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Isotherm Experiment for Fully completed with good ICP data. Percent removal plots were created for 100%
Sodium (Na*) elements of interest to distinguish sorption behavior, and isotherm plots
have a form that is typical for sorption behavior, close to a Langmuir curve.
Isotherm Experiment for Like with sodium, fully completed with good ICP data. Percent removal plots 100%
Strontium (Sr*?) were created for elements of interest to distinguish sorption behavior, and

the isotherm plots have a form that is typical for sorption behavior, close to
a Langmuir curve. The strontium showed much stronger interaction with the
uranium and appeared to contribute to much higher removal.
Controls Several sets of controls were completed to try to distinguish the roles of 70%
individual components within the reaction. However, more controls should
be completed to determine baseline levels of removal (if any) due to
leaching from the sample holder as well as additional controls for each Usg
concentration and pH of interest, since recent studies indicate that the
stability of Ueo depends on the Ugo concentration and pH.

Isotherm Experiments for These experiments are being put on hold for the time being since the scope = 0% (nixed)
Potassium (K*) and Calcium of the project is quite large. Choosing to focus on just one monovalent and

(ca*?) one divalent cation will allow faster and more focused progress.

Kinetics Experiments The system to complete the kinetics experiment has been designed, which 10%

includes a water bath and jacketed flask to maintain constant temperature.
However, given the time span necessary to collect data from the entire
duration of sorption (at least two weeks), kinetics have been postponed for
now.
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This research experience definitely met my expectations. | really valued the opportunity to have more leadership on a project and appreciated being
able to be a part of the entire process, including experiment design, decision-making, budgeting, sharing results at group meetings, and data analysis.
Working with graduate students, especially my mentor for this project, Justin Daniels, allowed me to learn new practical skills and good practices for
scientific work. Lab personnel, including graduate students and the OWLs, were very helpful and able to provide assistance when needed. | also
appreciated being able to discuss my work with my faculty advisor, Dr. Burns, and benefited from his insight. My only suggestion for something that
could have been done to allow me to achieve more results would be if | was allowed to work in the lab without supervision, as this would have allowed
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Motivation

Nuclear energy presents a carbon-free and scalable solution to the looming energy crisis, but proper waste treatment is
necessary to ensure that nuclear energy is sustainable in the long-term. The motivation for this project stems from the looming
issue of the Hanford Site in Washington State, a decommissioned nuclear production complex that now has become a massive
national liability due to the scale of hazardous waste and contamination present at the site. Waste at Hanford is stored in
tanks, several of which are leaking. The potential for uranium mobility in the environment of course poses a threat to safety,
particularly if the waste reaches groundwater. Furthermore, evidence suggests that clusters, such as Ugo, are likely forming in
this leaking waste.! As a result, it is critical to acquire a deeper understanding of the behavior of Ue, especially regarding
sorption.

Hypothesis
Muscovite, the sorbent material in this study, is a mica with the chemical formula KAl;(SisAl)O10(OH,F),.% It possesses several

properties which make it ideal for this research including a point of zero charge (PZC) of 5.5 and its ability to cleave near
perfectly, which is optimal for imaging of sorbed materials post-treatment. Ug is a uranyl peroxide cage cluster, with the
crystalline composition LizsKis[(UO2)(02)(OH)]e0-255H,0.3

The immediate goal of this project is to assess the impact of various conditions (cation, pH, concentration) on the sorption of
Ueo to muscovite. | hypothesize that introduction of cations into a system containing Uso and muscovite will enhance sorption
of uranium-bearing phases to the muscovite surface.

Reasoning for this hypothesis stems from the knowledge that the pH levels selected for this study are well above the PZC for
muscovite. Thus, the surface of the muscovite is negatively charged, as is the anionic Ue cluster. As both species are negative,
charge-based repulsion will impede direct sorption of the Ugo cluster to the muscovite surface. Introduction of alkali and
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alkaline earth metals may then provide the necessary charge barrier to improve interactions between Ug clusters and the
muscovite surface.

Methods & Materials

The main objective for this semester was to complete isotherms for the sodium (Na*) and strontium (Sr*?) cations. Isotherm
plots are developed by repeating batch sorption experiments at varying concentrations of the adsorbate, in this case Ugo. For
this study, reactions were completed for the two cations (Na* and Sr*?) at four pHs (8, 9, 10, and 11) at seven concentrations of
Ueo (5, 10, 25, 50, 100, 250, and 500 ppm). In total, there were 112 batch sorption experiments, 56 for each cation. Na* was
added at a concentration of 5 mM and Sr*? was added at a concentration of 0.5 mM, to account for its increased charge. For
each reaction, a constant mass of muscovite was added (10 mg). The samples were set on a shaker device (see Fig. 1) and
allowed to equilibrate for 15 days. At the end of this time period, aliquots were removed from the samples using a 0.2 um
filter, intended to remove any muscovite or aggregated Ugo particles, and then diluted with nitric acid. These aliquots were
then analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). This technique provided the final
equilibrium concentration of elements within the samples. Comparison with initial measurements revealed the changes
(sorption capacity and percent removal) that occurred over the two-week time frame.
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Figure 1: Shaker device for holding batch sorption reactions.

Several controls were also completed in a similar fashion to examine the individual reactions between different components.
For example, a reaction with just muscovite and water was performed to see what electrolytes may come off of the mineral
when in water. Reactions with electrolytes (both Na* and Sr*2), muscovite, and water (no Ueo) revealed how much electrolyte
removal from solution can be expected without any clusters. Lastly, a reaction with muscovite and Ugo helped determine how
much “pure” sorption (i.e. no aggregation) can be anticipated without electrolytes present. More controls of these types
should be performed to consider the effects of pH and especially a wider range of Ug concentrations.

Other techniques used this past semester include Electrospray lonization Mass Spectrometry (ESI-MS) and Scanning Electron
Microscopy (SEM). The ESI was used as a “fingerprinting” technique to ascertain that Ueo clusters were present in the solution
of the reactions after two weeks. SEM was used to characterize the muscovite sample and assess its size and uniformity. Prior
work on this project has also made use of Dynamic Light Scattering (DLS) to determine particle sizes (specifically to identify
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clusters versus aggregated clusters) in the reactions, as well as Powder X-Ray Diffraction (PXRD) to characterize the muscovite
sample. Future work will likely make use of Atomic Force Microscopy (AFM) in order to perform in-situ analysis of the sorption
process.

Results
The data from ICP analysis showed uranium removal took place in almost all batch sorption experiments. Data from ICP was

organized into isotherm graphs, which plot sorption capacity as a function of equilibrium U60 concentration. Sorption capacity
is the ratio of sorbed material to sorbent, in this case the ratio of milligrams of Ugo removed to grams of muscovite in the
mixture. Equilibrium concentration is the concentration of Ugy measured at the time of sampling, represented in ppm. These
variables and units are typical for sorption analysis. Isotherms for sodium at the four studied pHs are shown in Fig. 2.
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Figure 2: Isotherm curves for sodium at four different pHs. The data is fit with a Langmuir curve.

Equilibrium Concentration (ppm)

From Fig. 2, it is shown that sorption capacity generally increases as equilibrium concentration increase. This is expected for
sorption experiments. The sorption capacity at which the plot levels out at represents gmax, the maximum sorption capacity of
the system; beyond this the muscovite can no longer support any further sorbed Ueo.

Notably, while pHs 9, 10, and 11 show consistent trends of non-linear increasing sorption capacity, pH 8 does not follow this
trend. Furthermore, the suggestion that there is negative sorption capacity is indication that something has gone awry. Recent
studies have found that Ueo, at low pHs and especially at low concentrations, tends to break down and speciate. Thus, it
appears that pH 8 is too low to support the presence of Ugo clusters. As the presence of Ugo clusters is critical to the hypothesis
and goals of this study, going forward pH 8 will be eliminated from consideration.



The curves fitted to the data represented in Fig. 2 are Langmuir curves, fitted using the general adsorption isotherm equation
of Eq. (1),* where g is the amount of Ug (presumed to be) sorbed, gmax is the maximum sorption capacity of the muscovite, C is
concentration of Usg present in solution at equilibrium, and k is the equilibrium constant. Note the assumption that all uranium
is in cluster form.

_ QmaxKC (1)

1= 371 ke

The data from the higher three pHs fit this model reasonably well, with R values between 0.67 and 0.84. The main objective of
fitting the data with the Langmuir curve is to determine the gmqx value for the reactions, since this quantifies the maximum
amount of Ug that is able to be sorbed onto muscovite. These values for gma, K, and R?values are summarized in Table 1.
Further investigation is necessary to confirm the accuracy of these values, though the preliminary results suggest that the
sorption capacity is highest at pH 9. Fig. 3 combines data from Fig. 2 into a singular plot for easier comparison between the
four pHs for sodium. Note the unusual behavior of pH 8.

Table 1: Results of Langmuir curve fit for sodium isotherms.

pH Maximum Sorption Error Equilibrium Error R? Value
Capacity, gmax[Mg/g] Constant, K
[ppm™]
8 5.722 15.946 748.606 6.397E16 -0.0129
9 328607.354 4077730000 1.420E-5 0.176 0.807
10 156337.420 2086450000 3.358E-5 0.448 0.670
11 87751.220 279760000 2.795E-5 0.0891 0.844
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Figure 3: Isotherms for sodium including results from all four pHs.

The same isotherm experiments were repeated for strontium. After two weeks of equilibrating, it was immediately visually
apparent that the behavior of the contents had changed significantly. Both sodium and strontium sample exhibited a uniform
yellow, hazy appearance when initially reacted. However, once removed from the shaker, most strontium samples
demonstrated the separation depicted in Fig. 4. The solution at the top of the reactor was remarkably clear, while at the
bottom the solid collected in a sludge-like state. This differed from the appearance of the equilibrated sodium reactions, which
maintained a yellow hue throughout the entirety of the reaction period. Even without more in-depth analysis, it was clear that
strontium showed a much greater ability to induce aggregation of Ugo clusters than sodium did. This was anticipated because
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strontium is divalent as opposed to sodium being monovalent, through in these reactions strontium was still made to be 10
times more dilute than sodium.

Figure 4: Strontium (pH 8, 250 ppm Ugo) reaction after two weeks of equilibration. It is visually apparent that separation has
occurred due to the distinction between clear solution and solid.

To support the visual observations, ICP analysis was performed on the strontium samples, yielding the results shown in Fig. 5.
Strontium in general showed much higher sorption capacities than sodium, with the highest sorption capacities exhibited at pH
8 and 10. This suggests that strontium is more effective than sodium at removing Ug, from solution, whether by sorption or
aggregation. The equilibrium concentrations were also much lower than those exhibited for sodium, which further indicates
the strong interaction between strontium and Uso.

As was the case with the sodium isotherms, the isotherm plot of pH 8 appears significantly different than the other pHs,
forming an “S” shaped sorption curve. The unusual behavior again may be attributed to the breakdown of U at such a low pH,
particularly at the lower concentrations of Ueo.

Again, the data was fit with the Langmuir adsorption isotherm equation with reasonable success. The values for gmax, K, and R?
are summarized in Table 2. In support of the plots for pH 8 and 10, the sorption capacities for these pHs are quite high. It

seems that the value for pH 9 may need to be investigated further based on comparison with the other pH results.

Table 2: Results of Langmuir curve fit for strontium isotherms.

pH Maximum Sorption Error Equilibrium Error R? Value
Capacity, gmax [mg/g] Constant, K
[ppm™]
8 636.985 358.629 0.00216 0.110 0.781
9 1059870.531 10132900000 0.000257 2.461 0.616
10 620.174 156.712 1.960 - 0.584
11 510.102 1041.191 0.445 1.411 0.613
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Figure 5: Isotherm curves for strontium at four different pHs. The data is fit with a Langmuir curve.

All four pHs of strontium sorption isotherm experiments are shown together in Fig. 6 to provide easier comparison. Note again
the much higher sorption capacities than were shown for sodium in Fig. 3.
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Figure 6: Isotherms for strontium including results from all four pHs.



Part of the hypothesis for this study was the role of electrolytes in the sorption process. As such, ICP analysis was also used to
determine the amounts of electrolyte left in solution at the end of the two-week equilibration period. Based on initial added
amounts of sodium, the percent of sodium removed from the system is shown in Fig. 7 as a function of initial Uso
concentration. Here, removal means taken out of solution.
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Figure 7: Percent of sodium cation removed from solution for all four pHs.

The percent of sodium removed shows relatively little difference between the varying initial concentrations of Ugg, remaining
fairly constant around 40% removal. This does not align with the increasing sorption capacity values seen in Fig. 3. Thus, this
indicates that while sodium may have played some role in the removal of Us from solution, it may not be as influential to the

sorption process as hypothesized.
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Figure 8: Percent of sodium cation removed from solution for all four pHs.

On the other hand, Fig. 8 shows the percent removal of strontium from solution as a function of initial Ug, concentration. This
plot shows a strong positive linear correlation, with up to nearly 100% removal of the cation. This matches well with the
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increasing sorption capacities shown in Fig. 6. Thus, this plot suggests that the removal of strontium is linked closely with the
removal of Ug, and therefore may play a critical role in reducing the mobility of uranium.

Fig. 9 shows the difference in removal of the two cations for each pH. Again, it is apparent that sodium shows little change in
removal while strontium shows a consistent linear trend.
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Figure 9: Comparison of cation removal (sodium and strontium) for each pH as a function of initial Ueo concentration.

Conclusions & Future Directions

Significant progress on this project has been made over the course of the past few months, and several key discoveries will
guide future work on this project.

First, after beginning implementation of the initially proposed plan, it became clear that the scope of this study is quite large
(especially for an undergraduate project). Working with a graduate student in the Burns lab (Justin Daniels) made this more
manageable. Still, there are many different variables to consider, with variations in concentrations of three different reactants,
varying pH levels, and different types of cations. Considerable time needed to be dedicated simply to identifying appropriate
experimental procedures and quantities. Furthermore, since the time period over which sorption occurs is two weeks at a
minimum, time is another factor that complicates what can be accomplished in a few months. With these considerations in
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mind, it was decided to postpone experiments involving calcium and potassium (which were initially proposed) to make the
scope of the project more reasonable. Additionally, when performing kinetics experiments in the future, limiting the
experiments to one or two ideal cation-pH-muscovite systems identified from the isotherms will also help make the project
scope more reasonable.

Another important issue encountered is the difficulty in distinguishing between sorption and aggregation. The isotherm results
show consistent and promising high uranium removal. However, saying with certainty that this removal is due to sorption, or
aggregation, or both, is a challenging matter. Additionally, whether the uranium in the reaction is held in Ugo clusters or has
broken down into other species is another question that remains unclear. Conducting additional controls, integrating ESI as a
fingerprinting technique into the experimental process, as well as eventually performing AFM may all be important strategies
in determining these key results. Another key strategy may be to conduct desorption experiments, using ESI, DLS, and Small-
Angle X-Ray Scattering (SAXS) to determine the contents of desorbed material.

Additionally, after recognizing the unexpected results for both cations at pH 8 and after consulting with another Burns
graduate student regarding her ongoing work, it was discovered that Us tends to break down at low pHs and low
concentrations. As such, continuing to conduct experiments at pH 8 will not be useful at supporting or rejecting the proposed
hypothesis. Going forward, either shifting the pH range higher (e.g. to pHs 9, 9.5, 10, and 10.5) or simply eliminating pH 8 will
help streamline the study.

Another consideration, based on an unpublished study from a graduate student in Dr. Amy Hixon’s group, is that aggregation is
dependent on salt to cluster ratio. Thus, in order to keep the aggregation of Ug consistent across varying concentrations of the
cluster, it will be necessary to vary salt concentration as well. This may be useful in distinguishing between the effects of
sorption and aggregation.

Finally, based on feedback from Dr. Burns, deeper analysis into the character of the muscovite sample which this study has
used is necessary to propose possible sorption mechanisms as well as gain an idea of the ideal expected sorption capacity for
Ueo and muscovite. This includes further PXRD analysis of the muscovite sample, as the current PXRD results suggest an
amorphous character which would counter the baseline assumption of crystalline muscovite.

With these lessons and considerations in mind, future work includes (1) further controls to support the proposition that
sorption, not just aggregation, is taking place in the isotherm experiments, (2) kinetics experiments to identify the time-
dependence of the sorption process, (3) further analysis and characterization of the muscovite sample, (4) utilizing AFM to gain
insight into the interactions and possible sorption mechanisms between clusters, aggregates, and muscovite, and (5) possibly
revising the isotherm experiments to match an adjusted pH range and include a constant salt to cluster ratio.
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