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History of Plutonium-238 
• The history of the production of Pu from the 

first synthesis to the advent of large 
production reactors has been told in a 
fascinating story by Seaborg.* 

• Pu does occur in nature in uranium ores as a 
result of the capture in U-238 of neutrons 
from spontaneous fission and alpha-neutron 
reactions. The concentration is in the order of 
one part in 1011 of the uranium present. 

• Pu-238, first synthesized plutonium, was 
produced by the bombardment of uranium 
with 16 MeV deuterons from UC Berkeley  
60-inch cyclotron and identified on February 
23, 1941. 
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*Seaborg, G.T., The transuranium elements, Wesley Publishing Co., Reading, Massachusetts, 1958 
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History  of Pu-239 
• Pu-239 was produced shortly thereafter by the capture of U-238 of neutrons 

produced by (d, n ) reactions using the cyclotron.  
 
 
 
 
 

 
• With a cross section some 50% larger than that of U-235, Seaborg et al. 

realized that it could be used to make a nuclear weapon and could also be 
produced in large quantities in a nuclear reactor by irradiation of U-238. 
 

• Pu-239 is still produced in much larger quantities than any other synthetic 
element. 
 

• The exact isotopic composition can vary widely depending on the method of 
production and the irradiation history. 
 

• Element 94 was named after the planet Pluto, following the pattern used in 
naming neptunium. 
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Difference Between Reactor Grade and 
Weapons Grade Pu 
• As seen in the previous slide, in a nuclear reactor, isotope U‐238 

absorbs a neutron and becomes U‐239. This decays by beta emission 
to Np‐239, which in turn decays by a second beta emission to Pu‐239. 
 

• Under neutron bombardments, some Pu‐239 atoms will fission, but 
some others will absorb neutrons. 
 

• They then become Pu‐240, Pu‐241 and so on, gaining one more 
nuclear mass unit (neutron) at each step. These heavier isotopes are 
less useful for nuclear weapons than is Pu‐239. 
 

• If a fuel element is left in a reactor for a short time (months), there is 
not enough time for a large fraction of Pu‐239 to absorb additional 
neutrons to become Pu‐240. Therefore, weapons grade Pu contains 
less than about 6% of Pu‐240. 
 

• On the other hand, a fuel element left in a reactor for a long time 
(years), as in commercial nuclear reactor, can generate Pu‐240 up to 
25% of total Pu. 
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Grades of Plutonium 

R. Condit, UCRL-JC-1153-57 (1994) 
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Grade 

 
Pu-240 

 
Americium 

 
Notes 

 
Weapons Grade 

 
Up to 6% 

 
Acceptable for 
nuclear weapons 

 
Fuel Grade 

 
6% to 12% 

 
Up to 1% 

 
Suitable range for 
new reactor fuel 
elements 

 
Reactor Grade 

 
12% to 25% 

 
Up to 1% 

 
Composition of Pu 
in a  used reactor 
fuel element 
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History – Noticeable Events 
• 1943: The Manhattan Project picked up speed. Argonne, Oak Ridge, Los 

Alamos, Hanford, and other national laboratories were started. 

• 1945: A plutonium implosion device was tested at the Trinity site near 
Alamogordo, NM.  Atomic bombs were dropped on Hiroshima and 
Nagasaki, Japan. 

• 1946: First plutonium-fueled reactor (Clementine) was operated at Los 
Alamos. 

• 1949: First Russian atomic bomb was tested in October. 

• 1950‐53: A surge in the cold war saw the start of the Savannah River Plant 
(1950) for plutonium, tritium, and other isotopes, Lawrence Livermore 
National Laboratory (1953) for weapon design and research, and the 
Rocky Flats Plant (1953) for pit production. 

• 1982: Plutonium laser isotope separation was demonstrated at LLNL. 
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History – Noticeable Events (cont.) 
• 1986: The Chernobyl accident raised 

questions about the safety of U.S.  
plutonium production reactors. 
 

• 1988‐92: The plutonium production reactors  
at Hanford and Savannah River were shut  
down. The cold war ended, leaving the U.S.  
with a surplus of plutonium. 
 

• 2000 (September): The U.S. and Russia signed an agreement to 
reduce their respective stockpiles of surplus weapons-grade 
plutonium. Under DOE’s Surplus Disposition Program, DOE plans 
to convert 34 metric surplus tons of weapons‐grade Pu into MOX 
fuel with the construction of the SRS Mixed-oxide Fuel Fabrication 
Facility (MFFF). 
 

• 2011: Fukushima Accident, Japan. 
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Symbol Pu 
• Seaborg had the choice of picking the 

symbol Pl or Pu for plutonium. He 
remarked that it really is “kind of a 
stinky” element (complicated 
chemistry and unusual metallurgical 
properties), and so it became Pu. 
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Pu 
Atomic Number: 94 

Atomic Weight: 244 u 
Boiling Point: 3505 °K (3228 °C)  

Melting Point: 912.5 °K 
Density (at room temperature): 

19.816 g/cm3 

• This appears in chemical formulas 
such as Pu02 for plutonium dioxide, 
commonly called plutonium oxide. 

• It also appears when identifying the 
various isotopes of plutonium such 
as 239 Pu, which is also written as 
Pu‐239. 

Glenn T. Seaborg  
(http://en.wikipedia.org/wiki/plutonium) 



Nuclear Properties 
• Twenty plutonium radioisotopes have been 

characterized. 
• The most stable are: 

– Pu‐244, with a lifetime of 80.8 million years 
– Pu‐242, with a lifetime of 373,300 years 
– Pu‐239, with a lifetime of 24,110 years 

• All of the remaining radioactive isotopes have lives 
of less than 7,000 years. 

• This element also has eight meta states, though 
none are very stable (all have half‐lives less than one 
second). 
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Nuclide 
Symbol 

Isotopic Mass 
(u) 

Half-Life Decay 
Mode(s) 

Daughter 
isotopes 

Pu-228 228.03874(3) 1.1 s α (99.9%)  
β+ (.1%)  

U-224 
Np-228 

Pu-229 229.04015(6) 120 (50) s α  U-225 
Pu-230 230.039650(16 1.70(17) min α 

β+ (rare)  
U-226 

Np-230 
Pu-231 231.041101(28) 8.6(5) min β+  

α (rare) 
Np-231 
U-227 

Pu-232 232.041187(19) 33.7(5) min EC (89%) 
α (11%) 

Np-232 
U-228 

Pu-233 233.04300(5) 20.9(4) min β+ (99.88) 
α (0.12%) 

Np-233 
U-229 

Pu-234 234.043317(7) 8.8(1) h EC (94%) 
α (6%) 

U-229 
Np-234 

Pu-235 235.045286(22) 25.3(5) min β+ (99.99%) 
α (0.0027%) 

Np-235 
U-231 

Pu-236 236.0460580(24) 2.858(8) a α (0.0027%) 
SF (1.37 E-7%) 
CD (2 E-12%) 
β+β+ (rare) 

U-232 
Various 

Pb-208 ; Mg-28 
U-236 

Pu-237 237.0484097(24) 45.2(1) d EC  
α (0.042%) 

Np-237 
U-233 

Radioactive Decay Properties of Pu Isotopes 
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Radioactive Decay Properties of Pu Isotopes 
(cont.) 

Nuclide 
Symbol 

Isotopic Mass 
(u) 

Half-Life Decay Mode(s) Daughter isotopes 

Pu-238 238.0495599(20) 87.7(1) a α  
SF (1.9 E-7%) 

CD (1.4 E-14%) 
CD (6 E-15%) 

U-234 
Various 

Hg-206; Si-32 
Yb-180;Mg-30; Mg-

28 
Pu-239 239.0521634(20 2.411(3)×104 a α  

SF (3.1 E-10%) 
U-235m 
various 

Pu-240 240.0538135(20) 6,561(7) a α  
SF (5.7 E-6%) 

CD (1.3 E-13%) 

U-236 
Various 

Hg-208; Si-34 
Pu-241 241.0568515(20) 14.290(6) a β- (99.99%) 

α (0.00245%) 
SF (2.4 E-14%) 

Am-241 
U-237 

various 
Pu-242 242.0587426(20) 3.75(2)×105 a α (0.00245%) 

SF (5.5 E-4%) 
U-238 

Various 
Pu-243 243.062003(3) 4.956(3) h β- Am-243 
Pu-244 244.064204(5) 8.00(9)×107 a α (99.88%) 

SF (0.123%) 
β-β- (7.3 E-9%) 

U-240 
Various 
Cm-244 

Pu-245 245.067747(15) 10.5(1) h β- Am-245 
Pu-246 246.070205(16) 10.84(2) d β- Am-246m 



Application of Pu-238 
• Fuel for heat and power sources for space exploration 
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The Chemistry of Pu is Unique   
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Dissolution of Pu Metal  
17 

 Solution  Reactivity 
 

Water 
 
Reacts very slowly at room 
temperature, slightly faster at the 
boiling point. 

 
HNO3 

 
No attack at any concentration because 
of passivation. In the presence of 
0.005M HF, the boiling concentrated 
acid will dissolve Pu fairly rapidly. 

 
HCl, HBr 

 
Very rapid dissolution by concentrated 
and moderately dilute acids. 
 

 
HF 

 
Very slowly attacked. Briquets made by 
pressing Pu metal turnings will often 
dissolve rapidly and completely, 
forming insoluble PuF3 

 
72% HClO4 

 
Rapid dissolution 

 
85% H3PO4 

 
Attacked fairly rapidly 

 
CH3COOH 

 
Unattacked by glacial acid, even when 
hot.  Slow attack by dilute acid. 



Solution Chemistry of Plutonium 
• At room temperature, pure plutonium is silvery in 

color but gains a tarnish when oxidized. 
 

• Plutonium ions in aqueous solution can exit in the 
III, IV, V, VI, and VII oxidation state.  

18 

Each oxidation state, ranging from Pu(III) to 
Pu(VII), has a characteristic color in solution.  
Plutonium will often change oxidation states in 
solution, making its interaction with the natural 
environment inordinately complex. 

Pu(IV) complexed with different acids 
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Th Pa U Np Pu Am Cm 
III III III III III III III 
IV IV IV IV     IV    IV IV 
         V V V V V 
                VI VI VI VI 
                         VII   VII 

Oxidation States of Plutonium in Solution 



Oxidation States of Plutonium in 
Solution (cont.) 

• Under noncomplexing, strongly acidic solutions such as 
HClO4, Pu(III) and Pu(IV) exist as the simple hydrated 
ions Pu3+ or Pu4+, retaining their overall formal charge. 
 

• Pu(V) and Pu(VI) have such large positive charges that in 
aqueous solutions they immediately hydrolyze to form a 
unique class of trans dioxo cations, PuO2

+  and PuO2
2+ . 

 

• Pu(VII) has been prepared by the ozonation of Pu(VI) in 
alkaline solutions to form a tetra oxo species PuO4

-, which 
is always coordinated with hydroxide ions to give 
PuO4(OH)2

3-. 
 20 
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Solution Chemistry of Pu (cont.) 

• The oxidation state produced by dissolution of Pu 
metal depends on the acid employed.  
 

• Thus, HCl, HBr, H3PO4, and HClO4 in any 
concentration produce a blue solution containing 
essentially only the trivalent ions, while HNO3-HF 
dissolutions forms mainly Pu(IV) and produces a 
green solution. 
 

• Pu(III) and Pu(IV) are more stable in acid solution. 
 

• Pu(VI) and Pu(VII) are favored under alkaline 
conditions. 
 

• Pu(V) is most stable in near‐neutral pH solutions that 
are dilute in both Pu and other ions. 
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Pu 3+ 

560 nm 

470 nm 

Pu 4+ 

Spectroscopic Properties of Pu Ions 



Spectroscopic Properties of Pu Ions 
(cont.) 
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Redox Potentials for Pu at 25ºC in V vs SHE 
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PuO2
2+ PuO2

+ Pu4+ Pu3+ Pu0 

-0.783(6) 

1.043(3) -1.272(7) 

1.077(4) 
1.022(2) 

0.913(5) 1.172(8) 0.982(5) -2.023(9) 

1 M HClO4 

1 M HCl 

PuO2
2+ PuO2

+ Pu4+ Pu3+ Pu0 

1.024 

0.912 1.190 0.970 -2.03 

1.051 

PuO2
2+ PuO2

+ Pu4+ Pu3+ 

1.0006 

0.920 1.188 0.914 

1.054 

1 M HNO3 



Oxidation and Reduction Reactions 

• Redox potential of comparable magnitudes (1V). 
 

• Kinetics of the reactions among oxidation states 
create a unique situation where finite amounts 
of multiple oxidation states can coexist. 
 

25 
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Examples of Electrochemical Potentials for 
Redox Couples Relating to Pu Ions vs. SHE 
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Couple Acidic Medium 
(Formal Potential in  
1M HClO4 solution, 

Lemire 
 et al., 1980) 

Neutral Medium 
(pH = 8, Allard et 

al., 1980) 

Basic Medium 
(Determined in 1M 

NaOH solution, 
Peretrukhin et al., 

1995) 

Pu(IV)/Pu(III) + 0.982 -0.39 -0.96 
Pu(V)/Pu(IV) +1.170 +0.70 -0.67 
Pu(VI)/Pu(V) +0.913 +0.60 +0.12 
Pu(VI)/Pu(IV) +1.043 +0.65 +0.34 

Adapted from The chemistry of the actinide and transactinide elements, 3rd ed, Vol 2,  Eds L. Morss, N. Edelstein  
and J. Fuger, (2006)  



Disproportionation of Pu(IV) and Pu(V) 

• A chemical reaction in which an element is simultaneously 
reduced and oxidized to form two different products.  
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2 242 ++→+ ++++
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Complex Ions 
• The coordination chemistry of plutonium ions is 

generally characteristic of exceptionally “hard” 
Lewis acids, those that show preference for 
complexation by hard ligands. 
 

• Very stable complexes with strong Lewis bases such 
as CO3 

2-, F-, PO3
4- . 

 
• Order of decreasing complex-forming  

ability is: Pu(IV)>Pu(VI)~Pu(III)>Pu(V). 
 

• Generally, Pu in any given valence is more strongly 
complexed than the corresponding uranium and 
neptunium ions. 
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Separation and Purification of Plutonium 
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After Three Years in a Reactor… 
• After a certain period of time, it is necessary to take out 

the used nuclear fuel from the reactor and replace it 
with fresh fuel. 
 

• Decrease of the fissile material content. 
 

• Apparition of new elements in the fuel,  
baneful to chain reaction progress. 
– Transuranic elements (Am, Cm, Np) 
– Fission products (Cs, Sr, Tc…) 
– Neutrons poison (Gd…) 

 

• Change of fuel physical properties. 
– Thermal 
– Mechanical 
– Cracks 
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After Three Years in a Reactor… (cont.) 

Charles Madic, DEA 3R, Paris Orsay, 1989 
31 
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Original Fuel 
Transuranium 
Elements 
Fission Products 

Periodic Table from : http://www.webelements.com/  
Troy Robinson, PhD Defense UNLV, June 2011 

Irradiated Nuclear Fuel: Chemical Diversity 
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http://www.webelements.com/�


Nuclear Fuel Breakdown:  Top 15 
Ranked by Mass               Ranked by Activity 
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Extraction Cycle 

34 

34 



Liquid-Liquid Extraction Process 
 Basic Principles  

35 

Feed Solution 
M M 

M 
M a a 

a 

b 

b 
b 

Organic Solvent 

Scrub Strip 

Extraction 

Scrubbing 

Stripping 

Separates metal to be 
recovered 

Removes impurities 
from metal 

Recovers product in 
solution 



Extraction Cycle – The Purex Process 
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Early actinides have multiple oxidation states available in 
aqueous solution. The PUREX process makes use of this to 
separate U and Pu from fission products. 

O
xi

d
at

io
n

 S
ta

te
 Available oxidation state 

Most stable oxidation state 

Oxidation state only seen  
in solids 

Oxidation State of Pu in the PUREX 
Process 
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Extraction Cycle 
• Nitric acid solution with uranium 

nitrate, plutonium nitrate and 
fission products 
 

• Extractant is tri-n-butyl 
phosphate (TBP) diluted to 30% 
volume in dodecane 
 

• TBP presents great affinity for 
hexavalent uranium (U(VI)) and 
tetravalent plutonium (Pu(IV)) 
 

• TBP affinity towards fission 
products and other metals is low 

Uranium 
nitrate 
solution 

P

O

O
O

O

Tri-n-butyl Phosphate (TBP): 



PuO2 

Liquid effluents 

UNLOADING 

 
OFF-GAS 
TREATMENT 

Iodine 
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Storage 

GAS TREATMENT 
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1st CYCLE 
TBP 
EXT. 

2nd 
cycle 

3rd 
cycle 

2nd 
cycle 

3rd 
cycle 

  Pu 
nitrate 

   U 
nitrate 

UO3 

Pu 

U 
          HLW 
FP, Np, Cm, Am 

CONCENTRATION 
DENITRATION 

Interim liquid storage 

Interim storage   of glass blocks in wells 
Interim 
storage under 
water 

TREATMENT 

SLUDGE 

GASEOUS 
EFFLUENTS 

Solid compounds 

  Liquid 
Effluents 

SOLID WASTES 

OXIDES  
+  

CLADS 

FUEL  
ASSEMBLIES 

WASTES 

    Vitrification 

Oxalate 
Precipitation 
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Madic 
1989 
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Solution 
U + Pu + FP 

Solvent 

HNO3 H2O 

Solvent 
Treatment 
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1st EXTRACTION CYCLE 
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AQUEOUS PHASE 
3M HNO3 

SCRUB = WASH 
Diluted nitric acid or water 

AQUEOUS PHASE AFTER WASH 
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1st Extraction Cycle (cont.) 
• The aqueous flow (U + Pu + FP) is  

contacted with the organic phase  
in a pulsed column,  
countercurrent flow. 
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• The first stage is a  
co-decontamination  
stage during which the U and Pu are  
removed from most of the fission  
products (FP). 

• The organic phase charged in U and  
Pu is then washed by a diluted nitric acid  
solution in order to scrub from the  
organic phase the small quantities  
of FP that were entrained with U  
and Pu into the organic phase. 



1st Extraction Cycle (cont.) 
• After this first extraction column, most  

of the FPs are separated from U and Pu  
and exit as raffinate. 
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• The organic phase is stripped of U and  
Pu, and the solvent can be recycled  
after treatment, to eliminate the  
degradation products. 

• U and Pu exit the column as organic  
phase. 

• U and Pu pre-purified exit the second  
column solution in the aqueous 
solution. 



2nd Extraction Cycle- Splitting Stage 

Solution 
U + Pu 

Solvent 

HNO3 Reducer 

Solvent 
Treatment 

E
xt

ra
c

ti
o

n
 

U
 +

 P
u

 
S

o
lv

e
n

t 
W

a
sh

 

R
e

e
xt

ra
c

ti
o

n
  

P
u

 

U
 +

 P
u

 

A
q

u
e

o
u

s 
S

o
lu

ti
o

n
 

W
a

sh
  

R
e

e
xt

ra
c

ti
o

n
 U

 
 

H2O 

Effluents Pu U 
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2nd Extraction Cycle (cont.) 
• The second step consists in separating U/Pu  

realized by liquid-liquid extraction. 
• It exploits the different redox properties of  

U and Pu. 
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• In the first extraction column, the  
co-extraction U(VI)/Pu(IV) is again  
performed. 

• After washing, the organic phase loaded in  
U(VI)/Pu(IV) is injected into the second  
column where it is contacted with an  
aqueous solution containing a specific Pu  
reducer. 

• Indeed, Pu(IV) is reduced to Pu(III) and migrates into the aqueous phase; the organic 
phase containing U(VI) is treated by water (countercurrent) to realize the extraction of 
U(VI) into the aqueous phase. 

• U/Pu splitting takes place by reductive  
stripping of the plutonium. 

• From this step, U and Pu will go in separated purification cycles (2 more cycles). 



Reducer for Plutonium 

45 

Several Pu reducers can be used 
• Ferrous sulfamate (Fe 2+, 2NH2, SO3

-) 
Pu 4+ + Fe 2+   Pu 3+ + Fe 3+ 

 
• Uranium (IV)* 

2Pu 4+ + U 4+ + 2H2O  2Pu 3+ + UO2 
2+ + 4 H+ 

 

• Hydroxylamine nitrate (NH3OH+, NO3
-)* 

 
 
 
(*The most often used) 

−++−+−+ ++++→←++ 322
3

333
4 93

2
1

2
12,82 NOHOHONPuNOOHNHNOPu



Final Conditioning of Plutonium 
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• Plutonium is precipitated from the 
purified aqueous solution by 
addition of oxalic acid. 
 
 ++ +− →←+ HOHOCPuOCHPu OH 46)(2 2242422

4 2

COCOOHPuOOHOCPu C 2266.)( 222
600400

2242 +++ →← −

 
 

• The plutonium oxalate, after filtration, is dried 
around 200°C and then calcinated around  
400-600°C, which gives PuO2. 
 

Pu-Oxalate Precipitate 



Final Conditioning of Plutonium (cont.) 
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• The plutonium recycle strategy currently 
adopted by many countries consists in 
the preparation of mixed fuels (U, Pu)O2 
(~7% Pu) called Mixed Oxide Fuel 
(MOX) for LWR reactors. 
 

• MELOX plant in France with a 
production capacity of 100 tons of heavy 
metal per year. 
 

• A plant is being constructed in the U.S. 
(August 2007), the MFFF facility, 
Savannah River Site. 

Melox Plant, France 

MFFF Plant, USA 



Mixed Oxide Fuel (MOX) Fabrication 
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Hydrolysis and Polymerization of Pu(IV) 
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Johnson and Toth (1978) 

Polymerization Studies 

Factors Impacting Pu(IV) Polymer Formation 

2
4

2
4 22)( MOIONPRECIPITATMOMXXXXXXXXXXXXHOHMOxHM OHOHx →→−− →← →←+→←+ −−+−+ M              M 

H
O 

O
H 

ol-FORM 
oxo-FORM 

• The formation of Pu(IV) polymers depend on 
− Acidity 
− Pu(IV) concentration 
− Presence of electrolytes 
− Temperature 
− Ionic Effect 

• Polymerization of Pu(IV) increases with decreasing acidity, increasing 
temperature and increasing Pu(IV) concentration. 

• Polymerization of Pu(IV) is also greater for solutions of low 
acid/plutonium ratio. 
 



Plutonium (IV) Polymerization 
Boundaries 
  Safety Strategy to preclude 

the formation of Pu(IV) 
polymer species:  
• Define the process conditions 

and boundaries for precluding 
the polymerization of Pu(IV) 
within the process. 
 

• Ensure that sampling is in 
place where necessary to 
prevent this event. 
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Schuelein (1975), Toth (1983) 
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Plutonium (IV) Polymerization 
Boundaries (cont.) 

  To ensure that Pu(IV) 
polymerization will not 
occur, it may be seen that 
the HNO3 acidity must 
stay beyond 0.2 N and 
0.3 N, for a temperature 
of <50°C, depending on 
the Pu concentration. 
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Conversion to Pu metal 
• 1- Conversion to PuF4 

− Precipitation of plutonium peroxide, followed by 
fluorination 

− Precipitation of Pu(IV) oxalate and its subsequent 
fluorination 

− Precipitation and fluorination of Pu(III) oxalate 
− Direct calcination to PuO2 followed by its fluorination 

 
 

• 2-Calciothermy 
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Detection and Measurement of Pu – Issues 
• Need to know where all Pu is all the time. 

 

• Detection of Pu relies on observation of the alpha radiation. Very 
sensitive indicator as we know that alpha radiation can be blocked 
by paper… 
 

• Measurement of Pu complicated because Pu can be a changing 
material. 
– State of chemical combination can change 
– If metal oxidizes, the weight changes, solid piece may change to powder, the 

geometry changes and the self‐shielding of radiation changes 
 

• Plutonium in a chemical process stream can become concentrated 
or diluted and sampling is necessary to track inventory. 
 

• Box and lines losses. 
– In material transfers, a small amount of line or box loss frequently occurs that 

may not be recovered until months or years later. This may consist of powder 
trapped in corners or air filters 

– Isotopic mix can differ for different sources and it changes as Pu ages 
– Specific radiation signature may not be constant 
– Radioactive heat generation rate will change with time 53 
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Detection and Measurement of Pu –  
Techniques 

• Chemical analyses are required for metal and chemical process line 
samples in production streams. 
 

• Direct weighing of samples is often suitable but precautions need to be 
taken to assure that the material being weighed is homogeneous. 
 

• Radiation detection techniques. 
– Alpha radiation, easily detected but can be shielded by water, oil.  Alpha 

detectors are used in monitoring personnel or facilities for possible 
contamination, but are not useful for measuring material inside containers. 

– Gamma radiation penetrates materials. Measurement of Am‐241 decay 
normally present in Pu is often convenient, but the amount of this isotope 
changes with time and its concentration must be known. 

– Neutron activation can be used to induce fissions (in subcritical mass such as 
waste samples) with the generation of secondary neutrons. The number of 
secondary neutrons can be taken as a measure of the amount of Pu in the 
sample. 

– The heat generation by radioactive materials can be measured. Sample is 
transferred in a calorimeter where the rate of heat transfer is measured. 
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Detection and Measurement of Pu –  
Remarks 
• The choice of detection methods or combination 

of methods can be matched to the type of 
material inventory required. 
 

• Special care needs to be directed to calibration 
and standardization of reference radiation 
sources, geometry of measurement and counter 
sensitivity. 
 

• Statistical errors due to intrinsically random 
nature of radioactive emissions must be 
understood. 
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Plutonium Complexes 
• Plutonium forms complexes of varying stability 

with a range of different elements: 
− Plutonium hydrides 
− Plutonium halides 
− Plutonium carbides 
− Plutonium oxides 
− Plutonium oxalates 
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Pu-Hydrides 
• Direct reaction of plutonium metal with gaseous H2.  
• Hard, typically black metallic-appearing materials 

that show different behaviors based on particle size 
and composition.  

• Extreme reactivity towards O2 and H2O, and powders 
near composition PuH2 can be pyrophoric or ignite 
spontaneously. 

  Pu(s) + x/2 H2 (g)          PuHx (s)        with 1.9<x<3           
• Recent interest in plutonium hydrides.  

− For long-term storage and safe handling of Pu metal and 
compounds 

− Application of Pu-hydrogen reaction for pyrochemical 
processing of excess-weapons plutonium 
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Pu-Halides  
• Fluorides of Pu have played a key role in the 

separation and purification of Pu metal. Pu(III), 
Pu(IV), and Pu(VI) form binary fluorides  and 
each has had process applications. 

•  PuF4 is an important intermediate species in the 
Pu metal fabrication as we have seen earlier. 

• While not used as often, PuF3 has also been made 
the basis of a process for the conversion of Pu 
solutions to metal. 

• PuF6 is important in the fluoride volatility 
process for the separation of Pu and U from FPs 
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Pu-Carbides 
• Four compounds:  

− Pu3C2 
− PuC1-x 
− Pu2C3 
− PuC2 

• Their higher thermal conductivity and increased Pu 
density give them potential advantages over PuO2 as 
reactor fuel. 
 

• All these compounds undergo peritectic 
decomposition at high temperatures. 
 

• Extensive literature on Pu carbides because actinides 
– carbides have been considered as advanced nuclear 
fuels.  
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Pu-Oxides 
• Binary Pu oxides and especially PuO2 have great 

importance in 
− Nuclear fuel application 
− Long-term storage form for UNF and surplus weapon 

materials 
− Heat and power generators (Pu-238) for space 

research  
• Properties important 

− Environmental actinide migration 
− Corrosion reactions 
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Pu-Oxalates 

• Stable oxalates of Pu(III, IV, and VI) are known 
and because of their process importance, they 
have received a considerable amount of study. 
 

−Hydrated Pu(III) oxalate: Pu2(C2O4)3.10 H2O 
 

−Hydrated Pu(IV) oxalate: Pu(C2O4)2.6 H2O 
 

−Hydrated Pu(VI) oxalate: PuO2C2O4.3 H2O 
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Plutonium in the Environment 
• The main source of transuranics in the environment has 

been nuclear weapons testing. 
 

• Since the first detonation of a nuclear device in 1945 at 
Trinity Site in Alamogordo, NM, more than 4 tons of 
plutonium have been released worldwide (accounting only 
for announced nuclear tests). 
 

• Until they were banned by international treaty in 1963, 
aboveground nuclear tests propelled the actinides directly 
into the atmosphere. There they dispersed and migrated 
around the globe before settling back to earth. 
 

• Little can be done to isolate or retrieve this material. It is a 
permanent, albeit negligible, component of the earth’s soils 
and oceans and poses little health risk to the general public. 

 
W. Runde, LANL report No 26 (2000) 
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Plutonium Migration 
• Underground nuclear tests injected transuranics into highly 

localized regions surrounding the detonation sites. These 
concentrated actinide sources became mineralized and 
integrated into the rock matrix once their areas cooled and 
solidified. For the most part, the nuclear material is fixed in 
place. 
 

• However, plutonium from a test  
conducted at the Nevada Test Site  
in 1968 has been detected in a well 
more than a kilometer away. Its  
remarkably fast migration rate  
(at least 40 meters per year) is likely  
due to colloidal transport through the  
highly fractured, water-saturated rock  
surrounding the detonation site. 

 
W. Runde, LANL report No 26 (2000)                  Trinity Site, Alamogordo, NM 
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Pu Colloids and Particulates 
• The common understanding that Pu and Am were 

predominantly in particulate and colloidal forms led to the 
recognition that environmental migration occurs through  
sedimentation and resuspension of small particles by 
action of wind and surface water at different  
sites. 
 

• Scientists assumed that plutonium,  
because of its low solubility in  
water and its strong tendency to  
sorb to minerals, does not travel  
far in groundwater. 

 
 
 

            Nevada Test Site 
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Pu Colloids 
• However, plutonium can adhere to colloids, which are 

naturally occurring organic and inorganic particles smaller 
than a micrometer in diameter. 

• Due to their small size, colloids  
can be transported in  
groundwater. In this way, small 
amounts of  plutonium can be 
transported over considerable  
distances. 
 

 
 
 
 
 
 

A scanning electron microscope image of mineral colloids 
containing plutonium filtered from groundwater. Mineral 
colloids consist of clay and zeolites, common secondary 
minerals found in rocks at the Nevada Test Site.   
https://www-pls.llnl.gov/?url=about_pls-
centers_and_institutes-glenn_t_seaborg_institute-research 
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Oxidation States of Pu in Nature 

Courtesy Prof. Th. Fanghaenel, ITU, Germany 66 
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Possible Solid Phases for Pu in the Environment 
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Ion Valence Reaction Log K sp 

 

3+ 

 

Pu(OH)3 (cr) = Pu3+ + 3OH- 

PuOHCO3 (cr) = Pu3++  CO3
2- + OH- 

Pu2(CO3)3 (cr) = 2Pu 3+ + 3CO3
2- 

PuPO4 (cr) = Pu 3+ + PO4
3- 

 

-26.20 

-21.20 

-33.40 

-24.78 

 

4+ 

 

PuO2 (s, hyd, aged) + 2H2O = Pu4+ + 4OH- 

PuO2 (cr) + 2H2O = Pu4+ + 4OH- 

 

-58.00 

-60.20 

 

5+ 

 

PuO2(OH) (am) = PuO2
+ + OH- 

NaPuO2CO3 (s, aged) = Na+ + PuO2
+ + CO3

2- 

Pu2O5.xH2O (cr) = 2PuO2
+ + 2OH- + (x-1) H2O 

 

-9.00 

-11.66 

-22.80 

 

6+ 

 

PuO2(OH)2.H2O (cr) = PuO2 2+ + 2OH- + H2O 

Na2PuO4 (s) + 2H+ = 2Na+ + PuO2
2+ + 2OH- 

PuO2CO3 (s) = PuO2
2+ + CO3

2- 

-22.50 

2.03 

-14.40 



Plutonium and Integrated Repository 
Sciences 

• Plutonium, with its multiplicity of oxidation states and 
its greater affinity for complex-forming ligands, is of 
highly important actinides that are of concern for long-
term emplacement of nuclear waste.   
 

• Fundamental data and models predicting plutonium in 
the repository site are prerequisites for the 
management of nuclear waste.  
 

• The chemical behavior of plutonium is influenced 
strongly by its oxidation state, which determines the 
strength of its complexation reactions, solubility, 
formation of colloids and sorption processes.  
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Stability of 239Pu(VI) in the presence of OCl- 
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Stability of 239Pu(VI) in the presence of H2O2 
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Biochemistry of Pu 

• Extensive literature including the chemistry in 
blood and urine. 
 

• Most health studies done with animals. 
 

• A few human studies (LANL, G. Volez). 
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Uptake of Pu in Bone 
• Pu not excreted promptly (3 days) goes to the 

bone and other mineralized tissue. 
 

• In fish (bony and cartilaginous), as much as 99% 
of Pu is taken up in bone tissue. 
 

• Uptake of An in bone can be slow because of the 
strong binding with transferrin, which is a protein 
produced in the liver to deliver iron between the 
tissues and bone marrow. 
 

• Ca deposition in bone is uniform; An deposition in 
bones can be irregular ( related to variation of 
pH). 
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Uptake of Pu in Bone (cont.) 

• The Pu chemistry of bone fixation is not precisely 
known. 
 

• Pu accumulates in immobilized deposits, near the 
surface of bones. 
 

• Biological half-life of Pu in bone is estimated to be  
65-130 years. 
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Long-term Effects of Ingested Pu 
• “There is no known case of  ingestion by a 

human of a sufficiently large amount of Pu to 
produce symptoms of acute toxicity.” 
 

• Acute conditions are severe and sudden in onset. 
This could describe anything from a broken bone 
to an asthma attack.  
 

• A chronic condition, by contrast, is a long-
developing syndrome, such as osteoporosis or 
asthma.  
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Long-term Effects of Ingested Pu (cont.) 

• Liver tissue appears to be less sensitive to alpha 
radiation than either lung or bone tissue. 
 

• Effects of ingested Pu on the blood are largely 
due to irradiation of the tissues where blood 
cells are formed. 
 

• No leukemia has ever been detected in dogs. 
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Removal of Pu and An from the Body 

• There is no normal physiological process that 
will eliminate Pu rapidly from the body. 
 

• Normally, foreign chemicals that enter the body 
are converted in the liver by oxidation and 
conjugation into compounds that can be 
excreted. 
 

• No such pathways are available to heavy metals 
in insoluble forms. 
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Removal of Pu and An from the Body 
(cont.) 

• Many methods have been tried to speed up the 
excretion of Pu (metal substitution). 
 

• Current strategy for removal is the use of 
chelates to form water soluble complexes. 
 

• Citrates and ascorbates are somewhat effective, 
but are too quickly metabolized to be of practical 
use. 
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Removal of Pu and An from the Body 
(cont.) 

• EDTA (ethylenediaminetetraacetic acid) is 
effective in accelerating Pu excretion. 
 

• DTPA (Diethylene triamine pentaacetic 
acid) is perhaps the most effective, and has one 
more carboxyl group, which enhances the 
stability of the Pu(IV) chelate complexes. 

 

78 EDTA DTPA 
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Conclusions 
79 

• We have covered several topics related to Pu chemistry: 
– Separation and purification of plutonium 
– Aqueous solutions of plutonium 
– Plutonium in the environment 
– Biochemistry of plutonium 

• Recommended reading: 
− Chemistry of Plutonium (Nuclear science and technology series),  

J.M Cleveland (1979) 
− Plutonium handbook, a guide to the technology, Volumes I and II,  

O.J. Wick (1980) 
− Advances in Plutonium chemistry 1967-2000, D. Hoffman (2002) 
− The Chemistry of the actinide and  transactinide elements, 3rd ed, Vol 2,  

Eds L. Morss, N. Edelstein and J. Fuger (2006) 
− Chemical Thermodynamics of Neptunium and Plutonium, Vol 4,  

OECD (2001) 
− Update on the chemical thermodynamics of Uranium, Neptunium, 

Plutonium Americium and Technetium, Vol 5, OECD (2003) 
 
 

 



Future Webinars in Actinide 
Chemistry Series 
 

•  Environmental Chemistry of Uranium and Plutonium 
•  Analytical Chemistry of Uranium and Plutonium 
•  Source Preparation for Alpha Spectroscopy 
•  Sample Dissolution 
 
  NAMP website www.inl.gov/namp  
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