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CHEMICAL BURNUP DETERMINATION BASED ON
SPECTROPIIOTOMETRIC MEAStRKMKNT OF TOTAL

RARE EARTH FISSION PRODUCTS. URANIUM. AND PLUTONIUM

by

S. F. Marsh. M. R. Ortiz, and J. E. Rein

ABSTRACT

A chemical burnup procedure incorporates the ion-exchange
separation of uranium, plutonium, and total rare *arth fission
products (as the fission monitor) followed by the spec-
trophotometric determination of each. The separation involves
retaining uranyl and plutonyl chloride complexes on a macroporous
anion exchange column from 12AI HCI, whereas the rare earths and
most fission products pass through. Subsequently, plutonium is
eluted with O.I A/ HM2Af HCI and uranium with QAM HCI. From
the initial effluent of the first column, the rare earth group is
separated on a second column of either (I) macroporouK anion ex-
change resin from HNO.fCH.iOH, or (2) pedicular cation exchange
particles fromHCl-C;HsOH. The HNOi-CHjOH system normally
is used to separate the rare earth group from ft'. A cladding elements
and other fission products. The HCI-CjHsOH system additionally
separates the rare eart'ji group from americium. Arsenazo HI is the
chromogenic agent for the speclrophotometric determination of the
separated uranium, piutonium, and rare earth fractions.

I. INTRODUCTION

Nuclear fuel burnup measurements are essential
to both advanced fuel development studies and con-
temporary reactor operation evaluations. The most
reliable technique for measuring Intrnup is based on
destructive analyses for a selected fission product
and for residual heavy atoms in a representative
sample of the irradiated fuel. The computational
relationship is

burnup = atom percent fission.

(100K Number of fissions
Initial number of heavy atoms

and

where

= (l(K)l
AA'

H + AA"

A = determined atoms of fission monitor.
Y = effective fission yield value of A. and
H = determined residual heavy atoms.

The m<»i sensitive and accurate technique for
measuring burnup in fast breeder reactor tFRRi
mixed-oxide fuels is based on the isotope dilution
mass spectromttric measurement of 148Nd. as the
fission monitor, and uranium and plutonium. as

tVOTICI — — — — —
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rf i i im JiMli'trtf. >ir rrr""w' l ' 'tut I I ' uv *i'ud(
infnnrc ptiutrU i>wnnl rijht*



residual heavy atiim*.1 The mas* sjH'ctrometrtc
procedure in capable nf tin overall hurmtp measure-
ment precision i:f j»O.,V'i illative si (tiuwrd deviation.
Such n procedure" was developed '»>• <»ir liilninii<»rv
iind i* used routinely fur analyst iiu: esprrinivniul
mixed-oxide fuetn irradiated in KHiMt and other
reactor*.

Where iiuch high precision i> not warranted or
where a ma** spectrometer i* n>>( available, a !«•»«
sophi*ticnted huirnup procedure using common, in
expensive chemical laboratory pituipmt'tit would In-
of vittue. Such a procedure would determine ;t
selected element or jtroup of elements rather than a
specific nurlide as the fissiim monitor and the
residual uranium and/or plutottitttn.

Requirement* for (hits procedure sirt* I hut
(It selected ft**icin monitor elcmentts) snould have
ti hitfh fts.Mon yield tnailnw hiub sensitivity without
exri'ssivc radioactivity level-. (2) wlected itf-stmi
monitorls) -thouid have re«w)iiH"ly constimt tissinn
vieldn from the various contrilnttintr MIUKC* of fis-
sion. I'U htKh-*en»itivity nnatyttritl !cthiiitnif>
should be available Tor the selected elftuenif »>. and
(•H ordinary fow-co.«t ttitH»rjil"n.- instrur««*ni(ition
should be used.

The procedure described in thi» report i« the first
in a plnnned series ;:• fulfill this need with emphnsi*
on FRR-mixed uranium•piutoniuin fuels. !t nlso is
npplicable to other fuel types.

It. FISSION MONITOR SKl.WTION

!p.i

itf«i tola! ii*r«-
hlv mi liiduu; vtiriuui) ait (In- two intM
-m;; lt*-ion monitor ttttidiilali-^ inr KMI{
iiyiilc liii'U. K««r n-ji»i'it» dvM°rtlii'it lirtow, wv
tin* run1 tvirth--

i! -.litttic- •>! «'\|HTUHCII(;II last rt-iu •
lui'l »l>ntt thut <u»tv the run? enrih*'

i n i ^ t . i S c i i v i a l i v r i l a i i v c t>> i i r i i i i n m i a n d p

Thrn-ldri'. thpv sire Miituhli- to UM* it- liurnup
mutiifitr* f«r :}»••*• fueU.'

/. rrmmitn i» pr<«hm(J in hittli rlhiindiincf it>
shxvvn in Tithlf I. Howctcr. the /irrnniiun li»»ion
v nl<l \ aril's siil)st.inti(il!v In mi out1 fi-stmunj: tuirlide
tti iiiutthfr. At»o. thi- ittniituf chpini'.tr%
in n tlisMilvvti tucl Milulioti i" tiitlnriou-.lv
tiittU-

Thi' •>Mi»tned (issttin vii-l*l of totnl rare
hiultt-r thiiit (he /iminiuitt tWion vicld titul is niorr
(••nsiaiif ('>r dillcrcnt fisstnnint; mulidt's Another
ititv.tntaL'f is thut micli'ar tr;titsmtititti<>ns o( rare
t-iirth iMi|n|ti'« in nruinm ••tipltin* or radionrtive
d«'v;n almost nhviivs product' annthfr run- i-arib
i«tit«tp«*. This prmide* coiisintuy of (is^u>n yield in-

of htirtutp Itvel
eprtration of thv rnre earth croup is

rnort- difficult than the »ep»r(ttiun ot zirconium, pnr-
tictilitrlv il thetrivaleut attitudes «ret<>l»eeM<-luded.

TABLE1

SUMMED FAST FISSION VIKI.IIS
FOR SELECTED FISSION

Fissioning Zirconium*
NuciMt <%)

233|jb 32 fi

IWyb 26.0
!»pub jg2
I4 t )Puc 18.0
241 Puc 16.4

* Assumes 2-vr irrndintion and

Total Rare
Earth*

45.6
4H.9
47.7
42.S
47.1
49.1

2-%T ciHilini! for

Total Rare
Eartht Plus

Yttrium

51.4
5.1.4
50.3
44. fi
48.7
5<>.6

"•'Sr £~*u/,r.
hExperimental ly mennured fission yields (Hit
rCnlcul«ted fission yieldx (Rcf. 4).



Thf chemical Miiiiiaritv si! tin- t m a l e m aiiinidc.-
imikc- thi> group separation a challenge.

Het-atisc or it> greater applii atnliu !<ir PHIi-mixt-d
ttraniom Plutonium i'tieU. total rare earihs was
-elected as (hi- hiirnnp m< nil'-r 1m i!u- lir-t i hiitui ;tl
hurnup procedure.

III. ANALYTICAL Tftt'tiNlfft'l-: SKl.KCTION

V"T this first iirmedwrc. the analMical technique
MII-I ft'il ivu.N tin ion exchange separatum !•> provide
fractions of pt'.ilonium. uranium and total rare
earth- mi hiding vllrium. lollowcfi \>\ a s|ic»
lr<i|ih>>t>>iiu'tru iiiea-iircnieni <>t each traction <i-in^'
iiiMHiawi 111 Arvena/o 111. tir>l -viilhcsi/ed and
•.huhed exlensivclv li\ S a w i i , . ' rear!- with irtnuv
iiH'ijtK !<< fornt hitftth -lalilc. KIICIIM-K colnn-ei nun
plrxr*. Thi - liich >tal>ilitv ciialrit- ounpli'Wf l« IM-
turini'H rvt'ti in >)r<"itt: itnd -••futinii. (fifn-liy mi
prmjfijj *i-i«-c(iviJ\ .»» wHI a- avoirimt: pruhlfin« <>!
hvtirnlv.it- itfiil |x<lv!h<-rt/aiinn Yhv ni>'ljir »l>»i>rp-

ciit4>jiti(in itrr vi-rv - inn lar . a iH-i'«-»»itv li<« ;ni-i- ((»•

projioTiiims «i! tin- ruri' i-arth ti«»mii i>n«ini I - i l i l icr

a - a (unrliMn •>) ({a- UsMditiii^ IMII lidt-

I l i t f in^ I In- iHM-liy<>li"in vvt- 4<>nttd tha i <<«tnm<'r

c i a i h |ir»«l»i('«-(l ar-.r!isi/ii HI )r<'iii van««»>. »<>nrii'-

iiitifaittfrf iutpttriticv ih.-H i;ui~r(i hi^h b l a n k - a n d

rtra l t i r«'*nl(* A Mtnpli' purifir;iM«nt pruredtm- (>•

ili-M-rilifi! in St*t. VI .H ! , '

iv. ttisrrsstoN uv AXAI.YTK'AL

IWU'KIH'KK

A. Plutonium
i n i n r a o i l .iitii |ii-rihli>rii ai ><l art' a d d e d t o

a )H>rti<>n nt lh» di ->n!sf ( i . i rrad ia ted lui-l !>atnpl<> a n d

ihi-ii i hi' w i s t tire i- Ittinrd t<> drvnrs-- »n '!'«•<]»m »r

Kvjiar infx^ This trviitiui'iii diwHK-iai»'> h\dr<i!y/fd
(i.rm> •>! jjtiitiinitiiti and o\idi/c> |iliil»niimi In (VI).
I'Uitnnv! .uul itrntivl nuts art- strongly surliwi on it
uiiirr<>}Miriut> •mini) i\(-hiilt»!t- r<->m niliinill a- cuiil
pltx ttilitricii*.- In>iu \'2M HCI. ulurta- musi other
rli-nunl- pa>.- thniuali AH«T liu^inu tin- iKMtMirhwi
inn<. Irtim tin' rnhiinti wiih ilM MO. |iluii>niuiii is
rfdtucd jimt clulfd as lumsiirlii'd l'u (* with o.lAf
III I'-'Af llC'i at rumn <cin(Htaiunv Hciau-c (hi-
rcdilrl i i i l ) nt I'llO''" t o I ' l l " lt\ Kilildf inn |> liul

r.ipid. a lit nun (li-!ay alter adding I In- HI -IK")
ri'aKi'iil pnntdo t-otnplcti' rfdtution and t'liittiin ol
philniiiuiii.

I'lutonium (IV) forms exceptionally stable com
o with ar>fna/o 111. even in stronu acid media,

fin atiM' piutonium is fluted from the column as
! '» '* . it must lie converted to Pu4+ . Ihe
l>tiiii>iuuin < uninininn eluate is evajiorated Id
HrviKMs and then fumed to dryness with KNO. to
nxidi/<' and expel all traces of iodide. The residue is
(iisMtlveil in <>M W\O4 and heated with H>Oj to
i(.men all piutonium to Pu4*. Excess |>eroxidt'.
vvliiih «<m|(| rfact with arsenazo HI to caus<-
(•Itattunu 'if tht- complex tnnd unrvarled
t'hroitiio(!«-ni, is destroyed with urea. The molar ah-
>«irptivii\ n) the I'uiIVi-arsenazo I'll complex in 6M
IK1O; i> 1,1 >; Hi'at ««i">nm.

It. t'mnium

I "raiiiinii. iiol rcduti'd by HI. remains sorhed on
(In- ani<<u <'K«'hant!(- column when the plutonitim is
clitted. Alter the plutonium elutinn is complete,
uranium i» fluted with (t.lM HCI. The duate is
(•<u:ipt<r.itfci t<> «lrym-ss. the resi hie is fumed to

es- with HN<>. to oxidize and expc-l the last
s of iodide, and the residue is dissolved in
aie hulleri'd hydrochloric ncid.

The most intensely colored lUVII-arsenazo (II
•-••tuples i<. formed ai pH 1.7. At this pH. U'Vh
tortn* onlv weak t-omplexes with most aminmnr
fi»vvli<- aciil chelatinn agents. NiCiirlhixymelhyli
\ " •2hydr<ixvi'thyl-N. \"-eth.vlene-d;t:lycine
iHKIlTA> therefore is in«-or|xirateci in the buffer
sv-tcin in mask diverse cation* that form arsenaxo
HI complexes ai this pH The moliir iihsorp>ivity ol
the l"(V|i-iirsetii»/.t> III complex under these con-
diiions is.'i.ii x !<'' ni <><>•! inn

<". Total R«re Kiirths

The tuueroporotis anion exchange separaiion Iron)
IJAf MCI priin.irilv removes uranium, phitonium.
any iron Itojn sininless si eel fuel claddinj;. and fis-
sion nrotlticts /irconitim nnri artinmny. A second ion
••xchmw loluinn is necessary to separate the rare
earth croup (plus yttrium) from other fission
products, cladding components, and at limes,
irtvaleni actinides. Trivalent actinideelements, par-
ticularly amcricitim. are chemically very similar to
the rare earth elements. In plutunium-containm;:
fuel with his.rh '-'""I'II levels, the 24lAm content may
he creat enough to bias the rare earth analysis. For
such samples, a previously developed svstetn'1 is
used lo separate (he rare earths from other elements.



includingamericium. In thissystem, ainericiumand
the rare earths are separated <m a pellicular ration
exchange particle column from a HCI-C.'H \0H
medium in which the stronger negative chloride
complex of americium passes through. For fuels
where the ameriritim level will not significantly bias
I he rare earth measurement, a faster and less expen-
sive second column of macroporous anion exchange
resin is used to separate the rare earth-amcricium
fraction from other elements in a HNO ,-CH i()H
medium.

The separated rare earth group is converted to an
all-ai|iieotis system at pH 2.0 and reacted with
arsennzo III. Under these conditions, the rare earth
(phi- vttriuinl fission products, in the proportions
found in irradiated KBH mixed-oxide fuel with a
I ' I 'M nit io of :\ in which uranium is{tfi'. - ' ' I ' , form
an arsfiKi/o III complex having a molar absorptivity
of4.Hx W4atfifi5nm.

V. TESTING AND PROCEDl'RR EVALU-
ATION

The overall separation and spectrophotometric
procedure was proof-tested hy analyzing
(|iiiidruplicate portions of six experimental mixed-
oxide fuels |having a I/Pit ratio of :\ tin which
uranium is ir.v, '£{nV)\ that had been irradiated in
KHK-I! !<> hurnup levels ranging from 2.7 to 11.2''.
The specirophotomeiricisllv determined hurnup
values arc compared (Table !!> to hiirnup values
determined bv the l!MNd isotope dilution mass

spectrometric procedure.- The relative standard
deviation for an individual measurement In the
speclropholiMiietric procedure was 4.8'.. The mean
value lor tour of the six fuels is not significant Iv
different than the mass spertrometric hurnup value.
and the other two means are just significantly
different hv a " i " test at the 95'• confidence level.

VI. APPARATUS AND REACENTS

A. Ion Exchange Column!', and Resins

1. Columns. l'se fi-mnti.d.. (i-cm-long commer-
cial polvethvlene droppers (article No. <>2l!l. Nalge
Cnmpanv. Rochester. NY I4<y">. or equivalent i with
a 'J-m reservoir lor both iiiatroporous aninn e\
change resin columns. Cut utt ' the 1<>p <'l the dropper
to form the reservoir, and place a small wad ol
<|iiart/. wool in the tip.

For the pellicular cation exchange resin, a li-mtii
i.d.. 5-cm-long glass column is used. Hecause of the
small particle size and consequent -low How rate, a
column designed1' to accept (i.o;i4-atm m.l.Vp-ti air
pressurixatiou is recommended.

2. First-Column Resin. Tum-ter a water -lurrv
of AOMl' l . ">0- to HHi-mesh. chloride-form resin
(Bio-Rad Lahoratoriesi to a polyethylene column
until the settled height is just below the reservoir.
Pass fi m of \'l\f HCI through the column. Keep (he
column wet with VIM HCI until use. (Dono! prepare
a column until a sample is ready.)

TABLE II

COMPARISON OF BURNUP VALUES DETERMINED
BY SPKCTROPHOTOMETRIC AND MASS

SPECTROMETRIC PROCEDURES

Burnup Sample
Designation

LASL-'Ul
LASL-329
F.ASL-.125
LASI.-3O2.I
LASI.-.mM
LASL-223

Mass Spectrometric
Atom % Burnup

2.71
5.52
5.76
6.04
8.87

11.24

Spectrophotometric
Atom % Burnup

2.6S ± 0.18
5.78 ±0.16
5.8! ±0.25
S.JW ± (1.08
a.4:» ± o.59

10.75 ± 0.2«

"Quoted uncertainties are standard deviations for a
single determination computed from quadruplicate
analyses.



'.I. Second-Column Kesin.

u .\t<icrai>t,rtius Aniim Exchangv lU'sin. 11un-i* i
a water -lurrv , ,1 A C M I ' - I . "i<> In Mill in<-h chlniidi
("1111 11-111 I Bin Hltll l . lhnlatnl l l - l In ., pnlvi'lllS ll III
I'liliiinii unti l the settle*) height i- I I I - I helnw ilu-
reservoir. Convert the resin In nitrate turin l>\ p a -
ing Itt in/nl T.SAf HNO < through each column. Then
p a — n m <il I . .Mi.WHMl -Hti' CM OH thmugh ih .
column iu*t hrfiiri' liuuiuiu lilt' Mj?N/>/r

/> 1'i-llh uliir Cation t'xvhunui' W«'M'H. I r;m-u I a
M i l C I I U | | iHeagciit M.*i - !mr\ <>l HC l'i-lli..ne\
S( ' \ re-m i M Keeve Angel and Ci>ni|>iin\ I tn a ula--
«i ili i in n unti l .i resin lied height nl ...n -1 ILL' cm i.— • • I *
mii ied. P a - through •> m nl IK ' I (' H O i l in
c<|iiilihratc the re-in hcton- loading the -ample New
|>elliriil.n re-1ti niii-t he -nhiei terl In .in enlirc -am
|ile loading <•! lit inn scijucncc i -1 »• j»— M In through
M I > nl procedure in Sn S i l l tn rctimvc intputi t i i •»
lielnre it I- u-ed I'm a -ample

It.

1. Hydrochloric Atid (VIM. V,M. O.IA/). ()uaii/
distilled nrmher hij;h purn\ a< i(t i- leinmiix nrii'd in
iniiunii/e nielal inipnrilie- ll ipiatl / di-t illed
h\dinihlniii' .uiil i- u-ed. (he MCI U.i- l<<-l dutinu
di-till.ilmti nui-t he leplari'd Tin- i- uceninph-hed
In tnnlinu the distilled arid ;.nii liulililinu H< I -•i--
ll'mii;;h ii tin. il -ai uml inn i- aiiaim-d. ('miling in an
ire h.il h i- iii're>-ar\ I ICII I IM' t he re.ii't ii >li i» e\nt her
mir Verilv that the MCI i-at lea-i U.W In litratinu
•-M'I) -landard NaOM -nlntinn in .i pheimlphlhalvin
end point, i l l the eonrent tat inn i- greiitei than \'2M.
dilutnni is rei <<niniendi'rl to JIVOK) t's:- pnckil lorina
linn in ihe columns. I Prepare <>.V/ H<'I l»v «hhit ing •">•'
in nt the 1'J.Vf H<'1 tn i m nv with <|Uiirt/-«li-tilled
water I'repare OAM H<"l h\ dilutinu 1 m< ol the
i^M IICI In 1211 ni' with niiari/dislilled waler.

2. llydriodif Ai-id-llvdrochloric Acid Mixture
<l».I.Vf HI-12.17 HC1>. Dilute I m-ol distilled HI to.V.
m with I lie purified I'-'.Vf HC|. I'repare Iresh rciigetil
just liel'nre u-e. The HI is di-t illed. prrlerahlv in
i|iiar!/ apparatus, tn n'luove II I'O . the holding
redin lant in analytical reagent (AUl grade HI Store
the distilled HI in flame-sealed ampoules under an
inert atmosphere.

:S. Hydrofluoric- Acid (IA/) Dilute :\ in of con
centrated TransistAH grade HK nr e(|iiivaleni l<iill
m with <|iiartz-disti!led water and store in a
piilvethvlcttc dropping hottle.

I. Nilrh- Acid <I5.«.Vf, 7.S.W. \M\. t'se i)uait/
di-tilled or other hi;:h-piirii\ UNO lor the 1'i.tlM
a. id. Dilute |."..<iJVf H \ ( l I ! with i|uar» /-di-t illed
w.iier tor the T.KAf UNO Dilute 10 m ol (|uarlz-
ili-lilled HNO; to |.Mi in with niiartz-disl illed water
ti i the 1A/ HNO,.

5. Perchloric Arid (CA/). Dilute VIM HCIO, 1:1
ui th (|nart/-di-i I!I< 11 water and -tore in <i
iinKi ih\ lene dropping Imiile

ti. HydroKrn I'prtixido <:MIV« \. Kelt .
niminn when not in u-i

i ale t his AK

7. 1.5ft HNO.,-MI'; ( I I , ( ) H . Dilute _>i> m of T.HAf
HNO in Km ni'with AH grade anhvdrousCHiOH
Si ore the solution in quart/ or horo-ilu ate glass
hot tie- with light litiinu -topper-, prcleached tviih

K. IK'l-C.Hr.OII. Dilute in in ot \->M HCI to
\<i|ume iii a liHi-m wilumetrit lla-k with anhydrou-
<' l l d l l Mix thomughlv. allow I he solution tu
re.ich ainliietit tem|wiature. imd add inure C.iH-.OH
ii neies-arv. Ketnovc and di-card 20 rn< ol i lu'-nhi
tmii with a pipet. Cool the lla-k enntaining the
ninaiiiing Mil m» ol solution in an ice hath and huh-
hli in HCI g i- until the -olution volume reaches MM)
m The HC1C/H ,OH reagent prepared in this
manner i> ahmit S.I/ HCI as determined bv NaOH
titration. Store with a tight -fill ing -topper. Prepare
i i t -h alter t dav>

M. Maleale bufTiT. (i."i.Vf mnlcic acid. 0.1 v .C
I 'KDTA. adju-ied to pH I.:, with NaOH.

II I . Chloroacetale buffer. \M. O.til'i wt
HKDl'A. adjusted in pH l!.!t with NaOH.

11. I 'rea. reagent crvstals.

12, Arsenazo I I I solution <MkV> wt ' . . Dissolve
•"••Mi mg ol iirseiiji/n III and *>l> ins of NaOH in SHMI m,
nl ((iiart/-distilled water. Stir until dissolution is
complete. Prepare a l.">- bv 10-cm column ol
macroporoiis cation exchange resin. ACMP-'iU. 5(»-
I IHI mesh t(tin Had Lahoratori«'s). Wash the column
with "ifKi m of quart /-distilled 7.SM HNOn. then
wash with water until theetliiient is not less than pH
I. Pass the arsennzo III snlution ihrough this cation
exchange column to remove metal impurities. Dilute
the arsena/o HI solution to MKH) ml alter the cation
exchange purification.



('. Apparatus

1. Teflon beakers (5-nv. 15-m/).

2. Hoi plate with hut air jets directed into the
tubes tn h:i»ten sample evaporations.

•1. Spectrophotomeler must accnuimodufc 1 - and
"i-ctii |>iiihUangth cells.

4. Spei-trophotometer cells glass. I-un. Vein
piiihlcMiith Isemimicro style 5-rm cell with about 7
in volume*.

VII. ANALYTICAL PROCKDURK

A. Pretreatment

Add the sample, four drops of 6Af HCIOj. and two
drops of \M HF to a n-nv Teflon beaker. Eva|>orate
to dryness using a hot plate and hot air jet.
Redissolve the residue in five drops ol liM Hfl and
evaporate to about halt' this volume.

• The HF serves to dissociate polymerized species
of pltitonium. Fuming H(*IO4 exiH'ls HF and
oxidizes plutonium to Pu 6*.

B. Chemical Separation

1. Transfer the pretreated sample to the first
macroporous anion exchange column, prepared as
described previously, with O.A nv of 12 HCI. Collect
the effluent in a 15-nv Teflon beaker labeled "im-
pure rare earth fraction." Complete the sample
transfer with another two 0.5-m/ rinses of 12M HCI.

2. Piss 6 nv of 12M HCI through the column to
completely etute the rare earth fraction.

• Americium and most fission products accnm-
panv the rare earths.

:?. Place another 15-m/ Teflon beaker labeled
"plutonium fraction" under the column. Elute
plutonium with 4 m/of 0.1M H1-12M Hfl . followed
by a 10-min wait, followed by another 6 ml of O.lM
HM2M HCI.

• Iodide reduces plutonium to Pu ;{+. which is not
sorbed from 12Af HCI. The 10-min delay allows (his
reduction to go to completion.

I. Place another I.Vnv Teflon beaker labeled
"uranium fraction" under I lie loluinn. Kittle
minimi, with <i in- ol i). lAI HCI

• I r;mniMi dm'- not I'iriii sin :mii>ni<' rhliTidt nun
pliA in di lute HCI and i» i l u i t d

'< Kv.iin.ralr nil I l ine ciillft icii c!l1ii<nl fr;tctiun-
tii<lr\in-». C«t'\crv I--W heal imliiillv tuavuid o\rrl\
Mi'.«mif> uas n-lfii-e In'in the t'.-M HCI x>lutioti^

• Altcrnjiii\i-I\. tlu- I-A/ HCI -iiluiinti- m.iv lie
iillnui'd li> (i!iiu;i« in .i hi'ixl ovrrniuhl In• tore lu-at i--
applicd

.V<i/c: If otnvrii ium tui'd nut be separated from the
run' Mirth fnutinn. d» steps 6 through 9. //'
anifrii-ium i» hi be sepnrated. d<> steps 10 through /.5.

•>. Add <>.."> mi ol l"i.i>jtf H\O> to ihe rare earth
residue and e\aporate to drynrss. Dissolve the
residue in <•.-"> m ol \M HN<>;. add three drops <•(
H.><>•_•. and again evaporate !<• drvness.

• The chloride salts are converted to nitrate salt*.
C. 4 * i sredumttoC. 1 *.

?. Prepare a second macr<ip<irous ani"ti e
re»in fclMnin in HNOi-CMtOH a^ described
previously. Dissolve the rare einth traction residue
11 mm step (i) in <>..*• m/ of HNOi-CHiOH solutinn
and transfer to the column. Rejwat this transter with
another O.'i-m/ |>orti<in. l'olti>wed by a 1.0-nv JK fti»>n
ill HNO.-CH.OH. Discard the effluent ^
nmtaminated waste soluti<»n.

• The rare earths (ami ameririiim) are surbed mi
the column while other elements elute.

8. Pass another *> m/ of HNOtCHnOH through
the column. Discard the effluent as before.

• Klulion of extraneous elements is completed.

9. Placeal.r>-m Teflon beaker labeled 'Tare earth
fraction" under the column. Kluie the rare earth
group with 0 i;v of \M HNO.i. Gvaixirate this
solution todryness. Dissolve the rare earth residue in
1 ml of KM HCI and again eva|M>ratc i<> dry ness.
Proceed to part "C ."

• The rare earths do not form anionir nitrate com-
plexes in aqueous HNO:i and are elitted. Ni?rale
salts are converted to chloride salts.



111. I'reparc ii peilicular cation c u hau;:r n - i n
column as described pre\ iou- lv Add '»•"' ni ' <>t
('• I I .1)11 MCI -n | i it ion to the ran i-arili re-wine l imn
step li. « - I> \ IT the Teflon Iteakcr. and wsiii Hi nun
before loading ilu> -oli i i ioi i

• Tin- II I nun wait , ' | | | I I \ \ - . a n \ CV 1 * In he reriut i d

I I . Tran-lri the di-soked ran1 eai'ih li.icimn to
I lie pellicular cation exchange rr-in column, Kept-a*
I hi-transfer with another •'.•"'• m. portion. lollowed l>\
a l.i»-m/ portion nl H C I C H OH. I'rc—iin/e the
column with about On | aim <<>."> |>MI of ;nr to nli
1.1111 a IIMW rate of nut Ic— than X inin'm Discard the
el fluent.

• The rare earths -orb while amencium an<l main
"I her element-, elide

I " . I'JI-S another ti m o) H< I (' H <>H thnuiuh
tin- ciiliitnn and discard I In- i'fluent alsn

• The elulinn ot ainericuim i- completed.

I ' l'i-> It iii ol water thruii^'h I lie culunin. and
mure a- necessary to elwe ;'n\ colored conipoui>nt>
Irom the column.

• An unidenti f ied ureen compnnent thai
-ometimes sorbs from iJCIC H O H solution is
ehited with water.

I1 riace a I.Vni'Telion heaker labeled "pure rare
earih Iraction" under the column and elute the rare
earth- with t m of ">M HCI. Kvnpornte t in- rare
ear'h fraction to drvness.

!•">. Treat the peliicnlar cation exchange resin
ii'lumn with another 1> nv of *i;V/ HCI. followed by -f
in' "I water to readv it for reuse. (Notv: Although
pi'lluiiltir ration exchange rrsin slowly degmdt's
n hfii tisi'il in stnmf; acid, it has bevn reused satisfac-
t-iril, I'J in Jn times.)

('. Plutonium Determination

I. Dissolve the plutoniiim residue from step B.5 in
O..r> in/ ol'T.SAf HNO:i jind evaporate to dry-ness. Arid
<>..-> m/ of <>M H(M and again evaporate to dryness.

• Hesidual iodide th •' could inlerlere with color
development i- oxidi/"d and expelled by HNO:i. The
indide-free pluloniiun then is converted lo a chloride
salt.

•_' | ) i — n | \ e t i n i i l i i i o u i u m - a l l i r o m t h e p r c v i m i -

-ie|i in .'. m el ii.\f IH'ID,. Add I I . I in/ oi :«»', H..O.
and heal mi a -team hath lor (ill min.

• II I i ii>n\eri- all pliitonium in l ' u ' r in liM
|[<l< > medium

•i. Remove the Teflon beaker from the steam
bath. Add HO me ot urea, previously dissolved in *> nv
nl HA/ HCIOi.and heat lor another I'imin.

• I'rea destrov- excess H.-()j that would bleach
thi' I'uillh-arsenazo III complex.

4. Pi pel 5 in ot arscna/o III solution and 2 m of
<>.".« HCIOj into a 2">-nv volumetrif flask. Mix by
swirling. Quantitatively triuisferthe plutonium solu-
tion into the flask with three 2m/ portions of tiAf
IH'IOi, Mix bv swirling and wait HO min.

•">. Dilute the cooled solution to volume with fiAf
HClOj and mix thoroughly. Measure the absor-
bance vs (5M HCIOj a\ fifi/i ntn usin^ I-cm
pathlenf;th class cells.

(i. Compute the plutoniiini concentration from a
four-point standard curve that brackets the absor-
liance region of the samples.

.V'liV: If the sample absorbanve is excessive, a dilu-
tion may be made with a diluent composed of 5-mi
nrsrnasn 111:2ft mi liM HCIO,.

I). Uranium Determination

1. Dissolve the uranium residue from step B..r> in
()."> nv of 7.8M HNO i and evaporate to dryness. Add
o.*> m/ of (iM HC1 and again evaporate to dryness.

• Residral iodide that could interfere with color
development is oxidized and expelled by H N O K . The
iodide-free uranium then is converted to a chloride
salt.

2. Dissolve the uranium salt from the previous
step in 'i m/of maleate butler solution and heat for
HO min to ensure complete dissolution.

• HKOTA masks extraneous en,ion* thai form
colored complexes with arsenazo III.

H. Quantitatively transfer the uranium solution to
a 2.r>-m/ flask with three .'i-m water rinses. Add .'! nv
of arsenazo III solution, mix thoroughly, and adjust
the pH to 1,70 ± 0.02 with NaOH or HC1.



4. Dilute to volume with water and mix
thoroughly. Measure the absorbniu-e vs water a* Wi:t
nm using 1-cm pathlength cells.

•">. Compute the uranium concentration from a
tour-point standard rurve that brackets the absor-
hnnce region cif the samples.

.V»fr: // the sample absorbance is excessive, a dilu-
linn may be made with a diluent composed of 3 mi of
malrute buffer: 3 mi of arsenaio 111: 19 mi of water.

E. Rare Earth Determination

1. Dissolve the rare earth residue from step B.!» (or
B.14 if the pellicular cation exchange column was
used) by adding 1 m/ of chloroacetate butter to the
Teflon beaker and heating for 15 min.

2. Transfer the rare earth solution to a clean HMn/
volumetric flask with three 1-m portions of water
Add 0.50 ml of arsena/.o III solution, mix thoroughly,
and adjust the pH to 2.90 ± 0.02 with NaOH or HCI

3. Dilute to volume, mix thoroughly, and measure
the absorbance vs water at 665 nm using 5-cm
pathlength cells.

4. Compute the rare eatth concentration from a
four-point standard curve that brackets the absor-
bance region of the samples. Also compute the zero
intercept from a least squares (It of the rare earth
standard curve: use this as the blank value to be
subtracted from each sample absorbance. (The com-
position of the rare earth standard solution is
described in the Appendix.)

(' = measured number o| uranium millimolf*.

and

5. The burnup calculation is

atom percent burnup = 100

where

RE/FY
U + Pu + (RE/FY)

RK = measured number of rare earth millimoles.
FY = effective rare earth group fission yield.*

•The calculation of an effective fission yield is
described in the Appendix.

I'n = imwMiri'H mimlH-rol plutonkim milli
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APPENDIX

CAUTI.ATION OF BFFECTIVK FISSION YIK1.I)
AND PREPARATION OF RARF. KARTH STANDARDS

The < ••III|HI->III<>I) i ; l ' in' rare *-:111 li -<i!uiion ti-i <! to
prepare »|iiMirt>phiiti>inriri< -i;ind.iifK »ti(iul<l
>irnii!.ti<' tlic composition <>l i n r e.i.th li—-ion
l>rmli!t-i- in tin- tuel sample licin- nti,il\/i(i Met••iii-i
in.-sm hc.tw nuclide* m.n h.i\< ii—miii-il. iln fi»«ion
vield t<>r each mass chain li"tn each li--i<nim<:
tnulidi- niii-l lie considered uhen call ul.iunu tin
clicctixe iivMiiti viclii.

The i iili'iilaiion nl an cllt'<ii\< li.—-n>n \it-ld i- il
lustraU'd ID I al>U'A I toi IIKI—• 111 (<>r ;ui «'\|n>rtnu*n-
tai mixed oxide lucl in wltuli t in-1' I'u raiio i> : i . thf
- l T I'lirichnicnt is !*>'•. and the • ' " ' I ' I I level i> 11'..
Thi* luel had iM-en irradiated in How I nt KHK II

Kltetlive ti»<ii«n vield- tor ma» ih;nn» |:i!t
Ihroimh !(kt. and Sit lur Mtriuin. aiv calculated in a
like manner. Ihe value'- lor cat li clement are »iii]ilt>
ed, atid the relative clt-im'tiMl (•iiucnfr.'iion-. are
ci'inpuled. K<T the expetmunlal tuel. tht li>«u<n

' • . ( l i l t I . l i e r . l l t l t ( < > I I I | I I > < | I I I I | | < i i | l l | ) l l l> (I ,'IIUJ 11-1(1

tin -piM'iriipnotometric oi;iiui;ird in l l i<- wmk »n-

Klemont

La
l*r

Sm
KM
(id
Y

Relative Moles

i i ]•>:,

O.UO
0.271

o'lIKO
0.01 Mi

0.002
0.082

The linal ctinctiitraiinn "I the rare earth mixture
. i - deiermim-d l>v an F.DTA in rat ion io a xvleiml
iiiiiaf end |>i>int at |>H ").."i »nma pyricline hutfer.

TABLK A-l

COMPITATION OK KFFKCTIVK FISSION VIKI.I)

Prrimtdialrd
Fuel Relative

Composition Fission Fission Fractional
Fissioning Atom Frai-tion Cross Yield Fission
Nuclide (\F> Section, a," <FY> Yield

0.70
OMi
0.22
(Ilia

Fractional Fission Yield =

0.4
10.0

0.0585 b

0.0531h

0.05151'
0.0486'

0.0H95S
0.00012
0.01580
O.O0M9

|FY|
E|iAFM«,)|

Kllective Fi«sinn Yield = £ Fractional Fis-ion Yield = 0.0'ilil,,.
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