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Minor An in used nuclear fuel 

~ 95% Uranium 

~ 4% Fission Products 

~ 1% Plutonium 

~ 0.1% Minor Actinides (~0.05% 237Np,  ~0.05%  Am, ~0.001% Cm, traces of Bk and Cf) 

Ref: Choppin, G.R.; Liljenzin, J.-O.; 
Rydberg, J. Radiochemistry and 
Nuclear Chemistry (2002) 
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Why to study americium and curium? 

Minor actinides are known for: 
 Separation of An(III) is the most challenging chemical problem in the used 

nuclear fuel processing 
 Difficult to remove from rare earth-fission products and other trivalent An  
 Cm, Am, Bk and Cf are present in nature in certain areas used for the 

atmospheric nuclear weapons tests 
 Atmospheric Cm compounds are poorly soluble in common solvents and 

mostly adhere to soil particles 
 Trivalent An are more mobile in geological environments than Pu(IV)  
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OUTLINE: 
 Discovery 
 Occurrence and importance 
 Aqueous Chemistry:  

• Comparison with lanthanides (here and the next webinar) 
• Oxidation States 
• Separations 

Physical properties: 
Atomic Symbol: Am Cm 
Atomic Number: 95 96 
Atomic Weight: [231-249] [232-252] 

Melting Point: 1176oC 1340oC 

Boiling Point: 2607oC 3110 oC 

Density 12 g/cm3 13.51 g/cm3 

Description: Silvery metal Silvery metal 
Ln-homologue: Eu Gd 

Magnetic properties: 
 

Am is paramagnetic in wide 
temperature range [from 
liquid He to above room T] 

α-Cm transforms to an antiferromagnetic 
state upon cooling to 65–52 K 
β-Cm exhibits a ferromagnetic transition 
at about 205 K 
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TRU - minor actinides 
 Transuranic elements (TRU) are 5-f  elements heavier than U 

 TRU (excluding plutonium) = “minor actinides”, components of used nuclear fuel 

 TRU are produced by consecutive neutron capture events starting uranium or 
other nuclear reactions (in cyclotron or decay)  

 TPU (transplutonium); TCU (transcurium) 

 Historical order: 

• Np (1940)  
• Pu (1941) 
• Cm (1944) + Am (1944-45) 
• Bk +  Cf(1949-50)… 
 

 
 
 

Several isotopes of Cm and Am were 
detected in the fallout from the Ivy Mike 
nuclear test. http://en.wikipedia.org/wiki] 

By chance, T.G. Seaborg first 
announced the discovery of elements 
95 and 96 in response to a question 
on a Nov. 11, 1945, in the Quiz Kids 
radio program. 
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Curium –element 96 
• Discovered in 1944, prior to Am, by Seaborg, James, 

and Ghiorso at the University of California Berkeley 

• Produced by alpha particle bombardment of 239Pu 
films  

• Isolated Werner and Perlman as Cm2O3 at Berkeley in 
1947 

• Identified at the Metallurgical Laboratory of the 
University of Chicago (by its characteristic alpha 
radiation)  

• Naming followed its lanthanide homologue 
gadolinium (J. Gadolin) → curium (M.+P.Curie) 

• Cm (seven 5f electrons) ↔ Gd (seven 4f electrons)  

The first curium compound, Cm-242 hydroxide, isolated in 1947. The 
precipitation is distributed throughout the solution in the capillary tube.  
[“Man-Made Transuranium Elements", G. T. Seaborg, Prentice-Hall, 1963] 

94Pu239 + 2He4 → 96Cm242 + 0n1   

Pierre Curie  and Maria Sklodowska-Curie 
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Americium - element 95 
 Discovered in 1944–45 by Seaborg, James, Morgan, 

Ghiorso at the Metallurgical Laboratory of the 
University of Chicago 

 Produced by the neutron irradiation of plutonium: 
 

94Pu239 (n,γ) 94Pu240 (n, γ) 94Pu241 →  
95Am241   +β- 

 

95Am241 →  
93Np237   + α  [T1/2= 432.2 y]   

 

 Isolated by Cunningham as Am(OH)3 
 Named Am in similar fashion to corresponding 

lanthanide homologue europium Eu 
 Am (six 5f electrons) ↔ Au (six 4f electrons)  

  Although it is the third element in the transuranic series, it was 
discovered fourth, after the heavier curium.   

 Results kept secret due to The Manhattan Project, and first announced 
on children’s radio show in November 1945. 
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Discovery of the Am+Cm “pandemonium” 

 The first exploratory studies yielded four americium isotopes: 241Am, 242Am, 239Am 
and 238Am:  
 The second isotope 242Am [T1/2= 16.02 h] was produced upon neutron bombardment of 

the already-created 241Am.  

 Upon rapid β-decay, 242Am converts into the isotope of curium 242Cm: 

 95Am241 (n,γ) 95Am242 →  
96Cm242   +β- 

 

 Separation of nuclear reaction products  was a complex, multi-step process:  
 After cyclotron irradiation of 239PuO2 deposited on a Pt-foil, the target (PuO2 -coating) 

was dissolved with HNO3, and then precipitated as the hydroxide using concentrated 
aqueous ammonia solution. The residue was dissolved in perchloric acid.  

 Further separation was carried out by ion exchange, yielding a certain isotope of Cm.  

 The separation of Cm and Am was so painstaking that the researchers at Berkeley 
initially called them pandemonium (from Greek pan- + daimon; for all demons or hell)  

 

 Separation of Am and Cm is still a challenging task (next slides) 
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Am + Cm: applications 
 Common starting target for heavy element synthesis, 

for example, curium for californium: 

96Cm242 + 2He4 → 98Cf 245 + 0n1  

 Smoke detector (Am-241) 

 Laboratory source of neutrons (based on a Be+ Am-241 
mixture) produce almost monoenergetic neutron flux 
of 107 cm-2s-1: 

9Be(α,n)12C  
 

 Imaging (59.6 keV gamma ray (Am-241): 
• Radiography 
• X-Ray fluorescence 
• Nuclear density meters 
• Spectrometer calibration 

 • The ionization smoke detector uses a radioactive source (typically Am-241) to 
ionize the air within the sensing chamber.  

• The ionization of air by the radioactive particle causes a very small flow of 
electrical current.  

• When the smoke from a fire enters the chamber, it absorbs the α-particles and 
causes a reduction in the current's flow. 

•  The electronic circuitry senses the reduced flow and triggers the alarm horn. 
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Applications: Am + Cm 
 Nuclear Battery: not the energy, but the charge of the emitted alpha particles is utilized, 

the alpha-emitter acts as the self-sustaining "cathode“, e.g., Am-242 [T1/2= 16.02 h]  

 Alpha X-ray spectrometers 
• Analysis of rocks by extraterrestrial rovers [Cm-244] 

 RTG -Radioisotope thermolelectric generators: 

Alpha Particle X-Ray Spectrometer (APXS) on NASA's Curiosity rover, 
with the Martian landscape in the background. 
[http://mars.jpl.nasa.gov] 

• Shortage of Pu-238 (540 W/g, almost no 
shielding needed) 

• Both Am-241 and Cm-244 (5 cm 
shielding because of spontaneous 
fission) are considered and tested 

• Cm-242 – too expensive ($2000/g)  

Curium self-glow radiation 
[wikipedia/wiki] 
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Reactor Chemistry 
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http://en.wikipedia.org/wiki/ 

Formation of TRU-elements 
in nuclear fuel or nuclear 
weapons material: 

 
• Total transmutation rate (%) 

of each nuclide in a LWR  
 

• Transmutation rate is low 
for many nonfissile actinides 
 

• After leaving reactor only 
decay reactions occur. 
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Am production 

[Runde, 2006: in Morss, Edelstein  and Fuger] 



Cm production 
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[Runde, 2006: in Morss, Edelstein  and Fuger] 
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Electronic configurations of f-block elements 
Ln Z Atom (gas): Ln(III),a

q: An Z Atom (gas): An(III),aq
: 

La 

Ce 

Pr 

Nd 

Sm 

Pm 

Eu 

Gd 

Tb 

Ho 

Dy 

Er 

Tm 

Yb 

Lu 

57 

58 

59 

60
61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

[Xe] 5d16s2 

[Xe] 4f15d16s2 

[Xe] 4f36s2 

[Xe] 4f46s2 

[Xe] 4f56s2 

[Xe] 4f66s2 

[Xe] 4f76s2 

[Xe] 4f75d6s2 

[Xe] 4f96s2 

[Xe] 4f106s2 

[Xe] 4f116s2 

[Xe] 4f126s2 

[Xe] 4f136s2 

[Xe] 4f146s2 

[Xe] 4f145d6s2 

[Xe]  

[Xe] 4f1 

[Xe] 4f2 

[Xe] 4f3 

[Xe] 4f4 

[Xe] 4f5 

[Xe] 4f6 

[Xe] 4f7 

[Xe] 4f8 

[Xe] 4f9 

[Xe] 4f10 

[Xe] 4f11 

[Xe] 4f12 

[Xe] 4f13 

[Xe] 4f14 

Ac 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

No 

Lr 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

[Ra] 6d17s2 

[Ra] 6d27s2 

[Ra] 5f26d17s2 

[Ra] 5f36d17 s2 

[Ra] 5f46d17s2 

[Ra] 5f67s2 

[Ra] 5f77s2 

[Ra] 5f76d17s2 

[Ra] 5f97s2 

[Ra] 5f107s2 

[Ra] 5f117s2 

[Ra] 5f127s2 

[Ra] 5f137s2 

[Ra] 5f147s2 

[Ra] 5f146d7s2 (or 
5f147s27p) 

 

 

[Ra] 5f1 

[Ra] 5f3 

[Ra] 5f4 

[Ra] 5f5 

[Ra] 5f6 

[Ra] 5f7 

[Ra] 5f8 

[Ra] 5f9 

[Ra] 5f10 

[Ra] 5f11 

[Ra] 5f12 

[Ra] 5f13 

[Ra] 5f14 

[Edelstein, 2006] 
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Electronic Configurations and Oxidation States of Actinides 
0 [gas] 6d 

7s2   
6d2 

7s2  
5f2 

6d 7s2  
5f3 6d 

7s2 
5f4 6d 

7s2  5f6 7s2 5f7 7s2 5f7 6d 
7s2 

5f9 

7s2 
5f10 
7s2 5f11 7s2  5f12 7s2 (5f13 

7s2) 
(5f14 

7s2) 
(5f14  

6d 7s2) 

3+[aq] [Ra] 5f2 5f3  5f4   5f5 5f6 5f7  5f8 5f9 5f10 5f11 (5f12) (5f13) (5f14) 

7+   

6+     Importance:  >  >  

5+       

4+          

3+                

2+      

An: Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 

Ln: La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
3+[aq] [Xe] 4f1 4f2 4f3  4f4   4f5 4f6 4f7  4f8 4f9 4f10 4f11 4f12 4f13 4f14 

2+       

3+                
4+      

• 5f/6d/7s/7p orbitals are of comparable energies over a range of atomic numbers, especially U-Am 
• tendency towards variable valency 
• greater tendency towards (covalent) complex formation than for lanthanides, including complexation with p-bonding 

ligands 
• electronic structure of an element in a given oxidation state may vary between compounds and in solution 
• often impossible to say which orbitals are being utilized in bonding 



Ionic Radii: actinide contraction 
 An(IV) and An(III) ions with similar 

radii to their Ln  counterparts show 
similarities in properties that depend 
upon ionic radius: 

 An-contraction - analog to Ln-
contraction [grey lines in the graph] 

 The steady decrease in ionic radii 
with increase in atomic number is 
referred to as actinide contraction 

 This is due to poor shielding of 5-f 
electrons. 

 The An-cation contraction: the size of 
atom/cation decrease with increasing 
atomic number:  
• from 0.112 to 0.095 nm  for An(III)  
• from 0.094 to w0.082 nm for An(IV)  

v 
v 

An(III) 

Ln(III) 
An(IV) 

Ln(IV) 
Ln(VI) 

An(VI) 

• Ln-contraction results from poor shielding of 
nuclear charge (nuclear attractive force on 
electrons) by 4f electrons 

• The 6s electrons are drawn towards the nucleus, 
thus resulting in a smaller atomic radius. 
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Hydration and Coordination Numbers  
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 Coordination number (CN) and geometry complexes determined by: 

• the electronic configuration and steric size and shape of the ligands  

 9 inner-sphere water molecules in Am3+-aquaion confirmed also by absorption 
spectroscopy 

 Coordination numbers (CN) of Am(III) and Cm(III) have been measured by fluoresence 
spectroscopy; fluorescence lifetimes related to number of innersphere water molecules 

 Am(III) and Cm(III) have evidence for coordination number of 9 

 New XAFS  data suggests CN of 10 in dilute HCl solutions 

• Structures with 8–10 H2O molecules proposed for An3+ [9-12 for An4+, 4-5 for AnO2
+ 

and 5-6 for AnO2
2+].  

• An-OH2 distances in the An-aqua ions range between 0.24 to 0.25 nm 

• For a majority of the actinides, the exact numbers of water molecules that are bound 
to the metal centers in the hydrated metal ions are still controversial.  

• The uncertainty in the structures can be explained by the limited number of crystal 
structures that exist for their aquo complexes, related to the difficulty in crystallizing 
materials from aqueous solutions.  



Typical coordination structures of An(III) 

Structures (1-3) are octa-coordinate with a cubic, square antiprism, and a bicapped trigonal prism arrangement 
of the ligands (water molecules), respectively, found  for both  the tri- and tetravalent actinides. 

An

OH2

OH2

H2O

H2O

H2O

H2O

OH2

OH2

3+/4+

An

OH2

OH2

H2O

H2O

H2O

H2O

OH2

OH2

3+/4+

An

OH2

OH2

H2O

H2O
H2O

H2O

OH2

OH2

3+/4+

(1)   (3) (2)  

Lanthanides (III): Structures of aqua ions in the solid state include the 9-coordinate tricapped trigonal prism 
structure with the lighter Ln-ions and the 8-coordinate square antiprism structure with the heavier Ln-ions. 

3+/4+

H2O

An

OH2

OH2

H2O

H2O
H2O

H2O

OH2

OH2

(4)  

Higher coordination numbers are 
observed with multidentate ligands, 
such as carbonate and nitrate.  

The nine-coordinate structure (4) 
is a tricapped trigonal prism.  
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Complexation 
 Ionicity - the predominant characteristics for both lanthanides and actinides   

 Covalency: 

• appreciable only in the actinides 

• confirmed by spectroscopy 

• attributed to the 6d orbital interactions with the ligands, which  are 
significantly stronger than the 5f interactions. 

 Complexation ability of ions follows the same trend for the trivalent An(III): 

OH- > CO3
2- > F- > H2PO4

- > SCN- > NO3
- > Cl- > ClO4

-
 

 The trivalent Am behaves analogically to rare earth elements:  

• hydrolyzes, precipitates with fluoride, oxalate, iodate, hydroxide, and forms 

• stable complexes with Cl-, NO3
- CNS-, and SiF6

2-  

• soluble complex with carbonate and 

• insoluble complexes with phosphate and other salts 
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Am, Cm Aqueous Species 

 Am3+, Am4+, Am5+, Am6+: 

• The trivalent Am Am3+ forms a soluble carbonate complex, while Cm3+ doesn’t,  is not 
easily complexed, precipitated or extracted 

• AmO2
+ (Am=5+) forms insoluble KAmO2CO3 (Am3+ or Ln3+ don’t)  

• AmO2
2+ (Am=6+)  is a strong oxidizer and very unstable in solutions 
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 Cm(III):   

• Cm(III) is very stable toward oxidation; the only oxidation state found normally in solution 

• Cm(III) fluoride, oxalate, phosphate, iodate, and hydroxide are insoluble 

• Cm(III) chemistry studies are hampered by radiolytic and heating effects 

• CmF3 can be precipitated from solution 

• Cm(III) forms complexes with α-hydroxyisobutyrate and CNS that can be separated from 
Am, other TRU-elements, and rare earths using ion exchange 



Oxides: 
• Minor actinides tend to form An2O3 or AnO2 oxides 
• Am and Cf known to form bivalent AnO 

• Am2O3 sesquioxide unstable in air 
• Heating oxygen containing Am(III)  compounds 

(OH-, CO3
2-, etc.) will produce AmO2 

 

Fluorides 
Metal production from oxides and fluorides: 
• AnF3 + 3Li An + 3LiF 
• 2AnF3 + 3Ba2An + 3BaF2 

• An2O3 + La  An + L2O3 

• 3AnO2 + 4La  3An + 2L2O3 

 

 

Am 

Mixed  Cm oxide 

Am2O3 
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Element M3+ M4+ MO2
+ MO2

2+ MO5
- 

Am 
pink or 

yellow-reddish 
yellow-
reddish yellow brown 

(rum‐colored) dark green 

Cm pale green unknown     
[Edelstein, 2006] 
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  0.2673   
-0.553    0.447   0.088   

U3+ → U4+ → UO2
+ → UO2

2+   (1) 
  

  0.882   
  0.219 0.604   1.159 2.04* 

Np3+    → Np4+ → NpO2
+ → NpO2

2+ → NpO3+ (2) 

  
  0.983     
  1.047   1.031 0.936     2.31* 

Pu3+   → Pu4+ → PuO2
+ → PuO2

2+ → PuO3+ (3) 
  

  1.683(3)   
     2.62(11) 0.84 1.60(9)  2.5(2) 

Am3+ → Am4+ → AmO2
+ → AmO2

2+ → AmO3+ (4) 
  

   3.0 
(5) Cm3+   → Cm4+ 

The scheme of standard redox potentials (V) for U, Pu, Np, Am and Cm in 1M HCl (*or 1M HClO4) [Edelstein, 2006] 

Redox Potentials of An  



Oxidation-reduction 
 Unusual oxidation states of Am: 

• for separations 
 Oxidation of Am(III) by peroxydisulfate or 

ozone 
• By thermal or autoradiolytic product of it: 
• SO4*-, or HS2O8

-: 

 
 

Kinetics of Am(III) oxidation by peroxydisulfate 
(0.4M) in nitric acid [0.09(A) -0.28M(E)] at 50.60oC 
[Ermakov et al., (1971a, 1973, 1974)] 

1.5S2O8
2- +Am3+ + 2H2O→ 3SO4

2- + AmO2
2+ + 4H+ 

 Oxidation of Am(III) by peroxydisulfate in K2CO3 

 Oxidation of Am(V) by peroxydisulfate in HNO3: 
• 0.09-0.6M  HNO3  and 45-60oC 

 
0.5S2O8

2- + AmO2
+ → SO4

2- + AmO2
2+  

 Reduction of Am(VI) by H2O2 in HClO4 : 

 Reduction of Am(V) by Np(V) in HClO4: 

 Reduction of Am(V) by Np(V) in Na2CO3: 

 Reduction of Am(V) by U(IV) in HClO4: 

NpO2
+ + AmO2

+ + 4H+ → Am3+ + NpO2
2+ +2H2O 

AmO2
+ + U4+ → Am3+ + UO2

2+  

AmO2
+ + H2O2 + 6H+ → Am3+ +  4H2O 

4H+ + AmO2
+ + NpO2

+ → NpO2
2+ +Am3+ + H2O 
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Radiolysis 
 Am-241 (5.4 MeV) and Am-243 (5.2 MeV) are alpha emitters; (1 mg Am-241 releases about 

7x108 MeV/s)  
 Radiation tracks contain radicals, ions, and electrons; which impact the stability of 

oxidation states in aqueous solutions.  
 In acidic media, Am(V) and Am(VI) are  rather rapidly reduced and the reduction rate is a 

function of the dose rate and electrolyte concentration.  
 Am(V) and Am(VI) reduction in nitric acid involves both the radiolytically produced radicals 

and their recombined products (H2O2 and HNO2): 
 

2AmO2
2+ + HNO2  + H2O    →2AmO2

+ + 3H+ +  NO3  
2AmO2

+  +  HNO2 +   6H+ → 2Am4+ +   3H2O  + HNO3 

 
 Also the perchlorate solutions upon alpha-radiolysis produce  multiple reductive species 

(such as Cl2, ClO2, or Cl) that are effective reductants for Am(VI). 
 A radiolytically enhanced chemical oxidation of Am(III) to Am(V) and Am(VI) (at large 

gamma doses) is observed in perchlorate solutions at pH 3–6 in the presence of excess of 
N2O, S2O8

2-, or XeO3.  
 From the other side, the alpha-irradiated carbonate and concentrated chloride solutions 

produce oxidizing species (Cl2 and ClO) and radiolytically oxidize Am(III) to Am(V). 
 
[Vladimirova et al. (1977, 1986), Osipov et al. (1977), Kornilov et al., (1986), Runde and Kim (1994), Magirius et al. (1985), 
Pikaev et al. (1977)] 
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Am (III, IV) Spectra 

Americium ions in solution:  Am3+ (left) and Am4+ (right).  
Am3+ is colorless at low and reddish at higher concentrations. 

 Am -chemically similar to 
most lanthanides; III – the 
most common oxidation 
state.  

 All oxidation states have 
their characteristic optical 
absorption spectra, with a 
few sharp peaks in the 
visible and mid-infrared 
regions 

 Position and intensity of 
these peaks can be 
converted into the 
concentrations of the 
corresponding oxidation 
states 
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Am Spectra 

Electronic absorption spectra of Am(III) in 1 M HClO4 and 
of the predominant Am(III) species in carbonate- 
containing solutions (inset)  
(Meinrath and Kim, 1991a). 

Am(III)  

Am(IV)  

Absorption spectrum of Am(IV) in 13 M NH4F (Asprey, L. B. 
and Penneman, R. A. (1962) Inorg. Chem., 1, 134–6.). 
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Am(VI) Spectra 

Absorption spectrum of Am(VI) in 1 M HClO4 and in 
carbonate solution (inset) 
Penneman, R. A. and Asprey, L. B. (1955) A Review of Americium and Curium Chemistry,  
Proc. First Int. Conf. on the Peaceful Uses of Atomic Energy, pp. 355–362. 

Am(VI)  
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Am(V) 
Spectra 

Electronic absorption spectrum of Am(V) in 1 M HClO4. Inset: Am(V) in argon; air, and HCO3
-/CO3

2- atmosphere. 
solution. [Stadler and Kim, 1988); in Runde, 2006]. 
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Cm absorption spectroscopy 

Cm(III) in 0.04M HCl Cm(IV) in 15 M CsF 

 Besides Time-resolved laser-induced fluorescence spectroscopy (TRLFS ) has been used extensively since 
the mid-1980s to investigate the fundamental solution chemistry of Cm.  

 The energy of the emission band is dependent on the ligands attached to the curium ion.  

 Taking advantage of this feature, the method has been used to determine the hydration number for curium 
in solution (Kimura et al., 1996) and complexation constants for a number of ligands. 
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Laser-Induced Fluorescence Spectroscopy 
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Also other actinides: U(VI) and Cm(III)  

Lanthanides: Eu(III)  

[Runde, 2000]. [Wimmer (1992), in Lumetta (2000)]. 

TRLFS: Hydrolysis of Cm 

The spectra for Cm(III) as a function of pH and 
indicate the successive conversion of Cm(III) 
ion to [Cm(OH)]2+ and [Cm(OH)2]+. 



Cm hydrolysis: effect of ionic strength  
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Observed: 
Ionic strength significantly affects the distribution of hydrolyzed species with the 
Cm(III) ion becoming more easily hydrolyzed as the ionic strength increases. 
pH=7,  1m NaCl:  almost all  curium as Cm3+,  
pH=7,  6m NaCl:  equal portions of  Cm3+ and Cm(OH)2

+  

Fanghanel et al. Radiochim. Acta, 66/67, 81–87 



Am (III)+Cm(III) environmental behavior 

[log KsP(Am) = - 25 to -26] [Lehto,  Hou, 2011] 
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Chemical Interactions of Actinides in the Environment 
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Graph 1. The stability diagram for as a function of partial pressure of CO2.  Graph 2. Speciation of An(III) in carbonate solution:  

 • An2(CO3)3•2–3H2O(s) = solubility-controlling solid. 
• Red curve  = the total concentration of An(III) in solution 

(solubility) 
• Gray lines = calculated concentrations for individual 

solution species  
 

[Runde, 2000] 
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Fraction of Am(III) species in water in equilibrium with 
atmospheric CO2 as a function of pH. 

Carbonate  is one of the most important ligands for actinides.  
In carbonate-free environments, the hydrolyzed species Am(OH)2+ and Am(OH)2+  are the major 
species at pH 8.2, while, in carbonate-rich waters, Am(CO3)+ and Am(CO3)2

- may also be 
significant components [Choppin, Jensen, 2006].  

Hydrolysis of 
Actinides(III) 
• Hydrolysis of the An(IV) 
commences already at pH 2-
3, while An(III) are stable 
until pH=5-6. 

• Trivalent actinides form the 
hydrolysis products [AnOH]2+,  
[An(OH)2 ]+ and An(OH)3 

• The last, neutral 
trihydroxide, precipitates if 
the An-concentration in 
solution is high enough.  

[Choppin, Jensen, 2006] 
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Minor Actinide Separations 

 Am and Cm separation 
important in fuel cycle 
chemistry 

 Gamma spectroscopy allows 
analysis of Am-241 content, no 
intense Cm emissions 

 Alpha energies separated 
enough (Am-241,243; Cm-
242,244) for simultaneous 
alpha spectroscopy 
measurement 

 Requires isolation from other 
actinides (U, Pu, Np, Ra, Po) 
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Analytical  of Am + Cm 

 The analysis for Cm has been done by the typical methods 
for metal ions and alpha-emitting actinides, such as: 

 alpha, gamma, and neutron spectroscopy, nuclear track 
detection 

 PERALS (photon/electron-rejecting alpha liquid 
scintillation) 

 Mass spectrometry 

 Vis -spectrophotometry of highly colored complexes such as 
arsenazo, and time-resolved laser-induced fluorescence or 
luminescence spectroscopy  

 In most cases, at least some separations are required 
before analysis of Cm or Am or both. 
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Separation of Americium and Curium 
 Alpha spectrometry - standard method to measure both Am and Cm 

 Essential task in their separation is to remove other alpha-emitting 
radionuclides: other An, Ra, and Po:  

 ion exchange (IEX) 
 extraction chromatography (ECX) 
 solvent extraction (SX) 
 precipitations (not in primary separations; but in 

preconcentrations (large water samples) and in the preparation of 
counting sources  

 Trivalent americium and curium are efficiently separated by 
coprecipitation with ferric hydroxide and manganese dioxide floes in 
preconcentration processes for large volumes of natural waters.  

 Lanthanide fluorides (LaF3, CeF3, NdF3) are used to prepare counting 
sources for alpha spectrometry. 
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Am+Cm Separations 
 Separations from other elements generally 

performed by exploiting differences in 
redox chemistry 

 Am and Cm primarily exist in the trivalent 
oxidation state 

 Th, Np, U do not have significant trivalent 
ion chemistry, Pu(III) easily oxidized 

 Po removed with tetra and hexavalent 
actinides 

 Ra removed by ion exchange 
chromatography or solvent extraction 

• No nitrate or chloride complexation  

 Fe separation for soil samples 

• Coprecipitation of Am and Cm with 
Ca(C2O4) 

• Lanthanides 

Cyanex-301 resin 
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 Metal, dissolved in aqueous phase forms a 
complex with the organic molecule 
dissolved in the organic phase 

 Upon agitation, the metal complex is 
moved from the aq-org interface to the 
bulk organic phase 

 Acidic, neutral and ion-associate 
complexation mechanism 

 Rarely used as sole separation method for 
analytical analyses 

 Capable of making a combination 
extraction and scintillator for one step 
scintillation and analysis (PERALS) 

 Most important in used nuclear fuel 
reprocessing for Am and Cm separation 
from fission products 

Solvent Extraction 
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ORG 

AQ 

Am3+ 

Pu4+ 

UO2
2+ 

Sr2+ 



Solvent Extraction 
I. Neutral extractants: 

TBP 

N
N

OO

N

EtTDPA 

CMPO 
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neutral adducts 



Solvent Extraction 
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II. Acidic extractants: 

Chelate  complexes 



 Consecutive anion exchange separations 

 8 M HNO3 

 Pu(IV), Th(IV), Po removed from solution 

 U(VI), Ra, Ln, Am, and Cm remain in 
eluent 

 9M HCl 

 U(VI) removed 

 1 M HNO3-MeOH solution 

 Addition of SCN- 

 Step removes lanthanides and Ra 

 

Ion Exchange 

8 M HNO3 

9 M HCl 

1 M HNO3 
MeOH 
SCN- 

Pu Th Po 

U(VI) Ra Ln Am Cm 

Ra Ln Am Cm 

U(VI) 

Ra Ln 

Am Cm 
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 Necessary for preparing sources for alpha counting with minimal thickness 
 Self-absorption 
 Resolution 

 Soil/sediment samples often contain 0.2-0.3 mg lanthanides per gram of soil 

 Much larger amount than used for lanthanide coprecipitation (0.05 mg) 

 Can be separated from Am and Cm by using either anion exchange or extraction 
chromatography 

 Utilizes preferential complexation of Am and Cm with softer ligands such as 
thiocynate (SCN-) compared to “harder” lanthanides 

Lanthanide Separation 
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Separation of Am and Cm 

 Am and Cm very difficult to separate from each other 
 Nearly identical ionic radii (97 and 96 pm) 
 Same ionic charge 
 Nearly identical charge density 

Cyanex-301 resin 
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Separation of Am and Cm 

 Same oxidation state separation gives only small separation 
factors 
 a-hydroxycarboxylic acid (SF 1.2-1.4) 
 aminopolycarboxylic acids (SF 1.2-2.0) 

 Am(IV) only in very oxidizing conditions with strong 
complexants 
 Higher oxidation states unstable in acidic solution and due 

to autoradiolysis 
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Separation of Am and Cm 
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Separation of Am and Cm 

 NaBiO3 

 Oxidizes Am(III) to 
Am(V) and Am(VI) 
 Acts as holding agent 

to prevent reduction 
back to Am(III) 

87 °C 
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[Aupiais, 1998, 1999]  

PERALSTM 
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Resins with metal complexing groups packed into  
- chromatographic  columns  
- extraction-filtration disks 

 
- EXC-resin produced by EichromTM  (Darien, IL) are 

solid phase particles of a macroporous inert 
support resin, impregnated with an organic 
extracting solvent.  

- Eichrom products and applications became  the 
standard technology in the field of radiochemistry 
with methods used by accredited laboratories and 
regulatory agencies worldwide. 

- Extraction resins based on silica gel or polymer 
substrates to which the selective ligand has been 
chemically attached are the SuperLig resins 
produced by IBC Advanced Technologies, Inc., US. 

 

EichromTM  



Types of EXC Resins by EichromTM 
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ACTINIDE 

DGA 

DGA 

ACTINIDE 

TEVA:  
Aliquat 336 (tetraalkylammonium-based)  
extracts metals in anionic form (TcO4

-, Am(NO3)4
-) 

TEVA 

TEVA 



Extraction 
chromatography  
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(Egorov et al., 2001; Grate and Egorov, 1998; Grate et al.,1999). 

Grate et al.,1999, Analyst., 124 (1999) 1143-1150 
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Minor actinide separation 
 Separation of minor actinides after PUREX process 

Multifaceted Approach: 

• Separation of Am based on higher oxidation states 

• Single-step separation of An from Ln using solvent extraction 
(mixed hard and soft donors) 

• Aqueous ternary complexation 

• Dithiophosphinic acid stability 

• Extraction chromatography/ion exchange 

• Separations based on solubility in alkaline solutions 

Additionally, many of the solvent extraction activities are utilizing 
advanced molecular modeling to increase efficiency and reduce trial 
and error 
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Minor actinide separation 

 The greatest challenge in separations for nuclear fuel recycle is the 
separation of americium (from lanthanides and curium) or the 
separation of americium and curium (from lanthanides) 

 A number of approaches for minor actinide separation have been 
developed, and are at various stages of development.  

 The two most mature approaches are two-step solvent extraction 
processes such as DIAMEX-SANEX and TRUEX-TALSPEAK 

• Both processes rely on sensitive pH control for minor actinide separation 
from lanthanides 

 The GANEX process has been demonstrated as a possible single step 
process to separate the minor actinides 
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Minor actinide separation 

 Dithiophosphinic acid stability 
 Can dithiophosphinic acids of possess adequate stability for 

Am/Ln separation in reprocessing? 
 What is the origin of instability, and how can it be overcome? 
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Minor actinide separation 

 Aqueous ternary complexation 
 Exploit size difference in Am and Cm cations 

through formation of ternary complexes in 
the aqueous phase 

 Cm3+ is slightly smaller, forming less stable 
ternary complexes in the right system 
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Questions 
 
Thank you for your attention.   
Please type your questions now.  
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Upcoming NAMP Radiochemistry 
Webinars  
 

• Transplutonium Actinides (March 28, 2013) 
• Radium Chemistry (April 25, 2013) 
• Environmental/Bioassay Radiochemistry Series  
(May 2013) 
 

For more information and to access recorded webinars, 
visit the NAMP website at www.inl.gov/namp 
 

http://www.inl.gov/namp�
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