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ABSTRACT
An understanding of the surface reactivity of minerals is crucial for characterizing
and scaling numerous environmental processes. For instance, the release rate of ions
during dissolution is scaled to remove differences in the available surface area. Typically,
BET or geometric surface area measurements are the convention to calculate surface
area. However, these methods do not necessarily report on the reactive surface area of a
mineral, which provides a chemically-sensitive measure of surface area. The reactive
surface area of clay minerals can be particularly challenging to quantify as they have a
layered structure with two distinct surfaces: edge sites and basal planes. The edge sites
dissolve preferentially compared to basal planes. When clay minerals are weathered, the
reactive surface area decreases as edge sites are depleted.
Throughout this thesis, the objective was to develop and demonstrate that
advanced experimental tools can be used to predict reactive surface area across spatial
scales for clay minerals. To measure reactive surface area, the probe molecule (3,3,3trifluoropropyl) dimethylchlorosilane (TFS) is attached to lone Q3Si hydroxyl sites and
the
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F spins in the TFS-treated samples are then quantified using
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F magic angle

spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. The quantification of
the number of reactive hydroxyl sites per gram of sample is proportional to the reactive
surface area of each mineral, particularly the edge sites for clay minerals.
Batch dissolution experiments of kaolinite were conducted at 21 °C and pH 3.
During the course of three months, dissolution rate decreased over time. BET specific
surface area measurements did not reflect changes in dissolution rate. However, the
selective nature of TFS attachment has been utilized to demonstrate the changes in
reactive surface area are tied to a concomitant decrease in the rates of Si and Al release
into solution. Similar studies were conducted with bentonite, a montmorillonite-rich clay
that contained an amorphous silica phase. The silica phase was identified to be opal-CT
and was not observed to contribute the dissolution rate of bentonite. Similar results to the
kaolinite experiments were obtained in which the decreasing dissolution rate was
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correlated with changes in reactive surface area. The quantity of reactive sites can be
used to predict the dissolution rates of kaolinite and montmorillonite.
Dissolution rates in the field can be several orders of magnitude slower than rates
for the same mineral when dissolved in the laboratory. Several factors including reactive
surface area can account for the differences in dissolution rates. The solid-state NMR
proxy for reactive surface area was used to determine how surface reactivity impacts the
rates of mineral transformations at the Shale Hills catchment, a Critical Zone Observatory
located in central Pennsylvania. The reactive surface area was quantified for a series of
soils collected along a downslope planar transect at Shale Hills. Variables that were
investigated to explain the changes in reactive surface area include soil mineralogy,
particle size, pore formation, and soil location and depth. Surface reactivity to the TFS
probe molecule was a function of the extent that the soils have been weathered rather
than soil age. Surface reactivity increases as soils are weathered from parent mineral, as
particle size decreases, and as extended pore networks are formed.
Dissolution rates of the soil samples were not a function of reactive surface area
determined with TFS quantification. Rather dissolution rates for the clay minerals were
all the same within error, suggesting that reactive surface area does not vary substantially
over long time scales in field weathered shales. This conclusion signifies that while it is
still important to quantify reactive surface area, it may be not be necessary to consider
how reactive surface area changes for field weathered clays when accounting for
discrepancies between laboratory and field dissolution rates.
Our NMR proxy for reactive surface area has laid the groundwork for future
studies using chemical methods to quantify reactive surface area, which will enable a
more accurate prediction of laboratory and field dissolution. These studies indicate that
the use of a chemical method to quantify reactive surface area can be successfully applied
to simple system. However, the quantification of reactive surface area for multimineralic
systems requires the quantification of both the quantity and reactivity of the reactive sites
present. Future studies into the use of chemical probes for quantifying reactive surface
area should emphasize a multifaceted approach to quantify the types and distribution of
reactive sites and how the distribution of reactive sites evolves over time.
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Chapter 1
Introduction to the Scaling of Clay Mineral Dissolution Kinetics

1.1 Motivation and Implications
The surface of the earth is ever-changing as soils weather through chemical,
physical, biological, and hydrological processes.1,

2

As soils are formed, their surfaces

play roles in such vital natural processes as nutrient and contaminant cycling and carbon
sequestration. However, it is not trivial to predict how fast soils will weather, particularly
over long time scales. Often, laboratory experiments are conducted to extrapolate results
to predict field weathering. These experiments are designed to simplify the complexities
of natural systems and are optimized to accelerate the rate of the reaction. Unfortunately,
these conditions provide results, such as dissolution rates, that do not scale accurately to
natural weathering conditions. For instance, laboratory dissolution rates at the Shale Hills
field site under investigation in these studies are 35-3000 times faster than field
weathering rates measured for the same minerals.3-5
One factor commonly suggested for the discrepancies between laboratory and
field rates is the inability to accurately measure the surface area of the reacting minerals,
which is used to scale dissolution rates. Although the total surface area of a mineral is
relatively easy to quantify, it does not necessarily represent the fraction of the surface that
is actually reacting. The first objective of the work in this thesis was to determine the
effectiveness of a chemical method to quantify the reactive surface area for both simple
mineral systems and complex natural systems. The second objective was to determine if
the chemical method could measure changes in reactive surface area as a mineral is
weathered and if those changes impact dissolution rate in a predictable fashion. These
studies were conducted to provide a greater understanding of the relationship between
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mineral reactivity and weathering rates, which can be used by chemists and geochemists
to better predict field dissolution rates in both the laboratory and the field.
In this thesis, advanced experimental tools including solid-state nuclear magnetic
resonance spectroscopy (NMR) were used to quantify the reactive surface area of clay
minerals. Clay minerals have a layered structure in which the edges are the most reactive
surface sites. The chemical method utilizing NMR to measure reactive surface area was
able to quantify successfully the edge surface area of the clays (Chapter 3). Then, clay
minerals were dissolved in the laboratory to investigate how changes in reactive surface
area were related to changes in dissolution rate. A exponential depletion in the number of
reactive surface sites, as determined by our chemical measurement of reactive surface
area, was correlated to decreases in dissolution rate. These observations demonstrated
that the dissolution rates of clay minerals can be predicted by measuring their reactive
surface areas (Chapters 4 and 5).
Reactive surface area was quantified for a series of clay-rich soils that have been
weathered in the field. In this more complex system, the reactive surface areas did not
accurately represent the clay mineral edge sites that dominate the rates of soil
transformations. Laboratory dissolution experiments indicated that the clay portion in the
soils had similar dissolution rates even though the soils had been weathered in the field
for different lengths of times. Therefore, soils exposed to weathering conditions over long
time scales have similar reactive surface areas. This conclusion signifies that while it is
still important to quantify reactive surface area, it may be not be necessary to consider
how reactive surface area changes for field weathered clays when accounting for
discrepancies between laboratory and field dissolution rates. Our NMR proxy for reactive
surface area has laid the groundwork for future studies using chemical methods to
quantify reactive surface area, which will enable a more accurate prediction of laboratory
and field dissolution rates (Chapter 6).
This first chapter introduces the clay systems being studied including their bulk
and surface structures as well as the common techniques used to quantify their reactive
surface areas. Then, our solid-state NMR proxy for reactive surface area is discussed. The
challenges of scaling environmental kinetic reactions are highlighted. Finally, the scope

3
of the project will be discussed including the rationale for using model clay systems to
verify our methodology and explore laboratory scale dissolution experiments before
progressing in complexity to investigate the surface reactivity of field weathered shales.

1.2 Phyllosilicates
Clay minerals are hydrous aluminum phyllosilicates that are common products
formed during weathering and sedimentation processes. Clay minerals are ubiquitous in
the environment and have several shared properties including small particle size, large
surface area to volume ratios, high cation exchange capacities, plastic behavior when wet,
and catalytic properties. Additionally, because of their structural durability, high
sorptivity, and low permeability, clay minerals are an important component in the storage
of radioactive waste.6 Clays are the soil fraction that is less than two microns in size
whereas clay minerals refer to specific phyllosilicate minerals that occur mostly in the
clay size fraction.7

1.2.1 Bulk structure
Phyllosilicates have a layered structure that can be considered to be atomic planes
stacked on top of one another on the (001) face. The primary structural units for
phyllosilicates are tetrahedra and octahedra (Figure 1-1). A tetrahedron is typically a Si
atom tetrahedrally-coordinated to four oxygens atoms. An octahedron is an atom, such as
Al, octahedrally-coordinated to six oxygen atoms.8 When tetrahedra or octahedra form an
atomic plane, it is referred to as a sheet, which is a cation plane between two anion planes
(Figure 1-2). Two types of sheets compose clay mineral layers: tetrahedral and octahedral
sheets. Tetrahedral sheets are made of tetrahedra, typically SiO44-, that are connected by
three basal oxygens and one apical oxygen. The octahedral sheet is composed of cations
(e.g. Al3+, Mg2+, Fe3+, and Fe2+) capable of six-fold coordination with O2- or OH-.
Divalent cations will form trioctahedral sheets whereas trivalent cations will form
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dioctahedral sheets with every third octahedral site vacant, as the larger cation charge
compensates for these vacancies (Figure 1-2). Cations in tetrahedral or octahedral sheets
can be isomorphically substituted for other cations of similar size and still maintain the
integrity of the crystal structure. In either the tetrahedral or octahedral sheets, the
substitution of cations of different charge (i.e. Al3+ for Si4+ or Mg2+ for Al3+) will create a
net negative charge on the sheets.
Two or three sheets associate together to form a layer. The layer types that will be
highlighted in this thesis are 1:1 clay minerals, composed of one tetrahedral sheet bound
through the apical oxygens to one octahedral sheet, and 2:1 clay minerals, having an
octahedral sheet sandwiched between two tetrahedral sheets. Layers associate together to
form crystallites and an interlayer space is located between the layers. Cations from the
surrounding aqueous solution are incorporated into the interlayer to balance the negative
charge of the layers created by isomorphic substitution. The distance between layers can
be affected by the charge of each layer and the size and hydration of the interlayer
cations.9

Figure 1-1. Polyhedral models of the basic tetrahedron and octahedron units. In the
polyhedral model, each O2- is represented as an apex. A cation, such as Si4+ or Al3+,
resides in the center of the tetrahedron or octahedron, respectively.
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Tetrahedral
sheet

Trioctahedral
sheet

Dioctahedral
sheet

Figure 1-2. Top view of tetrahedral sheets (top), trioctahedral sheets (middle) and
dioctahedral sheets (bottom).

1.2.2 Surface structure and reactivity
The layered structure of the clay mineral gives rise to two types of surfaces, edges
and basal planes (Figure 1-3). The basal planes have a permanent charge due to
isomorphic substitution balanced by cations in the interlayers. Clay minerals such as
smectites and vermiculites have smaller amounts of permanent charge, resulting in a
weaker hold on the interlayer cations. Cations can be readily exchanged when placed in
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solutions with different solutes or concentrations: this process is called cation exchange.
The extent with which this occurs is the cation exchange capacity (CEC).7
Unlike basal planes, edge surfaces have variable, usually pH dependent, charge.
On the edge of a 1:1 or 2:1 clay mineral, the layers are terminated by chemisorption of
water species with various numbers of H+ based on the pH of the surrounding
environment (Figure 1-4).10 In extremely acidic conditions (pH 1), all edge sites are
protonated (≡SiOH2+1), creating positive charge on the edge sites. As pH increases (pH 1
– 4.5), Si edge sites lose a proton, resulting in neutral sites (≡SiOH0). Finally, at pH 9, the
tetrahedral edge sites are deprotonated (≡SiO-1). The surface SiOH species of clays are
referred to as lone Q3SiOH because the Si is bound through bridging oxygen to three
other atoms and the hydroxyl group is not hydrogen bonded to another nearby hydroxyl
group.

Figure 1-3. Basal planes and edge surfaces of montmorillonite.
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Figure 1-4. Charges on the B chain edges of 1:1 and 2:1 dioctahedral phyllosilicates as a
function of pH. Adapted from White and Zelazny.11

1.2.3 Clay mineral surface area quantification
Dissolution rates are normalized to a surface area term to allow for a
straightforward comparison between experiments conducted with similar minerals in
different laboratories. However, determining the best way to accurately quantify surface
area has been a source of much debate for decades.12-17 This debate arises from the fact
that mineral surfaces have a heterogeneous mixture of surface sites that can have
different energetics. The term reactive surface area has been introduced as a way to
conceptualize surface area by taking into account various energetic sites on the surface of
a mineral.18-20
The concept of reactive surface area is particularly pertinent when studying
dissolution of clay minerals. Dissolution experiments performed on clay minerals
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indicate that edge sites can preferentially react compared to basal planes during
dissolution.21-25 Kohler and coworkers observed that many clay minerals have a temporal
decrease in dissolution rates, which was attributed to the preferential dissolution and
subsequent depletion of edge sites.4
The ideal method for quantifying the reactive surface area of clay minerals must
accomplish two objectives. First, the method must to differentiate the edge surface area
(i.e. the reactive surface area) from the total surface area of a clay mineral. Second, the
method must account for the evolution of the reactive surface area as edge sites are
depleted over time. In this section, the advantages and limitations of geometric surface
area, BET specific surface area, and atomic force microscopy (AFM) measurements to
quantify edge surface area are discussed. Then, chemical methods, such as the NMR
proxy for reactive surface area introduced by our research group, will also be discussed.

1.2.3.1 Geometric surface area
The most rudimentary way to measure surface area is an estimation based on
particle size and shape, which is called geometric surface area:
(1-1)
where a' is 6 or 3 for a cube or sphere, respectively, ρm is the mineral density, and r is the
length. The length is based on using the lognormal distribution of the sample’s particle
size.26 This measurement often provides a minimum total surface area value as it fails to
account for any surface roughness. Additionally, the surface area value calculated
depends heavily on how the particle size and distribution are measured, as well as
deviations from a true sphere.27 This simple measurement of surface area fails to
differentiate the edge sites from total surface area of clay minerals.
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1.2.3.2 BET specific surface area
To account for surface roughness, total surface area can be measured instead of
geometric surface area. The most common method for measuring total surface area is to
use the Brunauer-Emmett-Teller (BET) gas adsorption isotherm. An inert gas such as N2,
Ar, or Kr is adsorbed to the surface of a mineral. BET assumes that a monomolecular
layer of the inert gas adsorbs to the mineral surface. Based on the amount of adsorbed
gas, surface area can be calculated. Surface area can also be normalized on a per gram
basis, which is referred to as specific surface area (typically in m2 g-1).28
The use of BET specific surface area (ABET) for normalization of clay mineral
dissolution rates has varying levels of success. ABET can serve as a reasonable proxy for
the reactive surface area of non-swelling clay minerals such as kaolinite. The ABET is
approximately proportional to the edge surface area as the ratio of the edge surface area
to the ABET tends to scale with increases in ABET.29 However, this proportionality does not
necessarily extend to the depletion of edge surface area as the clay minerals are
dissolved.
Further weaknesses are exposed when ABET is used to normalize the dissolution
rates of swelling clay minerals. Dissolution experiments conducted using low electrolyte
concentrations on a standard smectite, SAz-1, indicated an increase in ABET due to the
exchange of interlayer cations, the expansion between layers, and the decrease in the
average aggregate size.17 The increase in ABET had no correlation to edge surface area. A
discrepancy emerges because adsorption techniques such as BET cannot measure the
interlayer spaces of swelling clays when cations are present. This experiment
demonstrates that ABET is not an appropriate proxy for calculating edge site surface area
for smectites.4, 25

1.2.3.3 Normalization of clay mineral dissolution rates with edge surface area
The limitations of ABET for normalization of clay mineral dissolution rates has led
to the emergence of applications using techniques that can measure mineral topography
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such as AFM, interferometry, and electron microscopy.27 AFM is the preferred method
for measuring the edge surface area of clay minerals as it provides selective
measurements of individual crystal faces.

23, 30-36

Measurements can be made in dry

conditions or in situ, providing the ability to measure mineral dissolution or growth in
aqueous solutions.17, 27 However, AFM suffers from several limitations. One limitation of
AFM is that it measures single particles or small clusters of particles; therefore, small
sample sets are used to represent the entire sample.17 A second limitation is that in situ
AFM measurements of evolving dissolution rates are limited to extreme conditions so
that measurements can be made on a reasonable time-scale. Therefore, AFM can not
readily be used to study mineral dissolution under more environmentally-relevant pH
conditions. A third drawback is that dry clay minerals are aggregates, making it difficult
for researchers to observe the material and determine the edge surface area.17,

32, 37, 38

Finally, the correlation between AFM edge surface area and reactive surface area is not
fully developed as various edge species may have different reactivities.
When AFM edge surface area measurements are not available, the current
recommended way to normalize dissolution rates is to use sample mass rather than
ABET.37, 39-41 Metz et al. demonstrated that mass normalization can act as a proxy for edge
surface area in some cases. For instance, mass was shown to be proportional to edge
surface area for a bentonite containing at least 85% montmorillonite. However, it was
noted that this observation may not be true for all layered minerals.17

1.2.3.4 Chemical approaches to quantify reactive surface area
AFM measurements of edge surface area are topographic measurements that have
not been proven to be proportional to reactive surface area, a value that relies on chemical
measurements to be accurately quantified.17 One type of reactive site found on many
minerals is related to the surface hydroxyl species.42,

43

Therefore, characterizing and

quantifying these hydroxyl groups is significant in identifying the reactive surface area of
a clay mineral during many environmentally-relevant reactions. Doing so on a mass
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normalized basis then allows the most straightforward comparison of the samples, their
measured dissolution rates, and the effect of chemical composition, sample origins, or
history. Several surface specific techniques can be utilized to investigate the surface
chemistry of minerals. These techniques include secondary ion mass spectrometry
(SIMS), x-ray photoelectron spectroscopy (XPS), and grazing incidence x-ray diffraction
(GIXD).27
An alternative method utilizing NMR to study and quantify reactive surface sites
has been implemented in our research group. While NMR is traditionally considered a
technique for interrogating the bulk structure rather than the surface structure of a
material, surface selectivity is readily achieved in these studies with covalent attachment
of (3,3,3-trifluoropropyl)dimethylchlorosilane (TFS) to reactive surface hydroxyl sites.
Originally applied to glass fibers44 and volcanic glasses45, this method of coupling NMR
with surface-reactive probes reproducibly provides robust quantification of the number of
reactive hydroxyl groups on the oxide surface. In these studies, the number of probe
molecules attached to the surface has been quantified with

19

F magic angle spinning

(MAS) NMR.
TFS selectively binds to lone Q3silanol species46-49, which are the predominant
edge silicon species.50 Proton-mediated dissolution of clay minerals is generally
hypothesized to progress predominantly through the breaking of the bridging oxygen
bond between silicon and aluminum at the crystal edge when the pH range is between 2.5
and 4.5.21, 51, 52 A likely mechanism for acid-mediated attack, which correlates well with
the selective attachment of TFS to lone Q3silanol species, is through hydronium
attachment to a non-hydrogen bonded Q3silanol. The hydronium ion can react with an
adjacent bringing oxygen species, breaking the bridging oxygen-metal bond, which is
hypothesized to be the rate-determining step in acid-mediated depolymerization
reactions.53-56
We posit that this total surface reactive site density (on a per gram basis)
measured with NMR is a suitable and reasonable proxy for the reactive surface area, as
the lone Q3silanol sites where TFS binds are intimately involved in the rate-controlling
step of acid-mediated mineral dissolution.45,

57

Thus, the development of this chemical
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method to quantify the reactive surface sites of a clay mineral should provide exceptional
insight to aid in the understanding of the scaling of clay mineral reaction rates.

1.3 Scaling from the laboratory to the field
Scaling dissolution rates from the laboratory measurements to field weathering
has been a complex challenge for geochemists. Laboratory rates can be 100 to 1000 times
faster than those predicted from field weathering for the same mineral.58 Several factors
are thought to contribute to the difficulty in scaling laboratory rates to field weathering
including those intrinsic to the mineral and extrinsic to the weathering conditions. Some
common intrinsic factors are changes in surface area, depletion of reactive surface sites,
formation of leached layers, and precipitation.59, 60 Laboratory preparation differences are
one reason for this discrepancy. For instance, normalizing terms such as mass, geometric,
and BET specific surface area all differ with varying grain size for biotite and anorthite. 61
In laboratory experiments, freshly crushed samples tend to dissolve faster than their
naturally weathered counterparts.62 Furthermore, natural coatings on feldspars can inhibit
dissolution.63
In the field, one must consider the extrinsic factors that affect dissolution rates:
near equilibrium conditions, hydrology issues, high mineral to fluid ratio, and increased
solute concentrations.59, 60 Unfortunately, these factors are much more difficult to mimic
in laboratory experiments. One reason for the large disagreement between rates has been
attributed to dissolution rates near equilibrium.64 However, some data have shown that
solution composition in the field is rarely at or near equilibrium conditions.65
Furthermore, hydrology appears to be an important factor in the differences between
laboratory and field dissolution, and it has been argued that a portion of watersheds do
not have enough flow to carry away dissolved solute.59 Finally, laboratory experiments
are typically conducted over short periods of time with high fluid-to-mineral ratios. In
contrast, natural weathering occurs over long periods of time with low fluid-to-mineral
ratios. For instance, specific solutes such as Al3+, Na+, H+, and organics can promote or
hinder ligand exchange rates on silicate surfaces. Solute concentrations can control the
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thermodynamic saturation state of the solid phase. Natural conditions are often much
closer to thermodynamic saturation than laboratory conditions. Consequently, dissolution
rates are slower when a mineral is near its thermodynamic saturation state, either in the
laboratory or in the field.60,

66

Often laboratory experiments can be conducted with

column reactors rather than batch reactors or fluidized bed reactors. This is one method
that decreases the volume to fluid ratio and more closely mimics natural weathering
conditions.60

1.4 Scope of the project

1.4.1 Model clay systems
The first research topic addressed as part of CEKA’s Dissolution Interest Group
was to exploit new experimental tools to predict reactive surface area across spatial
scales. The surface reactivity and its changes during proton-promoted dissolution was
studied for two model clay minerals – kaolinite and montmorillonite. These two clay
minerals were selected because they represent a 1:1 and 2:1 clay mineral structure and
they contain only small quantities of paramagnetic ions. The presence of any
paramagnetic ions present increases line broadening in NMR spectra, so the best
resolution is achieved by selecting samples with limited quantities of paramagnetic ions
such as Fe3+. The ultimate goal was to measure a rate in units of mol OH-1 s-1 for each
clay mineral.
Kaolinite (Al2Si2O5(OH)4) is a simple, well-studied 1:1 clay mineral contains has
dioctahedral sheets (Figure 1-5). The basal plane oxygen atoms in the octahedral sheet
are terminated by OH sites. The layers are attracted to one another by hydrogen bonding
of the OH sites on the octahedral sheet to basal O on the tetrahedral sheet.7, 67 Smectites
are 2:1 clay minerals with a low charge per formula unit of 0.2 – 0.6. Because of the
lower charge per formula unit, smectites are capable of shrinking or swelling based on
the amount of water present.67 Montmorillonite is a specific type of smectite that has
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Mg2+ substituted for Al3+ in the octahedral sheet.7,
VI

67

The ideal chemical formula of

IV

montmorillonite is M0.33[Mg0.66Al3.34] [Si8] O20(OH)4 · (H2O)n, where M is
representative of the exchangeable divalent cations .

Kaolinite

Figure 1-5. Structure of kaolinite.9

1.4.1.1 Scientific hypothesis
Our hypothesis-driven experiments were designed to determine if the
quantification of reactive surface sites could be used to predict the dissolution rates of
simple clay minerals. In Chapter 3, the solid-state NMR proxy for interrogating surface
reactivity is applied to clay minerals and compared to AFM edge surface area
measurements. These studies were designed to validate whether the geometric
measurement of AFM edge surface area is proportional to reactive surface area. In this
study, kaolinite and montmorillonite surfaces were investigated by chemically modifying
the clay surfaces with the TFS probe molecule and quantifying the number of probe
molecules attached to the surfaces with
1

29

19

F MAS NMR. This method was incorporated

with H- Si CPMAS NMR, TGA-MS, and BET studies to provide a detailed picture of
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clay mineral surfaces and their reactivities. These studies were used to determine if solidstate NMR proxy for reactive surface area is suitable for quantifying the reactivity of clay
minerals.

1.4.1.2 Dissolution experiments
As part of the objective to scale measurements of reactive surface area, the next
step was to conduct laboratory dissolution experiments to monitor how reactive surface
area evolves over time. Our solid-state NMR proxy for reactive surface area provides a
powerful tool to investigate the relationship between evolving dissolution rates and
changes in specific hydroxyl number. A comparison of published dissolution rates for
several clay minerals4,

68

indicate that studies are warranted to monitor how reactive

surface area, Areactive, evolves over the course of acid-mediated dissolution in the
laboratory. Published dissolution rates revealed a time dependent decrease in rates.4
Typically, an initial fast release of ions into solution is observed before the release
becomes more linear over time. The fast release is often attributed to the dissolution of
fine grain particles, strained areas on large grains, or defect sites.51 However, even after
long dissolution times, Kohler and coworkers concluded that any mineral with
heterogeneously dissolved surfaces would experience temporal slowing of dissolution
rates as a result of a continual depletion in the number of reactive surface sites.4, 69 In this
thesis, proton-promoted dissolution experiments of kaolinite and montmorillonite were
conducted to determine that rate is directly related to specific hydroxyl number. If this is
true, dissolution rate can be predicted by measuring the specific hydroxyl number.

1.4.1.2.1 Kaolinite dissolution experiments
The first set of dissolution experiments were conducted using kaolinite as it is a
simple, well-studied 1:1 clay mineral. Unlike 2:1 clay minerals where dissolution occurs
exclusively at edge sites under mildly acidic conditions, kaolinite dissolution has been
modeled by Cama and workers with two independent acid-mediated reaction
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mechanisms. One mechanism dominates below pH = 0.5 and the other dominates at pH >
2.5. In the pH 0.5 – 2.5 range, both pathways contribute to dissolution.52 Cama and
coworkers did not identify the active sites associated with these two mechanisms, but
their work did not confirm or deny the suggested edge and basal Al active sites proposed
by Huertas and coworkers.51 Kaolinite titrations conducted by Ganor and coworkers
supported the two-site model of Huertas and Cama, and suggested that kaolinite
dissolution under mildly acidic conditions is likely controlled by proton adsorption on
edge sites.70
To provide experimental evidence that dissolution above pH 2.5 is dominated by
edge sites, a series of batch dissolution experiments were conducted at pH 3 under far
from equilibrium conditions (Chapter 4). After a series of dissolution times, solution
chemistry and reactive surface area were measured to determine if dissolution rate or
specific hydroxyl number changed as the kaolinite dissolved. If a correlation is observed
between decreases in dissolution rate and specific hydroxyl group, it would suggest that
our NMR proxy for reactive surface area could successfully monitor a depletion of clay
edge sites and prove that kaolinite dissolution at pH 3 is dominated by dissolution at edge
sites.

1.4.1.2.2 Bentonite dissolution experiments
Smectites, such as montmorillonite, are often found with other non-clay minerals
such are feldspars, zeolites, and silica polymorphs and are referred to as bentonites. 6
Bentonite dissolution was emphasized as the model 2:1 clay mineral in Chapter 5 for
three reasons. First, the swelling property of smectites cause ABET to vary significantly
based on hydration conditions and interlayer cations present.17 This increase in ABET had
no correlation to edge surface area.4, 25 The second reason for choosing bentonite was that
AFM measurements of aggregates make it difficult for researchers to observe the material
and determine the edge surface area.17, 32, 37, 38 These first two reasons demonstrate the
need for an alternate method to quantify reactive surface area for smectites. The final
reason is that the bentonite sample contains montmorillonite with an accessory phase.
This increase in complexity compared to the kaolinite dissolution experiments was
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chosen to determine if the solid-state NMR proxy for reactive surface area could be used
successfully for multimineralic systems.
Proton-promoted batch dissolution experiments were conducted with a Ca
montmorillonite-rich bentonite containing a silica impurity. The relationship between
changes in specific hydroxyl number as measured by the solid-state NMR proxy and
changes in dissolution rate was explored. Our results were compared to literature
observations of normalizing dissolution rate to mass or AFM edge surface area
measurements for smectite dissolution experiments that contain an accessory phase.
These comparisons were made to determine the best method for normalizing surface area
for dissolution rates.

1.4.2 Field weathered soils
As part of CEKA’s goal to determine the best ways to predict weathering rates,
the reactive surface area of field weathered soils has been investigated. Soils collected
from the Shale Hills field site were the emphasis of these studies as it was a CEKA-wide
project to determine if the creation and evolution of its soil profile and its functions could
be quantitatively modeled. At Shale Hills, weathering rates are determined by the
dissolution of illite and chlorite. Illites are 2:1 clay minerals with dioctahedral, aluminus
layers that do not expand and have poorly-defined crystallinity (Figure 1-6).67 Illites have
primarily K+ in the interlayer space and have an average charge per formula unit of 0.9. 7,
9, 71

Chlorites are similar in structure to a 2:1 clay mineral. However, rather than cations

in the interlayer, the interlayer is a hydroxide sheet or octahedral layer, either as a
gibbsite (γ-Al(OH)3) or brucite (Mg(OH)2) layer. This interlayer sheet does not have
planes of atoms shared with neighboring tetrahedral sheets (Figure 1-6).7, 71
Field weathering rates of chlorite and illite were 1-5 x 10-17 mol m-2 s-1 and 2-9 x
10-17 mol m-2 s-1, respectively.3 These rates were several orders of magnitude slower than
laboratory dissolution rates at similar pH conditions (~4.5) 10-13.5 to 10-14.5 mol m-2 s-1.3-5
The discrepancy is commonly observed between the two methods, due to the primary
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differences in the two systems, including measurements of reactive surface areas, effects
of microbial and biological activities, and the absence or existence of secondary phases.
In Chapter 6, the relationship of reactive surface area to the dissolution rates of
field weathered shale samples was investigated. These experiments were conducted to
determine the applicability of the solid-state NMR proxy for the study of multimineralic
systems. The dissolution experiments were conducted in the laboratory at protonpromoted far-from-equilibrium conditions to preclude many of the intrinsic and extrinsic
factors that also influence dissolution rate. The ultimate goal of these studies was to
determine the influence of reactive surface area on dissolution rate to aid in the complex
task of determining the preferred methods to scale environmental kinetics.
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Illite

Chlorite

Figure 1-6. Structures of illite and chlorite.9
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Chapter 2
Solid-State Nuclear Magnetic Resonance Spectroscopy

2.1 Introduction
Solid-state nuclear magnetic resonance (NMR) spectroscopy is powerful tool used
to elucidate local structure and dynamics in a variety of systems including those relevant
to environmental, materials, and biological chemistry. For geochemists, NMR can be
used in conjunction with powder x-ray diffraction (XRD) to identify the bulk structure of
minerals. Unlike XRD, which is limited to identifying bulk structure, NMR can be used
to investigate amorphous or poorly-crystalline materials as well as the structure of
mineral surfaces. Solid-state NMR also offers the benefits of being a technique that is
nondestructive, and NMR measurements can be quantitative when performed under the
correct experimental conditions.
NMR is a phenomenon that occurs when certain nuclei are in a static magnetic
field and absorb and emit energy when exposed to an oscillating magnetic field. NMR
spectroscopy utilizes the NMR phenomenon to investigate the chemical and physical
properties of matter. In this chapter, the basics of NMR will be introduced. The
electromagnetic interactions that influence nuclear spins will be described. In addition,
various methods and experiments used in this thesis will be discussed.

2.2 Spin
Spin, originally conceptualized by Wolfgang Pauli, is a quantum property similar
to mass or charge that is possessed by all protons, neutrons, and electrons. Isolated
protons, neutrons, and electrons all have spins of ½. In a nucleus, spins can be paired
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together resulting in a net spin of zero. For instance, if an isotope has an even number of
both protons and neutrons, all of the spins are paired together. Therefore, the net spin is
zero for isotopes such as 12C and 16O.1
The NMR phenomenon can only be observed for the nuclei that have unpaired
spins. Nuclear spin precess around an axis creating angular momentum. This angular
momentum is a vector that may point in any direction. Interestingly, this angular
momentum is quantized and must be a half-integer or integer multiple of h/2π. The spin
of each isotope is based on the number of protons and neutrons present. If the sum of the
number of protons and neutrons is an odd number, the spin is a half integer, e.g., 1H, 13C,
27

Al, and 29Si. If protons and neutrons are both even numbered, the spin is an integer spin,

e.g., 2H, 6Li, and 14N.2

2.2.1 Spin in a magnetic field
When spins are placed in an external magnetic field, with strength B0, they
maintain their original spin polarization vectors. However, their magnetic moments
precess around the direction of the external magnetic field at constant cone angles. The
rate at which the spins precess is called the Larmor frequency, ω0:
(2-1)
where γ is the gyromagnetic ratio, a value that is constant for each nuclide based on the
ratio of its magnetic moment to its angular momentum.
Over long time scales, small fluctuations in the magnetic fields around each
nucleus cause the spins to wander over all possible cone angles. However, in the presence
of an external magnetic field, this spin wandering will cause slightly more spin
polarizations to align with the magnetic field, which is lower in energy. The anisotropic
distribution of spins is called thermal equilibrium (Figure 2-1). The net magnetic moment
of the spins is aligned with the static magnetic field along the z-axis at thermal
equilibrium.2 The net magnetic moment is treated as a single vector denoted as

.
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Figure 2-1. Spins in the presence of a magnetic field, B0, are at thermal equilibrium. The
net magnetic moment aligns with B0.
When NMR active nuclei are placed in a large, static magnetic field, B0, the spin
energy states lose their degeneracy. The allowed energy of the spin quantum levels when
placed in a strong magnetic field is determined by the azithumal spin quantum number
(m), the strength of B0, and the gyromagnetic ratio:
ℏ

(2-2)

where ℏ is Planck’s constant divided by 2π. The spin energies of nuclei with spin I will
split into 2I + 1 sublevels, i.e. I = ½ nuclei have two spin levels. The energy states are
denoted by their magnetic quantum number m, and m can range from I, I-1, I-2…, -I. The
spin energies split, coinciding with alignment of the z-component of spin angular
momentum either with or against the external magnetic field. For example, an collection
of I = ½ nuclei be found in one of two energy levels (Figure 2-2). The energy difference
between the ½ and -½ energy levels is:
ℏ
This is referred as the Zeeman splitting. (Figure 2-3).

(2-3)
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Figure 2-2. Spin energy states for I = 1/2 and I = 5/2 nuclei are depicted. The I = 1/2
nuclei have two energy levels and the I = 5/2 nuclei have six energy levels when placed
in a strong magnetic field.

Figure 2-3. Zeeman splitting occurs when a I=1/2 nucleus is placed in a static magnetic
field.
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At thermal equilibrium, the populations of nuclear spins in each energy level are
determined by the Boltzmann distribution. The population of nuclei in sublevel m (Nm)
relative to the total population (N) can be calculated as:
(2-4)
where k is the Boltzmann constant and T is temperature. At room temperature, the
difference in populations between each sublevel is rather small, making NMR rather
insensitive compared to other spectroscopic techniques. For instance, for 1H nuclei with a
Larmor frequency at 400 MHz and at a temperature of 298 K, the population difference is
on the order of a few spins in a 100,000. Nevertheless, the small difference in populations
of energy levels can be detected, providing the foundation of the field of NMR
spectroscopy.

2.2.2 Spin behavior in an applied magnetic field
NMR, like all spectroscopic techniques, utilizes the interaction of radiation with
matter. To obtain the nondegenerate energy states necessary for absorption, nuclei must
be placed into a large, static magnetic field. In the mid 1940s, two research groups led by
Bloch and Purcell independently demonstrated that nuclei in a static magnetic field will
absorb electromagnetic radiation applied as radio waves.3-5 The radio waves must be at or
near the Larmor frequency of the nuclei of interest for absorption to occur.
At thermal equilibrium, the net magnetization is aligned with the external
magnetic field along the z-axis. However, modern NMR spectroscopy detects
magnetization perpendicular to the z-axis.2 To create magnetization in the xy-plane, a
radiofrequency (r.f.) pulse creates a second, oscillating magnetic field, which rotates the
net magnetic moment of the spins, typically by π/2 or 90°. This r.f. pulse is applied for a
short duration at the Larmor frequency, bringing the net magnetization down to the xyplane by a process classically described by the torque of one magnetic field interacting
with another magnetic field. For instance, if a 90° pulse is applied along the -x- axis, the
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net magnetization will become aligned with the y-axis (Figure 2-4). After the pulse, the
nuclei relax and return to thermal equilibrium along the z-axis via mechanisms described
in Section 2.4. As the nuclei relax, they oscillate at a well-defined frequency at or near
the Larmor frequency that is detected and acquired. The NMR signal is called a free
induction decay (FID) and is collected as a function of time. To transform the signal into
the frequency domain, a Fourier transform to the frequency domain is applied to the time
domain FID.

Figure 2-4. The net magnetization along the z-axis is rotated to the y-axis by the
application of a 90°-x r.f. pulse.

2.3 Bloch equations
To describe the impact of an external magnetic field on the macroscopic magnetic
properties of an ensemble of nuclear spins, Felix Bloch proposed a set of simple
equations in 1946. He developed these equations based on Equation 2-5 that describes
how bulk magnetization, M, behaves in a magnetic field.
(2-5)
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Equation 2-5 was adapted by Bloch to account for the effects of relaxation on the
bulk magnetization. The Bloch equations are a set of three differential equations that
describe the x, y, and z components of the magnetization vector.6, 7

(2-6)

(2-7)

(2-8)
These equations assume that after the application of an r.f. pulse, spins relax along
the xy-plane and z-axis at different rates that follow first-order kinetics.8 T1 and T2 are
longitudinal and transverse relaxation time constants, respectively, describing these rates.
Each will be described in the following sections.

2.4 Relaxation
Spins are constantly interacting with one another and the surrounding lattice.
After an ensemble of spins is irradiated with a π/2 pulse, bringing the net magnetization
into the xy-plane, two types of relaxation occur. In solids, the magnetization in the xyplane typically relaxes first, which is called spin-spin relaxation. The second type of
relaxation occurs when bulk magnetization returns to thermal equilibrium along the zaxis, which is referred to as spin-lattice relaxation.

2.4.1 Spin-spin relaxation
At thermal equilibrium, the macroscopic nuclear magnetization has an
equilibrium value of

along the z-axis and no net magnetization exists in the xy-

plane. However, by applying a π/2 pulse along the -x-axis, the net magnetization along
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the z-axis is rotated to the y-axis. Spin-spin relaxation or transverse relaxation refers to
the phenomenon caused by spins interacting with one another. These interactions will
cause the precession of spins to dephase in the xy-plane and eventually decay to zero
(Figure 2-5).

Figure 2-5. Transverse relaxation. After a π/2 pulse, the net magnetization is in the xyplane. Initially, the magnetization is in phase (a), but then begins to dephase (b) causing a
decreasing in NMR signal intensity. Finally, the spins completely dephase (c) in the xyplane and the NMR signal is no longer present.

Spin-spin relaxation occurs when the net magnetization dephases in the xy-plane.
Simple pulse sequences to observe spin-spin relaxation are explained in Section 2.7. The
x and y components take the following forms:
(2-9)
(2-10)
where both components oscillate at the Larmor frequency, ω0, and decay based on the
spin-spin, or transverse, relaxation time constant, T2 (Figure 2-6). The rate of spin
dephasing in the xy-plane is a function of both molecular spin interactions as well as
inhomogeneities in B0. The resolution of a NMR spectrum containing many peaks is
determined by T2. When T2 is long, the peaks can be better resolved; however, if T2 is
short, the lines are broad and the spectra are overlapping and more difficult to resolve.
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Figure 2-6. Magnetization components and their response to spin-spin relaxation (left)
and spin-lattice relaxation (right) are depicted.1

2.4.2 Spin-lattice relaxation
During or after spin-spin relaxation in solids, the spin system interacts with the
crystal lattice, causing spin-lattice or longitudinal relaxation. The bulk magnetization
returns to thermal equilibrium along the z-axis, growing in an exponential fashion as
shown in Equation 2-11 and Figure 2-6.
(2-11)
The exponential relaxation is described by the spin-lattice relaxation time
constant, T1. In solids, T1 is usually much longer than T2. It is standard practice to wait
five times the duration of T1 to ensure that the magnetization returns to thermal
equilibrium for quantitative purposes. T1 can be measured with an inversion recovery
experiment where the spins are flipped 180° or with a saturation recovery experiment
where a series of several pulses are applied over a short duration to saturate the spins. In
both experiments, the τ delays are varied before the application of a π/2 pulse. The signal
is measured and used to calculate T1.9 The dominant mechanism for spin-lattice
relaxation for abundant I = ½ nuclei is homonuclear dipolar coupling (Section 2.5.3).
When studying NMR-active nuclei that have low natural abundance (e.g.
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Si is only

4.7% abundant in nature) homonuclear dipolar coupling is largely absent. Consequently,
relaxation depends on the much weaker heteronuclear dipolar coupling interactions.
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Therefore, the T1 times of low abundance, or dilute, spins can be very long resulting in
long experiment times for investigating these systems.

2.5 NMR interactions
Several internal and external spin interactions are present in solids that contribute
to the final NMR spectrum of a given sample. These interactions are described quantum
mechanically as spin Hamiltonians. The external Hamiltonian interactions (

), which

have been described already, occur when nuclear spins experience a static magnetic field,
which is called the Zeeman interaction (represented by

), and when the nuclear spins

experience a second, oscillating magnetic field, which is described by the r.f.
Hamiltonian (

. The internal Hamiltonian interactions (

are usually much

smaller in magnitude than the external interactions. Internal spin interactions describe
how nuclear spins experience magnetic fields induced by the sample itself. The internal
interactions are the chemical shift terms
direct dipole-dipole coupling (
interactions (

), the quadrupolar coupling

, and J-coupling

, the

. The total Hamiltonian

) is the sum of all the internal and external interactions:
=

+

+

+

+

+

(2-12)

In the following sections, each internal interaction will be described in detail.2, 10

2.5.1 Chemical shift interaction
Chemical shift effects are related to the local structure around nuclei. In
molecules, electrons interact simultaneously with nuclei and the magnetic field. Electrons
circulate to induce a smaller magnetic opposed to the external magnetic field. These
interactions cause a distribution in the chemical shifts in NMR spectra based on the local
structure of the nuclei. For instance, the magnetic field experienced by a Q4Si will differ

34
from the magnetic field experienced by a Q3Si because the electronic structures around
the two Si atoms are different.
In solids, motion is often restricted. Therefore, the chemical shift Hamiltonian of
spin Ij depends on both the tensor component

and the orientation of atoms with

respect to the magnetic field:
(2-13)
where (Θ) is the orientational angle.2 The orientation dependence is referred to as
chemical shift anisotropy (CSA). Powder samples studied with NMR have numerous
crystallite orientations; therefore, the spectrum is very broad and is referred to as a
powder pattern. Techniques discussed later will explain how NMR spectroscopists reduce
effects of CSA to improve spectral resolution.
Chemical shifts are referenced to a standard material and are frequently reported
in a parts-per-million (ppm) scale. Chemical shift, δ, is calculated as:
(2-14)
where νsample is the frequency of the sample and νref is the frequency of the reference
material. By reporting chemical shifts on a ppm scale, comparisons can be made easily
when experiments on I = ½ nuclei are conducted at different field strengths.2, 10, 11

2.5.2 Nuclear quadrupole interaction
Almost three fourths of all NMR active nuclei are quadrupolar, defined as having
nuclear spin greater than ½. Quadrupolar nuclei have asymmetric nuclear charge
distributions, creating a nuclear electric quadrupole moment, eQ, that can interact
strongly with the electric field gradient (EFG) at the nuclei.10 This interaction can cause
shifts in the energy level splittings. The Hamiltonian of the quadrupole interaction for a
single spin I is
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(2-15)

.
is defined as

(2-16)
where

is the EFG tensor, which describes the magnitude and orientation of the electric

field gradient. In the principle axis system,

is:
(2-17)

The three diagonal elements describe the shape and size of the electric field gradient. The
largest component of the electric field gradient is Vzz, based on the convention:
.

(2-18)

The three diagonal elements must also meet the constraint:
(2-19)
The deviation from cylindrical symmetry of the quadrupolar interaction is quantified
through the asymmetry parameter, η, of the electric field gradient:
.

(2-20)

The asymmetry parameter, η, can range from 0 to 1. The electric field gradient is
symmetric when Vxx = Vyy and therefore η = 0, whereas when η = 1, it is as asymmetric as
possible.
Vzz is equal to eq and is used to quantify the magnitude of the quadrupole
interaction, often reported as the quadrupolar coupling constant, CQ:
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(2-21)
where h is Planck’s constant.12, 13

2.5.3 Dipole-dipole coupling
Direct dipole-dipole coupling, also referred to as through-space dipole-dipole
coupling or simply dipole-dipole coupling, occurs when nuclear spins interact directly
with each other. This results from one nucleus creating a magnetic field with which a
second nucleus interacts (Figure 2-7). The second nucleus also creates its own magnetic
field with which the first nucleus interacts. As a through-space interaction, dipole-dipole
coupling may be either intramolecular or intermolecular.2
Dipole-dipole coupling depends on the distance between two nuclei. In the case of
two of the same spins (I), the homonuclear dipolar interaction can be represented by:
ℏ

where γI is gryomagnetic ratio of I,

(2-22)

the distance between two spins, and

is the

dipolar coupling tensor. When a pair of unlike spins (I and S) interacts, the heteronuclear
dipolar interaction is written as:
ℏ

where γI is gyromagnetic ratio of I and

(2-23)

the distance between the I and S spins.10 Both

homonuclear and heteronuclear dipolar interactions depend on known constants and
inverse cube of the distance between two spins, r

-3

. This dependence on distance is

exploited in cross polarization experiments (Section 2.7.2).
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Figure 2-7. Direct dipole-dipole coupling occurs between two nuclear spins.

2.6 Solid-state NMR techniques
Several NMR interactions are orientation dependent, or anisotropic. In liquids,
these interactions are not observed because the rapid isotropic tumbling in solution
averages out the molecular orientations creating sharp lines, a phenomenon referred to as
motional narrowing. The materials studied with solid-state NMR are typically powders,
or an ensemble of many crystallites. These powders lack motion; therefore, an NMR
spectrum of a powdered sample will produce broad lines, called powder patterns. The
powder patterns result from unique molecular orientations in the crystallites, generating
many different, and often overlapping, spectral frequencies. The broad observed lines
result in a lack of spectral resolution. A second common source of additional line
broadening is derived from the heteronuclear dipolar coupling of abundant nuclei such as
1

H to dilute spins such as

29

Si. The following sections explain the techniques routinely

used to circumvent these issues when conducting solid-state NMR experiments. These
methods are used routinely in the experiments described in Chapters 3 through 6.

2.6.1 Magic angle spinning
Magic angle spinning (MAS) is a technique regularly used in most solid-state
NMR experiments to decrease or possibly eliminate effects from chemical shift
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anisotropy and heteronuclear dipolar coupling. MAS can be fast enough to act as a
replacement for the molecular tumbling observed in liquids, therefore removing the
anisotropic effects and improving resolution. MAS was developed by two research
groups led by Andrew and Lowe who separately realized that by spinning samples at a
specific angle with respect to B0, the second rank tensor interactions could be
manipulated to average out the anisotropies present in powders.14-16 The angle, θ, at
which the sample must be spun with respect to B0, is the angle that results in the
ensemble average of the second order Legendre polynomial (P2(cos θ)) equaling zero:
=0

(2-24)

Several solutions exist as shown in Figure 2-8. However, the most commonly used angle
is approximately 54.74° (Figure 2-9).
For cases such as chemical shift anistropy, MAS reduces a powder pattern down
to a signal isotropic line when the spinning speed is three to four times larger than the
anisotropy. If the spinning is not sufficiently fast, a line at the isotropic chemical shift and
sidebands separated from that line at intervals of the spinning speed (Figure 2-10) are
observed. Spinning sidebands can be used to determine anisotropies and asymmetries of
nuclear spin interactions; however, the sidebands can cause undesirable overlap with
other signals in the spectrum. Based on the spinning speed, it is possible that the largest
peak is not the isotropic chemical shift. One can identify the isotropic chemical shift by
altering the spinning speed and determining which peak’s location does not change as a
function of spinning speed.17
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Figure 2-8. The magic angle is the value for θ when the second-order Legendre
polynomial is zero.

Figure 2-9. Magic angle spinning is typically carried out in solid-state NMR experiments
at θ = 54.74°.
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Figure 2-10. Spinning side bands appear at intervals of the spinning speed.18

It is useful to note that the widths of powder patterns are reported in ppm, which
are independent of magnetic field strength. However, the scale in frequency units is a
function of field strength; consequently, using a larger field strength equates to more
spinning side bands if the spinning speed remains unchanged. Additionally, if NMR is to
be used for quantification, the area of the main peak and all spinning side bands must be
quantified.
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2.6.2 High power decoupling
A second source of spectral broadening is often observed due to heteronuclear
dipolar coupling when detecting dilute spins, such as

29

Si, in the presence of abundant

spins, such as 1H. However, the effects of heteronuclear coupling can be removed or
averaged to zero by high-power 1H decoupling during spectral acquisition. To remove the
effects of heteronuclear coupling, first the desired pulse sequence is applied. Then, during
acquisition, continuous irradiation at the proton Larmor frequency is applied at a high
wattage.17 Alternative pulse sequences for decoupling with MAS exist including the Two
Pulse Phase Modulation (TPPM) and XiX schemes.19, 20
Average hamilitonian theory is needed to explain how high power decoupling is
effective to remove spectral broadening from heteronuclear dipolar coupling. In short,
when rf irradiation is applied near the resonance of the abundant spin system, such as 1H,
the Iz changes repeatedly between the +1/2 and -1/2 energy levels at a rate set by the
amplitude of rf irradiation. If the rate of the transitions of the abundant spins is fast
compared to the strength of the I-S dipolar coupling, then the Hamiltonian of
heteronuclear dipolar coupling (ĤD = dŜzÎz) time averages to zero. An in depth
explanation of average Hamiltonian theory is provided by Duer.17

2.7 Solid-state NMR experiments
Two widely used solid-state NMR experiments will be explained in the following
sections. A Bloch decay is the simplest NMR experiment, which is used to interrogate the
bulk structure in the local area of a given nuclei. The second experiment is cross
polarization, which is used to observe dilute nuclei, such as

29

Si, by transferring

magnetization from abundant spins, such as 1H, to dilute spins close in proximity to the
1

H spins.
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2.7.1 Bloch decay
The simplest pulse sequence that can be executed in NMR is the Bloch decay or
one-pulse experiment (Figure 2-11). Using this experiment for I = ½ nuclei, a calibrated
π/2 pulse at the Larmor frequency of the nuclei of interest is applied. Then, the free
induction decay of the signal is amplified and detected. Typically, when studying dilute
spins, high power 1H decoupling is used during acquisition. In between pulses, a delay
time equal to or greater than 5T1 is used to allow the nuclei to relax back to thermal
equilibrium before the sequence is repeated.

Figure 2-11. The Bloch decay pulse sequence is depicted.
When quadrupolar nuclei are under investigation, MAS is used to reduce or
eliminate chemical shift anisotropy. However, the quadrupolar interaction can be stronger
than the r.f. pulse, which causes the spin magnetization to evolve with imprecise
intensities. The conditions ideal for quantification can be achieved with short r.f. pulses.
The r.f. pulses should be shorter than π/10 instead of the π/2 pulse used for I = ½
nuclei.21,

22

Unfortunately, MAS does not average out completely the second order

quadrupolar effects. One of the primary strategies to increase resolution is to use as large
of a magnetic field as possible.23
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2.7.2 Quantification of NMR spins
Throughout this thesis, the surfaces of clay minerals were chemically modified
with a probe molecule, (3,3,3-trifluoropropyl)dimethylchlorosilane (TFS) via a
condensation reaction with non-hydrogen bonded Q3SiOH surface sites (Figure 2-12).
The probe molecules attached to the surface (most easily measured on a mass normalized
basis) were quantified with

19

F MAS NMR. Quantification of

19

F spins can be achieved

by calculating the signal area per scan of the TFS-treated sample and comparing it to a
spectrum with a known quantity of 19F spins. Fluorine-19 is an ideal nuclide for study as
it is NMR-active, has a high gyromagnetic ratio, and is 100% abundant in nature.

Figure 2-12. Lone non-hydrogen-bonded Q3silanol groups on a clay mineral edge site
undergo a condensation reaction with (3,3,3-trifluoropropyl)dimethylchlorosilane. The
highlighted –CF3 group represents the chemical entities detected with 19F solid-state
MAS NMR spectroscopy.
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In these studies, sodium trifluoroacetate (m.w. 136.01 g) (NaTFA) was used as
the

19

F standard. In its pure form, NaTFA contains 102 - 106 more fluorine per gram

compared to the TFS treated samples under investigation. To make a standard containing
an appropriate quantity of fluorine, NaTFA was diluted in series with fumed silica.
Initially, 0.1 g NaTFA was thoroughly mixed with 0.4 g fumed silica. The sample was
measured three times with

19

F MAS NMR to ensure the sample homogeneity. Spectra

were analyzed using the NUTS NMR processing software for peak integration. For each
run, the number of 19F spins was calculated based on the mass of the sample packed into
the rotor. After the dilution was shown to be homogeneous, 0.2 g of first dilution was
mixed with 0.3 g fumed silica. The second diluted sample was analyzed in triplicate to
ensure homogenous mixing. This dilution method and verification was conducted two
more times to produce a final standard containing 4.3 x 1018 19F spins. The number of 19F
spins was plotted as a function of normalization (area/scan) (Figure 2-13). The linear fit
proves the serial dilution quantity of 19F spins present in the final dilution to be accurate.

Figure 2-13. Serial dilution of sodium trifluoroacetate (NaTFA) in fumed silica was used
to make a dilute NaTFA standard. A plot of the number of 19F spins as a function of
normalization in units of area per scan demonstrated the final dilution to accurately
represent its calculated amount of 19F spins present.
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For accurate quantification, the total area under each peak and spinning side
bands of appreciable size was determined. The number of 19F spins for each TFS-treated
clay sample was calculated based on the peak area normalized to the number of scans and
compared to the peak area in the dilute NaTFA standard with known number of 19F spins.
Normalizing the number of reactive OH groups measured by 19F MAS NMR by sample
mass results in the number of reactive hydroxyl groups per gram of sample (a quantity
referred to below as nTFS). One limitation with this technique is the presence of
paramagnetic ions such as Fe3+, which causing a significant amount of line broadening.
For instance, in natural soils that are TFS treated, several spinning side bands are
observed (Figure 2-14). The intensity of these side bands can be integrated to quantify the
number of reactive sites present. However, the presence of paramagnetic Fe often
increases the amount of time necessary to collect a spectrum that can be quantified and
increases the error associated with the quantification. The best way to resolve these issues
is to spin the sample as fast as possible.

Figure 2-14. 19F MAS NMR spectrum of a TFS-treated valley floor soil sample at a depth
of 50-60 cm collected from the Shale Hills field site in central Pennsylvania. The
prominence of spinning side bands is a result of inadequate spinning speeds of a sample
containing ~ 4% Fe3+.
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2.7.3 Cross polarization
Spectral resolution is significantly improved by the use of MAS and high-power
decoupling. However, sensitivity is still a concern when detecting dilute spins, such as
29

Si (natural abundance 4.7%), as the spins are rare and have long T1 times. Cross

polarization (CP) MAS NMR is a technique that takes advantage of heteronuclear dipolar
coupling to enhance the signal of the dilute spin system. The experiment applies a π/2
pulse to an abundant spin system (I), such as 1H, and then transfers the magnetization to
the dilute spin system (S) in close proximity to the I spin system .26, 27 CPMAS is an ideal
technique for studying the surface structure of minerals. The termination of surfaces with
chemisorption of water provides a supply of protons on the mineral surface. This enables
one to achieve surface selectivity of mineral surfaces with 1H-29Si or 1H-27Al CPMAS
NMR. For instance, Figure 2-15 highlights the spectral differences between one-pulse
29

Si MAS NMR and 1H-29Si CPMAS NMR of a montmorillonite-rich bentonite sample.

Another benefit of CPMAS in some cases is that allows for faster recycling than the
relaxation time of the dilute spin system (e.g.

29

Si), allowing one to acquire data more

quickly.

Figure 2-15. A one-pulse 29Si MAS NMR spectrum with 1H decoupling (left) and a 1H29
Si CPMAS NMR spectrum (left) were collected for an as-received Ca-rich
montmorillonite sample containing a silica impurity. The peak at -93 ppm represents Si in
the montmorillonite crystal structure, the peak at -101 ppm is the Q3Si in the silica
present, and the peak at -110 ppm is from the Q4Si in the silica impurity. Spinning
sidebands are denoted with asterisks.
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To understand how CPMAS transfers magnetization from one spin system to
another, the thermodynamics in terms of spin temperature needs to be considered. Spins
behave similarly to how materials order themselves in various phases as a function of
temperature. At high spin temperature, the spins move quickly and are disordered like a
gaseous material. As temperature is decreased, the spins become ordered like a material
solidifying. To create ordered spins, the spin temperature must be decreased. Before the
initial π/2 pulse, no magnetization or order is present in the xy-plane for both the hot I
and S spins. In terms of the kinetics and thermodynamics of polarization transfer, the NI
spins have a gyromagnetic ratio γI at spin temperature TI and the NS spins have γS at TS.
Both spin systems produce reservoirs that can transfer polarization to each other and the
lattice, which acts as an infinite reservoir (Figure 2-17).6,

26

Under normal NMR

experimental conditions, the transfer of polarization between spin systems is forbidden.
Several steps are necessary to enable the transfer of polarization from the I to S spins.
To promote the transfer of polarization and then detect the rare S spins, three
steps in the CP pulse sequence are necessary: the temperature of the I spin system is
decreased, the polarization is transferred to the S spin system, and finally the S spins are
detected (Figure 2-16). First, a π/2 pulse is applied to the I spin system. The spin
temperature is reduced by applying constant irradiation to keep the spins in the xy-plane,
a process known as spin locking. Spin locking creates order in the xy-plane allowing the
spin temperature to be decreased. The I spins are able to hold the uniform spin
temperature due to fast spin diffusion from their large homonuclear dipolar coupling.
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Figure 2-16. Cross polarization pulse sequence is depicted where I is the abundant spin
system such as 1H and S is the dilute spin system such as 29Si.

Figure 2-17. Thermodynamic representation of cross polarization depicts the I and S spin
reservoirs transfer polarization to one another at the rate determined by the time constant
TIS. Both reservoirs also transfer polarization to the lattice at nuclear spin-lattice
relaxation time constants T1I and T1S. This figure is adapted from Pines, Gibby, and
Waugh.26
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The S spins still have a high spin temperature because of a lack of order in the xyplane. The cold I spins are brought into thermal contact with the hot S spins by the
application of simultaneous r.f. pulses to the I and S spin systems while the I spins are
spin locked. The rate of polarization transfer is most efficient when the precession of the I
spins is equal to the precession of the S spins, as shown in Equation 2-23:
.

(2-25)

B1I and B1S are the spin lock fields of the I and S spin systems. This is known as the
Hartman-Hahn match condition.28 In addition, the signal can be maximized by optimizing
the contact time. Thermal contact is made through dipolar coupling interactions with the
applied r.f. irradiation allowing otherwise forbidden transitions to occur. This thermal
contact warms the originally cool I spins and cools the warm S spins, generating S
magnetization in the xy-plane. The final step in the CP pulse sequence is detection of the
dilute S spin during which high power 1H decoupling is applied.

2.6 Conclusions
The basics of solid-state NMR interactions and experiments have been described.
An understanding of these factors is necessary for a chemist to utilize this valuable
technique to study a variety of systems. In this thesis, NMR has been utilized for several
purposes including the quantification of the number of probe molecules attached to a
mineral surface, the characterization and quantification the minerals present in a
bentonite sample, and characterization of the changes in Al coordination of naturallyweathered shales.
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Chapter 3
Solid-State NMR Proxy for Reactive Surface Area of Clay Minerals
Reproduced in part with permission from the Journal of Physical Chemistry C 114 (2010)
5491. Copyright 2010 American Chemical Society.

3.1 Introduction
The determination of dissolution and precipitation rates is required to understand
mineral weathering in the environment and the complex relationship of reaction rates to
mineral surface area, identity of surface reactive sites, solution chemistry, and distance
from chemical equilibrium. A needed step in predicting environmental reactions is
characterization of mineral surfaces, which control porosity, permeability, and exchange
of contaminants and nutrients in soils.1 To make connections between kinetic data
collected from different laboratories and from the field, surface area is a key scaling
parameter.2, 3 However, minerals such as clays can have multiple crystal faces and surface
topographies with varying reactivities when exposed to an aqueous environment, making
it problematic to assess the portion of sites considered to be reactive.4 The emphasis of
this chapter is to prove that a solid-state NMR proxy for reactive surface area can be
effectively used as a method to scale clay mineral dissolution rates.
Dissolution experiments performed on clay minerals, including some followed
with in situ atomic force microscopy (AFM), indicate that edge sites preferentially react
during dissolution.2,

5-8

This preferential dissolution demonstrates that reactive surface

area (the surface where active dissolution takes place) differs from the specific surface
area typically determined with the Brunauer-Emmett-Teller (BET) adsorption isotherm.
The BET technique measures specific surface area (ABET) through adsorption of a
monolayer of an inert gas such as N2, Ar, or Kr to the surface of a mineral9, and in clay
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minerals this includes the edges, the outer basal planes, and the inter basal planes for nonswelling clays. Consequently, the use of ABET in clay dissolution rate equations can
overestimate the reactive surface area leading to differences in rate constants of an order
of magnitude or more for dissolution experiments conducted on the same mineral.10, 11
Laboratory preparation differences are one reason for this discrepancy. For instance,
normalizing terms such as mass, geometric, and BET specific surface area all differ with
varying grain size for biotite and anorthite.12 To alleviate the discrepancy between these
rate measurements, as well as between laboratory and field studies, one rather endeavors
to quantify a chemically meaningful reactive surface area. Doing so on a mass
normalized basis then allows the most straightforward comparison of the samples, their
measured dissolution rates, and the effect of chemical composition, sample origins, or
history.
Mineral surfaces are terminated by chemisorption of water. The number of bonds,
n, a Si atom has through bridging oxygen to other atoms such as Si and Al is denoted as
Qn. For instance, a Si with two hydroxyl groups also has two bonds through bridging
oxygen atoms to other atoms. This is referred to as germinal Q2Si. A Si atom with a
single hydroxyl group and three bonds through bridging oxygen atoms to other atoms is
referred to as a lone Q3Si. Finally, when a Si atom does not have any hydroxyl groups, it
is a Q4Si and is referred to as a siloxane (Figure 3-1).

Figure 3-1. QnSi speciation examples for a silica surface are depicted.
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One type of reactive site found on many minerals is related to the surface
hydroxyl species that have been shown to interact with components in the environment.13,
14

Therefore, characterizing and quantifying these hydroxyl groups is a crucial step in

identifying the reactive surface area of a clay mineral during many environmentallyrelevant reactions, including acid-mediated dissolution. Several physical and chemical
experiments have been successful in characterizing surface hydroxyl species for simple
silicate systems such as silicas, including such methods as thermogravimetric analysis
(TGA)15, deuterium exchange with mass spectrometry (MS)16,
spectroscopy18-20, titrations21,

1

17

or infrared

H magic-angle spinning (MAS) nuclear magnetic

resonance (NMR)15, and 1H-29Si cross polarization MAS (CPMAS) NMR.22 Many
different types of oxide surfaces have been chemically modified with organosilanes to
probe binding sites for hydroxyl speciation:23, 24 reactive silica surface species have been
elucidated by reacting silica with a chlorosilane or ethoxysilane, followed by the
investigation of surface bonding environments with 1H-13C and 1H-29Si CPMAS NMR25,
26

, as well as Fourier transform infrared spectroscopy (FTIR)27, 28, and XPS.29
Though many techniques have been used to assess hydroxyl content of silicas

both qualitatively and quantitatively, the dominant methods for quantifying reactive
surface sites for clay minerals have been BET and, more recently, AFM.6,

30, 31

Clay

surface area may also be normalized by mass or reported in terms of geometric surface
area, but the most commonly used method is the BET specific surface area
measurement.32 It has been noted that BET can serve as a reasonable proxy for the
reactive surface area of non-swelling clay minerals such as kaolinite, thus providing a
value for specific surface area that is approximately proportional to the edge site surface
area as the edge to BET specific surface area ratio tends to scale with increases in BET
specific surface area. However, for swelling clay minerals such as smectite this
approximation does not hold true. Dissolution experiments conducted using low
electrolyte concentrations on a standard smectite, SAz-1, indicated an increase in BET
specific surface area due to the exchange of interlayer cations, the expansion between
layers, and the decrease in the average aggregate size. This increase in BET specific
surface area had no correlation to edge surface area as determined by AFM. This
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discrepancy emerges because adsorption techniques such as BET cannot measure the
interlayer spaces of swelling clays when cations are present. Consequently, this
experiment suggests that ABET is not an appropriate proxy for calculating edge site
surface area for smectites, while AFM measurements of edge site surface area provide a
better representation of clay mineral reactive surface area in these cases.2 In studies of 1:1
clays, AFM characterization has also provided quantitative assessment of the reactive
surface area of KGa-1b and KGa-2 kaolinite samples, with calculated edge surface areas
of 30.0% and 18.2%, respectively, of the total surface area.33 Though AFM edge surface
area serves as a proxy for reactive surface area, the correlation between edge surface area
and reactive surface area is also not fully developed as various edge species may have
different reactivities. Thus, the development of a chemical method to measure the
reactive surface site density of a clay mineral should provide exceptional insight to aid in
the understanding of clay mineral reaction rates.
While NMR is traditionally considered a technique for interrogating the bulk
rather than the surfaces of a material, surface selectivity is readily achieved in these
studies with covalent attachment of a fluorine-containing chlorosilane to reactive surface
hydroxyl sites. Originally applied to glass fibers34, this method of coupling NMR with
surface-reactive probes reproducibly provides robust quantification of the number of
reactive hydroxyl groups on the oxide surface. This technique has also been applied
recently to understand the reactivity of volcanic aluminosilicate glasses.35 In these
studies, the number of probe molecules attached to the surface (most easily measured on
a mass normalized basis) has been quantified with

19

F MAS NMR. Fluorine-19 is an

ideal nuclide for study as it is NMR-active, has a high gyromagnetic ratio, and is 100%
abundant in nature.
In this study, kaolinite and montmorillonite surfaces have been investigated by
chemically modifying the clay surfaces with a probe molecule, (3,3,3-trifluoropropyl)
dimethylchlorosilane (TFS), and quantifying the number of probe molecules attached to
the surfaces with

19

F MAS NMR (Figure 3-2). This

19

F NMR method has been

incorporated with 1H-29Si CPMAS NMR, TGA-MS, and BET studies to provide a
detailed picture of clay mineral surfaces and their reactivities. These studies were used to
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determine if solid-state NMR proxy for reactive surface area is suitable for quantifying
the reactivity of clay minerals to be used for the scaling of dissolution kinetics.

Figure 3-2. Lone non-hydrogen-bonded Q3silanol groups on a clay mineral edge site
undergo a condensation reaction with (3,3,3-trifluoropropyl)dimethylchlorosilane. The
highlighted –CF3 group represents the chemical entities detected with 19F solid-state
MAS NMR spectroscopy.

3.2 Experimental methods

3.2.1 Clay mineral preparation
Clay minerals were purchased from the Source Clays Repository, an entity of the
Clay Minerals Society at Purdue University (West Lafayette, Indiana). Two kaolinite
samples – low-defect kaolin from Washington county, Georgia (KGa-1b) and high-defect
kaolin from Warren county, Georgia (KGa-2) – as well as two montmorillonite samples –
calcium-rich montmorillonite from Gonzales county Texas(STx-1b) and sodium-rich
montmorillonite from Crook county, Wyoming(SWy-2) – were cleaned via a method
previously described by Chorover and coworkers to remove oxide impurities.36 KGa-1b,
KGa-2, and SWy-2 cleaning procedures were carried out with 1.0 mol kg-1NaCl solutions
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and STx-1b was cleaned with a 1.0 mol kg-1CaCl2 solution. The salt solutions selected
were based on the predominant montmorillonite interlayer cation or most abundant cation
in kaolinite samples as measured by elemental analysis. The cleaned particles were dried,
gently crushed, and sieved to <106 μm (150 mesh size).

3.2.2 BET and TGA-MS analyses
The clay minerals and their surfaces were characterized with BET and TGA-MS.
The BET measurements were conducted using a Micrometrics ASAP 2020 with N2 to
determine the specific surface area of each clay. Triplicate BET measurements in our lab
have been performed, indicating an average error for a sample to be + 4%. During TGA
(TA Instruments TGA 2050) analysis, samples were heated to 975 ºC at a rate of 20
ºC/minute with N2 as the carrier gas to determine the type of hydroxyls (physisorbed and
chemisorbed) present in each clay sample. Volatiles were analyzed with a mass
spectrometer to quantify the hydroxyl content. Peaks in the digitized data were integrated
with Mathcad to calculate the percent of physisorbed and chemisorbed water.

3.2.3 Powder XRD
Crystalline phases were determined with powder x-ray diffraction (XRD) for the
cleaned clay samples of low-defect kaolinite KGa-1b, high-defect kaolinite KGa-2, Carich montmorillonite STx-1b, and Na-rich montmorillonite SWy-2. A PANalytical X’Pert
Pro MPD theta-2-theta powder diffractometer was used with a CuKα radiation source
with the goniometer angles set from 5 to 70°2θ with a 0.0130°2θ step size and a scan step
time of 48.99 s. The calcium-rich montmorillonite (STx-1b) has a known intergrown
impurity of opal-CT.37 Opals are hydrous silicas with some degree of structural disorder.
Opal-CT is a designation used for opals that have an XRD powder pattern with markers
for both cristobalite and tridymite.38
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3.2.4 Surface modification with a fluorine-containing silane
Each clay sample was treated with (3,3,3-trifluoropropyl)dimethylchlorosilane
(Gelest, Inc., density 1.113 g/ml, m.w. 190.666 g/mol), which covalently bonds to
reactive surface hydroxyl species. For each trial, one gram of clay was heated under
vacuum at 160 °C for 12 hours to remove physisorbed water. After removal from the
oven, the clay samples as well as anhydrous toluene (25 mL) and excess TFS (1 mL)
were transferred into a Schlenk flask. Air from the flask was evacuated before purging
with argon. The reaction mixture was shaken at room temperature (~21 °C) for 72 hours.
Several kinetic experiments previously conducted in our lab determined that 72 hours
was sufficient for TFS to attach to all available reactive sites and increasing the
temperature increases the rate of TFS attachment. The presence or absence of light has
not been shown to affect the reaction. After shaking, the products were vacuum-filtered
and rinsed with toluene to remove unreacted TFS. Samples were dried (at 120 °C) under
vacuum for one hour to remove excess unreacted TFS (BP 118 °C).34, 35, 39

3.2.5 NMR experiments
19

F MAS NMR experiments were performed on a home-built spectrometer

utilizing a Tecmag Libra pulse programming and data acquisition system interfaced to a
Chemagnetics 4-mm double resonance probe at a field strength of 9.4 T (19F 376.346
MHz transmitter frequency) with spinning speeds of 10-11 kHz. A Bloch decay (onepulse) experiment with a π/2 pulse width of 5 μs and a pulse delay of 5 s was used. A
known quantity of sodium trifluoroacetate (NaTFA) was used as a secondary reference (75.5 ppm from CFCl3) in all

19

F NMR experiments and integrated intensities were used

to calculate the concentration of 19F spins in each TFS-treated clay sample. The number
of time-averaged signal transients ranged from 128 to 1000 based on the signal-to-noise
ratio for each sample. Spectra were processed using the NUTS NMR processing software
for peak integration. For accurate quantification, the total area under each peak and
spinning side bands of appreciable size was determined. The number of 19F spins for each
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TFS-treated clay sample was calculated based on the peak area normalized to the number
of scans and compared to the peak area in a dilute NaTFA standard with known number
of 19F spins. Normalizing the number of reactive OH groups measured by 19F MAS NMR
by sample mass results in the number of reactive hydroxyl groups per gram of sample (a
quantity referred to below as nTFS).
Bulk and surface characteristics of the clays were investigated with 1H-29Si
CPMAS NMR. 1H-29Si CPMAS NMR was utilized to enhance sensitivity especially of
those Si atoms located near in space to 1H species. All experiments were conducted at a
field strength of 9.4 T utilizing the same home-built Tecmag spectrometer as for

19

F

MAS experiments. For these experiments, we utilized a 7.5 mm double resonance NMR
probe and 1H and

29

Si transmitter frequencies of 399.996 MHz and 79.463 MHz,

respectively. A total of 10000 transients were acquired and averaged using a 1H π/2 pulse
of 7 μs, a contact time of 4.5 ms (optimized on TFS-treated silica gel), a pulse delay of 5
s, a spinning rate of 3.57 kHz, and continuous wave 1H decoupling during signal
acquisition.
One-pulse 27Al MAS NMR experiments were conducted on cleaned KGa-1b and
STX-1b before and after TFS treatment with a 6.98 T solid-state Chemagnetics CMX300 spectrometer utilizing a 4 mm double resonance NMR probe with a

27

Al transmitter

frequency of 77.49604 MHz and a 10-11 kHz spinning speed. 2048 transients were
collected with a π/10 pulse of 0.7 μs and a 1 s recycle delay. One-pulse 29Si MAS NMR
experiments with 1H decoupling were performed on the cleaned KGa-1b and STX-1b
before and after TFS treatment at a 9.4 T field strength utilizing a home-built Tecmag
spectrometer. For these experiments, we utilized a 7.5 mm double resonance NMR probe
and 1H and

29

Si transmitter frequencies of 400.0014704 MHz and 79.463 MHz,

respectively. A total of 500 (KGa-1b) or 1000 (STx-1b) transients were acquired and
averaged using a 1Si π/2 pulse of 4.5 μs, a pulse delay of 60 s, a spinning rate of 3.5 kHz,
and continuous wave 1H decoupling during signal acquisition.
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3.3 Results and discussion

3.3.1 Bulk clay mineral analysis
Powder XRD and 29Si MAS NMR were utilized to help identify major impurities
in the four cleaned clay mineral samples. The

29

Si MAS NMR spectrum of low-defect

kaolinite KGa-1b (Figure 3-3A) did not reveal any major silicon impurities with the only
peak at -91.3 ppm, representative of the silicon Q3(0Al) in kaolinite.40 KGa-1b had a
powder pattern (Figure 3-4) composed primarily of two kaolinite polymorph powder
patterns (kaolinite 1A and 2M). A small shoulder at 25 2θ is representative of anatase
(TiO2), a known impurity in KGa-1b.37 High-defect kaolinite KGa-2 had a powder
pattern composed primarily of three kaolinite polymorph powder patterns (kaolinite 1A
and 2M and nacrite 1Md). Again, the main observed crystalline impurity is a shoulder at
25 2θ for anatase (Figure 3-5). Additionally, the literature also reports the possibility of
small quantities of crandallite. 29Si MAS NMR of KGa-2 confirmed that no major silicon
impurities were present in KGa-2 with the only peak at -91.5 ppm (Figure 3-3B). In both
kaolinite samples, these small impurities account for <5% of the samples; therefore, they
should not significant alter the measurements of specific surface area and reactive surface
site density.37
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Figure 3-3. 29Si MAS NMR with 1H decoupling for KGa-1b (A), KGa-2 (B), STx-1b (C),
and SWy-2 (D) before (dashed line) and after TFS treatment (solid line). No significant
changes were observed after TFS treatment for both kaolinite samples (KGa-1b and KGa2). Spinning side bands are denoted with asterisks.
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Figure 3-4. Powder XRD of kaolinite (KGa-1b). The main impurity is anatase (shoulder
at 25 2θ).
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Figure 3-5. Powder XRD of kaolinite (KGa-2). Impurities include anatase (shoulder at 25
2θ) and literature reports small quantities of crandallite.
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The primary powder XRD pattern of Ca-rich montmorillonite (STx-1b) was the
montmorillonite-calcian (Ca0.2(Al,Mg)2Si4O10(OH)2·xH2O) (Figure 3-6). The primary
impurity is the signal at ~22 2θ, previously identified in STx-1 (an earlier collection of
Ca-rich montmorillonite) as a silica impurity, such as opal-CT37 or cristobalite41. This
silica impurity cannot be removed as it is integrated into the clay.41 In the

29

Si MAS

NMR spectrum, two main peaks are observed, one at -93.5 ppm (Q3(0Al) for
montmorillonite) and the other at -110 ppm, the chemical shift of as opal-CT (Figure 33C).38, 42 Cristobalite has a chemical shift of -108.5 ppm.43 Smaller fractions of impurities
may include quartz, kaolinite, feldspar, and talc.37 Integration of the two 29Si MAS NMR
peaks for montmorillonite and opal-CT and conversion into their ideal chemical formulas
revealed that the sample contained about 75% montmorillonite and 25% opal-CT.
Though there is an observable decrease in clay signal intensity and increase in opal-CT
signal intensity, integration of the peaks and their spinning side bands indicated a change
overall change of about a 1% difference in peak areas after TFS treatment, indicating no
substantial change in silicon coordination after TFS treatment.
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Figure 3-6. Powder XRD of Ca-montmorillonite (STx-1b). The primary impurity is the
signal at ~22 2θ, previously identified in STx-1 as a silica impurity, such as opal-CT.
Smaller fractions of impurities may include quartz, kaolinite, feldspar, and talc.
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For Na-rich montmorillonite (SWy-2), the primary powder pattern was from
montmorillonite 22A, (Na0.3(Al,Mg)2Si4O10(OH)2·8H2O) (Figure 3-7). The main
impurities were from quartz and feldspars with other possible impurities including
gypsum and mica and/or illite and kaolinite and/or chlorite.37 The

29

Si MAS NMR

spectrum contained peaks at -93 ppm (Q3(0Al) from montmorillonite) and -107.3 ppm
(quartz) (Figure 3-3D).40 Integration of the montmorillonite and quartz peaks and their
appreciable spinning side bands provided Si percent areas of 44% and 56%, respectively.
Conversion to their ideal chemical formulas identified the sample as containing 61% Namontmorillonite and 39% quartz. As with the STx-1b sample, the SWy-2 sample had an
observable decrease in the intensity of the main clay peak after TFS treatment. However,
integration of the peaks and their spinning side bands indicated an overall change of 2%
in peak areas after TFS treatment. This is likely due to some loss of the clay fraction
when filtering the sample after TFS treatment. Since no changes in chemical shift were
observed, TFS treatment does not significantly change any Si coordination in the clay
structure.
27

Al MAS NMR spectra of KGa-1b and STx-1b before and after TFS treatment

were collected to identify if any changes in Al coordination occurred. However, in both
the kaolinite and montmorillonite samples (Figure 3-8), no significant changes in Al
coordination were observed after the sample had been TFS treated. This is further proof
of the selectivity of TFS attachment for surface Si sites.
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Figure 3-7. Powder XRD of Na-montmorillonite (SWy-2). The primary impurity is
quartz and feldspars. Other smaller fractions of impurities are gypsum and mica and/or
illite and kaolinite and/or chlorite. 37
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Figure 3-8. 27Al MAS NMR of low-defect kaolinite KGa-1b (A) and Ca-rich
montmorillonite (B). The dashed line represents the sample before TFS treatment and the
solid line represents samples after TFS treatment. No significant changes in Al
coordination were observed after the sample had been TFS treated. Peaks around 0 ppm
are representative of octahedrally-coordinated Al and the peak around 65 ppm is
representative of tetrahedrally-coordinated Al.

3.3.2 BET and TGA
The specific surface areas of the cleaned KGa-1b, KGa-2, STx-1b, and SWy-2
samples were measured with N2 BET analysis and are comparable to previously
measured values (Table 3-1). A study of errors in surface area measurements of primarily
silicate minerals indicated an error of + 5%,44 although measurements of specific surface
areas in our lab produce errors around + 4%. In the case of STx-1b, there are no
published BET specific surface area values. However, the BET value of the previous
batch of calcium-rich montmorillonite (STx-1) is reported in the literature. STx-1 and
STx-1b are both calcium-rich montmorillonite samples; the STx-1 sample was collected
in 197245 and when its supplies were depleted the STx-1b sample was collected from the
same site. The STx-1 BET specific surface area is comparable to the specific surface area
of STx-1b reported here.
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Table 3-1. Measured and reference ABET values.
Clay Mineral
Low-defect kaolinite (KGa-1b)

High-defect kaolinite (KGa-2)

Ca-rich montmorillonite (STx-1b)
Na-rich montmorillonite (SWy-2)

ABET (m2/g)
16.1
11.7
12.5
23.1
23.5
22.4
82.9
83.79
34.0
31.82

Reference
This study
Pruett and Webb46
Bereznitskiet al.47
This study
Van Olphen45
Bereznitskiet al.47
This study
Van Olphen45
This study
Van Olphen45

Each clay mineral was analyzed by TGA-MS, and the temperature at which
dehydration or dehydroxylation occurred from the surface, as well as the percentages of
mass lost at each step, are listed in Table 3-2 and depicted in Figure 3-9. Dehydration is
the loss of physically adsorbed water from the clay surface whereas dehydroxylation is
the loss of hydroxyl groups chemically bound to a clay surface. Although it is recognized
that variations occur in the percentages of water that dehydrates or dehydroxylates from
the sample based on the laboratory conditions under which each measurement is carried
out, our temperatures of dehydration and dehydroxylation fall within published
temperature changes (Table 3-2).47,

48

Furthermore, any dehydroxylation of the

intergrown impurity of opal-CT in STx-1b occurs in the same temperature range as clay
dehydroxylation, so this value is included in the TGA results.48
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Table 3-2. Hydroxyl content as determined by TGA-MS.
Sample

H2O Type

H2 O
Wt.%
10.2
14.8
7.36
1.43
3.08
2.02

Observed
Temp (ºC)
545
533
107
700
101
700

Published
Temp (ºC)1
474 – 566
462-561
93-165 3
617-706 3
69-151
631-719

OH/g
(1020)
34
50
25
4.8
1.0
6.8

KGa-1b2 Chemisorption
KGa-22 Chemisorption
STx-1b Physisorption
Chemisorption
SWy-2
Physisorption
Chemisorption
1
Guggenhiem and van Groos.48
2
Note: Very small quantities of physisorbed water have been reported to come off at ~30
ºC.47
3
Values from STx-1.

Figure 3-9. Thermogravometric analyses (TGA) of low-defect kaolinite (KGa-1b), highdefect kaolinite (KGa-2), Na-rich montmorillonite (SWy-2), and Ca-rich montmorillonite
(STx-1b) depict loss of water and hydroxyls as a function of temperature.
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Surface hydroxyl groups from both kaolinite samples (KGa-1b and KGa-2) are
removed around 540 ºC, indicative of a loss of chemisorbed hydroxyl groups. This
observation is consistent with the ideal chemical formula of kaolinite, Al2Si2O5(OH)4.
For kaolinite, there are no hydrated interlayer cations from which water would dehydrate.
All hydroxyl groups are located on the octahedrally-coordinated aluminum basal plane or
on the edge sites for both the aluminum and tetrahedrally-coordinated silicon sheets. Both
montmorillonite samples (STx-1b and STx-2) exhibited the expected trend of dehydration
and

dehydroxylation

based

on

the

ideal

chemical

formula

of

(Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·n(H2O). For montmorillonite, the mass loss from
dehydroxylation comes from hydroxyl groups located on the edge sites as well as in
octahedral voids, which are non-bridging aluminols, considered to be unreactive to TFS
due to steric considerations and noted lack of reactivity of AlVI-OH species with TFS
under the reaction conditions used here.49 These values will later be used to calculate the
fraction of reactive hydroxyl groups for each clay mineral. In the case of dehydroxylation
under TGA-MS, the hydroxyl groups that are removed are very reactive and converted
into water in the ion source of the mass spectrometer, and here measured as “water” with
the appropriate correction to calculate weight percent of chemisorbed hydroxyl groups.

3.3.3 Quantification of reactive surface site densities using TFS
Previously, we have demonstrated the utility of TFS attachment with

19

F MAS

NMR quantification as a simple and effective means for quantifying the reactive
hydroxyl numbers for volcanic aluminosilicate glasses.35 Representative 19F NMR spectra
of TFS-treated low-defect kaolinite (KGa-1b) and calcium-rich montmorillonite (STx-1b)
are depicted in Figure 3-10. Peak areas were determined to calculate the number of
reactive surface hydroxyl groups per gram, here referred to as nTFS (Table 3-3).

72

Figure 3-10. Representative 19F MAS NMR spectra of TFS-treated kaolinite KGa-1b
(left) and montmorillonite STx-1b (right) allow quantification of the number of reactive
silanol species. Spinning side bands are labeled with asterisks.

Table 3-3 Values of ξ, Areactive, and κmin for kaolinite and montmorillonite samples.
Average
Clay
reactive OH/g
Mineral
(1018), nTFS
KGa-1b
5.50 ± 0.11
KGa-2
4.3 ± 0.5
STx-1b
23.0 ± 1.1
SWy-2
5.1 ± 0.8

OH/nm2

ξ (10-3)

Areactive
(m2/g) (10-2)

κmin
(10-2)

κmin / ξ

0.34 + 0.02
0.19 + 0.02
0.28 + 0.02
0.15 + 0.02

1.62 + 0.08
0.86 + 0.11
48 + 3
7.5 + 1.2

2.6 + 0.3
2.0 + 0.3
400 + 50
26 + 5

14.7 + 0.7
8.0 + 1.0
11.9 + 0.7
6.5 + 1.0

91 + 6
93 + 17
2.5 + 0.2
9+2

If we utilize the measured values for BET specific surface area, the hydroxyl site
densities (0.15 – 0.34 OH/nm2) are much lower than the expected surface hydroxyl
densities for silicates and aluminosilicates (2-6 OH/nm2).17,

23

Most importantly, these

low loadings fall significantly below the steric limitations of TFS attachment which allow
for a maximum of three TFS molecules to attach per square nanometer. 24, 35 Therefore,
the low loadings on the clay minerals are not a result of steric hindrance, but are
measuring the full extent of reactive silanol species.
Recently,

19

F MAS NMR experiments have shown the presence of surface

adsorbed fluoride in kaolinite KGa-1b. In the

19

F MAS NMR spectrum, this fluorine

signal is observed in the range of approximately -130 to -150 ppm.

19

F{27Al} TRAnsfer
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of Populations in Double Resonance (TRAPDOR) experiments indicated that the
naturally occurring fluorine was from Al-F species and ruled out the possibility of
significant signal contribution from Si-F species.50 In Figure 3-10, the

19

F MAS NMR

spectrum of the cleaned and TFS treated KGa-1b (left) did not show any peaks of
appreciable size in the region that would indicate Al-F bonds. However, in Figure 3-10,
the spectrum of cleaned and TFS treated STx-1b (right) did show a small peak with
greatest intensity at -144 ppm. The placement of this peak did not interfere with our
ability to determine the total area for the main TFS peak and its spinning side bands.
Furthermore, the peak areas resulting from the TFS were roughly fifty times larger than
the peak area of the signal from naturally occurring fluorine bonded to aluminum.
Proof of TFS attachment to the clay surface is provided with 1H-29Si CPMAS
NMR spectra. Depicted in Figure 3-11 is a 1H-29Si CPMAS NMR spectrum of a TFStreated sample of montmorillonite (STx-1b), which has peaks at 13 ppm representing the
Si atoms of TFS attached to the surface of the clay and peaks between -80 and -120 ppm
representative of QnSi species. An impurity in STx-1b is represented by the peak at -111
ppm, which is from opal-CT intergrown in the montmorillonite.37,

38

In addition, TFS

treatment did not alter the structure of the clays because no major changes were observed
in Si or Al coordination before and after TFS treatment utilizing 29Si MAS NMR with 1H
decoupling and 27Al MAS NMR.
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Figure 3-11. The 1H-29Si CPMAS NMR spectrum of calcium-rich montmorillonite STx1b after treatment with TFS displays a peak at 13 ppm representing the Si atoms of TFS
attached to the surface of the clay. Peaks from -80 to -120 ppm arise from the silicon
species in the clay sheets as well as an opal CT intergrowth.
Proton-mediated dissolution of clay minerals is generally hypothesized to
progress predominantly through the breaking of the bridging oxygen bond between
silicon and aluminum at the crystal edge when the pH range is between 2.5 and 4.5. 5, 51, 52
The edge silicon species are bound through bridging oxygens to two silicon atoms in the
tetrahedral sheet and one aluminum in the octahedral sheet. The final oxygen in the
silicon tetrahedron is terminated as –O-, -OH, or –OH2+, depending on pH. At the pH
values that the clays were cleaned, the predominant edge silicon species should be Q3SiOH.53 Previous studies have demonstrated that non-hydrogen bonded Q3 surface silanol
species are the preferred binding sites for monochlorosilanes.23, 54-58 These lone Q3 SiOH
sites are not involved in intra-surface hydrogen bonding. Hydrogen bonding on the
surface creates a hydrophilic barrier with which the chlorosilane is unable to react.55-57
Monochlorosilanes can attach to Q2Si sites, but only in the absence of water below 300
°C. In the experimental conditions used to attach TFS, physisorbed water is removed, but
some water is still present. Furthermore, water is an essentially component of the S Ni
mechanism for TFS attachment.49 Additionally,

27

Al MAS NMR of kaolinite and

montmorillonite before and after TFS treatment did not indicate any change in Al
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coordination with TFS attachment, further proving the selectivity of TFS for surface
silanol species. Furthermore, the basal planes of several clays including kaolinite,
montmorillonite, and sepiolite are unreactive to silane condensation under the conditions
utilized in these experiments.59, 60
A likely mechanism for acid-mediated attack, which correlates well with the
selective attachment of TFS to lone Q3silanol species, is through hydronium attachment
to a non-hydrogen bonded Q3silanol. The hydronium ion can react with an adjacent
bringing oxygen species, breaking the bridging oxygen-metal bond, which is
hypothesized to be the rate-determining step in acid-mediated depolymerization
reactions.61-64 We posit that this total surface reactive site density (on a per gram basis)
measured with NMR is a suitable and reasonable proxy for the reactive surface area, as
the lone Q3silanol sites where TFS binds are intimately involved in the rate-controlling
step of acid-mediated mineral dissolution.35, 49 Consequently, the value of nTFS acts as an
appropriate scaling factor for studying and comparing clay mineral surface reactivity.

3.3.4 Determination of kaolinite reactive surface fractions
By calculating both the reactive fraction of hydroxyl groups and the reactive
surface area fraction of each kaolinite sample, we are able to demonstrate a common
thread for nTFS as a useful value for determining the surface reactivity of a clay mineral.
The use of TGA-MS allows for the calculation of the total number of hydroxyl sites on
the surface of kaolinite (ntotal). The reactive fraction of surface hydroxyl groups, ξ, is
defined here as the ratio of TFS molecules (nTFS) attached to the clay surface to the total
number of hydroxyl groups (ntotal):
.

(3-1)

In practice, we utilize mass normalized values for nTFS and ntotal, as these quantities are
directly measured or easily calculated from experimental data. The quantity ξ can be
multiplied by ABET:
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(3-2)
to calculate the portion of ABET that is reactive surface area, Areactive (Table 3-3).
A second relationship can be derived from TFS measurements to calculate the
minimum fraction of ABET considered reactive, a quantity we designate κmin. The lateral
extension or effective diameter of TFS molecule around the silicon atom in TFS is 7.4
Å.24 Previously, the surface area occupied by a free silanol group modified by a
methylchlorosilane, ATFS, was calculated to be 43Å2.24 Using this quantity as a proxy for
reactive surface area for an individual reactive OH group, the κmin of each sample (Table
3-3) was calculated as:
(3-3)

The κmin values for the kaolinite samples were 0.15 (KGa-1b) and 0.08 (KGa-2).
Another way to state this is that a minimum of 15% and 8% of ABET was reactive surface
area for scaling purposes, corresponding to roughly half the portion of edge surface area
to ABET as measured with AFM (30.0% and 18.2%).33 These κmin values are supported by
computational experiments elucidating TFS attachment to model (alumino)silicate
clusters where the thermodynamically-favorable site for TFS attachment are lone nonhydrogen-bonded Q3Si sites.49 Thus in a 1:1 phyllosilicate such as kaolinite, it is
reasonable that the value of Areactive is proportional, but not necessarily equal, to Aedge.
The values for ξ and κmin are different representations of the reactive surface
fractions for kaolinite. Intuitively, however, these fractions should be proportional
because the number of reactive OH groups per gram compared to the total number of OH
groups per gram scales in the same fashion as the edge surface area compared to the BET
surface area for a non-swelling clay. This assertion is supported by calculating the ratios
of κmin to ξ for KGa-1b and KGa-2, which are 91 + 6 and 93 + 17, respectively. These
values agree within the error of the measurements. The common thread between ξ and
κmin is the reactive surface site density term, nTFS. Therefore, the calculations and
correlations between these reactive fractions support our hypothesis that nTFS can
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function as a standalone value for quantifying reactive surface site density for a clay
mineral. This value is directly proportional to the number of edge sites, which are
implicated in chemical reactivity under acidic conditions.

3.3.5 Reactive surface site densities for montmorillonite
Because the nTFS quantity is a chemical method for measuring reactive surface site
density, its use is appropriate for both non-swelling clays such as kaolinite as well as
swelling clays such as montmorillonite. However, the complexities of montmorillonite
preclude us from calculating meaningful ξ and κmin values, at least without the possibility
of grossly oversimplified models or a substantial amount of recalculation of quantities
using supporting physico-chemical analysis and information. The first concern is that the
κmin value includes the ABET term. Because BET methods fail to measure interlayer
surface area of swelling clays like montmorillonite, this value can be misleading as it
only represents the reactive fraction with respect to outer basal planes and edge surface
areas. The interlayer basal planes are less reactive than the edge sites; therefore, the
reactive fraction calculations would result in a greater percentage of reactivity than what
is actually reactive because the BET value is underestimated. Second, ξ values for
montmorillonite are not as straightforward to calculate compared to kaolinite because
TGA-MS cannot be used directly to determine the quantity of surface hydroxyl groups
for montmorillonite. The octahedrally-coordinated aluminum sheet of montmorillonite
has dioctahedral voids, which are filled with hydroxyl groups. Consequently, the
measured surface chemisorbed water present on montmorillonite will be overestimated
via TGA because TFS would not react with hydroxyl groups in the dioctahedral voids
because TFS would be too large of a molecule to access these spaces. Furthermore, TFS
under our experimental conditions does not react with hydroxyl groups associated with
octahedrally-coordinated aluminum. Lastly, the calcium-rich montmorillonite (STx-1b)
has an intergrown impurity of opal-CT.48 The opal-CT would significantly contribute to
the number of reactive Q3silanol species.
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Though the ξ and κmin calculations are not useful for understanding
montmorillonite surfaces, the nTFS value can stand alone in assessing reactive surface site
density (on a per gram basis) for smectities. This is particularly useful and important as
the ratio of edge to BET surface area does not scale well for swelling clays such as
montmorillonite. Consequently, our method for quantifying reactive surface site density
provides solid chemical understanding of the differences in surface reactivity, which can
be used to describe processes such as acid-mediated dissolution.

3.4 Conclusions
The covalent attachment of a fluorine-containing monochlorosilane molecule
provides a selective measure of the density of lone Q3 surface silanol species. We have
now demonstrated the utility of this method for determining the surface reactivity of
silica and aluminosilicate gels, fiberglass materials, volcanic aluminosilicate glasses, and
now clay minerals.34,

35, 49

TFS attachment and quantification with

19

F MAS NMR

provides a straightforward method for the assessment of reactive surface area when
conventional methods such as BET do not accurately represent surface reactivity. This
technique is particularly useful when determining the reactivity of materials with low
specific surface areas or when the surface reactivity of a mineral or material changes
during reactions such as proton-promoted dissolution, making the technique beneficial
for approaching numerous geochemical and materials science problems.
In this study, TFS attachment serves as a sensitive probe of clay mineral surface
reactivity, and surface site density can be easily monitored with 19F MAS NMR. We have
demonstrated that this technique provides a chemically relevant measurement as a proxy
for reactive surface area of clay minerals. Our reactive surface site density with TFS
attachment and total hydroxyl group density from TGA were used to calculate reactive
surface area. Assuming each TFS molecule covers an area of 43 Ǻ2,24 a fraction of edge
to BET surface area was also calculated. The ξ and κmin results for KGa-1b and KGa-2
were proportional to published AFM measurements of edge to total surface area.33 For
montmorillonite, the ξ and κmin values provide different information that does not easily
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correlate to AFM measurement; however, the chemical value of reactive surface silanol
density is hypothesized to be directly proportional to the rate of element release to
solution under acid-mediated dissolution.
While this methodology provides results that are proportional to AFM edge
measurements for kaolinite, this technique offers the advantage of measuring chemically
the reactive surface area. Because reactive surface area of clay minerals changes over
time as reactive edge sites are depleted, dissolution kinetics of clays do not reach steady
state, but instead, dissolution rates continue to decrease over time.10 Chapter 4 and 5
provide in depth studies of dissolution experiments of kaolinite and bentonite to examine
how the depletion in reactive surface sites relates to changes in edge to basal plane ratios
as a function of time during proton-promoted far-from-equilibrium dissolution.
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Chapter 4
Atomic-Level Studies of the Depletion in Reactive Sites During Kaolinite
Dissolution

4.1 Introduction

Environmental weathering is typically viewed as a macroscopic phenomenon that
is based on a number of competing atomic- or molecular-level processes. One important
process is the release of metal or metalloid elements into solution at the water-rock
interface. To both explain and predict environmental weathering, the atomic-level
“reactive sites” on the surfaces of minerals must be characterized and quantified.
Whether these sites are atomic in nature, represented by a chemical bond, or comprise a
more complex assemblage of covalently or ionically linked atoms or molecules, the
kinetic rate of atomic release (dissolution) depends on the available reactive surface. For
one important class of materials, clay minerals, their reactive surface areas are a
challenge to quantify as it is well recognized that there are two distinct types of surfaces:
edge sites and basal planes.1-3
A comparison of published dissolution rates for several clay minerals including
kaolinite4,

5

indicate that studies are warranted to monitor how reactive surface area,

Areactive, evolves over the course of acid-mediated clay mineral dissolution in the
laboratory. To compare samples of various size and morphology, rates are usually
normalized with a Brunauer-Emmett-Teller (BET) specific surface area term (ABET).6
However, an evaluation of published dissolution rates of montmorillonite, illite, and
kaolinite dissolution rates revealed a time dependent decrease in rates.4 Kohler and
coworkers concluded that any mineral with heterogeneously dissolved surfaces would
experience temporal slowing of dissolution rates as a result of a continual depletion in the
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number of reactive surface sites.4, 7 Since Areactive is time dependent, the use of a constant
ABET as a proxy for Areactive overestimates rate on a per gram basis.4, 8-10
To correct the surface area term used in clay mineral rate equations, atomic force
microscopy (AFM) measurements of specific edge surface area as a percentage of ABET
have been proposed.2, 11, 12 For instance, AFM measurements of unreacted kaolinite KGa1b showed an edge-to-total surface area ratio of 0.30.13 However, as edge sites are
depleted, the edge-to-total surface area ratio measured for an initial unreacted sample will
also decrease over time. Before the application of this new SSNMR proxy, the geometric
measurement of Aedge has not been proven to be proportional to Areactive, a value that relies
on chemical measurements to be accurately quantified.3 However, in situ AFM
measurements of evolving dissolution rates are limited to extreme conditions so that
measurements can be made on a reasonable time-scale.
Two approaches exist to quantify Areactive: monitor the chemical reaction occurring
during dissolution or apply a proxy to measure Areactive based on surface chemistry.
Earlier work has proposed that the attachment of hydronium to a non-hydrogen-bonded
Q3 SiOH and subsequent breaking of the bridging oxygen-metal bond will be the ratedetermining step in acid-mediated dissolution of aluminosilicate surfaces.14-17 To quantify
chemically the number of non-hydrogen bonded Q3 SiOH sites per gram, we bind a probe
molecule, (3,3,3-trifluoropropyl) dimethylchlorosilane (TFS), to reactive hydroxyl groups
and quantify the number of attached TFS molecules with 19F SSNMR spectroscopy. The
TFS molecule is an ideal probe for quantifying reactive hydroxyl groups; not only do
chlorosilanes selectively attach to non-hydrogen-bonded Q3 SiOH groups15, 18-21, but each
TFS molecule contains three fluorine atoms, of which the fluorine-19 isotope is NMR
active and 100% abundant. To quantify the number of chemisorbed TFS molecules,

19

F

magic angle spinning (MAS) NMR is utilized via a comparison of integrated peak
intensities of TFS-treated samples with a

19

F-containing reference having a known

concentration of spins. The number of reactive hydroxyls (nOH) per gram is referred to as
the specific hydroxyl number. Previously, we have used this method to quantify the
number of hydroxyls that react with TFS (nTFS) for fiberglass, volcanic glasses, and clay
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minerals.14,

15, 22

For kaolinite surfaces, we demonstrated that our reactive surface site

quantification was proportional to AFM edge surface area measurements.14
This methodology presents a powerful tool to investigate the relationship between
evolving dissolution rates and changes in nTFS. In this study, we measured the nTFS of
low-defect kaolinite (KGa-1b) during proton-promoted batch dissolution experiments
(under far from equilibrium conditions) as a function of time. These investigations were
conducted to determine if edge site dissolution is the acid-mediated reaction mechanism
that dominates above pH > 2.5. A correlation between changes in nTFS and decreasing
dissolution rate is identified. The nTFS values can then be used to predict the rate of
kaolinite dissolution, a key in the development of scaling environmentally relevant
reaction rates.

4.2 Methods

4.2.1 Kaolinite characterization
Low-defect kaolinite (KGa-1b) from Washington County, Georgia was used as
received from the Source Clays Repository in West Lafayette, IN. The powder was
sieved as received to between 45 and 250 μm and then cleaned to remove any oxyhydroxide material. In the cleaning process, the clay was washed with 0.01 M NaCl/HCl
at pH 3 until the supernatant reached pH 3. The clay was then rinsed repeatedly with H2O
(ASTM Type II) and vacuum filtered until the solution pH was greater than 5. Finally,
the clay was dried at 50 ºC, gently crushed, and sieved again (45-150 μm).23

4.2.2 Dissolution experiments
In experiments reported here, dissolution rates were measured with batch reactors,
which provide a means for indirect measurement of dissolution rates though analysis of
changes in solution concentration over time.24 The basic experimental design involves a
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given amount of solid or powder added to a reaction vessel such as a centrifuge tube or
plastic bottle. Then, a specific volume of solution with a known pH and concentration are
added. The vessel is shaken or stirred fast enough for the solid and solution to be wellmixed but slow enough to not create new surface area by breaking up the particles. At
designated time intervals, some of the solid/solution mixture is sampled and either
filtered or centrifuged to obtain a supernatant for elemental analysis.25 To measure the
surface normalized dissolution rate (mol m-2s-1) of element X, the rate can be calculated
with Equation 4-1:
(4-1)
where nX is the moles of X in solution, t is the time in seconds, As is reactive surface area
of the material to be dissolved (in m2 g-1), and m is the mass of starting solid material in
grams. The dnX/dt component can be determined from Equation 4-2 by calculating the
number of moles of X at time point t, nX,t:
(4-2)
where t is a sampling time point, t-1 is the previous sampling time point, and V is the
volume of solution in the reaction vessel in liters.
Kaolinite batch dissolution experiments were run in acid-cleaned 1 L high density
polyethylene bottles each containing a 0.001 M HCl/0.01 M NaCl solution at pH 2.97 +
0.05. To avoid oversaturation, the solid/solution ratio was limited to 2 g L-1.26 The capped
bottles were placed in a water bath at 21.0 + 0.5 ºC with shaking at a rate of 190
strokes/min. Nine batch experiments were performed in duplicate and were stopped at
one of the following preselected times: 22, 74, 147, 240, 358, 475, 913, 1414, and 1929
hours.
Throughout the course of the experiments, solution pH, bath temperature, and
solution temperature were monitored. To stop a reaction, the contents were filtered to
separate the solid from the solution. The solutions were stored for elemental analysis.
Concentrations of Si and Al in solution were measured with a Perkin-Elmer Optima 5300
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inductively coupled plasma emission spectrometer. Each solid sample was washed with
H2O and then dried at 50 ºC before gentle crushing and sieving.

4.2.3 Solid and solution analysis
Specific surface area measurements were performed in duplicate with BET
(Micrometirics ASAP 2020 Surface Area and Porosity Analyzer) for the starting material
as well as the solids removed after the 240, 476, 913, 1414, and 1929 hour time points.
X-ray diffraction (XRD) was performed on the starting powder and the final powder
(1929 hours of dissolution) to identify if any new mineral phases have formed. A
PANalytical X’Pert Pro MPD theta-2-theta powder diffractometer was used with a CuKα
radiation source with the goniometer angles set from 5 to 70° 2θ with a 0.0130° 2θ step
size and a scan step time of 48.99 seconds. Particle size was analyzed with a Malvern
Mastersizer Model S instrument with the capability of measure 0.05-900 μm. The
samples were suspended in water and run after sonication. Mean particle diameter as well
as particle size at which 10%, 50%, and 90% of the sample was below that size were
reported.

4.2.4 Surface modification and quantification with NMR
All solid samples were TFS-treated in duplicate for

19

F MAS NMR analysis to

quantify Areactive via the method described in Chapter 3.14,

15, 22 19

F MAS NMR

experiments were performed on a Tecmag spectrometer interfaced to a Chemagnetics 4mm double resonance probe at a 7.05 T field strength (19F 279.822 MHz transmitter
frequency) with spinning speeds of 10-11 kHz. Bloch decay experiments with π/2 pulse
widths of 6 μs and pulse delays of 5 s were used to collect 1500 transients from each
sample. A known quantity of sodium trifluoroacetate was used as a secondary reference
(-75.5 ppm from CFCl3) in all 19F MAS NMR experiments and integrated intensities were
used to calculate the concentration of 19F spins in each TFS-treated clay sample. Spectra
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were processed using the NUTS NMR processing software (Acorn, Inc.) for peak
integration. For accurate quantification, the total areas under each peak and spinning side
bands of appreciable size were integrated. The number of

19

F spins for each clay sample

was calculated based on the peak area normalized to the number of scans and compared
to the peak area from the dilute NaTFA standard with known number of 19F spins (again,
normalized to the number of scans and using the same gain setting on the spectrometer).
Since each TFS molecule attached to the clay surface has three

19

F spins for each OH

group (reactive site), the number of OH groups is one third the quantity of the calculated
fluorine spins. Dividing the number of OH groups measured by

19

F MAS NMR by

sample mass results in the number of reactive hydroxyl groups per gram of sample.

4.3 Results

4.3.1 Solution chemistry
The pH values of the solutions in the batch reactors were measured periodically.
The initial, final, and average pH values for each reactor are listed in Table 4-1. The
average pH for all reactors was 2.97 + 0.05. Over the time period investigated, no
significant changes in pH were observed. After each reactor was completed, the solution
Si and Al solution concentrations were measured. Average Si and Al concentrations are
also reported in Table 4-1 and plotted in Figure 4-1. The initial release of both Si and Al
into solution was rapid for the first 15 days or 360 hours, after which release slows to a
linear kinetic stage.
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Table 4-1. Solution chemistry of the batch dissolution reactors. The pH of each reactor
was monitored during dissolution and the initial, final, and average pH is reported below.
For each time point, the average Si and Al concentration in solution is reported.
Time Initial Final
(hrs)
pH
pH
22
2.97 2.95

Average
pH
2.96 + 0.02

22

2.98

2.99

2.99 + 0.02

74

2.92

2.89

2.91 + 0.02

74

2.91

2.87

2.89 + 0.03

147

3.02

3.06

3.04 + 0.03

147

2.92

3.00

2.96 + 0.06

240

2.95

2.96

2.96 + 0.02

240

2.97

2.99

2.98 + 0.02

358

2.91

2.96

2.98 + 0.08

358

2.94

2.99

3.00 + 0.06

476

2.95

3.01

2.98 + 0.04

476

2.96

3.01

2.99 + 0.04

913

2.93

2.95

2.99 + 0.04

913

2.91

2.90

2.95 + 0.03

1414

3.03

2.96

3.01 + 0.03

1414

3.02

2.94

2.99 + 0.04

1929

3.05

3.04

3.05 + 0.02

1929

3.03

3.03

3.03 + 0.02

Aver. Si
(μM)
4.7 + 0.6

Aver. Al
(μM)
7.2 + 0.4

7.5 + 1.1

9.3 + 0.9

8.2 + 1.2

10.2 + 1.0

10.0 + 1.3

10.7 + 1.1

11.5 + 1.9

12.5 + 1.9

12.5 + 1.7

13.7 + 1.3

15.5 + 1.1

14.3 + 1.4

18 + 2

16.3 + 1.1

21 + 2

18.0 + 1.8
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Figure 4-1. Si (a) and Al (b) concentration in solution as a function of dissolution time.
Both Si (▲) and Al (▼) were released rapidly into solution for the first 15 days of
dissolution. The data collected from 15 to 80 days were fit linearly to calculate log
dissolution rates in units of mol m-2 s-1of Si and Al of -13.2 + 0.6 and -13.4 + 1.2,
respectively.
Si and Al rates of release were estimated from a linear fit of the data shown in
Figure 4-1 from 15 – 80 days. The Si and Al best fist lines were 8.1 x 10-13 and 4.4 x 10-13
mol g-1 s-1, respectively. Rates were calculated using the initial ABET. The log dissolution
rates for Si and Al were -13.2 + 0.6 and -13.4 + 1.2, respectively, with the rate reported in
mol m-2 s-1 units.

4.3.2. Bulk and surface characterization
Measurements of ABET were performed in duplicate for the starting material as
well as the solids removed after several time points (Table 4-2 and Figure 4-2). The
initial ABET was 12.7 + 0.5 m2 g-1. All ABET values were normalized to a percentage of the
initial ABET where initial ABET was labeled at 10%. Over 80 days of dissolution, ABET
increased at most to 108% of initial ABET at 80 days of dissolution.
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Table 4-2. Percentage of BET and specific hydroxyl number (nTFS) during dissolution.
The percentages of BET surface area and nTFS were calculated with respect to initial
surface areas of 12.7 m2/g and 2.2 x 1018 OH/g, respectively.
Time
(hrs)
0

% BET
(m2/g)
100 + 4

% nTFS
(OH/g)
100 + 3

22

N/A

90. + 9

74

N/A

74 + 3

97

N/A

81 + 4

147

N/A

74 + 6

240

99 + 2

86 + 3

358

N/A

69 + 8

476

104 + 6

70. + 2

913

103.7 + 1.0

61 + 3

1414

105.4 + 1.6

65 + 4

1929

108 + 3

62 + 6

The nTFS from TFS chemisorption for the starting material and duplicate samples from the
time points up to 80 days of dissolution were measured in duplicate. The initial nTFS was
2.2 x 1018 OH/g and all nTFS values were normalized to the percentage of initial nTFS
(Table 4-2). As depicted in Figure 4-2, TFS quantification of the reactive sites on
kaolinite revealed a continual but diminishing decrease as a function of dissolution time.
Similar to the rapid Si and Al release during the first 15 days of dissolution, the majority
of the changes in nTFS were observed during the first 15 days of dissolution, resulting in a
depletion of the specific hydroxyl numbers by approximately 30%. Over the course of 80
days of dissolution, nTFS decreased by approximately 40%.
Values of κmin were calculated for the kaolinite samples, which would represent
the minimum fraction of edge surface area compared to ABET. The κmin value of kaolinite
decreased from 0.074 for the starting material to 0.041 for the sample dissolved for 80
days. This decrease represents a decrease in edge surface area of roughly 45% over the
course of 80 days of dissolution.

92

Figure 4-2. Changes in BET specific surface area and TFS-quantified specific hydroxyl
number as a function of dissolution time. Both BET specific surface area (◄) and TFSquantified specific hydroxyl number (►) are plotted with respect to 100% initial surface
area. Initial BET specific surface area was 12.7 + 0.5 m2/g and initial TFS-quantified
specific hydroxyl number was 2.2 x 1018 OH/g. Within commonly reported errors for
BET surface area measurement, BET surface area did not change significantly whereas a
significant decrease in specific hydroxyl number was observed over the course of 80 days
of dissolution.

X-ray diffraction (XRD) of kaolinite before dissolution and after 80 days of
dissolution was conducted to determine if any new phases formed. However, no new
crystalline phases formed as expected because precipitation should not occur at a pH of
2.9. Often, rapid release of ions into solution is attributed to the dissolution of fine grains
in the initial stages of a dissolution experiments. The particle sizes of samples at 0, 476,
and 1929 hours of dissolution were measured (Table 4-3). The mean particle diameter at
0 and 1929 hours of dissolution was 5.0 + 0.3 and 4.9 + 0.3 μm, respectively. Therefore,
kaolinite did not exhibit any significant changes in particle size within error.
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Table 4-3. Particle size analysis of dissolution samples. Within error, the particle size of
kaolinite did not change over the course of 1929 hours of dissolution.
Time Mean particle
(hrs) diameter (μm)
0
5.0 + 0.3

Particle size
<10%
<50%
0.35 + 0.01 1.77 + 0.19

<90%
13.8+ 1.8

476

4.70 + 0.10

0.36 + 0.01

1.94 + 0.07

12.2 + 0.6

1929

4.9 + 0.3

0.35 + 0.01

1.96 + 0.11

12.0 + 1.2

4.4 Discussion

4.4.1 Changes in solution chemistry
More batch experiments were stopped in the first 20 days as models of clay
dissolution predict rapid declines in reactive surface area in the early stages of
dissolution.4 In addition, published kaolinite batch dissolution experiments showed a
rapid release of Si and Al into solution at earlier stages of dissolution.7 Huertas observed
that initial dissolution in closed system reactors at room temperature and pH < 4 occurred
rapidly up through the first 25 days (600 hr). In this study, initial release of both Si and
Al into solution followed the expected trend of rapid release for the first 15 days or 360
hours, after which release slows to a linear kinetic stage (Figure 4-1).

4.4.2 Al inhibition
Decreasing dissolution rates can be attributed to numerous factors. One
consideration is aluminum inhibition, which is the observed decrease in dissolution rate
of aluminosilicates when aqueous Al3+ is present. Devidal and coworkers provided some
of the first evidence of effects of Al inhibition in kaolinite experiments at 150 °C and pH
2, with similar effects previously observed in dissolution experiments of albite, kyanite,
and K-feldspar.27-30 The observed Al inhibition resulted in dissolution rates that were
inversely proportional to the concentration of Al in solution.30 Additional kaolinite
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dissolution experiments were conducted by Cama and coworkers to identify the effect of
pH and temperature on dissolution rates. Their non-stirred flow-through reactor
experiments provided additional evidence that Al inhibition influenced dissolution rates
at 50 and 70 °C. However, their experiments at 25 °C did not display any effects of Al
inhibition up to 80 μM in aluminum concentration.31 More recently, kaolinite dissolution
experiments conducted at 22 °C and pH 4 by Yang and Steefel also confirmed that Al
inhibition did not affect dissolution rates at room temperature, measuring input Al
concentrations up to 60 μM.23 In the studies reported here, the maximum Al solution
concentrations were less than 20 μM. Consequently, Al inhibition was assumed to not be
a factor in limiting dissolution rate in these experiments.

4.4.3 Surface area changes
Over the course of 80 days of dissolution, ABET increased by about 8%. However,
errors up to 10% are typically associated with ABET measurements.32 Additionally, with at
most 22 μM of Si in solution, only 0.15% of the initial kaolinite has dissolved after 80
days. With only a small fraction of kaolinite dissolved, the lack of significant change in
ABET is reasonable. Consequently, most dissolution studies in the literature would
conclude that specific surface area did not change over the course of 80 days of
dissolution.
The initial fast release of Si and Al into solution is frequently attributed to the
dissolution of fine grain particles, strained areas on large grains, or defect sites.26
However, kaolinite did not exhibit any significant changes in particle size within error
(Table 4-3). Based on this observation, it was concluded that the decreases in specific
hydroxyl number, nTFS, are not just a measurement of a loss of reactive surface sites from
fine grains, but representative of the depletion of reactive sites from all of the clay
present.
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4.4.4 Comparison to published dissolution rates
The dissolution rate of similar batch experiments have been calculated by
determining the linear fit Si and Al as a function of time in the time period after the first
initial release of ions into solution. Published data from batch experiments at room
temperature and pH 3 reported Si and Al log dissolution rates of -13.72 and -13.64,
respectively, with the rate reported in mol m-2 s-1 units.26 By calculating dissolution rates
in a similar fashion for these experiments, the log dissolution rates for Si and Al were
-13.2 + 0.6 and -13.4 + 1.2, respectively, agreeing within error with literature rates.
The fast changes in both nTFS and release rate as a function of time for the first 15
days of dissolution, followed by a decreasing rate of change in both at longer dissolution
times, point to a clear correlation between specific hydroxyl number and dissolution rate.
Although fast initial dissolution has typically been attributed to the dissolution of fine
grain particles, strained areas on large grains, or defect sites, Kohler and coworkers
concluded that any mineral with heterogeneously dissolved surfaces would experience
temporal slowing of dissolution rates as a result of a continual depletion in the number of
reactive surface sites.4 To illustrate how dissolution rate changed over the course of 80
days, the rate from each time point, n, was calculated as
(4-3)
The rate as a function of the average time (half way from t n-1 to tn) is depicted in
Figure 4-3. At early time points, the data suggest that dissolution rate decreases rapidly.
At later time points, a paucity of data produces ambiguity as to whether the kaolinite
dissolution reached true steady state.

96

Figure 4-3. Si and Al mass normalized rates as a function of dissolution time. Rate was
calculated as the change in concentration between two time points divided by the time
period. Rate was plotted as a function of the average time between two collection points.
Both Si (▲) and Al () mass normalized rates (mol g-1 s-1) slowed over the course of 80
days of dissolution.

4.4.5 Correlation of changes in dissolution rate and specific hydroxyl number
To demonstrate that changes in nTFS are directly related to changes in dissolution
rate, the data of percentage of nTFS as a function of dissolution time (Table 4-2) was fit
using an exponential decay function in Origin® Version 6.1. The best fit equation was:
(4-4)
The equation had an R2 of 0.833. The change in nTFS as a function of time was
calculated from the fit of nTFS as [(nTFS)n - (nTFS)n-1] / (tn – tn-1). The change in nTFS over
time is plotted as a function of both Si and Al mass normalized dissolution rate in Figure
4-4. These two plots indicate a strong correlation between the temporal slowing of
dissolution rate and depletion in specific hydroxyl number. We therefore have direct
evidence to support the hypothesis that dissolution rate slows, at least in part, as a
direct result of reactive surface site depletion.
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Figure 4-4. Change in specific hydroxyl number over time as function of change in Si and
Al dissolution rates. A direct relationship was observed between change in specific
hydroxyl number (ΔnTFS / Δt) and change in mass Si (▲) and Al () normalized
dissolution rates (a and b, respectively). The best fit lines for Si (a) and Al (b) were y = 6.18 * 10-6 x + 4.87 * 10-6 and y = -3.95 * 10-6 x - 1.42 * 10-6, respectively. Log-log plots
(a) and (b) also produced linear relationships for Si (c) and Al (d) with best fit lines of y =
1.15x + 8.349 and y = 0.845x + 4.869, respectively.
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4.4.6 Relevance to published kaolinite dissolution mechanisms
Huertas and coworkers conducted kaolinite dissolution experiments at room
temperature and under ambient pressure. Their studies extended the work of Wieland and
Stumm to include closed system reactor experiments spanning the pH range of 1-13. In
the pH range of 6-9, the neutral surface species have little contribution to the overall
dissolution mechanism. This observation confirmed the conclusion of Wieland and
Stumm that the Al sites on the edge sites and basal planes are the two sites controlling
acidic dissolution of kaolinite.26, 33 In all three studies (Wieland and Stumm, Devidal, and
Huertas), the rate-limiting step in both acidic and neutral conditions was identified to be
proton adsorption on an Al site, Al detachment, and finally Si detachment.8, 26, 30
Unlike 2:1 clay minerals where dissolution occurs exclusively at edge sites under
mildly acidic conditions, kaolinite dissolution has been modeled by Cama and workers
with two independent acid-mediated reaction mechanisms. One mechanism dominates
below pH = 0.5 and the other dominates at pH > 2.5. In the pH 0.5 – 2.5 range, both
pathways contribute to dissolution.31 Cama and coworkers did not identify the active sites
associated with these two mechanisms, but their work did not confirm or deny the
suggested edge and basal Al active sites proposed by Huertas and coworkers.26 Kaolinite
titrations conducted by Ganor and coworkers supported the two-site model of Huertas
and Cama, and suggested that kaolinite dissolution under mildly acidic conditions is
likely controlled by proton adsorption on edge sites.34
Our selection of pH 3 was designed to isolate only one of the proposed
mechanisms contributing to proton-promoted dissolution, presumed to be dissolution
only occurring at edge sites. The strong correlation between changes in slowing of
dissolution rate and depletion in specific hydroxyl number supports the suggestions
that kaolinite dissolution at pH 3 is dominated by dissolution at edge sites.
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4.4.7 Predicting dissolution rates by measuring specific hydroxyl number
Based on the observation that dissolution rate decreases as the specific hydroxyl
number decreases, one can use this relationship to predict the dissolution rate of kaolinite.
For instance, the Si mass normalized dissolution rate was plotted in Figure 4-5 as a
function of log average nTFS. A linear fit emerges when the log mass normalized
dissolution rate is plotted as a function of log average nTFS. The best fit of the line was:
(4-5)
This linear fit represents a constant rate for that a specific hydroxyl number normalized
dissolution rate in units of mol OH-1 s-1. By measuring nTFS, one can use equation 4-5 to
predict the dissolution rate of kaolinite.

Figure 4-5. The log mass normalized Si dissolution rate as a function of log average nTFS.
Rate was in units of mol g-1 s-1 and nTFS was in units of reactive OH g-1.
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It must be noted that normalization of dissolution rates in units of mol OH -1 s-1 is
specific to a given mineral. To extend our NMR proxy for reactive surface area to other
1:1 clay systems, nTFS values can be converted to κmin values. These κmin values represent
the minimum fraction of edge surface area compared to ABET and are values that make for
a straightforward comparison between two different samples. Log mass normalized
dissolution rate was plotted as a function of κmin (Figure 4-6). A linear fit of the plotted
date emerged:
(4-6)
This equation represents how the surface reactivity of a 1:1 clay mineral decreases
exponentially under mildly acidic conditions. If κmin is known for a given clay mineral,
the initially dissolution rate could be predicted from this plot. In addition, this plot
provides an example for how to model the decreases in edge surface area of a clay
mineral as it dissolves.

Figure 4-6. The log mass normalized Si dissolution rate as a function of log κmin. Rate
was in units of mol g-1 s-1 and κmin represents the minimum fraction of edge surface area
compared to ABET.
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4.5 Conclusions
The specific hydroxyl number changes have been quantified for kaolinite KGa-1b
during acid-mediated dissolution using an ex-situ SSNMR proxy for reactive surface
area. Our investigations provide for the first time a chemical method to measure the
evolution of specific hydroxyl number depletion, which has been directly correlated to
decreasing kaolinite dissolution rates. Our observations support the hypotheses of
Huertas and Ganor that dissolution under mildly acidic conditions is controlled by
dissolution at kaolinite edges.26,

34

These observations demonstrate that the

measurement of κmin can be used to predict the dissolution rate of other clay minerals.
The SSNMR proxy can be applied as often as samples are gathered for other types
of standard analytical analyses, and will provide insight into how reactive surface area
evolves over a wider range of conditions for samples of clay minerals during acidmediated dissolution. The information that can be gleaned from a representative sampling
of clay dissolution studies using this SSNMR proxy for reactive surface area could
provide a model to predict how one would expect reactive surface area to evolve in
individual experiments. Our work provides experimental proof that strengthens the
suggestions based upon published dissolution experiments that reactive surface site
depletion must be considered when developing rate equations for minerals with
heterogeneously dissolving surfaces.4 Additionally, changes in reactive surface area must
be considered when scaling laboratory dissolution experiments to predict natural
weathering rates.35
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Chapter 5
Atomic-Level Studies of the Depletion in Reactive Sites During Bentonite
Dissolution
In Chapter 4, a solid-state NMR proxy for reactive surface area was used to
quantify changes during kaolinite dissolution. Changes in the specific hydroxyl number
were correlated to decreases in dissolution rate over time. In this chapter, the benefits of
this technique are further exposed by investigating changes in surface reactivity during
proton-promoted dissolution of a montmorillonite-rich bentonite sample. We hypothesize
that these investigations will enable the prediction of dissolution rates for more complex
mineral systems from the measurement of reactive surface area.

5.1.1 Bentonites
Smectites are a unique group of clay minerals that have a small charge per
formula unit; therefore, they have large cation exchange capacities and are able to expand
to several times their initial volume when exposed to water. Smectites, such as
montmorillonite, are involved with such vital processes as limiting the movement of
nutrients and contaminants through soils and sediments.1
Smectites are not often found in nature as a pure form. Instead, they are found
with other non-clay minerals such are feldspars, zeolites, carbonates, pyrite, gypsum, and
silica polymorphs.2 When the major contribution of a clay mineral is a smectite, the clay
is referred to as bentonite. These smectite-rich minerals are found as alteration products
from volcanic ash.3 Two of the original industrial applications for bentonites were as
drilling mud to increase the viscosity of the liquid used to cool the drill bit and as a
bonding agent for molding sands used in foundries.2 Smectite-rich clays are regularly
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implemented as liners in landfills and as backfills for high-level radioactive waste.
However, these high-level wastes may be highly acidic or basic. A comprehensive
understanding of the dissolution of smectites is necessary for long-term predictions of
stability for waste storage.2

5.1.2 Previous smectite dissolution studies
The

ideal

chemical

formula

of

montmorillonite

is

M0.33[Mg0.66Al3.34]VI[Si8]IVO20(OH)4 · (H2O)n, where M is representative of the
exchangeable divalent cations. Under acidic condition, montmorillonite dissolution
proceeds via the following reaction4:
M0.33[Mg0.66Al3.34]VI[Si8]IVO20(OH)4 · (H2O)n + 12H+ + 8H2O ↔
0.33M2+ + 0.66Mg2+ + 3.34Al3+ + 8H4SiO4 + nH2O
Early studies concluded that montmorillonite dissolves congruently in the range
of 1 < pH < 5. Dissolution at the basal plane was negligible, leading Zysset to conclude
that dissolution occurs primarily at edge sites.5 When silicates dissolve, the rate limiting
step is breaking of bridging oxygen bonds and the loss of Si atoms.6, 7 The consensus in
the literature is that dissolution proceeds by the breaking of the T-O-T bridging oxygen
bonds at the crystal edges. This mechanism has been supported by smectite dissolution
observations with SEM8 and AFM.6, 9
A recent extensive study of K-montmorillonite dissolution as a function of pH at
25 °C revealed several aspects of the kinetics of K-montmorillonite dissolution. Both
batch and flow-through reactors produced similar dissolution rates when conducted at far
from equilibrium conditions (pH < 4.2 or pH > 12) and differences in interlayer cations
and pretreatment methods did not impact the steady-state dissolution rate.10
Metz and coworkers determined the stoichiometry of smectite dissolution for raw
and pretreated smectite-rich bentonite samples (SAz-1, STx-1, and SWy-1) at pH 2 or 3
and 50 °C. All three samples contained significant silica impurities including quartz,
amorphous silica, and cristobalite. The initial dissolution was nonstoichiometric as Si is
released quickly into solution as the silica-rich impurities, probably ultra-fine amorphous
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silica, dissolved and as interlayer cations are exchanged. Smectite dissolution, and
therefore Al release, was slow at first because the silica impurities formed coatings or
cementation on the smectite particles. As the silica impurities dissolved, the aggregations
broke apart, exposing smectite surfaces. The samples eventually reached a stoichiometric
stage of dissolution. The Al/Si ratio measured from congruent dissolution at steady-state
did not depend on any accessory phases in the bentonite samples. The chemical
composition of the pure smectite can be deduced from the Al/Si ratio.4

5.1.3 Normalization of smectite dissolution rates
Smectites have three distinct types of surface area: internal surface area (area in
the inner basal planes), external surface area (area of the exterior basal planes), and edge
surface area (Figure 5-1). Because smectite dissolution is controlled by attacks on edge
sites, dissolution rates should be normalized to the surface area of the edges. BET
specific surface area could be used for normalization if it is proportional to edge surface
area. However, BET specific surface areas of smectites depend heavily upon sample
preparation and experimental conditions. Upon drying, smectites suspensions form
aggregates that are significantly larger in size than individual clay layers. For instance,
dried hectorite (SHCa-1) and synthetic mica/smectite (Syn-1) particles had 22 and 20 unit
layers, respectively, whereas Na-smectite (SWy-1) and Ca-smectite (STx-1) had 12 and 8
unit layers, respectively. When stored over time in humid conditions, the smectites
slowly broke apart into smaller particles of three to five unit layers.11 However, when the
aggregates are placed in a dilute solution, the aggregates break apart into tactoids, or
microaggregates, that vary widely in size based on smectites properties. This interlayer
expansion is a function of exchangeable cations and the structural charge of the
smectite.12,

13

H-exchanged smectites, Ca-exchanged smectites, and Na-exchanged

smectites form tactoids of 17, 7-11, and 1-4 unit layers, respectively.14, 15 These factors
in addition to the microporous nature of smectites results in a wide range of BET specific
surface area values. Kohler and coworkers demonstrated that BET values cannot be
extrapolated to atomic force microscopy (AFM) edge surface area. Therefore, BET is not
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a suitable method for estimating edge, or reactive, surface area. AFM measurements were
suggested as the preferred method for quantifying edge surface area.14

Figure 5-1: Smectites have three types of surface area: exterior basal planes, interior basal
planes, and edge sites. The circles are representative of exchangeable cations.

Though AFM measurements provide a reasonable proxy for reactive surface area,
it is often difficult for researchers to estimate edge surface area, as noted by Rozalen and
coworkers.10 As previously mentioned, dry smectites are aggregates, making it difficult to
observe the material and determine the edge surface area. Rozalen and coworkers used an
estimated edge surface area of 6.5 m2 g-1 for K-montmorillonite studies as it was similar
in morphology to the smectites investigated by other researchers.10, 14, 16, 17
The difficulty in estimating surface area has led many researchers to normalize
dissolution rates by mass.5,

10, 18, 19

Metz et al. also considered the possibility of mass

normalization as an appropriate proxy for edge surface area. In the case of SAz-1, a
bentonite containing at least 85% montmorillonite, mass was proportional to edge surface
area. However, it was noted that this may not be true for all layered minerals.
Nevertheless, in the absence of a suitable proxy to edge surface area, normalization of
dissolution rate to mass is preferred over normalization to BET specific surface area or no
normalization at all.14
In this chapter, proton-promoted dissolution of the Ca-rich bentonite STx-1b is
conducted. The relationship between changes in specific hydroxyl number as measured
by our solid-state NMR proxy and changes in dissolution rate are explored. Our results
are compared to literature observations of normalizing dissolution rate to mass or AFM
edge surface area measurements. A correlation between changes in nTFS and decreasing
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dissolution rate is identified. The nTFS values can then be used to predict the rate of
montmorillonite dissolution, a key in the development of scaling environmentally
relevant reaction rates.

5.2 Methods

5.2.1 Sample preparation
Opal mineral specimen (46 V 5886) from Ward’s Natural Science was purchased.
The samples were crushed and sieved to less than 75 microns (200 mesh). Ca-rich
montmorillonite (STx-1b) from Gonzales County, Texas was purchased from the Source
Clays Repository in West Lafayette, IN. The chemical composition of STx-1 (the same
bentonite sample collected at an early time than the STx-1b collection) is (Ca.27 Na.04
K.01)[Al2.41 Fe(III).09 Mntr Mg.71Ti.03][Si8.00]O20(OH)4.·nH2O.20 The chemical composition
analysis also has an extra 0.59 moles of Si, attributed to a known intergrown silica
impurity of opal-CT in STx-1.20, 21
The clay was cleaned to ion exchange the interlayer to ensure only Ca2+ cations
were present and to remove any oxy-hydroxide material. First, the clay was washed with
1.0 M CaCl2/HCl at pH 3 until supernatant reached pH 3. Then, the clay was rinsed
repeatedly with H2O (ASTM Type II) and vacuum filtered until the solution pH was
greater than 5. Finally, the clay was dried at 50 ºC, gently crushed, and sieved (<145 μm).

5.2.2 Dissolution experiments
Montmorillonite batch dissolution experiments were run in acid cleaned 1 L high
density polyethylene bottles each containing a pH 3 0.001 M HCl/1 M CaCl2 solution and
a solid/solution ratio of 2 g L-1. The capped bottles were placed in a water bath at 21.0 +
0.5 ºC with shaking at a rate of 190 strokes/min. Each reaction time, run in duplicate, was
stopped at one of the following times: 53, 98, 209, 288, 504, 698, 952, 1513, 2684, and
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3860 hours. Throughout the course of the experiments, solution pH, bath temperature,
and solution temperature were monitored. To stop a reaction, the contents were filtered to
separate the solid from the solution. The solutions were stored for elemental analysis. The
solid was dried at 50 ºC before gently crushing and sieving.

5.2.3 Solid and solution analysis
Solution concentrations were measured with a Perkin-Elmer Optima 5300
inductively coupled plasma emission spectrometer (ICP-AES) with calibration using
synthetic standards from High Purity Standards. Solids were digested by mixing the
sample with a lithium metaborate flux, heated to 100 °C in an ultra pure graphite
crucible. The resultant bead is dissolved in a nitric acid solution before ICP-AES
analysis. BET specific surface area measurements were conducted using a Micrometrics
ASAP 2020 with N2 on the initial powder and the remaining powders after dissolution.

5.2.4 Surface modification and NMR experiments
All samples were TFS-treated in duplicate for 19F MAS NMR analysis to quantify
the specific hydroxyl number (nTFS) using the TFS treatment method described in detail
in Chapter 3. 19F MAS NMR experiments were performed using the same setup described
in Chapter 4 and a total of 512 transients were collected for each sample.
One-pulse

29

Si MAS NMR experiments with 1H decoupling were performed on

select samples after TFS treatment at a 9.4 T field strength utilizing a home-built Tecmag
spectrometer. A 7.5 mm double resonance NMR probe was utilized with 1H and

29

Si

transmitter frequencies of 400.0014704 MHz and 79.463 MHz, respectively. A total of
1500 transients were acquired and averaged using a 29Si π/2 pulse of 4.5 μs, a pulse delay
of 60 s, a spinning rate of 3.5 kHz, and continuous wave 1H decoupling during signal
acquisition. 1H-29Si CPMAS experiment were conducted with the same setup using a 1H
π/2 pulse of 6.5 μs, a pulse delay of 5 s, and a contact time of 5.0 ms.
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5.3 Results and discussion
To calculate the dissolution rate of montmorillonite from bentonite dissolution,
several factors must be considered. The quantity of silica phase present and its
contribution to the overall dissolution rate if STx-1b must be determined. Additionally,
the solution chemistry including pH and Al/Si ratios must be considered to determine
when dissolution is dominated only by the smectite present.

5.3.1 Bentonite and opal characterization

5.3.1.1 Bentonite sample
The elemental composition of the bentonite sample was determined with ICPAES (Table 5-1). Published chemical compositions of the previous collection of this
bentonite, STx-1, are also listed. In section 5.3.2.2., this data is used to determine the
percentage of montmorillonite and accessory silica phase in STx-1b.
Table 5-1. Chemical compositions of STx-1, cleaned STx-1b, and the opal-CT sample
from Ward’s Natural Scientific.
Chemical
composition
SiO2
Al2O3
TiO2
Fe2O3
FeO
MnO
MgO
CaO
Na2O
K2 O
F
P2O5
S
LOI

Published
for STx-120
70.1
16.0
0.22
0.65
0.15
0.009
3.69
1.59
0.27
0.078
0.084
0.026
0.04
N/A

Published
for STx-122
70.03
17.86
0.26
1.20
N/A
N/A
3.79
1.73
0.31
0.07
N/A
0.01
N/A
N/A

Cleaned
STx-1b
66.2
13.1
0.19
1.03
N/A
0.01
2.42
2.00
0.14
0.11
N/A
0.04
N/A
14.7

Ward’s
Opal
91.3
0.59
0.01
0.11
N/A
0.00
0.13
0.10
0.04
0.00
N/A
0.02
N/A
5.4
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An XRD pattern was collected to determine the initial composition of STx-1b
(Figure 5-2). The XRD pattern of unreacted STx-1b samples revealed the characteristic
pattern for Ca-montmorillonite and a broad peak at 21.7 deg 2θ, that can be attributed to
an unknown silica phase. This observation is consistent with structural investigations of
STx-1, which indicated that the samples have an intergrown silica impurity, such as opalCT.23 The silica impurity in bentonites is commonly misidentified as crystalline
cristobalite, rather than opal-C or opal-CT. 24 Opals are naturally-occurring hydrous silica
minerals that are considered paracrystalline because they have varying amounts of
structural disorder. Opals with the most disorder have XRD patterns similar to
amorphous silica and are called opal-A or opal-AG if they have a gel-like structure. OpalC and cristobalite have similar XRD patterns, but opal-CT also displays small tridymite
signatures. XRD patterns of opals that have evidence for both cristobalite and tridymite
are referred to as opal-CT.25 Although XRD cannot easily be used to distinguish
cristobalite from opal-CT, a simple NaOH dissolution method can be employed which
will dissolve opal-CT, but not cristobalite. The main SiO2 peak of STx-1 disappeared
after using this dissolution method, indicating that STx-1 contained an opal phase.26
One-pulse 29Si MAS NMR with 1H decoupling was conducted to verify the initial
composition of STx-1b. Three resonances were observed in the one-pulse
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Si MAS

NMR spectrum (Figure 5-3). The largest peak was observed at -93 ppm, which represents
montmorillonite.27 The other two peaks were observed at -111 ppm and a smaller peak at
approximately -100 ppm, which are attributed to accessory silica phases. The presence of
the smaller peak at -100 ppm is amplified in the 1H-29Si CPMAS NMR spectrum (Figure
5-3). All naturally-occurring opals have similar

29

Si chemical shifts with the Q4Si

resonating at -112 ppm.28 For instance, opal-AG has Q3Si and Q4Si peaks at -102.0 and 111.2 ppm, respectively, and opal-CT has peaks at -102.5 ppm and -112.2 ppm,
respectively.25 Naturally-occurring opals can be distinguished by the full-width at halfmaximum (FWHM) of the Q4Si peak. The FWHM increases from smallest to largest in
the order of opal-CT, opal-A, and amorphous silica.28 The FWHM of the Q4Si peak of
opal-AG and opal-CT are 9.5 – 9.9 ppm and 6.0 – 7.5 ppm, respectively.

25, 29

The Q4Si

peak of the initial STx-1b sample had a FWHM of 6.6 ppm, providing evidence that the
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opal present in the bentonite sample is opal-CT. Any Q2Si opal species resonate at -94
ppm; therefore, the strong montmorillonite peak at -93 ppm would overlap any Q2 Si
signal from opal-CT if present.25 Line fitting using the NUTS software was used to
determine the percentage of Si in the montmorillonite and opal peaks. The Si from
montmorillonite contributed to 61 % of the Si signal.

Figure 5-2. XRD patterns are depicted for STx-1b and opal from Ward’s Natural Science.
The STx-1b and opal samples both contain opal-CT, which is characterized by broad
peaks at 19.5 – 24.5° 2θ and 35.9 2θ (CuKα).30
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Figure 5-3. 29Si MAS NMR with 1H decoupling (left) and 1H-29Si CPMAS NMR (right)
are depicted for the initial Ca-exchanged STx-1b sample.

5.3.1.2 Opal sample
To understand the contribution of opal-CT to the overall surface reactivity of the
STx-1b sample, an opal sample from Ward’s Natural Science was characterized. Onepulse

29

Si MAS NMR with 1H decoupling of the opal sample displayed two peaks. The

largest peak resonated at -112.0 ppm and had a FWHM of 7.1 ppm. The 29Si MAS NMR
spectrum also had a small shoulder resonating at -101.4 ppm (Figure 5-4). The center of
the Q4Si peak of the opal sample as well as its FWHM is most similar to opal-CT.25 The
XRD pattern of the Ward’s opal sample corroborated the NMR data, identifying the
sample as opal-CT (Figure 5-2). Opal-CT samples have broad peaks at 19.5 – 24.5° 2θ
and 35.9 2θ (CuKα) as well as a weaker band at 41-46 2θ.30
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Figure 5-4. 29Si MAS NMR with 1H decoupling of the opal sample from Ward’s Natural
Science had two resonances at -101.4 ppm and -112.0 ppm.

The elemental composition of the opal sample as determined by ICP-AES
analysis is listed in Table 5-1. Opals have the formula SiO2·nH2O where the H2O content
is 5-10 %.29 The loss on ignition was 5.4 %, agreeing with published values.
The similarities observed from solid-state NMR spectra and XRD patterns
indicate that the silica impurity in STx-1b is similar to the opal sample from Ward’s
Natural Science. The opal sample is used as a proxy to understand how the silica phase
contributes to the reactivity of STx-1b. The opal had a BET specific surface area of 23.1
m2 g-1 and nTFS of 1.77 x 1019 + 0.16 x 1019 OH g-1.

5.3.2 Solution chemistry
The initial and final pH as well as the average final Si and Al concentrations in
solution were monitored for each batch reactor (Table 5-2).
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Table 5-2. Initial and final pH as well as average final Si and Al concentrations.
Hours
53
53
98
98
209
209
287
287
504
504
698
698
952
952
1514
1514
2684
2684
3860
3860

Initial
pH
3.03
3.02
3.01
2.98
3.01
3.01
2.93
2.92
2.91
2.96
2.98
3.00
2.98
3.00
2.88
2.88
2.93
2.94
3.00
2.99

Final
pH
3.14
3.12
3.17
3.16
3.19
3.26
3.38
3.39
3.23
3.19
3.35
3.68
3.35
3.46
3.47
3.44
3.54
3.57
3.64
3.65

Average
Si (uM)
43 + 3
100. + 3
118 + 9
133 + 8
159 + 8
195 + 9
226 + 8
248 + 7
272 + 9
279 + 8

Average
Al (uM)
25 + 4

Label

MK
ML
31.4 + 1.4 MW
MX
38 + 3
MU
MV
46 + 4
MY
MZ
68 + 4
MH
MI
N/A
ME
MF
80. + 2
M04A
M04B
89.2 + 1.4 M24A
M24B
93 + 2
M16A
M16B
93.9 + 1.6 M48A
M48B

5.3.2.1 Changes in pH
Throughout the course of 161 days of dissolution, pH increased from the initial
pH of 3.0 to pH 3.6 (Figure 5-5). This trend is consistent with another dissolution
experiment of montmorillonite at pH 3.0. Although the initial pH in their studies was 3.0,
the dissolution rate was reported as the average pH of 3.63.10 A likely reason for the
increase in pH is due to the cation exchange of Ca2+ for H3O+. Similar changes in pH
were observed during vermiculite dissolution with rapid increases in pH initially and
slower changes over longer times. This observation suggested that the rate of exchange
was diffusion controlled.31
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Figure 5-5. The pH increased from 3.0 to 3.6 as a function of dissolution time.

5.3.2.2 Changes in solution chemistry
The average Si and Al in solution as a function of dissolution time is plotted in
Figure 5-6. Both Si and Al exhibited fast release for the first 1000 hours (40 days) of
dissolution before dissolution rates slowed substantially. Though Mg is a major
component of the octahedral sheet, it could not be accurately monitored because of small
quantities of Mg present in the 1.0 M CaCl2 solutions used.
As the solution chemistry changes during batch dissolution experiments, the
solution can attain near equilibrium conditions. Far from equilibrium smectite dissolution
conditions occur when ΔGR ≤ -21 kcal mol-1.19 Rozalen and coworkers conducted
montmorillonite dissolution experiments as a function of pH and determined far from
equilibrium conditions were achieved when pH < 4.2 and pH > 12.10 The experiments
conducted in this study never reached pH > 3.7. Consequently, secondary phase
precipitation was unlikely to occur in these experiments.
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Figure 5-6. The Si and Al concentrations in solution were plotted as a function of
dissolution time. Both Si and Al had a linear release of ions into solution from
approximately 10 to 40 days. The slope of the linear release of Si was 3.50 + 0.14 μM d-1
with an R2 = 0.995 and the slope of the linear release of Al was 1.4 + 0.2 μM d-1 with an
R2 = 0.926.

The Al/Si ratio was calculated using a linear fit of plotting the concentration of Al
in solution at a given time point as a function of the concentration of Si in solution
(Figure 5-7). The slope of the line (the Al/Si ratio) was 0.33 + 0.02. The larger Al/Si ratio
from the first collection time is typical in the early stages of acidic dissolution of
smectites, in which Al is preferentially dissolved over Si.5,

10, 32

When the Al/Si ratio

reaches a constant, it can be used to calculate the chemical composition of the smectite
from the bentonite sample.4
Based on the Al/Si ratio from dissolution and 29Si MAS NMR quantification, 7075% of the bentonite sample was composed of montmorillonite, leaving the remaining
25-30% as accessory phases. Chipera and Bish estimated that STx-1 was composed of
30% opal-CT and Metz and coworkers estimated the excess SiO2 to be 24 + 9 wt. % of
the bentonite sample.4, 21 To account for the preferential dissolution of montmorillonite
compared to opal-CT, dissolution rates were calculated assuming that the bentonite
sample contained 70% montmorillonite.
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Figure 5-7. The Al/Si ratio determined by solution chemistry for STx-1b was 0.33 + 0.02.
The line had an R2 of 0.973.

5.3.2.3 Comparison to published dissolution rates
According to Metz and coworkers, the dissolution rates of montmorillonite can be
extrapolated from the dissolution of bentonite samples, which contain both
montmorillonite and a silica rich impurity, once the fine-grained silica rich impurity
dissolved away.4 It appears that the observations of Metz do show an initial fast release of
Si, enabling the stoichiometic release of Al/Si into solution. However, the accessory Si
phase still persists.
The evolution of Si and Al concentrations as a function of time are depicted in
Figure 5-6. The concentration of Si and Al increases quickly at first, which is similar to
the initial stage of dissolution for several layered smectites including kaolinite33-35,
smectite5,

18, 36

, and illite37. The initially fast release of ions is typically attributed to

dissolution of fine particles and reactive surface sites. However, unlike some bentonite
dissolution experiments4, the release of Si and Al were close to the stoichiometric ratio of
the montmorillonite present. The expected initial fast release of just Si was not observed.
In this case, it is likely the cleaning procedure that the STx-1b sample was exposed to
dissolved the initial silica away.
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After approximately 100 hours of dissolution, changes of the concentrations of Si
and Al in solution slow to a linear dissolution rate until approximately 1000 hours. This
observation agrees with the observed second stage of dissolution that is purely smectite
dissolution when the solid is undersaturated in the solution. The final step is a decrease in
rate as the solution becomes saturated. Dissolution rates are typically only determined
from the second stage of dissolution.10
Si and Al rates of release were estimated from a linear fit of the data shown in
Figure 5-6 from 209 to 952 hours. The Si and Al best fit lines were 2.53 x 10-12 + 0.10 x
10-12 and 3.3 x 10-12 + 0.5 x 10-12 mol g-1 s-1, respectively, using a solid to solution ratio
of 2 g L-1. Published data from batch experiments at room temperature and pH 3 reported
Si and Al log dissolution rate of –13.61 with the rate reported in mol m-2 s-1 units. By
calculating dissolution rates in a similar fashion for these experiments using the initial
ABET, the log dissolution rates for Si and Al were -13.55 and -13.44, respectively,
agreeing within error with literature rates. As Rozalen and coworkers noted normalization
of dissolution rates to BET specific surface area was not an effective way to compare
dissolution rates. Consequently, dissolution rate has been calculated and normalized to
mass.
To illustrate how dissolution rate changed over the course of 161 days, the rate
from each time point, n, was calculated as:
(5-1)
The rate as a function of the average time (half way from tn-1 to tn) is depicted in Figure
5-8. At early time points, the data suggest that dissolution rate decreases rapidly. At later
time points, the change in rate was not as large; however both plots of rate and log rate as
a function of time indicate that the dissolution rate continues to decrease. Therefore, the
dissolution never reached a steady state.
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Figure 5-8. Si (▲) and Al () mass normalized rates as a function of dissolution time.
Rate was calculated as the change in concentration between two time points divided by
the time period. Rate was plotted as a function of the average time between two
collection points. Both Si (▲) and Al () mass normalized rates (mol g-1 s-1) slowed
over the course of 161 days of dissolution.

5.3.3 Solid phase evolution

5.3.3.1 Changes in bulk solid composition
XRD and

29

Si MAS NMR with 1H decoupling were conducted on the reacted

sample to indicate if any changes in overall composition were observed. Powder XRD of
reacted (161 days) STx-1b sample revealed that the montmorillonite and silica rich
impurity were present in similar ratios both before and after dissolution (Figure 5-9). 29Si
MAS NMR with 1H decoupling and 1H-29Si CPMAS NMR indicated that the peak at 102.5 ppm peak has diminished after dissolution (Figure 5-10). In the early stages of
dissolution, the more reactive Q3Si sites of opal-CT likely dissolve away quickly
agreeing with previous observations that the initial dissolution of bentonite is
nonstoichiometric as Si is released quickly into solution as from the dissolution of silicarich impurities.4 In addition to the absence of the Q3Si peak from opal-CT, the relative
intensity of the montmorillonite peak decreased compared to the Q4Si opal-CT peak.
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Figure 5-9. The XRD patterns indicate little change in mineralogy of STx-1b before (top)
and after (bottom) 161 days of dissolution.

Figure 5-10. 29Si MAS NMR with 1H decoupling (a) and 1H-29Si CPMAS NMR (b)
spectra after 3860 hours of dissolution are depicted. The asterisks denote spinning side
bands. Compared to the initial composition the intensity of montmorillonite resonance at
-93 ppm decreased with respect to the intensity of the opal-CT resonance at -111 ppm.
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5.3.3.2 Changes in surface area
BET specific surface area (ABET) measurements were collected in duplicate for
the starting material and as well the 53, 98, 209, 504, 698, 952, 1675, 2684, and 3860
hour time points (Table 5-3). The results were plotted with respect to 100% initial ABET
(89.4 + 0.5 m2/g). ABET decreased quickly to only 50% of the original ABET in the first
100 hours of dissolution (Figure 5-11). This is likely due to increased cation
concentration between the interlayers, which causes aggregation of the smectite and
decreases external surface area.14

Table 5-3. Average nTFS and BET specific surface area of STx-1b dissolution samples.
Average nTFS
Hours (x 1019 OH/g)
3.8 + 0.5
0
3.3 + 0.4
53
53
3.1 + 0.6
98
98
3.5 + 0.6
209
209
N/A
287
287
3.1 + 0.4
504
504
2.8 + 0.5
698
698
N/A
952
952
2.7 + 0.7
1514
1514
2.0 + 0.7
2684
2684
1.9 + 0.3
3860
3860

BET (m2/g) Sample
Label
89.4 + 0.5
49.5
MK
57.1
ML
48.6
MW
43.5
MX
48.0
MU
45.9
MV
N/A
MY
N/A
MZ
N/A
MH
43.7
MI
43.2
ME
42.9
MF
46.3
M04A
45.2
M04B
N/A
M24A
N/A
M24B
46.3
M16A
37.3
M16B
37.3
M48A
46.7
M48B
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Figure 5-11. Change in BET specific surface area (ABET) as a function of dissolution
time. ABET) is plotted with respect to 100% initial surface area. Initial ABET was 89.4 +
0.5 m2/g.
The reactive surface site densities of the starting material and duplicate samples
after 53, 98, 209, 504, 698, 1513, 1675, 2684, and 3860 hours of dissolution were
measured with TFS chemisorption and subsequent

19

F MAS NMR quantification (Table

5-3). As depicted in Figure 5-12, TFS quantification revealed a continual, exponential
decay-like decrease in the number of reactive surface sites per gram as a function of
dissolution time. Over the course of 161 days of dissolution, nTFS decreased by 50%.
Because approximately 70% of the bentonite sample is montmorillonite and our opal-CT
sample had an nTFS of 1.77 x 1019 OH g-1, the initial montmorillonite nTFS would be
approximately 4.7 x 1019 OH g-1. If the nTFS of the opal-CT is subtracted out from the
total nTFS in Table 5-3 and Figure 5-12, the exponential curve shape does not change
significantly. Consequently, the average nTFS of the total bentonite sample was used for
further comparison rather than subtracting out an estimation of the contribution from the
accessory phase(s).
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Figure 5-12. nTFS decreased as a function of dissolution time. nTFS is plotted with respect
to 100% initial nTFS (3.8 x 1019 + 0.5 x 1019 OH g-1).

5.3.4 Correlation between changes in surface area and dissolution rate

To demonstrate that changes in nTFS are directly related to changes in dissolution
rate, the data of percentage of nTFS as a function of dissolution time (Table 5-3) was fit
using an exponential decay function in Origin® Version 6.1. The best fit equation was:
(5-2)
The equation had an R2 of 0.944. The change in nTFS as a function of time was calculated
from the fit of nTFS as [(nTFS)n - (nTFS)n-1] / (tn – tn-1). The change in nTFS over time is
plotted as a function of both Si and Al mass normalized dissolution rate in Figure 5-13(ab) for data collected after 100 hours of dissolution. The rapid dissolution before 100
hours of dissolution did not fit the linear trends. The data were also plotted as log-log
plots in Figure 5-13(c-d). Both sets of plots demonstrated a correlation between the
depletion in specific hydroxyl number and the temporal slowing of dissolution rate. This
observation confirms that the temporal decrease in dissolution rates of smectites is related
to the depletion of reactive surface sites.
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Figure 5-13. Change in specific hydroxyl number over time as function of change in Si
and Al dissolution rates. A direct relationship was observed between change in specific
hydroxyl number (ΔnTFS / Δt) and change in mass Si (▲) and Al () normalized
dissolution rates (a and b, respectively). The best fit lines for Si (a) and Al (b) were y =
-2.48 * 106 x – 1.41 * 10-6 and y = -1.36 * 106 x - 2.48 * 10-6, respectively. Log-log plots
of (a) and (b) also produced linear relationships for Si (c) and Al (d) with best fit lines of
y = 0.64x + 2.36 and y = 0.513x + 0.788, respectively.
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5.3.5 Predicting dissolution rates by measuring specific hydroxyl number
Similar to the kaolinite experiments in Chapter 4, Si mass normalized dissolution
rate was plotted in Figure 5-14 as a function of log average nTFS. A linear fit emerges
when the log mass normalized dissolution rate is plotted as a function of log average nTFS.
The best fit of the line was:
(5-3)
This linear fit represents a constant rate for that a specific hydroxyl number normalized
dissolution rate in units of mol OH-1 s-1. By measuring nTFS, one can use equation 5-3 to
predict the dissolution rate of montmorillonite.

Figure 5-14. The log mass normalized Si dissolution rate as a function of log average
nTFS. Rate was in units of mol g-1 s-1 and nTFS was in units of reactive OH g-1.
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Values of nTFS can be converted to κmin (the minimum fraction of edge surface
area compared to ABET) as a means of extending our NMR proxy for reactive surface area
to other clay systems. However, κmin cannot be directly calculated for montmorillonite for
two reasons. First, ABET values of smectites can vary widely based on experimental
conditions. Second, the opal-CT impurity accounts for a portion of both ABET and nTFS.
With these considerations in mind, approximate κmin values were calculated by estimating
the ABET of montmorillonite in STx-1b if the initial sample and opal-CT have ABET
values of 89.4 m2 g-1 and 23.1 m2 g-1, respectively. Also, nTFS values were estimated for
just the montmorillonite contribution to STx-1b. Log mass normalized dissolution rate
was plotted as a function of estimated κmin (Figure 5-15). A linear fit of the plotted date
emerged:
(5-4)
This equation represents how the surface reactivity of a 2:1 clay mineral decreases
exponentially under mildly acidic conditions, similar to the trend observed for the
kaolinite experiments. In Figure 5-15, kaolinite data was plotted in addition to the
montmorillonite data. The slope of the kaolinite data was 6.6 + 1.5 compared to the slope
of the montmorillonite data that had a slope of 5.7 + 0.7, indicating that the slopes were
the same within error. This observation reinforces the notions that κmin values can be used
to predict dissolution rate and that these plots can provide examples of how to model the
decreases in edge surface area of a clay mineral as it dissolves. However, the kaolinite
and montmorillonite best fit lines had differences in the y-intercepts in Figure 5-15. This
difference demonstrates direct evidence that dissolution rates in units of mol OH-1 s-1 are
specific to a given clay mineral. Specifically, the rate per OH group on a kaolinite surface
reacts at a faster rate than a similar group on a montmorillonite surface. This observation
ties back is likely related to the fact that there are more Al-O-Si bonds to be broken on a
montmorillonite edge for dissolution to occur compared to a kaolinite edge.
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Figure 5-15. The log mass normalized Si dissolution rate as a function of log average κmin
for kaolinite (▲) and montmorillonite (). Rate was in units of mol g-1 s-1 and κmin
represents the minimum fraction of edge surface area compared to ABET.

5.4 Conclusions

In Chapter 3, the measured nTFS of the bentonite sample could not be directly
correlated to edge measurements of reactive surface area due to the presence of an
accessory silica phase. However, far-from-equilibrium proton-promoted dissolution
experiments of a bentonite containing an accessory silica phase demonstrated that the use
of solid-state NMR proxy for reactive surface area is not limited to monomineralic
systems. Temporal decreases in dissolution rate were directly correlated to decreases in
nTFS. Our observations demonstrate that the measurement of nTFS can be used to predict
the dissolution rate of montmorillonite. Furthermore, log dissolution rate was plotted as a
function of log estimated κmin values for both the kaolinite and montmorillonite data. The
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similarity in slopes of both sets of data provides evidence of how these plots can be used
to predict dissolution rates for other clay minerals.
To compare smectite dissolution rates, normalization with mass or AFM edge
surface area has provided the best results to date. However, AFM edge surface areas are
not always readily available or straightforward to measure. Additionally, smectite
samples containing accessory phases may not be simple to normalize by sample mass.
Furthermore, edge surface area is not a constant value, but one that decreases as a sample
dissolves. Our solid-state NMR proxy for reactive surface area provides an alternative
method for measuring clay mineral reactivity, which can circumvent some of the issues
associated with mass or AFM edge surface area normalization.
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Chapter 6

Characterization of the Surface Reactivity of Field Weathered Shales

6.1 Introduction
The surface of the earth is ever-changing as bedrock weathers through chemical,
physical, biological, and hydrological processes to form regolith.1,

2

The production of

regolith, and subsequently the surface of any newly formed mineral, plays a role in such
vital natural processes as nutrient and contaminant cycling and carbon sequestration.
However, the mechanisms and rates of regolith formation and transformation are
challenging to predict quantitatively, and laboratory dissolution rates can be difficult to
scale to field weathering. For instance, in the Shale Hills field site under investigation in
this chapter, field weathering rates of chlorite and illite were 1-5 x 10-17 mol m-2 s-1 and 29 x 10-17 mol m-2 s-1, respectively.3 These rates were several orders of magnitude slower
than laboratory dissolution rates (10-13.5 to 10-14.5 mol m-2 s-1) at similar pH conditions
(~4.5).3-5 Several factors contribute to these differences including intrinsic factors such as
changes in surface area, depletion of reactive surface sites, formation of leached layers,
and precipitation of secondary minerals as well as extrinsic factors such as near
equilibrium conditions, changes in hydrology, high mineral to fluid ratios, and increased
solute concentrations.6-11
At the molecular level, mineral dissolution rates are a function of the number of
reactive sites available at the mineral/water interface. The quantity of sites available
depends on both the surface area of the mineral exposed to water and the number of
activated complex sites on the mineral surface as a function of pH.12 Quantification of
these sites is a necessary component in successfully scaling from atomistic observations
to weathering in the field.13
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The approach often taken to measure the surface area for field samples is to
identify a method that best represents the topography of the minerals. The most
commonly utilized techniques to quantify surface area in field samples are the BrunauerEmmett-Teller (BET) gas adsorption isotherm, ABET, and geometric surface area, AGEO.
For instance, AGEO can be a better proxy for reactive surface area than ABET because
quartz grains became more rounded and unreactive etch pits because larger.14 Often, a
time-dependent roughness factor is used to represent reactive surface area and its changes
over time,7 and here surface roughness is defined the ratio of ABET to AGEO.15 In other
approaches, AFM has been commonly used to measure edge surface areas for
phyllosilicates.16 However, mineral aggregates and rocks are too large to be studied with
AFM.17 Recently, vertical scanning interferometry (VSI) has been used to measure
surface roughness. Specifically, VSI has been utilized to investigate how surface area and
reactivity change as organic matter in black shale is oxidized. The VSI studies concluded
that both topography and reactivity of mineral surfaces changes during the reaction so a
single term for reactive surface area cannot be used to calculate dissolution rates.17
The methods employed to measure reactive surface area at the field scale fail to
account for the chemical specificity of individual surface sites. Our solid-state NMR
proxy for reactive surface area is a suitable and reasonable proxy for the reactive surface
area, as the lone Q3silanol sites where TFS binds are intimately involved in the ratecontrolling step of acid-mediated silicate dissolution.18,

19

This chemical (i.e., reactive)

method has been applied to investigate field weathered shales along a downslope, planar
transect from a temperate-climate, forested catchment where regolith is forming on top of
homogeneous shale in central Pennsylvania. However, the reactive surface areas did not
accurately represent the clay mineral edge sites that dominate the rates of soil
transformations. Laboratory dissolution experiments indicated that the clay portion in the
soils had similar dissolution rates even though the soils had been weathered in the field
for different lengths of times. Therefore, soils exposed to weathering conditions over long
time scales have similar reactive surface areas. This conclusion signifies that while it is
still important to quantify reactive surface area, it may be not be necessary to consider
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how reactive surface area changes for field weathered clays when accounting for
discrepancies between laboratory and field dissolution rates.

6.1.1 Field site and weathering profile
The Susquehanna/Shale Hills Observatory (SSHO) is an 8-hectare watershed
located in central Pennsylvania that is an established site in the Critical Zone Exploration
Network (CZEN). The site has been studied by an interdisciplinary group of scientists to
investigate

the

interplay

between

geochemistry,

hydrology,

ecology,

and

geomorphology.20 This V-shaped catchment has a 1st-order stream that flows into the
Susquehanna River (Figure 6-1). The forested catchment is covered by hemlock and
pines on the valley and oak, maple, and beech trees on the hill slopes.21

Figure 6-1. Regolith thickness is depicted for the Shale Hills catchment (modified from
Lin et al).21 The large blue circles represent the locations where samples were collected
along the planar transect.
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Roughly one quarter of all exposed rock types on the continents are shales, which
are sediments consisting of clays and other silt-sized minerals such as quartz.22 Mineral
weathering at SSHO has been previously characterized of Jin and coworkers. The studies
in this chapter would not have been possible without the efforts Jin and coworkers.3 The
SSHO developed on nearly homogeneous Rose Hill shale, the oxidized end-member of
shales observed throughout the world. The mineral transformations at SSHO have
previously been characterized.3 Several SSHO locations with one- and two-dimensional
subsurface flow have been investigated to characterize the weathering that occurs. In this
chapter, emphasis is placed on the downslope planar transect located on the north-facing
southern slope of SSHO. In the regolith of the planar transect, the subsurface fluid flow is
two-dimensional. Samples were collected from the top of the mineral soil to bedrock in
10 cm increments at the ridge top (30 cm depth), at the middle slope (59 cm depth), and
at the valley floor (67 cm depth), as depicted in Figure 6-2.3

Ridge Top
Middle Slope
Valley Floor

Figure 6-2. A two-dimensional downslope, planar transect is depicted from the
Susquehanna Shale Hills Observatory (SSHO) in central Pennsylvania. Samples were
collected in 10 cm increments at the ridge top (30 cm depth), middle slope (59 cm depth),
and valley floor (67 cm depth). Figure courtesy of Henry Lin.
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Both physical and chemical weathering account for the transport and
transformation of regolith. For instance, the freeze/thaw cycle will cause the soils to
break apart over time. At the ridge top and middle slope, about half of the elemental loss
is associated with transport of fine sediments. At the valley floor, sedimentation occurs
through physical buildup and chemical precipitation.3 Changes in the chemical
composition as a function of soil depth can be compared to determine the extent of
elemental depletion or enrichment. To account for the effects of compaction and
expansion, the percent of mass changes relative to the element mass in the bedrock can be
calculated as a unitless element-mass-transfer coefficient, τi,j:
(6-1)

where C is concentration, j is the element of interest, i is the immobile element, w is the
weathered soil, and p is the parent, unweathered soil. When τi,j is negative, element j has
been depleted with respect to element i, when τi,j is positive, element j has been enriched,
and when τi,j is zero, element j is immobile. Complete loss of element j will yield a τi,j
value of -1.23, 24
In Jin’s studies, τ was calculated using Zr as the immobile element. Plots of
sample depth as a function of τZr are depicted in Figure 6-3 for samples collected from the
ridge top, middle slope, and valley floor. At the valley floor, depletion profiles are
observed for such major elements as Al, Fe, K, and Mg. Si was also depleted, but to a
lesser extent compared to the other major elements. At the middle slope, depletion is also
observed. However, at bedrock for the middle slope and ridge top, the τZr values do not
equal zero. At these locations, shales in the bedrock had already begun to weather
chemically. The incomplete loss of these elements is limited by the slow rates of clay
mineral dissolution.3
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Figure 6-3. τZr plots for the three collection sites indicate depletion profiles for major
elements. Figure courtesy of Lixin Jin.

The composition of the well-mixed parent lithology as determined using
quantitative XRD is 58 wt.% illite, 30 wt.% quartz, 11 wt.% “chlorite”, and traces of
potassium feldspar, anatase, and Fe-oxides.3 “Chlorite” is the distinction given to the
mixture of chlorite, vermiculite, and hydroxyl interlayered vermiculite, which cannot be
distinguished from one another with XRD.25 Vermiculites have a platy morphology and
the interlayer contains both water and exchangeable cations such as Mg2+ and Ca2+ and
sometimes K+. Vermiculites have a charge per formula unit of 0.6 – 0.9.26 As minerals
weather and release Al3+, the Al3+ hydrolyzes and polymerizes to form polycations in the
interlayers of vermiculite. The interlayers are only partially filled with hydroxyl-Al. The
remaining interlayer charge is balanced with exchangeable cations. These minerals are
referred to as hydroxyl-interlayered vermiculite.27
Using XRD, the mineralogy of several regolith samples from the planar transect
was determined (Figure 6-4). The regolith consisted primarily of minerals found in the
bedrock. Some samples towards the soil surface also contained organic matter and
kaolinite. Kaolinite was classified as a secondary phase as it was not observed in the
bedrock. The soil pH ranged from 3.5 to 5.0 and generally increased as a function of soil
depth.3
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Figure 6-4. The mineral composition is shown for samples as a function of depth at the
ridge top (RT), middle slope (MS), and valley floor (VF). 3

The depletion profiles and mineral compositions have been used to deduce a
sequence of five reactions to explain the mineral weathering and transformations at the
SSHO:
(i)

feldspars  kaolinite

(ii)

illite  vermiculite

(iii)

chlorite  vermiculite

(iv)

vermiculite  hydroxyl interlayered vermiculite (HIV)

(v)

hydroxyl interlayered vermiculite  kaolinite + Fe-oxyhydroxide

Parent illite and chlorite weather to vermiculite, hydroxyl interlayered vermiculite, and
finally to kaolinite through a series of mineral transformations. Kaolinite is further
dissolved while quartz remains relatively immobile. K+ and Mg2+ are depleted as cations
in stream water whereas Al and Fe are lost as secondary phase particles such as kaolinite
and Fe-oxyhydroxide.3
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The rates of regolith formation along the planar transect were measured with Useries isotopes. From ridge top to valley floor, the regolith production rates decreased
from 45 m/Myr to 17 m/Myr. Because regolith thickness increases from ridge top to
valley floor, the rates of chemical weathering of shale occur rather quickly.28

6.1.2 Objectives
For the Shale Hills soils, we hypothesized that the difference between the
laboratory and field weathering rates could be attributed, in part, to the quantity of
reactive surface area present. The goals of this study were to: (1) quantify the TFS
reactivity and ABET of sand and silt/clay fractions from samples collected at the valley
floor, (2) identify a relationship between TFS reactivity and changes in mineral
composition along the planar transect, and (3) identify the factors contributing to TFS
reactivity in field weathered shales including mineralogy, laboratory-scale protonpromoted dissolution rates, particle size, and pore formation. By exploring the reactivity
of samples from SSHO, the overarching objective of this chapter is to explore the
potential of using a chemical method to quantify reactive surface area in multimineralic
samples as a means to accurately scale predict field weathering rates.

6.2 Experimental methods

6.2.1 Individual minerals
Several individual minerals were purchased from Ward’s Natural Science
including illite (Rochester, New York), chlorite or clinochlore, (Madison Co., North
Carolina), quartz research mineral (Minas Gerais, Brazil), and vermiculite research
mineral (Phalaborwa, Transvaal, South Africa). They were crushed and sieved as
received to <63 µm (250 mesh). Humic acid (technical grade) from Sigma Aldrich was
used as received. TFS reactivity was reported for the cleaned low-defect kaolinite (KGa-
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1b) from Chapter 4. Fe-oxides were not investigated as the percentage of paramagnetic
Fe in their structure makes NMR investigations impossible.

6.2.2 Shale Hills samples

6.2.2.1 Sample preparation
Regolith was collected along the planar transect with a 2 in. auger. A total of 16
samples were collected in 10 cm increments to bedrock from the planar transect at the
ridge top (30 cm), the middle slope (59 cm), and a location ~5 m from the valley floor
(67 cm), as depicted in Figure 6-2. The zero depth was defined as the depth where the
organic layer met the top of the mineral soil. The final depth was determined to be where
hand augering was no longer possible. The collected samples were dried and then sieved
into three sizes: the rock fraction (>2 mm), the sand fraction (>63 μm – <2 mm), and the
silt/clay fraction (<63 μm). For the purposes of this study, only the sand and the silt/clay
fractions were studied.3
The compositions of the silt/clay fractions were determined. First, the loss on
ignition was determined by heating the samples to 900 °C. Then the samples were heated
with a lithium metaborate flux to 1000 °C and then dissolved with a nitric acid solution
for analysis with a Perkin-Elmer Optima 5300 inductively coupled plasma emission
spectrometer (ICP-AES). Rock standards were used to calibrate the results.

6.2.2.2 Batch dissolution experiments
Batch dissolution experiments were conducted with the 0-10 cm, 20-30 cm, 40-50
cm, and 60-67 cm silt/clay fractions from the valley floor in 250 mL acid-washed HDPE
bottles. All batch dissolution experiments were conducted at an initial pH 2 and 25 °C in
0.01 M NaCl. The solid to solution ratio was 0.1 g L-1. Samples were shaken at 120
cycles per minute. Aliquots were collected at nine different times up to 30 days of
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dissolution. At each collection time, the bottle was shaken and two 7.5 mL aliquots were
removed and filtered with a 0.45 μm PTFE filter for ICP-AES analysis.

6.2.3 BET specific surface area and scanning electron microscopy
BET measurements were conducted using a Micrometrics ASAP 2020 with N2 to
determine the specific surface area of all silt/clay fractions and the sand fractions from
the valley floor. Environmental scanning electron microscopy (ESEM) images were
taken with a FEI Quanta 200 ESEM for two of the silt/clay fractions from the valley
floor.

6.2.4 Surface modification and NMR experiments
All samples were TFS-treated in duplicate for 19F MAS NMR analysis to quantify
the specific hydroxyl number (nTFS) using the TFS treatment method described in detail
in Chapter 3 (Section 3.2.4).

19

F MAS NMR experiments were performed on a home-

built spectrometer utilizing a Chemagnetics 4-mm double resonance probe at a field
strength of 9.4 T (19F 376.346 MHz transmitter frequency) with spinning speeds of 12-14
kHz. A Bloch decay experiment with a π/2 pulse width of 6 μs and a pulse delay of 5 s
was used. A total of 7500 to 15000 transients were collected for each sample. TFS
quantification was conducted in the same manner as described in Chapter 3 (Section
3.2.5). Bulk

27

Al MAS NMR experiments were conducted with the same probe and

spectrometer at 104.24254 MHz with a π/10 pulse of 0.8 μs and a 3 s recycle delay with
14 kHz spinning speeds.
Bulk 29Si MAS NMR experiments with 1H decoupling were conducted at 59.018
MHz and 297.413 MHz with a 7.5 mm double resonance pencil probe on a Chemagnetics
CMX-300 spectrometer with a 7.0 T superconducting magnet. The spinning rate was 3-4
kHz with a 6 µs π/2 pulse and a 60 s recycle delay.
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6.3 Results and discussion

6.3.1 Planar transect reactivity
In this section, the changes in reactivity as a function of depth for the sand and
silt/clay fractions from the valley floor are investigated. Then, the reactivity of the
silt/clay fraction from the valley floor, middle slope, and ridge top are compared. Values
of nTFS and reactive OH nm-2 are correlated to τZr values and mineral compositions.

6.3.1.1 Valley floor reactivity
ABET of the samples collected from the valley floor are listed in Table 6-1 and are
plotted in Figure 6-5. As the samples weathered from bedrock to soil surface, ABET
decreased from 14.9 to 5.9 m2 g-1 for the silt/clay fraction and from 17.2 to 11.8 m2 g-1 for
the sand fraction. It is common for silicate rocks to increase in total surface area as
weathering occurs.29 However, the average ABET decreased for the SSHO samples
collected from the valley floor. This decrease is likely due to increases in the percentage
of quartz (Figure 6-4) as the soil is weathered. Quartz has a significantly lower ABET than
the other major soil constituents (illite and chlorite) (Table 6-5, to be discussed in Section
6.3.2). The sand fraction had larger ABET values than the silt/clay fraction even though the
sand fraction had the larger sieved particle size compared to the silt/clay fraction. The
higher ABET in the sand fraction may be the result of two factors. First, τZr calculated for
the entire soil (Figure 6-3) and the silt/clay fractions (Table 6-4, to be discussed in
Section 6.3.3) indicate slightly more Si and less of the other major elements in the
silt/clay fraction, suggesting there is more quartz in the silt/clay fraction than the sand
fraction. A second reason for the larger ABET of the sand fractions is that the soils were
separated by dry sieving in order to minimize alterations to the surface structure. SEM
observations of the bedrock at the SSHO indicated the grains were the aggregates of

143
many particles.3 Aggregation of particles may cause a greater percentage of clay minerals
to be present in the sand fraction, resulting in higher ABET values.
Table 6-1. BET and reactive OH/g of the silt/clay and sand fractions of the valley floor.
ABET is in units of m2 g-1 and nTFS is in units of 1017 OH g-1.
Depth
(cm)

BET

0-10
10-20
20-30
30-40
40-50
50-60
60-67

5.9
7.1
9.9
11.7
11.0
13.3
14.9

Silt/Clay
nTFS
OH nm-2
17
10
10-2
2.7 + 0.4
4.5 + 0.8
3.1 + 0.5
4.3 + 0.8
2.1 + 0.3
2.1 + 0.4
1.8 + 0.3
1.6 + 0.3
1.5 + 0.2
1.4 + 0.3
0.93 + 0.14
0.70 + 0.13
0.69 + 0.10
0.46 + 0.08

BET
11.8
15.3
13.7
17.5
11.5
17.6
17.2

Sand
nTFS
1017
2.0 + 0.2
1.9 + 0.3
0.88 + 0.18
1.20 + 0.18
0.58 + 0.08
0.71 + 0.11
0.52 + 0.06

OH nm-2
10-2
1.7 + 0.2
1.2 + 0.2
0.640 + 0.14
0.69 + 0.12
0.51 + 0.08
0.40 + 0.07
0.30 + 0.04

Figure 6-5. BET specific surface area of the sand and silt/clay fractions of valley floor
samples. BET surface area decreases from bedrock to soil surface.
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nTFS was measured for both the silt/clay and sand fractions collected from the
valley floor (Table 6-1). nTFS increased by a factor of four for both the fractions from
bedrock to soil surface (Figure 6-6). Comparing the silt/clay fraction to the sand fraction,
the silt/clay fraction had 1.3 – 2.7 times more nTFS than the sand fraction at a given depth.
nTFS values were converted to reactive OH nm-2 using ABET of each sample and plotted in
Figure 6-7. Both the silt/clay and sand fractions increased in the reactive OH nm-2 values
from bedrock to soil surface by factors of 10 and 6, respectively. The silt/clay fraction
had 1.5 – 3.5 times more reactive OH nm-2 compared to the sand fraction. These
observations indicate that TFS reactivity increases as particle size decreases and as the
soil samples are weathered.

Figure 6-6. Changes in reactive OH/gram for sand and silt/clay fractions from the planar
transect. Reactive OH/gram increased going from bedrock to soil surface.
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Figure 6-7. The reactive OH nm-2 for the sand and silt/clay fractions collected from the
valley floor.

6.3.1.2 Middle slope and ridge top reactivity
The reactivity of silt/clay and sand fractions collected from the valley floor
increased from bedrock to soil surface in similar ratios. For the sake of simplicity, only
the silt/clay fractions of the middle slope and ridge top were investigated in these
sections. ABET of the silt/clay fractions collected from the middle slope and ridge top are
listed in Table 6-2. ABET measurements at the middle slope exhibited a similar trend
compared to samples collected at the valley floor. ABET decreased from 11.4 m2 g-1 near
bedrock to 7.4 m2 g-1 at the soil surface; however, ABET at the ridge top increased from
9.7 to 10.5 m2 g-1 from bedrock to soil surface. However, because ABET measurements
can contain up to 10% error, the ABET for the samples from the ridge top are considered
to be the same within error.30
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nTFS was measured for the silt/clay fractions collected from the ridge top and
middle slope (Table 6-2). In general, nTFS increased from bedrock to soil surface for the
middle slope samples whereas nTFS was the same within error for the ridge top samples.
As a function of depth, reactive OH nm-2 was plotted for the silt/clay fractions from the
ridge top, middle slope, and valley floor (Figure 6-8). When nTFS is converted into
reactive OH nm-2, the reactivity at the middle slope increased by a factor of two from
bedrock to soil surface whereas the ridge top reactivity remained the same within error.

Table 6-2. BET specific surface area and reactive surface site density of Shale Hills
planar transect silt/clay fraction.
Location
Ridge Top

Middle
Slope

Depth
(cm)
0-10
10-20
20-30
0-10
10-20
20-30
30-40
40-50
50-59

BET
(m2 g-1)
10.5
10.1
9.7
7.4
8.8
10.2
9.4
11.3
11.4

nTFS
x 1017
2.9 + 0.7
2.7 + 0.8
2.7 + 0.4
3.2 + 0.8
3.7 + 0.6
3.5 + 0.3
2.9 + 0.6
3.2 + 0.2
2.4 + 0.2

OH nm-2
x 10-2
2.8 + 0.8
2.7 + 0.8
2.8 + 0.5
4.4 + 1.2
4.2 + 0.8
3.5 + 0.5
3.1 + 0.7
2.8 + 0.3
2.1 + 0.3
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Figure 6-8. Reactive OH nm-2, as a function of soil depth is depicted for the silt/clay
fraction collected from the valley floor (VF), middle slope (MS), and ridge top (RT).

6.3.1.3 Changes in reactivity and extent of weathering
A trend emerges from Figure 6-8 that as the silt/clay fractions are weathered, nTFS
increases. To quantitatively compare the samples, the elemental compositions of the
silt/clay fractions of the planar transect were measured (Table 6-3). τZr values were
calculated for each element using the previously reported bedrock composition and Zr
concentrations (Table 6-4).3 The τZr values were similar to those previously reported for
the entire sample in Figure 6-3. In some cases, more Si and less other major elements
were present in the silt/clay fraction compared to the total sample3, indicating slightly
more quartz present in the silt/clay fraction.
The relationship of nTFS as a function of τZr,Al or τZr,Si is shown in Figure 6-9.
Because the major elements such as Al, Mg, Fe, and K have similar τZr values, only the
τZr,Al values were depicted. Best fit lines of the Si and Al data had R2 values of 0.603 and
0.876, respectively. This trend indicates that nTFS increases in these soils as the shale is

148
weathered. A stronger correlation for τZr,Si is observed when nTFS values are converted
into reactive OH nm-2 values using the BET values of each silt/clay fraction. A plot of
reactive OH nm-2 as a function of τZr,Al and τZr,Si has best fit lines for the Si and Al data
with R2 values of 0.843 and 0.863, respectively (Figure 6-10).
Regolith production rates decrease from 45 m/Myr to 17 m/Myr from ridge top to
valley floor.28 The correlations between of τZr and reactive OH nm-2 indicate that changes
in surface reactivity are not a function of soil age. Rather, surface reactivity is related to
the extent with which the soil has been weathered regardless of soil location.
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Table 6-3. Elemental concentrations of the silt/clay fraction in units of mol %.
Site
RT

MS

VF

Depth
(cm)
0-10
10-20
20-30
0-10
10-20
20-30
30-40
40-50
50-59
0-10
10-20
20-30
30-40
40-50
50-60
60-67

Al
(%)
6.12
5.98
5.86
5.66
5.08
5.46
5.77
5.74
6.27
4.57
5.15
7.09
7.96
8.46
9.57
10.17

Ca
(%)
0.10
0.10
0.07
0.12
0.11
0.10
0.10
0.09
0.09
0.13
0.12
0.10
0.13
0.13
0.13
0.13

Fe
(%)
2.92
2.87
3.14
2.27
2.03
2.59
2.92
3.00
3.29
1.88
2.25
3.20
3.73
4.01
4.67
4.92

K
(%)
1.66
1.74
1.93
1.63
1.71
1.86
1.91
1.97
2.14
1.53
1.83
2.22
2.76
2.94
3.31
3.55

Mg
(%)
0.41
0.42
0.43
0.36
0.34
0.41
0.46
0.46
0.50
0.30
0.38
0.54
0.64
0.68
0.81
0.84

Mn
(%)
0.25
0.17
0.06
0.12
0.04
0.03
0.04
0.04
0.05
0.05
0.04
0.06
0.06
0.07
0.07
0.07

Na
(%)
0.21
0.22
0.24
0.30
0.34
0.37
0.38
0.38
0.36
0.31
0.36
0.30
0.29
0.29
0.27
0.26

P
(%)
0.06
0.06
0.05
0.05
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.04

Si
(%)
29.10
31.34
33.54
33.00
34.91
34.98
34.07
33.29
32.61
32.70
34.22
31.07
29.69
30.00
28.22
27.89

Ti
(%)
0.61
0.63
0.65
0.71
0.68
0.64
0.60
0.60
0.62
0.65
0.64
0.60
0.63
0.63
0.61
0.62

Zr
(ppm)
249
275
246
351
329
295
288
277
266
349
318
258
219
208
182
191

LOI
wt.%
14.9
10.2
6.4
9.7
5.5
5.2
6.3
6.6
6.1
10.3
6.4
7.6
7.5
7.8
7.4
7.0

Table 6-4. τZr values for the silt/clay fraction with Zr as the immobile element.
Location
Ridge
Top
Middle
Slope

Valley
Floor

Depth
(cm)
0-10
10-20
20-30
0-10
10-20
20-30
30-40
40-50
50-59
0-10
10-20
20-30
30-40
40-50
50-60
60-67

Al

Ca

Fe

K

Mg

Mn

Na

P

Si

Ti

-0.59
-0.64
-0.61
-0.73
-0.74
-0.69
-0.67
-0.66
-0.61
-0.78
-0.73
-0.54
-0.40
-0.33
-0.13
-0.12

-0.38
-0.47
-0.55
-0.49
-0.51
-0.49
-0.50
-0.50
-0.51
-0.45
-0.45
-0.45
-0.13
-0.05
0.02
-0.02

-0.62
-0.66
-0.59
-0.79
-0.80
-0.72
-0.67
-0.65
-0.60
-0.83
-0.77
-0.60
-0.45
-0.38
-0.17
-0.17

-0.68
-0.70
-0.63
-0.78
-0.75
-0.70
-0.69
-0.66
-0.62
-0.79
-0.73
-0.59
-0.40
-0.33
-0.14
-0.12

-0.69
-0.72
-0.67
-0.81
-0.81
-0.74
-0.70
-0.69
-0.65
-0.84
-0.78
-0.61
-0.45
-0.39
-0.17
-0.17

1.26
0.37
-0.47
-0.27
-0.76
-0.79
-0.72
-0.69
-0.61
-0.68
-0.69
-0.48
-0.35
-0.27
-0.10
-0.17

-0.58
-0.61
-0.51
-0.58
-0.49
-0.39
-0.35
-0.31
-0.32
-0.56
-0.44
-0.43
-0.35
-0.32
-0.28
-0.31

-0.23
-0.39
-0.43
-0.60
-0.72
-0.70
-0.67
-0.58
-0.64
-0.74
-0.76
-0.52
-0.56
-0.53
-0.56
-0.45

-0.22
-0.24
-0.09
-0.37
-0.29
-0.21
-0.21
-0.20
-0.18
-0.38
-0.28
-0.20
-0.10
-0.04
0.03
-0.03

-0.32
-0.36
-0.26
-0.44
-0.42
-0.39
-0.42
-0.40
-0.35
-0.49
-0.44
-0.35
-0.20
-0.16
-0.06
-0.09
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Figure 6-9. nTFS for all silt/clay fractions collected from the planar transect as a function
of τZr for Al and Si. Best fit lines of the Si and Al data had lines with R2 = 0.603 and R2 =
0.876, respectively.

Figure 6-10. Reactive OH nm-2 for all silt/clay fractions collected from the planar transect
as a function of τZr for Al and Si. Best fit lines of the Si and Al data had lines with R2 =
0.843 and R2 = 0.863, respectively.
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6.3.2 Reactivity of individual minerals
ABET and nTFS were determined for individual minerals similar to those found at
SSHO including illite, quartz, vermiculite, kaolinite, and humic acid (Table 6-5). ABET
was determined for chlorite; however, too much iron was present to quantify its reactive
OH/g with

19

F MAS NMR. The parent clay minerals present in the Shale Hills samples

had lower TFS reactivities than secondary minerals and quartz. Illite was found to have
the lowest nTFS value and quartz was 13 times more reactive than illite. Vermiculite and
kaolinite had much higher nTFS compared to illite and quartz. On an OH nm-2 scale, illite
had a significantly lower reactivity compared to the other minerals. The reactivity of
vermiculite was 30 times greater than that of illite. The reactive OH nm-2 values of
kaolinite, humic acid, and quartz were more than two orders of magnitude greater than
illite. In Figure 6-9 and Figure 6-10, τZr,Si values were better correlated to reactive OH
nm-2 compared to nTFS. The previous chapters emphasized the quantification of clay
mineral reactivity, where ABET was discounted as a method to include when quantifying
surface reactivity because ABET does not correlate to the reactive edge surface area.16
However, in these samples, the major contribution to TFS reactivity is the presence of
quartz. Quartz does not have a layered structure like clay minerals. Consequently, it is
reasonable to include ABET with TFS quantification, resulting in the best correlation being
derived in units of reactive OH nm-2.
The apparent differences in reactive OH nm-2 for the SSHO minerals is likely tied
to the edge surface area of the clay minerals and the geometric surface area of quartz.
Rajec and coworkers used transmission electron microscopy (TEM) to measure the edge
surface area (ESA) of several illite samples with barrel and platy morphologies. Although
the illite samples had total surface areas (TSA) of 50 – 350 m2 g-1, the ESA ranges from
0.002 – 0.033 m2 g-1.31 Chlorite also has a small ESA of 0.0024 m2 g-1 as measured by
SEM compared to a TSA of 1.6 m2 g-1.32 AFM measurements of kaolinite indicated that
kaolinite has a much larger ESA of 2.7 – 4.4 m2 g-1 compared to a TSA of 10.1 – 24.1 m2
g-1.33 Finally, estimations of AGEO of quartz were 0.02 – 0.036 m2 g-1 compared to a TSA
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of 0.061 m2 g-1.14 Consequently, the low ESA of chlorite and illite explain the low TFS
reactivities of the two minerals.
Investigations of the individual minerals reveal that quartz, kaolinite, and humic
substance are two orders of magnitude more reactive than illite on a OH nm -2 basis. The
percentage of each mineral for select planar transect samples was quantified with XRD
(Figure 6-4).3 The sum of the percentage of quartz, kaolinite, and humic substance in
each sample is plotted as a function of its reactive OH nm-2 (Figure 6-11). A strong linear
correlation is observed between reactive OH nm-2 and percentage of “TFS reactive”
minerals present.
Table 6-5. BET specific surface area and nTFS of individual minerals found at SSHO. The
OH nm-2 and nTFS were scaled to illite. The reactivity of chlorite could not be quantified.
Mineral

BET
(m2/g)

nTFS

OH nm

Kaolinite
Vermiculite
Humic Acid
Quartz
Illite Wards
Chlorite

12.7
52.0
2.8
1.6
20.3
8.4

2.2 x 1018 + 0.2 x 1018
2 x 1018 + 1 x 1018
4.3 x 1017 + 0.4 x 1017
3.4 x 1017 + 0.2 x 1017
2.7 x 1016 + 0.5 x 1016
Cannot be determined

0.17
0.039
0.15
0.21
0.0013

-2

nTFS
scaled to
illite
81
74
16
13
1

OH nm-2
scaled to illite
131
30
115
162
1
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Figure 6-11. The percentage of minerals in SSHO samples considered reactive to TFS are
plotted as a function of reactive OH nm-2. The minerals in SSHO considered reactive to
TFS are quartz, kaolinite, and humic substance. The best fit line had R2 = 0.93.

154
6.3.3 Dissolution rates
As minerals weather, reactive sites can be both depleted and formed. For instance,
it is well-established that clay mineral dissolution rates decrease as a function of time as
reactive edge sites are depleted.4 In addition, mineral dissolution can be inhibited by
surface coatings.10,

34-37

However, chemical weathering increases porosity and surface

pitting, which can increase the surface roughness over time.1, 38
The short-term solution chemistry along the valley floor has been monitored with
lysimeters at various depths. The soil pH along the planar transect ranged from 3.5 to 5.0
and generally increased with soil depth.3 Ideally, the objective of this study would be to
determine if a relationship exists between short-term weathering rates and nTFS values.
However, we have posited that nTFS is a suitable and reasonable proxy for reactive surface
area, as the lone Q3silanol sites where TFS binds are intimately involved in the ratecontrolling step of acid-mediated silicate dissolution.18, 19 Before attempting to correlate
TFS reactivity to short-term weathering rates in the field, which are closer to equilibrium,
laboratory-scale dissolution experiments were conducted at far-from-equilibrium acidmediated conditions. The valley floor silt/clay fractions from the depths of 0-10 cm, 2030 cm, 40-50 cm, and 60-67 cm were dissolved for one month at 25 °C and pH 2. The
solution chemistry for the silt/clay fraction dissolution samples is listed in Table 6-6.
The overall rates of field weathering at SSHO are determined by the rates of
chlorite and illite dissolution.3 A list of published dissolution rates was compiled for the
minerals present in the planar transect to predict which minerals would dominate the
dissolution rates at pH 2 (Table 6-7). Of the three major minerals in the bedrock, illite
and chlorite have faster dissolution rates compared to the dissolution rate of quartz. Using
mass balance, the mineral compositions for illite and chlorite at the SSHO were
determined

to

be

K0.77(Si0.30Al0.70)(Fe0.48Mg0.07Al0.45)AlSi3O20(OH)2

and

(Fe0.48Mg0.07Al0.45)6(Si0.07Al0.93)4O10(OH)8, respectively. When illite and chlorite dissolve,
all of the K in the stream water is from dissolved illite and the vast majority of Mg (98%)
is from dissolved chlorite. Solution concentrations of Mg and K can be used to calculate
the dissolution rates of illite and chlorite.3
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Table 6-6. Solution chemistry from batch dissolution experiments of silt/clay fractions of
valley floor samples.
Soil
Depth
0-10
cm

20-30
cm

40-50
cm

60-67
cm

Time
(hours)
0
24
72
165
263.75
335.75
406.25
502
644
719.5
0
24
72
165
263.75
335.75
406.25
502
644
719.5
0
24
72
165
263.75
335.75
406.25
502
644
719.5
0
24
72
165
263.75
335.75
406.25
502
644
719.5

pH
2.08
N/A
2.01
2.02
1.94
1.98
1.98
1.94
1.90
N/A
2.09
N/A
1.99
2.04
1.93
1.98
1.97
1.94
1.89
N/A
2.11
N/A
1.99
2.07
1.93
1.99
1.97
1.95
1.9
N/A
2.13
N/A
1.99
2.07
1.94
1.97
1.97
1.95
1.91
N/A

Al
(µM)
-0.09
6.44
7.73
8.96
9.96
10.32
10.96
11.48
12.21
13.24
-0.09
4.32
5.82
7.50
8.72
9.68
10.72
11.59
13.48
14.16
-0.10
4.40
7.66
7.66
9.30
10.27
11.37
12.70
14.62
16.40
-0.13
4.15
5.60
7.54
9.30
10.64
11.76
13.79
16.62
18.11

Ca
(µM)
-0.19
2.77
2.60
2.89
2.68
2.86
2.99
3.06
3.70
3.61
-0.18
3.00
2.81
3.16
3.09
3.00
3.20
3.39
3.26
3.53
-0.21
3.34
3.36
3.36
3.57
3.51
3.40
3.84
4.20
4.54
-0.20
4.13
3.43
3.63
3.62
3.80
4.10
4.28
4.07
4.30

Fe
(µM)
-0.06
1.29
2.04
2.57
3.00
3.23
3.53
3.77
4.15
4.39
-0.05
0.75
1.30
1.97
2.56
3.05
3.67
4.24
5.29
5.81
-0.06
0.69
2.18
2.18
3.07
3.74
4.47
5.43
7.10
7.99
-0.06
0.76
1.41
2.40
3.53
4.52
5.50
6.90
8.88
9.99

K
(µM)
-1.01
18.64
22.69
25.52
26.82
31.90
44.55
69.98
106.04
106.42
-0.85
19.71
22.61
24.66
24.97
27.36
27.62
47.89
94.08
96.58
-0.26
20.91
29.21
29.21
30.20
45.52
46.84
67.20
99.06
98.00
-0.09
33.17
35.18
37.13
36.75
38.15
40.50
60.38
103.76
104.94

Mg
(µM)
-0.07
1.08
1.16
1.27
1.41
1.48
1.58
1.67
1.91
1.96
-0.06
1.30
1.50
1.76
2.02
2.28
2.61
2.88
3.47
3.73
-0.07
1.85
2.39
2.39
2.87
3.21
3.52
4.01
4.86
5.31
-0.07
2.18
2.40
2.87
3.43
3.88
4.37
5.14
6.07
6.56

Mn
(µM)
-0.01
0.54
0.66
0.72
0.76
0.75
0.77
0.76
0.77
0.77
-0.01
0.40
0.60
0.73
0.77
0.79
0.83
0.81
0.83
0.82
0.00
0.39
0.75
0.75
0.84
0.86
0.88
0.89
0.92
0.93
0.00
0.33
0.50
0.66
0.76
0.82
0.84
0.88
0.88
0.89

Si
(µM)
-0.57
0.25
0.63
1.27
1.88
2.25
2.70
3.18
3.83
4.30
-0.57
0.52
1.07
2.33
3.35
4.14
5.24
6.11
7.77
8.75
-0.55
1.05
3.57
3.57
5.16
6.86
7.17
8.65
11.16
12.51
-0.61
1.38
2.55
4.29
6.21
7.63
9.19
11.12
13.81
15.52
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Table 6-7. Dissolution rates of individual minerals.
Time
days
15
100
150
63

Rate * 10-15
mol m-2 s-1
220
160
130
36

Rate * 10-13
mol g-1 s-1
286
208
169
6.4

pH

Flowthrough
Flowthrough
Batch
Flowthrough

BET
m2 g-1
130
130
130
17.9

Batch

17.9

150

25

0.03

N/A

Quartz

Fluidized
bed reactor
Batch

0.00111

Vermiculite
Vermiculite

Flowthrough
Flowthrough

Chlorite

Batch

Chlorite

Mixed flow
reactor
Flowthrough

Mineral

Method

Illite du Puy
Illite du Puy
Illite du Puy
Kaolinite
(KGa-2)
Kaolinite
(KGa-2)
Quartz

Chlorite

Source

2.1
2.1
2.0
2.0

T
°C
25
25
25
25

4.5

1.9

25

Huertas 199941

1260

.378

2.2

25

32.3

891

0.0099

2.15

25

17.4
17.4 to
69
1.44

45.8
195.8

N/A
N/A

3200
2000

2.0
2.0

22
25

Wollast and Chou
198842
Brady and Walther
199043
Kalinowski 200744
Kalinowski 200744

14

46774

674

2

25

Hamer et al 200345

1.1

17 –
19.7
30

3210

35.3

2.1

25

Brandt et al 200332

70000

4690

2

25

Gustafsson 200346

6.7

Kohler 20054
Kohler 20054
Kohler 200339
Cama 200240

The mass and BET normalized dissolution rates for Al, Fe, K, Mg, and Si of the
silt/clay fraction were calculated (Table 6-8). Mass normalized dissolution rates were
slower for shales from the soil surface compared to the bedrock, except for the K
dissolution rates, which were the same within error. BET normalized dissolution rates
were the same within error for Al and Fe whereas Mg and Si dissolution rates still
decreased for shales collected from the soil surface. K dissolution rates increased from
bedrock to soil surface. To make comparisons between dissolution rates of various soil
samples, rates must be normalized by mineral or elemental compositions because they
vary as a function of soil depth. The differences in mineralogy between samples must be
considered before making any comparisons between dissolution rates of each sample.
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Table 6-8. Mass and BET surface area normalized dissolution rates for Al, Fe, K, Mg,
and Si from silt/clay samples from the valley floor.
Soil Depth
cm
0-10
20-30
40-50
60-67
0-10
20-30
40-50
60-67

Mass normalized dissolution rate x 10-11 (mol g-1 sec-1)
Al
Fe
K
Mg
Si
2.4 + 0.2
1.11 + 0.11
38 + 5
0.354 + 0.008
1.58 + 0.04
3.76 + 0.18
2.0 + 0.3
31 + 6
0.97 + 0.02
3.26 + 0.04
4.2 + 0.3
2.71 + 0.15
32 + 4
1.32 + 0.07
4.2 + 0.2
5.43 + 0.08
3.68 + 0.07
30. + 6
1.78 + 0.05
5.59 + 0.04
BET normalized dissolution rate x 10-12 (mol m-2 sec-1)
4.1 + 0.5
1.9 + 0.3
64 + 11
0.60 + 0.06
2.7 + 0.3
3.8 + 0.4
2.0 + 0.2
31 + 7
0.98 + 0.10
3.3 + 0.3
3.8 + 0.5
2.5 + 0.3
30. + 5
1.20 + 0.14
3.8 + 0.4
3.6 + 0.4
2.5 + 0.3
20. + 5
1.20 + 0.12
3.8 + 0.4

The dissolution rates calculated in Table 6-8 assume that the entire soil sample is
reacting. However, based on the compilation of dissolution rates listed in Table 6-7,
quartz dissolution rates at pH 2 are significantly slower on a mass normalized basis than
the dissolution rates of the other minerals present. To accurately calculate dissolution
rates, one must remove the quartz mass from total mass of the soil sample. The weight
percent of quartz as determined previously by XRD was used to determine the weight
percent of the soil to remove.3 The mass normalized rates excluding the mass of quartz
are listed in Table 6-9. The Al, Fe, Mg, and Si dissolution rates were slower for samples
collected from the soil surface compared to the bedrock. Only K dissolution rates were
faster at the soil surface. ABET normalized dissolution rates were calculated by
determining the surface area of the sample once the quartz surface area was removed.
Assuming quartz has a BET surface area of 1 m 2 g-1, the ABET can be calculated for the
remaining minerals in each sample. Within error, the dissolution rates for Al, Fe, and Si
were the same whereas Mg rates were slower and K rates were faster for the samples
collected from the soil surface (Figure 6-12).
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Table 6-9. Dissolution rates after the mass of quartz is removed. The mass normalized Al,
Fe, Mg, and Si dissolution rates of the silt/clay fraction of valley floor samples were
calculated by dividing by the non-quartz component of the sample mass. BET normalized
dissolution rates are also reported based on ABET calculated if the quartz mass and surface
area are removed from the initial ABET.
Depth
cm
0-10
20-30
40-50
60-67

BET
m2 g-1
5.9
9.9
11
14.9

0-10
20-30
40-50
60-67

14.4
22.7
21.0
22.8

Mass normalized dissolution rate x 10-11 (mol g-1 sec-1)
Al
Fe
K
Mg
Si
6.6 + 0.6 3.0 + 0.3 103 + 15 0.97 + 0.05
4.3 + 0.2
9.2 + 0.6 4.8 + 0.3 76 + 16
2.36 + 0.13
8.0 + 0.4
8.4 + 0.7 5.4 + 0.4
65 + 8
2.64 + 0.19
8.4 + 0.6
8.5 + 0.5 5.8 + 0.3 46 + 10
2.80 + 0.16
8.8 + 0.4
BET normalized dissolution rate x 10-12 (mol m-2 sec-1)
4.6 + 0.6 2.1 + 0.3 72 + 13
0.67 + 0.08
3.0 + 0.3
4.0 + 0.5 2.1 + 0.2
33 + 8
1.04 + 0.12
3.5 + 0.4
4.0 + 0.5 2.6 + 0.3
31 + 5
1.26 + 0.16
4.0 + 0.5
3.7 + 0.4 2.5 + 0.3
20. + 5
1.23 + 0.14
3.8 + 0.4

Figure 6-12. BET normalized dissolution rates after the mass of quartz is removed are
plotted as a function of depth at the valley floor.
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An alternative method for calculating dissolution rates is to normalize based on
elemental compositions of each sample. In Table 6-10, the mass normalized dissolution
rate is calculated by dividing by the percent of each element present. For Al and Fe, the
dissolution rates normalized by the percentage of the element present were relatively
similar for the samples collected at all four depths. The K dissolution rates were faster
and the Mg and Si dissolution rates were slower at the soil surface compared to bedrock.
However, the Si percentage contains Si from quartz, which is relatively inert. Based on
the elemental and mineralogical compositions of each sample, the quartz component of
the Si percentage was removed to calculate the percentage of Si present without quartz
(Table 6-10). The Si dissolution rate was normalized by dividing the mass normalized
rate by the Si wt.% without a quartz contribution. Then, Si dissolution rates were similar
for samples collected from the four depths.
Table 6-10. Mass normalized dissolution rates calculated by dividing by the percentage
of Al, Fe, Mg, or Si present in each sample. The percentage of Si without quartz included
was also calculated to determine the mass normalized dissolution rate.
Depth
cm
0-10
20-30
40-50
60-67

Si with Si without
quartz
quartz
%
32.70
3.11
31.07
7.55
30.00
6.96
27.89
10.92

Al
5.3 + 0.5
5.3 + 0.4
5.0 + 0.4
5.3 + 0.3

Si with
Si without
quartz
quartz
-12
-1
-1
Mass normalized dissolution rate x 10 (mol g sec )
5.9 + 0.6
250 + 40
11.8 + 0.6 0.48 + 0.03 5.1 + 0.5
6.2 + 0.3
140 + 30
17.9 + 1.0 1.05 + 0.05 4.3 + 0.4
6.8 + 0.5 110. + 14 19.4 + 1.4 1.40 + 0.10 6.1 + 0.6
7.5 + 0.4
120 + 20
21.2 + 1.2 2.00 + 0.10 5.1 + 0.5
Fe

K

Mg
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Interestingly, by normalizing dissolution rates either by removing the quartz
contribution or normalizing by dividing by the elemental percentages, the Al, Fe, and Si
dissolution rates were the same within error. This observation indicates that the clay
mineral dissolution rates do not change significantly with soil depth. However, the faster
K dissolution rates from soil surface compared to bedrock suggests that illite is dissolving
faster as it is weathered. Another possible explanation for the presence of K is from Kfeldspars. The presence of K-feldspars increases in weight percent from bedrock to soil
surface. The slower Mg dissolution rates from soil surface compared to bedrock suggest
that “chlorite” dissolution rates are decreasing as the soils are weathered. However, the
changes of dissolution rates are not as large as the magnitude of change in TFS reactivity
from bedrock to soil surface. Therefore, the observed dissolution rates fail to easily
explain the overall increase in TFS reactivity as the samples are weathered.
Unlike the model clay systems investigated in Chapters 4 and 5 where nTFS values
decreased rapidly at first when the clays dissolved, the shales collected from the valley
floor of the planer transect appear to have been preconditioned. The kaolinite and
montmorillonite edge surface areas decreased in a exponential fashion over time.
Therefore, at long time scales, it is likely that the edge surface area of clay minerals does
not change substantially. Consequently, the dissolution rate would be similar for the clays
collected at various soil depths.
These dissolution experiments were designed to eliminate many of the intrinsic
and extrinsic factors that impact dissolution rate in the field. Therefore, these
investigations suggest that other factors dominate the differences in dissolution rates
observed between the laboratory and field experiments. This conclusion signifies that
while it is still important to quantify reactive surface area, it may be not be necessary to
consider how reactive surface area changes for field weathered clays when accounting for
discrepancies between laboratory and field dissolution rates.
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6.3.4 Other factors contributing to surface reactivity
Based upon the observed TFS reactivities of individual minerals present at SSHO,
the primary contribution to TFS reactivity for soils SSHO is the percentages of minerals
present. TFS reactivity does not appear to correlate to acid-mediated dissolution rates in
multimineralic systems. This is due to the fact that a reactive Q3SiOH group on one
mineral reacts at a different rate than a similar reactive site on another mineral.
In addition to the percentages of each mineral present, other factors may
contribute to the increase in TFS reactivity as the minerals are weathered. Some of these
factors are transformations of the illite and chlorite present to form secondary minerals
still classified as chlorite with greater TFS reactivities. In addition, reactivity may
increase as pores form and interconnect and as particle size decreases.

6.3.4.1 Mineralogical characterization with NMR
29

Si MAS NMR with 1H decoupling and

27

Al MAS NMR were conducted to

characterize the mineralogy of four samples collected from the valley floor (0-10 cm, 2030 cm, 40-50 cm, and 60-67 cm). The 29Si MAS NMR with 1H decoupling revealed two
main resonances: a broad resonance from -70 ppm to -105 ppm and a more narrow
resonance at -110 ppm (Figure 6-13). The resonance at -110 ppm is from the quartz in the
soils. As the soils are weathered from bedrock to soil surface, an increase in the quartz
peak is observed as expected because quartz makes up a greater percentage of the total
mineralogy at the soil surface. The broad resonance from -70 ppm to -105 ppm is
representative of the clay fraction of the soils. This peak decreases in intensity from
bedrock to soil surface samples as the clays are weathered away.
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Figure 6-13. 29Si MAS NMR (right) and 27Al MAS NMR (left) of valley floor samples.

Both tetrahedral and octahedral resonances were observed in all of the

27

Al MAS

NMR spectra. A broad octahedral peak was centered at 1.3 (at 60-67 cm) to 2.4 ppm (at
0-10 cm). Two resonances were observed in the tetrahedral Al region: one at 69 ppm and
the other at 55 ppm. As the samples are weathered from bedrock to soil surface, the
resonance at 55 ppm increased. The primary tetrahedral resonance from the sample near
the bedrock was at 69 ppm. This peak is similar to the tetrahedral peak observed from the
Ward’s Natural Science illite, which was centered at 70.0 ppm.
“Chlorite” and illite are weathered congruently along the planar transect with the
ratio of chlorite to illite is 0.13 at the soil surface and 0.15 at the bedrock. 3 Therefore, if
chlorite and illite maintained similar chemical structures as they dissolve, the tetrahedral
regions in the

27

Al MAS NMR spectra should be similar. However, the changes in
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relative intensities of the two tetrahedral peaks indicate that mineral transformations are
occurring.
Identification of the other tetrahedral peak at 55 ppm is not as straightforward as
the identification of the resonance at 69 ppm. Two scenarios are most likely to occur.
First, XRD observed the presence of small quantities of feldspar in the valley floor,
increasing from 1.2 wt. % at the bedrock to 6.2 wt. % at the soil surface. Feldspars have
tetrahedral Al resonances from 55 – 68 ppm and Si resonances from -95 to -100 ppm.47
Based on Figure 6-13, it is possible that the Al resonance at 55 ppm is from feldspars.
However, the large 55 ppm signal in the 0-10 cm fraction compared to the relatively
percentages of feldspar, illite, and chlorite present (6.2, 22.6, and 3.5 wt. %,
respectively3) suggests that there are other contributions to the signal at 55 ppm in
addition to the possibility of feldspars. A second explanation for the peak at 55 ppm was
suggested by Mantovani and coworkers. As more Al is incorporated into a Si tetrahedral
sheet, the Al signal is deshielded.48, 49 Therefore, it is possible that the peak at 55 ppm
grows in as Al is lost from the tetrahedral sheets. Parent illite and chlorite are transformed
into other minerals such as vermiculite and hydroxyl interlayered vermiculite that have
less Al in their tetrahedral layers than illite or chlorite. For instance, at 9.4 T, the
vermiculite from Ward’s Natural Science had a tetrahedral resonance centered at 62.4
ppm. At 7.0 T, an unreacted trioctahedral vermiculite had a peak AlIV position of 58.0
ppm.50 Depending on the iron content, the tetrahedral and octahedral Al peaks of chlorite
resonated at 59 – 67.5 ppm and 8-10 ppm, respectively, at 9.4 T.51
Secondary minerals that form can have higher TFS reactivities than the parent
minerals. For instance, vermiculite was 30 times more reactive than illite (on a reactive
OH nm-2 scale). Therefore, the mineral transformations that occur may partially explain
the increase in TFS reactivity as the soils are weathered. In addition, coatings may form
particles on parent minerals, creating a larger observed reactive surface than expected
based on the bulk mineralogy.
27

Al MAS NMR experiments can be quantitative; however, the amount of

paramagnetic Fe present and the use of only a 9.4 T field strength made quantification
impossible.52, 53 In the future, the use of faster spinning speeds at a higher field strength,
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such as the 850 MHz NMR at the Pacific Northwest National Laboratory, may be used to
help resolve the number of peaks present and their relative areas to make quantification
of “chlorite” transformations feasible.

6.4.1.2 Pore formation and particle size
One factor contributing to changes in surface reactivity is the formation of pores.
Pores can be created both from physical breaking of soils and chemical weathering,
creating access to previously inaccessible reactive sites. Three types of pores are present
in shales (Figure 6-14). The first pore type is interlayer pores. These are the pores found
between clay mineral layers. The second pore type is intraparticle pores. These pores are
located between clay particles that come in contact with one another. The third pore type
is an interparticle pore. These pores are located between different minerals (e.g. when a
clay particle is in contact with a quartz grain). Due to the size of the TFS molecule used
to measure surface reactivity, the interlayer pores and most intraparticle pores are
inaccessible or unreactive to TFS. TFS would not be able to react on the surfaces on
unconnected pores. The only sites that TFS could react with are in interparticle pores that
are connected. Therefore, ABET measurements may reflect some porosity that TFS cannot
reach.
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Figure 6-14. Three types of pores are present in soils: interlayer pores, intra-particle
pores, and inter-particle pores (adapted from Allen, 1991).54

Soils contain both connected and unconnected pores. As soils are weathered by
physical, chemical, and biological means, more pores become connected and new pores
form (Figure 6-15). Pore formation in shale chips was observed via small angle neutron
scattering. In bedrock and unweathered shale, pores are only present between clay grains.
As the shales weather both chemically and physically, intraparticle pores become more
prevalent. Finally, additional weathering will smooth pores surfaces.55 Based upon these
observations, some on the increase in TFS reactivity from bedrock to soil surface may be
attributed to the increase of accessible reactive sites.
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Figure 6-15. As soils weather, new pores form and unconnected pores become connected.
Figure courtesy of Lixin Jin.56
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In addition to the formation of pores, shales tend to break apart into smaller
aggregates as they are weathered. SEM observations of the bedrock at the SSHO
indicated that the grains were the aggregates of many particles.3 Two of the silt/clay
fractions (10-20 cm and 50-60 cm) were observed with ESEM (Figure 6-16). The 50-60
cm sample, which has not been weathered as much, was observed to have larger
aggregates compared to the more weathered 10-20 cm fraction. The smaller aggregate
size may result in higher nTFS values. In addition, smaller aggregates can have faster
dissolution rates compared to larger aggregates.57
Dissolution of fine grains can be as much as two orders of magnitude faster than
course grains.15,

58

Hodson investigated the effect of particle size on batch dissolution

rates at pH 4 of the mineral fraction of the B horizon of a granitic podzol, which
contained quartz, plagioclase feldspar, alkali feldspar, biotite, and chlorite. Both ABET and
AGEO normalized dissolution rates of the smallest size fraction were significantly greater
than the rates of the larger size fractions. The faster dissolution rate was attributed to the
presence of highly reactive minerals in the finest fraction that were undetected by
XRD.59, 60 Faster dissolution rates for smaller particle sizes corroborate why nTFS values
were observed to be larger for the silt/clay fraction compared to the sand fraction at the
valley floor.
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Figure 6-16. SEM images of the silt/clay fraction of the valley floor samples collected at
10-20 cm and 50-60 cm.
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6.5 Conclusions and future directions
The ultimate goal of these studies was to determine the influence of reactive
surface area on dissolution rate to aid in the complex task of determining the preferred
methods to scale environmental kinetics. However, in this complex system, TFS
reactivity did not correlate to dissolution rates of the shales, which are dominated by the
dissolution rates of illite and chlorite. At various depths at the valley floor, dissolution
rates were observed to be the same within error. The similarity in dissolution rates was
attributed to the fact that at long time scales, the edge surface area of clay minerals does
not change substantially. This conclusion signifies that while it is still important to
quantify reactive surface area, it may be not be necessary to consider how reactive
surface area changes for field weathered clays when accounting for discrepancies
between laboratory and field dissolution rates.
Quantification of TFS reactivity was successfully correlated to the sample
mineralogy and the extent with which the soils have been weathered. Quartz and the
phyllosilicates with large edge surface areas were observed to have higher TFS
reactivities compared to illite and chlorite, which have much smaller edge surface areas.
The quantification of TFS reactivity can be used as a means for easily predicting how far
into the weathering scheme a soil has progressed. Our NMR proxy for reactive surface
area has laid the groundwork for future studies using chemical methods to quantify
reactive surface area, which will enable a more accurate prediction of laboratory and field
dissolution rates.
These studies highlight the need to include certain provisions to successfully
quantify reactive surface area using a chemical method in multimineralic systems. In
Chapter 5, TFS reactivity was effectively correlated to changes in the bentonite
dissolution rate because the dissolving montmorillonite phase had a larger TFS reactivity
compared to the inert opal-CT phase. However, in the SSHO samples, the dissolving
chlorite and illite had much lower reactivities compared to the inert quartz. The
dissolution rate of a reactive Q3 hydroxyl site, in units of mol OH-1 s-1, is a function the
dissolving mineral. Each mineral in a multimineralic sample may have different rate at

170
which its reactive sites are depleted. The nTFS or reactive OH nm-2 values were compared
to published dissolution rates; however, a paucity of data limited us in identifying any
trends to enable predictions of reactivity for other minerals. Future studies identifying the
rates based on TFS reactivity could be applied to better predict overall dissolution rates in
multimineralic systems.
The use of chemical methods to quantify reactive surface area may be augmented
by introducing studies using other probes for surface reactivity. In particular for shale
samples, chemical probes that react with the octahedral reactive sites instead of the
tetrahedral reactive sites may alleviate the excess signal from quartz reactivity measured
with TFS. One such probe that has been used previously in our lab is TMPO
(trimethylphosphine oxide), which reacts with Brønsted acid sites. However, two main
drawbacks exist when using TMPO as a proxy for reactive surface area. One drawback to
using TMPO is detected with 31P MAS NMR. These soils already contain some P, which
may interfere with the TMPO signal.61 The second drawback is not directly quantifying
the Q3Si sites, which are the sites that are tied directly to overall aluminosilicate
dissolution rates.
Now that the notion of varied rates of dissolution for similar reactive sites on
different mineral surfaces in a multimineralic system has been studied rigorously, it raises
the question of how to appropriately separate reactive surface areas of minerals that react
at different rates. None of the techniques to date to quantify reactive surface area are able
to separate reactive surface area of the reacting minerals from the reactive surface area of
minerals that are much slower to dissolve or are relatively inert. One of the future
challenges for geochemists will be to identify how to make this crucial distinction
between varying rates of surface reactivity in multimineralic systems.
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Chapter 7
Conclusions and Future Directions

7.1 Conclusions
Throughout this thesis, the objective was to develop and demonstrate advanced
experimental tools to predict reactive surface area across spatial scales. The studies in
Chapter 3 demonstrated that our solid-state NMR proxy for reactive surface area, which
had previously been used to characterize the reactivity of silica and aluminosilicate gels,
fiberglass materials, volcanic aluminosilicate glasses, can be successfully utilized to
characterize the reactivity of clay minerals.1-3 Measurements of specific hydroxyl
number, nTFS, can be achieved by covalent attachment of a fluorine-containing
monochlorosilane molecule to lone Q3 surface silanol species and quantification with 19F
MAS NMR. This method provides a straightforward method for the assessment of
reactive surface area when conventional methods such as BET do not accurately
represent surface reactivity. In these studies, nTFS quantification was shown to be
proportional to AFM edge surface area for two kaolinite samples.4
Chapters 4 and 5 provided in depth studies of kaolinite and bentonite to examine
how the depletion in reactive surface sites relates to changes in edge to basal plane ratios
as a function of time during proton-promoted far-from-equilibrium dissolution. These
studies were extended to demonstrate that the measurement of nTFS can be used to predict
clay mineral dissolution rates. In Chapter 4, changes in nTFS were quantified for kaolinite
KGa-1b during acid-mediated dissolution. These investigations demonstrated a depletion
in nTFS, which was directly correlated to decreasing kaolinite dissolution rates. In
addition, the decreasing dissolution rates supported the hypotheses of Huertas and Ganor
that kaolinite dissolution under mildly acidic conditions is controlled by dissolution at the
edges.5, 6 In Chapter 5, far-from-equilibrium proton-promoted dissolution experiments of
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bentonite containing montmorillonite and an accessory silica phase demonstrated that the
use of solid-state NMR proxy for reactive surface area is not limited to monomineralic
systems. The silica phase was identified as opal-CT and was not observed to contribute to
the overall dissolution rate of the bentonite sample. Temporal decreases in dissolution
rate of the montmorillonite present were directly correlated to decreases in nTFS.
The measurement of nTFS now allows researchers to predict the dissolution rate of
kaolinite and montmorillonite at a pH value of 3.0. Furthermore, log dissolution rate was
plotted as a function of log estimated κmin values for both the kaolinite and
montmorillonite data. The similarity in slopes of both sets of data demonstrates that these
plots can be used to predict dissolution rates for other clay minerals. The successful
application of the solid-state NMR proxy for reactive surface area to study changes in
dissolution rates for both the kaolinite and bentonite dissolution indicate that this method
can be used as an alternative to normalizing clay dissolution rates by AFM edge surface
areas. This is advantageous because AFM edge surface areas are not always readily
available or straightforward to measure. In addition, edge surface area is not a constant
value, but one that decreases as a sample dissolves. Our solid-state NMR proxy for
reactive surface area can circumvent some of the issues associated with normalization by
mass or AFM edge surface area.
One ultimate objective of the overall CEKA project was to scale up molecularlevel observations to investigate changes in reactive surface area and how those
observations may be correlated to changes in weathering rate of soils collected from the
Susquehanna Shale Hills Observatory (SSHO). Particularly, these investigations were
geared towards understanding what role reactive surface area plays in the differences
between laboratory and field scale weathering rates. In Chapter 6, the solid-state NMR
proxy was used to quantify the reactivity of multimineralic naturally-weathered shales
collected from a downslope, planar transect at SSHO. The solid-state NMR proxy
demonstrated that nTFS and reactive OH nm-2 increased as the shales were weathered. The
reactivity was compared to the laboratory dissolution rates of samples collected from the
valley floor. Normalized Al, Fe, and Si dissolution rates were the same within error,
indicating that the clay mineral dissolution rates do not change significantly with soil
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depth. At long time scales, it is likely that the edge surface area of clay minerals does not
change substantially. Therefore, other intrinsic and extrinsic factors are likely to be the
main sources of the discrepancy between laboratory and field scale dissolution rates.
The increases in reactivity as the soils weathered were correlated to changes in
mineralogy of the soils. Phyllosilicates with large edge surface areas and quartz were
observed to have higher TFS reactivities compared to illite and chlorite, which have
much smaller edge surface areas. The clays weather away preferentially, leaving the inert
quartz present in greater quantities in the samples at the soil surface compared to the
bedrock.7 Overall increases in nTFS and reactive OH nm-2 from bedrock to soil surface
were primarily a function of the large percentage of quartz present at the soil surface.
Additional factors contributing to the increase in TFS reactivity as the shales were
weathered were the formation of secondary minerals with larger TFS reactivities,
decreases in particle size, and increases in porosity.
A limitation to the use of the solid-state NMR proxy for reactive surface area was
exposed in the study of these multimineralic shales. The overall transformations at SSHO
are determined by the dissolution rates of illite and chlorite.7 In Chapter 5, TFS reactivity
was effectively correlated to changes in the bentonite dissolution rate because the
dissolving montmorillonite phase had a larger TFS reactivity compared to the inert opalCT phase. However, in the SSHO samples, the dissolving chlorite and illite had much
lower TFS reactivities compared to the inert quartz. Consequently, the solid-state NMR
proxy could not be used to correlate surface reactivity to weathering rates in the SSHO
samples.

7.2 Outlook
Large strides have been made in our understanding of reactive surface area since
the inception of the concept by Hegleson et al. in 1984.8 Quantification of reactive
surface area has evolved into a term that should be broken up into two parts. The first part
addresses the common question of how large is the reactive surface area and is typically
answered with a geometric measurement. The second part of the term for reactive surface
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area must take into account the chemical reactivity of individual types of surface sites.
The number and distribution of molecular sites on a mineral surface will define its
reactivity. Surface topography can be characterized with atomic force microscopy,
interferometry techniques, and electron microscopy techniques. Surface structure and
chemistry can be quantified with x-ray photoelectron spectroscopy, secondary ion mass
spectrometry, and x-ray (grazing incidence) diffraction.9 Computations provide an atomic
and molecular level understanding of the reactivity of given molecular or topographic
sites, such as the Monte Carlo algorithm applied to characterize quartz dissolution.10, 11
Ultimately, the quantification of reactive surface area requires a multifaceted approach to
characterize the surface area present, the proportions of each type of molecular site
present at the surface, and the reactivity of each surface site present.
The overarching objectives of this dissertation were to investigate the potential of
using a chemical method to quantify reactive surface area of clay minerals and provide an
outlook on how geochemists can best scale laboratory rates to attain a better
understanding of weathering in the field. The use of the TFS probe molecule was
demonstrated to successfully quantify surface reactivity in monomineralic clay systems
or in systems in which the clay is the only mineral dissolving and is contributing
significantly to the nTFS values. This technique is particularly useful when determining
the reactivity of materials with low specific surface areas or when the surface reactivity
of a mineral or material changes during reactions such as proton-promoted dissolution,
making the technique beneficial for approaching numerous geochemical problems.
The TFS probe molecule cannot be used to successfully quantify reactive surface
area and correlate it to dissolution rates when the primary dissolving minerals have low
reactivities to TFS compared to the other minerals present. These observations do not
preclude the use of a chemical method to quantify reactive surface area, but they do
suggest that other probe molecules should be investigated as well. The characterization of
a suite of reactive probes, such as TMPO12, tailored to certain types of mineral surface
sites may be the next step to the establishment of widespread use of chemical methods to
quantify reactive surface areas. The selection of alternative probe molecules should be
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made keeping in mind the reactive sites identified with computational and experimental
studies.
Future studies to quantify the reactive surface area of minerals should continue a
multifaceted approach to quantify the types and distribution of reactive sites and how the
distribution of reactive sites evolves over time. This is of particular importance when
predicting dissolution rates of multimineralic systems. It is widely acknowledged that
various crystal faces on a mineral surface can react at different rates. Topographic or
chemical methods can quantify the reactive area from the total surface area. However,
these areas may not be additive when multimineralic systems are studied. To
quantitatively predict weathering rates, one must be able to quantity the types and
distribution of reactive sites as well as their reactivities for all minerals present.
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