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Part A:  Goals and Accomplishments 

As indicated in the previous annual report the goals of this project are to develop 
procedures for efficient separation of lanthanides from actinides and curium from americium.  
These processes are required for the nuclear fuel cycle to minimize the waste and recover the 
valuable actinides. 

 
 The basis for our study is that we have prepared a group of compounds that are porous 
and favor the uptake of ions with charges 3+ and 4+ over ions of lesser charge.  The general 
formula for these materials is M(O3PC6H4PO3)1-x/2(APO4)x·nH2O:  where M=Zr4+, Sn4+, A=H, 
Na, or K and X=O, 0.5, 0.8, 1.0, 1.33 and 1.61-3.  One of our tasks is to determine which 
members of this group of compounds are effective in carrying out the required separations. 
 
 A difficulty in obtaining this required information is that the compounds are amorphous.  
That is they are not crystalline, therefore we need to resort to synchrotron data to obtain 
structural data which will be presented in detail.  This information will be provided as a separate 
section. 
 
 A significant discovery cited in the 2015-2016 annual report is that our compounds 
without added phosphate groups (HPO4) were also able to remove ions of 3+ charge.  This 
means that the surfaces of the compound do not need the phosphate groups, which provide open 
spaces between the layers as shown in Fig 1.  That means that the arrangement of the 
phosphonate pores are able to arrange in a way to still prefer 3+ and 4+ ions relative to ions of 
lower charge.  These phosphonates are also amorphous. 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

Figure 1:  A schematic of how the mixed derivative of 
the M(IV) monophenyl-bisphosphonate phosphate may 
be formed (where M = Sn or Zr) 
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Notice that the presence of HPO4 groups creates voids between the cross linked phosphonate 
groups.  Furthermore, as we increase the amount of phosphate groups in the composition we 
have found  that preference for lower charge ions increases.  Thus it may be that the compound 
with no phosphate groups present are the best for the desired separations.  However, with no 
space between cross-linked phosphonate groups one would expect a less porous compound and a 
low level of separation.  But this is not the case.  In page 10 of the 2015-2016 report the 
separation factors were very substantive for all the lanthanides relative to Sr2+ or Cs+.  Therefore, 
it is well that we determine the structure of the non phosphate product.  However, it is also 
amorphous and therefore cannot be as simple as the figure one indicates. 

 Two papers were published during the 2015-2016 time period.  The first “Zirconium (IV) 
Phosphonate-Phosphates as Efficient Ion Exchange Materials, Rita Silbernagel, Caroline H. 
Martin, Abraham Clearfield, Inorg. Chem., 2016, 55, 1651-1656 and Zr/Sn phosphonates as 
Radiolytically Stable Ion-Exchange Materials, Rita Silbernagel, Thomas C. Shehee, Caroline H. 
Martin, David T. Hobbs, Abraham Clearfield, Chem. Mater., 2016, 28, 2254-2259.  The 
highlights of these papers was added to the 2015-2016 annual report. 

 In Figure 2 we present the X-ray powder patterns of α-zirconium phosphate (a) and the 
two phosphonate phosphates (b, c).  Notice that only four or five peaks are present in patterns b 
and c and how broad the peaks are.  In contrast the crystalline zirconium phosphate pattern 
contains many peaks and the peaks are narrow.  
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 At this point we will proceed to highlight several aspects of the research as reported in 
the comprehensive annual report 2015 (Feb) to 2016 (Feb).  This will lead us to a better 
understanding of what was accomplished and what was in need to proceed to a successful 
conclusion.  We begin with Figure 3, Ion Exchange behavior of our UMOFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As seen in Figure 3, the uptake of Nd3+ remains above 99% for all samples; however, as the amount 
of phosphate increases, so does uptake for Sr2+ and Cs+. The x = 0.5 sample with Phosphonate : 
Phosphate Ratio of 1.5 : 1 has an uptake of Cs+ and Sr2+ below 20%. Whereas, the x = 1.6 sample 
with a Phosphonate : Phosphate ratio of 1 : 8 has nearly 98% uptake of Cs+ and 70% uptake of 
Sr2+. Therefore, similar materials can offer a wide variety of separation options. The SF for the 
various H-Zr hybrids are listed in Table 3.  
 
Table 3. Separation Factors (SF) obtained in 2-ion competitive uptake of Nd3+ and Sr2+ and Nd3+ 

and Cs+. 
 

x = SF Nd3+/Sr2+ SF Nd3+/Cs+ 
0.5 731 ± 210 1705 ± 454 
0.8 551 ± 138 1069 ± 374 
1.33 430 ± 122 171 ± 128 
1.6 134 ± 77 21 ± 7 

 
 
 The dependence of ion uptake versus pH was also determined. A solution of 1x10-4 M Tb3+ 
was prepared at pH 1, 2, and 3. The percent uptake of Tb was determined by comparison of control 
samples without ion exchange material at the different pH values. Uptake of Tb3+ was monitored 

	

Figure	3.		Ion	exchange	uptake	for	H-Zr	hybrids	for	competitive	ion	studies	with	Nd,	Sr,	
and	Cs.	



5	
	

	

with varying pH values from 1-3, as shown in Figure 4. Tb pickup is low at pH 1, and improves 
with increasing pH. The lowest achievable pH for incorporation of Tb3+ and other lanthanides1 is 
exhibited at pH = 2. The percent uptake increases with additional phosphate at each pH value.  Tb 
uptake greater than 98% is achieved at pH = 3 for all samples.  
 

Preparation of Zr/Sn Phosphonates without Phosphate: 
 

 
 The composition of compounds with phosphate is M(O3PC6H4PO3)1-x/2(HPO4)x•nH2O 
where M = Zr or Sn, and x = (0.5, 0.8, 1.33, 1.6). For this work, we have prepared materials without 
the addition of phosphate (HPO4), or x = 0 in the formula above.2b These materials were prepared 
as control samples and yet, without phosphate, they achieve uptake of M3+ ions with high 
performance. These new materials indicate that ion exchange is not just a function of phosphate 
addition, and that a preference for ions of higher charge may be possible with available OH or 
vacant phosphonate moieties. Especially important is the robustness of these materials to radiation. 
The radiolytic stability of these samples was measured with 3.18x106 gray gamma from a Co-60 
source at Savannah River National Laboratory (SRNL). This work resulted in a publication that 
was a collaborative effort with Thomas Shehee and David Hobbs at SRNL. 
 
 In our previous work with hybrid materials including both phosphonate and phosphate, we 
believed that the phosphate was the primary means for ion exchange.3a Now with the preparation 
of samples without phosphate, we know there must be available phosphonic acid moieties and free 
OH groups to conduct ion-exchange of 3+ ions. Herein, we describe the synthesis, characteristics, 
ion-exchange preferences and performance of these unusual materials. The benefit of these Zr/Sn 
layered phosphonates is that they offer simplicity of preparation, robustness, reproducibility, all 
without addition of phosphate.   

	

Figure	4.	Ion-exchange	comparison	of	Tb3+	uptake	versus	pH	for	the	H-Zr/H-Sn	x	=	0	
samples.	
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 Looking first at the X-ray Powder analysis shows the samples to be poorly crystalline with 
four broad peaks similar to those in Fig 2.. As seen in Figure 5, both the tin phosphonate and 
zirconium phosphonate materials have a first peak at (9.2°, 9.6 Å) corresponding to the distance 
between the layers which is crosslinked by the phosphonate pillar (O3PC6H4PO3). The subsequent 
peaks of the tin phosphonate occur at a higher 2θ angle as a result of the smaller size of the Sn4+ 
ion compared to Zr4+.  
 

In order to determine the amount of protons available for ion exchange, capacity studies were 
carried out with addition of ~0.1 g of sample being added into 20 mL solution of 1x10-3 M Eu3+ 
at pH = 3. After stirring for one hour, titration was completed manually with 0.0958 M NaOH. 
Upon addition of NaOH, the pH was recorded. Once a pH of 10 was achieved, the titration was 

suspended. The capacity was determined from the concentration of NaOH (mmol) required, once 
the pH = 10. This value was then divided by the amount of ion-exchanger (g) to achieve a value 

of (mmol/g), as shown in Table 5. 
 
Table 5: Capacity study of H-Zr/H-Sn x = 0 with 1x10-3 M Eu3+ at pH = 3 and 0.0958 M NaOH. 

Sample Amount of 
Sample (g) 

Capacity Eu3+ 
(mmol/g) 

Capacity H+ 
(mmol/g) 

H-Zr x = 0 0.1001 0.64 1.91 
H-Sn x= 0 0.0999 1.02 3.07 

 
 The H-Zr x = 0 sample has a much lower capacity than other Zr hybrids with phosphate.2a 
From preliminary data, it appears that the Sn varieties with and without phosphate have a higher 
capacity than their Zr counterparts. 
 
 Kd values of phosphonate materials have been determined previously for ions individually 
and used to calculate theoretical separation factors that indicated the possibility of preferential 
pickup of highly charged cations (³ 3+). For single ion data see previous publications.1-2, 3a  In an 
attempt to understand how the phosphate affects ion-exchange, we completed competitive ion-
exchange measurements with samples that contained no phosphate. To determine the selectivity 
of the ion-exchangers without phosphate, we planned a competitive ion-exchange experiment with 
concentrations at 1x10-4 M for Nd3+, Eu3+, Ce3+, Sr2+, and Cs+. The separation factors (SF) are 
shown in Table 6. 
 
Table 6: Separation factors (SF) for competitive ion-exchange study with 1x10-4 M of Nd3+, Eu3+, 
Ce3+, Sr2+, Cs+ at pH = 3 and 50 mg of H-Sn/H-Zr x = 0. 

SF H-Sn x = 0 H-Zr x = 0 
Nd3+/Sr2+ 16 ± 1 2,500 ± 100 
Ce3+/Sr2+ 16 ± 1 2,100 ± 50 
Eu3+/Sr2+ 15 ± 2 3,500 ± 200 
Nd3+/Cs+ 49,000 ± 11,000 25,000 ± 6,000 
Ce3+/Cs+ 50,000 ± 13,000 208,000 ± 8,000 
Eu3+/Cs+ 46,000 ± 6,000 355,000 ± 40,000 
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 The H-Zr x = 0, has a clear preference for ions of 3+ charge. There was absolutely no 
affinity for Sr2+ and Cs+ and 99% uptake of Nd3+, Ce3+ and Eu3+. H-Sn x = 0, prefers 3+ ions but 
has a slight affinity for Sr2+ as well.  The affinity for 3+ ions is similar to samples that also contain 
phosphate.1-2  
 
 Next, we analyzed how pH may affect the performance of ion-exchanger. In this case, we 
prepared a solution of Tb3+ at 1x10-4 M with a pH of 1, 2, and 3. Tb uptake was monitored with 
varying pH, as seen in Figure 5. Incorporation of Tb was 55% at pH = 1 for H-Zr and near 70% 
for H-Sn. At pH 2 and above the Tb uptake becomes greater than 97%. By not including phosphate 
in the synthesis, lanthanide uptake at pH = 1 has increased.1-2 
 
Table 7: Kd  and uptake of Am-241 with 10 mg of H-Sn/H-Zr x = 0 ion-exchange materials at pH 
= 3 

Sample Type Am-241 ppb % Removal of Am-
241 

Kd 
241Am3+  (mL/g) 

H-Sn x = 0 6.6 ± 1.9 99.3 30,000 ± 12,000 
H-Zr x = 0 2.5 ± 0.5 99.7 78,000 ± 20,000 

 
 Uptake of 241Am3+ was greater than 99% for both samples at pH = 3, which is similar to 
results previously achieved with samples that contained phosphate.1 
 
 To determine the effect of pH with ion-exchange we investigated Am-241 uptake with 
varying pH. 1.25 mL of 241Am: 262 ppb (1.09x10-6 M) was mixed with 10 mg of ion-exchanger. 
Kd and percent removal of Am-241 was determined by ICP-MS of ion concentration in solution 
before and after ion-exchange as shown in Table 8. Actual pH measurements were 1.17, 2.19, and 
3.13. 
 
Table 8: Kd and percent removal of Am-241 from solution through use of Zr or Sn phosphonates.  
 

Sample Type H-Sn x = 
0 

H-Zr x = 0 

Kd Am-241 pH~1 1,000 900 
Removal of Am-241 pH~1 89.7% 89.2% 

Kd Am-241 pH~2 29,000 18,000 
Removal of Am-241 pH~2 99.6% 99.4% 

Kd Am-241 pH~3 232,000 149,000 
Removal of Am-241 pH~3 99.9% 99.9% 

 
 Ion-exchange of Am3+ at pH 2 and 3 is large, with greater than 99% uptake of Am-241. As 
the pH decreases, so does the uptake, which is a trend also seen for lanthanides and actinides with 
phosphate-containing ion-exchangers.1-2 Interestingly, the uptake of Am3+ at pH = 1.17 at 89% is 
the largest exhibited at a pH below 2. This is the first occurrence of  Am3+ uptake with a Zr/Sn 
based ion-exchanger at a pH near 1. This was not achievable with phosphonate-phosphate based 
ion-exchangers as the pKa of the phosphate moiety is higher than the phosphonate. These new H-
Zr/H-Sn x = 0 materials without phosphate offer a new method for conducting separations at pH 
< 2, that was not previously attainable. 
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 New materials were also tested for their resistance and ion exchange behavior with 
241Am: 1005 ppb (4.17 x 10-6 M), at pH ~ 3. Selected samples all performed well for Am(III) 
uptake as shown in Table 9. 

Table 9: Uptake of 4.17 x 10-6 M Am(III) at pH ~ 3 with various newly synthesized hybrids. 
 

Sample Type Am-241 ppb % Removal of Am-241 Kd 241Am3+  (mL/g) 
K-Sn Ph:P x=0.5 4.77 ± 1.60 99.5 41505 
K-Sn Ph:P x=0.8 5.51 ± 1.32 99.5 35923 
K-Sn Ph:P x=1 3.55 ± 2.08 99.6 55625 

K-Sn Ph:P x=1.33 15.9 ± 1.24 98.4 12296 
H-Sn Ph:P x=0 6.58 ± 1.90 99.3 30330 ± 12000 
H-Zr Ph:P x=0 2.53 ± 0.51 99.7 78302 ± 20000 

K-Sn Ph:P x=1.6 10.8 ± 1.56 98.9 18189 
Na-Zr Ph:P x=0.5 1.78 ± 1.31 99.8 111252 
Na-Zr Ph:P x=0.8 NA NA NA 

K-Sn Ph:P x=1 
Methylene 

0.57 ± 2.02 99.9 347127 

No Solid (Control) 1004.8 ± 0.859 NA Baseline Sample NA 
 
These new samples show promise for completing separations of radioactive trivalent actinides 
from unwanted solutions. 
 
Attempts to Separate Lanthanides from Actinides in a Co-Ex-Type Solution at SRNL 

 In attempt to complete a separation of lanthanides from actinides the other method is to 
oxidize the An to AnO2

+ in tandem with Ln3+/Ln4+. In this situation our hybrid ion exchangers 
would prefer the Ln over the An, thus facilitating a separation. The typical oxidant used at SRNL 
is either Na2S2O8 or (NH4)2S2O8 with addition of Ca(OCl)2 for stability of Am3+.3b, 3c, 4 Early work 
with Burns and Shehee3c used Na2S2O8 and Ca(OCl)2 but subsequent work with Mincher, Hobbs, 
and Shehee found that improved solubility of lanthanides was achievable with (NH4)2S2O8 and no 
Ca(OCl)2 was needed.4b The pH does play a role in the precipitation of the lanthanides especially 
when the oxidants are used for oxidation of the actinides. 
 
 Our rough attempt to complete a separation of lanthanides from actinides in a SRNL 
prepared Co-Ex solution was not successful. The predominate issue is precipitation, especially if 
the pH is larger than 2. The Co-Ex solution at SRNL is cold and does not contain any actinides 
unless they are spiked in manually. The list of lanthanides and fission products present is shown 
in Table 13. 
 
Table 13: Elements present in Co-Ex Surrogate Solution Prepared by D. Hobbs 

Elements Ionic 
Species 

Concentratio
n (mole/L) 

Concentratio
n (ug/L) 

Measured 
(ug/L) % Difference 

La La3+ 3.13E-03 4.35E+05 4.59E+05 -5.41% 
Ce Ce3+/4+ 6.06E-03 8.50E+05 8.78E+05 -3.34% 
Pr Pr3+ 2.82E-03 3.98E+05 4.16E+05 -4.59% 
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Table 13: Elements present in Co-Ex Surrogate Solution Prepared by D. Hobbs (Continued) 
Nd Nd3+ 1.00E-02 1.45E+06 1.43E+06 1.04% 
Sm Sm3+ 1.96E-03 2.95E+05 3.07E+05 -3.97% 
Eu Eu3+ 3.92E-04 5.95E+04 5.81E+04 2.37% 
Gd Gd3+ 3.15E-04 4.96E+04 4.77E+04 3.79% 
Tb Tb3+ 6.42E-06 1.02E+03 1.04E+03 -1.80% 
Cs Cs+ 6.93E-03 9.21E+05 9.56E+05 -3.82% 
Sr Sr2+ 3.25E-03 2.85E+05 2.95E+05 -3.50% 
Tc TcO4

- 8.20E-06 1.34E+03 NA NA 
Mo MoO4

2- 6.21E-03 5.96E+05 5.80E+04 90.26% 
I I-/IO3- 1.65E-05 2.09E+03 1.76E+01 99.16% 

Ru Ru4+/RuO4
- 3.09E-03 3.12E+05 2.74E+05 12.23% 

Zr Zr4+/ZrO2+ 1.12E-02 1.02E+06 2.73E+04 97.33% 
 This solution appears brown from the Ru present and is transparent. Any actinides needed 
to conduct a separation were spiked into the reaction mixture in a rad hood. When at SRNL, the 
data results are blind until two weeks after leaving the site; therefore, we believed an attempt was 
worthwhile before leaving the site. Unfortunately, due to the color of the liquid, UV-Vis analysis 
of oxidation states is not possible with this sample. 
 We attempted several studies that clearly show precipitate forming at pH > 2. This proves 
to be a challenge as our best ion exchange uptake for lanthanides occurs at pH 2-3; therefore, a pH 
near 1.5 will likely be the highest pH that could achieve this separation, especially with other 
fission products present.  
 This is especially complicated by incorporating a solid oxidant, such as Na2S2O8 or 
(NH4)2S2O8. The ideal concentration of (NH4)2S2O8 was determined to be 0.70 M.5 The studies 
at SRNL incorporated a solution that had similar characteristics of a Co-Ex solution with 
multiple fission products and lanthanides in solution.  Some results of attempts to separate 
lanthanides from actinides. 

Table 14: Experimental setup for attempted oxidation and separation of lanthanides from actinides 
in Co-Ex-type solution. 

Reagent Amount (g or mL) Estimated Conc in Sample 
Am-241 Stock 5.81x10-3 M, 0.01 M HNO3, 
from Jon’s report (site material, recovered 
for SRNL, produced and purified on site) 

0.025 mL 1.45x10-7  M 

Cm-244 Stock 3.79x10-5 M, 0.01 M HNO3  0.5 mL 6.32x10-7  M 
Np-237 Stock 4.22x10-3 M, 1 M HNO3 
(Solution was created and purified on site) 
Np purity was determined by alpha pulse 
height analysis. 

0.010 mL 1.41x10-6  M 

Na2S2O8 4.1663 g 0.58 M 
14 mM Ca(OCl)2 6.20 mL 2.89 mM 
CO-Ex Simulant (Prepared by D. Hobbs) 25.0 mL NA 
1M and 6M NaOH for pH Adjustment 3.825 mL NA 
Estimate volume of liquid (after heating) 30 mL NA 
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 The pH originally is <1 but adjustment with NaOH so that ion exchange can take place 
results in precipitation if the pH > 2. 
 
 One example of precipitation problems was a solution with multiple lanthanides and 
actinides present as shown in Figure 15. The yellow precipitate was most of the lanthanides and 
some other fission products. The brown on the parafilm is mostly likely from RuO4, which has a 
boiling point near 100 ºC. Another important item learned was that the oxidants will lower the pH 
to ~1 after 30 minutes in the solution; therefore, there is no reason to adjust the pH first. This must 
be done after the oxidation is complete. 
 

 
Figure 15. Yellow precipitate on bottom of Erlenmeyer flask of Co-Ex solution 
 
 Two studies were completed with a Co-Ex solution with only lanthanides and non-actinide 
fission products to determine the highest pH possible before precipitation would occur. The 
method for oxidizing was completed as though lanthanides and actinides were present with 
addition of 0.70 M (NH4)2S2O8 and 14 mM Ca(OCl)2. In the first attempt, the pH was adjusted 
until 2.29 and some white feathery precipitate was present but limited. The next day, the precipitate 
had increased dramatically.  In a second study, a lower pH range was attempted. The pH was left 
at 2.05. Once again, a very faint amount of white feathery solid was seen. The next day, the amount 
of precipitate increased. A picture of the two vials with white feathery precipitate is shown in 
Figure 16. 
 

 
Figure 16. A precipitation study of Co-Ex solution at pH = 2.29 (left) and 2.05 (right) 
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 Based on these results, in order to limit chances of precipitation of lanthanides; pH 
adjustment would need to be limited to pH 2 or less. Any attempt above pH 2.5 would yield a large 
amount of precipitate and an incomplete test run for separating lanthanides from actinides. 
 
 The experiment was conducted by spiking in Am-241, Np-237, and Cm-244 in the Co-Ex 
stimulant.  The oxidation was completed with 0.70 M (NH4)2S2O8 and subsequent heating for 30 
minutes at 80 ºC. During the heating period, the liquid changes appearance from brown to bright 
yellow, due to loss of Ru and oxidation of Ce. While cooling 14 mM Ca(OCl)2 is added to stabilize 
the Am(V). The liquid was then pH adjusted with NaOH to pH = 1.77 and no precipitate was 
observed. This liquid was mixed with multiple ion exchangers for 24 hours. The liquid was filtered 
and analyzed by ICP-MS as seen in Table 15. 
 
Table 15: Separation Attempt of 241Am(V): 855.2 ppb (3.55 x 10-6 M), 237Np(V): 1820.3 ppb 
(7.68 x 10-6 M), 244Cm(III) 47.9 ppb (1.96 x 10-7 M) in Co-Ex Surrogate at pH = 1.77 

Sample 
Type 

Kd 
Am 

Kd 
Cm 

Kd 
Np 

Kd 
La Kd Ce Kd 

Pr 
Kd 
Nd 

Kd 
Sm 

Kd 
Eu 

Kd 
Gd 

Kd 
Tb 

H-Zr x=0 3.2 6.1 232.4 -0.7 214.8 -1.5 0.7 9.6 14.7 13.7 7.8 

H-Sn x=0 90.0 67.6 270.0 53.3 386.7 88.6 77.0 68.3 60.3 50.7 70.6 

Na-Sn 
x=1 63.7 46.6 142.8 42.5 1086.4 67.5 58.6 47.2 40.4 35.1 55.9 

K-Sn x=1 45.4 40.2 204.7 28.2 530.5 36.1 36.2 41.3 40.1 33.9 30.7 

Na-Zr 
x=1 8.2 11.2 87.8 2.2 86.5 3.3 5.1 15.9 22.6 20.8 12.2 

H-Zr 
Phenyl 

Sulfonate 
x=1 

14.2 10.8 0.9 14.0 51.0 14.2 13.2 9.5 8.0 6.6 13.2 

Zr Phenyl 
Phosphon
ate x=1 

-1.3 4.3 23.3 -2.3 34.7 -6.9 -4.3 4.1 9.8 9.9 2.1 

MST  -4.7 -3.4 0.1 -4.9 5.9 -5.7 -4.8 -3.2 -2.1 -1.5 -4.0 

Sr Treat  12.0 14.9 7.8 16.9 87.2 15.6 16.1 15.7 13.7 12.2 17.0 

 

Development of an In-house Radiochemical Laboratory 

 One of the conditions of our NEUP grant is that we partner with a national laboratory.  
Initially, we had worked with Don T. Reed and M. Borkowski at Los Alamos National 
Laboratory in Carlsbad.  This situation was ideal as my student, Jonathan D. Burns’ parents lived 
in Carlsbad so he could stay as long as needed to complete his experiments.  Jonathan was able 
to oxidize americium to the plus 5 state as AmO2

+! and prevents it from returning to the 3+ state 
for almost 2 days. 
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 Shortly after this work Jonathan graduated and Rita Silbernagel came on board.  We 
switched to David Hobbs and David’s assistant Thomas Shehee at Savanah River National 
Labortory (SRNL).  Rita would spend two weeks at a time at SRNL.  At first she had to learn 
how to use radioactive material and also had to be monitored the whole time she was at SRNL.  
The results were mixed as shown in some of the data on the 9-11 pages.  Also when working 
with a mixture of lanthanides and actinides more than two weeks were required to obtain all the 
results.  Remember that the actinides need to be oxidized to the +5 state as AcO2

+1.  Each 
actinide may require special treatment so a totally different concept of how the separation can be 
carried out may require special procedures. 

 I came to the conclusion that we need to have our own laboratory to be able to develop 
such a procedure.  Rita graduated in May 2016.  At about the same time my former student Jon 
Burns returned to Texas A&M University.  He had spent 3 years at Oak Ridge National 
Laboratory.  He was thoroughly versed in handling radioactive materials and fully 
knowledgeable about our materials.  I could not have wished for a better individual to continue 
our work than Jonathan.  He was also in favor of developing the actinide laboratory. 

 We obtained space in another building at Texas A&M and mapped out what we would 
need.  Our space already contained hoods, heaters and general materials needed in a chemistry 
laboratory.  However, there were certain items that needed to be purchased, including actinides, 
to accomplish our goals.  Unfortunately building up the laboratory required much more time than 
expected.  The reasons are provided in our presentation.  We needed many permissions to prove 
we were experienced in working with actinides, obtaining the actinides took many months that 
were unexpected.  As a result, we had nothing to report for the third quarter research.  In other 
words, we had no research to report.  I sent notices to Wendy Jue and David Yarwood.  It 
seemed as though the fact that we built a new facility was not understood.  Also I made the 
mistake of asking for an extension of 3 months.  I was unaware of the fact that it was so difficult 
to obtain actinides.  When I tried to correct this error, we were closed out.  

The items we purchased are as follows: 

1. U V. – Vis NIR Spectrometer 
2. Radiochemical analysis 
3. Supplies for ion exchange experiments 
4. Radioactive isotopes 5 
5. Radioactive waste fee 
6. Actinides 

Total Cost $57,000 

We also utilized equipment in the facility as well as improving their capabilities, as presented 
below: 

1. Radiological Glovebox to handle Pu 
2. Radiological Fume hood  
3. High purity Ge ϒ-Ray Detecter 
4. Automated Na ϒ-Ray detection 
5. Radiation capable ICP-MS Capabilities being established 
6. Radiochemistry training of students 
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October 2016 

• UV-Vis spectrometer equipment has been received and tested outside of the radiation 
contamination area, it seems to be working properly. 

• Waiting on authorization of the Project Safety Analysis (PSA) by the Environmental Health 
& Safety Department Texas A&M University. 

• A quote for the actinide isotopes has been received and the request of procurement has been 
sent to the purchasing office, which has issued a PO. No ship date has been issued by the 
Isotope Business Office. 

 
November 2016 

• Supplies have been ordered and all have been received. 
• UV-Vis spectrometer equipment has been received and tested outside of the radiation 

contamination area, and has been configured to be used in our radioactive glove box. 
• Authorization of the Project Safety Analysis (PSA) by the Environmental Health & Safety 

Department Texas A&M University was received on 11/7/16. 
We currently are writing a paper on the kinetics of ion exchange which will include four 
hybrid materials (see table below). The conditions that will be covered will include 4 mM 
[Nd(III)] at pH 2 and pH 3, 40 mM [Nd(III)] at pH 2, 3 mM [Np(V)] at pH 2, 50 µM 
[Am(III)] at pH 3.    

 
December 2016 
 
Here are the monthly updates I sent you Oct, Nov, and Dec (see below). The isotopes arrived on 
1/18/17, this was much later than originally expected, but this was out of our control and so I will 
try my very best to make up the time we are behind. Currently I am dissolving the NpO2 in 
HNO3 and will promptly study the uptake of Np(V) once dissolved. Np(V) and Am(V) should 
behave very similarly, and Np(V) is the most stable oxidation state in the pH range of 1-3. 

Below is the schedule with notations indicating completed tasks:  Jan 2017 – May 2017  

1) Prepare Project Safety Analysis (PSA) and submit to EHSD, August 16 Completed 
2) Obtain EHSD approval of PSA, September 16 Completed 
3) Setup lab space and order equipment and supplies, September-October 16 Complete 
4) Obtain Rad Safety approval and order needed actinide isotopes, October 16 Completed 
5) Prepare actinide isotopes of use, November-December 16 25% Complete 
6) Investigate the pH dependence of uptake with Am(III), December 16-January 17 
7) Investigate the pH dependence of uptake with Np(V), February 17 
8) Investigate the pH dependence of the stability of Am(V) in solution, March 17 
9) Investigate the separation of Am for a lanthanide, April 17 
10) Assist in preparing the M2NU-13-TX-TAMU-0201-015 Final Report, May 17 

 
• *A quote for the actinide isotopes has been received and the request of procurement has been 

sent to the purchasing office, which has issued a PO. No shipment date has been issued by 
the Isotope Business Office. 
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Progress form December 1, 2016 to February 28, 2017 
 
 The kinetics of uptake were studied for four UMOF ion exchange materials, H-Zr-hybrid, 
Na-Zr-hybrid, H-Sn-hybrid, and Na-Sn-hybrid. These materials had previously been 
characterized1 and the results are summarized in Table . All of these materials have with either 
an acidic proton or an exchangeable Na+ ion. These materials have previously been shown to 
have interesting ion exchange properties, in that they have a strong affinity towards highly 
charged cations, and almost completely discriminate against mono or divalent cations.1–3 
However, all of these studies only investigated the equilibrium state of the ion exchange process 
by determining the Kd values for the respective cations. 

 
Table 1: Summary of UMOF ion exchange materials characterization and elemental analysis. 

Hybrid Formula FW %Yielda 
Total Surface 

Area c 

(cc g−) 

Microporous
d 

H-Zr Zr(O6P2C6H4)0.49(O3POH)0.86(OH)0.32•2.04H2O  331 94% 440 72% 

Na-Zr Zr(O6P2C6H4)0.43(O3POH)0.18(O3PONa)0.66(OH)0.60•1.68H2O  328 98% 250 56% 

H-Sn Sn(O6P2C6H4)0.44(O3POH)0.80(OH)0.53Cl0.11•1.61H2O  340 98% 400 98% 

Na-Sn Sn(O6P2C6H4)0.44(O3POH)0.74(O3PONa)0.05(OH)0.66•2.42H2O  353 99% 370 98% 

aEstimated error for FW and %Yield < 1%     

bBased on starting amount metal(IV)     

cDetermined by BET method, estimated error < 10%     

dDetermined by t-plot method, estimated error < 10%     

 
Table 2: UMOF calculated formulas and formal weights. 

UMOF Formula FW 
H-Zr-hybrid Zr(O6P2C6H4)0.49(O3POH)0.86(OH)0.32•2.04H2O 330.65 
Na-Zr-hybrid Zr(O6P2C6H4)0.43(O3POH)0.18(O3PONa)0.66(OH)0.60•1.68H2O 327.53 
H-Sn-hybrid Sn(O6P2C6H4)0.44(O3POH)0.80(OH)0.53Cl0.11•1.61H2O 340.40 
Na-Sn-hybrid Sn(O6P2C6H4)0.44(O3POH)0.74(O3PONa)0.05(OH)0.66•2.42H2O 353.45 

 
 The kinetics of uptake were studied by observing the visible absorbance spectrum of 
Nd3+ over the lifetime of the ion uptake (see Figure 1). Using Beer’s Law, the optical density 
(OD) can be converted to Nd3+ concentration, where the molar extinction coefficients of 
6.77 L mol− cm− and 10.65 L mol− cm− were used for 576 nm and 794 nm, respectively. 
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Figure 1: Visible absorbance spectra of Nd3+ removal by H-Zr-Hybrid at pH 3. 

 The rate of uptake of Nd3+ was observed for all four UMOFs and are displayed in Figure 
2, Figure 3, Figure , and Figure 4. Included in these figures is a pseudo-second order model4 
based on the following equations: 
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 Where t is time (h), q is the absorption amount (mmol/kg), qe is the absorption amount at 
equilibrium (mmol/kg), k is the absorption rate constant (g/mol·s), V is the solution volume (L), 
C0 is the solution concentration of Nd3+ (mmol/L), and C is the solution concentration of Nd3+ at 
t (mmol/L). Table 1 displays the calculated qe and k for each UMOF, which were calculated by 
solving for the slope and intercept of the linear fit of t/q as a function of t, the correlation factor 
for each fit is also included. Using Fick’s second law4 for determining if the rate-limiting step is 
based on the internal diffusion model to it can be seen in Figure  that the rate-limiting step is 
indeed internal diffusion of the ions after they are adsorbed. According internal diffusion model: 
 

𝑞 = 𝑘34𝑡$/6     (3) 
 
where kid is the rate of internal diffusion, there should be a linear relationship between q and t1/2 
with an intercept of zero. This is what was observed for the UMOFs and the kid was found to be 
2.31·10-2, 2.01·10-2, 2.52·10-2, and 1.82·10-2 mmol kg− h−1/2 for the H-Zr-hybrid, Na-Zr-hybrid, 
H-Sn-hybrid, and Na-Sn-hybrid, respectively. 
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Figure 2: Removal of Nd3+ (blue) and t/q (orange) over time by H-Zr-hybrid at pH 3. 

 

 
Figure 3: Removal of Nd3+ (blue) and t/q (orange) over time by Na-Zr-hybrid at pH 3. 

 

Goal:   

Investigate UMOF ion exchange materials for separating lanthanides from actinides, particularly 
americium. Current work focuses on the difference in behavior of the trivalent lanthanides and 
pentavalent oxidized americium, as AmO2

+. 
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Progress: 

The kinetics of uptake of Nd at pH 3 were investigated for Na-Sn-Hybrid (see Figure  3Error! 
Reference source not found. and Table) by observing the UV-Vis absorbance spectra, as shown 
in Figure 9. 
 

 
Figure 4: Removal of Nd over time by Na-Sn-Hybrid at pH 3 

 

Table 3: Data for the removal of Nd by Na-Zr-Hybrid at pH 3 

t (hr) [Nd] (mM) Kd % Removed Nd µmol 
Removed 

H+ µmol 
Released pH 

0 4.63 0 0% 0.00 0.00 3.00 

1 3.16 14 32% 1.03 42.66 1.21 

4 2.19 34 53% 1.70 70.73 0.99 

8 1.51 63 67% 2.18 90.66 0.88 

16 1.20 88 74% 2.40 99.66 0.84 

 
 Began dissolution of NpO2 for use in Np(V) uptake studies. Figure 8 shows the 
absorbance spectra of a sample diluted 8000 fold, showing 16.7 ± 2 µg of Np(V). This sample 
was also analyzed by gamma spectrometry showing 64 ± 2 µg of 237Np, which means there is 
still a significant portion of Np in another oxidation state other than the desired Np(V). 
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Figure 4: Removal of Nd3+ (blue) and t/q (orange) over time by H-Sn-hybrid at pH 3. 

 

 
Figure 4: Removal of Nd3+ (blue) and t/q (orange) over time by Na-Sn-hybrid at pH 3. 

 
Table 1: Pseudo-second order kinetic model constants and correlation factor. 

UMOF qe 
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k 
(g/mol·s) R2 

H-Zr-hybrid 128 4.66·10-3 0.9994 
Na-Zr-hybrid 133 4.51·10-3 0.9991 
H-Sn-hybrid 168 1.14·10-3 0.9996 
Na-Sn-hybrid 191 1.84·10-3 0.9997 
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Figure 6: Internal diffusion model plot of q vs. t1/2. 

 

(2/2/2017)    January 2016 Update  

Goal: 

Investigate UMOF ion exchange materials for separating lanthanides from actinides, particularly 
americium. Current work focuses on the difference in behavior of the trivalent lanthanides and 
pentavalent oxidized americium, as AmO2

+. 

Progress: 

The kinetics of uptake of Nd at pH 3 were investigated for Na-Sn-Hybrid (see Figure 7) by 
observing the UV-Vis absorbance spectra, as shown in Figure 9. 
 

 
Figure 7: Removal of Nd over time by Na-Sn-Hybrid at pH 3 
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Table 5: Data for the removal of Nd by Na-Zr-Hybrid at pH 3 

t (hr) [Nd] (mM) Kd % Removed Nd µmol 
Removed 

H+ µmol 
Released pH 

0 4.63 0 0% 0.00 0.00 3.00 

1 3.16 14 32% 1.03 42.66 1.21 

4 2.19 34 53% 1.70 70.73 0.99 

8 1.51 63 67% 2.18 90.66 0.88 

16 1.20 88 74% 2.40 99.66 0.84 

 
 Began dissolution of NpO2 for use in Np(V) uptake studies. Figure 8 shows the 
absorbance spectra of a sample diluted 8000 fold, showing 16.7 ± 2 µg of Np(V). This sample 
was also analyzed by gamma spectrometry showing 64 ± 2 µg of 237Np, which means there is 
still a significant portion of Np in another oxidation state other than the desired Np(V). 
 

 
Figure 8: Internal diffusion model plot of q vs. t1/2. 

Below is the schedule with notations indicating completed tasks:  Jan 2017 – May 2017  

11) Prepare Project Safety Analysis (PSA) and submit to EHSD, August 16 Completed 
12) Obtain EHSD approval of PSA, September 16 Completed 
13) Setup lab space and order equipment and supplies, September-October 16 Complete 
14) Obtain Rad Safety approval and order needed actinide isotopes, October 16 Completed 
15) Prepare actinide isotopes of use, November-December 16 25% Complete 
16) Investigate the pH dependence of uptake with Am(III), December 16-January 17 
17) Investigate the pH dependence of uptake with Np(V), February 17 
18) Investigate the pH dependence of the stability of Am(V) in solution, March 17 
19) Investigate the separation of Am for a lanthanide, April 17 
20) Assist in preparing the M2NU-13-TX-TAMU-0201-015 Final Report, May 17 
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• *A quote for the actinide isotopes has been received and the request of procurement has been 

sent to the purchasing office, which has issued a PO. No shipment date has been issued by 
the Isotope Business Office. 

 
 

 
Figure 9: The rate constant of Np(V) uptake on the four hybrid ion exchange materials. 
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materials 

Hybrid k (mM− h−) R2 
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Moving forward the hybrids will be tested for the Kd of uptake with Np(V) as a function of pH. 
 
Goal: 
Investigate UMOF ion exchange materials for separating lanthanides from actinides, particularly 
americium. Current work focuses on the difference in behavior of the trivalent lanthanides and 
pentavalent oxidized americium, as AmO2

+. 
 
Progress: 
The kinetics of uptake for two of the hybrid materials, H-Zr-Hybrid and H-Sn-Hybrid, have been 
observed for Am(III), as Am3+, at a pH of 3 and 50 µM [Am(III)]. In both cases, it appears the 
kinetics are second order, as shown in Error! Reference source not found. 10 and Error! 
Reference source not found. 11. Table 5 displays the second order rate constants (k) and the 
equilibrium absorption amount (qe) for the two hybrid ion exchange materials. The H-Sn-Hybrid 
material has the largest rate constant, while both materials had quantitative removal of the 
Am(III) at pH 3.  
 

 
Figure 10: Removal of Am(III) out of solution by H-Zr-Hybrid at pH 3. 

 
Figure 11: Removal of Am(III) out of solution by H-Sn-Hybrid at pH 3. 
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Table 7: Data for the removal of Nd by H-Zr-Hybrid at pH 3 

Time 
(hr) 

[Nd] 
(mM) Kd 

% 
Removed 

Nd µmol 
Removed 

H+ µmol 
Released pH 

0 4.38 0 0% 0.00 0.00 3.00 

1 3.32 11 24% 0.74 2.21 2.38 

5 2.47 26 44% 1.34 4.01 2.17 

15 1.90 44 57% 1.73 5.20 2.07 

90 1.11 99 75% 2.28 6.85 1.97 

 
Table 8: Data for the removal of Nd by Na-Zr-Hybrid at pH 3 

Time 
(hr) 

[Nd] 
(mM) Kd 

% 
Removed 

Nd µmol 
Removed 

H+ µmol 
Released pH 

0 4.16 0 0% 0.00 0.00 3.00 

2 1.70 44 59% 1.72 1.41 2.52 

4 1.14 81 73% 2.11 1.73 2.46 

8 0.61 180 85% 2.48 2.03 2.41 

20 0.14 880 97% 2.81 2.30 2.37 

47 0.01 13,000 100% 2.90 2.37 2.36 

 

 
Figure 1: UV-Vis absorbance spectra of Nd removal by H-Zr-Hybrid at pH 3 
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 Moving forward the Sn-Hybrids will be tested. 

Table 9: Rate constants and 
equilibrium absorption 

amount for the two hybrid 
ion exchange materials 

Hybrid 
k (g mmol− 

s−) qe (mmol kg−) 

H-Zr 3.69·10-1 2.12 

H-Sn 8.71·10-1 2.14 

 
 The Kd values were calculated for these Am(III) studies and the previous Np(V) studies 
and the results are shown in Figure 12 and Figure 13 It is clear that the higher charged ion Am3+ 
has a much stronger pH dependence over the NpO2

+ ion. 

 
 A presentation was carried out at the 41st Actinide Separations Conference held on May 
23-25 at Argonne National Laboratory, entitled “Separation of oxidized actinides from 
lanthanides with UMOF ion exchange materials”. 
Goal: 
Investigate UMOF ion exchange materials for separating lanthanides from actinides, particularly 
americium. Current work focuses on the difference in behavior of the trivalent lanthanides and 
pentavalent oxidized americium, as AmO2

+. 

Progress: 
The kinetics of uptake of Nd at pH 3 were investigated for both the H-Zr-Hybrid (see Figure 11 
and Table ) and Na-Zr-Hybrid (see Error! Reference source not found. and Table ) by 
observing the UV-Vis absorbance spectra, as shown in Figure . The Na-Zr-Hybrid shows a much 
faster and complete uptake of Nd. This is in-line with results previously obtained. 
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Figure 14: Removal of Nd over time by H-Zr-Hybrid at pH 3 

 
Figure 15: Removal of Nd over time by Na-Zr-Hybrid at pH 3 

 
Figure 8: Absorbance spectra of 237Np dissolution solution diluted 8000 fold 
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 Moving forward the Sn-Hybrids will be tested and will continue to be tested for the 
kinetics of uptake with Nd3+, as well as, the Np oxidation state will be adjusted to obtain pure 
Np(V) and then the uptake studies with the UMOF materials will be studied. 
 

(4/1/2017)      March 2017 Update  

Goal: 
 
Investigate UMOF ion exchange materials for separating lanthanides from actinides, particularly 
americium. Current work focuses on the difference in behavior of the trivalent lanthanides and 
pentavalent oxidized americium, as AmO2

+. 

Progress: 
 
The kinetics of uptake for the four hybrid materials have been observed for Np(V), as NpO2+, at 
a pH of 2 and 2.5 mM [Np(V)] it appears to be second order as shown in Figure . Table  displays 
the second order rate constants (k) and the R-squared value for the four hybrid ion exchange 
materials. The Na-Zr-hybrid material has the largest rate constant, followed by the Na-Sn-hybrid, 
H-Zr-hybrid, and the H-Sn-hybrid.  
 
 
 
The Structure of UMOFs 

 The zirconium and tin phosphonates, the compounds with we carry out the separations 
were given the name UMOFs in 2008 {A. Clearfield, Dalton Transactions [(2008) 6089-6102].1  
The name stands for unconventional metal-organic frameworks because they have certain 
characteristics of the better known Metal-Organic Frameworks or MOFs.  They are porous with 
values of 250-450 m2/g and have the ability to carry out separations.  They are stable to 400 oC in 
air.  Unlike MOFs they are amorphous as shown by the X-ray powder patterns in Figure 2.  
Figure 2 paper is an example.  Therefore, their structures cannot be determined by ordinary X-
ray diffraction technics, as already mentioned.  

 Four samples of the UMOFs were chosen for examination.  The chosen samples all had a 
ratio of phosphonate to phosphate of 1:2 and were synthesized hydrothermally by a modification 
of the method reported by Jon Burns.  Samples were prepared by dissolving an amount of 
C6H4(PO3H2)2 in 15.7 ml of H2O, followed by the corresponding phosphate as summarized in on 
Table 1.  Finally, an aliquote of a 0.5 M solution of ZrOCl2·8H2O was added dropwise to the 
solution.  Upon addition of the metal solution precipitation occurred.  The sample was heated 
hydrothermally in a Teflon pressure vessel at 120 oC for 4 days.  After cooling the white solid 
was thoroughly washed with water over vacuum filtration and dried in air at 60 oC overnight.  
The resulting solid was ground into a white powder.  The compositions of the four compounds 
are provided in Table 1.  Also the table contains a zirconium phosphate sample and samples in 
which the lanthanide Tb was taken up. 
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Table 1.  Summary of Hybrid ZrP Nanoparticles 
Sample 

Designation Chemical Formulas 

Α-ZrP Zr(HPO4)2·H2O 
H-ZR Zr(O3PC6H4PO3)0.34(O3POH)1(OH)0.64, 1.63H2O 
NaZR Zr(O3PC6H4PO3)0.38(O3PONa)0.89(O3POH)0.05(OH)0.6, 1.45H2C 
ZrPP Zr(O3PC6H5)2 
H-Zr No Tb Zr(H2O3PC6H4PO3)0.10(O3PC6H4P)0.246((O3POH)1.019((OH)0.778, 1.96H2O 
H-Zr with Tb Zr(O3PC6H4PO3)0.383(NaPO4)0.895(O3POH)1(OH)0.04(OH)0.598, 2H2O 

 
 The reader may wonder how the compositions of complex formulas can be determined.  
Of course, there must be charge balance.  That is the Zr4+ must be balanced by -4 negative 
charges.  In the complex formulas you will notice that there is less phosphorus than 2:1 
phosphorus:Zr.  Furthermore, chemical analysis of all the elements in the preparations were 
determined.  The amount of Na+ gives us the amount of NaPO4 that is present.  In order to reach 
charge balance we need to invoke the presence of OHˉ̄ to balance the charge.  In the HZr 
compound the amount of diphosphonate is determined by the carbon content which fixes the 
phosphorus at 0.68.  This then fixes a value of one for the monohydrogen phosphate.  But now 
we are short on negative charge so we invoke 0.64 OHˉ̄.  The correctness of this procedure is the 
fact the amount of each element in the formula is almost exactly the analytically determined 
amount. 

Structure Determination of UMOFS 

As already indicated in order to obtain information relating to the structure of the UMOFs use of 
a synchrotron is required.  The X-ray powder patterns of two UMOFs are shown in Fig. 2 as 
contrasted to a crystalline compound (a) in Figure 2 which is α Zirconium phosphate, 
Zr(HPO4)2·H2O.  In order to solve this structure problem, we need to know the exact 
composition of the compounds.  Therefore, we obtained the amounts of carbon, phosphorus 
hydrogen and zirconium for the compounds in Table 1. 
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FIG.	2.	Laboratory	XRD	patterns	for	(a)	bulk	_-ZrP,	(b)	H{Zr	hybrid,	and	(c)	Na{Zr	
hybrid,	respectively.	The	small	number	of	highly	broadened	peaks	make	
structure	solution	extremely	difficult.	
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The compounds were prepared as described in the 2015- 2016 yearly report as well as in the 
quarterly reports.  Powder X-ray diffraction (PXRD) patterns were obtained with a Bruker D8 
diffractometer using CuKα radiation at room temperature operated at 40 mA and 40KV by the 
step-scan method (step 0.009o, time 0.1 5).  

B.  Total Scattering Measurements 
 
 Synchrotron X-ray total scattering experiments were conducted at beamline X17 A at the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL).  The 
samples, prepared at Texas A&M were packed into 1 mm ID kapton capillary tubes and 
measured at 100 K using a flowing nitrogen cryocooler.  The rapid acquisition pair distribution 
function (RaPDF) technique was used with an X-ray energy of 66.67 KeV (λ = O.1860 Å).  A 
large area 2D Perkin Elmer detector (2048 x 2048 pixels and 200 X 200 µm pixel size) was 
mounted orthogonal to the beam path with a sample-to-detector distance of 203.908 mm 
determined by calibrating to a sample of known lattice parameter (Ni).  The raw 2 D data were 
azimuthally integrated and converted to 1 D intensity versus the magnitude of the scattering 
momentum transfer Q using FIT2D.  The program XPDF suite was used to correct and normalize 
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the diffraction data and then Fourier transform them to obtain the experimental PDF.  In the 
investigation of compound H-Zr it was observed that the interlayer spacing was ~9.74 Å.  Also 
the interlayer average for Na-Zr was 9.69 Å.  PDF studies were made of H-Zr, Na Zr, ZrPP and 
ZrP.  The results indicate a distribution of interlayer distances and the layers are stacked together 
in small groups.  The result is a sawtooth pattern characteristic of 2 D sheets of density stacked 
in a 1 D array.  Thus we have an average spacing of 10.26 Å close to the observed value of 9.74 
Å with a complete loss of coherence after just 4-5 layer spacing. 

Total scattering measurements were also measured at beamline 28-ID-2 at the National 
Synchrotron Light Source II (NSLS-II) at BNL to measure the scattering of ZrPP and H-Zr over 
a smaller angle region. Measurements were performed at similar conditions as at X17A and also 
with a detector set farther away at 1735.597 mm giving a Qdamp =0.00743 Å ˉ1 and Qbroad =0.0196 
Å ˉ1.   

In order to determine the local environment of the Tb ions, a difference PDF (dPDF) 
approach was adopted where PDFs of H-Zr sample with and without Tb loading were measured, 
respectively. The synchrotron x-ray PDF experiment was carried out at beam-line F2 at the 
Cornell High Energy Synchrotron Source (CHESS) at Cornell University. The experimental 
setup was similar to that previously described but with an incident x-ray energy of 61.332 keV 
(λ=0.20210 Å) and a sample-to-detector distance of 226.6842 mm which was calibrated using a 
nickel standard (Qdamp = 0:0364 Å ˉ1 and Qbroad = 0:0199 Å ˉ1.  The scattering signal measured for 
H-Zr without Tb loading was then subtracted from the one with Tb to obtain the dPDF. In this 
case, a Qmax=15.5 Å ˉ1 was chosen to reduce noise in the PDF. 
 

	

Fig.	4.	Reduced	structure	functions	F(Q)	(a,c,e)	processed	from	the	x-ray	scattering	intensities	collected	from	a	
synchrotron	light	source.	It	is	clear	that	a	signi_cant	amount	of	additional	structure	information	is	gained	when	
considering	the	scattering	at	higher	momentum	transfers.	The	respective	PDFs	G(r)	(b,d,e)	are	shown	on	the	
right.	
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 In this treatment of the data it is easier to see the differences between the crystalline and 
amorphous compound’s data. 
 The upshot of all these measurements is that the positioning of the phosphorus atoms was 
determined as well as the oxygen atoms.  The PDF results of H-Zr and NaZr are based on the 
fact that these compounds have sharp leaks in the low –ϒ region indication of a well ordered 
local structure but the peaks diminish in amplitude disappearing in by ~40-50 Å indicating an 
absence of long range order.  In short range order the amorphous compounds, H-Zr and Na Zr 
are like the crystalline compounds up to about 7.7 Å.  Beyond that distance the peaks diminish in 
amplitude with increasing ϒ (ϒ is distance) disappearing by ~40-50 Å.  Beyond this distance the 
peaks do not provide a very clear structure. 
 Our compounds are layered.  For such compounds there is disorder in the layers such that 
correlation in the PDF are not forthcoming.  In such cases, it is possible to model the PDF with 
only a single layer or at best just a few layers.  The layers are turbostraticoly disordered.  The 
PDF calculate leads to an interlayer distance of 9.73 Å.  This peak is broad indicating that there 
is a distribution of interlayer distances and that the number of layers stacked together is small.  
Thus, the particles are quite small.  This of course implies that there is only short range order 
present but by comparison of single layers or small stacks of layers with the structures of 
zirconium phenylphonate it was possible to obtain the positions of phosphorus and oxygen atoms 
in the layers of H-Zr and Na-Zr by PDF methods.  The results are shown in Table II. 
 
Table 2. Structural Parameters for the Zr Hybrid Materials Obtained from PDF 
Refinement of the Intralayer Structurea 

Parameter H-Zr Na-Zr ZrPP α-ZrP 

a (Å) 9.2018 9.1739 9.0985 9.076 

b (Å) 5.3482 5.3656 5.4154 5.298 

β (deg) 101.573 102.226 101.233 111.5 

dc (Å) 45.9 54.6 - - 

Rw 0.244 0.279 - - 

r(Zr−O) (Å) 1.994 1.993 2.047 × 2 2.028 

 2.042 2.041 2.065 × 2 2.054 

 2.043 2.048 2.093 × 2 2.059 

 2.101 2.100 - 2.059 

 2.136 2.135 - 2.096 

 2.145 2.151 - 2.101 

r(P−O/C) (Å) 1.860 1.855 1.821 1.535/1.590 

r(P−O) (Å) 1.452 1.461 1.493 1.497/1.498 

 1.553 1.549 1.538 1.518/1.519 

 1.567 1.567 1.550 1.524/1.542 
aPublished parameters for the reference models are given for comparison. See the SI for full refined structure 
models. bStructural parameters for zirconium phenylphosphonate are from Poojary et al. [26].cStructural parameters 
for α-ZrP are from Clearfield and Smith. [25] 
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 The unit cell dimensions provided at the top of Table II are very similar to those in pure 
zirconium phosphate.  However, the length of the C-axis is variable as the layers are not arranged 
with regularity in H-Zr and Na-Zr.  The Zr-D distances are provided in the lower part of Table II. 

The Structure of Terbium Zirconium Phosphate 

 An obvious question to ponder is why are lanthanides and other 3+ ions preferred by the 
UMOFs to ions of lower charge?  With the information now available there should be an answer 
to this question.  The procedure to answer this question was carried out by subtracting the PDF 
of H-Zr from that of H-Zr containing Tb3+.  The results provide the positions of the atoms closest 
to the terbium atoms.  There were two major peaks, one at 2.30 Å and the other at 3.63 Å.  These 
positions fit known positions for Tb-O and Tb-P in that order.  For this purpose, crystal structure 
data bases were consulted that verified that there is a high density of these oxygen and 
phosphorus Tb distances in the literature. 
 
 The results indicate a distribution of interlayer distances and the layers are stacked 
together in small groups.  The result is a sawtooth pattern characteristic of 2 D sheets of density 
stacked in a 1 D array.  Thus we have an average spacing of 10.26 Å close to the observed value 
of 9.74 Å with a complete loss of coherence after just 4-5 layers spacing. 

 
Total scattering measurements were also measured at beamline 28-ID-2 at the National 

Synchrotron Light Source II (NSLS-II) at BNL to measure the scattering of ZrPP and H-Zr over 
a smaller angle region. Measurements were performed at similar conditions as at X17A and also 
with a detector set farther away at 1735.597 mm giving a Qdamp =0.00743 Å ˉ1 and Qbroad =0.0196 
Å ˉ1.  

 
In order to determine the local environment of the Tb ions, a difference PDF (dPDF) 

approach was adopted where PDFs of H-Zr sample with and without Tb loading were measured, 
respectively. The synchrotron x-ray PDF experiment was carried out at beam-line F2 at the 
Cornell High Energy Synchrotron Source (CHESS) at Cornell University. The experimental 
setup was similar to that previously described but with an incident x-ray energy of 61.332 keV 
(λ=0.20210 Å) and a sample-to-detector distance of 226.6842 mm which was calibrated using a 
nickel standard (Qdamp = 0:0364 Å ˉ1 and Qbroa = 0.0199 Å ˉ1.  The scattering signal measured for 
H-Zr without Tb loading was then subtracted from the one with Tb to obtain the dPDF. In this 
case, a Qmax=15.5 Å ˉ1 was chosen to reduce noise in the PDF. 
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 In this treatment of the data is easier to see the differences between the crystalline and 
amorphous compound’s data. 
 
 The upshot of all these measurements is that the positioning of the phosphorus atoms was 
determined as well as the oxygen atoms.  The PDF results of H-Zr and Na Zr are based on the 
fact that these compounds have sharp peaks in the low – ϒ region indication of a well ordered 
local structure but the peaks diminish in amplitude disappearing in by ~40-50 Å indicating an 
absence of long range order.  In short range order the amorphous compounds, H-Zr and Na Zr 
are like the crystalline compounds up to about 7.7 Å.  Beyond that distance the peaks diminish in 
amplitude with increasing ϒ (ϒ is distance) disappearing by ~40-50 Å .  Beyond this distance the 
peaks do not provide a very clear structure. 
 
 Our compounds are layered.  For such compounds there is disorder in the layers such that 
correlations in the PDF are not forthcoming.  In such cases it is possible to model the PDF with 
only a single layer or at best just a few layers.  The layers are turbostraticoly disordered.  The 
PDF calculation leads to an interlayer distance of 9.73 Å.  This peak is broad indicating that 
there is a distributin of interlayer distances and that the number of layers stacked together is 
small.  Thus the particles are quite small.  
 
 
 
 

	

Fig.	3.	Reduced	structure	functions	F(Q)	(a,c,e)	processed	from	the	x-ray	scattering	intensities	collected	
from	a	synchrotron	light	source.	It	is	clear	that	a	signi_cant	amount	of	additional	structure	information	is	
gained	when	considering	the	scattering	at	higher	momentum	transfers.	The	respective	PDFs	G(r)	(b,d,e)	
are	shown	on	the	right.	
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The Structure of Terbium Zirconium Phosphate 
 
 An obvious question to ponder is why are lanthanides and other 3+ ions preferred by the 
UMOFs to ions of lower charge?  With the information now available there should be an answer 
to this question.  The procedure to answer this question was carried out by subtracting the PDF 
of H-Zr from that of H-Zr containing Tb3+.  The results provide the positions of the atoms closest 
to the terbium atoms.  There were two major peaks, one at 2.30 Å and the other at 3.63 Å.  These 
positions fit known positions for Tb-O and Tb-P in that order.  For this purpose, crystal structure 
data bases were consulted that verified that there is a high density of these oxygen and 
phosphorus Tb distances in the literature. 
 
VIII. CONCLUSIONS 
 
 In designing materials for ion exchange, it is important to have a detailed understanding 
of the structure and the mechanism of loading in order to optimize performance. However, 
highly disordered structures do not lend ease to the process of structure determination by 
standard diffraction techniques. Here, we have determined the structure of two hybrid 
zirconium(IV) phosphonate-phosphate UMOFs, H−Zr and Na−Zr. They consist of modified 
nanocrystalline layers of the parent structure with an intralayer coherence length of 
approximately 4.59 and 5.46 nm, respectively. The layers are stacked in a turbostratically 
disordered fashion, with weak ordering existing only between a few neighboring layers, although 
this stacking order drastically increases with higher phosphonate content. The local structural 
environment of Tb 3+ ions loaded into the H−Zr sample was extracted by difference PDF 
methods. We find that, among many alternative possibilities, the Tb environment is best 
described by the local environment of Tb in Scheelite-type terbium phosphate structure. By 
orientationally mapping this local structure onto that of the refined structure for zirconium-
phenyl-phosphonate, we show how the dangling oxygens of phosphate groups, might reorient to 
uptake the Tb 3+ ions in between the inorganic layers. 
 
 An important question to be answered is, why do these compounds prefer to take 3+ and 
4+ ions in favor of ions of lower charge? It would be expected that there are many places within 
the ion exchanger that negatively charged species would cluster in groups of 3 or 4 to exert a 
high negative charge. This agrees well with our measurement and refinement of the Tb ion 
coordination. Such groupings would then prefer the high charge of 3+ or 4+ ions in preference to 
the lower charged cations. It has also been shown that as the ratio of phosphate to phosphonate 
increases greater amounts of lower charged ions are taken up. 24 In the presence of higher levels 
of phosphate groups there may be a higher level of single cation species attractive to the lower 
charged cations. That is, the groupings of high charge fill up rapidly leaving HPO 4 groups to 
exchange H + for low charge ions. 
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Last Words 
 
 While we have a much better understanding of the chemistry of UMOFs we have not 
completed the separation of the lanthanides from the actinides.  The emphasis of our work was in 
progress when we were terminated.  This is unfortunate.  It stems from a misunderstanding.  In 
order to achieve our goals, we created our own laboratory to deal with actinides.  Because of the 
time requested to develop the new laboratory I asked for a four-month extension.  This was a 
mistake on my part as the actinides took six months to arrive.  When I asked for a six month 
additional no cost extension it was refused and we were terminated.  I believe this was not a wise 
decision.  We have continued to work and achieving good results.  Thus, I feel that we are close 
to achieving our goals and request that we be reinstated. 
 
Sincerely, 
 
Abraham Clearfield 
Distinguished Professor  
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