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Abstract 

Natural organic matter (NOM) is a complex mixture of bio-derived molecules often 

intimately associated with inorganic minerals in surface soils, colloids and sediments, and some 

sedimentary rock types such as shale.  The presence of NOM has the potential to change the 

interfacial behavior of ions and fluids at mineral surfaces, and both NOM and clay are known to 

interact with water, organic pollutants, inorganic pollutants, and with some types of supercritical 

fluids (e.g. CO2 sequestration applications).  Studying interfacial interactions between NOM and 

a clay surface thus provides a deeper understanding of the global carbon balance, soil 

biogeochemistry, and the transport and fate of hazardous contaminants; however, the effects of 

cation properties, aqueous phase ionic strength, pH, and hydration states on the microstructure of 

NOM-smectite composites are not completely understood.  Here, helium ion microscopy 

(HeIM), scanning electron microscopy coupled with energy dispersive analyses (SEM-EDS), and 

X-ray diffraction (XRD) analyses provide new insight regarding the role of these chemical 

properties in the microstructure and morphology of NOM-smectite composites composed of 

hectorite and Suwannee River NOM.  Composites of Na-, Ca-, K-, Cs-, and Sr-hectorite (a 

smectite clay) were prepared by ion exchanging San Bernardino hectorite and coating it with 

NOM either by bringing the mixture of clay and NOM from its natural pH to pH 12 (pH12 

composites) or by bringing the pH 12 suspensions back to pH 2 (pH2 composites).  Detailed 

images of composite topography from HeIM and SEM/EDS show that the NOM-hectorite 

composites created at pH 12 have a more homogeneous surface distribution of NOM and thinner 

coatings than the pH 2 composites regardless of the cation. For the pH2 samples, the surface of 

the alkali metal hectorite-NOM composites are characterized by the distinctive curling of packets 

of clay layers while the Ca-hectorite-NOM composite has a more heterogeneous surface due to 
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the presence of flocculated NOM.  The data suggest that both the ion valence state and solution 

ionic strength influence the formation and nature of NOM coatings as the pH is lowered from 

basic to acidic.  The SEM-EDS results show that the pH2 Ca-hectorite-NOM and Na-hectorite-

NOM composites form a NOM coating at least 3 μm thick while pH12 Ca composites form 

coatings less than 1 μm thick.  For the pH2 composites, XRD results under dry conditions 

suggest that NOM increases the amount of water retained in the interlayer for Na and Ca NOM 

composites.  XRD hydration studies also show that the presence of NOM in the Ca-hectorite pH2 

samples decreases the hydration rate of the clay.  We also observe that the cation properties play 

a controlling role over composite hydration behavior at pH12 such that the composite hydration 

behavior is quite similar to the base clays (clays without NOM). Together, the results suggest 

that thin surface NOM coatings form at pH12, presumably via ion bridges between the clay and 

deprotonated NOM functional groups; that NOM flocculates and accumulates at clay surfaces in 

pH2 composites via a hydrophobic mechanism as the solution is acidified; that NOM is likely 

not in the interlayer spaces but at the surfaces of clay packets; and that interlayer expansion 

observed in XRD is likely the result of changing interlayer H2O contents. 
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Chapter 1 

INTRODUCTION 

1.1 Motivation 

Many feel it is appropriate to label our modern times as the “Anthropocene,” a period of 

Earth’s history where human activities have widespread impact on ecosystems across the planet.  

Some of the most significant societal and scientific concerns about human influence include 

greenhouse gas concentrations accelerating climate change, acidification of oceans due to higher 

atmospheric CO2 content, and accumulation of pharmaceuticals and food additives in natural 

waters, among others.  CO2 levels in the atmosphere play key roles in many of these issues, 

leading to a growing interest in geological CO2 sequestration as a mechanism to reduce carbon 

dioxide concentrations in the atmosphere.  Likewise, methods for remediating both inorganic and 

organic pollutants remain active research areas, particularly those targeting persistent organic 

contaminants, as scientists work to protect our remaining resources. 

Given the issues discussed above, the interaction of natural organic matter (NOM; a 

complex mixture of molecules derived from decaying plant matter and ubiquitous in surface 

soils, waters, and some rock types) with mineral surfaces has recently garnered the attention of 

scientist across several disciplines, including the energy, materials, environmental chemistry, and 

geoscience communities. Often, NOM is closely associated with inorganic materials such as 

smectite clays in surface soils, colloids and sediments, and some sedimentary rock types like 

shale.  The presence of NOM at mineral surfaces creates a heterogeneous interface that interacts 

with ions, other organic molecules, and fluids in a different way than the pristine mineral surface 
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or NOM alone.  This in turn affects the transport rates of heavy metals and organic contaminants 

in the environment, and also affects the chemical reactions that occur at these interfaces (Bowers 

et al. 2014; Bertsch et al. 1999; Lee et al. 2007, 2008, and 2011; Leenheer et al. 2009; Murphy et 

al. 1995).  Thus, it is crucial to develop a detailed understanding of the chemical mechanisms 

and chemical conditions that promote clay-NOM interactions to understand the global carbon 

balance, accurately predict geochemical reactivity, and develop models that can predict 

environmental transport of pollutants.  Because shale rock is composed primarily of clay with up 

to 1% by mass organic matter, a greater understanding of the molecular-scale behavior that 

occurs at NOM-coated smectite surfaces can also provide insight into fluid behavior and 

geochemistry during hydrofracking, the ability of shale to store supercritical CO2, and the 

transport and fate of hazardous contaminants in the subsurface (Bowers et al. 2014; Bertsch et al. 

1999). 

Both the solubility of NOM (the ability of NOM to dissolve in water) and the charge on 

NOM molecules have a strong dependence on the pH of nearby fluid, leading many scientists to 

hypothesize that the dominant interactions between NOM and mineral surfaces vary with pH.  

pH is a quantity related to the concentration of H3O
+ ions in solution, with acidic pHs ( < 7) 

equating to high H3O
+ concentrations and basic pHs ( > 7) equating to low concentrations of 

H3O
+.  Changes in pH can promote the development of negative charge on NOM through 

removal of protons from certain H-bearing functional groups, such as carboxylic acids (pKa ~4-

5), phenols (pKa ~8-9), and amines (pKa ~9-10).  A computational molecular dynamics study by 

Sutton and Sposito (2006) found that hydrophobic mechanisms (where non-polar regions of 

NOM associate with one another to minimize contact with H2O; see section 1.2) and hydrogen 

bonding between NOM OH groups and the mineral surface oxygen atoms govern the clay-NOM 
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interaction at acidic pH.  However, at neutral and basic pHs where the carboxylic acid and/or 

phenol groups are deprotonated, Sutton and Sposito (2006) and others find that cation bridging 

has an important role in NOM aggregation and NOM-mineral surface interactions (Kalinichev et 

al. 2011; Iskrenova-Tchoukova et al. 2010).  Cation bridging occurs when a cation (positively 

charged ion) forms a strong electrostatic attraction (the attractive force between opposite 

charges) to negatively charged oxygen atoms on multiple NOM molecules or between the 

negatively charged clay surface and NOM oxygens.  Because cations have different affinities for 

H2O and the mineral surface and because of the important roles that ion bridging and hydrogen 

bonding play in clay-NOM associations, the types of cations present in the clay and soil solution 

are also thought to play a role in the formation of NOM coatings on clay surfaces (Aquino et al. 

2008; Brigante et al. 2007).  Brigante et al. (2007) found that calcium can decrease the 

disaggregation of NOM in solution.  Disaggregation is a process by which several NOM 

molecules held together by weak physical interactions seperate to make smaller units or 

individual molecular entities in solution.  Other studies also show that Ca2+ in particular 

influences the aggregation of NOM in solution (Kalinichev et al. 2011; Iskrenova-Tchoukova et 

al. 2010).  These works and the earlier molecular dynamics observations of cation bridging being 

important at basic pH show that cation properties likely play a crucial role in forming NOM 

coatings on clay. 

Very few studies to date have investigated the effect of pH and the properties of the 

charge-balancing cation (the exchangeable cation balancing the permanent negative charge of the 

clay) on the microstructure and morphology of clay-NOM composite materials and how it might 

affect the composite’s ability to hydrate.  The work in this thesis compares the hydration 

properties of clay-NOM composites to the pristine base clay and explores the range of 
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microstructures and morphologies that can develop in clay-NOM composites as a result of soil 

solution cation properties, aqueous phase ionic strength, and pH during composite preparation 

using helium ion microscopy (HeIM), scanning electron microscopy coupled with energy 

dispersive spectroscopy (EDS), and X-ray diffraction (XRD).  The fundamental hypotheses are 

(i) that divalent cations and basic pHs will facilitate thin, strongly-bound NOM coatings due to 

ion bridging while monovalent cations and acidic pHs will favor thicker coatings formed via a 

hydrophobic mechanism and (ii) that the presence of NOM will inhibit the ability of clay-NOM 

composites to hydrate. 

1.2 Natural Organic Matter 

As noted in the previous section, natural organic matter (NOM) is a complex mixture of 

molecules formed as the by-product of plant and animal decay and, therefore, can vary widely in 

composition (Lee et al. 2007).  Most NOM molecules generally include aromatics, methoxyl, 

carboxylic, phenolic, ketonic, amine, and hydroxyl functional groups along with long aliphatic 

(hydrocarbon) chains (Figure 1.1) (Aquino et al. 2008).  Because NOM molecules are so large 

and intricate, many of them have both hydrophobic and hydrophilic regions.  The methoxyl, 

carboxylic, phenolic, ketonic, and hydroxyl functional groups all contain oxygen atoms that are 

hydrophilic (water-loving) due to the ability to form hydrogen bonds (the strongest type of inter-

molecular interaction) with H2O molecules.  The long hydrocarbon chains and aromatics 

resemble the molecules found in oil, and are more nonpolar and hydrophobic (water-hating or 

water avoiding).  The wide array of molecular entities in NOM are classified based on 

operational definitions related to their solubility as a function of pH.  Molecules in the fulvic acid 

(FA) fraction are soluble at all pHs and contain the largest density of oxygen atoms among the 

NOM sub-types.  Humic acid (HA) fractions are those that are only soluble at basic pHs, and 
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molecules that are considered part of the humin fraction are insoluble at all pHs (Lee et al. 2007).  

Until recently, it was generally accepted that NOM was composed of very large 

“macromolecular” entities with very high molecular weights.  However, recent research has 

shown that large NOM macromolecules are more likely aggregates of smaller units held together 

by hydrogen bonding and very strong electrostatic attractions (Kalinichev et al. 2011; Iskrenova-

Tchoukova et al. 2010).  This shifting view of NOM has important implications for pollutant 

transport, clay-NOM coatings, and geochemical reactions since the size and shape of the NOM 

molecules are likely to affect the rates and mechanisms of clay-NOM, NOM-NOM, fluid-NOM, 

and ion-NOM interactions.  The work presented here also offers some insight regarding the 

fundamental structure of NOM, but more research is needed to understand how ionic strength, 

pH, dissolved ions in solution, and the identity of the fluid affect NOM behavior. 

 

Figure 1.1: A proposed molecule of humic acid (Schulten and Schnitzer 1993). 

 

1.3 Clays 

 Clays are fine grained (< 2μm) phyllosilicates with a layered structure that exhibits 

plasticity in hydrated conditions and that are found frequently in soils and sediments around the 
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globe (Guggenheim and Martin, 1995).  A phyllosilicate is an inorganic material whose primary 

structural unit is the silicate tetrahedron, a structure shaped like a triangular pyramid with oxygen 

atoms at the vertices and the silicon atom at the geometric center of the pyramid (Figure 1.2a) 

(Schulze, 1989).  All phyllosilicates have silicate tetrahedra that share three of the four oxygen 

atoms at their vertices with other tetrahedra, generating sheets with dimensions of up to microns 

in x and y but z dimensions on the order of a few Å.  The silicate sheets all share the oxygen 

atom at their fourth vertex with a sheet of octahedrally coordinated cations (Figure 1.2b).  

Phyllosilicates can have one “tetrahedral” sheet and one “octahedral” sheet per layer (1:1 clays), 

two “tetrahedral” sheets that sandwich the “octahedral” sheet in each layer (2:1 clays), or other 

rarer configurations like two “tetrahedral” sheets and two “octahedral” sheets (2:2 clays) (Figure 

1.2c).  Although the silicon cation is usually found in the tetrahedral sheet, other cations like 

aluminum may also be found in tetrahedral sites.  Likewise, other cations besides the 

predominant aluminum and magnesium in most clays can occupy the octahedral site.  When 

other cations are incorporated into the tetrahedral and octahedral sheet structure, a process called 

isomorphic substitution, the total positive charge may not balance the negative charges from the 

oxygen/hydroxide/fluoride anions in the layer structure, leading to a permanent negative charge 

on the clay layers.  Charge-balancing cations attach at the external surface or enter the interlayer 

(the space between two stacked clay layers) to negate the charge.  The interlayer also contains 

H2O molecules in addition to the charge-balancing cations under normal environmental 

conditions.  The combination of electrostatic attractions between the layers and the cations as 

well as hydrogen bonding between H2O molecules and the clay surface oxygen atoms hold 

adjacent layers together, albeit more weakly than the chemically bonded atoms in the clay layers 

themselves.  The ability of cations and fluids to enter the interlayer and the resulting interlayer 
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structure depends on the chemistry of the soil solution, the charge-balancing cation properties, 

and the hydration properties of the clay surface. The number of charge-balancing cations that a 

clay can release is quantified by the cation exchange capacity (CEC), and is largely dependent on 

the charge of the clay layers and the location from which the permanent charge originates 

(tetrahedral vs. octahedral) (Mc Bride 1989).  One can change the type of charge balancing 

cation in a clay through an ion exchange reaction, which is driven by the activities of ions at 

surface sorption sites and in the solution.  The clay’s preference for a particular cation is 

governed predominantly by the hydrated radius of the cation and is expressed as the Lyotropic 

series (Eslinger and Pevear, 1988; Mc Bride 1989):  

   H+ > Al3+ > Mg2+ > Ca2+ > Na+ > K+ 

Therefore, the polyvalent cations are preferentially selected over the monovalent cations. 

 

Figure 1.2: The basic phyllosilicate structure that makes up clay: (a) the silicate tetrahedron 

where the silicon cation is the blue circle and the oxygen anions are the red, (b) the octahedron 

where the purple circle is either an aluminum or magnesium cation and the green circle is a 

hydroxide or oxygen atom shared with the tetrahedral sheet, and (c) a 2:1 tetrahedral-

octahedral-tetrahedral clay showing the sheets within a layer and the interlayer space filled 

with cations and often H2O molecules (c) (Schulze, 1989). 

 

The clay used in this study is hectorite which is a smectite or “swelling clay.”  Smectites 

are 2:1 clays and have the ability to expand and contract in the presence of water or other polar 

Si4+ O2- Al3+, Mg2+ OH-, F- 

Tetrahedral 

Octahedral 

Tetrahedral 

(a) (b) (c) 

Interlayer space 



13 
 

solvents while preserving the crystallographic integrity of their structure (Moore and Reynolds, 

1997).  Because smectite clays can expand, they have a greater CEC than other types of 

phyllosilicates.  The structural formula for the hectorite used in this study is 

(Na+
0.19Mg2+

0.07Sr2+
0.01K

+
0.01)

+0.36•[(Mg2.65Li0.35)
-0.35 (Si3.99Al0.01)O10(F1.1 (OH)0.9)] (Weiss et al. 

1990).  It has a structural charge of -0.35 from the octahedral layer and a CEC of 0.72 meq/g 

(0.72 mol/kg) (Maes and Cremers, 1977).   
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Chapter 2 

METHODS 

2.1 Sample Preparation 

 The base Na-hectorite (NaH) is the San Bernardino hectorite available from the Clay 

Minerals Society Source Clays Repository.  A < 2 μm fraction of the San Bernardino hectorite 

was isolated and characterized in a previous study (Weiss et al. 1990).  Since Na+ is the primary 

charge-balancing cation in the hectorite as-received, the < 2 μm fraction was used as the NaH 

sample in this work.  All other “base” hectorite samples were prepared by performing a cation 

exchange procedure on the NaH.  Approximately 500 mg of the NaH was placed in an 80 mL 

centrifuge tube with 50 mL of 1 M AClx solution where AX+ is the charge balancing cation being 

introduced into the clay.  Chloride salts were used for each metal except in the case of Ca2+.  A 

0.1 M CaCl2 solution for the Ca-hectorite samples was synthesized by dissolving CaCO3 

stoichiometrically with HCl in order to keep the sample preparation consistent with a set of 43Ca-

enriched samples for nuclear magnetic resonance spectroscopy (NMR) since our source material 

for the 43Ca was only available as a carbonate salt.  After introducing the ion solution, the sample 

was agitated on a rocking platform shaker for 24 hours and centrifuged at 10,000 rpm for 11 

minutes (12,000 g).  The supernatant solution was decanted from the centrifuged clay, the clay 

re-suspended using deionized water, and then centrifuged and decanted again to rinse weakly 

adsorbed cations from the clay.  This rinse cycle was repeated three times.  Then the samples 

were freeze-dried, ground with an agate mortar and pestle, and sieved to < 100 μm.  The ground 

samples were placed in a P2O5-bearing desiccator to maintain “dry” conditions.  After running 
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experiments on the “dry” samples, the clays were placed in a desiccator containing K2CO3 

saturated 2H2O, which creates a 43% relative humidity (RH) environment to produce the “wet” 

samples.   

 The NOM pH 2 composites were prepared using a procedure similar to Zhuang and Yu 

(2002) using the base hectorite exchanged with the cation of interest and the as-received 

Suwannee River NOM purchased from the International Humic Substance Society.  To make 

composites, roughly 500 mg of the desired base hectorite and 50 mg of NOM were placed in a 

container followed by ~ 30 mL of deionized water.  Both clay and NOM were suspended in the 

water using a stir plate and magnetic stir bar.  The pH was monitored using a standard glass 

electrode calibrated over the pH range from 2 to 12.  The suspension was titrated to a pH of ~ 12 

with 0.1 M A(OH)x solution, where Ax+ is the same cation in the respective base clay, and left to 

stir for 30 minutes.  As the NOM dissolved in the alkaline conditions the solution turned a darker 

color (Figure 2.1a).  Then the suspension was titrated to a pH of ~ 2 with 0.1 M HCl which 

turned the solution a lighter color and the mixture was left to equilibrate while stirring for 24 

hours in a dark room to avoid potential photochemical reactions (Figure 2.2b).  After 

equilibrating, the suspension was transferred to an 80 mL centrifuge tube and prepared following 

the same centrifuge and rinse, freeze drying, sieving, and storage procedure described in the 

previous paragraph.  For all cation samples, the final composites were much darker than the base 

clays, indicating that the composites did indeed pick up NOM from the solution. 
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 The NOM pH 12 composites were prepared similarly to the pH 2 composites, but without 

the excursion to acidic pH using HCl.  The only exception was for the calcium sample, in which 

25 – 30 mL of saturated Ca(OH)2 was added directly to the hectorite and NOM powders instead 

of deionized water to ensure the solution would reach the target pH without exceeding a volume 

of 50 mL.  All cation-clay-NOM suspensions were brought to a pH of  ̴ 12 while stirring using 

the pH stating feature of a Mettler-Toledo T50 autotitration system.  Once the solution reached 

the desired pH, the sample was allowed to equilibrate for ̴ 12 hours.  However, for the calcium 

sample, the pH dropped from 11.6 to 11.1 during the equilibration period because the volume of 

Ca(OH)2 needed to hold the pH constant would have exceeded the 20 mL limit established to 

maintain an equivalent NOM concentration between the samples.  The remainder of the samples 

maintained a pH of  ̴  12 throughout the equilibration period without exceeding the 20 mL titrant 

limit.  Without further adjustment of pH, the samples were centrifuged and rinsed, freeze dried, 

sieved, and stored according to the procedure described previously.  Once again, the final 

composites were darker than the base clays, but lighter than the pH 2 composites. 

 

Figure 2.1: The hectorite and NOM suspended in solution 

after addition of the base (a) and after the addition of the acid 

(b).  

(b) (a) 
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 Table 2.1 provides an identification key for the samples described in this paper.  The 

formula for the names of the samples are <balancing cation in clay>-hectorite <NOM if present> 

<final pH rounded to nearest whole number> <sample storage relative humidity>. 

Table 2.1: Sample identification key 
 

Abbreviation Composites pH History Relative Humidity 

NaH-D sodium hectorite natural P2O5 storage   0̴% 

NaH-W sodium hectorite natural 43% 

NaHNOM2-D sodium hectorite with NOM nat. to pH 12 to pH 2 P2O5 storage   0̴% 

NaHNOM2-W sodium hectorite with NOM nat. to pH 12 to pH 2 43% 

NaHNOM12-D sodium hectorite with NOM nat. to pH 12   P2O5 storage   0̴% 

NaHNOM12-W sodium hectorite with NOM nat. to pH 12   43% 

Ca-NOM-pH12 calcium NOM flocculates Nat. to pH 12 100% 

CaH-D calcium hectorite natural P2O5 storage   0̴% 

CaH-W calcium hectorite natural 43% 

CaHNOM2-D calcium hectorite with NOM nat. to pH 12 to pH 2 P2O5 storage   0̴% 

CaHNOM2-W calcium hectorite with NOM nat. to pH 12 to pH 2 43% 

CaHNOM12-D calcium hectorite with NOM nat. to pH 12 P2O5 storage   0̴% 

CaHNOM12-W calcium hectorite with NOM nat. to pH 12 43% 

KH-D potassium hectorite natural P2O5 storage   0̴% 

KH-W potassium hectorite natural 43% 

KHNOM2-W potassium hectorite with NOM nat. to pH 12 to pH 2 43% 

KHNOM12-D potassium hectorite with NOM nat. to pH 12 P2O5 storage   0̴% 

KHNOM12-W potassium hectorite with NOM nat. to pH 12 43% 

CsH-D cesium hectorite natural P2O5 storage   0̴% 

CsH-W cesium hectorite natural 43% 

CsHNOM2-W cesium hectorite with NOM nat. to pH 12 to pH 2 43% 

CsHNOM12-D cesium hectorite with NOM nat. to pH 12 P2O5 storage   0̴% 

CsHNOM12-W cesium hectorite with NOM nat. to pH 12 43% 

SrH-D strontium hectorite natural P2O5 storage   0̴% 

SrH-W strontium hectorite natural 43% 

SrHNOM12-D strontium hectorite with NOM nat. to pH 12 P2O5 storage   0̴% 

SrHNOM12-W strontium hectorite with NOM nat. to pH 12 43% 
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2.2 Scanning Electron Microscopy/Energy Dispersive Spectroscopy 

 Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy 

(SEM/EDS) provides an image of the sample surface and a position-dependent elemental 

analysis to determine the composition of specific areas of the sample.  In this study, SEM/EDS 

was used primarily to constrain the thickness of the NOM coatings, though one can in principle 

use these images to characterize the surface morphology of the samples as well; helium ion 

microscopy (section 2.3) was used for our morphological analysis due to its superior depth-of-

field.  In an SEM, the electron source, often a tungsten filament, generates a beam of electrons 

that pass through alternating cathode and anode apertures to produce a concentrated electron 

flow (Brundle et al. 1992).  The whole chamber must be under a vacuum to prevent air 

molecules from absorbing the electrons.  Electromagnets act as lenses to focus the stream of 

electrons into a beam that can be directed at the sample.  Scanning coils deflect the electron 

beam to create a rectangular scanning pattern necessary to produce an image.  Once the electron 

beam reaches the sample, the high energy electrons can either collide with electrons in atoms of 

the sample and force them out of the atomic orbitals to produce secondary electrons or collide 

with the nucleus of an atom and reflect away from the sample producing backscattered electrons.  

The topography of a sample influences the intensity of secondary electrons while the density of a 

sample affects the intensity of backscattered electrons.  Detectors pick up the secondary and 

backscattered electrons to produce an image of the surface.  When the electron beam displaces an 

electron from the inner orbitals of a sample’s atom, an electron from a higher energy, outer 

orbital transitions to the inner orbital to replace the missing electron.  As the electron transitions 

from a higher energy level to a lower energy level, it emits X-rays that are unique to each 

element in the periodic table, making it possible to characterize the sample’s elemental 
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composition if these X-rays are captured and quantified with respect to their energy and number 

of photons produced. 

 This study used a FEI Quanta 3d FEG (FIB-SEM) instrument at the William R. Wiley 

Environmental and Molecular Sciences Laboratory (EMSL) at Pacific Northwest National 

Laboratory.  A typical SEM/EDS analysis in this study used a 20 keV accelerating voltage and a 

1-2 nA current, though the accelerating voltage was varied in some cases to alter the size of the 

interaction volume and enable us to constrain the coating thickness.  Samples were mounted to 

an aluminum stub with carbon tape, and a sputter coater was used to generate a 5-10 nm thick 

carbon coating on the samples.  The EDS spectra were acquired using an Oxford 80 mm2 SDD 

detector; INCA software was used to collect and analyze the spectra.  Each spectrum was 

collected for  ̴ 100 s at each point with  ̴ 20% dead time.  To estimate the electron penetration 

depth at each accelerating voltage, Monte Carlo simulations were performed by our collaborators 

at EMSL using Electron Flight Simulator software. 

2.3 Helium Ion Microscopy  

Helium ion microscopy (HeIM) provides detailed surface imaging of the samples with 

unparalleled depth of field, making it possible to visualize the topography of the clay-NOM 

composites in great detail.  A HeIM works very similarly to the SEM described in the previous 

section, but provides an estimated five times greater resolution than the SEM (Joens et al. 2013).  

Instead of using an electron beam, the HeIM uses a beam of ionized helium atoms (He+).  He+ 

has a smaller wavelength than an electron which means it can detect smaller objects since the 

smallest focused spot (d) is directly proportional to the wavelength of the particle (λ) where k is a 
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quality parameter related to the ion beam produced by the instrument, and α is the semi-

convergence angle in radians (Joy 2013): 

𝑑 =
𝑘𝜆

𝛼
    (2.1) 

The He+ source is an atomic level ion source shaped like a three-sided pyramid with only three 

atoms at its apex (Joens et al. 2013).  Ions are produced just at the apex when the tip is cooled 

and exposed to high voltage in the presence of helium gas, although only one of the three atoms 

is chosen as the ion source for the imaging.  Also, the lenses and scanning coils in the HeIM are 

electrostatic instead of the electromagnetic lenses in the SEM (Joy, 2013).  Because He+ has 

more mass than an electron, it also generates more secondary electrons (5-9 times more than an 

SEM) which increases the depth of field in the image.  However, elemental analysis is difficult to 

perform in a HeIM and must be done using Rutherford backscattering spectroscopy (beyond the 

scope of this thesis), so our HeIM studies are predominantly used for surface imaging and 

morphological analysis. 

 For this study, HeIM images were acquired using the Zeiss Orion HeIM housed in EMSL 

at Pacific Northwest National Laboratory.  The instrument was operated at an optimal imaging 

voltage of 30 kV using an aperture size of 10 μm and a beam blanking current of ~ 0.5 pA.  An 

Everhart-Thornley (E-T) detector was used to image the samples.  The working distance and tilt 

were slightly varied between all images and samples in order to produce optimal imaging 

conditions of electron detection, depth of field, and charge compensation.  Usually images from 

three magnifications were obtained at several different areas for each sample.  Two-hundred 

thirty four images were aquired for the nine samples analyzed by HeIM. 

 



21 
 

2.4 X-ray Diffraction 

 X-ray diffraction (XRD) provides a bulk characterization of the sample structure 

(arrangement of atoms in 3D space) and, in our case, is primarily used to reveal the distance 

between two separate clay layers.  In a typical X-ray diffractometer, X-rays are produced by a 

cathode tube, passed through slits, and directed to the sample (Schulze, 1989).  The crystalline 

structure (repeating arrangement of atoms) of the sample acts as a diffraction grating for the 

scattered X-rays, leading to destructive and constructive interference of scattered waves.  Only 

the X-rays that undergo constructive interference will be detected.  Bragg’s Law determines the 

conditions that will produce the constructive interference and connects the angle of reflection of 

the X-rays (θ) to the space between the planes of the atoms (d) where λ is the wavelength of the 

incident wave produced by the X-ray source, and n is a positive integer (Figure 2.2): 

  2𝑑 sin 𝜃 = 𝑛𝜆     (2.2) 

 

 

Figure 2.2: A diagram that shows the relationship between the X-rays (red 

lines), the angle of reflection (θ), the clay layers (blue lines), and the 

distance between the clay layers (d). 
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 Powder diffraction patterns were obtained for the clay samples at Alfred University using 

a Bruker D8 Advance instrument with Cu-Kα radiation (1.5418 Å), a Lynxeye Xe detector, 

DIFFRAC Measurement software, and a PMMA ring sample holder.  A packed powder mount 

was used to in an attempt to obtain a randomly oriented powder.  Patterns were acquired after 

equilibrating the samples over P2O5 ( ~ 0% RH) and then again after equilibrating over a 

saturated solution of K2CO3 ( ~ 43% RH).  Data were acquired from 3˚ to 80˚ 2θ using a 0.03˚ 

step size and counting for 0.45 s at every step.  Since the samples were open to the atmosphere in 

the diffractometer, the stability of the sample hydration state was examined by acquiring a series 

of patterns for the basal region as a function of time with respect to the sample’s initial removal 

from a P2O5 desiccator.  For these data, the (001) basal reflection region (2˚ - 15˚ 2θ) was 

scanned consecutively 10 times over the course of an hour using a 0.02˚ step size and counting 

for 0.5 s per point.  JADE 9.5 was used to analyze the diffraction data, and the basal spacings 

and uncertainties were determined by removing the background and applying a pseudo-Voigt 

profile function to the (001) basal reflection. 
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Chapter 3 

RESULTS AND DISCUSSION 

3.1 Topography of Clay-NOM Composites 

The nature of the clay-NOM composite surface is pH dependent with a more 

homogeneous NOM coating developing on the pH 12 samples compared to the pH 2 samples.  

The HeIM images show a similar topography for the K, Cs, and Ca pH 12 clay-NOM composites 

(Figure 3.1c,e, and g), all of which have a flat, relatively smooth surface and greatly resemble the 

base clay NaH (Figure 3.1a).  Despite the similarities to the NaH sample, the color change 

observed in the pH12 NOM composites from white to light brown after the NOM coating 

process and the SEM/EDS analysis of CaHNOM12-W confirm the presence of a thin NOM 

coating on the pH 12 composites.  The EDS spectrum shows signals for carbon and oxygen from 

NOM on the surface as well as fluoride, silicon, and magnesium signals from the clay at all 

locations examined (Figure 3.2a).  A time-of-flight simulation of the electron 

scattering/interaction volume estimated the NOM coating to be less than a micron thick (Figure 

3.3), which agrees with AFM results that found Suwannee River humic acid on mica to have a 

thickness of 1-5 nm (Balnois et al. 1999; Gibson et al. 2007).  Both literature studies used a 

concentration of 10 mg/L of humic acid in solution while the study in this paper used a 

concentration of 1000 mg/L NOM.  Because the concentration of NOM in this paper is larger 

than the earlier studies, there should be greater NOM activity in solution, which should lead to a 

thicker NOM coating if the equilibrium distribution coefficient (kd) is similar.  However, the size 
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of the interaction volume in this study is too large to determine whether there is a statistical 

difference in the coating thickness of the published papers and this work. 

 

Figure 3.1: Helium-ion images comparing the base clay, NaH-W (a), with NaHNOM2-W 

(b), KHNOM12-W (c), KHNOM2-W (d), CsHNOM12-W (e), CsHNOM2-W (f), 

CaHNOM12-W (g), and CaHNOM2-W (h). The pH12 samples depicted in the first row 

have a homogeneous coating and are similar in appearance to the base clay. The alkali 

metal pH2 samples shown in the second row are characterized by packets of clay layers 

that become curled at their edges while the CaHNOM-pH2 sample has flocculated NOM 

forming faceted objects on the flat platelets.  

 

Unlike the pH 12 samples, the topography of the pH 2 composites appears to exhibit a 

cation dependence.  The surface for all of the alkali metal composites (Na, K, and Cs) is 

characterized by the distinctive curling of packets of clay layers near particle edges (Figure 

3.1b,d, and f).  In contrast, the CaHNOM2-W composite is the most heterogeneous of the 

samples tested.  It is characterized primarily by flat clay platelets covered by faceted, spherical 

objects approximately 200 nm in size and rough, random surfaces inconsistent with a clay-like 
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structure (Figure 3.1h and Figure 3.5c).   The SEM/EDS data supports the hypothesis that the 

faceted objects and rough surfaces covering the clay in the CaHNOM2-W HeIM image are 

flocculated NOM since those objects always generate EDS signals associated with pure NOM.  

In fact, the SEM/EDS results for the more heterogeneous areas of both the NaHNOM2-W and 

CaHNOM2-W composites reveal a thick NOM coating that completely blocks the silicon, 

magnesium, and fluorine EDS signals from the clay (Figure 3.2c and e).  The time-of-flight 

simulations of the electron scattering estimated the NOM layer to be at least three microns thick 

in order to fully obstruct the signal from the clay (Figure 3.3) which is significantly thicker than 

any value reported in the literature to the best of our knowledge (Balonis et al. 1999; Gibson et 

al. 2007).  Although both the NaHNOM2-W and CaHNOM2-W had areas where up to 3 micron 

coatings of NOM were detected, thick coatings were observed in more locations when examining 

the CaHNOM2-W composite, suggesting the CaHNOM2-W has a thicker coating over a greater 

fraction of the surface area of the composite.  It is also noteworthy that the SEM/EDS analysis of 

areas in the NaHNOM2-W and CaHNOM2-W composites that resemble the base clay produced 

EDS signals for both NOM and clay, like the pH 12 composites, meaning that the thick surface 

coating is not uniform over a several micron scale in either system (Figure 3.2b and d). 
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Figure 3.2: SEM/EDS analysis of CaHNOM12-W (a), NaHNOM2-W (b) and (c), and 

CaHNOM2-W (d) and (e) at 10 keV accelerating voltage.  The EDS spectrum for 

CaHNOM12-W shows a signal for both NOM and hectorite which is also seen in (b) and (d) 

for NaHNOM2-W and CaHNOM2-W.  Parts of the NaHNOM2-W (c) and CaHNOM2-W (e) 

samples only show an EDS signal for O and C of NOM.   
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Figure 3.3: The time-of-flight simulation at 10 keV estimates the interaction volume, 

determining that the NOM coating of the pH2 samples must be greater than 3 μm thick in 

some locations.  Similar simulations of alternate accelerating voltages show that the NOM 

coating thickness in CaHNOM12-W must be less than 1 m. 

 

Taken together the results from the pH 12 and pH 2 composites suggest that the thickness 

of the NOM coating on the hectorite increases with decreasing pH, which agrees with the pH 

trends found in literature for humic acid on mica using AFM (Gibson et al. 2007) and fulvic acid 

on muscovite observed with x-ray reflectivity (Lee et al. 2008).  The difference in topography 

and thickness between the pH 12 and pH 2 composites indicate the possibility of two different 

mechanisms responsible for NOM coating formation on a clay surface.  Under basic solution 

conditions, the literature (Aquino et al. 2008; Lee et al. 2008; Sutton and Sposito, 2006, 

Iskrenova-Tchoukova 2010) suggests that cation bridging will dominate the formation of NOM 

coatings on hectorite, particularly in the case of calcium-bearing composites.  At basic pH, both 

the clay and the NOM molecules are negatively charged (the former bears a permanent negative 

charge due to Li+ substitution for Mg2+ in the octahedral sheet) and thus repel one another via 

Coulombic (electrostatic) repulsion.  However, polyvalent cations (cations with charge greater 
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than +1), such as Ca2+, can overcome the electrostatic repulsion by forming strong Coulombic 

attractions to both the negatively charged NOM molecule and the clay surface, leading to an ion-

mediated NOM coating (Figure 3.4) (Wang et al. 2013).  However, for the alkali metals, we 

cannot rule out some influence of the so-called hydrophobic mechanism in NOM coating 

formation under basic conditions.  This is because the alkali metals are much less efficient at 

forming cation bridges due to their lower charge.  The hydrophobic mechanism can best be 

described as when nonpolar regions of chemicals associate in an aqueous solution to minimize 

surface contact with H2O.  However, in the basic samples the ionic environment of the solution 

and negative charge on the NOM leads to a relatively high solubility of NOM, since it is known 

that both humic acid and fulvic acid are soluble above pH 10.  The balance of cation bridging 

and solution-phase NOM stability is likely responsible for the formation of relatively thin 

coatings.  In contrast, under acidic conditions the NOM molecules become fully protonated, 

reducing the possibility of forming new ion bridges to nearly zero and decreasing the solution-

phase solubility of the NOM.  The surface-sorbed NOM molecules also become protonated and 

neutralized on their outer surface, making the composite surface appear more hydrophobic than 

the surrounding solvent.  Thus, acid-insoluble NOM crashes out of solution due to the 

hydrophobic effect, which dominates the formation of NOM coating on hectorite at low pH, 

leading to thick NOM coatings (Lee et al. 2008; Sutton and Sposito,2006).  Current research in 

our group is investigating composite formation at intermediate pH to determine the range of pHs 

where the hydrophobic mechanism or ion-bridging mechanism dominate NOM coating 

formation on hectorite. 
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Figure 3.4: A diagram depicting cation bridging between negatively charged NOM particles 

and a negatively charged mineral surface made possible by the presence of calcium cation 

(red) (Wang et al. 2013). 

 

3.2 NOM Flocc Formation 

 In the previous section, the SEM/EDS analysis (Figure 3.2e) provided strong evidence 

that the faceted objects present in the CaHNOM2-W HeIM image (Figure 3.1h) are NOM floccs.  

HeIM images of NOM floccs without hectorite further support this conclusion.  The Ca-NOM-

pH12 sample has a heterogeneous surface characterized by faceted globules (Figure 3.5a and b) 

that resemble the faceted objects on the CaHNOM2-W (Figure 3.5c and 3.1h).  The CaHNOM2-

W composite is the only pH 2 sample that appears to produce large NOM floccs visible on the 

HeIM, and currently, calcium is the only cation we have studied that will produce organic matter 

floccs under any of the conditions examined.  The ability of calcium to form NOM aggregates is 

supported in a study by Brigante et al. that found calcium decreased the disaggregation of NOM 

in solution (Brigante et al. 2007) and in several molecular dynamics studies by Kalinichev’s 

group that show Ca2+ has a unique ability to promote NOM aggregation in solution (Iskrenova-

Tchoukova et al. 2010, Kalinichev et al. 2011).  Combined with the fact that we cannot form a 

NOM flocc with the monovalent cations under consideration, our results suggest that ion charge 

plays a role in NOM flocculation.  The addition of acid to lower the pH from 12 to 2 to create the 
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CaHNOM2-W composite also has the side effect of increasing the ionic strength of the solution 

by displacing cations associated with negatively charged O-bearing functional groups on NOM 

when the NOM re-protonates, making the surface-bound and solution NOM more hydrophobic 

and destabilizing the surface double layer effect (where a charged surface forms a second layer 

of particles with the opposite charge to increase its stability in solution; DLVO theory).  All of 

these factors can cause the excess solution NOM to flocculate and lead to flocc build-up on the 

composite surface.  Additional HeIM experiments with other divalent cations scheduled for the 

coming summer should help to provide additional insight into these mechanistic discussions and 

the range of polyvalent cations to which these results apply.  

 

 

 

Figure 3.5: Helium-ion images of Ca-NOM-pH12 flocculates (a and b) showing a 

heterogeneous surface consisting of both faceted and spherical components which 

resemble the faceted objects on CaHNOM2-W (c and Figure 3.1h). 
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3.3 The Effects of NOM and Cation Hydration Trends on Interlayer 

Structure 

XRD analyses reveal that NOM has a minor influence on the basal spacing in pH 2 

composites, but that in all cases the basal spacing can be rationalized using hydration-based 

expansion of base clay interlayers and the known trends in interlayer hydration as a function of 

the charge-balancing cation properties.  When the basal region XRD patterns for NaHNOM2-D 

and CaHNOM2-D are compared to the base clays, the results show that the basal spacing under 

nominally dry conditions increases in the presence of NOM.  For the Na-hectorite samples, NaH-

D has a basal spacing of 9.9 Å while NaHNOM2-D has a basal spacing of 13.9 Å (Figure 3.6) 

(Bowers et al. 2011).  A similar trend is seen in the 43% relative humidity samples where NaH-

W has a basal spacing of 11.3 Å while NaHNOM2-W has a basal spacing of 14.9 Å.  This basal 

expansion could either be the result of NOM incorporation in the interlayers or it may reflect the 

retention of extra interlayer H2O when NOM is present.  NOM entering the clay interlayer is not 

likely responsible for the ~ 4 Å increase in the basal spacing for the NaHNOM2 composites.  

NOM contains very large molecules that are believed to exist as globules in solution at pH 2 with 

a size of approximately 10-50 Å, large structures from the perspective of typical interlayer 

dimensions (Balonis et al. 1999; Gibson et al. 2007; Lee et al. 2008).  Therefore, if NOM was in 

the interlayer, there should be a larger increase in the basal spacing unless the clay surface causes 

the NOM molecules to uncoil and adopt a relatively flat configuration on the surface, similar to 

that of a graphene sheet.  This seems thermodynamically unfavorable, though we do not have 

any quantitative data to support this argument.  A more likely explanation for the increase in 

basal spacing in the NOM composites is that the hydrophilic component of NOM attracts and 

retains H2O even in the “dry” environment provided by P2O5, increasing the amount of H2O in 
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the interlayer space of the clay since a H2O molecule is approximately 2.8 Å (Moore and 

Reynolds, 1997).  In fact, operating under the assumption that the basal expansion is H2O-

related, we can calculate the fraction of anhydrous, one-layer hydrate, and two-layer hydrate 

interlayers in the sample. NaH-D has an interlayer spacing equivalent to ~87% anhydrous 

interlayers with the remainder one-layer hydrates while NaHNOM2-D exhibits a mixture of one- 

and two-layer hydrate interlayers equivalent to ~46% one layer hydrate (Figure 3.6) (Bowers et 

al. 2011). NaH-W has an interlayer spacing equivalent to ~39% anhydrous interlayers and ~61% 

one layer hydrates while NaHNOM2-W has the interlayer equivalent of ~11% one layer hydrate 

with most layers existing as two layer hydrates.   These results are quite reasonable given the 

affinity of both NOM and Na+ for H2O and suggest an increased overall interlayer H2O content 

for the clay layers when NOM is present.  We also note that composted organic matter is well-

known to play a major role in moisture retention by garden soils, in agreement with these 

interpretations. 

 

 

 

 

 

 

 

 

Figure 3.6: XRD patterns comparing the basal 

spacings of NaH and NaHNOM2 at dry and 43% 

relative humidity conditions.  
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The data from the Ca-hectorite samples also support the hypothesis that water causes the 

expansion observed in the NOM composites.  The basal spacings for CaH-D, CaHNOM2-D, 

CaH-W, and CaHNOM2-W are 12.7 Å (89% one layer hydrate), 13.9 Å (46% one layer hydrate, 

closer to a two layer hydrate), 15.3 Å (96% two layer hydrate), and 15.4 Å (93% two layer 

hydrate), respectively (Figure 3.7).  Although the NOM composites for the Ca-samples also had 

greater basal spacings than the base clays, the samples have less of an increase between the clay-

NOM composites and the base clay than the Na-hectorite samples, and therefore, the expansion 

here is also much too small to be caused by interlayer NOM.  CaH-D has a greater basal spacing 

than NaH-D at both dry and 43% RH conditions because the calcium cation has a greater affinity 

for H2O than the sodium cation.  Thus, the calcium cation will exert a stronger attraction toward 

H2O molecules, drawing more H2O molecules into the interlayer and retaining the H2O 

molecules despite storage in a P2O5 desiccator.  Because the Ca-hectorite is already partially 

hydrated, there is less room in the interlayer for the additional H2O molecules that the NOM 

attracts.  However, the Na-hectorite has almost no water in the interlayer initially and the clay-

NOM composite is able to expand significantly due to the H2O molecules the NOM adsorbs, 

which explains the greater difference between the basal spacings of the Na-hectorite-NOM 

composites and base Na-hectorite compared to the Ca-hectorite samples. 
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 Further support for the hydration-related interlayer expansion hypothesis is found in the 

XRD results for the pH 12 clay-NOM composites, which have the same XRD pattern as the base 

clay despite the presence of NOM.  CsH-D has a basal spacing of 11.7 Å (25% anhydrous), and 

CsNOM12-D has a basal spacing of 11.7 Å (25% anhydrous) (Figure 3.8).  The 43% relative 

humidity samples are also very similar: CsH-W with a basal spacing of 11.9 (18% anhydrous) 

and CsHNOM12-W with a basal spacing of 12.0 Å (14% anhydrous).  Likewise, KH-D, 

KHNOM12-D, KH-W, and KHNOM12-W have basal spacings of 10.1 Å (82% anhydrous), 10.3 

Å (75% anhydrous), 10.4 Å (71% anhydrous), and 10.2 Å (79% anhydrous) respectively. 

 

Figure 3.7: XRD patterns comparing the basal 

spacings of CaH and CaHNOM2 at dry and 43% 

relative humidity conditions.  
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The Sr-hectorite and Ca-hectorite NOM pH 12 composites also have almost identical basal 

spacings to their corresponding base clays, but the basal spacings for both the base clays and 

composites move with hydration since Sr2+ and Ca2+ have a stronger affinity for H2O than they 

do for the basal surface of the clay.  The basal spacings of SrH-D and SrHNOM12-D are 11.8 Å 

(79% anhydrous) and 12.0 Å (14% anhydrous) while the basal spacings of SrH-W and 

SrHNOM12-W are 15.1 Å (4% one layer hydrate) and 15.0 Å (7% one layer hydrate) (Figure 

3.9).  CaH-D, CaHNOM12-D, CaH-W, and CaHNOM12-W have basal spacings of 13.1 Å (75% 

one layer hydrate), 13.0 Å (79% one layer hydrate), 15.3 Å (96% two layer hydrate), and 14.8 Å 

(29% one layer hydrate), respectively.  Regardless of the cation, the base clays and their 
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Figure 3.8: XRD patterns of non-expansive clay composites with cesium hectorite 

samples on the left (bottom to top: CsH-D, CsHNOM12-D, CsH-W, CsHNOM12-

W) and potassium hectorite samples on the right (bottom to top: KH-D, 

KHNOM12-D, KH-W, KHNOM12-W).  There are no changes seen in the basal 

spacings (numbers to the left of the patterns) and the (00l) peak denoted by the 

vertical line at 5.0 Å for K samples and 5.7 Å for Cs samples with hydration 
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corresponding clay-NOM composites at pH 12 have very similar basal spacings, exhibiting a 

difference less than 0.6 Å between any base clay and the clay-NOM pH 12 composite.  This 

seems consistent with the SEM/EDS results indicating substantially less NOM incorporation in 

the composites at pH 12 than at pH 2.  Also, the clay-NOM pH 12 samples generate almost 

identical XRD patterns to their base clay counter parts.  The similarities in the XRD patterns 

corroborate the findings from the HeIM images discussed in section 3.1 where the topography of 

the clay-NOM pH 12 samples resembled the surface of the base Na-hectorite (Figure 3.1a, c, e, 

and g). 
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Figure 3.9: XRD patterns of expansive clay composites with strontium hectorite 

samples on the left (bottom to top: SrH-D, SrHNOM12-D, SrH-W, SrHNOM12-

W) and calcium hectorite samples on the right (bottom to top: CaH-D, 

CaHNOM12-D, CaH-W, CaHNOM12-W).  The basal spacings (numbers to the 

left of the patterns) shift with hydration.  The vertical lines note changes in two 

(00l) peaks with hydration where the one with the lower 2θ value is only visible in 

the dry sample and the one with the greater 2θ values is only visible with the 43% 

relative humidity samples. 

0 5 10 15 20 25 30 35

SrHNOM12-W

SrHNOM12-D

SrH-W

2

5.8 Å 5.1 Å

SrH-D

0 5 10 15 20 25 30 35

CaHNOM12-D

CaHNOM12-W

CaH-W

2

5.0 Å6.4 Å

CaH-D



37 
 

These results suggest that the thicker NOM coating on the pH 2 clay-NOM composites increases 

the amount of H2O in the interlayer while the thin NOM coating on the pH 12 clay-NOM 

composites has little to no effect on the hydration properties or structure of the clay interlayers. 

 As noted earlier, Figures 3.8 and 3.9 also show that the XRD patterns of the composites 

are dependent on the clay’s charge-balancing cation and change with the cation’s affinity for 

H2O.  Although there is no thermodynamic definition for H2O affinity as it applies to interlayer 

charge balancing cations of which we are aware, a cation’s ability to attract water in the 

interlayer of clay correlates with the cation hydration energy for the alkali and alkaline earth 

metal cations.  The thermodynamic definition of hydration energy is the change in energy that 

occurs when one mole of gaseous ions are immersed in an infinite amount of water (Smith 

1977).  The hydration energies of the cations used in this study from weakest to strongest are Cs+ 

(-264 kJ mole-1), K+ (-322 kJ mole-1), Na+ (-409 kJ mole-1), Sr2+ (-1443 kJ mole-1), and Ca2+ (-

1577 kJ mole-1) (Table 3.1).  Because the monovalent cations have a low hydration energy and 

therefore less affinity for H2O, these cations generally have a greater attraction to the clay layers 

than H2O molecules.  In the cases of Cs+ and K+, these ions have such low relative affinities for 

H2O that the interlayer is collapsed, preventing hydration and leading to XRD trends with 

relative humidity that resemble an illite or mica.  For this reason, the basal spacings of both the 

base clays and the clay-NOM pH 12 composites for the Cs-hectorite and K-hectorite samples do 

not change when the samples are hydrated, leading to our observation that the samples stored in 

the 43% relative humidity environment have the same basal spacings as the dry samples (Figure 

3.8).  However, the divalent cations have a high hydration energy and greater H2O affinity, so the 

basal spacings for the Sr-hectorite and Ca-hectorite samples increase with increasing activity of 

H2O in the vapor phase (Figure 3.9). 



38 
 

Table 3.1: The hydration energies 

for the cations used in this based 

on the experimentation of Smith 

1977. 

Cation   

Cs+ 264 

K+ 322 

Na+ 409 

Sr2+ 1443 

Ca2+ 1577 
 

 

 The expansion of clay layers not only shifts the (001) reflection but also all other (00l) 

reflections because (00l) reflections are on the same crystallographic plane as the (001).  Very 

few (00l) reflections are labeled in the hectorite reference pattern in the ICCD database, 

however, the following equation shows the relationship between the basal spacing and the Miller 

indices, and it can be used to locate the theoretical positon of specific (00l) reflections on the 

diffraction pattern: 

     𝑑(00𝑙) =
𝑎

√𝑙2
   (3.1) 

To find the location of a (00l) reflection: a is equal to the basal spacing (Å) and l equals the 

value of l (Callister, 1994).  As discussed in section 2.4, Bragg’s Law is used to convert the basal 

spacing measured in Angstroms to the 2θ spacing on the diffraction pattern.  In Figure 3.8, the 

vertical lines denote a (00l) reflection at 5.7 Å for the Cs-hectorite samples and 5.0 Å for the K-

hectorite samples, and like the (001) peak for the basal spacing, neither reflection moves with 

hydration.  Based on Equation 3.1, these peaks are indicative of a (002) reflection.  Tracking the 

(00l) reflections is more difficult for the divalent cation samples because the clay layers expand 

with hydration and shift all (00l) reflections to smaller 2θ values (Moore and Reynolds, 1997).  

−∆𝐻ℎ𝑦𝑑
°  (kJ mole−1) 
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The XRD patterns for SrH-D and SrHNOM12-D have a peak at 5.8 Å while SrH-W and 

SrHNOM12-W have a peak at 5.1 Å (Figure 3.9).  The Ca-hectorite composites have similar 

peaks in the XRD pattern where one is present only in the dry samples while another is present 

only in the 43% relative humidity samples.  Equation 3.1 suggests that the 5.8 Å peak is the 

(002) reflection while the 5.1 Å peak is the (003) reflection.  However, a peak for the (003) 

reflection is not visible in the diffraction patterns for SrH-D and SrHNOM12-D, and a peak for 

the (002) reflection is not visible in the diffraction patterns for the SrH-W and SrHNOM12-W.  

Due to the nature of XRD, many reflections are not visible in the diffraction pattern since the 

peaks only form during constructive interference of reflected x-ray waves (Moore and Reynolds, 

1997).  Therefore, it is possible that the expansion of the clay layers induces a variety of effects 

that lead to destructive interference causing the (002) reflection peak to reduce in intensity until 

it is not visible above the noise (peak extinction). 

3.4 Effects of NOM on the Rate of Clay Hydration 

 Further support for the conclusions of section 3.3 can be found in XRD experiments 

examining the change in basal spacing as a function of time for a dry clay exposed to the 

laboratory atmosphere in the diffractometer which show that the presence of thick NOM coatings 

produced at pH 2 retards the hydration of Ca-hectorite but that the thin NOM coating produced at 

pH 12 leads to hydration rates that resembles the base clay, while the Na-hectorite composites 

experience very little hydration over the course of the experiment.  Throughout an hour of 

exposure to atmospheric humidity, both NaH-D and NaHNOM2-D maintained a relatively 

consistent basal spacing at approximately 9.8 Å and 12.9 Å respectively, with neither sample 

exhibiting a basal spacing change of more than 0.8 Å (Figure 3.10) and both generating slopes 

less than 0.01 Å/min (Table 3.2).  The NaHNOM2-D has a 1 Å difference in the basal spacing 
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compared to the value reported in Figure 3.1.  This discrepancy could be caused by a 32% 

difference in the average outdoor humidity on the two days where a NaHNOM2-D sample was 

examined, particularly since the spatial relationship between our lab and the diffractometers 

causes each sample to briefly be exposed to the outdoor atmosphere.  In contrast, the CaH-D 

sample hydrates rapidly, likely as a result of the higher affinity of Ca2+ for H2O.  The initial basal 

spacing for this sample is 13.4 Å and it expands to a basal spacing of 14.9 Å over an hour 

(Figure 3.11).  The slope generated by fitting a line to this hydration event is 0.025 Å/min (Table 

3.2).  The CaHNOM12-D sample hydrates similarly to the CaH-D sample with a slightly smaller 

slope of 0.022 Å/min.  In contrast, the CaHNOM2-D sample starts with a greater basal spacing 

of 13.9 Å but the basal spacing remains relatively constant throughout the experiment and has a 

slope of 0.004 Å/min.  In agreement with the XRD data in section 3.3 and the HeIM images in 

section 3.1, the CaHNOM12-D behaves similarly to the base clay implying that the thin layer of 

NOM coating has little effect on clay hydration.  However, the thick NOM coating of the pH 2 

sample hinders the hydration of the clay in the Ca-hectorite composites and seems to prevent 

further expansion of the clay layers at the atmospheric humidity of the XRD laboratory.  Since 

the NaH-D sample has a very slow hydration rate, it is difficult to determine if the NOM coating 

of the pH 2 sample affects the hydration for Na-hectorite from our data. 

Table 3.2: The equations and R2 values of the lines of best fit 

for the hydration of clay composites in Figures 9 and 10. 
 

Sample Line of Best Fit Х2 

NaH-D dbasal = -0.00108t + 9.80238 0.81 

NaHNOM2-D dbasal = 0.00532t + 12.81196 8.62 

CaH-D dbasal = 0.02522t + 13.60315 57.80 

CaHNOM12-D dbasal = 0.02207t + 13.34513 43.07 

CaHNOM2-D dbasal = 0.00393t + 13.98606 27.2 
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Figure 3.10: Plot of basal spacings of NaH-D and 

NaHNOM2-D over the course of an hour exposure 

to the laboratory atmosphere in the XRD. 

 

Figure 3.11: Plot of basal spacings of CaH-D, 

CaHNOM12-D, and CaHNOM2-D over the course 

of an hour exposure to the laboratory atmosphere in 

the XRD. 
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3.5 Continuing Challenges 

 There are several unexplained observations about the data discussed in this thesis that 

require further investigation to fully resolve.  This section summarizes some of these unanswered 

questions and proposes methods to address them.  

 The XRD patterns for the Na-hectorite composites show interlayer expansion because the 

sodium ion has the greatest hydration energy among the alkali metals examined in this study 

(Table 3.1).  NaH-D and NaHNOM12-D have basal spacings of 9.9 Å (87% anhydrous) while 

NaH-W and NaHNOM12-W have basal spacings of 11.3 Å (39% anhydrous) and 10.8 Å (43% 

anhydrous) respectively (Figure 3.12).  However, the (00l) peak at 4.9 Å does not move with the 

(001) peak when the sample is hydrated to 43% relative humidity.  For the dry samples, the 4.9 

Å peak is indicative of a (002) reflection based on Equation 3.1, but the peak in the same 

approximate location does not appear to be a (00l) reflection for the 43% relative humidity 

samples.  The explanation for these observations is not clear, but one possible rationale for our 

observations may be that the reflection at 4.9 Å is not a (00l) reflection but some combination of 

h, k, and l that generates a peak in a similar location.  Another is that there is a repeating 

structure of surface-sorbed NOM. 

 A few specific samples in this study generate an XRD reflection corresponding to 3.5 Å 

and the origin of this reflection is unclear.  The NaHNOM2-D and NaHNOM2-W both have 

such a peak and are the only Na-hectorite-NOM composites that do (Figure 3.13).  Likewise, 

CaHNOM2-D and CaHNOM2-W are the only composites in the Ca-hectorite samples to have a 

peak at 3.4 Å (Figure 3.13).  One possible explanation for this reflection is that it represents 

ordered layering of benzene-rich regions of the NOM, similar to what one would observe in the 
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diffraction patterns of graphite (Lu et al. 2001).  However, according to Equation 3.1, the peak 

could also be the (004) reflection for the NaHNOM2-D and CaHNOM2-D samples, but there is 

no (00l) reflection that should appear at that position in the 43% relative humidity samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: XRD patterns of sodium hectorite 

samples (bottom to top: NaH-D, NaHNOM12-D, 

NaH-W, NaHNOM12-W).  The basal spacings 

(numbers to the left of the patterns) shift with 

hydration.  The vertical line notes a (00l) peak at 4.9 

Å that does not change with hydration. 
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Figure 3.13: XRD pattern of all the Na-hectorite and Ca-hectorite samples from 16˚ - 32˚ 2θ 

where the vertical lines denote a reflection that only appears in NOM pH 2 composites. 
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this thesis are only able to determine that a material expanded the clay layers and suggest that 

this material is H2O rather than interlayer NOM molecules.  However, thermal gravimetric 

analysis (TGA) could be used to strengthen the argument that basal expansion correlates with the 

total amount of water observed in the sample.  Ethylene glycol could also be used to expand the 

interlayers of the composites to track the movement of the (00l) reflections, assuming that this 

larger molecule has the same ability to access the interlayer spaces as H2O when NOM is 

present.  A future project could also examine the effect of NOM on the dehydration of clays to 

look for hysteresis effects; all experiments in this study examined specifically the hydration of 

what were initially dry samples, providing little information about how NOM may stabilize H2O 

against dehydration. 
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Chapter 4 

CONCLUSIONS 

 The HeIM and SEM/EDS analysis revealed trends in topography with the presence of 

NOM: homogeneous NOM coating forms under basic conditions; NOM coating thickness 

increases with decreasing pH; and the formation of flocculated NOM on the clay surface requires 

excess NOM in solution, polyvalent ions with appropriate cation charge density, and a solution 

with an appropriately high ionic strength, all of which supports hypothesis (i) from the 

introduction.  The XRD data indicates that thick NOM coatings could attract more H2O into the 

interlayer space and stabilize it in dry environments, base clay cation hydration trends can 

rationalize basal spacing behavior of clay-NOM composites, and thick NOM coatings retard the 

hydration rate of the clay.  These results suggests that hypothesis (ii) is incorrect since NOM 

does not inhibit the ability of clay-NOM composites to hydrate, but rather can increase the 

amount of H2O in the interlayer and slow the hydration rate.  The trend in NOM flocculation 

reflects the importance of both ion charge and solution ionic strength on morphology, which is 

consistent with the DLVO theory and the formation of ion bridging between NOM molecules 

and NOM with the clay surface.  The dependence of NOM thickness and morphology on pH 

supports the hydrophobic mechanism of NOM aggregation dominating the thick NOM coating at 

acid pH and a minor role under other conditions, as reported in molecular dynamic studies.  Our 

results also suggest that the availability of subsurface moisture has a large influence on ion/fluid 

behavior in smectite-NOM composites. 
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 In terms of broader impact, these results have some important implications for 

understanding ion and fluid transport in any clay-rich system (soil or shale).  It appears that very 

thick NOM coatings are required to block interlayer pores, meaning that NOM coatings should 

have little influence on clay interlayer ion exchange behavior overall.  It also appears that NOM 

is likely associated with the external surfaces of packets of clay layers, affecting the external 

surface ion affinities but not those of the interlayers themselves.  The NOM also appears to pose 

no significant barrier to H2O entering the interlayer unless very thick coatings are present, 

suggesting that it will have only a small impact on fluid transport (at least in H2O-dominated 

fluids).  Together, the results suggest that including base clay data in environmental transport 

models may represent an adequate description of transport in clay-and-NOM-rich systems, 

though specific measurements of ion exchange capacities and H2O diffusion rates in similar 

composite materials must still be determined to firmly back that hypothesis.  Because of 

increasing pressure to prevent the transportation of contaminants in the environment and to use 

CO2 sequestration to remove CO2 from the atmosphere, understanding how NOM interacts with 

mineral surfaces will continue to be an important subject for research in the upcoming years. 
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