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ABSTRACT

Using a combination of analytical spectroscopy and wet chemistry techniques,
we are investigating the coupling between mineral weathering from caustic waste release
and contaminant fate/transport in waste-impacted sediments from the Hanford DOE site.
We have examined a range of related samples including montmorillonite, homogeneous
precipitates, and Hanford sediments, each reacted with or formed from a simulated tank
waste leachate (STWL) containing varying concentrations of Sr and/or Cs. Batch and
column studies have been performed, with reaction times varying from 1 day to 1.5 years.
In this work,

27

Al magic-angle spinning and

29

Si magic-angle spinning nuclear

magnetic resonance (MAS NMR) and spectral deconvolutions provide kinetic data
allowing us to compare and contrast results from homogenous precipitates, model clay
systems, and more complex Hanford sediment samples reacted under similar conditions.
Neophase formation is governed by the dissolution of parent clay/sediment and free Si in
solution, allowing for the formation of new tetrahedrally-coordinated Al species. More
recalcitrant phases form with longer reaction times, as studied from samples washed with
acidic ammonium oxalate solutions. Four new phases form containing tetrahedrallycoordinated Al which vary in amount based upon weathering time, contaminant present,
or (in the case of homogenous studies) amount of silica present in solution.
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Long winded writers I abhor,
And glib, prolific chatters:
Give me the ones who tear and gnaw
their hair and pens to tatters:
who find their writing a chore
they write what only matters
-“Grooks” by Piet Hein

Chapter 1

Clay and Mineral Introduction; Relevancy to the Mineralogy Found at
Hanford, WA.

1.1 Introduction
The removal of hazardous radionuclides has become a legacy of the Department
of Energy, specifically in the areas surrounding waste production plants. It is at these
plutonium production sites (e.g. Hanford WA) that a significant amount of waste has
been spilled or leaked into the vadose zone. The surrounding mineralogy found in these
areas can vastly alter the course and speed of the waste byproducts as they migrate
through the sedimentation. It is vital to understand how the interactions between waste
nuclides and the silicates affect the flow-through rate of the waste in order to create a
model for transport. It is first necessary to not only understand the mineralogy present at
these sites, specifically Hanford WA, but it also to understand just how large this problem
has become.

1.2 Hanford History/History of an Era
With a world divided by politics, principles, and war, the early 1940s was a time
of rapid and irreversible growth for the United States. To keep up with demands for
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bigger, better, and more powerful weaponry the Hanford Site was born out of a time of
frantic development and dire need. Originally a hopeful experimental site, the Hanford
Site would be responsible for 54.5 metric tons of plutonium production, approximately
60% of all the United States military grade plutonium created during the cold war era.
Plutonium fission was originally theorized and studied by Otto Hahn and Fritz
Strassmann, two scientists from Berlin, when they observed uranium nuclei split into
radioactive isotopes when bombarded with high energy neutrons. Neils Bohr furthered
the studies at Columbia University in 1939 by hypothesizing that plutonium-235 was
more fissile than uranium-238.

At this time plutonium production was simply a

byproduct of uranium experiments until the German aggression of Poland forced
American politicians and scientists into evaluating the possibility of weaponizing what
was then described as “high octane”.2 Enrico Fermi quickly proved that a controllable
fission reaction was plausible and production of primitive nuclear reactors was slowly
becoming a reality.

This evaluation and speculation period ended shortly as an

American naval base was attacked by Japan, thus propelling the United States into World
War II.

President Eisenhower quickly supported plutonium production and fission

energy with federal money.

In June of 1942 approximately 85 million dollars

(approximately 1.1 billion dollars today) was appropriated to support the creation of
atomic weapons, and thus the Manhattan Project was born.
Site location for the production of plutonium was of great concern to the scientists
and politicians involved with the project. Time was a rare commodity and the science,
and more importantly the risk factors, were new and largely unknown. Due to the high
risk factors of radiation exposure in the plutonium production, an isolated location was
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needed near a water source. A water source is necessary for the cooling process involved
in maintaining a nuclear reactor.

In December of 1942, siting requirements were

established and in January of 1943 approximately 670 square miles of isolated farm land
bordering the Columbia River was chosen. This site was determined to be the last main
plutonium production facility (of three), which would later be known as the Hanford Site.

Figure 1-1: Hanford Site location3

4

1.3 Plutonium Production and Resulting Waste Products
In the 1940s, with the Manhattan Project in full operation, scientists and officials became
concerned about the growing volume of waste being generated during the production of
nuclear weaponry, and the safety concerns this waste presented. A remote and isolated
area was chosen to bear the brunt of the weapons production and the consequent
byproducts. Hanford Washington seemed ideal due to its remote location, and proximity
to the Columbia River which provided a vital water resource necessary for the cooling
process involved in weapons manufacturing.

While plutonium production was

successful, approximately 525 million gallons of nuclear waste were generated as a
byproduct of nuclear fission.3,
24

Na, 32P,

239

4

Prominent radionuclides found in the waste include:

Np, 65Zn, 76As, 60Co, 90Sr,

137

Cs, and

238

Pu, 239Pu, 240Pu. A vast majority of

this waste was released to the environment through pouring into wooden cribs which
allow the waste products to percolate slowly into the areas surrounding the nuclear
reactors. Waste was also released directly into ponds, trenches, and even the Columbia
River itself. All totaled , over 270 billion gallons of groundwater was contaminated with
nuclear fission byproduct waste, which is the same volume as approximately half a
million Olympic-size swimming pools.4 Although the waste was reduced through these
disposal methods the vast majority of waste was stored in stainless steel tanks intended
for short term storage. These steel tanks were either single-shelled or double-shelled
steel tanks with concrete lining, which shall be discussed in the next section. Of the
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various radionuclide contaminants present in the waste, Cs+ and Sr2+ are of particular
interest due to their high levels of radioactivity, their ability to cause genetic mutations,
and their intermediate half-lives (approximately 30 years). With the inefficient storage,
transport, and remediation designs of the Hanford remediation project it is important to
study the transport and fate of these nuclides as they travel through the vadose zone.
Since minerals and clays all contain aluminum and silicon (among many other elements)
it is therefore useful to study these two elements and how they change, thus yielding
information on the change sediment mineralogy. Therefore, the focus of the research
found within this thesis will be geared toward the affects of Cs+ and Sr2+ with respect to
the aluminum and silicon coordination changes. Additional information concerning the
production of weapon grade plutonium can be found in a comprehensive manuscript
published in 2003 by R. E. Gephart.3

1.4 Tank Storage/Explanation of Leackage
The waste created from the plutonium purification and recovery processes
occurring at the Hanford site contained a component of High Level Radioactive Waste
(HLRW), defined as requiring permanent isolation.

The HLRW generated during

plutonium production was removed from the reactor sites and places into underground
tanks, buildings, and concrete basins. The primary method of storage for this waste was
storage in underground tanks which were grouped into farms. These waste “farms”
comprise approximately 177 single and double shell stainless steel tanks with grouping
sizes dependent upon tank location and available space. The term single shelled refers to
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a tank with a steel liner encased in concrete. Double shelled refers to a steel liner
followed by a spacing, then another steel liner both of which were encased in concrete
(see Figures 1-2 and 1-3). Both types of tanks were buried to avoid radiation exposure
to the surface and filled with HLRW. There are a total of 18 farms which are located in
the 200 west area of Hanford, Figure 1-4. Both single- and double-walled tank types
were designed for relatively short-term storage, 20 years and 50 years respectively. To
date approximately 67 of these tanks have been found to have leaked HLRW as the tanks
have begun to deteriorate and fail. Through spillage and leakage the surrounding soil has
been exposed to over 1.5 million gallons (3800 m3) of the initial 525 million gallons of
the HLRW created at this site.2,

3

Tank remediation attempts (liquid evaporation,

chemical treatment, intentional discharges to the ground) have been undertaken to reduce
the contaminant volume and create space for newly generated waste.5 As a result the
remaining sludge is defined by high pH (approximately 13), OH-, Na+, Al3+, NO3- and the
radionuclides mentioned above with the primary contaminant contributors being Cs+ and
Sr2+. Due to spillage and tank containment problems, waste leachate has entered the area
between the ground surface and the watershed (vadose zone), in the areas surrounding the
tank burial sites. This waste has interacted with the sediments found there and caused
changes in the chemical and physical properties.6-11 Aside from the obvious health
concerns of the highly caustic nature of the waste simply incorporating itself into the
sediments and being transferred to populated areas via wind and mineral weathering, the
Hanford Site is located less than 3 miles away from the Columbia River. The effects of
these contaminants being transported to the river via the watershed could very well be
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irreversible and catastrophic with regards to human health and the potential for hazardous
radiation.

Figure 1-2: Hanford single shelled tank2
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Figure 1-3: Hanford double shelled tank2

Figure 1-4: Hanford tank farm
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1.5 Cs+ and Sr2+ Introduction and Health Concerns
Cesium-133 is an alkali metal which was first identified in 1860. Non-radioactive
cesium is commonly found in minerals, specifically pollucite, and has a +1 charge. 12 The
most common radioactive isotope (cesium-137) was discovered in the 1930s as part of
nuclear weapons manufacturing.13 Radioactive cesium-137 is a byproduct of nuclear
fission and has a half-life of approximately 30 years. Cesium-137 is known as an
external radioactive threat and can cause genetic mutations even without being orally
consumed.12 In addition to the radioactive external threat, if consumed, it distributes itself
throughout muscles and tissues and to a lesser extent the bone in the same matter as K+.
Fortunately cesium is quickly removed through urination, and therefore the primary
health concern with respect to cesium-137 is the high-energy gamma emissions leading to
increased risk of cancer.
Strontium-87 is an alkaline earth metal, typically found as a divalent cation, that
was first identified in 1790. Strontium-87 is a common element found in minerals such
as celestite and strontanite. The most common radioactive isotope, strontium-90, like
cesium-137, was discovered in the late 1930s.

Strontium-90 is found as a fission

byproduct in areas surrounding nuclear reactors and nuclear waste sites. As with cesium137, strontium-90 has a half-life of approximately 30 years. The primary method of
intake is ingestion, which allows the strontium cation (similar to Ca2+) to target the teeth
and bones, although external radiation is also a health concern. Strontium-90 is known to
cause bone cancer, soft tissue cancer, and leukemia.12

10

1.6 Mineral Introduction
A rock is defined as an aggregate of multiple minerals that comprise the earths
crust. There are three different classifications of rocks; sedimentary, metamorphic, and
igneous. Sedimentary rocks are composed of layers and layers of sand, shells, and other
sedimentary particles. The formation of these rocks requires high pressure and longer
time periods to create the plate-like structure. These rocks are notoriously brittle and are
known to contain fossils (e.g. sandstone). Metamorphic rocks form in the crust of the
earth due to high pressures and heat. Due to the drastic heat used to make these rocks
they are known to obtain a glassy-like structure (e.g. marble). Igneous rocks are formed
from the rapid cooling of magma. The compositions of these rocks are dependent upon
how fast they are cooled and whether they are formed above or below the earth‟s surface
(e.g. obsidian)

A mineral is defined as “a naturally occurring homogenous solid with a

definite (but not generally fixed) chemical composition and an ordered atomic
arrangement.”14 Minerals represent approximately 50% of the earth‟s soil, and are major
contributors in the composition of the earth‟s crust. The vast majority (approximately
98%) of the earth‟s crust is composed of 8 elements; oxygen, silicon, aluminum, iron,
calcium, sodium, potassium, and magnesium. Silicon and oxygen are the most abundant
elements in rocks and minerals, and the silicate class of minerals comprises
approximately 70 weight percent of minerals found on earth (Figure 1-5).6
minerals will be discussed in further detail in section 1.7.

Silicate

Minerals are major

contributors to the composition of soils, provide plants with vital nutrients, and have uses
ranging from baby powder to the radiant stones found in various overpriced rings.
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1.7 Types and Classification of Minerals
There are two different classifications of silicate minerals of interest to this
project: primary and secondary minerals. The terms “primary” and “secondary” then
used to describe minerals are not mutually exclusive as there are minerals that fall into
both categories, and all clays and minerals are related in the geological rock cycle.
Primary silicate minerals are parent materials that are formed from either igneous or
metamorphic processes (crystallization from molten lava) with a particle size >0.05 mm
(gravel and sand).15 Examples include quartz, muscovite, alkali feldspars, biotite, albite,
and olivine.16 The type of mineral formed is dependent on the temperature, pH, particle
size, the pressure brought about by the depth of the mineral location, the cations/metals
present in the soil, and the amount of silicon present (Figure 1-5).

17, 18

These minerals

can be weathered through both physical and chemical means. Physical weathering occurs
through the expanding and fracturing of the mineral, temperature driven fissures created
by water, and even plant rooting. Chemical weathering refers to the dissolution of the
parent species, and the precipitation of a more stable phase. Chemical weathering is
driven by the surface charge or functionality groups, the pH, the temperature, and the
pressure of the system. Regardless of the method of weathering, once the structural
integrity of the primary mineral has been compromised the mineral is transported
throughout the earth‟s surface providing vital plant nutrients to the soil thus becoming a
secondary mineral.
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Figure 1-5: Igneous rock composition by volume19

Secondary silicate minerals (soils), as the name implies, are weathering products
of primary minerals with particle size typically below 0.05 mm (silt and clays). In the
case of clay minerals, the weathered mineralogy is transported through water and wind,
where it eventually settles and forms layered structures known as clay minerals (<2 µm
particle size).20 Clay minerals, once formed, have a tendency toward recalcitrance and
are broken down into nine different classes based on the anion or anion class incorporated
into the framework. The nine classes, according to Dana‟s mineral classification, are; (1)
native elements, (2) sulfides, (3) oxides and hydroxides, (4) halides, (5) carbonates,
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nitrates, and borates, (6) sulfates, chromates, and selenates, (7) phosphates, arsenates,
and vanadates, (8) silicates, (9) organic materials. The focus of this thesis will centralize
around the silicates (neosilicate, soroslilicate, cyclosilicate, inosilicate, phyllosilicate, and
tectosilicate) with particular focus on the tecto- and phyllo- silicates. The classification
of the silicate is based on the bridging oxygen shared between the silica in the framework
structure, and the orientation of the tetrahedron present.17

Figure 1-6: Silicate classification chart21
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Figure 1-7: Silicate classification22

Layered silicates, or phyllosilicates, comprised of a basic Si2O52- Si unit, have a
silica to oxygen ratio of 2/5, and are left with a charge imbalance of -1 per formula unit
which is counterbalanced by varying cations.

These silicates typically form layers

comprised of both tetrahedral and octahedral sheets.15, 17, 20 Micas are ideal examples of
layered silicates as they are comprised of silica tetrahedra coordinated to octahedral
cations (typically aluminum) with another layer of silica tetraheda.

Within a silica

tetrahedral sheet the Si-O distance is typically 0.162 nm, and the O-O distance is
typically 0.264 nm. Silica tetrahedral sheets bonded through an oxygen bond to an
octahedral sheet create what is known as a 1:1 clay mineral (e.g. Kaolinite, see Figure 1-
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8). Here an aluminum containing octahedral sheet has O-O distance of 0.267 nm, and
OH-OH distance of 0.294 nm.20 When an octahedral sheet is bonded to two tetrahedral
sheets the resulting clay is a 2:1 clay (e.g. Montmorillonite, see Figure 1-9). 2:1 clays are
expandable, as they provide for water layers to cause interlayer expansion. These types
of expandable clays are able to incorporate cations in the interlayer and have a multitude
of uses as sorbents. A full detailed description of all the different groups, subgroups, and
species of the phyllosilicate minerals can be found in Soil and Water Chemistry by M.
Essington.17

Figure 1-8: Kaolinite
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Figure 1-9: Na Montmorillonite
Tectosilicates, with a generic SiO2 Si structure are three dimensional frameworks
that have a neutral net charge, a silica to oxygen ration of ½, and total sharing of the
oxygen atoms within the silicate tetrahedra.6, 17 Tectosilicates are extremely resistant to
weathering due strong covalent bonding and are broken down into four main classes;
SiO2 groups, feldspars, feldspathoids, and zeolites. Feldspars are created when Al3+
substitutes for a Si4+ in an SiO2 group. The degree of substitution dictates the charge of
the mineral, and the type of cation needed to neutralize the negative charge due to the
charge imbalance between the Si4+ and the Al3+. These cations occupy cavities in the
framework.

Feldspathoids are feldspars with a lower silica-to-alumina ratio

(approximately 1 to 1). Feldspathoids have large openings in the structure which allows
them to accommodate larger cations and are normally found containing alkali earth
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metals. Common feldspathoid phases are sodalite and cancrinite, both with the 1:1 Si/Al
ratio (see Figure 1-10). The last groups of tectosilicates, zeolites, are silicate minerals
defined by having large pores found within their cage-like structure as discussed below.

Figure 1-10: Na Sodalite

1.8 Zeolite Introduction
Zeolites, meaning “boiling stones” in Greek, were first discovered in the 1750s
and have since found many important uses in the chemical sciences. Commercially,
zeolites were first used in the 1960s for petroleum processing and since then have
become a vast enterprise of both naturally occurring and synthetically made
aluminosilicates.23 In general zeolites are hydrated, crystalline tectoaluminosilicates that
are constructed from TO4 tetrahedra (T = tetrahedral atoms) with the negatively charged
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oxide frameworks requiring balancing from cations (see Figure 1-11).24 The basic Si unit
is [(AlxSi1-x)O2]x- and they have a silica and/or alumina to oxygen ratio of ½, although
isomorphic substitution allows for varying ratios. The tetrahedral sheets are arranged to
have an open framework with the pore size being determined by the ring sizes which can
range anywhere from 4-12 membered rings.23, 24

Figure 1-11: Tetrahedral zeolite framework. (A) represents a silica tetrahedral with a
neutral charge. (B) represents an alumina tetrahedral
The quantity of the rings present affects the size of the pores which in turn
determines cations availability to balance the structural charge. Obviously, the larger
membered ring structures can accommodate larger cations. Most zeolites are comprised
of cages, with the linkage of the cages determining the different structural types of
zeolites. Cages (Figure 1-12, 1-13) can be seen as the building blocks of the zeolite.
Zeolites themselves are comprised of the building blocks with interconnecting bonds
such as faujasite, made from the sodalite cage building unit (Figure 1-12).
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Figure 1-12: Zeolite Cages. (A) cancrinite cage structure (B) sodalite cage structure

Figure 1-13: Faujasite
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Zeolites have three major uses: absorption, catalysis, and ion exchange. The
cage-like structure inherent to zeolites allows itself to absorb water into the pores and is
commonly used as a dessicant in chemical synthesis labs, and odor control in kitty litter.25
Separations allow for what is known as “dewaxing” of petroleum and is a major source of
commercial zeolite use. As mentioned above the zeolites structure is relatively simple to
create and control, according to desired specifications. Catalysis takes advantage of this
ability to control the growth as well as the ability to control pore size thus controlling the
inclusion of atoms based on size. Catalytic zeolites are commonly used in acid catalysis
(dewaxing, cracking) and redox experiments. In an example of acid catalysis acid centers
form (see Figure 1-14) where the acid can form reactive intermediates that are then
involved in polymerization, isomerization, or cracking while at the same time taking
advantage of the molecular sieving function.26

Figure 1-14: Intermediate in zeolite catalysis, figure adapted from Barrer26

Another widely used function of zeolites is cation exchange which is primarily due to the
detergent industry.27

By exchanging calcium and magnesium from water with the

sodium from the zeolitic cage, zeolites are used to produce a “soft” water. Softer water
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allows for a better lather in soaps and detergents resulting in cleaner clothing and
dishware.
As mentioned above the charge deficit created by the substitution of Si4+ by Al3+
is neutralized by highly hydrated cations such as Na+, K+, and Ca2+. Zeolites differ from
feldspars in the fact that the charge balancing cations are not only incorporated into the
framework, but can also sit in the large cavities inherent to the cage-like structure of
zeolites. The electrostatic interactions between the framework and the cation allow for
easy exchange of ions in and out of the cavity, making them ideal as sorbents.

1.9 Clays/Zeolites Properties Pertaining to This Project
Clay minerals and zeolites are of particular interest to this project due to their
ability for cation exchange. The ability of a mineral to exchange cations is aptly named
cation exchange capacity (CEC). CEC is a measure of exchangeable cations measured in
mmol g-1 dependent on the conditions of the experiment. The exchange capacity varies
based on the cation size, the cation species, level of hydration, the cage structure of the
silicate (specifically zeolitic cage structure), concentration of the exchanger, the solvent,
and the pH of the mixture.28,
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The higher CEC the value, the higher the level of

isomorphic substitution of alumina for silica in the framework. The cations loosely held
in the tetrahedral framework of the zeolites can typically be exchanged simply by
washing with a high concentration solution of another cation.6 Corresponding to the CEC
is cation selectivity, which refers to the preferential uptake of specific ions by clays and
minerals. The cation selectivity, as it pertains to this research, determines the mobility of
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the hazardous radionuclides or their subsequent uptake onto soil particles. Phyllosilicates
are well known for their ability for cation exchange, and zeolitic structures have far
greater CEC values than these layered silicates.17 CEC is only one of the many aspects of
zeolites that this project seeks to exploit with the belief that non hazardous cations (Na+,
K+, and Ca2+) are being exchanged out of the mineralogy surrounding the Hanford Site,
and that the hazardous cations (Cs+ and Sr2+) are being removed from solution and tightly
bound within the structure of the mineralogy present.

It will become clear in the

following chapters that this idea of ion exchange as the primary kinetic model of these
systems is over simplified, and that there is a lot more complex chemistry occurring in
these samples.
Both Cs+ and Sr2+ have been known to show preferential uptake in clay and
phyllosilicate systems. Cs+ migration is slowed by strong sorption to micas and layered
silicates (predominantly biotite and vermiculite) at the frayed edge sites (FES) or wedge
sites due to low hydration energy (see Figure 1-15).30, 31
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Figure 1-15: Mica structure: TOT,tetrahedral-octahedral-tetrahedral sheet structure; K+
and Cs+, interlayer cations; edges are “frayed” by the removal of interlayer K+. (1) cation
exchange sites on the basal plane, (2) edge sites, (3) frayed edge sites, (4) replacement of
K+ by Cs+ in interlayer sites32

Cs+ studies have also shown that Cs+ is preferentially bound over other
monovalent cations in a two site exchange model, but little is understood on the effects of
a competing divalent cation such as Sr2+.30, 33 The level of hydration is also a governing
factor in the binding environment of Cs+. If Cs+ is dehydrated, it has a radius of 0.33 nm,
but a radius of up to 0.66 nm when fully hydrated.34 This substantial increase in radius
size not only limits the type of pore volumes that can accommodate the nuclei, it can also
affect the orientation of the structure accommodating the larger size. Conversely, Sr2+
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typically forms outer-sphere surface complexes at the negatively charged sites due to its
higher hydration energy. 35

1.10 Scope of the Project

1.10.1 Statement of Problem
As a result of accidental leakage, the surrounding sediments in areas including the
Hanford Site, WA, the Savannah River Site, GA, and the Oak Ridge Site, TN have been
exposed to high volumes of HLRW. The Hanford Site represents the greatest volume of
waste of the three main sites (approximately 63%), with Cs+ and Sr2+ representing the
primary contaminants found in the waste. Cs+ and Sr2+ are of particular interest due to
their mobility in ground water, and the health risks they represent. Specifically, 137Cs and
90

Sr are nuclear fission byproducts resulting from the production of weapon-grade

plutonium and pose a considerable problem due to their high yields (6.18 and 5.77%) and
their human-scale half-lives (approximately 30.2 and 28.8 yrs respectively). Both
nuclides are able to exchange with calcium and potassium in the human body, leading to
the weakening of bones, osteoporosis, and a variety of cancers. The waste is also
characterized by a highly caustic pH (> 13), high aluminate concentrations, and high
ionic strength. Over 1.5 million gallons of the HLRW has been leaked into the vadose
zone, posing a considerable challenge in sediment interaction and waste remediation.
Clay minerals are vital sorbents for contaminants in soils. In particular,
aluminosilicates are extremely useful in the retardation of harmful radionuclides due to
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their multiple binding sites, surface hydroxide groups, and (in the case of zeolites) cagelike structures with cation-accommodating channels. Studying the interactions between
Cs+/ Sr2+ and aluminosilicates found at the Hanford Site (e.g. quartz, mica,
phyllosilicates, and feldspars) is essential in understanding the fate of these two nuclides.

1.10.2 Previous Approaches
Preliminary research on this project started in 2002 with an EXAFS (Extended Xray Adsorption Fine Structure) investigation on the clay minerals vermiculite and
montmorillonite.36 This study determined two different binding environments for Cs+ on
these two silicates; outer-sphere complexes, and one or more inner-sphere complexes
taking place at the frayed edge sites or in the ditrigonal cavity. It was based on these
studies that prompted further investigation with the goals of: assessing the mechanism
for molecular scale sequestration of Cs+ and Sr2+, determining the rate and extent of
waste-induced weathering, determine the structure of contaminant binding sites, and
developing a transport model including aging, adsorption and desorption.
Chorover et. al studied kaolinite weathered in a synthetic tank waste leachate
(STWL) whose composition mimicked conditions found at the Hanford Site (high ionic
strength and high pH). Their results describe a general Al phase transformation from 6coordinate to 4-coordinate dependent upon weathering time and contaminant
concentration.37 The newly formed 4-coordinate aluminum phases were determined to be
sodium aluminum nitrate silicate (NO3-sodalite), sodium aluminum nitrate silicate
hydrate (NO3-cancrinite), and the zeolite Na-Al silicate (Al-chabazite). The extent of
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formation of these neophases was deemed to be controlled by the release of silica from
the parent clay to solution. Additionally, an increase in the weathering time was found to
promote more recalcitrant phases.10, 36, 37
These same studies were then applied to systems containing a multitude of
2:1layer-type silicates (illite, vermiculite, and montmorillonite) to determine the effects
of more complex systems and the resulting affects of contaminant presence on these
aluminosilicates. In these studies it was determined that the type of clay mineral affected
the dissolution of Si, Al, and Fe, the formation of neophases, and the uptake of Cs+ and
Sr2+. Dissolution was greatest for the montmorillonite samples, followed by vermiculite
and then illite, while isomorphic substitution of Si for Al in the tetrahedral sheet was the
highest in vermiculite when compared to montmorillonite and illite.7 Formation of
neophases was diminished by increasing the contaminant concentration in the
montmorillonite samples, where the vermiculite and illite samples seemed less effected
by co-contaminant concentration. The extreme geological conditions did not appear to
play a large role in contaminant uptake, and Cs+ uptake was initially rapid followed by
continual slower uptake. In comparison, Sr2+ uptake was more rapid and recalcitrant. It
was concluded that the type of mineral did indeed affect uptake of contaminant as
diffusion into the interlayer seemed to limit uptake in both illite and vermiculite, whereas
sorption into neophases seemed to be the dominant contaminant-removal process (if any)
in the montmorillonite.
From all of the parent clay studies it was determined that the dissolution of parent
clay systems promoted the growth of neophases, which has been followed and confirmed
by EXAFS, NMR, XRD, and SEM. It was also determined that neophases can form at
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the expense of other phases, and that there were three, possibly four newly formed
neophases. It appeared that illite preferred the uptake of Cs+ over Sr2+, where vermiculite
did not show a preference for either contaminant. Montmorillonite however, did not
appear to show a preference toward both contaminants, and it was concluded that a
further investigation of montmorillonite was necessary. The further investigation of
montmorillonite reacted with STWL is the subject matter found in chapter 3.

1.10.3 Homogenous Nucleation

Demonstrated in the previous studies conducted by Chorover et. al. it was
observed that in all of the parent clay systems (kaolinite, vermiculite, illite,
montmorillonite) there was an initial release of silica to solution, followed by a dramatic
loss in the amount of free silica in solution. The release of silica into solution was
attributed to the weathering/dissolving of parent clay materials, while the removal of
silica was attributed to the formation of new neophases. As the phases that were being
formed seemed to have Si/Al ratio of approximately 1:1 the collaborative research effort
designed experiments where the Si/Al ratio was controlled during the synthesis of
samples. It was the hope of this collaboration that the samples (defined here as
Homogenous Nucleation (HN) samples) would yield information concerning pure
neophases formation, without dissolution. We could then study the effects of Cs+ and
Sr2+ on actual phase formation, with no original incorporation into any of the binding
environments found on or in parent clay systems. These studies would then, hopefully,
yield insight into the complex kinetics found in the montmorillonite studies and aid in
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neophase identification for both systems. HN studies are the subject matter further
investigated in chapter 4.

1.10.4 Hanford Sediments

Lastly, once the parent clay studies on montmorillonite had been completed, and
the information gathered from those studies was applied to the HN samples, it seemed
sensible to move ahead and study systems representing the complex mineralogy found at
the Hanford Site.

Samples here have been obtained and studied with a variety of

constraints (CO2-free, applied pore-water) in an attempt to gain more insight into the
complex problem of contaminant uptake and sequestration. These studies are relatively
new and samples are still being collected from collaborative laboratories. These samples
are the topic of discussion in chapter 5 and 6. It is the goal of this thesis to present
research utilizing solid state nuclear magnetic resonance to elucidate information on a
broad range of samples weathered by STWL to further our understanding of the fate of
radionuclides as they travel through the vadose zone at the Hanford Site. Before these
sample studies can be investigated, it is necessary to define and understand the basics of
solid-state NMR in order to fully understand how NMR was utilized.

Chapter 2

Solid-State Nuclear Magnetic Resonance
High-resolution solid state nuclear magnetic resonance (NMR) spectroscopy is a
spectroscopic technique that utilizes the excitation of the magnetic moments of NMRactive nuclei in a static magnetic field.

It is a useful spectroscopic method that allows

for the elucidation of bulk structural information via perturbation of the spins and the
relaxation back to a equilibrium. NMR can also able probe the surface of solid materials
such as clays, zeolites, and other aluminosilicates.

NMR studies of minerals have

provided information about cation competition for binding sites, coordination numbers of
cations, mineral dissolution reaction kinetics, and mineral speciation/transformation.7, 8, 30,
31, 35-41

It is the aim of this work to use solid-state NMR to identify and quantify the

effect of mineral dissolution and neophases precipitation on the fate of hazardous
radionuclides found in the area surrounding the Hanford Waste Site in Hanford,
Washington.
It is not the goal of this thesis to describe in full depth the complexity of Nuclear
Magnetic Resonance (NMR). Only essential equations necessary to create a picture of
the NMR phenomenon will be discussed here. The hope of the author is to merely whet
the reader‟s appetite for NMR which can then be later sated through further reading into
the vast literature world of NMR, specifically solid-state NMR.
NMR is a non-destructive spectroscopic technique that investigates the local order
and bonding environment of the nuclei of interest. NMR is based on the principle that
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nuclei possess inherit quantized spin angular momentum. This particular phenomenon is
difficult to describe as it is not as easily transferable to the real world as other inherent
properties of the nuclei such as mass or charge, but it simply exists and is specific to each
individual nucleus. This spin phenomenon is the basis of NMR and the manipulation of
these spins gives rise to the NMR signal.

2.1 Spin
The spin of the nuclei, denoted here with the quantum number I, can be positive
or negative and is a multiple of ½. Isotopes with an even mass number have integer spins
and are NMR active only if the number of protons and neutrons are both odd numbers
(e.g. 2H).42 Isotopes with an odd mass number have half integer spins and are NMR
active, and isotopes with an even number of protons and neutrons have no spin (I=0). If
the spin is greater than ½ it possess an electric dipole moment (discussed in section 2.6).
Spin ½ nuclei have spherical symmetric nuclear charge and are easy to manipulate as
they do not possess an electric quadrupolar moment. The vast majority of the elements in
the periodic table possess spin and can therefore be detected through the use of NMR.
Figure 2-1 depicts the periodic table with the labeling of NMR active nuclei.
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Figure 2-1: NMR active nuclei
Classically, the nuclei that possess spin angular momentum also posses magnetic
moments, μ. The relationship between spin angular momentum and the nuclear magnetic
moment:
µ = 𝛾𝐼

(2.1)

where γ is the gyromagnetic ratio inherent and individualized to each nucleus.43 NMR
studies the interaction of nuclear spins that have been placed into a static magnetic field,
B0. Once placed into a static magnetic field the Z-component of the spin will either align
with or against the magnetic field. The net magnetic dipole moment will precess around
the static field at a specified frequency which is nucleus dependent.
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Figure 2-2: Precessing spin in a static magnetic field
The processional frequency of a nucleus is reported by what is known as the Larmor
frequency, 𝜔° , within the static magnetic field B0.
𝜔° = −𝛾𝐵𝑜

(2.2)

The Larmor precession of a nucleus can be likened to a spinning top. If friction and all
other physical phenomenon are ignored a spinning top, once spun, will spin indefinitely.
Concurrent with precession the energy levels of the nuclei are no longer degenerate
(equal) and split by an energy difference, 𝛥E, which is related to the Larmor frequency,
Planck‟s constant (ћ = 6.626 x 10-34 m2 kg s-1), and the external magnetic field.
𝛥𝐸 = −𝛾ћ𝐵0

(2.3)

The splitting into energy levels is known as the Zeeman effect with separation between
energy levels referred to as Zeeman splitting, Figure 2-3.
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Figure 2-3: Zeeman splitting

The energy splitting is dependent on the field strength and the nuclei of interest, and a
larger static magnetic field strength creates a larger 𝛥E, and therefore a larger difference
among the spin populations (described in the next section). This larger difference in the
population density is desirable as it results in signal enhancement and as such it is ideal to
obtain NMR spectra from the largest field possible. The energy levels available to the
nuclei are determined by the quantum number of the spin angular momentum according
to:
Number of levels = 2I+1

For example, a spin 9/2 nucleus, such as

87

(2.4)

Sr, would then have 10 nuclear magnetic

energy levels associated with it (greatly over exaggerated in Figure 2-4).
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Figure 2-4: Zeeman splitting of a spin 9/2 nucleus

The Zeeman interaction is one of several NMR interactions that govern the resulting
NMR spectrum, which will be discussed in further detail in the following sections.

2.2 Boltzmann Distribution and the Bloch Equations
When the nucleus is placed into a static magnetic field the spins of the nuclei will
align with or against the magnetic field in high energy states (against the field
polarization) or in low energy states (along with the field polarization). At the usual
temperatures utilized in NMR experiments the population of states in the lower energy
state is slightly higher than that of the higher energy state. This uneven distribution of
population among the two states is defined by the Boltzmann distribution:
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= 𝑒 𝛥𝐸/−𝑘𝑇

(2.5)

where N- represents the number of spins in the lower energy state, N+ represents the
number of spins in the higher energy state, 𝛥E is the energy difference between the two
states, k is Boltzman‟s constant (1.3805x10-23 J/Kelvin), and T is the temperature in
Kelvin. As the signal is based on the difference in energy it is thus proportional to the
uneven population difference described by Boltzmann.
To understand further how the Boltzmann distribution describes magnetization
changes when an external r. f. pulse is applied, it is necessary to describe a set of
coordinates that will be used throughout this thesis. The coordinate system used herein is
known as the principle axis system (PAS) and is simply a convention where Z will
always point up (in 3-D space) and X and Y are perpendicular to the Z axis.

Figure 2-5: Principle axis system
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Here, the Z direction is pointing up and down and the X, Y plane complete a threedimensional axis system. In order to obtain signal it is necessary to first perturb the
system from equilibrium and measure the magnetization change as a function of time,
explained in detail in section 2.7.

Figure 2-6: Schematic of an applied magnetic field in the Z direction

Mo is defined as the equilibrium, bulk magnetization, which in figure 2-6, is along the Z
axis, with no magnetization being in the X, Y plane (transverse plane). The events
following the perturbation from the Z direction and into the transverse plane are better
described later, but for now it is necessary to describe how magnetization behaves
classically with an applied magnetic field. If relaxation effects are ignored, the change in
magnetization, as a function of time, resulting from the static magnetic field and the
applied magnetic field can be described as44
d𝐌
dt

= γM x (B0 +B1)

(2.6)

37

Equation 2.6 was first utilized by Felix Bloch in the mid 20th century to describe nuclear
precession resonance. If we assume the magnetization has been placed in the X,Y plane,
as the result of a 90˚ pulse (described later), equation 2.6 can be re-written for each axial
component as:
d𝐌𝐱
dt
d𝐌𝐲
dt
d𝐌𝐳
dt

= 𝛾𝑴𝒚 x 𝑩𝟎

(2.7)

= −𝛾𝑴𝒙 x 𝑩𝟎

(2.8)

=0

(2.9)

In equation 2.7-2.9 it is apparent that the magnetization as a function of time is dependent
on the field strength and the gyromagnetic ratio. Solving for these equations at the time
immediately following the application of a r. f. pulse (time zero) results in;
Mx = 𝑴𝒙 (0) cos
(ω0 t)

(2.10)

My = 𝑴𝒙 (0) sin
(ω0 t)

(2.11)

Mz = 0

(2.12)

The Bloch equations have now been expressed in terms of oscillating components in the
X, Y plane. However, this hypothetical system has ignored the effects of relaxation. A
more accurate description of magnetization changes as a function of time when relaxation
is taken into account will be discussed in the next section.
In the simplest case, the Bloch equations allow for a classical description and
visualization of the NMR phenomenon. For the purposes of this thesis and the research
found herein, it is not necessary to extend the description of NMR beyond a classical
point of view. It is important to note, however, that a classical description does no justice
to the intricacies and beauty of NMR theory and practice. As such the author would like
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to encourage the reader to submerse him or herself into the quantum-mechanical
approach to NMR beyond the current classical description. Excellent resources on this
quantum-mechanical approach can be found in Experimental Pulse NMR: A Nuts and
Bolts Approach by Eiichi Fukushima and Stephen B Roeder, and Introduction to SolidState NMR Spectroscopy by Melinda Duer.

2.3 Relaxation
The two types of relaxation pertinent to the understanding of NMR theory will be
discussed here: longitudinal relaxation and transverse relaxation. At equilibrium, the net
magnetization of the sample placed in a uniform external magnetic field lies in the
direction of the external magnetic field, Bo. The buildup of magnetization once the
sample has been placed into the static field is given by
nuc
Mznuc (t) = Meq
(1 − e−(t−t on )/T 1 )

(2.13)

where ton defines the moment the field has been applied, t is time, T1 is the time constant
used to describe longitudinal relaxation, and Meqnuc is the equilibrium magnetization. The
magnetization, like the spins, is not static, but precessing at a fixed angle around the
applied magnetic field direction.

The magnetization can be displaced from the Z

direction into the X, Y plane with the application of a r. f. pulse that matches the energy
difference between the states defined by the Zeeman interaction (see Figure 2-7).
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Figure 2-7: Application of a pulse and precession in the X, Y plane

Once the pulse is no longer applied, the spins will return to their equilibrium state in the
Z direction
nuc
Mznuc (t) = Meq
(1 − et/T 1 )

(2.14)

Simply stated, T1, is a time constant describing the return of magnetization to an
equilibrium state, which we have defined here as along the Z direction. T1 is dependent
on the temperature of the sample in both solids and liquids, and is furthermore related to
viscosity in liquids. T1 limits how quickly you can repeat transients, and therefore
methods of reducing T1 are constantly being investigated. A simple, yet effective method
for reducing the longitudinal relaxation in solid state NMR is to introduce ions of a
paramagnetic metal to the system. The unpaired paramagnetic electrons in a metal
provide a strong mechanism for reducing the T1.45 Hydrating a sample can also reduce
the T1 as hydration introduces oscillating dipoles and an additional dipole interaction
between the nucleus of interest and hydrogen. Introducing lattice disorder to the sample
will also reduce T1.
If we revisit the idea that an external magnetic field has been applied to a sample
and all the spins are in the Z direction precessing at fixed angles around the Z direction
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we can begin to describe transverse magnetization, T2. If a 90˚ r.f. pulse is applied (π/2
radians) along the X axis the net magnetization is placed in the X, Y rotating frame
(transverse frame) along the –Y direction according to the right hand rule described in
classical physics.42,

43, 46, 47

The magnetization in this rotating frame can then be

described as
nuc
Mynuc (t) = −Meq
cos
(ω0 t)e(−t/T 2 )

(2.15)

nuc
Mxnuc (t) = Meq
sin
(ω0 t)e(−t/T 2 )

(2.16)

It is important to note that due to field inhomogeneity not all of the nuclei found in a
sample will precess at exactly the same frequency as each in its own chemical
environment will vary from one to another. Some spins will precess at a frequency slight
lower than the Larmor frequency, some will precess slightly higher.

This lack of

uniformity becomes important when discussing T2 relaxation as these spins slowly start
to become out of phase.

This dephasing eventually leads to the loss of the net

magnetization in the transverse frame.
MXY (t) = MXY o e−t/𝑇2

(2.17)

T2 is the time constant describing the homogenous decay of magnetization in the X, Y
plane. Transverse magnetization is purely a theoretical value as in reality we must
account for molecular interactions and magnetic field inhomogeneity which lead to the
decay of transverse magnetization.

To account for the interaction and field

imhomogeneity, the term T2* has been introduced when talking about real systems. T2*
and T2 are related through
1
T ∗2

1

=T +T
2

1
2 inhomogenous

(2.18)
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Field inhomogeneity effects nuclei with a higher Larmor frequency more so than nuclei
with a lower Larmor frequency.43
In general, T2 is always less than T1 as the magnetization in the XY plane
diminishes first then returns to the Z direction. These processes do not occur one after
another as the text here implies, but rather they occur concurrently. Before the many
varying interactions that govern NMR are described, it is necessary to discuss a physical
manipulation of the sample that results in the narrowing of solid-state lineshapes thus
resulting in more defined and easily interpretable spectra.

2.4 Magic Angle Spinning (MAS)
Many differences exist between liquid-state NMR, and solid-state NMR. Aside
from the obvious phase discrepancies, liquid-state NMR typically does not suffer from
the broadening effects seen in the solid state due to the rapid re-orientation of the
molecules in solution. The rapid translational and rotational movement averages out
many of the spin interactions that cause spectral broadening. Solid-state NMR, however,
suffers from spectral broadening proportional to the second order Legendre polynomial42
1

P2 cos𝜃 = 2 (3cos2 𝜃 − 1)

(2.19)

which is found in variety of the internal interactions listed in section 2.5. The angle θ in
the 2nd order Legendre Polynomial is related to the angle of crystallites with respect to the
static magnetic field. Unfortunately for solid-state NMR, the solid structure does not
allow for the averaging out of the broadening terms found in equation 2.19 that arise from
the dipole-dipole, chemical shift anisotropy, and the quadrupolar interactions (see section

42

2.5). Researchers Andrew and Lowe discovered that when θ is set to 54.74º from the
applied magnetic field (Z direction in the current scenario) equation 2.19 goes to zero.48,
49

The obvious consequence is a “magical” removal of the second order Legendre

Polynomial, and thus a narrowing affect for broad solid-state lineshapes.

Figure 2-8: Graphical representation of the magic angle
Due to the random distribution of the crystallites rapid spinning is necessary to create an
averaging vector parallel to the magic angle thus creating a vector that coincides with the
magic angle. The spinning must be rapid in comparison to the linewidths, and typical
spinning rates are approximately 1 to 25 kHz. Spinning a sample helps to mimic the
random reorientation of the molecules that are found in isotropic liquid samples and
greatly reduces the chemical shift anisotropy and the quadrupolar interaction, discussed
in further detail in the next section. The combination of rapid spinning and setting the
rotor axis to 54.74º is known as Magic Angle Spinning (MAS). Additional techniques

43

employed to reduce spectral broadening are: Dynamic Angle Spinning (DAS), and
DOuble Rotational (DOR). In order to fully understand why solid state NMR is such a
complex, but useful technique for determining structural information, it is now necessary
to define the governing interactions of NMR.

2.5 NMR Interactions
There are seven main interactions within solid-state NMR that affect the size and
shape of NMR signal, therefore influencing the information that a user can gain from the
experiment of interest. Of the seven interactions, two are external (Zeeman interaction
and the applied r. f. field) and five are internal (dipolar coupling, j-coupling, chemical
shift anisotropy, quadrupolar, and spin rotational). All of these interactions when added
together give us structural information via an interpretable signal. The interactions are all
represented by their respective Hamiltonians with the total Hamiltonian (HT) defined as:
HT = HZ + HRF + HJ + HD + HCS + HQ + HSR

(2.20)

Hz is the Zeeman Hamiltonian defining the interactions described in section 2.1,
which is simply the splitting of the energy levels available to the nuclei once placed in a
static magnetic field. HRF represents the interaction with an applied radio frequency
magnetic field (a pulse) and is further discussed in section 2.7.
HJ is the Hamiltonian representing the J-coupling and is a through bondinteraction that may better be known as the “nearest neighbor” interaction, and was the
basis of much angst in my Organic chemistry lab. The two types of J-coupling are
homonuclear (e.g. H-H) and heteronuclear (e.g. H-C). Both interactions are dependent
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on the bonding electrons of the nuclei involved.

The J-coupling phenomenon is

extremely useful in elucidating structure from liquid-state NMR. However, J-coupling
line splitting, though field dependent, is typically too small to be observed within most of
the broad resonances of solid-state NMR.

Therefore, this interaction will not be

discussed further, as it is not pertinent for any spectra described here.
HD represents the dipole-dipole interaction, which is spatially dependent,
inversely proportional to the distance of the two nuclei, field dependent, and static
magnetic field crystal orientation dependent.50 In this interaction the magnetic moments
of two nuclei in close proximity couple via the magnetic moments. Manipulation of this
interaction can allow for the transfer of magnetization from the abundant nuclei to the
less abundant nuclei which enhances the NMR signal by a NMR pulse sequence known
as Cross Polarization (CP).51
HCS describes the chemical shift interaction. The term chemical shift refers to
the difference of the resonance of the nucleus in a sample from that of the resonance
frequency associated with the nucleus. The value is very small (Hz) when compared to
the Larmor frequencies (MHz) and is therefore reported in parts per million (ppm).

This

interaction arises from the electrons found around each nucleus, which are precessing
around the nucleus, creating a small magnetic field (induced magnetic field). This
magnetic field can either add or subtract from the static magnetic field that the sample
has been placed in, dependent upon the orientation of the crystal structure. The addition
or subtracting affects the neighboring nuclei as they can affect the local magnetic field of
that nucleus as well as itself. This is a very important feature in NMR as it allows us to
get neighboring structural information on the nuclei of interest.

The adding or
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subtracting to the magnetic field is known as “shielding” or “de-shielding”.

The

shielding effect must be compared to a known quantity and as such NMR spectra are
referenced to a known compound and reported in “ppm from” as will be seen in the NMR
spectra found within this thesis.
Chemical shift anisotropy (CSA) is of particular importance to solid-state NMR
as it is one of the main causes of spectral broadening. Each nucleus of interest within an
applied magnetic field can be thought of as having its own principal axis system
describing the induced magnetic field. If the induced magnetic field is equivalent in all
three directions of the PAS, then the chemical shift interaction is isotropic and the term
“chemical shift” is used to describe the isotropic chemical shift. Obviously, with the case
of liquids this is found to be true. Unfortunately in solids, the induced magnetic field is
usually anisotropic.

The anisotropy reveals itself through the effects on the NMR

spectrum as a summation of the slightly different magnetic environments associated with
the sample.
Another important feature of the CSA in solid-state NMR, is the powder pattern.
A powder pattern is a series of spectral peak intensities that vary just slightly one from
another due to the anisotropic nature of solids. Specifically speaking, the observed
spectral lineshape will be dependent on the orientation and angle from the applied
magnetic field. The spectra, once obtained, will be a superposition of all of these varying
lineshapes upon one another, Figure 2-9 and Figure 2-10.
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Figure 2-9: Chemical shift changes a function of crystal orientation
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Figure 2-10: Isotropic lineshape (left) powder pattern simulation (right)
Powder patterns can be reduced through the use of MAS to a more isotropic
lineshape. However, in the samples relevant to this thesis, there are slight differences in
the chemical shift orientation of the similar but slightly different sites.

These slight

variations in the crystal structure and the addition of all their lineshapes can greatly
broaden the spectrum (see Figure 2-10 and 2-11).

Overlapping spectral peaks create

difficulty in phase and site determination, and require spectral deconvolutions described
in chapter 3.
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Figure 2-11: Simulation of broadened lineshapes
HQ is the Hamiltonian describing the quadrupolar interaction and is of particular interest
to this project which focuses primarily on
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Al, a spin 5/2 quadrupolar nucleus, and will

be discussed in the next section. HSR describes the spin rotational interactions which are
the interactions of nuclear spins with the magnetic fields generated by the motion of
molecules.

This affect is the smallest of the internal interactions and will not be

discussed further here.42, 45

2.6 Quadrupolar Interaction
As mentioned in section 2.5, the quadrupolar interaction is one of the dominant
broadening interactions in solid-state NMR. Quadrupolar nuclei represent a vast majority
of the NMR active nuclei (see Figure 2-1) and therefore it is important to understand
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where the interaction comes from and how the resulting spectral broadening either can be
diminished or utilized for more information about the system.
A quadrupolar nucleus (I > ½) has an asymmetric nuclear charge distribution that
interacts with the surrounding electric field gradient (EFG) created by an anisotropic
charge distribution.

Figure 2-12: Electric Field Gradient interaction with a spherical and asymmetric nuclear
charge distribution

If the quadrupolar coupling is small, first order quadrupolar broadening can be neglected
(especially when using fast rotor spinning speeds) and MAS Bloch decay experiments
(described in section 2.8-2.9) will provide sufficient resolution.
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Figure 2-13: Simulation of the effects of quadrupolar coupling on NMR lineshapes with
the same Cq varying 52
However, if the coupling is not too large (at least an order of magnitude smaller than the
Zeeman field) it can still be treated as a perturbation to the more dominant Zeeman
interaction.53-55

These perturbations are orientation dependent and the 𝛥m =

+
−

1

transitions (based on the spin states available to the nucleus) will be shifted in an
orientation-dependent manner resulting in broadened spectra.

The quadrupolar

interaction causes broadening to the first and second order for all 𝛥m =

+
−

1 transitions,

with the exception of the central transition (+12 ⟷ −12 ), which is unaffected by first order
quadrupolar broadening (see Figure 2-14).56
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Figure 2-14: Effects of the quadrupolar interaction on energy state of a 5/2 nucleus
To fully understand the quadrupolar interaction it is necessary to define a few
terms and conventions. The EFG tensor, V, in the principle axis system is defined as:
𝑉𝑥𝑥
𝑽= 0
0

0
𝑉𝑦𝑦
0

0
0
𝑉𝑧𝑧

(2.20)

Based on Laplace‟s equation, 2V = 0, within the EFG tensor elements must satisfy an
important restriction:
𝑉𝑥𝑥 + 𝑉𝑦𝑦 + 𝑉𝑧𝑧 = 0

(2.21)

𝑉𝑧𝑧 ≥ 𝑉𝑥𝑥 ≥ 𝑉𝑦𝑦

(2.22)

And we also utilize the convention

Based on this restriction and convention, two parameters are needed to describe the
quadrupolar interaction, and these are conventionally chosen and defined as
eq= 𝑉𝑧𝑧

(2.23)

with eq representing the largest component of V; and the asymmetry parameter, , which
defines the quadrupolar lineshapes for a central transition.53
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 =

𝑉𝑦𝑦 −𝑉𝑥𝑥
𝑉𝑧𝑧

(2.24)

Due to the restrictions of equations 2.21 and 2.22 the value of  varies from 0 to 1 and
the value defines the shape of the powder pattern, (see Figure 2-14).

Figure 2-15: Examples of quadrupolar lineshapes for a central transition

For the central transition, the first order quadrupolar interaction is an isotropic term that
does not result in the broadening of the lineshapes53, 54
1

𝐻𝑄1 = 𝑁𝑄 6 6 3𝐼𝑧2 − 𝐼 𝐼 + 1 𝑉2,0

(2.25)

The second-order quadrupolar interaction, however may result in significant spectral
broadening53
𝐻𝑄2 =

𝑁𝑄2 1

( 𝑉 𝑉
𝜔 𝐿 2 2,−1 2,1

4𝐼 𝐼 + 1 − 8𝐼𝑧2 − 1

1

+ 2 𝑉2,−2 𝑉2,2 {2𝐼 𝐼 + 1 − 2𝐼𝑧2 − 1})𝐼𝑧

(2.26)

where NQ defines the strength of the coupling of the nuclear electric quadrupole coupling
to the EFG
𝑒𝑞

𝑁𝑄 = 2𝐼(2𝐼−1)ħ

(2.27)
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The V2,n terms are the components of the EFG rewritten as a rank 2 tensor, I is the total
spin quantum number, and Iz is the spin operator for the z component of the spin angular
momentum. Equation 2.26 describes the inverse proportionality between the secondorder quadrupolar interaction and the field strength. In general, the quadrupolar coupling
constant (qcc), is used as a guide to describe the coupling between the non-spherical
distribution of nuclear positive charge with the local electric field gradient produced by
the surrounding electron orbitals.56
𝑞𝑐𝑐 =

𝑒 2 𝑞𝑄
ћ

(2.28)

Here, Q is the electric quadrupole moment inherent to the nuclei of interest, e is the
charge of an electron, and ћ is Plank‟s constant divided by 2π. As previously stated,
liquid-state NMR lineshapes are not broadened by the quadrupolar interaction as the
random and rapid tumbling compensate for the anisotropy. Essentially, this means that
the traceless EFG tensor has no residual effect on the spectral lineshapes under isotropic
tumbling. This is not the case for solid-state NMR. In the case of the 𝐻𝑄1 interaction the
𝑉2,0 term is a second-rank spherical tensor element that depends on the orientation
between the quadrupolar tensor of the PAS (or, essentially the crystallite) and the Zeeman
field. This term is removed by rapid MAS since the P2(cosθ) term goes to zero as θ is set
to 54.74˚. At the magic angle, the 𝑉2,𝑚 terms in the 𝐻𝑄2 remain and cannot be removed
through MAS alone, as they have different angular dependence that is not satisfied solely
at 54.75˚ (section 2.4). The 𝐻𝑄2 interaction contains an additional angular term that are
can only be satisfied at the angles 30.56 or 70.12. The result is a conundrum as changing
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to an angle that satisfies this additional 𝐻𝑄2 interaction results in the adding in of spectral
broadening due to the 𝐻𝑄1 .
In order to compensate for the dual angle dependence for the central transition
and further increase the resolution, many pulse sequences have been developed to reduce
the effect of the 𝑉2,𝑚 term of the second-order quadrupolar interaction. One of the widely
used techniques was developed by Lucio Frydman in 1995 and is known as MQMAS.53,
57

MQMAS is a 2D experiment relying on averaging two different spin coherences by

altering coherence levels using r. f. pulses. MQMAS allows for the averaging of the
second order quadrupolar broadening typical of samples with large quadrupolar coupling
(qcc) defined in equation 2.28.53,
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This averaging allows for a directly detected

anisotropic MAS spectrum vs. a high resolution isotropic indirect spectrum, aiding in the
identification of multiple chemical sites from a poorly resolved MAS spectrum.
Although MQMAS is a valuable technique for resolution enhancement it is not without
its own shortcomings. In samples where the chemical shift interaction is the dominant
broadening effect and not the quadrupolar interaction, MQMAS may not yield signal
enhancement or aid in the discrimination of multiple resonances. Other techniques for
reducing quadrupolar broadening include, but are not limited to: Satellite Transition
Magic Angle Spinning (STMAS), Double Rotation (DOR), and Dynamic Angle Spinning
(DAS).58, 59
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2.7 Pulsed Fourier Transform NMR
Observable NMR signal is the result of measurement of the change of the net
magnetization when perturbed from equilibrium. In order to obtain the perturbation the
frequency of radiation applied to the sample must be equivalent to the energy difference
between the two states, which is both nucleus dependent and field dependent (Zeeman
energy levels).

Originally experiments were carried out by what was known as

continuous wave spectroscopy (CW), which can be carried out with two different
methods. The first method sweeps the frequency of radiation over a large range of
frequencies at a set magnetic field while measuring the magnetization as a function of
time and frequency. The second method differs from the first as the magnetic field
strength is varied and the radiation frequency is held constant. Although novel for the
time period, both methods lacked sensitivity and resolution.

New methods were

developed in the 1970‟s to improve the NMR signal.45, 60 Pulsed Fourier transform (FT)
NMR spectroscopy allows for all of the nuclei to be excited at the same time by a short r.
f. pulse. Once excited the nuclei emit signal with all of the time evolved frequencies
which are then collected and mathematically manipulated with a Fourier transform. The
Fourier transform is a mathematical transform that converts the time domain signal into
the frequency domain which is then more interpretable by the user, Equation 2.29.
F ν =

∞
f
−∞

t e−i2πν t dt

(2.29)

In his book, Modern NMR Techniques for Chemistry Research, Andrew Derome has been
quoted as saying,
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“The FT method can be compared to the tuning of a bell, specifically a big bell. In
principle, you could measure each of the tones which make up the sound of a bell in a 'cw
experiment': Excite the bell with all frequencies from zero to the limit of the human ear
and measure the reaction of the bell with a microphone. Although this method is
effective, it is extremely time consuming. Rather, take your trusty hammer and give the
bell a good clout. It will be immediately evident to all, who can hear, that all of the
resonance information is now available. The sound of the bell contains each tone at the
same time and every person can analyze it directly with his or her ears. The advantages
of this 'pulse FT method' over the 'cw method' are clearly obvious. But the question
remains, how do we implement a hammer-blow?”61, 62
The incorporation of the “hammer-blow” or the pulsed FT method can easily be
seen in a standard one-pulse experiment, and has become the basis for a majority of the
work in solid-state NMR.

2.8 One-Pulse Experiment
A one-pulse experiment, also known as a Bloch Decay experiment, uses a
relatively simple pulse sequence by design, which allows for fast and reproducible
collection of NMR data. The pulse sequence consists of a single pulse followed by the
acquisition of the free induction decay (FID).
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FID

Figure 2-16: 1-pulse sequence
The NMR signal is maximized when a π/2 (90º) pulse is applied as this allows for all the
magnetization to be transferred from the Z direction into the X, Y plane. This pulse
width (usually on the order of several µs) changes for each nucleus, sample, and field
strength. It is relatively easy to find the correct “90 time” by setting up an increasing
incremental pulse sequence known as an array. Two common methods employed in an
array are arraying the pulse width (time period of the r. f. pulse) and holding the power
levels constant, or keeping the pulse width constant and arraying the power (see Figure 216).

Either method is acceptable, and can be tailored to the specific desires of the

spectroscopist.
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Figure 2-17: Concatenated results for a theoretical array

The lines represent the signal given by a reference compound. As the pulse width is
increased incrementally the signal will increase to a maximum, then decrease. The array
rarely looks as uniform as Figure 2-17, and sometimes the time period associated with the
180˚ pulse width is used and simply divided by 2.
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Al NMR studies performed here

were set-up using aqueous AlCl3, as the lineshapes are sharp (as it is an aqueous solution)
and AlCl3 is the reference sample for aluminum studies.
In the case of all the 27Al one-pulse experiments performed for this thesis, a pulse
with an approximate tip angle of π/10 was used as opposed to the classical π/2 pulse.
Changing a tip angle is as simple as controlling the length of the r. f. pulse that is being
applied in the pulse sequence. A π/10 pulse was used as it more evenly excited all of the
frequencies of the 27Al resonances in the sample. A sacrifice in signal intensity is made
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in order to uniformally excite both the octahedral and the tetrahedral frequencies that
appear in the

27

respectively.

It is common practice in

Al spectrum at chemical shifts of approximately 0 ppm and 60 ppm
27

Al NMR to us a π/10 or π/20 pulse and

compensate for spectral intensity loss by acquiring more transients.

2.9 Conclusion
Now that we have a working idea of NMR, in the context of this thesis it is time
to start looking at how solid state NMR has been applied to varying systems described in
section 1.10. This thesis will use the changes in the aluminum coordination, via
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Al

solid-state NMR, as a secondary reference of the formation of new phases. Studying
aluminum will allow us to follow and study the changes in the morphology of silicates
and gain valuable information into the affects of Cs+ and Sr2+ on the sedimentation found
at Hanford Washington.
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Chapter 3

Montmorillonite Studies

3.0 Introduction
Considerable concern over the fate of radionuclides in the vadose zone at the
Hanford Site (WA) continues to be the focus of the Department of Energy‟s resources
and funding. Unfortunately the problem is compounded by the variety of radionuclides
present and the complexity of the mineralogy found at these waste contamination sites.
The mineralogy present in the vadose zone found here includes, but is not limited to,
quartz, micas, phyllosilicates, feldspars, and weathering products such as feldspathoids.
These minerals can have a vast impact on the fate of harmful radionuclides in many
ways. Aluminosilicates, such as montmorillonite and kaolinite, are ideally able to absorb
and retain and exchange cations, making them ideal sorbents for some of the harmful
cations present in the high level radioactive waste (HLRW), specifically Cs+ and Sr2.
Unfortunately due to the highly caustic environment of the HLRW itself these minerals
can dissolve, thus releasing the cations back into the vadose zone and allowing them to
continue the path toward the watershed and water pathways.63 A fortunate consequence
of parent mineral dissolution is the formation of secondary neophases from the released
Si4+ and Al3+. These newly formed phases have the ability to uptake the radionuclides,
which in turn retards the flow of the radionuclides.64
This thesis represents a part of a much larger collaborative effort with several
universities (University of Arizona and the University of California, Merced) as well as
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Pacific Northwest National Laboratory (PNNL). The research found within is but a
continuation of a project that dates back to 2002 with a preliminary Extended X-ray
Adsorption Fine Structure (EXAFS) study of cesium adsorption onto tectosilicates as
reported in Environmental Science and Technology.36
The project was continued in 2003 with a joint effort focusing on cesium and
strontium uptake in a 1:1 phyllosilicate (kaolinite) system. It was determined that after
93 days of weathering with the Synthetic Tank Waste Leachate (STWL) that all of the
Sr2+ had been removed from the liquid solution and incorporated into the cage structures
of newly forming neophases. Cs+ was removed slowly, but steadily at longer weathering
time periods (approximately 1 year). A multitude of analytical techniques were and are
currently used to study these and similar systems: solid-state NMR, inductively coupled
plasma atomic emissions spectroscopy (ICP-AES), X-ray diffraction (XRD), scanning
electron microscopy (SEM), diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), and thermogravimetric analysis (TGA). The research also determined that the
kaolinite parent clay was being dissolved into the solution and replaced with secondary
neophases chabazite, sodium aluminum nitrate silicate, and cancrinite.36 The formation
of these phases was determined to be cation specific and Cs+ uptake was suggested to be
stoichiometric with Na+.
As reported in 2005 the project was extended beyond 1:1 silicates and focused on
three 2:1 silicates: illite, vermiculite, and montmorillonite.7, 8 In these studies, secondary
phase formation was not observed until after 190 days of weathering with STWL. It was
determined that illite sorbs Cs+ so strongly that there was little to no Cs+ found in any of
the secondary phases that formed as the illite weathered. Vermiculite sorbed almost all
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of the Cs+ and Sr2+ from the solution. The Cs+ and Sr2+ uptake was inversely proportional
to the contaminant concentration, and the weathering of the tectosilicates resulted in the
formation of cancrinite, sodalite, and zeolite X (in montmorillonite only).

It was

concluded that illite was useful for sorbing Cs+, but not very effective at sorbing Sr2+.
Vermiculite was able to successfully sorb both contaminants, while montmorillonite
contaminant uptake was inconclusive.
The kaolinite studies were revisited in 2006 to better understand the effects of Cs+
and Sr2+ and the dynamics of the neophase formation and competition. It was determined
in these studies that Sr2+ tends to adsorb on the mineral surfaces via an ion-exchange
mechanism. Additionally, Sr2+ complexes strongly with the CO2 from the atmosphere to
form SrCO3, which will be discussed further in chapter 5 and 6. Specifically, Sr2+ is
believed to be incorporated into a singular cation site within the sodalite cages that are
forming as parent mineral is dissolved into solution.

XRD, SEM/TEM and FTIR

confirmed that cancrinite and sodalite were forming as reaction time progressed with
what appeared to be cancrinite cannibalizing sodalite and becoming the dominant phase
after 93 days. As parent clay dissolved into solution and neophases began to form, solid
state NMR studies was able to elucidate three resonances in the
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Al MAS NMR that

were concentration independent at approximately 59, 62, and 63 ppm, and two that were
concentration dependent at approximately 55 and 68 ppm these resonances lie in the
tetrahedral region of the 27Al MAS NMR spectrum at approximately 60 ppm. The two
concentration dependent resonances (55 and 68 ppm) were determined to be amorphous
alumino silicate species and were therefore undetectable via diffraction techniques as
they lack long-range crystal structure.

The resonance at approximately 59 ppm was
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ascribed to chabazite nitrate (possibly a precursor to sodalite) and the two resonances at
approximately 62 and 63 ppm were ascribed to cancrinite and sodalite respectively.
As with the kaolinite systems that were studied, and then revisited as additional
information pertaining to similar systems of research became available, it was the goal of
this research to revisit the montmorillonite studies and further investigate the affects of
Cs+ and Sr2+ in these systems. Montmorillonite is a 2:1 phyllosilicate comprised of two
tetrahedral sheets with an octahedral layer in between (see Figure 1-8). This layered
silicate has expansive properties (depending on the level of hydration) and a net negative
charge that results in a highly reactive, and therefore, important silicate for many natural
and industrial practices. Smectites, such as montmorillonite, in soils have been known to
swell and shrink in climate changes and actually “self-plow” the soil itself.6 Layered
silicates have a multitude of uses, such as in pharmaceutical creams and powders, as
coolant materials in oil refining, as a coagulant aid in the purification of sugar, and they
are even used as catalysts in organic synthesis.65 Montmorillonite is one of the most
studied and documented silicates used in the research community. A simple search of the
word “montmorillonite” in a online journal database will yield over 40,000 results. Due
to the vast literature precedence concerning montmorillonite, it is an ideal candidate for
furthering the studies previously explored by this collaboration.7, 8, 10, 37 Well defined in
the literature, the 2:1 layered silicate montmorillonite is a logical progression from the
1:1 layered silicate studies performed on kaolinite. Fortunately it is a well studied
smectite and also happens to be one of the clays found to reside in the vadose zone
surrounding the tank farms in Hanford Washington.

64

3.1 Experimental Details
Montmorillonite (SWy-2) from Crook County, WY, was obtained from the
Source Clays Repository of the Clay Minerals Society. Clay was size fractionated (< 2
µm) and cleaned before experiments. Detailed cleaning procedures are discussed in
previously published manuscripts by Chorover et al. and Choi et al.7, 8
NalgeneTM polypropylene co-polymer (PPCO) vessels were used throughout to
prevent Sr2+ contamination. Stock solutions were prepared using ultra-pure water and
reagent grade NaNO3, NaOH, CsCl, SrCl2·6H2O (J.T. Baker) and NaAlO2·xH2O powder
(EM Science) as obtained from the manufacturer. Montmorillonite was reacted with a
synthetic tank waste leachate (STWL) that was prepared on a mass basis (all solution
concentrations are given in units of molality, mol kg-1). The STWL was synthesized with
0.05 m NaAlO2, 2.0 m Na+, 1.0 m NO3 - and 1.0 m OH- (pH approximately13.7) at Cs+
and Sr2+ co-contaminant concentrations of 10-5, 10-4 or 10-3 m each.

Clay-STWL

reactions were conducted in batch systems using 60 mL centrifuge tubes containing 0.5 g
of air-dried clay in 25.0 g of STWL solution, yielding a solid-to-solution mass ratio of
1:25. All reactions were carried out in triplicate in a dark, constant temperature room at
298 K on an end-over-end mixer rotating at 1 rpm. Centrifuge tubes were sacrificed at
time intervals of 1, 7, 33, 93, 190 and 369 days. At the termination of a given reaction
period, tubes were centrifuged at 28,700 g for 20 min. Supernatant solution was removed
and filtered through a 0.2 µm PTFE syringe filter and acidified.

Solids were re-

suspended in 95% ethanol (adjusted to pH 10.0 ± 0.1) to remove entrained STWL
solution. Two of the three replicates were reacted with Mg(NO3)2 (adjusted to pH 7.00 ±
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0.05) for one hour to extract Mg-exchangeable Cs+ and Sr2+. Solids were then washed
three times with ethanol (no pH adjustment) prior to extraction with 0.2 mol kg-1 acidic
ammonium oxalate (AAO) (4 h at pH 3 on a reciprocal shaker in the dark) to target
poorly crystalline material.

Details of experimental conditions and solution-phase

chemistry are similar to those given in Chorover et al. and Choi et al.8, 10
27

Al MAS NMR experiments were performed on a Varian/Chemagnetics Infinity-

500 spectrometer with an 11.7 T magnet (1H resonance frequency of approximately 500
MHz). A 3.2 mm HX double-resonance MAS probe was used at a frequency 130.255
MHz for all

27

Al measurements. Single pulse

27

Al free induction decays (FIDs) were

acquired after a radio frequency pulse of 0.6 µs (corresponding to an approximate tip
angle of π/20). The spinning rate was approximately 15 kHz, and for each sample 4800
transients were acquired using a recycle delay of 1 s which allowed for good signal-tonoise ratios in the resulting frequency domain spectra. The FIDs were processed with
Fourier transformation following the application of an exponential weighting equivalent
to 50 Hz of Lorentzian line broadening. The
27

27

Al shifts (in ppm) are referenced to the

Al resonance from a 1 M aqueous sample of AlCl3.
29

Si MAS NMR experiments were preformed on a Varian/Chemagnetics Infinity-

500 spectrometer with an 11.7 T magnet (1H resonance frequency of approximately 500
MHz). A 3.2 mm HX double-resonance MAS probe was used at a frequency 99.307 MHz
for all 29Si measurements. Single pulse 29Si FIDs were acquired after a radio frequency
pulse of 3.0 µs (corresponding to an approximate tip angle of π/2). The spinning rate was
approximately 10 kHz, and for each sample 1200 transients were acquired using a recycle
delay of 60 s which allowed for good signal-to-noise ratios in the resulting frequency
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domain spectra. The FIDs were processed with Fourier transformation following the
application of an exponential weighting equivalent to 100 Hz of Lorentzian line
broadening. The 29Si shifts (in ppm) are referenced to tetramethylsilane (TMS) through a
secondary reference of tetrakis(trimethylsilyl)silane (which displays resonances at
approximately 9.6 and 135.2 ppm with respect to TMS)

3.2 27Al MAS NMR

The

27

Al isotope is a spin 5/2 quadrupolar nuclide, with a natural abundance of

100% and a nuclear quadrupole moment of 0.1402 barns.66 This quadrupolar moment is
significant enough to yield broadened signal based on the second-order quadrupolar
broadening discussed in chapter 2, but for the samples studied here, is not large enough to
require complex pulse sequences to elucidate pertinent information on the system in
question. As has been remarked upon in the introduction for this chapter, the resonances
of concern for this project will be found in the tetrahedral region (approximately 60
ppm). A tetrahedron is an object with four faces (all equilateral triangles) and four
vertices, and in this case describes aluminum bonded to four bridging oxygens.
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Figure 3-1: (A) tetrahedrally and (B) octahedrally coordinated aluminum. Dark blue
represents the aluminum atoms, and the green/blue represents oxygen
The growth of spectral intensity in the tetrahedral region of the

27

Al NMR spectra from

these samples represents the formation of secondary precipitates and neophases. The
octahedral region of the spectra (approximately 0 ppm) in these systems only contains
resonances from the parent material, and in the context of the montmorillonite research is
not reported here. The method for removing the spectral contributions from the parent
clay will be discussed further in this research.
Montmorillonite has a molecular structure that is dependent on the cation present
but the samples studied have the nominal composition defined as:
K0.02Na0.66[Si7.95Al0.05](Al3.0Fe0.36Fe0.03Mg0.44Ti0.01)O20(OH)4
with a molecular weight of 744.09902 g/mol. The atomic composition converted to wt.
% of the montmorillonite used in this project can be seen in Table 3-1.

68

Table 3-1: Montmorillonite atomic composition by weight percent
Atom
K+
Na+
Si4+
Al3+
Fe3+
Mg2+
Ti2+
OH+

Weight Percent
0.11
2.04
30.01
11.06
2.93
1.44
0.27
51.61
0.54

Based on the weight percent and the chemical formula for the montmorillonite the molar
concentration of Al3+ in the starting material was determined to be 1.434 x 10-4 wt. %. A
direct comparison of raw (as acquired) spectra from these samples can be misleading due
to the finite volume of the NMR rotor itself and the changing composition of each sample
(vide infra). Without a number of justifiable assumptions, an in-depth analysis of each
solid sample, and the subsequent interpretation of changes as a function of weathering
time, cannot be made. Based on evidence from XRD powder diffraction analysis and
previous kaolinite studies, we assume that all of the newly formed neophases detected in
the

27

Al MAS NMR spectra are alumino-silicates, or aluminates.7, 8, 67 We also assume

that the spectral features due to the parent montmorillonite clay are exactly the same in
each spectrum of weathered clay and neophases. It is noteworthy that in the spectrum of
the parent clay with no contaminant species present, resonances are observed in
frequency ranges normally assigned to the octahedral (-20 to 17 ppm) and tetrahedral (45
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to 70 ppm) coordination of the aluminum atoms. Ideally, the parent material would not
have resonances in the tetrahedral range of the

27

Al NMR spectra, but the

montmorillonite used contained some presumably isomorphic substitution of aluminum
for silicon in the tetrahedral layer. Since neophase formation leads to new peaks in the
tetrahedral region, we can use this to quantify the mole percentage of aluminum
remaining in the parent montmorillonite after weathering or post-weathering extraction,
and thereby also subtract the proper spectral intensities to produce spectra of only the
newly-precipitated phases.
To obtain spectra with the parent phase removed, it was necessary to remove any
spectral intensity that was present due to the original un-weathered montmorillonite.
Figure 3-2 shows an example of parent-phase removal in the spectrum from a
montmorillonite sample reacted for 190 days with STWL with both Cs+ and Sr2+ present
([Cs+] = [Sr2+] = 1 x 10-3 m). The scaling factor for this particular sample set was
determined to be 0.51, representing the percent of parent clay material found in the actual
sample material of interest. Each sample had a different scaling factor obtained from the
methods described in appendix A. Once the scaling factor had been applied, the resulting
spectrum was then devoid of resonances from parent clay material and the phases
observed were assumed to arise solely from newly formed phases.
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Figure 3-2: 27Al NMR montmorillonite clay spectral removal (A) Unreacted (B) 190 day
sample before (left) and after (right) subtraction of parent montmorillonite resonances

The three or four site model applied to these samples, and described later in Table
3-2, is a result of the four peaks found using spectral deconvolutions that best fit the data.
Deconvolutions found here are a mathematical application in the NUTS processing
program that allows the user to add peaks and optimize the sum of the peaks to most
accurately portray the total spectrum.

Spectral deconvolutions were obtained using a

mixture of Gaussian and Lorentzian lineshapes to fit the multiple sites found within the
tetrahedral region. The observed shifts resulting from these deconvolutions, if taken at
𝐶𝑆
multiple fields, allow for the calculation of Pq and 𝛿𝑖𝑠𝑜
(calculated and discussed further

in chapter 4). Figure 3-3 illustrates an example of a deconvolution for a montmorillonite
spectrum from a sample weathered with STWL for 369 days containing both [Cs+] =
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[Sr2+] = 1 x 10-3 m. This particular deconvolution displays a three site model describing
an extremely broad resonance at approximately 55 ppm, lending credence to the
amorphous nature of this site discussed below.

Figure 3-3: 27Al NMR deconvolution of montmorillonite weathered with STWL for 369
days with [Cs+] = [Sr2+] = 1 x 10-3 m

3.2.1 Weathered Montmorillonite (190 days)
Once the spectral contributions from the parent montmorillonite was removed
from all of the weathered samples, a direct comparison of “pure” newly formed phases
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was obtained. At 190 days, there is definitive evidence of a broad resonance containing
four-coordinate aluminum (appearing at approximately 60 ppm) that was not present in
the unreacted sample.

Figure 3-4:

27

Al MAS NMR of a mass normalized montmorillonite sample reacted with
STWL for 190 days, containing [Sr2+] = [Cs+] = 1 x 10-3 m

This trend of neophase formation continues at 369 days (see Figures 3-5 and 3-8).
Through spectral deconvolutions and higher field data (900 MHz) (figures not shown) it
was determined that there were four overlapping resonances in the tetrahedral region.
XRD data from these samples confirms the growth of cancrinite and sodalite, with an
additional small contribution of a zeolite X phase at 369 days (see Figures 3-6, and 3-7).
27

Al MAS NMR studies of the montmorillonite sample weathered with STWL ([Cs+] =
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[Sr2+] = 1 x 10-3 m) for 190 days describes four individual resonances (55 to 57, 59, 62,
66 ppm). Two of the newly formed tetrahedral phases, contributing spectral intensity at
approximately 61 and 59 ppm, have been attributed to newly formed sodalite and
cancrinite respectively. The formation of these two phases parallels collaborative studies
of clay minerals where sodalite and cancrinite are the two dominant phases.7, 8, 10, 11, 37
Deng et al. also studied systems similar to these and were able to identify sodalite
and cancrinite as the two most dominant phases forming in these systems, with more
crystalline phases growing in at longer reaction times due to Ostwald ripening.68
Vaughan et al.

and Masierak et al. studied sodalite and cancrinite structural

conformation via 27Al solid-state NMR and observed an additional peak at approximately
64 ppm that was attributed to the bond length and angle distortions of the framework
alumina resulting from extra-framework ions.69, 70 As such, the peak at approximately 65
ppm in these samples has also been ascribed to this extra-framework phase. The broad
resonances at approximately 55 to 57 ppm have been attributed to amorphous
aluminosilicates phases that lack long range structure, possibly a chabazite and/or a
vertumnite (Ca4Al4Si4O6(OH)24·H2O) phase.

These poorly crystalline aluminosilicates

were also seen by Deng and were determined to be precursors to the sodalite/cancrinite
phases.
Studies of kaolinite systems similar to the studies here have also ascribed the peak
at approximately 57 ppm to an amorphous chabazite phase, although no chabazite was
found in the XRD for this study.37 Akporiaya et al. studied the changes in the Al
coordination in chabazite via solid-state NMR and found that as the Si/Al ratio increases
the chemical shift decreases. They studied Si/Al ratios ranging from 2.67 to 12.8, where
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the

27

Al spectral intensities fell within the range of 57.5 to 55 ppm.71

As the

montmorillonite samples have a slightly lower Si/Al ratio than those studied by
Akporiaya, (approximately 2 here), and the Al is present in excess in these samples, it
stands to reason that the lower ratio could facilitate an elevation in the chemical shift to
the values reported here (approximately 57 ppm). Due to the extremely broad NMR
resonance of this peak, resulting from the lack of rigid structure, collaborative XRD was
unable to detect any chabazite or other additional phases in these systems. After precise
mass calculations of each sample, scaling factors, and intensity normalization, the amount
of aluminum in each sample attributed to the each individual phase was tabulated (see
Table 3-2). In addition to the weathering of these samples, each sample was reacted with
acidic ammonium oxalate (AAO). This acidic wash removed any poorly crystalline
phases, therefore yielding insight into the crystallinity of these phases.

Table 3-2: Relative area of aluminum contained in each phase. “A” represents
approximately 65 ppm, “B” represents approximately 61 ppm, “C” represents
approximately 59 ppm, “D” represents approximately 55 – 57 ppm. AO represent
samples washed with ammonium oxalate and ppm represents frequency from AlCl3.
Sample

mol %
Mont.

mol %
“A”

mol %
“B”

mol %
“C”

mol %
“D”

Unreacted
190 day
190 day AO
369 day
369 day AO

100.00
51
90
53
68

0
3
-

0
25
7
9

0
14
12
11

0
7
28
12
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When comparing the normalized spectrum from the 190 days sample weathered
with STWL containing [Sr2+] = [Cs+] = 1 x 10-3 m to its AAO washed counterpart, it is
evident that all four-coordinate phases formed after 190 days have been removed by this
treatment. This loss of the resonances from these neophases via acidic ammonium oxalate
treatment indicates that in addition to the amorphous phases described above, the sodalite
and cancrinite phases are poorly crystalline after this time period (see Figure 3-5).

Figure 3-5: 27Al MAS NMR of a mass normalized montmorillonite samples reacted with
STWL for 190 days. Both sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. AAO samples
have been washed with acidic ammonium oxalate. X-axis represents frequency (ppm
from 1M AlCl3)
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This removal of neophases is supported by the representative XRD of these spectra
(Figure 3-6). Once the sample has been AAO washed, the only remaining solid visible
by XRD powder diffraction is the parent montmorillonite, which has been
mathematically removed from the 27Al MAS NMR spectra.

Figure 3-6: XRD of Montmorillonite with [Sr2+] = [Cs+] = 1 x 10-3 m
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Figure 3-7: Representative XRD of montmorillonite weathered samples
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3.2.2 Weathered Montmorillonite (369 days)
When comparing the effects of longer weathering times on the montmorillonite samples
there is a notable reduction in the putative sodalite and cancrinite phases (approximately
62 and 61 ppm) as the samples are weathered from 190 days to 369 days (see Figure 3-9).

Figure 3-8: 27Al NMR of a mass normalized montmorillonite samples reacted with
STWL for 190 and 369 days. Both sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. X-axis
represents frequency (ppm from 1M AlCl3)

Coupled with this loss is a gain in intensity from the resonance in the range from 55 - 57
ppm.

Previous results have shown that for a similarly-weathered kaolinite system,
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sodalite and cancrinite are the two most predominant newly formed phases, with
cancrinite growing in at the expense of sodalite at longer weathering times. It is not
apparent that the same competition between these two neophases is occurring in the
montmorillonite studies, although cancrinite does seem to form at longer weathering time
periods (see Figure 3-7). A comparison of the 369 days vs. 190 days samples provides
possible evidence of Ostwald ripening, which leads to a less intense, but more recalcitrant
sodalite/cancrinite phases.72 This is evident in the loss of spectral intensity of the sodalite
and cancrinite phases (62 and 59 ppm) when comparing the 190 days and 369 days
samples vs. their AAO treated counterparts. The reduction in spectral intensity is further
substantiated by the loss of spectral intensity found at approximately 66 ppm, as noted in
Table 3-2. In the samples weathered for 369 days with STWL containing [Sr2+] = [Cs+]
= 1 x 10-3 m with AAO wash, there is a noticeable loss in the tetrahedral phase at
approximately 61, 59, and 55 to 57 ppm range when compared to the 369 days weathered
sample (see Figure 3-8).
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Figure 3-9: 27Al NMR of a mass normalized montmorillonite samples reacted with
STWL for 369 days. Both sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. AO samples have
been washed with ammonium oxalate. X-axis represents frequency (ppm from 1M
AlCl3)

Comparing the 190 days with the 190 days AAO samples, the AAO wash completely
removed all of the newly formed four-coordinate alumina-containing phases, resulting in
a sample devoid of all neophases. However, this complete loss of spectral intensity after
AAO wash is not seen in the samples weathered for 369 days with the STWL. At the
longer weathering time period all of the neophases are still present after AAO treatment.
There is a noticeable reduction in spectral intensity indicative of the four new phases, but
the phases still remain. This reduction is expected as the growth of more crystalline
phases at longer weathering times has been noted and commented upon in previous
research on similar systems.1, 10, 37
Figure 3-10 displays all four of the samples of interest overlaid in order to better
visualize the affects of longer weathering time periods, as well as the phase-reduction
affects of AAO wash. To further support the 27Al NMR studies and the apparent lack of
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crystallinity at 190 days of weathering, it was necessary to investigate the

29

Si

coordination changes for these same montmorillonite studies.

Figure 3-10: 27Al NMR mass normalize montmorillonite samples reacted with STWL for
190 and 369 days respectively. Each sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. AO
samples have been washed with ammonium oxalate. X-axis represents frequency (ppm
from 1M AlCl3)

3.3 29Si MAS NMR
29

Si is a spin ½ nucleus that is approximately 4.67% abundant in nature.

29

Si

MAS NMR is a common compliment to 27Al MAS NMR studies of aluminosilicates. An
excellent introduction into the studies of zeolitic structures via

29

Si can be found in a
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chapter by Karl T. Mueller in Advances in Analytical Geochemistry.73 In general the
chemical shift, in ppm from a tetramethylsilane (TMS) standard, is dependent upon the
number of aluminum nuclei present in the next-nearest neighbor coordination sphere (see
Figure 3-11).

Figure 3-11: Representation of silica bound to alumina and the consequential 29Si NMR
chemical shift ranges
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Another way to express the binding environment of silica in a sample is known as Qn
notation. This method of analysis is used to describe the binding environment via the
number of bridging oxygens that are connected to another silicon atom, denoted by n. Q4
refers to tetrahedral silica surrounded by 4 bridging oxygens; Q3 contains 1 non-bridging
oxygen and 3 bridging oxygens, etc.

Generally speaking the chemical shift, from

tetramethylsilane (TMS), can be determined according to the Q speciation (see Figure 312).

Figure 3-12: Q speciation and the consequent 29Si NMR chemical shift ranges
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In addition to the Qn notation described above representing the bulk, Q notation is also
used to describe surface silicon sites and hydroxide groups (see Figure 3-13).

Figure 3-13: Qn notation of surface silicon sites

Studies have shown that montmorillonite has a 29Si NMR resonance in the region of -93
to -93.7 ppm (dependent upon synthetic or natural construction).74

The types of

neophases that are believed to be forming here (cancrinite, sodalite, zeolite X) all tend
toward a 1:1 Si/Al ratio, and therefore will be found in the -80 to -90 ppm region.
Klinowski et. al. have studied zeolites and zeolite frameworks extensively and found that
as the Si/Al ratio approaches 1, the tendency of formation favors increasing alumina
coordination.75, 76 There is a definite growth in the spectra region assigned to neophases
formation (-80 to -90 ppm) as weathering time is increased in these montmorillonite
studies as more neophases are forming (see Figure 3-14).
After 190 days of weathering there is an apparent reduction in the spectral
intensity at approximately -93 to -94 ppm. Resonances in this spectral region been
assigned to the parent montmorillonite in the samples. During weathering with STWL
parent montmorillonite is removed into solution and secondary neophases begin to
precipitate as the dissolved montmorillonite provides a silica source for the neophases
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nucleation. The growth in spectral intensity at approximately -86 ppm is indicative of the
neophases growing in with weathering time. In the 190 days sample there is a peak at
approximately -110 ppm which is indicative of a Q4 silica species, representing the
tetrahedrally coordinated silica species bridged to another silica though oxygen bonds.74,
77

Collaborative XRD powder diffraction was able to detect a SiO2 structure, which has

been ascribed to the quartz phase in the

29

Si MAS NMR.

The SWY-2 sample of

montmorillonite used in these experiments is known to contain approximately 4% quartz.

Figure 3-14: 29Si NMR of unreacted contaminant-free montmorillonite sample vs. its 190
days weathered counterpart. The 190 days sample contains [Sr2+] = [Cs+] = 1 x 10-3 m
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The 29Si NMR data represented here shows some of the SiO2 phase dissolving under the
conditions found herein, and therefore the Q4 peak (-104 to -113 ppm) loses spectral
intensity as the quartz is dissolved by the highly alkaline environment found in these
experiments. Deng proposed a two step mechanism for silica release into solution (via
silica and aluminosilicates dissolution, equations 3.1, and 3.2) followed by the
subsequent formation of feldspathoid phases (see equation 3.3).68
SiO2

quartz

+ 2OH − → H2 SiO2−
4

Al2 Si2 O5 OH − + 6OH − + H2 O → 2Al OH −
6Al OH −

4

4

+ 2H2 SiO2−
4

(3.1)
(3.2)

−
+
+ 6H2 SiO2−
4 + 8Na + 2NO3 →

Na6 Si6 Al6 O24 · 2NaNO3 + 12OH − + 12H2 O

(3.3)

Parallel to the results of the 27Al MAS NMR studies describing poorly crystalline
phases found after 190 days of weathering with STWL, as the 190 days sample is washed
with ammonium oxalate, the newly formed phases are completely removed from the
resulting 29Si MAS NMR spectrum (see Figure 3-15). The chemical shift of this poorly
recalcitrant phase is at approximately -86 ppm. The peaks at approximately -94 and -109
ppm do not appear diminished as the sample reacts with the acidic wash. It may appear
that the peaks representing parent montmorillonite and quartz have increased when the
sample has been washed with AAO, but the apparent gain in intensity is due to mass
normalization of the spectrum resulting from the finite amount of sample that can be
placed in a rotor. Here, these two phases represent all of the 29Si species in that particular
sample. The presence and subsequent removal of the new phases in the 29Si MAS NMR
confirms the growth of the 4-coordinate phases described by the XRD and the 27Al MAS
NMR.
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Figure 3-15: 29Si MAS NMR of a mass normalized montmorillonite samples weathered
for 190 days. Both sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. AAO samples have
been washed with ammonium oxalate. X-axis represents frequency (ppm from TMS)

The 29Si MAS NMR spectrum of the montmorillonite samples weathered for 369
days vs. its AO washed counterpart also supports the corresponding 27Al NMR studies of
the reduction in resonances representing neophases. After weathering for 369 days it has
been shown via XRD that the neophases are becoming more recalcitrant. This gain in
more structured phases lends itself to a decreased removal of poorly crystalline phases
after the acidic ammonium oxalate wash.

The growth in more recalcitrant phases,

described by the 27Al MAS NMR is again confirmed by the 29Si MAS NMR in Figure 316. There is a general reduction of the peak at -86 and -94 ppm, which is representative
of the minimal loss of poorly crystalline neophases and parent montmorillonite. In the
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29

Si MAS NMR studies it is also possible that the apparent reduction in the silica

containing species is again due to the mass normalization. Montmorillonite is a 2:1
silicate, meaning that there are 2 tetrahedral silica sheets and 1 aluminum octahedral
sheet. As these samples are weathered the neophases that are being produced are 1:1
silicate minerals. The resultant neophases would therefore contain less silica in the
corresponding NMR data than was represented in the montmorillonite spectrum.
However, it is evident that there is an increase in more structured neophases at longer
weathering time periods in the

27

Al MAS NMR as the concentration of alumina-

containing species is always constant.

It has been concluded that the

29

Si MAS NMR

supports the 27Al MAS NMR data in the increase of neophases crystallinity.

Figure 3-15: 27Al MAS NMR of a mass normalize montmorillonite samples reacted with
STWL for 369 days. Each sample contains [Sr2+] = [Cs+] = 1 x 10-3 m. AAO samples
have been washed with ammonium oxalate. X-axis represents frequency (ppm from
TMS)
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3.4 Conclusions
27

Al MAS NMR and

29

Si MAS NMR have been utilized to follow the

weathering/dissolution of parent montmorillonite weathered with STWL containing
[Sr2+] = [Cs+] = 1 x 10-3 m, leading to the formation of sodalite and cancrinite/sodalite
neophases. The resolution of the

29

Si MAS NMR alone was insufficient to distinguish

between the different neophases, but it was determined that these neophases tend toward
a Si(4Al) speciation indicative of a 1:1 Si/Al ratio.

27

Al MAS NMR coupled with

collaborative XRD have determined that as the parent clay is dissolved and silica is
released into solution three or possibly four neophases form. It has been determined that
the new phases include sodalite, cancrinite, and zeolite X with a fourth amorphous phase
possibly a chabazite or another precursor to cancrinite.

These phases increase in

crystallinity and become more recalcitrant at longer weathering periods.

Chapter 4

Homogenous Nucleation Studies

4.0 Introduction/Motivation

After several studies of parent clay systems it became evident that the phases
formed from parent clay dissolution were primarily silicates with a Si/Al ratio of 1:1.
Although four phases were identified, further investigation into these systems seemed
prudent to better understand the rates of reactions and the formation of possible
intermediate phases, such as the growth of sodalite at the expense of cancrinite observed
in previous kaolinite studies.37 Collaborative studies on systems similar to those found
here determined that the rate determining step in these systems was the release of silica
into solution.1 This release into solution was then followed by the uptake of silica into
new phases (see Figure 4-1).
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Figure 4-1: Inductively coupled plasma silica results from select Hanford samples with
[Cs+] = [Sr2+] = 1 x 10-5 to 10-3 m

Chorover et al. concluded that regardless of the contaminant concentration, the initial
silica release into solution was rapid (order of days) while a less rapid continual removal
of silica from solution up to 369 days (discussed further in Chapter 5).

With the

understanding that availability of silica was the limiting factor for neophase formation, it
was desired to study a system where the silica present in solution was controlled, with the
hypothesis that the more controlled environment would result in simplified results
concerning neophase formation. It was therefore necessary to obtain a silica source in a
solution form, and for the research described here Ludox (dissolved silica) was used.

92

These batch experiment systems are unique in so much that all of the components are
dissolved into solution, therefore all of the phases that precipitate from solution represent
the weathering products seen in earlier studies but with no background from the parent
clay material.

These samples became known as “Homogenous Nucleation” (HN)

samples due to the lack of dissolution followed by precipitation as precipitation occurred
from a homogenous solution. In order to produce controlled Si/Al ratios appropriate
amounts of the Ludox and the alumina (from the STWL) were added in the following
ratios: 1:1, 2:1, 10:1, 20:1. The research described herein is constrained to the 1:1
samples, due to the previous results determining sodalite and cancrinite to be the two
dominant neophases, both of which contain Si/Al ratios of approximately1:1.

4.1 Sample Preparation
HN reactions were performed at 60ºC (to mimic the heating affects of decay) with
a Synthetic Tank Waste Leachate (STWL) solution containing 0.05 mol kg-1 of total Al,
0.05 mol kg-1 Si in the form of a 40 weight percent colloidal silica solution (Ludox), 2.0
mol kg-1 Na+, 1.0 mol kg-1 NO3-, and 1 mol kg-1 OH-. The resulting pH of the system was
approximately 13.8 at 333.15 K. The STWL was spiked with Cs+ and Sr2+ contaminants
at a concentration of 1 x 10-3 mol kg-1 per cation. The samples were centrifuged to
remove the supernate. The precipitate was removed and washed three times with EtOH.
XRD Experiments. Diffractograms from the precipitated solids were
investigated to identify and characterize crystalline phases from the experiments.
Samples were placed on zero background silicon wafers, and diffractograms were
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collected on a PanAnalytical X‟Pert PRO with an ultra fast X‟Celerator detector from 4
degrees to 70 degrees 2θ at 0.01-degree 2θ steps with a Cu Kα source (λ = 1.5405 Å).
Additional diffraction patterns were collected at the Stanford Synchrotron Radiation
Laboratory beam line 11-3, in transmission mode with synchrotron radiation source (λ =
0.9753 Å) with a MAR345 image plate using a Si(111) monochromator with a focused
spot size of 150 µm. Fit2D software package set was used for radial averaging of the
Laue diffraction pattern. A LaB6 standard was used to optimize the detector geometry
and x-ray wavelength and these parameters were used to convert the Laue patterns to 2D powder diffraction patterns. Peak identification was performed using the Jade software
package (MDI Products) with ICCD PDF-2 diffraction database.
NMR Experiments.

27

Al and

29

Si 1-Pulse MAS NMR.

29

Si and

27

Al MAS

experiments were preformed on a Varian/Chemagnetics Infinity-500 spectrometer with
an 11.7 T magnet (1H resonance frequency of approximately 500 MHz). Additional 27Al
MAS experiments utilized a medium bore 21.1 T magnet and Varian Inova console (1H
resonance frequency of approximately 900 MHz). At 11.7 T, a 3.2 mm HX doubleresonance MAS probe was used at a frequency of 99.303MHz for 29Si measurements and
130.255 MHz for 27Al measurements. At 21.1 T a homebuilt probe with a Varian 3.2 mm
MAS stator assembly was used. The 27Al resonance frequency was 243.653 MHz at 21.1
T. Single pulse

27

Al-free induction decays (FIDs) were acquired after a radio frequency

pulse of 0.6 µs (corresponding to an approximate tip angle of π/20). The spinning rate
was approximately 20 kHz, and for each sample 4800 transients were acquired using a
recycle delay of 1 s which allowed for good signal-to-noise ratios in the resulting
frequency domain spectra. The FIDs were processed (in NUTS) with Fourier
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transformation following the application of an exponential weighting equivalent to 50 Hz
of Lorentzian line broadening. The

27

Al shifts (in ppm) were referenced to the

27

Al

resonance from a 1 M aqueous sample of AlCl3. For the 29Si MAS experiments, a total of
1200 transients were acquired from each sample with MAS rates of 10 kHz and a recycle
delay of 60 s. Time-domain data were processed with Fourier transformation following
the application of an exponential weighting equivalent to 200 Hz of Lorentzian line
broadening. The

29

Si shifts (in ppm) were referenced to the

29

Si resonance from neat

tetramethylsilane (TMS) through a secondary reference of tetrakis(trimethylsilyl)silane
(which displays resonances at approximately 9.6 and 135.2 ppm with respect to TMS)

4.2 27Al MAS NMR

4.2.1 Homogenous Nucleation Samples: 4 hour and 1 day
Similar to the montmorillonite studies,

27

Al MAS NMR was used to elucidate

structural information pertaining to the neophases forming as a function of time. High
resolution NMR (900 MHz) of the homogenous nucleation samples revealed four peaks
with observed frequencies at approximately 56, 59, 62, and 66 ppm when no contaminant
is present. The presence of these four phases correlates well with the four resonances
observed in the montmorillonite studies. Here, the relative areas of these four phases
change with contaminant presence. These spectra confirm the presence of two highly
crystalline phases in the sample.

In addition, there are two less crystalline

aluminosilicate phases comprising the 4 hour HN samples (see Figure 4-2).
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Figure 4-2: 27Al NMR of a 1:1 Homogenous Nucleation reference sample reacted for 4
hours with STWL

Through a series of spectroscopic and analytical techniques, the four phases in the NMR
have been determined to be amorphous aluminosilicates (56 ppm), zeolite A (59 ppm),
sodalite (62 ppm), and an extra-framework aluminum species, (66 ppm). Detailed peak
assignment and supporting evidence will be discussed thoroughly below. All of the
samples studied, excluding Figure 4-2, here contained the highest concentration of
contaminant found at the Hanford Site (1 x 10-3 m). To support the NMR results,
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crystalline phases were identified with powder XRD analysis, see Figure 4-3, obtained
from Nelson Rivera at the University of California Merced.

Figure 4-3: XRD analysis of Homogenous Nucleation samples weathered for 4 hours
with STWL
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As seen in Figure 4-3, which displays data from samples reacted with STWL for 4 hours,
the reference sample (containing no Cs+ or Sr2+) exhibits two highly crystalline zeolitictype phases, zeolite A, and sodalite. Zeolite A is described as containing two basic cagelike structures, α and β. The α cage structure has an inside diameter of approximately 1.1
nm where as the β cage has an inside diameter of approximately 0.7 nm (see Figure 44).78

Figure 4-4: Schematic representation of Zeolite A, with a Linde-Type A structure78

The opening of a sodalite cage is approximately 0.22 nm, which is a limiting factor in
cation exchange with respects to Cs+ (ionic radius of approximately 0.17 nm). Previous
researchers have confirmed this size limiting factor where they reported a 68% exchange
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rate of Cs+ for Na+ in a faujasite structure. The cation exchange mainly occurred at the
sites in the supercage , with the entrance to the sodalite cage limiting exchange.79 Sr2+ has
an ionic radius of approximately 0.12 nm and should in theory be more easily facilitated
into sodalite or zeolitic cages. The cation exchange capacity (CEC) of zeolite A is about
540 cmol kg-1 due to its 1:1 Si/Al ratio, the high substitution of aluminum for silica, and
open channel structure described in chapter 1. Zeolite A has several possible cation
binding sites, seen in Table 4-1. Site selection is based upon the principles described for
CEC in chapter 1. The multitude of binding sites, high CEC, and large pore openings
makes the formation of zeolite A advantageous for sorbing the harmful radionuclides
found in the HLRW.

Table 4-1: Cation Binding sites in Zeolite-A26
Site

S1
S2
S2´

Site per
pseudo
unit cell
3
8
8

S2*

8

S3

12

SU

1

S4

1

Description

In the 8-ring
In the 6-ring
Sodalite cage
adjacent to 6ring
In the
supercage,
adjacent to 6ring
Against the 4ring
Center of
sodalite cage
Center of the
supercage
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In the presence of Cs+, the dominant phase in the XRD powder pattern is sodalite
with a less intense zeolite A powder pattern (see Figure 4-3). In the XRD analysis, the
sample containing Cs+ exhibits a more intense sodalite reflectance than that of the
reference 4 hour sample. It is important to note here that the relative intensities from any
two samples in XRD cannot be compared to one another, as this technique is not
quantitative between samples. However, the amount of one phase relative to another
phase within the same sample can be compared, and this abundance of one phase over
another can be compared sample to sample. Using this comparative analysis allows for
direct comparison between the XRD and NMR spectra. Supporting the resulting XRD
analysis of a relative growth in the sodalite phase compared to the zeolite A phase, solidstate NMR results revealed a growth in spectral intensity in the site at approximately 62
ppm (see Figure 4-5). Noting this increase in intensity and comparing the frequency of
this peak with previous results on montmorillonite samples reacted under similar
conditions, it was concluded that the resonance at approximately 62 ppm is sodalite, and
the peak at approximately 59 is the zeolite A phase. The natural tendency of zeolites
toward low-field-strength cations (ionic charge < 2) supports Cs+ presence promoting the
growth of sodalite over zeolite A. Zeolites with low Si/Al ratios (approximately 1:1) also
tend to prefer divalent cations.6 It therefore seems reasonable to expect a growth in the
sodalite phase with the presence of Cs+, coupled with a possible uptake of Cs+ from
solution.
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Figure 4-5: 27Al NMR of a 1:1HN reference sample (solid) compared to a sample
containing [Cs+] = 1 x to 10-3 m (dotted) weathered for 4 hour with STWL

The 4 hour XRD analysis for the sample containing Sr2+ (see Figure 4-3) as the sole
contaminant, illustrates evidence for both the sodalite phase and the zeolite A phase
represented in the spectra, much like the even distribution seen in the contaminant free
reference sample (see Figure 4-6). Solid-state 27Al NMR confirms the presence of these
two phases in the Sr2+ containing sample in a similar ratio to that found in the reference.
It is therefore assumed that the two peak assignments thus far assumed are valid with
respects to the two newly forming neophases, sodalite and zeolite A.
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Currently these investigations do not indicate a straight additive effect describing
the growth of one phase over another. If cation selectivity is the only determining factor
in the formation of these phases it would be expected that there would be an additive
effect in the NMR spectra.

If it were purely an additive effect the Cs+ would

preferentially select one phase to form, Sr2+ would prefer a different phase, and the
mixture of the two contaminants would result in a spectrum containing both of the two
major phases. This is not the case at short weathering time periods (4 hours and 1 day).
As described by both the XRD analysis and

27

Al NMR, Cs+ shows a tendency toward a

sodalite-dominated spectrum, while the Sr2+ does not seem to prefer one phase over
another, and at these time periods may take no part in preferential phase formation. At
this time there does not appear to be an additive cation dependency on neophase
formation. An explanation for Cs+ promoting sodalite over zeolite A might be lack of
selectivity toward that particular aluminosilicate. Zeolite A research has shown a lack of
selectivity for Cs+, while the zeolite shows selectivity toward Sr2+, in zeolites with a low
Si/Al ratio.29
It is important to remember that the STWL solution these samples were
synthesized with contained 0.05 m NaAlO2, and 2.0 m Na+ (from NaOH). The selectivity
for weakly hydrated cations in zeolite A decreases as; Na+ > K+ > Rb+ > Cs+ > Li+. The
concentration of sodium in these solutions is over three orders of magnitude greater than
the concentrations of the added contaminants.

It is hypothesized that due to the

extremely Na+ dominant solution, the Cs+ and the Sr2+ have minimal effects on the phases
that are forming, specifically when only Sr2+

is present. It is possible that Sr2+

incorporates itself into a S2 or S3 site and helps stabilize the zeolite A phase. This
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incorporation into zeolite A would not necessarily promote one phase over another and
the resulting NMR spectrum would be similar to the sample with no contaminant present.
In a sample containing both Cs+ and Sr2+ the less dominant more recalcitrant zeolite A
phase could then facilitate Cs+ ion exchange with the Na+ within the sodalite, instead of
promoting the growth of the sodalite structure.

Unfortunately, at this time, the

mechanism of phase formation is speculative.
It is unclear if these phases form and then undergo cation exchange, which then
alters the phases formed/forming, or whether the presence of the contaminants promotes
phase formation, and then undergoes little or no exchange. It is hypothesized that due to
the overwhelmingly high Na+ concentration, the neophases are forming and then
undergoing minimal cation exchange.

Figure 4-6: 27Al NMR of a 1:1HN reference sample (solid) compared to a sample
containing [Sr2+] = 1 x to 10-3 m (dotted) weathered for 4 hours with STWL
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Peak assignments made in Figures 4-4 and 4-5 are further supported when both Cs+ and
Sr2+ have been added as co-contaminants to the samples. The 4 hr XRD of the sample
containing both Cs+ and Sr2+ describes dominance by the zeolite A phase, again
supported by solid-state NMR (see Figure 4-2 and 4-7 respectively).

Figure 4-7: 27Al NMR of a 1:1HN reference sample (solid) compared to a sample
containing [Cs+] = [Sr2+] = 1 x to 10-3 m (dotted) weathered for 4 hours with STWL

To this point the 1:1 HN 1 day samples have not been discussed, but in both the
XRD powder patterns and the 27Al NMR spectral intensities follow the same trends as the
4 hr samples, with the exception of the Cs+ containing sample (see Figure 4-8 and 4-9).
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Figure 4-8 is a 27Al NMR comparison of the 1 day and 4 hr weathered sample containing
Sr2+ as the contaminant to illustrate the similarities of the two spectra. Due to the
insignificant changes in the data at 1 day and 4 hr the 1 day samples will not be discussed
further in this thesis, and the same interpretation is assigned to both data sets.

Figure 4-8: 27Al NMR of a 1:1HN 4 hr weathered sample (solid) compared to a 1 day
(dotted) weathered sample. Both samples contain [Sr2+] = 1 x to 10-3 m.

The one discrepancy between the XRD and the NMR data in the 1 day sample set is the
sample containing Cs+ as the sole contaminant. Unlike the XRD of the 4 hour samples,
the XRD at 1 day describes intensities that are consistent with a sodalite phase only in
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this sample, with little to no evidence of a zeolite A phase as representative intensities are
lacking at approximately 8 and 12 two-theta (see Figure 4-9).

Figure 4-9: XRD spectra for the HN samples weathered for 1 day obtained from Nelson
Rivera

The

27

Al MAS NMR of the 4 hour and 1 day sample containing [Cs+] = 1 x to 10-3 m,

however, displays little to no change in the spectral intensities of the sodalite and zeolite
A phases (see Figure 4-10).

Essentially, the presence of spectral intensity at

approximately 59 ppm in the 27Al NMR suggests the presence of zeolite A that the XRD
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does not support. The discrepancy between the XRD and the 27Al NMR analysis can be
explained as a reduction in the long-range order of the zeolite A phase. As will be
observed in the next section, a transformation from the zeolite A phase to a cancrinite
phase is observed at 3 days of sample weathering. This transition of zeolite A to
cancrinite might actually begin at 1 day with Cs+ representing the only contaminant
present. It is possible that as the weathering of this particular sample continues, the
structure of the zeolite A phase diminishes as the cancrinite phase begins to form, thus
resulting in an apparent loss of spectral intensity. The spectral deconvolutions of these
two samples (figure not shown) describe a broadening of the zeolite A resonance, which
is consistent with a loss of long-range order.

Figure 4-10: 27Al NMR of a 1:1HN 4 hour weathered sample (solid) compared to a 1 day
(dotted) weathered sample. Both samples contain [Cs+] = 1 x to 10-3 m.
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4.2.2 Homogenous Nucleation Samples: 3 day and 1.5 year

As with the montmorillonite samples, and the short-term weathering HN samples
described thus far, 1-pulse 27Al MAS NMR was used to elucidate structural information
describing neophase formation as a function of time and contaminant present in samples
weathered with STWL for 3 days and 1.5 years. XRD analysis was again obtained from
Nelson Rivera at the University of California Merced, working for Dr. Peggy O‟Day. As
with the four hour and 1 day weathered samples, four peak intensities were observed with
27

Al MAS NMR, which have been assigned to extra-framework aluminum (66 ppm),

sodalite (62 ppm), cancrinite (59 ppm), and amorphous aluminosilicates (56 ppm). A
vast majority of the 3 day and 1.5 year data interpretation is the same as with the 4 hour
and 1 day samples. There is, however, a loss of the zeolite A phase and the incorporation
of a cancrinite phase representing the major difference between the data sets. It is
understood that the cancrinite phase is a more stable phase, and thus according to
Ostwald‟s rule of transformation the less stable zeolite A phase has been removed in
order to form cancrinite.37, 72 With this phase transition, the chemical shift of the four
major spectral intensities do not seem to change as the frequencies of the four observable
phases still peak at approximately 56, 59, 62, and 66 ppm (see Figure 4-11).
Collaborative XRD describes the growth of a cancrinite phase (vishnevite) that is
consistently present regardless of whether a contaminant is present, or which contaminant

108

is present. It is based on these XRD results and the results from the 4 hr and 1 day NMR
studies that we have attributed the resonance in these samples at approximately 59 ppm to
the newly formed cancrinite, coupled with the loss of the zeolite A phase.

Figure 4-11: 27Al NMR of a 1:1 Homogenous Nucleation reference sample weathered for
3 days with no contaminant present
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Also in the XRD analysis, there is no visible change in the XRD at three days regardless
of the contaminant that is present (see Figure 4-12).

Figure 4-12: Collaborative XRD spectra for the HN samples weathered for 3 day

In all of the 3 day samples, sodalite appears to be the dominant phase in the XRD spectra
and there seems to be little change not only in the phases forming, but also in the relative
abundance. Both cancrinite and sodalite are capable of ion exchanging Na+ for Cs+
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and/or Sr2+. Research by Chorover et. al, on parent clay systems weathered in similar
caustic conditions as those found here, showed that both sodalite and cancrinite were the
dominant phases that were observed as weathering time was increased. Their results
described a preferential uptake of Sr2+ into the large sodalite cage when contrasted to the
nitrate cancrinite cage (see Figure 4-13).

Figure 4-13: Atomic structure of sodalite (left) and nitrate cancrinite (right)

The NMR spectra for these 3 day weathered samples correlates well with the results
obtained from the XRD and the results described by Chorover. The NMR displays a
general lack of phase preference based on contaminants present, with the chemical shifts
of the resonances remaining the same. In the 3 day samples there is a prevalence of
sodalite over cancrinite (the dominance of the resonance at approximately 62 ppm
compared to the resonance at approximately 59 ppm) that changes toward cancrinite
dominance at longer weathering time periods. Figure 4-14 is an example of the spectral
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similarity of these samples with contaminants present (Sr2+ and Cs+ here) compared to the
reference sample with no contaminant (reference sample). This trend continues for all of
the samples, and the data is not included here to maintain brevity.

Figure 4-14: 27Al NMR of a 1:1HN reference sample (solid) compared to a sample
containing [Cs+] = [Sr2+] = 1 x to 10-3 m (dotted) weathered for 3 days

As was seen with the 4 hour and 1 day samples, the samples that have been weathered for
1.5 years display similar spectra to the samples weathered for 3 days. The collaborative
XRD show two phases again sodalite and cancrinite although there appears to be less of a
sodalite dominance seen in the 1 day and 4 hour samples, with a transformation toward a
cancrinite phase, Figure 4-15.
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Figure 4-15: Collaborative XRD spectra for the 1:1 HN samples weathered for 1.5 years

Here again the 27Al MAS NMR confirms the presence of two dominant phases with two
broader less dominant phases. The peak assignments here are the same assignments that
were found with the 4 hour, 1day, and 3 day samples (with the substitution of cancrinite
for zeolite A). It appears that at 1.5 years there is an increase in cancrinite intensity,
which could be the result of slight variances of the aluminum coordination, possibly due
to more Cs+ or Sr2+ incorporation into the cage structures.
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Figure 4-16: 27Al NMR of a 1:1 Homogenous Nucleation reference sample weathered for
3 days (solid) and 1.5 years (dotted) with no contaminant present

As was found with the 3 day samples, the 1.5 year weathered samples display very little
contaminant species dependence. In general for these systems it appears that the phases
forming after 3 days (and up to 1.5 years) are more of a function of the weathering time
than the contaminant present. The quasi-additive spectral effects observed in the shorter
time periods are completely absent in these longer weathering experiments, suggesting
that the presence of these phases at long time periods is unaffected by cation presence.
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Si NMR studies were also conducted with the purpose of not only supporting the

27

Al

NMR data interpretation, but to possibly elucidate a more in-depth understanding of the
local environments of these samples.

4.3 29Si MAS NMR
The 29Si NMR data found here supports formation of neophases as the 27Al NMR
data suggested in the sections above. As seen in the 27Al NMR data samples, the 4 hour
and 1 day samples are extremely similar in spectral intensity, as are the 3 day and 1.5
year samples. For brevity, the samples discussed and shown here will only represent the
1 day and 1.5 years samples.

Similar to the 4 hour and 1 day

27

Al NMR studies, the

presence of Cs+ and Sr2+ as co-contaminants display a preference toward the resonance
assigned zeolite A at approximately 59 ppm over the sodalite phase at approximately 62
ppm (in the

27

Al NMR spectra). Knowing that the sample with Cs+ and Sr2+ prefers

zeolite A and the reference sample (no contaminant present) had a rather even
distribution of these two most dominant phases the peak at approximately -87 ppm in the
29

Si NMR spectra has been ascribed to sodalite(see Figure 4-17).

The peak at

approximately -89 ppm has been assigned to zeolite A. Unlike the montmorillonite
samples there is no resonance at approximately -110 which would be indicative of a Q4
(Si(0Al)) species, such as quartz, that was present in the parent clay systems (see Figures
3-10 and 3-11).
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Figure 4-17: 29Si NMR of a 1:1HN Reference sample weathered for 1 day (solid)
compared to a 1:1 HN containing [Cs+] = [Sr2+] = 1 x to 10-3 m (dotted) weathered for 1
day
As the samples are weathered for longer time periods (3 days and/or 1.5 years) there is a
transition from a zeolite A phase to a cancrinite-type phase that is described by the XRD
(see Figure 4-12 and 4-15). This phase change is also evident in the

29

Si NMR when

comparing a contaminant-free reference sample weathered for 1 day versus a sample
weathered for 1.5 years (see Figure 4-18).
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Figure 4-18: 29Si NMR of a 1:1HN reference sample weathered for 1 day (solid)
compared to a sample containing a 1:1 HN reference sample weathered for 1.5 years
(dotted)
Figure 4-17 described the peak at approximately -89 as belonging to a zeolite A phase.
This assignment has been supported by both XRD and

27

Al NMR on these samples, and

is further supported by the longer weathered samples. Collaborative XRD describes a
transition from a zeolite A phase to a cancrinite-type phase as the samples are weathered
regardless of contaminant presence. Figure 4-18 again depicts a growth in the spectral
intensity at approximately -87 ppm, coinciding with a loss in spectral intensity at
approximately -89 ppm. As sodalite and cancrinite contain similar silica and alumina
tetrahedra (Si(4Al)) structure it is sensible for both of these aluminosilicates to have
similar

29

Si NMR resonances.37 The amorphous aluminosilicates phases also fall in the

Q2 region similar to cancrinite and sodalite.
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4.4 27Al NMR PQ and  calculations
As expected the center of gravity of the 27Al resonances increases with increasing
field. Due to this increase it is possible to calculate the quadrupolar product P Q and the
isotropic chemical shift in poorly revolved sites if data has been acquired at two different
𝑡𝑜𝑡
magnetic fields. The frequency shift of the center of mass a quadrupolar lineshape (𝛿𝑖𝑠𝑜
)
𝐶𝑆
is the sum of 2 shift terms: the isotropic chemical shift (𝛿𝑖𝑠𝑜
), the isotropic second-order

quadrupolar broadening (A𝑃𝑄2 ).
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There is an additional second-order quadrupolar

broadening term (𝐴PQ2 F(θ, α, β)) that is reduced under rapid MAS and will not be included
in this discussion.
𝑡𝑜𝑡
𝛿𝑖𝑠𝑜
= (𝛿𝐶𝑆
− 𝐴𝑃2𝑄 )
𝑖𝑠𝑜

(4.1)

Pq is known as the quadrupolar product and is defined as
PQ = CQ 1 +

2

(4.2)

3

 is defined in Equation 2.26 and Figure 2-13, and A is a is simple factor defined by;
A=

3
4

3 x 105 [I I+1 − ]
[2I 2I−1 ]2 ν 2L

(4.3)

where I represents the spin quantum number, and ν2L is the Larmor frequency. Once A is
𝐶𝑆
known it is easy to solve for 𝛿𝑖𝑠𝑜
and Pq if the frequency shift has been recorded at two

different static magnetic field strengths. These two values can be compared to known
data and peak assignments are able to be assigned from the literature.

Table 4-2

describes the set of values taken at 11.7 and 21.14 T (1H frequency of 500 MHz and 900
MHz respectively) for the samples weathered for 1 day.
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Table 4-2: Pq and δiso calculations

1:1 HN
Sample
Reference
Reference
Reference
Reference

𝛅𝐂𝐒
𝐢𝐬𝐨

Pq

𝛅𝐂𝐒
𝐢𝐬𝐨

Pq

2.27
1.5
1.43
1.4

1:1 HN
Sample
Cs A 1 day
Cs A 1 day
Cs A 1 day
Cs A 1 day

57.96
59.94
62.22
66.3

57.07
62.15
62.91
67.51

1.76
2.17
1.79
1.92

Sr A 1 day
Sr A 1 day
Sr A 1 day
Sr A 1 day

57.94
60.03
62.35
66.53

2.54
1.45
1.43
1.3

Cs/Sr A 1 day
Cs/Sr A 1 day
Cs/Sr A 1 day
Cs/Sr A 1 day

59.24
60.04
62.23
65.47

2.79
1.57
1.16
1.51

𝐶𝑆
As expected (due to the functional form of equation 4.1), the 𝛿𝑖𝑠𝑜
values are all larger

than the previously reported resonance frequencies for the four phases.

The peak

assignments with these new values are the same as previously reported; amorphous
aluminosilicates, cancrinite/zeolite A, sodalite, and extra-framework alumina as the
resonance frequency is increased. With the exception of the Cs+ containing sample, all
of the Pq values increase as the resonance frequency is increased.

One possible

explanation for the relatively large Pq values for the resonance at 57 to 59 is the inherit
nature of the amorphous aluminosilicate sites. The apparent reduction in the Pq value in
the sample containing Cs+ might be due to an ordering of these amorphous silicates
promoted by the presence of Cs+. Due to the similar chemical shifts of the sample
containing Cs+ (62.15 and 62.91 ppm) a 3 site model was attempted to explore the
possibility of only 3 neophases forming in the presence as the XRD suggests (see figure
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4-9). The 3 site model was not significant enough to capture the full broad resonance of
the sample, and thus the four site model was again supported. The Pq values of the
reference and the Sr2+ sample are relatively similar, which supports the previous
interpretation that the presence of Sr2+ alone has little to no effect on the phase ordering
of samples. In general the Pq values are relatively small. There are broadening affects
from these phases, but the effects are minimal, and it appears the chemical shift
interaction is the dominant interaction in these samples. The low Pq values confirm the
lack of sensitivity enhancement gained as MQMAS was performed on these samples.

4.5 27Al MAS NMR Deconvolution Discussion
Through spectral deconvolutions we were able to successfully quantify the
relative amount of neophases growing in with time (see Table 4-3). Although visually
the samples are all similar as the samples are weathered toward 1.5 years there is a
general growth in the phase at approximately 59 ppm ascribed to zeolite/cancrinite. The
growth of a cancrinite phase at longer weathering times was also observed in the kaolinite
studies.37 The peak assigned to poorly crystalline phases (~56 ppm) is being dramatically
reduced at longer weathering periods, as the result of more crystalline phases growing in
at the longer weathering times (sodalite and cancrinite). The peak at approximately 65
ppm is also reduced as weathering time is increased. The reduction of these phases
suggests a continual dissolving and precipitating mechanism occurring where these
phases are being dissolved and then representing additional Si in solution which is
incorporates into the sodalite and/or zeolite/cancrinite phases. The reduction of these two
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could also result from the formation of that site occurring immediately upon solution
mixing, and these phases do not increase over the course of the timed experiments.
Regardless of the presence of a contaminant the zeolite/cancrinite peak is growing in as
the sample is gaining in spectral intensity. This trend is also observed for the sample
with no contaminant present. The sodalite peak does not seem to display the increasing
continual growth observed with the zeolite/cancrinite phase, but rather a steady
concentration of phase is present up to three days of weathering with STWL, then the
phase is dramatically increased at 374 days. This phase appears to also be contaminant
independent, and a function of weathering effects such as Ostwaald ripening.
It may appear that the description of the sodalite and cancrinite/zeolite growth
resulting from the spectral deconvolutions is in disagreement with the phase dominance
described by the NMR spectra and the collaborative XRD in terms of phase dominance,
but upon further investigation this is not found to be true. The area deconvolutions here
represent both the highly intense crystalline neophases as well as the shorter-ranged
ordered cancrinite/zeolite and sodalite phases, where XRD represents on the highly
crystalline phases. The less ordered phases result in significant broadening of the peak
that is incorporated into the measurements found in Table 4-3. The XRD analysis
coupled with the NMR spectrum and the subsequent phase interpretation account for the
highly intense, more ordered phases. It does appear that at long time periods cancrinite is
the preferred phase, with the areas of the additional three phases varying slightly with
contaminant presence and weathering time. The incongruity of contaminant-mediated
phase formation with the area deconvolutions further underlines the variety of possible
chemical processes that can be occurring in these samples.
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Table 4-3: Area comparison of the four resonances observed in the 27Al MAS NMR

Frequency
~56
~59
~62
~66

Ref 4 hr
% Area
16
29
45
10

Ref 1 day
% Area
16
29
41
13

Ref 3 day
% Area
10
37
42
11

Ref 1.5 year
% Area
1
74
19
6

Frequency
~56
~59
~62
~66

Sr A 4 hr
% Area
13
43
36
7

Sr 1 day
% Area
8
39
41
11

Sr 3 day
% Area
9
44
36
11

Sr 1.5 year
% Area
2
72
21
5

Frequency
~56
~59
~62
~66

Cs A 4 hr
% Area
17
32
37
14

Cs 1 day
% Area
13
37
40
10

Cs 3 day
% Area
8
43
38
10

Cs 1.5 year
% Area
1
72
22
7

Frequency
~56
~59
~62
~66

Cs/Sr A 4 hr
% Area
13
40
35
12

Sr/Cs 1 day
% Area
12
51
27
10

Sr/Cs 3 day
% Area
5
27
56
12

Sr/Cs 1.5 year
% Area
1
67
26
5
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4.6 Conclusions
As with the montmorillonite samples, there is evidence that as these samples are
able to react with the free silica source neophases are being formed. At shorter time
periods (4 hours and 1 day) it appears that in general the contaminant present has
minimal affects on the growth of the neophases. This affect is not linearly additive,
which suggests that there are more complex kinetics occurring than simple neophases
formation followed by cation exchange. It appears that Cs+ could promote the growth of
more structured aluminosilicates phases (55 to 57 ppm) at shorter time periods. All
interpretations suggest that at longer time periods (3 days and 1.5 years) the contaminant
presence seems to have little to no affect in the formation of the neophases. All of the
samples regardless of the cations present tend toward the same neophase formation, and
the relative abundance of those neophases changes at longer weathering periods.

Chapter 5

Hanford Sediments

5.0 Introduction
After studying neophase formation from dissolving parent clays and controlled
Si/Al systems, a basic understanding of the resulting minerals that would form in
synthetic tank waste leachate (in the presence of Cs+ and/or Sr2+) was established. With
knowledge of what neophases are formed and in what quantity from these simpler
scenarios, our next objective was to direct the focus of this project back towards the
original goal of studying phase transformations of actual Hanford samples when Cs+ and
Sr2+ were present.

Three types of sediments were studied separately: Hanford Coarse

(HC), Hanford Fine (HF), and Ringold Silt (RS). The sediments were originally taken
directly from non-hazardous areas surrounding the Hanford site.
The HC samples are referred to as the “coarse” materials as they contain a large
gravel fraction (approximately 430g kg-1) obtained from the 218-E-12B burial ground
excavation site.1, 81 HC samples consist of medium- to course-grained gravel and silt and
contain the largest portion of sand of the three sediments. HF samples contain more silt
and clay than HC samples with approximately 2 g kg-1 of gravel (see Table 5-1 and 5-2).1
HF samples were also obtained from the 218-E-12B burial ground excavation site and are
described as consisting of thinly bedded, fine- to coarse-grained sand. RS samples,
comprised of fine sand and silt, were obtained from the White Bluff area surrounding the
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Columbia River. Each of these sediments were sieved to obtain samples with a <2mm
size fraction.

Tables 5-1 and 5-2 describe pertinent physical and chemical

characterization data for these three classes of samples and their mineralogy. Due to the
similar weathering characteristics (Si/Al release, Cs+ and/or Sr2+ uptake, and neophases
formation) between the RS samples and the HC samples, only the RS samples will be
discussed with respect to the solid-state NMR data interpretation. For the purposes of
this research, the HF and RS samples will be investigated via 27Al MAS NMR, with a full
interpretation and discussion of all three sample sets being found in the corresponding
paper by Chorover et al. in Geochimica et Cosmochimica Acta 2008.

Table 5-1: Selected physical-chemical characterization data. The full table is described
in the associated reference1

Sample

Sand
(g kg-1)

Silt
(g kg-1)

Clay
(g kg-1)

HC
HF
RS

930
728
18

29
206
839

44
66
143

CEC
(mmolc
kg-1)
22.9
17.7
76

Si
(g kg-1)

Al
(g kg-1)

Sr
(g kg-1)

Cs
(g kg-1)

CaCO3
(g kg-1)

299
319
283

74.4
69
87

440
350
205

1.3
3.4
10

13.1
3.4
27.5
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Table 5-2: Mineralogy of Hanford sediment described as follows: Q, quartz, P,
plagioclase, KF, K-feldspar, B, biotite, Py, pyroxene, S, smectite, I, illite, Ch, chlorite, V,
vermiculite, K, kaolinite, C, alcite.1 Order denotes relative abundance

Sample
HC
HF
RS

Mineralogy
Q, P, KF, B, Py, S, I, V, Ch, K, C
Q, P, KF, B, Py, S, I, Ch, V, K, C
Q, KF, P, B, Py, S, I, Ch, V, K, C

5.1 Sample Preparation

5.1.1 Sample Collection
As handling and studying the actual sedimentation compromised by the high level
radioactive waste, samples similar in character to those beneath the leaking underground
tanks at the DOE Hanford Site were collected from uncontaminated areas within the
Hanford Formation and Upper Ringold Formation at the Hanford Site. Sediments were
air dried, sieved to obtain the <2 mm fraction, and used without further modification.
Mineral composition of the bulk sediment, silt and clay size fractions was determined at
Pacific Northwest National Laboratory (PNNL) on a Scintag XRD unit with a Peltier
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thermoelectrically cooled detector and CuKα radiation. Total elemental analysis was
performed by both X-ray fluorescence and lithium metaborate fusion followed by ICPAES or ICP-MS.

5.1.2 Sediment-Synthetic Tank Waste Reaction

Acid washed Nalgene polypropylene copolymer (PPCO) vessels were to prevent
an silica contamination that could result in experiments in glass containers. Stock
solutions were prepared using ultrapure (MilliQ) water and reagent grade NaNO3, NaOH,
CsCl, SrCl2·6H2O (J.T. Baker) and NaAlO2·xH2O powder (EM Science) as obtained
from the manufacturer. Sediments were reacted with synthetic tank waste leachate
(STWL) that was prepared on a mass basis in units of molality, m, mol kg-1. The STWL
was prepared from a CO2-free solution composed of 0.05 m NaAlO2, 2.0 m Na+, 1.0 m
NO3- and 1.0 m. The solution was then pH adjusted to approximately 13.7 with NaOH-.
The STWL was created using aqueous NaNO3 and NaOH mixed with NaAlO2·xH2O
powder, stirring for 20 min, then vacuum filtering. Cs+ and Sr2+ were introduced into the
STWL by adding CsCl and SrCl2·6H2O to give three initial aqueous phase Cs+ and Sr2+
concentrations of 10-5, 10-4 or 10-3 m. Reactions were conducted in batch systems using
50 mL polypropylene copolymer (PPCO) centrifuge tubes containing 0.8 g of air dry
sediment in 40.0 g of STWL solution, yielding a solid-to-solution mass ratio of 1:50. All
reactions were carried out in triplicate. Two types of sediment-free controls were used to
confirm the absence of precipitates under those conditions: (i) STWL solution only and
(ii) Al-free STWL solution. All reaction vessels were kept in a dark, temperature-
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controlled room at 298 ± 2 K on an end-over-end mixer rotating at 1 rpm. Centrifuge
tubes were sacrificed at time intervals of 1, 7, 29, 92, 183 and 374 d. At the termination
of each designated reaction period, suspensions were allowed to settle and a subsample of
colloidal suspension (particles <2 µm) was obtained. Suspensions were then centrifuged
for 20 min and collected. All solutions were acidified to pH of ~2 with trace metal grade
HNO3 and preserved at 4 ˚C. The centrifuged pellets were re-suspended in 95% ethanol
(adjusted to pH 10.0 ± 0.1) to remove remaining STWL solution. Two of the three
replicate pellets were reacted with 0.1 m Mg(NO3)2 (adjusted to pH 7.00 ± 0.05) for one
hour to extract Mg2+-exchangeable Cs+ and Sr2+. Solutions from Mg(NO3)2 extraction
were centrifuged for 20 min. Pellets were then washed three times with ethanol (no pH
adjustment) prior to extracting „„poorly crystalline” precipitates using 0.2 m acid
ammonium oxalate (AAO) (4 hours at pH 3) on a reciprocal shaker in the dark.

5.1.3 Microfocused XRD and XRF Analyses

Synchrotron-based microfocused XRF and XRD data were collected at the
Advanced Light Source (ALS, Lawrence Berkeley National Laboratory, Berkeley, CA)
on beamline 10.3.2.. Data were collected using monochromatic X-rays at 17 keV and a
spot size of 5 x 5, 7 x 7 or 16 x 7 µm. For fluorescence measurements, energy was
calibrated with Fe metal by setting the first inflection on the absorption edge to 7110.75
eV. A Canberra 7-element Ge detector with XIA electronics (DXP2X Model T) was used
for fluorescence mapping. For microfocused XRD, Laue patterns were collected in
transmission mode using a CCD detector. The 2θ scale was calibrated with α-Al2O3 with
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the CCD detector placed at a standardized distance from the sample (150 mm). For XRD
data processing, FIT2D was used to convert Laue patterns to diffractograms of 2θ versus
peak intensity using a calibrated wavelength of 0.7295Å (17 keV). Laboratory and
synchrotron X-ray diffractograms were analyzed to determine mineral identities using the
JADE program (MDI Products) with the ICDD database by matching at least two to three
of the major reflections and allowing for variation in peak intensities in the microdiffractograms.

5.1.4. Synchrotron X-ray Absorption Spectroscopy (XAS)

Strontium K-edge fluorescence EXAFS (extended X-ray absorption fine
structure) spectra for Hanford sediments reacted for 374 days (Cs+tot = Sr2+tot = 10-3 m)
before and after Mg(NO3)2 + AAO extraction were collected at Stanford Synchrotron
Radiation Laboratory Source (SSRL) on beamline 11–2 (3 GeV, ~100 mA). Samples
were held at 4 K during data collection with a Si(2 2 0) monochromator crystal and either
a 13- or 30-element Ge solid- state detector. Energy was calibrated by setting the midpoint of the main absorption edge of reference SrCO3(s) to 16,105 eV. Bulk powdered
samples were packed evenly in Teflon holders and sealed with Kapton tape. Successive
scans were averaged, background-subtracted, and normalized to edge-step height.
EXAFS spectra were fit qualitatively using linear combinations of reference spectra to
identify major Sr2+ components. Spectra were fit by using the shell-by-shell method over
a k-range of 2 to 11.5–13Å-1 with theoretical reference functions calculated by the
program FEFF using atomic clusters from reference Sr compounds calculated with the
program ATOMS. Distance (R) and backscatterer number (N) were varied; Debye–
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Waller factors (σ2) were fixed on values determined from reference compound fits to
reduce the total number of adjustable parameters. Amplitude reduction factor (S02) was
fixed (=1); photoelectron threshold energy difference (𝛥E0) was fit as a single parameter
for all shells. Based on empirical fits to reference compounds in previous studies,
estimated errors in the EXAFS fit are R ± 0.02Å; N ± 25%.

5.1.5. Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy
29

Si MAS experiments were preformed on a Varian/Chemagnetics Infinity-500

spectrometer with an 11.7 T magnet (1H resonance frequency of approximately 500
MHz).

27

Al MAS experiments utilized a medium bore 21.1 T magnet and Varian Inova

console (1H resonance frequency of approximately 900 MHz). At 11.7 T, a 3.2 mm HX
double-resonance MAS probe was used at a frequency of 234.653 MHz for

29

Si

measurements, while at 21.1 T a homebuilt probe with a Varian 3.2 mm MAS stator
assembly was used. The

27

Al resonance frequency was 243.653 MHz at 21.1 T. Single

pulse 27Al-free induction decays (FIDs) were acquired after a radio frequency pulse of 0.6
µs (corresponding to an approximate tip angle of π/20). The spinning rate was
approximately 20 kHz, and for each sample 4800 transients were acquired using a recycle
delay of 1 s. The FIDs were processed with Fourier transformation following the
application of an exponential weighting equivalent to 50 Hz of Lorentzian line
broadening. The 27Al chemical shifts (in ppm) were referenced to the 27Al resonance from
a 1 M aqueous sample of AlCl3. For the

29

Si MAS NMR experiments, a total of 1200

transients were acquired from each sample with MAS rates of 15 kHz and recycle delays
of 60 s. Time-domain data were processed with Fourier transformation following the
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application of an exponential weighting equivalent to 300 Hz of Lorentzian line
broadening. The

29

Si shifts (in ppm) were referenced to the

29

Si resonance from neat

tetramethylsilane (TMS) through a secondary reference of tetrakis(trimethylsilyl)silane
(which displays resonances at - 9.6 and -135.2 ppm with respect to TMS).

5.1.6. Solution Analysis

An Accumet solid-state pH electrode with a Si free glass bulb was calibrated by
Gran titration to measure the molal hydroxide concentration of STWL samples.
Dissolved Cs+ and K+ were measured by atomic emission (AE) spectrometry using a
flame AE spectrophotometer (Instrumentation Laboratory Video 22). Soluble Al, Si, Fe
and Sr were measured by inductively coupled plasma atomic emission spectrometry
(ICP-AES, Thermo Jarrell Ash Model 61E). Samples below the ICP-AES detection limit
for Sr2+ (19 μg L-1) were reanalyzed by graphite furnace atomic absorption (GFAA)
spectrometry on a Perkin Elmer Zeeman 5100PC GFAA (Sr detection limit 2.1 μg kg-1).

5.2 27Al MAS NMR

Similar to the montmorillonite and homogenous nucleation studies, the 27Al MAS
NMR was used in collaboration with multiple analytical techniques to properly identify
and quantify neophase formation as a function of weathering time with STWL containing
[Cs+] = [Sr2+] = 1 x 10-3 m. A more diverse field of analytical techniques was available

131

for these studies and as such the collaboration was able to elucidate structural changes as
a function of weathering time, contaminant present, and sample mineralogy. With these
samples the collaborative XRD analysis and microfocused XRF describe sodalite and
cancrinite representing the dominant phases after 374 days of weathering with STWL.
There is additional evidence of detrital quartz and feldspar (see Figure 5-1). The AAO
washed samples additionally contained the presence of plagioclase/K-feldspar and clays
in addition to the cancrinite and sodalite phases seen in the samples without AAO
washing. As stated earlier, the HC and the RS samples exhibited similar weathering
trends described by the analytical techniques used on these samples, and therefore the HC
samples were not studied via solid-state NMR.
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Figure 5-1: Microfocused XRF maps and XRD patterns of Sr-rich particles observed in
HF (top) and RS (bottom) after 374 days of reaction with SWTL (a). The (b) samples
have been washed with ammonium oxalate
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The corresponding

27

Al MAS NMR of the HF samples shows an extremely broad

tetrahedral resonance at approximately 60 ppm (see Figure 5-2).

Figure 5-2: 27Al MAS NMR spectrum of a HF sample weathered with STWL for 374
days containing [Cs+] = [Sr2+] = 1 x 10-3 m
This spectrum was deconvoluted and four phases separate with distinct total shifts were
identified. The four resonances have shifts of approximately 55, 58, 62 and 65 ppm (see
Figure 5-3).
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Figure 5-3: Deconvoluted 27Al MAS NMR spectrum of a HF sample weathered with
STWL for 374 days containing [Cs+] = [Sr2+] = 1 x 10-3 m
The four resonances are similar to the resonances found in the spectrum of
montmorillonite and HN samples, with the XRD describing both cancrinite and sodalite
as the two dominant phases present after 374 days of weathering with STWL. Unlike the
previous studies, the Hanford Site samples already contain four-coordinate alumina
species in the unreacted sediment samples. In the montmorillonite studies, the small
spectral contribution in the tetrahedral region was removed from the spectra as there was
assumed to be a 1:1 loss relationship between the tetrahedral and the octahedral
aluminum as the parent silicate dissolved and the neophases formed.

Essentially,

montmorillonite had to dissolve for the neophases to form and we were therefore able to
assume that all of the parent spectral contributions in the tetrahedral region were being
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removed via spectral subtractions resulting in only neophase spectral contributions at
approximately 60 ppm. However, in the Hanford sediment samples, the tetrahedral
contribution may not be dissolving as the samples are weathered. There are also spectral
contributions present in these samples that add to the octahedral region only that might
also be dissolving, resulting in a loss of octahedral alumina only. Additionally, it is
possible for the phases present in the sediments to contain both octahedrally-coordinated
and tetrahedrally-coordinated sites that might be dissolving. Essentially, the simple
subtraction method used in the homogenous nucleation studies cannot be utilized as it is
difficult to determine which phase or phases contribute to the

27

Al spectra. Quartz also

represents a significant portion of these samples that might dissolve, thus providing a
silica source for neophase formation.
The 27Al MAS NMR resolution at the highest possible magnetic field (900 MHz)
is not sufficient enough to separate the neophases forming from the parent species
already present. At this point, the NMR must rely heavily on collaborative analytical
techniques for neophase formation and structural information. The XRD analysis of the
samples collaborates well with the phase assignment previously described for the four
resonances in the 27Al MAS NMR (see Figures 5-1 and 5-3). In these samples, however,
the XRD was unable to detect the presence of the neophases until 374 days as the spectra
was dominated by parent sediment minerals and as such the data interpretation will focus
on the long-range weathered samples.1 Comparing the area of the four deconvoluted
phases describes minimal changes in the four phases (Table 4-3) as a function of
weathering time and contaminant presence.
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Table 5-3: Comparison of phase area describing the four resonances in selected
deconvoluted spectrum.

HF Unreacted
~55 ppm
~58 ppm
~62 ppm
~65 ppm
HF 374 days
~55 ppm
~58 ppm
~62 ppm
~65 ppm

Area %
12
32
54
2

Width (arbitrary units)
2343
1119
1055
823

15
33
48
4

2245
1046
1029
891

Within error, there is a minute loss in the intensity of the peak at 62 ppm, but peaks at
approximately 55, 58, and 65 stay unchanged. The lack of significant change in the areas
of the spectral intensities at approximately 60 ppm indicative of neophases formation
does not contradict the collaborative XRD analysis describing the formation of sodalite
and cancrinite at 374 days of STWL weathering; it merely highlights the complex
chemistry occurring in these systems in terms of dissolution/formation of multiple preexisting phases described above.
With respect to phase formation, we are trying to inform the ringold silt (RS)
sample studies with the results from the HN and montmorillonite studies. In the HF
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samples the resonances, with similar shifts as found in the previous studies, were
assigned to extra-framework alumina, sodalite, cancrinite/zeolite, and amorphous
aluminosilicates. Within the RS samples, the phase analysis is more complex than the
analysis of the HF sample. In these RS samples three resonances at approximately 57,
61, and 71 ppm (see Figure 5-4) have been identified which does not appear to coincide
with the previous phase assignment of four distinct aluminum sites. The three peaks are
believed to be tetrahedral aluminum phases that are inherent to the RS mineralogy as the
chemical shift of these phases do not change after weathering for 374 days (see Figure 55). Additional neophase growth is observed at approximately 61 ppm after 374 days of
weathering with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m. Although the peak
assignments from the previous studies do not seem to correlate with the RS samples
(most notably the lack of a peak at approximately 59 ppm indicative of the cancrinite
phase described earlier) there is still evidence of neophases forming in these samples.
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Figure 5-4: Deconvoluted 27Al MAS NMR spectrum of unreacted RS sample reacted
with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m

Figure 5-5: Deconvoluted 27Al MAS NMR spectrum of a RS sample weathered for 374
days with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m
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In the RS samples the relative area of the three phases drastically changes at 374 days of
weathering with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 (see Table 4-4).

Table 5-4: Comparison of phase area describing the three resonances in selected RS
deconvoluted spectra. All values normalized to the area of the most dominant peak (at
~62 ppm) which was set to 1. †denotes area values excluding contributions from the
peak at approximately 62 ppm

RS Unreacted
~57 ppm
~62 ppm
~71 ppm

%Area
32
44
23

%Area†
58
42

RS 374 days
~57 ppm
~62 ppm
~71 ppm

20
67
13

62
38

In the unreacted RS spectrum the resonance at approximately 57 ppm (Area57) represents
32% of the total tetrahedral peak area (Areatot) of the alumina in this sample (with area
and intensities from spinning sidebands and octahedral alumina being excluded). Here
Areatot represents the total area of each of the deconvoluted peaks.

Areatot = Area71 + Area61 + Area57

(5.1)

The resonance at approximately 71 ppm represents 23% (Area71) of the Areatot and the
resonance at approximately 61 ppm (Area61) represents 44% Areatot.

The sample

weathered for 374 days contains the following Areatot: 20% (Area57), 13% (Area71), and

140

67% (Area61). These values were arbitrarily normalized to the most dominant phase of
the spectrum (approximately 62 ppm) and must be recognized for exactly what they
represent. The apparent loss of Areatot of the resonance at 57 ppm (from 32% to 20%) as
the sample is weathered does not represent a loss in that phase. The apparent reduction in
the area of the phase actually represents a growth of the phase at approximately 61 ppm.
Once it was determined that area of the broad resonance at approximately 61 ppm was
increasing it was necessary to quantify this growth, as this resonance is characteristic of
neophase formation. Fortunately, the two resonances at 57 and 71 ppm stay consistent
(within error) as the phase is weathered and are therefore used as an internal standard.
The quantification of neophase formation was determined by ignoring the area of the
resonance at approximately 61 ppm (%Area† in Table 4-5). If ignored, the Areatot of the
phase at 57 ppm increases from 58% to only 62% (with the phase at 71 ppm decreasing
from 42% to 38%). These two peaks are relatively unchanged and therefore it is assumed
that they represent the parent material with little to no neophase formation. Therefore, it
is assumed that all of the neophases are represented by the relatively broad peak at
approximately 61 ppm (previously assigned to sodalite in the HN and montmorillonite
studies). This peak increases almost threefold (approximately 2.7x) as the sample is
weathered for 374 days with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m. This increase
in the tetrahedral region of the 27Al MAS NMR spectrum is substantiated by the growth
in cancrinite and sodalite phases observed in the collaborative XRD spectra (see Figure
5-1). Unlike the previous studies in this thesis, the solid-state NMR was unable to
differentiate between the two neophases (sodalite and cancrinite). The lack of resolution,
even at the highest magnetic field available, is a result of the extremely broad resonance
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(approximate full-width at half max of 2000 Hz) inherent to the multitude of similar
aluminosilicates phases in the parent clay. Additional broadening could also be due to
the iron content of the clays. It is therefore important to incorporate collaborative data
analysis to further the investigations into these samples.

5.3 Collaborative Data

Collaborative XRD has confirmed the presence of the growth of neophases after
long weathering periods with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m. Thus far this
research has tested the limits of solid-state NMR resolution and been able to quantify
three or four phases depending on the sample. Using 27Al MAS NMR we have been able
to identify phases, but unfortunately we have not been able to quantify Sr2+ and/or Cs+
uptake. Collaborative ICP-AES analysis and EXAFS have been able to monitor and
quantify the contaminant uptake in these samples. The ICP-AES describe a maxima for
all soluble silica and alumina after approximately 29 days of weathering with STWL
containing [Cs+] = [Sr2+] = 1 x 10-3 m. Once the maxima is reached both the soluble
silica and alumina species begin to be removed from the solution phase (amount and rate
dependent on the sediment sample studied, see Figures 5-6 and 5-7).
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Figure 5-6: Silica inductively coupled resultant graph of Hanford samples reacted with
STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m (left) and reacted with STWL then AAO
washed (right)1

Figure 5-7: Alumina inductively coupled plasma resultant graph of Hanford samples
reacted with STWL containing [Cs+] = [Sr2+] = 1 x 10-3 m (left) and reacted with STWL
then AAO washed (right)1
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These samples were washed with AAO and, as expected, the release of silica and alumina
to solution increases with increasing weathering time. The HC and the RS samples
exhibited similar weathering trends where the HF sample seems to be far more
recalcitrant.

The ICP analysis describing silica and alumina concentration vs. time

further supports the formation of neophases as these samples are weathered, along with
evidence of Ostwaald ripening occurring at the longer weathering periods.
Uptake of Cs+ or Sr2+ from solution exhibited different behavior dependent upon
the contaminant present. The ICP-AES describe Sr2+ uptake as initially rapid and then
continual as weathering time with STWL was increased. After 374 days Sr 2+ uptake was
80-90% (depending on the sample) although easily exchanged out with 0.1 m Mg(NO3)2
(figure not shown). EXAFS analysis was able to ascertain a significant amount of SrCO3
in these samples, which might account for the high uptake of Sr2+ from solution. The
formation of SrCO3 as a method of Sr2+ removal from solution is the subject of future
research plans discussed in Chapter 6. After 374 days of weathering Cs+ uptake was only
20-40%, but the Cs+ that was sorbed was much more resistant to Mg+ exchange. The
incorporation of Cs+ into cation sites (believed to bind at frayed-edge sites) also resulted
in a more recalcitrant phase (described as a significant residual Cs+ pool after AAO
wash). The Cs+/ Sr2+ partitioning describing exchangeability, AAO extractability, and
residual cation presence are illustrated in Figure 5-8 and are further interpreted and
discussed in a manuscript published in Geochimica et Cosmochimica Acta by Chorover et
al. in 2008.1
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Figure 5-8: Sr2+ (top) and Cs+ (bottom) partitioning at a concentration of 1 x 10-3 m

5.4 Conclusions
27

Al MAS NMR was able to identify and quantify the formation of neophases in

two sample sets taken from the Hanford Site.

Although spectral resolution was

insufficient to fully separate the different phases in these samples an increase in the
tetrahedral region of the

27

Al MAS NMR describing neophase formation was observed

(approximately 60 ppm). Collaborative XRD analysis supports the

27

Al MAS NMR

results describing the growth of neophases sodalite and cancrinite.

Additional

collaborative research was able to determine the degree of Sr2+ and Cs+ uptake from
solution, and the degree of crystallinity of the phases forming. It was determined that
contaminant partitioning was coupled to neophases formation which was controlled by
free silica in solution.
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Chapter 6

Future Directions

6.0 Current Ongoing Work

The research presented here has described the affects of both Sr2+ and Cs+ on
neophase formation via studying the alumina and silica coordination changes as a
function of weathering time with synthetic tank waste leachate (STWL). Neophases have
been identified and quantified by incorporating the data from several analytical
spectroscopic techniques. Now that a thorough investigation into phase formation has
drawn to an end, it is now the goal of this research collaboration to study the retention of
Sr2+ and Cs+ in Hanford Site samples that have been washed with background pore water
in either CO2-containing and CO2-free environments (in attempts to mimic the
environment at varying sample depths at the Hanford site). The Hanford samples studied
in Chapter 5 describe a significant concentration of SrCO3 which was hypothesized to be
a major facilitator of Sr2+ removal from the STWL containing Sr2+ and Cs+ in the natural
samples. One goal of the collaboration now is to study the impact of waste chemistry on
these samples, specifically, how contaminant concentrations and CO2 partial pressure
affect mineral transformation reactions, the contaminant molecular environment, and
contaminant release from the solid phase.

It is the ultimate goal of future research to
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develop a reactive transport model describing contaminant release, retention, and the
kinetic rates of these systems.
The collaborative effort has moved forward studying Hanford Fine (HF) samples
weathered with STWL in reactions where CO2 and contaminant concentration are varied
(see Figure 6-1).

Figure 6-1: HF sample at varying contaminant concentration and CO2 pressure. All
samples have been weathered for 12 months. Bold represents the dominant phase in the
supporting XRD analysis
Figure 6-1 describes preliminary XRD analysis describing the dominant phases that are
observed after STWL weathering for 12 months. At low contaminant loadings (1 x 105

m) the dominant phase regardless of CO2 partial pressure is a sodalite-type phase, with

evidence of calcite and a stratlingite-type phase. As CO2 is added into the reaction the
dominant phases become a chabazite-type, sodalite-type, and calcite-type phase
(depending on Cs+ and Sr2+ concentration). Additional EXAFS analysis has shown that
SrCO3 is present in the solid at high CO2 concentrations, but the concentration of calcite
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is much greater, and therefore the SrCO3 reflectance is dominated by CaCO3 in the XRD
analysis. It was originally believed that SrCO3 would have a vast impact on the removal
of Sr2+ from solution, but it does not appear to be a dominant contributor to Sr2+ removal
here (see figure 6-1).
Preliminary NMR results on these “New Hanford” samples describe the presence
of two phases at approximately 62 and 59 ppm. These two phases have spectral peaks at
frequencies previously ascribed to sodalite and cancrinite. It is evident that additional
NMR experiments need to be conducted on these samples as it appears that the phase
interpretation between the XRD and the solid-state NMR are not in agreement. This
could be resulting from the inherent differences between solid-state NMR and XRD, but
further investigation is needed on these preliminary results.

Unfortunately the

preliminary solid-state NMR data suffers from a lack of resolution in these samples and
cannot differentiate phase variences between an un-weathered unreacted sample in the
presence of CO2 (see Figure 6-2) and a sample weathered for 12 months with STWL (see
Figure 6-3).
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Figure 6-2: Carboy Hanford sample with no contaminant present sample containing CO2
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Figure 6-3: Carboy Hanford sample weathered with STWL for 12 months with CO2
present
These resonances, even at the highest available magnetic field strength, are unable to
accurately separate the resonances and describe the phases present. It is necessary for the
solid-state NMR analysis to move beyond 1-pulse experiments and attempt resolution
enhancement pulse sequences which will result in more interpretable and quantitative
data.

6.1 Future Directions
In a recent publication by Marek Pruski in Solid State Nuclear Magnetic
Resonance, zeolites are studied by 27Al-29Si rotor assisted population transfer (RAPT) –
Carr-Purcell-Meiboom-Gill (CMPG) – heteronuclear correlation NMR techniques.82
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This pulse sequence allows for signal enhancement and alumina-to-silica peak
assignments to be made, which allows for direct Al siting to be studied. The use of this
pulse sequence will resolve the multiple similar phases in an otherwise convoluted
spectrum and allow for a more direct comparison between the

27

Al MAS NMR and the

29

Si MAS NMR.
The collaborative research group is also moving toward molecular modeling of

these systems (CrunchFlow). These studies will describe the siting of the cations in these
phases as well as the retention of Cs+ and Sr2+ in the solid phase. One aspect of research
currently being investigated is contaminant retention in Hanford samples reacted with
background pore water (BPW) comprising of pH 7.2 and all the following values in mmol kg1

: 3.6 NaCl, 1.7 CaSO4, 1.0 CaCl2, 1.0 MgCl2, 0.3 KCl, 0.1 NaHCO3.

It would be

interesting to affect similar studies as those found in this thesis to study the phase
transformation, or phase abundance as a function of weathering time and BPW. If the
phases are being stabilized by either contaminant, not only could the affects of Cs+ and
Sr2+ on phase stability be studied, but additional cation exchange properties could be
studied as the phases are placed back into an ion rich medium.
Additional studies on the Carboy Hanford samples will include
NMR studies.

133

Cs and

87

Sr

This more direct approach is necessary now that phases have been

identified via the aluminum and silicon coordination spheres. Preliminary

87

Sr studies

have been conducted by Bowers et al. on SrCO3, among other model compounds.83 Until
the research conducted by Bowers et al., 87Sr NMR was poorly represented in the NMR
literature and not used as a common method for studying strontium-containing
environments. Utilizing the pulse sequences developed by Bowers will allow for the
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determination of SrCO3 present in these systems, which seems prudent in understanding
possible binding environments for Sr2+.
In addition to the 87Sr studies, 133Cs NMR studies will yield information on cation
binding sites.

133

Cs research on systems akin to the parent material research found here

by Ejeckam et al. describes montmorillonite to have the highest Cs+ absorption with no
affects of temperature or pressure. Ejeckam describes Cs+ sorption to occur at either the
basal oxygen layer or in the water layer in the interlayer.84

133

Cs NMR studies had

previously been attempted on the systems found here, but the lack of hydration resulted
in relaxation times that made the NMR experiments on the order of weeks, not hours. It
was apparent that the 133Cs NMR studies would not be time or cost efficient.

133

Cs solid-

state MAS NMR was utilized to study on heulandite with varying levels of hydration by
Claire Fleegar.85 In these studies a change in the chemical shift of the
spectrum was observed as the samples became more hydrated.

133

Cs NMR

Hydrating the carboy

Hanford samples in a similar fashion as the zeolite studies by Fleegar will allow for faster
data acquisition (as hydration allows for a shortened relaxation delay in the NMR
parameters) which in turn would result in an additional method to studying the cation
environment in these samples. Weiss et al. was able to determine how heating affects the
different Cs+ binding sites in clay minerals similar to the model clay systems studied
here.63 These types of

133

Cs NMR studies can be furthered to elucidate information

pertaining to how STWL weathering affects the binding sites in these Hanford samples.
Although the project has successfully quantified phase growth in model clay
systems, homogenous nucleation studies, and natural Hanford samples, there is a variety
of different research opportunities still available as the project continues to progress
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forward. Incorporating 87Sr and

133

Cs NMR studies and advanced NMR techniques into

an already robust knowledge base will help in the understanding of the radionuclide
binding sites, retention values, and structural information of these samples.

The

culmination of all of this data will then fulfill the goal of this project concerning the fate
of radionuclides and the use of the complex mineralogy found in the vadose zone as
potential sorbents for the harmful radioactive waste.
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Appendix
Methods of Processing and Spectral Removal
Due to the variety of processing methods and the variety of NMR software
available, it has become more and more important to leave detailed directions on how to
reproduce the date found in this thesis.

It is the goal of this section to inform the reader

on how the data was obtained, and hopefully allow for reproducible results.
It is imperative that each sample be weighed and recorded in order to be able to
quantify the amount of a sample to the resulting peak areas and intensities. When
comparing multiple samples it is necessary to process each spectrum the same way.
Writing a script for NUTS is one method for creating consistently processed data. This is
easy to do by simply opening the “MAC” folder within the nuts program file folders, and
then opening a previously written script in a text editor program (wordpad, notepad etc.).
Once open it will become apparent what two word commands need to be altered with the
parameters designated for one sample spectrum. An example of an edited script is below.
NUTSMacro 1D 1H processing
;request FID file name
ask filea
;open file, FT, auto-phase and baseline correct
set lb 100
ga
em
bc
ft
;phase
set pa -112.9
set pb 384
pc

end
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In the script anything with a “:” is simply a note to help the reader see what is being done.
In the example above the line broadening has been set to 100 Hz, and the phasing
parameters have been altered to the desired values from a sample spectrum that was
phased properly. Once a script has been altered it can be accessed by opening the NUTS
program and typing “RU”. Nuts will not open this file until you type the two word
command “RU” in a blank NUTS file. “RU” is a two word command to search for the
designated script file, and will allow for a search for the file location that the script was
placed. Once the script has been located, double click the script to open the file. If the
script is not in the location that it was saved, then the file-type needs to be changed to
“.txt” as the script editor saves files in this format. After processing the desired data, the
data need be exported to a graphing program, in this case, Origin Labs. Export the NUTS
file as both E4 and E5 (file, export) as both formats are needed to remove any unwanted
spectra from the final product. The sample E5 file contains the X coordinate information
(in ppm) and the real data from the spectrum, column A and B in the Origin File
respectively. The data obtained from the E4 export contains both the real and imaginary
data that will be needed for mass normalization and spectral subtraction later. Open the
sample E5 file in Origin (file, import, single ASCII) and add 4 columns (right click add
columns). Highlight all of the columns and change the column width to 12 to fully view
the data. In another Origin file open the export E4 file. The real data between the E4 and
the E5 file should be the same, and again only the imaginary data is needed from the E4
file. Copy the imaginary column from the E4 file and paste it into a column in the E5
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export file. At this point it is helpful to close the sample E4 file to reduce the chance for
error.
It is now necessary to mass normalize both the real and the imaginary data by the
corresponding mass. In the E5 file copy the real and imaginary data and paste the data
into a blank Excel spreadsheet.

The Excel file can be opened separately, or there

function within the OriginLab software that will open Excel. In Excel the real and
imaginary data needs to be divided by the mass. Once divided by the mass, these new
“mass normalized” columns need to be placed back into the original E5 file. The sample
Origin file should now have five columns (X axis in ppm, real data, mass normalized real
data, imaginary data, mass normalized imaginary data). Import another ASCII file. This
file should be the data that is desired to be removed from the sample data we have just
been working on. In the case of the montmorillonite this new ASCII file would be the
unreacted montmorillonite standard. Repeat the above mass normalization and column
broadening steps with the standard.
In the Origin E5 file of the original sample select the first column (X data in ppm)
and scroll down to the values at approximately 0 ppm. Copy the 10 values above the
approximately 0 ppm row of the X axis column and the 10 values below the
approximately 0 ppm row. Paste these 20 values into an Excel spreadsheet (a new blank
spreadsheet or the one previously used for mass normalization). Repeat these steps for
the standard. The object of selecting these 20 values is to find the appropriate scaling
factor between the standard and the sample. In the case of the montmorillonite it was
desired to remove all of the octahedral parent material from the samples of interest (hence
the 20 values above and below 0 ppm representing the octahedral region of

27

Al NMR
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studies).

By finding the difference of the octahedral peak (approximately 0 ppm)

between the standard and the actual sample a scaling factor was obtained that will
effectively allow for the removal of all parent material from the entire spectra, assuming
the parent material is present in the same amount in both the sample and the standard.
Once the scaling factor is found (e.g. 0.55) the sample data can now be
appropriately scaled. Going back to the E5 Origin file 2 new columns need to be made.
In one column the real mass normalized data will be multiply by the scaling factor. To
do this right click on the entire column and set the column values. In the montmorillonite
example the scaling factor was 0.55, so the newly scaled sample column data (column
values) will look like; col(C)-.55*col(D). Where col(C) is the mass normalized real data,
and col(D) is the mass normalized standard real data.

The resulting data is mass

normalized, and has had all the standard spectral intensity removed from it. Repeat these
steps for the imaginary data.
Importing the data back into NUTS is difficult due to the 2 word command
prompts incorporated into NUTS. In sample E5 Origin file, copy the real and imaginary
mass normalized, standard removed sample data (I refer to this as the “normalized” data).
Open a new Origin file and paste these two columns of data. Export this Origin file as an
ASCII “.dat” file and open up a new NUTS file. In NUTS type “2f”. This removes the
two word command default found within the program (typing “2f” again will re-engage
the command default). Once the 2 word command has been removed type “im –type
asc”. This is asking NUTS to import an ASCII file, and it will prompt the file location to
be found. Once opened in NUTS the spectrum is now normalized, but there is no frame
of reference (“You‟re like a child wandering aimlessly into the middle of a movie…”).
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The spectral parameters must be reset (view, spectral parameters) by changing the sweep
width and the spectral frequency. The data is now properly referenced, background
subtracted, mass normalized and ready for quantitative interpretation.
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