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Abstract

CQ storage in geological formations is a promising option of carbon capture and
sequestration (CCS) technologidhe environmental riskef this technologyis strongly
dependent onthe reliability of the concrete used iwell casings, as well as in sealing
abandoned wellboresTo minimize these risks artd optimize CCS operations, a proper
understanding of the fluid transport pathways within the host rock formagiand wellbore
concrete isessential We performatomistic computer simulations of CeH-0 fluids nane
confined within cement’s main hyH)rnaedessayn phas:s
for molecular level understanding and quantification of fluid migration through leakage
pathways as result ofeenent degradation. At the first stage, the atomistic models &€
phases and typical host rock mineral components (quartz, clays, calcite) are built. The
effects of the cement chemistry and pore size distributawataken into account by varying

the C/S ratio of the €SH 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 €80 mixture confined within the pores in
equilibrium with the same bulk mixture at 323 K/90 bar mimicking E 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
QayFF potential. Preliminary results for the structural properties ofrtaeoconfined water

and carbon dioxide are presented.

Key word list

carbon capture and sequestratioopncrete,calcium silicate hydrateguartz,atomistic
simulations

Definitionsand acronyms

Acronyms Definitions

GSH Calcium Silicate Hydrate

CIS CaO/SiQratio

CCS Carbon capture andequestration

MD Molecular dynamics

GCMC Grand canonical Monte Carlo

LAMMPS Largescale Atomic/Molecwddr Massively Rallel Simulator
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1. Introduction

Geological Cfsequestration iconsidereda feasibletechnique to mitigate greenhouse
gas emissiongMatter et al., 2011)Experimental and theoretical studies have shown that
permanent CQ trapping can be achievethrough mineral carbonation, for instance, in
basaltic rock formation¢Gysi, 2017; Matter et al., 201150r the CCS operations to be of
any practicalsignificance, the rate of mineralization and the degreenafieral carbonation
should bewell accountedfor through investigation ofthe rate-limiting conditionsthat
probably depend on featuresuch as rock type, brine compositiotemperature and
pressure In addition, bngterm storage of C@can alsobe sabotaged by leakageshich
may be as a result of cement degradati¢@arroll et al., 2016; Farooqui et al., 2017; @tio
al.,2017)

In line with S4CE goal of quantification, prediction and eventual control of fluid transport
pathways in subsurface rock formations and cemleased méerials in the mechanisms of
CQ fixation, we areemploying atomisticomputersimulatiorsto study, at the fundamental
molecular scale,the fluid transport in concrete androck samples and the failure
mechanisms of concrete in the subsurface ©@f&ations. The expected outcome of this
study is to provide a betteguantitative understanding of fluid/rock and fluid/cement
interactions which arecritical to understanding mineral carbonation andcement
degradation mechanisgin CQ storage wellsand to reliableprediction and control of these
processes

Over the last two decadesta@nistic computer simulations have become an increasingly
usdul tool to study the molecular scale structure, dynamics, and reactivity of mimextdr
interfaces (e.qg.Striolo, 2014; Kirkpatrick et al., 201%)cluding clayelated Kalinichev et
al., 2016 and cementrelated (Kalinichev et al., 2007; Mishra et al., 2017) systéins
effects of C@ and salt compositions on theroperties of fluids nanoconfined in gla
interlayers are also beginning to be addressday a combination of experimental and
atomistic modeling techniques (Loring et al., 20Idénney and Cygan, 201Mijchels et al.,
2015; Rao and Leng, 2016; Bowers et al., 2017; Tenney et al., . 2@Bnatharet al., 201§.
However, the interaction of CQich 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 (Deliverable5.1: Modelling results offluid pathways in cement based
concrete samples and rock samplabg molecular model®f fluids (CQ/H20 mixtures)re
developed and the effects afano-confinement within cement and rock porem their
structural and dynamic propertieare explicitly smulated As the first stage,we model
concrete sampledyy the calcium silicate hydrate {&H) phase- the principal binding
componentof cement,and the rock sample by crystalline quai®tassical Monte Carlo (MC)
and molecular dynamics (MBjomistic computer simulation tools are utilized to model the
interactions of ESH and quartz with C£H>O mixtures at conditions relevant for CCS.
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2. Methodological approach

First, the atomistic models & SH and quartsubstratesvere constructed and sed
to create models of several slike pores of different sizes. This work was based on our
previous experience of simulating minefalid interfaces for similar systems (Kalinichev
and Kirkpatrick, 2002; Kalinichev et al., 2007; NgouAtakou and Katichev, 2014;
Androniuk et al., 2017; Mutisya et al., 2017, 2018).

Next, Monte Carlo simulations in the grand canonical ensembledjtoT) were
performed usingthe Towhee computational packag@Martin, 2013 to determine the
density of and composition of GBI.O mixtures confined within the pores in equilibrm
with bulk CQ/H20 mixtures at 323 K/90 bar mimicking the T/P conditions of carbon
sequestration(Loring et al., 2014)'he chemical potential values febO/ CQ bulk mixtures
at the specified temperature and pressure conditiomsre obtained fom the work byRao
et al.(2016)

On the next step,to further investigate the structure of the :B/CQ fluid
intercalated in the &H and quartz nanaghannels molecular dynamicéMD) simulations
were performed using the LAMMPS simulation pack@jempton, 1995 Plimpton and Gale,
2013. The initial abmic configurations for the MD simulations were obtained from the
GCMC calculationg€achMD run consisted of an initial equilibration of 1 ns the NPT
statisticalensembleand an additional3 ns simuldion in the NVTensemble to generate
equilibrium atomidrajectories for thesubsequenfproperty analysis

All the atomatom interactionsare descibed using the @ayFF(Cyganet al., 2004)
classical potentiain its more recent modified version (Pouvreatial., 2017, 2018)which
allows for more accurate description of the hydroxylate€6B and quartz surfaceand
nanoparticle edgedH0 and CQ molecules are described byplementingthe flexible SPC
(Telemanet al, 1987)and EPM2(Harris and Yung 1995 Cyganet al., 2012 models
respectively. Longrange electrostatic interactions are calculated using thd&wald
summation method (Frenkeland Smit, 2002)with a cutoff radius of 10 A.Periodic
boundary conditiongFrenkeland Smit, 2002pre appled in all three dimensions.

3. Summary of activities and research findings

3.1 Cementsamplemodels. Calcium silicate hydrate

3.1.1GSH aomistic models

Hydrated cement is a heterogeneous matenmalvhichthe main phase is the calcium
silicate hydra¢ (GSH) constituting 50 to 70 % of the total volur{Richardsoret al., 2010).
We model cement using th&SH phase since it is thprincipal binding phase and thus
responsible for most of thenechanical and chemicafoperties of cementG-SH is know
to be a poorly ordered material, characterized by layered silicate structure resembling an
imperfect tobermorite and/or jennitgRichardsoret al, 2010). The C/S ratiowhich varies
from 0.7 to 2.1is one of the mosimportant parameters othe chemical composition of-C
SH (Garbev et a). 2008; Renaudin et al2009) which also characterizes the degree of
cement degradation
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To build the atomistic &H models, the starting configuration is tobermorite 14 A
crystal with a chemical coposition of CeSsO16(OH}-7HO (Bonaccorskt al, 2005) this
structure has a C/S ratio of 0.83. The chemistry of tobermorite 14 A is modifieteaging
surface defects vieemoval of charge neutral Si@Qnits, as suggested recently Androniuk et
al. (2017 and byKumar et al.(2017) Oncea defect has been introduced, local charge
neutrality is satisfied byhe addition of H and Ca(OH) Additional molecular ¥ and
Ca(OH) units areintroduced to obtain the desired C/S ratidhe inroduction of surface
defects wagyuided by available spectroscopic and diffraction dafa ét al., 1999Garbev
et al., 2008; Renaudin et al., 2009; Richardson et al., 2010) and took into aticausilica
tetrahedral dimers are the most abundant of all silicate species IRS8 and linear
pentameis are the second most abundanWater dissociationn contact with reactive GH
surface carlead to the formation ofadditional hydroxyl groups on the surface and protons
at the created defect sitesTaking recent DFT calculations of Churakov et al., (2014) as a
guide, different schemes of surfacprotonation should be considered since they caasult
in the accumulation of different surface charge. Aquebydroxyl ions wez added to the
systemto maintain thetotal electrostatic neutrality oeach model

The final €SH 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 esg$tem, planar pores ofzgs 15 nm were created by
cleaving the crystal model and graduailhcreasing the interlayer space along the (002)
direction. The pore sizesselected for simulatiorare within the typical size of gel pores
according to theGSH colloid model (i.e1 to 12 nm)(Jennings, 2000, 20Q8Figure 1b
illustratesa 1-nm pore model filled with C£H>O mixture.
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Figure 1:a) Atomistic GSH model with a C/S ratio of 1.75 illudirey the cleavage plane
(002)to create a slilike nanopore modelb) A 1 nmGSH slit pore model with confined

H-O/CQ mixture. Color legend: O, red; H, white; Ca, green, Si, yellow, C, grey.

Modifying the chemistry of SH leadsto the modification of the pore surfaces
(Figure 2). Specificallgs theC/S ratiois increased, e pore size widens due to deletion of
SiQ units and the number of surface calcium atoms increases. This alteration is expected
affect the fluidGSH surface interactions.

Due to the porous nature of-&H, CQandions, if presentmay intercalate intadhe
well cementcasingsduring carbon storageprocessesin our simulations, the created-£H
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pores were filled withCQ/H20 fluid mixtures following the approach of similar modeling
studies for sweihg clays (Botan et al., 2010; Rao and Leng, 2016). The equilibrium
concentrations ofCQ and HO in the nanopores were calculated from GCMC simulations.
Table 1 shows theesultingmole fractiors of CQ (xco) intercalated within the €&H pores
as wellas in quartz poreswhich are discussed belowOur results indicate thakcoz
decreases with increasy C/S ratio. We relate thesdifferences to thancreasing amount of
C&* ions on the €SH surface Cthers have also shown thatons plgy a role in the
intercalation ofCQ in smectite claygMichels et al., 201;5owers et al., 2011;,0ganathan
et al., 2018.

Cc/s= 0 83 o
..... T ”fﬁfﬁﬁéfb&@@?@
C/ $=1.25 ) @ © o

‘m@.’fkﬁ@.w.@m %&%w &5
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Figure 2:Surface structure details for theeSIH model porescorresponding to the four
increasingly highe€/S ratios. Theurface H-O moleculesand OH groups are removedbr
clarity.

Table 1.CQ mole fraction in Inm wide pores for &H cements with varying C/S ratio, and
in 1-nm wide quartz pores.

Pore type Xco2
GSH withC/S = 0.83 0.0246
GSHwithC/S=1.5 0.0134
GSHwithC/S =1.75 0.0124

Quartz 0.0366
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3.1.2 Structural Analysis

The HO and C@density profiles along thedirection perpendicular to the pore
surface iNnGSH pores show oscillati@which are typical of fluids innano-confinement
(Figure 3) For C/S=0.83, the density profilefor both 1-nm and2-nm pores(Figures 3a and
3d) show that C@molecules lie within the first hydration yar o the surface coexisting
with water molecules.The density peak on the left of the surface iattributed to the
H-O/CQ molecuks trapped within the channefermed by the silicate chains running along
the [010] crystallographic directiotn contrast, for higherC/S ratis (1.5 and 1.7% the CQ
molecules are located far off from the surface withCHmolecules forming a definite
hydration layer adjacent to theGSH surface As the poresizeincreass from 1 to 2 nm,
bulk-like density profile fo the water molecules is attainedboveapproximately7 Afrom
the surface which is typical of other slitke mineral nanopores (e.g., Kirkpatrick et al.,
2015) However, there is a noticeable depletion GO2 concentration near the CSH
surface, espeially at higherC/S ratios, since the surface is becoming relatively more
hydrophilic. Thisobservationis consistent with recent simulati@results for competitive
adsorption of HO/CQ mixtures intosimilar smectite clay interlayers, which also shenme
CQ depletion at the surface with a more hydrophilic local environment (Loganathan et a.,
2018b)
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Figure 3:Atomic density profiles of2@ and C@mixtures within the nanogres of CSH
models. a)l-nm poreat C/S#.83 b) 1-nm poreat C/S4.5; ¢) 1-nm poreat C/S=1.75,
d) 2-nm poreat C/S#.83 e) 2-nm poreat C/S-.5; f) 2-nm poreat C/S=1.75
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3.2 Rocksamplemodels: Quartz crystal

The single crystal model of quartzdierived fromexperimental data by Levien at.
(1980) The lattice paramedrs area=b = 4.916 A¢c= 5.405 Ah=i = 90 and =12C. Unlike
clay and €SH structures, thequartz crystalsdo not haveobvious cleavage planes that can
be used to creatsslit-like nanopore. In fact, a typical quartz crystal habit exposes surfaces
oriented along numerouslirections (Figure 4)of which the crystallographic planes (101)
and (100) are the most abundant (Murashov and Demchuk, 20@&jtilet al.,2015. These
two planesare marked as surfacesand m in Fig.4. Consequently, guartzsupercell of 6 x
6 x6 was created and then cleavealong the (101)and (100)surfaces. All the surface
oxygenatoms were protonated to create a surface as illustrated in Fighr@ight). nm
poreswerethen createdto investigateCQ/H20O adsorption and transport propertie§SCMC
simulations of C&H»O intercalation into a -hm pore of quartz indicate that the mole
fraction of CQis 0.0366(Table 1) This value is higher thahat found withinthe GSH
models, indicating that GOntercalatesmore easily into giartz rockporesthan in cement.

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

TheMD-simulatedatomic densityprofilesof CQ and H,O withina quartznanopore formed

by (101) surfaces are shown kigure 5. They indicatinat CQ molecules also occupy the
surface regionsimilaly to what was observed within pores representativdaw-C/S €SH
cement phasegFigure6). The less sharp peak of the water molecules is an indication of
wealer structuring of HO molecules in the vicinity dfie quartz surfae. Further analysis of
the CQ and HO orientation and adsorption sites on the quartz crysisl currently
underway.
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Figure5: (Left) A snapshot of G120 mixture confined within quartz aig the (101)
surface. (RightZoomedmage showing the (101)ugrtz surfacehydroxylationdetails
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Figure6: Atomic density profileof CQ/H20 mixture naneconfined within al-nm slit-
shapedporeformed by two (101jjuartzsurfaces
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4. Conclusionsand future steps

The models for the fluid transport withiiseveral representativeement and rock
sampleshave been built. The intercalation of &B.0O mixtures withinsuchnangoreshas
been investigated using GCMC simulasion Preliminary structural analysis of the
nanoconfined fluids waalsoperformed. Using GyFF(Cygan et al., 2004; Pouvreau et al.,
2017,2018) we were able to establish that ¢®olecules preferentially position themselves
away from the surfacéor GSHphaseswith high C/S ratios

The nextresearchstepsinclude further analysis of the intercalation of &0
within GSH and quartzpores at different temperature pressure and relative humidity
conditions. In terms of the structureghe adsorption sites will be studied as well as the
orientation of HO and C@moleculesnear the pore surfaces

The transport of the C&£H>O mixtures will be investigated by performing MD
simulations which will yield dynamicalproperties such as moleculadiffusion (e.g.,
NgouanaWakou and Kalinichev, 2014; Loganathan et al., 2018) and nanoscopic
hydrodynamics (e.g., Botan, 2011).

Future workalsoincludesatomisticmodelingof other important rock samplessuch
as calte (e.g., Kirch et al., 2018) and feldspar (e.g., Kerisit et al.,, 200 — the primary
mineral component obasalthost rocks in geological carbon sequestration seting

The effect of cations on th€Q/H20 distribution and mobility in rock and cesnt
nanopores should also be investigated in detail following similar studies of clay nanopores
(e.g.,Loganathan et al., 2018n this regard, the relevant brine compositiorepresentative
of the field sites considered by the S4CE consortieed to beestablished.

Importantly, many of the real mineral nanopores and fluid pathways are not
necessarilyplanar, as the sliike pores currently studied. Even tli&SH surfacedvecome
atomistically uneveronce surface defects are introducelth such circumstances, standard
density profiles in the direction perpendicular to the pore surface, whichcam@monly
used (e.g., Figures 3,6)are no longer suitable for extracting relevant information. To
overcane this limitation,we are nowdevelopng new, more accurate tools to analyze the
structure and properties of fluids nanoconfinedthin suchirregular boundaries, using the
VoronotDelaunay techniquéVvoloshin et al., 2018)

To be able to modaethemial reactivity of CQwithin cementand rocksamples and
the processes of carbonationthe Reax-F force fieldSenftleet al, 2016) will be utilized.

This approach is computationally ~100 times more costly than classical atomistic simulations
with non-readive 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 researcls expected toinclude nanoporegsormed by two different
surfaces, e.g., cememjuartz, cemembasalt, and cementclay. So far, only one such
example for the clayeolite interface is available in the literature (Pitman and van Duin,
2012).
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