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Related to Nuclear Waste Disposal

U.S. Electricity Net Generation by Fuel Source, 1949-2013
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Research Experience

Issues important to safe waste disposal, environment protection, and basic
(radiological) geochemistry.

Actinide materials/minerals Nuclear waste form Probe materials with
in environment and thermal stability X-ray, neutron, calorimetry
" Metastudtite "  Garnet " HP/HT in-situ XRD
=  Amorphous UO;,,, =  Pyrochlore =  Solid/Solution XAS
" U(V) uranate " Polyhalite "  HT Calorimetry
" Coffinite " Monazite "  Thermal analysis —

® Bulkand nano UO,,, I
Slide 3
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Outline

< Topic I: Actinide Materials/Minerals in Environment

«* Topic Il: Nuclear Waste Form

<* Topic lll: Calorimetry on Transuranium (Pu)
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Outline

* Topic |: Actinide Materials/Minerals in Environment

o0

1)

L X 4

1)
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Actinides (Minerals) Originate, Alter, and Migrate in Environments

Nanocrystals
Amorphous particles ‘

colloids ' .

» °® 4 = Formation and dissolution
- Ly " ‘
v |Q
lons ? "’
Complexes m Alteration and interaction

F od I:: .
NG
SR
S . _.{_n-'-

v m Pathway of (im)mobilization

Minerals
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Thermochemistry of Metastudtite: SNF Alteration

TG
= —————
| Metastudtite |
: UO4'2H20 e |
——————— - : 1 Studtite |1
I
m Dehydration of:UO4-4H20| .
Lo e e I

m Thermal decomposition steps

= SNF implication j -

=

s

7ery, &

e,
ers e

iy

Guo et al., Proc. Natl. Acad. Sci. U.S.A, 2014
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Thermochemistry of Metastudtite: SNF Alteration

Step features:

m Step-related phases
m  Amorphous U phases

m Crystalline U phases
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Thermochemistry of Metastudtite: SNF Alteration

o

TG

52.3 kJ/mol
-3.4 kJ/mol

Thermal stability:

m Metastable phase
(UO,, H,0, 0,) 15.8 kJ/mol

m Dehydration is irreversible
UO,-4H,0 > UO,2H,0

-7.5 kJ/mol e =

e,
ers e

iy
0

m Favorable corrosion

U0, - UO,-4H,0 - UO,-2H,0 -217.1 kJ/mol
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Thermodynamics of Amorphous UO,, U,0,, and “U0,”

o N

TG (%)

Water ratio

n
o

10

-10

-20

-30
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Odoh et al., Inorg. Chem., 2015 oo '
Guo et al., J. Nucl. Mater., 2016
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High Temperature
Oxide Melt
Calorimetry
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2

g Mass

= Spectrometry
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Reaction of Amorphous U,0, with Water

Have a rapid
reaction with
water, forming O,

[

| :

: - |
I

: |

over-pressurization
in container/drum

Odoh et al., Inorg. Chem., 2015
Guo et al., J. Nucl. Mater., 2016
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Pathway to Form Metastable Coffinite, USiO,

Dissolved U®%*
Transport and reduction

Oxidative Reduced U% and

dissolution dissolved silica
Vs

i . = e B <
Colloid
- COFFINITE
with sooty uraninite
* Photo is Coffinite in uraninite from Minobras
(Robert W. Jones collection)

uo, + Si0, = USiO,

\
\\ ‘\ usio, AH = 25.6 + 3.9 kJ/mol
\
\
\\ X 25k UO, + Si(OH), ¢> USiO, + H,0
Y AG = -5.7 + 5.8 kJ/mol
UO, + SiO, quartz
Guo et al., Proc. Natl. Acad. Sci. U.S.A, 2015 _—
- Slide 12
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Thermodynamics of Uranothorite, Th, ,U,SiO,
Significances:

m Important U-, Th-silicate minerals
m Potential nuclear waste form

m  Understand synthesis of coffinite

Th

/
. /
4
4
" /
/
~
~
~
~

52 ¥
° o \};. :

Guo et al., Chem. Mater., 2016 S
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Thermodynamics of Uranothorite, Th, ,U,SiO,
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Local Structure of Uranothorite, Th, ,U,SiO,

* a- and c- axis have different

structural features.

e Short range orderings in g-axis.

A
7.20 b 4
S
= A 1630
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Planned Structural Studies:

Local structures revealed by
neutron PDF (SNS)

Short-range ordered patterns
studied by HP diffractions and

PDF (APS)
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Structure and Thermodynamics of U(V) in Solids

Why U(V) is important:
= [Interstitial O.S.

= Unknown solid state
structure/thermodynamics

m  Roles in mineralization

Investigations:

m Structural Features of U(V)
*  XANES/XPS/XRD, DFT

m  Thermal stability of U(V)
e High-T Calorimetry

Guo et al., Dalton Trans., 2016 Q— Gt
Guo et al., Dalton Trans., 2016  Work was a science highlight at EMSL at PNNL in 2016 and LANL in 2017 i
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US*/U®* in MUO,

110 18 -
»{ MgUO0, U(VI)? 171704V — | yan,
| 16 |
1% | U 4f7/2 n 17196.7 eV — UFe0),
U sy, f 14 | 17169.5 eV
19 ‘ : UCrO,
" 12 \ 17169.5 eV — UTs,0,,
g E N 8
S n Z 10 N S —
2 7 X
g. 10| u(vi) '-’-zux
= 45, satellite -
2 N 1s & 0s
= l /Trace U>* and U®* standard
04 | (~0.8~2.0eV)
4 02
& T T T | T T T | T T T | T T T | T T T I T T T | 1 1 1 | 1 1 (l” 4 - .- - -
400 396 392 388 384 380 376 17120 17170 17220 17270 17320
Binding Energy (eV) Energy (e¢V)
2.04 A
1.96 A 2.08 A
2.08 A
2.18 A 222 R
2.14 A 2154 & 555 A
1.96A 2_14A 2.15A
MguO, Cruo, FeUO,
o /..é;“_d
Guo et al., Dalton Trans., 2016 Soldatov et al.. J. Solid State Chem. 2007 Belai et al., Inorg. Chem. 2008. ’ —f’-’:—':.: =

Guo et al.,, Dalton Trans., 2016 Kelly et al., Environ. Sci. Technol. 2008 Kosog et al., Inorg. Chem. 2012
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Counts per second

Us*in MUO,

/

u(Vv)
4f;); satellite

\Z U(vI)!

X 1()3 X 1()il
Cruo, u(v) ] FeU0, u(v)
] U af, #
U 4f 18
8 _ U af,),

14 |
u(v) ]

1 Af5); satellite = u(v)

4f5/2 Satellite

!

u(v)
4f,, satellite

\Z u(vi)?

Counts per second

400

T
396

392 388 384
Binding Energy (eV)

2.04 A
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2.14 A

CruQ,

400

396

392 388
Binding Energy (eV)

384

380

376

2.08 A

2.22 A

2.15 A
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DFT + U Structural Investigation
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U>* Stability in FeUO,

Scenario 1: Fe3* + U>* 2> Fe?* + U%* @

AE, =1.49 eV (143.8 kl/mol)

=== | Charge transfer is unfavorable

Scenario 2: 2U> = U% + Us @

AE,=1.39 eV (134.1 kl/mol)

=== | Only U5* be allowed in FeUO,

Slide 20
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Enthalpies Formation of Metal Uranates

Linear trend in AH;
vs. lonic radii

Consistent trends from
experiment and DFT

Energetic competition

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA
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Fe i o
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(<] .
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el ¢ Green as GGA calculation
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-100 .
|
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0
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_250 ' a ' a 1 a | . 1 " 1 " I a 1 2 |
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Outline

o0

L)

«* Topic Il: Nuclear Waste Form

L X 4
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Nuclear Waste Forms

Focused Criteria: HLW/SNF/TRU Form Candidate:

= Large loading of waste = Glass

= Long-term (thermodynamic) stability * High chemical durability
e Good radiation resistance

= Homogeneous distribution of

, ,  Thermodynamic
radionuclides

metastability

Waste Matrix

Metallic
Container

Buffer
Material

m Ceramics

e Good waste form

e Economic cost

Host Rock * Phase amorphization
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Garnet A;B,Fe;0,, as Nuclear Waste Form

| Motivation:
® 9 m High affinity for Ln/Ac

“ m Radiation resistant

I s \ m  Natural rad garnet: Elbrusite-(Zr)
Crystalline Garnet _ /'/ / Unit Cell

. Questions:

m O.S. of elements in matrix

l m Energetics disturbed by Act

2 A
f/f_[?/*;’/ System studied:
X \J\f = YIG:Y;Fe 0Oy,

- A'
\ m U-garnets: Ca-Zr-Fe based

Slide 24
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Garnet Host: Y; , M, Fe 0O,,

58 59 60 61 62 63 64 65 66 67 68 69 70 71 i

Ce Pr Nd Pm| Sm | Eu Gd Th Dy Ho Er | Tm | Yb Lu

1401 | 1409 | 1442 | 45 | 1504 | 1520 | 1573 | 1589 | 1625 | 1649 | 1673 | 1689 | 1730 | 1750 é 3+
90 [ 91 [ 92 [ 93| 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103 — = = [FeQg4] Fe
Th Pa U N]7) Pu | Am | Cm Bk Cf Es Fm | Md No Lr

2320 | 2310 | 2380 | @3n | @ | @43 | can | ean | sy | @sa | @sn | @2s8) | @59 | (e

= = = [FeOQ,] Fe®

Ce, Th, U, Pu similarity

- = = = [YOg Y*

s Ce*:0.97A Th*:1.05A U*:1.00A Pu*:0.96A
m Variations of charge states.

m  Chemical properties.

Charge transfer between
one Ce and its first nearest
neighbor Fe at tetrahedral
site (INN Fe,,,, ):

Substitution reactions

m Y3 > Ce*

= Fe¥ > Fe?* Ce3*/Fe3* - Ce**/Fe?*

Guo et al., Chem. Mater., 2014 e
Guo et al., J. Mater. Chem. A, 2015
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Charge-coupled incorporation: (Y,,Ca, ;,M, s,)Fe:0,,

v
g * ‘@ ®  Tetrahedral ic di i
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) . P\ ¢ etrahedral systematic distortion
—, © 5 o o
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@ — ¢ i @ “ ¢ ' 7/ —1#-
v @ : ;
© L o , n ] 'J
12.50 -
] o Ca,CeYIG g ‘\ ’ g ‘ { |
12.49 e CaThYIG = { [ | & | | \
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0 E 8 11 F Yy=04817x + 08750 . .
P L J
55 ﬁ'oj R =00146 ® > °
oS B 09 o s —®
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=4 ﬂ 07 d 1 d-CaCe
é 0 - Ce*/Th** content (apfu) oe L < .“-039.:0‘ 10537 | o 4.Ca.Th
T T sk  ® R =0.4721 d-Ca,Th
0.0 0.7 0al A P b R A (B — ——
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. . . . . . -
Work was a science highlight at EFRC-Actinide in 2016 X —w

Guo et al., Inorg. Chem., 2015 - B =
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High-loading U Garnet: (Ca,)(Zr,,U,)Fe,0,,

m 50mol %~ 70 mol % (22 wt. %) U

m  Mix states of U>* and U®*

m Increased stability of U garnet phase

P - «@
s Ca;(U,Zr, )Fe;0,,
/’—__N\
0.7 apfu 12.80 4 )
NS U S NN DAY SN U S

o 0.6 apfu —

S R N N S T PR tiod R Zr4* and US+¢> US+6+

3 -

£ g Fe3* <> Fe?*

®© 0.5 apfu S

; ‘A—/L_L_J " l 1 l A l_A_J A A p X S

= T 12.70

g S 4+ 3+

o 0.0 apfu £ Si** & Fe

= L N L n «©

: | s 3| s a3  simulated ;
«© =5 = ;;5 S &5 ;fg simulate i .
o3 QI I e % ﬁ 0.0 apfuz —————— > o ca3erS|Fe2012
L T T L T T 71 LEm — 1 T T T T T 1260 T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Angle 26 (degrees) U concentration x (apfu)

Guo et al., Geochim. Cosmochim. Ac., 2016
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0.S. of U in (Ca,)(Zr,,U,)Fe,0,,

x 102

«] Sample x=0.5 u(v12
381.3 eV
U 4f,,
40 | U 4f5/2
X-ray photoelectron spectroscopy

= Mix U states
° u(VvI1

. 3823 eV uV) = Reduce U increases

379.9 eV
Lt A N
ADIO ' ' 39'6 ' 39‘2 ' ' ' 38‘5 ' ' ' 38‘4 ' ' ' SBID ' ' ' 37'6 ' '
Binding Energy (eV)
“1 Sample x=0.6 Uu(vI)2 .| Sample x =0.7 U(VI)2
381.4 eV
Uat,, Uat, [| 38L4eV
U 4f;, 2 U 4fs)
%35_ /a—\\ 235_ //-\\
2 / 2 I yy) N
s u(vI)1 P UV ° u(vi1 \ 3e§o.)o eV!
] 382.3 eV ' 379.9ey 382.5 eV )
~ 25 -
L 1 T 1 ’ T 1 ’ T T T 1 T ’ 1 A'J\’Y\ 40'0 39‘5 ' ' 39'2 ' ' ' 38‘8 ' ' 38'4 ' 33‘0 ' ' QJGw § /_’V‘-;:-" - -

Binding Energy (eV) Binding Energy (eV)
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0.S. of U in (Ca,)(Zr,,U,)Fe,0,,

U L.. XANES Spectra EXAFS Fitting

17170.5 eV x=05 U553 e
| | 17170.3 eV x=086 -
14} / 17170.3 eV x=07

il | -5 » o U-0:2.07+0.01A

pnormalized Xl
o
\

08
]
06} !
04 I l Cw a0 mge bt A apace

%120 17170 17220 17270 17320 a ‘ U-0:2.10 £ 0.02 A

Energy (eV) 1
17170.4 eV — L Mgy,
17196.7 eV — LFut,
17169.5 eV UCro,

Aptw oo M

17169.5 eV — Ta,0,, T neren heis

normalized Xu(E)

‘| | U-0:2.10 + 0.02 A

17120 17170 17220 17270 17320 Vow svres 8

l—ncrg_'_\ eV) Slide 29
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O.S. of Fe in (Ca;)(2r, U, )Fe,0,,

Méossbauer Spectroscopy | =

= No Fe?* presence

= Distorted tetrahedral Fe =03

. o Experimental
sub-lattice
Fed*T2
a) b) ki
-2 -15 -1 -0.5 Q 05 1 15 2 -2 -1.5 -1 0.5 0 a5 1 15 2
Velocity tmmv'sec) Velocity (mim/sec)
X=05 r={.5 =06
*~

Ca,(U° 5Zry 5)V(Fe**5)VOy,,

x=0.6,
Ca,(U®*; 4U ,Zry 4)Y(Fe3*3)V Oy,

x=0.7,
6+ 5+ Vi 3+ IV
Caz(U®g3U>" g 4Zry 5)Y(Fe**5)VO, | |
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e
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Implication for U Immobilization at Repository Conditions

Oxidative reaction (RT): Ca,Zr,SiFe,0,,, y-UO,, Fe,0,

45.6~82.0kl/mol ===  NOT stable

Reducing associated-mineral environment (RT): Ca;Zr,SiFe,0,,, 7-UO;, FeO

-99.2 ~-65.3ki/mol === \Verystable

Phase formation condition (T ~ 800 — 1000 °C): Ca,Zr,SiFe,0,,, U;0,, Fe,0,

x=0.5, 32.0 &= 5.3 ki/mol

x=0.6, 11.5 %= 5.2 kJ/mol .
x=0.7, -19.7 = 5.3 kJ/mol ™= AGE0 C_ =-28.4kl/mol
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Geological/repository Implication from Thermodynamics

How increased U influences Ca-Zr-Fe garnet phase:

Ca,(U,Zr, )Fe 0., + AX y-UO; = Cay(U,, 21y, 1 )Fe304, + Ax ZrO, + Ax/2 O,

40r
3
e |
Implications: = i -12.8 kJimol
jo] Y
. . 2 X
= Higher U content stabilize the phase ¢ 4| -23.5 kJimol
o N T
. . 2 NN
s Unlikely to decompose to oxides ] RV .
E -100 -
-120 T ' T v T T T
0.5 0.6 0.7

U concentration x (apfu)
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Outline

o0

L)

o0

1)

< Topic lll: Calorimetry on Transuranium (Pu)
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Thermodynamics for Actinides (U, Th, Np and Pu)

Relocated and reinstalled during year 2015 ~ 2017:

AlexSys-800 Micro-balances
Storage Cabin A
1 AN Computer Preparation Table
' AN Control

Gas System

Fully operational ——
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Challenges for setting up actinide calorimetry capability

Control team

e Safety documents
’ e Waste stream approval
* Experiment

coordination
Our team

* Lab arrangement
e Critical designs

e IWD

* Handling ACT

*  Minimize waste

Pu team
\  Sample
preparation

* Transuranium
Transfer
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Uniqueness of Rad Calorimetry

Targets: Also applied to:
= PuO,, PuO,,,, PuO,-xH,0 =  Transuranium
= PuO,-UO,, NpO,-UO, = Air-, humidity- sensitive

= U-, Th-, materials materials

= UN, USi

= Nano materials
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Summary

= o mm mm Em Em o e e o e e e e e | S-S5 -
. 1 ‘ I 1
, Research Topics [echniques , Collaborators ' 1 Acknowledgement |,
_———— e e - - .. —— - N — e e e e e e e =
Topic I: Synthesis: LANS _ * Dr.HongwuXu
Actinides in Environment  Solid state, schlenk line, W * Dr.Jeremy N. Mitchell
sol-gel, hydrothermal, UC Berkeley * Dr. Albert Migliori
vacuum seal. etc U Tennessee * Dr. Alexandra Navrotsky
Topic I: ! ' Stanford
' Notre Dame
Nuclear Waste Form Lanzhou U
Characterization: Funding:
. XRD, EPMA, SEM i’l\a/'ss'-' PNNL * EFRC-Actinides
Toplc.lll. synchrotron X—r.ay, SSRL ‘ENERGY offe o
Pu Calorimetry Neutron Scattering, CHESS Science
BET, MS, IR SNS, ORNL i/ A S
NIST A 5 MBA

Thermal analysis:
DSC, TG,
water adsorption
calorimetry,
high-T reaction
calorimetry

Institue de Chimie Séparative de
Marcoule

French Alternative Energies and
Atomic energy Commission
Nuclear Research Center — Negev
Be’er-Sheva

Forschungszentrum Jilich

GSI Helmholtz Centre for Heavy
lon Research
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Research related to a salt repository

Features of WIPP:

m Salt repository

= Low permeability

m Self-healed

= High thermal conductivity _
e TENNNAN
= High solubility ot

In progress
B Mining Compleled
Future [planned) Fanel 10A

B Proposed

https://nukewatch.org/activemap/NWC-WIPP.html|
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Polyhalite: Thermal Behavior and Thermodynamics

Motivation:
= A coexisting mineral with halite in salt repositories (such as WIPP)

= Dehydrating at high T, dissolving halite and affecting repository integrity

Heating in-situ Synchrotron XRD g V

K,Ca,Mg{s0,),-2H,0 — CasO,+(A)K,Ca Mg, (SO,), +(1 - A)K,Ca Mg, (SO,),+2H,0 Y
K

Anhydrite + triple salt [f&‘

= l . v 5
==\ “‘ | :
zoﬂ?’,W/ 10 /] | )8
Enthalpies and thermal stability ) ‘ (| Al
-152.5 kl/mol TP . ’
Xu et al., J. Chem. Thermo., 2016 T T e W i
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