This paper describes obijective technical results and analysis. Any subjective views or opinions that might be expressed in SAND2022-9678C
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Molecular Modeling of Smectites
and Interaction of Various Molecules
with their Surfaces

Andrey G. Kalinichev?, Jeffery A. Greathouse?, Randall T.

g 2
1 5¥&3Wire SUBATECH (UMR 6457- IMT Atlantique, Nantes Université, CNRS), Nantes,
France

2 Geochemistry Department, Sandia National Laboratories, Albuguerque, NM, USA

o *.L e e @-f -l AG=-2}.73(kJImoI)

i e WG .i
v g Y \\@

Lo AR 2 o %
E-mail: — ; h:§li

e L SR
UNULCUITJIIT& NI T

'u o ‘ *I CMS Workshop Lecture Series “Advances in the characterization
IMT Atlantique UbQ [SandialNational|Laboratorieszisia multimission laboratory managed and operatedrbygNationalgTechnologyi&~Engineering Solutions)of SandiaaLLC, a whollvlownedJu|y 23. 2022
Bretagre-Payeclo s Lo - subsidiaryjofJHoneywell International Inc.,"forfthe U.S. Department of Energy's National Nuclear Security’Administration"under contract DE-NA0003525.~ 7’ ’


mailto:kalinich@subatech.in2p3.fr

Time and Length Scales of Materials’ Simulation

» Continuum mechanics
» Macroscopic thermodynamics
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Molecular-Scale View of Reactlve Hydrated
Smectite Interfaces e

63 O

29&048 .Qb

> Most geochemical reactions take place at '°"'°"' -
mineral-solution interfaces K m/m

» Mineral weathering processes 3

» Adsorption or release of contaminants and . | 3
nutrients in soil and water S L

> Drinking water quality o~ J Qo o

> Shale oil and gas exploration

» Fate of CO, in geologic carbon sequestration

» Formation and behavior of ice nano-crystals and hydrated mineral nano-

particles in the atmosphere
» Geochemical mechanisms of primitive metabolism and the origin of life
» Bentonites for geological disposal of radioactive waste

Molecular scale is, in fact, inherently multi-scale in time and distance

Structure at hydrated mineral interfaces are inherently coupled with
Dynamics each other, and none of them can be adequately understood
Reactivity without the others

P be jg{j CMS Workshop Lecture Series “Advances in the characterization
IMT Atantique uba IN2P3 of smectites in bentonites”, ICC 2022, Istanbul, Turkey, July 23, 2022 3
Eci com deux infinis




Molecular-Scale View of Confined Fluids and Interfaces

» Recent progress of the surface-sensitive experiments > m
v Synchrotron X-ray reflectivity, EXAFS ' (14 /)
v" Inelastic and quasielastic neutron scattering il '
v' Sum-frequency vibrational spectroscopy (SFVS) |
v Multi-nuclear multi-dimensional NMR spectroscopy | -

» Probe the properties of H,O molecules and aqueous
species at mineral surfaces or in nano-confinement,
provide direct molecular-scale information on the
structure and dynamics of hydrated interfaces

» However, these complex experimental data are often
difficult to interpret unambiguously

Molecular computer simulations can provide a
complementary powerful quantitative tool to facilitate the
atomic-scale interpretation of the observed interfacial
phenomena, the effects of substrate structure and
composition on the structure, dynamics, and
composition of the interfacial aqueous solution
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Computational Atomistic Modeling:
Tools and Objectives

» Molecular Dynamics (MD) - deterministic approach
» Monte Carlo (MC) - stochastic approach

» In both approaches, MD or MC, the formalism of statistical mechanics is used
to develop quantitative molecular-level understanding of the complex behavior of
clays and clay-related materials and interfaces:

v" Structure and dynamics of aqueous and interfacial species
v" Hydration, adsorption, complexation, diffusion, intercalation, H-bonding
v Atomistic mechanisms of ionic sorption and transport

need significant
L~10-100nm N~ 103-10° n ~ 107-10° conf. /)' computing
At~1fs =105s 7 ~1-10 ns ~ 108-107At power, but

v

Atomistic computational modeling can be used today as any other tool
of materials research, the same way all other physical and chemical
methods are used (IR, Raman, NMR, Brillouin spectroscopies, X-ray
and neutron diffraction, mass spectrometry, etc.)
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Atomistic Modeling:

N ~1,000-1000,000 atoms
t ~ 1-10ns

7 ~ 10°-107 time steps

n ~ 100-107 configurations

ISEMN 338 ETX

3 Computational
modeling in clay

mineralogy

Edited by:
C. Ignacio Sainz-Diaz

Series Edior:
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Computational Tools
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Atomistic computer modeling can be used
today as any other tool of materials research,
the same way all other physical and
chemical methods are used (IR, Raman,
NMR, Brillouin spectroscopies, X-ray and
neutron diffraction, mass spectrometry, etc.)
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Molecular Dynamics: Details of the Technique
Numerically solve Newtonian equation of motion for N interacting particles:
r(t+At) = r(t) + v(t)At + V2 a(t)At> At~1fs=10"s
a=F/m=[-0U(rr, ry)orl/m; i=1,2,...,.N (N~10°-10°atoms)

U =XXU; = ZX(Ari'? - Bilri® + qiq;/egry) + Z V2K, (1 - rp)? + X Vaky (05 - 04)?

Short-range repulsion v-d-Waals Coulombic bond stretching bond bending
Time averaging over a dynamic

- | FL-v-
trajectory of the simulated system > @ 1~ O 9~ @O

[ ] Q o

Perlodlc boundary conditions (PBC) {»’ E ? o ? o
in v P ’ %0 ¥ oo

> @ |p= — O
@ o ®
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!

http: //|saacs sourceforge. net/phys/pbc html

& CLAYFF — specialized semi-empirical fully flexible force field model allowing for
realistic exchange of momentum and energy among all atoms — solid substrate and
aqueous solution (Cygan, Liang, Kalinichev, J.Phys.Chem. B, 108 1255-1266, 2004)
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ClayFF Construction and Parametrization

st (2.1 |e])

1. No explicit bonds — quasi-ionic

2. LJ parameters for all oxygen ‘ «—Obos (-1.1808 |e])
atoms are assumed to be equal ‘ _mgo u_%leno
to Ow for SPC water ' .

Both assumptions are
great simplifications of reality, w : T
but they seem to work quite well

'\ t
at (1.575 |e|) obts (-1.1688 le]) ob (-1.05 |e])

» Accurate determinations of partial charges are required to represent charge
distributions of interlayer and external surfaces where electrostatic forces control
sorption and transport processes

» Atomic charges derived from DFT calculations for cluster and periodic models of
simple oxide and hydroxide phases (brucite, gibbsite, kaolinite, quartz...)

» Allows for charge delocalization among coordinating oxygens for substitutions

ClayFF. Cygan, Liang, Kalinichev, J.Phys.Chem. B, 108 1255-1266 (2004)
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Structure and Composition of Complex Clays
Si,Al,0,,(OH), lllite (muscovite)

No substitgtions K (Si;Al)AlL,0,,(OH),
Non-swelling

Pyrophylllte Many substitutions
Many interlayer ions

1.0e charge per O,,(OH),
Non-swelling

Smectite (montmorlllonlte)
Y

8 [ Nay(SigAl)(Al,Mg;)0g(OH)-H,0

B Some tetrahedral Al sub

GEJ Mostly octahedral Mg sub

) Swelling

‘©

§< 0.375e charge per O,,(OH),

< :

5 | Nag(SiAl;)Alig0go(OH) " nH 0 charge —p
8 | Mostly tetrahedral Al sub

O \Swelllng charge — )
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MD Modeling of Smectite-Solution Interfaces
Classical Newtonian dynamics

» N~ 3,000 - 10,000 atoms
» Nyoo~0—1,000 molecules
> ClayFF force field (Cygan et al., 2004)
> axbxc ~3x3x10nm3
* > Periodic boundary conditions
,4 > NVT-or NPT-ensemble T=300K; P =1
??ﬂ bar
% : » t~200 - 1,000 ps
e | [ Afr=05-10T
ey Solution structure:
S X v/ Atomic density profiles (1)
' ~_ v Atomic density surface distributions (| |)
~3nm v Topology of the interfacial H-bond network
“T |Dynamics:
A - v v Diffusion coefficients (longer time scale)
v Spectra of vibrational and rotational
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Association of Metal Cations with Clay Surfaces
Two-Layer Clay Hydrates

Pyrophyllite
Zero

Montmorillonite
Oct

Wyoming
Montmorillonite
~Qct

Beidellite

Mean siloxane &an siloxane Tet
O position 1 o 3 4A O position

Location of substitution sites in the clay structure can strongly influence the
distribution and mobility of adsorbed ions and H,0 molecules
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Swelling of Smectite (Montmorillonite)
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Water and lons in Smectite Nanopores

a - Mono-hydrated state

~12.50 A

FYVYVIVY S
¥ &Ry iag

b - Bi-hydrated state

~15.20 A

4

AMAMAAAAL -

"b'r'# )
u..‘ hﬁﬂ':ﬂ“f'r;_

L2 P =

X-Ray diffraction > ClayFF model better accounts
30 A for H,O content and
015 0. 0.45 organization compared to
— ':'H’a':”"" earlier models.
LE %3

» However, diffraction patterns
0.45 0.6 0.75 .
Neutron diffraction for bi-hydrated samples from

 vas ClayFF simulations do not
B G "‘-F‘&—"-U_s e satlsfgctorlly match the
1/d (A1) experimental data.
17 - Lennard-Jones parameters
e v -—Ui';‘- was suggested that allows
' ‘| Neutron diffraction matching experimental water
-y contents and fitting the

D

complete set of diffraction

0.45 0.6 0.75
Neutron diffraction data.
D,0

X5 A » Relevant information may
015 0.3 ﬁﬁfﬁ 06 075 thus be derived on the

1/d (A7) influence of layer charge on
the orientational properties of

Ferrage et al.,

Ferrage et al., J.Phys.Chem.C, 2011, 115, 1867-1881
Clays and Clay Minerals, 2016, 64, 348-373

interlayer water molecules for
different clay models.
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Structure and Diffusion at Smectite—-Water
Interfaces

a. L1 hectorite b. L2 hectorite » There are onIy subtle differences in
AR TR AT - PN AR Na* adsorption complexes and
water structure in the first adsorbed
layer due to different arrangements
of layer hydroxyl groups in the two
¥ clay models.

C@@ » The extent of surface disruption on
- bulk-like solution structure and

diffusion extends to only a few

| water layers.
@

: » A comparison of Na* residence
. ™ : times confirms similar behavior of
¢. L1 montmorillonite d. L2 montmorillonite )
inner-sphere and outer-sphere

S i surface complexes at each clay
) LY
t

surface, but ~1% of Na* ions
adsorb in ditrigonal cavities on the

m hectorite surface.

» The presence of these anhydrous
ions is consistent with highly
immobile anhydrous ions seen in
previous nuclear magnetic
resonance spectroscopic
measurements of hectorite pastes.

Greathouse et al., J.Phys.Chem.C, 2015, 119, 17126-17136
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H,O Orientation at the Smectite-Water Interface

MD simulations show two principal orientations of H,O molecules
close to the clay surface : monodentate and bidentate:
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Hydrogen Bonding of H,0 at the Smectite Surface -
Nature of the Sharp OH Vibrational Band
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Hydrophobicity of Smectite Clay Surfaces (l)

M.Szczerba, M.Kowalik, A.G.Kalinichev, Appl.Clay Sci., 188, 105497 (2020)

35 4 .
pyrophyllite 106.2% (+1.2)
30 4
— 25
e
c
o 20
=
S
.D' 15
2" layer of H,0 N
10
15t layer of H,0
N
surface oxygens / P——
of smectite ot— ™t 77—
0 5 10 15 20 25 30 35

x-position (A)

IM'I' Atl

Ect eMH

'u’ CMS Workshop Lecture Series “Advapces in the characterization
rtique UbOt@Ch P IN2P3 of smectites in bentonites”, /ICC 2022, istanbul, Turkey, July 23, 2022

17



Hydrophobicity of Smectite Clay Surfaces (ll)

M.Szczerba, M.Kowalik, A.G.Kalinichev, Appl.Clay Sci., 188, 105497 (2020)

Montmorillonite

MtmO03 Mtm03 _no_surface _ions
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Hydrophobicity of Smectite Clay Surfaces (lll)

M.Szczerba, M.Kowalik, A.G.Kalinichev, Appl.Clay Sci., 188, 105497 (2020)
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Orientation of H,0 Molecules on Montmorillonites
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Hydrophobicity of Smectite Clay Surfaces (1V)

M.Szczerba, M.Kowalik, A.G.Kalinichev, Appl.Clay Sci., 188, 105497 (2020)

Beidellite

351 - -
Beid01_no_surf_jlons Beicdd2_no_surf_ions Beid03_no_surl_jons
= 84.1°(22.2) ] \722° (219 1 67.4° (+1.9)
25 4 .
204 B
15 e .
10
< 5 \ |
5 | . N
:E D T 1 T T ] T T T
g 351 . Taw . T e .
- | Beid0d4_no_surf_jons Beiddd_no_surf_ions BeidD&_no_surf_ions
30 4 .
! B4.97 (£2.0) 50.7°(£2.2) 61.9° (£1.8)
254 .
204 .
15 4
10
B - i i
0 5 10 15 20 25 1 15 21} 25 a5
x-position {.ﬁ.l

.m',..u’ ubotech

Bretagne-Pays de la Loire
Ecole Minos - Tehmm

@ CMS Workshop Lecture Series “Advances in the characterization

IN2P3 of smectites in bentonites”, ICC 2022, istanbul, Turkey, July 23, 2022

Les deux infinis



Orientation of H,0 Molecules on Montmorillonites
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Hydrophilicity / Hydrophobicity of Smectite Surface

» The hydrophobicity of the smectite surfaces depends on our definition of the surface:
O if charge-balancing cations are considered part of the surface, it is highly hydrophilic;
O however, the surface itself, with the counter-ions removed, is quite hydrophobic

» The orientation of H,O molecules on smectite surfaces is significantly different for the
surface with ions and the same surface from which all the ions are removed

O the surface itself is intrinsically hydrophobic
O the hydrophilicity is primarily due to the charge-balancing cations on the surface
» Hydrophobic smectite surfaces are favorable for the adsorption of organic molecules

MtmO03 Mtm03_no_surface_ions
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Effects of the Charge Localization on the Adsorption and

Transport of lons in 3M* (Si;,Al)(Al,,Mg,)043,(OH) ;7 H,0
(M* = Li* Na* K* Rb* Cs*, "2Ca?**, '2Sr?*, 2Ba%*, /2Ni?*)
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Interlayer and Surface S
Adsorption Sites on (001) of Cs*
-Montmorillonite Smectite

@ ®© © 0 @

)

o
=
T

Density (A?

B.F. Ngouana Wakou, A.G.Kalinichev
J. Phys. Chem. C, 118, 12758-12773 (2014)

Opts (-1.17 |e|)

0, (-1.05 |e|)

'“ ay CMS Workshop Lecture Series “Advances in the characterization
IMT Atiantique ubatech IN2P3 of smectites in bentonites”, ICC 2022, Istanbul, Turkey, July 23, 2022 25
Etolo Mines-Toécom i Les deux infinis



Water Structure and Aqueous Uranyl(VI)
Adsorption Equilibria onto External Surfaces of
Beidellite, Montmorillonite, and Pyrophyllite

<40
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L 40

o[ Cymye(zie
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a. Pyrophyllite

Aqueous Region
(CO,, Na*, U0,

b. BeidelliteMontmorillonite

Agueous Region (+12 &)
(CO.*, Na*, UD,*)

Interlayar {+24 &, Na*)

(]

o3P £°%

>
>

Aqueous UO,?* concentration from 0.027 to 0.162 M.

Na* ions and CO;? ions (0.027-0.243 M) were present
in solution to realistically model a stream of uranyl-
containing groundwater contacting a mineral system
comprised of Na-smectite.

No adsorption occurred near the pyrophyllite surface.

Little difference in UO,?* adsorption onto the beidellite
and montmorillonite, despite the difference in location
of clay layer charge.

At low uranyl concentration, the penta-aquo-uranyl
complex dominates in solution and readily adsorbs to
the clay basal plane.

At higher uranyl (and carbonate) concentrations, the

10f e o e g mono(carbonato) complex forms in solution, and
ol "o 120 N = uranyl adsorption decreases.
1A
g Greathouse J.A., Cygan R.T, Phys.Chem.—Chem.Phys., 2005, 7, 3865-3871;
Env. Sci. Technol., 2006, 40, 3580-3586
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Free Energy of lon Surface Adsorption

Potential of Mean Force:
W(z)=—kgT In (p(z))+ const

z - distance from the surface

S| < S-I(H,0) < S+
ISSC OSSC desorbed ions

10 ' ! '\ . !
o drfep- W e Drdr
" 472_[ exp(—Weosee [k T)rdr \

7 (Ann)
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Surface Sites and Adsorption Free Energy Profiles
of UO,2%* on Muscovite

10—
= or
Q L
S
S O
\.v-'-‘ﬁ/ i .
= 1a (opposite)
= S 1b (nearby) |
S 0 1c (single)

47 | exp(—Wigse /ksT) rdr

K, =
47 [ exp(~Wossc [T ) rdlr

€

N. Loganathan, A.G.Kalinichev, 2022, in prep.

.
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Adsorption of Aqueous Crude Oil Components on
the Basal Surfaces of Clay Minerals

» Decahydro-2-naphthoic acid (DHNA and
DHNA-) as model crude oil components.

» The extent of adsorption is controlled by
the hydrophilic nature and layer charge of
the clay mineral.

» All organic species preferentially sorb on
hydrophobic mineral surfaces.

» Analysis of cation—organic complexing in
both the adsorbed and desorbed states
reveals a strong preference for organic
anions to coordinate with divalent Ca2*
ions rather than monovalent Na* ions,
lending support to current theories
regarding low-salinity water flooding.

Greathouse et al., J.Phys.Chem.C, 2017, 121, 22772-22786
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Mg-Salen Compounds as Subsurface Fluid Tracers:
Molecular Dynamics Simulations in Toluene-Water
Mixtures and Clay Mineral Nanopores

» Simulations of these complexes in fluid-filled
mineral nanopores containing neutral

R - & (kaolinite) and negatively charged
., (montmorillonite) mineral surfaces reveal that
o ‘ adsorption tendencies depend upon a variety
'ln 1"' of parameters, including tracer chemical
o s 3 > P W i i
< properties, mineral surface type, and solvent
‘“"M‘H‘“"H "“ type (water or toluene).
¢. water-filled Na-montmorillonite nanopore » Simulation snapshots and averaged density
S [ @ Sioxane | profiles reveal insight into the solvation and
2 g adsorption mechanisms that control the
E . partitioning of these complexes in mixed
;3 & liquid phases and nanopore environments.
3 » The utility of molecular simulation in the
o » . design and screening of molecular tracers for
0 Em low high low high use in subsurface applications is
conc conc conc conc conc conc demonstrated
Mg-salen-pyr  Mg-salen Mg-pyrid?*
Greathouse et al., Energy & Fuels 2018, 32, 4969-4978
VH7
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Interaction of Natural Organic Matter with Clay
Surfaces and NOM Aggregation in Clay Mesopores

o 1;§. 0.08
- s {30
v iR T 0,06 NOM-(40 timesy "4
¢ il oef + . 1
™ ‘:::. ; — Cs (10 times)
Ei (%5 a Qum \!\
e ¢in)
vl . *aiv 0.02
. Ly T4 |
; | 2 '!l; - 1 wi E -, 3
o F i L2 - "5 d] {]
~F . o dﬁ a8 020 40 60 80 100
ey . ™ ]
:; £ {A}
< d) e)
¥ ia 0.1
o4 1 B Y
Y i U.Uﬁ
. .g 4:_ Il
is i “ 0.06
s & ¥ | L
{ ¥ — I ;
i g q_n,lu "
! ) 0. r* oAl | ﬁ!
j S, 't' '!.. I'I’.;;p‘-.
% + }l h__' A
9 : Ca2 ”{: 20 -H] ﬁl] g0 100
1% 2(A)

Greathouse et al., Minerals, 2012, 4, 519-540
Loganathan et al., J.Phys.Chem.A, 2020, 124, 9832-9843
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MD Simulations of CO, Intercalation
in Hydrated Na-Montmorillonite

N VY v [ I_‘ A ] A > The degr_ee of swelling caused by
A. A A _A. .. @A y intercalation of CO, strongly
*'. - w‘rot if-\“w'a L‘;L “»"5 ‘:‘ depends on the initial water content
30. P e PR in the interlayer space.
gt ey e L L PR :404(.1 - T ) . . .

t red 7k Aok fohk Ak v b s » CO, intercalation stimulates inner-
“AAAAAALL “*"‘ A “‘ ALA sphere adsorption of the positively
¥ 8% £ 350 %k 5 w® charged interlayer ions on the
C < [ e . .

1% Wk * Jd ° 2.0 internal clay surfaces, which

‘'R L & of o - & - . .

o ... TSN, modifies the wetting properties of
A A K AN B ALK/ A the surfaces.

Cygan et al., J.Phys.Chem.C, 2012, 116, 13079-13091
Myshakin et al., J.Phys.Chem.C, 2013, 117, 11028-11039
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Effect of Interlayer Cation Size and

Intercalation of CO, and H,0 into He

on

the

s A g & Y= B4 ¢
= “0. © @ Q @- Na+*(Blue & Orange)
' o ] () 0/ OppoliHiss
= 10 48 o A/ oUW~ Sd 2
ol ) @ IS =
> © . @) @ o Ccoz G2
0) I Si| 0, (Surface atoms)
i » Simulatjons canfirm p
. ; . orientations foy CcO
- o =
M moalecules
15 = C ’/ ’(:) (—:\\ -
7 A0 &)
2% @® > Adsorbed aboye aGry{s,
| .
— 8] through /\MO
% = 10 15, ® !{%) - B 'r@ g /uUL
- . \‘\.\?j/,h' ,
S = | » Mostly.glipp try a
1.o@ ¢ S = L "
= . @@9 0 e, lessl 7 sh on__
G forr ,ICO Imolecules
0 |‘T£® jl.\ | ) /:.\l
0 5 10 15 20
a X (A)

Botan et al., J.Phys.Chem.C,
2010, 114, 14962-14969

Loganathan et al., J.Phys.Chem.C, 2017, 121, 24527-2454,

2018, 122, 23460-23469; 2018, 122, 4391-4402

4
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Molecular Models for the Intercalation of Methane
Hydrate Complexes in Montmorillonite Clay

» Na-, K-, Ca-, and Mg-montmorillonite

Methane hydrate intercalate intercalated with CH, and H,O.

structures with different > Simulated XRD patterns exhibit basal (001) d
interlayer cations -values ranging from 23 A to 24 A.

Na* d=239A Ca** d=238A » Quantitative analysis of the C-C, O-0O,

qé;’ &‘LQ._-, Q c&g *t* and C-O RDFs indicate an interlayer

structure that is different from the
o VS g bulk methane hydrate and from
(4 . methane in aqueous solution.

B, T e T T T T, T T B, LSS ‘I‘:."n-"h-‘b.\-hm-“
L

e e “t‘\i“‘ 3*5, ﬁh’#\b}ﬁ ‘ﬁ-‘\ | > Some order of the CH, hydrate

i ot e B e x ' = structure is preserved in the interlayer

K* d=240A Mg>* d=23.7A and is related to the formation of

4% < methane clathrate structures with
. Yo e and the clay surfaces forming an

» ‘&Y H,O and the cl rf f
‘ ‘% o ; ¢ H-bonded network in the interlayer.
& &t S - » MD simulation results support

8- S ot "‘:1\,‘;:‘“ N~ experimental observations of a stable

%\\?k%} u % #\ %»‘;&‘3 X :‘?{}“ﬂ.‘ methane hydrate intercalate with

Na-montmorillonite.

Cygan et al., J.Phys.Chem. B, 2004, 108, 15141-15149

' L
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Clay Particle Edges: Special Adsorption Sites

¢ Basal (001) surfaces and interlayers are extensively
studied; their properties are reasonably well known

Basal (001) surface : .
(00%) Interlayer ¢ Clay edges have received much less attention yet

= pore ¢ Ab initio (quantum) MD is a direct answer,

=—— Edgfe but it is very expensive computationally
o3 surrace
¢ AIMD = ~nx100 atoms; ~15x15x15 A3; t ~10-50 ps

Aggregate of clay particles

S

S.V.Churakov, Geochim. Cosmochim. Acta, 71, 1130-1144 (2007)
X. Liu et al., Geochim. Cosmochim. Acta (2012, 2013, 2014, 2015)
S. Tazi et al., Geochim. Cosmochim. Acta, 94 1-11 (2012)

Inter-particle
pore

Primary clay
particle

ClayFF Parametrization for Clay Edges

New special ClayFF bending terms
for Mg-O-H, Al-O-H, and Si-O-H

Uciayrr-mon = Yciayrr-orig ¥ Un-on =

= UglayFr-orig ¥ K (0-6,)*
k and g, have to minimize the differences
between DFT and ClayFF-MOH results

Pouvreau, Greathouse, Cygan, Kalinichev, J.Phys.Chem.C, 2017, 121, 14757-14771; 2019, 123, 11628-11638
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Brucite edge: zMg-0O-H and OH

£Mg-O-H distribution

—DFT
— ClayFF-orig
ClayFF-MOR:
kwgor = 6 kcal-mol-'-rad
Kaion = 15 keal'mol-'-rad-2
— Gomon = 100°
— 6Gbwmon = 110°
= Ghmgon = 120°; b aion = 116°

OH distribution in xz plane

DFT CLAYFF-  CLAYFF-MOH*

.
FraVNadVal

1_ ''''''''' __r"-u||9-'-|__ ''''''''' 7]

T T T

*Gp = 110°; kyyyon = 6 kcal'mol*-rad-2

> Narrowing of zMg-O-H and OH’

60 80 100 120 140 160 180 . . .
distributions

Mg-O-H angle (°)

M.Pouvreau, J.A.Greathouse, R.T.Cygan, A.G.Kalinichev, J.Phys.Chem.C, 2017, 121, 14757-14771
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Gibbsite Edge: 2£Al-O-H and OH

OH distribution of OH groups in xz plane
£Al-O-H distribution

DFT CLAYFF-orig  CLAYFF-MOH*
—DFT =
— ClayFF-orig . iy [
ClayFF-MOH: ge ge
kugon = 6 kcal-mol-'-rad2 0 ge = ]
kaior = 15 keal-mol-!-rad-? W d
— Ghwor = 100° (b1) DFT 11(b2) C-o 1 1(63) C-MOH ™" |
— bhwon = 110° -1 o 1 0o 1 o1
— thumgon = 120°; Ghaion = 116° OH, (A) OH, (A) OH, (A)

* 6 = 110 Kygo ~ 15 kcal-mol-'-rad-2

» Narrowing of £AI-O-H and OH distributions
80 100 120 140 160 180 » £Al-O-H: both £,=100° and 6,=110° are close
Al-O-H angle () enough to DFT results
» DFT MD: observed proton transfers between
OH and OH, groups

M.Pouvreau, J.A.Greathouse, R.T.Cygan, A.G.Kalinichev, J.Phys.Chem.C, 2017, 121, 14757-14771
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Kaolinite Edge: 2Si-O-H and OH

OH distribution of OH groups in yz plane for edge A

£2Si-0-H
distribution CLAYFF- CLAYFF-MOH CLAYFF-
- -orig AIOH term : AIOH term
CLAYFF-MOH: + SiOH term .
- mol-'-rad? ——= 110" +SiOH-terny 0,100
ksiow=15 kcal-mol-'rad 10F [ 'q0 sior=110
— (hsion=100° — Ghsion=110° 6) sior=100°
. ‘ 0.080
Edge A 05¢ s ‘- : ‘ .
=< : 0.060
v DO - - - - - - - -
I " L
o \ ; \ - 0.040
-05} - | - .
Edge B [ 4 0.020
-1.0L, : L : . : L : I 0.000
-1.0 -05 0.0 -0.5 0.0 -0.5 0.0 -0.5 0.0

B 100 120 10 fe0 10 OH, (A) OH, (A) OH, (A) OH, (A)

7’4 y > 90 AIOH— 1109, kA!OH =kaOH = 15 kcal-mol-'-rad-2
" » 6, sion= 100° better than 6, 5,o,= 110° on both edges
> OH distribution not affected with both values of &,

Si-O-H angle (°)

M.Pouvreau et al., J.Phys.Chem.C, 2019, 123, 11628-11638
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O-H Librational (M-O-H Bending) Spectra

DR : » Fourier Transform of the velocity autocorrelation function:
— CLAYFF-orig ,
CLAYFF-MOH: P(v) = f(f‘(r) T(t+ 1)) et

kigon = 6 keal-mol-'-rad- . _
kuon= kson 15 kealmol-rad2 » We consider the velocity of the H atoms of O-H groups

— 6ouon=100° > 7 < 1500 cm': O-H libration
— = o i
ocr= 110 i THE JOURNAL OF
. E - - g
o | Brucite edge = aolinite edge *——* PHYSICAL
S 30+ sS40 |
S 25¢ & 3
£ 20 %5
‘E 15 F £ 2
E 1.0 1
0.5
0.0 e
0 250 500 750 1000 1250 1500 1750 0 200 400 600 800 1020 1200 1400 v L Y
Wavenumber (cm™') Wavenumber (cm ) =ud,,m,i!+(e-au}2
. . 10 P
Gibbsite edge | _ , 1(30""“9 edge
B 3 o l
8 €,

0 200 400 600 800 1000 1200 1400

0 200 400 600 800 1000 1200 1400 1
Wavenumber (cm™)

Wavenumber (cm‘1)

ACSPublications
Whost Trusted. Most Cited. Most Read.

» Spectra shifted of 250 to 600 cm-'and narrowed 5 A Gronth
HURCT I : .Fouvreau, J.A.Greatnhouse,
» Kaolinite: as expected not much difference R.T.Cygan, A.G.Kalinichev

between g,=100" and g,=110 J.Phys.Chem.C, 2019, 123, 11628—11638
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THE JOURNAL OF

PHYSICAL
CHEMISTRY

W FTRAL OF S e AL BT

pubs.acs.org/IPCC

Advances in Clayff Molecular Simulation of Layered and
Nanoporous Materials and Their Aqueous Interfaces THE JOURNAL OF

Randall T. Cygan, Jeffery A. Greathouse,” and Andrey G. Kalinichev PHYSIC AL
Cit!Thir.J Phys. Chem. C 2021, 125, 17573-17589 E Read Online C H EM |STRY

A JOURMAL OF THE AMERICAN CHEMICAL SOCIETY

Bulk
Surface
Interfacial
Nanopore

O o i ol ST [
Total Coul VDw Bond

ACS Publications R———
v Wik Truribid ies Coind MASwt Rl
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Next: Adsorption at the Particle Edges

and Mesoscale Modeling of Nanoparticle Aggregates

Aggregate
of clay particles

Inter-particle
pore

Interlayer
pore

. \ Primary clay

particle
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Energetics and Mechanism of Clay and Swelling (I)

THE JOURNAL OF

PHYSICAL CHEMISTRY
L e t t e r S &, Cite This: . Phys. Chem. Lett. 2019, 10, 3704-3709 pubs.acs.org/JPCL

Revealing Transition States during the Hydration of Clay Minerals
Tuan A. Ho,™™ Louise J. Criscenti,” and Jeffery A. Greathouse
Geochemistry Department, Sandia National Laboratories, Albuquerque, New Mexico 87185, United States

© Supporti ng Information

w :-'?'r-.
?‘I’-

ABSTRACT: A molecular-scale understanding of the tran-
sition between hydration states in clay minerals remains a
challenging problem because of the very fast stepwise swelling 2
process observed from X-ray diffraction (XRD) experiments. [oJf rj,'u‘ -d,'L- 'T p FJ' N T'F"h{r
XRD profile modeling assumes the coexistence of multiple & ‘ UI - I,hl!'i_'u'l v'l‘#"'!
hydration states in a clay sample to fit the experimental XRD t‘i Ve o v o J
pattern obtained under humid conditions. While XRD profile < iS00 S

modeling provides a macroscopic understanding of the a3 _ l"E‘ .,ﬁﬁﬁ bﬂ%% ;;il-l:»"ﬂ.t-nt

microscopic model of the transition between hydration states

is still missing. Here, for the first time, we use molecular

between a dry interlayer, one-layer hydrate, and two-layer hydrate. We find that the hydrogen bonds that form across the
interlayer at the clay particle edge make an important contribution to the energy barrier to interlayer hydration, especially for

heterogeneous hydration structure of clay minerals, a :
TR R

dynamics simulation to investigate the transition states

initial hydration.

?_-.
jJ

.m',..u’ uboLech

Bretagne Pysd\L\re
Ecola Minos Tékécom
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Energetics and Mechanism of Clay and Swelling (I1l)

c 300 -
it o —— Without HB
ll!)l\ll’l ”i, g" b} 'y(' et —W;thuHB
T e 520
ll.l' u.ﬂuﬂ,u' l‘ 0‘ 5'1;’;’0 ' E
Z ' S 1%
: -l . i 2 100 -
LAY LIRS TSV T L l‘ﬂ'l'IL!l . x
fﬁ’:,’ 4 2 *'.\. "’5-' %’ v"y &v’j. -
l."l.'_;i’l
L e — 0 . . —
10 12 14 16
d_spacing (A)

€ Edge H-bonds between TOT layers in the dry state act like a gate, preventing
the passage of water molecules and ions into the interlayer

@ Swelling process begins by breaking those H-bonds so that H,O molecules can
diffuse into the interlayer

@ It is possible that proton transfer could significantly affect the mechanism and
energy differences between hydration states

Ho et al., J.Phys.Chem.Lett., 10, 3704-3709 (2019)
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Shale Oil and Gas Extraction

Shale formations are characterized by a small porosity and low permeability* that trap
hydrocarbons in host rocks. Hydraulic fracturing increases the extremely low
permeability of shale rocks, enabling the economic production of shale gas and oil**.

Schematic representation of shale gas extraction***

in o]l
Fracfluid: Flowback fluid:
- Water - Water
- Proppant (sand) - Chem!cals
- Chemicals - Gas/oll
| - Naturally occurring radioactive
| materials (NORMs)

The are several environmental issues rel
including NORM and their fate as they cc

What is the fate of NORMs in the

4 Atomistic computational modeling €

* Ho TA, Striolo A. AIChE Journal, 61, 2993 (2015)
** Yethiraj A, Striolo A. J. Phys. Chem. Lett., 4, 687 (2013)
*** hitp://www.virtualmuseum.ca/edu/ViewLoitDa.do?method=preview&lang=EN&id=25977
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http://www.virtualmuseum.ca/edu/ViewLoitDa.do?method=preview&lang=EN&id=25977

(010) Montmorillonite Edge: Interlayer vs Interface
Adsorption of NORM Cations

25 — —25
@ All cations are more staple in the interlayer Interlayer I
compared to the interfacial region 20 " 20
: : 1 + i
€ The associated average free energy gain  _ - Na -
are as follows : 2 15— Sr2+ 15
* ~10 kJ/mol for Na* 2 - , i
O 10— Ba4* —10
e ~25 kJ/mol for Srz* < :
e ~19 kJ/mol for Ba2* ] \ .", s
€ The energy gain when Na* enters the ] ‘4\0 \N p'gnf’ I
. o o o e\ .
interlayer region is almost doubled for Sr L P P A A S R A
and Ba?*: 1 Sr2*/Ba?* for 2 Na* ions. Distance (A)
e A R N N N e
. . . . . TEAR TG 3 E s O e ok T B, B e @ L@ Nkt & Sl B
€ This is consistent with our statistical a;aat;-éﬂgﬁ?ﬁfig‘ﬁ‘fﬁ F P St A o ue
i [0 M S SO Y r Py STt L5 A%
analyses showing that ~70% of Sr2*/Ba2* ’;‘3335@&% ' ‘ ;:k%gla g,ef"
R : : . : RN E Y G ‘ - S R o
initially present in the interfacial region 1L~§1M§; R A fpriehantt
migrate in the interlayers during the LA A AR SNSRI SR Ty £ D
imulati P SVRN TN TN N NN Nt PR o
simulations P N LS o et 4 ORI s 10 K
_ . R T I FN e 6 9 gt VSR R ey e
€ There are noticeable energy barriers at --g@‘«;ﬁi‘fg' SEPE SRS s-%‘aﬁ%ﬁ?ﬁ%&’f‘ e

the (010) edge for Sr2*/Ba?* to enter the
MMT interlayers
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CH,/CO, Partitioning in Clay

Nano- and Meso-Pores:

Molecular Dynamics Modeling with Constant

Reservoir Composition

PCCP, 21, 6917-6924 (2019);

N.Loganathan, G.M.Bowers, B.F.Ngouana-Wakou, A.G.Kalinichev, R.J.Kirkpatrick, O.Yazaydin
JPCC, 124, 2490-2500 (2020)

) Bias Force Bias Force
a Region Regi . .
a5l ;_ﬁ'}" Scheme of the simulation
. Iq\ o Wa T TRy cells used in the constant
* ‘ .y g 3 .r# ok Ak Yl . g
;;'? ‘»:‘«‘”, T "* "1& Ly s f;,\,. gf:ﬁt S I, 'v,.‘.;:: reservoir composition
W RSr % ok ."_'}’ Control | MTransition : 74y Transition ¥ Control lfw«'tm Ao | lar d .
§ o B rig, Region Ig‘g Region 2" :¥ Region t&% TRIDIY .:' molecular ynamIICS’
% ca:,-_,ﬁj“‘f;’;\_zs ?*A ;I..,. 3 2.5:;°¢A f-f:a& g% CRC-MD calculations of
U , -;;L;-.}.-j‘lff;-'-":;i Wk a};”f;" e \: CO,/CH, partitioning into
A LA RIS i ¥ Y, Wb i
._»,;{5,;_.-;:'5.-3-‘»-: v k'] ’, -\-gh&.;_-‘li.f;?g;;.a..;ﬁﬁ} pores bounded by
BN TERTT S Wl 73 wdi S LSS S ontmorillonite basal
° W.. ‘h b 4 A- - - v s ,r °'ﬂ(ﬂ‘
b) r; \*'.3? o o'ﬂ 5...--.!‘...32&;43 %'.gfg} surfaces
s." o el S unpasn ety (0 3
;' .'v o % ..-'_ ..: ¢ ‘t - .r:u::\ﬁi('&o{:‘io o ol
U T SR
“ & o 5 oy & 3 ". =% bt o't ng‘h ¥ .: f I . . ff
& ave Sy ® o o -cg-i?gigr,. = a) full simulation cell showing the different
: . P 950 %k OLF. AT . . .
Z Lm i Stk s _ K regions; pink arrows represent bias
T N AT STt S forces
cﬁ:\ o? Ko oy :" 'y Sy k] '.‘“ '!"0’ p,,
20 Hal Al ARAY IR R PVRIPIT . . -
x,.j%?.i ,. ks b) enlarged_lma_ge of the silt-like pore and
co . ’ ; o montmorillonite T-O-T layers
'“’ i CMS Workshop Lecture Series “Advances in the characterization
IMT Atiantique ubat IN2P3 of smectites in bentonites”, ICC 2022, istanbul, Turkey, July 23, 2022




a LIE
AL CHEM

ISTRY

pulbs.acs.orglJPCC

Large-Scale Molecular Dynamics Simulation of the Dehydration of a

Suspension of Smectite Clay Nanoparticles
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Chemically Specific Multiscale Modeling of Clay—Polymer
Nanocomposites Reveals Intercalation Dynamics, Tactoid
Self-Assembly and Emergent Materials Properties

James L. Suter, Derek Groen, and Peter V. Coveney™
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Multiscale Problems & Approaches (l)

Springer Series in Materials Science

Christopher R. Weinberger
Garritt ). Tucker Editors

MUItiS(ale Weinberger, C. R.; Tucker, G.

- J.(Eds.) Multiscale Materials
Matenals Modeling for Nanomechanics.
Springer International Publishing,
2016, 554pp.

Modeling for
Nanomechanics

@ Springer
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Multiscale Problems & Approaches (Il)

_P :'l.ilr L

FIGURE 11.3 Models of representative elementary volome. (a) 3D mineralogical map of
Callovo-Ox fordian clay obtained from X-ray tomography experiments. (Reprinted from Robinet
ef al (2002), Copyright 2012, with permission of John Wiley & Sons, fnc.) (b) 2D grain structure
used o model diffusion in montmorillonite. (Reprinted from Churakov er al (2004), with
permission from Elsevier) (c) 3D packing of ellipsoids obtained using a potential of mean force
from Molecular simulations. (Reprimted from Ebrchimi et ol (2004), Copyright 2004, AIP
Publishing LLC) (d) Pore network model (Copyright Amadl Cbliger ).

Marry, V.; Rotenberg, B.,
Upscaling Strategies for
Modeling Clay-Rock
Properties. In
Developments in Clay
Science, Tournassat, C.;
Steefel, C. |.; Bourg, I|. C;
Faiza, B., Eds. Elsevier:
2015; Vol. 6, pp 399-417.
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Multiscale Problems & Approaches (lll)
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Figure 1. (A) Snapshot from MD simulations of pyrophyllite particles
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is shown as a black area. The simulation cell for the RW simulations is
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Multiscale Problems & Approaches (1V)

Figure 2. Interactions between two clay platelets are approximated by single-site potential functions for an ellipsoidal body (GB
potential).

Ebrahimi, D.; Whittle, A. J.; Pellenq, R. J. M., Effect of polydispersity of
clay platelets on the aggregation and mechanical properties of clay at
the mesoscale. Clays and Clay Minerals 2016, 64, 425-437
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Multiscale Problems & Approaches (V)
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Figure 5. Examples of the final configuration l.ll'llll.'h}':-ll.'ﬂl urpnrtu.ln:uullll diameer =601 A at pressure P ={a) | stm; {b) 10 a1m;

o !
) 300 aim; and (d) 800 atm. The orientations of the particles are color coded according w the fangle, the orientation of their normal
vector with respect to the Laxis (colorbar A). By increasing the pressure the spectrum of colors decreased as the stack sire increased

and the system became more ordered. At high pressure (7 = S00 atm). platelets started 1o shde aganst each other.
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Figure 7. Examples of the final configumtion of the polyvdisperse system of partscles with diameters (= 257, 421, 601, and 1004 A at
pressure P, (a,c) = | atm, (b, d) = Z0 atm. In partsaand b, partscles are cobor coded based on their size (colorbar B) and in parts c and
d they are color coded according to the f angle, the orientation of their normal vector with respect to the £ axis {colorhar A). By
inereasing the pressure, the spectrum of color decreases as the svstem becomes more orderad (ses ¢ and d)

Ebrahimi et al., Effect of polydispersity of clay platelets on the aggregation and mechanical
properties of clay at the mesoscale. Clays and Clay Minerals 2016, 64, 425-437
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Multiscale Problems & Approaches (VI)

Suter, J. L.; Groen, D.; Coveney, P. V., Chemically specific multiscale modeling of clay-
polymer nanocomposites reveals intercalation dynamics, tactoid self-assembly and emergent
materials properties. Advanced Materials 2015, 27, 966-984
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Multiscale Problems & Approaches (VIl)
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Figure 4. Overview of the computational and data workflow applied in our multiscale modeling scheme. We use the FabMD toolkit to help automate the
four primary steps in our approach. These include ab initio calculations of the forces on the sheet edges (step 1, run on a departmental cluster), all-atom
MO simulations to extract key distribution functions (step 2, run on a supercomputer), hundreds of small coarse-grained MD simulations performed
iteratively to find the optimal parameters for the coarse-grained system (step 3, mostly run on a supercomputer), and finally the coarse-grained MD
production runs (step 4, with simulations run on several different supercomputers). For each step in the workflow, we provide basic information about
the HPC resources used below the description box. We use a distributed data-storage system, provided by EUDAT (http://www.eudat.eu), to facilitate
the exchange of data between the different steps of the workflow and to curate the output of our simulations,

Suter, J. L.; Groen, D.; Coveney, P. V., Chemically specific multiscale modeling of clay-
polymer nanocomposites reveals intercalation dynamics, tactoid self-assembly and emergent
materials properties. Advanced Materials 2015, 27, 966-984
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Conclusions and Outlook (l)

» Computational atomistic modeling is a powerful tool to study many nano-
scale phenomena in clay mineralogy and geochemistry, complementary to
other experimental physical and chemical methods already widely used to
characterize properties of clays

» ClayFF is a simple but surprisingly successful force field in modeling clay-
related phases, the structure and dynamics of their aqueous interfaces

» Molecular simulations can qualitatively, and often quantitatively, reproduce
and predict the structure and properties clay minerals and their aqueous
interfaces

» The ability to improve our physical understanding of the complex physical and
chemical behavior of these systems and to unravel many fundamental atomic-
and molecular-scale correlations between their structural, transport,
spectroscopic, and thermodynamic properties is the most valuable feature of
these techniques

» We already have a very high degree of quantitative molecular scale
understanding for the interfacial phenomena on the basal surfaces of clay
minerals (001)

- Thgrolg of cl rticle egges is veryigRamiant-in BDANYLASE S UL LOLINES
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Conclusions and Outlook (Il)

» Recent modifications correct several known problems with ClayFF
» Pretty good description of the basal surfaces and interlayers of clays

» Current challenges to realistic molecular modeling of the adsorption and

transport of fluids confined in clay-related materials:

v' Compositional diversity and disorder Inter-particle pore
v' Structural and stacking disorder %
v’ Effects of interstratification //// —

o \( nter-layer pore
v Effects of organics in clay nano-pores
v" Role of particle edges Macro _pore
v" Chemical reactivity

» Many of these challenges can be addressed by simply using larger (more
disordered) model structures and longer simulation times with available

force field parameterizations (e.g., ClayFF)

YV VYV

» There is a clear need for a empirical reactive force field for classical
simulations (ReaxFF ?? Reactive ClayFF ??7?)

Molecular modeling of fluids in multi-scale porous system is now possible

Ab initio (quantum) MD / DFT approaches are computationally prohibitively
expensive for large disordered systems such as clay or cement phases
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Conclusions and Outlook (l1l)

» Good consistency of MD-simulated results with X-ray, NMR, INS, QENS
measurements

» Simulations with larger more realistic and diverse models of reactive mineral-
water interfaces are necessary
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A special issue of the journal Clays and Clay Minerals

is planned on the basis of this session
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