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Investigating Multi-Scale Contamination

* DOE legacy of the Cold War

« 5000 surplus facilities

* 144 sites located in 31 states

» 380,000 m3 of high-level
radioactive waste

« 1.8 billion m3 contaminated soil,
groundwater, and sediment

« Contaminants include complex
mixtures of radionuclides,
metals, and organics
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» Formations

Waste treatment, environmental remediation,

and long-term stewardship of DOE sites are
estimated to require hundreds of billions of

dollars and major breakthroughs in science

and technology
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DOE Basic Energy Sciences

Models of Environmental Materials: Adsorption, Intercalation,
and Interfacial Behavior of Layered Minerals

ClayFF flexible force field
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Uranium adsorption by Na-montmorillonite

Criscenti and Cygan 2003




Computer Simulation x-t Array
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Simulation vs Experiment

Property Simulation Experiment

Unit cell data e cor)stantg Diffraction
(constant P simulation)

Local atomic Radial distribution EXAFS

coordination

functions

Interfacial structure

Atomic density profiles

X-ray scattering

Solute adsorption

Atomic density profiles

Batch adsorption
Isotherms

Vibrational motion

Power spectra

IR/Raman

Mechanical properties

Stress-strain, moduli

Elastic constants




Experiment Molecular Modeling Methods

Ab initio \
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Atomistic Simulation of Clays and Clay Processes

Crystal structure models of clay minerals are typically unknown

Nanocrystalline (cryptocrystalline) materials (less than 1 um grain size)

No large single crystals for X-ray diffraction refinements

Hydrogens positions are often unknown (require neutron diffraction analysis) and
control sorption process W T ) u“"“'rn,,,;{-“ ) e
Complex chemistry with multicomponent ST v % Wt
systems, cation disorder, and vacancies
Low symmetry (monoclinic or triclinic)
Stacking disorder complicates structural
analysis

Require accurate empirical energy force field
or quantum methods

Large unit cells or simulation supercells

are required (>100 atoms)

Significant electrostatic fields associated
with layer structure

Validation of models is difficult kaolinite !




Structure and Composition of Complex Clays

Pyrophyllite
— SigpAl16050(0OH) 6

No substitutions

No interlayer cations or water
Non-swelling

Wy Montmorlllonlte

r Nag(Siz;Al)(Al4M7,)Og0(OH),6-nNH,0
Some tetrahedral Al sub

Mostly octahedral Mg sub

Swelling

0.75 charge per O,,(OH),

Na,(Si,gAlL)Al Ogy(OH)5-NH,O
Mostly tetrahedral Al sub charge =——p
\ Swelling

Dioctahedral Smectites
A

charge =—p /



Comparison of Clay Swelling Behavior
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Atomic Density Profile for Pyrophyllite
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ectron Density Profile for Pyrophyllite
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Contaminant Plumes in the Environment

Chemical zones in plumes

Fe(lll) and As(V) reduction;
As(ll1) sorption

Arsenic and organic |:’ Sorption of As(V)
contamination )
vadose zone Uranium |:| Sorption of As(l1)

contaminated | | Sorption of U(VI)
vadose zone i

Sulfate and U(VI) reduction;
Waste Precipitation of U(IV) minerals
infiltration Organic rich

Marsh

Oxic wetlands
recharge "0 TGS
....'é.lt

edo ..I.

-
.

"u

------

CONDITIONS
Areas of high permeability

REDUCING

Region of high bacterial density

Iron oxyhydroxide co-precipitated
with As (V)

Colloid transport

Critical Contaminants

UO,2*, Cs*, Sr*, Th4, I, TcO,
NO;, AsO,%, AsO,*, CIO,
acetone, toluene, TCE,
methylene chloride



Atomic Density
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Uranium Adsorption onto Clay Surfaces

r
L
s
| -
r -
|
r.
-
N 2
-
-
|
i
"
r

z/ A

40

45

50

55

60

Percent lon Adsorption

“low charge” montorillonite
x =-0.375 e / unit cell

[Na] [UO,] % UO, % Na
0.162 0.027 37.4 10.4
0.162 0.081 21.8 8.5
0.162 0.162 10.2 7.6
0.324 0.162 3.9 8.1

Greathouse and Cygan, PCCP 2005



Distribution Coefficient

Adsorption Equilibria (Kp)
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Percent Abundance
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UO,* Speciation

MD Results for Aqueous Region (uranyl that is not adsorbed)
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Summary of Uranium Adsorption and Complexation

high pH

[CO,#]

aqueous monomer

low pH

Clay Layer Charge—

- =0 [M=cC B-=u =H [ =Clay



Computational resources for large-scale simulations

Sandia Thunderbird Supercomputer

Geochemistry Facility

/

o — — —— P

/00 G

S il

T —— —
T e——
T mm——
U e——
T mm—
e ™
Ui e —
=
T e
T e —
T em——
T wm——
T e
=y
Ui e w—
Ui w— w—
T e— —"
T e w—
T em——
T e——
T e
===
—

» 8960 processors
* Dual 3.6 GHz Intel EM64T processors

with 6 GB RAM
* Performance: 53 Teraflops

 AMD and Apple clusters
* 100 processors
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> 106 atoms

Elastic Moduli -
[Mg,Al(OH)]CI+2H,0

2.8 A R

] Rt P A e ey
]
+ 2689.5A >
Stress-Strain
LDH sheet and interlayer
& 10 s}]gﬂ;‘.l ) x :ﬁu_m :L . ]
—:i:mm::u X .i : Sil.:mlll |
£ 1 £ vl
& & 1%
i i R N
macroscopic stress NP — i
strain [ | sirain 1 )
_ 13 lobe = Youna's modul
gf.' I' BEE : LDH Sheet Only S Ope . Oung S Modaulus
=y -l = |
atomistic stress X \ y |
3 ' E |
1 N m; 1 N n'; g )
Oy = _,Z[—ﬂ“ + —ZFJ'EI.] - %i- o %;
Fim1\2 2} H i £
] | i
18 Thyveetil et al. Chem. Mater. 2007 IS R L L e N PE i1 : S S S|
irain ¢ | ﬂﬂ'\lt’]



Large-Scale Simulations of Mineral-

DNA dodecamer strand
Intercalated in a layered
double hydroxide (LDH)

DNA double strand loop
adsorbed on LDH
surface

-« 5782 A

19 Thyveetil et al, J. Am. Chem. Soc. 2008



Summary: What Molecular Modeling Can Provide

» Nanoscale description of interfacial structure and dynamics
- mineral-fluid interactions (aqueous or organic)
 sensor-fluid
* mineral-sensor
e fluid-fluid (immiscible fluids)

» Adsorption and reaction phenomena
* isotherms and K,

* ion exchange

» Dynamics of fluid species
* transport (bulk diffusion, surface diffusion)
« vibrational motion
« other physical chemical properties (dielectric behavior, time
correlation functions)

» Mechanical properties
» stress-strain
 elastic constants
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