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ABSTRACT
Studying the reactions at the surfaces of natural solids is important for understanding and
regulating a number of environmental processes, including concentration and distribution of
contaminants and nutrients in Earth’s aqueous systems. Mineral surfaces, specifically, control
permeability and exchange of contaminants and nutrients in soils, in part through the reactions
that take place on these surfaces.

In this work, organic acid probe molecules (such as

trifluoroacetic acid, TFA) were used to determine the type of binding sites and the species
binding to the surfaces of environmentally relevant model solids, such as kaolinite (KGa-2, KGa1b), gibbsite and fumed silica. These determinations of surface chemistries and “reactive surface
area” (RSA) provide a more comprehensive description of how a material will behave in the
environment. In this context, reactive surface area is a measurement of the surface sites or
functional groups that directly participate in surface reactions. Therefore, RSA represents the
quantity of material available for reaction in a particular system and under specific conditions.
Solid-state nuclear magnetic resonance (NMR) was used in this work for structural
information about specific nuclei and their surrounding environments, thus enabling a
determination of RSA binding sites and the species being bound to the surfaces. Bloch-decay
magic angle spinning (MAS) NMR experiments were used to study the bulk structures of the
materials and to determine the coordination environments of NMR-active nuclei, such as fluorine
(19F), within probe molecules. Attenuated Total Reflectance Infrared Fourier-transform (ATRFTIR) spectroscopy was also used (by our collaborators at PSU) to help elucidate the RSA of the
environmentally relevant solids used in this work.
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Chapter 1
General Introduction to Surface Sorption on Model Systems

1.1 Introduction
Studying the reactions at the surfaces of natural solids is important for understanding and
regulating a number of environmental processes, including concentration and distribution of
contaminants and nutrients in Earth’s aqueous systems. Specifically, mineral surfaces control the
exchange of contaminants and nutrients in soils.1 The transport of toxic metals in the
environment is believed to be partly controlled by the interactions of the metals with mineral
surfaces. The cycling of toxic metals, primarily through surface sorption, does not depend strictly
on the total surface area available for reaction, but instead on specific reaction sites that can
change as a function of time or chemical environment. Therefore the general concept of "reactive
surface area on oxides" was studied to address this issue, where reactive surface area (RSA) is a
measurement of the surface sites or functional groups that directly participate in surface reactions.
This value represents the quantity of material available for reaction in a particular system and
provides a more comprehensive description of how a material will behave in the environment.1
Conventional techniques for determining specific surface area (SSA) include two different
methods. The first method, the Brunauer Emmett Teller (BET) isotherm method, measures the
changes in pressure associated with the adsorption of a monolayer of inert gas, such as N2, Ar or
Kr, to the surface of interest.2 This value provides a measure of the surface area per unit mass of
sample. The edge, outer basal plane and interbasal plane structures contribute to the SSA of nonswelling clay minerals as depicted in Figure 1.1.3 The second method calculates the geometric
SSA based on the grain diameter, density of the solid, and a geometric parameter.4 Although
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SSA provides valuable information about the sample, it does not explain how the surface will be
affected by environmental reactions. As a result, previous work has attempted to examine the
reactive surface area of minerals.
Hydroxyl
Aluminum

Edge Sites

Oxygen
Silicon
Basal Plane

Figure 1.1 A depiction of the basal plane and edge sites for clay minerals. The structure above is
for kaolinite.3
In a previous study by Sanders et al., dissolution rates of kaolinite and montmorillonite
were determined by using nuclear magnetic resonance (NMR) sensitive probe molecules to
characterize the non-hydrogen bonded hydroxyl sites on the surface of the minerals,
predominantly investigating the Q3 sites.1 The Q represents the quaternary silicon center, which
is bonded to three oxygens connected to the bulk material and one hydroxyl group that is not
hydrogen bonded as shown in Figure 1.2.5 Clay mineral surface reactivity and surface site
density were measured by attachment of the probe molecule (3,3,3trifluoropropyl)dimethylchlorosilane (TFS) and quantified with 19F magic angle spinning (MAS)
NMR.1
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Q1

Q2

Q3

Figure 1.2 A depiction of the various Qn sites, where Q = quaternary Si and n represents the
number of bonds to the bulk oxide.
Sanders et al. have also studied the depletion of reactive sites in clay minerals during farfrom-equilibrium acid-mediated dissolution on kaolinite and bentonite.6 The decrease in kaolinite
dissolution rates was correlated to the depletion of reactive sites, which supported their
hypothesis that dissolution under mildly acidic conditions occurs at kaolinite edges. Furthermore,
Washton et al. have used 19F-MAS NMR and the TFS-probe molecule to study the dissolution of
volcanic aluminosilicate glasses by characterizing the surface sites on the complex oxide
materials undergoing dissolution by counting the number of reactive sites by adding up the spins
on the probe molecule.1,5 They found that the surface site density of hydroxyl groups measured
by TFS chemisorption through 19F-MAS NMR correlated to the dissolution rates of the volcanic
glasses, which were compared through a common basis, such as the mass of the sample.7 They
also found that the surface density of Q3 sites increases over time as a function of weathering due
to the loss of the more reactive Q1 sites. These correlations were then examined to search for a
proxy for reactive surface area.
TFS was an excellent probe molecule for a variety of reasons including the high
sensitivity of the 19F nuclei and the ability to form strong covalent bonds to specific surface sites.
During attachment, TFS hydrolysis and condensation reactions occur that bind the probe to lone
non-hydrogen bonded edge sites (which are assumed to be Q3 sites). The successive TFS
hydrolysis and condensation reactions are sketched in Figure 1.3.1,5 Depicted on the left is the
specific reaction between a clay mineral edge site and a TFS molecule, where TFS undergoes a
condensation reaction to bind with a Q3 edge site on the mineral surface. On the right, Figure 1.3
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depicts a general schematic for the binding of a mono-functional organosilane and a single
reactive hydroxyl group on an oxide surface. First, the mono-functional chlorosilane undergoes
hydrolysis replacing the –Cl functionality with a –OH group to form an organosilanol. Then, the
organosilanol condenses with a single reactive hydroxyl group on the oxide surface, resulting in
the loss of a water molecule and a covalent bond between the organosilanol and the oxide surface.
The oxide surface is represented by an M-OH group with three bridging oxygens attached to a
glass surface.5

Figure 1.3 The diagram on the left shows a condensation reaction between TFS and the Q3 edge
site of the clay mineral. The highlighted -CF3 group is the part of the probe molecule detected by
19
F-NMR. The schematic on the right is the more general reaction mechanism for glass surfaces
depicting the hydrolysis and condensation reactions between a mono-functional organosilane and
a reactive hydroxyl group on an oxide surface.1,5
Hydroxyl
Aluminum
Oxygen
Silicon

Figure 1.4 Structure of kaolinite clay mineral.3
The systems of interest that were studied in this work include kaolinite (KGa-1b and
KGa-2), gibbsite and fumed silica. Kaolinite is a non-swelling clay mineral of the 1:1
phyllosilicate type; therefore, it is a layered aluminosilicate with each layer composed of
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octahedrally (Oh) coordinated aluminum (Al) arranged in a sheet and connected through bridging
oxygens to tetrahedrally (Td) coordinated silicon (Si) species in a second sheet (Figure 1.4).3,8
Both kaolinites were chosen for this work because they have been extensively characterized.
Gibbsite is one of the mineral forms of aluminum hydroxide (Al(OH)3) and has a structure
analogous to the basic structure of mica type minerals. The basic structure is formed from
stacked sheets of linked octahedra of aluminum hydroxide. Fumed silica is amorphous silica and
the resulting powder has an extremely low bulk density and high SSA. Gibbsite and fumed silica
were utilized in this work because they are relatively simple systems as compared to kaolinite and
can be used as model environmental solids with different points-of-zero surface charge and cation
exchangeability. Furthermore, in kaolinite both aluminum and silicon are present to interact with
the NMR active probe molecules, but in gibbsite and fumed silica only one of them is present for
each.
The SSA values must be on the same order of magnitude in order to make pertinent
comparisons. The presence of pore sites in fumed silica makes this difficult due to the order of
magnitude increase in SSA relative to the clays and gibbsite. It is also important to note that
smaller particle size will increase the SSA, making particle size important to consider. For
kaolinite and gibbsite, particles sizes of < 2 microns are selected by a cleaning procedure adapted
from Chorover et al.9 Thus, the particle size of the fumed silica should range from 0.5-2 µm to
be comparable to the kaolinite and gibbsite, though the particle size used in this work was 0.014
µm. This shortcoming could be addressed in subsequent studies.
The four main goals of RSA research are to determine the quantity of binding sites, the
type of binding sites, the mechanism of binding and the species binding to the surfaces of
environmentally relevant model solids. In this work only two of the four goals were addressed,
namely to determine the type of binding sites and the species binding to the surfaces of interest.
These goals were accomplished through the study of reactive surface area using solid-state NMR
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as well as other relevant instrumental techniques to characterize surfaces of interest dosed with
organic acid probe molecules.
A variety of characterization techniques was used to characterize the materials, including
MAS NMR, BET, X-ray Diffraction (XRD), Dynamic Light Scattering (DLS) and Attenuated
Total Reflectance-Infrared Fourier-transform (ATR-FTIR) spectroscopy. NMR was used to
study the bulk and surface structures of the materials of interest. BET, XRD and DLS were used
as initial characterization techniques to confirm the identity, purity and size of the particles of the
surfaces of interest, where BET data was acquired so that SSA can be compared between the as
received surfaces of interest and the purified and size selected surfaces of interest. DLS was used
to measure particle size, providing an accurate distribution of all particles sizes in the sample
tested. XRD was used to study the crystalline phases in the materials of interest to reveal any
impurities. For example, if the kaolinite was not “cleaned” (purified) properly then calcite
(CaCO3) and halite (NaCl) peaks can be found in the XRD spectrum along with the kaolinite
peaks. ATR-FTIR was used to verify the conclusions drawn from the NMR data and was used to
help elucidate what types of species are binding to the surfaces of interest as well as the identity
of surface binding sites themselves.
Solid-state NMR is a powerful tool for providing structural information about specific
nuclei and their surrounding environments. Bloch decay MAS NMR (also called direct
polarization MAS NMR) experiments were used to study the bulk structure of the materials to
determine the coordination environments of NMR-active nuclei, such as fluorine (19F-MAS
NMR). A Bloch decay experiment is represented schematically in Figure 1.5.
Bloch decay 19F-MAS NMR can be used to probe the reactive surface area of the
materials with the attachment of a fluorine containing probe molecule and can be used to
calculate the number of surface sites.

19

F-NMR can be used to quantify the number of fluorine

containing probe molecules attached to the surface of interest on a mass normalized and scan
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normalized basis.

19

F is an ideal nuclide for NMR studies because it has a 100% natural

abundance and a high gyromagnetic ratio.1 Further information on the theory behind solid stateNMR can be found in the texts Introduction to Solid State NMR Spectroscopy by Melinda J.
Duer10 and the Transient Techniques of NMR in Solids: An Introduction to Theory and Practice
by B.C. Gerstein and C.R. Dybowski.11
(90)

Figure 1.5 An example of a Bloch decay experiment, where a 90° (or
so-called free induction decay is acquired after the pulse.

𝜋
)
2

pulse is applied and the
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Chapter 2
Trifluoroacetic Acid as a Probe Molecule for Reactive Surface Area

2.1 Introduction
Since TFS only binds to the Q3 reactive sites, other probe molecules can be used to study
the other binding sites on mineral surfaces. One class of probe molecules relevant to the
reactions at mineral surfaces in the environment is the organic acids, which are used to simulate
the reactions between natural materials and acidic groups in the environment (as in soil organic
matter). Sorption on the mineral surfaces can catalyze changes in the organic molecules, where
some of the most commonly studied organic acids on mineral surfaces include humic acid, fulvic
acid, citric acid, tartric acid and oxalic acid as displayed in Figure 2.1.

citric acid

tartric acid

Figure 2.1 Structures of oxalic acid, citric acid and tartric acid.
Organic acids, specifically carboxylic acids, are reasonably prevalent in soils, where in
natural waters all of the organic compounds can be separated into two types-simple organic
compounds and humic substances.1 The simple organic compounds include carboxylic acids
(also fatty acids), phenols, carbohydrates, amino acids, nucleic acids, and hydrocarbons. The
humic substances are complex and not well understood and are divided into two categories based
on their solubility (fulvic and humic acids). The simple organic compounds typically make up
10-60% of the total organic compounds in natural waters making them very relevant for studying
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their reactions at the surfaces of natural solids.1 Of the simple organic compounds; fatty acids are
the most abundant and the most important due to three factors. The first is that the carboxyl
group acts as an acid and thus can significantly affect pH in the environment. The second is that
carboxylate can complex metal ions and will affect the concentration and activity of metal cations
in solution. Finally, they form the basic building blocks of marine and aquatic humic substances.1
In soils, the carboxylic acids are extremely important for use in breaking down large
biomolecules as well as in contributing to soil acidity and rock weathering. These organic acids
are generally present in relatively high concentrations around the plant roots in the soil, though
their concentration is generally less than 1 mM in the soil solution.1 These acids make the soil
slightly acidic and contribute directly (through surface complexation reactions) and indirectly (as
proton donors and by increasing the solubility of the cations through complex formation) to the
weathering of rocks. The short-chained carboxylic acids (< six carbons) are known as volatile
fatty acids and have high vapor pressures. The volatile fatty acids are typically present in
concentrations of 10-100 µg/L in natural waters, with acetic acid being the most abundant.1 The
dicarboxylic acids and aromatic carboxylic acids are generally present at levels of only a few
µg/L. The longer chained (non-volatile) fatty acids are the most abundant of the carboxylic acids
and are typically found in concentrations of 5-500 g/L.1 Examples of the volatile fatty acids
include acetic acid and trifluoroacetic acid. Examples of the dicarboxylic acids include oxalic
acid, succinic acid, malonic acid and phthalic acid. An example of an aromatic carboxylic acid is
benzoic acid. Finally, an example of a nonvolatile fatty acid is myristic acid. The structures of
these acids are displayed in Figure 2.2. One problem that can arise from studying the larger
carboxylic acids is that less acid than could theoretically bind to the surfaces of interest (based on
stoichiometry of binding sites) will bind to the surfaces due to steric hindrance created by the
long aliphatic chains; hence the simpler acids provide a reasonable starting point for novel studies
of these systems.
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phthalic acid

myristic acid

malonic acid

succinic acid

Figure 2.2 Structures of acetic acid, trifluoroacetic acid, benzoic acid, phthalic acid, myristic
acid, malonic acid and succinic acid.
In this work trifluoroacetic acid (TFA, CF3CO2H, pKa of 0.5) was the NMR active probe
molecule used to study the RSA of kaolinite, gibbsite and fumed silica. TFA was chosen for a
variety of reasons. As stated previously with respect to studies that utilized TFS as a probe
molecule, 19F nuclei have a high sensitivity and 100% natural abundance making 19F an ideal
nuclide to study by NMR. For this work an organic acid probe molecule, specifically a
carboxylic acid, was desired because organic acids are environmentally relevant. A simple acid
was chosen as a model organic acid to minimize the complexity of the system of study. Thus,
TFA was chosen because it is a simple acid, it is an analog of acetic acid, which has also been
previously studied as an RSA probe molecule and because it is a fluorine containing compound,
meaning that it is easily studied by NMR.
There have been many previous studies of a variety of organic acids and more
specifically carboxylic acids, though little agreement has been reached on the species binding to
surfaces of interest and the mechanism of binding. The quantity of binding sites and the types of
binding sites on the surfaces of interest have not been studied. One example is oxalic acid, which
is a simple carboxylic acid with two carboxylate groups, where an agreement as to the species
binding to a gibbsite surface has not been reached. For the adsorption of oxalate onto gibbsite it
was found that oxalate undergoes chemisorption to the edge sites of the gibbsite crystals.2
Furthermore, no reactions occurred between the oxalate and the hydroxyl groups on the (001)
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surfaces, even when excess oxalate was present.2 There are two postulates for the absorption
modes of bidentate oxalate onto the edge faces, where the first states that the oxalate was chelated
to a single Al3+ cation and the second reasons that the oxalate was bridging between two cations
in adjacent layers.2 Both of these postulates indicate that the oxalate was chemisorbed to the
gibbsite surface.
Another commonly studied organic acid is fulvic acid, though its mechanism of binding
and the species binding to the surface are well characterized. For the adsorption of fulvic acid
onto gibbsite it was found that fulvic acid undergoes a ligand exchange process, where its
carboxylate groups displaced surface hydroxyl groups producing a strong chemisorbed bond.3
When free fulvic acid was added, the protons from the carboxylic acid groups reacted with
surface hydroxyls to form water, whereas when sodium fulvate was added the hydroxyl groups
were released into solution.3 Furthermore, fulvate could only bind to some of the edge sites on
gibbsite due to steric hindrance.3 It was further shown that the hydroxyl groups on the (001) face
of gibbsite were unreactive to the adsorption of fulvate in neutral solution, but this face became
covered with fulvic acid when the surrounding solution was acidic.3 The adsorbed fulvic acid
was mostly un-ionized because the mechanism of adsorption may have been purely hydrogen
bonding leading to the belief that fulvic acid was only weakly bonded (physisorbed) to the
surface.
In a previous study using a simpler carboxylic acid, Stapleton and co-workers studied
acetic acid and acetyl chloride by vapor dosing them onto glass fibers and fumed silica.4 On
fumed silica, IR peaks were observed for silyl ester species that were formed from the
condensation of acetic acid with silanols. Physisorbed acetic acid and hydrogen-bound acetic
acid were also present on the surface. Liquid state 13C-NMR, revealed a peak at 178 ppm
attributed to neat liquid acetic acid and a peak at 170 ppm attributed to neat liquid acetyl chloride,
where each peak corresponded to the 13C shift of the carbonyl carbon. It was found that both
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probe molecules were physisorbed to the surface (due to water in the system) at 178 ppm for
acetic acid and at 176 ppm for acetyl chloride and that silyl ester peaks were found at 172 ppm by
1

H-13C Cross Polarization (CP) MAS-NMR experiments. On specific glass fibers considered in

this study, no silyl ester peaks were observed by CPMAS NMR, but a sodium acetate complex
peak was detected at 180 ppm. TFS treatment of the glass fibers and fumed silica was used to
quantify the number of reactive silanol groups on the surfaces, where the fumed silica was found
to have 1 OH/nm2, but for the fibers the peaks could not be distinguished from noise.
In a study done by Kelley et al. more complex carboxylic acids were studied on mineral
surfaces.5 Kelley et al. looked at adsorbing salicylic acid (Figure 2.3) and myristic acid onto γalumina and kaolinite, with detection of sorbed species using DRIFTS. Both acids were found to

salicylic acid

Figure 2.3 Structure of salicylic acid.
adsorb as a carboxylate species onto the surface, where the suggested mechanism of bonding to
metal cations on mineral surfaces and reaction of the hydrogen ion was either by reaction in
solution with displaced hydroxyls or by adsorption onto oxygen sites on the mineral surface. For
lower surface coverages, the preferred binding was to corner or edge sites. When hexane was
used as the solvent, myristic acid had two distinct forms of adsorption, one was a carboxylate and
the other was a carbonyl species. A possible interpretation for this was that the interaction of the
carboxylic acid group with alumina type surface sites was as a carboxylate, and the interaction of
the aliphatic chain with siloxane type surfaces left the functional group exposed and unionized in
a hexane solvent.
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A study by Frimmel et al. investigated the absorption of di-carboxylic acids (oxalic acid,
malonic acid and succinic acid) to kaolinite by in situ ATR-FTIR though none of their
conclusions were definitive.6 For oxalic acid, it was suggested that it was bound as an outersphere (physisorbed) complex via the water molecules to the mineral surface. For malonic acid,
it was suggested that it was adsorbed in a way similar to oxalic acid or by a six membered chelate
ring. For succinic acid, it was suggested that it was bonded to the mineral surface by a bidentate
or monodentate complex. Poor resolution of the IR and broad band combinations made clear
conclusions difficult.
A final example is a study done by Kubicki et al., which looked at adsorbing a variety of
carboxylic acids to kaolinite, montmorillonite and other minerals by ATR-FTIR.7 For kaolinite,
oxalic acid appeared to form inner sphere complexes, through monodentate or bidentate bridging
surface complexes. Salicylic, benzoic and phthalic acids all showed an outer-sphere adsorption
mechanism. Citric and acetic acids did not show any adsorption.
Thus far, studies of organic acid adsorption onto the systems of interest for this project
have been limited and most of the studies that have been done only look at competitive adsorption
between the acids to determine concentration of adsorption, not how the acids bind to the surface,
nor are conclusive as to the species binding to the surface.

2.2 Materials and Experimental Methods

2.2.1 Materials
The sources of the clay minerals investigated (Kaolinite KGa-1b and KGa-2) were from
Washington and Warren counties, Georgia. Gibbsite was acquired from J.T. Baker with 98%
purity. Fumed silica was acquired from Sigma-Aldrich with a surface area of 200 m2/g and a
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particle size of 0.014 µm and was used as received. Trifluoroacetic acid was acquired from Alfa
Aesar with 99% purity. Reagent grade water was acquired from Ricca Chemical Company
(ASTM D 1193 Type I) and de-ionized water from a Millipore system (18.2 MΩ-cm, Milli-Q+)
was also used. All chemical salts used were reagent grade or better, and were not purified further.
Solutions were stored in polypropylene containers that had been washed in 2% nitric acid
(HNO3). Toluene was obtained from Sigma-Aldrich and was 99.8% anhydrous.

2.2.2 Sample Preparation

2.2.2.1 Clay Cleaning and Drying Procedure
The kaolinite (KGa-2) and gibbsite were put through a cleaning and drying procedure
before use, which was performed on the samples for this project by collaborators from UC
Merced.8,9,10,11 The fumed silica and kaolinite (KGa-1b) were used as received. Kaolinite (50 ± 2
g) was mixed with 250 g of water and adjusted to pH 9.5±0.1 to promote dispersion. The slurry
was stirred for 45 minutes and then transferred into 250 mL centrifuge bottles. Serial
centrifugations of 5 minutes at 47 RCF were performed, removing and preserving the <4 μm
fraction in the supernatant solution in each repetition. This process was repeated until the
supernatant was clear. The <4 μm kaolinite fraction was washed by adding 1.0 M NaCl solution
adjusted to pH 3 with 1.0 M hydrochloric acid (HCl), stirring for 20 minutes, and then
centrifuging for 5 minutes at 24,000 g and decanting the supernatant. This process was repeated
until the slurry was approximately pH 3 (5-6 repetitions). The slurry remained at pH 3 for no
longer than 2 hours to minimize mineral dissolution. The kaolinite was then washed with a pH 7
0.01 M NaCl solution by the same process explained above until the slurry reached
approximately pH 6. The slurry was mixed with ultra-pure water, centrifuged, and the
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supernatant was decanted to remove NaCl. The slurry was mixed with a 0.01 M calcium chloride
(CaCl2) solution, centrifuged, and then the supernatant was decanted. Washed clay was then
equilibrated with 0.01 M or 0.001 M CaCl2 solution and readjusted to pH 6 if necessary. The
headspace in the container was blown off with N2 before capping, and then the slurry was
homogenized overnight on a horizontal rotator at 100 RPM. Mineral slurries were stored at 4°C.
Gibbsite was size separated and cleaned in a similar fashion to the kaolinite. Instead of a
pH 7, 0.01 M NaCl solution, pH 8 was used. The final gibbsite slurry was adjusted to pH 7 to
minimize mineral dissolution. After homogenization of the mineral slurry, a drying experiment
was performed to determine the solid:liquid ratio in the slurry. The mineral slurry was stirred for
one hour at room temperature to ensure homogenization before taking five 1-mL aliquots.
Aliquots were placed in pre-weighed polypropylene sample containers, and then weighed again.
Samples were dried in a 60°C oven for 24 hours. Three controls were included in the drying to
ensure there was no mass loss from the sample cups due to volatilization. After drying, the
sample cups were re-weighed and the mass loss was determined by difference. Dry mass:solution
volume ratios in the slurries were targeted to be 1 g per 10 mL. Solids were measured for specific
surface area, particle size distribution and phase identification.
The dried kaolinite (KGa-2) and gibbsite samples were re-dried in a vacuum oven for one
hour at 120°C to limit residual water in the system before being used in the dosing experiments.
The fumed silica and kaolinite (KGa-1b) were not cleaned by the cleaning procedure detailed
above, but instead were used as is and were dried for one hour in a 120°C vacuum oven before
being used in the dosing experiments. After the cleaning and drying procedure, and once the
samples were put in the vacuum oven, the samples were used in a liquid dosing procedure to dose
the kaolinite, gibbsite and fumed silica with the desired probe molecule.
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2.2.2.2 Liquid Dosing, Washing and Drying Procedure
After the cleaning and drying procedure was completed by collaborators at UC Merced,
the samples were put through a liquid dosing procedure, adapted from the one detailed by Fry et
al. and Sanders et al.,12,13 to dose the TFA probe molecule to the cleaned surface of interest. In
these studies, each sample type was made in triplicate.
To liquid dose the samples, first, a Schlenk flask was obtained from the drying oven
(~100°C). Next, 0.5-0.75 grams of sample was added to the Schlenk flask. The desired amount
of probe molecule (i.e., 1 mL, 2 mL, 5 mL and 10 mL of TFA for the fumed silica, 2 mL for
kaolinite and gibbsite) was added to the sample in the flask. The samples were put under a
vacuum, which was back-filled by argon gas. The samples were shaken for 72 hours at room
temperature (~21°C) and were then removed from the shaker bath before they were dried (air or
heat) or washed (water or toluene). All glassware was cleaned with a base bath in between TFA
dosings to avoid 19F contamination. Air-dried, heat-dried and toluene washed then air-dried
samples were made for fumed silica dosed with TFA. These samples were also heat-dried further
and washed with water then heat-dried. For both the kaolinite and gibbsite, samples were heatdried, toluene washed then air-dried, heat-dried then water washed then heat-dried, and toluene
washed then air-dried then water washed then heat-dried. For water washing or toluene washing
the samples, a typical vacuum filtration set-up was used to initially dry the samples.
The samples were dried by either air-drying in a hood or heat-drying in a sand bath to
remove excess TFA (BP 72°C). For air-drying, the samples were put in glass vials and left in a
hood to dry for about 1.5 weeks. For heat-drying, the samples were put in glass vials that were
placed in a sand bath (the sand level was higher than the level of the sample in the vial) and were
heated to about 143-144°C for 4-6.5 hours. After heating, the samples were removed from the
sand bath, capped and allowed to cool before being characterized.
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2.2.3 Sample Characterization

2.2.3.1 BET, XRD and DLS
Collaborators from UC Merced performed Brunauer, Emmett, Teller (BET), Dynamic
Light Scattering (DLS) and X-Ray Diffraction (XRD) measurements on the cleaned and dried
kaolinite (KGa-2) and gibbsite samples.8 Kaolinite (KGa-1b) samples were also measured with
BET.8 A BET surface area analyzer (Micromeritics TriStar 3000) with N2 gas with <0.5% error
for kaolinite (KGa-2) and gibbsite was used to measure SSA on dried solids (60°C oven for 24
hours).
The particle size distribution of kaolinite (KGa-2) and gibbsite was measured using DLS
with a Brookhaven Instruments BI-9000AT analyzer. The mineral slurry was stirred for one hour
prior to taking a 1 mL aliquot, placing it in an Eppendorf tube, and sonicating for several hours.
Ten μL of slurry was then diluted in 6 mL of ASTM water in a glass scintillation vial. The vial
was placed in the DLS instrument and measured at a wavelength of 633 nm with a 10 μs
measurement delay.
XRD was performed in the Imaging and Microscopy Facility at the University of
California, Merced. Powder mounts of dried solids were prepared on zero-background silica
plates. Diffractograms were collected with a PanAnalytical X’Pert PRO diffractometer with an
ultra-fast X’Celerator detector from 2°-70° 2θ with step size of 0.002° and count time of 10 s
using CoKα radiation.

2.2.3.2 19F-MAS NMR
19

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

Tecmag Apollo pulse programming and data acquisition system interfaced to a Chemagnetics 4-
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mm double resonance probe at a field strength of 9.4 T (19F 376.346 MHz transmitter frequency)
with a spinning speed of 15 kHz. A Bloch-decay (one-pulse) experiment with a π/2 pulse width
of 11 or 11.5 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 19F NMR experiments.
The number of time-averaged signal transients ranged from 128 to 4096 based on the signal-tonoise ratio for each sample. Spectra were processed using the NUTS NMR processing software
for finding the peak positions. During processing the spectrum from each sample was normalized
by the number of scans and sample weight to ensure a direct comparison between the samples.

2.2.3.3 ATR-FTIR
FTIR measurements were performed by Josh Stapleton at Pennsylvania State University
using a Bruker Vertex V70 Spectrometer (Bruker Optics Billerica MA) equipped with a Harrick
MVP-Pro ATR accessory with diamond crystal (Harrick Scientific Pleasantville NY).14 400 scans
at 6 cm-1 resolution were averaged for each sample using a DTGS detector and scan frequency of
5 kHz. In all cases, the spectrum of the clean diamond crystal was used as the reference spectrum.
All spectral manipulations were performed using OPUS 7.0 (Bruker Optics, Billerica MA).

2.3 Results and Discussion

2.3.1 Previous Studies of RSA
Previously, the RSA of fumed silica and kaolinite have been studied using acetic acid and
TFS as probe molecules. TFA was chosen for this work as a natural merging of the well
characterized earlier studies. When considering the reactions of acetic acid on fumed silica,
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Stapleton et al. found that physisorbed and chemisorbed species were both formed when acetic
acid was dosed in the gas phase.4 The physisorbed species was hydrogen bound to the silanol
surface and the covalently bonded (chemisorbed) species was a silyl ester. Carbonyl (C=O)
stretching vibrations for IR of the physisorbed species were found at 1717-1724 cm-1, whereas the
C=O stretching vibration for the silyl ester was found at 1740-1760 cm-1. Liquid state 13C-NMR,
revealed that a peak from neat liquid 1-13C- acetic acid was found at 178 ppm (the expected 13C
shift of the carbonyl carbon). 1H-13C Cross Polarization (CP) MAS-NMR experiments revealed
that for the acetic-acid dosed silica samples the physisorbed species produced a resonance that
was also found at 178 ppm.
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C-NMR also showed that the silyl ester bond was hydrolytically

sensitive, but when present was found at 172 ppm. The peak at 172 ppm also had a relatively
broad width, indicating limited mobility and the loss of ability for rapid reorientation as a result
of strong, covalent interactions with the oxide surface.
In a study by Sanders et al. of the changes in reactive surface area for clay samples, dilute
HCl (0.001 M, pH 3) was used to study the dissolution of kaolinite edge sites. Only 0.15% of the
kaolinite dissolved over an 80 day period, but the data suggested that kaolinite edge sites are
dissolved preferentially by acids in this pH range.15 In another study, TFS was dosed onto
kaolinite, where hydrolysis and condensation reactions can occur that bind the probe to lone nonhydrogen bonded edge sites (which are assumed to be Q3 sites). TFS was then used as a probe
molecule to conclude that there was a loss of RSA edge sites after acid-mediated dissolution. It
was shown that the average SSA for cleaned KGa-1b by BET was 12.7 m2/g and the RSA was 2.6
OH/g for the edge sites. The basal plane sites were determined to be unreactive at room
temperature under these dosing conditions.12 Notably, neat TFA may be able to dissolve some of
the surface sites on all of these materials since it is a stronger acid than the dilute HCl used in the
dissolution studies.
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2.3.2 Initial Characterizations of Surfaces after Sample Preparation
Materials of interest in this study (fumed silica, gibbsite and kaolinite (KGa-1b and KGa2)) were characterized using BET, XRD and DLS. The measurements made by NMR were for
fluorine only, and were combined with another technique, ATR-FTIR, which was carried out by
collaborators from UC Merced8 and PSU.14 Kaolinite (KGa-1b and KGa-2) and gibbsite were
cleaned to isolate the < 2 micron particle size and to remove any impurities based on the
procedure adapted from Chorover et al. and performed by collaborators at UC Merced.8,9,10,11
Since fumed silica is industrially available, and particle size is controlled, the cleaning procedure
was not required and the fumed silica was used as received.
Measurements were performed at UC Merced8 on the cleaned solids to ensure that the
expected particle sizes were obtained and impurities were removed. XRD characterization
indicated that there was no residual sodium chloride from the cleaning procedure in the kaolinite
(KGa-2) and gibbsite samples. Kaolinite (KGa-1b) was not cleaned before being dosed with
TFA, so XRD and DLS were not performed. As illustrated in Figure 2.4, XRD confirmed that
the cleaning procedure did not change the identity of the kaolinite and gibbsite phases.16,17,18
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Figure 2.4 XRD data for A) gibbsite Micral 916 “Alumina Trihydrate” from Huber Engineered
Material17 and B) kaolinite (KGa-2)18 from the Clay Mineral Society, verifying the identity and
purity of the cleaned samples. XRD data were obtained by Molly Small at UC Merced.16,17,18
BET measurements for kaolinite (KGa-1b and KGa-2) taken at the source and compared
to those taken after completion of the cleaning procedure by collaborators at UC Merced
suggested that the cleaning procedure did not significantly alter the SSA of the clays (Table
2.1).19,20
Table 2.1 Summary of BET Surface Areas
Sample Type

BET Surface Area from Source19,20

Kaolinite (KGa-1b)
Kaolinite (KGa-2)
Gibbsite
Silica (Fumed)

10.05 m2/g
23.50 m2/g
200 m2/g

BET Surface Area of Cleaned
Source
9-10 m2/g
16-18 m2/g
23-26 m2/g
-

DLS measurements were obtained for cleaned kaolinite by collaborators at UC Merced
and the mean particle size was found to be ~3µm.8 After cleaning, the kaolinite (KGa-2) had
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particles sizes of 0.3µm (4%) and 4µm (96%) and the gibbsite had particles sizes of 0.3µm (80%)
and 1µm (20%).8 The particle size of the fumed silica that was used here is 0.014 µm.20

2.3.3 Initial Characterizations of TFA Dosed Fumed Silica
All samples were dosed with TFA after cleaning and initial characterizations based on a
modification of the standard method detailed by Fry et al. and Sanders et al.12,21 All NMR
spectra were obtained on a 9.36 T NMR system operating at 376.3458006 MHz for 19F irradiation
and detection.
Fumed silica is a model system used in this study because of its high content of reactive
hydroxyl species under ambient conditions and high surface area. After dosing TFA onto the
fumed silica and drying, the samples were analyzed by 19F-MAS NMR with a rotor speed of at 7
kHz.
Initial 19F-MAS NMR data were obtained for fumed silica samples dosed with 1, 2, 5, or
10 mL of neat TFA, which were air-dried, heat-dried or toluene washed (TFA BP = 72°C). The
air-dried samples were dried for 0.75 days to 4.5 days. The heat-dried samples were dried for 2
hours at 90°C. The toluene washed samples were subsequently air-dried. Preliminary results
utilizing a MAS spinning speed of 7 kHz suggested that there was excess TFA in all of the
samples manifested through the appearance of a strong peak at about -74 ppm, which was very
close in chemical shift to the expected liquid TFA peak found at -76.5 ppm.
To ensure full coverage of the RSA sites on the fumed silica, different amounts of TFA
were utilized as described above. We began with a volume of 1 mL since this is the typical
amount used for TFS dosing. A volume of 2 mL was tested in case 1 mL was not enough to
cover all the reactive sites on the surface of fumed silica. In addition, 5 and 10 mL were tested to
ensure a saturation of the reactive sites on the fumed silica. For the 5 and 10 mL dosed fumed
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silica samples, additional peaks were observed in the NMR that were not found after either 1 or 2
mL of dosing volume, indicating that not all of the reactive sites on the fumed silica were being
covered in the 1 and 2 mL samples. After noting, however, that all the samples appeared to have
excess TFA, a calculation was carried out to determine the amount of TFA that would be needed
to cover the approximate number of reactive sites on the surfaces of the samples (Table 2.2). A
number of assumptions were made for the calculations, where the first was that there was 1
reactive site per nm2 and a TFA monomer was binding to the surface. The second assumption
made was that there was 1 reactive site per nm2 and a TFA dimer was binding to the surface. The
final assumption was that there were 2 reactive sites per nm2 and a TFA dimer was binding to the
surface. If 1 mL of TFA was dosed, then in all cases the assumption was the amount of TFA
present would be enough to cover all the reactive sites for fumed silica, kaolinite (KGa-1b and
KGa-2) and gibbsite based on SSA. Thus, for the kaolinite and gibbsite samples 2 mL TFA was
used to ensure a saturation of the reactive sites, since both gibbsite and kaolinite have SSA an
order of magnitude lower than fumed silica.
Thus, for the fumed silica it can be concluded that there were either more than the
expected number of reactive sites or something other than monomeric TFA was binding to the
surface. Preliminary ss-NMR measurements for fumed silica samples also displayed a higher
intensity of peaks in the spectra for the air-dried samples compared to the heat-dried samples,
which demonstrated that the heat-drying was more effective than air-drying for removing excess
water and TFA from the samples. In order to investigate reactive sites on the surfaces, any excess
TFA had to be removed from the samples before 19F-MAS NMR was run, which ensured that any
peak from excess TFA was not overpowering a low-intensity peak in the spectrum. Such a peak
could overlap another peak in the spectrum that represented a species similar to free liquid TFA
or physisorbed TFA. It was also noted that the spectra acquired from all further samples in this
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work were acquired at a 15 kHz spinning speed to decrease the number of spinning sidebands in
the spectra, since the 7 kHz spectra had numerous peaks representative of spinning sidebands.
Table 2.2 Summary of Estimated RSA
Sample Type

Kaolinite (KGa1b)

Kaolinite (KGa-2)

Gibbsite

Silica (Fumed)

TFA

Assumption
1 RS/nm2, monomer, 0.5-0.75 g of
sample
1 RS/nm2, dimer, 0.5-0.75 g of
sample
2 RS/nm2, dimer, 0.5-0.75 g of
sample
1 RS/nm2, monomer, 0.5-0.75 g of
sample
1 RS/nm2, dimer, 0.5-0.75 g of
sample
2 RS/nm2, dimer, 0.5-0.75 g of
sample
1 RS/nm2, monomer, 0.5-0.75 g of
sample
1 RS/nm2, dimer, 0.5-0.75 g of
sample
2 RS/nm2, dimer, 0.5-0.75 g of
sample
1 RS/nm2, monomer, 0.5-0.75 g of
sample
1 RS/nm2, dimer, 0.5-0.75 g of
sample
2 RS/nm2, dimer, 0.5-0.75 g of
sample
1 ml dosed
2 ml dosed
5 ml dosed
10 ml dosed

SSA

9-10 m2/g

16-18 m2/g

23-26 m2/g

200 m2/g

Density: 1.49 g/mL

Estimated RSA
4.5×1018 to 7.5×1018
reactive sites
9×1018 to 1.5×1019
reactive sites
1.8×1019 to 3×1019
reactive sites
8×1018 to 1.3×1019
reactive sites
1.6×1019 to 2.6×1019
reactive sites
3.2×1019 to 5.2×1019
reactive sites
1.1×1019 to 1.9×1019
reactive sites
2.2×1019 to 3.8×1019
reactive sites
4.4×1019 to 7.6×1019
reactive sites
1×1020 to 1.5×1020
reactive sites
2×1020 to 3×1020
reactive sites
4×1020 to 6×1020
reactive sites
7.8×1021 molecules
1.5×1022 molecules
3.9×1022 molecules
7.8×1022 molecules

2.3.4 Characterizations of the Gibbsite Surface
After investigating the model fumed silica system, two other systems were studied:
gibbsite and kaolinite (and in the latter case, both KGa-1b and KGa-2). Since gibbsite and
kaolinite both have an order of magnitude less surface area, only 2 mL of TFA was used for
dosing.
The gibbsite samples were cleaned, dosed and heat-dried for 5 hours at 110°C, or toluene
washed (then air-dried for ~1.5 weeks), and the resulting 19F-MAS NMR spectra are displayed in
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Figure 2.5. The toluene washed samples have the lowest amount of TFA present in the spectrum,
although the peak at about -75 ppm could be residual excess TFA or physisorbed species. The
spectra from the toluene washed sample has three binding sites, whereas the heat-dried sample
only has two binding sites, as compiled in Table 2.3. However, the peaks for the physisorbed and
excess TFA present in the heat-dried sample directly overlap the peak positions for the three
peaks observed in the toluene washed sample. The heat-dried sample has the most TFA left in
the sample and has two large peaks between -73 and -75 ppm, implying a large amount of excess
TFA or physisorbed species and indicating that the heat-drying method may need to be performed
at a higher temperature or for longer periods of time to drive off all the excess TFA in the
samples.
Although there was a concern about the presence of atmospheric water getting into the
samples, one of the toluene washed samples was re-run with 19F-MAS NMR multiple times to
determine if the spectrum would change over repeated runs, since there was a known drying
effect caused by MAS over time. It was observed that the peak at about -73 ppm begins to
decrease in intensity with subsequent runs of the 19F-MAS NMR experiment, which implied that
the sample was drying out if there was any atmospheric water in the sample. It was also possible
that loosely bound physisorbed species were being lost.
Since excess TFA could still have been present in the samples, the samples were water
washed to remove any excess TFA and also any physisorbed species and the resulting 19F-MAS
NMR spectra are displayed in Figure 2.5. As shown in Figure 2.5, the intensities of the peaks in
the 19F spectra from the water washed gibbsite samples were smaller than those for the samples
without water washing, indicating that the water washing was able to remove any excess TFA and
physisorbed species due to the fact that TFA is soluble in water. In Figure 2.5, it can be
observed that both of the gibbsite samples retain a peak at about -75 ppm after water washing.
Since the water washing should have removed any excess TFA or physisorption species, the only
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species remaining in the samples was the chemisorption species. This observation implies that
the peak at -75 ppm was not only made up of signal from excess TFA, but also from a
chemisorption species. For the toluene washed samples, it seemed likely that the toluene washed
away all but possibly the strongly bound physisorbed species or chemisorbed species since the
spectra for the toluene washed samples that were also water washed were very similar in intensity
to the toluene washed samples that were not water washed. It should be noted that with the large
loss of signal after water washing the samples, the spinning sidebands were diminished in the
spectra. Furthermore, after the water washing the three chemisorption peaks observed after
toluene washing were also observed for the heat-dried sample that were obscured in the heatdried sample initially. Therefore, the chemisorption peak positions were located underneath the
excess TFA and physisorption species. Since no new peaks were observed and no peaks appear
to have changed location, the toluene washing of the gibbsite samples did not create any new
types of complexation species between the toluene and TFA bound to the gibbsite surface, nor did
it create any new types of reactive sites on the surface. Furthermore, small spinning sidebands
still appeared at about -15 ppm and -115 ppm in the water washed samples, although they were
much smaller than those in the spectra for the samples from before water washing, and the
spinning sidebands at about 5 ppm and -152 ppm were completely lost.
If the assumption was made that there were no overlapping peaks in the NMR spectrum,
then there were a maximum of three species binding to the surface or three types of binding sites
on the surface, or some combination thereof for the chemisorption species present. However, it
was not known if different species were binding to different sites or the same species was binding
to multiple types of sites. Nevertheless, in previous IR-based studies of carboxylic acids
adsorbing onto gibbsite, oxalate was found to undergo chemisorption to the edge sites of the
gibbsite crystals, where no reactions occur between the oxalate and the hydroxyl groups on the
(001) surfaces, even when excess oxalate was present.2 Parfitt et al. proposed that the bidentate
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oxalate sorbs onto the edge faces, where the oxalate was chelated to a single Al3+ cation or the
oxalate was bridging between two cations in adjacent layers. In another IR study, fulvic acid was
found to adsorb onto gibbsite through a ligand exchange process where the carboxylate groups of
the fulvic acid displaced surface hydroxyl groups producing a strong chemisorbed bond.3 When
free fulvic acid was added, the protons from the carboxylic acid groups reacted with surface
hydroxyls to form water, but the hydroxyl groups on the (001) face of gibbsite were unreactive to
the adsorption of fulvate in neutral solution. However, the (001) face became covered with fulvic
acid when the surrounding solution was acidic, though the mechanism of adsorption on the (001)
face may have been purely hydrogen bonding (physisorbed). Thus, TFA was likely binding to
the edge sites and not the (001) face of the gibbsite for the chemisorption species. Since there
were also physisorption species present, they could be hydrogen bonding to the (001) surface in a
similar manner to the fulvic acid. Thus, the intensity of the peaks that were lost was due to the
loss of physisorption species or excess TFA. Many of the peaks associated with excess TFA and
the physisorption species were overlapping the peaks associated with the chemisorption species.
The peaks that remained after water washing were indicative of chemisorption species and each
peak represented a different environment on the surface. One possibility for the presence of three
chemisorption peaks in the spectra for the gibbsite samples was that the TFA may be binding to
adjacent –Al-OH sites, where interactions between the fluorine atoms could make it appear that
there were multiple sites distinguished by the fluorine atoms, indicated by multiple peaks in the
19

F-MAS NMR spectra.
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Figure 2.5 Direct polarization 19F-MAS spectra of gibbsite dosed with 2 mL of TFA. The top
two spectra display samples that were heat-dried; and heat-dried, then water washed then heatdried to remove excess TFA. The bottom two spectra illustrate samples that were toluene washed
then air-dried, and toluene washed, air-dried, water washed and then heat-dried to remove all
excess TFA. The dashed line indicates where the signal for excess TFA should fall. All spectra
were normalized by mass and number of scans. No line broadening was applied to these spectra.

2.3.5 Characterizations of the Kaolinite Surface
The KGa-2 sample was cleaned before being dosed with TFA, but the KGa-1b sample
was not cleaned before dosing to compare between cleaned and uncleaned clays. After dosing the
kaolinite samples, the samples were heat-dried for 6.5 hours at 143°C or toluene washed (then
air-dried for 17 days), and the resulting 19F-MAS NMR spectra are displayed in Figure 2.6. The
KGa-1b spectrum was significantly less intense than the other spectra due to the fact that the

30
KGa-1b sample was not cleaned prior to dosing, meaning that not all the RSA sites were
available for TFA sorption. The lower intensity of the peaks could also have been due to the fact
that KGa-1b has about half the SSA of KGa-2, meaning that it will inherently have less reactive
sites per mass of sample than KGa-2. Furthermore, all of the kaolinite samples had a peak at
about -75 ppm indicating that there could have been excess TFA in the samples. Spectra from all
kaolinite samples had a peak at -130 ppm corresponding to F- substitution of interior hydroxyl
sites of the octahedral sheet producing bridging Al-F-Al groups in the kaolinite structure.22
Another minor peak present in the kaolinite spectra was at -159 ppm corresponding to terminal
Al-F substitution sites on particle surfaces.22
Since excess TFA might have been present in the samples, the samples were water
washed to remove any excess TFA, physisorbed species and possibly some chemisorbed species,
if they were bound in a hydrolytically sensitive manner, such as with a silyl ester. The spectra for
the water washed samples are shown in Figure 2.6. Just as with the gibbsite samples, the
physisorption and excess TFA peaks in the NMR spectra for the kaolinite samples were removed
by water washing and overlapped the chemisorption peaks present in the kaolinite spectra. After
water washing, only the toluene washed sample showed three binding sites, as displayed in Table
2.3, indicating that the toluene had some effect on the binding sites or species binding by
interacting with the surface or TFA, respectively. The toluene wash for the gibbsite samples was
more effective than the toluene wash of the kaolinite samples. This was supported by the
observation that the intensities of the gibbsite spectra of the toluene washed samples before and
after water washing appeared to be very similar, while the intensities for the kaolinite spectra of
the toluene washed samples before and after water washing appeared to be very different. It was
also observed that the spectra for the water washed kaolinite samples were less intense than those
for the samples from before water washing, which indicated that excess TFA or physisorption
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species were removed with the water washing. Moreover, the spinning sidebands at about 5 ppm,
-30 ppm, -113 ppm and -152 ppm were lost after water washing.
If the assumption was made that there were no overlapping peaks in the NMR spectrum,
there were a maximum of three species binding to the surface or three types of binding sites on
the surface, or some combination thereof for the chemisorption species present for the water
washed toluene washed sample. For the water washed KGa-2, there were only two chemisorption
species observed and for the water washed KGa-1b there was only one. However, it was not
known if different species were binding to different sites or the same species was binding to
multiple types of sites for the KGa-2 samples. Furthermore, the spectra for the gibbsite samples
proved that the TFA was bound to -Al-OH type sites, and the fumed silica spectra proved an
interaction between TFA and the –Si-OH type sites. Thus, it is unknown whether the TFA has a
preferential binding to –Si-OH or –Al-OH type sites in the kaolinite.
In previous studies of carboxylic acids adsorbing onto kaolinite, experiments utilizing
DRIFTS determined that salicylic acid and myristic acid adsorbed onto kaolinite as a carboxylate
species onto the surface, where the suggested mechanism was either by reaction in solution with
displaced hydroxyls or by adsorption onto oxygen sites on the mineral surface.5 For lower
surface coverages, the preferred binding was to corner or edge sites. A study of oxalic acid,
malonic acid and succinic acid onto kaolinite by ATR-FTIR, suggested that oxalate was bound as
a physisorbed complex via the water molecules to the mineral surface, malonic acid was adsorbed
in a way similar to oxalic acid or by a six membered chelate ring, and succinic acid was bonded
to the mineral surface by a bidentate or monodentate complex.6 However, another study using
ATR-FTIR determined that oxalic acid appeared to form inner sphere complexes, through
monodentate or bidentate bridging surface complexes.7 Thus, as with gibbsite TFA likely bound
to the edge sites through a monodentate or bidentate species and not to the basal plane of
kaolinite for the chemisorption species. Since there were also physisorption species present, they
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could have been hydrogen bonding to the basal plane of kaolinite. Thus, the intensity of the
peaks that were lost was due to the loss of physisorption species or excess TFA. Many of the
peaks associated with excess TFA and the physisorption species were overlapping the peaks
associated with the chemisorption species. The peaks that remained after water washing were
indicative of chemisorption species and each peak represented a different environment on the
surface. However, unlike with the gibbsite samples, where a grouping of three peaks were
observed between -72 and -78 ppm, the kaolinite samples only displayed 1-2 peaks in this region,
suggesting that if the TFA was binding to –Al-OH sites then it was not binding to adjacent sites
in a close enough proximity to observe the effects of interactions between the fluorine atoms.
This fact could indicate a lower density of reactive sites on the surface of kaolinite than there was
for gibbsite, though it was not clear if those sites were on the basal plane of the kaolinite or on the
edge sites, or if the TFA was binding to –Si-OH sites, -Al-OH sites or both.
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Figure 2.6 Direct polarization 19F-MAS NMR of kaolinite dosed with 2 mL of TFA. The top two
spectra and the bottom two spectra display samples that were heat-dried; and heat-dried, water
washed then heat-dried to remove excess TFA. The middle two spectra illustrate samples that
were toluene washed then air-dried, and toluene washed, air-dried, water washed and then heatdried to remove all excess TFA. The dashed line indicates where the signal for excess TFA
should fall. All spectra were normalized by mass and number of scans. No line broadening was
applied to these spectra.

2.3.6 Comparisons between the Gibbsite and Kaolinite Surfaces
A comparison of the 19F MAS NMR spectra of the gibbsite and kaolinite samples before
water washing is displayed in Figure 2.7.
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Figure 2.7 Direct polarization 19F-MAS NMR of gibbsite and kaolinite dosed with 2 mL of TFA.
The top two spectra display samples that were heat-dried or toluene washed then air-dried to
remove all excess TFA. The middle two spectra display samples that were heat-dried or toluene
washed then air-dried to remove all excess TFA. The bottom spectrum displays a sample that was
heat-dried to remove all excess TFA. The dashed line indicates where the signal for excess TFA
should fall. All spectra were normalized by mass and number of scans. No line broadening was
applied to these spectra.
The kaolinite samples had less TFA sorbed onto the surface than the gibbsite samples,
which made sense from a general standpoint as the gibbsite has about 1.5 times the surface area
of the KGa-2 and about three times that of KGa-1b. A comparison of the heat-dried kaolinite and
gibbsite samples is displayed in Figure 2.8.
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Figure 2.8 Direct polarization 19F-MAS NMR of gibbsite and kaolinite dosed with 2 mL of TFA.
The spectra display samples that were heat-dried to remove all excess TFA. The dashed line
indicates where the signal for excess TFA should fall. All spectra were normalized by mass and
number of scans. No line broadening was applied to these spectra.
The gibbsite peaks were significantly larger than the kaolinite peaks. Since the TFA
interacted with both the fumed silica and gibbsite surfaces, both the –Si-OH surface framework
and the -Al-OH surface framework were at least partially made up of reactive surface area that
was interactive with the TFA. In the kaolinites, the surface layers contain both –Si-OH and –AlOH sites, but considering that kaolinite is a layered structure with small interlayer spacing, low
SSA, and had low intensity peaks in the kaolinite spectra as compared to the gibbsite spectra, it
was indicated that there might have been a difference in the ability of TFA to bind to the basal
plane versus the edge sites, where TFA may have been more likely to bind to the edge sites based
on previous studies. Furthermore, previous studies indicated that the kaolinite edge sites undergo
dissolution in acidic conditions, meaning that the highly acidic TFA might have been dissolving
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the edge sites, contributing to a loss of reactive surface sites, as observed by the low intensity
peaks in the kaolinite spectra as compared to the gibbsite spectra. It was also previously found,
for the TFS probe molecule, that the basal plane was not reactive under room temperature dosing
conditions, thus it was possible that the TFA did not interact with the basal plane of the kaolinite
under the similar conditions used in this work, and that combined with the loss of edge sites due
to dissolution could have contributed to the very low intensity peaks for the kaolinite samples. A
comparison between the water washed gibbsite and kaolinite samples is displayed in Figure 2.9.
The spectra for the water washed kaolinite samples were less intense than those for the water
washed gibbsite, again indicating that more TFA was interacting with the gibbsite than with the
kaolinite. Thus, based on the observed spectra, more TFA was interacting with gibbsite than
kaolinite for both physisorption and chemisorption species.
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Figure 2.9 Direct polarization 19F-MAS NMR of gibbsite and kaolinite dosed with 2 mL of TFA.
The spectra display samples that were all water washed after heat-drying or toluene washing to
remove all excess TFA. The top two spectra display samples that were heat-dried or toluene
washed then air-dried to remove all excess TFA. The middle two spectra display samples that
were heat-dried or toluene washed then air-dried to remove all excess TFA. The bottom spectrum
displays a sample that was heat-dried to remove all excess TFA. The dashed line indicates where
the signal for excess TFA should fall. All spectra were normalized by mass and number of scans.
No line broadening was applied to these spectra.
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Table 2.3 Summary of NMR Spectra Peak Positions and Binding Environment Classifications
Binding Environment
Peak Position
Sample Type
Binding Environment
Label
(ppm)
1, Broad Peak with 2
-76
Excess TFA, Chemisorption
Kaolinite
2, Broad Peak with 1
-78.5
Physisorption
(KGa-1b)
3
-130
Physisorption
Kaolinite
(KGa-1b), Water
1
-75
Chemisorption
Washed
1, Broad Peak

-74

Excess TFA, Physisorption,
Chemisorption

2
3
1

-119
-130
-75.5

Physisorption, Chemisorption
Physisorption
Chemisorption

2

-119

Chemisorption

1, Broad Peak

-73.5

2
3
1
2

-119
-130
-75
-78

Excess TFA, Physisorption,
Chemisorption
Physisorption, Chemisorption
Physisorption
Chemisorption
Chemisorption

3

-118

Chemisorption

1, Broad Peak with 2

-73

Kaolinite (KGa-2)

Kaolinite
(KGa-2), Water
Washed
Toluene Washed
Kaolinite (KGa-2)
Toluene Washed
Kaolinite
(KGa-2), Water
Washed

Physisorption, Chemisorption
Excess TFA, Physisorption,
2, Broad Peak with 1
-74.5
Chemisorption
1
-73
Chemisorption
Gibbsite,
2
-74.5
Chemisorption
Water Washed
3
-77.5
Chemisorption
Physisorption (minimal),
1
-73
Chemisorption
Excess TFA (minimal),
Toluene Washed
2
-76
Physisorption (minimal) ,
Gibbsite
Chemisorption
Physisorption (minimal),
3
-78
Chemisorption
Toluene Washed
1
-72
Chemisorption
Gibbsite, Water
2
-75
Chemisorption
Washed
3
-77
Chemisorption
Note: Any peaks at -130 ppm in kaolinite corresponded to F- substitution on interior hydroxyl sites of the
octahedral sheet producing bridging Al-F-Al groups in the kaolinite structure. A minor peak at -159 ppm
in kaolinite corresponded to terminal Al-F substitution sites on the surface.22
Gibbsite

2.3.7 Further Characterizations by ATR-FTIR
ATR-FTIR data were acquired by Josh Stapleton at Pennsylvania State University.14 For
both uncleaned and cleaned kaolinite, there were no significant changes between the IR spectra,
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but for the uncleaned and cleaned gibbsite minor changes in the (O-H) stretching region (28004000 cm-1) were observed after cleaning. Once any changes between cleaned and uncleaned
samples were determined, the air-dried, heat-dried and toluene washed TFA-dosed samples were
run. The gibbsite samples are displayed in a zoomed in spectrum in Figure 2.10 from about
2000-1000 cm-1. We observed that the shoulder at about 1720 cm-1 and the peak at about 1503
cm-1 were lost for the toluene washed sample. This loss of peaks could have been due to a loss of
excess TFA or physisorbed species from the toluene wash of the gibbsite sample. The peak for
the C=O stretch of a carboxylic acid in its monomeric form would be at 1760 cm-1, however,
when carboxylic acids are in neat solution they typically dimerize via hydrogen bonding, shifting
the C=O stretching vibration to about 1710 cm-1. An electron withdrawing group, such as a
halogen like fluorine will lower the expected wavenumber of the C=O stretch, meaning that the
peak at 1670 cm-1 could be the C=O dimer stretching vibration for the TFA attached to the
gibbsite surface. The peak at 1210 cm-1 corresponded to the C-F stretching mode, and this peak
should generally convey an amount present without being sensitive to chemistry and was the peak
to which the spectra were scaled.

0.06
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cm . It is observed that there was again a loss of the shoulder at about 1710 cm-1 for the toluene
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washed samples and there was a shoulder at about 1640 cm-1 for the heat-dried, air-dried and
toluene washed samples. This shoulder was indicative of physisorbed or molecular water in the
samples. For the peak from the cleaned kaolinite at about 1640 cm-1, it was most likely that there
was molecular water (from the atmosphere) in the sample. The peak at 1675 cm-1 should again be
the peak for the C=O stretching vibration for a TFA dimer species shifted from its expected
position at 1710 cm-1 by the presence of the fluorine atoms in the TFA molecule. The peak at
1207 cm-1 corresponded to the C-F stretching mode, and again this peak should generally convey
an amount present without being sensitive to chemistry and was the peak to which the spectra
were scaled. The high intensity peak below 1200 cm-1 corresponded to the stretching and
bending vibrations of the kaolinite lattice.6 It should be noted that the expected peak position for
monomeric TFA that is still protonated is about 1830 cm-1 and for a dimer/H-bonded species is
about 1780 cm-1 based on the matrix isolated FTIR of TFA.23 However, since the TFA was
binding to a surface of interest and was not isolated we would expect a shift of the peaks to
account for the differing environment of the TFA in the dosed samples. Therefore, the ATR-IR
spectra for the kaolinite and gibbsite samples indicated that the TFA was probably present in the
samples in a dimerized form, physisorbed or molecular water was present in the samples and that
some of the TFA may have been physisorbed to the surface since shoulders were lost from some
of the spectra. Thus, based on the IR data it was likely that atmospheric water was interacting
with the samples. This made sense given that the samples were not produced under a nitrogen
environment in the sample preparation steps, so the samples were exposed to the atmosphere and
thus, atmospheric water. Therefore, if the initial binding environment of the TFA probe molecule
forms hydrolytically sensitive bonds, the presence of atmospheric water might immediately break
those bonds and form a physisorbed species.
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2.4 Conclusions
In conclusion, the initial laboratory (non-NMR) characterizations of the surfaces of
interest (fumed silica, gibbsite and kaolinite (KGa-1b and KGa-2)) revealed that the SSA of
fumed silica was one order of magnitude greater than gibbsite and kaolinite, the SSA of gibbsite
was about 1.5 times that of KGa-2, which was double the SSA of KGa-1b. The initial cleaning of
the surfaces did not change the identity of the surfaces as confirmed by XRD and IR, and the
particle size of the fumed silica was at least one order of magnitude smaller than that of gibbsite
and KGa-2. The air-drying method was found to be the least effective overall for removing
excess TFA and physisorbed species, while the heat-drying method was more effective than airdrying while the toluene and water washes were the most effective of the techniques for removing
excess TFA and physisorbed species. It was also shown that either atmospheric water or excess
TFA were lost from the samples due to the drying effect of MAS.
Since the water washing removed any excess TFA or weakly bound physisorption
species, the only species remaining in the samples were chemisorption species. This observation
implied that the intensity of the peak at -75 ppm was not completely due to excess TFA, but also
a chemisorption species. The intensities of the peaks for the water washed gibbsite and kaolinite
were smaller than those for before water washing, which indicated that excess TFA, weakly
bound physisorption species or hydrolytically sensitive bonds were removed with the water
washing. It was also shown that the peaks corresponding to the chemisorption species were
buried beneath the peaks for the physisorption species or excess TFA.
The comparison between the toluene washed and the water washed gibbsite and kaolinite
samples showed that there was very little difference in intensity of the peaks, meaning that the
toluene also seemed to remove the excess TFA and physisorbed species about as much as water
washing does for gibbsite and less so for kaolinite. Since no new peaks were added, no peaks
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seem to have changed location and three peaks were observed for the heat-dried gibbsite samples
after water washing, the toluene washing of the gibbsite samples was not be creating any new
types of complexation species between the toluene and TFA bound to the gibbsite surface, nor
was it creating any new types of reactive sites on the surface. However, after water washing the
kaolinite samples, only the toluene washed sample had two peaks, indicating that the toluene had
some effect on the binding sites or species binding by interacting with the surface or TFA,
respectively. This was not observed for the gibbsite.
The kaolinite samples, overall, had less TFA sorbed than the gibbsite samples, which
made sense from a general standpoint as the gibbsite had about 1.5 times the surface area of the
KGa-2 and about three times that of KGa-1b. Since the surface layers of the kaolinite contain
both –Si-OH and –Al-OH sites, but considering kaolinite is a layered structure with small
interlayer spacing and a low SSA, the low intensity peaks in the kaolinite spectra when compared
to the gibbsite spectra indicated that there might have been a difference in the basal plane versus
the edge sites in the ability of TFA to bind to the kaolinite surface. Furthermore, previous studies
indicated that the kaolinite edge sites undergo dissolution in acidic conditions, meaning that the
highly acidic TFA may have been dissolving the edge sites, contributing to a loss of reactive
surface sites. It was also previously found, using the TFS probe molecule that the basal plane
was not reactive under room temperature dosing conditions, and therefore it was possible that the
TFA did not interact with the basal plane. That, combined with the loss of edge sites due to
dissolution, could have contributed to the very low intensity peaks for the kaolinite samples.
For the gibbsite and kaolinite samples, it was not known if different species were binding
to different sites or the same species was binding to multiple types of sites, but for gibbsite it was
likely that the TFA was binding via chemisorption to the edge sites and not the (001) face of the
gibbsite. Since there were also physisorption species present, they could have been hydrogen
bonding to the (001) surface in a similar manner to the fulvic acid. Thus, it was concluded that
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the intensity of the peaks that were lost was due to the loss of physisorption species or excess
TFA. One possibility for the presence of three chemisorption peaks in the spectra for the gibbsite
samples was that the TFA may have been binding to adjacent –Al-OH sites, where interactions
between the fluorine atoms could have produced multiple binding sites for the fluorine atoms,
indicated by multiple peaks in the 19F-MAS NMR spectra.
As with gibbsite, it was likely that the TFA was binding to the edge sites of the kaolinite
through a monodentate or bidentate species and not the basal plane of kaolinite for the
chemisorption species. Since there were also physisorbed species present, they could have been
hydrogen bonding to the basal plane. Thus, it was concluded that the intensity of the peaks that
were lost was due to the loss of physisorption species or excess TFA. However, unlike with the
gibbsite samples, where a grouping of three peaks was observed between -72 and -78 ppm, the
kaolinite samples only had 1-2 peaks in this region, suggesting that if the TFA was binding to –
Al-OH sites that it was not binding to adjacent sites in close enough proximity to observe the
effects of interactions between the fluorine atoms. This fact indicated there was a lower density
of reactive sites on the surface of kaolinite than there was for gibbsite, though it was not clear if
those sites were on the basal plane of the kaolinite or on the edge sites, or if the TFA was binding
to –Si-OH sites, -Al-OH sites or both.
Furthermore, all of the kaolinite samples have a peak in their 19F MAS NMR spectra at 130 ppm corresponding to F- substitution of interior hydroxyl sites of the octahedral sheet
producing bridging Al-F-Al groups in the kaolinite structure.22 Another minor peak present in the
kaolinite spectra was at -159 ppm corresponding to terminal Al-F substitution sites on particle
surfaces.22 Finally, the spectra for the gibbsite samples proved that the TFA will bind to -Al-OH
type sites, and the fumed silica spectra proved an interaction between TFA and the –Si-OH type
sites. Thus, it was unknown whether the TFA had a preferential binding to –Si-OH or –Al-OH
type sites in the kaolinite.
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Similar conclusions were provided by ATR-FTIR data. A shoulder at about 1720 cm-1
for the gibbsite spectra and the peak at about 1503 cm-1 were lost for the toluene washed sample.
This loss of peaks could have been due to a loss of excess TFA or physisorbed species from the
toluene wash of the gibbsite sample. The peak at 1670 cm-1 could be the C=O dimer stretching
vibration for the TFA attached to the gibbsite surface. The peak at 1210 cm-1 corresponded to the
C-F stretching mode. In the kaolinite spectra a loss of the shoulder at about 1710 cm-1 for the
toluene washed samples and the shoulder at about 1640 cm-1 for the heat-dried, air-dried and
toluene washed samples, was indicative of physisorbed or molecular water in the samples. The
peak at 1675 cm-1 in the kaolinite spectra should again have been the peak for the C=O stretching
vibration for a TFA dimer species shifted from its expected position at 1710 cm-1 by the presence
of the fluorine atoms in the TFA molecule and the peak at 1207 cm-1 corresponded to the C-F
stretching mode.
Thus, based on the NMR and IR data, physisorbed species were definitely present in the
TFA-dosed gibbsite and kaolinite samples. After water and toluene washing the samples to
remove excess TFA and any physisorption species, the remaining peaks in the NMR spectra were
chemisorbed species. Also based on the NMR data, there were either multiple types of TFA
species binding to the surfaces or there were multiple types of RSA sites on the surfaces
attributing to the multiple peaks observed in the NMR spectra. It was also clear from the NMR
spectra that some of the surfaces were better at interacting with TFA than others, although it was
unclear if this was due to the inherent surface area differences between the surfaces or if it was a
difference in the amount and type of binding sites offered by the various surfaces. Finally, it was
not determined whether the same species were binding to the –Si-OH sites present in both fumed
silica and kaolinite; whether the same species were binding to the –Al-OH sites present in both
the gibbsite and kaolinite; whether the same species were binding to multiple sites; or whether
different species were being bound for each of the types of surfaces.
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In summation, the cleaning procedure and heat-drying of the samples did not change the
surfaces of interest; the peak at -130 in kaolinite represented Al-F-Al internal substitutions; the
peak at -159 in kaolinite represented Al-F terminal substitutions; both the gibbsite and kaolinite
had multiple physisorption species present and multiple chemisorption species present (multiple
binding environments); and the toluene wash was nearly as good at removing physisorbed species
and excess TFA from the gibbsite surface as the water wash.
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Chapter 3
Future Directions

3.1 Future Directions for RSA Research on Oxides
Further work with the TFA probe molecule is necessary to fully determine the quantity of
binding sites, the type of binding sites, the mechanism of binding and the species actually binding
to the surfaces of environmentally relevant model solids. The above work has already determined
the types of binding sites to an extent as well as produced new insight as to the species actually
binding to the surface of the model solids. Further, investigations are needed to quantify the
number of RSA binding sites on the surfaces of the model solids, as well as to determine
conclusively the specific species binding to the surfaces. Once the binding species have been
determined, researchers can more expertly hypothesize the mechanisms of binding for the
relevant species.
To quantify the RSA binding sites, quantitative 19F-MAS NMR could be obtained by
using a standard with a known number of fluorine spins as a reference compound. A comparison
should be made of dosed cleaned and uncleaned clays to determine if the cleaning procedure is
opening up reactive sites in the surface. Cross-polarization magic-angle spinning (CPMAS)
NMR can be used to further investigate the environment around NMR active nuclei of interest
that are close in space to one another, which will further help to elucidate the binding site types
and species binding to the surfaces of interest. CPMAS NMR is particularly useful for observing
the environment of low abundance NMR active nuclei, such as 13C. Since the above work was on
carboxylic acid probe molecules, 1H, 13C, and 19F will be the NMR active nuclei of greatest
interest for CP experiments. 1H-13C CP and 19F-13C CP are the most likely experiments to be of
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use since they investigate the relationship in space of the two nuclei in question. In a CP
experiment the first species listed is typically a highly abundant nucleus and the second is less
abundant. The first nuclei listed are used to acquire as much signal as possible due to the high
abundance of spins, where the magnetization is then transferred over to the less abundant nuclei
via dipolar coupling. In order for the dipolar coupling to be effective as a polarization transfer
mechanism, the nuclei must be within a few angstroms of each other as the dipolar coupling falls
1

off with an internuclear distance (r) dependence of 𝑟3 . As such, only the environments of the less
abundant nuclei that are in close proximity to the more abundant nuclei will be observed in the
spectrum. For the 1H-13C CP experiment, the only 13C present in the sample should be within the
TFA probe molecule, whereas the TFA and the surface of interest both have protons, so a
difference in carbon environments will be observed if the TFA is physisorbed versus chemisorbed
versus not bound to the surface. For the 19F-13C CP, depending on the type of species binding to
the surface and the way the TFA is bound to the surface (physisorption vs. chemisorption), a
change in the 13C environment may be observed. For example with the (3,3,3trifluoropropyl)dimethylchlorosilane (TFS) probe molecule, a difference in the fluorine
environments is found using 19F-MAS NMR Bloch-decay experiments depending on if the TFS
molecule is attached at 90° to the surface or if it is laying down along the surface. Observing 1H,
13

C and 19F at the same time might also be of use.
Temperature programmed desorption-mass spectroscopy (TPD-MS) is another technique

that can be used to help confirm the type of RSA binding sites and the species that are binding.
This technique measures the amount of species desorbed from a surface as well as the mass of
each species being desorbed from the surface. These results can be used to identify each species
and (based on the temperature at which each species is desorbed) a determination of whether each
species is physisorbed or chemisorbed can be made.
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Other carboxylic acid probe molecules can also be studied to determine if there are
different RSA binding site types for each probe molecule, different binding mechanisms and
species binding depending on the acidity, sterics, and state (vapor-phase vs liquid) of the
carboxylic acid in question. Some other possible carboxylic acid probe molecules to study
include salicylic acid, oxalic acid, acetic acid (vapor-phase), and fluorobenzoic acid. Probe
molecules other than carboxylic acids can be studied, such as trimethylphosphine oxide (TMPO),
and 13C-enriched alcohols, such as ethanol. NMR can be used to provide generic structural
information through Bloch decay experiments, which provide bulk information about a sample,
such as the coordination environments of the NMR-active nuclei of interest. Furthermore, CPMAS experiments can provide information about dipolar coupling and perhaps elucidate more
structural information related to the presence of surficial hydroxyls or bound water.
Other model solids increasing in complexity can also be studied. One is montmorillonite,
which has a layered structure like kaolinite, but also has an interlayer spacing that can
accommodate solvated cations, thus adding another area where sorption is possible. If other
environmentally relevant probe molecules besides carboxylic acids are desired-phosphate, nitrate
and sulfate containing probe molecules could also be studied.
Finally, competition between carboxylic acids and environmentally relevant divalent
metals, such as lead (Pb2+) and cadmium (Cd2+) can be studied; other collaborators have been
investigating the binding site types, binding species, quantity of species binding and binding
mechanisms for lead and cadmium.
In order to study the competition between carboxylic acids and divalent metals, both
probe molecules would need to be dosed onto a surface of interest. Before any competition
experiments can be run the surfaces of interest (kaolinite and gibbsite) would need to be cleaned
according to the procedure detailed by our collaborators from UC Merced.1,2,3,4,5 The sorption
experiment procedure also provided by our collaborators from UC Merced would be used to dose
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the surfaces of interest with the divalent metals. Previous studies by collaborators have indicated
that when the divalent metals are dosed first and then the material is dried, the binding
environment of the divalent metals changes. Collaborators have also hypothesized that an
aqueous environment can wash off some of the dosed divalent metals during the dosing of the
second probe molecule if it is done in liquid state. Thus, it would be best to try dosing the
divalent metals onto the relevant solids first in an aqueous environment and then trying both
liquid and vapor dosing of the carboxylic acid probe molecules onto the divalent metal-solid
slurry.
The divalent metals of greatest interest are heavy metals such as lead and cadmium
because the reactions at the surfaces of natural solids are important for understanding and
regulating environmental processes, including concentration and distribution of contaminants and
nutrients in Earth’s aqueous systems, where mineral surfaces specifically, control permeability
and exchange of contaminants and nutrients in soils.6 One specific type of reaction of great
concern taking place at mineral surfaces is toxic metal cycling in the environment. The cycling
of toxic metals, primarily through surface sorption, does not depend strictly on the total surface
area available for reaction, but instead on specific reaction sites that can change as a function of
time and/or chemical environment. Since the lead and cadmium are sensitive to changes in their
chemical environment, the method of dosing must be strictly controlled. Our collaborators at UC
Merced1,2 have discovered that equivalent masses of the desired mass of material slurry (ratio of
material and pH 6 CaCl2 solution) and the equivalent masses of pH 4 CaCl2 solution and pH 4
PbCl2 or CdCl2 are added depending on which metal is to be studied for best dosing results. For
the control experiments (blank) without any metal ions added an equivalent amount of pH 4
CaCl2 can be added in place of the PbCl2 and CdCl2. The pH of the supernatant should be
adjusted to the desired pH, such that the heavy metals bind more readily. Gibbsite was found to
be more reactive at high values of pH. Cadmium was found to be reactive on gibbsite at pH 6
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forming bidentate and dimer complexes and above pH 6 forming outer-sphere complexes. The
results for cadmium dosed onto kaolinite showed similar results to those for cadmium onto
gibbsite, except that no dimers were formed.
After the divalent metals have been dosed onto the relevant solids, liquid dosing and
vapor dosing can be used to introduce the carboxylic acids to the slurry. During liquid dosing, no
solvent should be used and the desired acid could be dosed neat, eliminating the contribution of a
more aqueous environment washing away the divalent metals. Thus, the most prevalent
interactions are those between the acids and the relevant solid, and the acid and the divalent
metal. The interactions due to the remaining water in the slurry should be reduced due to the
greater concentrations of the relevant solid, divalent metals and acid present. For vapor dosing,
the slurry may need to be dried in order to pull vacuum on the sample enabling the acid to be
vapor dosed onto the slurry, which can change the binding environment of the divalent metals.
However, the carboxylic acid can again be dosed neat, eliminating further interactions that would
be due to a more aqueous environment.
In preliminary NMR measurements it was noticed that during MAS “wet” samples of
divalent metal and relevant solid slurry dried out over time during the NMR experiment, which
would lead to changes in the divalent metal environment. Either air tight rotors would need to be
used to eliminate the water loss and subsequent changes in divalent metal environment or
appropriate NMR experiments would need to be used to track the changes in the divalent metal
environment over time and amount of water lost.
For samples of relevant solid, divalent metals and carboxylic acids, expected results
would include one environment for 29Si in 29Si-MAS NMR Bloch-decay experiments for kaolinite
and fumed silica and none for gibbsite. If montmorillonite was used as an increasingly complex
model solid then two silicon environments are expected, representing the one expected Si
environment in the montmorillonite’s layered structure and one environment for the quartz
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impurity in the montmorillonite. For 27Al-MAS NMR Bloch-decay experiments gibbsite,
kaolinite and montmorillonite would each have one expected 27Al environment, while fumed
silica would have none.

19

F-MAS NMR, 207Pb-MAS NMR and 113Cd-MAS NMR Bloch-decay

experiments could be used to determine the environments around the nuclei of interest (divalent
metals and 19F on the carboxylic acids).

207

Pb-MAS NMR and 113Cd-MAS NMR Bloch-decay

experiments are being studied for samples of just divalent metals on relevant solids to determine
the limit of detection (LOD) for the divalent metals. The LOD for the divalent metals would
determine if 207Pb-MAS NMR and 113Cd-MAS NMR Bloch-decay experiments would be possible
for the competition experiments. If the divalent metal concentration is too low for detection, then
1

H- or 19F-113Cd or 207Pb CP can be used to increase the amount of signal detected for the divalent

metals. For samples using probe molecule like TFA, which has three equivalent fluorine atoms
one fluorine environment is expected, if free rotation of the fluorine atoms is preserved. If steric
hindrance or bonding immobilizes the three fluorine atoms then more than one fluorine
environment will be observed. The 19F-spectra can then be used to calculate the number of
fluorine atoms per gram of sample, which will give a quantification of the reactive sites on the
relevant solid. This measurement can be compared to the RSA for just carboxylic acids on the
relevant solids to help determine if the divalent metals take up sites that the carboxylic acids bind
to or if the two species bind to different sites. Other characterizations previously discussed can
also be used to help elucidate the quantity of binding sites, type of binding sites, species binding
and mechanism of binding, such as BET, XRD, DLS, ATR-FTIR, Diffuse Reflectance Infrared
Fourier-transform spectroscopy (DRIFTS), and TPD-MS.
The purpose of the competition experiments is to determine if one divalent metal can
block a carboxylic acid from absorbing onto the various surfaces of interest or if the divalent
metals and carboxylic acids each absorb to different reactive surface sites, and thus, do not affect
the other’s sorption abilities. Since pH is known to affect sorption of the divalent metals, pH and
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material type may affect the competition of the metal ions and carboxylic acids. The sorption of
the background electrolyte cation (Ca2+) must also be noted as a baseline to determine how
strongly Ca2+ will absorb to the surfaces of interest and thus, how much competition the Ca2+ ion
will pose for the divalent metals and carboxylic acids. The amount of Pb2+, Cd2+ and Ca2+ that
can sorb to the materials of interest has been determined by collaborators at UC Merced under pH
dependent conditions by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
and a Charge Distribution MUlti-SIte Complexation (CD-MUSIC) model.2 It is important to
consider the background electrolyte cation, when studying the competition between the divalent
metal cations and the carboxylic acids because it has been shown by Cavallaro et al. that
adsorption of Cd2+ is decreased in the presence of 0.01 M CaCl2. Cavallaro et al. also showed
that Pb2+ adsorption was decreased in the presence of Ca2+.7,8
Some of the issues answered through previous competition experiments by collaborators
between the background electrolyte and the divalent cations only are: (i) how do the metal ions
absorb onto the surface-by chemisorption or physisorption, (ii) does one metal ion bind more
strongly than another, (iii) can one metal ion “knock off” another and replace it on the surface or
will the bound ion block adsorption and (iv) do the metal ions bind to the same reactive sites or
do they bind to different reactive sites. These questions are also relevant to this set of
competition experiments between the divalent metals and the carboxylic acids, where question (i)
should already be known for the divalent metals and the carboxylic acids individually. Questions
(ii), (iii) and (iv) can be adapted for this set of competition experiments to (ii) does a divalent
metal bind more strongly than a carboxylic acid (and does the order of adsorption matter), (iii)
can a divalent metal “knock off” a carboxylic acid and replace it on the surface (or vice versa) or
will the bound ion block adsorption, and (iv) do the divalent metals bind to the same reactive sites
as the carboxylic acids or do they bind to different reactive sites. Another question to be
answered by these competition experiments relates to whether the species binding or the
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mechanism of binding for the divalent metals and the carboxylic acids inhibit or facilitate binding
of the other when added in series or concurrently. Furthermore, if one probe molecule promotes
adsorption of the other probe molecule, will it promote the binding of the first probe molecule
alone or will it promote adsorption of some complexation molecule of the two probe molecules
together.
Inductively coupled plasma-mass spectrometry (ICP-MS) can be used on the samples to
determine concentrations of the divalent metals adsorbed onto the surfaces of interest before and
after the carboxylic acids are added to the slurry. The differences in the metal ion concentrations
could be detected, since ICP-MS has a detection limit in the parts per trillion (ppt) for most
elements.9 This would help determine if the carboxylic acids are able to replace the metal ions on
the surface or if the metal ions are able to block relevant reactive sites on the surface where the
carboxylic acids bind. This will also help determine how strongly the divalent metals are bound
to the surface.
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