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CHEMICAL BURNUP DETERMINATION BASED ON
SPECTROPHOTOMETRIC MEASUREMENT OF TOTAL
RARE EARTH FISSION PRODUCTS, URARIUM, AND PLUTONIUM

by

8. 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 dctermination of each. The separation involves
retaining uranyl and plutonyl chloride compiexes on « macreporous
anion exchange column from 12M HC1, whereas the rare earths and
most fission products pass through. Subsequently, plutonium is
eluted with 0.1M HI-12M HCI and uranium with 0.03 HCL. From
the initial effluent of the first column, the rare earth group is
separated on a second column of either (1) macroporous anion ex-
change resin from HNQO;3-CH3O0H, or (2) pellicular cation exchunge
particles from HCI-C2H;OH. The HNO;-CH, OH system normally
is used to separate the rare earth group from fiv2l cladding elements
and other fission produ:ts. The HC1-C2H ;OH system additionally
separaies the rare earla group from americium. Arsengzo I{{ is the
chromogenic agent for the spectrophotometric determination of the
separated uranium. platonium, and rarc carth fractions,

l. INTRODUCTION

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

burnup = atom percent fission,

Number of fissions
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where
A = determined atoms of fission monitor,
Y = eftective fission yield value of A, and
H = determined residual heavy atoms.

The most sensitive and accurate technigue for
measuring burnup in fast breeder reactor (FBRi
mixed-oxide fuels is based on the isotope ditution
mass spectrometric measurement of “¥Nd, as the
fission monitor, and uranium and piutonium, as
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residual heavy athms.! The mass spectrometric
provedure is capable of an overall burnup measure.
ment precision ¢f $0.5% r2lative standard deviation,
Such a pracadure” was developed by our lalseatary
and ix used moutinely Jor analvzing experimental
mixed-oxide fuels irradisted o FRER A and other
reactars,

Where nuch high precision is noi warranted or
where 8 mass apecirometer ix nit available, o less
sophisticated burnup procedurs using commen. in-
exjwensive chemical lsboratory cquipment would be
of volue. Such a procedure would determine o
selocted element or group of elements sather than a
specific nuclide ax the fission monitor and the
residual uranium and/vr pluteniom.

Requirements for this procedure are that
(1) xelecied fixsian maonitor elementis) snould have
o high fixsinn vield to allow high seasisivity without
excessive radioactivity levels, 2) selected fission
monitar(s) sheuld have reasonahly constant fission
vields feom the various eantributing sourees of fis-
sion, (1) high-sensitivity analvtical technigues
should be available for the selected elementis), and
1) ordinary  low.cost Inboratory instrumentation
should be used.

The procedure dexcribed in this repuart is the first
in a planned series 1o fulfill this need with eniphisis
on FBR-mixed uranium-plutenium fuels. It also is
applicable to other fuel types.

11, FISSION MONITOR SELECTION

vare eaeths

taw

Elemental zicconium and  total
fpemsthlv including vitriumd are the HITEN
promising  fissiem monitor camshidates tor FIRI
meved oxule Buds, For repamons dosenbed below, we
prefer the rare carthe.

Pemtirndintion =tudies of experimental last remc.
tor mised-oxide fuel <show that ondv the mre carths’
tamgd pueeibly zirentiiim fission prodacts dis pol
meerade wxindiv eelative to uranivm and plutoaiam,
Theretore, they are suitable to use ax burnup
memitors For these fuels. !

4 revinm e protduced i high abundance as
shewn in Tahle | However, the zirconinm fission
vield variex substantially teom one fissioning nuclide
tecanether, Al the pgurous cheast ey of zirconminm
i a disaedved tuel sodation s natariousby anpreslic.
tahle.

The sammed fissian vield of total rare ecarths i
higher than the zirconium tission vield and is more
constsnd far dilferent fissioming ouclides. Another
advantage is that suclear Fransmutatsans ol rave
earth adopes by nestron capture o1 radivactive
decin almest abwvovs pruduce another rare varth
wotape. This praides constaney of fission vield in-
tependent of hurnup level.

Chemical separstion of the mre carth group is
more difficull than the separatinon of zicconium. par-
ticularly if the trivaslent actinides are te be excluded.

TABLE]

SUMMED FAST FISSION YIELDN
FOR SELECTED FISSION PRODU(TES

Total Rare
Total Rare Earths Plus
Fissloning Zirconlum® Earths Yitrium

Nuclide (%) (%} (%)
w3 32.8 4.6 A4
Wiyb 30.4 Y] A4
wiyb 26.9 $7.7 0.3
WWp,b 18.2 429 446
Wopyc 18.0 47.1 48.7
Wipye 6.4 493 50.6

P e it it b s nint o o

#Assumes 2-ve irrndiation and 2-vr cooling for Ny 2 myy
"Eulnrimenlaﬂ,\' menasuzed fission vields (Ref 0

“Calculated fission vields (Ref, 4),



The chement similarity of the trnalent actinides
makes this groap separation o chatlenye.

Hecuuse of its greater applicabilins tor FER mixed
uwraninm-plutoniam  fuels. total rane earths was
selected as the hurnop moenitor for this tirst chemicad
huraup procedire.

1. ANALYTICAL TECHNIQUE SELECTION

For this first pracedure, the anab hieal teelaiguoe
selecied was BB jon exchange separation to provide
froctions of pliatoniom. uremam, and total rare
carth~ including  vitpam, followed by o spedc
trophotmneltie messurement of vach traction asing
arsenaze M Anenazo TH find soimthesized and
stadied extensively b Sacvin, ' reacts with g
il 10 form highlsy stable, intensedy colored com-
plexes. Phas high stability enables complexes 1o he
tormed Guen i seong acid solution, thereby un
proving selectivity as well as avoiding problems of
hwvdrotvas and polviserization The madar abeorp.
tivities of Uhe complexes for lanthanum through
eutapium are very simliae, o necessity hecause the
propertens of the rare carth hoaon prodacts diher
as o taneta b the PBasionimy g lide

Duing vhis svestigation, we toumd that commer
cinth produced arsenaze N from vaneus sonfees
comtained impurities thot caused hagh blanks and
errabic resuli=. A smple punticatsm proveduane o
deseribeal in Sec, VIR 12

IV, BISCUSSION OF ANALYTICAL

PROCEDURE
A. Plutonium

Hadesfluone acd and perehlore aend are added to
s pesttion of Ve dissols ed rrmdated fuel sample and
then the mixture -~ fugwed to deviess i Vet or
ounar tubnes This treatment disseciates hyvdrolvzed
turms of plutomuam and oxidizes platoniam 1o (V.
Mtutonvt and urans? ons sre steongly sorhed on o
micraperns anion exchange sesin column as com-
plex chlorides trom 120 HEL whereas most other
clements gass threaghe AMter Qushiog the sonsorhed
jouns tran the column with 1287 HOL platonium is
redaced and luted as nonsorbed Py with 0.1M
HE 128 WO ot ream temperature, Beeause the
seduction of Pa0a” to Pa®* by oaodide ion s pot
sapid, o MWemin delov atier adding the HE-HC!
reigeent provides complete reducuon and dlution of
phitoniun,

Plutonium (IV) forms exceptionally stable com-
plexes with arsenazo [l even in strong acid media.
Because plutonium is eluted from the column as
Pu'. it must be converted to Pu't. The
plutonivm-conmaining  eluate js evaporated to
drvness and then fumed to dryness with HNO to
axidize and expel all traces of iodide. The residue is
dissolved in 6M HCIO, and heated with H.0: to
convert all plutonium w0 Pu'*. Excess peroxide.
which would react with assenazo Il o cause
bleaching of the comnlex tand unreacted
chromogens, is destroyed with urea. The molar ab-
sorptivits of the PwIV).arsennzo Hl complex in 6M
HOMO, is 6.4 % 107 a1 665 nm.

8. Ursnium

Uranium. not reduced by HI, remains sorbed on
the antm exchange column when the plutonium is
cluted. Atrer the plutemium elution is complete,
uranium i~ cluted with 0.IM HCL The eluate is
evaporated 1o dryvness, the resi lue is fumed o
driness with HNO. to oxidize and expel the last
triaces of jodide, and the residue is dissolved in
uusleate-huffered hvdrochloric acid.

The mast intensely colared U(Vh-arsenazo 11
comples i~ formed at pH 1.7, Av this pH. UiVh
torms only weak complexes with most aminacar-
hexvlic acid chelatiog agents, NaCarboxymethyli
N Zivdroxvethvl- N, N'ethylene-diglveine
LEEDT ALY therefore s incorporated in the bulfer
svatem tee mask diverse cations that form arsenazo
I complexes a0 this pH. The molar absorpiivity ot
the UtVicarsenaze I complex under these con-
ditions i 5.0 x 107 at 663 nim,

€. Total Rare Farths

The macroporons anion exchange separation trom
120 HCL primarily removes yraniom, plutoniom.
anv iron from stainless sicel fuel cladding. and fis-
sion products zirconinm and antimany. A second ion
exchange column is necessary to separate the rare
carth group (plus vttrium) from other fission
praducts.  cladding components, and at  times,
trivatent actinides. Trivalent actinide elements. par-
ticnlarly americium, are chemically very similar o
the rare earth elements. In plutonium-contaming
tuel with high “1Pu levels, the 2 Am content may
be great enough to bias the rare earth analvsis, For
such sumples. a previously developed system® s
used to separate the rare earths from other elements,



including americium, In this svstem, americium and
the rare earths are separated on a pellicular cation
exchange particle columi from a HCILLC.H:0OH
medium in which the stronger negative chloride -
complex of americium passes through. For tuels
where the americium level will not significantly hias
the rare earth measurement, a faster and less expen-
stve second column of macroporous anion exchange
vesin is used to separate the rare earth-americium
fraction from other elements in a HNO -CH ,OH
mediam.

The separated rare earth group is converted to an
all-agueous svstem at pH 2.9 and reacted with
arsenazo [Il. Under these conditions, the rare earth
tplus vitrium) fission products, in the proportions
found in irradiated FBR mixed-oxide fuel with a
U P ratior of 3 in which uranium is 93, 20U, form
an arsenazo [ complex having a molar absorptivity
of 4.8 x 107 4t 665 nm.

V. TESTING AND PROCEDURE EVALU-

ATION

The overall separation and spectrophotometrie
procedure was proof-tested by analvzing
quadruplicate portions of six experimental mixed-
oxide fuels fhaving a U/Pu ratio of 3 tin which
uraninm is 93, U that had been irradiated in
EBR-II 10 burnup levels ranging from 2.7 (o 11.2¢,,
The spectrophotomelricallv - determined  burnup
values are compared (Table 1M to burnup values
determined bv the " Nd isotope dilution mass

spectrometric procedure.” The relative standard
deviation for an individual measurement by the
spectrophotometric procedure was 4.8 . The mean
value tor four of the six fuels is not signiticantly
difterent than the mass spectrometrie burnup value,
and the other two means are just significantly
different by a =17 test at the 95 confidence level.

V1. APPARATUS AND REAGENTS

A. lon Exchange Column: and Resins

1. Columns. Use 6-mm-i.d.. 6-cm-lomg commer-
cial polvethyvlene droppers tarticle No. 6219, Nalge
Companv. Rochester. NY 11625, or equivalentd with
a 2-mreservoir for both macroporous anion ex-
change resin columns. Cut oft the top ot the drapper
to form the reservoir. and place a small wad of
quartz wool in the tip.

For the pellicular cation exchange resin, a i-mm
i.d.. S-em-dong glass column is used. Becanse of the
small particle size and consequent slow flow rate. o
column designed® 1o aceept 0% atm O 1510 air
pressurization is recommended,

2. First-Column Resin. Tran<ter a witer slurry
of AGMP-1. 50- te 100-mesh, chloride-form resin
(Bio-Rad Liashoratories) to a polvethyviene column
until the settled height is just below the reservoir.
Pass 6 m of 12M HClthrough the column. Keep the
column wet with i2M HClLuntil use, tDo not prepare
a column until a sample is readv.)

TABLE 11

COMPARISON OF BURNUP VALUES DETERMINED
BY SPECTROPHOTOMETRIC AND) MASS
SPECTROMETRIC PROCEDURES

Burnup Sample Mass Spectrometric Spectrophotometric
Designation Atom % Burnup Atom % Burnup
LASL.311 2.71 268 £ 0.18
LASL-329 5.52 578 £ 0.16
1.LASL-325 5.76 5381 £ 0.25
1.AS1.-302.] 6.04 5.86 + (LO8
i.ASL.-303.] 8.87 8.41 4 0.59
LASL-223 11.24 10.75 £ 0.26

*Quoted uncertainties are standard deviations for o
single determination computed from guadraplicate

analvses,



3. Sceond-Column Resin.

@ Macropuraus Anton Exchange Resin Transto
awater sturrs ot AGMP- 000 to tatanesh. ehlonde
torm re=in (Bio Rad Laboratonesy to g polverhnlene
colinmn unttl the settled heicht =~ ust helow the
reservoir. Convert the resin to nitrite form by pass
ing 10 m/of 7.8M HNO . through each column. Then
pass i m of TO6M HNO R CH OH through the
coliunn st before loading the sample.

b Pellicudar Cation Exchange Resin. Transwer a
HCEC H L OH (Reagent B 51 <lurey of HO Pelliones
SCN resin tH Reeve Angel and Company ) toa elass
column until i resin bed height ot 00 4 0.2 ¢misab
taited. Pus~ through 2 m ot HCLC H O 10
cqulibrate the resin hetore laaidimyg the sample New
pelhealar resin must be subjected 1o an entire <am
ple foadimz clution seqguence tsteps B 10 throngh
B 15 ot procedure in See VD to remove impanities
betore it s used for a ~<ample

B. Reagents

1. Hydrochloric Acid (12M, 6M. 010D, Quurty
distilled or other high-purnty acid i< recommended 1o
minimize metal impurities B oguart2 distilled
hychrochlorie acid s used, the HOT gas ost darimg
distillavion must be replaced This is weeomplished
v conting the distilled acid and bubbling HCY gas
throwgzh it undl saturation s attained. Cooling inan
e bath s necessary heeanse the reaction is exather
mic Verity that the HOUi< at least T2 Dy vicrating
with <tandird NaOH olution to 0 phenolphthalein
end point. tH the concentrationas greater than 12M.
chilutiom is recommended to avoid gos pochet forma
tion in the columns.) Prepare 6M HCE by dituting 0
m of the 12M HCL to 100 me with quartz-chistitled
water. Prepare 0.1M HCT by diluting 1 my of the
1201 HC 1o 120 mie with gquartz-distilled water.

2. Hvdriodic Acid-Hydrochloric Acid Mixture
(L LM HIE-120 HOD, Dilute 1 mv ot distilted H 1o 530
m with the purified 12M HCL Prepare tresh reagent
just betore use, The HI is distilled, preterably in
guarty apparatus, to remove .00, the holding
reductant in analvtical reagent (AR grade HE Stare
the distilledd HT in flame-seated ampoules nunder an
inert atmosphere.

3. Hvdrofluoric Acid (1M). Dilwte 3 m of con-
centrated TrimsistAR grade HEF or equivalent 10 9)
m  with guartz-distilled water and store in a
polvethylene dropping hottle.

I. Nitric Acid (15.6M, 7.8M, 1M), Use quartyz-
distilled or other high-puritn: HNO | for the 15.6M
acud, Dilute 156M HNO O 1 with quartiz-distilled
water for the 7.8 HNO - Dilute 10 m of quarnz-
distitled HNG L to 156 m - with quart z-distilled water
terthe YATHNO .

3. Perchloric Acid (63, Didute 12M RHCIO, 101
with quartz-distilled water and <store in a
pebverhvlene dropping hattle.

6. Hvdrogen Peroxide O0%). Refugerate this AR
~ointion when not in use

7. 136 HNOy 80 CHROH. Dilute 20 m: of 7.8M
HNO o HH b me wirh AR grade ashydrous CH ,OH.
Store the solution w quartz or horosilicate glass
bottles with tight-ditting <stoppers, preleacked wiiih

1IN

N, HOLCaHZ O, Dilate 10w of 12M HCL
volume ina THLm volumetrie lask with anhvdroas
C HLOBL Mix thoroughly, allow the solution to
reach ambient temperature, and add more C :H0H
Honecessary. Remove and discard 20 mye of the soly-
tion with & pipet. Cool the flask containing the
remsining 80 me ot solition in an ice bath and bub.
bl in HOCT s until the solution volume reaches 100
m . The HELC H-OH reagent prepared in this
nunner is ahout 8 HCT as determined v NaQH
titration. Store with a tight-fitting stopper, Prepare
iresh after & davs.

9. Maleate buffer. 0.0M maleic acid. 0.1 vt
HEDTA. adjusted to pH 1.5 with NaOH.

1. Chloroncetate huffer. 1M, 0.015
HEEDTA, adjusted 10 pH 2.4 with NaOH,

wt'.

IV, Urea. reagent ervstals,

12. Arsenazo HI solution 0.055 wi', | Dissolve
Sathmge of arsenazo Hand 56 mg of NaOH in 8900 mu.
of quartz-distilled water. Stir until dissolution is
complete. Prepare a L5 by 10-em column of
macroporons cation exchange resin, AGMDP-50, 50-
100 mesh (Bio Rad Laboratories). Wash the column
with 200 m: of quartz-distilled 7.8M HNO:, then
wash with water until the effluent is not less than pH
{. Pass the arsenazo 1 solution through this cation
exchange column to remove metal impurities. Dilute
the arsenazo T solution to 1000 myv/ after the cation
eschange purification,



. Apparatus
1. Teflon beakers (5-m:. 15-m/.

2. Hot plate with hot air jets directed into the
tubes to hasten sample evaporations,

1. Spectrophotometer must accommaodare 1- and
A-em pathlength cells.

1. Spectrophotometer cells. glass, t.em. 5.em
pathlength (semimicro style 5-cm cell with about 7.
m volumel.

VII. ANALYTICAL PROCEDURE
A. Pretreatment

Add the sample, four drops of 6M HCIO . and two
drops of 1M HF to a 5-m/ Teflon beaker. Evaporate
to drvness using a hot plate and hot air jet.
Redissolve the residue in five drops of 6M HCI and
evaporate 1o ahout half this volome.

o The HF serves to dissociate polvmerized species
of plutonium. Fuming HCIO, expels HF and
oxidizes plutonium to Pu®* .

B. Chemical Separation

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

2, Puss 6 m/ of 12M HCI through the column to
completely elute the rare earth fraction.

o Americium and most fission products accom-
pany the rare earths.

3. Place anather 15-m/ Teflon heaker labeled
“plutonium fraction” under the column. Elute
plutonium with 4 m/ of 0.1M HI-12M H(C1, followed
by a 10-min wait, followed by another 6 m/ of 0.1M
HI-12M HC1.

o Jodide reduces plutonium to Pu®*, which is not
sorbed from 12M HCI. The 10-min delav allows this
reduction to go to completion.

15-mv Tetlon bheaker labeled
Elute

t. Place another
Curanium fraction” under the column.
uraniun, with 6 mv of 0 M HCL

o | 'ranium does not torm an anienic chlonde com
plex in dilute HC and is eluted

5 Favaperate all three eollected elfluent fractions
todrvness, Use very loaw heat initially 1o avoid overly
vigovous gas release trom the 12M HCL solutions

o Alternatively . the 12M HCY ~olutions mav be
wllowed 1o outeas in o hod overnight hetore heat s
applicd,

Note: If americium need not be separated from the
rare carth fraction. do steps 6 through 9. If
americaum is tu be separated, do steps 10 through 15,

6. Add 0.5 mr ol 15.6M HNO S 10 the rare earth
residue wnd evaporate to drvness. Dissolve the
residue in 8.5 m of 1M HNO ., add three drops of
H,O:, and again evaporate 1o drvness.

& The chloride salts are converted to nitrate salts,
O s reduced 1o Ce't

7. Prepare o secomd macroporous anion exchange
resin column in HNOLCHLOH  ax  deweribed
previously. Dissolve the rare emith fraction residue
(from step 6) in 0.5 m/ of HNO CH OH solution
and teanster to the erlumn. Repeat this transter with
anonther 0.5-0v portion, followed hy a 1.0-my prostion
ol HNOCH:OH.  Diseard  the  effluent  as
contaminated waste solution,

o The rare earth= (and americinm) are soched on
the column while other elements elute.

8. Pass another 5 m/ of HNO:.CH1OH through
the column. Discard the effluent as before.

o Flution of extraneous elements is completed,

9. Place a 15-m Teflon heaker labeled “rare carth
fraction” under the column. Elute the rare earth
group with 6 v of 1M HNO.. Evaporate this
sofution to drvness. Dissolve the rare earth residue in
1 m/ of 6M HCI and again evaporate to drvness,
Procced 10 pant #C."

® The rare earths do not form antenic nitrate com-
plexes in aqueons HNO; and are eluted. Nitrate
salts are converted to chloride salis.



1L Prepare o petlicalar cation exchange resin
column as deseribed previonshy Add 000 e o
C L OH HEC <selution to the rare varth resschiae from
step 6 cover the Teflon beaker, and wait 10 min
hetore oading this ~ohstion

o The 10 min wait allows any Ce' 1o be redued
to e be .

P Pranster the dissojved rare earth paction to
the pellrealar cation exchange resin colimn. Repeas
this transter with another 0.5 ms portion, followed by
a 1o portion of HOECLH OHL Pressanize the
column with abogt G020 atm 105 papr of aor tao ob
tam a flow e of not less than X min'm - hscard the
etftuent.

o tThe rare carths sorb while amencinm and mam
nther elements elute

120 Pass another 6 m of HCLC.H-O8 through
the column and discard this vifluent also

e The clution of americtum 1~ completed.

1 PPass b mooof water throngh the eolumn. and
more as necessary to clure any eolored components
trom the column,

green component that
HOLCOH-OH solution s

e An unidentified
somietimes sorbs from
cluteh with water.

14 Place a Ih-n Teflon beaker labeled pure vare
earth traction” under the column and elute the rare
earths with 1 m. of DM HCL Evaporate this rare
ear'h fraction to drvness.

15 Treat the peliicular eation exchimge resin
column with another 6 m: of 5M HCL, followed by 3
me o water to readv it for reuse. (Note: Although
petlicutar cation exchange resin slowly degrades
uhen used in strong acid, it has been reused satisfac-
fordl o 12 10 20 times.)

C. Plutonium Determination

1. Dissolve the plutonium residue from step B.5 in
0.5 m: of 7.8M HNO. and evaporate to dryvness, Add
0.7 ms of 6M HCI and again evaporate to dryness.

o Residual jodide th - eould interfere with color
development i oxidized and expelled by HNO 4. The
iodide-tree plutonium then is converted 1o a ehloride
salt.

20 Pissolve the plutomum <alt from the previous
<tepr i 4 ol GM HCY L Add u meot 300 H.O
and heit on a ~team hath tor 60 min,

eH 0 comert all plutomum 10 Pult in 6M
HCIO, medinm.

3. Remove the Teflon heaker from the steam
bath. Add 30 mg ot nrea. previoushy dissolved in Hmy
of 6A HCLO, . and heat for another 15 min.

o U'rea destrovs excess H:(. that would bleach
the Padllh-arsenazo [ complex.

4. Pipet 5 m of arsenazo I solution and 2 m of
68 HCO, into a 25 volumertrie flask. Mix by
swirling. Quantitatively transfer the plutonium solu-
tion into the flask with three 2.me portions of 6M
HCHO,; . Mix hy swirling and wait 30 min,

5. Dilute the ¢ooled solution to volume with 6M
HCI0; and mix thoroughly. Measure the absor.
bance v< 6M HCIO; at 665 nm using l-em
pathlength glass cells.

6. Compute the plutonium concentration from a
four-point standard curve that brackets the absor-
hiance region of the samples,

Nate: If the sample absorbance is excessive, a dilu-
tron may be made with a diluent composed of 5-m¢
arsenazo 120 ms 63N HCHO .

2. Uranium Determination

1. Dissolve the uranium residue from step B.5 in
0.5 m of 7.8M HNO . and evaporate to drvness, Add
0.5 mv of 6M HC1 and again evaporate to dryness,

o Residual iodide that could interfere with color
development is oxidized and expelled by HNO=:, The
iodide-free uraniwm then is converted 1o a chloride
salt,

2. Dissolve the uranium salt tfrom the previous
step in 3 mv of maleate butfer solution and heat for
30 min to ensure complete dissolution,

o HEDTA masks extraneous caaons that form
colored complexes with arsenazo 111,

3. Quantitatively transfer the uranium solution to
a 25-m/ flask with three 3-m. water rinses. Add 3 m:
of arsenazo 111 solution, mix thoroughly. and adjust
the pH to 1.70 £ 0,02 with NaOH or HCI.



1. Dilute to volume with water and mix
thoroughlv, Measure the absorbance vs water at 66:4
nm using l-cm pathlength cells.

5. Compute the uranium concentration from a
tour-point standard curve that brackets the absor-
bance region of the samples.

Nuote: If the sample absorbance is excessive, a dilu-
tion mav be maae with a diluent composed of 3 ms of
maleate buffer: 3 mi of arsenazo ll: 19 mi of water.

E. Rare Earth Determination

1. Dissolve the rare earth residue from step B.9 (or
B.14 if the pellicular cation exchange column was
used) by adding 1 m/ of chloroacetate bufter 1o the
Teflon beaker and heating for 15 min.

2. Transfer the rare earth solution to a clean 10-m:
volumetric flask with three 1-m. portions of water.
Add 0.50 m/ of arsenazo I solution, mix thoroughly.
and adjust the pH t0 2.90 £ 0.02 with NaOH or HCL

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

4. Compute the rare eaith concentration from a
{four-point standard curve that brackets the ahsor.
hance region of the samples. Also compute the zero
intercept from a least squares fit of the rare earth
standurd curve: use this as the blank value to bhe
subtracted from each sample absorbance. (The com-
position of the rare earth standard solution is
dexcribed in the Appendix.)

5. The hurnup calculation is

. - 100 REEY ___
atom percent hurnup = 100 U+ Pu+ (REFY)

where

RE = measured number of rare earth millimoles,
FY = rtfective rare earth group fission vield.*

*The calculation of an eftective fission vield is
described in the Appendix.

mea~ured number ol aranmium millimoles,

v

and

Pu = measured number of plutoniam millimoles
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APPENDIX

CALCULATION OF EFFECTIVE FISSION YIELD
AND PREPARATION OF RARE EARTH STANDARDS

The composition «f the rare ciath solution need to
prepore speetrophotometric =tandard=  <hould
amitlite the composition of e eacth hssion
producis in the tuel sample e analvzed Beciis
mam heiny nuelides may nas e fisaoned, the Hasaon
vield tor each mass cliin Gom eacht tissioming
nuclide must be considered when caleulating the
eftective fiseton vield.

The calealation of an eltectine tission vield isal
lustrated s Fable A-D tos mas~ 11 for an experimen-
tal mixed oxtde fuel in which the U Pa ravio s L the
2 eprichment s %5 and the "' Pu level s 114
This tuel had been irradiated 0 Row 1ot KRR

Eftective fission vields tor mass chaims 139
throueh 160, and 8 far vitram. are ealeulated in g
tike manner, the values tor cach element are <umm-
ed, and the relative elemenral concentrations are
computed. For the experanental tuel, the fisaon

Pronttet pare carth compemition computed and nscd
a~ e spectrophotometrie stmdard in th s work was

Element Relative Moles
L 0,125
Ir 0110
Ce 0.2%1
Nd 0,424
~m (L ORG
Ku XL
Gd (L0002
Y (1,082

The tinal concentration of the rare earth mixture
was determined by an EDTA titration 1o a xvlenol
orange end point at pH 305 using pyridine buffer.

TABLE A-l

COMPUTATION OF EFFECTIVE FISSION YIELD

Preirradiated
Fuel Relative

Composition Fission Fission Fractional
Fissioning Atom Fraetion Cross Yield Fission
Nuclide (AF) Section, o (FY) Yield
iy 0.70 6.9% 0.0585Y  0.03958
ZiRy .04 .4 oot o.0002
2Py, 0.22 10,0 0.0515>  0.01580
Hip,, 0.03 3.4 0.0486¢ 0.00069
Fractional Fission Yield = 42 ey

SHAFNaO0|

Fiteetive Fission Yield = E Fractional Fis<ion Yield = 00561 ..
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