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ABSTRACT

The Fukushima Daiichi Nuclear Powerplant was struck by an earthquake and a tsunami
resulting in the meltdown of four of the six reactor cores operating at the plant. Asa
result, nuclear waste was released from the plant, contaminating the soil in the region.
Most of the contamination was sequestered within the few inches of the soil but unluckily
the contamination, radiocesium formed a non-exchangeable bond. The Japanese
government bagged this soil and has stored it in fields surrounding the exclusion zone.
Long-term storage facilities have not been determined. This is a study of the available
resources to determine if, in fact, the soil can be chemically treated to the point that it can
be stored in a normal hazardous waste facility. The study proposes to utilize a ligand to
capture the cesium with a higher binding affinity and remove it from the equilibrium by

precipitation possibly forcing the exchange of the “non-exchangeable” ion.
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CHAPTER 1 INTRODUCTION

1.1 Background of Fukushima Disaster

On March 11, 2011, the Great Tohoku earthquake took place about 130km off the coast of Japan
at a depth of about 30km under the ocean floor. This earthquake was responsible for the damage
itself and created several tsunamis which caused the mass destruction of many coastal cities. Many

cities were literally swept away.

Figure 1.1 Damage at Fukushima Daiichi Nuclear Power Plant, run by Tokyo Electric Power
Co.—Kyodo News/AP

The earthquake severely damaged the Fukushima Daiichi Nuclear Power Plant (FDNPP). One of
the tsunamis resulted in the meltdown of four of the six reactor cores operating at the plant. This

nuclear disaster marks the worst nuclear accident since the Chernobyl disaster in 1986. Four days
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after the disaster, radionuclide laced particles were ejected in the smoke plume from the nuclear
reactors into the upper atmosphere. These then settled across the landscape covering a large area

(See Figure 1.1).

FUKUSHIVA
NUCLEAR ACCIDENT
OF 2011

l:l Difficult-to-return zone

l:l Restricted residence zone
D Evacuation order cancellation
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niti B Areas where evacuation
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the accident. The original area,
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o Nuclear power plant | (80-sq-mi) area that continued to

the northwest.

JAPAN

PACIFIC JAPAN
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© Encyclopaedia Britannica, Inc.

Figure 2.2 Map of exclusion zone set up by Japanese government. — Encyclopedia Britannica, inc.

The earthquake significantly damaged three of the reactor cores, but the disastrous effects of this
incident multiplied when the tsunami disabled the back-up cooling system and its generators. This
led to an explosion in three of the reactor buildings due to the ignition of excess hydrogen gas. The
explosion and the following fire ejected huge quantities of radionuclide laced particles into the
atmosphere. Most of this contamination was dispersed into water, since cesium is generally very
soluble, but because the soil in the Fukushima Prefecture contains a high percentage of vermiculite

in the clay fraction, the topsoil retained a high concentration of radioactive cesium (**’Cs).12



1.2 Deposition of Cs into the topsoil and how it becomes nonexchangeable.

Initial studies found that the *’Cs was able to become non-exchangeable within the interlayer of
the vermiculite clay. Cesium becomes non-exchangeable when adsorbed into the interlayers of
2:1 clays like vermiculite, and some other similar clays in the surface of the soil around Fukushima
similarly to the non-exchangeable adsorption of potassium (K*) in mica.>*2 Potassium adsorption
into 2:1 clays causes a phenomenon called interlayer collapse, meaning the interlayers of the clay
collapse around the K* effectively trapping it within the clay structure. The chemistry of clay
structures must be understood first in order to hypothesize the effects of non-exchangeable

adsorption.

There are many types of clays that have unique properties, which affect the structure of the clay
and adsorption properties. For example, whether they swell or shrink when dehydrated or exposed
to water, whether their cations are exchangeable and to what degree they are interchangeable. The
best way to begin characterizing clay is to think about it in terms of its simple repeating structures
and what conformation they take.'®* The basic building blocks of clay are repeated crystal sheets
that are either octahedral or tetrahedral. These sheets interact with each other to form the layers of
the clay. With the help of adsorbed cations, the layers of clay form the crystal structure of the clay.
Silicate clays are the most common type of clays on earth. They exist either as 1:1 clay or 2:1 clay.
What these numbers reference is the composition of the layer of the clay. In silicate clays there are
tetrahedral sheets, and octahedral sheets. The tetrahedral sheets are a repeating series of silicon
atoms surrounded by 4 oxygen atoms each.'® Octahedral sheets are usually aluminum, oxygen and
hydroxides. The aluminum will have 6 oxygen atoms associated with it regardless of whether they
are hydroxides or not. A 2:1 clay has two tetrahedral sheets and one octahedral sheet, a 1:1 clay is

one tetrahedral sheet and one octahedral sheet, per layer.™® The interlayers of the clay crystal



structure are usually negatively charged. This is because of a process in the development of the
clay called isomorphous substitution. Isomorphous substitution occurs when cations with a lower
charge are substituted for aluminum or silicon in the crystal sheets.'®> Some of the oxygens in the
crystal structure carry a negative charge that attracts cations from the soil solution to satisfy the
charge imbalance in the clay. These cations are an important part of the repeating crystal structure
of the clay because tetrahedral sheets will naturally repel from each other but are held together by
the cation interactions. At the atomic level the surfaces of the interlayers are not smooth but are
marked with large quantities of ditrigonal siloxane cavities. These cavities give the interlayer the
appearance of two egg crates facing one another. In vermiculite the ditrigonal siloxane cavities
have a radius of 2.6 A. The Cs* ion has an atomic radius of ~1.8 A.** This tight fit helps explain
why the adsorption of Cs* into the vermiculite interlayers is so strong, being nearly fully
incapsulated within the cavity (Figure 1). The Cs* adsorption within the interlayer mechanistically
uses inner-sphere adsorption which is much stronger than other types of adsorption.'>!® Once the
interlayer collapse occurs with the strong inner-sphere adsorption mechanism, the ion effectively
becomes a glue holding the interlayer shut. This phenomenon prevents expansion and traps the
adsorbed Cs™ inside the interlayer. It has been shown that Cs* seals the interlayer even more tightly

than K* does in micas.!’



2:1 Layer Vermiculite Structure
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Figure 1.3 Schematic representation of Cs* adsorbing on vermiculite, (A) side view of Cs*
dehydrating as it moves from the bulk solution to adsorb in the vermiculite interlayer and collapse
it; and (B) top view of one ditrigonal siloxane cavity with Cs" ion surrounded by O atoms of
tetrahedral layer.'®° (Figure from A Comparison of Cesium adsorption on Zeolite Minerals to

Vermiculite Clay, Ferreira, Phillips, and Baruah, 2020 Submitted to Clay and Clay minerals)

1.3 Decay of Cs and Health Concerns

One of the most apparent concerns surrounding any radioactive contamination is possible health
effects related to the decay of the radioactive materials. This risk also represents the main incentive
behind decontaminating the area after a nuclear disaster. It is well known that exposure to
radioactive material can lead to long term health effects, and exposure to high radiation levels can
lead to immediate death. The principal contaminants from the Fukushima Daiichi Nuclear Power
Plant disaster were ¥’Csand 3*Cs. Ten years after the disaster most of the **Cs has become its
decay product ***Ba. This leaves only the more dangerous **’Cs, which is a gamma emitter during
its decay process and has a half-life of ~ 30 years as it decays into ¥’Ba.?’ This makes the
contaminant much more dangerous both in the short term and the long term compared to **’Cs
(half-life of ~1 year) and could lead to serious health complications for people living in the area.
When considering the health effects of exposure to radioactive material both annual dose, and
single-dose exposure must be considered. Some of the decontamination workers who worked in

5



areas with the highest concentration of waste were studied for exposure, their bodies were scanned
for internal (inhalation) exposure for both 3*Cs and 3’Cs, the levels in their bodies were non-
detectable by the equipment used at the study (detection limit 300 bq.?*??> There have also been
studies examining the environment of the people who have returned to living in the Intensive
Contamination Survey Area (ICAs) which have less contamination than the Special
Decontamination Zones (SDZs). However, the ICAs have almost ten times the population of the
SDZs making this region a more important survey area for the health effects of this contamination.
The people living in the ICAs are exposed to 1-5 mSv Y which is about the same as receiving a
mammogram.?®24 It is important to note this low yearly dose is after decontamination efforts from

the government.
1.4 Government Response to the Disaster

After the incident, the affected area where the radiation levels were above safe concentrations
were labeled as an exclusion zone and citizens were evacuated. After the area was clear, the
government removed the top layer of soil (where the radiocesium was sequestered) and stored it
in bags.! The immediate storage plan at the time was to concentrate the bagged waste in specific
locations (abandoned fields) in Fukushima Prefecture. Since then, short-term storage facilities
have been constructed, but no long-term storage plans have been finalized for this soil, which

amounts to more than 15 million cubic meters of material.?®



Figure 1.4 Image of bagged Fukushima soil in field, Fukushima Prefecture, Japan. Photo by Dr.

Ferreira



CHAPTER 2. UNDERSTANDING Cs* ADSORPTION ENVELOPES

2.1 The NISE effect and adsorption envelope studies

Adsorption envelope studies are commonly used to characterize an ion’s adsorption onto a mineral
surface and can be used to compare an ion’s affinity for adsorption on different minerals; or other
ions on the same mineral.* Zeolite minerals consist of aluminosilicate units that form crystal
structures. Depending on the conformation different nanopore channels form. These nanopores
channels cause zeolites to have very large surface areas, which makes them valuable for chemical
reactions, acting as molecular sieves, separation membranes, catalysts, or photochemical hosts.*
Currently there are 241 (50 natural and 191 synthetic) unique zeolite minerals that have been
discovered. Each of these zeolites have a unique crystal structure and form nanopores of different
diameters.®’*® Because of the nano-porosity of zeolites they are extremely effective at
demonstrating the Nanopore Inner-Sphere Enhancement (NISE) effect. The NISE effect explains
the mechanism for which some ions that normally adsorb with low affinity on external mineral
surfaces will adsorb with high affinity when adsorbing onto a surface in a confining environment,
the inner-sphere adsorption mechanism. Zeolite nanopore channels are well equipped to
demonstrate this phenomenon.®*2%4% To understand adsorption envelopes, you must look for the
adsorption edges presented by the data from the experiments. The adsorption edge forms when
there is a drastic change in the concentration of adsorbed ions over a very small pH range. When
the data are graphed there is a drastically sharp vertical drop in the in concentration of the
adsorbing ion (y-axis) as the proton concentration increases (pH decreases x-axis). The adsorption
edge represents a pH threshold where protons (H*) become increasingly competitive for adsorption
onto the crystal surface. This promotes an ion exchange reaction when H* adsorbs and the ion

being studied (Cs" in this case) desorbs from the mineral surface. One may interpret the data from



an adsorption envelope study by positing the lower the pH of the adsorption edge the stronger the
ion’s affinity for adsorption is at that adsorption site, because at that site a higher concentration of
protons is required to displace the ion and have it remain in solution. Typically, a pH where all the
ions were able to be displaced by a very high concentration of H* can be reached. This pH would

denote the total exchange of an ion due to an overwhelming concentration of protons.

Therefore, adsorption envelope studies can help elucidate the mechanism by which Cs* released
from the FDNPP became non-exchangeable in the soil around this region of Japan and discover
whether it is truly non-exchangeable. When testing the adsorption envelope of Cs* on pure phase
vermiculite, Ferreira et al. created an environment with a pH as low as 1.01 but failed to develop

a final adsorption edge that lowered the amount of adsorbed Cs* to zero (Figure 2.1).4

Figure 2.1 Adsorption envelope for Cs* on vermiculite. Two adsorption edges are present, one

centered around pH 2.5 and another centered around pH 5.4

This low pH only decreased the amount of adsorbed Cs* by 35% from the maximum adsorption
capacity of Cs* on vermiculite, which occurred at pH 8.39. To quantify this phenomenon, the
concentration of H* in the reaction vessel was increased by 7 orders of magnitude (or ten million

times) but only caused a 35% reduction in the amount of Cs™ adsorbed.



Further research into the adsorption of Cs™ onto vermiculite showed that the interlayer of the clay
collapses to a dimension of 0.12nm.*! This size is small enough for the NISE effect to take place
and cause the ion to adsorb with a strong inner-sphere mechanism. Therefore, a study was designed
that would compare the adsorption of Cs* on zeolites that are well known to strongly adsorb
monovalent cations to see if this phenomenon could be replicated or if it was unique to Cs*
adsorption on vermiculite. This study compared the adsorption of Cs* on three different zeolite
minerals and compared the adsorption of Na*and K* on the same zeolites. This gave a comparison
to the relative strength of Cs* adsorption on zeolite nanopores of different sizes and the strength of
Cs™ adsorption on these minerals with other monovalent ions. It also allowed 3comparisons
between Cs™ adsorption on the zeolites and the non-exchangeable adsorption in the 2:1 vermiculite

clay.
2.2 Materials and Methods

The zeolites minerals used in these experiments were purchased from Zeolyst International in
Conshohocken, PA. The Zeolites used were, ZSM-5, Zeolite Y, and Ferrierite. ZSM-5 was
purchased in hydrogen-form, which means all the mineral surfaces had H" adsorbed. Zeolite Y and
ferrierite were ammonium-forms and had to be converted to H*-forms. This was accomplished by
placing the zeolites into a muffle furnace for more than 18 hours. This caused the adsorbed
ammonium to volatilize as NH3 gas, leaving behind only H*. This is a well-known method to

convert ammonium-form zeolites to H-form.3®

The 50-mL nominal Oak Ridge centrifuge tubes were chosen as the reaction vessel for the
adsorption envelope experiments. These work well on a hematology mixer and can be used with
a high-speed centrifuge. To begin the experiment approximately 0.5000g (+ 0.0030 g) of zeolite

solid (ZSM-5, Zeolite Y, Ferrierite) was added to the Oak Ridge centrifuge tube. Then 7.000 mL
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of 0.1 M CsOH was added to the vessel. This brings the pH of the solution to its highest value
while ensuring that all samples receive the same starting concentration of Cs*. The pH was then
modulated by adding varying amounts of 1.21 M HCI to the solution to reach lower pH values.
The volume was equalized by adding deionized H20 until the volume of the solution equaled 35
mL in total. These samples were allowed to mix on the hematology mixer for more than 18 hours
to ensure that the reaction would reach equilibrium. Following their time on the mixer the samples
were centrifuged for 5 minutes at 5000 rpm and then 10 minutes at 10,000 rpm to separate the
solid and liquid phases. This lets the samples experience a force of more than 7,800 g for 10
minutes. Two aliquots of the supernatant from these experiments were separated and set aside: one

for pH measurements, and the other to measure the concentration of Cs*.

Inductively Coupled Plasma — Optical Emission Spectrum (ICP-OES) was used to determine the
[Cs™] in solution. The instrument used was a Perkin Elmer Avio 200 and the wavelength used to
measure Cs* was 894.353 nm. Both axial and radial views were used to measure the intensity for
Cs™ in case some concentrations were too high and would saturate the axial view. Which is much
more sensitive. The data used from these experiments came from the axial view. Quality control
(QC) measures were put into place to ensure the accuracy of the data and tested that the calibration
was still accurate for every ten samples. If the value of the QC sample were more than + 5% of the
actual value the analysis would pause to allow for re-calibration. The analysis was also set up to

give the average of 5 replicate readings of the intensity value for each sample.

For every experimental set, a blank was created. The blank consisted of the same amount of CsSOH
(7 mL) and a small amount of HCI and DI H20 to bring the solution up to the same volume as the
samples. No zeolite was added to the blank, which allowed the researcher to quantify the total

amount of Cs added to each sample. The initial [Cs™] ([Cs™initia) Value was gathered to calculate
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the results of the experiment from the blank. The final [Cs*] ([Cs*]sinal) measured from supernatant
solution after treatment and centrifugation. This allowed the amount of Cs* adsorbed ([Cs]ads) to

be calculated with a simple equation: [Cs*]ags=[Cs*]initiai-[CS Jfinal.

The best way to visualize the data from adsorption envelopes was by plotting the concentration of
the analyte (adsorbed Cs™) as a function of the pH (X axis = pH, Y axis = [Cs*]ads). Adsorption
envelope models were used to calculate the adsorption capacity for each adsorption site.*? The
adsorption envelope models were created using the IExFit software Version 3.3, Distributed by
alfisol.com.

Table 2.1 Parameters for models of Cs* adsorption on the minerals Zeolite Y, ZSM-5, and
Ferrierite. From: A Comparison of Cesium Adsorption on Zeolite Minerals to Vermiculite Clay,
D.R. Ferreira, G.D. Phillips, B. Baruah. Submitted for publication 2021. Model parameters and

goodness of fit are given in Table 1. Goodness of Fit was calculated using Efreon’s pseudo R?
value using the equation R? = 1 — [Zi(yi-n"i)2)/[Zi(yi-§)?], "1 are the model’s predicted values.
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Site 1 Site 2 Site 3
Zeolite
T oK T oK T oK Pseudo R?
Name
(umol/m?) (umol/m?) (umol/m?)

Zeolite Y 0.3240 2.0 0.5319 3.2 0.8298 5.2 0.9974
ZSM-5 2.316 2.0 1.099 6.7 0.9807
Ferrierite 2.700 1.4 1.220 6.5 0.9506




2.3 Results and Discussion

When examining previous research regarding other monovalent cations (Na* and K*) adsorption
envelopes it was noted that both Na* and K* adsorbed weakly on Zeolite Y and strongly on ZSM-
5 and Ferrierite.®® NMR analysis confirmed that Na* was adsorbing with an outer-sphere
mechanism on Zeolite Y and with an inner sphere mechanism on ZSM-5.%° These results were
again confirmed by a calorimetry study that looked at the heat of adsorption of monovalent ions
on Zeolite Y and ZSM-5.%° The size of the nanopore channels on these different zeolites was the
factor that was attributed to the difference in the strength of adsorption, Zeolite Y has nanopore
channels with larger dimensions than the nanopore channels of Zsm-5 and Ferrierite (table-2).

Table 2.2 Properties of Zeolite Minerals. Pore dimensions are taken from the database of zeolite

structures (http://www.iza-structure.org/). Surface areas provided by Zeolyst International
(Conshohocken, PA).

Zeolite Name Pore Dimensions (nm) Pore size class | Surface Area (m? g?)
Zeolite Y 0.74x0.74 N/A Largest 700
ZSM-5 0.51 x0.55 0.53 x 0.56 Medium 425
Ferrierite 0.54x0.42 0.48 x0.35 Smallest 400

At the beginning of this experimentation, it was assumed that a similar trend (strongly adsorbing
to Ferrierite and ZSM-5, while weakly adsorbing to Zeolite Y) would be observed when Cs* was
exposed to these zeolites under the same adsorption envelope experimental method. It has also
been noted that the strength of adsorption increases as the size of an atom increases. In previous

studies it has been demonstrated that Na™ adsorption decreased in the presence of K* on all three
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zeolites. Potassium (K*) adsorbs with a higher affinity when in competition with Na* because of
this larger ionic diameter (Table 3). When considering this competitive advantage of K* and ionic
diameter in relation to zeolite nanopore channels, it is understood that K* essentially fits more
snugly into the gap; this causes adsorption to take place closer to the mineral surface and allowed
for stronger electrostatic interactions between the ion and the adsorption sites. The final two factors
that affect the strength of adsorption of an ion are hydration energy and hydrated diameter
(Table3). Potassium (K*) has lower hydration energy than Na*, meaning it can dehydrate more
easily in confining environments; K* also has a smaller hydrated diameter than Na*, which has a
similar effect. Cs™ has a larger diameter than K*, a smaller hydrated diameter, and smaller
hydration energy, (Table 3). These facts explain why Cs* is expected to adsorb more strongly in
confining environments than K* or Na*.

Table 2.3 Characteristics of monovalent ions compared in this study. lonic diameters are from
Schulthess and enthalpy of hydration values were compiled by D.W. Smith.**# A range of

enthalpy of hydration values is presented to account for different methodologies for determining

these values.

lonic Diameter (nm) Hydrated Diameter (nm) Enthalpy of Hydration (kJ mol™)

Na* | 0.248 0.730 390-410
K* [0.318 0.696 320-330
Cs* | 0.392 0.692 264-280

To further explore the expected trend of Cs* adsorbing more strongly than K*, a recent study

looked at K* as a competitor for Cs™ in adsorption on 2:1 clay. This study used Vermiculite as the
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2:1 clay, and it showed that K" was a very ineffective competitor for ion exchange and had almost
no effect on the adsorption of Cs* in the interlayers of the clay.*! This illustrated well that Cs*
adsorption in a confined environment should have a higher affinity than Na* or K*. The data from
the adsorption envelope studies conducted on Zeolite Y, ZSM-5, and Ferrierite were able to
confirm the hypothesis that Cs™ in confined environments should adsorb more vigorously than Na*

or K* (Figure 2.2, Figure 2.3, Figure 2.4).

Cs™ adsorption envelope on Zeolite Y

2.0

Adsorption, pmol/m?

05 +—

0.0

Figure 2.2 An adsorption envelope for Cs* on zeolite mineral Zeolite Y. The primary adsorption
edge is centered at ~pH 2.5, but has a gentle slope and a low adsorption capacity. There is a second
adsorption edge centered at ~pH 5, followed by a very slight inflection at ~pH 5.8, followed by a
third adsorption edge centered at ~pH 7.
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Cs* Adsorption Envelope on ZSM-5
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Figure 2.3 An adsorption envelope for Cs™ on zeolite mineral ZSM-5. The primary adsorption
edge is steep and centered at ~pH 3.5, showing a strong adsorption mechanism for Cs* on that
surface, which is presumed to be the internal sites inside the zeolite nanopores. A second
adsorption edge is present, centered at ~pH 8.5 and may represent adsorption of Cs* at the

intersection of the nanopores.

Cs* Adsorption Envelope on Ferrierite
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Figure 2.4 An adsorption envelope for Cs* on zeolite mineral ferrierite. The primary adsorption
edge is steep and centered at ~pH 3, showing a strong adsorption mechanism for Cs* on that

surface, which is presumed to be the internal sites inside the zeolite nanopores. A second

16



adsorption edge is present, centered at ~pH 9 and may represent adsorption of Cs* at the

intersection of the nanopores.

When comparing Cs* and Na* ions the similarities stop at them both being monovalent alkali
metals. Cs* not only has a larger atomic diameter than Na, it also has a higher charge density than
Na*. Comparison of Cs" adsorption to Na* on the three zeolites tested (Fig. 5), confirms this
suspicion. The Cs* adsorption edges combine to form very similar adsorption envelopes as Na*.
However, all the adsorption edges are shifted to lower pH values indicating that Cs* is adsorbing
with a higher affinity than Na*. This essentially means that Cs* requires a higher [H*] to displace
it off the adsorption sites than Na* does. Another significant difference is that the [Cs™]ads is more
elevated in magnitude than Na* when compared to the same zeolites which again displays the

increased affinity for Cs*adsorption.
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Figure 2.5 Adsorption envelopes for Na* on the zeolite minerals zeolite Y, ZSM-5, and ferrierite.
Each envelope has two distinct adsorption edges, with Na* showing much stronger adsorption on
ZSM-5 and ferrierite than Zeolite Y. Adapted from data published in Ferreira and Schulthess,
2011.%
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When visualizing the adsorption envelopes of Cs™ on the three zeolites the differences are obvious.
On Zeolite Y (largest pores) the slope of the adsorption envelope is much more gradual, and the
magnitude of Cs* adsorption is much lower. Even though there are the three explicit adsorption
sites represented, the data clearly showed that Cs™ adsorbs much more strongly on ZSM-5 (medium
pores) and Ferrierite (smallest pores). This is a clear illustration of the expected behavior when the
NISE effect takes place (Ferreira and Schulthess, 2011; Ferreira et al., 2012; Ferreira et al., 2013).
Knowing that the NISE effect occurs when a cation adsorbs into an area smaller than ~0.5 nm may
help understand the nonexchangeable nature of Cs* adsorption into vermiculite interlayers and

their collapse.

Some studies have shown that ZSM-5 and Ferrierite have 3 different adsorption sites.** The three
sites proposed within the nanopore channels on ZSM-5 and Ferrierite are the straight channel, the
intersection, and the zigzag/perpendicular channel. However, data from Cs™ and Na* adsorption
envelope models showed that the two-site model had a much better fit. Suppose you make a
comparison to the subtleness of the third site from Zeolite Y. In that case, it could be inferred that
the resolution of these adsorption envelopes is too low, or that for the ions used in this experiment
there is too little difference in adsorption on those sites. For example, it would be possible for the

adsorption on the strait and zigzag channels to blend under either circumstance.

It is also important to note the similarities and differences between the adsorption envelopes of
ZSM-5 and Ferrierite. They look remarkably similar; however, there are key differences driven by
the smaller pore size of the nanopore channels in Ferrierite (Table 2), which explains the fact that
Ferrierite has the final adsorption edge occurring at a lower pH than ZSM-5 and higher adsorption
overall. The data presented from these experiments indicate there is an inverse relationship

between the size of an adsorption site and the strength at which Cs* will adsorb. XRPD analysis
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showed that the diameter of the vermiculite interlayer collapses to .12 nm after Cs* adsorption.**
This is a much smaller diameter than even the smallest nanopore of ferrierite. Cs* adsorption on
vermiculite (Figure 2.1) showed just how strong Cs* adsorption on the clay is compared to the

zeolites presented in this study.

When comparing the adsorption of Cs* on vermiculite (Figure 2.1) to the adsorption on zeolites
there are two main differences to point out. The first is that the low pH adsorption edge occurs at
~pH 2.5, and the second is that the [Cs™]ass never reached zero. In fact, even lowering the pH to
1.01 only desorbed about 35% of the maximum amount of Cs* in the solution. The difference in
the behavior of Cs* when adsorbed into the inter layer of vermiculite compared to the nanopore
channels of zeolites is remarkable and helped further the understanding of just how high an affinity

vermiculite has for Cs*.
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CHAPTER 3. COMPARING SELECTIVE PRECIPITATION AGENTS

3.1 Introduction

Many remediation techniques for the removal of Cs* from the landscape have been proposed,
including using algae as a bioremediation vector to remove 3'Cs from water.*’ Zeolite adsorbents
have been used to remove group one and two elements from solutions but there is then the issue
of removing the zeolite from the substrate following treatment.*® Temperature-responsive
polymer/magnetic/zeolite composite sorbent separation was shown to work by Nakamarua et al.*®
However, this was a very complicated process that would be difficult to conduct in highly
heterogenetic conditions like on natural soil. Sato et al. reported **’Cs could be removed from
water by a saponite clay adsorbent, which highlighted that there are many ways to remove Cs*
from aqueous solutions but a more sophisticated method of decontamination would be required

for Cs* removal from a soil substrate.*?

Saito et al. developed a method that could facilitate the remediation of Cs* from a complex
substrate like soil. This study focused on the removal of Cs* using the reagent sodium tetrakis (4-
fluorophenyl) borate hydrate (NaTFPB or TFPB) and sodium tetraphenylborate (NaTPB) (Saito,
2021). A previous study demonstrated that Cs-TFPB precipitate could be obtained with great
efficiency between the pH range of 0.7 to 10.8.%° A recent study demonstrated the effectiveness of
treating Cs* dopped pure phase vermiculite with 20mM TFPB in a solution of 0.4 M Mg(NO3)..
The results of this study indicated that the Cs™ was able to be replaced by Mg* within the interlayers
of the clay after 2 hrs.! Saito et al. achieved an efficiency of 89.4% desorption, but this required a
1:10 Cs:TFPB molar ratio.>* However, even with a desorption efficiency of almost 90% TFPB is

a prohibitively expensive reagent, making treatment with it non-cost-effective.
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A cheaper alternative might be found through the use of polyoxometalates as an alternative
precipitation agent to TFPB. Three polyoxometalates (POMs) have been shown to precipitate with
Cs™ in solution. Polyoxometalates are highly ionic compounds made of multiple transition metals
linked with oxygen and often coordinated with phosphorus, silicon, or other coordinating atoms.
They have sizes in the range of 1 to 3 nm and possess unique properties.>>>* One of the unique

properties of POMs is that some of them can precipitate from solution exclusively with Cs*.

There are two families of POMs: Isopoly compounds, which are composed of one type of d° metal
cations, and heteropoly compounds, which are comprised of a metal-oxide framework with a
combination of p-, d-, or f-block hetero atoms.>** Dr. James F. Keggin determined the first
heteropolyoxometalates phosphotungstic acid (PTA), Hs3PW1204, by identifying its X-ray crystal
structure.®® This study focused on the use of some Keggin-type POMs, type phosphotungstic acid,
H3PW12040 (PTA), silicotungstic acid, HaSiW12040 (STA), and molybdovanadophosphoric acid,
HsPMo10V2040 (MVPA) along with TFPB as a reference. The initialhypothesis was that the POMs
would precipitate after all their protons had exchanged with Cs*. Therefore, PTA, STA, and MVPA
(Figure 3.1) would precipitate from solution with 3, 4, and 5, Cs* respectively.>"* This exchange
would form an insoluble precipitate that could help remove Cs* from a complex substrate like

vermiculite (Scheme 3.1).
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Figure 3.1. Molecular structures of Keggin type POMs PTA, STA, and MVPA.
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Scheme 3.1 Proposed selective precipitation formation phenomenon between Keggin type POM
and Cs* (A) in the presence of Na* and K*. (B) Cs* removal by POM from Cs-dopped pure phase
vermiculite in the presence of Mg?*
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3.2 Materials and Methods

For the synthesis and other trials of these experiments, Molybdovanadophosphoric acid,
HsPMo10V2040 (MVPA), and silicotungstic acid, HaSiW12040 (STA) were synthesized in the lab
using well known methods.>*® They were all characterized with Fourier-transform infrared
spectroscopy (FTIR), X-ray powder diffraction (XRPD), UV-visible spectroscopy (UV-vis) and
Raman spectroscopy. Sodium tetrakis(4-fluorophenyl)borate dihydrate (TFPB) was purchased
from Fisher Scientific. Phosphotungstic acid, H3PW1.040 (PTA) was purchased from Sigma-
Aldrich. Hydrochloric acid (HCI), Cesium Hydroxide (CsOH), Cesium Chloride (CsCl), were all

Certified ACS grade or higher.

3.3 Synthesis of HsPM010V2040 (MVPA)
16.5 g MoOs and 1.6 g of NH4VVO3 were added to 250 mL of deionized water and heated in a round

bottom flask with a reflux condenser until fully dissolved. Once the solution reached 120°C
0.789mL of concentrated phosphoric acid (85%) was added drop wise to the round bottom flask.
This produces a clear red solution. The orange-red solid after solvent evaporation was

recrystallized from DI as our product.®®

3.4 Synthesis of H4SiW12040 (STA)
To synthesize 2H4SiW12040 (STA) 12-tungstasilic acid, first sodium tungstate dihydrate was

heated and dissolved in water. Once dissolved the flask was removed from the heating mantle, a
solution of 12.5% sodium silicate was added to the sodium tungstate dihydrate solution by
micropipette. The reaction vessel was returned to the heating mantle and the solution was heated
until boiling. While stirring vigorously, 7.5 mL of concentrated HCI was added to the reaction via
dropping funnel over a 10-minute period, approximately 12 drops per minute. The solution was
filtered, and the residue and supernatant were both saved. The supernatant held the product, which

was extracted with ether in a separatory funnel. Two layers formed in the ether, the pure STA was
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found in the bottom layer, crystals were grown as the ether evaporated. Once the STA crystals
formed the sample was baked at 70°C to ensure all ether had evaporated from the crystals before

characterization.®®

3.5 Characterization and Spectroscopy

The POMs were characterized using FTIR, UV-vis, Raman spectroscopy, and XRPD analysis.

3.6 ICP Measurements

The supernatant from the stoichiometry and speciation trials was analyzed on ICP to look for the
concentration of Cs* in the solution. The concentration of the precipitation agent was also verified
by measuring the intensity of tungsten for STA and PTA, Molybdenum for MVVPA, and Boron for
TFPB. The calibration solutions for Cs* consisted of a blank (0 mM), 1 mM, 5 mM, 10 mM, and
15 mM solutions. For the precipitation agent analysis, the calibration solution concentrations were
lowered to 0.1 mM, 0.5 mM, 1 mM, and 5 mM because the concentration of the POMs and TFPB
were an order of magnitude below the [Cs*]int. Since the reaction with Cs+ removes the POMs
from the solution, there was also the possibility of all the POM precipitating out of the solution
resulting in a very low to null concentration. When analyzing for tungsten and molybdenum there
is also resolution benefit because of the molar ratios of tungsten to phosphorus/silicon in PTA/STA

(12:1), and the molar ratios of molybdenum to phosphorus in MVPA (10:1)

3.7 Understanding Speciation of POMs & Stoichiometry of POMs and TFPB

The speciation curves of each POM should directly corollate with its ability to precipitate Cs from
the solution. To test this reaction environments were created at different pH values Once the most
effective pH values were confirmed for each POM, experiments were replicated at those pHs to

determine a ratio of the average moles of Cs precipitated per mole of POM.
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This experiment was performed in a 50 mL Oak Ridge centrifuge tube. The total volume of the
reaction was always 35 mL. 7 mL of 0.1M Cs salt was added to the centrifuge tube. CsOH was
beneficial for this experiment to reach higher pH values. Next, 21 mL of Di plus HCI was added
to the centrifuge tube. This step was to adjust the pH of the solution. For example, if 1 mL of HCI
was used 20 mL of DI was added to the reaction vessel to reach the total volume required. Finally,
7 mL of 0.01 M ligand (TFPB, PTA, MVPA, STA) was added. The samples were left to mix on a
hematology mixer for more than 60 hours until optimal kinetics were discovered. After the samples
were successfully mixed, they were centrifuged for 5 minutes at 5,000 rpm followed by 10 minutes
at 10,000 rpm. This formed a pellet of solid precipitate at the bottom of the reaction vessel. The
supernatant was extracted and 5 mL of it was placed into a 15 mL conical tipped centrifuge tube.
This sample was prepared for ICP by diluting the solution by 50% to ensure that the optics would
not be saturated on the ICP. Also 10 mL of the solution was placed into a test tube for pH
measurement. The dilute supernatant was then measured on the ICP using a calibration curve

comprised of a fresh DI blank, 1mM, 5mM, 10mM, and 15mM solution.

3.8 POM Precipitation Controls

Controls were used to determine that the POMs would only precipitate in the presence of Cs. The
reactions were set up as listed above but instead of using CsOH, Mg(NOz3). or KOH were used.
Also, a multi-ion control was conducted in which the STA and PTA were exposed to CsCl,
Mg(NO3)2, and KCI at equal concentrations in the solution to prove the true selectivity of the POMs

for Cesium.

3.9 Results and Discussion
Characterization of POMs

The Keggin type POMs were characterized using routine techniques, FTIR, Raman spectroscopy,

UV-vis spectroscopy, and XRPD. Using FTIR to observe the characteristic bond stretching and
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bending vibrations of the molecules is commonplace in the characterization of POMs. The POMs
spectra and the spectra of the comparable POM-Cs precipitate are presented in Figure 3.2 and
Table 3.1. Literature reported the characteristic FTIR adsorption sites for Keggin STA are at 976
(W=0), 922 (Si-0), 879 (W-Oc-W corner sharing) and 770 cm™ (W-Oe-W edge sharing).%* The
signals of the STA sample used in this study were 967 (W=0), 908 (Si-0), 878 (W-Oc-W corner
sharing), and 754 cm™ (W-Oe-W edge sharing). The signals of the synthesized STA sample used
in this study were 967 (W=0), 908 (Si-O), 878 (W-Oc-W corner sharing) and 754 cm™ (W-Oe-W
edge sharing). The STA-Cs precipitate (see fig 3.2 and table 3.1) had adsorptions at 981 (W=0),
921 (Si-0), 887 (W-Oc-W corner sharing), and 781 cm™ (W-Oe-W edge sharing). Literature
reports the characteristic FTIR absorption sites for Keggin PTA were 1080 (P-0), 985 (W=0), 890
(W-Oc-W corner sharing) and 839 cm™ (W-Oe-W edge sharing).®? The signals for the purchased
PTA utilized for this project were 1052 (P-O), 964 (W=0), 877 (W-Oc-W corner sharing) and 818
cm* (W-Oe-W edge sharing), whereas the Cs bound PTA (PTA-Cs, see Table 1) absorptions were
1077 (P-O), 980 (W=0), 885 (W-Oc-W corner sharing) and 828 cm™ (W-Oe-W edge sharing).
For Keggin MVPA the Characteristic FTIR adsorption sites were 1064 (P-O), 961 (M=0), 867
(Mo-Oc-Mo corner sharing) and 780 cm™ (Mo-Oe-Mo edge sharing) as reported in the literature.
The signals for the MVVPA synthesized for use in this project were 1061 (P-O), 927 (M=0), 849
(Mo-Oc-Mo corner sharing) and 761 cm™ (Mo-Oe-Mo edge sharing) and the Cs bound MVPA
(MVPA-Cs, see Table 1) were 1064 (P-0O), 929 (M=0), 847 (Mo-Oc-Mo corner sharing) and 755

cm* (Mo-Oe-Mo edge sharing).

Signals at 3136 and 1696 cm™ represented -OH stretching and the bending vibrations of H-O-H.%*
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Figure 3.2. The FTIR spectra of STA, STA-Cs, PTA, PTA-Cs, MVPA and MVPA-Cs.

Table 3.1. The FTIR signal assignments of STA, STA-Cs, PTA, PTA-Cs, MVPA, and MVPA-

Cs.

(cm™) STA STA-Cs PTA PTA-Cs MVPA MVPA-Cs
Vsi-o 908 921 - - - -
W-o - - 1052 1077 1061 1064
Wv=0 967 981 964 980 - -
Wi=0 - - - - 927 929
W=0 - - - - - -

Vo-we-0 878 887 877 885 - -

Vo-we-0 754 781 818 828 - -

Vo-Moc-0 - - - - 849 847
V0-Moe-0 - - - - 761 755
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All three POMs were characterized by Raman spectroscopy Figure 3.3. The W=0; symmetric
stretching and W=0; asymmetric stretching of STA are seen at 1001 and 972 cm™ respectively.®®
The W-O-W stretching Raman bands of STA are seen at 892 cm™.%° The signals at 557 and 244
cm ™ were related to the O-Si-O bending and the W-O (silicon linked) bending of Keggin STA.®
The structure of PTA shared many similarities to STA; the W=0: symmetric stretch, the W=0
asymmetric stretch, and the W-O-W stretching signals are at 1012 cm™, 1002 cm™, and 911 cm™?
respectively.®® The additional signal at 548 cm™ is related to O-P-O stretching, and the signals at
244,221, and 208 cm are related to bending in the phosphate (PO4>) unit.%” The MVPA structure
was different from the two previous Keggin compounds; MVPA had Raman signals for Mo-O¢
symmetric stretching, Mo-O¢ asymmetric stretching, and Mo-O-Mo at 980, 953, and 875 cm™,
respectively. Signals for O-P-O stretch and PO4* unit bending were 611, 264 and 223 cm?,

respectively.5869
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Figure 3.4 The Raman spectra of STA, PTA, and MVPA.
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The UV-vis Spectra of STA, PTA and MVPA are shown in Figure 3.4. Literature reported an
absorption band characteristic attributed to W(d) — O(2p) charge transfer at 264 nm.”® For STA
in aqueous solution there was a strong absorption band at 263 nm and for PTA there was a strong
band at 260 nm, these were both attributed to the W(d) — O(2p) charge transfer and corresponded
with findings from literature.”*""® When examining the UV-vis spectra of MVPA, there was an
absorption band at 236 nm. The band is attributed to the Mo(d) — O(2p) charge transfer.%® The
results of this UV-vis study confirm that STA, PTA, and MVPA remain intact in an aqueous

solution.

1
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Figure 3.5 The UV visable spectra of STA, PTA, and MVPA.

The XRPD patterns of the STA, PTA and MVPA used in this experiment are presented in Figure
3.5. Four Peaks associated with the body-centered cubic secondary structure of the Keggin anion
were found at 8.8, 10.6, 25.7, and 34.9 20 values. These values were representative of the values

found in the literature.%® Similarly for PTA peaks at 8.2, 11.2, 28.4, 32.6, 46.7, and 58.6 suggests
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agood crystal structure for PTA.%® The MVPA XRPD spectrum depicted the XRPD peaks reported

in the literature for the compound.’"

——MVPA
——PTA
——STA

Intensity (a. u.)
(-
E
]

10 20 3I0 4I0 5I0 60 70
2 Theta (degree)

Figure 3.6 The XRPD plots of STA, PTA, and MVPA.

Speciation Compared to Extraction Potential and Precipitation study by Precipitants

To better understand the selective precipitation agent’s ability to remove Cs* from solution, a better
understanding of the POMs speciation and their ability to extract Cs* at different pH values was
evaluated. Many POMs exist only in specific pH ranges while in solution. For example, PTA is
only highly present below pH 2.4."® MVVPA is only highly stable below pH 5.6.”" Little data was
found about the speciation of STA and although TFPB would not have a speciation concern, its
ability to act as an acid should certainly be hindered at some pH. When testing STA across a pH
range using the method that was used for the other samples no pH above 2.95 was able to be
reached. This indicated that it was able to sufficiently acidify the solution without the help of any

additional HCI. The results for MVPA (Figure 3.7) indicated that for best extraction potential, the
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solution needs to be below pH 6, which is supported by the literature. Likewise for the PTA trial
(Figure 3.8) the results indicated that he most efficient extraction with this POM took place below
pH 2.0. When the trials for TFPB (Figure 3.9) began, it was assumed that it would probably not
function well at low pH. This was confirmed and the pH of extractions using TFPB would need to
be above 4.0. These results determined that the POMs would be acidified with HCI when testing
their stoichiometry and testing extractions on a soil substrate, but TFPB would not need any acid

included in the treatment solution.
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Figure 3.7 Visualization of the speciation of MVPA by analyzing the extraction potential of Cs*

removal across a pH range.
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Figure 3.8 Visualization of the speciation of PTA by analyzing the extraction potential of Cs*

removal across a pH range.
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Figure 3.9 Comparing the extraction potential of TFPB to POMSs over a similar pH range. Note
the drastic change in TFPB efficacy over a small pH change at the lower end of the scale and the

inverse relationship the ligand has with protons compared to POMs.
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In Table 3.2 the results for the stoichiometry trials of the ionic precipitation agents are listed. These
samples were exposed in an aqueous solution to a known amount of Cs* and the appropriate pH to
maximize the effectiveness of their speciation. The samples were then exposed to the centrifugal
force of 7,800g for ten minutes. This caused any precipitate to form a pellet at the bottom of the
tube and allowing the supernatant to be extracted for analysis on the ICP-OES. The supernatant
was analyzed for Cs*, and the pH was recorded to ensure the sample fell within the optimal pH
range for each precipitation agent. The samples were also allowed to mix for more than 60 hours
to ensure equilibrium was met. The calibration curve used to analyze these samples consisted of a
DI blank (0 mM), 0.1 mM, 0.5 mM, 1.0 mM, and 5.0 mM. To analyze for the selective precipitation
agents, W and Mo were used for the POMs and B was used for TFPB. The benefit of using W and
Mo when analyzing for the POMSs was an increased resolution because of the molar ratios of these
elements within the compounds (12:1 W:PTA/STAand 10:1 Mo:MVPA). From the data presented
in Table 3.2 it is apparent that STA greatly outperformed the other compounds in both efficiency
and efficacy. STA was able to remove 4.13 Cs* per molecule and was able to remove 39.82% of
the Cs* from the treatment solution. PTA followed closely behind removing 2.32 Cs* per PTA
molecule and removing 26.42% of the Cs* from the solution. MVVPA and TFPB were closely tied
in terms of efficiency; however, the concentration of MVPA in solution upon analysis was about
half that of the other precipitation agents resulting in its % Cs* removed value being about half the
TFPB value. MVPA and TFPB removed 1.17 and 1.16 Cs* per molecule respectively, while they
extracted 7.72% and 15.47% of the Cs™ from solution respectively. When looking at the structures
of MVPA (HsPM010V2040), STA (H4SiW12040), and PTA (H3sPW12040) it was hypothesized that
the number of total replaceable protons would dictate the POMs extraction potential. That would

mean that MVVPA would be able to extract 5 Cs* per molecule, STA 4, and PTA 3. However, after
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reviewing the current literature, this was found not to be the case. PTA is known to replace 2.5 H*
by forming Cs25HosPW1,040.”® STA is known to bind up to 4 Cs*.%>"® MVPA is known to bind
2.5-3.5 Cs*.8 The data from table 3.2 for STA and PTA were consistent with findings in the
literature, but MVPA presented a much lower value. TFPB is an ion with a charge of -1. The study
that initially investigated the forced desorption of Cs™ from vermiculite by Tamura et al.
demonstrated the ligands 1:1 Cs*:TFPB desorption ratio further supported by the data presented in

the table 3.2.1

TABLE 3.2 Stoichiometry Results

Precipitation Optimal pH mmoles Cs % Cs Cs Removed Per
Agent Removed Removed molecule
TFPB Above 7 0.0812 15.47% 1.16+0.06

MVPA* Below 4 0.0484 7.72%* 1.174£0.12
PTA Below 2 0.166 26.42% 2.3240.17
STA Below 3** 0.245 39.82% 4.13+0.16

*MVPA concentration in the blank was % of the other precipitation agents
**STA speciation trials pH failed to rise above 2.95

Control Results

No precipitation was observed when exposing POMs to ions other than Cs* including Mg(NOs3)2
and KOH. The supernatant of these solutions was analyzed via ICP-OES these results confirmed
that no precipitation had taken place compared to the blank solutions prepared for each analyte.
The results from a similar control experiment indicated the POMs selectivity for precipitating
with Cs. A precipitate formed almost immediately when exposing PTA and STA to a solution of
CsCl and Mg(NOs),. The supernatant from these solutions was analyzed for Mg?* and Cs*. The

supernatant had much less Cs™ than the stock solutions and slightly less Mg(NOs)2. This was
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expected because of the length of time the solution had been allowed to mix. Some adsorption
onto the surface of the precipitate itself may have taken place. A further simple experiment was
conducted where this precipitate was gently washed and placed in a dilute solution of Ca?* to test
the exchange of some Cs* and Mg?* from the metal oxide outer rings of the Keggin-type POM
precipitate surfaces. The supernatant of this simple ion exchange experiment was analyzed, and
the results concluded that the Mg?* from the control experiment had adsorbed onto the surfaces

of the precipitate and was able to be displaced by Ca?*.
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CHAPTER 4. FORCED PRECIPITATION OF NON-EXCHANGABLE Cs IN PURE

PHASE VERMICULITE

4.1 Introduction

When designing a remediation strategy for the soil surrounding the FDNPP two major discoveries
affected the methods used to decontaminate the landscape of the exclusion zones. First, the
discovery that the radioactive **'Cs and !3*Cs (radiocesium) was primarily sequestered in the top
layers of the soil justified the removal and storage of the topsoil from the area.8'®? Second, the
discovery that the adsorption of Cs™ into the interlayers of the 2:1 clay in the region resulted in the
ion being non-exchangeable (short of fully digesting the mineral) meant that normal soil
remediation methods would not be useful when trying to decontaminate the soil from the region.8*-
%1 Normal soil remediation methods, such as displacing the radionuclide with Ca*? or NH4* and
flushing the Cs™ into the groundwater, would have little to no effect at removing Cs* from the clay.
Therefore, the soil had to be removed and no immediate treatment was attempted. This left the
Japanese government with more than 15 million m® of soil and no long-term storage plan. To
visualize the size of this problem the volume of the Mercedes Benz Super Dome is 3.5 million m?
Essentially if the clay were extracted from the soil the total volume of radioactive material that
would need to be stored could be reduced, and if there was a way to force the extraction of
radiocesium from the clay the total volume of radioactive waste could be significantly reduced.
This led Tamura et al. to develop a method that would force the desorption of non-exchangeable
Cs™ from doped pure phase vermiculite (doped vermiculite has been exposed to high
concentrations of Cs* solution until the interlayers collapse and the Cation Exchange Complex
(CEC) is dominated by Cs*.! The CEC is the mechanism where ions exchange between the

adsorbed form (ads) and the aqueous state (agq). When an ion becomes non-exchangeable, it
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dominates the CEC equilibrium until almost all the adsorbed ions are of one type. The method
proposed by Dr. Tamura treated the pure phase clay with a solution of Mg(NO3)2 and a ligand,
sodium tetrakis (4-fluorophenyl) borate (TFPB). TFPB has the property of precipitating when
bound with Cs* but does not precipitate with Mg?*. When the doped vermiculite was placed in
this solution a white precipitate began to form. This was effectively able to remove Cs from the
equilibria and force the desorption thereafter. XRPD data also demonstrated that after this
treatment the interlayers of the vermiculite had increased in diameter meaning that the Cs*
precipitating with the TFPB was indeed from the interlayers of the clay.? This method worked
because the non-exchangeable nature of the Cs* in the vermiculite exists in an equilibrium that just
lies extremely far to the side of Cs*ags. The Mg?* could, when in a concentrated solution, force a
small amount of Cs* out of the interlayer of the clay, but on its own failed to keep the Cs™ in
solution and had no net effect on the [Cs*Jass due to Cs™ having a much higher affinity for the
vermiculite (Kogure, 2012). To force this reaction forward and away from its natural equilibrium
the Cs*aqwould need to be captured and removed from the equilibrium so that more Cs* could be
displaced by the Mg?* and the reaction can move forward. This results in a concerted desorption
reaction and precipitation reaction that causes the net [Cs™]ads to decrease. This chemistry works
because the Cs* was removed from the solution and does not remain aqueous and was therefore

unable to re-adsorb into the vermiculite interlayer.

This method worked well on the pure phase vermiculite, demonstrated some shortcomings when
tested on Fukushima soil. The experimentation that followed looked to improve the method by
increasing the efficiency and decreasing the cost of the treatment while testing reaction
environments, looking into other possible precipitation agents, and establishing a mass balance of

Cs* once treated.
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4.2 Materials and Methods

Pure phase vermiculite was purchased from VWR International, LLC (now Avantor) to create Cs-
doped pure phase vermiculite. The pure phase vermiculite was mechanically ground and
combined, ~40.00 g of the vermiculite was added to an Erlenmeyer flask to which 150 mL of a
0.05 M HCI (ACS Certified Plus) solution was added and allowed to mix on a mixing table
overnight. This process was used to saturate the vermiculite with protons and desorb any other
natively adsorbed ions that might be in the interlayer of the clay. The clay solids were filtered,
and the supernatant was discarded. The acid-washed clay was combined and mixed to create a
homogenous acid-washed pure phase vermiculite mixture. About 10.00 g of acid-washed pure
phase vermiculite was added to an Erlenmeyer flask along with 100.00 mL of a 0.1M CsClI
solution. This was allowed to mix with a stir bar for >48 hours. After the solution was allowed to
reach equilibrium, the pH of the solution was measured. A 0.1 M solution of CsOH was added in
15 mL aliquots and allowed to mix overnight before checking the pH. This process was repeated
until the pH reached a value above 9.5. The clay solids were then separated from the solution by
vacuum filtration and rinsed with 20 mL of methanol and then 20 mL of deionized water. They
were then placed in a scintillation vial. The process was repeated until enough Cs-doped pure phase

vermiculite was gathered to complete the experimental procedure.

The extraction method that developed over the experimental process of this study started by adding
0.500g + 0.005 g Cs-doped pure phase vermiculite into a 50 mL oak ridge centrifuge tube. Using
a Metrohm 876 Dosimat Plus auto titrator 25.00 mL of 0.5M Mg(NO:s)2 certified ACS plus was
added to the Cs-doped pure phase vermiculite in the centrifuge tube. Using an Eppendorf Repeater
E3, 7 mL of 0.01 M precipitating counter ion (TFPB, PTA, MVPA, or STA) was added to the

solution in the centrifuge tube (Synthetic methods and characterization of POMs included in the
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previous chapter). The pH of this solution was adjusted by adding up to 3.00 mL of 1.21 M HCI
certified ACS plus. 0 — 3.00 mL of deionized water was added to the solution using the auto titrator
to bring it up to a total volume of 35.00 mL. Samples were left on the hematology mixer to reach

equilibrium for at least 60 hours. These trials were repeated in quadruplicate.

After mixing, the samples were centrifuged at 7,800 g for 10 minutes and the supernatant was
removed for analysis. The sample was then vacuum filtered through Whatman 41 qualitative filter
paper. The Buchner funnel with the filter paper and residue on it was then placed on a clean goose-
neck flask. The residue was rinsed with 120 mL of methanol. This was done in three 40 mL
aliquots. The methanol dissolved the precipitate with the extracted Cs*. This methanol solution
was evaporated by ~ 50 % and transferred to the digestion vessel, where the methanol was fully
evaporated before digestion. The residue was removed from the filter paper and prepared for
digestion. The filter paper itself was retained and prepared for digestion. Before digestion, it was
combusted in a semi-closed ramekin at 550°C for 8.5 hours using a muffle furnace. This caused
the ashless filter paper to combust into volatile organic compounds, making the digestion process
more manageable. The residue left in the ramekin was rinsed with methanol into a digestion
container and allowed to evaporate before digestion. Essentially for each treatment, four separate
samples were created: the treated sample (T), which represents the treated clay. The treatment
solution (TS) which was from the 35.00 mL solution used in the treatment vessel; the precipitate
(P) which was from the methanol rinse that held the precipitating agent Cs* compound, and the
filter paper (FP), which will hold any residue that was not able to be scraped away. An untreated
sample (UT) was also taken by measuring 0.5 g of Cs-doped pure phase vermiculite and digested

as well.
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The digestion process for these samples followed the “EPA method 3050b acid digestion of
sediments, sludges, and soils” adapted use in an Environmental Express TKN Hotblock. The
digestion vessels were 50 mL test tubes (digestion tubes) specifically designed for use with the
Hotblock. The digestion tubes were topped with a reflux bulb allowing the samples to reflux
without losing volume with a higher efficiency than a ribbed watch glass. To digest, the sample
was placed in the digestion tube, 5 mL of both concentrated analytical grade nitric acid, and
deionized water were also added to the digestion tube. This was allowed to reflux at 95.0 £5.0°C
for 15 minutes. Any brown smoke produced was noted. After this reflux 2.5 mL of nitric acid was
added and again refluxed for 15 minutes 95.0 £5.0°C. This step was repeated until no brown smoke
was produced but with a minimum of 10 mL of nitric acid in total being added. If no brown smoke
was forming after the 15 minute reflux, the samples were left to reflux for an additional 2 hours.
The next phase of the reflux focused on oxidative digestion using 30% hydrogen peroxide. This
part of the digestion began with 2.5 mL of 30% hydrogen peroxide is added to the digestion tubes,
along with 2.5 mL of deionized water. The samples refluxed with the peroxide until effervescence
stopped. After the effervescence subsided 30% hydrogen peroxide was added to the vessels in 0.5
mL aliquots and left to effervesce in a similar fashion to before. Once effervescence subsided, or
al0 total mL of hydrogen peroxide had been added to the digestion tube, the samples were left to
reflux for 2 hours at 95.0 £5.0°C. The samples were then allowed to cool and were then prepared
for ICP by the addition of 5.0 mL of concentrated hydrochloric acid. The samples were then
refluxed for 15 minutes at 95.0 £5.0°C. The samples were filtered through Whatman 41
quantitative filter paper and were then diluted to a volume above 35.0 mL before the final volume

was recorded.
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Following the digestion and filtration the samples were further prepared for ICP by placing a 10
mL aliquot of digestate into a 15 mL conical tipped centrifuge tube. A calibration curve was made
in a similar fashion to the previous two experimental sets with calibration points at 1 mM, 5 mM,
10 mM, and 15 mM, with a DI blank. Because of the range of concentrations for these samples the
radial view was used when observing the intensity of Cs*. The spectral window was set at 894.353
nm. The [Cs] in the digestate solution was recorded and used to calculate the extraction potential
of each ligand. The extraction was completed for each precipitating agent in quadruplicate and the

average values were used to establish the extraction potential of the POMs and the TFPB.
4.3 Results

The concentrations of Cs™ were converted to mmol of Cs* to compare the data. This was completed
by multiplying the concentration of the digestates by the volume. The data were most easily
compared by viewing the extraction potential as a percentage of the untreated samples. Once the
solutions had been normalized into mmol Cs*, the samples were placed into two categories:
untreated and treated. The untreated samples were used to identify a value for mmol of Cs* per
gram of clay for the Cs™ doped pure phase vermiculite. This value was then used to calculate how
much Cs™ would have been in the treated clay before a treatment based on its mass. The treated
category of data included the treated clay, and the recovered Cs™, which is represented by the Cs*
recovered in the treatment process. This was initially meant to be represented by the precipitate
from the methanol rinse. But during the experimental phase of this study, Cs* precipitate was found
as a residue on the filter paper, in the Mg(NOs3). treatment solution, and in the methanol solution.
The data below is presented in chronological order of experimentation, and the method

development changes that are made between each step to reach the final method are denoted.
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TFPB Treatment on Pure Phase Vermiculite
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Figure 4.1 Stacked bar graph of the extraction of Cs* from doped pure phase vermiculite using
TFPB. The orange section of the graph represents the amount of Cs* in the clay. This value comes
from digesting clay that has not been treated ~0.1089 mmol of Cs* for the untreated samples. The
value represents the maximum amount of Cs* for this trial, denoted by the 100% value on the
graph. The amount of Cs* left in the treated clay comes from analyzing the digestate of the treated
clay. The green section of this figure is the resultant of the Cs recovered from the precipitate (P)

that was digested.

When examining the treatment of the Cs™ doped pure phase vermiculite with TFPB (Figure 4.1),
a total of 36.05% of the non-exchangeable Cs* was able to be extracted from the clay, but only
27.37% of the Cs™ was able to be recovered. This yields a total mass balance of 91.32% which was

higher than any other trial tested previously in the Ferreira lab.
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PTA Treatment on Pure Phase Vermiculite
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Figure 4.2 Stacked bar graph of the extraction of Cs* from doped pure phase vermiculite using
PTA. This figure shows the amount of Cs* in vermiculite represented by the orange sections of the
graph. This includes the amount of cesium in the untreated clay ~0.2125 mmol with the 100%
value denotes this is the maximum value of Cs* in the clay for this trial. The orange part of the
graph for the treated clay indicates the amount of Cs* left in the clay after treatment with the
addition of the amount of Cs*. The green section represents the amount of Cs* recovered from only
the P.

The PTA extraction process showed that the POM had a much higher extraction potential
especially when compared to TFPB. This higher extraction potential was in line with the results
from the speciation and stoichiometry trials. PTA was able to extract 82.18% of the Cs* from the
vermiculite. However only 28.18% of the Cs™ was recovered, which means only 49% of the mass

balance was recovered. This led to an addition to the method going forward, as previously
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mentioned, where an aliquot of the treatment solution was retained for analysis going forward as
well as the filter paper. The reasoning behind retaining the treatment solution was that it might be
possible for the POM to capture Cs* but only become insoluble when their charge is fully

neutralized.

MVPA Treatment on Pure Phase Vermicuilte
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Figure 4.3 Stacked bar graph of the extraction of Cs* from doped pure phase vermiculite using
MVPA. This graph represents the treatment results for MVPA after the addition of retaining the
treatment solution and analyzing the filter paper was added to the method. The orange section of
the graph represents the amount of Cs™ in the clay, the untreated sample around ~0.1508 mmol of
Cs™ per g which is the maximum amount of Cs* for this trial denoted by the value 100%. The
amount of Cs* remaining for the treatment clay comes from the amount of Cs™ left in the clay and
the amount of Cs* on the FP. The recovered Cs* represents the amount found in the P and the

amount of Cs* in the treatment solution.
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The extraction with MVPA showed no real extraction potential advantage over using TFPB,
although it is important to note that MVVPA is a much cheaper precipitating agent, so if they are
equal in extraction potential, MVPA is much more affordable. After the analysis of PTA, it was
decided to try and analyze the treatment solution for Cs* after the filtration of the treatment
solutions used for the MVPA extraction. One aliquot of the solution happened to have been
retained. It was analyzed and the percentage Cs* found in the solution was applied to the other
samples and included in the average. MVVPA was able to extract only 26.37% of the Cs* from the
vermiculite, but 117.97% was able to be recovered. If MVPA had a higher extraction potential,
the series would have been repeated. However, because of the low extraction potential, a fourth

precipitation agent was synthesized and tested.

STA Treatment on Pure Phase Vermiculite
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Figure 4.4 Stacked bar graph of the extraction of Cs* from doped pure phase vermiculite using

STA. The orange area of this graph represents the amount of Cs* found in vermiculite. For the UT
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sample, the maximum value of Cs™ for this trial (denoted by the 100% value) was around 0.2001
mmol. The amount of Cs* remaining in the treated clay represents the value from the analysis of
both the treated clay and the FP. The amount of Cs denoted in green is the recovered fraction from
this treatment. This value comes from an analysis of the P and the TS.

STA showed better extraction potential than MVPA and TFPB but failed to extract as much Cs*
as the PTA. However, with this extraction experiment, an aliquot of the treatment solution and the
filter paper from the treatment was retained for each sample. STA was able to extract 44.69% of
the Cs* from the doped pure phase vermiculite while also allowing for 84.73% of the mass balance
to be accounted for. It is also important to note that when looking at the data from the previous
stoichiometry and speciation trials, STA had a higher extraction potential on a Cs* per STA basis
than PTA, and the concentration of STA was lower than the concentration of PTA in those trials,
this could also be represented in the lower extraction potential shown here and could be due to a

difference in purity between the synthesized STA and the purchased PTA.

When observing the extraction potential from the data of this experiment, there is clearly a
difference between the POMs when comparing them to TFPB and themselves. PTA appears to
have the highest extraction potential, but more experimentation is needed to try and find a
reasonable mass balance with PTA. Also, further investigation could be completed with a
purchased source of STA to ensure the experiment could be repeated with STA and PTA at equal

concentrations verified by ICP.
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CHAPTER 5. REMEDIATION METHOD FOR FUKUSHIMA SOIL

5.1 Improvements & Optimal Conditions

Through the experimental procedures presented in the previous chapters, the process of forcing
the desorption of non-exchangeable Cs* from vermiculite was much better understood. An updated
extraction method is ready to be implemented on the actual soil from the Fukushima Daiichi

Nuclear Powerplant area to remove radio Cs* from the substrate.

The updated method for extraction of Cs* from Fukushima soil that should be used for future
research begins by preparing the soil for gravimetric separation by sieving through a 250-micron
sieve to remove any large soil particles and detritus. The sieved soil should then be added to a
solution of 5% sodium hexametaphosphate and allowed to equilibrate for at least 18 hours. This
solution should be placed in a separatory column and diluted by bringing the solution up to one
liter. This will equilibrate for at least 8 hours before stirring the solution should then be left to
settle overnight. A peristaltic pump should extract the supernatant that contains the clay fraction
of the soil. The sediment layer at the bottom will be left behind, and any detritus or organic matter
floating on the top. The extracted clay will be dried by baking in a 105°C oven until all water has
evaporated (~12 hours). The dried clay should then be placed in aluminum weigh boats and
combusted by heating at 550°C for 8.5 hours in a muffle furnace. This will remove any remaining
organic matter or hummin and leave only the clay fraction. The clay from multiple extractions
should then be combined and ground with a mortar and pestle to form a homogenous mixture.
Treating the clay starts by placing one gram of clay into a 50 mL nominal Oak Ridge centrifuge
tube with 25.00 mL of 0.5M Mg(NOz3). (Certified ACS Grade), 7 mL of 0.02 M selective
precipitation agent (TFPB, PTA, MVPA, or STA), and 3 mL of deionized water plus 1.2 M HCI

this is used to adjust the pH and bring the final volume of the solution up to 35 mL in total. These
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samples should be left to equilibrate on a hematology mixer for at least 60 hours to ensure all the
possible precipitation agents have had time to precipitate out of the solution. The samples can then
be filtered, and the precipitate removed from the residue by rinsing with methanol. According to
the data gathered from experimentation on pure phase vermiculite the extracted Cs™ will be

recovered in the methanol solution and in the Mg(NO3)2 solution.

Improvements to this method were discovered throughout the entire experimental process of both
the stoichiometry/speciation experiments and the extractions on pure phase vermiculite. The most
critical improvements came from understanding the minimum time required for the precipitation
to take place, and the speciation of the precipitation agents and tailoring the reaction environment
to fit the POMs or the TFPB. These discoveries improved the extraction potential of the procedure.
As far as fulfilling the mass balance and recovering the extracted Cs* from the solution,

discovering Cs* (and precipitating agents) in the extraction solution was a huge step forward.

Demonstrating the efficacy of the POMs compared to TFPB also brings more cost-effective

options for remediation to the table.
5.2 Concerns and limitations

The Covid-19 pandemic of 2020, unfortunately, caused the supply of Fukushima soil to be
unattainable. Experimentation is still under process to determine the efficacy of the extraction
method on the natural soil, which is highly heterogeneous and may complicate the chemistry.
Additionally, a serial application of the treatment method on the Fukushima soil could not be
carried out to see how far the soil could be remediated. Another mitigating concern is the fact that
the Cs-POM compounds seem to be more water soluble than previously thought when the POM

charge is not fully neutralized. This is represented in the failure to reach a mass balance with PTA.
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Another limitation is the lack of kinetic understanding of the precipitation of Cs-POM. Further
experimentation may be required to fully understand the Cs-POM compounds in solution and the

kinetics of the reaction.
5.3 Conclusion

In conclusion, because of the loss of supply of Fukushima soil, we focused on the preliminary
chemistry to better understand the flaws within the original remediation method. However, with
further experimentation, and application of the final method developed from the experiments
represented in this thesis, continued research on the Fukushima soil can take place with a better
understanding, efficiency, and the possibility of reaching a mass balance of Cs* extracted to Cs*

recovered.
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