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ABSTRACT

Plutonium is expected to be a major component of
the waste element package in any lugh-level nuclear
waste repository.  Plutonium(I\') 1s known to form
colloids under chenucal conditions similar to those
found 1n typical groundwaters. In the event of a breach
of a repository. these colloids represent a source of
radionuclide rransport to the far -field environment.
parallel with the transport of dissolved waste element
species  In addition, the collowds may decompose or
disaggregate into soluble ionic species. Thus, collowds
represent an additional term in determining waste
rlement solubility limits A thorough characterization
of the phy«ucal and chemical properties of these colloids
under relevant ronditions 18 essentuial to assess the
concentration limits and transpert mechamsms for
the waste elements at the proposed Yucea Mountan
Repoutory site This report 1s coneerned primanly
with recent results obtaned by the Yucea Mountain
Project « YMP) Solubity Determuination Task +\WBS
123414A pertmning to the charactenization of
the strucrural and chemucal properties of PullV)
colloid  lmportant results will be presented which
j-rovides further evidence that collowdal plutonnun IV,
s structurally simular to plutonium dioxide and that
collodal plutomum IV 1 s electrochemically reactive.

INTRODUCTION

It has iong been known that aqueous PadVo
furms collonds under appropnate chemieal conditions !
This material is often called “polymene™ PacdV) bt
collond o collondal s the preferable label so as not 1o
imply necessanly that the matenial has a chan bhe
sttucture The collond can form solunon hike cols that
ate uptieally clear. display a charactenistie absorptiom
spesctpum, and do n:_-_!__---ull' ot on long standing ' ?
* Guest serentiat of the Isetope and Nuclemt Chem

sty Division

In nuncomplexing acid solutions with concentiarions
greater than about 3.05 M. PurlVj is predomuuan!s
aquated Pu'~. This lughly charged ion hyedrls es
readily  In 0.05 M aad and umt wonie strenerl
PurOH’* and Pu'* have about equal concentrarions
At lower acid concentrations further hydrolvas s
expeeted,  giving  the jons Pm()Hp::‘. PuOH}
and neutral species surh as PwOH{  Formiation
constants have been estinated for these speciest b
measurements have been made only for the PuOH ' *
species.’ An important reason for this lack of data s
that colloidal Pu(IV) forms gute rapaedly in the pH
region where the more highly hydrolyzed specim can
be studied. In addition. aqueous Pu(IV'1 s unsable
with respect to Putlll) and PuV) ax shown. for
example. in the oxidation state stability field diagrun
published by Allard et al.®

PutIV) -collmd 18 of parucular mterest in niuelear
waste management because 1t 13 one of the domanane
forms of plutonium under chemiral conditions sl
to those found 1 the epvironment  There s
an interaat n this material with regand o
formation in process stieans and n s ntiiization
in the production of nuclear fuel elements by i gei
processes ! Wa are currently involved 1 an ongoing
programn to invesuigate the formation and stabiiiry
of Pui[V) collmd and to charactenze the chemieal
and physical properues of the collowd In rhas
report, some recent results are diseussed pertuning
to the chenucal and structural charactenzaton of
PuIV) collod using electronie absorption and ditf- <
reflectance spectroscopies and  elecrrochemicai ao
tedox titrnmetnie methods

One of the most unportant  yet ieintnen
unexplored, aspects i the chemical charnerericatien
of PucIV collond 1s the determination of the stpc e
of the colioid  Several direet stiuetaral peebes e e
bren utihzed  However, i the published straeesarai
studien.? Y 1t han been  necessary for LA LA RITTIO VRN
renaons to examiie the PucdVo collond snca dnesd Sa,



Recently. attempts have been made in our laboratories
to deduce structural information for Put[Vi-colloid
suspended in snlution utilizing electronic spectroscopy
as a probe hy companng spectrai dara for the coind
wirh thar obtamed for other PV complexes
[uformation on the redox reacvary of Pa IV
cofiopd te . the norennals at which ovidanon and
prduction oeenr aied the rates and mechansms of
hese nfocesses . s of fundamenta unporranes o
she characerization of this species because redox
feaciions ay represent viable mechanismns of coliond
degradation to mve dissolved jome species wth
enhanced environmental mobiity  Further, resuits
reating o redox reactivity will be of great vaiue n
definung the general reactivity patrerns for the collond
su that other pertinent chemical Kinetic phenomena
can be interpreted moers readily  Finaldy. it may be
possibie to uniize votammetne redox techraques to
obtain resnits rejatitg "o the phyvsical properties of the
collend Sacis dara wonad b gsefu] 0 corroborate the

reviits o aged asang other techiugues

EXPERIMENTAL

Codlondinn sols of P IV and the woicd oonplexes
Pa oo, l'.H_-H wai P SOy - iH. O were prrepared
and  purdied accordiug to standand procedugss
deseribed 0 detis! sisewhere Y Sampies of lugh
nremd PO); wete ohtened from the Materiais and
~vienee Tecbzology Division of Los Alamos National
Late ratoas The PuF, sampie war  generousiy
vionvwied i ] D Fagr of Los Alames Nationa
Laneogiatogy Toe e rpone spectponcopye studges
wepe artied o ong L 4 Vanah (an Mode: :7D
UV OV NIR spectrophiotometer For the collondal
sois the instrrunent was aperated 1o the staudard
almiriptiod, neuie However becpuse of the insoiubian
AP0, wer PO 0, and the opacity of these
tatetans - Snen chivided soiids 0w necesaary
A, the ejectzonae spectra for these sampies uang
ddloose pefeeraer ethiedds The electione specira
of 'l anet P SO were also obtained by diffyse
prtleetan. e e oton, desighiem] ifluse pefecrapee
awtan it S shie Vanan Cary specttophotometer
war cecaned o oan from De Jack Young of
e Anaciton Cleasty Division of Olak Rydge
Satiotan Latectatars Wirh thie peftedcsanee apparatos
Lo CLe st ognelt was aperated L the asua,
Ui ol at syt e, trwde  Neutrad density sopewr;
RN Y I T the 1efrirnee bemgu of the
spee e phererneter and the atbeerhance was ndd;asred
eum VoLl Y A DireessAan) o keep the signai ontput
At b abhabae e tange of he ustrangent

The ~catninanetne investigations of PV cojlogd
arte  orgbncted oA b oIne eiectraivais ongl

e s it 1 ey, eisewhere O Tl Y ety

studies were done in either a long path -length
-pectroelectrocliemnical cell or 2 standard  three
electrode electrolysis cell.  Working electrondes wesn
fabricazed from piatinum for the oxadatiom <
am] mercury for the reduction srudies Thesw
experients were controlled with an EGLG Prineer. o,
Apphied Research Corporation Model 273 Parentiosrae
nterfaced to an IBM PC/AT using the HEADSTART
software pachage or with a Model 173 Potentuosea-
and Maodei 175 Uinersal Programmer  Tirragers:
invesugations were montored spectrophotomer::oa,s
2ang the Cary Maodel 17D inthe standarnt abioryeon
maoue

RESULTS AND DISCUSSION

A Spectroscopic Charactenzanon

When the electronie absorprion specrran, o F
Pu IV cotlind s rompared with that obragie: oo
TLe aprnatedd Put* on Figure 1ot v v v

Seere are prmnerons JLifferences et ween theae o

1

FIGERE 1 ABSORPTION SPECTRA OF \y'
PuwIV . AND PuddV . COLLOID AL ~oof

Thiv suwgests that there are agmificant Liffersroes
*he enirengnents of these two tetenvauent e
s hu particular. the most pronenent e e
absopption bareds for PadVa eailond aeegqr o ar o9
ah aned 4 nm wheteas the mmanag
nfsorption hanads for aquated Pat® arear 300

ity aned oS00 L Iy eontrase to e e
ditffrren s hetween the specrrn fop the oot an
aqated Pyt the hand maxiua for P IV
ate atvungly cureeiated with the band maven 1 -
Wt ivr retlectance spectrum of lingh tied Paty) o0

he viabie Al near e specteal ot Foees
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It “lavied be emuphianized that diffuse reflectance
the same nformation ns
illn.u;-l;nn speeiroscopy v ith respert to the energies
of *he ransitions ehergy levels 1 the
anais e Thus. *he locations of the bands
tur 'V vidlue uear mfrared spectral region ansung
ftom elecrronie transitions are expected to be the
sare for uven sample whether determined
by absorpuion spectroscopy  or  d-fluse reflectance
However, the mechamusins that
drteriune the iatenaties in these spectral badids
are e different for diffuse reflectance than for
[Liriefore, there will be no diseussion of
intensities i thas report

The niumber of bands i the electronie spectrum
of an actide complex and the pomitions of the
baud maxitna depend to A large extent on the
etvitonment of the actinide 1on For this reason.
elrcttonie spectioneapy can be ciied an A wenaitive
stptietyral Tetravalent  plutomum has a
ool state electiome configuration Radon core’
SFY apd the electromie spectrum of this 1on s
donunated by f f pansitions [n the free 1on coae

nill'l"[-l\l'llll.\' In[u\'llirq

hetweren

ALY

~|n-|'l|| nl'ul-:.'

probe

1o no complexation of PulVii, these rransinons
are strictly panty forbidden Simdarly, for complexed
PuIV) in a sufficiently high symmetry environnient.
the electronie transitions from the ground vibirational
level of the ground electronie state to the groupd
vibrauonal level of the excited eiectronic state - she
so valled electronie onigin transitions) will alse e
forbidden  In this case the observed spectrai bands
inegleening any erystal tield sphtungsy sre e 10
trtanmtions to other exated vibrational
the rxated electromie state or from other exerred
vibrational levels of the ground electronie state Sl
transitions are teferred to as vibroe transitions Fo
PutlV1n a low symmetry envitonment. the eiectrome
spectrumn can contan both electronic ongin tran '
and vibronie tr ansitions

A thorough mterpretation of the
spectra of Pu(lVy complexes  would
complete group theoretical treaunent and additionai
experimental data  Such a treatment s bevond the
weupe of the present work  However, the smplication
of the above discussion 1s that agnificant differenoes
in the electronie spectra of PulVi complexes e

imvels g,

Teqee  a



expected if the complexes have different site symmetry
for the PuwIV: jon and/or if they have different
vibrational energy level spacings. as would result
from ifferent complexing ligands or differing hond
stiengths for honds to the same lizand.

The Lfuse reflectance <pretra of the other
P IV cnamplexes. wiinch possess varions syinmerries
red Aifferg vchensn nal energies, were obtaned ro
expiuge furrler this correlatnon between the eiectronic
speetra and the structure in PV complexes The
crystaliographic symmetry of the oxide complex 1s
fuce -centered rubic. that of the oxalate complex
15 trichinie and that of the sulfate complex 13
urthorhombic  The svmmetry of the fluonde complex
depends oa the hydrauon pumber and 1s uni.nown for
the sample emploved in this study. However, it ix
most likely the anhydrous sait which 1s monoclinic
It should be emphasized that the site symmetry of
the P IV j0n in these complexes 18 not necessaril:
the <ame a» rhe crystallographic symmetry. but the
crustailographie sy mmetry 1s a useful mnitial point for
comparison  The speetra of these complexes are shown
im Figures 3 and 4 with the spectrum of Pu(),
serving i a reference ‘o1 comparnison  These spectrai
dara rieany reveai the vanations in the electronic
~pectra that result from differences in the symuetry
ervironment and vibrational energies

The exceqent correlation betwesn the spectrum
CCPw IV eodond and that of hugh fred plutonium

1 r w——e High Fired PuO.
> . - == Pu(lV) Flyornde
: I Pu(IV) Sullate
>
£
W
=T
€

L
w . .
W/ '
2|
g ,
- G )
J ! '
w ot -
-
-
W
x ;
-
2
[
<
-
[¥¥ B
x L. - .

o 500 600 i00

WAVELENGTH (nm)

Fi,t RE 3 DIFEYSF RFFLEC TANCE SPROTRA
OF PLUTONITA DIONIDE Pa N
FLtaRIDE AND P IV SULEFALE

1 ' v

> ~=Migh-Fired PuO:

- \ =-Pu(1V) Onxalate

(7,] \

4 \

(F7] \

- \

4 "‘ 1 |I

- i b !

W ] i

U B H

4 o

< Voot

P \

J \

w N

-l

[* 9

(*7]

x

"V ]

2

-

g

- . i

[*V] R

[« 4 \ :
\I I

1 1 . .

300 400 500 600 700
WAVELENGTH (nm)

FIGURE 4 DIFFUSE REFLECTANCE SPECTRA
OF PLUTONIUM DIONIDE AMND
Pu: IV OXNALATE

dioxide Fig 2 0 caz be compared ro the sagareen.
berwern the spectra shown o Figures 3 and
Thir large degree of comcidence berween the ool
spectrum and the oxide speetrum s strong e e,
=uat the struycture of the collod s vepy mnar -
rhiat of high fired PuQ;  This conclusion bias G,
suggested previously by others on the basis ot
ray! * and electron® diffraction studies Fuzehies e
Lo miise lugh fired Pu);as a figh sy merry congues,
thy observed electronic bands are  edominantly e
to vibronie transitions Thus imp.Les that conelesone
regardng the structural simdanty of the colivid it
Put); can be extended to include snoiugy s
the vibratvonal epergies in addition to sigae.
i the site symumetry of the PuddVe o li.-
conclusion w also supported by preseocie ndiazes
spectrad studies wheremn it wan shown rhar chee -
propunent vibrational modes of Put), are also ween o
the  ame energy 1 the collowd ' Thuas, these elecon
specteal results indieate that PucIVy collond whee,
suspended inosolutions, s steacturally quate suanian -
solid lugh fired Pul),

A photorcomistie spectoum of Pu? has e
published by Heinneh et al 'Y however 0 jaenes
aifficient tesolution and detanl to allow obeegane o0 0
e pesemblance to the speetium of Pucl\ oo



B Eicciruchenucas Characrernizanion

The electtochenucal behavior of dissolved plu-
touum  in ats four readily  accessible  oxadation
states 15 weli charwrerized ' and can be interpreted

wirhin the frame work of existing siuple theories of

~ontton phase  hermodyvnamiucs and  Kmneties In
conrrast. there are very {ew  reports  concerning
‘he appheation of eleerrochemical methods to the
stedy of Pu IV coloni Presumabiy. this paueny
f Jdata vcan v attributed in large part to the
Wmherent compiexity movestigaung redox reacnvaty
i distinetiy  heterogeneous media such as collowdal
suspensions  Despite the antcipated complexity :n
'he redox reactions of Pu. IV colind. the dominant
sectruchieimical processes are sull expected to be
reduction to a issolved Pallls species and oxidaton
te. a dissolved Pu VIO3™ species This latter process
tay ascoanvolve a PuiViospecies as an intermediate
The :mial experiments were designed 1o tes
these hupotheses  To determine the product of th
rediction of Po IV colod. Zi- Hg amalgam. with
A potepcia, of 0 7€\ versus the pormal hydrogen
riectrinte NHE. was rhosen as a reducing agent
Uang a speciaily  desuined  spectroeleetrochenucal
e a sojution of Pu Ve collondal suspension 1n
Juate perchione acud was surred o the  presence
of exress Zn-Heo The course of the reaction
war monitored spectrophiotometnically by detecting
ton -7 cthe speetram of PullVo eollond
Rrowth the spectrum of the reduction
prowiuer The produet spectrum was readily identified
as rhat of dissoived aguated Pu's Tlus reduction
reaction. was determined  to foliow  smple  first
order Kinetes with o haf tme of ~30 mun. o
a reiatert expeoment. the 2o Hg' amalgam  was
repiaced with a potentiostaticadly controlled mereury
catbanie and the rate of reduction of the colloid was
mofuitoient spectrophotometnicany as a function of
appiied potential I this case. 1t was derernaned
that a agmficant reduction rate occurs even st ~
146 \" vermus NHE The reaction appears to rearh a
maximim rate at ~ 0 76 V veraus NHE and thys rate s
it wned at more negative potentials To deiermine
she pronluet of the oxidanon of PuIV colind, the
teaction of a =irred wlntion of coliond 1in contact with
o ocontralied platinumn gauze anocde
was studied  Here a0l the progress of the reaction
war folowed spectrophotometniendy In this case, 1t
war (ouned that no sigmticonnt rate= of collod oxidation
“ahes pince ot the potental eeaches -2+ 1 6V verens
“HE  The product of the oxidaton was udentified
as PVl H::' No Pacd -H_.' wis detected, bhut the

atai the

n paten’ 1ntpt s

evistepee of s species as A dlort hived intetmediate
Al tenonor canaet he excluded hecnuse the tge

somae of the sy was ather fone

[avestigations of the oxidanon of P IV vl
by ceriumi IV 1 in perchlenc acid were initiated severaj
vears ago 1n our laburatories. The reaction was found
to be quite compiicated and was not pursued A
recent report of simular studies inoaitnie acnd o Gd
to a remavestization of these studies  Experinents
have now heen conducted 1in both nitnic and per
acids for several collod preparanions whieh differ az
parucle size The potenual of the Ce IV T conpie
i ~+106 Vn mtrie aad and ~=1.7 V' in perellone
acrid versus NHE. The course of the oxadation reae:
was followed by measuring the spectrophorome
absorbance of the product Pw V1-Q3* peak near 339
nm. The results indicate that the initial rate of coiiond
oxidation 1s quite fast 1n all cases with the rare heing
faster in aitnic acid than in perchlonc acul. However,
the reaction gues to compleuon only n . 5
In perchlorie acid. the reaction become- et
after between 30 and 707 of the total Pu- IV L
reactedd  This vanauon in the extent of compietan
appears to depend on particle size. acid concenrration.
and Ce 1V concentration in a comylicated way  No,
obvious trends in thess reactivity patterns have heen
determined as vet. Representative kinetic dara for
these experiments. 1n the form of a Powell plor. are
shown in Figure 3 The open circles are experimental
data for a PuilV) rolloid sample :n dilute nitnie
acid with a most probable particle diameter of 21
nm The filied rircies are data for a Pu IV cclliad
sample 1n dilute perchloric acid with a8 most proiabie
partcle diameter of 25.5 nm. The dashed line s the
theoretical curve for a first -order reection and -he
wohd line 15 the theoretical curve for a weond order

LI

Fracnhon of Piutonum (1V; Coliosa Reaclea

3t ' (L) 2 AL ] Y

Log [Time imin )]

FIGURE 5 POWELL PLOLS FOR THE ONIDA
IHHON REACTION OF ¢ IV WITH
P IV COLLOLID



reaction Note that the data in mitne aad appear
to fullow theuretical weond order kinetic behavior
This 1s a very surprising result because 1t suggests
that the rate law 13 second-order in Pu:IV collad
concentration. A simple mechanism consistent with
this finding cannot be frrmulated. The duta from
experinents in perchlonc acid do not appear to follow
any simple rate law  These results are dramaucally
ditfferent from those reported previously'? in which a
first order Jdependence un colluid concentration was
found in mtne acid. The present results also indicate
that the ~niall particle-size collmd samples react
more 1apidly than the large particle-size samples 1n
utric acid. These studies are continuing 1n hopes of
unraveling these puzziing kinetic phenomena.

The vol:ammetric studies have used two standard
techiques  cvelic voltammetry and chronoamper-
ometry. Bnth techniques provice a much shorter
ume scale interrogation of the redox reactions than
the methods discussed above. All of these sxperiments
have been done in dilute hydrochlorie arid and
in the abserce of stirnng so that diffusion and
migrat:on are the oniy means of delivery of the
colloit to the electrode  No oxwdative voltammernie
activity was detected for Pu(IVy colloid by either
techiique for applied potenuals as positive as <16
\' verus NHE. This <uggests that the rate of collond
axidauon. even at potennals approaching values at
which water s oxidized. 18 quite slow.  Reductive
voltammernic active'y 1= observed for the collid by
hoth rechuiques in "he potential range from ~ 09
o 12 Viversus NHE Tlus voltammetrie Iwhavior i
dititictly ditferent from the usual behavior extiubited
W dissolved species A series of chronoamperograms
as a function of potential 13 shown in Figure 6. Thus
sampir has a most probable particle diameter of 2 1
um  The potentials for curves 1 4 are 120, - 1 25,

130, and 135 V versus a Ag/A2Cl reference
vlectrode respectively  Note that these curves exhibit
acurrent peah at fimes greater than t =0 nstead of the
wsual t =1 decay for £ 20 This novel behavior may
be atrnbntable to the diffusion of a partally reduced
rullid particle back to the electrode surface for further
reducrion

Tl claenoauperometne Jata have been used to
nnstpget the cirrent versys potential eurves shown n
Firure T Cupve (i for a collod sunple with a most
protabie paztice dineter of 20 Lmoand eurve 2 s
for mosazzjie W' A wost probable pataele diameter

R

of - Ll

[hese oupves show that the rate of
Po I ciiind edurtion inerenses ns the potentiai
*tade tere negative as expected  However  ohe
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CONCLUSIONS

Addiional ~rructural investigations of Pu IV
rolloid, buth suspended i soiution and 1soiated from
solution. are planned to support the electronic spectral
data presented here X ray diffraction and absorption
methods and Raman spectroscopy will be expioited
for these studies The x rav diffraction ard Raman
spertroscopie probes weli be used to provide specific
stpueruzal mformanor The Raman recknique will be
usedd 10 probe the jateee vibrational modes of the
colloid 11 order to gain :nformetion on cryvstallinity
and jong range order in tke coiloid. In addition.
the Raman spectrai results will be used to obtain
molecular structural information 1r g.. the strength of
oxygen bonding to plutonium for the colleid through
exanunation of the internal vibrational modes. To
fullv understand both x ray diffraction and Raman
spectral results. it will be necessary to examine certain
other Puw IV model rompounds as was done with the
electronic spectral results reported here

The preliminary results pertaning ro the redox
reactivity of PuilVr collud reveal the anticipated
complex:ty it the reacyons of this important species
The potentiais at which the colluid 15 oxidized and
reduced are well removed from those ior dissolved
Pui IV and reflect the stabiiity of the colloidul form
of PuwIV. Although these potentials are outside
the range expected under normal environmental con-
ditions. oxidation state stabilities of dissolved plu-
toniim species are strongly influenced by coordination
to environmentaly ubiquitous romplexants (such as
carbonate jon+. and umiar effects may exist for
collomdal Pui IV The upusual kinetie results for the
Ce IV oxidation reaction and the novel voltammetrnic
behavior for the coiloid reduction suggest that partcle
size. and solution compostion play strong roles in
deternuning reactivity  The results presented lLere
have merely scratched the surface f this challenging
problem and much additional work will be required to
gan the neressary understanding of this system.
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