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ABSTRACT 

Orlandini, K.A., Penrose, W.R. and Nelson, D.M., 1986. Pu(V) as the stable form of 
oxidized plutonium in natural waters. Mar. Chem., 18: 49--57. 

This work presents analytical evidence supporting the proposition that Pu(V) is the 
sole or predominant form of oxidized plutonium in natural waters. Two independent 
methods, the selective adsorption of Pu(VI) by silica gel, and the somewhat less selective 
coprecipitation of Pu(V) with calcium carbonate, were developed to separate Pu(V) 
from Pu(VI). Measurements of ambient plutonium in several natural waters by these 
methods found only Pu(V). In laboratory tracer studies, Pu(VI) was shown to be highly 
unstable in dilute bicarbonate solution and in Lake Michigan water, reducing in first- 
order fashion to Pu(V). 

INTRODUCTION 

Studies  of  p l u t o n i u m  spec ia t ion  have  shown  t h a t  the  ox id ized  f o r m  o f  
the  e l e m e n t  cons t i t u t e s  a m a j o r  f r ac t ion  o f  the  dissolved p l u t o n i u m  in some  
na tura l  wa te rs  (Nelson and  Love t t ,  1978;  Wahlgren and  Orlandini ,  1982) .  
F o r  m e t h o d o l o g i c a l  reasons ,  ox id ized  p l u t o n i u m  has been  regarded  as the  
sum o f  the  o x i d a t i o n  s ta tes  (V) and  (VI) ,  and r educed  p l u t o n i u m  as the  
sum of  ( I I I )  and  (IV).  F o r  m a n y  purposes ,  this  d i s t inc t ion  has been  adequa te ,  
since it  has been  a s sumed  t h a t  the  behaviors  of  Pu ( I I I )  and  Pu( IV)  in na tu ra l  
w a t e r  were  similar  to  each  o ther ,  bu t  qui te  d i f fe ren t  f r o m  those  o f  Pu(V) 
and  Pu(VI) .  This  a s s u m p t i o n  is based  on analogies b e t w e e n  the  behaviors  
of  the  l an than ide  rare ear ths  (e.g., La ( I I I ) ) ,  t h o r i u m ( I V ) ,  n e p t u n i u m ( V ) ,  
u r a n i u m ( V I ) ,  and  p l u t o n i u m  of  the  co r r e spond ing  o x i d a t i o n  s ta te .  R e d u c e d  
p l u t o n i u m  consis ts  o f  the  ca t ions  Pu 3÷ and Pu 4÷ (and the i r  c o m p l e x e s ) ,  and  
b inds  readi ly  to  par t ic les  and  surfaces  in na tura l  waters ,  as do  La ( I I I )  and  
T h ( I V ) .  Oxid ized  p l u t o n i u m  consists  o f  the  ca t ions  PuO~ and  PuO~ + (and 
the i r  c o m p l e x e s ) ,  whose  aff ini t ies  fo r  par t ic les  are subs tan t ia l ly  less, and 
similar  to  those  o f  N p ( V )  and  U(VI) .  The  d is t inc t ion  b e t w e e n  ox id ized  and  
r educed  Pu has been  s h o w n  to  be a very  i m p o r t a n t  f a c t o r  in de t e rmin ing  
the  fa te  of  this e l e m e n t  in na tu ra l  wa te r s  (Wahlgren and  Orlandini ,  1982) .  

T h e  ac tua l  d i s t r ibu t ion  o f  ox id ized  p l u t o n i u m  b e t w e e n  the  (V) and  (VI)  
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states in natural waters has been a subject of speculation for several years. 
In the absence of suitable analytical techniques for distinguishing them at 
environmental concentrations, much of the debate has been based on 
theoretical arguments. Aston (1980) suggested that the most likely form of 
plutonium would be the (VI) state, based on calculations considering 
hydrolysis and complexation of plutonium with carbonate, sulfate, fluoride, 
nitrate, and chloride. The values for the association constants of these 
complexes were drawn from Gel'man et al. (1962) and Cleveland {1970), 
which had been compiled from the work of many authors on many types of 
water, over a long period of time, and with undetermined quality control. 
Furthermore, constants for some potentially important complexes are not 
available at all. Silver (1983) contested the presence of Pu(VI), pointing out 
that the distribution of oxidation states would be very sensitive to small 
uncertainties in the various association constants. He ended by suggesting 
that pentavalent plutonium was the most likely species. 

Experimental measurements which differentiate Pu(V) from Pu(VI) are 
sparse. Bondietti and Trabalka (1980) employed the differential adsorption 
of Pu(V) and Pu(VI) to titanium oxide to assign the (V) state to Pu in a 
small alkaline pond of pH 9--11. They simultaneously demonstrated a strong 
pH dependence of the differential adsorption. Separations were based on an 
approximately twofold difference in adsorption between Pu(V) and Pu(VI). 

We have made use of the much greater selectivity of silica gel and calcium 
carbonate. Silica gel was used by Inoue and Tochiyama {1977) to distinguish 
the (V) and (VI) oxidation states of neptunium. The adsorption properties 
of both Np(V) and Np(VI) are strongly dependent on pH, but a useful 
pH range (5--7.5) is available where most Np(VI) is adsorbed, and little 
Np(V). We have now modified this method for the separation of Pu(V)and 
Pu(VI) in natural water samples. In addition, we have found that Pu(V} is 
coprecipitated with calcium carbonate, leaving Pu(VI) in solution; this 
process is somewhat less selective than the silica gel method, but serves to 
complement and confirm the results obtained with silica gel. 

METHODS 

Preparation of tracers 

Samples of Pu in oxidation states (IV) and (VI) were generated according 
to the methods of Lovett and Nelson (1981). Pu(IV) was produced by 
evaporating a sample to dryness several times in concentrated nitric acid, 
Pu(VI) was produced by electrolysis in 0.8 M HNO3. Pu(V) was also generated 
by electrolysis, but in 1 M HC1. The HC1 concentration decreased from 1.0 
to 0.1 M during the course of the electrolysis due to the evolution of C12. 
Pu(IV) was stored in 8MHNO3, Pu(V) in 0.1MHCI, and Pu(VI) in 0.8M 
HNO3. No change in oxidation state was noted in any of these solutions over 
the course of several months. Np(V) was prepared by heating in 1 M HNO3. 
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237pu and 23SNp were prepared in the cyclotron facility of Argonne National 
Laboratory and radiochemically separated and purified by J.J. Hines of the 
Chemistry Division. 

Silica gel adsorption 

Commercially available silica gel (Mallinkrodt AR, 100 mesh) was used 
throughout  this study. It was normally added as a slurry to the water being 
tested; the pH was adjusted to match that  of the water. 

Laboratory experiments, done to develop the method,  used 237pu of 
known initial oxidation state. Batch equilibrations using 100--200-ml 
samples were shaken for 2--5 min by hand in polyethylene bottles. The 
silica gel was separated immediately by filtration through 0.45-#m filters 
(Millipore HA). Both filter and filtrate were counted on a NaI(T1) gamma- 
ray spectrometer, with appropriate corrections for counting geometry. 

Samples of natural waters in which the ambient plutonium was to be 
measured were processed in the field after filtration through 0.45-pm 
membranes. To facilitate handling of large (~ 50 l) samples, the adsorption 
step was normally done on several portions of the sample sequentially. 
Typically, 100 g of silica gel was added to each 10-1 subsample, which was 
then shaken for 5 min and filtered to remove the silica gel. Because the Pu 
in these natural samples did not  consist of a single oxidation state, as was 
the case in the laboratory studies, the concentrations of dissolved Pu in both 
the oxidized and reduced forms were measured before and after silica gel 
treatment.  The method used was the rare earth fluoride procedure described 
by Lovett  and Nelson (1981). Samples were spiked with internal standards 
of 236pu(VI) and 242pu(IV) to monitor  recovery of the oxidized and reduced 
Pu fractions, and made 0.8 M in HNO3. Lanthanum (or neodymium) fluoride 
was generated to coprecipitate Pu(III, IV). Ferrous iron was then added to 
the filtrate to reduce Pu(V, VI) to Pu(III, IV) and a second LaF 3 (or NdF3) 
precipitation was performed to recover this fraction. Plutonium in these 
precipitates was purified, electrodeposited, and counted by high-resolution 
alpha-spectrometry. Controls consisted of identical samples of water con- 
currently carried through the same series of steps to determine the initial 
concentrations of Pu(III, IV) and Pu(V, VI) but with the silica gel adsorption 
step omitted. 

Calcium carbonate coprecipitation 

Laboratory tracer experiments were conducted in filtered Lake Michigan 
water using 237pu or 23SNp of known initial oxidation state. Calcium nitrate 
was added to these solutions to raise the total  calcium concentration to 0.01 
M and calcium carbonate was precipitated by the addition of a slight excess 
of sodium carbonate. The calcium carbonate was removed by filtration and 
both filter and filtrate were counted on a NaI(T1) gamma-ray spectrometer. 
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We observed that preformed CaCO 3 scavenged Pu much less efficiently, 
and that homogeneous precipitation gave the best yields. 

Samples in which ambient  Pu was to be measured were prefiltered through 
0.45-pm filters (Millipore HA). Calcium nitrate and sodium bicarbonate were 
added to raise the total calcium content  to 0.06 M, and the bicarbonate 
content  to 0.04 M. After mixing, the pH of the sample was raised to 9 ± 0.5 
with sodium hydroxide to initiate precipitation of  calcium carbonate. The 
precipitate was removed by filtration and dissolved in 8 M nitric acid. This 
solution was then passed through a Dowex 1 anion exchange column to 
remove any Pu(IV). The effluent from the column was heated in the 
presence of hydrogen peroxide (0.1 M) to reduce any Pu(V) or Pu(VI) to 
Pu(IV) and then passed through a second anion exchange column. The Pu 
was eluted from these columns with 0.1 M HC1/0.01 M HF, electrodeposited 
and counted on high-resolution alpha-spectrometers. Internal standards 
added to the original sample demonstrated that this procedure yielded the 
same distribution of  plutonium, between reduced and oxidized forms, as 
did the LaF3 precipitation procedure.  

RESULTS AND DISCUSSION 

Binding of  tracer Pu(V) and Pu(V1) to silica gel 

The distribution coefficients, K D =concen t r a t i on  on solids (fCikg -~ ) 
divided by the concentrat ion in solution (fCil-1), of  Pu(V) and (VI) onto 
silica gel were measured across the pH range encountered in most  natural 
waters using 23~pu tracers added to 0.002 M NaItCO 3. The pH was adjusted 
with HC1 or NaOH. Pu was maintained in the (VI) state by the presence of  
10-SM KMnO 4 in the relevant experiments. The results for the pH range 
2.6--7.9 are shown in Fig. 1. Although the K D values are similar and very. 
low at low pH, the K D of  Pu(VI) rises substantially as the pH approaches 
neutrality. The K D values of Pu(VI) and Pu(V) differ by a factor of 
approximately 200 between pH 6 and 8. This is sufficient to ensure good 
analytical separation of  the two oxidation states. For example, using 2 g 
of silica gel per liter, about  95% of the Pu(VI) and only 5% of the Pu(V) 
would be extracted. Separate experiments demonstrated that  the reduced 
form of Pu is extracted almost quantitatively throughout  this range. 

Instability of tracer Pu(VI) in neutral solutions 

Based on silica gel adsorption, Pu(VI} was found to be very rapidly 
converted to Pu(V) in both sodium bicarbonate solution and natural waters 
(Fig. 2). In 0.01 M NaHCO3, the conversion of  Pu(VI) to Pu(V) proceeded 
very rapidly (K -- 0.184 min-l  ), and was essentially complete  in one half 
hour. In Lake Michigan water, the rate was substantially slower (K = 0.020 
min -1 ), for reasons that were not  apparent, but  reduction to Pu(V) was still 
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Fig: 1. Effect of pH on the sorption of Pu(V) (~) and Pu(VI) (©) to silica gel. Propagated 
counting errors ( l o )  are ~< 10%. 

complete within a few hours. If a trace of permanganate (~ 10 -5 M) was 
present in the lake water, no reduction whatever was observed. Rare earth 
fluoride precipitations carried out at the end of these experiments demon- 
strated that a negligible fraction of the Pu had been reduced to the (III) or 
(IV) state. 

We therefore concluded that (a) Pu(VI) was inherently unstable in Lake 
Michigan water, and (b) Pu(V) could be prepared and maintained for experi- 
mental purposes by diluting electrolytically produced Pu(VI) into NaHCO3 
solution. Pu(VI) was stable indefinitely in 0.8 M HNO3 or 10 -s M KMnO4. 

Coprecipitation o f  tracer Pu(V) and Pu(VI) with calcium carbonate 

The selectivity of CaCO s coprecipitation was investigated using 237Pu 
in the (IV), (V) and (VI) oxidation states, as well as 23SNp in the (V) and 
(VI) states. Both Pu(VI) and Np(VI) were held in the (VI) state by the 
presence of 10 -s M KMNO4 in the relevant experiments. Lake Michigan 
water, filtered through 0.45-~m filters, was used in these experiments. 
Precipitation of 0.01 moles of CaCO3 per liter carried 75% of the tracer 
Pu(V) but only 18% of the Pu(VI). The corresponding figures for 
neptunium(V) and -(VI) were 92 and 15%. 

An attempt was made to optimize the separation by varying the amount 
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Fig. 2. Reduction of Pu(VI) to Pu(V). Solutions were spiked with 237Pu(VI) and at timed 
intervals aliquots were withdrawn and equilibrated with silica gel (10g1-1). Solutions 
tested were 0.01 M NaHCO3 (c]); Lake Michigan water (©); and Lake Michigan water ptu~ 
10 -s M KMnO4 (A). Propagated counting errors (10) are ~ 10%. 

of CaCO3 precipitate. However, when the yield of pentavalent actinide was 
increased or decreased, the yield of the hexavalent form varied accordingly. 
The CaCO3 method was therefore somewhat less selective than silica gel 
adsorption, but could be employed nonetheless to confirm the results of the 
silica gel procedure. 

Measurements using ambient plutonium in natural waters 

Duplicate samples of  water were recovered from Lake Michigan, the Irish 
Sea near the Windscale reprocessing plant, and two stations in the mid-Pacific 
Ocean. One of each duplicate was treated with silica gel, and both were 
analyzed for reduced and oxidized plutonium. The results are shown in 
Table I. Little difference is observed in the concentrations of oxidized 
plutonium between the samples before and after silica gel treatment.  Since 
Pu(VI) was shown to be effectively removed by silica gel in the laboratory. 
studies, this implies that  the ambient oxidized plutonium in these waters is 
predominantly Pu(V). Concentrations of Pu(lII, IV) are much lower in the 
seawater samples after silica gel t reatment,  in agreement with the laboratory 
observations of nearly complete adsorption. We have no explanation for 
why Pu(III, IV) was not  removed efficiently from the Lake Michigan sample. 
The overall effectiveness of the extraction procedure toward hexavalent 
actinides was cor~firmed by measurements of ambient uranium in the Lake 
Michigan sample. The concentration of  23Su decreased from 93 to 5.3 fCi 1-1 
following silica gel t reatment,  as would be expected from the behavior of 
Pu(VI) in the laboratory studies. 
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T A B L E  I 

Compar ison  of  the concent ra t ions  (fCi1-1) of  reduced and oxidized p lu ton ium found  in 
natural  waters before  and after  equi l ibra t ion with  silica gel  

Sample Reduced  Pu Oxidized Pu 

No silica Af te r  silica No silica Af te r  silica 
gel gel gel gel 

Ir ish  Sea a 35 + 2 e 5 -+ 1 9 9  + 4 123 +- 4 
Pacific Ocean # 1  b 1.08 + 0.06 0.10 + 0.02 1.75 + 0.05 1.48 + 0.08 
Pacific Ocean # 2  c 0.93 +- 0.06 0.11 +- 0.01 1.41 + 0.07 1.07 + 0.05 
Lake Michigan d 0.06 + 0.02 0.08 + 0.02 0.41 -+ 0.03 0.47 -+ 0.03 

a Apri l  1979, "C i ro l ana"  4/79,  Sta t ion 98, surface, 54°20 'N,  3°37'W. 
b May 1980, " T h o m a s  Washington"  RAMA02 ,  Sta t ion 161, 5 5 0 m  depth,  29°57N.. 
158°46 'W. 
c May 1980, " T h o m a s  Washington"  RAMA02 ,  Sta t ion  166, 5 5 0 m  depth,  30°03'N~ 
158°49 'W. 
d July  1979, mid-Southern  Basis, 100 m depth,  42°40 'N ,  87°00 'W.  
e Single de terminat ions ;  errors shown are l o  statistical errors of  counting.  

The observation that  the ambient oxidized Pu in Lake Michigan behaved 
like Pu(V) and not  like Pu(VI), i.e., it was not  adsorbed by silica gel, was 
confirmed by its coprecipitation with calcium carbonate. Table II compares 
the oxidation state distributions measured by direct lanthanum fluoride 
coprecipitation with those found in CaCO3 precipitated from Lake Michigan 
water. The agreement in the data for the two treatments shows that  the 
ambient plutonium, in both the oxidized and reduced forms, was carried 
almost quantitatively by CaCO3. Pu(VI) was shown to be very poorly 
carried ( ( 2 0 % )  in laboratory experiments conducted under similar 
conditions, suggesting that  Pu(VI) was not  an abundant  form and that  the 
oxidized fraction must have been dominated by Pu(V). Separate experiments 
in which ambient 23Su was measured demonstrated that  hexavalent actinides 
were poorly carried (~ 7%) under the same conditions. 

These observations agree with the findings of Bondietti  and Trabalka 
(1980) and suggest that  Pu(V) is the predominant  form of oxidized plutonium 
in most natural waters. Although only a few waters have been tested, they 
cover a wide range of  conditions from a small eutrophic pond to a major 
oligotrophic lake to coastal seawater to open ocean water, and all point to 
Pu(V). Furthermore,  the source of the plutonium was apparently not  
important  as two of the areas (Lake Michigan and the central Pacific Ocean) 
contained only Pu from global fallout while the other two were contaminated 
by local industrial sources. Experiments using three different extractants 
(SiO2, CaCO3, and TiO2) all agree and show the results are not  method 
dependent. 

Since Pu(V), and not  Pu(VI), was the major oxidized form in solution, 
it appears that  uranium is not  the proper analogue element to use in predicting 
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TABLE II 

Comparison of the concentrations (fCi1-1) of reduced and oxidized plutonium found i1~ 
Lake Michigan Water using two coprecipitation methods 

Date of Reduced Pu Oxidized Pu 
sampling ......... 

LaF3 CaCO3 LaF3 ~aCO 
method method method method 

April 1977 a 0.07 +- 0.03 0.04 + 0.01 0.20 -+ 0.04 0.17 ± 0.02 
June 19775 0.06 -+ 0.03 0.07 + 0.01 0.26 -+ 0.04 0.28 ± 0.04 
October 19775 0.04 -+ 0.01 0.06 + 0.01 0.26 -+ 0.04 0~31 ± 004 

a Chicago water filtration plant inlet. 
b 15 km SW of Grand Haven, MI, 60 m depth. 

the  behav io r  o f  ox id ized  p l u t o n i u m .  N e p t u n i u m ,  because  o f  the  increased 
s tabi l i ty  of  the  pen t ava l en t  ox ida t i on  s ta te ,  is the  m o r e  logical choice.  
K e e n e y - K e n n i c u t t  and  Morse  (1984)  have  r ecen t ly  e x a m i n e d  the  so rp t i on  
behav io r  o f  N p ( V )  t o w a r d  a var ie ty  o f  c o m m o n  minera l  surfaces  and  find 
ca lc ium c a r b o n a t e  minera l s  (a ragoni te  and  calci te)  to  be  the  best  adsorbers .  
This  agrees wi th  ou r  obse rva t ion  t h a t  f resh ly  p rec ip i t a t ed  CaCO 3 is a good 
carr ier  fo r  Pu(V).  F owl e r  and  A s t o n  (1982)  have  d e m o n s t r a t e d  a pos i t ive  
co r re l a t ion  b e t w e e n  the  K D value o f  n e p t u n i u m  t o w a r d  a var ie ty  o f  na tura l  
s ed imen t s  and  the  to t a l  c a r b o n a t e  c o n t e n t  o f  those  sed iments .  These  
obse rva t ions  suggest  t ha t ,  in na tu ra l  w a t e r  sys tems ,  the  p resence  o f  c a r b o n a t e  
minera ls  cou ld  p lay  an i m p o r t a n t  role  in d e t e r m i n i n g  the  pa r t i t ion ing  o f  
ox id ized  p l u t o n i u m  b e t w e e n  dissolved and  par t i cu la te  fo rms .  
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