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Abstract

The research presented in this thesis uses equilibrium molecular dynamics (MD)
simulations to investigate some processes found in the energy industry. Interfacial
fluids, such as water, CO2, hydrocarbons and Hz, play a vital role in these processes
because of the existence of distinct phases on mineral substrates. Therefore, it is
important to understand and control the interfacial properties to achieve the process
objectives. The studies were carried out at atomic scales, at relevant temperature,

pressure, and salinity conditions.

A key problem that has plagued crude oil exploration and extraction is the aggregation

of asphalteneswhi ch negatively affects oil pr.oducti.i
Asphaltenes increase the viscosity of <crude
dark brown. This effect iIs of great industr.i
mat eri al s. Asaplhsa® d ®&tniewselcyani mpact the economi
However, t heir mere presence in credat odl
production problems. For example, heavy o0il s
usually stable during production and do not

containipgr acne mtokgasphal tenes tend to have as:¢
probl ems, whi ch | mp e ddn someuwidcemstancek, it pnayobe e s si ng
advantageous to promote asphaltene agglomeration into small colloidal particlest h a t

can be removed by shear .fTherefore ® gagmineightsimtd by f |
the aggregation mechanisms, the effects of a hypothetical cyclohexane chain on the

aggregation and deposition of asphaltenes on kaolinite clay surfaces were
investigated. The results showed that the chemical composition of asphaltenes

contribute to the complex aggregation mechanisms observed and accounted for the

difference in aggregation observed near kaolinite and in the bulk.

Emphasis has also been placed on geological CO2 sequestration as a method of
alleviating the effects of global warming. Confining CO2 in 2i 3 nm wide slit-shaped
calcite nanopores filled with brine revealed that narrower calcite pores reduce the
solubility of CO2 in brine, whereas monovalent (NaCl and KCI) and divalent (MgCl2)

salts had varying effects on the solubility. These results complement the in-depth



analysis of the structure of water on calcite, which showed that water forms distinct,
well-organised hydration layers on calcite and that the presence of monovalent and
divalent salt ions perturbs this organised structure to different extents. Hence, the
interactions between water and calcite, which become stronger as the width of the

pore decreases, could be responsible for the observed reduction in solubility.

Finally, temporary underground hydrogen storage has been proposed to facilitate the
large-scale use of hydrogen to store energy from intermittent renewable power
sources. The performance of CO2 and CH4 as cushion gases that allow efficient
injection and extraction of hydrogen was evaluated by quantifying the wettability of
kaolinite clay surfaces and brine-gas interfacial tensions. The results suggest that
these gases affect the sealing capacity of kaolinite for hydrogen storage in geological
formations while potentially improving hydrogen recovery. Overall, the observations
made in this thesis highlight the importance and consequences of multiphase

interactions on several processes in the energy industry.



| mpact Statement

Multiphase flows in porous media strongly affect important applications in the energy,
environmental, chemical processing, and health care sectors. In the energy industry,
these flows are found in processes such as oil production, coal combustion, power
generation, and carbon capture and sequestration. Thus, the work presented in this

thesis is expected to have an impact both within and outside academia.

A critical issue pertinent to the oil industry is the deposition of asphaltene, which
constitutes the heaviest fraction of crude oil. These molecules block pipelines during
crude oil extraction process and pose serious risks to the safety of many operations.
Remediating this can cost oil companies millions per year. However, because of their
complexity, the mechanism responsible for the aggregation of these heavy fractions
is not fully understood. Hence, it is imperative to understand the complex mechanism
of asphaltene aggregation, to allow oil companies to improve crude oil extraction from
conventional and unconventional reservoirs and reduce the economic consequences

of asphaltene deposition.

A comprehensive study of the effect of salts on the properties of interfacial water on
calcite was carried out. This will provide a foundation for understanding the CO:
sequestration and enhanced oil recovery methods. Moreover, water-solid interfaces
are relevant to the molecular processes found in geoscience, chemistry, and biology.

Al t hough the energy industry is essenti al

accepted that carbon emissions are aff
out |l i ned a mbkoibring graershoupelgasremissions to net-zero by 2050. To
achieve this, geological CO2 storage must be explored critically. The solubility of CO2
in brine found in mineral formations determines their solubility trapping capacity of
CO:z. For this reason, knowledge of the solubility of CO2 in mineral pores is necessary
because the leakage of CO:2 into the atmosphere would render any sequestration
scheme ineffective. Moreover, previous research has shown that fluid properties in the
bulk phase differ from those confined in porous media, and the difference in solubility
has not been widely studied, particularly in carbonate reservoirs. Consequently,

determining the effects of confinement in brine-filled calcite nanopores on CO:

ect i
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solubility will provide knowledge on the amount of COz2 that can dissolve in hydrated
pores, which will help in the development of long-term sequestration plans.

Also related to global efforts towards reducing carbon emissions, the use of hydrogen
as an energy carrier offers an alternative approach to help reduce global fossil fuel
consumption. With the growing capacity of renewable energy sources exceeding the
demand, an energy storage system is required. Recently, industry has been investing
in large-scale hydrogen production technologies, and this hydrogen must be stored
efficiently in the short term via underground storage methods. The wettability of
geological rock formations, which is influenced by the fluid-fluid and fluid-rock
interfacial properties, is a key determinant of successful hydrogen storage and
recovery. Carbon dioxide and methane have been identified as potential cushion
gases to ensure that the reservoir pressure is sufficient for adequate injection and
withdrawal of hydrogen. Thus, understanding the effects of these cushion gases on
the wettability of kaolinite clay surfaces will contribute to a successful transition to
large-scale renewable energy technologies. This could also allow for the combination

of long-term CO2 and natural gas storage with intermittent hydrogen storage.

Generally, this project can benefit the research community by serving as a basis for
advancing scientific research and investment. The work in this thesis clarifies some of
the behaviour of multi-component systems and was disseminated through peer-
reviewed journal publications. In the long term, companies can exploit these results to
develop efficient technologies and reduce the environmental impacts associated with
the energy and environmental sectors. This could also allow the government to realise
its environmental sustainability commitments and develop stronger policies.
Eventually, the quality of human life can be improved by developing efficient CO2

sequestration, hydrogen storage, and recovery strategies.



Acknowl edgment s

Firstly, and eabbktpr atpm ett gen eAlymi ghhygwiamg Alhleal
foi s blsdsusitmm@ compl eRhbn of this

I woul d priekngydeegprexde@ tuo my supervisor, Prof .
giving me the ooipngotohtepni Thabhkh you foeoemluladl gui

commi t ment to the project.

lal sdhaRkoldav Rdolfer oOnmiSot aWrei vef sarltwagyisvi ng

i nsi gchanmnedmandgl e edboanmmigmanuscripts.

lamgr at £ oétuniffeundp mgv ibdyel@e n tfro®oct orrali minng
Advan€kdr act epiMadteir@amwvledalsot hlear namagr avel
opportumnitaimsal so grateful to the Uni ver si
Computing Platforms Support (MYRAID amd KATF
Mol ecul ar Model |1fog &dobepE¥OOUdGMaglte computin

Tharwl t @asatn ¢ rse ntne mb eafsmmyr e s e agrrcohwp el ped
anencour mgiedinway n heasbowrearlsnusdppreciate
particuha@awkld pdk megui chewheln oi ndédgr oup

Last, but cemtyaidrleypasdtt gldesygtb,ami t g for the u
suppbmusapprecimgaremys f or t he gsiacertinieod e sl ma

academi c ftohuantd aetnicoonur agemy npeo alos pur sue



Publicati ons

1Azeezat TAlain Thi Bao Le, Al berto Stomotle an
Struct ubgnamidc s of Il nterfacial VWAg weirl i dmr i Cm
Mol ecul ar Dynamics Simulations. Ohel2Z%dUu4 ma:l
24822836, 2020. Cover Art.

2.Azeezat AMlIlbierto Striol o, a8adl uboaivliidt yR.i nC oA«
El ect rSwllyttd ons Confined i n Calcite Nanopor
Chemistry C238283@22) 2021.

3Azeezagt AAlbiert o Striolo, and David R.ofCol e.
Modeélsl and and Archipelago AsphaltenesiMod ecu
Mol ecluyyymami cs. En,gGr7dyiee-added 42.02 3

4 Azeeza®dl Béirto Striolo, Casdthi DaviGdsREtCeLes
Hy dr oBireinne Wettability at Conditions .Rel eva
Il nternational Jour n®a86 6e8f7 7THy ®2r0®2gden Ener gy

5 Felipe AReregn,tli Ahkin Wangter 3osepRamash Kin
Al bertoM&thioéol earni ng s ugngoel setcsu |l paors skiobmuel abti
asphalsysngmscepted by Energy & Fuel s).



Contents

CHAPTERNITIRODUGC CT.L.ON i 1
CHAPTER 2: METHODQLQGY e 11
/22t o S G o I o U o R o o 11
2. 2Mol ecul ar Dynami.c.s...S.i.mu.l.at.i.ons...... 12
2. 3At omi ¢ f our.ce... il .S, 13
2. 3. At omi c 1 nt.er.acCl.i.0..So e 14
2. 3. Q0N St Ma ol S 16
2. 4Periodic Boundary -Candetipohaer.aatdib®dsg
2. 5Ther modynami c..Ens.emb.l.e.S......... 18
2. 6Temperat ur.e...Cont.r.al. e, 18
2. TPressur €..C0MELEO L 20
2.8l ntegration of Newtonds...Eguat.i.ons22af Mot
/22 B I T 0 O = T GO O o O o 23
2.0 1EX P &I I il Sttt 24
A A S U 01 0 1= U Y PP PPRPPPPPPPPI 27

CHAPTER 3: UNDERSTANDI NG THE AGGREGATI ON OF
ARCHI PELAGO ASPHALTENE MOLECULES NEARXAOLI N

G TR I N o O A o o R A o A o 1 P 29

3.2Si mul ation Met.hodol.o.g.y. ... 33
3. 2. Mol ecul ar..mo.d.e.l. .S 33
3.2.2i mul ati 0N..SY.S.l.8MS. e, 34
3. 2. Borce .fa.el.ds 36
3. 2. A goOr it NS e 37

3. 3Results and..DIi.S.CUS.S.i. 0N i, 38
3.3.Oensity. . . Prafii.l.es. 38
3.3.QIluster Si.ze..,Anal.y.s.l.S... 4 2
3.3.Badi al Distributi.an..Eunct.i.ons.. . (BRDF)
3.3.@rientation anc€oNumbés of | sl and Asphal

47
3.3.Gompactness of Archi.pel.ag.o.. . As.phdbBtenes

3.3.Ibnteraction Enetr.g.il.es..and. . . Ent.r.opyl

3. AC O N Cl U.SiiDil S 52
CHAPTER 4: SALT EFFECTS ON STRUCTURE AND DYN

| NTERFACI AL WATER..ON..CALCLTE. . ....oocoiiiiiiiien 54

Vi



N N o O o o I o O o 1 PSR 54
4. 2Si mul ation Met hod.s..and...Al.g.or.i.t.h.ms57

4. 2 Hor ce .Joi.eld S 57
4. 2.2 mul at i 0n. .. . Sel.al P 58
4. 2 .81 gOr .l hS 59
4. 3Resul ts and..Di.s.ClUS.SL.0N. e, 60

. 3. At omi ¢ Dens..t.y..Rr.af.i.l. S 6 0
.l anar Densi t.y..Di.s.t.r..i.b.ut.l..o.n.s......64
.RBadi al Di stri buwt..an.. . Eunct.i.ons....69

B L L R
W W w w

Mol ecul ar QOr.i.ent.at. .0l ... 73

.Bbydrogen Bond..NebLwWo. K. .. 75

3 RBesidence. i e .S, 78

4. ACONC | U.ShcDilSuiiiiiiii 81
CHAPTER 2550LOGI LI TY I N AQUEOUS ELECTROLYTE SC

CONFI NED I N CALCI TE..NANOPRPORES........cooocevevveernnnn 83

5. 01 Nt r 0 Cutida DDl 83

5.2Si mul ation Model s...a.nd...Me.t.h.o.do.l.o.gy85

5.2.Qonfined .SY.St.e6mMS. 85

5.2.RPRseudo Bul K..Sy.st.eemMS......ccooooiiiiii. 8 8

5. 2.Bor ce .l ld S 89

5. 2. MppPproxXxi Mal. . O.S. 90

5. 2.5 gOr it NS e 90

5.3Results and..Di.S.CUS.SL.0N . 91

5. 3. At omi ¢ Dens..ty..Rr.af.i.l.es..... 91

5. 3. QOS0! UDd Ll L Y 93

5.3.Bdsorption..Ener.gi.es ... 97

5.3 . Bransport .Pr.ap.erti. eSS ... 100

I X O o T o N o I T o 1 3 SEPPRPN 102

CHAPTER 6: CUSHI ON GAS -HE¥FPEGCGBRONECLAY
WETTABI LI TY AT CONDI TI ONS RELEVANT TO UNDERG

............................................................................................................................... 103
(G A T o T SO o o LU o A o o U URSRPPRPN 103
6. 2Si mul ati on..De.t.ai. .l .S 108

6. 2. MOodel Sl il 108
6. 2.Ror ce .f.eld. S 111
6. 2.8l 9O d bt NS 112



6. 3BResul ts And..Dil.S.Cl.S. SO, 113

6. 3.3l oxane. . . SULf. a.cC.e. i, 113

6. 3.QI bbsite. .. SULf.acC.e e, 123
G X O o I o N o N U O o O o N 124
CHAPTEBUMMARY AND FUTURE..WORK. .......coovveenrrnn. 126
A A S T U I 01 1 1= U (Y PP 126
T o 2ZF U T U B WD L K 127
AP P N Gl X A 131
Appendi.X. . B 136
AP PN QX G 139

Bl BLI OGRA R HY e 1414



Li st of Figures

Figur&xhmpl es of mol ecQolnatri nmeondtealls (obf) (Aar)c hi p
| sl and asphalteneB8lfackndg icmardomde Whiilt e = hyc
oxygen; Yellow = nitr.ogeun.;..and..Bl.ue..z.2sul phu
Figur éefh®e. Mahl i nsti-Ma.d.el. e 3
Figur.e 2cHemati c atfominc agptstfeamiarleat ed7when |
Fi g ur .eGenralPrinciple of AFM.I00 e 25
Figur.esched3natic of a typical "Equ.i.l.i.br.i2@8m MD ¢
Figur eMollel.s of asphaltene molecules used in
(b) Archipelago structure (c) Cyclohexane <c¢ch
Red = oxygen; Yellow = sul.phur...and..B34ue = n
Figur Rkedprzsentative snapshots of the initial
hydrocarbons on kaolinite surface. Cy3c6l ohexa
Figure&€eht3I.e of mass profiles along the Z dir
surface, for island asphaltene (ASPH), tolue
(a) 300 K and (b) 400 K. For sy.s.t.em..c309mposi t
Figur eAt3oomli.c density profiles of two oxygen
asphaltene (ASPH) along the Z direction, ver
are for simulations cond.uc.t.ed..at..300.4K and 4
Figure&€ehtsye of mass density profiles along t
kaolinite surface, for the archipelago aspha
chain (HEX) at (a) 300 K and (b) 400 K. Syst
T 41
Figur eAt3o.nbi.c density profiles of oxygen atom
(panel c) found on archipelago asphaltene (A
perpendicular to the kaolinite surface. Si mu
400 K. Il n panalt oan itsheniaghygemted by the red
nitrogen by the b.l.ue..c..r.cl.ed..s.pher.e..41
Figurdv®rage cluster (aggregate) as a functi
asphaltene (ASPH) on kaolinite surface at (a
compositions ar e .s.hown..i.n..Tabl.e..3..1... 4 2
Figurda3d. Average cluster (aggregate) size ar
function of time for the island asphaltene (
0 4 3
Figurd@dvr@age cluster (aggregate) size and (L
function of time for the archipel agon.d4adsphal't
Figur eRBF40bet ween the centre of the aromati
asphaltene (ASPH) pairs found in proximity o
(b) 400 K. System composi t.i.an.s..ar.e..s.hbdobwn i n
Figur eRBFdlbet ween the centre mass of 1island
centre of mass of toluene in proximity of ka
compositions ar e .s.hown..i.n..Tab.l.e..3..1... 46
FigureRBF4d2bet ween the centre of the archipe
at (a) 300 K and (b) 400 K. System..coampositi



FigureP@8s4i3bl e stacking configurations of 1is
A 0 G 1 8 0.8 LD e 47

Figur eAlglled.bet weamo matei poplyanes of the 1isl a
(ASPH) pairs at (a) 300 K and..(.b)..40048 on t
FigureARBgllé.bet weamo mantei ooplyanes of the ASPH
di stance between them in (a) System..l49nd (Db
Figurel BlL.du$tration of the distance between s
calcul ated for the archipel ag.o..as.p.hal50ene (A
FigureDiBdstl&dnce between sulphur and nitrogen
archipelago asphaltene structure (ARCH) (a)
at 300 K. System composi t.l.ons..ar.e..s.h.o5SvOn i n T
Figur Reprksentative simulation snapshots of

system (a) and (b) and top view of the calci
cyan; O = red; H = white;...Na.,..K,..Mg..559ell ow
Figurdtdm2.c density profiles along the z dir
(a) water and salt ions at 2 M NaCcCl (b) wate
(i .e., z = 0) -piossidefoinned biyhet hpd azne of t he t «
caxlite surface. These simulations were conduc
Xi ao ?toadlescribe calcite and t.hey..weGle cond
Figure&idnmud.ati on snapshots illustrating the e
by aqueous NaCl (@) c)KCbnébpnandl MgCk. Ca =
= red; Na = yellow; K = grey; Mg = green; CI
are not shown for visualisation purposes. Th
force field prodp*ds.ed..by.. . Xi.aa..et..al......62

Figurdtdmdc density profiles along the z dir
water and salto2iormse atefZerMnMgelCIl(i .e-, z = 0)
position of the plane of the top calcium ato
simulations were conducted using?*tlme force f
describe calcite and t hey..we.r.e..c.aonducbt3ed at
FigurAtdbmi.c density profiles along the z dir

oxygen atoms (a) and hydrogen atoms (b) of w
salt. These results were obtained from si mul
the fordeoefliopledl b0 Xi ai e6Theéetoplpl ane of ¢
atoms on the calcite surfazelvassusmedadas onise
conduct ed ..at. .. .2.9.8 K 6 4

Figure&ausdfmace density distributions of water
(ar)(d)) and secdrfdh) )phyedratien | ayers on cal

no salts (panels (a) and (e)), 2 M NacCl (pan
(g)) MnMg@panels (d) and (h)). The simulatio
force fiel d4%toof dXeisacor iebte aclal ci te. The col our
units3ofThle/ ibl ack circles highlight regions \
by the salt ions ..(.s.ee..t.ext..f.o.r...d.e.t.a.i.l6s5) .
Figure&idnui.ati on snapshots of the adsorption
first (a) and second (b) hydration | ayers on
interactions between water in the second hyd



purple; O = red; C = cyan; H = white. These
force field prodp*ds.ed..by.. . Xi.aaqa..et..al....66

Figur &susdf&@.ce density distributions of water
(a)(d)) and secdrfidh) ()phyelratien | ayers on cal

no salts (panels (a) and (e)), 2 M NacCcCl (pan
(g))2 aMmdMgeganel s (d) and (h)). The simulatio
force field prodp‘dovedielserXibao catl calte. The col
density in €he..uni.t.s..of Ll 6 7

Figurd@idf®rence in surface density distribut
i mpl ementing the fo3*éedf iRali d®¢rdbykc&s abdi.e¢ t@ahe
wat-eal cite interactions. The results are sho

(b)) and hydrogen (panels (c) and (d)) at oms
second (panels (b) and (d)) hydr atsiotny liary etrts
O 0 T T T A o 1 A 0 O SRR 69
FigureOXyd@®nygen (a) aHydHogewmgem) radial di:
functions for water molecules in the first a
the bulk (>13 j) for systems with 2 M NaCcCl
the force efdi eblyd Xg°ratop cede saclr.i be calcite. The s
temperature was 298 K. Similar resifopscweere
field was used -ctaol cdietsec rii.btee.rwaact.teiro.n.s.......7 0
Figure ®Ralil al di stribution function'{ ahet weer
K'(b), 4&Md)Mgons in the first and second hydt
systems with 2 M salts. These simulations we

proposed by*tXd adbe sear iade cal cite and theky wer
Figure Orizntation of water molecules displ e
the cosine of the angle for systems with no
i mpl ementing the force #f41* IRbIid &4zan depgShdelnd ye tXi
aP4t o model <calcite. The si mul.at.ed..t.efhger at ul
FigureOdidBtation of water molecules display
the cosine of the angle for systems with no
MgGl simulated with the for &%t of ineoldde |Id ecvaellcoiptee
simul ated tempd&«r.at.ur.e..was..298. . ... 75

FigureDdndidty proivates bfydwagen bonds al ong
perpendicul ar to the surfacei3f dr Nayst d m9 wwintc
number of hydrogen bonds per water mol ecul e

di stance from téms swirtflacpuferwastyert, 2 M NacCcCl
MgG(b). The reference (i .-ppasi tzi &n 09f itshaeglia
calcium atoms on the calcite surface. These

force field prop‘dowedielsrXibao catl.calt.e..ald at 2
FigureRdsilbence autocor g(el)atfioan ofxwmngcetni cant so n3

second hydration | ayer on the calcite surfac
water T2and MaCl. Results were obtained from s
force field prop‘dowedielsyrXibao catl calt.e. The sir
conduct ed ..al...2.9.8. . . K. 79

FigureRdsiléence autocor g(el)atfioon ofxumngcetni can so m3
second hydration | ayer on calcite. Results o

X1 i



NaCl, 2 M KCI 2aarned c20 mvp aMge@l. Sol id | ines repr.
simulations conducted using tRkRébdoher Ifirdd
represent the results from th®ai meplrrémeat at i o
simulations were .c.onduc.t.ed..at..298..K... 81

Figur Reprksentative simulation snapshots of

water and Na®@Insgr wmigths iClCe t he pores in the b
purple; C = cyan; O = red; H = white; Na, Mg
are sShowhn ... DU e 87

Figurdgaj. danitial and (b) finbul kosaysgemati Gr
cyan; O = red; H = whit e; Na, Mg = yellow; C
o T T O =N 89

Figurdt®m3.c density profiles along the z dir
oxygen atoms of water (OW, bl2gdk laitne) and c
temperatures 303 K (red Iine) and 323 K (blu
2.5 nm wide .cal.Ci.t. e . POl .S i, 92

Figurdgaj. Density profizi ensott hNaQlghawmwd MH»EI p
Enl arged density profile showing half of the
atoms/ions on the surfaceabhaoadg(theCdrbeat abdn
perpendicular to the 3 nm calcite surface. T
................................................................................................................................. 93

Figur e€Qs.o9.ubility in pure wateri¥emmuporceas ci

simulated at 303 (red circles) and 323 K (bl
The green circle repr=xisne ntthse t2hnem spool ruebsi laitt yb oo

O ST 1 o I = T AL U O T P 96

Figur Ads.o6.pti on eneanpileescudfe ame waQ@iedr fi l |l ed
nm) and silica (3nm) pores, as well as in bu
conduct ed ...at..3. 2.3 Ko 98

Figur eRed .at.i onshi psbkeutwvebent €O(i n bul k water (
confined in calcite pores (blue)) and adsorp
was 323 K. The | i ne..i.s..a..g.ui.de..t.o..t.hed%ye.
Figurdné.tial configuration of a water dropl e
Kaolinite (siloxane) surface = purple; oxyge
hydrogen (gas)2 GHEHblgueecand. . CO......iiiiinennn 110

Figure&@ebDe.dznsity distributions of water oXxyge
at 323 K and 20 MPa #&o0ransdy s(tbe)ynesh Q(Dafhpo QL@eON% sH
the siloxane surface of kaolinite. The col ou
1/% The grey rectangle illustrates t.Hé4posit
Figur &fG.exts 2081 aj u€COBs agadmi(xbt)urCH on t he ¢
angles of a brine droplet on the siidOoxane su
MPa. These compositions are expressed as mas
expressed as one standard devi atdmen dfr otnhd he
errors calcul ated ar e..s.mal.l.er..t.han..t.h&5symbo
Figurdte@md.c density profiles along the Z dir
oxygen atoms of watey, andtr H®323 aKoarsd 020 CIOP a.
that asisttengrhedel was i mplem€omposi 6i 9inmubkaBbe
mass percentages. The reference (Z = 0) <corr



topmost oxygen atoms on the silica tetrahedr

Q= o T T o 1 A = RSP 117

Figurdng.e.facial tentkbonné¢l §¥y3t ems COHs a func
pressure at 323 K. These compositions are ex
bars are expressed as one standard deviation
error bars calcul ated ar.e..smal.l.er..t.thabh9the s
FigurdngeG.facial tenkboinnél &y3tems Cals a func
pressure at 323 K. The compositions of the s
mass percentages. Error bars are expressed a
me an Note that some of the erlrsor....b.at®0are s
Figurd@dethsity profiles in the -gaslireiceéedn oacenc
(a) 1e0B% ithe, 2AHQ) %BB¥%H Nne, 2 TQ) %ELB¥%HNe and (d)
100%2CBOr i ne systems. The simulations were co
MPa. The composition p.e.r.cent.ages..ar.elby¥ mass

Figur @deths8ty profiles along thlei uidd rierct ¢ mfMa
for (a) BOOBe H o-BP %ROBW ithe, 2 T0Q %AHB¥%HNe and (
100%4/CBIri ne systems. The simulations were co
MPa. The composition percentages..ar.el22lcul a
Figur D6 .d®nsity permdbdlees mdart htehed gi bbsi te s
The simulations were conducted at (a) 323 K
K & 80 MPa (d) 303 K & 40 MPa (e) 323 K & 40
colour bar expresses dens.i.ty..i.n.t.he.udd4ts of
Figure2bB.d®nsity perlodbdless oo tththe i bbsite su
The simulations were cxorbdu coi@€5BWRa@@ (¢ ) 100 Y
10% 28 90%aG@0O0 303 K & 40MPa. The percentages a
bar expresses densi.t.y..i.n..t.he..uni.t.s..o0t24/

FigureMaAxilmum cluster size as a function of
(ASPH) on kaolinite surfac.e..at..(.a)...3081K and
Figur eAver2age cluster size as a function of
(ARCH) on (a) kaolinite surface at 400 K and
compositions are shown in Table 3. 1. For cl a
shown as temesasaphealatl so fully a.ggr.eg.alt3ld i n t
Figur eSiAnud.ati on snapshots showing aggregati
System 4 (panel a) and System 6 (panel b) in
c) and System 6 (panel d)..on..kaol.i.ni.182surf a
Figur eRDAF.s4 . bet ween (a) centre mass of the ar
asphaltene and (b) centre of mass of ASPH an

i on

System composit s ca.n..be.f.ound..i.n.T8RBIl e 3.
Fi gur eRDAF.s5.bet ween the centre mass of archi p
the centre of mass of toluene on kaolinite s
compositions can be..f.ound..i.n..Tahbl.e..3.133
Fi gur eAnAg.16e. bet weamo matei poplyanes of i sl and as
300 K in.t.he DUl K e 133
Fi gur eNuAmb7e.tr- obnt acts between the aromatic c
asphaltene pairs in proximity of kaolinite a
Al (€ ) B0.0 . K 134



Figur eDilss.t8a.nce between sul phur and nitrogen
asphaltene (ARCH) on kaolinite at 400 K. Sys

T T SUPRPRRN 134
Figur eRaMd.ius of gyration of individual ARCH :
............................................................................................................................... 135

FigureRAdLQOs of gyration of individual ARCH
300 K and (b) 400 K. System comp.aos.i.t.id8bhs are

Figur eAtBodiemsity profiles along the z direct
(a) oxygen atoms and (b) hydrogen atoms for
reference (i.e., zpessiOhi os adfeftimedplbygne hef zt
on talcicte surface. These simulations were

proposed by*tXd adbe sear iade cal cite and it1Be&6y wer
Figur AAtBb.mMdi.c density profiles along the z di:/
Ng&i ons in 2 M NaCl systems. The repe@®sietnicen (i
of the plane of the top calcium atoms on the
conducted using the forcé“ffrieedl dc uprrvoep)o saendd bRya |
aP¥blue curve) to describe calci.t.e...aln3d6 t hey
Figur eSuB.f3a.ce density distributions of water

and water hydrogen atoms (panels (c) and (d)
systems with no salt (panels (a) and (c)) an
simul ati omdsucwerde usdamg the force f2‘®l d propos:c

applying the LJSheanr et eldess driome cal cite. Th

expresses densit¥y..i.n..t.he..uni.t.s..0f..1/.137

Fi gur eOxBy.gdexnygen radi al di stribution functior
first and second hydration | ayers, apsurwel | a
water and 2 M NaCl. These simulations were ¢
proposed by*dXnBai teetr?idadppl gl ng t he LJIShear amet
et 28tlo. describe calcite. The s..mul.at.eld38 empe
Figur erRaBRd.i5a.l distribution functions*ibrettwleen
first and second hydration | ayers for systen

conducted using the forcé“afnide |Rlaiptféorpio seetd ably. .
applying the LJShenr a#ffetadlescfi bm calcite. The

were conduct.ed..at..2.98. Ko, 138
Figurel |IQ.uls.t mat hod aof6ed to extdtcadactooncomteadktaod
ST I S S T o = DSOS 140

Figur eAAt@.mdi.c density profiles along the z di.
oxygen atoms of watersand (hB) systeaetms32WnWi tkh CBE
and 20 MPa. Compositions stated are mass per
corresponds to the plane formed by the topmo
tetrahedra at the top..of..t.he. kaol.ni.1élsurfa
Figur A At@nmd ¢ density profiles along the z di:!
(a) oxygen at oumsawedt MA22rK &£&mMHd 20 MPa. Compo
are mass percentages. The reference (Z = 0)
topmost oxygen atoms on the silica te@42ahedr



Li st of Tabl es

Tabl eE2prlessi ons for the potenbomatdednergy of
I T S = - T o A O T o 15

Tabl eC@ntraints applied.t.o..comman..enk&mbl es
Tabl eC8mdosition of the bulk and kaolinite s
conducted at 300 and 400 K. ASPH represents

ARCH is the archipelago model. Only systems
SRR PPPPPPRPRR 35

Tabl eASpRalatsgprhreal t ene i nteractions between i s
on kaolinite surface andaingebeclokhtsyduemoansOn
energies are considered. System compositions
i ndi cate t hwetr et hneotv aclaulecsul at ed, because syst.
O O 51

Tabl eC8nf3i.igurational entropy of 3 asphaltene

400 Sgstem compositions audt.e..s.hown..i.n..Ba2bl e 3.
Tabl eCdonddi nati on *inru mblea foifr Nta sol vati on shel
and second hydration | ayers aindd MuNa&CI(,>13 )
conducted using the forcé“tfoi edleds cprri.abpeo7skead chiyt

Tabl e 4Lodrdination number of cations in the
first and second hydration | ayers and bul k (
conducted fwsiceg ftire d prod*hand®ailbe rXt@ee at .al
descCribe. . Cal Col il e 73

Tabl eNdmBer of hydrogen bonds per water mol e
hydration | ayers, and bul k, for systems with
MgGl These simulations were conducted using

af4‘4anBaiterrtt etdabcribe cal.ci.t.e..,and..a?7 298 K
Tabl e MNudmber of hydrogen bonds formed with c
carbonate groups, per water in the first and
with pure water, 2 M NaClThe2seM skOiu laantdi 02n sM WM
conducted using the forcé?dnididt eréfotperts eall by
describe cal ci.t.e....and..a.t..298. . K. 78

Tabl eTidmé .constexpesndgrmtri ali fit for the reside
function 43 MaNeaC€Cl at2®@ KeEI Tamed s2iMnuMgaCtli ons w

conduct ed ..al..2.9.8 K. 80

Tabl eCbmpdosition of the systems used in equi
configuration shown in Figure 5.1. These sin
K USSP 87

Tabl eB&l.LR. Pressures for all systems..s8Mmul at e
Tabl eCbmBosition of confined calcite &8&stems
Tabl eCbmgosition of si mul.at.ed..bul.k..sy&3 ems.

Tabl eS&L ®bi |l titny Waft eO and Brine Conf.i.®édd in (
Tabl eS&L 6bi | 2itny Boufl kCONat er an.d..Br.i.ne..9¥%stems.
Tabl eCGSdl.ubinl iwtayx er and Brine Confined7 in Ca
Tabl el Bt 8racti on energy between water and th
I RSP 99

X Vi



Tabl el Bt ®rr.acti on ene®arngdy abgeutewoeuesn sG/Gt ems i n bt

NM pPoOores .al..3.2.3. K 100
Tabl e Toiwa@liOmensi onal diffusionwaotefrficondmmne do:
POTres al..3.0. 3 K 101

Tabl e D5 fflusi on Coefhibukktwabér.Cot...3DB1 K.
Tabl eCémdositions of systems containing wate
siloxane surface of kaol.ini.t.e...s.i.mul.at&d in t
Table 6Me2tability clbas-kneeel basted oangast angl
described by..Ref..... G T T 113

Tabl eDi6f. Berence i n densiti gs rdlcse rpvheacs eb eatnvde &
rich phase, for | FT simulations conducted at
percentages .al.e..b Y. . MaS .S, 122

Tabl e Asphalatsgprheal t ene i nteraction energi es
asphaltenes on kaolinitel86rface and in bul k
Tabl eECf &ct of the number of molecules i n wa
siloxane surface of kaol iin2i0t eMPlaBBser ved at 3

Tabl eCE€mBositions of sy LeQitir cpnhetdai am nGi IHb s i
(hydrophilic) kaolinite.surf.ace.si.mula®ed in
Tabl eC@mpPposition of the systiegress siintudraftaecdi alo
(O = 0 T O o 0 = TR 139

Tabl eC@mpari son of contact angles, interfaci
results obtained from two proposed..hyd0®ogen
Tabl eECf Bcts of pressur e 2alhd ocnu sbhriionne gcaosnetsa c(:
angles, at 323 K, calculated .an..t.he..$8400xane
Tabl eECf 6cts of pressur e2alahd ocndbsghai soen |gFalsse sat(
3 2 3 K e e e e a e e e e e e —aaaas 143

-

X Vil



CHAPTER NIT:RODUCTI ON

The energy i1 ndydymagmiic iandlu vytery et hat contrib

gl obal economy. And so, there is an utmost
processes. I n 2019, BPO64 hlarh ér glye m@uwmtdl ova K | p rce
i ncrease i n t he next 20 years. Al t hough t
devel opment of renewabl e energy, oi |l Consumg

tot al energy con€omgeigoenbyy20demphasis is pl

the efficopmoyueft i omechain to meet the incre
One of the most problematic and | east wunder s
t he aggregation of asphaletxeé masatnidounr ¢ megmi e a p
processing of crude o1l . These asphaltenes
aromatic sohsehwumdi &alndyhati c solvents, are th
fractcondi®If. Changes in the composition of
injectealnd lwardisatvii o mnime nt atl e mpeeda &mmoensss u(r e

can cause themel acipthade eshaebi l i se, aggregate
pipelines, ,wetll ppr vaAsv em diogseulatt,i onakr easeées

and hydrocarbon recovery reduces? Semaerkably
experiments have revealed that asphal® enes |
Thysit i s | mpeasapghaleggme gotmitwmdvent dire i mp
Howevéae, chemical structure of asphaltrenes
numermalsecul esasaeph aleflenes al model s have bee
to provide a standard method to encompass &
structures suggestctedtitandédendlishiamalhargeb e eno d e |

propotsceddescri be the makepbtal Senestnlctxmper o me
techni qusewg deasvtead a t ypi cal asphal seedn eb ymoal e c
single domi namamdamatoil ¢y ctyxdrn@car bon (IRAHY usere,
rings per asphaltene molecule, attached to s

the description of the island m&@&él Daanavit he
range of appibk0 mmabhee yc 05n0t0i nent al mo d e | I s s
mot bbt with | ar glelre PaArHc hd pred sa.go mo d e |l i's ma
aromatic rings connectelhdae hcomgihneanti plhaamnd :
models can have mol ecul®®c hweé iayuhseesd @adpt.otnoi cl 5FO0r

1



Mi croscopy (AFM) and Scanning Tunnelling Mi:

mol ecules and their findings aligned with t
asphaltenes, with the island sAspbtltenescaa
contain heteroat oms, such as niatrreo greens,p omxsy g

for hydrogen bonding between asphaltene mol
i nteractAisprhsal tenes may also contain metals,
These metal srasenusatlpymplevel s, primarily i
and can be responsible for the high d8§grega:
Ani Il lustration of the threed FRisgudtad t ene model

Fi gun&xampl eosl eocfulmr mOaretlisnerdt dla)( b) Ar chi pe
asphaltenes f oUbBlda=i nc acrbwche ONhli.te = hydrogen
Yell ow = nitrogen; and Blue = sulphur.

One of the most wi delaygacgmp d elch as-dbhlalkit e a
mod,dall | usitiFiag @”le I n this model, the asphalter
based on size and behaviour as a function of
| n l i ght oi | s, t he asphal t-anematwid | hydrecscea
mol ecul es wi t h an average di ameter of 1.5
concentration increases to nanoaggregates w
heawvyl s, the sasdpdtafldremes!| uster s, reaofhimg an
nm. This model apbropeatidestcheimi ictay of asphal
to be S$H3Edisschuti ®'ral 806 Rneeopdridmarstpadlallyt ene
aggregtant esdanmrxi wittem t t-Mwel IYiems model



Molecule Nanoaggregate Cluster

f J >
_‘f-%_ > \ &
\ - /ey o

-—/ r ~ 7 '\z ‘L _{
— % :
f — o |
| F { - | 1S S
n | | P———

~15nm ~2 nm ~5nm

Figureéerhe -Mehl i nst®Model

A common method for characterising heavy crude oils according to their polarity and
polarizability is the saturates, aromatics, resins, and asphaltenes (SARA) fractionation
method. This analysis will give the percentage compositions of various crude oil
components in the sample. It also allows further analysis of the chemical structure of
asphaltenes through methods such as mass spectrometry, and nuclear magnetic
resonance (NMR). The saturates fraction consists of nonpolar (linear, branched, and
cyclic) saturated hydrocarbons. Aromatics contain one or more aromatic rings and are
more polarizable than the saturates. The remaining two fractions, resins and
asphaltenes, have polar substituents. Resins are polar fractions that have lower
molecular weights (991 750 Da), more aliphatic side chains and fewer heteroatoms
than asphaltenes.® Their presence in crude oil stabilises asphaltene molecules. The
aromatic resins will interact with similar aromatic regions in asphaltenes. Furthermore,
asphaltenes are insoluble in an excess of alkanes such as n-heptane and n-pentane,

whereas resins are soluble in heptane (or pentane) but insoluble in propane.’-1°

There are the three main SARA analysis methods: gravity adsorption chromatography
(ASTM), high-pressure liquid chromatography (HPLC), and thin-layer chromatography
(TLC). In ASTM, excess alkane (n-pentane, n-hexane, or n-heptane) solvents are
used to separate asphaltenes from the crude olil, followed by the adsorption of the
maltenes (saturates, aromatics, and resins) on a clay-packed and/or silica gel column.



A clay-packed column adsorbs the resins while a second column packed with
activated silica gel adsorbs the aromatics from the saturates. Subsequently, the
saturates, aromatics and resins are extracted by washing the absorbed sample on the
column with solvents of a particular polarity (such as toluene or benzene). Some
volatile components of the sample can be lost during the evaporation procedure for
removing the solvents from the fractions. This method is time-consuming and difficult

to automate. It also requires a large oil sample, and large quantities of solvents.?0-22

Normal-phase HPLC uses a polar stationary phase with a less polar mobile phase to
separate crude oil components. This method involves the separation of maltenes,
based on polarity, into saturates, aromatics, and resins using high performance liquid
chromatography. It is based on the use of polar amino, cyano, alumina or silica
columns as stationary phases, and n-heptane or n-hexane as mobile phases. HPLC
techniques are faster, more reproducible, and more readily automated than the ASTM
column technique. However, it is necessary to remove the asphaltene fraction before
the chromatography because asphaltenes are either irreversibly adsorbed or
precipitated during the saturate elution step and quantitative recovery cannot be

achieved.20-23

A popular technology combines TLC with flame ionisation detection (TLC-FID) to
automate quantitative SARA separations. In this technique, asphaltenes are not
separated from other crude oil components before the chromatographic analysis. The
method uses silica rods coated with sintered silica particles as the stationary phase.
The elution solvents are evaporated, and the rods are passed through flame ionisation
detection (FID) to determine the relative amounts of the crude oil fractions. In FID, the
ionisation detector interacts with solutes from TLC to produce a current that is
proportional to the amount of carbon atoms burned. By logging the data, it is possible
to determine which components were present in the original sample, and their
quantities. TLC-FID significantly accelerates the measuring speed and uses only a

small amount of crude oil.20-22.24.25

The SARA method is simple and can be performed in several laboratories. However,
laboratory methods vary, and the solubility of asphaltenes varies with the type of n-
alkane used to precipitate them. This means that a single crude oil could have two or
more SARA results, depending on the precipitant used.
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Additionally, the gas can dissolve in the brine or undergo geochemical reactions with
the formation water. As dissolution proceeds, the water phase density will increase,
resulting in downward convective flow of CO2 saturated water. The last and most
permanent mechanism is mineral trapping, which is predicted to occur in hundreds or
thousands of years. It involves the reaction of CO2 with water, salt ions dissolved in

water and formation minerals to produce minerals such as calcite.303!

Steele-Maclnnis et al.** reported that the accessibility of CO2 to brine determines

which mechanism dominates. Compared to structural trapping, solubility trapping



reduces the volumetric requirements by 50%. Also, structural trapping mechanism
presents the highest risk of leakage because CO2 can move through the caprock. CO:2
stored as a soluble component in brine will only come out of solution if there is a
substantial drop in pressure, which is unlikely in large aquifers.®>3¢ However, COz2 is
weakly soluble in salt water so it will dissolve slowly, remaining as two separate fluid
phases of supercritical CO2 and brine for a long time.?® The efficiency of gas storage
also depends on conditions such as pressure, temperature, water salinity, porosity,

permeability, injection rate, number of injection wells, and injection strategy.3’
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determining the sealing efficiency of the caprock. It is defined as the point in which the

non-wetting phase penetrates the largest pore of a caprock previously saturated with

the wetting phase (brine or water). Described by the Young-Laplace equation, this

pressure is related to the gas-brine interfacial tension and the contact angle between

the gas, brine, and mineral surface. This pressure can be positive or negative,
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(1.1)
where Pc is the capillary pressure, r is the effective pore radius corresponding to the

largest pore, pwis the pressure in the wetting phase saturating the seal rock, pnw is the

pressureinnon-wet t i ng phase -lainedntedacial tensionhe gas
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phases, respectively. The wetting phase has
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Si mulsatrieomuant umbmemBdahoads imaltawl atioalsy, wh
ont heal cul ations of interatomic interactions
guant um me ewh &a hioo $ usi ng guantities deri ve

parameTlkinsadshigbly accurate resul tca,n bhewev e
comput atiinoenfaf lfoldyiaeggte skFoeteebhsetdmet hods, su
Monte lBartliaee ener gaynowd lec aylinatrmiocnss ( MD) , can b

to study | arge molecular systems. Moreover,
ab i caticoal ati ons can be combined with Mo nt
simul ations. |l mbt hesadé ¢ meaarhadsdesds t o directl y
detailed descriptionr atfheat otmiem ienmpeyriarcdgailo nfs
fiell?ds.

MD si mulaattseedsto investigate the properties

motion of atomdD ogi muwll etdiudrrest . wyee R o nMmlede by
anfhomawWaEnwright in 1957 f or’3Sae vseyrsatle ny eoafr sh all

other scientists successfully solved the equ
a set ofJoreensnapradrti cles, | iquid water, and p
MD simul ations is the abilnéguitloi preirdmrsn rayl
Equilibrium molecular dynamics (EMD) provide

such as temperatur e, ,adcernossist yga @indenprgarstur ef
No+qui | imorlieucndylnaarmi ¢cs ( NEMD) I's required when

11



satisfy equilibrium conditions, such as syst
by wall mditeirgmadr ent IN.EMDshiensuel actano nusseed t o
i nvestpirpgptee ti es swecBcasi tsyh,eatr herfmadlcaancdondu ct

transport #PEMDusi mut a ecsoonndsuicweersieu bsequent chay

thisesps edihet ructural, thermogyoamrt¢ti asdr Qe
to meet the ai mfheffeadbmehapterof equilibri
presented in this chapter.

2. 2Mol ecul ar Bymamatson

Mol ecul ar Dysiamuilc®taihdiide p e mpfrorvaraal d dud vag |
under stafndmingrcoo piropeoh $s esveystienmist a techni gl
that reliedlewhomkeaancabk to describe the mov
obtain properties of the system.

I nsgstem cont ai nti mpo sN tpg arnt iacnlde smoamredretnwonm ewde c t
bwi(xi ;yadpi(pix ipi¥p r espelchtiasvweilryonment i s call e
space and the motion of the phase points (t
governed by t he Hahamiothl energyi(ptentidl anshkinetic emergies)

can be expressed as the Hamiltonian of the system:

(2.1)

whermei s the mass qpii elmehmpmenti al eectoramd t h

ré rnr epresent the spatial coordinates of all

The ti me vafeirsi vtahte, veh ioc h tagte atnhse Gtpha et iocli ¢ y i s
to the derivative of the kinetiowi ¢éherggppeatt
momentTuhme ti me derivatipieésoft hehdNemd ocamdammf or
t hfetorce equals to the negative gradient of t

’QP T: -_—
Q0o T - 0

(2.2)
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(2.3)

where Fi is the force acting on the ith atom at a time t and N is the total number of

atoms in the system.

Newt onds equations 2 oif aneatiibwendt @kq magt itdhre t i me
of botbaf sedqea?2i amd s ub E£tqiutau2ti®mg 1 nt o

T »

a ——
To

7. > 8 e

(2.4)

Basem the assumptgs wfnf itthoagg tatfgiheédr @ossi bl e pha
ar e explored btyhet he@essiyrsetdempr operties can |
ti a erddbgees Teeonservation | aw can be,ampdl!lied
consequently the totNdt atnhegggyatofontshe fs ynotte mmn
rever,shét €efh@amegi ng t he signs mofmeamtild It hcea wsed otc

mol ecules to retrace their trajectories.

2. BAtomopccée fields

MD is a force field Dlasefdomwuenefrii€elad anet ihmog .o
conservat i we niomghnaatt utrheec tfiomgceon each particl e
can gheanthadased oegtablevevative of the potenti a

system with respect to the position of the p

O VT R Ty ¥
1 h Y Y

(2.5)

Equations 2.4 and 2.5 can be solved simultaneously in small time steps. If the potential
energies describing the interactions between particles are known, forces and then

acceleration can be estimated. Subsequently, numerical integration reveals the
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velocities and positions of particles at the next time step, and the process is repeated
until equilibrium is reached. Other outputs include energies, temperature, and

pressure.
2. 3Afomi c interactions

The forces considered during MD simulations include bonded and non-bonded
interactions. Bonded interactions relate to atoms that are covalently bonded in a
molecule while non-bonded interactions account for the electrostatic and Van der

Waals (repulsion and attractive) interactions between any pair of atoms.

Asreportedin T a b 2.1ethe bonded interactions include bond stretching, bond angles,
proper, and improper dihedrals from atoms that are covalently bonded. The bond
stretching and angles can be expressed as the harmonic potential energies of
deformation of the bond lengths and bond angles. There is also the torsional potential
accounting for proper and improper (out of plane) dihedrals in molecules with more
than three atoms. The former prevents the rotation of bonds by constraining the angle
between two planes that pass through four consecutive bonded atoms (ijk and jkI).
The improper dihedral forces planar groups (such as aromatic rings) to remain planar

and prevent molecules from flipping over to their mirror images.

The Van der Waals interactions can be represented as Lennard-Jones (6-12
interactions) or Buckingham potentials. The first term of the Lennard-Jones potential
representst he repul si ve f or ces jéistandeabnmhiehpaeatsl
energy is zero), while the second term accounts for the attractive force dominant at
distances a b o vjeEleétrostatic interactions between charged atoms are defined by
the Coulomb term.

These parameters and equations form the force field for each atom or molecule, which
is included in the input at the start of the simulation. At the start of each simulation, the
force fields chosen are validated by comparing the bulk densities predicted to
experimental values. Throughout the analyses, where possible, the results obtained

are compared to experimental data.
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Tabl2d. Expressions for t he potenti &dlonceacrgy

interactions

Potential energy Parameters
Bonded
Bond stretching (Two-body)
Harmonic Po i & ki®: Force constant (kj mol*nm2
C bj;: equilibrium bond length (nm)
Bond angle (Three-body)
Harmonic ETQ L kix®: force constant (kj mol* rad-
q ?)
d%: equilibrium bond angle
(degrees)
Torsional Potential
Proper dihedral
Periodic k[ 1+cag)( nd ki:proper di hedr
(kj YHYmol
n: multiplicity
G:angle formed
pl anes formed D
and | (degrees)
U s: Phase shift angle
Ry c k aBeerltl e mans o Cn: constants (depends on atom
function 6 AITO pym type)
Non-Bonded
Van der Waals
Lennard-Jones 12-6 ) ) U: well depth o
T- T T well (kJ mol?)
G: the distance
potential energy is obtained
(nm)
Buckingham 5 A@DS i 0_ AiG_krI:ﬂO'll), i(Bnh  an(dk
i moinnf)areonst ant
Electrostatic (Coulombic)
g%g "Q ——dCoulomb constant

di, g;: partial atomic charges
fr relative dielectric constant
(. permittivity of free space
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2.3C8@8nstraints

The bond lengths and angles can be constrained to given values by applying
constraint algorithms. SHAKE algorithm is an iterative method that resets the bonds
and angles to the set value by moving the bonded particles parallel to the old bond

directions. The procedure is repeated until the required level of accuracy is achieved.8

SHAKE is simple and numerically stable sin
prescribed tolerance. The drawback with SHA
| arge, bObecpluesd bonds are handled one by one,

coupled bond very far that AnotheealgorghtinhiNGS, does n
is three to four times faster and more stable than the SHAKE algorithm. 1 t i s- a non
iterativehaptrocessts bonds to their correct
updaResettumlgedcoconstraints after an unconst
problem becaumd ecaunes iaifke coampdtedai nts t hem
reset., instead of the dlériisvaetliivnei naaft etshedrad dn
met hod mor e st abBISETTUE lgonthnSidiah KnBlytical version of the

SHAKE algorithm which is faster for small molecules like water. This algorithm resets

the positions and velocities. For rigid water molecules, two real O-H bonds of equal

lengths and one fictitious H-H bond are constrained.8®

2. 4Peri odic Boundaarmnyt cCrergnadni gteitoenrsact i ons

A finite sizedpeicmhiaeadi anh bbe ¢ Dt etdigean ML
ef f etchtes,at oms at the boundarines gobouhe bbdranh
which alters ®Breiamwsfb ethhaivsi,outrhe results coul
observed at maclTroo sscockppir®o hshealde e Boundary conit
(PBE&€yiempodgsdurroundiimu |l tabe owi th transltatildn
in all three diomem saino nangf i Inu $ &€FiagydsttdEbanBC
is accounted for when calculating the interactions of the image atoms with the
representative atoms inside the primary cell. An additional advantage of applying PBC
is when an atom in the primary simulation cell moves out from one side, an image
atom in the neighbouring cell with the same properties enters the simulation cell from

the other side.
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As a result of PBC, the number of interaction pairs becomes arbitrarily large, which
poses an unrealistic computing task in practical MD simulations. Because most atomic
interactions diminish rapidly with distance, the interaction between two atoms become
sufficiently weak. Thus, a spherical cutoff is applied, where the interactions between
atoms separated by a distance greater than the cutoff distance (rc) are excluded. To
safely truncate a potential, the spatial interactions should fall off at a rate no lower than
rd, where d is the dimensionality of the system. Since Van der Waal potential decays
to negligible values at short distances (proportional to r®), the cutoff method can be
applied. Conversely, electrostatic interactions decay slowly with distance (r!) and only
approaches zero at very large distances. Hence, if a small cutoff distance is applied,
it will lead to inaccurate simulation results. Alternatively, the electrostatic interactions
are divided into short-range and long-range contributions. The short-range component
represents the real space sum and can be calculated with Coulombic interactions
while long-range components (imaginary sums) are calculated using Fourier
transforms. Some methods with high accuracy and low computational costs include
the Particle-Mesh-Ewald (PME)® and the Particle-Particle-Particle-Mesh (PPPM).8"

To reduce the compl efxurttyhtomfe MD nsiimuum a tmaognes c c
i mpose®B@Withhis critetihomtotmat estthleatimuée at i
with eitteromaé oomf i ts i mageTshenreeafroerset, toon |ayt oom

interaction for each pair of atoms is consi
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i mportant to ensure that t he adiemennosti2@me| oow

ot herwise, an atom can interact with multipl

2. 5Thermody BEamembl| es

In statistical mechanics, an ensemble is a collection of many virtual copies of a system
(microstates) under the same macroscopic condition, and each copy is independent
oftheother.Di f f er ent macr oscopi c dd ertgytrpreedsi notfs sctoartrie
ensembl edi swiitnhc t statistical c h a reancsteenrbil setsi c
involved in MD simulationSNVB)c|l eadee mbhlee ,micca |
(NVT) ensembl-esob@m®iidhermaemdbd| gr and &/anoni ca

ensembak22s howspthgerti es kept constant i n ea

Tab22Constraints applied.to common ensembl es

Ensembl e Consaints
Mi crocanoni Numbefr at smgssthem v,olot mé ¥ ne
Canoni cal Numbefr at smpsstNem v,olemper ¥t

| sot hersmablarNumbbe of atgymbeM prtesmpe raf

Grand canonChemical psys ¢ eimi & lote Gmer ¥t u

Two or three ensembles can be adopted succes
or be applied separately tonithi sublBgsit @ msN¥g"’

ensembl es lafr ea ussyesddk.em i s ergodic, the aver age
generated by the MD simulation (i.e. ti me a
aver ajesording to this principle, the systerl
over a |l ong period, i n each Tohfi st hies atvrauiel afbe
mi cr oc aremrsiearadll e . tHoevegeldy pot hiessi sot necessa
expected to be vali®8 in an arbitrary system

2. 6Tempeaetrure Contr ol

The temperature (T) of a simulated system can be kept constant with a thermostat,
allowing temperature dependent properties to be investigated. Moreover, an effective

thermostatpr event s the simulated system from unr e
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drift caused by the accumulation of numeric
Derived fr omBdlhtez nvearxrnw edEisutartd.i ®untoiwesn ,t hat t he K
energy of the systémonal di oethtyt paplpiosamar e
provides trcewnmaaornd ifnag t he t émmeeadaisuenrh nes on

andssigning initia$i npcaer ttiltd et evrep edoApteameds . | s

vari,abtlhee i nstantaneous temperature is rarel
fluctuates around it
. aQ"Y
OO —
a
(2.6)

wherdei $ he vel ociitmyi sotast ambm, maksés t he Bol t z me
constt.an

Ond her most at developed iforthempBerandBg®ncohe
whitchvolves introducing a weak coupling of

heat Ibrmatthhi s saHaqvwmi Edquafihen system tdcampeysat ur
exponentiathg tawgedsd emperature T

0"V
Qo

Py .
=YY
2.7)

whetfies the coupling constant

The drawback of the Berendsen thermostat is that the atomic dynamics produced does
not always represent an accurate ensemble. For example, in the canonical ensemble,
the equipartition theorem states that molecules have the same kinetic energy (KE)
associated with each degree of freedom that appears in the total energy expression,
and this KE is equal to 1/2ksT. The Berendsen thermostat causes a violation of this
theorem by pumping KE from high-frequency to low-frequency degrees of freedom.
The accumulation of KE in these degrees of freedom will effectively cool down the
internal ones, |l eading to the i nsThshbffedtsi ty kn

the structure and dynamics of the molecules.?®°2 Braun, Moosavi, and Smit%
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determined the partitioning of kinetic energies among the translational, rotational, and
vibrational degrees of freedom and found that the Berendsen thermostat causes a
violation of the equipartition theorem, by having all the kinetic energy flowing to
translational motion. For example, in an ethane molecule, the KE corresponding to the
3 translational modes, 2 rotational modes and 1 vibrational mode should be equal to
3/2ket, 2/2ksT, and 1/2ksT, respectively (based on the equipartition theorem). The
Berendsen thermostat overestimates the translational and rotational KE while
underestimating the vibrational KE. However, the Berendsen thermostat has high
efficiency in controlling the temperature and can be adopted to produce relatively
accurate estimations of statistical properties of an MD simulation system, particularly
when the system contains many atoms. Therefore, most ensemble averages will not

be affected significantly.

A more appropriate thermostat is the Nose-Hoover thermostat.®*% In this method, the
equation of motion is redefined by introduc
expressed in Equation 2.8. This allows the acceleration of the particles to change until

the temperature T approaches the set value To:

TC_’Q 30 _rl_
T¢ Gq U

(2.8)
oYY (2.9)

whereQ i s a constant that determines the rel ax
the momentum of the friction expressed as Equation2.9. i s t he friction f

controls the motion of ©Pappdgriacd eclse sotTh eh agett eur

2. 7TPressure Control

Li kdver molsdarao st abtes eargpl oyed t o keep the syste
The pré¢Pafureen MD system i s govegrineedaghbbyg ttihoen v i
2. 1%8ince the virial tatommi e posiunicomenawmd |
forces, whicilepreen dlahoett hs ytsitmeem pr e s sduerpee nidse natl s

variabl e.
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210
where V i1 s viopHaamystéadm virial term W is defin
W P i 00
C
(211}
wherFef s the force Iimposed on atom.i due to it
The Berends®&nsbar ovetakt c ouphliicnhg dmertehcotd vy r es
system volume by remappibigke hehatBei endo®em dt
pressure changes in increment st werempotrhtel otnarl
pressawmrde i nstantanddddhopgbsshree Berendsen bar
System ptroe saspuptrboea cthar get value realistically,
thermodynamic ensedids$ iercehlidlearee fior iiiai al eqt
system but may | ead to inaccuracies when i
constant pressure.
Qb0 p , .,
: — 0 VO
Qo 7t
21 2
whethéeés the coupl i rdge tpearme meetse rh otwh actl osel y t he

with the barostat

Thearr i-Reehnan b°freprteatsents a mor e aalclumwt e e
t he si mul attoehda sg/&slitbsms hape . &iméd vol ume of a si
box camrsktei bed by atbhareceTlve cp o sdsft | @athom i can

written ihantdeamsosiviehc tcoormp o,meanrtadn di i s gi ven

i i af af &4
2.13
wher e i@n® 1
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The square of the disndsjce bet ween at oms

' i v vl
2143
where the metric tensor G is defined as:
1 IF
215
Thequations of motion are obtained as:
Qv | 5 o Qv
Qo & 1 q&o
216
QI '
0o T | I I
217

where tWwe sbmassd6 oh tmher barpatameter det er mi
strength and its i nwer se—i, wi #htphree siseat haesr ms

compr es gifbhiel ittiymef oonshanpr esasmutt et hceo ulpd ri gnegs t
matri x @lnemeorstt. cases, the Parrinell o Rahman

NosHoover t her mostat .

2. 8l nt egroaNMe wtnolbgsat i ons of Moti on

There are different numerical integration methods used for the integration of the
equations of motion. Verlet algorithm uses positions (r) at time t to evaluate the
acceleration.®” This algorithm is derived from a 3 order Taylor expansion of the

position vectors at time t + ¢pt It is also possible to calculate the current velocity.

o

. : . v, Y030 o, o,
»O YO <¢r»rO P»O YO 3 U Yo
218
. »o p bo Vo »o Vo 0 e
U O : = PO YO o0 Yo U Yo
Q0 ¢Yo
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Error in the atomic positions is in order of t4.

Theimplicity of the Ver |lbkedc ad daorrtidteh m nil sy are ea
be cal cul.atMar ebohveeercal cul ati on of the -veloci
reverbsechdueEquia 2l 8thrqgt anhngtpt ay sy mme tHoiwealerr ol e
the atomic positions are independent of the

an external t her mal bat h.

Toavoiidsues, -ftrheeg Lrifaphmadi fi ed more accurate
was utsherdkoughout.lnhité®ishasigeri thm, atomic vel

calcul ated as foll ows:
. . Yoq 0
(Vo) Ey(‘) (Vo) EYO 01
G G a
2.2 0
o Yo o o0 O g%
221}

Velocity always lags behind position update by one timestep. The midstep velocities

are used to calculate the positions at t +

average of the velocitiesatti 1/ 2t and t + 1/ 2 ot :

L O —YO DO -—-YO

P Py o+ P
S S S

(2.2 2

Ot her mewulddskRu ntgkaetftoaur t hc aor dbeer ,used to sol ve
eqguations. However, this met hod ceagnunaotti olnes a

becaudees not con%’erve energy.

2. 9Li mitations

One of the advantages of MD simulations is that it also allows careful control of
conditions such a temperature, pressure, and initial atomic positions to probe
molecular properties that are difficult to access through experiments. For example, the

dynamic behaviour of individual molecules can be explored at every point in time,
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which is challenging to obtain experimentally. However, simulations on very large
systems are computationally intensive. A typical simulation can involve billions of time
steps; therefore, most simulations can only reach nano or microsecond timescales. If
longer timescales are required, MD simulations might not be appropriate. Additionally,
the results of the simulations are limited by the force fields implemented, which can be
inherently approximate. MD simulations do not account for the breaking or forming of
covalent bonds, so the protonation states of the molecules and mineral surfaces
cannot be changed. It is also a requirement that the system being studied has a net-
zero total charge. MD simulations are appropriate here because of the system size
studied and properties investigated.

2. 1Bxperi ments

The results in Chapters 316 were compared to experimental data where relevant.
Some experimental methodologies include X-ray reflectivity (XRR), Atomic Force
Microscopy (AFM), and experimental contact angle measurements. AFM can be used
to probe the physical properties of a sample. In Chapter 3, AFM results were used to
corroborate the adsorption of asphaltenes on kaolinite clay surface. AFM imaging is
performed by placing a sharp tip on the sample surface and sensing the force between
them. The sample is mounted on a piezoelectric scanner to allow three-dimensional
positioning with high resolution. The force is monitored by attaching the tip to the
cantilever and optically measuring the deflection of the cantilever. This can be
achieved by focusing a laser beam on the free end of the cantilever, and the position
of the reflected beam is detected by a photodiode. A schematic diagram of an AFM is
shown in Figure 2.2. When the tip is close to the sample, it experiences an attractive
force. The force then becomes repulsive at a certain point. By pushing the tip close to
the sample and pulling it back, the cantilever deflection can be measured, which is
proportional to the interaction force betwee
law. The image is generated by recording the force changes as the tip is scanned in
the x and y directions and generating force-distance curves. The approach portion of
the force-distance curve can be used to measure surface forces, including van der

Waals and electrostatic forces, solvation, hydration, and steric/bridging forces.
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The most widely used imaging mode in AFM is contact mode, in which the sample
topography can be measured in two ways: constant height or constant force. In the
constant-height mode, the cantilever deflection is recorded while the sample is
scanned at a constant height. However, to prevent sample damage, it is crucial to
maintain the applied force at small values by minimising large cantilever deflections.
The constant-force mode achieves this by using a feedback loop to adjust the sample
height to ensure cantilever deflection. Subsequently, a constant force is applied to the
tip. AFM can achieve atomic-level resolution in all three directions, providing three-
dimensional images of the sample surface. Also, this technique requires minimal
sample preparation and allows for simultaneous measurement of multiple properties
such as topography, mechanical properties, and electrical conductivity. However, AFM
imaging can be time-consuming due to the slow scanning speeds. The interaction
between the tip and sample may also cause deformations in delicate samples.

Moreover, the shape and condition of the tip can influence image quality.100-104

X-ray scattering is ideal for probing mineral-fluid interface structures because X-rays
can penetrate microscopic quantities of fluids, such as water, with limited attenuation,
and it is a non-destructive analytical technique. XRR is an X-ray scattering technique
which reflects a beam of X-rays entering a surface by Total External Reflection (TER)

when the incident angle is below the critical angle. This X-ray scattering method
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measures the reflected X-ray intensity as a function of incidence angle over a range
of angles close to the critical angle for TER. The X-ray reflectivity is the ratio of the
reflected to incident X-ray flux, which is related to the averaged electron density profile
perpendicular to the reflecting interface. This technique provides accurate information
about the interface/surface roughness, thin film thickness and layer density for
crystalline or amorphous thin films and multilayers. An advantage of this method is the
minimal sample preparation required. Moreover, it is useful for layers of thickness 51
350 A. Xray scattering at small diffraction angles allows the characterisation of electron
density profiles of thin films. However, due to the very low incidence angles, it requires
relatively large sample areas. Moreover, XRR cannot identify the distribution of
hydrogen atoms because X-rays interact with electron clouds. Since hydrogen has
only one electron, it is almost invisible to XRR.1%5-107 |n Chapter 4, the density profile

of water on calcite was compared to experimental X-ray reflectivity data.

In Chapter 6, the contact angles of water on kaolinite were compared with
experimental contact angle measurements. The three most common experimental
techniques used to measure contact angles are the sessile drop, captive bubble, and
tilted plate methods. The sessile drop technique is a method that involves using a
syringe to dispense a drop of liquid on the sample surface. The contact angle is then
measured optically as the angle created between the droplet and the surface. The
limitation of this method is that data analysis is dependent on the software used. Some
models require the user to estimate the angle, which can be particularly difficult when
small angles are analysed. Also, the surface and water droplet are prone to
dehydration from exposure to air. In addition, a smooth, homogeneous, surface is

necessary for this method.1%®

In the captive bubble technique, the solid surface is submerged in water, and a syringe
is used to place either a small air bubble or another liquid with a lower density on the
surface. The contact angle is measured optically as the angle formed between the
surface and air bubble or liquid with the lower density. In this method, the sample is
not susceptible to dehydration because of the submerging in liquid. However, this
method is time-consuming because it is difficult to align the bubble with the solid

surface and the volume of liquid required is higher.1%®
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The tilted plate method involves conducting contact angle measurements on a tilted
stage to rotate the substrate and the droplet. As the rotation increases, the droplet
starts to move due to the downward pull from gravity. The tilted angle is measured at
the point where the droplet starts moving. The advancing (maximum) contact angle is
measured at the front of the droplet while the receding (minimum) contact angle is
measured at the back of the droplet. The difference in the two contact angles depends
on the drop volume and converges as the volume increases. The tilted plate method
gives the overall wettability of the substrate but requires a relatively larger surface of

the substrate, compared with the optical methods.*0

2. 13ummary

This chapter provided an overview of t he M|

sever al technical aspects involved in utilis
steps applied to perform tdhwemmadrnsudeetmadn sc ail n
i Fi g@2B.e

I n step 1, the 1 nitial atsamud apo®int ibomxs ,diim
periodic boundary conditions, constraints, t
functions are specified. Il n step 2, ener gy
initial structure to reflect the eqnuerlgybr i u
function, which all owdtfhesM®@oshmMDasi omanl atsi e
of a prior simulation that has al rteaandiyc ach
strusdrumleose to the ecpmoorrespomdsthgutbut e po
f uncstsieadne,cttheed ener gy minimi sation.i Wheheph@
simulation begins, the forces acting on each
Subsequently, the equation of motion (Equat:i

the atomic positions and velocitises ame twp &de
the physical properties epf 5)nt Mhest mboratuane
ti me exceeds the specified maxi mum si mul at
Ot her wi se, the si nmudpaedatoinnigs ommthdmsued hbyt ot al
time is reached. The simulation time is <cho
equil i brium. The prsocpaelrctuiteast eadft etrime ney tqgam | i

specifieprdxthaptiee s.
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Step 1: Set up the initial configuration of the system

v

Step 2: Optimise structure and minimise energy

vI Step 3: Calculate forces |

v

‘ Step 4: Solve equations over motion over timestep At ‘

‘ Step 5: Calculate physical quantities \

—‘ Step 6: If t<t,,,, repeat steps 3-6, otherwise END ‘

FigwkBechematic of a typical 7Equilibrium MD ¢
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MODEL | SLAND AND ARCHI PELAGO /
MOLECULES NEAR KAOLI NI'TE SURFACES

The solubility of asphaltenel poweespd matcurue,e
and compddiitsi ocncamt ei but es t o t ha&s puhnad etresntea r
aggregatiinonreshygati ngt teheagprndmgeod @lgopfh alft e ne
mol ecul es ,i Myt caldwlemeg a chemical additive ir
effectpresdenbe and absencearadl datkearondinoesdt.er s u |

size analyses, radi aaln gdiest rbiebtuntei eonn afsupnhcatlitoenr
gyratiemtrapdcenergetiaresaddc utltatpromwsi de i nsi
behaviour ofThédematystembs. presented in this

2023 in volulme6i@X 67 pagesEnergy & Fuel s.

3.1l ntroducti on

Asphaltenes, the heaviest and mbbowpassaur &naea
problem in the oil industry due to their ter
temperature, presdierme,cadndacenphyoinaneint . The r €
can clog well s, pipelines, sur falceadiarcg | i & i
significant reduction in prodad’dtAyphayl t amse sw
are generally defined as a solubility <c¢l ass
solvents (such as toluene and xylene) -and in

pentanehampddWmenlher ¢f otrheei r mol ecul ar structur

and strongly depends on the crude oil of int
Il n general, asphaltenes are represented eit
polycyclic aromatic hydrocarbon (PAH) rings
archipelago structsuewver alhadar ocnoantsiicst soroefs | o
aliphatic Cdhleani rcsa | analysis has shown t hat
heteroatoms such as nitrogen, oxygen, and su
and sometimes | ead!™®'®hydrogen bonds

To interrogate the mechanism of asphal tene
studies have been attempted. Of t hese, seve

showed that asphaltenes -tagagree g(ap aex had g sed mi, o gT
of f set staocgkitnoges. Il nteracti dnss thaectkwenegn  PaArl
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frequently i1identified as t heThnmeaisni zder iovfi nRJA H

controls théstacihmat aoad ot her aggregate types

shorter side chains |.&28 to greater aggregat
I n addition to aggregation in the bulk, many
asphaltene adsorption on surfaces, a process

and asphalteneAdbBaratieni 9fi a@asphaltenes has

mi neral surfaces sanah se@d3mobanl cchi taef,f entitcsa bot h
aggregation and wettability?dtonbeuthedef abms
experiments and MD simulations that pol ar s
asphal tenepotlhaan snndn ca. They showed that the
on asphaltene contributes to thetsbneniXitbngn
al3determined that the asphaltene model they
heptane through hydrogen bonds with the hydr
toluene, aggregates form and mostly stay 1in
adsorptinmnmsconi te i s weaker and t he mol ec
perpendicularly to the surface by interactir
or the edgel3dohtamenePArn d°CFadedivieat @®d t hat aspt
adsorb as smal/l nanoaggregates on <calcite
aggregates observed in bulk systems. 2The a

increases the aggregation of asphaltenes whi
the strong affdiand yt hheetwerefmaldédbsEangdet viah.
i mul ati oncsaustensatasCChal tenes to first form di
sorb onto silica surfaces. I ncreasing pres

t ween asphaltenes as well asl?®hperi mamstoalplt

position were enhanced by increasewein ter

S

ad

be

observeid n€C®Oced asphal tene .Jdelpeagpgtiegat iomn qat
de

surfacel3¥lisoetreported thdtasf loppdiseg wiot H | ©Q
me

thane and propane) | eads to high asphalte
degree of aggregation increases with decrea
t aken for Vool @WA hr ome PAH frequentl fyorused
asphaftterneadsorb on the surface increased wi

numberf stably atSomibé @&c wlOes remai ned?! rel at

Moreover, the adsorption was more stable in
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the PAH to desor b*Masckarnhttooudth.et haitl kasphalter
more strongly on acidic alumina surfaces tha
highlight the i mportant contribution of the

determining asphaltene precipitation.

To control and possibly prevent asphaltene
di spersants are commonly wuseed Smnmudettohygi
mechani stic behaviour of these additives. F
Headen anrntsmBowe&kd that the presence of 50wt ?©
aggregation of 2asAlhlkyltpmenolns ClDave al so been
i nhi Bt**Acsording to AMmiorzwnldeherol alslightly |
of asphaltene aggregates, with stronger effe

the nucleation stage as opposed to being a

concentration of nonyl phaniodéncaa ttesudl|l tt oad dk
di pole moments and the ability to form hydr
interaction energies and hydrogen bonds betw
aggregation number, this inhibdgabiromnl|l yatdhed
prevent**nghetexperiments YehowtteddthwntLiah kgt
with | onger alkyl tails increase the steric
di spersants reduce the aggregate size | eadi
repul sive forces between aspdaflttemde sad graalg d to

are readily eroded when sheaurUsfilngw MDs ap mlnig
al‘f ound that dodecyl benzenesul fonic acid (D
asphaltene aggregatstackiyngr.edWicemgadded aft.
DBSA weakens the aggregates by breaking t he
mol ecul es, "-bataoakingheAnot her study explored
on the performance dbdebgmi bahzenéi Bul dosaic

benzoic acid (BA), and salicylic acid (SA) [
65AC. DBSA was found to be the-bmacet i eftfee atcitv
with asphaltenes. The iellcereaassped ailnt etneem paegrgart eugt
reducing the effectiveness of i nhibitors. $

increase at 65AC as a resWhftheofresutosgobydr
salicylic acid are comparabl ¢*We rteh oisrec rreegsoil

the concentrations of cetyl trimethyl ammoni
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sul pHi &tDh&s) | eecds s emisley fof the inhibitors, red

These studies, in general, show that the eff
by the strength of the interactions between
beée ween two inhibitors. How this balance wil/
has not yet been fully quantified.

In addition to MD simulations, other methods, such as Density Functional Theory
(DFT), Monte Carlo (MC) simulations, and Computational Fluid Dynamics (CFD), have
also been applied to study the behaviour of asphaltenes.>%163 For example, Gao et
al.’> used CFD to predict the effects of oil viscosity, oil density, wall roughness and
pressure gradient force on the deposition rate of asphaltene in oil wells. They reported
that the rate of deposition of asphaltene is larger in low viscosity crude oils. They also
showed that asphaltenes are more likely to precipitate in light oils than in heavier oils.
Zirrahi et al.*>> applied an MC simulation-based technique to stochastically model the
aggregation of asphaltene compounds consistently with experimental data. The model
was able to predict the onset of precipitation, number of aggregated patrticles, and their
particle size distribution. Ekramipooya et al.** combined MD and DFT to investigate
the effects of different heteroatoms on the model asphaltene self-aggregation. They
found that the aggregation depends on the heteroatom types as well as their positions.
The presence of heteroatoms in the aliphatic side chain proved to be more effective in
increasing the self-aggregation process, compared to the aromatic ring position. The
presence of nitrogen increased the electrostatic interactions between asphaltenes,
while sulphur increased the Van der Waals interactions. Oxygen led to hydrogen bond
formation. Through DFT calculations, Quazi and Kundu'®® studied the interactions
between a model asphaltene and some deep eutectic solvents (DES) on sandstone
(SiO2) and carbonate (CaCOs) surfaces. They reported that DES containing choline
chloride acts as a hydrogen bond acceptor (HBA) when interacting with asphaltenes.
The authors also demonstrated the effects of the chemistry of the surface on

intermolecular interactions.

Despite this extensive body of work, the mec
i s not we |l | understood. '%®uggeexsatnepd et h akiu aalg
conventional di spersants reduce the size of
necessarily alleviate asphaltene deposition.

the aggregation of asphaltenas benter smalrhtes
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preventing | arge plugs. Accbndt hgbegxcphladréees e s
on an atomic and molecular | evel, the wuse o
aggregation of two asphaltene structures (is
the proximity to a kaolinite surfisce.neKadl itr
common minerals fIXFB%Kd oiln nrigseerivsoiar sl ayered al
chemical pOa2r SMud2 8. All t has a 1:1 wuncharged
consisting of alterna)tingt rsadnfeeedrsa odndsiddtcah
oxyhydroxi des, joined bwhepmobhht ioxryg,enkadloir
cleaved along the 001 basal cpleane, ther md lumi o
terminated with a plgamelp&® surface hydroxyl

3.2Si mul ation Methodol ogy
3.2Mal ecul ar model s

The asphal tesned mometl Bi s st uRiyg &free Vproé aamnthe @n
79 (712 .'9%§himalh) consi st s ofaraonhaatrigee ccoerne rcad n
to two aliphatic side chains, represents the
foll ows, FslgoBwsga) Thi s compound has been wused
conduct controlled tests; it shows a tendenc
t han in toluene, which supp&rmt sast hae nmndhddlc e
asphalltAesned or the representative archipelago
t wo aromatic cores, with a mol ecufFiag Bvei ght
b)!7"Al t hough there have been sever atl hfewocduesl s p
of thisomtawdg i sl and model and one archipel a
the cyclohexane oligomer, as a proof of prin
additive to increase the aggregation of asph
Viohaonte is a real polycyclic taheenmali ts ctoo
potentially be compared to experiments. Bec
asphaltenes are al most, 7#&n scoylcd olhee xianF é cgyudrliea o am

31cwas <consttor uicntveedst i gate its effects on the
model s.

Al t hough crude oi l is a mixture of several h
this study, the oil mo d e | was represented b
good solvent for asphaltenes. It i's chosen
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additives can be used to promote asphatlttene
was assumeldi st haystem represents a starting

aggregation of asphaltenes due to chemical a

FigBleModel s of asphaltene molecules used in
Archipelago structure (c) Cyclohexane chain.

= oXxygen;s uwlepg Hhwwmd =rBil tureo gce n

3.2Si2mul ati on Systems

Three sigmudtaenwen constructed for each asphal
TabBETwo of these& (Systemsailn only toluene
benchmaokhéhesi mul ations. The second group (

(Systems 3 & 69dntodi mywdrynsng amounts of tol

ol i gomer . In all systems, 12 asphaltene mol e
of asphalteh?d? i’ whi&wmt %s representative of
crudé’®éBécause of the difference in the mol e
archipelago asphaltenes, di fferent number of
chain were thesewltl adednsystems. For exampl e,
mo del used has a slightly higher mol ecul ar

cycl ohexane chains to m&cionmpaairna btl hee wehirgehet sfyrs
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Asphal Number Number Number Asphal i
type asphalitoluencycl ohe wei ght

mol eculmol ecuchains fracti
ASPH 12 1000 0 8.5
ASPH 12 1000 22 7.8
ASPH 12 600 87 8. 8
ARCH 12 1130 0 8.5
ARCH 12 1130 25 7. 8
ARCH 12 670 100 8. 8
all shpwiTaimdlesi mul ati ons wemr et hceo nIdwlick ,e dan
olinite surface. | nbaoves | artbdyetpeldaasd en,g tah &
of asphal tcegyrcd ,0 htexlanmene ldmd mer s on t he
di mensions 5. 19B8amxal8l. ©l82tpot athhee} 10 esml t i
|l ation box of size 5Th@8 aspBab82na MobeO
rted randomly into the box, ensuring the
| & gadBR2s hows the snapshot of the initial
hydrocarbon phase is sandwiched in betw
ance ranging between 3.7 and 4.5 nm. For

ouncedeiwwmbl| acahar
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thedéasr matieomh aoé, awhiighu cou

adsor ptiigun dwii tnh eri@acsol i d
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Fi gwrReRepresentative snapshots of the initia
hydrocarbons on kaolinite surface. Cyclohexa

3.2F8rce fields

The Optimized Potentials f or -AlA)q Udiod® c8ea su led tdi
used to describe all hydrocarbons consi der e
the | i1t283%14%"8%0CePL-B8A has been shown to reprodu
experimental data.!l%éNoabomdsicnlitbhgei dasphal't
rigihde hydroxyl ated kaolinite surfaces were
fiéd%dol |l owing prior reseatrhegh o8 XcHeayi mti enrefr aad i
system of hiydtecacbiomg with clay surfaces ha
t he combi natAA nanodf CLPAYSF F.le8fidR rcieo rf isetluddsi es c ol
t hat by combining -LAA¥YE&EFcantli €OPASS, it i's p
simul ati on resul ts consistent Fwrthexaxmpeéei
Schamper'd3eudaéd the interactions of organic
surface and their results were consi stent W
exampl e, Réfanandhlitéetudakd the structure of
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sur faces and f ound t hat t he combinati on of
experimental adsorption dat a.

Di spersi ve forces wer & rheddahed byJ)t heotle
El ectrostatic forces were described by the (
unli ke atomic interactions were obtained usi
used with the OPLS f ami tbyn doefd fionrtcee afcitea lodhss.,
radius frarnge hamtt eracti ons was set-raomgeld,;
el ectrostatic i nteractions wer e obtained k
al gor®P?%h m

3. 2AHlgorithms

Atomistic MD simulations were conducted wusi
5. 11°®WAfter enesagy omi niNMIT canowercelc arfrnoiue chta u
1 ns to relax the initial configuration, Wi
fixed. The simulations were®tthlemado i NPt e e nis
200 ns to ensure the densities and energies
aggregation to be observed within a reasona
used for al | simul ations. Duriinng et hseur NRT e s
restrained with a force?whinlsd amgplodl tlédeés ,k Jt

the cyclohexane oligomer were all owed to mov

Subsequentl-ygveneaged ipmeoperties of the syste
radi al di stribution functions) wer e anal ys.
simulations for each system. The coordinates
every tob5cemesstruct the simulation trajectori
using the techniqgues descr iTihemdp a rmaatashrae@eRe s ul
either 300 K or 400 K, wiamavas red mxraali loed t b
Berendsemnttaher ichese temperatures are Trepr es
approxi ma3 ekfn*°Zo probe the possible mechani
aggl omeration, aonl| V8 T@p&EBems el si mul ated at 4|
pressure was mai ntained at 15 MPa by the E
represents that f16%PATdhei ncomésemnvobns of t he
t her most aotstaantd chaatrobe@rwyvedle rel ati veltyheaccur

propecft arege slysteymst.ems with kaolinite surfa

37



was applied only along the Z direction of t
surface. This ensures the surface area (X

systems.

3. 3Resuand Discussi on
3.3Dénsity Profiles

The density profiles of the centre of mass
the cyclohexane oligomer (HEX), computed al
300 K and 400 K, FageBg@ghesaemtpedgliame of the |
represents the reference position for the Ve
temperatures, toluene adsorbs closest to th
with peaks at distancéds aaodr gs@ondifmgmta hz. &
K, the first toluene | ayer achieves al most

| ayers. The island asphaltene adsorbs furthe
i, with a pronounced pheaatk taotl u3e.n9e f,o rsnusg gae sétpi
on kaolisiteflear edol uene has stronger i nter
surface than the island asphaltene does. 1In

yields no obvious Tlhay emwuil rag i ®om sk adloiwn itthea.t adc
distinct effect on the structure of toluene
from 300 to 400 K |l eads to a reduction in

increase in the firsthiass pohbasletrevnaet idoenn siist yc opnesa
AFM measurements conducted to study the ads:
di ssolved in toluene, and deposited on quart
temperature | eads to a noliag odnarte ot hydls orc@mtr ibm

mi neral 2%ur face
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() Distance from the surface (A) (z) Distance from the surface (A)
Fi guw3eCentre of mass profiles along the Z di
surface, for island asphaltene (ASPH), tolue

300 K and (b) 400 K. ,rFeofrefrabtiteem composition

Al t hough the centre of mass of the asphalt
surface than toluene, the presence of oxyge
hydr oxyl groupsThoent aanhiec sduernfsaictey. di stri buti or
present i n the awpbdictad me edt nt wc tdubrred irrem utl hiss
hi ghl i dgdhtgeBdl.dihre density profi |l eas saraer pc hpaeradkce tas
1.1.7 |, which i1 s c¢closer to the surface t he
centres of mass of both asphaltene and tolue

temperatur e, i n agreement with tdaes obsregivtay
profiles of asphaltene. From tihte ipsbbkalta adbrh e ¢
mai n i nteractions of asphdbeene wihteh ptrhees et
heteroatoms, which could potentially form hy
the miner al surface.
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(z) Distance from the surface (A)
Fi guwdeAt omic density profiles of two oxygen

asphaltene (ASPH) aJvemtgi aale fZr odm rtetca iloang!l i ni
are for simul ations conducted at 300 K and 4

The <centre of ma s s density profiles obtai:
archi psetlraugcot ur ed as pargdrtoevni el ¢(@AFECHN)Ee posi ti on

the toluene and HEX peaks corresponé&igppreoxi

3.3. However, t hset raircd hvirpeall aagsophal t ene adsor bs
kaolinite, with a distinct peak at 2.5 | con
peak appears at 3.9 j. A possible explanatio
andt mogen atoms in the archipelago structur e

Waal s interactions with FihgeB.lked@lti rihtee i sd rafnac

used here does not contain sul phur nor nit
asphaltene peak can be observed at 12.9 | (
peak di sappears upon adding HEX or uPplinsincr
i s due to the asphaltene packing at a closer
the noticeable increase in the height of the
noting that at 400 K, HEX does nout isoing na ff i
asphaltene near the surface.

To probe the mechanisms responsibhe d@ens.itthy
profiles of the nitrogen and oxygen atoms
struateure compatredpardfing®blle whmhere It i s show
relevant density peaks are found between 1.5
highlight the interactions between the heter

worth nottherge tehtagong i nfl uence of HEX on the
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t he pemlXesrvethi ch could be due to the compl ex
archipel ago asphaltenes.
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3.3Cl2uster Size Analysis

To quantify the aggregat,itdhhre afveasapglalatcairsde em
esti nayt edal cul ating the number of asphaltene
taking the average of the results Abbtblme ned
maxi mum number of asphawase ngewanthRiofbihecodaiggg e g at
studies in 1¢We384H g pehalttuemree mol ecul es are con
the distance between them (di st ancTeheo fc uctl oofsfe
chosen is commonly wused in asphaltene aggre
noting that the value of the cutoff coul
a smaller cutoff could | ead to unagegrdegsa mat i
As s holhing8m&, at 300 K, the average cluster
(ASPH) increases as the number of HEX
|l ast 50 ns of the simulation, the average
(Systemi7l) Tihg s~6 nciBeasd@d~80o Sy7’st ems 2
I n System 3, asphaltenes yield one unstabl
The r eskFulgtusli,ei paneAppagndsihxowA t hat adding
increase in the maxi mum number of asphaltene
(a) (b)
£ 12 pe e i i £ e ° @D comn © IBe Wose © MmN
£ o0 fmmme ‘wm e toma s B0 T T DL
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Fi gBi7Average cluster (aggregate) as a functi
asphaltene (ASPH) on kaolinite surface

compositionsTab®leshown

i n

When the temperatureFig3rVr@chomavsed htaa
frequent fluctuations in the aggregate
increase in kinetic energy within the
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average size of the aggregates in systems 1

These results suggest that increasing the te
required to cause a marked increase in the a
due to an increase in disorder of the systen
Si mitlreernds | i ke t hage jobstardidgec ussisneudl at ed bul
|l i gwBBe the cluster size of A8PE pspbhdmtede
System 1 (only toluene), the W©verwhgec hsiiznec roef:
t oi54with the addition of 22 HEX oligomers (S
HEX oligomers (System 3). | n Sysstteebmalti,sétshe
asphaltenes while this value increases to 7

These results suggest that asphaltene aggr e

and on average, smaller than aggregates forn

(b)
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2
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Fi gwBeg a) Average cluster (aggregate) size a
function of time for the island asphaltene (
K.

The effects due to then ctylrd oaggrnegatoildamgome
asphaltene (ARCGH)siami I1380r 0K o t hose di scussed a
(se#Fe gB8B)e I n the | ast 50 ns, the average aggr
when 100 HEX oligomer s (System 6) repl ace
Correspondingly, the maxi mum aggregate si ze
aggregate sizes olhddryvddrigerre tahraen s lhieg aggr e

i sland asphaltene.
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Il n the bul k, the clustering algorithm shows
Fi gl AReofAppendi,x e~en without HE X. The same |
temperature is increased from 300 K to 400 I
the fully aggregated askHihpplhr3edme s arsukepaecrt
attritboutterde di ff er ence -arnonahtei csiczoer eosf, tlheen gpc
aliphatic chains, and to the presence of h
features of the island asphaltene structure.
contains 8 aromatic ringphavhemeadnatohm@t prod ty

cores each of 5 and 6 aromatitcimitrgactwinsh

3. 3Radi al Distribution Functions (RDF)

Th&DF between the centre of mass of the aror
( ASPH) at 300 and 400 K for the systaems in
repoirtred B1®& Because only | ayers occupied by

nm), shown by the atomic density distributio
the systems are nearly planar. Because inter
here are notRDBtwermpe ccompeted in 2 di mensio
a, the first most prominent peak is found at

of fset stacking of the aromatic cores or a s
Caraut &°teetpoarlt.ed from experiments t-hateaapha
a dist®dce pfin hBSptianien alnold upeak di stance i
greater “t'hsatnactkheng di stance of 5 . I n the p
the first peak increases and is observed at

i ndicati ng isnttreomagcetri ons and a higher tendenc)
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the systems, there are additional peaks obse
2) and( 8ystgmsBggesting the presence of mul't

By comparison, thieg@®RiD&Bante!l 4D &hows a simil s

the HEX increasing the interactions between
pronounced peak is found at a radial di st a
possibility that at a hi ghneer ftoernmpse rlaotousree atghge
However, in the presence of 87 HEX, the peak

i even at the higherCommp®RDEg ofetdiemslameed.y
t wo tempermptiltitreess i ncreasing temperature red

observing asphaltene cores close to each oth

10 ( ) 5

(a ) 9 —— System 3 b 4.5 —System 3

s &K Eess System 2 4 —Syaten
7 —— System 1 3.5
~ 5 = 25
g . g 2

2 e
2 3 £ 15
o - o 1
1 0.5
0 0
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 ‘30

r(A) r(A)

Fi g B1®RDFs between the centre of the aromat.
(ASPH) pairs found in proximity of the kaol
Syst em ¢ o0 mp osshiotw foanbsb.lea r e

The toilsuleenred asphaltene ( ASHHY BARRDFr e e ®&lsent k
effects of HEX on the interactions between a
results show that the presence of the HEX it

no strong effects on t he structure oof t ol

temperatures considered even though i n some
same | ayer as asphaltene and toluene. At ©bot
and second peaks are | ogcraetsepde catti ve I6y.,5 ajl tahnodu ¢

of the peak is slightly higheTheatg (trh)e il o wteh e
coordination shPSHRDHF itshesltioghutelnye | ess t han
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there Iis a reduced probability of finding a
i sland asphaltentehatTht lswesskgaiemsttesr acti ons be

asphal tene mmnlde d wll &ixe.n e

(@ ' (b)

gasph-tol(r)
Gasph-to(F)

—System 1 —System 1
e e = —System 3
—System 3
0 0
0 5 10 15 20 25 g 8 0 " 2 2
r(A) r(A)
Fi guwWrldRDFs between the centre mass of sl an
centre of mass of toluene in proximity of ka

compositionsimab®le shown

For bul k systems cont ai niFnm @ VAMddéoe A pipselnadn dx  &As
demonstrates -dihmeéndihenalhrRRF for asphaltene
results obtained for the systems simulated i
to increase the height of the pea&sdlalattende a

t hrdeiemensi onal RDF in the bulk is unaffected

For the archipel agoth@Bphabaetewmeerf ARRICH)Gent r e
asphaltemwer ggaampwst eRlecause the multiple ar om;
heteroat oms presentl iikre talsgphaltbhpel dgegamad to
stacking and aggregation, t he WRBF nmetdoveen t
analyse stacking between asph&igede mdloavc ul

that the presence of the cyclohexane chain |

archipel ago asphaltene. Il n Systems 5Haraemd 6
observewdth the first peak found at -~ 1.9 j \
there are no sharp peaks. This suggests comp
the cyclohexane chain. A similar trend i1s fo
peak eystem 4 is found at 5.1 j and upon th
oligomer, the peak shifts to a smallbeme dRBF,a

presentted Wba AMppendi xshdAws no visible differ.
system with only toluene and the systems wit

46



t he RDFs at the two temperatures, there are
wedkefined aggregate forms between toluene ali

systems considered here.

5 3
(a) ——System 6 (b) ——System 6
il e w @ = System 5 25 —System 4
—_ ——System 4 —_
= = 2
g 3 $
H § 15
5 2 s
o s !
1 i o Samseis
VA A e o N - 0.5
0 kL 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
r(A) r(A)

Fi g B12RDFs between the centre of the archipe
at 30O Kbanddod K. Systemshomwplaadidiei ons ar e

3.30di entation ah-dCNuonmhet sobf | sl and Asphalt

Thengle for med b ed rwemant i tch ep | pmleys of t wo as
aggregate on the kaoliRig®d&aqirvieas ei nsildhutss r

structure of the asphal aegkeabgreganhear omat i

0iI90A and c odlad ebsahrafpdecde. | hatbesfacking, t he
aromatic cores could be aligned (parallel) o
gi ves more information on the interactions
asplalett with the parallel orientation being

Parallel

T-shaped

AP ———

Fi gulléPossi ble stacking configurations of i

aggregation.
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The angles between island asphaltene pairs a
peaks in tRegBDs adbf 300 K (panel a) and 40CcC
kaolinitereygtegpndsi tgeBildi nAs t he number of HE>
i ncreases, the asphaltene pairs adopt a pa

compact aggregate struc-tumteesattbbdnsheldnt 8y o

K (panel a), there are twonpraks aft BEX A mar
the probability of the angles between asphal
with a pronounced peak at 5.7A in System 3.

shi ft the stacking between aephaoplatrand et r @om
structures. I n the first RDF sphere of Syste
probability of finding two asphaltene mol ec
bet wednashW®WA, corresponshagedtoom.i ethadvee weor , add
HEX oligomers shifts the peak to a smaller ¢
angles observed corroborates the finddings t
compact agSirmiglaare st.r e n disb uvalrke soybsstgednB¥e. d(

0.14 0.14
(a ) —System 3 ( b) ——System 3
0.12 —System 2 0.12
E 0.10 —System1 g‘ 0.10 _SyStem1
E 0.08 § 0.08
© 0.06 © 0.06
o o
0.04 0.04
0.02 0.02
0.00 0.00
0O 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90
Angle (degrees) Angle (degrees)

Fi gBldAngl e bet wearnomahtei poglyanes of the isl an
pairs at (a) 300 K and (b) 400 K on the kaol

As the distance between the asphaltenes i nc
of fsesthaopeds skFogBiEnln System 1, asphaltene
at distances |l ess than 7.1 | are mostly offs

show a prefemheamed dmoiredt ati ons.
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(a) SYSTEM 1 (b) NS—
0.07 0.14
—<71A

0.06 > 012 —69A
> —90-131A E 010
3 o 3 ' —71-111A
s 004 § 0.08
o
& 003 & 006

0.02 0.04

0.01 0.02
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Fi gBl1&Angl e bet weamo matei poplyanes of the ASPH

di stance between them in (a) Systrfmadeand (Db

To compl ement this anadgmrtact d hleethwendrerarod ma
t he i sl and aasep hoau a reffniedsih@@l fAppendA xcédnt act wa ¢

considered established when the distance bet
cores is |l ess than ~ 4.8 (the radial di st
RDF). The results show that the HEXcD-li gomer
contacts in the aggregated asphaltenes. l n
300 K (panel a) , the number of contacts in

bet ween O and 1; thids ivml Sestienmr&askts 400 2K

numbeft contacts decreasdshpreni agws eelmsat v at it

increasing the temperature | eads to | ess con
of -~ contacts is higher in the bulk phase thart
The number of contacts in System 1 is mostly
value increases to 6, indicating more rigid
the systems near kaolinite.

3.3Cbmpactness of Archipelago Asphaltenes

The asphaltenes of the archipelago type show
their extended mol ecul ar structure. To eval u
nitrogen (N) and sul phur (S) atoms Hingurnedi vi
317 sde gL & or ill|lTksermaes wihn)s show that 1in pr
300(Kanel ad)hough the asphaltene seems to ¢
bet ween the N and S atoms reduces slightly

49



System 6, yielding slightly more compact mo
400 (KeFe g ABe mppendredihces these values to -~
consistent with high degree of aggregation,
to the effects of temperature on the island

the archipelago asphalteoesestpoaoardi angmpraecstul t

systems are Ppireg8®dtpead eiln b) . The presence of
reduction in the distance, but it i s worth 7
near kaolinite.

Figu3l6l |l l ustration of t he di stance bet weer

calcul ated for the archipelago asphaltene (A

0

0

a b

(a) b)

- 60 > 5

c =

§ o0 g

22 40 2g 40

2 pn 2 n 30

3E 30 3E

cw ——System 4 S® 20 ——System 4
B 20 ow

g ° 10 ——System 6 g T 10 ——System 6
o© o©

il i

) )

> >

© ©
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Fi gu3le7 Di st ance bet ween sul phur and nitroge
archipelago asphaltene structure (ARCH) (a)
at 300 K. Systemhowpaisiledi ons ar e
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The radius ofc gmputtea dsru p(pRg )t t h es haonva It yhéad s
bul k phiagseOe(mMppendi,x R fluctuates within
proximity Bifgkbh®!| i Oht &ad¢l inite at 300K,
System 4 to ~31 | in System 6 wupon adding
~35 j i n both systems.

3.3l 6teraction Energies and Entropy

Thean der pfvag !l sn@ el ectrostat i @EeiLd)ct dred avteieamn
the ASPH asphaltene mol ecafresshidabhZEnInet ems
i nteractions bet ween asphaltenes are domina
interactions, due to the presence of hetero:
The presence of HEX oligomers has greater ef
wh ch compl ements the ob's’eirnvtaeri aocntsi corfs .i nTchree ais
of the afrsdhiugdluagegad asphaltenes vary in a si
TabAl Appendi x A

Tab32Asphalatsgprheal t ene i nteractions between i s

kaolinite surface and i-rnanbguelnkt r ssybsott epost. e n@ni |ay
energies are considered. SystTamBe ®Dapdheist i on
i nditchhdte the values weresyot emallcwlaast eadt e a
400 K.
Kaolinite a Kaolinite Bul k at 3
Syst eAsfAsp As{Asp AsfAspAsfAsp AsfAsp As{Asp
( Bvoy  ( EeLE)k/ ( o/ ( GErexc/ (&oy/ ( GeLekc/
kJmdl kJmdl kJmdl kJmdl kJmdl kJmdl
1 834 N -1053 (f-770 N-1086 [-825 N -1075
27
2 871 N -1060 K- - 880 N -1047
25
3 -1128 N-1047 f-891 N-1088 (945 N -1082
15
The configurational entropy of asphaltene in
was estimated by applying th@Thetnhodbpge Ddr i
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asphaltenes with similar matstse padrywseteeta@msge t o
determi ned wi.t hEvtehni st hnoeutghhodt he uncertainty i:

t he small number of mol ecul es consTaba&Bed f or
suggest that the presence of HEX oligomers r
i ndi caat invoer eocfordered structure. As expected,

t o mor e di sorder ed systems (higher entropy

di scussed above.

TabB8xConfigurational entropy of 3 asphaltene
KSystem composi tiifanbs3.lear e s hown

Systegqs)( T kI Islapd Archip~elag
System 1/ 4 a- 803 N 3 811 N 4
System 3/6 a° 798 N 3 792 N 6
System 1/ 4 a 1129 N 1 1190 N 4
System 3/ 6 a 1114 N 5 1178 N 10

3.4Concl usi ons

Mol ecul ar dy namiwesr e s ichounltdawut ci todnds d y t he aggr ec

asphaltene, a major component of heavy crude
and in the bulk. As a proof of concept, t o
oligomer on model i sl and,tama &g grhda gpetliacgm afs p:
in toluene, in the presewas analblp Sddc & afndt A
K temperatures, at the pressure of 15 MPa. T

ol i gesmemghtclryyases the aggregahéonsbbandasphpha
this wasbyehedemicrease in the omummaratofonpars:
aggregates whereas in the archipel ag@aestruc

observed

Il n terms of effects due to the presence of
i sland model was more pronounced near kaolin
bul k phase while the aggregation of the arch

possi ble that the difference in the interact,|
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kaolinite surface, mediated with the format.
surface contribut@€héonetbhesi obapdvantoapic an
theskeservations. 't shoutdnhiowement bef fneod ted
ruled out, given the relatively smal/l di st

confining the system investigated.

Overtahslisudy cont hwerbduegresst amdi ng of the aggrega
near kaolinite clay surface and the influenc
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CHAPTERKA4AT EFFECTS ON STRUCTUR
DYNAMI CS OF | NTERFACI AL WATER ON

|t i's important to understand the propertie
Since calcite is one of the most common min
deposits, and since it represents a I|likely p
carbon sequestration, i tbeihsavadfowdrl ali dsoownndéers
I n thiagt eerhe | mpoaowtvaal @ent andomi vahéestresat us
dynamics of water oni stmee sctalgeaitteed ri cnatreer f alc @
comared to model <calcite. The r esrugutaannti fpreap
and compared in terms of atomic density prof
di str ifbuuntcitdhmpasogendemesnd y profil es, angul ar
residenc®&hd i maser i al presented in tWisn chap

vol ulgde pa2g4e8s22488€@he Journal of Physical Cher

4. 1l ntroduction

The properties oafrieimptoeinfadi avi del wiachge of bi
chemical processes. I n the energy industry,
role in nucl ear 2swagsutees tsrtaotriaogne,, alnGl enhanced
relate to interfacial tension, wettabi ity a
wat,emd oi l mi xtures. Because these propert
behaviour in porous media, they control the
C Q, of the cap trlobe kt rasnswedrlt apsropandi £ of
phas’éd%®Because-wwhterservoirs yield hwagther o

reseratihres,study of interfacial fluids on mi
identification of conditions in which reseryv
The effects of ions on the bulk properties o
been shown that ions generally |l ead to chang
the hydrogen bonding network, wi t2R20dihfef er en
structure of water in salt solutions is the

and dispersive interactions, medi ated by t|
hydrogen bonds. | ons have been classified as
their percei ved ability +to promote or di sr
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respeci9edry. exampl?élf olCmeht e through NMR r e
measur ement s, thatanda @rCe&O RaGSlmotr opes, whi |
chaotrope ?'3aNmadg Rite md ns c Aneoinddeurc teetd amo.l ecul ar
simulations for Na Cl and CsCl i n wavtadreor The
hydrogen bonwatewithntieornacti on%'2fwhi & @ u e®suGl

enhanced the water hydiNegémomowmnd f nreaatoir &n

experiment al studies showed that the effect
equivalent to the effects of high pressures,
t hrough f%errfoluwihdsa detail ed comparison of e:
measurements with classical Mont @°%Ceaprdrot ¢dvC)
t hat anions exert electric fields on the ad]j
opposed to structural rehbondngetbeoontse hianv e hael s
been shown to sometimes accelerate, as wel |l
depending on expe?PidfFnoern teaxla ncpolned, i tNIMORNn sme as ur e me
that*idamas have a retarding *ebhectaconrl evradteea ,
dynamitts would be of interest to quantify ho
the proximity to a solid surface.

One of the most abundant minerals fg9gundvidrm e
calcite being the most common (approxi mat el
calcite). Calcite is an anhydMawny calhwvienmmi ©a
hydrocarbon reservoirs are also based on ca
have been considered as potenti al engineer e
Because interactions between cal cihties am dn ewaatl
it Iis essential to understand the interfacia
is affected by salt ions. Such results could
confined fluids from a fundament al point of
Sever al mol ecul ar dynamics studies carried
substrates suwéhi ST uami?ami 2ad%22and c ariédi t e,

found that the structur al and dynamical pr or
properties of the mineral substrate, and in
i n bul k water. Such studi es ar e i n S 0me

obseroms, as was the 28d%eéWhori Frehteded et xp@mér i
ray reflectivity data in their study on cal c
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studies on the effects of ions in?2a8%uomeous ¢
Argyri’dtempated the behaviour of aqueous NaC
silica pores. These studies focused on the
which depend on the cation type and 2d%gree
conducted a studyQoonfaigueduisn Nquartz pores :
atomic and radial density profiles t'hathsther
and water with thes.suDdlalcee S3iBfaént owdiitehd Sahe e f
of *NaRb Mgnd?*8ons on the hydrogen bond stru
guawihzer interface and reported that divale
monovalent 1 ons at this surface. They also f
degree of ordewiang@rofwiitimt ¢ hfea ¢cgomdsf apcreo nmoyt d rnagg
bonding. Keérrnwaedtiegatadd t he adsorption of Na
goet hite. They reported strong adsorption o
influence of the ions size on the |l ocation
the rearrangemeal wht drm.t eBiPsatonchii end witahteatc | ay
interface in the presence of NacCl and CsClI i

and hydrodynamic properties of aqueous sol ut

the clay, the nature of the tcdownter 1ions, an
Predot a®%?€% naéstigated, through mol ecwlyar dy
reflectivity exper it,mehna?8§; Zinh3®a efnfdeocarbs oonf tFhbe
structure of interfnpcsaltfavacterTlhay ruoumne (Aa
interfaci al water is independent of the cati

They reported the-spbematicompbéxeasnnef cati o
oxygens for al l cationdesentdiad, adsohpugbn
according to the cationsd ionic radius. Thes
Zhang 2ét4Walo. apoprlayedr eXf l-reacyt isvtianydi Xg wave mea:
and Density Functional Theory (DFT), in addi
to study the adsSorptTBrZnYi old a(tNa-wat eut i | ¢
interface. ?*$amnutddiedett hael .el ectrical dou'tkKl e | a\
andi®@ns near the walls of calcite mesopores
cation concentration affect their mobility a
i mpact on the water $43c icrd wa teed Kmdlee mul aet
simulations for the calcitel/*hr MdgEd iamtde rSfCace
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They found that- amdni@md enar Maan EDL at t he

divalent i1 ons do not. However, they did not
concentration on the properties of interfaci
I n a prior 4W&rtkudileel @thealwetting properties
functi oocprefssGOe. Two force fields were 1impl
calcite interactions, and the simulations pt
compl ement that study, as well as to further
solutiommt aactt with minetal ssbhfaededse,ct s of \
concentrations of 2daCt heKE€ktyruandr Ig&€hd dynal
wat er onwecrael can@hegrseesdul ts from i fmpltemertiiendd
devel oped ®dR aXidadRaett?’br o @ee¢salchbciwvaeernter a
were compahedcal cite forc¥®efmpélogsf BoamkRaigthean
potentials -Watermarbbemaetions. I n order to
mi xing rules when it is desired to describe
ot her speci ed84% iShteend etthealBucki ngharmopesent i
functional forms by reproducing the hydratio
all owing simulations wid hbesapersf adinmesdl ved i n

4. 2Si mul ati on Methods and Al gorithms

4. 2Farce fields

The calciteobstuaifraecde fwrassm a cal cite cr y¥%% al t e
I n this model, calcium and carbon atoms were
all owed to move. The rigid si mplaen dpainmgt ¢ h

CheathafpdcCce fields were used to describe w
KCl) ions, respectively. Electronic Continuu
for magMasdumhPPbondewere applied fThhedesdnirl
fields were developed consistently with the
fields using full charges to describe divale
in aqueous solutions and ovaeroemstiinbaetseasovt tthhe

respect-watoeri oinne®PECCiI drnosr.cefi el ds scale the

mul tival ent ions by the inverse square root
constant and reduce the radius of -wadech i or
di st aA%®éTshi s met hod i mproves the descriptioc
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mul tivalent i ons i n el ectrolyte solutions
approadhiélsn tleeel opment of the forteehdield
transferable intermpbeaotl ao dpthtaési 1 uPsdald) ttha eter
water. TI P3P is part of t hea n@HARMM ss i arfutl eant i
simulations of ®°Tadporgiiocrali nsvyesstteingsat i on, t he
water on the model of cal c°fWvevdegcei metabyt
obtained when the TI P3Puwaher, moldeh ¢cembisedd

water, the JC force field gives reasonable r
ambi ent temperatur e, compar@thet ef cerxep,er i me n 1S
water model was chosen here.

| h hesiemul ati ons, dispersive #60rLceenshawmesrse (rhade
potenti al and electrostatidohdedes nweracton
cudfdfi stance for al/l interatomic interaction

Ewal d {°mBMEhod was &apphlingkecorostatic inter:
Lor eBearzt hel ot ?2hvaxs nagp pluileed for the calcul ati

for unl i ke at oms.

4. 2SPmul ation Setup

An il lustration of the FsigditleaTh e nsibrowl atsi @m e
periodic dnrebeamthseecontained a thin film o
The initial configuration consists of 14,00
surface. The x, y and z dimensions of the si

i, respecti vwellayt.i dms ,t htehesicnal cite substrate,
was pl aced par glllaenle.t of htehenuxmber of salt i on:
vary the conceni3r avt.i o'rh elseet weoenic elnt r at i ons ar ¢
l'imit for mhleatvead i eusctsriol yt es?422852mbe ent (
thickness of the aqueidWs jf,i I[drmpem dd anlgc iothe cwany
remaining space in the z direction, above tFh
the box and the relatively | arge amount of

chosen to ensure that the periodic boundary

to allow for -eskabl wahengi 0buh& middle of th
di ffer from those of t hlei q wiod i aas)r If iarqgelsagle crteigv
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4. 2ABgorithms

The simulations were carried out with®®t he pa
and LAMMPS (ver gPtosni 2@ 1t8H0eB 188adnoni GROMANES ens
is fast software with a more common iinput (
GROMACS does not all owlL Xphog eno b mbhil B atainodn Bafc
potenktdalsateracswenaeppdtiient ohmé¢e fited dde ucsreidb e
water and saimnbe EHaWwevee, force fiel?dtdevel oj
i nter atmd mir @ cnt icoavlesc iet elesasr Bhe# i nghawhiplog etnii e a
i nteractions bet ween calcite and wat elro wer
effectively combine the LJ and Buckingham p
force field propdswer eoyc Rrariiteed i owett @l . L AMMP
software all ows this.

The temperature was mayi mp & einregdht ea t NHHazo®B8e r K

ther md®wath a relaxation time offWh&0 ufse.d Tlhe
keep bonds and angles within the water mol ec
60 ns. The system was considered egabiibsate
and both energy and temperature of the syste
values. The Il ast 2 ns of the simulations wer

repeated twice to increase reliability.

(b)

| e

oooooooooooooo
--------------

(©) PRy ayayavavay

ooooooooooo
ooooooooooooooo
----------------

1 RER LR LR LN LR LR LNS
X

Fi gukleRepresentative simulation snapshots of
system (a) and (b) and top view of the cal ci

cyan; O = red; H = white; Na, K, Mg = yell ow
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4. 3Resul ts and Discussi on
4. 3Atomic Density Profiles

The atomic density distributions of oxygen :
as well as t ho'séKoant aMgnan CH{iNderent salt coc
were calculated as a function of the perpend
The top plane of calcium atoms wasThesedeawsl| t
SshowrFiignBien AppeinnddiixcaB e that the density pr
do not depend significantly on the cation an
de
at
br

sity profiles obtained at 2f Mr shiThei tcy.nc
mic density distribution of water oxygen
wn line), "moddPKabeéenobncENéasol iidnksl e olliide)gr
e) for systems wiamher2o0vM dNeadCd@mand 2 M KCI

The density profile for oxygen atoms shows t
the surface, with two distiinctréay@&Ensi bélr wi s

hydration | ayer contains approxi mahetihhye 15 %
seconadyeini ndicating that a | arge number of wa
surfd@dabe. results are in agreement with previ

interfacial ®%datserwedn caasl cwittehagxpefi e€hi ait WK

The first three peaks in the hydrogen atomic
i, respectively. Comparing the intensities a
peaks suggests that most water mol ecudfes in
the OH bonds either parallel to or pointing

oxygen pejaki atadcdmpanied by water hydTbigen
suggests some of the water molecules in the

t h®©iHr bonds pointing towards the calcite surf
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0.20 0.06
(@) o2 ——0 (2M NaCl) 0.08 (b) — 0 (@2 MKCl)
I H(2M NaCl) | 0.05 0.16 H (2 M KCI) r0.05
——Na+ K+
_ . o 004 o~ = Foo4
T o2 i < < 012 f cl- 3
= 003 g z f ooz T
€ oos i % 008 e
—tooz = L ooz <
0.04 L 001 0.04 \/\ﬁ_— 0.01
0.00 0 0.00 J[L/’\— = 0
0 0 2 4 6 8 10 12 14
Distance from surface (A) Distance from surface (A)
Fi gureétomic density profiles along the z di:
(a) water and salt i1 ons at 2 M NaCcCl (b) wat e
(i .e.., z = 0) -posidteifdam eaf btyhda hpel azne of t he t

cailtce sdhfeae®ee si mul ati ons were conducted usir

Xi ao ?toadlescribe calcite and they were cond

The *tan spirtoff Rl gd.2(eas)howspronounced piena kb eattw e3e. n

the first and second hydration | ayers. This
than the first, suggesting stiromgeandnt lee aw:
mol ecul es in the second | ayer thamhhiws tdouwlad
al so be due to the strong interactions betwe
hydration | ayer, making it more difficult foc

By compari*som, pirtioép nessl chseadchbyera peak at 3.
to theimonliar g@adnesad&orb 0. 2 sjurffarctehero mpraoc @
Ndg. Theanddpkaks are close to thEei guR@a)ce& as

(bh) whereapetdakhe &l e | ess dense and are found
5.1 j. These results, as highFigi#dea) f,& o(mb)s i
suggest that the i1 ons formramd'EDhs ohnt hke s 8i
| ayer "aoads Cin the diffuse | ayer. It i s worth

as the distance from the sygrfameobédc bmé & gvad
densityapeodhd enseefeldect i ng the uniform salt cc

water.
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z

Ly
Fi guwlBe&i mul ation snapshots il lustrating the
by aqueous NaCl (&))¢c)KClbnébpnacdl MMg€ke. Ca =
= red;yeNd cgr et =gMgen; CI = blue. Water mol e

are not shown f or Vvlihseu asliinsualtal toino npsu rweorsee sc.o n d
force field prop*dsed by Xiao et al

Thdensity profiles in ctahe syep®emédietiDe s2piM eMg
being thkd ommmalnl ¢ he st ud@i,s tchheasepdr cobfyd rlae wi odre rMgf

~ 5.3 from the surface, where it i s al mo:¢
density. This me&da'nsnmombi of at het Mgir strong
remain further from the surface, as a resu

addition, both tRegdéasdtyhersoifmluleasFiigunr snap
43( cs)hotwh Mty*tand i®Ins occupy the same | ayer. Th
monovalent 1ions have stronger interactions w
of i-symhear e compilaexdeisd ms alta wwheecal ot ee¥tace wh
i ons ads orsbp haesr eo uctoemp | e x e s . These results hi
bal ance between | esmnurifyadreatiinarerarcd iioonns i n det

di stribution-wadeda&nr t me eadlaciet. e

62



0.20 0.06

——0 (2 M MgCI2)
0.16 H (@M wmgciz) [ 0-09
—_ —Mg2+ - 0.04
< 012 o <
L 0.03 5
5 2
a 008 Z
- 0.02
0.04 L 0.01
0.00 VAN S— 0
0 2 4 6 8 10 12 14
Distance from surface (A)
Fi gudeAt omic density profiles along the z dir

water and saltzidhe attfZrdnMeCIl(i . eposi ti o)
of the plane of the top calcium atoms on t he
conducted using the forcé“tfoi edleds cprriobpeo sceadl chiyt

were conducted at 298 K.

The results discussed so far were obtained
afP4% o descrilFrée g@dédpaciotve des a comparison of

hydrogen density profiles obtained wKkéh t he
i's I mplemenTlar @ nssldiegandt. di f ference in the pr.
The first two hydration |l ayers in the system
proposed by?‘Rai tdeersicreitbealc.al cite are | ess den
3.25 i, respectively, from thencahei densulygt
for hydrogen atoms arje, artesyp aMhteth§ etldyed 3 .t Q0 %
parameters devel opéfdr &y a@Bhleinedeti naslt.ead of t

potential, the peaks of the first and seconi
3. 45 respectivel vy, and their intensity <chan
the LJ parameterisation does not fully repro

calcite as described by the Ppohiteertd ail s palopo

di fference in the directions of the OH bonds
Specifically, when th¥anh@hea Fbeikrtiploéd mRai ¢ er
t he resultthse swagtgeerstmol ecul es in the first hyd

away from the calcite pruddioantat ef t hecwat ensin
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in the second hydratiohowmyemri endtogtti oan , h ywdhri ol
project their hydr ogen at oms away frraym t he
refl ect3d?¥2dtny ydgptraovi de t he position of the h
the position of the absorbed | ayer of the o0x
uncertainty of both experiments and simul at.
us to dtecwhethar the forPtber ftihedtd ooff?*RXaiatoe reit
more reliable for predicting the structure
density profil e f(FRiogmBgbeont hA pfpogrncdewd iBeld slesr ve t h
force fRiaeterdfletadal to ajpedlser 0td the sul
approximately five times dens?fThtsacothdtber
to a strong difference in terms of electric

by concentrated brines.

020 [@ —0-Xiao 020 | (b) —H - Xiao
‘; t
0.16 '. ——O - Raiteri (Buckingham) 0.16 " ——H - Raiteri (Buckingham)
Hi 1
1
L P I 1 | O - Raiteri ( Fitted LJ) & ) - - -H - Raiteri (Fitted LJ)
1 0.12 s 0.12
S &
0.08
0.04
0.00
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Distance from surface (A) Distance from surface (A)

Fi gubeAt omi c densi ty pdriorfeiclteiso na, | ovnegr ttihcealz f r o
oxygen atoms (a) and hydrogen atoms (b) of w
These results were obtained from simulations
field devel op&*drbyRaxXitZ& hetetalp.l pl ane of <cal ci
the calcite surface was Ouhsee ds iansu ltahtei anesf eweernec
at 298 K.

4. 3PRanar Density Distributions

To relate the structure of i nterfacial wat e
surface density distributions of water oxyge
hydrati ovarcampuwsetdhi vy tpheanxe parallel to the
salt concentrations. I n the simulaticdh?%s conc

6 4



the positions of the hydration | ayers are 1id
profiles of oiygpguwthea mé& iogndd.ee nfhe fir st hydrat.
|l ocated at -~ 2.9 | from the surface; t he sec
Focl arity, only results for systems with no

shown. The resWlitgdéphewenhedpraferential dis

at oms, wlietfh nweel lareas of very high densities,
|l ayer s. The oxygen atoms in the first hydr :
orgsemi structure than those in the second hyc

more concentrated areas of high water densi
stronger interactions of water molecules wit
KCI lenads to a distortion in the arrangement
|l ayers. As highlighted by the circles in pan
pronounced in the second | ayer than in the
bet weeland*ikbons with water molecules in that
at odiemsi ty FogrgudfRlel e$h ¢ rfe sdenwcxdi emts Mg oduces
significant difference in the surface distr.i
density profFRilgewdes whwre hi 5 89§ pensst sacMgumul at e f
from the surfaceandbifpnasr.ed t o Na

Density

(11A3)

0.08
0.06
0.04
0.02
0.00

PQregQe Oy > vcaoqoaac (1IA3)

CROQPOROLO RO () COOg .9 ‘RwPOQ QO pepPOPVROO CROQPORODYD S 0.08

_ BEREREXELTETLATEY SRR EERTETREY e ©ewW POpO e cocopogdn Qg 0.06

QQQQQQDDQQ’)Q ( TrooeRS ‘wg o POPORDFOROG QQQQQ"DQQQQQ 0.04

CROQOROQO RO (| vOQOUROOT RO ApopoORe SeOoQg CROQPURSQO RO 0.02

CROQORORORO( AROQpgOeSQ ,~Oq epOoge 9O S CROPOROQeD O 0.00
VRO OoQgOR ([ QYo pOeDogaen (g Qw Qo VROV pgYw Oy

Figueesurface density distributions of water
(a)d)) and secdrfd)()phyadratien | ayers on cal
no salts (panels (a) and (e)), 2 M NacCl (pan
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(g)) and:2@2pa&n gLl (d) and (h)). Thesismgnutl lae¢ i o
force fiel d*“toof dXe sacor idbhee ackaollcoiutre .bar expresses
units3ofThle/ ibl ack circles highlight regions \

by the salt ions (see text for details).

| #i g4.7,e t he positions of the atoms on the to]
with the planar density distributions of oxy
first and second hydration | ayers (panels ( a
t heal cium atoms on the substrate provide ads:
first hydwhitcbni $agensi stent with the?26bseryv
in their study of aqueous biomolecules near
oxygen atoms seem to accumulate in regions ¢
the carbon atoms of t hBheanfbiogman &t i @msofi nwa tace
in the second hydration | ayer 1 satbargbtigpgt w
panel F(i@)drcef

(@) (b)

POPOPOTOTO R
°§§E§@:§§§:‘W yoyavuveveel
a?@f@%%? %)’{g 5? 9@"'5}‘3 @Qi’ @PB (1A%)

Q,%y&yﬁ;g Q @ @@@ a@a@& o
f.: Ay %Y@Q%Q YOTOTEPOTORE Mo

¥ &9 6@? f@ YSYOTOROTE VL §oo

0@ 0.00
y A A ot @s @@ 9@@6@0
:.:‘26%?‘@ % &QYQ ?6@@@ s@@mm

[

w B u L0y B (@, W B GUuOg LS s SLLO LD P USRS

(€  coffeiSelPofPefoiSofPotPotiofioliafiuidoPoide il
- X-X-X-X-X-X- - K- X-X-X- K- K- X-X-X- R

Fi gur7eSi mul ati on snapshots of the adsorption
first (a) and second (b) hydrati on | ayers

interactions between water in the second hy
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purpl e; O = red; C = cyan; H = white. These
force field prodp*dsed by Xiao et al

The positions of the first and secoFfidguraeyer
42,ar e2 .47 and 3.5 | from thd&iguBhoes taapedth
arrangement of t he hydrsegenc oamtpeams di swi lt éds & h
oxygen atoms, with the hydrogen atoms in the
pl anar distribution than those in the first

is greater distortiomsofhitghhée igpharar bgi atrreialst
hydrogen at oms. KCI clearly causes greater

mol ecul es than NaCl, as observed by the incr
and hydrogen atoms, whok&heigatcibossstejbdr tvé td h
according to whoésmt Kucsumerbrefkardo th%an Na.

we observe I|little difference in the surface
atoms compared to when no ions are present
vertical densi tFi gpddod i | es shown in

e 3 ) \ 7% . g wsay  Density
(©) S5 \Wan N WP T ey W (1A%
{,.‘\ oS W ohh (f\'p’r] * o \ 0.08
RS S R NeR Y eys Y 5 4 \ 0.06
S5 Wy NESI ) NC D NC e W (Wi NC R 4 S SSNER 004
DONARST FROVEARENESRSE RO 5 ARl 0.0
fRSNE 2N RoN 4 o 0.00
AR A G :

Density

(11A3)
0.08

0.06
+0.04
0.02
0.00

V3 Pang0Qaq
bpagogageqes

Fi guB8&urface density distributions of water
(a)(d)) and secdfd))phyelraatien | ayers on cal «
salts (panels (a) and (e)), 2 M NacCl (panel s
and 2 M(Mggéls (d) and (h)). Thessngwut heéei bas
field propose’dt byd&XsapoiTehte achdlcdaure.bar expres
in the umnits of 1/
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The segiarbiettyween the plkanmatsdensitthy distributioc
two force fields awpbi eadl.calltmbdHdulcdallxe treot ¢
Raiterff entcelfield yields first and second h
i, respectively whereas the first of two | ay
i's | ocated at ~ 2.75 j and 3.35 j(Fifgwfnet he s
posivalvees correspond to the positions where
afPipredicts higher densi ti‘édvhitllean htehatppofsi Ra&i

negative values. I n gener a%P,e atdlse tfoo rdd € ffeirelnd
of water on the first and second | ayers, alt
di stri bRitg49sh owf t hat, in most of the interfa

predicted by the two force fields are very s

To compl ement these pl anari gdBeBneshiet ys uprrfoafciel edse r
di stributions of oxygen and hydrogen at oms
water and 2 M NaCl systems when cat4diotrecei s r
fiare preBleentfeadcubBei seoand hydr at hsesinmd laayteiro ro
results suggest that the ions accumul ate in
presence of 2 M NacCcCl i ons has a more profour
force field propdébed byl Raeneed, easadbbserved
compared to the Fegubepamdlt afi nedwh énf otrhcee Xi a
field is used. This is probhbtge bbcaludept b
substantially | ar gieaon sa cnceuanru lcaatlicoint eo fc 8ddp ar e d
force fFkied BR)E.see
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(@) % a% &« > n *« & uf Density '(b) : ek * 1 Density
Fadgayiq€at g ™ : oo Mg
| 3 0.15 - N . ® . 0.15
FesMa¥®s ¥a > - 0.10 TR ) 0.10
§ 28NS s 0% § 20 R Ry e o0
s Y w % - . 005 X e - -0.05
) o a™a - 0.10 0.10
"~ Ta s 3 0.15 e ot R e -0.15
- - 2(; - ‘4(; : 20 40
X(A) X(A)
40 > = 40-
(c) 3 . Density (d) | e O ’ o b | pensity
e S : (1/A3) (1/A3)
< 3 0.15 ! e LI 0.15
: 0.10 L* 4 s LYo s 0.10
-0.05 L - 5 L 0.05
f 0.10 R sdad g . 0.10
. . -0.15 o -0.15
20 46 ‘ 26 : 4(;
X(A) X(A)
Fi gud9eDi f ference in surface density distribet
i mpl ementing tXeé afoo’é&eciRa&i Bbrob ydeets carli.be t he
calcite interactions. The results are shown

hydrogen (panels (c) and (d)) atoms in the f

(b) and (d)) hhedraoionr | bgerexpresseds densit
4. 3R38di al Di stribution Functions

The radial di stribution function (RDF) I's u
wat erkFi glunlédt hepliamane @oxygem and-hhgdoggenRDFs
within the firstanevor éapyalnhtaed drcers ull dyserag e comp
obtained for water molecules found at distan
of calcium atoms on the surface, which were
for the present study.td®hbel atmetaresol tbioae
previous studies &t?®@ambient conditions.

The RDFsults within the first t wo hydration
structur e, which is attributed to the inter
|l ayers and calcite. Ther-exygem RDRalflorpew&t &
second hydration | ayejr, awhirahliiad idn stthen cea me
first peak observed for bul k water. Il n cont
hydration | ayer is cl oseculoes$s ijn tshiggelsdy erg
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enough to form hydrogen bonds. The distance
RDFs <corresponds approximately -d®ndihtey darsd a
observed in the planar density dRisguéduti on
Al 't hough calcite clearly perturbs the water

t hrees ulftiggBAien AppesnudgigesB t hat the radial der

not depend strongly on the force field i mple
on the cation types or on the overal/l salt c
the i1 ons simulrtwerdbssttrimenghydmpatiaommd* dalyyer s,
di storting, to a small extent, the second hy

(a) (b)

20 —— 1st Layer 1.5
16 --=-2nd Layer - - -2nd Layer
: ——Bulk ‘

1st Layer

1.2 1 o

(n

~ N - -
1

G (N)

808

)

04

0.0 0.0

r (A) r(A)

Fi gu4ale0OOxyg@mnygen (a) aiHg d Hygemowgdéib) radi al
functions for water molecules in the first a
bul k (>13 j) for systems with 2 M NaCl. Thes
force fied dbyrXipdblso edesadr.i be calcite. The si
was 298 K. Similar results w¥®ferckt di eé¢d whs
to descr-cakecwbaéeernteractions.

Th&DFs f oaxyigoenns at oms of water (OWy di at it dire
|l ayers, as wedrl e arse pknir gtdnicee ibfuhlek r esul t s cl ear |
the interactions bBbebwsennwaher saodnbdlahydrati
| i K%é%8Conversely, the RDF is highly distort.

presumably because the proximity to the calc

as well as its ability to inter a'atndwiotxhy goetnh e
atoms in the second hydeat whrerleagert h'@arr&kDiFg| |
Mgd*and water in the second hydration | ayer ar

hydrati dmel ppwysinti ons of the peaks in the RD
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agree with previ2bdf¥"1Thles ey @b uwlok)s. RDF i s al
agreement with ?f7¢Vh e uso Isuvt aitdii &tsss hélel tofghMeg s
shown by the sharp peak at ~ 2.06 |, because
the smallest ionic -OWdan®OWKdahe apateakeupond &b 2

2.81 respectively. As the i orhiec preaadkisus no ft hteh

are found at | arger distances and are small e
are bound more strongly to wdtgmBbdppenmlde x t
B)t her& s$lIsi ght di fference 1in the radial di st

i mpl ementation of the twocdlogictee fiiretl @drsadtoi a@re

8 6
@ ——Na-OW (1st Layer) (b) —K-OW (1st Layer)
= 6 =
= | e Na-OW (2nd Layer) e I | K-OW (2nd Layer)
& &
= X
g ¢ ——Na-OW (Bulk) o ——K-OW (Bulk)
2
2
AN
0 0
0 2 4 6 8 10 12 14 0
r(A)
14
12 | @
= — Mg-OW (Bulk)
= 8
F
=]
4
2 k
0 <

r(A)

Fi gwurld Radi al di stribution functions( a)e,t wee
K'(b), dMd)Mgons in the first and second hyd
systems with 2 sMmsdhtsondhwseee conducted u
proposed by*tXd ade sear iathel d dlegyi tweere conducted

From the RDFs, t he cobirodnsn aitn otnh en ufmbresst otf woN a
as well aswenettboelbywllidtteedgr ati ng the first [
R D F2$:7
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e T 1 Qi Qi

(4.2)

whefies the average density, r is the radial

radial distance in the first peak of the RDF

Theoordination nunobneri noft hoen ef iNas t and second
in bul &r wapee sTearbtdded whi ch i s consi st?a% wit h

The coordinati*‘orducmlserslaofghNdy as the NaCl c
The higher hydration number in the first | a\)
of water molecules in this lapwper whdnt bempan
the second hydration | ayer.

Tab#ErCoordination*nmmblee bDiIfr N sol vation she
and second hydration |l ayers andi 3buMkN4gGI1,3

conducted using the forcé“tfoi edleds cprriobpeo scead chiyt

NaCl 1st L 2nd La Bul k
Mol ar |

M

M 6.5 7

M .7 5

The results provided in Table 4.2 show that K* ions have the largest hydration number
while Mg?* has the smallest, which is consistent with other simulations.267:268272 The
force field by Raiteri et al.?*® yields smaller hydration shells around Na* compared to
the outcome determined from Xiao et al.?** This could be due to the very dense layer

of Na* observed in Figure B.2.
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Tab#dz2 Coordination number of <cations in the
first and second hydration | ayers and bul k
conducted using the force?%aredRai tperrdipoestedalb.y

describe calcite.

1st Le2nd L a Bul k

N & 6.5 4 . 7 5.7
K* 6. 7 3.9 6.9
Mg * - - 5.6
N & 4. 2 2.9 5.7
(Rai te
4. 3Mdl ecul ar Orientation
The orientation of interfacial water dmol ecul

bet ween the water dipole moment and the vect
of OA and 180A correspond to OH bonds point.i
reeptively. When the angle is 90A, one of t
projected away from the surface while the o
Figudi@ané&i gul8q@resent the probabid)fltoy dviadterri |
mol ecules in the first and second hydration
obtained for bulk water. Although Mhsaletfd,ecar
results fom sgssamsswand 2 M salts are prese

The resul ts for bul k water show a uni form

mol ecules in the first two hydration | ayers
When no salt is present, the results obtaine
the solid substrate are similar, although so

fibdlydXi av*test uasled, a pronoudicesuhPgaskt sethecws
mol ecules in the first hydration | ayer have
bet ween their di poles and the vector nor mal
bonds pointinguawayefrom tihes | ayer, oxygen
ions of calcite while hydrogen atoms from h)
second hydration | ayer. “Theffiencetliplebdi by R
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hi gher percentage of water in the fi®8A hydr

to the surface nor mal . These results diffei
interface with othkempbtebsAragyeedi dvedalt.hat
mol ecul es near silica surface point TBlene of
addition of RaQluUurl@nd nKCleabes the probabildi
di poles at ~ 10A to the vector nor mal to th
probability of water molecules mad9aAatai hpet
vector normal to the surface.

I n contrast, for both force fields, the prob

in the second hydr ascsd olmy | aywirders mgdak aatt eangl

to ~i120A. At | east one OH bond of water in

surface to form hydrogen bonds with rwadter it
with the carbonate ions of <calXiiatoe . #ttFlo&l .t,he
addition of NacCl and KCI ions |l eads to a shi
a slightly smaller angle. The i mpl e@8édrermati on

et 288i.el ds more water molecules having their

surface as 2 M NaCl is added to the system.

within the two hydration | ayers suggests ca

i nteraffaovat er especially within the first hyc
0.04 | e Pure water (1st Layer) - Xiao

‘ —— Pure water (1st Layer) - Raiteri

0.03 —— Pure water (1st Layer) - Raiteri (LJ)

2 M NaCl (1st Layer) - Xiao

0.02
2 M NaCl (1st Layer) - Raiteri (LJ)

Probability

Pure water (2nd Layer) - Xiao

0.01

— — —Pure water (2nd Layer) - Raiteri

Pure water (2nd Layer) - Raiteri (LJ)

——2 M NaCl (2nd Layer) - Xiao

- = =2 M NaCl (2nd Layer) - Raiteri (LJ)

Figunle Orientation of water mol ecules displa

cosine of the angle for systems with no salt
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the force field dé%elRapé¢ &rabnyde XS haedr teett mald e |

calcite. The simulated temperature was 298 K
0.04
--------- Pure water (1st Layer)
0.03 2 M NaCl (1st Layer)
——2 M KCI (1st Layer)
0.02

2 M MgCI2 (1st Layer)

Probability

Pure water (2nd Layer)

0.01
——2 M NaCl (2nd Layer)

----- 2 M KCI (2nd Layer)

2 M MgCI2 (2nd Layer)

cos(0)

Bulk

Fi gunl&80rientation of water molecules display
cosine of the angle for systems with mpo salt
simulated with the force #%%ed dmoddeevie!l omledi tbe
simul ated temp&rature was 298

4. 3Hgdrogen Bond Networ k

To further evaluate the effects of tslmdts o
hydrogen bond densimoy egmud feisl eass fao rf umeattearon o
perpendicular to the calcite swefacepmptut ed

Foll owing the geometri%itvatieremiobecdeéfeisneerlkey

hydrogen bonded i f athlye rdigetnamde mbetnweosanre wat e
t he oxygen atom in another wat er mol ecul e
correspondent HT OLLLO angle was | ess than 3

density Fprgosdid ,est e position of a hydrogen
di stance between the positions of the oxyge
bond.

There are three pronoumngcdeddd ple vk s heai deduct nc
hydrogen bond densities as the concentration
di scussed d&haogwde(®Uuggest that interfacial wa
|l ayers, with the first two being wel/l pronou

75



The hydrogen bondikdgeldidtagepmot ol edsnfirm the
of four hydration | ayeris .sulgmg efsacst ,hytdhreo gfeinr sbto
bet ween water molecules in the first and se

mol ecul es within the seconpdeahky dirnattihoen h yadyreorg

density profiles, sfoukel gt r@pPesentative of
water molecules in the second and third hydr
6.3 | indicates hydrogen bomddrlaet waemen atylee st
third and fourth hydration | ayers not well f
bond density profile is less intense than t
greater than ~ 10 |, t he hydrogmes bwmidf odean

representative of bul k water.

o1 (a) — Pure water 4 | (b)
——1 M NaCl & 35
]
~00m e 2 M NaCl s 3
< 006 ——3 M NaCl o 25 Pure water
z e 2 2 M NaCl
S04 | (| ST @ 15
E —2MEKCl
0.02 .
05 2 M MgCI2
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
z(A) z (A)

Fi guale4dDensity profwalteesr ohfy dwatgem bonds al on
perpendicular to the surface T1BoM &p@indrha) wi
number of hydrogen bonds per water mol ecul e
from the surface for systems with puwftk) water
The reference (i .e. ,pasi=tiOdnicf dtelie npldameg a@th
the calcite surface. These simulations were
by Xi a®*tet dalscri be calcite and at 298 K.

The number of hydrogen bonds (HBs) per water
(z) perpendicul ar wer ¢ healcaulcated stuo f aompar
cations and the force field I mplemented to
net worTkhe réesgl44digb)nrom the I mplementation
Xiao 6haw. t he number of hydrogen bonds per

second hydration | ayers do not wvary signific

76



in comparisonThev etrhaeg eb un tkkmber of hydrogen
mol ecules in the first twardydrasiaobded aypr s
While there is a reduction in the number of

second hydration | ayeosstipdms thedadeai thennuoi

|l esser extent due to most of the ions being
i Fi g4hde I n bul k water, there are approxi mate
mol ecule in the pure water syst@mMThiconsalster
reduces to ~ 3.04, 3.01 andNagh.d7°8Mgirre spyesttd mse
Al t hough similar trendsesrenobthreomgtihe glear d® nf
Raiter?*tberalare | ower number of hydrogen bo
first and second hydration | ayers, for pure

with the force fiel d?%srhoopw snegd ab yd eRasieb @l saiy eet

cl oser to the surface.

TabWh& Number of hydrogen bonds per water mo |
hydration | ayer s, and bul k, for systems witdt
MgGl These simulations wer e cpornodpuocsteedd buys i Xiga

afPi%%nBaiterrft etdabcribe calcite and at 298 K

Pure 2 M 2 M 2 M Pure wi 2 M Ne¢
wate NaC KCI MgGl (Raitei(Raite

1st L 1.711.4 1.3 1.5 1.61 0.99
2nd 3.012.6 2.5 2.7 2.83 2.39
Laye

Bul k 3.5

€0
w
o
w
o
N
~

3.53 3.01

To achieve a better underwdtaeardi wmigt boft Hehecalnd
hydr ogen bonds bet ween hydr ogen at oms i n v
carbonat esweofe cgaulasrititiefwii endy fWo Tl Hahbeldes hotvbal .

mo s t water mol ecul es do not form hydrogen
considered here and that the number of hydr
hydration | ayer than the first, which is con
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|l ayers. The presence of ions reduces the num
having the biggest iIimpact in the first hydre
bonds in the second |l ayer. I n the i mplreement a
et 24t arbonates form more hydrogen bonds with

but | ess with water in the second | ayer.

Tab44e Number of hydrogenxylmemdsatfoonsmed wiutrh ac
groups, per water in the first and second hy
2 M NacCl, 2 M KClI Tapde2sMmMy@&@Lti ons were cond
field proposefi‘ahRaXt acfeetdbbcecribe calcite a

Pure2z M 2 M 2 M Pure wa2 M Na
wat eNaCl KCI MgGl (Raiter (Raite
1st La~ 0.1 0.1 0.1 0.1 0. 20 0.16
2nd La 0.6 0.6 0.6 0.6 0.57 0.52

4. 3R6si dence Ti mes

Residence autocormwett)atfon waneti omo$ e€ul es h

describe the dynamical pr2dp’édCrt i es quwd ntiinftieers
average time water mol ecul epsarrte ncauil narc chnytdir mau a
CR(t) for a given molecule starts at 1 if th
remains at 1 as |l ong as the molecule stays i
the molecule | eaves the hydration | ayer. T

edewhér3gl

Theal cul ations suggest water molecules occup

water molecules in the second hydration | aye
water molecules in the first hydratiamctl, ayer
mo s t wat er mol ecules did not | etalvaen atl hyes i si. r

Therefomrs,j dehee time decays for water mol ec
| ayer are investigated in detail to tryeppeal t
and the force field aphkpilgwidBan®h g 4id érseuvietasl s h

complex trends perhaps represented by 2 ti me
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Withfohee field propgbstedt ibme Xilamstt mdn ,~ 14

decayr(df) €ncreases with NaCcCl conceminrsdtaind n
as the NacCl concentration increases pPse,3 M.
we observe(ts) odvecayY with increasing NaCl con
consistent with those reported in the I|iter

aqueous Li CPOANMmItyldeh=ee wIiik t s suggests that t he

the corresponding residence autocorrelation

exponential decay equatf®ns by | east squares
66 0Q 00Q
(4.2)
wheteandiare decay conmnshadnaAse amaf fA cients, w

arbitrarily set tthoe Ot.wo adsescuanyiinngg tfhuantct i ons h

the -aatpel ation functi on.

The values of the fitted Ttaibh®® constants are

0.9 —Pure water
0.8
—1 M NaCl
0.7
_. 06 —2 M NaCl
5
o 05
© . \ 3 M NaCl
0.3
0.2
0.1
0 —
0 50 100 150 200
Time (ps)

Fi gunédResi dence autocorgealattioonoxymemni an ® mG
hydration | ayer on the calcite surface. Re s
andi31 M NacCl . ReBuhdtsedvereom simul ations coni¢
field proposetit dydeXd aroi ké @dl.cite. The si mul
298 K.
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Theffects of cations and that of ohhk(€& )f oarcee f

anal ysaeaddiltr8 The dynamics of water in 2 M Na:
For 2 M MgClall times considered, the dynami
|l ayer is slower than that *famd?* Kuitgei ewatse rt.h eC

sl owest dynamics ~athSt.i neoswelveesrs, talfarer 4 hi s t |
shows the fastrétfdordywmanircsi.n @ he sysdfims whe
force field was i mplemented show similar tre
NaCl concentration, imsadweéwe rf aistt eirs caltZafla.a thearn
through the wlkolhei demefiramé i s worth noting
original paramete’prbdomeRwateri wethabkl ower
the i mplementation d&fhelnJ &fffahasdeep enasntfiraalm de
constants fosatédesepwlsminien di fferences in
times as predicted by the two force fields
two force fields yields more realistic res.!

experimental data are not availabl e.

TabWUB Ti me constampeanéwomtri ali fi-t for the res
functionaof30OwatracCl , 2M KCi drhe ZMmMEL i on:
conducted. at 298 K

Sal t Ups) Ups)
Concentr

Pur e Wa 14.5 28. 9
1 M Na 12. 4 35. 6
2 NacCl 11. 1 42.2
3 M Na 9. 8 46.9
2 M KC 11. 1 42.5
2 M Mg( 15.6 34. 1
Pur e Wa 6.5 12.1
(Rai ter

2 M Na 4.6 22 . 4
(Rai ter
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0.9 —— Pure water - Xiao

0.8 ! —2 M NaCl - Xiao

07 | ——2 M KCI - Xiao

0.8 —2 M MgCI2 -Xiao

0.5 Pure water - Raiteri

CR(t)

04 | 0
' - - -Pure water - Raiteri (LJ)
0.3

2 M NaCl - Raiteri (LJ)
0.2

0.1

0 50 100 150 200
Time (ps)

FigunéResi dence autocorgellatxyogenfamams oinrs tCh e
hydration | ayer on calcite. Results obtained
M KCI and 22r B bMg@Gbared. Solid |Iines represe
conducted using the forcé*tiasehledd plrionpeoss erde porye
results from the i mpl emeRnatiateird il leaef stima |l fad i ©
were conducted at 298 K.

4. 4Concl usi ons

Mol ecul ar dynamics simulations were conduct €

the interactions between Tchaaltcanmiec adnedn siintye rpf
surface density distributions, radi al di str
and orientation of i nwerd adetnér maned tmol ecd
structur al prope3r tM eNsa @If, wa tM rKLIOMd ea nddy i2a nM cvVigl
properties of water were quantified in terms
Twéd orce fields used to model calcite were co
the calcite surface. The results confirmed t
the solid substrate. The addition of cel ectro
density distributions, hydrogen bond networ |
hydration | ayer being affected more by the
|l ayer. This could be due to the strong inte]
make it more difficult for sallhes dfof ecetrst uafb
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cations depend | argel Yywmnt itrhees salzes oifn tthlee crace
of water wmeorbebecelwlridcahggwant i f i eedx pmrtehn tai ali moc

The hydration | ayers obtained from the i mple
Raiter’faee¢ @aloser to the surface, with sligl
significant difference in the two force fiel

force field proyéseddbyngXishaowetr alynamhes of

results presented here will provide a datase
studi es, towards the understanding of funda
scale applications such as enhanced oi l reco
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CHAPTERKOGEBEOLUBILITY I N AQUEOUS ELE
SOLUTI ONS CONEANEDTENNANOPORES

Geol odfiQcsaelquestration in deep saline aquifert
successful mitigation of Sgverealhoaseredigtaiso nesmi
solubil ciypy wht €10, i ncluding temperatfhree, pr

solib ty trapping capacity sdfapdelrcibtyetdnest eir mM «
sol ubi laitny waft e€ O c esmhfaipreedd cian Tcéi Biee fpfoacetss of Na
MgGare also studied. Ads onpdrafo@ar eenpep tgoyt ctal ec
resullhtes .materi al presented in this chapter w
pagég3id341 of The Journal of Physical Chemi

5.1l ntroducti on

Di ssol ut piom odl iCOe aquweedeas oseretoghe viabl

subsurface storage of I[Thregefduantintciyesofofdi G«

on several conditions such as tempe&é@tur e,
Salts can inducet eont-healtcibkgi 8gin relation |
increase, respectively, in the gas solubilit
and charge, are generally attri buweteveetho itomes
and water i n comparison to the gases and v

reported that salts geneirnalhbuwl kr ewdautceer ,s owiutbhi |
having stronger effedi?8° than monovalent ions

Ho and?°tisgeéen MD si mul ations to provide a dif"
of eéhect reoflfyetcet'ss on t hei modulbul ktygoloditiCoOn. T
the free energy of dissolution (hydration el

form a cavity to accommodate the gas mol ecul

Cand the solvent. Although increasing sali|
energies bexatnwde ethheCOaqueous solutions, they f
cavities is the main 2wdchandiussm omantlirnolplairntg c

the concentration of salts reduces the prob:
salting out). They also reported that t he 1
solutions containing nmontolvah ennh 1 bose weoert a

ions, alluding to stropngrd dint@lrarct iiomrss bet w
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It is also known that confi n®dhenmplaofyfeedctMD s
simulations to study the methane solubility
magnesium oxide ( MgO) nanopores. They found
which was related to the higher probwhteérty
Ho ei°ta&lportedlaubaerd iNyy a@rfdiCOHwat er conrsf,i ned i
MCM 1, andOMlInhanopor es, compared to the bull
extent of increase in solubility to the strc
as to the polarizability ohanihemsgalseadi nOg hte
solubility 1 n syadseorsbemt hi wtearka gtaisons are t
(sol ute) in regions of | ow solvent de-nsitie
l iquid solvent i nterface off opmardt itaol |ayf ffeicltl el
energy of solvati cdddbbdDenzved€Camposnkanaeément i
of methane in water confined in graphene por
is very sensitive to the wettabi3°®%%l soof t h
reported an incr eas282i nArt haen dshol durboiplhiotbyi co fc ohG

PerTda t us?°&txpalri mentally observed theziinncrea
CHGJ| @Cidnexane, et hanol , and oaatuemri nvah ens idadrcfa
MCMA1l. I n contr a¢td owBmd mosatetcaoardf.i nement red
of hydrogenSy)ul phwdeefHconfined in silica na
out that i n many mol ec wl a3 asnidmud tahte ro ns psetcuide s
all owed to protonate upon dissolution in wat
all owed to respond to sypsbéemnpHi ovnaopr ohenat

which constitute approxi matei omisghnece®msw@atriyn gk

required to account for such physical phenoi

validity of t hesne bap parsocsxeisnsaetdi obnys ccoampar i ng s

experiments. For?°depompted,Libreugdl Monte Car
e

t h predixstoilaurbidfi tgO i n water is within reaso
data. The deviations wer e-tleirmkaed ttead aacd d wrna @)a
Mor eover, t he ca@caenndt roatthieorn sopfecH es are at I
magnitude smaller thaaon aceret® ?8itGisail kveetdd®2Cex  a l
document ed, via simulations and experd ment s,
and noble gases ( Ne, Ar and -ldont monr iwa toenri t @«
nanopores. Similar observat i®bins tweeaier netpwd yt e
in wat emonitnmoNa | |l onite cl3 %t uditedl|l agersol wbi l
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in water confined in kaobumd#el nminloiptoyr eisn amyd
pores awsodolabelrity in hydrophobic pores. On
water adsorbs strongly on the pore surlfnaces
hydrophobi c poarneds ,wabtoetrh cGh adsor b. This obs
with observations repot’taed ovydi hegn neog nwehfi drh@ yCoC
a nwetting droplet on the hydrophednd20B8urfac
interact directly with the hyd¥béphobi ¢chatr C&

is generadllyblmerien water confined in silica
decreases as the concentration of NacCl and s
Despite the importance of depleted hydrocar
bearing formations, a possible target for ge
been only a I imited number of studies on the

téhse porous materials. Tochfapdakept oiresknbowl € dd
of monovalent and divaldjeandsapbre (WNAdCh andth
CQin water confined in calcite. tNee @mnldatMigo s ¢
resudint Chaptggesdtit that they accumul ate prefer
wi t h respect to the hTyhder ait mtde rcparlectiattei o u roffa
experi ment al and mol ecul ar dynamics simul ati
t hat Na Cl i's a O0str uctiwr ec omrsed adkeered@, awhadslter u
suggesting perhaps d¢sbieabehnti tgfi @B PnneED
The results are CQesmparmhed ity bwl kqueous el ec
well as to | it eaxsaotlwrbe lrietsyulitns wactrerCQ@ onf i ned

5.2Si mul ati oman MoMetilsodol ogy

5.2Canfined Systems

The <calcite sl ab, with thickness 1. 366 nm,
terminated at 2%thre tlhOils—-4mopdealn,e.cal ci um and ca
rigid, while the oxygen atoms were all owed t
simulation box i n an eYripenatnaet,i omi tpharXalalnedl Yt o
the surface?9.Thle4 cxalxinnmn pore was obtained |
at distances correspolmdi ndg sttoa ntclee bped rwe ewmi d tht
calcium atoms in the bottom slab and the bo

sl ab was defined Tahse tzhedipmernes i windt ho.f t he si
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4. 732, 5.232, 5.532 and 5.732 nm for pores

respectivel y. Note that the pore is in coni
direction, whil e it is infinite (because of
directifrba initial configuration of the conf
enough water molecules and salt i1 ons in the
fill 1t, with thin water fkFign8Sieat200H e cair tersan
were then placed in the bulk region, to ad
progresses. At e2qmoil leicturl iessm,i nt teheC@®or e i ndi c
water . The compositions of all Ttalbdkdhet ems

simulations were performed under periodic bo

However, the calcite slab was finite along t
el ongated to 21 nm, to all ow f or utnhceo nsflianbe,d
as il luBtgated in

The Peng-Robinson equation of state (EOS) was applied to estimate the bulk pressure
of the system from the density of CO2 outside the pore once equilibrium conditions
were achieved. Note that the EOS wathesappliec
systems, hence it is believed to yield reasonable results. Moreover, the
Peng-Robinson EOS and EPM2 force field both predict the thermodynamic properties
of COz2 in good agreement with experimental values.3'° Therefore, the EOS was used
as a fast method for estimating the pressure, to avoid conducting additional
simulations. The calculated pressures of each system are presented in Table 5.2.
These values should be considered as estimates for the bulk phase pressure in
equilibrium with the pore pressure. Because the generally accepted target depth for
geological CO2 sequestration is set at ~ 800 m, the temperature and pressure
conditions considered in this work are chosen to represent depths of about 1000
meters in saline aquifers.3'! To relate the pressure shown in Table 5.2 to CO:2
sequestration protocols, it might be beneficial to recall that the experimental bulk
critical pressure and critical temperature for CO2 are 7.38 MPa and 304.21 K,
respectively.31? The model implemented here to simulate CO2 yields critical pressure

and critical temperature of 7.39 MPa and 304.04 K, respectively.313
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Fi guwrleRepresentative

Ssimul at i

on snapshots

of

water and NaiCdnsor wdgiGilsiCdoe t he pores
purpl e; C cyan; O red,; = white; M
are shown n bl ue.
Tabb®&Composition of the systems wused equ
configuratiFomg bdloWwWmese si mul ati ons cond
K.
Salinity Pore width Number of molecules
(nm) H20 CO2 Salt ions
0 2 3400 1600 -
0 2.5 4400 1800 -
0 2.8 4760 1800 -
0 3 5000 2000 -
1.5 M NaCl 3 5000 2000 136
1.5 M MgCl2 3 5000 2000 136

Tabb2BulPk essures for all systems simulated a

Salinity Pore width (nm) Pressure (MPa)
303 K 323K
0 2.5 7.25+0.01 10.43 +0.01
0 2.8 7.22+£0.01 10.09 + 0.02
0 3 7.25+0.01 10.5+0.3
1.5 M NacCl 3 7.25+0.01 10.8+0.1
1.5 M MgCl2 3 7.24 £ 0.01 10.7 £ 0.15
0 Bulk 6.84 + 0.02 8.15+0.15
1.5 M NacCl Bulk 6.92 + 0.01 8.44 + 0.04
1.5 M MgCl2 Bulk 6.94 + 0.04 8.6 + 0.25
To analyse structur al and transport propert

pores,

t he

pore was

rendered

infinite

re



from the final configuration of the system
boundary conditions in all|l directions. For t
the simulation system were equal to those of

systpmesenfTae3a efl ect the composition of the

Tabb®Composition of confined calcite systems

Salinity Pore Number of molecules
width 303 K 323 K
(nm) H20 CO2 Salt H20 CO2 Salt ions
ions
0 2.5 3466 4 - 3453 3 -
0 2.8 3790 13 - 3784 11 -
0 3 4013 23 - 4013 23 -
1.5 M NaCl 3 3929 21 106 3892 16 105
1.5 M MgCl2 3 3792 22 103 3761 21 102

5.2P8eudo Bul k Systems

To compare thezsolabnfibgdofl €iOds t o that pt
water mowesrcaul milsmcad?2 x3sd mulatnmn box. 14 sa
added to achieve the concentration of 1.5
simul ationmpl 200! €O were placed on either s
increase the | engtdh roefcttilben s Foa gl®R)aen ntThhee eyd u |l k
pressure was esti mRobdnswon hEOde &Pemilgi ed to
(dendgietmp,er atnulr ecomposi ti on) of the pseudo b
structur al and dynanm amad watogrer i iaestihteif om@O k
si mul awteirens ondudtheed abse@@ientoédr wWwaces. The col
of t hese bul k | T qui dTadbul aas omet esmowead i h
equilibrated systemsolsddltiodyestni mat &. CO
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(@)

(b)

L.

Fi gubrze( a) I ni tial and (b) finalul ko mrsfyisg uermest.i o
cyan; O = red; H = white; Na, Mg = yellow,; C
bl ue.

Tabb4eComposott i ®ihmul ated bul k systems.

303 K

H20 CO2 Salt H20 CO2 Salt
ions ions
0 2112 38 - 2112 35 -
1.5 M NaCl 2041 19 55 2029 16 55
1.5 M MgCl2 1939 17 53 1920 16 52

5. 2F8rce fields

Theal suréace wasisdiegctihleedorce fiel?dThevel op
ri ggiidmpl e point cBRCHEQA Rkt é€Herdt I{aht¥ (0o @)e

fields were used to describé&l evattreo niacn dCoNatG
Correction (ECC) forcefiel™daddewébopddwénpe |
used to descrTihbies MgoQlcefi el d i mproves signif
structure of t he mul tival ent i ons i n el ect
appr oa’éhdélst should be noted that these for

consistently with the SPC/E model of water.
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For 2CO he EPM2 model with bond stretcHi4ng anc
was ulsmdcomparison to rigid models, includin
of the interfacial and thermodyhnam viprapeiot
spectr a2?@ftCy@g@n 2'tf oalnd tG8@watédre radial di st
functions from simulations are consistent W
flexibility allows CQodri flheatsti em mgroedifctci@emt sf

compared withlexperi ments

| b hsei mul ations, foll owing conventional ©proto:
were model | €d Lenhahesl1?2L])) potential and the
respecftheelly.parameters for unlike atomic in:
Lor eBeérzt hel ot 2mirkRengfuft udiest ance for all inte
was set;tboabnBge el ectrostatic interactions WwWEe
mesh Ewald (PRMME) met hod

5. 2Approxi mations

It should be noted that the atomistic model s
t o di ssoci ate nor p rzodtocensat eot Thieekd orca,r b€

bi carbonate when dissolved in water, and the
simulations. The fact that aagruee osulsi gshotlluyt inoonrs
than those containing NacCl, whose pH is 7, i
mi ner al surface is not all owed to react wit

mai nt aelnewl tbhhe saturation bsalitsopofasheedNac€sé a
the possibility of thei & oranatdidths®iodercead bonat

5. 2Abgorithms

The simulations wer@RQ@MACS c(t ear Skif Upria ciklak. e4 )i n
the canoni cal. NWVHe ethnsrmapndrl &t ure of each syste
K or 323 K u-BoaogehtehrentoRSwwsa®th a rel axatiThbhbeae ti me
SETTLE aPYbwas tuhsted to keep bonds and angl es
fixed. The confined systems were equilibrate
the results. Subsequentl| vy, production runs
density prothiéesi oftmel egenemti dhei €Ot he por
around constant values and both energy and

within 10% of their average values, conf i r mi
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analysis, the pore was rendered infinite an:i
used for data anallylkiand Thel pseywstoems were e

foll owed by a production run of 4 ns.

5. 3Results and Discussion

5. 3ALtomic Density Profiles

The atomic density profiles for oxygen at oms
of 2@@), acnedn ttfheet he sphe* i gl)Cliwerse (cNamput ed
the z direction, per pendicceunlbafre tthoe tphoer ec aclocrirte
to the point z = 0.

The OW and C atomic density distarbupressnive

i Fi gbB8Ealhe density profile for water does n
temperatures consydenedpstibwbe!| arity. The r e
the formation of four hydration | ayers on ¢
di stances corresponding to 2.35 | and 3.25 j

of these peaks show that aullear gaec cruumald eart eo fn e
calcite surface. Il n comparison, the C densi
charasedeby a singl e, |l ess pronounced peak at
is in between theathiomd | aryckrfsaurAtsh ahya@sult o
bet ween the calcitecanmfoac eadamd bwathegr ,cl @B er
Compared to the deatsi 33 pKoadmnde7024 CAHRAa, at

MPa), there is a sl ight2ardesdourcbteido ni ni nt hteh ep odreen,
a reduction in the watebi bhsty hef tE€@per atur e
calcul ations were made for fluids in 2.5 nm

i Fi gbBebaanBi gbBEec) The density profile for ox

both pores are consistent with the results ¢

that the hydration structure in the pore 1is
from 3 nm to 2. 5whninmh.e Rore O ofil e remains gl
pore width changes, there is a reduction in
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(a) 0.18 0.0010 9 0.18 0.0010

0.16 Water(OW) - 3 nm 0.16 Water(OW) - 2.8 nm
0.14 ——C-3nm303K F 0.0008 0.14 ——C-28nm303K - 0.0008
0.12 Si=imGoanm 323K 012 | Il — C-2.8nm323K
=~ 0.10 [ 00006 . =~ g40 - 0.0006 f{
: <<
= b L oooos < = 008 L 00004
z 006 & § 006 c
< 004 L 0.0002 < 004 L 0.0002
0.02 0.02
0.00 0.0000 0.00 0.0000
1512 9 6 -3 0 3 6 9 12 15 -14 -10 -6 -2 2 6 10 14
Distance from surface (A) Distance from surface (A)
© o018 0.0010
0.16 Water(OW) - 2.5 nm
0.14 ——C-25nm303K - 0.0008
o12 | t - C-25nm323K
=~ 0.10 - 0.0006 :
= ous L 0.0004 =
= 0.06 &
& 004 L 0.0002
0.02
0.00 — — 0.0000
-12.5 -7.5 -2.5 25 7.5 12.5
Distance from surface (A)
Fi gwbBAtomic density profiles along the z di:

oxygen atoms of water (OW, bld€CKk hitneéepmapedad
303 K (red line) and 323 K (blue dotted | ine

calcit.e pores

To assess the effects of 2satheidessohytpeosd
and ions in thewl3timmNaLl ¢aartnesd rMgpEiirsg &4Ea)n

&( bBecause, within the conditions chosen he
effect on the density profiles of water o0XYVyc¢
component i' s shown. The addition of sal ts i

profghiefisaantl| vy. The *demsi tsshhowsofsitlrengf | Na
2.85from the surface, bet ween the first and
their strong hydrati or?*isohnesl liss, ftohuen df ifrusrtt hpeera
surface ati ®&nD5S5in .syCdtems with NaCcCl adsorb a
doubl e | ayer (HDLn)s .wiltnh styhset eNtesh ewifti r shtfg @le a k

ion density profile %%isonsn. the same | ayer as

Il n the presencehingf®da&Glt hieornes i s a reducti on

CQadsorbed in the pore, as shown Dbynthaerec
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mi ddl e of the pore. While in systems with Na
represent atsvenohal®ed, i n ¢t hbepaene sisennccree aosfe M
t he densiditny tchfe iQgoorud.d The due to el ectrostati
Mg* ons ar ouzxlcytere a@@ oxygen atoms of CO
== Water(OW) - 0.016 (b) 016 — Water(OW) - 0.016
~—Na+ - 1.5 M NaCl i, —Na+ - 1.5 M NaCl
—Mg2+ - 1.5 M MgCI2 r o012 012 E::‘: —Mg2+-15MMmgclz [ 0012 —
Cl- - 1.5 M NaCl :: = :E 0 Cl-- 1.5 M NaCl <
— Gl - 1.5 M MgCi2 - 0.008 = < 0.08 it —Cc--1smwmgcz - 0008 T2
§ 8 HE
- 0.004 2 < 0.04 i - 0004 =
E HiL &
L 0.000 < 0.00 —LE 0.000
-5 10 -5 0 5 10 15 -15 -10 -5 0
Distance from surface (A) Distance from surface (A)
(c)
0.016 —Na+ - 1.5 M NaCl - 0.0012
—Mg2+ - 1.5 M MgCI2
0.012 C - Pure water
& - -C-1.5MNaCl - 0.0008 .
—C-1.5M MgCI2 ”
°$+0.008 9 <
§ L 0.0004 &
¥ 0.004
&
0.000 - : 0.0000
-5 -10 -5 0 5 10 15
Distance from surface (A)
Fi gubde( a) Density profileosnsft NaCughonudt MglCe
Enl arged density profile showing half of (.
atoms/ions on the surface amdonfg) tiCar Wome
perpendicular to the 3 nm calcite surface. T
5.3C@Solubility
Theol ubiClQitny cofwhit eqeuarstas itelde rati o G6® t he n
mol ecules adsorbed to that of 2%&8%°8r mol ecul e
, L. 0000800 E a6 0RE RIQGA & Qi
YE QO W QRO o T
00 G wdIQE a LAEEWMQWO G Qi
(5.1)
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To account for the effects of pore ewmas ances
excl udieldanal ysi s. The 28 ol bhiil ki twatcefr @s al s
following the same proceduabdbea mHabd6esshuolw s, p
that the sceoiobcontyned w&ter is | ower than t
bul k water, and decreases as the width of th
estimated by applying the standarnd perrreqr tde
solubiliity @afmacsOt three times | ower than th
solubility decreases Roer ptahe | Wit dtom sd evé t da e
por es, after 200 npresdretrei was heopCiOe, SUuUg
solubility ihsesreegcloingdiibtlieonast. tThi s wagi ssinexpe
soluble in bulk water and that several repo
which various gases are more soluble 2% conf
2929893081929 hj s result ctaon tbhee ahdtegrisbwiayteedrn t he f
hydration | ayers on calcitezsaeamds ttoo tdec d muwl
further from the caltiom shefgweppihnegrti bat w
solubility increases iIinwwdéeepocesfcaerdewi bht
mi nejteélosse results were attri budiedled oc d\hiet ipe
well as to pronounced fluctuations .4° i nthe m

anot heat heeduced sol ubidSwag ekptanhededyHt he
of the hydration structure of?°%hi ki mashappao
wi dths explored here, thdodydnati chasgeustiyg
(results not shown for brevity). Because the
surface seemssobulaffecy C®O confinement so st
slighanges in the atomic features of the p

variations in tihre waotlaurbidanfyi mdd CiOn nanopor e

NacCl has the effect of 2iedoonfhgneHewad’eubi HO
ions |l ead to a slight increase in solubilit"

obser vieidg ®he Si nt'eomMg adsorb further away fr

i nteractiocnosu lwd taht tG@ citt omdrhe @O@r e. I n bul k w:
NacCl angdl eMgdCIt o a reduction in solubility. T
the positions of iPons in the pozTehpilnopta cotf tthhee

sol ubi lJdatsy aoff u@@ti on of pore siaze Iipmr esyesttens
Figbbe fitting tieBdsi chtaldaetl t®at, approxi mately 2. :
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the20®1l ubi Il ity becomes

303 K, the

zeroshapwdteal conhéi pe

solubility approaches zero at a s

Brine Confined in (

Tabb®Sol ubil i2itny Waft eO and

0 7.25+0.00 5.79+0.25

3 1.5MNaCl 7.25+0.00 5.60+£0.14

303 15M 7.24 £ 0.00 5.94 + 0.33
MgCl2

2.8 0 7.22 £ 0.00 3.63+0.14

2.5 0 7.25+0.00 1.22+0.11

0 10.51+0.26 5.71+0.61

3 1.5M NaCl 10.83+0.06 4.03+0.19

323 15M 10.74 £ 0.10 5.81+0.33
MgCl2

2.8 0 10.09 £ 0.02 2.66 £ 0.16

2.5 0 10.43 £ 0.01 0.31+0.07

Tabb@&Sol ubi |l 2itny Boufl kCONat er and Brine Systems.

0 6.84+  18.06 %
0.02 0.25
15M 692+  9.28%
303 NaCl 0.01 1.51
15M 694+ 846z
MgCl.  0.04 0.99
0 8.16+ 166+
0.11 0.76
323 15M 844+ 889z
NaCl 0.04 0.40
15M 857+ 832z
MgCl.  0.20 0.10
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N W ke g O 9~
ny
-

Solubility x 103
(mol CO,/mol H,0)

"
-
L

1.9 2.1 2.3 25 2.7 29 3.1

o
[ ]

Pore size (nm)

Fi gwbbhe€l Q@sol ubility in pure wateri8@enmupocakbec
simul ated at 303 (red circles) and 323 K (bl
The green circle repr eseint st tehe2nsno| pbr st v

temperatur es.

Taunderstand the contributi onsoolfubtihlei tcya | ctihtee
divided into three regions to EmnbybBean ebd he
used as Reggwindel. (z < 3.75 j) corresponds to
close to the pore, 2nhleaceultéhse raed saareb eddd. CIOn r e (
nd thel dyestal® middle of Thdtcal potati opspée

-+

vol ume of ocsholwteiWegi bomamped I pare of width 3 n
pore (region 1) d4/s utnhaevapdraeb |vei dtoh Cdoecr eases
pore volume not ;iaccresBusrdsheert an@Oysis focuse:
and 3 in the sybeemabaltiithy 3tohike.s&O r egi ons f or
poramse repbalhem® Whil e t he siosl uhbiighetry ionf tChCe
the pore compared than that obtained nearer
converge to thei sobubkl|l wayeoff &O the system:
indicates that the fluid behaviour throughot
systems with NacCl, there is a reduction in s
to systems wiCohnvpeurseelwat darm. r egi o?ni o2n s tlheea dpsr
to an increase in solubility.
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Tabb®CQSol ubinl Way er and Brine Confined in Ca

Pore size CO2 Solubility x 103
region 2  region 3
2.5 nm (pure water) 0.22 0.57
2.8 nm (pure water) 2.47 4.03
3 nm (pure water) 4.94 8.51
3 nm (1.5 M NaCl) 4.35 5.57
3nm (1.5 M MgCly) 7.04 7.65

5. 3A8sorption Energies

The adsorption emelrgyulod iomet IC&O pores fill ec
calculated in attempt to explain the differe

which was surveyed in the i-max omdeatchddnpr dBp/osa

Hei 2 he difference between the total energy
CQOi s adsorbed j)nandet per eof{ &Bbi eEneutgyi dvdr etnh
(B was calcul at ed. Strong atztamac ttihwee piomteesr &

with water are shown by neg@tsvmubdsbopsi owar

each configuration, to increase the reliabil
( Buds of2i €@Ocalcite pores of width 2.0, 2.5,
Fi gbb.e For compari son, simulations for water
nm were also performed, foll owiny>Ftoid oavli qagr
similar procedure described in the simulatio
Yo ©O ©
(5.2)
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50
) _ [
-50 III
-100
-150

-200
-250

Adsorption Energy (kJ/mol)

3 nm Bulk 3 nm 2.8 nm 2.5nm 2nm
(silica)

Fi gwbbelAdsor pneogi es 2onfolercaul @O i n watie3r nfm)l | ed

and silica (3nm) pores, as well as in bul k w
323 K.

For comparison purposes, the adsor ptiitkikee ener
adsor ption =®innercgoyn foifnehe nt . It was <calcul at e
the total e nerggleceh esn damses 0C @ierd time walt sseance ¢

pore and the totalmehecglewhpawanpnkbkbE&€®m bhe w
mol ecules Thethedbigth6ehow Chadsor bs more str

in the hydrated silica pore than the hydrate
solubility resutlhtes raess uWwetlsl raesp’dwrittedda | kxyi tlei, et
pore width reduces, the adsorption energy il
attracti ohQabnedt weheehiwdteedr pore. At 2.5 nm, t he
positive, which explains the very | ow sol ubi
wi dtThhd.s outcome agrees with the reduction ir

The correlation bet wedm tplueg es onvauleirl iand otfhe

energies, Fieplhitd sdigigests that it might be p

solubility in water confined in various mine
However, the results also show that the int:
surface play an i mport aQ@i m otl ee omo rt hse, aas oweg
for the did4dtfhusiuggrh gpfor@k PWel ednwi hhewatbat
stronger interactions with calcite than wit|
(E)t between water and the mineral surfaces
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el ectrostatic and van der TWb&&%& itrhtee rianctteirocancst.
water with <calcite I over three times str
becomes small er, t he nteractions become mo
reductisosnoliunbidQ ty.
18
— L ]
» O 15
CR
x312 \\
> £ N
=3 9 R
a0 \
20 6 Y
3
UJE 3 -..._‘
0 —= -
-150 -100 -50 50 100 150
Adsorption Energy (kJ/mol)
Fi gug7eRel ati onshi p2 sboeltuweeielni tgO (i n bul k wate
confined in calcite pores (blue)) and adsor
was 323 K. The 1line a guide to the eye.
Tabb&l nteraction energy between water and t|
323 K.
Water-Surface
Eint (kJ/mol)
Silica 3nm -5.3
3nm -17.5
. 2.8 nm -18.4
Calcite 2.5 nm -19.9
2 nm -25.2
Thenteractionj)tehetgeandC®ater/ions in the v

considered were al so
Cmol ecul e interacti

5.9, show that
99

confinement

2000

redopzmrd

wi t h

watTabl enol

cal cul agseeld t@oand etpheseas
e «

the adquea@d



solution by al most 50%, <compared to the bulll
but the effect ' s somewhat more pronounced
slightly stronger adand atche oagubdet sveens tCOmMs i
does not seem to explain the differences i
probably due to the different distributions
| 1 §¥% bserved that the dominant contsi luitei on
formation of molecular cavities. The densi t)
t hatzi @0confined wat erceanddwremithleatpeog ei.n Btelteaus e
l ess |likely to form within dense hydration
the observation%°@dft hbhagand Idlegean,l ed anal ysi:

responsi bl e f ort htelsgese mensg dtaisc moitn been carri e

Tabb®l nteracti on ene®angdy abgeuteweuesn sGGt ems i n bt
pores at 323 K.

Salinity CQWater/
(

Ein(th/m

Bul k 0 23.7 N
1.5 M Na' -24.8 N

1.5 M2MgC -25.8.

Confine:t 0 13.1 N
1.5 M Na' -13.6 N

1.5 M2MgC -13.9 K

5.3Tdansport Properties

The Einstein relation wdsffuseidon oc ce@imipiud et d t
the transport opirnopteme i Bgdrmodt eGdO pores and co
correspondi ng 2B4%fAtke povopraltli edi f fxu)si foorri 00©®@ f f i
bul k and tdhdf@si on coxiffi i cioafi e dxg)svya€tOe ms
cal cul at ed aonbdt aiehree o persaudTearbt.&eh nitia b3.1e1At 3 0 3

K, the dif2inmsitchre a3f nGO pore i s about an orde
t hat i n the bulxdi fdmuditomatcotelidi €0ent reduce
becomes small er. Compared 2F0i gdeBye, on h2 @dfiifif st

in the middle of the pore (region 3) is fast
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the first and second hydration | ayer shoul d
t he .p3Brog h NaCl 2amael fMgWnhnd t o -driefdfuucsei otnh ec oseeflffi

CQin water, both in confined and bul k systen

|t i's perhapsompafel the 2D diffusionimcoef fi
confined water to thosei preonfoiBdd WwWeatprd ede :
the same force fi el d waasl custeed itnot edreascctriiobnes .wa
that the stederfed -Wibdea sll itmshaped pbee at
pores considefedidehel arger than 2.5 nm at 3

di ffusion coefficient of methane in hydrated
in hydrated silica pores. While a direct c
significant hdd f perencwi dit h, t it IS i kely t

cal wiater as oppwaetdrtbonseflfacti onst hdaleayed po
di ffusisomhkeydC8#it ed pores.

TabbeO0Twa@i mensi onal di ff uszion wad efrf icoindnthnse do
pores at 303 K.

System Confined Dxy Confined Dxy in Confined Dxy in
/x10° m?s-t region 2 /x10° m?s-t region 3 /x10°
m2st
Pure water (3 nm) 25+0.3 1.1+0.06 25+0.2
Pure water (2.8 nm) 1.8+0.2 09+0.1 2.1+0.06
Pure water (2.5 nm) 1.7+0.1 0.8 £ 0.06 2.0+ 0.05
1.5 M NaCl (3 nm) 1.4+0.2 0.8+ 0.04 1.8+0.02
1.5 M MgCl2 (3 nm) 1.3+0.1 0.8+ 0.06 1.4+0.2

Tabb®lDi ffusion Coeifhi bbukktwabér CoOt 303

System Bulk Dxyz
/x10° m3s1

Pure water 22.0+1.9
1.5 M NacCl 17.4+ 3.1
1.5 M MgCl2 16.5+4.1
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5.4Concl usi ons

Equil i bsi mml MMDi ons pr obedi n hveatserl uaond ikryi rod
calcitei3porngs a(t2 303 K and 323 K. At compar a
|l ower in the pores compared to that in the b
, but
addi ng2, MwBi ch seems to correlate with the p

pores, the s20lsulbieldiutcedofoyC@ddi ng NacCl

within the hydrated pores. I n hydrated cal ci
no d«dtaebl e adsordds omptoifonCCenergy results in
calcite pores are | ess at b.r aAlttihvoeu gfho rt hteh es tar
water assessed by atomic density profiles d
poresvestigated, the attractive interaction:
become stronger i n s mallplreorp epratrieess., Tghueand yi rfa nei

di ffusion coxefé$howedttbéat CODoth confinement &
reduce the mobCd mpgtahreelsguCOs t o those present
appears t hat the2idnsgsoindtiined ofat €0 i s sStro
sol ut e fpsoorlev einntt er acti ons. Di fferent i nteract
di sparitthieessoilrubi ity of gases inamduicdsayin
reservoirs. Quantifying these effects is 1im
sequestration strategies, as they affect the

and the time requitoetdrbospbnfjethedug® said f
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CHAPTERKU&GHI ON GAS EFFECTS - ON
HYDROGBRI NE WETTABI LI TY AT CcO
RELEVANT TO UNDERGROUND GAS STORA

Geol ogitoalage of hydrogen, ando niet sofr etthrei eomtl
identiémaktlleean renewabl e eQuesrhgiyo np rgoadsuecst,i osiu
carbon dioxide and met haner,exarmnyv dierr epgradals £wWr an
to increase the efficiency of Thajndcetriacrn i an
among vtame ous gases and the wetting propert.:
sealing capaci.t yThdrtanfeagr ec,apr pclovi de i mportan
for the proper design of geol olgn ctaHi stthodr agtee |
effects obmpasiicugrhs onf geanass)CHGC O -hbyrd rneeg e n

kaoliniwed talbay ity aper feovrarhiurag reglioeityalegtagsu i d

interfacical cuéaatsa madist i ons r ewmnrdeesregnrtcaun dv eh yodr
stordage.trea i al presented in this chapter was

pagés6i& 71 nternational Journal of Hydrogen Er

6. 1l ntroducti on

Advancement-scalne |atrqgreage technologies wild.l

towar dsx aa aoovnomy. For exampl e, owing to dail
excess renewable energy (wind/solar) can be
el ect PdHydrisgen is an attractive energy storl
speci fic ené&rHyoywecveepaciittys | ow density at st
hurdles for transport and stoangeli fekyeheed
be stored intermittently in underground geo
oil/ gas reservoirs, deep saline aquifers, C
gas formationsichnsharg®@®i®tber sopr®md tHhen be

extracted and converted to electricity, for
d e mah3d.

The feasibility of Underground Hydrogen Sto
among other factors, mi n€t al ds afnia ddd uwnektetrafbe
tension (I FT) , fluid densi ty, solubility a

sigrciaintly affected by conditions such as te
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acid cont3@Wmsnwel bnas gas pressure and compos

water i s ubiquitous in the subsurface, It c
we |l | as affect the transport of gase3° and t
Therefore, to gffidctiisvelsyseqnittarad HWHo quantify,
contr ol -rhooewa tgears i nteractions change in the

depend on environmentalettabdiitgnsdesBechese
interfacial i ndlreasaetd ontse ma, tdhareteact angl es

measure this impidttant property.

Recentl vy, experi ment al measurements have be
angles on mineral surfaces!%3A‘Atlhe efte eagle.nce
showed that mica transitions frowetd&di natterhmed
temperatures and | ow pressures. The increas:
attributed to the increase in the intermolec
mi ner al surface, while increasing the tempeée
dens’®ttyn comparison to mica, the contact ang
t hat guartz is more hydrophilic than mica.

pressure on hydrogen wettabVYaserwil®amt cdlays ar

Among wvahreyernpgeri mental iocsbsthatticomd act angl
mi ca/bHine system decreased with increasing

guard bkfkHne system increased with temperature

related to the structure of the miner al sur f
bonds with the silanol groups of the surfac
increadveghlighting that the comdtact tyngwhai o m
guartzends dephydr dge®itd pbade gpdbtsealved si mil
resul ts i n their experi ment al wor k, wher e
changed the sandstone s ufrweaaddest of rdim tvea arkeldy

Contrary to widely reporteldtodounerahatetdat a,
di stinct correlation in the contact angles m
and pressurie50Aad gaeisldOZWObar, respectively. The
their results to differenceseriinmemeaas urceomedit:!
Through geochemical 3ttoidnek d d ntgh,e Zgeenogc heet miad al
pl ace -bnirgoacsk i nterfaces to the wettability

carbonate rocks, increased temperature enhan
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to greater repul spanrd foaktei tbeest ween gelner al |,
geochemical model |l ing corroborates the exper
Hossei ni‘%et tdale. hydrogen wettability of car

conditions.

Another i mportant consideration pertai-ns to
gas interfacial tension (I FT3% which can be
: Y Q
TQ
(6.1)

l Equati,oni . Lthe dddrf®irtewce bet ween water/ bri
gravitational apaiccelcaratatam.e Ikt t hteei sdr apéds

di mensionl ess shape parameter.

Several studies quanfiifyede waltley/ dhowieng t ha

H | FT reduces l i nearly wi t h i ncreasing t er
temperature had a more significant effect. T
to the increase in density of the compresse
incompbées The substantial reduction in the

hydrogen gas was considered responsi bl e f o
temperature. ‘HOevseiape@dtaml empirical equati
function of temperature, pressure, and brine
experimental data.3*fowevdert ,haGhaw &t98alK. and 3
initial i>2wateaskeFTn(Hrom the surface tension
pressure (up to ~ 2 MPa) before the I FT deci

pressur e.

Becauseflruaadk | FT cannot be measured experi me

the Young's equation and Neumann's equations

H2l FT was found to decrease with pressure and

water | FT decreases with temperature and r el
water i's incompressi bl egasThlisT siusggtlse s maihmat
affectihnagngtehei nc wettabil ity > hede presslure ¢ a
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rrelated with the cohesive energy densit)
ample, as pressure increases, the CED of t
ck remains relatively constant. This yield
ckd aaras CED, which | eads to favourable inte
c k. Similar findicagd 20@8r €« al epdret edHowewv e,
s I'FT increased with tempgeasatlukFT, deaevhea tchs sd
s tYAmet he temperature increased, the gas C
mains relatively constant, -graess uCED ndg fifrerar
IS suggests |l ess favourable interactions
mper at wmruese. thec dendsictreasfesCO®o a greater

nsity, tthheenexeastash IrfFadck i s/ Wargrersy st €Q@s

of Mat er $Wesrtiefmd®®al sad . i nvestigandeédsaloil d/dwaCtC
terfacial energies for quartz, mict & Ts and
creased with pressure and increased with
ove. Solid/ water I FT decreased with tempe
artz wher e an i ncrease was observed. Th
dropbilthbhetygurface, which allows the wett.i
crease in quartz/water I FT with temperatul

l ecules from the surface.-wAherheéFTsindyeak

mperatateior, dolomite, gquartZwvhred ealsal & ef

| FT of Dbasalt and gypsum are unaf f-elcltlReld by

wa

Th

w h

Th
br

s found to decrease with pressure.

e YoungO0s equation relates3SFTs to contact

Al & [ [

(6.2)
ere the subscripts s, g and w refer to the

e contact anelrea nkeetiweeer faprces ,amdl tthe galsi
i ne | FT are related to t Rleapclagcdd |eaguwa tpiroens:s
. . qAl &
i

(6.3)
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whered sPthe capillary pressur e, rris the eff

| argestwi pothe pressure in the wettinwgs phhaes e
pressurtheowatti ng mphasée¢ hlemidgraes i nt erfaci al ten
Equattlkeshows that the wettability of f®glae mine

| FT and decrewsa¢te&r wiandda swal&HgTusa. t6i. gmant i fi es t
pressure at wkitithnghehase penetrates the | a
previously saturated with the wetting phase
positive or negative, depen3d®ilAnsgn acenx atnmhpel eweotft at
applicability of thegds%®8 hreaqqwead igounasnt iHoastsievi enliy et
contact angles with temperature and pressur e
of shale rocks. The trend with pressure 1is
consistent with some seod. tAllet hsotuwgdci etsh es uwnamaerri
shale samples studied increase at higher tem

significant, |l eading to an overall decrease

Al t hough the results just reviewed provide &
remain, especially concerning the role of th
fluid interactions in determining the inter
rel evant to underground hydrogen storage (L
suited for addressing these knowledge gaps,

i mportant int@2%%¢tial systems.

To i mprove hydrogen recovery and reduce | oss
requires a cushi®nn gdaasn,d sNocmaant @OnNn t he r ese
high as hydrogen is recovered®¥fawmd vthiratr ed er
CHincrease bot h reservoir pressure and sub
effectively thaha€Obeen suggested that <cushi
wettability on a minernralprsumdtae ee a cioanrp ag emar
injection or withdrawal of hydrogen due to

with theée?sturdiaseal so been suggested that den
as a criterion for sel ecétftnngYane raip petopali .ad =
the wettability gf helldawsm amidt racgeomwed@ werd st
behaviour on kaolinite, Pl lhite, and mont mor i

cushion®*f@hseswas i n-HiliFfnTe bweiitnhg chliagylaenrd ch ary c |
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CQOlI FTs, as derived from expe¢crliingeunitda |l FcTo ndtaat cat
Neumann's equafAlbinséblfabtabseer ved higher con

| ower-gasl|l I & Ts-CQ@&@mr i mieca& o mp alidd i n@ miycsd e ms . |
et @ eported that thet |@@edoucelbsr iwiet h+2ibHhcr ea
concentrations. The density of mix=ewhigahs i n

decreases the density difference between gas
the I FT reduction.

Al t hough there have also been exgpeus meann al
gadd63ibf ess extensive studies have been repor
wettability of qaulaay stfhya seggfwWweslclt sa o f cushion
features. To hel p ftihlils tcdinxampl t dermeofsy | dedtkegsa nodf a pC O
CHon the contact angles of aqueous brine (1¢
as a function of prteebksounrteactToa nclmp | cfhhaenirtdr at |
interfacial tensions at the conditiwenmrs cho:
determi Mked results are interpretedetfdéwatdyei

for underground hydrogen storage.

6. 2Si mul ati on Detail s

6. 2Mbhdel Setup

Il n thiemel ati ons, kaolinite wds balsadv @d aalegna
to the Z axis. The silica tetrahedron surfac
i s hydrophobic. The alumina octahedr al t er mi
grosupis the hydrophilic gibbsite surface. Thi
t heY Xpl @ahe. interactions between kaolinite an
relative orientatioa?®of the kaolinite surfac

There were two sets of systems used for the determination of contact angles. The
setup for the first set of calculations is illustrated in Figure 6.1. A cylindrical water
droplet containing 2500 water molecules and NaCl ions yielding 10wt% NaCl was
placed on the Kkaolinite siloxane surface. The main difference between the
determination of contact angles from experiments and molecular simulations is that
experiments measure macroscopic contact angles, whereas simulations are used to

calculated contact angles of droplets in the order of nanometres. In addition to the
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limitations discussed in Chapter 2, experiments are also prone to high costs and
human errors. In experiments, hemispherical droplets are analysed. However, in MD
simulations hemispherical or cylindrical droplets can be used. At the nanoscale,
hemispherical droplets are affected by the curvature of the three-phase contact line.
This leads to line tension effects, which is defined as an excess free energy per unit
length of the three-phase contact line. Consequently, the high curvature of the three-
phase contact line on hemispherical nanodroplets induces a deviation of the calculated
contact angle from the contact (Bguaidn&.2)pr edi ¢
The deviation becomes increasingly important as the droplets get smaller (smaller
base radius). Cylindrical droplets are therefore used to solve this problem due to
minimal line tension effects. However, the contact angle of a cylindrical droplet on a
surface can be dependent on the droplet radius. Therefore, droplets with large radius

are required, which could increase the computing resources required.36%373

The cylindrical droplet shape, infinitely long across the periodic boundaries, eliminates
effects due to the three-phase contact line in the determination of the contact
angle.??°374375 The droplet was surrounded by varying compositions of hydrogen (H2),
methane (CHas), and carbon dioxide (COz2), as shown in Table 6.1. The brine droplet
was placed on the siloxane part of kaolinite because complete spreading of water on
the gibbsite surface was observed, which also corroborates previous MD
simulations.®”® A number of simulations with the water droplet containing 4000 water
molecules were performed to confirm the choice of the number of water molecules
used to create the droplet. The results (Table C.1 in Appendix C) showed that the
contact angles did not increase significantly, while the simulations become more
computationally expensive. A second set of calculations was carried out by placing
one cylindrical gaseous bubble containing H2, CO2 and CHa, on the hydrophilic part of
the kaolinite surface and surrounding the droplet with 20wt% NaCl brine. The number

of molecules in these systems are presented in Table C.2.

The cylindrical droplets/ bubbles were orient
soHilduid interface perpendicular to the Z di
X 179. 64was2p6&rAodic in all three directions.

box was extended to prevent spurious effects
boundary conditions, which were applied in t
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Figwnld nitial configuration of a water dropl e
Kaolinite (siloxane) sur=f aceed;= hpyurrpolgee;n o xwag e
hydrogen (gas)2 GHblgueeand CO

Tabled. Compositions of systems containing wat

siloxane surface of kaolinite simulated in t

System Number of mol ecul
Hzi Cushion ( Wate NaCl H: Cushi on gaGH

percentage

wei ght

100% H 250C 77 450 0

50%:2itb0% L£0 250C 77 450 206

10% 21 O0% CO 250C 77 450 1841

100%2CO 250C 77 0 14000

50%21Hb0% «CH 250C 77 450 563

10%2TH 0% «CH 250C 77 450 5065

100%4CH 250C 77 0 5650

To perfogasmtrearnfeaci al tension (I FT) waleul at i
pl acaegd t he centre of a simulation box, f or mi

parall el to the XY plane of the s@dOnahdt Céin
mol ecul es were positioned on either side of
represent the cushion gas composition being

the box used for I FT cal cul ations wermhaes50, 5
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been applied tprgewiugpustioy @grmoducewateearsdih@bd .e
System compositionnablaeg ®@ CApIpewmnd.iTkhreC appr oach
i mpl emented is similathemooigf.evious studies f
6. 2F@rce fields

The kaolinite surfaces were molféloll édwismigngr i
studies off owabt &'Watteetry was represent €d4’” by t|
mo d el and NaCcCl ions were mbdred edLihs chhremge:
t he JOhea@mt harm*®(arCde field without pol ari zal
potentithpbasderequi | i-lbA)i affojr&éleeePPrBeEed t o descr i
met hane because it correctly descr-liibgsi dt he
coexistence of l i near al k aTnhedsl efxa rb | fer oEnP Mi2h em:
reported by3l@wnganfscerth. @@ his model i mproves th
the interfacial and thermodynamic propertie
spectra of CO

Two commonly usednmddelrsedwdroa si mul ating hyo
Buch mdbdeed t he capability of reproducing the
hydrogen up to high prsssear dar ¢idlos #meiin ell dde
a quwpode moment . Previous studies showed that
viscosity, di ffusion <coefficients, and fuge
experiments uPitTom OW®GO ulmar. t he suitability
purposes of this stwaedg, cobeastucHx2IU |l and o6& MF
compare the simulated densities, cont act a
experiment al dat a. Thealbrleendptpse nadri e r€Ceomdiratcd d
angledlagmd | FTs are compfaocomabé ef whledh B d ihmpl e
Buch model was selected becédoseritoyitbédldeXxpe
13. 3%kgamnd because it also reduces the compu
site MarxDiepee sfiivel d orces wéréemdadrélsedLbdy
potential, wBeht hekotlL oMiGxwipdg edulfeosr det er mi n
parameters for unl i ke i nteractions. Coul om
describing el ectrostatic interactionsf.f For
di stance for short range, iwittehatdogdgeaebke wwtars 0 ssi
interactions calculated using t8f8e particle n
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e GROMACS packagé®Wwes sseinti@Op8r2orm equi l

mul ati ons. Afsateromnerigy sy si enin was r el axec
sembl e. During t hese simul ations, t he K
bsequentl vy, NPT simulations were perfor me
t weedh0 5SMPa. The pressur e dwarse ccto notnr,o |pleerdp einnd
e kaolinDurei nsgurtflaec eNPT si mul as,i owmist,h ha r fmaorr

nst d®t0 0otk J ?wansolapopnh itehde kaol Thetequsatriface.
ion were sol ¥eadgwiatPfwa it hhé hametaipmest ep of 1

—

nt act angl e measur ement s, 35 ns equilibr
oducti wasconds.ct €dntact angl es wer e cal cu
u

il i brium was considered reached when the
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eval uatfd utilde ifnltweird aci al t ensvieares ,c oenqduicltiek
r 20 ns foll owed by 10 ns production runs.
the diagonapressemeddttsensor

r go 5 o 0
(6.4)

enei s the | ength of the simulation box in
ui d/ fl uizd si ntheer fnaocremalP componentxxofnggdh®& pr

e the tangenti al c otmprosnem.t s of the pressur
i's method for calculating interfacial t er
evi ous?9&’€128%%€Exa.ch | FT simulation was repe:
sure reprhovedner gyl ang. dénsity profiwlagerperp
terfaces, following, pwhasesr cakecaedstioncoméilk
e uncertainties in the calculations were e

e mean of the results obtained.

e temperature of kaolinite and the fluid

rendsen thermostat s, with a relaxation tin
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used to contrédPressupeesoupeéi ng was applie
direction, |l eaving the X and Y di mensions of

6. 3BResul ts And Discussion
6. 3SILl oxane Surface

Contact angl e

Thqualitative relationship between contact a
basi s fqouransteintiat i vtehrea s alrjes ireipbdé b2

Table@ Wettability cl as-besknaednd s @md t ®on cgratsact
descri bed3by Ref. [

o)

Contact Angle (°)

0 0150 501 70 701 110 1101130 13071180 180
Wettability =~ Complete  Strongly ~Weakly Intermediate- Weakly Strongly Complete
wetting water- water-  wet Gas-wet  Gas-wet nonwetting
wet wet

The contact angle i€ sstrifmaeedehsomy2bDoNtou
mol ecul es within the simulated droplets in t
and the axis of symmet rTyheof2 @ hdee ncsyiltiyn dprriocfaill
i Fi gbRPel early illustrate the transition of 1
kaol initecyflriohnd thocrmearl|ly detached from the ¢
enviroidfmendensity contozaemvfiocronmeeatl @0 %g@GO w
results from Teé&fnoarwataemmd Cragk@loeti ndnt e si |l oxane
at 330 K and 20 MPa. The hydrophobic nature
mobil e through the simulaguantbbxedThust mebi
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FigwreD density distributions of water oXyge
at 323 K and 20 (MPpPalRodranty s(tke)pesh 00 ol @ent s,
the siloxane surface of kaolinite. Thé col ou

The grey rectangle illustrates the position

Using the 2D cont oRuirgsé.eseut heabothosenionf the
is defined as the density halfway between tl
that of bulk I iquid water density at the cen
for each interfacdhewittamgéhte blope oh Dboth
representing the contBrcguerneppéndsBeCluser af
density fluctuations near the surface, the d
surface were ignored. Similar ?mf%€%fods have b
Thbrine contact angles on the siloxane surfa
are presking@Bnidmbl el @. &l | syst epmse s siunrcer el aesaid
t o hi gher cont act angl es, whi ch i s consi s
liter&UYme. ekeeri ment al studi es, the increa:
pressure was attributed to enhanced inter mol
and the mineral surface, a consequence of t
whiwaal so obstelresdednuilmt i ons
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4 100% CO, ® 90% CO, + 10% H; b 4 100% CH, ©90% CH, +10% H,
*50% CO, + 50% H, = 100% H, (b) ¢ 50% CH, + 50% H, = 100% H,
170 125
160 g s < 120
150 i
140 ; 2 M I *
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120 a . & 105 I 4 s E
110 . ) . G 100 o ;
188 g i e & £ 9% : i
80 g =
70 85
60 80
0 10 20 30 40 0 10 20 30
Pressure (MPa) Pressure (MPa)

gwRBeEf fects 2gfa-sif af u€CO®s agqami(xbt)urCHs on t he ¢
gl ebrohe droplet on the siloxandd4duMPace o
ese compositions are expressed as mass pei
one standard deviati WNmt ér omat hseomeamwmf va

| cul ated are smaller than the symbol s.

the case(padnelura) COt he contact angles ra

60A at 40MPa, i ndicating a change -went t he
wards stweihgl Y¥higascan bel atituwadlmygteerdactt @ on
t wee2xmn@Ot he siloxane surface. The simul at
th those obtained experimentally on hydro

d-weit| m§é&.

eepl acement owWi tlhOwityd rd@®en | eads to signif
ntact angl es. For exampl e, at 20:MRa,l 5t4tAe |
d in thesgewew, COhe contact angle drops to
ntent has no salient effects otnheveddmtbadti t
nges from 91A to 106A as pressure change
termedi ate wet within the conditions studi
t hebiwetttya ofsgyrstpunrse Hhi s suggests that the
s density in the pressure range consider e
crease in contact tahreglkeer va@donenst estever ah

ve reported slight pressture perfd#daefitSé omf con

evi dre ngtbBjen panel b, the effects of met ha
onounced than 2t habehadwgh ttoheCOsame trend o
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angles iIs observed. At al |l pressures, t he i
systems widrmd omndsdgy IBH not exceed 15A.3%68i mil a

showed small sehf ebtas eoffr o€CKs, 2drorsCHane Ha@ase6
CH: Hmi xt ur es. Furthermore, oi |l wet sandstone
weakl yweatén the presence of niestOhAEie, at ~6.

Recent experiments om ¢heaeyprecewmeacbHihi atig! es
20wt % NaCl brines remained < 34%hAe adi spcrreespsaunrc
wi t hreesualint & hi scocuhladp tbeer attri buted to the two
I n the present study, t he Hy drlamheg b iocf skialod xi:
used, while i1t is possible that the hydrophi
in the expeed neyatdérrdadgbertt al

To i nvesti gfaltuei d hientseorlaicdt i ons further, the at
water aoeo@dmrpgulhydmonitoringthkeheopyggeni an oms
along the axis passing through the <c2entre
(monitoring the positiqgnaamfd dHhtesicéhe btome awa me
as a function of the distance Z normal from
t h&@nal Woite. t harnd2@#He treated as uniteaksat om
simul ations, hence they ar ecednetfritrhed pHyanteh e f |
topmost oxygen atoms on the silsiiclao xtaenter ashuerdfr:
was used as the =0e)f.erFeonrc ec Ipaoriinty ,( because t he
dropl et near the surfaceFiigurssAagpgardiixo@lly s
the profil es 1604A40NAPH 1A %eHshown. The resul't

i #Ri g64de The water molecules within the dropl e

near the surface. The first peak is |l ocated
appears at ~5.7 j. Interestingdayndecdabthe ffourmrsd
within the first hydration | ayer observed f
much | ower, as they are gas€em@aar itshen cofndi ¢

obt ai nG@arddesHows t hatz2taoddtihneg syt em reduces
Hmol|l ecad®er bed near the surf acee,n alhteh swgh etm
constant . | CQias$ slwstpd cactelsatsome water mol ecul ¢
|t appears that the substanti al reduction
attributed to the stronged iméesactaoas bdemmp

Hosur face | Athersa&ctriecmud.t s highlight the i mpor

116



the $ohbudd -gad so0tedfaces in determining col
are expected to strongly depend on fluid co
system temperature and pressur e. Trends S i
documefmaredsyst emssweviFli y u€ClT hGe. 3mai n di fference
i's that the first papakears ra&t poddisnig twildelrCatacst

within the first hydration | ayer at -~2.7 j
0.08 0.02
——Water OW (100% H.)
007 | e Water OW (100% CO5)
---CO0; (100% CO,)
——CO0, (90% CO, + 10% H,)
_ oo ——CO, (50% CO; + 50% H,) - 0.015
X ——H; (100% H,)
~ 005 H; (50% CO, + 50% H,) &
S H (90% CO; + 10% H.) <
[*4 o
£ 004 F0.01 =
; - —
@ 003 2
[+}]
o
0.02 F 0.005
0.01
0 T T T T 0
0 5 10 15 20 25

(z) Distance from the surface (A)

Fi guwrdeAt omi c density profiles along the Z di
oxygen at ontsarobfonwaategrmsa na@t HGR@Q3 K and 20 MPa.

a si-nigle model was | mpl & meCotngpd stid | ©inmu Isd tad et
percentages. TheO)yetereaspofNds to the plane
oxygen atoms on the silica tetrahedra at the

FIl vuGals I nterfadil&lT)Tensi on

Theffects of tchoempgoasso nmigxatsum ea rl & Tsr e sFeingtuerde i n
65anBi g6.dhdata are tTalbhukRiakCeplenadi X FC decreas
with pressure, however, the extent of the de
with higher pegeoarceHFaogre eoxfa ngpd e, i ncreasing t|
40 MPa changes brheepudFd vbhyerz @amN/cnhbange 1 n
CQ/ brine and bpane CH mN/m and 4 mN/ m, respe
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hydrogen has a | ower daemsiincgsgedinbfiysc apnots siinbclri

pressure is required to cdbeemsngmumi paassahn
in our simulations was 5 MPa, therefore it

H>-wat er | FT obser Vvedt byr €howr ed Bwedtl.wene n5 5MPaan. d
20 MPa, 2otthrei nGCcO | FTs decrease al most I inearly

| FT approaches a pl tigab)eoBaehd34abdmBemni on
comparable findings in thei rzberxipneedbnkelmgtuaelt me
et @all so found that at temperature conditions

| FT becomes relatively constant above 20MPa.

The | FTs for the gas mixtures are found to ©b
pure gases, with the r esu2btes ngo rarl eveopsa n dtihneg s
100%fwr boeathdGOKMsSt ems. Il n sy(Bt @g@®bBe wi hdéd ICHT

results for Systeceamhsmowitt hovEO W%/ bdriitnhe pluFRTes , C
pressures up to 20 MPa. The increase in meth
|l FT slightly. OHyr tsyestleFnfls cwiatngped from 57. 3
systems, to 52.7 4mN/Trhef prr es@0fael Glbf | @B sHt o
significant i ncrease.2iThelseTédFdl sgstemsdwbehe
to interactions bet2w@ttno|l pcuhesand the COter
t o bHzime er aThe onesults are consistent®?2with

Comparison t o experiment al dat a al so s hov
presstsdel
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¢ 100% H, ( Experiment, water [348]) ® 100% H, ( Experiment, water [350])

® 100% H; (Simulation, water [392]) - -100% H, (This work)
-9 -50% CO, + 50% H, (This work) - @ -90% CO, + 10% H, (This work)
® 100% CO, (Simulation, water [392]) - & -100% CO, (This work)
100% CO, (Experiment, water [51])
701 o o - . .
¢ @
60 - ‘_ . i
__::'::::::::::'::;:::::—~t ————————— @
P
E s B e, .
-~ e —
zZ 1 = 00T ey ®------- . ®
£ o
- .
L 40 - o
N
A------oe - ) e A
30 A
20
0 10 20 30 40

Pressure (MPa)

Figwhe nterfacial tensboinnél &3t ems C®Os a func

at 323 K. These compositions are expressed
expressed as one st andarNotdee vtihaati osnmo mi@r oot atit el
calcul ated are smaller than the symbol s.
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¢ 100% H, ( Experiment, water [348])
® 100% H; (Simulation, water [392])
100% CH, (Simulation, water [392])
- @ -90% CH, +10% H, (This work)

100% H, ( Experiment, water [350])
- -100% H, (This work)
-9 -50% CH,4 + 50% H, (This work)
-4 -100% CH, (This work)
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density difference shouThde Idadd etroe na er @ diu adteinc
the brine phase and t bplagh8sed phhiaes edsi f f erence i
observed shows slight reductiomnm ctomp&imedowi
CH, which corroborates our results thus far.
responsible for the increase in adhesive f ol
interface, whi chahraesd uac el so wehre diebnTs.h ¢Qte t a@ ICOS

i s weaker on | FT changes with pbrreisnseurler T Aslht oht
increase the water wettability629f the swnrfla
becomes mwee whaeponr COH added. T hwistthhe ot F &1 at
bet ween the gas and the surface decreasing i
0.035 0.035
003 | (a) "\ —iater 0.03 | (b) j’ww,m\'mwi —Water
& —H, _— [ | —H;
Z 0.025 H z 0.025 ‘, | —co,
‘; 0.02 E 0.02 ' “
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c \ 7, |
g oo1 \ £ 001 | |
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0.03 | (c) Py Water 003 | (d) ey —Water
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wswmse NI, o gl / KL V—
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Figwr®ensity profiles in the -Zadiirretcdri fomge  ,no
100%/ Bri neQ%HHH)%dBrine, 220 %eBwHNe and (d)
CQ/ Brine systems. The simulations were condu
The composition percentages are by mass.
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Fi guwBdensity profiles along théigudidreaticoi
for (a)z BODAe HHAtB D %ROBY i ne, AT) %dBWHNe and (
100%4/CBIri ne systems. The simulations were co

MPaThe compositioncpércoacetnat agnmassasaee on

Tab6Di fference i n densiti e® robcshe rpvheads eb eatnwde e
rich phase, for I FT simul ations occomplasitteido na
percentages are by mass.

100% H 939. 6 939. 6
50 %FH 927. 7 928.1
10 %FH 852. 6 875. 5
0% FH 192.1 815. 7
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6. 3GPbbsite Surface

Hydrogen bubbles on the gibbsite surface

To compl ement the results for brine contact
surface, hwdsopkhascegdgd i ndrical bubbles near t
surface oThé&hbécmnstef i8o eMPsau)r ea n(d2 Ot ¢ PpAeClat ur e

weretudaedshoWwing®bfme I n all syst emscy lhiynddroigeceal
dropl et detached from the surface, alluding
surface. Il ncreasing the presBugeépgamenl 20ato
c) , produces a denser, more compact hydroge
bubble was estimated by applying a sismi |l ar a
t he water droplets. The radius of this circu
33.0 j at 80 MPa, which is consistent with t
same pressure range. The effects of stsgemper at

Fi g6empanelfst derae riesducti on in the affinity be:

and the surface at high temperature. Thi s i
wettability with tempétbtittr emot e pvdrtthe dt hfeorr e
wettabil i ffygwadehtedd.vedugh the hydroxyl ions ol

can form hydrogen bonds with wadenrsi tiy a&ate elmisc
temperatures contributes more significantly
confirmed by conducting simul aticaddedi tb Vvhae
hydrogen dr®pldeimsi The p2of FIl g ®.0 @croersreorbtoeda tien t
reduct pedbeinsint W at the surface o0bseirnvcerde aasse st.h
These results show that water droplets on bo

of kaolinite respond to changes in spressure
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6. 4Concl usi ons

Mol ecul ar dynamics simulations were conduct
and interfacial propesti &$ eixamar & t&Qf sohri otnh e

gases during underground hydrogen storage. T

an abundant c¢clay mineral often found in geol
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i mportance in the energy sector. Calculation
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surface due to stronger i nteractions o
ace, azletxhha lbbght e@O a  sTthreoensguelrt se faflescat . docum
ction -gasthet érfiaeci al tension as the <co
eases, because of the decrease in the di
use higher contgpadr  idmeJbesedndel bwwer capi |
surecabots6ECOce the egueseuwdr e o displace |
ral pores. This in turn reduces the tra
e effects are |ikely to increase the rec

dentify the molecul ar mechani smg heespor

erenti al adsorption of wvarious moalsecul e:
st.i graotre de x amp | e, t he planar density prof
ophilic gibbsite surface showed that | o

ce the affinity between hydrogen and t
abil ity hiesmer eaqnas tatons. This corroborat e
ophxhine siulrd ace. Although tHeneiig atre
ace in the ptrleeseinmcerdeednssaC®yn I1GGads t o an
ace wettability.

matel vy, i nterfacial tensions and contact
rvoirs tplhhastsibheer medi ate to weakly gas v
this application. Because the cushion g
ace (shown by the contact angle results)

recovery Oof bpdi ongenn.strategy could <con

tion of gases with densi,tivewiocbhet wbahehy
essful intermittent storage of hydrogen
ed.
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CHAPTEBUMMARY AND FUTURE WORK
7. 1Summary

Understanding fluid interactions with solid substrates are important for developing
effective technologies to meet energy demands. Some relevant applications include
COz2 sequestration, enhanced oil recovery, and gas storage. This thesis focussed on
the structural and transport properties of complex fluid mixtures on calcite, kaolinite,

and silica surfaces.

Chapter 3 explores the control of the aggregation of island and archipelago model
asphaltenes in toluene into small colloidal particles with cyclohexane chains. The
aggregation of asphaltene molecules on kaolinite clay surface was compared to the
aggregation in the bulk. For both asphaltene models, the cyclohexane chain slightly
increased the aggregation of the asphaltenes, and the aggregation near the kaolinite
surface differed from that observed in the bulk. This manifested as an increase in the
average number of molecules in an aggregate, with these molecules clustering in a
closer, parallel, and more compact manner. Moreover, the presence of oxygen and
sulphur heteroatoms and the size of the poly-aromatic cores were partly responsible
for the structural differences observed in the two models.

In Chapter 4, simulations were conducted to elucidate the effects of NaCl, KCI, and
MgCl: salts on the structure and dynamics of interfacial water on calcite surface. Water
formed strong interfacial molecular layers on calcite, which became less ordered and
structured further from the surface and eventually reached the properties of bulk water
at distances > 10 A. NaCl and KCI salts adsorb close to the surface, forming an
Electrical Double Layer, whereas MgClz maintains its hydration shell further from the
surface. As a result, the ions exhibited varying disruptive effects on the orientation of
water, hydrogen bond network, in-plane density distributions, and residence times of
water within each hydration layer. It is also worth noting that water molecules in the
first two hydration layers showed different orientations and formed hydrogen bonds
with other molecules in adjacent layers, as opposed to hydrogen bonds within each
hydration layer. In terms of transport properties, the residence time of water within the
second hydration layer followed a bi-exponential decay, suggesting the simultaneous
presence of two dynamic mechanisms, one characterised by shorter time scales than
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the other. The timescale associated with the former mechanism decreased as the salt
concentration increased, whereas the opposite was observed for the slower
mechanism. The results obtained were also dependent on the calcite force field

implemented.

The study in Chapter 4 was extended to examine the effect of confinement on the
solubility of COz2 in calcite nanopores filled with electrolyte solutions (Chapter 5). There
was a substantial reduction in the solubility of CO2 confined in calcite nanopores
compared with that in bulk water or brine. Because the calcite surface was covered by
strong hydration layers, CO2 did not come into contact with the surface. Analysis of
the adsorption energies of CO:z in calcite and silica (for comparison) suggested that
the strength of the interactions of water with the mineral surface determines the
solubility of COz2 in the mineral pores, with narrower calcite pores being less attractive
for the adsorption of COz2. In Chapters 4 and 5, the positions where the monovalent

and divalent ions adsorb determined their effects on the properties being investigated.

Finally, the use of CO2 and CHa4 as cushion gases for effective hydrogen storage is
discussed in Chapter 6. Contact angle measurements showed that, unlike the gibbsite
surface of kaolinite, the siloxane surface of kaolinite is intermediate wet when
surrounded by hydrogen. The cushion gases altered the surface wettability from
intermediate wet to gas wet by forming stronger interactions with the siloxane surface.
Moreover, the differences in density caused CO:2 to have stronger effects than CHa.
The drop in the gas-brine interfacial tension in systems with cushion gases reflected
a reduction in the capillary sealing capacity when these cushion gases were present

in the system.

Overall, the results presented in this thesis highlight the contributions of mineral

surface-fluids interactions to fluid properties observed.

7. 2Future work

The chaptesresmn etdhi s thesis serve as a basis f
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Appendi x A

Supporting IfrofrorChatpitcenr 3

Fi gAirleMaxi mum cluster size as a function of
(ASPH) on kaolinite surface at (a) 300 K and

Fi g uAr2ZeAver age cluster size as a function of
( ARCH) on (a) kaolinite surface at 400 K ar
compositionismalb3ddeFsohrown arity, the analysis fo

as the asphaltenes are also fully aggregated
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