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LASER-EXHAXCED CHEMICAL REACTIONS AND THE LIQUID STATE.
L. POSSIBLE APPLICATIONS TO KUCLEAR FUEL REPROCESSING

G. L. DePoorcer and €. K. Rofer-DePoorier
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ARSTRACT

laser photochemistry 1% sutveyed ax a possible isprovesent upon the

Feren process for reprocessing spant uucleas Suel.

Mast of the com-

ponents of spant aucliesr fuel sro photochmmically active, and Qasers can

be used to selectively excite lodividusl chamical species.

The groat

vatlery of chamical speclen pressnt and cthe degree of separatlion that

osust de achisved present difficuliles in veprocessing.

Laseis say be

#ble to improve the asceveary separations by photochesical reaction or
effects on rates and aquilibria of reactions.

INTRODUCTICN

The fizme reportl in this series discussed
some geowtal considerations of onergy transfor and
roaction dynamics o Alguld systoms, particularly
in regard to vibeational enhancesent by liser ra-
ciathbon, Although vibrationsl enhancement secas Lo
offer mote selvctivity in the porential ewcitation
of one boad lo a4 melecule or une jsctoplec specles,
electronic excitation Ln the near~infrared, wisibla,
and ultraviolet regions of the spactrum {3 Raoun Lo
produce reactions in wolutionxw., WReaction rates can
be accelerated by electronic excitation, or resce
tions different from thoxe in the ground stace msy
take pllct.: Since conventional scutces of lr-
radiation are sultable for many of thase photu~
chemical resctions, 8 greater dackground of tnfor~
ratio is avastlable than fer welective vidracional
excatacdon,

In chis repoce, we will consider the applica-
tion of laser photochemiatry o an industrial
process, the raprocedsing of spant nuclear fuel. We
will siresa electronic axcitativn becauss poten-
rislly powerful dye lesers ars svailabla in the
wvavelength ranges of lnzereu-’ Although conven-
tional sources ara 2ieo available in this range,
lasers offer the advantages f monochromsticity for

DISTRIBUTION OF THIS DOCU

selectivils and ehe high photon flux required for
the pureicle danslizies of solutions. We do eot
inzend to exclude, hovever, the use of coaventional
wources 1Y they are adeguate.

In prusent auclear fuel reprocessing mathods,
large volumas of solvents, oxldizers, reducars, amd
othet reagents must b¢ addud to sepacate the urtanium
and plutonius from the other actinidex and fission
produzen peasant lo the Tuel elemants. Lasar-
chamical methods may aleer chemical equiiibeia, or
the Light ftuell may act as an oxidizer or reducer,
theveby improving separations or raducing volumas of
reagents rejuired. Current préctice is to separate
the uranios and plutonius from the remainder of the
comporents of spant fuel and 2o store the vemainder.
Becausa of the long half-lives of the actintdes,
{solacion from cthe biosphare is required for tens
to hundreds of chousands of years. Ssparszion of the
aceinides from che fisaton products would steplify
tha managesent of these compenents; some are of
aconoaic use, such as n’lp. vhich fs ussed to pro-
duce z”m for cardiac pacemakers and other pover
tourcu.ﬁ and useless actinides could ba recycled
theough nuclear reactors o produce stable elewents.
Perfodic separations of insrt materisl from re-
asining radicactive material in storage could also
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banelic vaste uauﬂm.“‘ Lagar-chanical procenses
w3y ninplify cthase saparations.

Siace the Purex process 58 mant widely aswd for
asclest fuel reprocessiog, we will wae L1 as the
basis of chis report. We w121 owsume that the
reader bas a sclentific backhground, butl a0 spwetal
awludpe of sucliesr fuel teprocussing or phota-
chemistey, and can refer Lo the fivat rtﬂtl! in this
sevies for bastc iduas in laser chemfstey and the
propertins of ilquids. The Paren process and the
chimical aature of the reprocedsing slredwt wiil de
duscribed.  Potentisl laser~chemical proceddes thae
are gelevant will be discusded In cerms of methode
that can =asily ba added go axisting plants, aathods
that (ollow the general Purex process but swould te-
quire substantlial changes in plant eguigaent, and
mothods thal raguive changes in the ptocens fweld,

THE FUREX PROCESS

The Foter peocass is banind on molvent entfac~
tion, the partitioniag of a wolute detwees Tw
tomiscible diguids. Tribusyl ghowphate (TAF)
extracts uranive In the «6 ovidation avase a» the
wranyl mag’) tun and plutontun in the o4 anidstion
state from aquecus solutlone, vhile extracting the
othet conpenents of spent oucleat fual Lo 8 Wuch
lessar digree. Plutoniun Lo the +) oxtdation atate
(s more soluble in the aquecus phane. I practice,
approximateiy & JOX solution of TEP In wetonete is
wied a8 che organic phase. By the addizirs of
appropriste onidizers, reducers, and salzingroun
raagants, the uoanium and plutonius caa du ramved
from the dinsoived fuel wlesants and separated fron
anch other.

Figure )} is a simplifind f)ov chare of the
Furex ptenn.‘ The fuel slemanty are F4T8 chopped
fago 2= B0 Y~cm pleces, uhich ate trasted wich
corceantrated altcic acid. The matalliz ciadding
Joes not Alssolve and 1s sechantealiy remaved from
the mizture. Sefors the extraction of uranius and
plutonium {Scage 1), xmz i3 wdded to the femd o
ansute that the plutonium in in the % onldation
azate. I Stage I, most of the uranium sod plu
tonium are separatead {7om most of the evher scei~
nldes and fleafon products. The ucsniue and plu-
toniuk ace eaparsted Irom sach other (Stage 15} ¥y
the reduction of plutonium fe the +3 celdation state

snd extracting St into an aqusous strlp. This

SAPATAELTA L% 0Of complets, and a2 wdall ssount of
plutontun f» carcied on 20 Atages IKT ard IV. In
Stage 113, the wranium and traces of plutonium and
fienlon producen «vo atrippud fuom rhe TOF into
uatar, wblch s then evaporatad g2 the desired
CORCANTYRELen, ol the acldiiy Is sdjusted. The
weanlsk is aext sepaviated from the temaluing piu-
tonium and flanion producis by teduction of the
pivtvalue t2 N}' and quersction of the uranyl lon
fute THF.
TEF {Srage ¥ and purlfled Ur fon exchange to
mztm,}? praduct.  The aguecun stteas Crom Stage i1
contatan sart o che plutaoniun and o ttace of the
Tar plutoniun Is swoxtdized to

The ueanive is agaleo strigped from the

fieston produces.
ehe *& atate and extracind Anto TOF (Gtage VI,
sfcer which 1t Is agals redused to fuh. neeSppesd
from the TEP, and purified by lon exchange to the
h(ml)) produce.

For & move complate denceiption of the Furen
prozans, the vesdur shoald consult thi book by
Senedice and Hutamﬁ or cthe atricie by smuu.’

rarritionteg by solvent exteasciion f» lismices
by the Iharsodyammic equbitbrium discridution of an
100 batvasn the two salvent phases. The eiriagent
requitemants for separation imposed by tha radin-
sctivity of the tonponentd of spent nuclear fgel)
sake Aecastary many sxtesctions wmithin ssch stage
and the une of selving~out reagante. 1a presast
procennar, H.1 to .57 af the drsatue and plutuniue
ramain with the fission products, snd the utsalue
s plutoniun produsts sust be purified of figeloa
products br & final fen enchange stap.

Far the sntvsciion of uranium, the parsitioning
tavolves the uranyl Loo In the aguasus altric scid
phase and the complex mz{m,izmﬂz in the szganic
phase. The uranyl ton S oot by tesl! selubls in
the arganic phasnm, Jurt ¢ fhe conplax mziso,}a(tlﬂ Py
18 not by ftmelf selublinm Ia the aquesus phase. At
thy Iatarface »atvess the v solvants, the chasical
rasctian

vod*tan) o I907Cae) & 1TRP(erg)

S0, (W0,) , (TBP)  (org) tH

cakes placa. The quantitative relazionships detvess
che chamtca) spucins in £4. (1) ave {ixed By the
tharmodynamic aquilibrium constant for the tasction,
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ta #x. {Jthe a'e ave tho activizies of the conpos
aenta fe the agueous and organic phaaes. o ala-
Py ehls dlaeusston, the sctiviey will Bbe assuned
wqual 20 The couceniran fua, Tata s as mersionlls
fhcaniva, bhut it gives an accurale oulline of the
prianciples Invalens,

Yapresnion Bg.{3) in torms wf conceatrazionw

piven

'_ltmx mﬂ))atﬂl’lztnrg) }
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whore the brackets denste concentration, Since ch

dopondé only on temperature snd pressure, the baais
of solvent exsraction can aow be se2n, Conuilder a
altrie acld solutlon containing uranyl Lon which is
placed in contace with o TAP-kerosens solution. At
the tnterface, & nonequilibeium altuncion exists.

To tench equiithbrium, the forvard chemical reaction

of Ea. (1} takes place watil she concecirations of
the components are io the ratlo glven in Bg. (3) by
ﬁm. e, uranius bs resoved frowm the wguedus
phase and transforred to the erganic phase. Simie
larly, 4f the ovganic phasn contsining Uﬂz(“,)z(“?’g
in placed 1a zontace sith oltrie acid, & nonegui-
tibrilun condleton will exlst at the intarface. To
reaeh equilibrins, the reverse reactfon of Eg. (1)
#il) oscur until the concentrations of the compo~
senis are in che ratlo glven by t“. Tharafore, the
rlerds ackd strips the oraniue out of the vrganic
phawe,

Because the equllibrium constant 18 a ratio of
concenirations in che agueous and orgsnic phases,
the contacting between the agueous solurion and
frosh organic solution must be done seversl times to
remove the desived amount of urantium. Sisilacly,
successive extractions with clean nlerle acid oust
be done for seripping.

Alchough the numerical value for ch is fixed,
concentratfons of the components can be varied to

mrke cach stage more offictient. For exsmple, if an



excess of nitrate 19n over that required to make
Lfnz(r«:’:‘).‘,(ﬂl’)2 1s used, £q. (1) implies chat the
ratfo |u02(m3)2(nr)2(org)ll(uog*(nq)] will in-
crease if the TBP concantration remains constent.
More of the uranium enters the ozganic phase than if
the stoich/ometric amount of nitrate ion vere used.
However, when coneidering the effects of ssiting
agents such es the nitrate ion, the full expression
for activicty coefficiente must be used for accurate
predictions. In addicion, an excess of one compo~
nent may sffect the extractability of other compo-
nents. For a complete understsnding, equations like
Eg. (1) must be writtea £ -7 the extraction of every
component in the sclution. From the chemical equa=-
tions, aquilibrium constant expressions must ba

Only when the
complete set of equations is examined can the effects

uritten with activity coefficiencs.

of adding cosponents be determined.

The thermodynamic equi.ibrium conscant, K.q.
gives the activicy ratio at equilibrium. Howaver,
therncdynamics cannot be used to predict how long it
will take to reach equilidrium. Therafore, the
partitioning calculated from the equilibrium con-
stants will be the uppsr limit on what can be

expected.,

CHEMICAL NATURE OF THE REPROCESSING STREAMS

In order to consider photochemical processas
for nuclesr fuel reprucussing, the elcments pressat
in the reprocessing streass, their vilence states,
and their photochemical properties must be known.
1n thie section, a briaf survey of these proparties
will be given.

The major cheaicai elements present in the
reprocessing straass ere chown in Pig. 2. Although
the relative amounte differ with the fuel used
(2350. 2”l’u. or znu). ths reactor type, the clad-
ding type, snd the smount of buraup, the sase
chesfceal elemants are nresent.

In the Purex process, yttrius and the lan~
thantdes are esasily sepsrated from uronius and
plutonium. Howevar, zirconium, niebium, wolybderum,
technetium, and ruthen’um are more difficule to
separate.

Most of the zircanium and niobius perticipate
in a chemicel equf’ibrium between the aguacus and
orgsznic phases similsr to that for ursnium:

2r**(aq) + 4403 (aq) + 2TBP(org)

L] zr(mj)a(ﬂ\?)z(org) . (%)

However, a small amount interacts with an unidenti~-
fied component of the reprocessing stream to forwm a
apscias that remains in the organic phase and re-
leases the zirconium and niobius into the aqueous
phase slowly during stripping. A= a result, appre-
ciable amounts of zirconium and niobium remain tn
the crganic phase with the uranium and plutoniua.

Ruthenium 18 difficult to extract completely
because it forms several speciea in acidic solution.
The extrsctability varies for the different species.
Ruthenium also differs from other fission products
in that TBP displaces vater wolecules from the
primary coovdination sphere after, rather than
during, extraction. Convercicu among the various
species is slow; equilibrium takes a long time to be
reached.

The elements in the reprocessing streazs that
have bsen nporudz to undergo photochemical reac=-
tions are indicated in Fig. 2.
indiceted, it may be expected that the remaining
lsathsnides and acrinides will be photochemically

In addition to those

activa.

BACKGROUND

Photochenuiy by electronic excitetion has
bean studied in detail for aany of the transition
metals, some lanthanides and actinides, and many
cther elmnu.z'a Light hss been found to induce
chemical resctions that would otherwise not tuke
place end to enhsnce rates of chsmical reactions.
In addition, for many setel-ion complexes, irradia-
tion at one vavelength vill produce oxidation or
reduction, while irradiation at another wsvelength
will praduce s reervangement of the complex or
exchenge of & complexing woleculie for a solvent
molecule. All of these procssses may be useful in
nuclear fuel reprocessing.

A nonrigorous thermodynamic argument will be
presentwd here to indicate the way in which light
may affest some of the relevant chemicsl reactions.
Rigorous thermodynamic arguments would be more
extensive snd might require the addition of non-
equilibrium thersodynamics. The interaction of
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light with chezical systems is one of the least
explored aspects of thermodynamics, but interest is
developing with the use of lasers in chenistry.9'1°
Enhancement of reaction rates in the Purex
process may lead to better separations or the use

of smaller amounts of reogents. Consider the

chemical reaction
ke
A+B = C.,

k
r

(5)

At equilibrium, the principle of microscopic re-
versibility requires that

ke (A1[B] = k_[C] (6)

where the brackets denote concentration and kf and
kr are the rate constants for the forward and

ELEMENTS IN REPROCESSIMG STREAM
%iTH REPORTED PHOYQCHEMISTRY

Major elements in fission reactor fuel reprocessing stream.

reverse reactions. Rearranging Eq. (6) gives

|3

{ [c) .

-— . 7

K, " TATTRT  Keq @
where lce i3 the equilibrium constant for Reaction
(5}, Assume that by frradiation of a system ini-

tially at equilibrium, component A only is placed in
an excited electronic state and that electronic
excitation increases the rate of the forward reac~
tion so that k?. the forward rate involving elec-
tronically excited A, 15 greater than kf. 1f Ml‘l
is the amount of A present at thermodynamic equi-
librium and {A*] the amaunt of electronically ex-~
cited A, the forward ratc becomes

ke(lAg] = [A*]) (B + k#[A*](B] . ®



Rearranging Eq. (8) gives

(k§ ~ k) [A*1IB] + k [A ) [B]. ®

Comparing Eqs. (9) and (6) chows thst in the pre-
sence of light the forward reastion rate is greoater
by (k; - kf)[A‘][B] than i{s the forward rate at
thermodynasic equilibrium. Of course, for this to
be true, the excited state lifetime must be long
enough to allow the cheaical reaction to occur from
the excited state.

Another way to consider the effect of light i
this exaaple is in terms of the equilibrium of the
system. In the same manner as a change in concan-
tration of one of the reagents, the light has dis-
placed the equilibrium to the right of the chesical
reaction.

One cf the aarlisst reports of a shift in

equilibri m by the action of light deals with the
11,12

ferrous~-ferric:iodine-iodide equilibrium. The
reaction 1is
dari
we™ 4217 = e 41, (10)
light

vhere the Iz is the photosensitive constituent. It
was also zhown that, under conditions of unifors
‘llumination with light fro an electric lamp, a
photochemical equilibrium diffarent from the dark
equilibrium is atcained.

Another exampla of a2 light-aensitive ¢quili~
brium is the thionine-iron systems, which has besn
dascribed in decail by Rabinowir-1.'31% The systen
is

~ %;:?t (1=x) leukothiontne’ an
dark x semithionine

+H{(2-0)Pe™" + are™)

Thionine + 2Fe

In the dark, the equilibrius lies entirely on the
left side of the equation. The photosensitive com—
ponent of this system is thionine. Thia reaction
system vas used in a photogalvanic cell.

The effect of light on chsmical equilibrium is
also known in organic aylteln.ls'la Acidity con-
stants of organic compvunda, again an equilibrium
proparty of the system, are a function of the elec-
rronic state of the molecules.

Another class of chemical reactions that is of

interest i{s ligand transfer wichin metal-ion

6

complexes. This reaction takes place in the trans-
fer of a metal fon from cne phase to the o~her fn
solvent extraction. It has been studied in grest
detail for the transition metal tons.19'2° and is
known to Le accelerated by light in many cu-el.z
Hetal ions complex with several swlecules, often of
the solvent or anions that are present in wolution.
In the .:ase of uranyl ion soivent extrsction, the
uranyl ion ia complexed with six water molecules in
the aqueous phase, and two nitrate anions a:.) two
TBP molecules in the ¢rganic phase. In going from
one phase to the other, the ligands exchange, pre~
aumably accounting for the "resistance” noted in
studies of the Purex prouu.zl 1ignt is kaown to
accelerate the rate of substitution of a solvent
molecuie for another ligand, but the particular
reaction depends upon the metal ifon, the solvent,
and other conditions. Ligand-transfer reacticns are
poorly underatond for the uranyl ton.2

Photochemical oxidation and reductton of metal
iona has also been extenaively studied. Quidation
is sore commonly seen, but reduction can take place
under the proper sclvent cond(tionl.z Often the
solvant molecules in the primary coordination sphere
serve as oxfdants or reductanta.

Information available for the variona cowgo-
nents of the nuclear Tuel repiccessing stfcans
ranges from extensive to almoax nonexistent. The
photochenistry of the uranyl fon has been studied for
almost 8 hundred yenrs.zz'zs The avsilable data ste
complex snd sometimes conflicting. The photochemis~
try of plutonfuz and the other actinides has beeq
studied much less. Recently, Bell and Pr!ednan;’
have investigated the effect of ultraviolet light on
plutonium solutions. They have shown that the
equilibrium constant for the reaction

P, po? v wt (12)

+ B
W’ + 21,0 = 2P0 2

is increased by a factor of threc by frradiacion and
thut tie rate of recturn to the dark equilibrium is
slow. They have also shown that ultraviolet irradi-
ation increases the rate end extent of depclymeri-
2a {on of Pu‘+ hydrolysis polymer.
Photochemical deta are available for many of

the fission products. It should be noted that the
alkali metals and alkaline earth metals, rubidium,

strontium, cesium, and barium, are unlikely to

T




display significant photochemical reactiona in
solution.
Consider again the solvent extraction reaccilon

for uraniue,

uog‘(.,) + 280 (ag) *+ 2TBP(org)
.-uoz(mo3)2(rnr)2. 13)

The uranyl ion 18 photocheszically active. Formation
of UOZ(NOJ)Z(THP)2 ts alow., By exciting the uranyl
fon clectronfcally, the primary cocrdination sphere
may be disrupted or Jigand transfer may be e.hanced
to nelp form the TBP complex with the urenyi ion,
enhane ing the forwcrd racte. However, it (s also
posnible that electronic excitation would speed up
water substitution for TBF {n the primary cocordina~
tion sghere, enhancing the reverde rate. Ounly
experiment can deteralne whether the rate is en-
nanced, and, 1f »o, in what direction,

Il the muleitude of chemical reactions involved
in the solvent extraction systcms are cxamined, many
ol these reactions may be found to be enhanced by
1ight.,
displacencnts may laprove solvent coxtraction of

Ligand transafer reacticns and equilibrium
various couponents. Alteration of plutonium oxi~
dation states has been demonstrated; extension of
Light

might be used as an oxtidant Ir reductant instead of

this principle to ruthenius would he useful.
chemical reagents. As is the case for uranium, only
experiment will give the ansvers.

A potential problem in the application of
photochemistry to nuclear fuel reprocessing is the
background 2, 9, and ' radiacion level, This
radiation promores chemical rcactlons and excites
The energy will tend to degrade
Whether

molecules ard fons.
the seloctivity of photochemical reactfons.
{¢ will precliude the use of photochemical techniques
is not clear at this time; most likely it will
affect them less than 1t does standard chemical
techniques. One approach to determining the extent
of its effect aight be to work out a photochemical
technique with nonradisactive isotopes, then test {1z
under conditions similar to those of an actual

reproczssing stream.

LASER ADD-ONS FOR CURRENT PUREX SYSTEM
In the following discussion, we shall refer to
lasers as the illumination sources for photochemical

processed. Other light sources, however, may be
suited to specific applicarions and mwre economical
than lasers. For research in photochemistry, lasers
provide a wonochromatic source with a high photon
flux, eliminacing much of che ambiguity present with
other sources. Monochromaticity allows one absorp-
zion band of one component of a mixture to be se-
lected; a high photon flux is necessary for solution
photochemistry because of the particle density.

Ouce conditions have been obtained for a process,
systems studies can evaluate whetier the advan~
tageous qualfties of a laser balance f{ts cost for
uge In a reprocessing plant.

Laser applications to the current Purex systed
that would require minimal modiffcatfon of existing
process equipment will be referred to as "laser add-
ons." They invelve additional processing on streams
between various stages in the process. Three pos-~
sible laser adl-ons are (1) reduction of plutonium,
{2) clean-up operations on the process itrcams, and
(3) further geparation of fisslon products.

Ir; a 1961 report, Carroll, Burns, and Warren
discusn using UG+ as a reducing agent for plutontum.25
The U4+ was to be produced by plotochemical reduc-
tion of the uranyl ion. Addition of a reducing
sgent contributes appreciably to the salt content of
the waste. U“‘

tant, and, under the proper operating conditions,

13 a satisfactory plutonium reduc-

can be completely recovered with the other uranium.
Figure 3 shows potential add-ons and modifications
to the Purex process. Photochemical reduction of

uranium to serve as a reductant for plutonium could
be added at the points marked with a 1 in a hexagon.

It may alsc be possible to directly reduce the
plutonium photochenically, but this may be lesu
desirable bezause plutonium quantum yields seem to
be less than for urenium.za Photochemical oxidation
of plutonium may also be possihle. Direct oxidation
or reduction of plutonium is indicated by 1'.

As mentioned eariler, the separation of the
uranium and plutonium from the fission products is
not complete. The aqueous stream from Stage I
contains residual amounts of uranit:* and plutonium
in addition to the fission products. The uranium-
plutonjum separation in Stage 11 is aixo not com-
plete; there is a small amount of uranium in the
agueous strear from Stage 1I1. Similarly, residual

plutonium is present in the organic stream between



()
©
8

$

FEED SOLULTION MNO,  SCRUS SOLUTION VATER
FROM DISSOVER  scpn  meoucen cey ” STAIP sce soLUTon o, WTEY
1 0 1 f;l 1
FILTER
g§ onchnc E i
'NO, m‘ E
4051 oxioaTion :g #
D ldER 1
= i :
g 2 £
a‘ Py r—.J ) B
3%%%#%5; <;) 44]"(:)'-
KEROSENE |
AQUEOYS
XEY MO,
U0, INOg),

Puing,), ~(®)~
nnoy), @~
£SO G-

AQUEQUS
FISSION PRODUCTS  REDUCING
HNO, m. AGENT
-
QRGANIC
. HNO,
0

i MOT PLUTORIVN ST™!

PLUTONIUM PRODUCT
ot 30,

T0 ACID
RE ‘—-m.' uiﬂo‘

(FISSION PAOOUCTS)

Number
in
Hexagon
1
1!
2
3

4!
S
s'
[

Fig. 3.

EXPLANATION OF SYMBOLS

Add-on

Photochemical reduction cf UO
Photochemical reduction or oxldation of Py
Further re-ovci or separation of U and Pu

for Pu reduction

Further treatment of process stream to remove
selected components

Modifications

Enhance extractability of uoz+
Enhance extractabilicy of uoz*
Enhance extractability of Pu®® into TBP
Enhance extractability of Pud* into water
Oxidation state control of fission products

into TBP
into water

Purex process flow chart showing photochemical applications.

Stages II and IIL. Wherever plutonium or uranium is
present in a small amount, the component present in
amall amount might be photochemically remuved from

the process stream. This 1s indicated by 2.

An area where add-ons could make a significant
contribution is in further separation of fission
products and actinides from the waste stream.

Cesfum~137, 23
4,26,27
’

OSr and 7Np are removed in special

but most plans are for all components
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to be stored together. R/AppS kzs pointed out that
storage could be siopliffed and volumes reduced f
separations Were lnltlu/ky sade according to half-
1¢fe¢ and faert orterial subsequently removed (rom
she materfal in storayle. Separatfon also allows
actintdes to be tranyanted in nuclear reacrors.
Pasrible cuﬂncrclul;énr&eln exiut for cany of the

28-31

fxutopen, such as rhodiue snd palladieo. Laser

photochenical techiiquen may make rhede separations

postible.

ROPIFICATIONS TC CURRENT PUREX SYSTEM

In thin wection, we will congfder laser tech-
nigques requiriag more substantfal changes {a the
proceas aquiptent.  The greatest change would Le n
tis desfge of rolvent extractars to allow light to
loteract with the process streams duripg or juse

Reaction chasbers car be
~1%

hefore aolvent extraction.
donipgned for laser 1npul.}, tnvest fgation of
window tranaparency $n the preseace of strong nuc-
lear radfarf{on may be regatred. o a laborstory
neale, o rotary shaft extractor may he sultable.
Dosign requirszents for selvent cxtractors cannot be
sprcitico untll sore experisental data arve avatlable
on the photachesical processes ond systens data on
the best lLight source. N6r can the stress cosposis
tions and other detalls of the flow chart be set.

in Fi,. 3, the pairs of processes ldentified as
4, 4", %5, and 5' wili only work in one directivn;
only sne of gach palr will be operative. As dis-
cussed before, the rate of solvenr extractfon of the
uranyl ton may be increasced by the presence of
lighe, but the direction of the rate enhancesent
cannot be predicted; process & represents one direc-
tion, and &° the ocher. The same is true for plu~
tontum extraction, Enhancement {n one direcction
tmproves extraction, and enhancement in the other
direction {mproves stripping.

Process 6, oxidation state congrol of the
fission products in the processing stream, could
pussibly be applied to ruthenium. HRuthenium is
eurrently removed by increasimg the TBP concentra-~
tion., However, this causes less of the uranium to
be extracted. Control of ruthenium oxidation

states could make uranium extraction more efficlent.

NEW REFROCESSING SYSTEMS

This discussfon oust be speculative; we indi-
cate here only two possibilicies. They may improve
and simplify thz Purex process, or they may grow
inte a nev (vel reprocessing systen.

Ruthenium 18 one of the most troublesoms fiseion
products {n solvent extraction; it alzo forms dark
cozpounds that absorb much of the light that might
be ulied for photochenmistry of other componen:zs.
Therefore, it might be useful to remove the rutheni-
©m at an early stage of the process, before the
uranfur and plutonius are separated from the other
fission products. A possible method oight be to
aiter the rethenium equilibrium among oxidation
stated photochemsically ts put most of the rutheniun
into onv vxidation stair thot could be extracted
either conventicnally or through a 1iqQuid membrasne
coatalniag a crown e:horlﬁ that {s selective for
ruthenium {n that oxidation state. (For a discus-
sion of crown ethers, see Ref. 37.) Since uranium
and plutonius are much larger ions than ruthenium,
they would be unlikely te pass through the liquid
mnhrone., Removal of the ruthenium would simplify
both photochemical and conventional chewical sepa-
rattons at later stages.

Photochemical investigations of process stream
chenistyy may Joevelop solvents moTe syliced to pheto-
chemical nethods than TBP. Other solvents alao show
seleceivity for uraniun and plutentum, and their
photochemical properties muy be wore usoful. For
example, a zolvent might be able to double as an
oxidaat or reductant, or its energles of solvation
may be more Tavorable for rhe premotion of photo-

chemical proceases.

CONCLUSIONS

Photachemistry is worthy of consideration for
nuclear fuel reprocessing because of its potentiel
for reduction in volumes of reagents needed to
separate the components of spent fuel., Lasers
provide monochromaticity and high photon fluxes,
which will be nccessary for selectivity ané adequate
reaction in rescarch studies for the application of
photochemistyy to reprocessing. In addition, lasers
may be the most suitable light sources for produc-

tion applications, althcugh their costs are high.



A large voliume of information is available on

the photochenistry of meny of the components of the

reprocessing streams, but wuch is poorly understcod.

Systems studies can indicate the moat useful light

sources for production and the appropriate integra-

tion of photochemical techniques iato a reprocessing

scheme. Further research could lead to great im~

provements in nuclear fuel reprocessing.

REFERENCES

1.

10.

11.

12.

13,

14.

15,

10

C. K. Rofer-DePoorter and G. L. DePoorter,
"Laser-Enhanced Chemical Reactions and the
Liquid State: An Introduction,” Los Alamos
Scientiffc Lzboratory report LA-5630-MS (1974).

V. Balzani and V. Carassiti, Photochemistry of
Coordination Compounds, (London, Academic
Press, 1970).

F. P. Schaefer, editor, Dye Lasers (New York,
Springer-Verlag, 1973).

W. W. Schulz and G. E. Benedict, '"Neptunium-
237: Productior and Recovery," National Tech-
nical Ienformation Service report TID-25955
(1972).

A. F. Rupp, "A Radioisctope-Oriented View of
Nuclear Waste Management," Dak Ridge Natiomal
Laboratory report ORNI-4776 (1972).

M. ‘Benedict and 7. H. Pigford, Nuclear Chemical

Engineering (New York, McGraw-Hill, 1957).

T. H. Siddall, III, "Solvent Extraction Pro=-
cesses Based on Tri-n-butyl Phosphate,” in
Chemical Processing of Reactor Fuels (New York,

Academic Press, 1961), p. 199.

J. G. Calvert and J. N. Pitts, Jr., Photo-
chemistry (New York, Wiley, 1969).

A. Nitzan and J. Ross, "Oscillations, Multiple
Steady States, and Instabilities in Illuminated
Sratems," J. Chem. Phys. 59 (1), 241 (1973).

R. Kapral, "Chemlcal Relaxation in a Radiation
Field,” J. Chem. Phye. 61(5), 1723 (1974).

E. K. Rideal and E. G. Williamg, "The Action

of Light on the Ferrous Ferric Iodine lodide

Equilibrium,” J. Chem. Soc. (London) 127, 258
(1925).

G. Kistiakowsky, "The Action of Light on the
Ferrous-Ferric Iodine-Iodide Equilibrium,”
J. Amer. Chem. Soc. 43, 976 (1927).

E. Rabinowitch, "The Photogalvanic Effect. I,
The Photochemical Properties of the Thionine-
Iron System," J. Chem. Phys. 8, 5580 (1940).

E. Rabinowitch, "The Photogalvanic Effect. II.
The Photogalvanic Properties of the Thionine-
Iron System," J. Chem. Phys. 8, 560 (1940).

G. Jackson and G. Porter, "Acidity Constants
in the Triplet State,” Proc. Roy. Sac. London
2604, 13 (1961).

16.

17.

18.

19.

23,

24,

25,

26,

27.

28,

29,

30.

31.

32.

33.

M. B. Ledger and P. Suppan, "Spectroscocpic
Studies of Electron Distribution," Spectrochim.
Acta 234, 641 (1967).

C, Sandorfy, "Dependence of Molecular Proper-
*ies of Conjugated Compounds on the State of
Electronic Excitation," Can. J. Chem, 31, 439
(1953).

A, Weller, "Outer and Inner Mechanism of Reac-
tions of Excited Molecules," Discuss. Furaday
Soc. 27, 28 (1959).

C. #. Langford and H. B. Gray, Ligand Substi-
tution Processes (New York, W. A. Benjamin,
Inc., 1965).

J. 0. Edwards, Inorganic Reaction Mechanisms
(New York, W. A. Benjamin, Inc., 1964).

R. E. Treybal, Liquid Extraction (New York,
McGraw=Hi11, 1963).

E. Rabinowitch and R. L. Belford, Spectroscopy

end Photochemistry of Uranyl Compounds (New
York, MacMillan Company, 1964).

H. D. Burrows and T. J. Kemp, "The Photochemis-
try of the Uranyl Ion," Chem. Soc., Rev. 1974,
139.

J. T. Bell and H. A. Friedman, "Photochemical
Reactions of Aqueous Plutonium Systems," J.
Inorg. Nucl. Chem. (in press).

J. L. Carroll), R. E. Burns, and H. D. Warren,
"The Photoactivated Reduction of Uranium (VI)
to Uranium (IV) Nitrate,"” Hanford Atomic Pro~-
ducts Operation report HW-70543 (1961).

A, J. Low, “"Sulvent Extraction Recovere Iso-
topes from Nuclear-Plant Waste Soiutions,”
Chem. Eng., 64 (August 26, 1968).

W. L. Godfrey and D. J. Larkin, "Ion Exchange
Tames Radloactive Waste Solutions,” Chem. Eng.,
56 (July 13, 1970).

G. P, Dix, "The Beneficial Utilization of
Nuclear Waste Products," presented at 2nd
Annual Waste Management Symposium, Tucson,
Arizona (March 1975).

L. W. Lang, D, E. Deonigi, and €. A, Rohrmann,
"power Cost Reduction from Isotope Revenues,"
Nucl. Appl. 3, 665 (1967).

R. Shor, R. H. Laffercty, Jr., and P. S. Baker,
"90Sr Heat Sources," Isotope Rad. Tech. 8(3),

260 (1971).

L. L. Clark, F. P. Roberts, J. C. Sheppard, and
J. D. Kaser, "A Market Analysis of the Fission
Products Rh, Pd, Ru, and Tc," Battelle Pacific
Northwest Laboratories report BNWL-1690 (1973).

J. J. Devaney and D. E. Jackson, "Optical
Design of a Reaction Chamber for Weakly Ab-
gorbed Light I. Canted and Parallel Mirrors,"
Los Alamos Scientific Laboratory report LA-
5986-M5, Vol. I (1975).

J. J. Devaney and F, T. Finch, "Optical Design
of a Reaction Chamber for Weakly Absorbed Light
II. Parallel Mirrors, Multitravel,” Los Alamos
Scientific Laboratory report LA-5986-MS, Vol.
II (1975).

D



34,

35,

J. J. Vevaney, "Optical Design of a Reaction 36.
Chamber for Weakly Absorbed Light III. Asym~

metric Confocal Resonator,” Los Alamos Scien-

tific Laboratory report LA-5986-MS, Vol. III 37
(1975). :

J. J. Devaney, "Very High Intensity Reaction
Chamber Design,” Los Alamos Sciencific Labora-
tory report LA-6124-MS (1975).

C. F. Reusch and E. L. Cussler, “Selective
Membraae "Transport,™ AIChE J. 19(4), 736
(1973).

R. M. Izatt, D. J. Eatough, and 1. J. Chris-
tiansen, "Thermodynamics of Cation~Macrocyclic
Compound Interaction," Struct. Bonding (Berlin)}
16, 161 (1973).

11



