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MAJOR RESEARCH GOALS 

 
ACTUAL PERFORMANCE AND ACCOMPLISHMENTS 

% OF GOAL 

COMPLETED 
Demonstrating removal of 
aqueous U in the form of 
uranyl peroxide nanoclusters 
using pillared layered double 
hydroxides (LDHs). 

This goal has been demonstrated by reacting aqueous solutions of multiple 
uranyl peroxide species with pillared layered double hydroxides and 
measuring the concentrations of aqueous U with ICP-OES, the results of 
which imply greater removal when U is present as a large nanocluster 
(Figure 5). Analyzing the residual solids with BET shows changing surface 
areas of the solids before and after reaction, suggesting intercalation of the 
nanocluster into the interlayer may be occurring (Table 1). 

95% 

Demonstrating that uranyl 
peroxide nanoclusters 
containing pyrophosphate 
groups in the cluster shell will 
be removed in greater 
proportionate amounts than 
nanocluster species of similar 
volume and charge density that 
lack pyrophosphate units. 

Reacting a pyrophosphate-containing cluster, 
Li36Na12[(UO2)24(O2)24(P2O7)12]·118H2O (LiNa-U24Pp12), with a pillared layered 
double hydroxide resulted in greater proportionate U removed than 
reactions of clusters with mostly inert shells, such as 
Li44K16[(UO2)(O2)(OH)]60·255H2O (U60) and Li12Ca6[(UO2)(OH)(O2)]24·107H2O 
(CaLi-U24) (Fig 5). Long term reactions showed that as LiNa-U24Pp12 naturally 
converts to Na24[(UO2)(OH)(O2)]24·nH2O, it is released back into aqueous 
solution from the layered double hydroxide (Figure 7a) – implying pillared 
LDHs may be useful as a short-term capture and release medium for U. 

90% 

Demonstrating that fission 
products are removed from 
aqueous solutions into layered 
double hydroxides in greater 
amounts in the presence of 
uranyl peroxide nanoclusters. 

Reactions that include Te in the form of telluric acid (an analog of Te) 
suggest that Te may slow U removal in the form of uranyl peroxide 
nanoclusters (Fig 10). Other non-radioactive isotopes of fission products, 
such as I, Sr and Cs (analogs of 131I, Sr, 134Cs, and 137Cs), are counter-ions in 
certain species of uranyl peroxide nanoclusters and the synthesis of these 
phases is currently underway.  

30% 

Testing how the reactions 
between uranyl peroxide 
nanoclusters and the layered 
double hydroxides proceed 
when conducted in seawater. 

Synthetic seawater was synthesized in a laboratory using NaCl and was 
tested with aqueous solutions of U60 and LiNa-U24Pp12 – the clusters 
precipitated in the high salinity of the simulated seawater, rendering 
reactions with LDHs unfeasible. Simulated groundwater of the salinity found 
near sites of nuclear disasters, such as Fukushima Daiichi, is currently being 
investigated. 

80% 
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MAJOR GOALS AND ACCOMPLISHMENTS 
(Additional Details, Technical Results, Charts and Graphics) 

 
 The objective of this project was to incorporate uranyl peroxide nanoclusters, a sub-class of polyoxometalates that 
form hollow spheres of uranium polyhedra (Figure 1), into the interlayer space of a class of layered compounds referred to as 
layered double hydroxides (LDHs) or hydrotalcites. The uranyl peroxide nanoclusters are anionic macroions with many species 
between 1.9 to 2.3 nm in diameter. Although large, the nanoclusters may fit into the interlayer of the LDHs as the hydrotalcites 
can extend their interlayer spacing to over 4.0 when propped with a large organic anion. In this project, two LDHs were 
synthesized with dodecyl sulfate in two different arrangements in the interlayer, resulting in two different interlayer spacings: 
a “bilayer” and “monolayer” (Figure 2). 

 
 
 

Figure 1. Examples of two species of uranyl peroxide nanoclusters: LiCa-U24 (top) and LiNa-U24Pp12 (bottom), with 

their hollow cages shown in ball-and-stick model (left), polyhedra with oxygen atoms shown (center), and polyhedra 

(right). Some ions were removed for clarity. 

Figure 2. Powder X-ray diffractograms of two pillared LDHs reacted in this project (left). On the right are matching arrangements 

of the interlayer DS as calculated by previous researchers. 

  
1Clearfield et al. J. Inclusion Phenom. (1991). 11, 361-378. 



 
Batch reactions of the pillared LDHs were conducted with a variety of species of uranyl peroxide nanoclusters (Figure 

3), with the chemical results showing the best removal for species containing pyrophosphate units in the shell, ie. LiNa-U24Pp12 

(Figure 5). This was hypothesized to be due to the unbound, exterior oxygens on the pyrophosphate units that are not charge 

satisfied (Figure 4). These oxygens have been suggested to be “anchors” in previous adsorption experiments between LiNa-

U24Pp12 and minerals such as goethite (Sadergaski et al. Environ. Sci: Processes Impacts. (2019). 21, 1174-1183). The same 

interaction is thought to be occurring between the pyrophosphate containing shell of U24Pp12 and the hydroxyl groups on the 

sheets of the LDH. Only the bilayer configuration of the LDH-DS showed significant U removal trends (Figure 5). There was also 

an increase of S in the supernatant during aqueous reactions with uranyl peroxide nanoclusters, as compared to control (Figure 

5), suggesting the nanoclusters are undergoing anion exchange with the interlayer DS. Further evidence of nanocluster capture 

in the interlayer is suggested by BET results, which show an increase in the surface area of the LDH-DS after reaction with LiNa-

U24Pp12 – this may correlate with changing interlayer spacing (Table 1). 

 
 

 

  

Figure 3. Reaction vials of aqueous nanocluster solutions between bilayer LDH-

DS (left vial of each pair) and monolayer LDH-DS (right vial of each pair). 

Figure 5. Supernatant concentrations of U (left) and S (right) in ppm, measured by inductively couple plasma optical emission 

spectrometry (ICP-OES). 

Figure 4. LiNa-U24Pp12. The uranyl ion is 

the yellow polyhedra, the pyrophosphate 

is purple. Note the outward facing 

oxygens of the pyrophosphate units. 

Table 1. BET data showing the surface areas of the bilayer LDH-DS 

before (top) and after aqueous reaction LiNa-U24Pp12. The increase in 

surface area may correlate with shifts in the interlayer, suggesting 

intercalation as the nanocluster capture mechanism. 



 Extended reactions were performed between aqueous solutions of LiNa-U24Pp12 and the bilayer LDH-DS. Chemical 
concentrations in the supernatant show U concentrations reach a minimum at about 5 days, after which U concentrations 
increase (Figure 6a). Sulfate concentrations continue to increase while P concentrations tend to plateau (Figure 6b and 6c). 
Large orange crystals formed in the reaction after several weeks (Figure 7) – SC-XRD analysis of this crystal revealed it to be Na-
U24.  
  

Figure 6. ICP-OES data of elemental concentrations (ppm) in the supernatant of reactions between aqueous solutions of uranyl 

peroxide nanoclusters and layered double hydroxides (LDH) pillared with dodecyl sulfate. A.) U (top left), B.) S (top right), and 

C.) (center).  Circles are reactions of bilayer MgAl-DS reacted with aqueous solutions of LiNa-U24Pp12. Triangles are control 

reactions of the LDH-DS with Q-H2O.  

Figure 7. Backscatter images taken with a scanning electron microscope of the residual solids of 

LiNa-U24Pp12 reacted with a pillared LDH, after ~1 month of reaction. The distinct octahedral habit 

of Na-U24 can be seen, supporting the suggested mechanism that Na-U24 is separating from the LDH 

after the U24Pp12 break down. These crystals were verified as Na-U24 single-crystal X-ray 

diffraction. 



ESI-MS data shows the speciation of U24Pp12 changing spontaneously over time (Figure 8). The release of U back into 
solution may be due to the breakdown of U24Pp12 into U24. The outward facing oxygens of U24 are ‘yl’ oxygens and are tightly 
bound to the uranium ion, rendering them mostly chemically inert. These results suggest that U24Pp12 is being removed, likely 
intercalated, into the LDH-DS. U is then released back into solution as U24 and P is left behind in the solid phase. This is 
supported by SEM-EDS data showing U segregated from the P in the residual solids, with the former being concentrated in 
octahedral crystals (Na-U24) and the latter being retained by the LDH platelets (Figure 9). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 9. Reaction products of LDH-DS after a month of 

reaction with LiNa-U24Pp12. EDS mapping shows that U is 

strongly concentrated in the secondary octahedral crystals, 

while P is distributed within the LDH platelets. Red = U, 

Green = P. 

Figure 8. ESI-MS data showing an aqueous solution of LiNa-U24Pp12. Red is initial solution, blue is the 

solution after about a week. The aqueous speciation changes over time, like indicating a conversion to Na-

U24 in solution. 



 The data gathered over the previous year suggests that uranyl peroxide nanoclusters can be captured if 1.) they 

contain pyrophosphate units that can act as anchors for the macroion and 2.) if the clay is pillared to sufficient d-spacing such 

that the interlayer has enough volume to capture the nanoclusters. In the absence of either of these two conditions, uranyl 

peroxide nanocluster capture with LDHs is relatively modest. 

 Preliminary results of experiments with fission products were not promising, as the presence of a fission product 

analog in the form of telluric acid was shown to possibly inhibit U removal from solution (Figure 10). Further work will involve 

synthesizing pyrophosphate containing uranyl peroxide nanoclusters of differing shell configuration from LiNa-U24Pp12, as well 

as clusters that contain nonradioactive analogs of common fission products, such as Cs, Sr and I. 

Figure 10. Reactions of aqueous LiNa-U24Pp12 at concentrations 

of ~25,000 ppm of U with varying concentrations of Te (blue 

symbols). A reaction without Te is shown for comparison (red 

triangle). 


