pathways are not
necessarily planar, as the slit-like pores currently studied. Even the C-S-H surfaces become
atomistically uneven once surface defects are introduced. In such circumstances, standard
density profiles in the direction perpendicular to the pore surface, which are commonly
used (e.g., Figures 3,6), are no longer suitable for extracting relevant information. To
overcome this limitation, we are now developing new, more accurate tools to analyze the
structure and properties of fluids nanoconfined within such irregular boundaries, using the
Voronoi-Delaunay technique (Voloshin et al., 2018).
To be able to model chemical reactivity of CO2 within cement and rock samples and
the processes of carbonation, the ReaxFF force field (Senftle et al., 2016) will be utilized.
This approach is computationally ~100 times more costly than classical atomistic simulations
with non-reactive force fields, such as ClayFF. Therefore, ReaxFF simulations will be
undertaken only after the structure and dynamics of complex nanoconfined fluids is well
investigated and understood.
Finally, future research is expected to include nanopores formed by two different
surfaces, e.g., cement-quartz, cement-basalt, and cement-clay. So far, only one such
example for the clay-zeolite interface is available in the literature (Pitman and van Duin,
2012).
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