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! Solubility, Hydrolysis and Colloid Formation of Flutoniwn(IV) 
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Plutanium(N) /Solubility / Hydrolysis / 
CoUoid fomtotion / LlBD 

depend 011 the prtparation, pretreatment and alteradon 
[7-IO], 

(2) AB the Pu4+ ion undergoes hydrolysis reactions 
wen at low pH, the solubility product evaluated fium 
experimental SOlUb~tiOS directly oq the hy- 
drolysie conatants applied to calculate the I%'+ con- 
centration. 

sons leads to polynucleation, which p w s  further to 
colloidal agpgation [2]. AB demonstrated by lhn 
and Kaaellakopulos [3], colloidal PUN) can be pro= 
d w d  even st pH 0-1 for the Pu concentration below 

metastable wnorphous particles. They rcmaln aable in 
saludan, devoid of precipitation from ovmratwated 
solutionti, and lead to P u o  concentrations signif% 
cantfy oxcteding the thermodynamic solubility. 

In order to ascedn the influence of colloids pos- 
ably involved in the publibbed solubility and hydmly- 
sir dua of Puo, the present study oxploite an ex@- 
mental inveptigation to quantify the colloid fOnnation 
aa a function of the h(N) concentration in acidic 
mlutiom. 

(3) The P U ~  hyddyfis in wealdy ~CMC 601~- 

1b'mM. colloids my be COnDidered M long-time 

respectively. n] is the cdpcontretfoa of rpder i, yl ib 
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Tlbb 1. Literatun W for Fb@V) bydmlpio comtanta at u)-Y*C (mow pale) and the values oonvcned to 1 = 0 witb the SIT 

oppt6ach. 

MediWgeciea log K'I~ 10g KO,, IO$$& MethPd' Ed, 

1.0 M HCIO,/LiClO.. mom brnp., 10-'-1 M H', 1O"M 
-0.45 0.60 14.6202 
-13 0.63 28.6203 

€%(OW' 
PU(O&'' w o w  -4.5 -2.25 39.7 +.OA 
Pu(OHh(q) - 10.8 -8J4 47.5 * 03 

Pu(OH)\' 

0.5 M Hflo&?flo4, UT, 0.01-0.5 M H*, 7 1  - lo-' M h o  -1.60 -0.64 1336 ape0 [111 
3.0 M HClOJN&IO+ WT, 0.01 -2.0 kl H', 10 A( Pu(fv)  -1.73 -0.70 1330 lpec ti21 
0.19 M I4cl0,. 23"c,1*6 * 10 ' M F u ~  -1.% -1.19 12.81 spec 1131 
0.06 M HCQ, 23%. 1.6 lo-' M Puo -1.48 -0.94 13.06 rpsc 1131 
1.0 M Hnofl@c&, 25T, 0.1-0.2 M H', lo-' M PuO -1.111 -0.45 13.5s redox [14] 
2.0 M HCIOJLiCIO4, 25'C, 0.1-ZO M H*, 8 * 10 ' M PUo -1.27 -0.24 13.76 ItxJox 119 

srtr [16, 171 

03 M HCVNoCI. 25'C. 0.01-0.5 M H', 15-10 ' M P u O  -1.65 -463 13.37 8peC 

The hydrolysis constants re rttd In the literature 
for PUW) are summasid in 5 3  le 1. A number of 
~~mocoplc studiee m perfonncd in the range 

istic Pu(IV) absorption bands is a s c n i  to the initial 
mononuclear hydrolysis step (PIP+ + H20 o 
PUOH'+). However, the total PuO concentrations 
uctd in these studies ([pu(IV)J - 7 lO'*-2 a 10 M) 
considerably exceed the solubility limit of 
Pu(OH),(am) at pH 1-2 (cf. Bection 2,3), Aceording 
to the present investigation, the colloid formation Is 
expected to bc the predominant rescbn in these stud- 
ias, and hence the reported data are disregarded. The 
sgme holds for the two studies on cht pP(llI)/Pu(N) 
rodox couples (14, IS l .  Solely the stcpwise hydrolysis 
constants reported by Metivier and Wllaumonr [la, 
171 ltfe determined in undersaturated solutions, by sol- 
vent extraction using Pu-238 lo trace concentrations, 
These constant8 (log K*, = -0.45, log = -0.75, 

LClO, 116,171) arc considered to be the most reliable 
data on the hydrolysh of Pu(IV), As no experimental 
uncertainties ~vt given in these papers [16, 171, they 
we estimated to bc about 0.2 logarithmic units for ewh 
hyddyds step. Pig, 1 shows the corresponding spccb 
ation of Pu(IV). Even in 1 M HCIO,, the W+ aquo 
ion is partially hydrolysed, In neutral to alkaline solu- 
tions, tht compltx Pu(OH)?(aq) ia predominant. 

pH0-2 [ll-63], and the of the characttr- 

108 K*, = -3.3 and log K*4 P -6.3 in 1.0 M HClOJ 

2.2 Ionic strength correctionr 
and ion interaction (SIT) coefficients 

In the present study, the specific ion interaction theory 
(SIT) [¶SI fe applied for the calculation of activity c+ 
ufficienta. The oimple Sl" equation i s  preferred to the 
man elaborated Pitza approach [ 191, because with the 
pretient knowledge and experimwrtd data, it ir not 
posrible to evaluate the Pitzcr parameters necessary 
to calculate activity coefficients for Pu(IV) hydrolysis 

1wl--7--P I , I . ...... .... , - . I  

I 

log [Hr 
Fig, 1. The PU(lV) apedarion in osrbonrnbfrec 1 M HCIO,! 
LiClO, at ?ST, oetculstcd for Fu(lV) trace concenoatiotlo with 
the hydtolyPf6 conatants fmm Metivier and Gulllaum~nt [le]. 

species. According to the SIT approach, activity cwf- 
fidenul yI are Bivcn by 

(3) 

where a is the charge of ion i, m, (movLg H30) the 
molal concentration of ion j and D the bye-HUckcl 
term, at 2S°C: D - 0.509 &(l + BB & with Ba 
1.S. I io the molal ionic strength and t the ion-ion 
interaction parameterfor a pair of oppoeitely chargd 
ions. The d i c l u n t s  e, u r d  in the prcwnt study m 
summaria in 'Ihblc2. Unknown interaction coef- 
ficients we eitlmated according to known ~ W S I O ~  ionr 
of similar charge, structure and size, oystematicr in the 
series of @etravalent actinides, and differences between 
the interaction coefficients for M'YCI' and M'*/ClO,- 

[lo]). Io ordrr to minimize uncmtciintics ali8ing from 
the estimated SIT coefficienu, the p s e n t  calculations 
are mstricted to IS 1 rnobg. 

logy, - -&Q + cs, Iq 
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a 0 4  
CI' 
Ne* 
a04 ao, 
CUI. - 
ClQ4- 
a- a- 
CI - a- 
1 

0.14 i 0.02' 
0.12 2 0.01 ' 
0.04 i 0.01 ' 
0.83 * 0.1 

0.5 20.1' 
0.3 i 0.1 

0.1s * O J C  

0.4 f 0.1' 
0.2 *0.1* 
0.1 tO.1 '  

0.05 f 0.1' 
0 

' F m  t h ~  NW-TDB [lo]. 
Capdcvila and Vlrorge [SI rrported two indepmdendy deter- 
mined values: O.SSf0.20 and 0.82t0.M. 'ihs value of 
1.031:0,0S dven in tho NBA=TDB [lo] (from tht prcviour 
work of Wtorge 82 af.) has to be revised. 
btimntcd in the present study according to Ihe analogies and 
#ysblll&S pointed Out In the NU-TDB [IO]. 

2,3 Solubility product of Pu(IV) hydroxide/ 
hydrous oxide 

The 6olUbiUty Of PU(OH)~(W) ~f PuOa ~ & O ( S )  has 
been investigated over several decades (3, 5-7,20- 
24. Figs, 2a and b show the experimental con- 
antration8 repoxttd in 1M HClOJNaClO, and in 
acidic oolutions of low lonk smgth, napcctively, As 
okeady mentioned, thC SC8WIbg Of b reporttd data 
mry be ascribed to dlflmt solid phsws ured. The 
most rtriking example is a @e dlffwncc Ween 
the Solubi~ities mursund by Kim and Kanellakopulos 
[3] in 1 M HCIO, with PuOz(cr) sintered at 900% and 
an iunorphous precipitate of Pu(OH)+(am). Contri- 
budon8 from colloids are enother poseible iource of 
uncertainties, However, the reported solubility data are 
usually measiid afier filtration in d t  to minimize 
this effect, Particularly at pH> 1.5, PuW) i s  easily 
oxidized to PuO, and disproportionation reacdons 
lead to Pum) and Pu(VI) [3-31. "hemfore, the oxi- 
dation state of the aqueous species ha6 to kt conaolled 
by solvent exmaion or t p c c ~ s c q i c  methods tu abne 
in a number of studicr [3,S, 6, 20, 211, The data of 
Nmz-Bustamentc [22] in 0.001-0.03M 
(Fig. 2b) represent a typical example for the solubility 
incrtaoe due to aqueous species of other oxidation 
states. Similar data arc reponed in other p a p  [1,21, 
23, 241, with aqueous specius of Werent oxidatlon 
states being predominant and the fmction of P u O  
not b w n .  They arc disregarded in tbc present dia- 
(russion. Tbe rolubility product of PU(OH)~(W) or 
PuOz xHtO(s) is defined by 

with 
K', - [pu4+I[OH'~ (4) 

KO, - K'w Cyw) (YOHY (for Pu(OHlr(am)) (5) 

or 

KOq p K'v (rp3 (YJ (fbr h0, xjilo(S)). 
(6) 

If the Pu(IV) concentration of polynuclear and col- 
loidal s p i e s  is small compared to that of mononu- 
clew hydrolysis rpccicr, the solubility io $veri by 

[PUW)I, = (K~JOH-I~) (1 + c KL pw [OH- 13. 
(7) 

Applying Eq. (7) and the hydrolysis conetanta of Mc- 
dvier and Wlhumont [¶6], the so~ubtlity product of 
PuW) hydroxide or hydrous oxide is calculated from 
the published sohbility data, The results are rwnma- 
rized in ?hblc 3. An ovaall mean value i8  found to bc 

FQ,2 shows the pH-dependent solubility calculated 
with the hydmlyuis constant9 of Mctivier and Guilhu- 
mont [la] (solid line) together with expcrimcntal mlu- 
bilititc. Witbin the range of unctrtainty, the aalculated 

log KO, = -58.7 f 0.9. 
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-4.12 to -435 
-3.96 * 403 

-57.4 2 0.4 
-57.3 t 0.3 

-2.71 
-4.60 

-3.83 - 10.4 2 O A  

-5S8 2 0.3 
-SdPtQ3 

-54.8 203 
-M.9 i 0.6 

-59.4 t 0.4 
-59.9 2 0.3 

-58.0 * 0.3 
-58.7 2 03 

-51.8 I: 0.3 
-51.9f: 0.6 

-59.9 20.3 
-60.4 t 0.3)O 
-58.0 2 0.3 

cppdevila ond VtnrEe (19m tsl 
I = O  
0.1 M Hm, 
0.1 M HClOJO.4 M N&lO, 
0.1 M HCIOJP.9 M NaCIO, 
0,l M HCIOJ1.9 M NaCIO, 
0.1 M HCiOJ2.9 M NaCIO, 

-58.3 2 O J  
-SS+ 0.3’ -58.0 2 0.3 
-55,720.3* -58.7 * 0.3 
- 5 S . O i  0.3d -5B.Ot 0.3 
-56.0 2 0.Y -58.4 * 0.3 
.-56.7 * 0.3d -SS.l t 0.3 

solubility curve covers many experimtn’al data, even 
a coyplr: of data reported by LJmw aod Kim [21] for 
~VuO,(s) in 0.1 - 5 M NaCl in the tmge pH = 3 -7. 
From the erperimental solubfity Wmined by Kim 
and Kancllakopulos [3] with o nystalline PuO&r) 

P -4320.2, Fig.2a1, a bdubjllty product of 
log KO,,, - -6Z9 2 0.4 io calculated. This value dif- 

emical data (log Ko,(FuO~(cr)) = -63.8h1.0 131 
and -64.1 f0.7 [25]). 

Recently, the SOlUbfity product of amorphous 
Pu(lV) hydroxide has been evaluatsd with an indirect 
method (Capdevila and Vitarge [SI). In that study, the 
~olubility of pU(OH),(am) is investlgated under can- 

dominant aqueous species. Their concclltrations are 
determined spectrompically, W‘hw the dispmpol- 
dbnatiaa reaction ieachee tbeequil~xium state, the Plr+ 
concentration can be calculated from the known redox 
potentido E1(Fu4+lpu”) and E(?u02~+lpu0,+), The 
thermodynamic rolubility produot of R1(0H)~(am) b 
then obtsirred h m  the experimental data in 0,l-3 M 
NaClO, by extrapolation to 1 = 0 with the SIT: 
log KOlp = -58.3 ;I: 0.S [SI, This vduc agree1 very 

qiljbr;#ed for 3 in 1M HQD, (log Ipu(n31 

fm  what from those CalcWd from thcnnoch- 

d i t i ~ ~ ,  Where  FUOa+, P U ~ ’ *  a d  N’+ tfic p- 

well With the present result, although it iS evaluated 
by a completely different method, which io Mepen- 
dent of Pu(1V) hydrolysis reacdons. 

3, Inveotigation~ on the formetion d pU0 

The genewtion of PuO colloids is investigated by 
chemical reduction of Pu(VI) to p 4 0  u a functioo 
of the Pu concentration in 0.1 M HCIO,. Besides con- 
centration mea~urements after filtration at different fil= 
ter pore eizes (400 run and 1 nm), the colloid form- 
tion is investigated by means of Laser lnduwd Brcnk- 
down Detection (LIBD). The principle of the LIBP 
is described in detail by KLtanuui et crl. [26, 27J and 
Schcrbaurn er tal. [28]. The method in baaed on the 
plum genWon oq colloids in thc f d  volume of 
a pulsed 4ser beam. Becsuse the critical power denoity 
needed to produce plasma is lower on solids than on 
liquids, the plasma can be 8enerattd stlccdvely on diu7 
pkwd panicloo, by f4luottng thc lam pulsc power 
dcneity below the breakdown threshold of water. De 
Ucting the number of breakdown event8 per number 
of lam pulses, a breakdown pbabiuty cm be oalcu- 

colloida 



5 

8.04 

0,032 

0.016 

0.0 

0.044 

e.0~2 

0.016 

8.0 1 O.MO 

0.092 

t1.016 

0.0 

l a d ,  which correlates with the mass conmtration of 
colloids of given particle size and msterial. The 
mathod ir vcry wnsitive for small colloids of  me NH 
in diameter [ZS]. The detection limlt Ir found to be 
in ppt range [29]. Thc applicability of LTBD for 
aotinidt colloids has ken vetifid by direct measuw 
acnt of Tb(nt) coll0ld.u with a diameter s 20 nm 001. 

wkidal “b(IV) concentration 4 P’hL = 
4 moyl can be detected, and ham the am 
oponding concentration of ~u colloids is &tectable as 
well. 

3.1 Experimental 

A 3 ioas M Pu(VI) ~toclt solution (>99% Pu-242) is 
prepwed by dinsolving PuO&O,(s) in 0.1 H HCI04. 
’MXO of pU(m), Pu(N) and Pu(V) on oxidized by 
bubbting ozunc through the solution, which i s  then f i l m  
tared through UI ulMlter of 1 nm pore she. Niquots 
of the otack solution rn diluted with 0.1 M HCIO, 

35 * moM, and reduced ut loom atmgeratun: by 
adding a small amount of HtO, (30% in KO, p.a 
from Mer& Co.), The reduction of PPO, via PUO, 

to obtain Pu concenmt.ions in thc r m g G  1.7’ lo-- 

to Pu(lV) is monitored by WNIS abearption spec- 
tro~~opy, wording opectra aftet Smin, 6Omin and 
40 how (pig. 3). After 3-5 days, the abeorptim spec- 
tra show only the mononuclear and colloidal PUQV) 
qwieo. S p i e s  of other oxidation statbs cannot be 
detected, In o&r to enewe the complete duction, 
tiltcadon experiments we performed ten days after re- 
duction, For thr: wlloid rize clwsZcdon, the solu- 
tions an f i l d  in triplicate, U S ~  filters of pore size 
4OOnm ( N u c l w p  110407 PC) and 1 nm (Ami- 
mi). The concentr&anr, of in thc initial aolu- 
dons and filtered €?actions ere detmmined radio- 
memally with a Beckman LS 6800 liquid sdndllation 
counter, and the laser induced photoacoustic break- 
down dewtion m D )  is used for colloid dctectfm. 
The experimental setup of the UBD and its calibration 
with reference colloids have been descdbed prtviously [m 

3.2 Reeults 

The filtration mults, the PuWI conccntratione and 
breakdown probabilities for the initial solutions and 
filtered frsletione are &own in lhblc 4. In the experi- 
ments A and B, with the mspective initial Pu concen- 
trations of 1.73 e 20-J moM and 3.1 1 I O 4  moU1, a 
slgdficsnt BlOation effect is observed. hl the cam 
of the solution A, which io wnsiderably ovmatu- 
rated with respect to the thennodynamic eolubiUty of 
P~(oH)~(am) (cf. Fig. 2), about 63% of the Pu(fv) is 

mium passes slmost mmpletcfy through the 1 nm Ill- 
ter, Thc formation of a Alter cake is observed Vieually, 
which may explain the relatively large standard &vi- 
ution for the m concentratim in the filtrates. BCC~UM 
of the relatively large unccr&m ties of thc PU wnccn- 
tration in the filtrates, f 8,0% and f 10% rerpect- 
ively, the conbibution of cbUoids to the Fu MDctn- 
tration in the Alhlrtts cannot be dstinguishecl How- 
ever, the &JW ~CruUTomentn indicate the presence of 
a m4tively amall mount of Fu colloids Ln the 400 nm 
filter fraction, which i s  then removed by filmtion at 
l nm pore size. In experiment B with tPu1 = 
3.11 lo-‘ mov1, only 13% Pu is tcmoytd by 400 nm 
filtration and 228  by 1 am filtration, Pie. 4 lllustrstcs 
the praportionality between the PuO oonc&ntradon 
in the filter fractiom and t h ~  colloids dctectd by 
LIBD. Ncarly qual breakdown probabilities an found 

 ai^ in ex rIment A, about 98% of the brealtdown ev- 

than 400 IUQ in diameter mble 4). After 1 nm 81- 
trrdon, the brqkdown probabilities am in the range of 
tho= measured in 0.1 M HClO, (without Pu), Le. the 
remaining amount of oollddal particle8 ir negligible, 

3.33 * lo-* moM) and 0 
(Ipu] - 3.54 6 mom), no dtcrme in the Pu wu- 
centdon can Irc recopid after Altreition. The am- 
racy of the LSC meamrcmte set0 an upper Urnit for 

=moved by 4 0 0 ~ 1  filbetion, ThC =st Of the PlU- 

in the f ~ ~ t i ~ n s  ~ m s l l ~  and I ~ s  than 400 IKII, ~ b -  

tnta in P e initial solution nrc caused by collddr kjja 

In cxpwimento C ([Pu] 

. I  

J .  

1 
I 

I’ 



BreakQwn probability 

(1.73 f 0.05) * lo’.’ 

(631 0.64).10-‘ 
(3.11 *0.01)*10“ 
(3.72 20.06) - lo-‘ 
Q.Oe * 0.14)- lo4 
(3.33t0.04).10” 
(3.33 z0.02). 10 ’ 
(335*0.06).10” 
(334 t 0.07). 104 
(342 *0.05).10+ 
(352 t 0.08) 1 lo-’ 

(638 2 051). lo-‘ 

~~ 

135.7 * lS.Ob I355  * 15.0 
3.23 2 0.46” 3.1220.46 

1-77 *0.12‘ 1.58i0.46 
0.99 i 0.03 0.76 t 0.46 

0.018 * 0.@8 0.003 * 0.01 

0.025 i0.012 0.001 i aor 

0.208 i 0.029 
0.121 z0.012 
0.015 * 0.007 
0.175 t 0.015 
0 . M i  0.019 
0.016t 0.012 

Moan duts and atandad &viation of thme i n d o p h t  expdmcata. 
tn a&r to menam the bmkdown pmbahility, rho rolution w u  diluted and the meaeured values an lummed up. 
”b breakdown probabllitier caused by Pu colloids is calculated from thc total value by subtracdne the man value obmcd in 
tbe corresponding fraEIionr in c and P. 

the oolloidal Pu concentration in thcoe ramples, which 
i o  leas than 1% of the initial concentration, Thc break- 
down probabilities in the unfiltcrcd rolutions md the 
fractions 1-4Mnm indicate the ttsencc of smal l  
mount8 of colloids. Alhougb the x concentration in 
deweased one order of magnitudc from C to D, the 
breakdown probabilities in thc carsroponding fiacdons 
remain constant. ‘Ihercforc, the mmed breakdown 
pmbabilidro cannot be ascrlbcd to Fu colloido but 
rather to artefacts, Le. to colloids generated in the solu- 
tions during the exprlmental pmcdwe. In order to 
distinguish bttween these M a c h  and Pu mlloidr, the 
mean value, observed in the cdlrerponding h d o m  
of the experimcnta C and D arc uubttaEted h m  the 
total breakdown signal8 (?hble 4). 

4, CornpariaPn bctwecn themodynarnlc 
calmrlstians and the present lnvestlgattons 
on Pu(W) colloid formation 

In Fig. S the results of the filtration experiments in 
0,1 M HC10, arc compartd with tht solubility calcu- 
lated for h(OH),(am) at I = 0.1 mom using the se- 
lected thermodynamic constants as mentioned above. 
In experiments A and B, where the initial Pu concen- 
tration exceeds the calculated solubility, appmiahlc 
amounts of colloids have bccn detected, In expoti- 
mente C and D, v h  the hM Pu concentration i s  
below the calculated solubility, the Pu concentration io 
not atreeted by 1 nm filtration, and the amount of col- 
loidal Pu(n’) ir found to be less than 1 %. Considering 
colloids as small amorphous solid particles, the fil- 
tration experiments provide information on the RIW) 
saturation concentration (excluding colloids). By 
calculating the Pu(lv) speciation in O.tM HaO, 
(log [OH-] = -12.80) with the hydrolyois constant0 
of Metivier a08 Ciuibmont 1161 wnvorted to I = 
0.1 mM: 2.3% h*+, 20,641, Pu(OH)’+, 76,596 
PU(OH),~+, 0.6% Pu(OH),+, the following V ~ W B  are 
obtained for the solubility pmduct of amorphwr col- 
loidal P U o  pardcler: 

Exp.A: log -3.19 

Exp.B: log [pu(IvII -369 

Exp.C: log -4.48 

=) log K‘,, < -56.0; 108 KO, C -48.1 

* log Kip 6 -56.5: 10s KO,,, S -58.6 

* log K‘, > -57.3; log K O w  > -59.4. 
These upper and lower rimit0 are consistent with 
log KO, = -58.7Z0.9, the grand average value 
evaluated from the solubility data given in Table3. 
This indicate8 that the estimation of tbe EolubUty 
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0 elter 400 nm lihllon + rftorlnmfflbption 

pmduct, including a minor amount of colloids possibly 
p e n t ,  doer apt t x c d  the range of other uncenaint- 
ieo, e.g. Wemt degrees of crystallinity of lllMrphous 
solid phases. Small polynuclear species like oligomers 
and colloido With diameter6 < 1 nm rn ~ o t  deteetable 
by WBD. However, the difference in Ipu(IV)] after 

tively rmall. Moreover, the pHdependent CDbbiSty is 
well dtpcribed by the mononuclear hydrysia am- 
stant8 fmm Metivier and Guillaumont 1161, P shown 

by 
tt\c solid line in Fig. 2a "hie leads to the conclusion 
that  mall polyauclcar or colloidat species < 1 m do 
not contribute considctably to the solubility of 
pu(oHlr(un), 

Fig, S hdicebs that a systematic hver6gsdon on 
the fnitial Colloid formation as a fupctiaa of pH and 
the tutal actinide concentration provides the possibility 
to evduate thermodynamic data for Bmocpkoxi p 
clpitater. Thtrtfm, the LIBD invcstigatioru rtported 
for ThW) [29, 301 might be helpful to wtjuate the 
thermodynamic wlubuity of l"V) hydroride or hy- 
dra~,  oxide, fat which the published t h d y n d c  
wotant8 arc extremely scattered 

1 WD f i lu~t i~n  in the txpclimnts A thraugb B Is rela- 
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