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What is the problem that a Molecular and
Chemical Forensic approach is addressing?

- Increasingly varied and asymmetric threats are SR IV11ely
expanding the scope of nuclear forensics

 Signatures are varied and can evolve, while any
given sample may include multiple signatures

» The scale of a signature may be u, or LARGE

» Accurate, effective technical analysis depends on
- identifying new signatures
- understanding measurement limitations
- evaluating complementary nature between
traditional and new measurements
- assessing the value of the information

 Production, conversion and aging of actinide
p:;,aterials are chemical in nature
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What do we mean by chemical speciation?

Physical (or Phase) Speciation .. Tt T
» Refers indirectly to the phase association: e
dissolved, or associated with various U

mineral or colloidal phases

Chemical Speciation
 Refers to the chemical form and generally
includes a knowledge of phase

* Depending on the type of information,
various levels exist

« Identity of the element
* Physical state
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What do we mean by chemical speciation?

Physical (or Phase) Speciation .. Tt T
» Refers indirectly to the phase association: e
dissolved, or associated with various U

mineral or colloidal phases
u(i) u(Iv) u(v) U(VI)

Chemical Speciation

 Refers to the chemical form and generally
includes a knowledge of phase '

* Depending on the type of information,

various levels exist

« Identity of the element
* Physical state
« Oxidation state

H/""ﬁ
. Los Alamos
MATIONAL LABORATORY UNCLASSIFIED Slide 4
ST, 1941
Operated by Los Alamos National Security, LLC for NNSA il .l."l."&.’-‘!j
LA-UR 14-24839 LA LN o



What do we mean by chemical speciation?

Physical (or Phase) Speciation .. Tt T
» Refers indirectly to the phase association: e
dissolved, or associated with various U

mineral or colloidal phases
u(i) u(Iv) u(v) U(VI)

Chemical Speciation

 Refers to the chemical form and generally
includes a knowledge of phase '

* Depending on the type of information,

various levels exist UO,(OH)*

« Identity of the element
* Physical state

« Oxidation state

« Empirical formula
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What do we mean by chemical speciation?

Physical (or Phase) Speciation s PR TR
« Refers indirectly to the phase -
association: dissolved, or associated U

with various mineral or colloidal phases
u(i) u(Iv) u(v) U(VI)

Chemical Speciation
 Refers to the chemical form and generally
includes a knowledge of phase

* Depending on the type of information,

various levels exist N

« Identity of the element UO,(OH)
» Physical state 0O 0
. gr)::gﬁ‘ltlcc)arll fsotrar:]eUIa HZO""' ww Iélm'w. l'\‘OHz
’ H,0— U< .1J—OH
e Molecular formula | > HZOI ~o~ \OH :

/% Molecular structure 0 H O 2
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Actinide processing is rich in chemical
iInformation

denitration

* > 10 phases between UO, ¢
. i ipitati
and UQ,, in addition to y [ prectaton ¥
hydratEd forms of U03 Yellow Cake Uranyl Nitrate Adn_wmonilijm Ltlr_an!gm
» Deceptively simple formula J{ calcination
& reduction

and cubic structure of UO,

) : o hydro-
masks incredibly complex enrichment n fuornaton fucpmaor

L N
 Weathering under ¢reduction

environmental conditions may

effect changes in morphology, chemical speciation Uranium metal

« Can chemical speciation of major and minor constituents be measured?
* Do signhatures of chemical speciation change over time?

 How can we ground these measurements with standards?
/ﬁ"'ﬁ

=
» Los Alamos

MATIONAL LABORATORY UNCLASSIFIED Slide 7

ST, 1941
Operated by Los Alamos National Security, LLC for NNSA il .l."l."&.’-‘!j
LA-UR 14-24839 WA



What tools provide access to chemical
speciation?

Morphology Elemental Structural (lattice)
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» Scanning Electron Microscopy ~
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» X-ray Absorption

A « Inductively Coupled Spectroscopy

— Plasma — Mass Spectrometry
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Measurement Capabilities

Morphology [RatEiesem

FEI Quanta 200F Field e
Emission Scannlng Elec

Elemental/isotopic Analysis
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How is local structure through XAFS

determined?
XAFS- X-ray Absorption Fine Structure

high energy X-rays allow for excitation of core electrons to bound states
XANES- X-ray Absorption Near Edge Structure

arises from differences in oxidation state, local structure
EXAFS- Extended X-ray Absorption Fine Structure

distribution of interatomic distances around atoms

P hotoelectron,

energy E - E,
Continuum A 7
states
E /
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Systematic experiments on UO, using EXAFS to
measure sensitivity to oxidation.

With H,0O, intermediate temperature

U02+x' — Single crystal UO,
conventional —U0,,, —UO,
preparation — UOo

UL xR, )
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Weak CO:CO, oxidizer, high temperature
' I IR B I UL L UL UL
— Single crystal UC)2

UL xR, )
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R-2 (A) R-2 (A)

Increased oxidation yields monotonic changes.

Conradson, S. D.; Manara, D.; Wastin, F.; Clark, D. L.; Lander, G. H.; Morales, L. A.; Rebizant, J.;

/-\ Rondinella, V. V.. Inorg. Chem. 2004, 43(22), pp 6922-6935.
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Reference information is derived from high-
purity uranium oxide bulk materials

ue U0,2* NIST SRM U960 U0,(0,)
NBL A112A precipitate

H3

UO2 + H,0, i "UO5(0)xH,0  fmd

U0,(0,)-2H,0 277> A-UO;
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900°C
(0]
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2
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Can trace chemical species be measured from
legacy samples of U;04

Precipitate Source Precipitate Sample Product
pH1 800°C
UNH 200C uoO4 U308
pH 1 975°C
UNH 20°C uo4 U308
(0]
uozr2 —2 24— Aby 800°C . U308

Age of samples: ~2-3 years
Common source of starting material
Preparation scale: 10 g
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Comparison of SEM images of U;Og4 materials
at time O
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Comparison of reference lines with pXRD
patterns of U,Og4 materials identifies speciation

p 4 20°C  800°C
studite + metastudite UNH > UO4 > U308
L1 pH 1

U308 + schoepite
20°C 975°C

UNH = UO, = U304
pH 1

U308 + uranyl fluoride hydrate

20°C  800°C
UO2F2 > ADU > U0,

pH 8.4

900°C
A-UO; 2 U;04
air

Two-Theta (deg)
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EXAFS of U;04 materials reveals disorder

u-o U-uU — S1t=0
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900°C

air

20°C 800°C
UNH = UO, = U;0q4
pH 1

(UO,(0,)-xH,0)

20°C 975°C
UNH > UO, = U,04
pH 1

20°C  800°C
JO2F2 > ADU > U,0,

pH 8.4
(U5Og . UO,F,-xH,0)
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Aging Vessels and Circulating Bath

Stainless Steel
VCR Plug

Cu
Gasket

Stainless
Steel

Holes for VCR Nut

Improved Stainless
Circulation Steel Mesh

Teflon Cup

Stainless Steel
VCR Gland w/
Welded on Bottom

Anovitz, L. M.; Riciputi, L. R.; Cole, D. R;;
Gruszkiewicz, M. S.; Elam, J. M. J.
Non-Cryst. Solids 2006, 352, 5652.
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Do these chemical signatures change over
time?

Constant relative humldlty (+/ 2 /0) IS Relative Humidity = Actual Vapor Density
produced by an excess of a water soluble Saturation Vapor Density

salt in contact with its saturated solution. - S

I‘\J"I
o

1
ensity

"—
LS

100000 1

 ASTM International, Designation:
E104-02, Standard Practice for
Maintaining Constant Relative
Humidity by Means of Aqueous woo A2
Solutions e

40 60 80 100 120 140 160 180 200
Temperature (degC)

 CRC Manual, Constant Humidity
. Conditions Water vapor
Solutions denSIty

RH = A*exp(B/T)

10000 A 041
7

Saturation Pressure (Pa)
Density (kg/m3)

Lithium lodide: 25% RH at 278.15 K
15% RH at 310.15 K
otassium Nitrate: 97% RH at 278.15 K
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Morphology of S1 at all conditions after O and 2
years

T=2 yrs. . e 900°C § gt o T=2 yrs.
TLH-5°C @ 25% RH 30 d MO Tl IV  *4C 4TLH-37°C @ 15% RH

T=2 yrs. ol : Y < 74 [ BB L
LTHH-5°C @ 97% RH ; y : ® .9 VR AT & HTHH-37°C @ 89%RH 7

D
- Los Alamos
MATIONAL LABORATORY UNCLASSIFIED Slide 19
ST, 1941
Operated by Los Alamos National Security, LLC for MNNSA il .l."l_"

LA-UR 14-24839 VA



PXRD patterns of S1 at all conditions after 3
years reveals speC|at|on

&> T=2 W= Sl - s .'_‘
ifme LTLH SC@ZS%R > -»3 -',- "‘- HTLH37C@15 RH S o
. o~ =7 8 o
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EXAFS of S1 at all conditions after O and 3

900°C

alr
; U-O u-u S1 LTHH (3 yr)
= ___ 30- S1 HTHH (3 yr)
S1LTLH (3 yr)
] —— S1HTLH (3 yr)
25 — 51 t=0
20+
15-
10- ’
5 -
0 T I I ] |
P 0 2 4 6 8
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Morphology of L2 U,;0q4 at all conditions after O
and 2 years

T=2 yrs. o 20°C 975°C ; T=2 yrs. %
LTLH-5°C @ 25% RH ) UNH = UO, - U;0; W*% _ HTLH-37°C@ 15%RH
W pH 1 b} e g

oo X (U3Og + UO5-xH,0)

o

i

T=2 yrs. o N ST A : ] T=2 yrs.
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W e
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PXRD patterns of L2 U;04 at all conditions after
2 years reveals speciation

LTLH-E»T:CZ@:?S‘K{I}H_ ; o' HTLH-;E;S&S% RS 20°C 975°C
o 23 UNH > U0, > U0, (UsOs * UO3:xH;0)
¢ . ; pH 1

—r _— - 100
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EXAFS of L2 U;04 at all conditions after O and 2

years

LTLH-5°C @ 25% RH |.

Pt
a lRAIamos

HNATIONAL LABORATORY
[EARITE]

20°C 975°C
UNH = UO, 2> U,0, (U305 + UO;-xH,0)
pH 1
U-o U-u
. 297 L2 HTHH (2 yr)
X .+ L2 LTLH (2 yr)
= —— L2 HTLH (2 yr)
“x 201 — L2 t=0
|
w 15-
O
5
>S5 1 0 7]
=
C
g 5-
=
0 -

R+A(A)
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Morphology of L3 U;0g4 at all conditions after O
and 2 years

> i . 20°C  800°C  EE T=2 yrs.
LTLH-5°C@ 25% RH U02F3H98 QDU -~ U;0qy, :

vy
(U3Og , UO,F,xH,0) s g

L3 T=0 yrs.
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PXRD patterns of L3 U;04 at all conditions after
2 years reveals oxidation

X ‘ g 20°C  800°C
G NI [ g eIy UOZFZH%QDU > U,04 (U30g4 . UO,F,-xH,0)
vy P .

L3 T=0yrs.

UL“ JLA A L3, t=0

w

L3, HTLH (2 yr)

ensity( A |
- gé C é

x10° . .
‘ 00-031-1424> U30g - Uranium Oxide
‘ | b o b 5l e
‘ 00-043-0364> Metaschoepite - UO3-2H,0
1T L .
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; Two-Theta (deg)
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EXAFS of L3 U304 at all conditions after 0 and 2
years

20°C  800°C
* UO2F2 > ADU > U0,  (U3Og, UO,F,-xH,0)
pH 8.4
L3 T=0yrs.
U-0 U-U L3 LTHH (2 yr)

L3 HTHH (2 yr)

= L3 LTLH (2 yr)
<3 204 —— L3 HTLH (2 yr)
“ — L3 t=0
- 15+
Yy
O
3 10+
-
o
o)
& O
=
0 o I I I |
Pa 0 2 4 6 8
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Morphology of L1 at all conditions after O and 2
years

T 2 e 3 . 200C 8000C T=2 yrs.
yrs. L4 UNH->UO,> U0 e 1y
LTLH5°C @ 25% RH " pHT * 7 70 L

(UO,(0,)-xH,0)

L1 T=0 yrs.

T=2 yrs.
HTHH-37°C @ 89%RH
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PXRD patterns of L1 U;04 at all conditions after
3 years reveals hydration

T=2 yrs. "Q«W’ T=2 yrs. 200C
LTLH-5°C @ 25% RH e UNH ﬁ ][_JO4 > U308 (UOZ(OZ) 'XHZO)

L1 T=0yrs. A
123 _Jw

T=2yrs.

HTHH-37°C @ 89%RH
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BN To
c
) L1, HTLH (3.5 yr)
c

L1, LTLH (3.5 yr)

00-049-1821> Studtite - UO4-4H0

00-016-0206> Studtite - UO4-4H20

00-016-0207> Metastudtite - UO4-2H,0

0 207 307 40 50 T80 707 80
Two-Theta (deg)
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EXAFS of L1 U304 at all conditions after O and
3.§years

i 20°C
% UNH > U0, > U0,  (UO2(02)xH:0)
pH 1
U-0 U-uU - L1 LTLH (3.5 yr)
__40- —— L1 HTLH (3.5 yr)
X L1 LTHH (3.5 yr)
= L1 HTHH (3.5 yr)
“x 304 — L1t=0
|_
L
©
o 20-
©
-
-~
S 10-
4]
=
0 T I I — |
m 0 2 4 6 8
A
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Conclusions

e Processing of uranium oxides is chemical in nature, providing
opportunities for measurements of chemical signatures

* Results from an integrated approach rely upon synthesis,
spectroscopy and morphologic characterization of a variety of
materials

« Chemical speciation following aging under environmental
conditions is providing insights into chemical transformations

e Speciation can be characterized, not only by u-XRD and pu-
XANES spectroscopy, but also via u-EXAFS measurements,
an incisive technigque for determining chemical speciation and

~_ changes in local structure
.
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