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Introduction

=
La modélisation moléculaire, a quoi ca sert ?

S arien >-;<E a faire des jolis dessins
- -
«: a cuisiner pardi ! }-{: la quoi?




Introduction

Molecular Modeling is usefu@
@nergy of a system (g@

Structure

- Geometry

- Stability under operating conditions
-Frequency C IR, Raman, RMN

<

- Nature of adsorption sites

Thermodynamics

- Adsorption enthalpies
-Adsorption capacities

+—>

Dynamics

- Diffusions, collisions

* < Better understanding of the adsorption system




MolecularModeling

Quantum mechanical simulations (DFT)

O« (@ O

o'l Yl o] O[]l o p"PO®

—> Density Functional Theory (DFT)

A No paramete(abinitio)

A Very good agreement with high precision experiments

A Up to 2000 atoms and 5G Aells

A >15 000 papers including DFT published each year



MolecularModeling

Quantum mechanical simulations (DFT)

Jacobds Ladder

Crmes — EXX with partial Heaven
| Wilr) (empty) | exact correlation Chemical Accuracy

RPA, MP2, CCCSD(T)

Fully Mon-Local
|-|"_|."hl'l'l:| Meta GGA - B1B6453, BB K, PEEIKCIS

H'glrhrll:l SEA BALYF, BIFEE, H3IFAE1, BHELYF
Van(r),tir) Meta-GGA Meta GGA @
[

GGA

l Wir) {‘occu plredﬂ) j EXX with correlation

BEIS, MPWIK, TPSS, VEXC

'BLY P, BPEE, BPWE1 , GESLYP,

_ HLCTH, GLYF, FEE
SRR

LCvA

Earth

Hartreo-Fock Theary



MolecularModeling

Molecular dynamics simulations

QU ik mA
D TR

A N (number of particles), V (volume of the cell) constant

A E (energy), T (temperature), or P (pressure) can be kept constant
A Common timestep 1fs (1015s)
A F. (external forces) are calculated by means of:

A Force fields, called &€lassical Molecular Dynamiocs

A DFT, called «Ab Initio Molecular Dynamics



MolecularModeling

Ab initio moleculardynamicq§AIMD) simulations

A At each time step, forces are calculated by DFT

A Associates the high precision of DFT and the temperature/pressure control of MD
A One of the most powerful method for energy and structure determination

A Allows to consider reactivity (bond creation/breakage)

A Up to 100psand 500 atoms in the cells

A Requires high performance computers




MolecularModeling
StaticDFT relaxation vs MD simulation

A From a guess, the energy and forceshef A Propagation of a trajectory
system are minimized to reach a minima & After equilibration period, all steps
the Potential Energy Surface (PES) have a physical meaning

A Only the final geometry has a physical A T =300 K (can be set to any T)
meaning

A T=0K




Molecularsimulation techniques

Static Statistic Dynamic
DFT MC CMD AIMD
Density Monte Carlo Classical Ab Initio
Functional Molecular Molecular
Theory Dynamics Dynamics
Quantum Classical Classical Quantum
mechanics mechanics mechanics mechanics
abinitio Forcefields Forcefields abinitio
Interactionenergy Adsorption CMD AIMD
at 0 K capacity Diffusion Adsorption
Low coverage High coverage coefficients enthalpy

Potentialreactivity atfinite T




UNIVERSITE 171
@ et One shortexampleon systemsizing

A Zeolite= microporousaluminosilicate ”/J? &
[SiO,]4+ and [AIO ,]* tetrahedrons linked by O atoms é

Al insertion=> negativechargecompensatelly cationincorporation

A Zeolitesattractivefor manyapplications O:f{'o b
- thermal/ mechanicastabilities !

: : : . =
- tunablepropertieqstructure cation,Si/Al ratio) M

cage
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/ZSMb5 structure

A ZSM-5 mainly usedin automotivedepollutionprocesses
A Networkof interconnectedinusoidabndstraightchannels
A Preferentiandsorptiomat the channelsntersection

ZSM5 : The same unit cell view of another angle (2 sinusoidal channels)

A Periodic model would be the most suitable : but unit cell too big,
requirestoo largeamountof CPUtime

11



@ s Zeolitemodels

Cluster model

+ User friendly

- Limited size of system (50 atoms max)

- Pbtermination of the cluster

Package : Gaussian Orca, Turbomole é

Al : pink
Si : blue o
C: gray g 9

O : red ¥ 7
r2wnite ( */; A/’
J

®

Clusterc Phenoladsorbedover aBrénsted

Site canrepresentanyB sites oflarge pores
zeolitegHY)

Periodic model

+ Treatment of biggers systems (up to 300 atoms)
- Less data accessible (bond order )

Package : VASP, CP2K, QuantumEspresso € 0

Mordenite: 144 atomsunit cell

12



Building of the model

Periodic model Large cluster model

S 3.ET%, ST g
A S g

Small cluster model

j “’i —

9
> i
| f';: A Compromise modelsizevs CPUtime

van Santen et al , J Phys Chem. C 113 (2009) 15307
I. Graca, J.M. Lopes, M.F. Ribeiro, M. Badawi, S. Laforge, P. Magnoux, F.R. Ribeiro, Fuel 94 (2012)




Computationaimethodsfor pre-screening

A DFT calculationgGaussiar93)
- Hybrid functionnalB3LYP,
- atomicorbitalsbasisset6-31g(d,p)for H, C, O, Al, Si, é

- Stuttgart RSC 1997 basis set containing effective core potentials for
transitionmetals

- Spinmultiplicity checked lowestenergychosen

A Adsorptionenergy: ands: Ecluster+adsorbemolecule.|. Eclusterll. Emoleculein gasphase
computecat O K : only usefulfor comparisonstry to give someclues
A Small 7T cluster

P é
y,,
Al : pink ‘;% gT
Si : blue |
C : gray /3‘ i&,
O :red

2 whnite
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Adsorption modes

A Water oversmallcluster:
Hydrogenbondbetweerthe O atomof waterandthe proton

qE, 4= -66 kd/mol

Al : pink Distance f)

Si : blue

C i gray Omol' Ostruc:'Hstruc Omol'
O :red Hstructure I_Imol
r 3 wnite 1.67 1.02 0.97




Water adsorption modes

I Smallcluster(B3LYP) -Largecluster -Periodicmodel(PBE+D)

OE 4= -66 kJ/mol OE 4= -93 kd/mol
1 hydrogen bond (1,6%) 2 hydrogen bonds (1,47 et 2,8

qE_ 4= -101 kJ/mol
2 hydrogen bonds (1,34 et 1,82

A Be carefulwith themodelsize
A Here the calculationcostfor the periodicmodelis similar to the largeclusterone

16



. Computeadsorption enthalpieswvith DFT ‘
. Use of DFT to design optimized adsorbents ‘
. Adsorption inliquid phase ‘

. GCMC simulations ‘

17
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@nz LORRAINE
Part1 - Method

How to compute accurate adsorption enthalpies
of molecules onto materials in the frame of DFT ?

van der Waals interactions ) wi; thermal corrections

18
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DE LORRAINE DlSperSIOn |nteraCt|0n

London dispersion forces (van der  Waals for physicits ):

created Dby instantaneous induced dipoles
decrease as R® at large distances
always attractive within the palrW|se approximation

Eisp = ——/dwn (iw) R AB ¥ {tm) REB ~ Cg RAB™®

il

A Longrange dynamic correlation not included in DFT

19



W General form of spersion energy
correction

Conventional Kohn-Sham calculation corrected by a dispersion term:

Eprr-D = Exs-DFT + Edisp

lattice sum

A

N
’ C6AB
EdlSp A S Z 6 fdamp (TAB L)

:Bl "AB,L
, B 0 A \

functional-dependent scaling

sum over atom palrs atom atom dispersion coefficient

damping function
A SeveramethodsletermineC, by variousways: D2 (Grimme vs TS methods
T. Bucko, S. Lebégue, J. Hafrand J.GAngyan Phys.Rev B 87 (2013) 064110

20



@ TSmethod (TkatchenkeScheffler 2009)

Coxa R
A Feeatomdispersion coefficients and staticpolarizabilities from OEP
SlICcalculationsof Chu anddalgarng 2004

A In-moleculepolarizabilitiesand dispersion coefficientscaledby the atom-in-
moleculevs. free-atom volume ratio

2
_ (v f _ (v f
A = (Viﬁée)&iee Cean = (ﬁ) Coan

A Volume ratiothrough the Hirshfeld-partitioning weights wa(r)
( Va ) (r3)  [riwa(r)n(r)dr
(

ere B riﬁree B fr3nf{ee(r) dr

Densitydependentdispersion coefficients



@@=k gome dispersion correction methods

é implementedowin theVASP Package

Semiempirical
G tabulated

Abinitio
Gonfly X
X lénicity

+ManyBody

specificdensity
functionals

D2
TS

T.. dz8J| Hafner, S.ebégueJ.GAngyan J. PhysChem A 114, 11814 (2010).

London

Casimir-Polder

Casimir-Polder

London
Volume scaled

London
Volume scaled

London
Volume scaled

n.a.

Static/atomic

Dynamic/model
molecule

Dynamic/model
molecule

Atomic/Screened
Atomic/Screened

Atomic/Screened

n.a.

Fermi-type

Chai—Head-
Gordon

Becke-Johnson

Fermi-type

Fermi-type

Erf+Fermi-type

n.a.

T.. dz6, B.Rebégueld. Hafner, J.Angyan PhysRev B 87 (2013) 064110
TS/HI ¢ ®. J&Le®guel. Hafner, J.G\ngyan J.Chem Theory Comput. 9, 4293 (2013).

MBD T.. dz6 B.RPebégueT. Gould, J.@\ngyan J. PhysCondensMatter 28, 045201 (2016).
FEMBDT. Gould, SLebégueJ.GAngyan T.. dzd, J.@hem Theory Comput. 12, 5920 (2016).

PBE

PBE

PBE

PBE

PBE

rev-PBE

optB86b

IP from exp.

Coordination
number

3-body term
added

Hirshfeld vol.

Iterative
Hirshfeld

Many-body:
HI

nonlocal

nonlocal

22



@ v Methodology

A Periodic DFT calculation¥ASP package
V  ChabazitdSSZ.3) : 36atomsper cell or ZSM5 : 288 atoms pecell
V  PBE+vdWscheme(van der Waals interactions taken into account)*

lattice sum

V PAWpseudOpOte ntiaIS sum over atom pairs atom-atom dispersion coefficient
\ N N \ /

Egisp = ~5 56 Z Z 66 fdamp ("AB,L)

. _
I A=1B=1 AB,L

functional-dependent scaling

A Interaction energiesomputed from 3 calculations :

\VV  Thebarezeolitestructure : Z

VV  Theisolatedadsorbatemolecule: X

V  The adsorptiorcomplex: X.Z
w—) oF, =E(@ZX)iE(@2)iE(X)

*T. Buckq S.Lebégue J. Hafner, J.Gngyan J.Chem Theory Comput. 9 (2013) 4293.
T.Buckq S.Lebegue J.GANngyan J. Hafner, Lhem Phys. 141 (2014) 034114,
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To take into account the effect of temperature on the adsorption,
the enthalpies A/Hq4c are equal by definition to:

(3)

Given the partition functions, each enthalpy term is expressed
as the summation of electronic energy and the contributions from
partition functions of vibration, translation and rotation [49].

ArH,ge = Hpau_x — Hrau — Hx

H; = E; + ZPVE + H,;3, + Hirans + Hiot (4)

s Thermal  corrections
ze-ry 3 based on frequency Vs
ws, o Calculations (harmonlc

Hyip =R v /KT
& —1apprOX|mat|on§

5
Herans _ERT (7)

3 , .
Hpot —ERTfor non linear molecule orHyo; =RT for linear molecule
(8)

Where R is the constant of perfect gas, h is the Planck constant, kis
the Boltzmann constant, v; is a vibration frequency computed with
the harmonic approximation, T is the temperature.

ZPVE is the zero point energy, H,j, i1s the contribution from
molecules that are not in the vibrational ground state, depending
on temperature.

Therefore we can express:
llhrH.alis

= AFE 4. + AZPVE + AH,j, + AHirans + AHpor (9)

Thermodynami@nalysis
(Eags(0K) ) qHO,(T)

— 1K
300K
— HMK

Dynamicapproach

P T

e g L-;.J

Fig. 4. Distribution function for the distance between proton and the nearest
carbon atom of propane (P{re _u)) computed for three different temperatures.

T.B u | ,k.Bencq J. Hafner, J.GAngyan J.Catal 279 (201) 220

M. Badawj J.F. Paul, ristol, E. PayenCatal Commun. 12 (2011901
M. Chebbi, SChibanj J-F. Paul, L.Cantre] M. Badawj Micro. Mesa Mater. 239 (2017) 111

24
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Abinitio MolecularDynamics

NVT ensemble (T= 300 K)
Andersen thermostat
Integration step: pt=1fs
Simulation time : 200 ps

25
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To take into account the effect of temperature on the adsorption,

the enthalpies A/Hq4c are equal by definition to:

AH (3)

Given the partition functions, each enthalpy term is expressed
as the summation of electronic energy and the contributions from
partition functions of vibration, translation and rotation [49].

adgs = Hrau—x — Hpau — Hy

H; = E; + ZPVE + H,, + Hirans + Hrot (4)

s Thermal  corrections

ave-xd 3 based on frequency vs
ws, o Calculations (harmonlc

Hyib = RZ Tk vkl _q

“Tapproximation)’

5
Herans _ERT (7)

3 , .
Hpot —ERTfor non linear molecule orHyo; =RT for linear molecule
(8)

Where R is the constant of perfect gas, h is the Planck constant, kis
the Boltzmann constant, v; is a vibration frequency computed with
the harmonic approximation, T is the temperature.

ZPVE is the zero point energy, H,j, i1s the contribution from
molecules that are not in the vibrational ground state, depending
on temperature.

Therefore we can express:

TBul, Kk

'ﬁ'l’Hads = &Eads + AZPVE + ﬁH\rib + -ﬁHtrans + ﬁHmt [9:]

Thermal correction
q:Eads (OK) :> q:HOads(T )

— 1K
300K
— HMK

Dynamicapproach

P T

e g L-;.J

Fig. 4. Distribution function for the distance between proton and the nearest
carbon atom of propane (P{re _u)) computed for three different temperatures.

.Bencq J. Hafner, J.GAngyan J.Catal 279 (201} 220

M. Badawj J.F. Paul, ristol, E. PayenCatal Commun. 12 (2011901
M. Chebbi, SChibanj J-F. Paul, L.Cantre] M. Badawj Micro. Mesa Mater. 239 (2017) 111
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@usw.  RevovelCQ nH, .at 300K ?

A Adsorption enthalpy of CO, in siliceous chabazite
Experimental values -22.52/-24° kJ/mol at 300 K ( microcalorimetry )

A Interaction energies computed by ab initio MD (PBE +D2)

Temperature NEoer NEisp NUqs NHyqs
0 K (DFT) 2.8 -23.7 -26.5 i
300 K (AIMD) +0.8 -19.8 -19.0 215

NH,4.=nU,4. ¢ RT {deal gasapproximation)
A What about other vdW correction schemes ?

aH. Fang P.Kamakoti J.Zang S.Cundy C.Paur P.l. Ravikovitch D.S Sholl, Prediction of CQAdsorption Properties in Zeolites Using
Force FielddDerived from Periodic Dispersie@orrected DFICalculationsJ. PhysChem C 116 (2012) 1161 06 9271 1070 1

bT.D. Pham M.R. Hudson C.M. Brown R.F Lobo, Molecular Basis for the High CO2 Adsorption Capasft¢habaziteZeolites,
ChemSusCheri (2014) 3031 3038

27
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RevoveiCQ pH_ .at 300K ?

A Adsorption enthalpy of CO, in siliceous chabazite

Experimental values -22.5/ -24 kJ/mol at 300 K ( microcalorimetry )

A From PBE+D2 : nH,, 300K nU,,, OK = 5 kJ/mol

Method Specificity NH,4 300K
PBE + D2 G tabulated -21.5
PBE + TS/HI| G,computedon -21.9
fly, ionicity
PBE+ MBD G on fly, many -24.1
body
RPA vdW directly -16.8
included

Functional Heaven

4+: MBD, RPA,...

\ . 3:vdW-DF,...

Accuracy?| - 2: DFT-D3, vdW(TS),

Cost
\ 1: DFT-D,...

0: DCACP....

A TS/HI and MBD may provide best agreement
A RPA underestimates enthalpy

28



@usw.  RevovelCQ nH, .at 300K ?

A Adsorption enthalpy of CO, in protonated chabazite (Si/Al=12)
Experimental value -35.2¢ kJ/mol at 300 K ( isotherms )

A Interaction energies computed by ab initio MD (PBE +D2)

Temperature NEyer NEisp NU, 46 NHags
0 K (DFT) 11.6 -24.9 -36.5 i
300 K (AIMD) -37.8 -40.3

A Bronsted site contribute around 10 kJ/mol
A From PBE+D2: pH,,.300K¢ nU,, OK = 3.8 kJ/mol

¢T.D. Pham, Q. Liu, R.F. Lobo, Langmuir 29 (2013) 8329.
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A Adsorption enthalpy of CO, in protonated chabazite (Si/Al=11)
Experimental value -35.2¢ kJ/mol at 300 K ( isotherms )

A From PBE+D2 : pH,4 300K¢ nU,,, OK = 3.8 kJ/mol

Method Specificity NH,4300K

PBE + D2 G tabulated -32.8

PBE + TS/HI G, computedon fly, -32.5
lonicity

PBE+ MBD G on fly, manybody -35.2

A MBD provide perfect agreement

A More sophisticated prediction methods now available : Machine
Learning Perturbation Theory ( see Mauricio Chagas Da Silva
talk at the end of the AFA days this Friday)

B.ChehaibouM. Badawj T.. dz6, T.Bazhiroy D. RoccaJournal of Chemical Theory and Computatimnp 6 H A M&R42 cooob
https://doi.org/10.1021/acs.jctc.9b00782

30


https://doi.org/10.1021/acs.jctc.9b00782

(@ et Contribution of dispersion forces

A Contributionof H-bondandvan der Waalsinteractiongo the adsorptionof
alkanean H-ZSM-5 zeolite PBE + TS-HI level of theory(kJ/mol)

A qE int (totalinteraction)= g H-bond + g& vdW

Molecule ot H-bond | gk vdW qE int

o y =-18.27x - 12.864
methane -10.6 -20.9 315 | oo
ethane -9.8 -38.7 485 | ° :
propane -9.5 -58.6 -68.1

ri‘

methane

propane

31
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Effectof structure

H-FAU Eorr Eiisp Bot

methane -0.2 | -15.9 -16.1
ethane -1.3 | 244 -25.7
propane -2.5 | -33.8 -36.3
H-ZSMS | Boer Eisp Bot

methane | -10.6 | -20.9 | -31.6
ethane -9.8 -38.7 -48.5
propane -9.5 -58.6 | -68.1

Adsorption energy exclusively due to London
dispersion, of about 12 kJ/mol per carbon atom.

Steric hindrance of favorable alkane-proton
interactions leads to almost negligible PBE

Almost constant PBE interaction energy of
about 10 kJ/mol (H-bond).

Stronger dispersion contribution of about 20
kJ/mol per carbon atom in the denser ZSM5
structure.

32
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A In silico designof adsorbent$or what?

Air depollution Energyproduction
Exampleof nuclearaccident separatiorof gasesé

33
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. Use of DFT to design optimized adsorbents ‘
. Adsorption inliquid phase ‘
. GCMC simulations ‘
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INSTITUT
DE RADIOPROTECTION
ET DE SORETE NUCLEAIRE
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&
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Institut Jean Barriol

al 073((’. re
(v
Ph

ysique et Chimie
Théoriques

Case example of selective

Part 2 - Use of density functional theory to design optimized
capture iodine species in case of nuclear severe

adsorbents

Li* Na* K Rb’ Cu Ag*
60.0
A
Favora ble X 4‘ y- i’
400 V interactions E 4 -“!“ H20
] 3
E QYR —Co
e 200 o o
3
£ —CHscl
O oo T
ll-'l‘a —CI2
|
-20.0
-40.0
Favorable CH;l
interactions
-60.0

“\SSEM
&7 D

(33

AVEN 4

weor |(E




L Motivation

A iodine compoundare among
the most dangerous effluents of
nuclearfacilities

A iodomethanés formedby

reaction of I, with organic impurities
dissolved in water or with painted
surfaceq1]

A efficient sorbentsmustbe developed

A Gasflow containsH,O, CO, é . in
caseof nuclearsevereaccident

|, & CHl

(source: http://themjreport.blogspot.si

A Limited understanding of underlying processes at attewiégl - computer simulations

[1] B.Clementet al., OCDE Report, NEA/CSNI/R, p. 11.
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@ st TrappingMaterials: Zeolites

A Zeolite= microporousaluminosilicate ”/J? &
[SiO,]*+ and [AIO ,]* tetrahedrons linked by O atoms é

Al insertion=> negativechargecompensatedy cationincorporation

A Zeolitesattractivefor this application: o:‘f'{'o b
- thermal/ mechanicasétabilities !
. . 7 \ —
- tunablepropertieqstructurecatione ) M
- resistanto irradiation T., cage

A 2 key parameters
Si/Al ratio (cation loading)
Nature of the cation

37
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A Trapiodine compounds,|, and CHl, overzeolitesunder
severeaccident conditions :
T around100AC, contaminants H,O, CO, NO, CJ é

A Find a cationwhere contaminantswill be lessadsorbed
than |, and CH,l

A Two zeolitestructures arevestigated FAU and MOR

A DFT & thermodynamicalculations

38



L Methodology

A Periodic DFT calculation¥ASP

V  PAWpseudopotentials
V K pointlx1x1 o
V  144atoms per cell, Si/Al 47 sodalite “

ﬁ monovalentcations

V  PBE + TS/K\van der Waals interactions taken into account)

lattice sum
sum over atom palrs atom-atom dispersion coefficient

GAB /
lep _SG E E My np“'.\l-’a_[.]
A=1B=1

TAB L \

damping function

functional-dependent scaling

A Adsorption energies computed from 3 calculations

\VV  Thebarezeolitestructure : Z
\VV  Theisolatedadsorbatemolecule: X

V' The adsorptiorcomplex: X.Z

m—) OF, =E@ZX)iE@iE®X

*T. Buckq S.LebégueJ. Hafner, J.@&ngyan J.Chem Theory Comput. 9 (2013) 4293.
T.Buckq S.LebégueJ.GAngyan J. Hafner, £hem Phys. 141 (2014) 034114.
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(@ s Faujasitg(FAU) structure

A Three type of cavities

I Supercage
I Sodalite cage ? * 'S @ :
I D6R connection Sodalite Cage \ ‘b 2 p
l Type I ® | 4
- e
itel $gy . tm QQ W @ , ] @ .\ ‘
site | s : t-‘,‘: ; ~ D% E ‘ ‘ &
b\g e "(t Supercage I 4E BT Typel )
(S ( site I “e & ; ‘% “‘
[T //site [ Ty ‘ $
GO &0 . ' 0 2 o ©
= /0 L\ : . Jr Type II o ° @
- t gk 9
L% L

: ) 3
57 Besmat o

V  Site licanbe occupiedby all theconsideredextraframeworkcations
V  Site Il : site ointerestto studythe adsorptionthanksto its accessibilityoy thestudied

adsorbates
_ _ _ Al : pink
% Only oneadsorptionsite consideredn FAU Si : blue

| : purple
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A Large choice of cation to incorporateinto zeolite frameworks (ionic

Cationicscreening

exchangeimpregnationé .) :
I Columnsl, Il andtransitionmetalsin the periodicclassificationof elements

alkalines

Couche | Période | Il 1l v \ VI Vil VI
K 1 H He
Hydrogéene Hélium
L 2 ILi | Be B | | N | O | F | 2Ne
Lithium Béryllium Bore Carbone Azote Oxygéne Fluor Néon
6,94 9,01 10,8 12,0 14,0 16,0 19,0 20,2
2 2 | 27 283i 3 3 3 40
M 3 fiNa | Z2Mg fransition metals AL | 28I P S | I | 1Ar
Sodium | Magnésium Aluminium Silicium Phosphorg Soufre Chlore Argon
23,0 243 27,0 28,1 31,0 32,1 35,5 39,9
3 4 45 487 5 5 5 5 5 58\]i 6 6 7 75 8 7 8
N 4 K | 2La | ;;Sc| i 3y | 3Cr | 33Mn | 3§e | 3o | NI SZn| §Ga | e | $As | §Se | {Br | FKr
Potassium| Calcium Scandium Titane Vanadium Chrome | Manganése| Fer Cobalt Nickel Zinc Gallium Germanium Arsenic Sélénium Brome Krypton
39,1 40,1 45,0 47,9 50,9 52,0 54,9 55,8 58,9 58,7 65,4 69,7 72,6 74,9 79,0 79,9 83,6
85 8 8 9 9 9 10 10 10 107 11 11 12 12 12 12 12
o > $Ro | $5r | 8% | 2Zr | ANb | Mo | ,Jc | WRu | £Rh | Pd | Ag | #Ld| Ydn | ZBn | 28b | 2Fe | ZXe
Rubidium | Strontium Yttrium Zirconium Niobium | Molybdéne | Technétium | Ruthénium| Rhodium | Palladium Argent Cadmium| Indium Etain Antimoine Tellure lode Xénon
85,5 87,5 88,9 91,2 92,9 95,9 99,0 101,1 102,9 106,4 107,9 112,4 114,8 118,7 121,6 127,5 126,9 131,3
13 13 N 18 18 18 18 19 19 19 197 20 20 20 20 21 21 22
P 6 13Cs | Ba | sran | PHf | ¥Ta | BV | BRe | ¥Os | Pir | Pt | WAU | FHg| 28T | Pb | ¥Bi | FPo | FAL | RN
Césium Baryum lanthanides Hafnium Tantale Tungstene | Rhénium Osmium Iridium Platine Or Mercure | Thallium Plomb Bismuth Polonium Astate Radon
132,9 137,3 178,5 180,9 183,9 186,2 190,2 192,2 195,1 197,0 200,6 204,4 207,2 209,9 210 210 222
Q 7 32Fr | ¥Ra| e 2103
Francium Radium actinides
223 226,1

‘ Find a cation : adsorption of iodine > contaminants
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@ st Assessment of the Methodology

A Very few experimental data available. Data given in kJ/mol

Si/Al
. 47 2.5
ratio
kH,4.at KH, 45 .
KEygsat OK 300K Litterature Method angl. operating References
Theot conditions
Theor Exp
Li/CO -35.2 -32 28 microcalorimetryat 173K [1]
Na/CO -30.7 27.5 27 Microcalorimetryat 298 K [2]
Na/CO -30.7 -27.5 27 VTIR, T= 20264K [3]
Na/H,0 -62.8 -58.0 -67 Microcalorimetry T = 29K [4]
Na/CQ -34.4 -31.2 -29.5 Microcalorimetry T = 30K [5]

Computedvalues for Si/Al = 47 mce agreementwith experimentfor Si/Al = 2.5
due to thesmallsize of themolecules

[1] P.CicmanecR.Bulanek E.Frydova Adsorption 19 (2013) 38389

[2] T. AEgertonand F. S. Ston@&rans Faraday Soc. 66 (1970) 2364

[3] P.NachtigallM.R. Delgado, DlachtigallovaC.OArean PhysChem Chem Phys. 14 (2012) 155P569.
[4] G.Whiting, D. Grondin, 8ennicj A. AurouxSolarEnergyMaterialsandSolarCells112 (2013) 1121109.
[5] G.Maurin, P.LLlewellyn R.G.BellJ. PhysChemB 109(2005) 1608416091
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FAU cationicscreeningesults

A H,OmostadsorbedspecieoverH, Li,Na, K-FAU

A Resultdn agreementwith HSABheory

A Cu havea strongaffinity with CO co
A Ag mostselectivecation (but COcaninhibit adsorpitor)

Cl,

NO
I,
CH;l
H,0
H
H,0 I, 2
H0 H,0 I
CH;l 2 CH.I 2
CH.I I, CHl, 3 H.o Cl,
I 3 2 2 cl
2 \ CH;l H,0 2
Cl,
Lo Cl, co co Cl,
NC
NG coN
H Li Na K Rb Cs Cu

CH,l

NO
H,

Cl,

Ag

M. Chebbi, SChibanj J-F. Paul, LCantre| M. Badawj Evaluation of volatiléodinetrappingin presencef contaminants: a
periodicDFTstudyon cationexchangeedaujasite, Micro.Mesa Mater. 239 (2017) 111
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(O i Thermodynami@nalysis

A q:Eads(OK) * :> q:HOads(T ) qﬁoads(T) Ag 'FAU

-40 20 -
CI2 .______’._-—-—-——'__'__. 0 4
O 60 ¢ —
g 60 A o —h )
= é -20 -
X A - 2
~ NO m--8-"""_ ':' ~
G ; o - 5
= -80 -40
4 CH,CI =
|
o (-
9 o
e D 60 -
©
_ I ©
100 M 0
3 e S
g CH;l
-120 ? T T T T T 1 100 T T T T T 1
0 100 200 300 400 500 600 250 300 350 400 450 500 550
Temperature (K) Temperature (K)

Limited inhibiting effect of water expected.
CO presents the most potential inhibitor effect.

To o

*M . Badawi J.F. Paul, Cristol, E. PayenCatal Commun. 12 (2011) 901



Thermodynamicorrections . A¢-AU

A Practicalexample
I Total pressuré bar,1000ppmiodine compounds
I 20% waterin thefeed(1 bar)or 10% waterin the feed(0.5 bar)

60 -

50 +

S
o

\

| 500 ppm L, //
11 barH,0

N
o
L

-
o

N =
o o
1 1

AG adsorption (kJ/mol)

500 ppm CO

A
(=)

n
S

0 50 100 150 200 250 300

T (°C)

A Limited inhibiting effect of water expected.
A CO sitill presents the most potential inhibitor effect.
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UNIVERSITE

DE LORRAINE AgMOR:Effectof the Si/Al ratio |

Calculation made for Si/Al 47 whereas commercial samples have ratio between 5 and 15

New adsorption modes

a7



@ UNIVERSITE ; :
DE LORRAINE | AgMOR:Effectof the Si/Al ratio |

bond activation to €& s|
260 -
M Ratio 11 4+ Ratio 23 ® Ratio 47 A Ratio 5 350 - M Ratio 11 + Ratio 23 ® Ratio 47 A Ratio 5
|
240
= |
2 —_
B 300 -
S 220 - £ [ | A
T =2 [
I —_
3] * e s
5 200 - | . 5 [
[*=4 o
= m < 250 -
o A po
2 180 ¢ =
Q Q
8 TS * .g -
%160 — * * 5 200 | ‘.
i ° * z * k] ‘ u
2 * °% % g
3 140 - * [ ) = ’
2 * 2 150 *
120 - *
Distance I-C (A Distance I-1 (A)
100 ‘ . . . . ( .) 100 T ‘ ‘ ‘
2.15 2155 216 2.165 217 2175 2.18 2185 2.19 2.5 3 3.5 4 45

ICH, l,

S.Chibanj M. Chebbi, S.ebegue L.Cantre] M. Badawj Impact of the Si/Al ratio on theelectivecapture ofiodine
compounds irsilvermordenite aperiodicDFTstudy, PhysChem Chem Phys. 18 (2016) 25574

48



UNIVERSITE

@"E LORRAINE Effectof the Si/Al ratio in AGMOR : Dissociation of | |

Si/Al =11 Si/Al =5

S.Chibanj M. Chebbi, S.ebegue L.Cantre] M. Badawj Impact of the Si/Al ratio on thgelectivecapture ofiodine
compounds irsilvermordenite aperiodicDFTstudy, PhysChem Chem Phys. 18 (2016) 25574
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@ UNIVERSITE : . IRSN
DE LORRAINE Effectof the Si/Al ratio in AMOR :Summary

DDDDDDDDDDDDDDDDD
ET DE SORETE NUCLEAIRE

350 4

wr=|? =ii=|CH3 =@=H20 =#=CO —+—CH3Cl ——CI2

w
8

250

200

150

Absolute adsorption energy in T1-E site (kJ/mol)

e
v

8

Si/Al Ratios

p .
.-__-'_--__
50
5

11 23 47

Decreasing the Si/Al ratio (i.e. increasing the silver content)
iImprove the adsorption selectivity of iodine compounds

S.Chibanj M. Chebbi, S.ebegue L.Cantre] M. Badawj Impact of the Si/Al ratio on theelectivecapture ofiodine
compounds irsilvermordenite aperiodicDFTstudy, PhysChem Chem Phys. 18 (2016) 25574
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(@ o Effectof Si/Al ratio in Ad=AU

Si/Al =23 Si/Al =5 Si/Al =
2R . *.'3‘23 ¥
° o ° 4 - °
2 34 S A TR X
J J‘J\.‘ .’ “QJ’ ‘.J?:Q“‘

m& ALK

9
s.\‘ ] “. .J )
® . ®
g0 ‘ 1 “ 9 »
t *. ” : *. ‘\\" Q,
9
L ® o
uv‘%v,v ST,
Molecule / ratio 47 23 5 1.2
CcO -114 / / -160 (bidentate)
CHl -118 / / -148 (bidentate)
I, -108 -107 -103 -257 (dissociated)

Decreasing the Si/Al ratio (i.e. increasing the silver content)
iImprove the adsorption selectivity of iodine compounds

S.Chibanj M. Chebbi, S.ebégueL.Cantre] M. Badawj Impact of the Si/Al ratio on thgelectivecapture ofiodinecompounds in
silvermordenite aperiodicDFTstudy, PhysChem Chem Phys. 18 (2016) 25574
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@i Coadsorption AgFAU

(A) (B) (C)

/
/

3353

9

58° %

A Only presence of CO increases the Ag-l bond

M. Chebbi, SChibanj J-F. Paul, LCantre] M. Badawj Evaluation of volatil@dine trappingin presenceof contaminants: geriodicDFTstudyon cation
exchangedaujasite Micro.Meso Mater. 239 (2017) 111



@ i Screening o$everalstructures
of silverzeolites

328 Ag-CLI(5) 3=¢ AgNa-Y 33 AgNa-MOR2(11) 3=3 Ag-CHA(5)

Legend
O Na
Q As
Q A
@ S
e O

CH3I-CH3Cl

i A | . u."‘
Ag-CLI(5) CH3I-Cly Ag-CHA(S)

Radar plot to identify
the best formulations

T.Ayadiet al, MolecularSystem®esign and Engineeringist accepted
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What do we know from experimef

A proportionality betweenAg" content and sorption capaC|ty
A up to two CHjl per a silvesite [1]

X Reduce
%
A formation of (Ag)), clusters of size ~A[2] ;. .k
n ,4>k “bz}Q “":
. . > B3 = @ <
containing about 4Aglunits [3] T
e ,4".‘::,4’
'b <'A‘<> 1'
g 'YA M p P o WD Y ;‘;}"“t"‘"
a‘ r1 phdSTTS R ALy ’u‘ u 4 ATITHMIT
V 1 P 1 v « Py | e |
Ag’-MOR a-i'r\‘gl
MOR
Jom ,Iodlne

Capture

A formation ofproducts such as GHCH,, CH,, GHg, GH:O, or CHOHI[3]

A analogy with welknown zeolite chemistry suggests reaction roireolving
alkoxyspecied3]:
CHI + AgZeo CH-Zeo +Agl

Molecular Adsorption» Dissociation ofgcl-» ?7? » Aglphase

[1] A.Belapurkaet a.,Surf. Technol. 21 (198253.
[2] KW.Chapmaret al.,J. Am. Chem. Soc. 13010) 8897
[3] M. Chebbiet al.,J. Phys. Chem. C 12016) 1869418706.

A LN
L ] - v
Trapping mechanism more compl \ oo

Théoriques
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@5 Dissociation of CHto form Aglphase

A lodine compounds are chemisorbed as a first step e
A Towards a durable, irreversible trapping : / 5
; * K W. Chapman, P.GhupasT. M.Nenoff O O
f(_)rmatlon of A_‘gl pha§§ 3 Am.Chem Soc. 132 (2018978899 OO
A Si/Al = 47, Static Transition State Theory )OS

4 bd . b

Y |4 s 14

APTTSRaTTSR Y
98 o0 498 98 o 008

iy 2 phiy 3
Ag’-MOR a-iﬁgl
MOR

1 lodine
QR aCar:ture

0]

Potential energy (kJ/mol)

| |
-2 -1.5 -1 -0.5 0 0.5
Reaction coordinate

A ICH, dissociation ==ms) formation of O-CH, and Ag|
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(@ st Abinitio Moleculardynamics

Ab initio Molecular dynamics
NVT ensemble (T= 373 K)
Nose-Hoover thermostat
Integration step: gpt=1 fs

For free energy calculations:
Slow-growth method*

*J. Phys. Chem. B, 1997, 101 (40), pp 78771 7880

Too oo oo o o o

Si 1 yellow
O: red
Ag : grey
| : purple
rl 4 White

A Si/Al = 23, MD simulations, T= 373 K
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150

Free energy (kJ/mol)
~]
<

=]

Effectof SiI/Al ratio

— Si/Al=47

— S1/AI=23

125

[a—y
=
=

T

Lh
(e
T T

R}
wh
T

130 kJ/rv

\ |

10|

80 kJ%

Reaction coordinate
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@55 Formation ofAglphase Mechanism

A chargeneutral Aglunits are free to move in the MC and form clusters spontaneously

Si 1 yellow
O:red
Ag : grey
| : purple
rl 3 wihniis

T.. dz6, $.€hibanjJ:-F. Paul, LCantre] M. Badawj Dissociativéeodomethaneadsorption on AGMOR and formation oAgl|
clusters: an afinitio molecular dynamics studizhys. Chem. Chem. Phi8.(2017) 2753627543
58



@y Formation ofAglphase (Pair DistributioRunction)

PDF (average Ag-Ag, Ag-l or |-l distances)

* K. W. Chapman, P. J. Chupas, T. M. Nenoff, J. Am. Chem. Soc. 132 (2010) 8897-8899

T.. dz6, $.2hibanjJ:F. Paul, LCantre] M. Badawj Dissociativeodomethaneadsorption on AMOR and formation oAgl
clusters: an abnitio molecular dynamics studi?hys. Chem. Chem. Phi8.(2017) 2753627543 59



LB Perspectives for iodine trapping

A adsorbent for the use in technological applications must be efficient in the
presence of water, CO,,@hd CHCI

A competition for adsorption sites@ecreaseof free-energybarrier via increased
mobility upon ceadsorption?

V' Effectof water on the dissociation abdine compounds
V Formation ofiodide precipitatephasegAglvs AgC)

60
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Adsorptionperformances
V Ad' isthe most selectivemonovalent cation

V' COcaninhibit adsorption ofiodine compounds over AFAU and AMOR
under severenuclearaccident conditions

V' Decreasdhe Si/Al ratio (i.eincreasethe silvercontent) improves
significantlythe adsorptionselectivityof iodine species

Mechanisticstudy

V' Dissociation ofodine compounds tdorm Aglphase : durablérapping
V Effectof Si/Al ratio increasesilvercontent favor G| bondcleavage

V' Outline Effectof water on the dissociation abdine compounds

V Outline2 : Formation ofodide precipitatephaseqAglvs AgC)

A Here, we have to design one material to separate two or more gaseous species

A Why not considering a moreomplex issuePesign one chemical reagent to
separate many minerals? => Mineraiginnering and in liquid phase!
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. Adsorption inliquid phase ‘
. GCMC simulations ‘
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Laboratgre
v
Physique et Chimie

Théoriques

Part 3
Adsorption in liquid phase

Scheelite

Undestandin
collectors and

he adsorption mechanisms of
epressantsto minerals isa key

step to design new efficient flotation reagents

63



Modelingof crystalsin water

[0001]

[10121.2’ T |\ - :—!
AERR

|
)

rey (meVIAZ)
a3 1 r

Relative ene

200 A

Fe—0, — Fe ™~

' 2.0 T T T T
-10 3 -4 -1 Log(P/P°) 5

A Severaburfacesxposed
A Surface stateinderoperating conditions : water, pH
A Adsorption ofreagentsh Y &1 G SNJ X @



QO s Methodology

Exposed surfaces
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Methodology
Hydration

A Adsorptionof molecularwater?
A Adsorptionof dissociatedvater,leadingto a hydroxylationof surfacecations?
A Substitutionof a surfaceanionby a hydroxyl group(HO")?

A Influence of the surface on several water layers anteeface?

Adsorption of reagents

A Adsorptionof onecollectormoleculeon the hydratedsurface
A Adsorptionof severalcollectorsuntil 100% surfacecoverage
A Tunechemicalfunctionsof the collector

A Mixture of differentcollectors: synergeticeffect?
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@ Results Hydration

Number of water molecules

Hydration of fluorite (111) e O O
10 F-10
" -20 20 b
T urn
0 H
g 304 L0 e
E :
A 40 3
3 =
ul P
4 50 L 5o

L 60
e O .
L 70

U Dissociated water highly
disfavoured
£ U Half of surface Ca atoms
occupied by adsorbed HO
molecules
U Temperature?

Molecular water
P E4=-55.9 kdJ.mol!

Dissociated water
PE, = +247.8 kJ.mot

Foucaud et al., J. PhyShemB, 2018, 122 (26), pp 6828836 67
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@ Results Hydration

Hydration of fluorite (111)

,
L -* .

_ 4

»/,>’ ~ .\< .\<‘/.><,\'.
py&L prlxp/

T=300K,} =1g.cmd, t=60ps
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Foucaudet al. JPhys. Chem. B, 2018, 122 (26), §829 6836 (10.1021/acs.jpch.8b02717)
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@ Results Hydration

Hydration of scheelite

(112) surface
Molecular water
PE4 =-131.9 kJ.mot?

(001) surface
Molecular water
P E4, =-87.8 kJ.mol!

Dissociated water
PE,4 = +11.4 kJ.mot*

(112) surface
Dissociated water
PE4 =-91.0 kJ.mot!
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@ Results Hydration

Hydration of scheelite

T=300K
t =50ps
] =1g.cn?

Surface (112)
1 adsorbed molecular water per
surface calcium atom

Surface (001)
3 adsorbed molecular water

per 2 surface calcium atoms
70



