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WSEK-ESKMiCKO CHEMICAL REACT I OS S AN0 THE UQUtil SfATfi.

! ! . rOSSr»!.K AMUCATIOKS TO Kt/CI.KA* R!£|.

C. I,. ttaPoortcr and C. K. Kof«r-!)#roorter

AISTXACT

photocbtwlittry i s »urv«ytd *» • (w*»lhlp tnprovcMint upon th*
prucsn* for r«proetiatng *ptnt nut:!**? fu*l. Some of the con-

pontnt* at *p*r>t auci*»r fuel »r»j phocoih««ic«Hy uetJve, and l**«r* eaa
k* u*t4 to «*l«ciiv*ty cxete* Individual eht*le*l »j>*cl«*. TKut grout
variety of ch**ic*l sptcUii pi«a*nt and tht dtt^r«« of *tp»r*tton th«tt
w o t be achJ«v«<J pr«*«nc diff icult l*a In r«proce**i»|t. Ui*(i'* **y b«t
«b.U to lnprov« tht fl«c«M»ry *»p*ratlon* by photociit»Je*l ruct ion or
eff tem on r*t«» »r.d nijuSHfcrla of rt*ct!on«.

ixnomscrtos
The (true report in itii* ««rS«* <Ji«cu*icd

MOMr t«csei4l can*ideritttens o! «nercy iran*far and

riuctlon iJyttjjiSc* In liquid tymsm, particularly

in regard to vibratloaai enhane«Mflt by l*»et r*-

AUiti.«u(li vibritimul *Hh*n£<>a«nt *e*m to

atore *£• tcctiuily in the potent 1*1 excitation

at one bund In a aolacule or <me in»lo|>le «p«cl«»,

electronic excitation In tha n*ar-tnfrar«d, vldbU,

»ni ultraviolet rt«ion* of the «p*etru» 1» known to

produce reactlona in "oiotton*. Rtaetion rataa can

be accelerated by •itctroftlc <xcStation, or reac-

tions different tram thoxc in the ground scat* aay

take place." Since conventional *cure«* of Ir-

radiation arc (ultabl* for «any of ch*t* phocu-

cheaical reaction*, a greater background of tnfer-

tMtlor is available than for aelectlva vihrarlontl

excitation.

In thla report, we will consider the applica-

tion of laaer photochenlatry to an industrial

proceaa, the reprocessing of spent nucjaar fuel. Ve

will stress electronic excitation because poten-

tially powerful dye lasers ara available In the

wavelength rangea of interest. Although conven-

tional sources ara also available tn this range,

lasers offer (hi! advantages of aonochroMtlclty for

;- ««4 tat high photon flux required for

the purtlcS* dtn*itic* at aolution*. W* do net

intend m cxcludo, hovtvtr, the u*« of conventionat

aouree* if they *.r* adequate.

In prvsent nucttar fuel r«pr«#»*tn| Mined*.

Urn* voiuiw* of (tolvtnt*. oxldl««r*, r«ducar*( and

other reagent* nu«t t)« added to separate the uraniuai

and ptutonluc feem tii«r other aetinldes and fission

products present in the fuel *l<MMnt*. U*er-

che«it«sl withods M y alter chmleal tnuillbrla, or

tht light itaelf «ay aet ** an OKldfxtr or reducer,

thereby laproving separations or reducing volusws of

reagents required. Current practice U to separate

tht uraniuai and plutaniu* free, th* reaaindar of tht

component* of spent fuel and to »jor* the remainder.

Kecause of the long hslf-livca of the aceinidas,

isolation fro* the ttiosphtr* is ra^utred for tens

to hundred* of thousand* of y««rs. S*p«r*tlon of tht

aetinlden fro* the fUnion product* would •laelify

the SMinageeient of these eoapenenta; tosw arc of

ceonoaic use. such as Np. which is ut«d to pro-

duct fts for cardiac ptcesurtters and other power

touretit and u*el**» actintdc* could be recycled

through nuclear reactors to produce stable clcMnts.

Periodic separations of in*rt autarlal f rosi re-

maining radioactive Material in storage could alto
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btntftt wa«t« MtagMWfit.
•ay *t»ft:fy eh«*« •*ft*r*tlett*.

$tne« th* furtx ptoe*«* i t ««»c witftly «*t4 f«r
and*** e«t| r«ftac*t«iA£, we wttl u«« tt •>* :h*
b*«l» of ehi* report. «• wil l »«»«*« that tfc*

ha* a *«i«tttlfle Susftjtrsntri. but no »p«et«i
f »usl**r fu«! r<fj>ro«4if*tttg or phato-

cti«tUt«y, «nsj tan ?•(«* iu eh* ft*»t rtjwrt in tht»
**Tl«* for ba*Sc l<i«a* In i»»«r ctM*i«try ant! th#
J>ro$>*rti«* of itquid*. Tltir S'urex pr>>«Gi>» aiul lh«
C(MMIC«1 a»t«r« at eh* r»p*<ie*4s*iftg *ltr*m will b«
<l«*erS4<*4. f*t«atl*A i*»«r-ette»ie»l j>r»e*»#** that
are r»l«i-Atit e l l ! t« iii«eu*ii<4 t» ««r«* of wtthvtt*
th«t can «*•!««• Si* «44«d to exl.»51ft.u pUns». «wtW»
that (oUiw tti# ic«n«r*i ?«r*x pracex* but u»uid r»-

u6*eattt(jtl etanf<« in piaai esju£psnn»l. *n4
chat ruijoSr* change* in the pft»c«i(* t { *« I ! .

mt max meets*

tian, (he patttttontng a? a miiutt !>*tv«*«t
t«wt*elii;« Jiqutd*. trttmtsrl yHa*?***

tn eKt • * anlil»etjn <r.*;« •*
j ton *fld ?lalu',tSu» In eH*

teat* frc* *<!u»o«* »oiu:S«o», vtitU «xtr*ettnj| lh«
athar co»|«m«nt» of »p«nt fiwcl«*r fu*t ti> • Ouch
l**«cr d*ti««. Pluton'.u* tn th« +1 «xt<t*tt«A * ts t i
U mart «atubi« tn ttt* *fj««oy* ph*««. Jn pr»ctt£«,
approxiaatciy • JOS *oluttun »{ Ttf tn k«r»*»«« >•

*« cht aTf»n'.c >h«*». tjr th« *d41ti^n of

t , th« ur*i»tu» *n
(torn th« 4I*«otv«d fuat *l«»*«)t* *nd »«?*r*t«<l

oth*r.
Ftjtt»ft t l i t *t«?U(i#4 f Jov thttt of tl»t
j « » » . Tb« fu«t «l*««nt» «r« tlrtt

late I - to }-<• f t *e** , vrhich «r* tr«*t«4 wteh
csr<c*fltrat«4 nitric «ct4. T>t* M U I
ia»* not -,H*»oiv« «nd 1* «Ht«Hsnie*liy r i « *« f
eh* Klxturt. l«fort tht «xtr*csi(m of ut»ntu» MM!
?lytoniu» C$e*(* U . »*W>2 1* *di«* ts tfct t««tf t«
*n*ut* that <h* rlutentua tt In th« *« oxW«tlon
• t * t« . In Sit• i t t , *ett of tht ur*nlu» »M »!«••

» Mp*r«c«4 fre* »oit of tht «thtr »ctt-
M**£on product*. The ur«ntu* »n4 plu-

ion»u» *r« t*p*r*t«4 from «»ch oeh«r (St«ft II> ijr
the reduction of plutoniu* to the 4} exttfttten «e«t«
»n4 txtrtctlng i t Into en «<ju«ou» "trip. Tttt*

«*iwr*!ton I* not ««•(»(•:«, anJ *
f!ul*fi!vHi i« eflrvl*4 on to 5t»n«» ttt *M IV. tn
St«|* t t l , tht u**ftiu« #(W tr*c*n of ptutanlun *»i
$t»it«n ftretituetft cr« *ert(»jn»<S fco« «h# t t f Into
water, Mfelch 1* (h*n •**for«t«J to ihn 4*»tr«<t

n, *n4 ttt* <icl4t«^ t« »4juit«iJ. TH«
a«»s *»(i*t4t«iJ (tarn tbt r«ak»tKto( j>i«-

u4uct* fcjf t«<luctlen «{ ttv*
«iitr««tton of tti« urtnyl Ion

tot« Til*. T'Hr ttrantu* t» *t*lr. ocrtp)>«^ frcm eh«
Tlf <S«.»|t« V) *,-K! purtllej ti? ton eK«hw«K« to
1*0,(XO,), product. Ttv* 4SU«««a »!f**» fro* St«#c 1J
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la S<{. (?}tbt> 4*9 »re the
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r(;»4! t>-> iht i<;nc»nir»f foil
(ixAlS«i», h«; tc Kl««* an

ifce

- To *t»-

" i l l

-mtiinc

at ¥4. (1} lake* fl«c« until (h« eance««r«tlont of

th* eiW(M»nttit« »r<- in the ratio *lvcn in EIJ. (3) by

K , Hiu«, uranlun in renewed fro* the oqucoun

f)han« ami tfJtn*Jerrcd to the organic ph»««. SJ»i-

iirly. If tt)« organic p!v*in cont*inins ^(SOjIj iTBD

in i*t«i:ei! in c«ni*ci with (tittle *cid, a nontqul-

librlHis comlUiiin u l l l CKi«t at tfi« Snttrfaec. To

rci«eti tqjt l ibriua, the reverse reaction of Eq. (1)

Mil! ««cur until the concentraitan* of th« compo-

aimt* »r« In th« ratio |jlv*n by K . 1><ir«for», tht

nitric ac!4 *trij>« the uranium out of tht organic

where «h« br««k«t* d»»ei# coneentrattaa. Since K̂

depend* ottly •)» tea^vrature »i>J prMwurc, ttip (»*!«

<»* *ol**nt Mtr«cii<m ean nsw be *«an. Consider a

nitric *«!<! *o tut Ion eon taint OK uranyS Ion which i*

placed In contact with a TRP-kerogenc solution. At

che Interface, a nontquSHbrtmt •icuttion cxiat*.

To reftelt «qutUJ)ri«si, the forward chenical reaction

ilfco-jse the <<}ulllbriun coiuunt 1» « ratio of

concens Mt ifflfl« in tlt« aijueau* And organic phaica,

die contacting tictwern the aqueous *o Jut Ion and

frenh organic solution aiu*t be* done aevaral tlaw* to

rttnave tlie <i«*trt<J amount of uranlua. Siai larly,

mu:ce*itive extraction* with clean nitric acid oust

fee done for stripping.

Although the numerical value for K 1» f ixtd,

concentration* of the components can be varied to

aatte each stage aore eff ic ient . For exaaplc. If an



excess of nitrate Ion ovtr that required to make

UO,(NC3)2(TBP)2 la used, Eq. (3) Implies Chat Cht

ratio |UO,(NO})2(TBP)2(org))/(U02
+<»q)J will in-

crease If the TBP conenntration remains conatcnt.

Her* of the uranium enters tha organic phaaa than If

tha scolch>ometrlc amount: of nitrate ton were used.

However, when considering the effects of salting

aganta auch aa the nitrate ton,, the full expression

for activity coefficient* must be used for accurate

prediction*. In addition, an esteem of one compo-

nent may affect the extractablllty of other compo-

nent*. For a complete understanding, equation* like

Eq. (1) must be written f T the extraction of every

component in the solution. From the chemical equa-

tions, equilibrium conatant expreaaiona auat be

written with activity coefficienta. Only when the

complete aet of equations la examined can the effacta

of adding components be determined.

The tharmodynamlc equilibrium constant, X ,

glvea the activity ratio at equilibrium. Howavar,

thermodynamics cannot be used to predict how long it

will take to ranch equilibrium. Therefore, the

partitioning calculated from the equilibrium con-

stants will be the upper limit on what can be

expected.

CHEMICAL MATURE OF THE REPROCESSING STREAMS

In order to consider photochemical processes

for nuclear fuel reprocessing, the element* prcaent

in the reprocessing stream*, their valence states,

and their photochemical properties muse be known.

In thl* section, a brief survey of theae properties

will be given.

The major eheaica! elements present in the

reprocessing streams are shown in Pig. 2. Although

the relative amounts differ with the fuel used

(21S0, "**», or 2 3 3 U ) , the reactor type, the clad-

ding type, and the amount of burnup, the same

chemical element* are present.

In the Purex process, yttrium and tha lan-

chanides Are caaily separated from uranium and

Plutonium. However, zirconium, niobium, molybdenum,

technetlum, and ruthen'.um are more difficult to

aeparate.

Host of the xlronlum and niobium participate

in a chemical equilibrium between the aqueous and

organic phases similar to that for uranium:

Zr (aq) 2TBP(org)

However, a small amount interact* with an unidenti-

fied component of the reprocessing atream to form a

apeclea that remains in the organic phase and re-

leaaea the zirconium and niobium into the aqueous

phase slowly during stripping. As a result, appre-

ciable amounts of zirconium and niobium remain In

the organic phase with the uranium and plutonlua.

Ruthenium is difficult to extract completely

because It forma several apeclea In acidic solution.

The extractabillty varies for the different species.

Ruthenium also differs from other fission products

in that TBP displaces water molecules from the

primary coordination sphere after, rather than

during, extraction. Conversion acong the varloua

species is slow; equilibrium takes a long time to be

reached.

The elements In the reprocessing streaaa that

have been reported to undergo photochemical reac-

tions are indicated In Fig. 2. In addition to those

indicated, it may be expected that the remaining

lanthanldes and actlnides will be photochemically

active.

BACKGROUND

Photochemistry by electronic excitation ha*

bean studied in detail for many of the transition

metals, some lanthantdes and actlnidea, and many

ether element*.** Light has been found to Induce

chemical reactions that would otherwise not tuke

place and to enhance ratri of chemical reactions.

In addition, for many metal-ion complexes. Irradia-

tion at on* wavelength will produce oxidation or

reduction, while irradiation at another wavelength

will prtduce a rearrangement of the coeplex or

exchange of a compicxlng molecule for a solvent

molecule. All of these proeeaaes may be useful in

nuclear fuel reprocessing.

A nonrigorous thermodynsmic argument will be

presented here to Indicate the way In which light

may affect some of the relevant chemical reactlona.

Rlgoroua thcrmodynamlc arguments would be more

extensive and might require the addition of non-

equilibrium thermodynamics. The interaction of
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Fig. 2. Major elements In fission reactor fuel reprocessing streao.

light with chealcal aystcms la one of Che least

explored aspects of theraodynaalcg, but Interest Is
9 10developing with the use of lasera In chenlstry.

Enhancement of reaction rates In the Purex

process nay lead to better separations or the use

of smaller anounts of reagents. Consider the

chealcal reaction

kf
A + B - C . (5)

kr

At equilibrium, the principle of alcroscoplc re-

versibility requires that

reverse reactions. Rearranging Eq. (6) givea

_t . ICj
kr

(7)

kf|Aj|B] - krl (6)

where the brackets denote concentration and kf and

k are che rate constants for the forward and

where K Is the equilibrium constant for Reaction

(S). Assune that by Irradiation of a systea Ini-

tially at equilibrium, coaponent 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, ir. greater than k,. If [A_]

Is the amount of A prevent at thersudynaalc equi-

librium and (A*] the amount of electronically ex-

cited A, the forward rate becomes

- (A*])[B) + k*[A*][B] . (8)

5



Rearranging Eq. (8) gives

(k* - kf)[A*][B] • (9)

Comparing Eqa. (9) and (6) shows that In the pre-

sence of light the forward reaction rate Is greater

by (k* - kf)[A*}[Bj than la the forward rat* at

cheroodynaalc equllibrluB). Of course, for this so

be true, the excited state lifetime muat be long

enough to allow the chemical reaction to occur fro*

the excited state.

Another way to consider the effect of light l'i

this exaaple la In terms of the equilibrium of the

system. In the same manner as a change In concen-

tration of one of the reagents, the light has dis-

placed the equilibrium to the right of the chemical

reaction.

One cf the earliest reports of a shift In

equlllbri m by the action of light deals with the

ferrous-ferrlc:lodlne-lodlde equilibrium.1'1'12 The

reaction Is

dark.
21 S=T 2Fe

light
(10)

where the 1., Is the photosensitive constituent. It

was also shown that, under conditions of uniform

illumination with light frou an electric lamp, a

photochcalcal equilibrium dlffarcnt from the dark

equilibrium Is attained.

Another example of a light-sensitive equili-

brium Is the thlonlne-lron system, which hat beta

described In detail by Rabinowlf'..13'14 The system

Is

(11)
dark

In the dark, the equilibrium lies entire]; on the

left side of the equation. The photosensitive com-

ponent of this system Is thlonlne. This reaction

system was used In a photogalvanlc cell.

The effect of light on chemical equilibrium la

also known In organic systems. Acidity con-

stants of organic compounds, again an equilibrium

property of the system, are a function of the elec-

tronic state of the molecules.

Another class of chemical reactions time Is of

Interest is llgand transfer within metal-ion

complexes. This reaction takes place In the trans-

fer of a metal Ion from one phase to the o*her In

solvent extraction. It has been studied In great

detail for the transition netal Ions, and la

known to be accelerated by light in many cases.

Metal ions complex with several molecules, often of

the solvent or anlons that are present in solution.

In the .rase of uranyl ion solvent extraction, the

uranyl ion is complexed with six water soiecules in

the aqueous phase, and two nitrate anlonR *:.: two

TBP molecules in the organic phase. In going from

one phase to the other, the llgand* exchange, pre-

sumably accounting for the "resistance" noted In

studies of the Purex process. 1 igtit la known to

accelerate the rate of substitution of a solvent

molecule for another llgand, but Che particular

reaction depends upon the metal Ion, the solvent,

and other conditions. Llgand^transfer react Urns are

poorly understood for the uranyl ion.

Photochemical oxidation and reduction of metal

Ions has also been extensively studied, (bildadon

Is more ccomonly seen, but reduction can take place

under the proper solvent conditions. Often the

solvent molecules In the primary coordination sphere

serve as oxidanta or reductanta.

Information available for the various compo-

nents of the nuclear fuel rcpt'vcesslng screams

ranges from extensive to almost nonexistent. The

photocheaistry of the uranyl Son has been studied for

almost a hundred years. The available data are

complex and sometimes conflicting. The photochemis-

try of plutonius and the other actlnldes has been

studied much less. Recently, Bell and Friedman**

have investigated the effect of ultraviolet light on

Plutonium solution*. They have shown that the

equilibrium constant for the reaction

3Pu/<+ JS 2PU3* + (12)

is Increased by a factor of three by irradiation and

that the rate of return to the dark equilibrium is

slow. They have also shown that ultraviolet Irradi-

ation increases the rate end extent of dtpclymerl-

M ion of Pu hydrolysis polymer.

Photochemical data are available for many of

tht fission products. It should be noted that the

alkali metals ai.d alkaline earth metals, rubidium,

strontium, cesium, and barium, are unlikely to



display significant photochemical reactions in

solution.

Consider again the solvent extraction reaction

for uranluo,

<».,) + 2TBP<org>

(13)

The atatvfl ion Is photochemically active. Formation

of UO2(NO3)2(TBP)7 is slow. By exciting the uranyl

Ion electronically, the primary coordination sphere

say hi* disrupted or llgand transfer nay be enhanced

to nelp form the TBP complex with the uranyl Ion,

enhancing the forvcrd race. However, it is also

poHHlble that electronic excitation would speed up

water substitution (or TBP in the primary coordina-

tion sphere, enhancing the reverse race. Only

experiment can determine whether the rate Is en-

nanced, and, if HO, la what direction.

If the Bulcltude of chemical reactions Involved

In the solvent excractlon systens are examined, many

of those reactions any be found to be enhanced by

llfili:. l.l»;jinl transfer reactions and equilibrium

displacements aay Improve solvent extraction of

various components. Alteration of plutonlum oxi-

dation states has been demonstrated; extension of

this principle to ruthenium would be useful. Light

alftht be used as an oxldant or reductant Instead of

cheralcdl reagents. As is the case for uranium, only

experiment ulll give the answers.

A potential problem In the application of

photochcalHtry to nuclear fuel reprocessing is the

background i, 8, and V radiation level. This

radiation protsotes chemical reactions and excites

aoIeculcH .1 til ions. The c.icrgy will tend to degrade

the selectivity of photochemical reactions. Whether

1c will preclude t'te use of photochemical techniques

Is not clear at this time; most likely ic will

affect them less than it does standard chemical

techniques. One approach to determining the extent

of its effect alght be to work out a photochemical

technique with aonradlaactlve Isotopes, then test 1:

under conditions similar to those of an actual

reprocessing stream.

LASER ADD-ONS FOR CURRENT PUREX SYSTtM

In the following discussion, we shall refer to

lasers as the Illumination sources for photochemical

processes. Other light sources, however, may be

suited to specific applications and acre economical

than lasers. For research in photochemistry, lasers

provide a monochromatic source with a high photon

flux, eliminating much of Che ambiguity present with

other sources. Monochrometleity allows one absorp-

tion 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.

Once conditions have been obtained for a process,

systems studies can evaluate whether the advan-

tageous qualities of a laser balance Its cost for

use in a reprocessing plant.

Laser applications to the current Purex system

that would require minimal modification of existing

process equlpaent will be referred to as "laser add-

ons." They Involve additional processing on streams

between various stages in the process. Three pos-

sible laser adJ-ons are (1) reduction of plutonlum,

(2) clean-up operations on the process Jtreams, and

(3) further separation of fission products.

In a 1961 report, Carroll, Burns, and Warren
4+

dlscusn using U as a reducing agent for plutonlum.
4+

The I' was to be produced by photochemical reduc-

tion of the uranyl ion. Addition of a reducing

agent contributes appreciably to the salt content of

the waste. U is a satisfactory Plutonium reduc-

tant, and, under the proper operating condition*,

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 plutonlum could

be added at the points marked with a 1 in a hexagon.

It may also be possible to directly reduce the

Plutonium photochemically, but this may be lesu

desirable because plutonlum quantum yields seen to

be less than for uranium. Photochemical oxidation

of plutonluo may also be possible. Direct oxidation

or reduction of plutonium is indicated by 1'.

As mentioned earlier, the separation of the

uranium and plutonlum from the fission products is

not complete. The aqueous stream from Stage I

contains residual amounts of uranii." and Plutonium

in addition to the fission products. The uranium-

plutonium separation in Stage II is ai.̂ o not com-

plete; there is a small amount of uranium In the

aqutous stream from Stage II. Similarly, r«»<dual

Plutonium is present In the organic stream hetwt.en
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EXPLANATION OF SYMBOLS

Add-on

Photochemical reduction cf UO^ for Pu reduction

Photochemical reduction or oxidation of Pu

Further reaoval or separation of U and Pu

Further treatment of process stream to remove
•elected component*

Modifications

Enhance extractability of Uoij into TBP

Enhance extractability of uojj* into water

Enhance extractability of Pu4+ into TBP

Enhance extractability of Pu3+ Into water

Oxidation state control of fission products

Fig. 3. Purex process flow chart showing photochemical applications.

Stages II find III. Wherever plutonium or uranium Is

present in a small amount, the component present in

small amount night be photochemically removed from

the process stream. This is indicated by 2.

An area where add-ons could make a significant

contribution is in further separation of fission

products and actlnldes from the waste streaa.
90 237

Cesium-137, Sr, and Np are removed In special

cases, ' ' but roost plans are for all components



to be moreif together. K/p|> his pointed out that
•Atocaiic could in- alapllfjcd and volumes reduced If
Jieparation'.i were Ittltlu/ly Bade according to half-
lift- and Inert o/teria.r/ subsequently removed from
slit* s;aierial in rttorav/e. Separation al»a allows
actltttdfcii eo hi: tran:i/ffuted in micieur reactors.
I'a.sr ible cuetxte ial aarki"." eslst for oany of the
Sriutopeit, sued an rliodius and palladium.* Laser

photochemical tcchiiiquei. nay tsakc these separations
(JOrili i b l c /

HOP!?!CATION'S TC CURHKNT P « « O SYSTEM

In thin nettltin, we will consider laser tech-

nique* requiring sore nubHta.nti.il changes In the

iirocenit <>qu 1 peenl. Tie greatest change would he in

ti.T dealgn of xolvent extractors to allow llRhc to

interact with the procimt »tre4T^» during or ju»t

before tin!vent oxtr<9ctlo»r HeActlon rhashcrM CUP be

4!t-;il(;;;.!(J far teur Input. investlg«Ut««R o(

vlntlov ti.iiuip«»ro:u v ffj the preueaco of sirony. nuc-

lear r.i^iatlun say be rt-qviSrei!. ifti a laboratory

»<a}e, it rotary shaft extractor say be suitable.

!ii'si«:i t»s\ulrtiBeni& for solvent extractors cannot b«

:ij>i-c ii U-u until cure vxpericet)I.il cj;H.i are available

tm thv photficUeslcat processes and »y»ter» data on

the bent Hgiit source. Mcr can '.he strcan cooposi-

tIons and other details of the flow chart be set-

In Fit,. ) . the pairs i?f proc««He» Identified as

4, .'.', r) t .)[•,(! 5' wili only work in one direction;

only one of each pnlr will be operative. As dis-

cussed before, the race of solven: extraction of the

uranyl Ion raay be Increased by the presence of

UfiliC, but the direction of the rate enhancement

i-.innoi be predicted; protean 6 represents one direc-

tion, jnd tt' the other. Tiic sane Is true ioi plu-

tonlun extraction. EnlKmccaent In one direction

Improves extraction, and enhancement in the other

direction Improves stripping.

Process 6, oxidation state control of the

fission products in the processing stream, could

possibly be applied to ruthenium. Ruthenium is

currently removed by increasing the TbP concentra-

tion. However, this causes less of the uranium to

be extracted. Control of ruthenium oxidation

states could make uranium extraction more efficient.

SEW REPROCESSING SYSTEMS

This discussion oust be speculative; we Indi-

cate here only two possibilities. They Biy Improve

and simplify ch? Purex process, or they nay grow

into a new fuel reprocessing systes.

Rut.'itnlun Is one of the most troublesome fission

products in solvent extraction; it also forms dark

compounds that absorb such of the light that might

be uJed for phocochcrclHtry of other cotaponea^fi.

Therefore, it sight be useful to remove the rutheni-

um at an early stage of the process, before the

uraniiic ant) plutonlua are separated from the other

fission products. A posnlbic method sight be to

alter the ruthenlua equilibrium among oxidation

stated photochcalcally to put most of the rutheniun

tnio on» uxldation Btatf that couSd be extracted

either conventionally or through a liquid Desbrane

cnat.ilrtlaj; a crown ether that Is selective for

ruthenium In that oxidation state. (For a discus-

sion of crown ethers, see Kef. 37.) Since uranium

and plutonius are euch larger ions than ruthenium,

they would be unlikely co pass through the liquid

ncs&rnne. Reswval of the ruthc»:iuB would sioplify

both photocheBic.il and conventional chemical sepa-

rations at later stages.

Thotocheialcal Investigations of process stream

chfolgtry say develop solvents more suited Co photo-

chemical octhods than TBP. Other solvent* also show

selectivity for urflniue* and pluteniutQ, and their

photochemical properties sutcy be isorc useful. For

example, a solvent might be able to double as an

oxidanl or rcductant, or its energies of solvntlon

aay be more favorable for rhe procotion of photo-

chemical processes.

CONCLUSIONS

Photochemistry is worthy of consideration for

nuclear fuel reprocessing because of its potential

for reduction in voluses of reagents needed to

separate the components of spent fuel. Lagers

provide monochromaciclty and high photon fluxes,

which will be necessary for selectivity and adequate

reaction In research studies for the application of

photochemistry to reprocessing. In addition, lasers

may be the most suitable light sources for produc-

tion applications, although their costs are high.



A large volume of Information Is available on

the photochemistry of many of the components of the

reprocessing streams, but much Is poorly understood.

Systems studies can indicate the moat useful light

sources for production and the appropriate Integra-

tion of photochemical techniques Into a reprocessing

scheme. Further research could lead to great Im-

provements In nuclear fuel reprocessing.
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