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Solid state characterization of oxidized actinides co-crystallized with 
uranyl nitrate hexahydrate
Jeffrey D. Einkaufa and Jonathan D. Burns*b 

Characterization of the penta- and hexavalent dioxo cations of 
NpO2

+, NpO2
2+, PuO2

2+, and AmO2
2+ has been carried out by diffuse 

reflectance UV-Vis-NIR spectroscopy, with the first observations of 
NpO2

+, NpO2
2+, and AmO2

2+ in the solid state. Absorbance 
measurements confirmed the presence of the higher actinides of 
Np, Pu, and Am, with shifts in their absorbance bands indicating the 
formation of the dinitrate species in the crystalline phase. The 
oxidized actinides were prepared in the solid state by co-
crystallization with UO2(NO3)2⋅6H2O by a simple reduction in 
temperature. The hexavalent species were all co-crystallized in 
near proportion UO2

2+, the pentavalent species was co-crystallized 
at in a slightly less efficient maner, roughly 83% to that of U(VI).

In this paper, we present solid-state analysis of highly oxidized 
actinides (An) co-crystallized in a uranyl nitrate hexahydrate 
(UNH) crystalline phase, which includes the first observed 
NpO2

+, NpO2
2+, and AmO2

2+ diffuse reflectance (DR) UV-Vis-NIR 
absorption spectra. This co-crystallization is a potentially 
transformational concept for actinide separations supporting a 
future sustainable nuclear fuel cycle by co-crystallization of 
actinyl nitrate salts. The increasing emission of greenhouse 
gases worldwide makes urgent the need to accelerate 
development of sustainable nuclear fuel cycles as part of an 
overall solution to CO2-free power supply.1–3 Among the long-
term problems that must be solved is an efficient separation of 
actinides from used nuclear fuel for the purposes of maximum 
energy utilization of the fuel and minimization of waste going to 
geologic storage, while serving the needs of nonproliferation.1–

3 Whereas separation and recycle of U and Pu provide the key 
to energy utilization, separation and recycle of the minor 
actinides (MAs i.e., Np and Am) are also necessary to minimize 
the heat load and long-term hazard of geologic storage.4–8 

While often included in the MAs, Cm has less significant long-
term geological impact, due to the short half-life of the isotope 
produced during power generation. Additionally, its chemistry 
is less diverse compared to either Np or Am, as it does not form 
the actinyl dioxo cation. The best current technology practiced 
today involves the use of solvent extraction for the separation 
of U and Pu9 but does not have the capability to remove and 
recycle the MAs, a deficiency that has stimulated considerable 
international research efforts over the past several decades.10 
Although new solvent-extraction methodology is emerging for 
this purpose, a major deterrent is the added cost of a separate 
MA separation.11 A transformational solution overall may 
therefore entail group separation of actinides with a single 
technology, an idea that is under investigation in several 
laboratories around the world, primarily using complex solvent 
extraction approaches.12,13 With the advent of methods to 
access the difficult AmO2

2+ oxidation state in nitric acid,14,15 it 
may be possible to perform such a group separation of U to Am, 
but the instability of AmO2

2+ in the presence of the organic 
compounds raises questions about the feasibility of a group 
actinyl separation using solvent extraction. It was our thought 
that a simple and elegant solution would be to co-crystallize 
actinyl ions as their nitrate salts from nitric acid, which avoids 
the unwanted effects of organic reductants and could in 
principle accomplish an unprecedented group separation. In 
this work, we present spectroscopic characterization of the 
crystalline phase resulting from actinyl co-crystallization, with 
the first observed NpO2

+, NpO2
2+, and AmO2

2+ solid state 
absorbance spectra, a step towards confirming the previous 
proof-of-principle of our concept.16,17

As mentioned, we have recently proposed and 
demonstrated a hexavalent actinide co-crystallization 
separation, directly inspired by the group actinide extraction 
(GANEX)-type separation concept, where U through Am could 
be separated as crystalline nitrate salts.16 The hexavalent 
actinides were removed from solution in near proportion to one 
another as UNH crystallized out of solution, while the lower 
valent species, like Pu4+ and Am3+, were only slightly removed 
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from solution. Later, a thorough investigation of the yield and 
selectivity of the AnO2

2+ co-crystallization into UNH showed 
yields of 80–90% recovery of the AnO2

2+ species could be 
expected with separation factor ≥81 from fission products like 
Cs+, Sr2+, Ln3+, and Zr4+.17 Both studies were limited in that the 
crystalline phase was not investigated directly by chemical 
analysis, with only gamma () spectroscopy, leaving the 
oxidation state of the minor constituents to be inferred by the 
solution speciation. In the case of AmO2

2+, an increase in 
stability was observed by dissolving the AmO2

2+ containing UNH 
crystalline phase, which revealed a majority of the Am 
persisting as AmO2

2+ for at least 13 d within the crystalline 
phase (<3% reduced to Am3+), while in solution over 50% 
reduced to Am3+ after only 10 d.16

An investigation was initiated to directly determine the 
oxidation state of the minor species, NpO2

2+, PuO2
2+, and 

AmO2
2+, incorporated in the crystalline phase and to 

understand their coordination within the lattice. To accomplish 
this, several samples were produced by generating solutions 
with either NpO2

2+, PuO2
2+, or AmO2

2+ present by use of NaBiO3 
as a chemical oxidant. For the NpO2

2+ containing sample, a 
system containing concentrations of roughly 2.3 M UO2

2+ and 
170 mM NpO2

2+ at a HNO3 concentration of 1.4 M, was cooled 
from 52 ºC down to 25 ºC. As a result of cooling, an 
approximately near proportion removal of both UO2

2+ and 
NpO2

2+ was observed, with 96 ± 10% and 90 ± 6% crystallizing 
out from solution as UNH, respectively. Similarly, the PuO2

2+ 
containing sample was generated from a system containing 
concentrations of roughly 2.2 M UO2

2+ and 110 mM PuO2
2+ at a 

HNO3 concentration of 6.6 M and resulted in a crystalline UNH 
product, again, with near proportion removal of the hexavalent 
An species, 86 ± 9% for UO2

2+ and 78 ± 5% for PuO2
2+. Unlike 

NpO2
2+ or PuO2

2+, AmO2
2+ is much more unstable, having 

Am(VI)/Am(III) reduction potentials on the order of +1.7 V vs 
NHE14,18, requiring excess Bi(V) to be present in solution as 
holding oxidant. For this sample a system containing 
concentrations of roughly 2.8 M UO2

2+ and 42 mM AmO2
2+ in 

2.8 M HNO3 was left to naturally cool to room temperature. The 
resulting crystalline UNH product, with 79 ± 8% for UO2

2+ and 
79 ± 6% for AmO2

2+ removed from solution, a near proportion 
removal of the AnO2

2+ species was observed. In addition to the 
hexavalent species, a sample containing NpO2

+ was generated 
from a solution containing concentrations of roughly 3.1 M 
UO2

2+ and 150 mM NpO2
+ at a HNO3 concentration of 4.7 mM. 

While a near proportion removal from solution was not 
observed, NpO2

+ was still removed at relatively large amount 
compared to UO2

2+, 75 ± 5% and 90 ± 8%, respectively. This is 
not surprising, as the linear dioxo confirmation of actinyl cation 
is still present for NpO2

+, the overall charge of the molecular ion 
is just reduced from 2+ down to 1+. The lower charge will result 
in a charge defect in the crystalline lattice wherever the NpO2

+ 
is substituted, which will reduce the overall efficiency of the 
substitution. Table 1 summarizes the removal of the different 
actinyl species from solution. The uniform distribution of U and 
TRUs in the crystalline phases (cf. Fig. S1) was determined SEM-
EDS measurements (cf. Fig. S8, Fig. S9, Fig. S10, and Fig. S11).

Once the crystalline phases had been generated, 
determination of the speciation of the An species was carried 
out. To do this, DR UV-Vis-NIR spectroscopy was employed. As 
can be seen in Fig. 1, both the solution absorption spectra of the 
uranyl nitrate crystallization solution and the Kubelka-Munk 
function of pure UNH crystals have very similar spectra, with 
only a slight shift the maximum absorbance at 415 nm to 
418 nm, along with the relative intensity of the satellite bands 
to favor the higher wavelength features over those at lower 
wavelengths.

Table 1: Recrystallization yields and ratios of the percent crystallization of different TRU 
species with respect to UO2

2+ in UNH

% Crystallized RatioTRU 
Species U TRU U:TRU
Blank 89% ± 9% -

NpO2
2+ 96% ± 10% 90% ± 6% 1.1

PuO2
2+ 86% ± 9% 78% ± 5% 1.1

AmO2
2+ 79% ± 8% 79% ± 6% 1.0

NpO2
+ 90% ± 9% 75% ± 5% 1.2
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Fig. 1 Absorbance spectra of the uranyl nitrate solution prior to crystallization 
diluted 50-fold (blue) and Kubelka-Munk function of the crystallized UNH (red) 
normalized to 1 for comparison. Inset shows zoomed in region from 350–500 nm.

Alternatively, the NpO2
2+ absorbance is affected significantly 

by being incorporated into the UNH crystal lattice (cf. Fig. 2). 
The most obvious change is in the primary absorbance at 
1222 nm, which undergoes a hypsochromic shift to 1089 nm 
and reduces significantly in relative intensity. The NpO2

2+ band 
at 1089 nm has not previously been directly observed in the 
dinitrate system; however, Lindqvist-Reis et al. reported a 
transition at 1080 nm revealed through peak deconvolution, 
which was attributed to two trans nitrate ions coordinated in a 
bidentate fashion to the neptunyl ion.19 The diminished 
intensity of the 1089 nm band in the crystalline phase is 
believed to be a result of high symmetry, which is completely 
absent in other high symmetry systems.20 The absorbance band 
at 556 nm that typically are the defining feature for NpO2

2+ in 
the solid-state20 appears to remain relatively unchanged, with 
only a negligible shift up to 558 nm. Several bands in the 
crystalline phase can be clearly observed, which are not visible 
in the solution at 513 nm, 595 nm, 614 nm, 621 nm, and 
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Fig. 2 Absorbance spectra of the NpO2
2+ uranyl nitrate solution prior to crystallization 

diluted 115-fold (blue) and Kubelka-Munk function of the crystallized UNH with NpO2
2+ 

incorporated (red) normalized to 1 for comparison. Inset shows zoomed in region from 
950–1350 nm (it should be noted, the K-M is magnified 10-fold relative the OD).

636 nm, arising from the vibronic coupling for NpO2
2+, which are 

believed to be a result, in part, of increasing the concentration 
of the Np ion per volume upon crystallization.20 Lastly, and as 
will be discussed in detail below, the absorbance from residual 
NpO2

+ at 981 nm shifts to 994 nm.
As with the NpO2

2+, the PuO2
2+ absorbance is affected 

significantly by being incorporated into the UNH crystal lattice 
(cf. Fig. 3). The most obvious change is in the primary 
absorbance at 830 nm, which reduces in relative intensity, 
broadens considerably, and splits, shifting down to 801 nm and 
812 nm upon coordination of the two nitrate ions, which are in 
line with what Gaunt et al. previously observed.21 In the 
crystalline phase, there are several additional observable 
PuO2

2+ bands in the NIR region at 920 nm, 933 nm, 977 nm, 
983 nm, 1001 nm, 1147 nm, and 1227 nm; while the solution 
phase only has 953 nm, 983 nm, and 1075 nm. There are also a 
number of differences in the visible range of the crystalline 
phase to that of the solution. To begin with, the feature in the 
range of 510–585 nm has a more distinct fine structure, with 
distinct transition at 527 nm, 537 nm, and 556 nm previously 
assigned as transitions in the 3H4g → 3Π2g region.21 Other 
noticeable changes are in the range of 600–700 nm, where the 
sharp absorbance at 624 nm and the broad, convoluted 
absorbance at 660 nm of the solution phase are replaced with 
weak, broad absorbances at 628 nm and 674 nm in the 
crystalline phase.

Next the crystalline phase with AmO2
2+ incorporated was 

examined. At first glance, Am containing spectra appear more 
difficult to interpret, with all three of the stable oxidation states 
Am3+ (10%), AmO2

+ (12%), and AmO2
2+ (78%) present in both 

the solution and crystalline phase, as shown in Fig. 4. However, 
many of the absorbance bands for all three oxidation states 
remain completely unaltered in the crystalline phase compared 
to the solution phase. In addition to these unchanged bands, 
there are several changes in the spectrum of the crystalline 
phase, specifically the appearance of a band at 995 nm. This 

new band is believed to originate from AmO2
2+ incorporated 

into the UNH lattice in the place of UO2
2+, while the unaltered 

Fig. 3 Absorbance spectra of the PuO2
2+ uranyl nitrate solution prior to crystallization 

diluted 100-fold (blue) and Kubelka-Munk function of the crystallized UNH with PuO2
2+ 

incorporated (red) normalized to 1 for comparison.

bands arise from Am adhered to the surface due to an 
incomplete phase separation of the solution and crystalline 
phases. At this point it should be noted, in attempt to prevent 
excess reduction of the Am(VI) to Am(III) with organic species 
from the cellulose acetate filter or plastic housing of the tube 
filter, the phases were separated by decantation rather than 
centrifugation. To determine if the unchanged Am(III), Am(V), 
and Am(VI) were indeed from surface adherence of the mother 
liquor on the crystals, a DR spectrum was obtained again after 
8 d (10 after crystallization), sufficient time for the Am(VI) to 
begin to reduce. As can be seen in Fig. 5, the Am(VI) absorbance 
at 996 nm was completely removed, while the Am(III) 
absorbances increased by roughly 10% relative to the UO2

2+ 
absorbance, indicating reduction had occurred. Upon washing a 
portion of the crystalline phase with a solution of cold ca. 1.9 M 
UO2

2+ and acidity of 8 M HNO3, the Am3+ absorbance diminished 

Fig. 4 Absorbance spectra of the AmO2
2+ uranyl nitrate solution prior to 

crystallization diluted 39-fold (blue) and Kubelka-Munk function two days after 
crystallization of the UNH with AmO2

2+ incorporated (red) normalized to 1 for 
comparison. Inset shows zoomed in region from 900–1050 nm. It should be noted, 
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all three of the stable oxidation states Am3+ (10%), AmO2
+ (12%), and AmO2

2+ (78%) 
present in both the solution and crystalline phase.

Fig. 5 Kubelka-Munk function 10 d after crystallization of the UNH with AmO2
2+ 

incorporated before washing (red), and after washing a portion of the crystals with 20 µL 
of cold ca. 1.9 M UO2

2+ and acidity of 8 M HNO3 (green) normalized to 1 for comparison. 
Inset shows zoomed in region from 550–1050 nm.

significantly, decreasing over 70% relative to the UO2
2+ 

absorbance, while the band of the AmO2
2+ incorporated into the 

UNH lattice remained relatively constant. Another indication 
that surface adhesion of the mother liquor to the crystalline 
phase had occurred is by examining UO2

2+ absorbance; prior to 
washing, the UO2

2+ absorbance, while still shifted, has a very 
similar structure to that in solution. After washing, the structure 
of the UO2

2+ absorbance is similar to the other crystalline phases 
discussed earlier.

Lastly, the absorbance spectrum of NpO2
+ was also impacted 

by being incorporated into the crystalline phase (cf. Fig 6). As 
mentioned earlier, the most distinct change is that of the NpO2

+ 
primary absorbance at 981 nm, which shifted to 994 nm. The 
satellite band at 1024 nm in solution becomes less pronounced 
in the crystalline phase, transforming into a shoulder of the 
994 nm band. The band at 1094 nm reduces in relative intensity 
and broadens, while a new absorbance band at 1162 nm 
appears. Last the absorbance at 617 nm also reduces in relative 
intensity upon NpO2

+ being incorporated into the crystalline 
phase. The reason behind the bathochromic shift of the 
transition at 981 nm to 994 nm, and not to a lower wavelength 
like previous observed in the other AnO2

2+ samples, upon 
crystallization is currently under investigation.

Conclusions
In conclusion, during the search for a simplified method of 
actinide separation for economical nuclear fuel recycle, the first 
observed solid state absorbance spectra of NpO2

+, NpO2
2+, and 

AmO2
2+ have been obtained. Each of the hexavalent TRU 

elements, NpO2
2+, PuO2

2+, and AmO2
2+, have been co-

crystallized with U(VI) out of nitric acid systems to form a UNH 
crystalline phase and were studied using DR UV-Vis-NIR 
spectroscopy. We have shown the first, directly observed 

NpO2
2+ solid-state absorbance band at 1089 nm, supporting 

earlier reports of a potential band in the range of 1080 nm. 

Fig. 6 Absorbance spectra of the NpO2
+ uranyl nitrate solution prior to crystallization 

diluted 100-fold (blue) and Kubelka-Munk function of the crystallized UNH with NpO2
+ 

incorporated (red) normalized to 1 for comparison.

Moreover, to the best of our knowledge, we have observed the 
first reported AmO2

2+ and NpO2
+ solid-state absorbance bands 

at 958 nm and 994 nm, respectively. Upon washing a portion of 
the AmO2

2+ containing crystalline phase, no change was 
observed in the 958 nm absorbance, indicating the AmO2

2+ was 
present homogenously within the lattice, rather than 
concentrated near or on the surface. With regards to nuclear 
fuel recycle, these studies are a first step toward validating the 
hypothesis that the AnO2

2+ TRUs are incorporated into the UNH 
lattice structure, replacing UO2

2+. Such an approach would open 
the door to a whole new paradigm of used nuclear fuel recycle, 
as an attractive single-technology alternative to the systems of 
multiple solvent-extraction steps that previously have been 
demonstrated.
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