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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 nutri ent s |guracegspecifically, sontmlgu e ous
permeability and exchange of contaminants and nutrients in soitgart through the reactions
that take place on these surfacedn this work, organic acid probe molecules (such a
trifluoroacetic acid, TFA) weraised ¢ determine the pe of binding sitesand the species
binding to the surfaces of environmentally relevant model solids, such as kaolinite (KGa
1b), gi bbsite and fumed silica. T hieeswefacd et e r mi
ar e RSA) pfovide 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. Theref&&, r®resents the
guantity of material available for reaction in a particular system and under specific conditions.

Solid-state nukear magnetic resonance (NMR) wesd in this work fostructural
information about specific nuclei and their surroundéngironments, thus enabling a
determination of RSA binding sites and the species being bound to the suBtmeh-decay
magic angle spinning (MAS) NMR experiments were used to study the bulk structures of the
materials and to determine tbeordination environments of NMRctive nucleji such as fluorine
(*%F), within probe moleculesAttenuated Total Reflectance Infrafeduriertransform(ATR-

FTIR) spectroscopyvas also usefby our ollaborators at PSUp helpelucidate 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 undergtamndi
regulating a number of environmental processes, including concentration and distribution of
contaminants and nutrients in Earth’s aqueous
exchange of contaminants and nutrients in Soif$ie 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 aahie 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 oxideglasstudied to address this issue, whexactive surface area (Rpis a
measurement of the surface sites or functional groups that directly participatéate reactions.

This value represents the quantity of material available for reaction in a particular system and
provides a more comprehensive description of hawnaterial will behave in the environmént.
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 assodiatgth the adsorption of a monolayer of inert gas, such,a8mbor

Kr, to the surface of intere$tThis value provides a measwrkthe surface area per unit mass of
sample. The edge, outer basal plane and interbasal plane structures contribu&fdhaon
swelling clay minerals as depictedFigure 1.1° The second method calculates the geometric

SSA based on the grain diameter, density of the solid, and a geometric pafamkteugh
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SSA provides valuable information about the sampligéts not explain how the surface will be
affected by environmental reactions. As a result, prewiau& has attempted to examine the

reactive surface area of minerals.

Figure 1.1 A depiction of the basal plane and edge sites for clay minerals. The structure above is
for kaolinite?

In a previous study by Sandeatsal, dissolution rates of kaolinite and montmorillonite
were determined by using nuclear magnetic resonance (NMRBitige probe molecules to
characterize the nemydrogen bonded hydroxyl sites on the surface of the minerals,
predominantly investigating the’®ites’ The Q represents the quaternary silicon center, which
is bonded to three oxygens connected to thle mmaiterial and one hydroxyl group that is not
hydrogen bonded as shownFigure1.2> Clay mineral surface reactivity and surface site
density were measured by attachment of the probe molecule-(3,3,3
trifluoropropyl)dimethylchlorosilane (TFS) and quaistif with °F magic angle spinning (MAS)

NMR.!
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Figure 1.2 A depiction of the various Qsites, where Q =uaternarySi and n represents the
number of bonds tthe bulk oxide.

Sander®t al. have also studied the depletion of reactive sites in clay minerals during far
from-equilibrium acidmediated dissolution on kaolinite and bentofifEhe decrease in kaolinite
dissolution rates was correlated to the deptetibreactive sites, which supported their
hypothesis that dissolution under mildly acidic conditions occurs at kaolinite edges. Furthermore,
Washtoret al.have used®’F-MAS NMR and the TF$robe molecule to study the dissolution of
volcanic aluminosiliate glasseby characterizinghe surfacesites on the complex oxide
materialsundergoing dissolutiohy counting the number of reactive sites by adding up the spins
on the probe molecufe. They found that the surface site density of hydroxyl groups measured
by TES chemisorption througfF-MAS NMR correlated to the dissolution rates of the volcanic
glasseswhich werecomparedhrough acommon basis, such #se mass of the sampleThey
also found that the surface density dfses increases over time as a function of weathering due
to the loss of the more reactivée §)tes. These correlations wetken examinetb search for a
proxy for reactive surface area

TFS wa an excellent prabmolecule for a variety of reasons including the high
sensitivity of the"’F nuclei and the ability to form strong covalent bonds to specific surface sites.
During attachment, TFS hydrolysasid condensation reactions occur that bind the probe to lone
non-hydrogen bonded edge sites (which are assumed t3 &ite§). The successive TFS
hydrolysis and condensation reactions are sketched in Figuté D&picted on the left is the
specific reaction between a clay mineral edge site and a TFS molecete, THS undergoes a

condensation reaction to bind with &&lge site on the mineral surface. On the right, Figure 1.3



depicts a general schematic for the binding of a rfanotional organosilane and a single

reactive hydroxyl group on an oxide surfaéerst, the mondunctional chlorosilane undergoes
hydrolysis replacing theCl 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 ok water molecule and a covalent bond between the organosilanol and the oxide surface.
The oxide surface is represented by af©M group with three bridging oxygens attached to a

glass surface.

| CF3

AN
[o]] CH.
. -HClI
+ H0 ——=
1 R,JI:IT" 2 lel o H
H
g Q‘s"@\q Rl
CF. I , “TH 4o
2 2 R'Si‘O H o+ *hh_o Sni R I\.?f . Mo
' rg X M—0 O'EI:. N

Figure 1.3The dagram on the left shows a condensation reaction between TFS antietigeQ
site of the clay mineral. The highlightedF; group is the part of the probe molecule detected by
F-.NMR. The schematic on the right is the more general reaction mechanigtadsrsurfaces
depicting the hydrolysis and condensation reactions between afmastimnal organosilane and

a reactive hydroxyl group on an oxide surface.

Hvdroxvl 'v & 6 Q/‘

Figure 1.4Structure of kaolinite clay mineral.

Thesystems of interest thaterestudied in this work include kaolinite (K& and
KGa-2), gibbsite and fumed silica. Kaolinite is a remelling clay mineral of the 1:1

phyllosilicate type; therefore, it is a layered aluminosilisgite each layer composed of
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octahedrally Q) coordinatedaluminum @Al) aranged in a sheet and connedieugh bridging
oxygens tdetrahedrally Ty) coordinatedsilicon (Si) species in a second shégigure 1.4

Both kaolinites were chosen for this work because they have been extensivetyertzac

Gibbsite is one of the mineral forms of aluminum hydroxide (Al(§khd has a structure

analogous to the basic structure of mica type minerals.basiestructureis formed from

stacked sheets of linked octahedf aluminum hydroxide. Fumed silicaasorphous silica and
theresulting powder has an extremely low bulk density and 8. Gibbsite and fumed silica
wereutilized in this work because they are relatively simple systems as compared to kaolinite and
can be used as model environmental solids with different poirgsro 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 fusilezh 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 reladito 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 procedatce adapt
from Choroveret al’ Thus, the particle size of the fumed silica should range fror@ Qufito
be comparable to the kaolinite and gibhdit®ugh theparticle sizaused in this workvas 0.014
pm. This shortcoming could be addressed in subsequetiestu

The four main goals of RSA reseatmfeto 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 gmalswereaddressed,
namely to determine the type of binding sites and the species binding to the surfaces of interest.

These goalsvereaccomplishedhrough the study of reactive surface area usoigtstate NMR
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as well as other relevaintstrumenal techniques to characterize surfaces of interest dosed with
organic acid probe molecules

A variety of characterization technigueasused to characterize the materials, including
MAS NMR, BET, X-ray Diffraction (XRD), Dynamic Light Scattering (DLS) aAttenuated
Total ReflectancénfraredFouriertransform(ATR-FTIR) spectroscopy. NMRvasused to
study the bulk and surface strudsiof the materials of interesBET, XRD and DLSvereused
as initial characterization techniques to confirm the idgmpitirity and size of the particles of the
surfaces of interest, wheBET datawasacquired so that SSA can be compared between the as
received surfaces of interest and the purified and size selected surfaces of interesasDée
to measure particlgize, providing an accurate distribution of all particles sizes in the sample
tested. XRDwasused to study the crystalline phases in the materials of interest to reveal any
i mpurities. For example, if thethekhcaldt¢é i ni t e
(CaCQ) and halite (NaCl) peaks can be found in the XRD spectrum along with the kaolinite
peaks. ATRFTIR wasused to verify the conclusions drawn from the NMR dataveaglised to
help elucidate what types of species are binding to thacsfof 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 Nali$d (calleddirect
polarization MAS NMR) experimentaereused to study the bulk structure of the materials to
determine theoordination environments of NMRctive nuclei such as fluorine'{F-MAS
NMR). A Bloch decay experiment is represented schematicafigurel.5.

Bloch decay"®F-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 sité%-NMR can be used to quantify the number obfine

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



normalized basis™F is an ideal nuclide for NMR studies because itn&60% natural
abundance and a high gyrogmetic ratio: Further information on théheory behind solid state
NMR can be found in thiextsintroduction to Solid State NMR SpectroscbgyMelinda J.

Duer® and theTransient Techniques of NMR in Solids: An Introduction to Theory and Practice

by B.C. Gerstein and C.R. Dybowski.

(90)

Figure 1.5An example of a Bloch decay experiment, where a 90*-jgulse is applied and the
so-called free induction decay is acquired after the pulse.
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Chapter 2

Trifluoroacetic Acid as a Probe Molecule for Reactive Surface Area

2.1Introduction

Since TFS only binds to the*@active sites, other probe molecules can be used to study
the other binding sites on mineral surfacée class of probe molecules relevant to the
reactions at minefaurfaces in the environmenttlse organic acidsvhich are ged to simulate
the reactions betweearaturalmaterials and acid grougs in the environment (as in soil organic
matter). Sorpton on the mineral surfaces can catalyze changes in the organic moletiges
some of the most commonly studied organic acids on mineral surfaces include humic acid, fulvic

acid, citric acid, tartric acid and oxalic a@d displayed in Figure 2.1.

0
(0] OH CH O
" m HO\H/I\I/U\
OH OH
HO OH OH 0 OH
0
L citric acid tartric acid
oxalic 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 be separated intowo typessimple organic
compounds and humic substanteBhe simple organic compounds include carboxylic acids
(also fatty acidg phenols, carbohydrates, amino acids, nucleic acids, and hydrocarbons. The
humic substances are complex and not well wstded 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 ahe surfaces of natural solil<Of the simple organicompoundsfatty 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 environftensecond 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.
In soils, the carboxylic acids aextremely 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 mncentration is generally less than 1 mM in the soil soldti®hese 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 catiomsigir complex formation) to the
weathering of rocks. The sharthained 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 2000 pg/L in natiral waters, with acetic acid being the most abuntidrte
dicarboxylic acids and aromatic carboxylic acids are generally present at levels of only a few
pg/L. The longer chained (nerolatile) fatty acids are the most abundant of the carboxylic acids
and are typically found in concentrations 6680 g/L* 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 exaofd@ aromatic carboxylic acid is
benzoic acid. Finally, an example of a nonvolatile fatty acid is myristic d¢id.structuresf
theseacids are displayed in Figure 2.2. One problem that can arise from studying the larger
carboxylic acids is that lesacid than coultheoreticallybind to the surfaces of interdbtased on
stoichiometry of binding sitesyill bind to the surfaces due to steric hindrance created by the
long aliphatic chains; hence thenple acids provide a reasonable starting poiot hovel studies

of these systems
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o) (o]
0 HO @]
OH
3 OH
OH 9]
OH F
acetic acid F
trif luoroacetic acid benzoic acid phthalic acid
0 % o o]
/\/\/\/\/\/\)L )J\/U\ HO
OH HO OH OH
L . . . o
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 thiswork trifluoroacetic acid (TFACRCO,H, pKa of 0.9 wasthe 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 previousith respect to studies that utiliz&#Sas a probe
molecule *F nuclei hae a high sensitivity and 100% natural abundance makmgn ideal
nucldeto study by NMR. For this work an organic acid probe molecule, specifically a
carboxylic acid, was desired because organic acids are enviratimeslevant. A simple acid
waschosen 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 probelewnle and because it is a fluorine containing compound,
meaning that it is easily studied by NMR.

There have been many previous studieswaraety of organic acids and more
specifically carboxylic acids, though little agreement has been reachedspeties 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 twzarboxylate 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.

Furthemore, no reactions ocaedbetween the oxalate and the hydroxyl groups on the (001)
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surfaces, even when excess oxalate pesent. There are two postulates for the absorption
modes of bidentate oxalate onto the edge faces, whefiestrstates thathe oxalate wschelated
to a single A" cation and th second reasotisat the oxalate veabridging between two cations
in adjacent layers.Both of these postates indicate that the oxalatesxehemisorbed to the
gibbsite surface.

Another commonlytsidied 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 groupsisblacedsurface hydroxyl groups producing a strong chemisorbed bond.
When free fulvic acid waadded, the protons from the carboxylic acid groupsedadth
surface hydroxyls to form watewhereas when sodium fulvate was addedydroxyl groups
were released into solutiohFurthermore, fulvate couldnly bind to some of the edge sites on
gibbsite due to steric hindrantdt was furthershown that the hydroxyl groups the (001) face
of gibbsite wee unreactive to the adsaign of fulvate in neutrasolution, but this face became
covered with fulvic acidvhen the surrounding solution wacidic? The adsorbed fulvic acid
was mostly uAionized because the mechanism of adsorptionmagbeenpurely hydrogen
bonding leadingo the belief that fulvic acid veonly weakly bonded (physisorbed) to the
surface.

In a previous study usirgysimpler carboxylic acidtapletorand ceworkersstudied
acetic acid andcetyl chlorideoy vapor dosing them onto glass fibers and fumedasilion
fumed silica, IRpeaks wer@bservedor silyl ester speciethat wereformed fromthe
condensation of acetic acid with silanoBhysisorbed acetic acid and hydrogssund acetic
acid were also present on the surfatiguid state*C-NMR, reveaded apeak at 178 ppm
attributed taneat liquid acetic acid aradpeak at 170 pprattributed taneat liquid acetyl chloride

where each peak correspondedhe™C shift of the carbonyl carbon. It was found thaiirb
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probe molecules were physisorbedhe surfae (due to water in the system) at 178 ppm for
acetic acid and at 176 ppm for acetyl chloride anddihdtesterpeaks weréound atl72 ppmby
'H-3C Cross Polarization (CP) MASMR experiments. Ospecificglass fibersonsidered in
this study no silyl ester peaks were observed by CPMAS NMR, but a sodaatate complex
peak wagletectedat 180 ppm TFS treatment afhe glasgibersand fumed silicavas used to
guantify the number akactivesilanol groups on the surfag;evherghe fumed dica wasfound
to havel OH/nnf, but for the fibers the peaks could not be distinguished from.noise

In a study done bi{elley et al. more complex carboxylic acids were studied on mineral
surfaces. Kelley et al.looked at adsorbing salicylic aciBigure 2.3)and myristic acid onty-

alumina and kaolinitewith detection of sorbed specigsing DRIFTS Both acids were found to
o] H

OH

salicylic acid
Figure 2.3 Structure of salicylic acid.
adsorb as carboxylate species onto the surfaeerethe siggested mechanism of bonding to
metal cations on mineral surfacad reaction of the hydrogen ion weisher by eactio in
solution with displaced hydroxybr by adsorption onto oxygen sitestbe mineral surfacefor
lower surface coveraggthe preferreindingwasto corner or edgsites. When hexane was
used as the solvemhyristic acid had two distinct forsnof adsorption, one wascarboxylate and
the other was a carbonyl species. Agible interpretation for this wahat thénteracton of the
carboxylic acid group ith alumina type surface sites s\sa carboxylateand thenteraction of
thealiphatic chan with siloxane type surfacésft thefunctional group exposeshd unionized in

a hexane solvent.
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A study byFrimmelet al.investigated the absorption difcarboxylic acids (oxalic acid,
malonic acid and succinic acid) to kaolinite by in situ AFRR though none of their
conclusions were definitive.For oxalicacid, it was suggested that it svaound as an outer
sphere (p#isisorbed) complex via the water molecules to the mineral surFaemalonic acid,
it was suggestethat it was adsorbed in a way similar to oxalic acid or by a six membered chelate
ring. For succinicacid, it was suggested that it sviaonded to the meral surface by a bidentate
or monodentate compleXoor resolutiorof the IRand broad band combinatis madelear
conclusions difficult

A final example is a study done Byibicki et al,, whichlooked at adsorbing a variety of
carboxylic acids to kalinite, montmorillonite and other minerals by AFRIR.” Forkaolinite,
oxalic acid appearew form inner sphere complexes, through monodentate or bidentate bridging
surface complexesSalicylic, benzoic and phthalic acids all showedatersphere asborption
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 compebiigtcad
between thecids to determine concentration of adsorption, not how the acids bind to the surface,

nor are conclusive as to the species binding to the surface.

2.2Materials and Experimental Methods

2.2.1Materials

The sources of the claginerals investigated@olinite KGalb and KGa2) werefrom
Washington andlVarrencounties, GeorgiaGibbsite wasicquiredfrom J.T. Baker with 98%

purity. Fumed silica waacquiredrom SigmaAldrich with a surface area of 2067/g and a
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particle sizeof 0.014 um and was used as received. Trifluoroacetic acidewusredirom Alfa

Aesar with 99% purity. Reagent grade water a@gpuiredrom Ricca Chemical Company

(ASTM D 1193 Type landde-ionizedwatef r om a Mi | | i p o+re MdiyQs)t em ( 18.
was also usedAll chemical salts used were reaggrade or better, andere not purified further.

Solutions were sted in polypropylene containettsat had been washed in 2¥%tric acid

(HNQOs). Toluene was obtained from Sigmddrich and was 99.8%naydrous.

2.2.2Sample Preparation

2.2.2.1Clay Cleaning and Drying Procedure

Thekaolinite (KGa-2) and gibbsitavereput through a cleaningnd dryingprocedure
before use, which was performed on the samples for this project by collaborators from UC
Merced.®?%! The fumed silicand kaolinite (KGalb) wereused as receivedaolinite (50 + 2
g) was mixed with 28 g of water and adjusted to #b+0.1 to promote dispersion. The slurry
was stirred for B minutes and then transferred into 250 mL centrifuge botBesial
centrifugations ob minutes at 47 RCF were performede movi ng and preserving
fraction in he supernatant solution in each repetitidhis process was repeated until the
swpernatantvas cl ear . T taetionswas washedlbyaadding hd M NaCl solution
adjusted to pH 3 with 1.0 M hydrochloric acid (HGS}irring for 20 mimutes and then
centrifuging for 5 miutes at 24,000 g and decanting shpernatantThis processvas repeated
until the slurry was appraxately pH 3 (56 repetitions).The slurry remained at pH 3 for no
longer than 2 bursto minimize mineral dissolution. THeolinite was then washed with a pH 7
0.01 M N&CI solution by the same procesgplained above until the slurry reached

approximatelypH 6. The slurry was mixed witlitra-pure water, centrifuged, arlde
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supernatanivasdecantedo remove NaCl. The slurry wasixed with a 0.01 Mcalcium chloride
(CacCl) solution, centrifuged, antthenthe supernatant was decanted. Washed wlag then
equilibrated with 0.01 M or 0.001 M CagQolution and readjusted to pH 6 if necessarpe
headspace in the container was blown off wittbBfore capping, antthen the slurry was
homogenized overniglun a horizotal rotator at 100 RPM. Mineralurries were stored at 4°C.

Gibbsite was size separated atehned in a siilar fashion to the kaolinitelnstead of a
pH 7, 0.01 M NacCl solution, pH 8 was used. The fgibbsite slurry was adjusted to pHo
minimize mineral dissolutionAfter homogenization of the mineral slurry, aidy experiment
was performed tdetermine the dial:liquid ratio in the slurry. Themineral slurry was stirred for
onehour atroom temperature to ensure homogenizabefore takng five :mL aliquots.
Aliquots were placed in preveighed polypropylene sample caimers, and then weighed again.
Samples were dried in a 60°C oven for &4ifs. Three controls were included in the drgito
ensurghere waso mass loskom the sample cups due to viliaation. After drying, the
samplecups were raveighed andhemass loss was determineg difference. Dry mass:solution
volume ratios in the slurriagere targeted to be 1 g per 10 nkolids were measured for specifi
surface aregparticle size distribution and phase identification.

The dried kaolinitdKGa-2) and gibbsite samplegerere-dried in a vacuum ovefor one
hour at 1B°Cto limit residual watem the systentbefore being useith the dosingexperiments.
The fumed silicand kaolinite (KGé&lb) werenot cleaned by the cleaning proceddetailed
above, but instead were used as is and deee for one hour in a 1@ C vacuum oven before
being used ithe dosing experimentsfter the cleaning and drying predure, and once the
samplesvere put in thezacuum oven, the samplegre usedn a liquid dosing procedure to dose

the kaolinite, gibbsite and fumed silica with the desired probe molecule.
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2.2.2.2Liquid Dosing, Washing and Drying Procedure

After the clening and drying procedure was completed by collaborators at UC Merced,
the samples were put through a liquid dosing procedure, adapted from thetaifexl by Fryet
al. and Sanderst al,****to dosethe TFA probe molecule to the cleaned surfacetefést. In
thesestudies, each sample typesvaade in triplicate.

To liquid dose the samples, first, a Schlenk flasisobtainel from the drying oven
(~100°C) Next, 0.50.75 grams of sample wadded to the Schlenk flaskhedesired amount
of probe méecule (i.e., 1 mL, 2 mL, 5 mL artD mL of TFAfor the fumed silica, 2 mL for
kaolinite and gibbsijewas addedo the sample in the flaskrhe samples were put under a
vacuumwhich was bacHilled by argon gas. The samplegre shaken for 72 hours at room
temperature (~21°C) and were then removed from the shaker baththefoweere dried (air or
heat) or washeflvater or toluene) All glassware was cleaned with a base bath in between TFA
dosings to avoid®F contamination.Air-dried, heatlried and toluene washed then-cired
samples were made for fumed silica dosed with TFAese samples were also héaed further
and washed with water then hehited. For both the kaolinite and gibbsite, samples were heat
dried, tduene washed then airied, headried then water washed then hdetd, and toluene
washed then aidried then water washed then hdeed. Forwater washing or toluengashing
the samples, a typical vaem filtration setup was used to initially drihe samples.

The samples we driedby either airdrying in a hood oheatdrying in a sand bath to
remove excess TFA (BP 72°Ciror airdrying, the samples we put in glass vialand left in a
hood to dry for about 1.5 weekEor heatdrying, the samps were put in glass vials thatnee
placed in a sand bafthe sand level wahigher than the levef the sample in the vial) and ree
heated to about 14B44°C for 4-6.5 hours. After heatinghe samples we removed from the

sand bath, capped and alled to cool before being characterized.
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2.2.3 Sample Characterization

2.2.3.1BET, XRD and DLS

Collaborators from UC MerceperformedBrunauer, Emmett, Teller (BETIDynamic
Light Scattering (DLSand X-Ray Diffraction (XRD) measurements on the cleaned dridd
kaolinite (KGa2) and gibbsite sampl&sKaolinite (KGalb) samples were also measured with
BET2 A BET surface area analyzer (Micromeritics TriStar 3000) witty&s with <0.5% error
for kadinite (KGa-2) and gibbsite was used to measure SSArimu ¢olids(60°C oven for 24
hours).

The particle size distributionf kaolinite (KGa2) and gibbsitevas measured usiiLS
with a Brookhaven Instruments BIOOOAT analyzer The mineral sluy was stirred for one hour
prior to taking a 1 mlaliquot, phcingit in an Eppendorf tube, andrgoating for several hours.
Tenp Lof slurry was then diluted in 6 mbf ASTM water in a glasscintillation vial. The vial
wasplaced in the DLS instrument and measured athevd engt h of 633 nm
measuremerdelay.

XRD was performed in the Imaging and Microscopy Facdityhe University of

California, Merced. Powder mountédried solids were prepared aarcbackground silica

wi t h

plates. Diffractograms were collee d wi t h a P a RROddffacyoheiercwdtH an X’ Per t

ultrafastX’ Cel er atfrom2-d@t e2 ® o wi df h00X &and gounstime of 10 s

using CoKa radiation

2.2.3.2'%F-MAS NMR

F MAS NMR experiments were performed on a hdmit spectrometer utilizing a

Tecmag Apollo pulsprogramming and data acquisition system interfaced to a Chemagnetics 4
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mm double resonance probe at a field strength of 9'9F13{76.346 MHz transmitter frequency)

with a spinning speed of 15 kHz. ABlodecay (ongp ul se) experi medth with a
of 11 or 11.5 ps and a pulse delay of 5 s was
(NaTFA) was used as a secondary referesit® 5§ ppm from CFG) in all **F NMR experiments.

The number of timaveraged signal transients ranged from tt?8096 based on the sigriat

noise ratio for each sample. Spectra were processed using the NUTS NMR processing software

for finding the peak positions. During processihg spectrum froreach sample was normalized

by the number of scans and sampleghtio ensure a direct comparison between the samples.

2.2.3.3ATR-FTIR

FTIR measurements were performedlogh Stapletoat RenrsylvaniaStateUniversity
using a Bruker Vertex V70 Spectrometer (Bruker Optics Billerica MA) equipped with a Harrick
MVP-ProATR accessory with diamond crystal (Harrick Scientific Pleasantville %00 scans
at 6¢cmit 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 ubked@ference spectrum.

All spectral manipulations were performed using OPUS 7.0 (Bruker Optics, Billerica MA).

2.3 Results and Discussion

2.3.1Previous Studies of RSA

Previously, the RSA of fumed silica and kaolinite have been studied using acetic acid and
TFS as probe molecules. TRfaschosen for this work as a natural merging of the well

characterized earlier studies. Wheamsidering the reactions atetic acid o fumed silica,
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Stapletoret al.found that physisorbed and chemisorbed species were both formed when acetic
acid was dosed in the gas phasehe physisorbed species was hydrogen bound to the silanol
surface and the covalently bonded (chemisorbed) spegie a silyl esterCarbonyl C=0)
stretching vibrations for IR of the physisorbed species were found atl7247cn', whereas the
C=0 stretching vibration for the silyl ester was found at 17480 cni'. Liquid state*C-NMR,
revealed that a peak froneat liquidl-'*C- acetic acidvas found at 178 ppm (the expect&d
shift of the carbonyl carbon}H-'*C Cross Polarization (CP) MASMR experimentsevealed
that for the aetic-acid dosed silica samplé®e physisorbedpecis produced a resonance that
was also found at 178 ppm:C-NMR also showed that the silyl ester bond was hydrolytically
sensitive, but when presengs found at 172 ppm. The peak at 172 ppm also had a relatively
broad width, indicating limited mobilityral the loss of ability for rapid reorientation as a result
of strong covalentnteractions with the oxide surface.

In a study by Sandegrt al of the changes in reactive surface area for clay samples, dilute
HCI (0.001 M, pH 3) was used to study the digton 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
dissolvedpreferentiallyby acidsin this pH rangé® In anotherstudy, TFS was dosed onto
kaolinite, wherehydrolysisand condensation reactions can occur that bind the probe to lone non
hydrogen bonded edge sites (which are assumed td ¢ite€). TFS was then used as a probe
molecule to conclude that there was a loss of RSA edge sites aftenediimted disolution. It
was shown that the average SSA for cleaned-KiGhy BET was 12.7 ffy 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 conditiémgotably, neat TR may be able to dissolve some of
the surface sites on all of these materials since it is a stronger acid than the dilute HCI used in the

dissolution studies.
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2.3.2Initial Characterizations of Surfaces &ter Sample Preparation

Materials of interest irhts study (fumed silica, gibbsite and kaolinite (kGaand KGa
2)) werecharacterizedising BET, XRD and DLS. The measurements made by NMR were for
fluorine only, and were combined with another technique, ATHR, which was carried out by
collaboratordrom UC Merce8and PSU* Kaolinite (KGalb and KG&) and gibbsite were
cleaned to isolate the < 2 micron patrticle size and to remove any impurities based on the
procedure adapted from Chorowgral.and performed by collaborators at UC Merééd*

Since fumed silica is industrially available, and particle size is controlled, the cleaning procedure
was notrequired and the fumed silica svased as received.

Measurements were performed at UC Mefaruthe cleaned solids to ensure that the
expectedgarticle sizes were obtained and impurities weraaved. XRD characterization
indicated that there vgano residual sodium chloride from the cleaning procedure in the kaolinite
(KGa-2) and gibbsite samples. Kaolinite (K&b) was not cleaned before behgsed with
TFA, so XRD and DLS were not performed. As ithased in Figure 2.4XRD confirmedthat

the cleaning procedure did not changeitlemtity of the kaolinite and gibbsite phad&¥*®
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Figure 2.4 XRD data forA) gibbsiteMi c r a IAluina @i hydr ate” from Huber
Material” and B) kaolinite (KGa2)'® from the Clay Mineral Societyerifying the identity and
purity of the cleaned samples. XRD da@reobtained byMolly Small at UC Mered!®*"*®

BET measurements for kaolinite (K@a and KGa2) taken at the source and compared
to those taken after completion of the cleaning procedure by collaborators at UC Merced

suggestdthat the cleaning poedure dichot significantly alter the SSA of the clays (Table

2 1) 19,20
Table 2.1Summary of BET Surface Areas
Sample Type BET Surface Areafrom Source*®? BET Surfacseoﬁrriz of Cleaned
Kaolinite (KGa1b) 10.05 ni/g 9-10 nf/g
Kaolinite (KGa2) 23.50 nflg 16-18 nf/g
Gibbsite - 23-26 nflg
Silica (Fumed) 200 nflg -

DLS measuremenisereobtained for cleaned kaolinite by collaborators at UC Merced

and the mean particle size wasind to be ~3unf. After cleaning, the kaolinite (KG2a) had
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particles sizesf 0.3um (4%) and 4um (96%) and the gibbsite had particles sizes of 0.3um (80%)

and 1um (20%§. The particle size of the fumed silica that was used here is 0.0%4 um.

2.3.3Initial Characterizations of TFA Dosed Fumed Silica

All samples were dosed withFR after cleaning and initial characterizations based on a
modification of the standard method detailed by éirgl.and Sanderst al!*** All NMR
spectra were obtained on a 9.36 T NMR system operating at 376.3458006 Mifzrficrdiation
and detectn.

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 afear dosing TFA onto the
fumed silica and drying, the samples were analyzedbiIAS NMR with a rotor speed of at 7
kHz.

Initial **F-MAS NMR data were obtained for fumed silica samples dosed with 1, 2, 5, or
10 mL of neat TFA, which werair-dried, heatdried or toluene washed (TFA BP = 72°C). The
air-dried samples were dried for 0.75 days to 4.5 days. Thalliedtsamples were dried for 2
hours at 90°C. The toluene washed samples sidrsequently aidried Preliminaryresults
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 peaktaZdlqmum, which wa very
close in chemical shift to the expected liquid TFA peak found&ad 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 ofsinoé this $ the typical
amount used for TFS dosing. A volume of 2 mL was tested in case 1 mL waasongh 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 obserngtié 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 TFAa 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 firstatthete was 1
reactive site per nfhand a TFA monomer was binding to the surface. The second assumption
made was that there was 1 reactive site péramu a TFA dimer was binding to the surface. The
final assumption was that there were 2 reactive giég nhand a TFA dimer was binding to the
surface. If 1 mL of TFA was dosed, then in all cdbesassumption wake amount of TFA
presenwould beenough to cover all the reactive sites for fumed silica, kaolinite {kKiésand
KGa-2) and gibbsite badeon 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 coneddhat there were either more than the
expected number of reactive sites or something other than monomeric TFA was binding to the
surface.Preliminary s(NMR measurements for fumed silica samples also displayed a higher
intensity of peaks in the specfta theair-dried samples compared to the héiaéd samples,
which demamstratedhat the heatlrying was more effective than adirying for removing excess
water and TFA from the samples. In order to investigate reactive sites on the surfaces, any excess
TFA had tobe removed from the samples befbfeMAS NMR was run, whictensure that any
peak from excess TFA wanot overpowering a lointensity peak in the spectrun®uch a peak
could overlap another pe@kthe spectrum that representedpecies siilar to free iquid TFA

or physisorbed TFA. It wadso notel that the spectra acquired from all further samples in this
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work were acquired at a 15 kHz spinnspgeed to decrease the numbespifining sidebands in
the spectra, since the 7 kHz spectrd hamerous peaks representative of spinning sidebands.

Table 22 Summary of Estimated RSA

Sample Type Assumption SSA Estimated RSA
1 RS/n, monomer, 0.8.75 g of 4.5x10%to 7.5x10°
sample reactive sites
Kaolinite (KGa 1 RS/nmd, dimer, 0.50.75 g of 9x10®to 1.5x16°
9-10 nflg D
1b) sample reactive sites
2 RS/nm, dimer, 0.50.75 g of 1.8x10°to 3x10°
sample reactive sites
1 RS/nnmi, monomer, 0.8.75 g of 8x10%to 1.3x10°
sample reactive sites
Kaolinite (KGa2) 1 RS/nm, dimer, 0.50.75 g of 16-18 nf/g 1.6x10° to 2.§x169
sample reactive sites
2 RS/nm, dimer, 0.50.75 g of 3.2x10%t0 5.2x18°
sample reactive sites
1 RS/nm, monomer, 0.8.75 g of 1.1x10°to 1.9x16°
sample reactive sites
Gibbsite 1 RS/nn, dimer, 0.50.75 g of 23.26 nflg 2.2x10° to 3.&_3x169
sample reactive sites
2 RS/nm, dimer, 0.50.75 g of 4.4x10%to 7.6x10°
sample reactive sites
1 RS/nmi, monomer, 0.8.75 g of 1x10°to 1.5%x16°
sample reactive sites
Silica (Fumed) 1 RS/nm, dimer, 0.50.75 g of 200 n/g 2x107° to 3><_102°
sample reactive sites
2 RS/nm, dimer, 0.50.75 g of 4x10°to 6x10°
sample reactive sites
1 ml dosed 7.8><1g; molecules
2 ml dosed . 1.5x10° molecules
TFA 5 ml dosed Density: 1.49. g/ML 3 9,162 molecules
10 ml dosed 7.8x1G* molecules

2.3.4Characterizations 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-KBand KGa2). Since gibbsite and
kaolinite both have an order of gratude less surface area, o2lynL of TFA was used for
dosing.

The gibbsite samples were cleaned, dosed anebhiedtfor 5 hours at 110°Cor toluene

washed (then aidried for ~1.5 weeRsand the resulting’F-MAS NMR spectra ardisplayed in
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Figure 2.5 Thetoluene washed samples have the lowest amount of TFA present in the spectrum,
although the peak at about ppm could be residual excess TFA or physisorbed species. The
spectra from the toluene washed sanmgle three binding sites, whereas thedeigd sample

only has two binding sites, asmpiledin Table2.3. Howeve, the peaks for the physisorbadd
excess TFA present in the helted sample directly overlap the peak positions for the three

peaks obarved in the toluene washed sampldie heatdried sample has the most TFA left in

the samplend haswo large peaks between3 and-75 ppm, implying a large amount of excess
TFA or physisorbed species and indicating that the-thg@tg method may need be performed

at a higher temperature or for longer periods of time to drive off all the excess TFA in the
samples.

Although therewvasa concern about the presence of atmospheric water getting into the
samples, one of the toluene washed samples was with "F-MAS NMR multiple times to
determine if the spectrum would change over aggebruns, since there sva known drying
effect caused by MAS over time. It was observed that the peak at-ZBggpm begins to
decrease in intensity with subsequams of the®F-MAS NMR experimentwhich implied that
the sample wadrying out if there was any atmospheric water in the santipleas alsopossible
that looseg} bound physisorbed speciesredeing lost.

Since excess TFA could stilevebeenpresent in the samples, the samples were water
washed to remove any excess TFA and also any physisorbed species and the FEsMNg)
NMR spectra are displayed in Figure 2.5. As shown in Figure 2.5, the intensities of the peaks in
the'F spectra frm thewater washed gibbsite samplesrezemaller than those for the samples
without water washing, indating that the water washing svable to remove any excess TFA and
physisorbed species due to the fact that TFA is soluble in water. In Figurecarspi
observed that both of the gibbsite sampétaina peak at abou{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 sampleas thechemisorption spees. This observation jplies that
the peak at75 ppm wa not only made up of signal from excess TFA, but also from a
chemisorption species. For ttiduene washed samples, it seerilegly that the toluene washed
away all but possibly the strongly baodiphysisorbed species or chemisorbed species since the
spectra for the toluene washed sassghat were also water washedeveery similar in intensity
to the toluene washed samples that were not water washed. It should be noted that with the large
lossof signal after water washing tharsples, the spinning sidebandsr&vdiminished in the
spectra. Furthermore, after the water washing the three chemisorptioropseksd after
toluene washing we also observed for the hefiied sample that were abged in the heat
dried sample initially. Therefore,glrchemisorption peak positionsmedocated underneath the
excess TFA and physisorption species. Since no new peaks were observed and no peaks appear
to have changed location, the toluene washintg@fibbsite samplefid not createny new
types of complexation species between the toluene and TFAlbodhe gibbsite surface, nor did
it createany new types of reactive sites on the surface. Furthermore, small spinning sidebands
still appeaedatabout-15 ppm and115 ppm in the watewashed samples, although theyrave
much smaller than those tihe spectra for the samples from before water washing, and the
spinning sidebands at about 5 ppm &tk ppm were completely lost.

If the assumptiomvas made that there wenooverlapping peakis the NMR spectrum
then there we a maximum of three species binding to the surface or three types of binding sites
on the surface, or some combination thereof for the chemisoguemies present. Howevér,
was not known if different species we binding to diffeent sites or the same specieswanding
to multiple types of sites. Nevertheless, in previdubased studies of carboxylic acids
adsorbing onto gibbsitexalatewas found to undergchemisoption 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 oxal@epresent. Parfittet al. proposed that the bidentate
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oxalate sorbs onto therige faes, where the oxalate wahelated to a single lcation or the

oxalate wa bridging between two cations in adjacent layers. In another IR study, fulvivaid
found to adsorlonto gibbsite through a ligand exchange process where the carboxylate groups of
the fulvic acid displaagsurface hydroxyl groups producing a strong chemisorbed hatben

free fulvic acid wa added, the protons from the carboxylic acid groupseéadth surface

hydroxyls to form water, but the hydroxyl groums the (001) face of gibbsite veeunreactive to

the adsorption of fulvate in neutral solutioHowever, the (001) face becaowered with fulvic
acidwhen the surrounding solution s/acidic though the mechanism of adsorption on the (001)
face mayhavebeenpurely hydrogen bding (physisorbed). Thus, TFA siikely binding to

the edge sites and not the (001) face of the gibbsite for the srpitivn species. Since there

were alsophysisorpion species present, they could be hydrogen bonding to the (001) surface in a
similar manner to the fulvic acidlhus, the intensity of the peaks that were lost was due to the
loss of physisorption species or excess TFA. Many of the peaks associatedogith TFA and

the physisorption species were overlapping the peaks associated with the chemisorption species.
The peaks that remained after water washing were indicative of chemisemmitias and each

peak representealdifferent environment on ther§ace. One possibility for the presence of three
chemisorption peaks in theesgra for the gibbsite samplessvhat the TFA may be binding to
adjacent-Al-OH sites, where interactions between the fluorine atmukianake it appear that

there wee muliple sites distinguished by the fluorine atoms, indicated by multiple peaks in the

F-MAS NMR spectra.
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Figure 2.5 Direct polarization®F-MAS spectra of gibbsite dosed with 2 mL of TFA. The top

two spectra display samples thatrevéneatdried; andheatdried, then water washed then heat

dried to remove excess TFA. The bottom two spectra illustrate samples that were toluene washed
then airdried, and toluene washed, -diied, water washed and then hdeed to remove all

excess TFA. The dasheddinndicates where the signal for exd$A should fall. All spectra

were normalized by mass and number of scans. No line broadening was applied to these spectra.

2.3.5Characterizations of the Kaolinite Surface

TheKGa-2 samplevas cleaned before being dosed with TFA, bukiGa-1b sample
was not cleaned before dositagcompare between cleaned and uncleaned.clafger dosing the
kaolinite samples, the samples were fr&d for 6.5 hours at 143°C or toluene washed (then
air-dried for 17 days), and the resultif§-MAS NMR spectra are displayed in Figure 2The

KGa-1b spectrum wasignificantly less intense than the other spettieato the fact that the
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KGa-1b sample was not cleaned prior to dosing, meaning that ribedRSA sitesvere
available for TFA sorption. Ae lower intensity of the peaks coal$o havébeendue to the fact
that KGalb has about half the SSA of K@ameaning that it will inherently have less reactive
sites per mass of sample than k@a Futhermoreadl of the kaolinite samples hadpeak at
about-75 ppm indicating that there colddvebeen excess TFA in the sampleSpectrarom all
kaolinite samples haa peak at130 ppm corresponding to gubstitution of interior hydroxyl
sites of tke octahedral sheet producing bridgingFAAI groups in the kaolinite structufé.
Another minor peak msent in the kaolinite spectrasvat-159 ppm corresponding to terminal
Al-F substitution sites on particle surfaée

Since excess TFAight havebeenpresent in the samples, the samples were water
washed to remove any excess TFA, physisorbed species and possiblghsamisorbed species,
if they wae bound in a hydrolytically senisié manner, such as with a $igster The spectra for
the water wahed samples ashown in Figure 2.6. Just as with the gibbsite samples, the
physisorption and excess TFA peaks in the NMR spectra for the kaolinite savefgaemoved
by water washing and overlagdthe chemisorption peaks present in the kaolinitetspe@fter
water washing, onlthe toluene washed sample shows@e binding sites, as displayed in Table
2.3, indicating that the toluertadsome effect on the binding sites or species binding by
interacting with the surface or TFA, respectively. Tdlaene wash for the gibbsite samphess
more effective than the toluene wash of the kaolinite samflbs was supported by the
observatiorthat the intensities of the gibbsite spectra of the toluene washed samples before and
after water washing appeatto be very similar, while the intensities for the kaolinite spectra of
the toluene washed samples before and after water washingexpfebe very different. It vga
also observed that the spectra forwater washed kaolinite samplesredessntense than those

for the samples from befewater washing, which indicatéaat 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 and152 ppm wee lost after wadr washing.

If the assumptiomvas made that there veeno overlapping ks in the NMR spectrum,
there wee a maximum of three species binding to the surface or three types of binding sites on
the surface, or some combination thereof for the chemisorgpiecies present for the water
washed toluene washed sample. therwater washed KG2, there were only twohemisorption
species observed and for thater washed KGab there wa only one. However, it vganot
known if different species we binding tadifferent sites or the same specieswading to
multiple types of sites for the K&asamples. Furthermore, the spectra for the gibbsite samples
proved that the TFAvas boundo -Al-OH type sites, and the fumed silica spectra proved an
interaction betwen TFA and theSi-OH type sites. Thus, it is unknown whether the TFA has a
preferential binding teSi-OH or—Al-OH type sites in the kaolinite.

In previous studies of carboxylic acids adsorbing onto kaoliegeriments utilizing
DRIFTSdeterminedhat 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 suffacéower
surface coverages, the preferred binding was to corner or edge sites. A study of oxalic acid,
malonic acid and succinic acid onto kaolinite by AFRIR, suggested that oxalate sMaound as
a physisorbed complex via the water molecules taonineral surface, malonic acid wadsorbed
in a way similar to oxalic acid or by a six memberbdlate ring, and succinic acid sveonded
to the mineral surface by a bidentate or monodentate cofhplexvever, another study using
ATR-FTIR detrmined that oX&c acid appearetb form inner sphere complexes, through
monodentate or bidentate bridging surface compléx@sus, as with gibbsit&FA likely bound
to the edgsitesthrough amonodentate or bidentate speaasl notto the basal plane of

kaolinite fa the clemisorption species. Since thererevalso physisorption species present, they
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couldhavebeenhydrogen bonding to the basal plarf&kaolinite Thus, the intensity of the

peaks that were lost was due to the loss of physisorption species & Ekgedlany 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 pealesepeda different environment on the
surface. However, unlike with the gibbsite samples, where a grouping of three peaks were
observedetween72 and-78 ppm,the kaolinite samples onljisplayedl-2 peaks in this region,
suggestinghat if the TFA wa binding to—Al-OH sitesthen it wa not binding to adjacent sites

in a close enough proximity to observe the effects of interactions betwednottiesf atoms.

This fact couldndicate a lower density of reactive sites on the surface of kaolinitette@nwas

for gibbsite, though it was not clear if those sitesenan the basal plane of the kaolinite ortlom

edge sites, or if the TFA wainding to-Si-OH sites-Al-OH sites or both.
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Figure 2.6Direct polarization *F-MAS NMR of kaolinite dosed wih 2 mL of TFA. The top two
spectra and the bottom dwspectra display samples thatrevdneatdried; and heatlried, water
washed then healried to remove excess TFA. The middle two spectra illustrate samples that
were toluene washed then-diied, andioluene washed, adried, water washed and then heat
dried to remove all excess TFA. The dashed line indicates where the signal f& €kées
should fall. All spectra we normalized by mass and number of scans. No line broadening was
applied to thesepectra.
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2.3.6Comparisons lketween the Gibbsite and Kaolinite Surfaces

A comparison of thé’F 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®F-MAS NMR of gibbsiteand kaolinite dosed with 2 mL of TFA.

The top tvo spectra display samples thatrevdneatdried or toluene washed then-diied to
remove all excess TFA. The middleadwpectra display samples thatrevdneatdried or toluene
washed then aidried to remee all excess TFA. The bottom spectrum displays a sample that was
heatdried to remove all excess TFA. The dashed line indicates where the signal fer Exées
should fall. All spectra we normalized by mass and number of scans. No line broadening was
applied to these spectra.

The kaolinite samples haglss TFA sorbed onto the surface thiaa gibbsite samples,
which madesense from a general standpoint as the gibbsite has about 1.5 times the surface area
of the KGa2 and about three times that of K&Gb. A comparison of the hedried kaolinite and

gibbsite samples is displayed in Figure 2.8.
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Figure 2.8 Direct polarization®F-MAS NMR of gibbsite and kaolinite dosed with 2 mL of TFA.
The spectra display samples thatrevdeatdried to remove alexcess TFA. The dashed line
indicates where the signal for exs€BFA should fall. All spectra we normalized by mass and
number of scans. No line broadening was applied to these spectra.

The gibbsite peaks we significantly larger than the kaolinipeaks. Since the TFA
interactedwith both the fumed silica and gibbsite surfaces, both-8i©H surface framework
and the-Al-OH surface framework we at least partially made wp reactive surface area that
was interactive with the TFA. In the kaolied, the surface layers contain be8+OH and-Al-
OH sites, but considering that kaolinite is a layered structure with smalaygespacing, low
SSA, and hatbw intensity peaks in the kaolinite spectra as coeghéo the gibbsite spectra, it
was indicated that there might hateen a difference in the ability of TFA to bind to the basal
plane versus the edge sites, where TFA hasebeesnmore likely to bind to the edge sitbased
on previous studiesFurthermore, previous studies indicated thak#winite edge sites undergo

dissolution in acidic conditions, meagithat the highly acidic TFA might habeen 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 spectag compared to the gibbsite spectra. It was also previously,found

for the TFS probe molecule, that the basal plane was not reactive under room e pleshg
conditions, thus it was possible that the TFA mlid interact with the basal plane of treoknite

under the similar conditions used in this work, and that combined with the loss of edge sites due
to dissolution couldhavecontributal to the very low intensity peaks for the kaolinite sampls.
comparison betweethe water washed gibbsite akablinite samples is displayed in Figure 2.9.

The spectra for theater washed kaolinite samplesrerdess intense than those for the water
washed gibbsite, again indicating that more TFA was interacting with the gibbsite than with the
kaolinite. Thus, Bsed on thebserved spectra, more TFA svimteracting with gibbsite than

kaolinite for both physisorption and chemisorption species.
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Figure 2.9Direct polarization®F-MAS NMR of gibbsite and kaolinite dosed with 2 mL of TFA.
The spectra display sangd that wee all water washed after hedtying or toluene washing to
remove all excess TFA. The topdvepectra display samples thatrevdheatdried or toluene
washed then aidried to remove all excess TFA. The middletapectra display samples that
were heatdried or toluene washed then-diied to remove all excess TFA. The bottom spectrum
displays a sample that was heated to remove all excess TFA. The dashed line indicates where
the signal for excesTFA should fall. All spectra we normalizel by mass and number of scans.
No line broadening was applied to these spectra.
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Table 2.3Summary of NMR Spectra Peak Positions and Binding EnvironmenClassifications

Sample Type

Kaolinite
(KGa1b)

Kaolinite
(KGa-1b), Water
Washed

Kaolinite (KGa2)

Kaolinite
(KGa-2), Water
Washed

Toluene Washed
Kaolinite (KGa2)

Toluene Washed
Kaolinite

(KGa-2), Water
Washed

Gibbsite

Gibbsite,
Water Washed

Toluene Washed
Gibbsite

Toluene Washed
Gibbsite,Water
Washed

Binding Environment
Label
1, Broad Peak with 2
2, Broad Peak with 1
3

1

1, Broad Peak

N FPWN

1, Broad Peak

1, Broad Peak with 2
2, Broad Peak with 1

1
2
3
1

N

WNEFE, W

Peak Position

(Ppm)
-76
-78.5
-130

-75

-74

-119
-130
-75.5

-119

-73.5

-119
-130
-75
-78

-118
73
745

-73
-74.5
-77.5

-73

-76

-78

-72
-75
=77

Binding Environment

Excess TFA, Chemisorption
Physisorption
Physisorption

Chemisorption

Excess TFAPhysisorption,
Chemisorption

Physisorption, Chemisorption
Physisorption
Chemisorption

Chemisorption

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

Chemisorption

Physisorption, Chemisorption
Excess TFA, Physisorption,
Chemisorption
Chemisorption
Chemisorption
Chemisorption
Physisorption (minimal),
Chemisorption
Excess TFAminimal),
Physisorption (minimal) ,
Chemisorption
Physisorption (minimal),
Chemisorption
Chemisorption
Chemisorption
Chemisorption

Note: Any peaks at130 ppm in kaolinite correspoadto F substitution on interior hydroxyl sites of the
octahedral sheet producing bridging Al groups in the kaolinite structuréd minor peak at159 ppm
in kaolinite corresporetito terminal AHF sibstitution sites on the surfaée

2.3.7Further Characterizationsby ATR-FTIR

ATR-FTIR datawere acquiredby Josh Stapletoat RennsylvaniState University.** 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 gibbsiteomchanges in the (@) stretching region (2860

4000 cnT) were observed after cleaning. Once any changes between cleaned and uncleaned
samples were determined, the-dired, heatried and toluene washed TH®sed samples were
run. The gibbsite sangd are displayed in a zoomed in spectrum in Figure 2.10 from about
20001000 cn. We observed that the shoulder at about 1720 amd the peak at about 1503

cm* were lost for the toluene washed sample. This loss of peaks ltandtbeendue to a loss of
excess TFA or physisorbed species from the toluene wash of the gibbsite sample. The peak for
the C=0 stretch of a carboxylic acid in its monomeric form would be at 1760however,

when carboxylic acids are in neat solution they @ihyadimerize via hydrogen bonding, shifting
the C=0 stretching vibration to about 1710%crAn electron withdrawing group, such as a
halogen like fluorine will lower the expected wavenumber of the C=0 stretch, meaning that the
peak at 1670 cthcouldbethe C=0 dimer stretching vibration for the TFA attached to the
gibbsite surface. The peak at 1210’anrrespondetb the C-F stretching modeandthis peak
should generally convey an amount present without being sensitive to chemistmgs the peak

to which the spectra we scaled.
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Figure 2.10 The zoomed in spectra for the gibbsite samples taken with-FAIMR, where the
spectra were normiakd to the amount of sample by the peak at 1218%m
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Figure 2.11The zoomed in spectra for the kaolinite samples taken with-RTIR, where the
spectra were normalized to the amount of sample by the peak at 1216 cm

Figure 2.11showsthezoomed irspectra for the kaolinite samples from abd@@@1100

cmi’. It is observed that there wagain a loss of the shoulder at about 1716 fomthe tduene
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washed samples and thereswashoulder at about 1640 &rfor the heatried, airdried and
toluenewashed samplesThis shouldewasindicative of physisorbed or molecular waitethe
samples. For the peak frate cleaned kaolinite at about 16407t was most likely that there
was molecular water (from the atmosphere) in the sample. The p&8R%cni should again be
the peak for the C=0 stretching vibration for a TFA dimer species shifted from its expected
position at 1710 cihby the presence of the fluorine atoms in the TFA molecule. The peak at
1207 cm correspondetb the C-F stretching modeand agairthis peak should generally convey
an amount present without being sensitive to chemastdywa the peak to which the spectra
were scaled. The high intensity peak below 1200 correspondetb the stretching and

bending vibrations of the kaolinite lattifét should be noted that thexpected peakgsition for
monomeric TFA thatsi still protonated is about 1830 ¢rand for a dimer/Fbonded species is
about 1780 cibased on the matrixatated FTIR of TFA® However, since the TFA vga

binding to a surface of interest and svaot isolated we would expect a shift of the peaks to
account for the differing environment of the TFA in the dosed samples. Therefore, tHRATR
spectra for the lainite and gibbsite samples indicdtdhat the TFA wa probably present in the
samples in a dimerized formphysisorbed or molecular water svaresent in the samples and that
some of the TFA makiavebeenphysisorbedo the surface since shouldersrevéost from some

of the spectra. Thusabed on the IR datawas likely that atmospheric water wanteracting

with the samples This madesense given that the sampleseveotproducedunder a nitrogen
environment in the sample paration steps, so tharaples wees 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 forenphysisorbed species.
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2.4Conclusions

In corclusion, the initial laboratorgnon-NMR) characterizations of the surfaces of
interest (fumed silica, gibbsite and kaolinite (k@Gaard KGa2)) revealedhat the SSA of
fumed silica wa one order of magnitude greater than gibbsitekaotinite, the SSA of gibbsite
was aboutl.5 times that of KG&, which wa double the SSA of KGab. The initial cleaning of
the surfaces did not change the identity of the surfaces as confirmed bydRR,and the
particle size of the fumed silica was at least one order of magnitude smaller than that of gibbsite
and KGa2. The airdrying method was found to be the least effective overall for removing
excess TFA and physisorbed specieisile the heatrying method wa more effective than air
drying while the toluene and water washegawde 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 th 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 sampeschemisorption sgcies. This observation
impliedthat the intensity of the peakt-75 ppm wa not completely due to excess TFA, but also
a chemisorption species. The intensities of the peaks for thewastked gibbsite and kaolinite
were smaller than those for befowater washing, which indicatéitht excess TFA, weakly
bound phgisorption 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 comparisoibetween the toluene washed and the water washed gibbsite ainééaol
samples showethat there wa very little difference in intensity of the peaks, meg that the
toluene also seemed remove the excess TFA and physisorbed species about as muatieras w

washing does for gibbsite and less so for kaolinite. Since no newwwesdadded, no peaks
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seem to have chged location and three peaks webserved for the hedfried gibbsite samples
after water washing, the toluene washing of the gibbsitelsampsnot be creating any new
types of complexation species between the toluene and TFAlbodhe gibbsite surface, nor
was it creating any new types of reactive sites on the surfdoeever, after water washing the
kaolinite samples, onlthe tolu@e washed sample hado peaks, indicating that the toluemad
some effect on the binding sites or species binding by interacting with the surface or TFA,
respectively Thiswas not observed for the gibbsite.

Thekaolinite samples, overall, hdeks TR sorbed than the gibbsismmples, which
madesense from a gendrstandpoint as the gibbsite haldout 1.5 times the surface area of the
KGa-2 and about three times that of K&l Since the surface layeo$ 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 intenségls in the kaolinite spectra whesmpared
to the gibbsite spectra indicated that there might bagra difference in the basal plwersus
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 mayhavebeendissolving theedge sites, contributing to a loss of reactive
surface sites. It was also previously fouusing the TFS probe moleculeat the basal plane
was not reactive under room temperature dpsonditions, and therefore it w@ossible that the
TFA did not interact with the basal plan@hat combined with the loss of edge sites due to
dissolution couldhavecontributel to the very low intensity peaks for the kaolinite samples.

For the gibbsite and kaolinite samplgsyas not known if different species webinding
to different sites or the same species binding to multiple types of sites, bfor gibbsite it was
likely that the TFA wa binding via chemisorption to the edge sites and not the (0019fftve
gibbsite. Since there we2also physisorptin species present, they coblvebeenhydrogen

bonding to the (001) surface in a similar manner to the fulvic adwls,it wasconcluded 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 wssibility for the presence of three chemisorption peaks in #tragfor the gibbsite
samples wathat the TFA mahavebeenbinding to adjacentAl-OH sites, where interactions
between the fluorine atone®uldhaveproducedmultiple binding sitegor the fluorine atoms,
indicated by multiple peaks in th&-MAS NMR spectra.

As with gibbsite, it was likely that the TFA wainding to the edge sites of the kaolinite
through a monodentate or bittate speciesnd not the basal plane of kaolinite for the
chemisorption specge Since there we also physisorbed species present, they dmadbeen
hydrogen bonding to the basal plariéus,it wasconcluded that the intensity of the peaks that
were lost was due to the loss of physisorption species esgXd-A. However, unlike with the
gibbsite samples, where a grouping of three peaks was observed bét®vaad-78 ppm, the
kaolinite @mples only had-2 peaks in this regih, suggesting that if the TFA wé&inding to—
Al-OH sites that it wainot bindilg to adjacent sites in close enough proximity to observe the
effects of interactions between the fluorine atoms. This fact inditatee was lower density
of reactive sites on the surface of kaolinite thanetlrgas for gibbsite, though it wanot clar if
those sites we on the basal plane of the kaolinite ortlom edge sites, or if the TFA wainding
to —Si-OH sites-Al-OH sites or both.

Furthermore, albf the kaolinite samples have a péakheir °F MAS NMR spectraat -
130ppmecorresponhg to F substitution dinterior hydroxyl sites of the octahedral sheet
producing bridging AF-Al groups in the kaolinite structufé Anotherminor peakpresent in the
kaolinite spectra waat-159 ppmcorresponahg to terminal A-F substitution sites oparticle
surface$? Finally, the spectra for the gibbsite samples proved that the TFA will bid 4OH
type sites, and the fumed silica spectra proved an interaction between TFA& a8d@H type
sites. Thus, it waunknown whether the TFA hadreferential binding te-Si-OH or-Al-OH

type sites in the kaolinite.
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Similar conclusions we provided by ATRFTIR data. A shoulder at about 1720tm

for the gibbsite spectra and the peak at about 1503xare lost for the toluene washed sample.
Thisloss of peaks couldavebeendue to a loss of excess TFA or physisorbed species from the
toluene wash of the gibbsite samplEhe peak at 1670 chtould be the C=0 dimer stretching
vibration for the TFA attached to the gibbsite surface. The pealatct&' correspondetb the
C-F stretching modeIn the kaolinite spectra a loss of the shoulder at about 171@arthe
toluene washed samples and the shoulder at about 164fdcthe heatlried, airdried and
toluene washed samplegasindicative of physisorbed or molecular water in the samples. The
peak at 1675 cthin the kaolinite spectra should aghiavebeenthe peak for the C=0 stretching
vibration for a TFA dimer species shifted from its expected position at 171®ythe pesence
of the fluorine atoms in the TFA molecule and the peak at 1207comespondetb the C-F
stretching mode

Thus, based on the NMR alfl data, physisorbed speciesrevelefinitely present in the
TFA-dosed gibbsite and kaolinite samples. After watel toluene washing the samples to
remove excess TFA and any physisorption species, the remaining peaks in the NMRaggectra
chemisorbed species. Albased on the NMR data, therergveither multiple types of TFA
speciesdinding to the surfaces tinere wee multiple types of RSA sites on the surfaces
attributing to the multiple peaks sérved in the NMR spectra. It walso clear from the NMR
spectra that some of the surfacesrevbetter at interacting witTFA than others, although it was
unclearif this was due to the inherent surface area differehedaeen the surfaces or if it wa
difference in the amount and type of binding sites offered by the various surfaces. Fiwaby,
not detemined whether the same specieseMginding to the-Si-OH sites present in both fumed
silica and kaohite; whether the same speciesrevbinding to the-Al-OH sites present in both
the gibbsite and kadlite; whether the same speciesravbinding to multiple sit or whether

different species we beingbound for each of the types of surfaces.
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In summation, theleaningprocedureand heatlrying of the sampledid not change the
surfaces of interesthe peak at-130 in kaoliniterepresentedl-F-Al internal substitutionsthe
peakat-159 in kaolinite rpresentedl-F terminal substitutiondoth the gibbsite and kaolinite
hadmultiple physisorption species presemdmultiple chemisorption species presémiultiple
binding environmentsind the toluene wash was nearly as good at removing physisogméeissp

and excess TFA from the gibtesisurface as the water wash
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Chapter 3

Future Directions

3.1 Future Directionsfor RSA Researchon Oxides

Further work with the TFA probe molecule is necessary to fully determine the quantity of
bindingsites, 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 sahtims 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, aastetietermine
conclusively the specific species binding to the surfaces. Once the bépdicigs have been
determined, researcharan more expertly hypothesize the mechanisms of binding for the
relevant species.

To quantify the RSA binding sites, quaative *F-MAS NMR could beobtainedby
using a standard with a knowmmber of fluorine spins asraference compound. A comparison
should be made of dosed cleaned and uncleaned clays to determine if the cleaning procedure is
opening up reactive sit@s the surface. Crogsolarization magi@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, suc¢fCasSince the above work was on
carboxylic acid probe molecule$}, **C, and"F will be the NMR active miclei of greatest

interest forCP experimerst *H-*C CP and®F-*C CPare 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 firstpeciedisted istypically 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 be effective as a polarization transfer

mechanism, the nuclei must be within a few angstroms of each other as the dipolar coupling falls
off with an internuclear distance (r) dependence-ofAs 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 th#H-**C CP experiment, the onl§C present in the sample shouldvaiéhin the
TFA probe molecule, wdreas 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'tRe'*C CP, depending on the type of species bintting
the surface and the way the TFA is bound to the surface (physisorption vs. chemisorption), a
change in thé®C environment may be observed. For example with the ¢3,3,3
trifluoropropyl)dimethylchlorosilane (TFS) probe molecule, a difference in therikio
environments is found usifgF-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. Ob$#rving
3C and™F at the same time might also be of use.

Temperatte programmed desorptianass spectroscopy (TPBS) is another technique
that can be used to help confirm the type of RSA binding sites and the species that are binding
This technique measurté®e amount of species desorbed from a surface as well am#seof
each species being desorbed from the surfabese resultsan 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 {plagse vs liqu) of the
carboxylic acid in question. Some other possible carboxylic acid probe molecules to study
include salicylic acid, oxalic acid, acetic acid (vapbase), and fluorobenzoic acid. Probe
molecules other than carboxylic acids can be studied, suchreethylphosphine oxide (TMPO),
and**C-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 environmeoftshe NMR-active nuclei of interest.  Furthermore,-CP
MAS 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 ineasing in complexity can also be studi€dine is montmorillonite,
which has a layered structure like kaolinite, higohas an interlayer spacing that can
accommodate solvated catigtisusadding another area where sorption is possible. If other
environmentally relevant probe molecules besidarboxylic acids are desirptiosphate, nitrate
and sulfate containing probe molecules could also be studied.

Finally, competition between carboxylic acids and environmentally relevant divalent
metals, such as ldgPE*) and cadmium (Cd) can be studiedyther 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 carboxydidgiand 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 detaitegour collaborators from UC Mercéd?®*° The sorption

experiment procedure also provided by aalfaborators from UC Merced woulie 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 tsvbypothesized that an

agueous 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 solidstfin an agueous environmegmdthen trying both

liquid and vapor dosingf the carboxylic acid probe molecules onto the divalent rsefiad

slurry.

The divalent metals of greatest interest are heavy metals such as lead and cadmium
because the reactioasthe surfaces of natural solids are important for understanding and
regulating environmental processes, including concentration and distribution of contaminants and
nutrients in Earth’s aqueous systemshilitywher e
and exchange of contaminants and nutrients in $@itse specific type of reaction of great
concern taking place at mineral surfaces is toxic metal cycling in the environifentycling
of toxic metals, primarily through surface sorption, dostsdepend strictly on the total surface
area available for reaction, but instead on specific reaction sites that can change as a function of
time and/or chemical environment. Since the lead and cadmium are sensitive to changes in their
chemical environménthe method of dosing must be strictly controlled. Our collaborators at UC
Merced? have discovered that equivalent masses ofiéisired mass of material slurry (ratio of
material and pH 6 Cags$olution) and the equivalent masses of pH 4 ¢a@lution and pH 4
PbCL or CdC}, 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
CaCl can be added in place of the Pph&id CdCJ. ThepH 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.pHBadmium was found to be reactive on gibbsite at pH 6
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forming bidentate and dimer comgés and above pH 6 forming outgshere 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 relevarg,dajisid dosing and
vapor dosing can be used to introduce the carboxylic acids to the slurry. During liquid dosing, no
solvent shoulde used and the desired acid cdudddosed neat, eliminating the contribution of a
more aqueous environment washing awegydivalent metalsThus,the most prevalent
interactions are those between the acids and the relevantsalithe acid and the divalent
metal. The interactions due to the remaining water in the slurry should be reduced due to the
greater concentriains 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 samaitding the acid to be
vapor dosd onto the slurry, which can change the binding environment of theedtvaetals.
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 not.i
divalent metal and relevanrolid 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,aoigected results
would include one environmefudr #Si in 2°Si-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

environnent in the montmorillonite’ s | ayered struc
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impurity in the montmorillonite. FoPAl-MAS NMR Bloch-decay experiments gibbsite,

kaolinite and montmorillonite would each have one expeltdcenvironment, while fumed
silica would have none*F-MAS NMR, ®’Pb-MAS NMR and™*Cd-MAS NMR Bloch-decay
experiments coultie used to determine the environments around the nuclei of interest (divalent
metals and®F on the carboxylic acidsf*’Pb-MAS NMR and'**Cd-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. T@D for the divalent metals would
determine i?”Pb-MAS NMR and***Cd-MAS NMR Bloch-decayexperments wouldbe possible
for the competition experiments. If the divalent metal concentration is too low for detection, then
'H- or *F-*Cd or?®Pb 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 isyeésdf steric
hindrance or bonding immobilizes the three fluorine atoms then more than one fluorine
environment will be observed. TA#-spectra can then be used to calculate the number of
fluorine atoms per gram of sample, which will give a quardiian 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 specielsind 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, ARR, Diffuse Reflectancenfrared
Fouriertransform spectroscopy (DRIFTS), and TRI3.

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 céioxylic acids each absorb to different reactive surface sites, and thus, do not affect

the other’”s sorption abilities. Since pH i
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material type may affect the competition of the metal ions and xgibacids. The sorption of
the background electrolyte cation {Qamust also be noted as a baseline to determine how
strongly C&" will absorb to the surfaces of interest and thus, how much competition thieiCa
will pose for the divalent metals aesdrboxylic acids. The amount of pCd?* and C&" that
can sorb to the materials of interest has been determined by collaborators at UC Merced under pH
dependent conditions by Inductively Coupled Plagdpsical Emission Spectrometry (I8PES)
and a Chege Distribution MUItiSlte Complexation (CEMUSIC) model? 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 Catallaiamt
adsorption of Ctf is decreased in the presence of 0.01 M gaChvallarcet al.also showed
that PB* adsorption was decreased in the presence df'€a

Some of théssuesanswered through previous competition experiments by collaborators
between the background electrolyte and the divalent cations oniff)drew do the metal ions
absorb onto the suida-by chemisorption or physisorption, (i) does one metal ion bind more
strongly than another, (i i indreplaaiton thesuriae bra | i on
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 betweerttlivalent metals and the carboxylic acids, where question (i)
should already be known for the divalent metals and the carboxylic acids individually. Questions
(i), (iii) and (iv) can be adapted for this set of competition experiments to (ii) doeslandiva
metal bind more strongly than a carboxylic acid (and does the order of adsorption matter), (iii)
can a divalent metal ®“knock off” a carboxylic
will the bound ion block adsorption, and (iv) do theatent 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 thdivalent 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 proleeute

alone or will it promote adsorption of some complexation molecule of the two probe molecules
together.

Inductively coupled plaseamass spectrometry (IGKS) canbe used on the samples to
determine concentrations of the divalent metals adsorbedtensurfaces of interest before and
after the carboxylic acids are added to the slurry. The differencesnmethakion concentrations
couldbe detected, since IGRAS has a detection limit in the parts per trillion (ppt) for most
elements. This wouldhelp 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 divaletsls are bound

to the surface.
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