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BRIDGING LENGTH and TIME SCALES

in the modeling of complex porous materials
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Monte-Carlo vs Molecular Dynamics

Monte Carlo

Specify ensemble

v

Generate random moves

Sample with P o exp(- U/KT)

A 4

Take averages

v

Obtain equilibrium properties

F = —grad [U]

N ~ 100 - 100,000
Periodic boundaries
Prescribe inter / intra particle potential

Molecular Dynamics

Specify ensemble

\ 4

Solve Newton’ s equations F; = m; &,

N

Calculate r;(t), v;(t)

\ 4

Take averages

\ 4

Obtain equilibrium and non-equi. props



THE POTENTIAL OF MEAN FORCE:
THE TOOL TO BRIDGE LENGTH SCALE...

=» Application to the modeling of cement
and clay...



Cement, clays ... all hydrated layered
materials at the nanoscale

with charged layers, ions in between layers and water molecules

Cement h4ydrate (C-S-H)



1 — Cohesion: from the DLVO
theory to atomistic simulations

=>» get the energy fast and right



From mean-field ideas (DLVO) to

atomistic scale simulations

Electrostatic Interactions
between colloids always .
o

repulsive (mean-field ¢ e
{

Poisson-Boltzmann eq.)

P(D) =ksT(p,(D) - p,())

DLVO (point charges, Pprimitive Full atomistic
no thermal fluctuations) pModel Model

(g, = dielectric cte of the bulk solvent)
Increasing modeling effort
A 6




From DLVO to the Primitive Model

e The primitive model predicts attraction (negative
pressure) for divalent ions / clay systems due to so-
called ionic correlation forces

Pressure (MPa)
oOMnN BB O3

o L
-4 | Na—Montmorillonite —e—
el . . , . Ga-Montmorillonite —&—

8 10 12 14 16 1 20

Pore width (A)



lonic Correlation Forces (ICF)

as described in the Primitive Model with
implicit solvent

2.44

2.29
2.13

1.98
1.82
1.67
1.51
1.36
1.20
1.05

Swelling

Reduced Interlayer Distance, D/d,

001 002 003 004 0.05

o, Surface Charge Density (€/nm?)
Pellenq et al, J Phys Chem 1997



Limits of the primitive model

Solvent : dielectric continuum
with dielectric constant equal
to that of the bulk (¢=80 for
water at 300K).

lon size = fully hydrated ion as
in the bulk

Structureless colloids with
uniform surface charge
density.

There are qualitive and
quantitatite differences

between the PM and the
atomistic approaches

Primitive model

Atomistic Model

Interlayer pressure (MPa)

Pressure (MPa)
N

_4 | Na-Montmorillonite —é—
Qa—!\.ﬂoqtmgrillgnitg —B8—

8 10 12 14 16 18
Pore width (A)

20

Na—-Mmt —e—
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Introducing the solvent in the

primitive model

Electrostatic
Interactions
between colloids
always repulsive Y
(Poisson-
Boltzmann eq.)

P(D) =ksT (o (D) - py())

DLVO Prineiplizit SolventAtomistic
M@8dehitive Model Model
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Introducing the solvent in the

primitive model
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Introducing the solvent in the

primitive model

* Na - Montmorillonite e (Ca- Montmorillonite
a‘) - 1=ti b) [ L -t ]
1 400} Full-Atomistic Model —e— | =71 a00 f Full-Atomistic Model —e— ;
© (o] [

o . o

= 300} = 300

v w

7 200} Na-Mmt @ 200 Ca-Mmt
= 100 } 2 100

g g

£ N g |

-100 -100 [

2000 ¢ S — ) 2000 | : — ——
C) X Explicit Solvent PM —8B— d _T Explicit Solvent PM —8—
& 1500 [ o 1500 |
= : =
£ 1000 [ Na-Mmt £ 1000} ca-Mmt

L L
ﬁ : @
= 500F = 500}
g - g
< 0F T 0
E C =
-500 | —500
5 10 15 20
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(B. Carrier et al, Europ. J. Phys, 2017, Goyal, Science Adv., 2021)



2 - « Bridging the GAP »

* Going from nano (atomistic) to meso

using the PMF trick (free energy function)



PMF from the Free energy perturbation method:

AG(r; = rit1) = — 1 ln[ erpl 0 Spiir ) B=(kpT)"
( +1) B (exp(—0.5B4U;11,i))i+1 )

AU = U(Tz’il) — U(rz) Note: Changes must be small.

Two parallel charged clay (or cement) infinite plates were put into an electroneutral
simulation box containing ions and water molecules. The unperturbed distances
between the particles were set to a preselected series of values di.

The free energy difference between the adjacent states with separation di and di+1
were calculated as ensemble averages of potential energy difference brought about
by the small perturbation of 6 = dix1 - di.

1 0G
One can get the free energy from the P,=——F——o0orG=— /APzdz

integration of the pressure vs distance curve A 0z

(D. Ebrahimi et al, J. chem. Phys, 2014)

R. W. Zwanzig (1954) J. Chem. Phys. 22: 1420-1426.

Choudhury, Niharendu, and B. Montgomery Pettitt. "On the mechanism of hydrophobic association of nanoscopic solutes." Journal of the
American Chemical Society 127.10 (2005): 3556-3567. 14
Chipot, C., & Pohorille, A. (Eds.). (2007). Free energy calculations:theory and applications in chemistry and biology (Vol. 86). Springer.



Free energy perturbation method:

Typical set up for edge-to-edge
Interaction

| r;, center to center distance |
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Center to Center Distance, r;[A]
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Free energy perturbation method:

Typical set up for face-to-face interaction

Z(3)

Y(2)
X(l)}—)

center to center distance
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Gay-Berne: A coarse-grained inter-particle

potential

12 6
g g
U= 4 _ .
E|:(h12—|—0') (h12+0):| 'z X1z

Five parameters {a(b), c, 0, €,(€p), €.}

(1) P1GB:—€-"712.X12

(2) PP =015 +0(26 - 1)

(3) PP =01

(4) PEB = o[ (1+2v2)"° — (1-2v2)""]

AG
P?f; B r
GB
PGB il
P§B
——
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Gay-Berne: A coarse graining inter-particle

potential

‘§"

%’”

Free Energy) AG[kJ/mol]
2
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L
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o /¥ :
e/ - _____GB potential
oh b (D=257 A)
Y
~ Distance, r[A]
10 265 270
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Gay-Berne: A coasne Graining inter-particle

potential

GB : Approximating each platelet of clay with an effective ellipsoidal (oblate) particle

A ET A
‘e i o e o

19



How it works? MD (NPT) + PMF +

, laponite clay)

platelets (100A




Out-of-equilibrium jammed configurations
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Analysis of aggregate structure using

distance and angle pair correlation function

E D
Criterion 1;

D < 14 Angstrom

Criterion 2:

RN, <0.95

Ref: Chen, Chun-teh, et al. "Self-Assembly Of Tetramers Of 5, 6 Dihydroxyindole Explains The Primary
Physical Properties Of Eumelanin: Experiment, Simulation And Design.” ACS nano (2013).

22



Analysis of aggregate structure using

distance and angle pair correlation function

10
® D=(257;421; 601; 1000)
gl @ D=257
® D=421
= ¢ D=601
@ gl 4 D=1000
N
L7y
S
& 4
i
v
2 \
_P[atm]
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(at the scale of the assembly of aggregates)

Porosity

Porosity, @

©
0o

O
o)

—+— Mesri and Olson (1971) %
—#— Borgesson et al. (1988)
—B— Marcial et al. (2002)
—— |ikos and Lu (2006)
—8— Casey, GoM|(E!) clay (2014)
~&— Casey, Londqn clay (2014)

O
T~

©
ho

D=257

D=421

D=601

D=1000

D=(257; 421;601; 1000)

1072 10°
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Elasticity at the scale of the assembly of

aggregates (at the mesoscale)

Indentation Modulus, M[GPa]

W
o

M
o

=
-

simulation, D=257
simulation, D=421
simulation, D=601
simulation, D=1000

experiment

1
Mexperiment

3

O O opbe B
<< <

MNano-indentation tests from
Bobko and Ulm (2008)

4..—%—-@‘:'—

simulation, D=(257; 421; 601; 1000) ey |

(D. Ebrahimi et al, J. chem. Phys, 2014)
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(Jennings et al , Nat. Mat. 2007) (Pelleng et al , PNAS 2009)

w
-

Smm i

e Going from nano (atomistic) to meso with CSH

3 - « The case of cement hydrates, CSH »

=» Grains = spheres

26



The case of CSH: interactions between two grains

R
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K. loannidou, R. J.-M. Pelleng and E. Del Gado, Soft Matter, Bonnaud P. et al, Nanoscale, 2016, 8, 4160

10, 1121-1133 (2014) .



A statistical physics approach for upscaling C-S-H modeling
Grand Canonical Mownte Carlo Molecular Dynamics

° 5 é@%

P;ns = min|l, e@AU)XKBT]
R kinekic rake:

chemical F:':.-Eehﬂn.t: MC evenks/MD sEE‘.Fs

frﬂ: ehergy goilia {:or
Im_jdmf:e Fruducﬁinh

mnhndi.s?erse o = dnm T =0.15
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Hardened cement paste

29
Masoero et al Phys. Rev. Lett., 2012 29



Meso-scale texture of C-S-H: local volume fractions

D33 . _ 7= 0.52 Mlocal

= (L

15 — 064

N4 —nk

L

75 . : -‘ . . >
« 600 NM

0.6 million particles

=]
=

* local volume fractiown is
defined in sphere of R=38hm

[
M

* continuous distribution of
C-S5-H densities

K. loannidou et. al, Mesoscale texfure of cement
hydrates, PNAS USA 113, 8,2029-2034 (2016) 30

Solid volume (10° nm’)




COMPARING with Tomography exp.

O. Wenzel, Material Characterization, 2018

0.6 million particles

31



Electron imaging the capillary porosity of cement paste

J. Berthonneau, D. Ferry. O. Grauby,
CINaM, CNRS-AMU

32






Nano-scale mechanics of C-S-H

Sﬂ ] ’ | ! | ! ]

+ Experiment S1 o
~40F - Experiment S2 | 4. :
=9 » Experiment S3 5
E 30k Computed |
=
A
=204 .
B :
> 10} # :

] ] 1 1 ]
93 04 05 06 07 08

Nano-indentation experiments:

S1: cement class G &quartz, w/c=0.43, 5y curing
S2: OPC, w/c=0.45, 24h curing

S3: OPC & C-S8-H seed, w/c=0.45, 17h curing

Hardness H (GPa)

[a—
L

—

=
Lh

o

&

v Experiment S3

Experiment 51

Experiment S2

Computed
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LEILLET-L0-CeLILEDT UISLalce, o | A)

(a)

—a— (Charge neutral, no counterions

10.0 4 [ | —e— (harged. counterions outside
#— (Charged, counterions inside

7.5 1 [ T B Curve fit ~ d=2%7

Free energy per length, G/L (kJ/mol.A)

T T
25 30 35 10 15 5l 55 60

Centre-to-centre distance, d (A)

e Going from nano (atomistic) to meso with nanotubes

4 - « The case of imogolite tubes »

=» Grains = cylinders (L, R)

34



imogolite tubes
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Figure 6. Curve-fitting with LJ and LJ/Coulomb potential forms
according to free energy per length data.
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(H. Zhu, Mol. Phys, 2019)
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imogolite tubes
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THE REPLICA-EXCHANGE MD:
THE TOOL TO BRIDGE TIME SCALE

=» Application to the degradation of
wood: the molecular simulation of
geological process...



Gas/oil shale reservoirs

Source Rock Products Given
- off from Kerogen
Van Krevelen Diagram TR
[ CO,, H,0
Type | B O

Hydrogen/carbon ratio

0.5

I Wet gas
[ Dry gas

Il No hydrocarbon
potential

<«— |ncreasing
maturation

Type |l

Type Il

0.1 02

Type | (Green River Oil Shale)

e Freshwater cyanobacteria & algae
e Hydrogen/carbon ratio > 1.25

e Oxygen/carbon ratio < 0.15

e Few cyclic or aromatic structures
e Produces mostly oil

Type Il (Typical Petroleum Source Rock)

eTerrestrial & marine plant matter
e Accumulated in shallow inland seas
e Produces oil and gas

Type lll (Typical Coal)

e Terrestrial plant matter

e Hydrogen/carbon ratio < 1

e Oxygen/carbon ratio 0.03 to 0.3

e Extensive ring and aromatic systems
e Produces coal and gas

Oxygen/carbon ratio Qilfield Review, Winter 2010/2011

38



MIMICKING the geological degradation of
organic matter (type Il kerogen: cellulose, lignin)

e Cellulose/lignin decomposition

o Molecular dynamics: 10 secondes

Replica Exchange Molecular Dynamics (REMD) /
Parallel Tempering with a reactive potential (Reaxff)

(Based on statistical Physics at thermodynamic equilibrium : a reasonable way
to speeding aging process with MD)

(L Atmani et al, Energy & Fuels, 2020) 39



MIMICKING the geological
degradation of organic matter (type I

[ ] 1 1e [} \

(a) Cellulose (b) Lignin

Infinite 1D NPT relaxation
fiber (x 25) (423 K, 25 MPa)

CooH100941 NPT relaxation
lignin molecule (423 K, 25 MPa)




MIMICKING the geological degradation of
organic matter (type lll kerogen, cellulose, lignin)

=>» Reactive potential : REAXFF / AIREBO

Validation

...............

i ]
L] 11...
]

i
am
i
e
#

oy H

=
- l:.?l ‘‘‘‘‘
-l
lllll
qqqqq
L

i
By i
W a
------------

Parametrization
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MIMICKING the geological degradation of
organic matter (type lll kerogen, cellulose, lignin)

=>» Reactive potential : REAXFF / AIREBO

o First version: Van Duin et al. (2001)
0 Bond-ordernbased reactive force field
Eﬁ}.htclll = bond + Emcr + Eundcr + E\ul + ‘Epun + Elurn‘ + Ec + E»d\.".'uuls + E ‘oulom

onj

L L L
Determine
Determine " i System
charges {m“}"" specific terms
'

Correct BO Determine

for local angles and
overcoordination| torsions

= e

Ecoutomb| | Evawaais Egond Egver Epngle Eqorsion

1 T T T T

Non-bonding Bonding 42




MIMICKING the geological degradation of
organic matter (type lll kerogen, cellulose, lignin)

43

1

Replica
Exchange
Molecular
Dynamics

(Parallel

Tempering)
+
Reactive potential

ST

Pi-:}cc = min [1, exp (LBTi — ksT,

e

0.3

o 0.2
T

0.1

[— 423K

B — 433K
— 442K

— 452K

/) 462K
473K

— 483K
— 494K
505K

— 517K
— 528K
540K

— 552K
|_ 565K
— 5TBK
— 591K
4K

617K
— 631K
— 646K
660K

e T

-4 37e+005

-4 3be+005

-4 35e+005

4 Me+005 43
Energy (kcal/mol)



MIMICKING the geological degradation of
organic matter (type lll kerogen, cellulose, lignin)

Configuration at 423 K

o Conditions:

o Initial
configuration:
molecular crystal
of cellulose

o 32 replica
between T=423 K
and T = 3500 K

o Potential ReaxFF
2013

L. Atmani et al, RS Chem. Science, 2017 a4



MIMICKING the geological degradation of
organic matter (type lll kerogen, cellulose, lignin)

J

Configuration at 423 K

- Conditions:
# o Initial
a2 3 “, configuration:
; molecular crystal
B & %i of cellulose
o 32 replica
< S between T=423 K
b and T =3500 K

o Potential ReaxFF

~ 2013

L. Atmani et al, RS Chem. Science, 2017 45



Number of molecules

600

500

B
-
o

s
-
o

)
-
o

100

Small molecules formation

a) Lignin 200ps
b) Cellulose 200ps
c) Lignin 750ps
d) Cellulose 750ps
e) Lignin 1300ps

H,0
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4

MIMICKING the geological degradation of
organic matter (type Ill kerogen, cellulose, lignin)

4 Isothermal compressibility
Kerogen® 2.7 1010 Pa
Bulk fluid* 2.9 108 Pa
Our solid 2.4 10% Pa
e

J

* J. Collell et al., Molecular simulation of bulk organic matter in type Il shales in
N . [ [T —— | W— | [ I P ———

o P L e Ta L . & 1

ﬁ

== This work (C-C enly) B

Eagle Ford kerogen: immature type Il |
\( Pyrobitumen: really mature kerogen |

47



Sim. vs exp. Validation through adsorption

volume of CS1000, 10° mol /m>

Excess amount adsorbed per unit

Grand Canonical Monte-
Carlo Simulations

o CHy - This work
A CO» - This work
-8 CHy4 - Ottiger et al.
-a— CO; - Ottiger et al.

Under downhole conditions

; .
- ]
n

Excess amount adsorbed in coal, mol/kg

1
I
[S—

}
<
)

o

10 15

Fluid bulk pressure P, MPa

L. Brochard et al, Langmuir 2012

[\~
o
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IMAGING the nanopore network of kerogen
using e-tomography (TEM)

A

200 nm

) v

> We finally “see” the nanopore 3D-network (with a resolution ~ 1 nm)

FIB/SEM sample cutting / Denoising the images / Correct for missing wedge

(Daniel Ferry, Olivier Grauby, - CINaM, Aix Marseille Univ./CNRS, Marseille, France) 43






Resistivity p (£2.m)

From simulations to new materials:
...mixing cement and porous carbons:

Carbon Black nano-particles

(% wt.)

! I
. | O Cement
° | O Cement + cellulose (0.3 to 0.6%)
] - | ® Cement + cellulose + carbon NP
e = Vulcan wic=0.42 except for carbon >1.6%, wic=0.52{ -
L L (wie=0.8) and carbon 3%, wic=0.58
Vulcan I ® Cellulese content between 0.14% and 0.53%
" wic=0.43-0.52 | A ]
1
I
| I
1
| 1
Vulgan
I {\w'zkﬂ.ﬁ) 5
I y (wic=0.6)
I B
4 Vulcan
| & (wic=0.52)
| Vulcan ® Vulean [ Ketjen Black (w/c=0.6)
| ®wic=0.58) B Vulcan / Ketjen Black (w/c=0.8)
insulator | conductor PBX (w/c=0.8)
L L | 1 L L 1 1 1
0 1 2 3 4 5 6 7 8 9

25

- ——CD1.4(PBX)28(0.8) (90K)
CD1.4(PBX)28(0.8) (250K)

CD1.4(Vulcan)15(0.8) (250K) + CNT
—— (PBX)28 No CMC

0.4 0.6 0.8 1
Voltage (V)

0.2 1.2

... and more goodies: FT resistant / large Joule effect /

accelerated carbonation (CCUS strategy) ”

MIT-CNRS International Patent, Jan-12-2019



Thanks for your attention
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