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SORBENT SELECTION PROGRESS REPORT 

 

 

1  INTRODUCTION 

 

 

1.1  OVERVIEW 

 

 Argonne National Laboratory is currently helping Babcock and Wilcox (B&W) develop a 

process for recovering 
99

Mo from the low enriched uranium (LEU) fuel solution of an aqueous 

homogeneous reactor (AHR). To recover 
99

Mo from a concentrated uranium solution, we are 

evaluating six sorbents: (1 and 2) T52 (25 mol% SnO2 and 75 mol% TiO2) and T5M (5 mol% 

ZrO2 and 95 mol% TiO2), both of which are manufactured by Termoxid Scientific and 

Production Company, Zarechnyi, Russia; (3) AG4 alumina manufactured by BioRad; 

(4) Sachtopore-80 (TiO2) from ZirChrom Separations; and (5 and 6) 200- and 500-m Adsorbsia 

sorbents from Dow Chemical.  

 

 This report describes batch studies comparing the uptake of 
99

Mo from uranium 

solutions, chemical and radiolytic stability, and sorbent physical properties. The uranyl nitrate 

concentration being considered for AHR operation is 150 g-U/L at a pH 1.  

 

 

1.2  SUMMARY OF SORBENTS 

 

 T52 is a nanocrystalline version of rutile that is predicted to be more chemically stable 

than T5M (anatase). Our experimental studies confirmed these findings and show that T52 has 

lower solubility in nitric acid and that its Kd values do not decrease when sorption is carried out 

at elevated temperatures. In the presence of uranium, T52 also has Mo Kd values that are higher 

than those of T5M. T52 has uranium Kd values that are 10 times lower than those of T5M. As a 

result, a T5M-packed column retains a significant quantity of uranium and requires scrubbing 

with a larger amount of 0.1 M HNO3 than does a T52-packed column. 

 

 Both the T52 and T5M sorbent materials are composed of nanoparticles; vigorous 

shaking of these particle suspensions can dislodge nanoparticles from them. The bulk of the 

dislodged nanoparticles from the T52 sorbent can be removed by using a 1-µm filter, whereas 

the nanoparticle aqueous suspension from the T5M sorbent requires a 0.2-µm filter. The 

formation of nanoparticles in the sorbent materials is probably a result of sorbent mechanical 

degradation and will be studied further. 

 

 S80 is a nanocrystalline version of rutile, and its chemical stability is comparable to that 

of T52, probably because of its particle uniformity. In the presence of uranium, S80 has Mo Kd 

values that are higher than those of T5M and T52. However, S80 retains uranium with a 

significant distribution ratio, and it requires scrubbing with 20–30 bed volumes of 0.1 M HNO3 

or with a smaller volume of 1 M HNO3 to completely remove uranium from the column. 

Scrubbing an S80-packed column with 1 M HNO3 leads to a loss of 1.5% Mo (batch experiment, 



 

2 

24 h, 60C) and might lead to corrosion of the recovery system and accelerated sorbent 

degradation. 

 

 Alumina, in the presence of 150 g-U/L, has Mo Kd values that are two orders of 

magnitude lower than those of the titania-based sorbents (Kd ~270). It remains to be shown 

whether a column with MIPS requirements can be designed under those conditions. Uranium 

uptake by alumina is low (Kd ~10), and an alumina-packed column does not retain significant 

amounts of uranium during the loading cycle. Alumina has a relatively high solubility in 

0.1 M HNO3. The amount of aluminum present in the solution after 24 hours of contact with 

0.1 M HNO3 is about 200 parts per million (ppm). For comparison, a 24-h contact of T52 and 

S80 with 0.1 M HNO3 results in a titanium hydroxide concentration of about 200 parts per 

billion (ppb). The implications for the presence of a high concentration of aluminum ion in the 

fuel solution need to be determined. 

 

 Adsorbsia sorbents degraded and formed a fine powder after contact with 0.1 M HNO3 

(3 h) and 1 M NaOH (1 h) at 60C. Therefore, they will not be a suitable sorbent for the MIPS. 

 

 Based on preliminary results, T52, T5M, and S80 are quite selective for Mo(VI) over 

other fission products and uranium. However, the Kd values for S80 for several fission products 

and uranium are high enough to require significant volumes of wash solution following column 

loading. Given what is known at this time, a down select based on Kd values and stability would 

leave only two sorbents (T52 and S80) for further study. T52 appears to have a slight edge over 

S80. 
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2  PHYSICAL PROPERTIES OF SORBENTS 

 

 

2.1  INTRODUCTION 

 

 T52 and T5M were examined by surface area determination and x-ray diffraction (XRD). 

The objective was to determine whether uncontrolled variations in these properties among 

batches might be responsible for variable performance in 
99

Mo separations 

(Vandegrift et al. 2008). Original specimens provided were labeled Radsorb Lot 2002-002, 

Radsorb Lot 6, Radsorb Lot 4, Termoxid-52M (T52-type), Isosorb Lot 5, Isosorb Lot 2002-001, 

and Termoxid-5M (T5M-type). These were analyzed, and the results were reported on in March 

2008 (Fortner 2008). Subsequently, new batches of sorbent were provided, labeled T5M1, T5M2, 

T5M3, T5M4, T521, T522, T523, and T524. For simplicity, we will use “T5M-1” in place of 

“T5M1,” etc., in further discussion and figures. 

 

 

2.2  METHODS AND RESULTS 

 

 Surface area measurements were obtained by adsorption isotherm measurements using 

the Brunauer, Emmett, and Teller (BET) method (Brunauer et al. 1938). The BET analysis used 

nitrogen (N2) as the adsorbed gas, with five-point isotherms fitted to the form  

 
1

0

0

1


















 
P

P
Vba

P

P
A

, 

 

where P/P0 was the relative pressure, VA was the volume of N2 adsorbed (at standard temperature 

and pressure, STP), and the parameters a and b were related to the adsorption energy and 

monolayer surface area. All fits had a linear correlation coefficient of better than 99.9%. The 

measured values appear in Table 1 and Figure 1. Also appearing in Table 1 are determinations of 

geometric surface area for selected specimens obtained by using electron microscopy 

(Beasley 2007). Note that the BET surface area exceeded the geometric surface area (the 

apparent surface area of the roughly spherical particles) by about 5.5 orders of magnitude. Such 

large BET surface areas are characteristic of nanostructured materials, such as those used in 

catalysis or for chemical separations.  

 

 Prior to measuring BET surface area, we had to de-gas the sorbent material under 

vacuum at an elevated temperature (150C). The vacuum heat treatment in each case caused the 

material to darken — from amber (T52-type) or light yellow (T5M-type) — to dark brown. After 

exposure to air after the measurements, the samples returned to their original color within a few 

hours. Nonetheless, there remained some concern that the BET measurements might have 

affected the microstructure of the sorbents, so samples of the vacuum heat-treated material were 

analyzed by XRD along with pristine samples. No changes in XRD with the heat treatment were 

observed (see discussion that follows). 
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TABLE 1  BET Surface Area Determination of Sorbents
a
  

Sorbent Type 

BET Surface 

Area (m
2
/g) 

 

Projected Area 

per Particle 

(cm
2
)

b
 

Geometric 

Surface Area 

(m
2
/g)

b
 

BET/Geometric 

Surface Area 

      

Radsorb Lot 2002-002 T52  92.3    

Radsorb Lot 6 T52  89.6    

Radsorb Lot 4 T52  84.8    

Termoxid-52M T52  95.5 0.0043 0.0021 45,700 

T52-1 T52  90.0    

T52-2 T52 100.2    

T52-3 T52  84.7    

T52-4 T52  88.0    

      

Isosorb Lot 5 T5M 141.0    

Isosorb Lot 2002-001 T5M 153.8    

Termoxid-5M T5M 151.9 0.0036 0.0023 66,500 

T5M-1 T5M 142.4    

T5M-2 T5M 139.6    

T5M-3 T5M 146.8    

T5M-4 T5M 142.9    

S80
c
 60A 100    

 
a
 Some of these data are reported on in Fortner (2008). 

b
 Based on data in Beasley (2007). 

c
 Based on data in Winkler et al. (1999). 

 

 

 XRD was measured by using the K line of copper (wavelength of 0.15406 nm) in a 

diffractometer. To obtain proper instrument resolution of the diffraction lines, the samples had to 

be crushed to a fine powder so that they could be evenly dispersed on the diffractometer sample 

plate. Measurements were made on the as-received material after it was crushed to a fine 

powder. A previous report on older batches of T5M and T52 also showed no observed changes 

induced in the XRD patterns from de-gassing under vacuum at 150C during the BET 

measurements (Fortner 2008). The XRD data for both the T5M- and T52-type specimens showed 

significant diffraction peak broadening (characteristic of small scattering domain sizes). The 

XRD peak widths of both sorbent types indicated crystal domain sizes between 9 and 11 nm. As 

Figure 2 illustrates, the data indicated remarkable reproducibility among the sorbent batches for 

each type. 

 

 Figure 3 compares representative XRD patterns from a new batch to those obtained from 

an older batch (reported on in Fortner 2008). There were no significant differences for the 

T5 material, aside from a reduced intensity of small angle scattering, which may not be 

quantitative owing to the geometry of the diffractometer. An interesting point is that the newer 

batch of T52 appeared to have somewhat broader diffraction peaks, suggesting smaller 

crystalline domains than those in the older batch(es). As seen in Figure 1, however, this effect 

had no impact on the BET measurements. It is possible that the additional XRD peak broadening  
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FIGURE 1  Observed BET Surface Area Measurements (The variation among 

the T5M- and T52-types was relatively small.) 

 

 

seen in the T52 specimens was due to nonuniform internal stress, or (more likely), it could have 

been an artifact of the differences in the setup of the apparatus between measurements. 

 

 Figures 4, 5, and 6 compare the sorbent diffraction patterns with two different crystal 

structures of TiO2, rutile and anatase, from the JCPDS-ICDD (Joint Committee on Powder 

Diffraction Standards, International Center for Diffraction Data) database. In these figures, the 

diffraction data are plotted as d-spacings, which are related to the diffraction angle by the Bragg 

relation 

 

n = 2d sin 
 

where n, the order of the diffraction, is taken to be 1 for the conversion. From these plots, it is 

apparent that T52 is a nanocrystalline version of rutile and that T5M and S80 are nanocrystalline 

versions of anatase. 
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T52 samples 2008
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FIGURE 2  Measured XRD for T5M-Type (above) and T52-Type 

(below) Sorbent Materials from the Batches Received in 2008 [Note 

the relatively broad diffraction peaks (full width at half maximum of 

~0.9° 2-theta). The diffraction patterns do not differ in any significant 

way from those on older batches reported on previously.] 
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FIGURE 3  Measured XRD for T5M-Type (above) and T52-Type (below) 

Sorbent Materials Comparing Recent Batches with Representative Older 

Batches  
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FIGURE 4  Comparison of T52 and Rutile 
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FIGURE 5  Comparison of T5M and Anatase 
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FIGURE 6  Comparison of S80 and Anatase 

 

 

2.3  CONCLUSIONS 

 

 Both T5M and T52 sorbents by Termoxid are high-surface-area materials with a 

nanoscale substructure. As measured by XRD and BET, the physical properties of the batches 

provided did not display any intrinsic differences to which variations in the sorption efficacy of 

molybdenum could be attributed. XRD measurements indicate that T52 is a nanocrystalline 

version of rutile and that T5M and S80 are nanocrystalline versions of anatase. 
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3  UPTAKE OF Mo FROM URANYL NITRATE SOLUTIONS 

 

 

 Six sorbents are being evaluated to recover Mo(VI) from 60C solutions containing 

0.5 ppm Mo and 90 to 150 g-U/L at pH 1: (1 and 2) T-52 and T-5M (200–400 m), (3 and 

4) Adsorbsia (200 and 400 µm), (5) Sachtopore-80 (80 m), and (6) alumina (75–150 m). 

Results presented in Figure 7 indicate that T52, T5M, S80, and Adsorbsia sorbent can be used to 

design an efficient column. The Kd value of 272 for alumina from a 145 g/L U solution indicates 

that it would be difficult to design a separation system and that further work, including careful 

choosing of particle size, needs to be done. 

 

 

3.1  EXPERIMENT 

 

 

3.1.1  Preparation of Uranium Solutions  

 

 Uranyl nitrate or UO2(NO3)2 solutions were prepared by dissolving a known amount of 

uranium metal plates in concentrated HNO3. The solution was evaporated until it was dry, and 

the product was re-dissolved in distilled water (repeated three times). The resulting pH was about 

0.9 and adjusted to pH 1 by using NaOH. Na2MoO4∙2H2O (Sigma-Aldrich) was added to the 

uranium solutions to obtain a 0.5-ppm Mo concentration. 
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FIGURE 7  Uptake of 0.5 ppm Mo from a Uranyl Nitrate 

Solution at pH 1 and 60C by Sorbents Being Considered for 

MIPS 
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3.1.2  Preparation of 
99

Mo Spike Solution  

 

 
99

Mo was obtained from a commercial 
99m

Tc generator (Lantheus Medical Imaging, Inc.). 

The initial activity of Mo-99 in the generator was 1 Ci. 
99

Mo was removed from the generator by 

placing a serum vial containing 1 M NH4OH on the needle labeled “Saline Charge.” Then an 

evacuated serum vial was placed on the needle labeled “Receiver.” When no more bubbles 

appeared in the Saline Charge vial, the Receiver bottle was removed from the generator. The 
99

Mo spiked solution was prepared by using a hot plate to make the obtained solution dry and 

then re-dissolving it in 0.1 M HNO3. 

 

 

3.1.3  Batch Uptake Measurements 

 

 The uptake of Mo(VI) as a function of uranium was determined by equilibrating 1 mL of 

a 
99

Mo spiked aqueous solution with a known amount (10 ±1 mg) of sorbent for 24 hours at 55C 

by using a thermostated shaker bath. The aqueous solutions contained 150, 195, 236, and 

287 g-U/L and 0.5 ppm stable Mo. After equilibration, the solution was withdrawn and filtered 

by using a syringe fitted with a 0.22-µm pore size polyvinylidene fluoride (PVDF) membrane 

filter. 

 

 

3.1.4  Counting of 
99

Mo 

 

 The amount of activity in the aqueous samples was determined by using a germanium 

detector. 
99

Mo was quantified by measurement of its 739 keV -ray. The activity of 
99

Mo in each 

sample was corrected for decay. The extent of radionuclide uptake was expressed in terms of a 

distribution coefficient, Kd, defined as follows: 

 

Kd  =
Ao - As

W

As

V
 

 

where Ao and As represent the aqueous phase activity (Ci) before and after equilibration, 

respectively, W is the dry weight of the sorbent (g), and V is the volume of the aqueous phase 

(mL). 
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4  LANGMUIR ISOTHERMS 

 

 

 Isotherm data in Table 2 were obtained by equilibrating 10  1 mg of sorbent with 10 mL 

of solution containing 1.9 M NaNO3, about 0.1 M HNO3, and Na2MoO4 for 24 hours at 60C. 

The Mo solutions in Table 2 were prepared by mixing a 0.1 M Mo solution with the nitrate 

solution. The pH of the solutions was varied as indicated in Table 2. The 0.1 M Mo solution was 

prepared by dissolving 0.1 mol Na2MoO4, 1.8 mol NaNO3, and 1 L of 0.2 M HNO3; the resulting 

pH was 1.3. The nitrate solution contained 1.9 M NaNO3 and 0.1 M HNO3. The pH of the nitrate 

solution was 0.81 due to high ionic strength.  

 

 Sorbents were also pre-equilibrated with the nitrate solution. In this experiment, a best 

attempt was made to keep the nitrate concentration constant, since it was initially thought that 

nitrate competes with Mo for sorption sites. This was not the best approach, because the nitrate 

concentration has very little effect on Mo adsorption. Through our recent experiments, we 

learned that even though HNO3 does adsorb on titania (Vissenberg et al. 2000), the adsorption of 

Mo does not proceed via electrostatic interactions with the protonated groups. This fact is clearly 

illustrated by our nitrate dependency studies, which show that the sorption of Mo (at various 

concentrations) is independent of the nitrate concentration. Our data strongly suggest that Mo 

sorbs on titania sorbent through a reaction with the titania OH groups. Therefore, the most 

important factor in the adsorption of Mo is pH, which dramatically influences Mo speciation 

around a pH of 1. Nitrate still might have some effect on the sorption of Mo through the 

solubility of Mo at high ionic strength. In this experiment, the aqueous phase Mo concentration 

was obtained by counting 
99

Mo tracer using a NaI gamma counter. 

 

 Isotherm data in Table 3 were obtained by equilibrating 10 1 mg of sorbent with 10 mL 

of solution containing 2 M NaNO3, 0.09 M HNO3, and Na2MoO4 at a pH of 1 for 24 hours at 

60C. Sorbents were pre-equilibrated with a solution containing 2 NaNO3 and 0.09 M HNO3. In 

this experiment, Mo concentrations were low and did not affect pH; therefore, the pH for all Mo 

solutions was 1. In this experiment, the aqueous phase Mo concentration was obtained by 

counting 
99

Mo tracer using a NaI gamma counter.  

 

 Isotherm data in Table 4 were obtained by equilibrating 10 1 mg of sorbent with 1 mL 

of solution for 24 h at 60C. The solution contained 1.3 M NaNO3, 0.1 M HNO3, and Na2MoO4. 

The pH of the solution was adjusted to 1 with NaOH solution. Sorbents were pre-equilibrated 

twice with 0.1 HNO3 and 1.3 M NaNO3. In this experiment, the aqueous phase Mo concentration 

was obtained by counting 
99

Mo tracer using a NaI gamma counter. 

 

 Isotherm data in Table 5 were obtained by equilibrating 10 1 mg of sorbent with 1 mL 

of solution for 24 h at 60C. The solution contained 1.3 M NaNO3, 0.1 M HNO3, and Na2MoO4. 

The pH of the solution was adjusted to 1 with NaOH solution. Sorbents were pre-equilibrated 

twice with 0.1 HNO3 and 1.3 M NaNO3. Aqueous Mo concentrations were measured by 

inductively coupled plasma–mass spectrometry (ICP-MS). 
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TABLE 2  Langmuir Isotherm Data Acquired by Equilibrating 10 mL of Solution 

Containing 1.9 M NaNO3, 0.1 M HNO3, and Na2MoO4 at Various pHs with 

Sorbent 

  

 

S80  T52  T5M 

[Mo], M pH 

 

Aqueous 

Equil Mo, 

M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil Mo, 

M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil Mo, 

M 

Mols 

Mo/g 

sorbent 

          

5.0E-05 0.81 1.0E-05 3.3E-05  8.9E-06 3.5E-05  8.9E-06 4.0E-05 

1.0E-04 0.82 3.2E-05 6.2E-05  2.4E-05 7.7E-05  2.7E-05 7.4E-05 

5.0E-04 0.83 2.3E-04 2.8E-04  2.0E-04 3.0E-04  1.6E-04 3.3E-04 

1.0E-03 0.83 5.7E-04 3.8E-04  4.2E-04 5.8E-04  5.2E-04 5.0E-04 

5.0E-03 0.83 4.1E-03 8.1E-04  4.0E-03 9.5E-04  3.8E-03 1.1E-03 

1.0E-02 0.85 7.1E-03 2.7E-03  5.4E-03 4.3E-03  5.0E-03 4.8E-03 

5.0E-02 1.0 3.0E-02 1.9E-02  1.9E-02 2.9E-02  3.1E-02 2.0E-02 

1.0E-01 1.35 7.9E-02 2.0E-02  7.9E-02 2.1E-02  8.2E-02 1.7E-02 

 

 
TABLE 3  Langmuir Isotherm Data Acquired by Equilibrating 10 mL of Solution 

Containing 2 M NaNO3, 0.09 M HNO3, and Na2MoO4 at a pH of 1 with Sorbent 

  

 

S80  T52  T5M 

[Mo], M pH 

 

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent 

          

1.0E-05 1.0 1.6E-06 7.8E-06  6.4E-07 8.9E-06  6.8E-07 8.8E-06 

1.0E-06 1.0 1.9E-07 7.5E-07  6.5E-08 9.4E-07  6.2E-08 9.2E-07 

1.0E-07 1.0 1.7E-08 7.5E-08  7.3E-09 1.0E-07  4.2E-09 8.5E-08 

1.0E-08 1.0 1.6E-09 9.6E-09  5.3E-10 8.5E-09  5.0E-10 9.8E-09 

1.0E-09 1.0 9.3E-11 7.6E-10  8.1E-11 1.0E-09  6.0E-11 9.5E-10 

1.0E-10 1.0 1.6E-11 9.6E-11  5.4E-12 9.4E-11  5.6E-12 9.3E-11 

 

 

 The data from Tables 2–5 are summarized in Figure 8. There seems to be a discrepancy 

between data obtained at 1.4 and 2 M NO3
–
 in the 10

–11
 and 10

–6
 aqueous Mo concentration 

range. This difference is most likely due to the difference in volume/mass ratio between these 

two experiments. The experiment carried out at 2 M NO3
–
 had a volume-to-mass ratio that was 

10 times larger, which could result in less efficient mixing and lower sorption. Otherwise, slight 

variations in the pH of the solution could also account for differences in Mo uptake.  

 

 The increase in Mo uptake in the 10
–3

–10
–1

 aqueous Mo concentration range is due to 

strong interactions between sorbed and aqueous Mo species, resulting in the formation of a 

crystalline layer on the sorbent surface, as shown in the scanning electron microscope (SEM) 

image in Figure 9. 
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TABLE 4  Langmuir Isotherm Data Acquired by Equilibrating 1 mL of Solution Containing 1.3 M NaNO3, 0.1 M HNO3, and 

Na2MoO4 at a pH of 1 with Sorbent 

 

 

S80  T52  T5M  As500  As200  AG4 

[Mo], M 

 

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

sorbent 

                  

1.0E-03 2.0E-06 1.0E-04  2.5E-06 9.0E-05  7.6E-06 1.1E-04  1.3E-06 1.1E-04  4.5E-07 9.8E-05  1.1E-04 8.4E-05 

1.0E-04 6.1E-08 1.2E-05  1.0E-07 9.6E-06  2.3E-07 1.0E-05  6.9E-08 1.1E-05  5.1E-08 1.0E-05  4.4E-07 8.2E-06 

1.0E-05 1.4E-08 1.1E-06  6.4E-09 1.0E-06  8.9E-09 9.0E-07  4.5E-09 1.1E-06  9.6E-09 9.8E-07  1.4E-08 9.2E-07 

1.0E-06 6.4E-10 9.8E-08  8.8E-10 1.1E-07  1.0E-09 1.0E-07  4.9E-10 1.0E-07  7.1E-10 1.1E-07  9.6E-10 9.3E-08 

1.0E-07 7.2E-11 1.1E-08  1.7E-10 1.1E-08  1.9E-10 1.0E-08  6.6E-11 1.0E-08  5.8E-11 1.1E-08  6.0E-11 8.1E-09 

1.0E-08 7.8E-12 9.4E-10  1.8E-11 1.0E-09  1.8E-11 1.0E-09  1.3E-11 1.0E-09  1.4E-11 1.2E-09  8.1E-12 8.9E-10 

1.0E-09 7.4E-13 1.1E-10  9.2E-13 1.0E-10  5.4E-12 1.1E-10  1.3E-12 1.2E-10  1.5E-12 1.1E-10  8.3E-13 9.1E-11 

1.0E-10 1.1E-13 9.7E-12  1.5E-13 9.2E-12  1.3E-13 1.2E-11  9.1E-14 9.3E-12  1.5E-13 9.9E-12  6.6E-14 8.1E-12 
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TABLE 5  Langmuir Isotherm Data Acquired by Equilibrating 1 mL of Solution Containing 

1.3 M NaNO3, 0.1 M HNO3, and Na2MoO4 at a pH of 1 with Sorbent 

  

 

S80  T52  T5M  AG4 

[Mo], M pH 

 

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

Sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

Sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

Sorbent  

Aqueous 

Equil 

Mo, M 

Mols 

Mo/g 

Sorbent 

             

0.00194 1.0 2.5E-05 2.1E-04  1.7E-05 2.0E-04  1.7E-05 2.1E-04  5.5E-04 1.5E-04 

0.00384 1.0 1.8E-04 3.9E-04  8.0E-05 3.3E-04  8.4E-05 3.8E-04  6.8E-04 3.0E-04 

0.00553 1.0 3.1E-04 5.1E-04  3.5E-04 5.4E-04  3.1E-04 5.8E-04  7.4E-04 3.9E-04 

0.00699 1.0 5.2E-04 6.1E-04  8.0E-04 6.1E-04  7.6E-04 6.6E-04  9.6E-04 5.8E-04 

0.00879 1.0 1.1E-03 8.0E-04  8.9E-04 7.1E-04  7.9E-04 8.7E-04  1.1E-03 7.7E-04 

0.01010 1.0 1.3E-03 8.3E-04  9.5E-04 8.7E-04  8.1E-04 9.3E-04  1.2E-03 7.7E-04 

 

 

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E-14 1.0E-12 1.0E-10 1.0E-08 1.0E-06 1.0E-04 1.0E-02 1.0E+0

0

Equlibrium Mo, M

E
q

u
il
ib

ri
u

m
 M

o
, 
m

o
ls

/g
 s

o
rb

e
n

t

As500, 1.4 M NO3-

As200, 1.4 M NO3-

S80, 1.4 M NO3-

T52, 1.4 M NO3-

T5M, 1.4 M NO3-

S80, 2.09 M NO3-

T-52, 2.09 M NO3-

T-5M, 2.09 M NO3-

T-52, 2 M NO3-

T-5M, 2 M NO3-

S80, 2 M NO3-

AG4, 1.4 M NO3-

T5M, 1.4 M NO3-

T52, 1.4 M NO3-

S80, 1.4 M NO3-

AG4, 1.4 M NO3-

 

FIGURE 8  Combined Results of Langmuir Isotherm Data 
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FIGURE 9  Scanning Electron Microscope Image of Mo Precipitated Layer on the Surface of 

T5M Sorbent 
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5  CHEMICAL STABILITY 

 

 

5.1  SORBENT STABILITY TO pH 1 AND 14 WASHING CYCLES 

 

 The chemical stability of T5M, T52, and S80 was determined by exposing the sorbents to 

cycles of contacts with 0.1 M HNO3 (stirring for 3 h at 60C) and 1 M NaOH (stirring for 1 h at 

60C), as shown in Figure 10. Sorbents were exposed to 0, 3, 5, and 10 cycles of washes. Their 

Kd values were determined by contacting the sorbents with 1 ppm Mo in 0.1 M HNO3 solution 

for 24 h at 60C. After three cycles, a significant drop in Kd values occurred. However, the Kd 

values did not decrease further upon exposure to HNO3 and NaOH, indicating that the sorbents 

were stable under the conditions investigated here. 

 

 Adsorbsia sorbents were also evaluated for their chemical stability during this 

experiment. However, after the first cycle of 0.1 M HNO3 and 1 M NaOH washing, these 

sorbents degraded and formed a fine powder. 

 

 The initial drop in Kd values was most likely due to the fact that the titania sorbents 

without pretreatment were also not pre-equilibrated with HNO3. The unequilibrated sorbents 

adsorbed HNO3, which caused an increase in both the pH of the Mo solution and the 

concentration of the sorbing Mo species. Alternatively, the drop in Kd values could be due to 

oxidative restructuring of reduced titania sites by nitric acid. The structure of TiO2 is quite 

complex and contains various types of defects, such as oxygen vacancies and TiO2–x, Ti
3+

, and 

Ti
4+

 interstitials (Diebold 2003). The coordinatively unsaturated sites (CUSs) and Ti
3+

 

participated in the sorption of Mo (Vissenberg et al. 2000). The loss of the CUSs by oxidation 

with nitric acid can result in lower Kd values. 

 

 

5.2  DISCOLORATION OF Mo SOLUTION 

 

 Several observations were made during the “sorbent stability to pH 1 and 14 washing 

cycles.” When T52 and T5M, previously exposed to 5 and 10 washing cycles, came in contact 

with 1 ppm Mo in 0.1 M HNO3 for 24 h at 60C, the Mo solutions became yellow. Similarly, 

when S80 was exposed to 10 cycles of washing and came in contact with 1 ppm Mo in 0.1 M 

HNO3 for 24 h at 60C, the sorbent appeared yellow/orange.  

 

 Solutions from Kd measurement were submitted for ICP-MS analysis. The results 

(Table 6) indicate that the composition of the aqueous phase was similar to that observed 

previously when the sorbents were exposed to 0.1 M HNO3, in the absence of Mo, for several 

days at room temperature. These results suggest that sorbent leaching into the aqueous phase was 

not responsible for the color change.  
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FIGURE 10  Sorbent Stability after Exposure to pH 1 and pH 14 

Washing Cycles 

 

 
TABLE 6  Composition of 0.1 M HNO3 and Mo 

Solutions after Contact with Sorbents 

 

Sample ID Ti (ppb) Zr (ppb) Sn (ppb) 

    

T5M* 363 8.02 <0.68 

T5M-5 345 28.9 <0.68 

T5M-10 307 32.2 <0.68 

T52* 185 8.51 1 

T52-5 211 9.72 0.81 

T52-10 222 8.02 <0.68 

TiO2 sorbent
a
 268 7.29 <0.68 

TiO2 sorbent-10 176 9.44 <0.68 

 
a
 Contacted with 0.1 M HNO3, several days at 

room temperature Sorbent-5 and Sorbent-10 

indicates number of cycles washing with 0.1 M 

HNO3 (3h, 60C) and 1 M NaOH (1h, 60°C). 
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 The change in color identified during the Kd experiments had also been randomly 

observed during previous experiments. It was noted that the color change occurred only in the 

presence of Mo. Therefore, several experiments were set up to elucidate the trend of the color 

change in the Mo solutions. The following observations were made: 

 

1. When contacted with T52, T5M, and S80 at 25C and 60C for 24 h, 2 M 

sodium nitrate solution at pH 1 does not change color. 

 

2. In the absence of sorbent, 0.01 Mo solution containing 2 M sodium nitrate at 

pH 1 changes color (yellow) and forms a precipitate after several 

weeks/months. 

 

3. When contacted with sorbent at 60C, 0.01 Mo solution containing 2 M 

sodium nitrate at pH 1 changes color (yellow) and forms a precipitate within 

24 h. 

 

4. When contacted with sorbent at room temperature, 0.01 Mo solution 

containing 2 M sodium nitrate at pH 1 changes color (yellow) and forms a 

precipitate within days/weeks. 

 

5. The color of the Mo solution changes more readily in the presence of a 

sorbent and the presence of increased concentrations of sodium nitrate and/or 

sodium molybdate. 

 

 These results indicate that changes in solution color occur only in the presence of Mo. 

Therefore, the properties of Mo in solution at pH 1 are affected by the presence of the sorbents, 

and the changes are accelerated by high ionic strength and increased temperature. 

 

 These results described above indicate that the color change observed was a result of a 

modification in the structure of H2MoO4. This change was most likely caused by a loss of water 

of hydration and the formation of a yellow MoO3∙n-xH2O species from a white MoO3∙nH2O 

solution species. Various MoO3∙nH2O complexes have been described in the literature with their 

structures, water of hydration numbers, crystal structures, and subsequently colors, which vary 

depending on the preparation conditions (Yebka et al. 1999; Weast et al. 1964). Under MIPS 

conditions, these changes are accelerated by high nitrate and Mo concentrations through the 

lowered activity of water and the presence of sorbent. These structural variations of H2MoO4 do 

not have negative effects on Mo sorption and are not expected to interfere with Mo recovery. 

 

 The possibility that Mo(VI) is reduced to Mo(V) under the conditions described above 

was ruled out by adding 1 M SCN
–
 to a Mo solution that had been in contact with sorbents. 

Complex formation between Mo(V) and thiocyanate is described by Equation (1) (Hiskey and 

Meloche 1940). No change in color upon the addition of thiocyanate to the Mo solution was 

observed. Furthermore, the same Mo solution was treated with ascorbic acid, followed by 

addition of 1 M SCN
–
 solution. Under these conditions, the color of the solution turned to 

green/blue, indicating the presence of reduced Mo species. 
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 [Mo
5+

R]
n+

 + n(SCN
–
) ↔ [Mo

5+
R](SCN)n + x(OH

–
) (1) 

 

 

5.3  SOLUBILITY OF TiO2 

 

 The speciation diagrams (solid is in excess) shown in Figures 11 and 12 were made by 

using relatively new stability constants for titanium aqueous species at 25°C. Based on 

Figures 11 and 12, it is possible to get measurable dissolved concentrations of titanium by 

leaching it with a 0.1 M nitric acid solution. As indicated by the solubility diagrams and data 

reported by Sugimoto et al. (2002), the solubility of hydrous TiO2 is nearly proportional to the 

second power of the acid concentration below pH 2. Therefore, treatment of titania with acid 

solutions below pH 1 is not recommended. 

 

 The solubility diagrams of rutile and anatase are consistent with the composition of the 

aqueous phase after contact with T5M (anatase) and T52 (rutile) determined by ICP-MS in 

Table 6. The results show that levels of Ti in solution are about 50% higher for T5M (anatase) 

than T52 (rutile) and indicate that T52 is more stable than T5M is. 

 

 The ICP-MS results do, however, suggest that S80 (anatase) is as stable as T52 (rutile). 

This finding could be due to more uniform particles and less loose nanoparticles with a high 

surface area. 

 

 These results can be also reinforced by the Mo Kd experiments for T52 and T5M from 

uranyl nitrate solutions (150, 185, 235, and 285 g-U/L at pH 1) at 25C, 55C, and 85C 

(Figure 13). From 25C to 55C, Kd values for T52 increase. However, for T5M at 85C, the Mo 

Kd values decrease, suggesting greater sorbent degradation for T5M (anatase) than for T52 

(rutile). 

 

 

 
FIGURE 11  Speciation Diagram for Titania Anatase 

Modification at 25C 

Anatase 
Solubility 
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FIGURE 12  Speciation Diagram for TitaniaRutile 

Modification at 25C 
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FIGURE 13  Uptake of Mo as a Function of Uranyl Nitrate Concentration at pH 1 and 
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5.4  EXPERIMENTS OF SORBENT LEACHING DURING UPTAKE OF COMPETING 

COMPONENTS 

 

 Sorbents were also exposed to a simulated fuel solution at 60C, 24 h, and pH 1 and were 

analyzed by ICP-MS for Ti, Zr, and Sn. The solution that came in contact with T52 contained 

470 g/L Ti and 202 g/L Sn, the one that came in contact with T5M contained 816 g/L Ti and 

49 g/L Zr, and the one that came in contact with S80 contained 429 g/L Ti. These results 

agree with the data presented throughout this section and confirm that T52 and S80 are 

chemically more stable than is T5M. 

 

 

5.5  DECREASE OF COLUMN VOID FRACTIONS 

 

 A decrease in column void fractions was observed on Column 1 (T5M sorbent) after 

8 weeks of testing in the presence of 0.01 HNO3, 0.01 M HCl, or 0.01 M NaOH. The total 

column void fraction, εt, total column void fraction, was reduced from 0.76 to 0.72 (uracil pulses) 

or 0.68 (NaNO3 pulses), whereas the interparticle void fraction, εb, was slightly reduced from 

0.30 to 0.28. Possible causes of the decrease in column void fractions were that the HCl 

pretreatment might be harmful for the sorbent and that the sorbent cannot tolerate frontals of 

0.01 N HNO3 (pH 2) and 0.01 N NaOH stripping (pH 12). After prolonged use of T52, a 

decrease in the column void fraction was not observed for T52. 
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6  RADIOLYTIC STABILITY 

 

 

 The radiolytic stabilities of T5M, T52, S80, and AG4 were determined by contacting the 

sorbents, ~10 mg, with 150 g-U/L uranyl nitrate solution and irradiating them at the Van de 

Graff. The irradiation doses were 311 kGy and 1.15 MGy. After irradiation, the uranium solution 

was removed and a new solution containing 150 g-U/L, 0.7 ppm Mo and Mo-99 at pH 1 was 

added to the sorbents. The sorbents were equilibrated for 24 h at 60C, and Kd values were 

obtained as described in Section 3 (Uptake of Mo from Uranyl Nitrate Solutions). The results in 

Figure 14 indicate that within the irradiation doses investigated, the sorbents do not lose their Mo 

sorption properties, as shown by the constant (within experimental error) Kd values. 
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FIGURE 14  Effect of Radiation Dose on Uptake of Mo 

 

 



 

24 

7  URANIUM RECOVERY 

 

 

7.1  BATCH STUDIES 

 

 The uptake of uranium was determined as a function of HNO3 concentration. The results 

in Figure 15 and Table 7 indicate that uranyl nitrate sorbs on T5M and S80 sorbents. At 

0.01 M HNO3, S80 and T5M had U-233 Kd values of 365 and 107, respectively, whereas T52 

and AG4 displayed Kd values of about 10. U adsorption from 0.1 M HNO3 also shows a 

significant variation between T5M and S80 versus T52 and AG4, with T5M and S80 exhibiting 

about 20 times higher uptake. At 1 M HNO3, uranium Kd values were about the same for all 

sorbents evaluated here. These results indicate that uranium can be efficiently washed from T52 

and AG4 by using 0.1 M HNO3. S80 and T5M should be washed with 1 M HNO3 in order to 

efficiently remove uranyl nitrate from the column. 

 

 

7.2  COLUMN STUDIES 

 

 The results of batch studies on the uptake of uranyl nitrate by the sorbents were 

confirmed by small column experiments, as shown in Figure 16. As expected, uranyl nitrate was 

eluted faster from a T52 loaded column than from a T5M column. Unexpectedly, a uranyl nitrate 

peak emerged earlier from a T5M column than from an AG4 column, even though T5M had Kd 

values that were one order of magnitude higher than those obtained for AG4. This can be 

explained by channeling of uranium through the larger sorbent particles of T5M (0.2–0.4 mm). 

In fact, the long uranium tail on a T5M packed column and the higher amount of HNO3 needed 

to elute uranium from T5M as compared to AG4 confirmed the results of batch studies. High Kd 

values for S80 sorbents were also confirmed by the column tests. The elution of uranyl nitrate 

from S80 was not complete after 10 bed volumes of 0.1 M HNO3, and only 76  5% of uranium 

was recovered. The elution was completed by passing an additional 10 bed volumes of 1 M 

HNO3.  

 

 Uranium was also completely recovered from T5M, T52, and AG4 sorbents (Table 8). 

The need to use 1 M HNO3 to remove uranium from a S80 column does not automatically 

disqualify its use in the MIPS, since the recovered uranyl nitrate in 1 M HNO3 solution can be 

used to adjust the pH of reactor fuel solution. However, the solubility of S80 under those 

conditions might be a concern, as discussed in Section 5 (Chemical Stability), and it will be 

investigated further.  

 

 In addition, scrubbing S80 with 1 M HNO3 leads to a loss of Mo. When S80 loaded with 

Mo to about 5 × 10
–7

 mol Mo/g sorbent (conditions relevant to MIPS) comes in contact with 

1 M HNO3 (24 h, 60C), 1.5% of the Mo is desorbed. 
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FIGURE 15  Uptake of Tracer Levels of U-233 

(60C, 24 h) from HNO3 Solutions 

 

 
TABLE 7  Uptake of Tracer Levels 

of U-233 (60C, 24 h) from HNO3 

Solutions 

 

 

Kd Values 

HNO3, M 

 

T5M T52 S80 AG4 

     

0.01 107 14 365 11 

0.03 18 0 37 3 

0.1 28 2 24 2 

0.3 0 9 1 7 

1 0 3 0 3 

3 1 2 17 10 

 

 

7.3  EXPERIMENT 

 

 Recovery of uranyl nitrate was determined by loading 50 L of a 150 g-U/L solution 

spiked with U-233 onto a column filled with 2 ml bed volume of sorbent. Sorbents were loaded 

into the columns as slurry in 0.1 M HNO3. Uranyl nitrate was eluted off the column by using 

0.1 M HNO3. Uranyl nitrate from S80 was eluted with an additional 10 bed volumes of 

1 M HNO3. 
233

U was quantified by measuring its α emission on a Perkin-Elmer liquid 

scintillation counter. 
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FIGURE 16  Elution of Uranium from T5M, T52, S80, and AG4 

 

 
TABLE 8  Recovery of Uranyl Nitrate from T5M, T52, S80, 

and AG4 

 

No. of Bed 

Volumes 

T5M 

(% recovery) 

T52 

(% recovery) 

S80 

(% recovery) 

AG4 

(% recovery) 

     

10 97 ± 5 100 ± 5 76 ± 5 96 ± 5 

20   93 ± 5  
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8  X-RAY DIFFRACTION ANALYSIS OF SORBENT RESIDUE 

 

 

 Fines from the T52 sorbent were filtered out of the uranyl nitrate solution used in column 

tests. The material was a fine white powder and mildly radioactive. There was just enough 

material to cover a glass x-ray diffraction slide, which was then covered with a polypropylene 

film to prevent the spread of radioactive contamination into the x-ray diffractometer. Radiation 

protection protocol required that the sample preparation be done in a fume hood, which was far 

from optimal for handling fine powder and static-cling film. Remaining fines in the bottle were 

rinsed with deionized water and transferred to a clean bottle for later examination using electron 

microscopy. The glass slide with powder was submitted to the Argonne Analytical Chemistry 

Laboratory for x-ray diffraction analysis.  

 

 The resulting diffraction pattern consisted of weak, sharp peaks arrayed upon a strong 

background arising from the sample holder/polypropylene film. The pattern is shown in 

Figures 17 and 18, along with the peak positions for two common mineral forms of TiO2 

(anatase and rutile). Also shown in the figures are the diffraction patterns from the T52 and the 

T5M sorbents, which consist of extremely broad peaks arising from the nanocrystalline structure 

of the material (Vandergrift et al. 2008).  

 

 Several striking observations can be made from the data: 

 

• The material appears to consist mainly of a mixture of anatase and rutile, 

which is a rather unexpected result since anatase is more commonly observed 

to precipitate at low temperatures, while rutile is considered a high-

temperature phase. 

 

• The T52 type sorbent appears to be based on a nanocrystalline form of rutile. 

 

• The T5M type sorbent appears to be based on a nanocrystalline form of 

anatase. 

 

 If the T52 sorbent was indeed the parent material, it is possible that the residue was 

formed by the decomposition of the nanocrystalline structure. This would explain how rutile 

formed at a low temperature. The appearance of anatase was likely due to the concurrent 

dissolution and re-precipitation of the form closer to thermodynamic equilibrium. If this is true, 

then the T5M sorbent should not produce a precipitate—or an anatase-only residue under similar 

conditions—owing to the absence of a rutile framework on which to build. 
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FIGURE 17  Comparison of X-ray Diffraction from the Precipitate (dark blue) with That 

Obtained from a Blank Sample Holder (magenta) and the T5M (light blue) and T52 

(yellow) Sorbents [Also shown are the diffraction peak positions for two different crystal 

forms of TiO2 rutile (dark purple) and anatase (orange), according to the JCPDS-ICDD 

reference database.] 
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FIGURE 18  X-ray Diffraction Detail (Same key as that in Figure 16) 
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9  DYNAMIC LIGHT SCATTERING ANALYSIS 

OF T52 AND T5M AQUEOUS SUSPENTIONS 

 

 

9.1  INTRODUCTION 

 

 Aqueous solutions vigorously shaken with T52 and T5M appear cloudy, whereas gently 

swirled samples appear clear. This indicates that sorbent nanoparticles are present in the samples 

and that their amounts are related to the physical treatment and mechanical stability of the 

sorbent. Also, the suspension of T52 appears clear after filtering with a 1-m filter. Consistent 

with these observations are results from dynamic light scattering (DLS) measurements (Table 9). 

A first wash of T52 contains large nanoparticles that are about 2,000 nm in size, and a second 

wash still produces nanoparticles in the 40- to 300-nm range (Figures 19–24). The T5M 

suspension remains cloudy after filtering with a 1-m filter but is clear after filtering with a 

0.2-m filter. This is also consistent with DLS results shown in Figures 25–30: After the first 

wash, particles are in the 200- to 800- nm range, and in the second wash, particles range from 

100 to 1000 nm.  

 

 

9.2  CONCLUSIONS 

 

 Titania nanoparticles might be present in the reactor solution as a result of (1) the 

mechanical degradation of the sorbent or (2) the reactor solution becoming supersaturated with 

respect to titanium hydroxide, which can form a precipitate (as observed during column studies). 

The effects of titania (or alumina) nanoparticles in the reactor solution from mechanical sorbent 

degradation or precipitation are not understood. The methods used to remove nanoparticles 

and/or prevent their formation and subsequent precipitation in the reactor solution will depend on 

the levels that can be tolerated in the reactor solution. 

 

 
TABLE 9  Summary of Dynamic Light Scattering Results for T52 

and T5M Samples 

 

Sample 

ID 

Wash 

No. 

Diameter 

(nm) Polydispersity Fit 

     

T52 1 ~2000 0.29 Poor 

     

T52 2 184 0.26 Monomodal 

  50 (14%) 

258 (86%) 

0.26 Multi-size distribution 

     

T5M 1 419 0.22 Monomodal 

  250 (44%) 

773 (56%) 

0.22 Multi-size distribution 

     

T5M 2 258 0.18 Monomodal 
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FIGURE 19  Monomodal Size Distribution for T52, First Wash 

 

 

 

FIGURE 20  Correlation Function for T52, First Wash 
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FIGURE 21  Multisize Distribution for T52, First Wash 

 

 

 

FIGURE 22  Monomodal Size Distribution for T52, Second Wash 
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FIGURE 23  Correlation Function for T52, Second Wash 

 

 

 

FIGURE 24  Multisize Distribution for T52, Second Wash 
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FIGURE 25  Monomodal Size Distribution for T5M, First Wash 

 

 

 

FIGURE 26  Correlation Function for T5M, First Wash 
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FIGURE 27  Multisize Distribution for T5M, First Wash 

 

 

 

FIGURE 28  Monomodal Size Distribution for T5M, Second Wash 
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FIGURE 29  Correlation Function for T5M, Second Wash 

 

 

 

FIGURE 30  Multisize Distribution for T5M, Second Wash 
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9.3  EXPERIMENT 

 

 Samples were obtained by hand shaking the sorbents with 0.1 M HNO3 for 1 minute.  

 

 The DLS apparatus consisted of a modified 4700c photon correlation spectrometer from 

Malvern Instruments Ltd. The system has a uniphase (variable power output of 3 to 75 mW) 

argon ion laser. The sample cell rests in the sample chamber in a temperature-controlled, filtered 

water bath. All optical components of the system are mounted on an enclosed optical table 

(see Figure 1). The correlator records the scattering intensity from small scattering volumes in 

time intervals as short as 50 ns. The particle sizing data are analyzed by using the commercial 

software supplied with the unit, which consists of well-accepted methods: cumulants and 

CONTIN. The particle size is calibrated on the entire system as a whole using National Institute 

of Standards and Technology (NIST) polystyrene latex standards (nominal sizes of 100 and 

300 nm). 
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10  ALUMINA SOLUBILITY 

 

 

 The solubility of alumina was modeled by using the thermochemical modeling code 

OLI-ESP (OLI Systems Inc, ESP Revision 7.0.55, thermodynamic database: PUBLIC, 2001). 

The results indicated that alumina might be meta-stable in dilute nitric acid, and based on 

equilibrium thermodynamics, it is predicted to be soluble at a pH of 1 (Figure 31). However, the 

kinetics of dissolution are probably very slow and/or require an activation energy. It is not 

uncommon for Al(III) to contain solids such as aluminum silicates, which are predicted to be 

soluble in groundwater yet persist in rock aquifers.  

 

 Solubility profiles for alumina were also calculated by using ChemEQL software 

(Carrier et al. 2007; see Figure 32). Similarly, alumina appears metastable under acidic 

conditions. Moreover, Carrier et al. (2007) demonstrated that at a pH over 4, after a 10-h contact, 

the alumina suspension dissolved, leading to a supersaturated solution from which aluminum 

hydroxide particles precipitated and grew independently from the alumina surface. 

Thermodynamically stable gibbsite particles were formed in the acidic range, while bayerite 

became the predominant phase at a nearly neutral pH. The relevance of this phenomenon with 

regard to MIPS conditions requires further study. 

 

 Our studies showed that the solubility of alumina sorbents was three orders of magnitude 

higher than the solubility of titania-based sorbents (Table 10). The differences in the solubilities 

of alumina samples from different suppliers reflected the uniformity of particle size. For 

example, alumina from Sigma-Aldrich was not of sorbent quality and contained a large amount 

of fines (Figure 33), whereas the AG4 sample from BioRad (Figure 34) had a much narrower 

particle size distribution, which was reflected in its lower solubility. BioRad does not  

 

 

 

FIGURE 31  Solubility of Alumina as Function of pH Modeled by 

Using OLI-ESP Code 
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FIGURE 32  Solubility Profiles 

[Concentration of Al(III) in solution as a 

function of pH for -Al2O3 (solid line), 

bayerite (dotted line), and gibbsite (dashed 

line)] (Carrier et al. 2007) 

 

 
TABLE 10  ICP-MS Results of Alumina Solubility in 0.1 M HNO3 

 

Solubility of Alumina (ppm) 

 

 

Sorbent Technologies  Dynamic Adsorbents   

Conditions 

Act. I  

(50–200 m) 

Super Act. I 

(50–200 m)  

Alumina R 

(50–200 m) 

Act. I  

(50–200 m) 

Super Act. I 

(50–200 m) 

BioRad 

AG4 

(150 mesh) 

Sigma 

Aldrich Act. I 

(150 mesh) 

         

RT, 6 days, 

0.1 M HNO3 

200 213  157 109 142 93.2 436 

         

60°C, 24 h, 

0.1 M HNO3 

278 334  245 222 195 181 415 
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FIGURE 33  Images of Alumina Sample Act. I from Sigma Aldrich, 150 Mesh 
 
 

  

FIGURE 34  Images of Alumina Sample AG4 from BioRad, 150 Mesh 
 
 
manufacture AG4 anymore. However, two other manufacturers of sorbent-quality alumina were 

identified: Sorbent Technologies and Dynamic Adsorbents. Samples were obtained from them. 

 

 A narrow particle-size distribution and a minimal amount of fines in the sorbent are 

important factors with regard to back pressure concerns. It is anticipated that an alumina column 

would have a substantial bed height due to its low Mo Kd values and subsequent long mass 

transfer zone. Therefore, a uniform particle size would allow a long column to be designed 

without exceeding back pressure limits. 

 

 The impact of high concentrations of Al
3+

 on the speciation and solubility of other 

components of the reactor solution should be investigated if alumina continues to be a candidate 

for MIPS. In addition, the behavior of an aluminum supersaturated solution and the possibility of 

aluminum-hydroxide precipitation and independent particle growth should be investigated. 
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11  Mo STRIPPING 

 

 

11.1  INTRODUCTION 

 

 Small columns were prepared to investigate the stripping of Mo from T5M-, T52-, S80-, 

and AG4-packed columns by using 1 M NaOH to elute Mo. The results in Table 11 indicate that 

Mo recovery can be greater than 95% for T5M, T52, and S80. Product recovery from AG4 was 

about 90%. These results will be repeated in the future to achieve a more accurate product 

recovery. Figure 35 shows the elution of Mo from T5M-, T52-, S80-, and AG4-packed columns 

and indicates that Mo can be eluted within four bed volumes for all sorbents. 

 

 
TABLE 11  Percent Recovery of Mo-99 from T5M, T52, 

S80, and AG4 

 

Mo Recovery T5M T52 S80 Alumina 

     

Total % recovery
a
 97 ± 5 93 ± 5 100 ± 5 88 ± 5 

 
a
 Includes 5 mL of 0.1 M HNO3 washes. 
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FIGURE 35  Percent Recovery of Mo-99 as a Function of the Number of Bed 

Volumes 
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11.2  EXPERIMENT 

 

 Columns were packed with 2 mL of T5M, T52, S80, and AG4 sorbents, pre-equilibrated 

with 0.1 M HNO3, and loaded with 50 L of 10 ppm Mo in 0.1 M HNO3 solution spiked with 
99

Mo. The columns were then washed with 5 × 1 mL of 0.1 M HNO3 followed by 7 × 1 mL of 

1 M NaOH. Recovery of Mo was calculated from counting the starting Mo solution and the 

individually collected fractions on a NaI gamma counter. 
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12  UPTAKE OF COMPETING COMPONENTS 

 

 

 The uptake of competing components was measured by contacting T5M and T52 (1 g) 

with 10 mL of a simulated fuel solution at pH 1, without uranium, for 24 h at 55
o
C (Table 12). 

The composition of the fuel solution was based on ORIGEN calculations for 90-days burnup for 

an AHR fuel solution (Neally 2008). The following components of the fuel solution were 

analyzed by using ICP-MS: Fe, Se, Rb, Sr, Y, Mo, Ru, Rh, Ag, Cd, Sn, Cs, Ba, La, Ce, Nd, Sm, 

Eu, and Gd. Ion chromatography was used to analyze I
–
. The components that exhibited Kd 

values above 10 for T52 were Fe (42), Ru (88), Se (≥49), and Rh (14). For T5M Kd, Se was ≥49, 

and Ru was 44. I
–
 had Kd values of 1 and 6, respectively, for T52 and T5M.  

 

 The uptake of competing components was also measured for S80 and AG4 under similar 

conditions (Table 12). The following components of the fuel solution were analyzed by ICP-MS: 

Fe, Se, Rb, Sr, Y, Zr, Mo, Ru, Ag, Cd, Sn, Te, Cs, Ba, La, Ce, Nd, Sm, Eu, and Gd. The 

components that exhibited Kd values above 10 for S80 were Se (≥349), Zr (60), Ag, (147) 

Sn (18), and Te (≥4,373). For AG4 Kd, Se was ≥349, Ag was 24, Sn was 48, and Te was ≥4,373. 

Rh, which was present as perrhenate anion at pH 1, was not analyzed for uptake by S80 and 

AG4, but it likely would have exhibited Kd values above 10. 
 
 

TABLE 12  Uptake of Ions from a Simulated Fuel 

Solution in the Absence of Uranium 

 

 

Sorbent Kd values 

Element 

 

T52 T5M TiO2 sorbent Alumina 

     

Fe 42 9 5 0 

Se ≥49 ≥49 ≥ 349 ≥ 349 

Rb 0.1 0.0 0 0 

Sr 0.0 0.0 0 0 

Y 0.7 0.1 0 0 

Mo ≥2599 137 ≥3110 ≥3110 

Ru 88 44 3 1 

Rh 14 3 - - 

Ag 0.0 0.0 147 24 

Cd 2 0.5 0 0 

Sn 0.0 4.8 18 49 

Cs 0.2 0.0 0 0 

Ba 0.1 0.0 0 0 

La 0.1 0.0 0 0 

Ce 0.2 0.0 0 0 

Nd 0.2 0.0 0 0 

Sm 0.9 0.2 0 0 

Eu 0.9 0.2 0 0 

Gd 1 0.3 0 0 

I 1 6 - - 

Zr - - 60 9 

Te - - ≥4373 ≥4373 
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13  COLUMN SIZE 

 

 

 The amount of sorbent needed to design a column for MIPs Using S80, AG4, T5M  

(200–400 m) and T52 (200–400 m) was calculated by using data obtained at 1.4 M NO3
–
 and 

a pH of 1 (Chung and Wang 2009). The amount of sorbent for a column with a 10-cm inside 

diameter and a linear velocity of 21 cm/min was 0.2 kg and 0.3 kg, respectively, for S80 and 

AG4, and 1.3 kg and 1.9 kg, respectively, for T5M and T52 (Table 13). The calculated amounts 

of sorbent needed to design a column is expected to change once the presence of uranium in the 

solution is included in the calculations. In the presence of 150 g-U/L, Mo Kd values for S80, 

T52, and T5M decreased about one order of magnitude. However, in the presence of uranium, 

Mo Kd values for AG4 decreased by about two orders of magnitude, resulting in a Mo Kd value 

of 270. Also, these calculations indicate that a column designed using T5M would be about 30% 

smaller than a column containing T52. However, experiments carried out in the presence of 

uranium have consistently shown that in the presence of uranium, T52 has higher Kd values. 

Therefore, it is expected that a column designed using T52 would be smaller than a column with 

T5M under MIPS conditions. 

 

 
TABLE 13  Recommended Column Designs Based on Pressure Drop Constraints and Mass 

Transfer Zone Calculations (60C, pH 1, and DV = 4% CV)  

Sorbent 

dp, avg 

(µm) 

[NO3
-
] 

(N) ID (cm) 

us 

(cm/min) 

 

Lmax 

(cm) at 

0.8 atm 

Lmin 

(cm) Lmin/ID 

CVmin 

(L) 

Wsorbent, 

min (kg) 

ΔP for 

Lmin 

(atm) 

           

S  80 1.4 10 21 16 2 0.2 0.2 0.2 0.10 

2 10 21 12 5 0.5 0.4 0.6 0.33 

           

Al 112 1.4 10 21 27 4 0.4 0.2 0.3 0.12 

           

T5M 300 1.4 10 21 186 15 1.6 1.2 1.3 0.07 

2 10 21 165 20 2 1.6 2.5 0.1 

           

T52 300 1.4 10 21 114 16 1.6 1.3 1.9 0.1 

           

T5M 700 1.4 10 21 968 67 6.7 5.3 5.8 0.06 

2 10 21 860 80 8 6.3 10 0.07 

           

T52 700 1.4 10 21 594 80 8 6.3 9.4 0.1 
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14  FUTURE WORK 

 

 

14.1  LANGMUIR ISOTHERM DATA IN THE PRESENCE OF 150 g-U/L, pH 1, 60C 

 

 Uranium has a major effect on the sorption of Mo by S80, T52, T5M, and AG4. This 

effect cannot be simply accounted for by the aqueous equilibrium of uranyl molybdate, since the 

presence of uranium has varying effects on the Kd values of different sorbents, most likely 

related to the different sorption mechanisms and/or the populations of different sorption sites on 

the sorbents. Therefore, Langmuir isotherm data will be obtained for S80, T52, and alumina 

sorbents in the presence of 150 g-U/L. 

 

 

14.2  PRESENCE OF NANOPARTICLES IN THE REACTOR SOLUTION 

 

 Nanoparticles in the reactor solution can originate from the mechanical degradation of the 

sorbent and/or from the precipitation of the aluminum hydroxide or titanium hydroxide saturated 

solution. Further work will be carried out to increase our understanding of the formation of 

nanoparticles or precipitates in the reactor solution and of ways to efficiently remove them. 

 

 

14.3  MECHANICAL STABILITY OF THE SORBENTS 

 

 The mechanical stability of the sorbents and its effect on the column backpressure will be 

investigated. Packed column testing will be done to measure backpressure versus time for long-

duration tests in which the flow rate and feed composition will be varied from one test to the 

next. The effects of these long-duration tests on the physical and chemical properties of the 

sorbents will also be measured. 

 

 

14.4  ALUMINUM HYDROXIDE 

 

 The effect of the concentration (in ppm) of aluminum hydroxide in the reactor solution 

should be included in the modeling studies to achieve an understanding regarding the possibility 

of precipitate formation in the reactor solution.  

 

 

14.5  WASHING OF URANYL NITRATE FROM S80 PACKED COLUMN 

 

 It is not clear at this point if it would be more practical to wash S80 with a large amount 

of 0.1 M HNO3 (20 to 30 bed volumes) or to use 1 M HNO3. The concern associated with using 

0.1 M is whether a large volume of solution could be recycled back into the reactor. The 

concerns associated with using 1 M are the loss of Mo (1.5% in a batch experiment for 24 h at 

60C), the solubility of S80 at a pH of 0, and the degradation of MIPS separation equipment at a 

pH of 0. The loss of Mo when the sorbent is scrubbed with 1 M HNO3 will be validated in a 
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column mode. The solubility of S80 in 1 M HNO3 will be determined experimentally, and the 

corrosion of the Mo recovery system at a pH of 0 will be determined. 

 

 

14.6  Mo RECOVERY 

 

 It is clear that Mo can be recovered from S80, T52, T5M, and AG4 with ≥90% 

efficiency. Attempts to measure Mo recovery with greater accuracy have provided inconsistent 

results. These measurements will be carried out again in a small column mode, or radiometrically 

when Mo-99 becomes available. We have found a source, and, if all goes well, these tests can 

resume in early August 2009.  
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