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"Out of Gas: The End of the Age of Oil"

"The world will sdbn start to run out of conventionally produced,
cheap aill. If we manage to overcome that shock by shifting the
burden to cal or natural gas, life may go on more or less as it has
been untiﬁl/,/\”}ve run out of all fossil fuels by the end of the century. And
by the t|me we have burned up that fuel, we may well have rendered
the planet unfit for human life. Even if human life does go on,
civ}i_lri’iation as we know it will not survive unless we can find a way to
live without fossil fuels.



"Out of Gas: The End of the Age of Oil"

AN

“Nuclear Energy will be an essential component of any strategy for
weaning humanity from fossil fuels. While fissile uranium-235 is also
a limited resoutﬁ”é, breeder reactor technologies exist for converting
“**U to fissile plutonium-239 and thorium-232 to fissile **U. Breeder
reactors caﬂ”extend the supply of the earth’s fissile material several
hundred ”’/fc")/ld, enough to last at least several centuries.”

He Cpﬁtinues ....”(Problems of spent reactor fuel and **Pu) ...do not
com’ioare to the economic and environmental crises that our
(;'ntinued dependence on fossil fuels Is guaranteed to engender.”




e New separations technologies must minimize wastes
e Improved efficiency in partitioning processes
e Integrate waste considerations into process
e Consider environmental consequences

e Economic incentives for partitioning do not support deployment
(Harvard study - Does not take into account future financial
consequences of energy dependence, global competition for
resources and global climate change)

e Transmutation as an alternative to repository disposition
e Surplus weapons material and MOX fuel

e \World-wide loss of faculty positions

e Public acceptance

e EXisting waste

e Give up single waste form concept

e International cooperation is essential

e\Weapons proliferation
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We must transftorm public opinion
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Reactor Charge:
967kg **8U
33kg 235U
0.26kg U

irradiated for 33,000 MWd/t U
burnup at a power density of
30MW/t U and neutron flux of
2.92x10" Nem?s™

(Choppin & Rydberg, Nuclear Chemistry
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50 kg %> 23U consumed (950 kg remain)
14 kg %*°U and transuranics produced
36 kg of fission products (10 kg Ln)

Actinides:

238(942kg), 22°U(4.5kg), 2°U(8kQ),
234U(1209), 2'Np(4829), Z2Pu(168g),
Z39py(5,2600), **°Pu(2,160g), **Pu(1,0080)
242py(352Q), %**Am(44.1g), ***™Am(0.4g),
283Am(91.29), 2**Cm(5.82g), >**Cm(0.129),
244Cm(31.1g), **Cm(1.760)




#Extracts Pu(NO,),(TBP), and
UO,(NO;),(TBP), but not trivalent
(Am, Cm) or pentavalent (Np)
actinides also rejects most fission
products

APlutonium is removed from the
extractant phase by contact W|th
reducmg nltrlc acid solution (Fe®" or
U*)asPu®

AV0F* stripped with dilute HNO, and
excess scrubbed with Na_,,CO,

AModifications and improvements of
PUREX continue - it remains the only
large-scale fuel recycling process in
operation




#About 500g Np/ton of fuel

#Distribution among streams in PUREX
impacts waste disposal

#From refluxing HNO; used to dissolve
fuel, a mix of Np(V) and Np(VI) emerges

#Preadjustment of oxidation states helps
but complexity of interactions hinders
effectiveness of adjustment

#Np redox chemistry:
# Np(V) disproportionates
# Np(V) is oxidized by HNO5 with
HNO, catalysis

Advanced PUREX Enhancements

Kolarik (1980), Uchiyama (1992) - n-
butyraldehyde reduces Np(VI) and Pu(lV),
iIsobutyraldehyde only Np(V1)

Taylor et al (1997) - hydroxamates complex
and selectively adjust oxidation state of Np




SOLVENT SCRUB

30 vol% TBF in 0.3 M HNOg
Kerosene 0.47 M AHA

FEED SOLVENT
Dissolver solution 30 vol% TBP in
1.0 M HNO, kerosene

Te STRIP U STRIP
5.5MHNG, 0.01 M HNO,

EXTRACTION 3 U RE-EXTRACT U STRIP
(12 stages) 3 (2 stages) (16 stages)

LOADED
SOLVENT

SPENT
SOLVENT
(recycle)

RAFFINATE Te PRODUCT U PRODUCT
>09.9% TRU >95% Te >98.9% U




# Bifunctional reagent CMPO
designed at ANL for its ability to
extract An(lll), (IV) and (VI) and to
allow their selective partitioning

# Process for its use (TRUEX) uses
TBP as a phase modifier and is
directly compatible with PUREX
raffinates

# At high concentrations of metals
(e.g. U(VI)), third phase
formation can be a problem

# Degradation products can be
problematic but solvent cleanup
procedures are known

< UREX and UREX+ Processes use
CMPO's (UREX + employs
D®DBCMPO in a fluorinated
sulfone diluent) designed for waste
processing

0.20 M CMPO, 1.2 M TBP
in n-dodecane




third phase
formation can be a challenge



AmCm Cf

0.1 M TODGA/n-dodecane

# Pattern consistent with relative
stability of aqueous complexes of
diglycolic acid

< Very steep extractant dependencies
‘g:';:gh‘_’;;'ggﬂsl under some conditions appear to
indicate large scale aggregation of

1.0 MHNO4 extractant

Y. Sasaki, Y. Sugo, S. Suzuki, S.
Tachimori, SX&IX 19, 91-103 (2001)




Solvent Recycle
A

extraction

Product 1
Am. Cm. RE |

Separation
Cs, Sr, Tc, PGM Product 2 v
Pu, Np
Product 3
U




< Several lanthanides interfere with neutron physics, hence must be
removed (for thermal reactor-based approach)

# An-Ln chemistries nearly identical except for slightly stronger interaction
strength of actinides for soft (S, CI") or less-hard (N) donor atoms

# TALSPEAK, Reverse TALSPEAK, Cl" lon exchange, CI- SX with amines

are the classic methods
" Newest reagents: Cyanex 301 (dialkyldithiophosphinic acid)

< Di(p-chlorophenyl)dithiophosphinic acid plus TBP (ALINA)

# Polyaza (BTP) compounds synthesized in Europe (CHON principle)



TRAMEX
# Developed at ORNL in mid
1960's

# Achieves An(111)/Ln(111)
separation factor of about 100

# Tertiary amines give better
separation than quaternary
amines

Anion Exchange
from LiCl

v v
| Am, Cm | trans-Cm

elements

Transuranium Processing Plant
(TRU) and High Flux Isotope
Reactor (HFIR) at ORNL produce
transuranium elements for research

HFIR
Am-Cm target

Dissolution

l(TRU's)

Impurity removal

Fm Es Cf Bk




0.25 M HCI
1.0 M NH,SCN N

0.1 M HCOOH
Am
(La-Eu)

Soft donor SCN'
accounts for Am(lIl)
sorption on "resin"

Use of more than one
complexant in the same
solution can alter
performance
characteristics

EC offers performance
enhancement in the
right circumstance

NHI salts reduce
waste




extractan
30% TBP
kerosene

extractl on

extractant

0.2 M CMPO
1.2M TBP
N-Cy,H56

Strip 1
Product 3
Am, Cm, RE

_ SolventRecycle

#Pu, Np oxidized to the
hexavalent state then extracted
in preliminary stage with TBP

AReductive stripping of Np and
Pu with H,O, and ascorbic acid

Ap, Pu fractions isolated using
extraction chromatography

AZTRUEX stage for concentration
of Am, Cm and rare earths from
most fission products

ARare earth, Am, Cm processing
by extraction chromatography
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Group Separation Achieved
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ACTINIDES




Separation
Cs, Sr, Tc, PGM

Product 1 y l
Am, Cm Stri

<1% RE

Strip 3

v

Product 3
100% Pu
100% Np
100% Fe
10% Rh

Product 4
U

Primary extractant is DIDPA, an
acidic organophosphorus reagent
- extraction is most favored from
dilute acid media

Dissolved fuel must be denitrated
prior to extraction (done with
formaldehyde)

Separations of long-lived fission
products and PGM's incorporated

Reverse TALSPEAK-type
selective separation of Am, Cm
from Ln with DTPA

Oxalate strip for Np, Pu recovery
(Fe and Rh follow)




extractant
0.2 M CMPO

1.0 M TBP
_N-C1oHoe

Product 1
Am, Cm, Pu, Np
Ln, Y, Tc, Zr, Mo

SETFICS
DTPA Stripping

Aranium removed in
preconcentration step
(PUREX)

#Pu recovery with reducing
agent (HAN)

Ancomplete removal of Pu,
Ru, Zr, Mo demands reducing
scrub (hydrazine) before
solvent recycle




Molar Absorptivity

0

— Cm3*

— Am3+ o
= Cyanex 272 o Cyanex 272
== Cyanex 302 4 Cyanex 302
= Cyanex 301 L B = Cyanex 301

Low symmetry : ¥ Charge Transfer Band

Aunndiosqy Jejon

High symmetry |

of 7
490 500 510 520 530 540 350 375 400 425 450 475 500

Wavelength (nm) Wavelength (nm)

Jensen and Bond, Inorg. Chem., JACS (2002)

Zhu, Chen, Jiao, SX&IX (1996) Am*/Eu”" separation factor 6000
AG (kJ/mol)  AH (kJ/mol) AS (J/mol-K)
Eu +66.3 +43.6 -66
Am +44.8 +18.1 -87
A (Am-Eu) -21.5 ek 2




AAG=4 kJ/mol

AAG=63 kJ/mol
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Argonne’s pyroprocessing technology
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Dissolution of UO, Powder with Supercritical CO,
Containing the HNOz-TBP Complex
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1: Reaction vessel 2: Liquid CO, cylinder 3: Syringe pump
4: Container for HNO;-TBP reactant 5: Plunger-type pump
6: Thermostated water bath 7: Pre-heating coil 8: Filter

9: Restrictor 10: Collection vessel

Wai and coworkers, University of Idaho
Yoshida and coworkers, JAERI




Room Temperature lonic Liquids in Actinide Separations

What: ionic salts of cationic organic compounds liquid at
temperatures below 100 °C
Amethyl(alkyl) imidazolium, methyl pyridinium, tetraalkyl
ammonium, tetraalkylphosphonium salts with a variety of
different anions including CI, PF,, BF, , (CE SQ ) N,...)
ACan be either lipophilic or hydrophilic depending on choice of
anion
AWNide electrochemical window

ZTend to be viscous liquids, waxy solids at room temperature
t.ow volatility

Obstacles to be overcome:Viscosity, chemical instability,
expensive

Promise: hybrid process opportunities, unique solvation
properties, electrometallurgical processing options

Unknowns: Many chemical features and properties remain
unexplored, "Green"-ness




Conclusions
Future Directions for the Nuclear Fuel Cycle

¥ Agueous-based technologies will likely continue to dominate the field for the next 20
years - opportunities exist for further improvements

¥ Legacy wastes will most likely have to be processed using aqueous technologies
(Strongly alkaline solutions)

Tx Transmutation of actinides and long-lived fission products (best non-proliferation
option but Am production increases with increased recycle of Pu)

¥ Lanthanide/actinide separations needed if actinides are transmuted

x Thorium-uranium breeder cycles hare some attributes and some challenges
T¥ lonic liquids as solvents ? Supercritical Fluids ? Other unigue materials ?

x Micelle-based separations (i.e., non-conventional agueous processes)

Tx Aggregation and organization of solutes (e.g., third-phase formation)

3 Non aqueous concepts (Pyro, volatility)

¥ Support for education of a next generation of experts

The overall objective should be to maximize the recovery of valuable (or potentially
valuable) byproducts while minimizing both the volume of wastes produced (all types)

and the long term environmental impacts



