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FORMATION, CHARACTERIZATION, AND STABILITY OF
PLUTONIUM(IV) COLLOID: A PROGRESS REPORT
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ABSTRACT

Plutonium is expected to be a major rompnnent of
tl:e waste element package in any lugh-level nuclear
waste repository.  Plutonium(IV) 1s known to form
rolloids under chenueal conditious sitular o those
found in typical groundwaters. In the eveut of a breach
of a repository. these colloids represent a source of
radionuclide transport to the far -field environment. 1
parallel with the transport of dissolved waste element
species  In addition, the collowds may decompose or
hisaggregate into soluble ionic species. Thus. collods
represent an Additional term in leternuning waste
elemett solubility lituts A thorough characterization
of the phy«cal and chemical properties of these collouls
unler relevant conditions 19 essential 10 assess the
eotwentration lauits and transpoert mechanesms for
the waste elements at the proposed Yucca Moantam
Repository site This report 1s coucerued primanly
with recent results obtamed by the Yaeea Mountam
Project + YMP1 Solubidity Deternnnation Task 1 WBS
123414A pertmmng to the characterization of
the stractaural and chemucal properties of PuilV
vollodl  luportant results will be presented winch
j-rovules further evildence that collowtal plutownum iV,
is struectarally silar to phonntn dioxade and thar
collondal plutoni 1V s electrochemically reactive.

INTRODFCTION

It har iimg been kuown that agquecas ParlVo
furms colloaeds sunler appropnate chemeal condinons !
Thus uatertal is often ealled “polytene™ PaIVie bat
vl ot v ollondal as the preferable label so /s not to
ituply necessanls that the watenal has a chao e
sttieture [he volliad van form solution ke ol 1hat
are vpteally clear display a charactetistie absotption
spe tran, ameld e uot settle oo leng stanchug v
" G wientist of the Isotape awl Naclear Chew,

iy Divisien

In nouromplexing acid solutions with roucentintiones
grenter than about 0.05 M. Pui IV s predomnine s
arjuated Pu'=. This lughly charged jon hydels ces
readily  In 0.05 M acud and umr wme streecll
Pu(OH1"* and Pu'* have about equal coucentranions
At lower arid concentrations further hyedeolysas o
expected. giving the 1ons PmOH*. P OH-
nud uneutral species sucl as PwOH{  Formation
vonstants have beeu estitnated for these species ! bint
measusements have been made only for the o OH "
species.’ An important reason for tlus lack of daii
that colloidal Pu(IV) forms quite rapudly in the pH
region where the more lighly hydrolyzed specie can
he <tudied. In addition. agueous PutIV': s austabde
with respect to Pudllli and PuVi as shown. for
exaniple. in the oxidation state stability fiell chagriun
published by Allard et al.®

PuiIV) -eolloid 18 of parucular wterest i toaetear
wnaste management because 1t 1s oge of the donauun
forms of plutonium under chenural conditions snizlu
to those found ' the enviroument  There
an interest 10 this material with regatd o
formuation 1 process stieans atd n ats atuhzatom
in the production of auclear fuel elements by wi yel
processes ! Wa are currently wvolved i an rmgonig
prograu to nvestigate the formation amd staluivy
of PumIV) colld and to characterize the chenneal
aml physiead pruperties of the colloul Iu this
report. some receut results are discusseld pertanoag
to the chetcal and stractural vharactenznteac of
Pur iV collod using elertronie absorption aned ¥, o
reflectance spectroscoptes aml electrochenneai aia
redJox titratuetric methods

Oue of the wmost amportant  yet aeiateoel
unexplared. aspects n the chettneal clintacterzaacp:
of PV 1 eollond s the determmnation of the sips e
of the rolinnd  Several direet straetatad prehies e
been utilizedd  However. i the pubhished sieneaai
shhien YU 1t fian e neressary for experaoenca.
reasins 1o exarnne the PacIVooeollen] ol e,



Recently. attempts have been made in our laboratories
to deduce structural information for PmIVi-collnd
suspended in sulution utihzing electrunic spectroscopy
as a probe hy companng speciral data for the coilin!
with thae obtaed for other P iV sanplexes
Isformatun wn the redox reasacey of PadlV,
coial te e covennals at whiek oxlinon and

Pt cotelzr ol the rates amnl precdaiions of

*hese pheesses. oo of fundamentad pnjertanes
e characterzation of s speretes Lecause rediox
Do tions iy represent viabbe sieclanasats of voliond
degradatin b give  dissolved o speries with
ethaneedd emviropmental mohiinty Further, resuits
reating o resdox reactvity wall be of great vajue 1o
defitung the general reactivity patterns for the vollonl
st that ther pertient chemica: kinetie phenotnena
van be 1terpreted mere readily Finaliy. it nay be
prsstie (e anize vintnmetrie redox techiugues 1o
abtain resaits reatzg *o the phy<ical properues of the
vl Sead dara wonal Y osgaefui o vorroborate the
reneits it g m] csang other tecktognes

EXPERIMENTAL

Conbiaedinl sols of P IV aned the ol vasgiexes
Pa l'_l)' : l'.H_-(' Y P-I-S(). " -‘H_(l YUY ‘ll’l"llll’l'll
alel  jeiried accopiing to statclanl  prewedares
deseribed o etis! eisewhere Y Saiupies o tagh
mred PiO); wesre vhuned fon, the Materzais aaed
~venee Tectiaiogy Diviseen of Los Alamos Natonsal

Lara 1acas Tle PubFy samipe was  geuendsiy
yoovated 4 1 D Fagr -_-f lon Alanins Nationas
i..‘\‘u-:.'l'n L r:;r- e T I0RDT st Dostupp? \[Illlll'\

were cartomi ot ol 4 Vanan Cany Mode: 7D
VOV NIR sectniplotometer For the colloslag
s the cpstreut=nt was operated 1o the standarnd
atmnariad, menie However because of the insosubigino
AP0, wer Pt 0y,
materacs - Sned civeded soinds i owas necessary o

: At} 1 he vparsty vf hLhese

dpas, the vt naae speetra fior these sampies nsaug
affose pefiecraree etlunds The electtome specera
of 1 .l'. annt I Sty o were aiso sbhtaed by shiffose
sedeesaie e e s st slesaieml thftuse gefeceane e
st !..:.--:.' fa *he Vanan Cary specttopletolgeter
wae ceaont oo sat ftom Dy Jark Yo oof
e Ao Ubeizastty Divesnn of Gak Rolge
Satoata vatacranny . Wah the gethecfaie e appatatas
Lopae Che st oneht was aperaled il the Al
fon ik absapt el nesle Neultad ey sopeen
sreis owere saaeet g, the gefetrin e bemn of o he
et el alel the abwiqlaale e was lll!"'l\'l'll
e b 0 s e essAlY L keep The sigan osdqent
Ao e alecatane e 1ange of he sl anent

Fhe coatniamerio aonvestigatiops o a0V ool
arte  aetictesd i A e bnsle eie tpeiveas oegl

et taset 0 b etsewbhiete Bl e v pn tledhes

studies were done in either a long path -lengtl:
-pectroelectroctiemical cell or 2 standard  thirer-
vlectrolle elecirolysis cell.  Working electrodes wiese
fabnicated from piatunum for the oxadation ~tpiaes
aml amercury for the reducton studies These
experitts wese comtrolled with an EGAG Praaes. .
Appirnl Research Corpamation Model 273 Potentiose.e

:utertaced to an IBM PCr AT using the HEADSTART
LA llﬂlhﬂll ur with a ‘ll)‘ll'l 230 Potentsonc gt

and Mowlei 170 Univerdal Programmer Trerase::-
WLVASHIEALINLES Were m-nnlnrﬂl spestroptietanelsoas
asiig the Cary Model 17D iu the staanlant abiorgeaa
Nie

RESULTS AND DISCUSSION

A Spectroscoprs Chararuvenizaton

When the electronic alsarpuon spetisn, - f
Pu- 1V vvllind o compared with that vivceze: oo
e owguated Pa® o Fagure 1ot o0 o e

slese e gt ngs -!:ﬂl'lﬂp'w Pardovmeeg; 23 g0e e o
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Fl.t RE 1 ABSORPTION SPECTRA OF At o4
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I'hie siggests 1Lt there are sografieant ifepes e
Yhe etncleanen's of these Two 1etinaete ot o
spreaes I paracalar, the nesl poonaent e e
ansig it batels for PacdVo ceilond voone ae T e
AN el 4 . wheleas 2 lhe aaceq
nE s pte el Sateds G apated Pattoage st 400

LG ! S B vorttase e ffese s
ddlrren on betweer the spetin fin e el e
wrapel [ the bamd miaxuna o ' N
ate stagngly vuereeiated with the hawl niavann o -
htl-ise etlectanee speetiam of lugh eed P -

e el wem g specttal cegeaee e
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FiOURE 2 ABSORPTION SPECTRUM OF P IV COLLOIDAL SOL AND
DIFFUSE REFLECTANCE SPECTRUM OF HIGH FIRED

PLITONIUNM DIONIDE

I+ siomsei be ctuphiasized that JDiffuse reflecrance
spertienenpy powndes  the  same nfortnanon s
absagadan: spectrosenpy vith respeet to the energies
of e cratsitims between  etergy levels an the
anajs e Thus. *he lorattens of the bands 1a
e UV vialee near nfrared spectral region ansang
ftom elecriane trausvitions are expected to be the
satie @it any given sample whether determined
by alsorption spectroscopy  or  d-fluse  reflectance
sperliosenpy Huwever. the twechamsms that
btetiine the iatenatttes i these spectral baunls
are spute ifetent for diffuse refleciance than for
absucption Thetefore, there will be no thscasmon of
eensibies e thas report

The wunber of hawls 1 the electrotue spectrum
of an actqunls cotiplex and the pomtuons of the
bated naxitua depead to A large extent on the
envitnauent of the actinude on For this reason.
electtinie spertposeapy cal be cv.ed an A senanive
stertatal junke Tettavalent  platotnum hins a
gt sate electiome configuration ‘Radon core’
S awel the elecipe spectram of this aon s
donatet by £ f ranutiops lu the free 1t case

1e uo complexation of PwlIV . these transinions
are strictly panty forbidden Simdarly. for complexed
PuIViin a safficiently high symmetry envirounient.
thie electronie transitions from the ground vibirational
level of the ground electronie state ta the growl
vibrational level of the excited ejectronic stare - the
w0 called electronte ongin trausitions) will alses e
forbulden In this case the observed spectral hnuls
tneglecting any erystal tield sphtungs: are e o,
transitious  to  other excitml vibrational evels o,
the exciteldl electronie state or from other exerel
vibrational levels of the groand electrome state Sl
transitious are referred to as vibrome transitions Fou
PutIV1n a low sytitnetry enviroutuent. the erecttenne
spectruin can contain both electrote ongin ttwnatum
and vibrowie trapsitions

A thorough mterpretation of the elecoaae
speetra of PuIV) eowaplexes woubl  tepiae  a
tomplete grop theoretical treannent aud additionai
expetinental (ata  Such a treattnent 1s beyoael e
seope of the preseut work  However, the stuphenton
of the above (disenesion s thar ggmficant diffegens o
1 the electrome spectra of P Ve complexes e



expected if the complexes have different site symmetry

for the Puil\'y 1on and/or if they have differen:
vibranuonal energy level spacings. as would result
fror Jifferent complexing ligands or differing hond
stiengths for bowds o the same hzand.

The Lffuse reflectance spectta of the other
P IV vanplexes. wineh possess Varions svinmmelries
el differing crheats nad energies, were abtaned to
exjiivpe firler cnis correlanon between the ejectrome
speetra ated ke aracinre an P IV complexes The
cryvstaliograpliuc semmetry of the oxule complex 1s
fare -centered vcubic. that of the oxalate complex
15 tnclinic ard that of the sulfate complex s
orthorhombic The symmetry of the fluonide complex
ilepends ou the hydrauon pumber and 1s uninown for
the sample emploved 1n this study. However. 1t ix
must likely the anhyidreus sait wlich 1s monoclinic
It should be emphasized that the aute symmetry of
the Pa. IV 1on in these romplexes 18 not necessarl:
tiie <ame a» the rrystallographic symmetry. but the
crostajiographic syinmetry s a useful ininal point for
ompanson The speetra of these complexes are shown
m Figures 3 and 4 with the spectrum of Pu(),
serving as a referenee S comparison These spectrad
data rieany reveai the vanatons au the eiectronic
speetra that result from chfferences o the symmerry
esvibqukent awl vibrational energies

The exeecent correiation between the spectrum
PN mioa! and that of gk fired platonium
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FIGURE 4 DIFFUSE REFLECTANCE SPECTRA
OF PLUTONIUM DIONIDE  AXND
Pu IV ONALATE

dwxple Fig 20 ecia be cotnpared to che st
intween the spectra shown o Figares 3wt
Tlus lnrge degree of comncidence hetween the o
spectonm asul the oxple speetrum s stnomg evienee
suint the structure of the coliowld 1s very segae -
stiat of lugh fired PaQ;  This conclusing s faee,
suggestedd previously by others en the basis -
ray! " amd electron? thffracuon studies Fartherne o
Vew mise high fired Put); s aingh syeimueiry vonngges,
the ohiservedd electronic bands are  editminautly <l-o
to vibrome transitions  Thus amipLes that coapbespne
regarihng the strurtural sundanty of the colioa] ait
Put); ecau be extended to aneclude simuu:r o
1l vibratoual etergies 1 addition to ancaeso
i, the ute svinmetry of the PuddV. e li.-
venclunon v also supported by presaeis andiages
speetrai stuthes wheremn ot wan shown Pl <L o
premunent vibratwmal modes of Pat), are alse ween o
the  awe cnergy i the collond ' Thua, these el
spertral tesults uelieate that PunIV enllowl wlos
suspended 1o solutions, o stractarally sqoae i
sabul lugh firedd Pat),

A plotoacistie specttran of Put) -
pobhished by Hemyneh et oal 'Y leewever 0 Leenes
safivient tesobateon and deta] to allow vdeegaae,
as tesemblane e o the speetiuin of PaclV e



B Eiccirovlennnca: Chasacter:iratun

The electrochenucal behavior of dissolved plu-
tauum  in its four readily  aceessible  oxidatuen
states 18 weii charwtenized 'Y oand can be interpretid
within the frine work of existung siaple theor:es f

sostan phase Lermodinamies awt kineties In
cotrast. vhere aie very few  reports  concerting
' Seatne of electtockemacal methords 1o the
sendy of Py IV eolont Prescabiy. this paueaty
f Jdata van e arte:buted :n large part to the
mberest copiplexity o 1vesngatng redox reactusviry
it alisnnetiy  heterogeneous miedia surh as collowdal
suspensitis Despiie thie anticipated complexity :n
*Le redux reactions of Pu IV colimd. the dominant
eectrochicrinmral processes are sull expected to be
reduciion o alissolved Pl speries and vaidaton
2. a dissolved P VIOI™ speries This latter process
1ay aAlse avolve a Pa: Vo species as an intermediate
Tl ::t1n) experiments were esigned to tes:
these bupwotheses  To determae the product of th
telretion of Po IV eciimd. 2u-Hg  amalgatn, with
A potential of 1) 7€\ versus the pormal hydrogen
rirctronde NYHE: was chusen as a reidlucing ageut
Vs a specially lesitnedd spectroclectrocheuncal
e o owiintem o Pu Ve eddloslal suspension 1
Juare perchione acai was sturred an the presetce
of exvess Zoc Hoo The vourse of the reacton
urett speciropuotittietnically by deterting
ainote - ¢ che specrpn of PuddV collond
atd thee growti the spectrum of the reducuon
proniaer The juodbaet speetruie was readily idennitied
as 'hat of sirswojvedt aguated Pul* Tlas reduction
remctonl, was oleternnned  to fullow simple  first
aptet Kinetas weh o a half ue of ~40 oun. o
a reiatesd experanent. the 2 Hgr amalgan was
revnace) with a potentiestatically routrolled mercury
catbamie atld the rate of reducteonn of the colloid was
dpeitoted speciraphotometnicaby ar a funenon of
appited porteztial - In tlis case. it was deternnned
that a suigmficant reduction rate occurs even at ~
146 V' versus NHE Thie reartion appears to renach a
axaeicante al ~ 1) Y6 V vernus NHE and thia rate s
mmitaned at more Legative potentials Tu ddeiernune
the |-l“l|'.|-‘l of 1he vxedanon of Pu Ve ecdind, the
teintiane of a <ttt willaten of coliond 1 contact witn
» oeontradied platinam ganze anide
was shithed  Here onol the progress of the reaction
wan ficiowed spectnephetunelnienis 1o this case, 1t
war fionol siar no sntivant rate of collowd oxedation
Cahes piace antg e patewdial reaches <o 16V versus
SHE Tae presboct of the oxolanom was wlentified
as 1Vl U"' o P\ -l)’ wis sletertedd, bt the
vosstepre of chiis specles as A ~hnr' Lhivedd wnteniedhinee

Wis

At i" el pstplt

tlees 1 e cataed be eycladded beeenase the ngze
aoanees b G assay wan tatleer ione

Investigat:ons of the oxidanon of PV el
by ceriumi IV'11n perchlenc acid were intiated severaj
vears ago n our labaiatories. The reartion was fouud
to be quite compiicated and was not pursaed A
recent report of sumilar studies tnoaen acpd GF L
o a seiavest:zanen of these stadies  Exoersioeass
Lave now Yieen conduvted 1o both mtrie and pereiione
acids for several colloid preparations wheeh i an
particle size The potennal of the Ce IV 1 viugpie
o ~+106 Vn e and and ~=1.7 Vi perelione
arid versus NHE. The course of the oxulatuon reaetuor:
was followed by measuning the spertrophiotiane:::
absorbance of the product PucVI-Q%* peak near $30
nm. The results indicate that the initial rate of cuiioul
nxidation 1s quite fast in all cases with the rare heing
faster 1n aitric acid than in perchlonc arul. Hmw-\- -r.
the reaction goes to completion only 1n @
In perchloric acid. the reaction beconie s
after between 30 and 70% of the total Pu- IV has
reactiel  This vananon 1n the extent of romphesong
appenrs to depend ou particle size. acid conretr rivtien.
and Cet I\ concentration in a com,.icated wny N
ubvious trends in these reactivity patterns hiave heen
tletermined as vet. Representative kKinetic dasa for
these experiments. 1n the form of a Powell plos. e
shown tn Figure 5 The open circles are experimental
data for a PuilV1 colloid sample :n dilute nitnie
acid with a most probable particle thameter of 2§
um The filied ciriies are data for a Pu- 1V et
sample in dilute perchlonc acid with a auint proiate
particle dhameter of 25.5 um. The dashed hue o the
theoretical curve for a first -onler reection aned b
solid hue 15 the theorencal curve for a sl onie

Frachon of Plulonum |1V; Colisa Reaclea

' . VS 3 Y ' on

tog (Time imin 1|

FIGURE 5 POWELL PLOILS FOR THE 1\ ]Iy
[HHON REAUTION OF te IV WHTH

' IV COLEDID



reactin Note that the data in mitrie aad appear
v fullow thevretical weond order kinetie behavr
This 1s a very surprising result because 1t suggests
that the rate law 13 second-order in Pu:lV: collod
concentration. A simple mechanism consistent with
this finding cannot be frrmulated. The duta from
experitments in perchlonc acid do not appear to follow
any simple rate law  These results are dramaurally
thferent from those reported previously'! in which a
Srst under dependence nn colloid concentratinn was
foumd an mtry acid. The present results also indicate
that the small particle-size collind samples react
more 1apidly than the large particle-size samples n
mitric acid. These studies are continuing 1in hopes of
unraveling these puzziing ktoetic phenomena.

The vol:aninetric studies have used two standard
techtagques  evelic voltammetry and vhronvamper-
mmetry.  Both techniques provice a much shorter
ume scale wterrogation of the redox reactions than
the niethods discussed above. All of these experiments
tiave been done in ilute hydrochloric arid and
iz the absetce of stirnng so that Qiffusion and
tuigrat:on are the oty means of delivery of the
rullinil to the electrode  No oxudative voltammertne
activity was oetected for PurlVy colloid by either
techingue for applied potenuals as positive as <1 6
V' verus NHE. This <uggests that the rate of collonl
axidauon. even at potennuals approacluug values a
which water 1y oxuhized. s quite slow.  Reductive
valtarumetnie actvity - ubserved for the collnd by
Ywith reclagues 1 *he potentual range from ~ 09
i 12 Vversus NHE Tlas voltametrie Iehavior 1»
distinetly ditferent from the usual behavior exlubited]
by dissolved species A sertes of chronoamperograms
a a fanction of potential 13 shown in Figure 6. Tlus
satupie has a most probable partcle diameter of 2 §
it The potentials for curves | 4 are 120, - | 25,

P, and 135 V versus a Ag/AgCl reference
vlectrode respecuvely  Note that these curves exlobat
a-urrent peak at jimes greater than t =0 astead of the
sual t 7! decay for t o0 Tlus novel behavior may
be atinbatable 1y the difusion of a partally reduced
vulion] particle harck ts the electrode surfare for further
rwln-"u)ll

Tae chasagaperpetnie Jata liave beere ased o
ntist et e curgent versas potettal carves shown
Faruze T Cupve Vs for acodlind sumpie with a nyost
ppebitde e tiie abieter of 20 L and rarve 2 s
fa A s Wil amest probable patuele shamerer
o 20 i These vnpses shew thint the 1ate of
Pl vviem] st ierenses as the patentai
< eede neae wegntive as expected However 1)
Lhaza sensp pundenn i thivse capves nr e guote
tegat e potentials ool ohsetvedd This saggests fan
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FIGURE 6 CHRONOAMPEROGRAMS FOR THE
REDUCTION OF Pu IV COLLOID IN
DILUTE HYDROCHLORIZT ACID AT
A MERCURY CATHODE

2
[}
<
1
S
T "}
]
-
5
Q
./ 2
2

1 e 2 13 ‘4 )

Potenial (Vvs Ag/AgCl)

FHGVRE 7 CURRENT VYOLTAGE CURVES 1D
STRUCTED FROM CHRON®O AN
OMETRIC DATA FOR THE RET '™
TIOM O PaddV, COLLOID 1N I
LUTE HYDROCHLORIC ACTD A A
LIERCURY FLECTRODE

Frathe o at sny gisen petennnl, the pnte of gedacn:,
of sunnll patnele size endlopl samples s marl: gieatn
that that of latge patto e see saples Tlos Veeloe o
can e attphaated) LR the gremter e e
the e panties



CONCLUSIONS

Additonal srructural invest:gations of PuIV,
rollid. Hoth suspetaded i soiutaone and isedated from
snlunion. are planned to support the electronic spectral
data presented here N ray diffraction and absorption
methods and Ranian spectroscopy will be expioited
for these studies Tue x ray diffractuon and Raman
spectrosroprs probes well be used to provide specific
stppetaran anforiato: . The Raman teclinique will be
usetl 0 jmhe the jatee vibrational modes of the
vollmd 11 order to gain :niormenon on erystallintty
and ivng range order 1n tke coiloid. In addition.
the Rainan spectrai results will be used to obiain
molecular structural information e g.. the strength of
uxygen bonding to plutoniumi for the colleid through
exanunation of the iuternal vibrational modes. To
fully uuderstand both x ray diffraction and Raman
spectral results. it will be necessary to examine certain
uther P IV model rotnpounds as was done with the
electronic spectral results reported here

The preluninary results pertamning to the redox
reactivity of PutlV collud reveal the anucipated
complex:ty 1z *he reactions of this important species
The potentais at which the colloid 15 oxidized and
reduced are well removed from those for dissnlved
Pui IV and reflect the stabiiity of the colloidal form
of PuilV.. Although these potentials are outside
the range expected under normal environmental con-
iitions. vxidation state stabilities of dissolved plu.
tom im species are strougly influenced by coordination
to envirmoumentadly abiquitous romplexants tsuch as
carbonate wn- and smdar effects may exist for
colloidal Pw IV« The anusual kinetic results for the
Ce IV radation reaction and the novel voltammerric
behavior fur the voiloid rellucnion suggest that parucle
size and solution composition play strong roles in
deternuning reactivity  The results presented hLere
have merely sceratched the surface -of this challenging
problemn aml much ailditional work will be required to
gain the necessary quderstanding of this system.
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