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Summary 

Understanding the fate and transport of engineered and naturally-occurring 

nanoparticles is vital to predicting their ecological and toxicological impacts.  Much of the 

current literature details the effects of solution conditions, such as pH and ionic strength, 

on aggregation and reactivity.  Such work has drastically improved our ability to predict 

how nanoparticles could impact chemistry occurring in natural waters.  Recently, a focus 

on how natural organic matter (NOM) impacts chemistry occurring at the solid-liquid 

interface has emerged.  This review focuses on summarizing major findings of how NOM 

affects iron oxide nanoparticle reactivity, with particular focus on the underlying processes.  

First, we review work focused on the chemical reactivity of iron oxide nanoparticles in 

aqueous environments.  Second, the current state of knowledge regarding the adsorption of 

NOM onto mineral surfaces and its effects on nanoparticle aggregation and ion adsorption 

is presented.  Third, how NOM impacts chemical and solid-state transformations and 

oxidative/reductive reactivity of iron oxide nanoparticles is reviewed.  Finally, we provide 

our vision of future research directions, with particular focus on improving our ability to 

predict the fate, transport, and chemical behavior of nanoparticles in complex, 

environmental systems. 

Introduction 

Nanoparticles, both naturally occurring and engineered, directly and indirectly 

impact element cycling and pollutant fate and transport.1-8   Engineered nanoparticles, in 

particular, are a growing environmental concern.9, 10  Indeed, an estimated 10,000 tons of 
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nanomaterial are produced annually for use in consumer products (i.e. cosmetics, paint, 

and electronics) worldwide.11  As products containing nanomaterials become more and 

more common, the presence of engineered nanoparticles in the environment is expected to 

increase.  Recently, concerns about the ecological and human health effects of metal-based 

nanoparticles (i.e., those containing metal atoms or ions, such as zero-valent metals, metal 

oxides, metal sulfides, etc.) released into or present in natural waters have led to research 

aimed at elucidating what happens to nanoparticles in the environment, how those materials 

participate in natural processes, and how they perturb natural systems. 

Natural nanoparticles are commonly found in sediments, natural waters, weathered 

rocks and minerals, volcanic ash, and more.  Thus, it is also important to understand the 

fate, transport, and impacts of natural nanoparticles as well.  For example, iron oxides 

represent a class of nanoparticles produced by natural processes (e.g., products of 

weathering of iron-bearing minerals, biominerals, and more) as well as introduced into the 

environment as engineered materials (e.g., iron oxides from pigments or nano-zero valent 

iron introduced for groundwater remediation purposes).12, 13  Particularly challenging is 

distinguishing natural from engineered nanoparticles because the total mass of engineered 

nanoparticles is vanishingly small as compared to the total mass of natural nanoparticles.  

Thus, searching for engineered nanoparticles in complex environmental systems may 

sometimes be challenging. 

The reactivity (oxidation/reduction (redox) and otherwise), solubility, surface 

chemistry, and aggregation state of nanoparticles directly impact environmental fate and 
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transport.  When nanoparticles are released into or generated in surface and near surface 

waters, they encounter a broad range of pH (from negative values to very basic values), 

ionic strength (from brine to freshwater), and other solution conditions.  These solution 

variables can dramatically enhance or inhibit both reactivity and aggregation.  The impact 

of ionic strength, pH, and other solution conditions has been extensively explored in colloid 

research,14-19 and those findings contribute fundamental understanding of how 

nanoparticles behave in aquatic systems. 

A major knowledge gap is understanding how natural organic matter (NOM) 

interacts with nanoparticles and how those interactions affect nanoparticle fate, reactivity, 

and transport.  NOM itself is poorly understood, especially as compared to other 

environmental properties (pH, alkalinity, etc.).  NOM is a heterogeneous mixture of 

molecular compounds formed by the decay of organic material (i.e. plant and animal life) 

and is present in all natural waters.  Molecular-level information about NOM is only now 

coming to light.20-30  Key molecular characteristics include aromaticity; specific functional 

groups like cathechol, carboxylate, and phenolic moieties; amino acid content; and overall 

composition (e.g., O and N content).  The hydrophobic or hydrophilic nature of the NOM 

is also important.  Recent advancements in instrumentation have enabled improved 

elucidation of NOM molecular formulas.  High-field Fourier-transform ion cyclotron 

resonance mass spectrometry (FT-ICR-MS),31-35 for example, is a technique that measures 

the mass-to-charge ratio of high molecular weight compounds with up to six decimal place 

precision.  Exact elemental formulas are determined for compounds of the same molecular 
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weight but different respective elemental and isotopic composition,36, 37 which is a 

significant step towards understanding the chemical nature of NOM. NOM, however, is 

unique to the region in which it forms, which makes characterization of every NOM 

virtually impossible.  NOM characterization falls far short (i.e., elemental composition) of 

the definitive (i.e., exact molecular structures) characterization possible for small 

molecules and even large biomolecules like proteins. 

The International Humic Substances Society (IHSS) maintains an extensive 

collection of NOM samples and a database detailing source information (how samples were 

isolated, fractionated, and purified) and what is known about the molecular characteristics 

of each NOM standard.  IHSS NOM database entries includes elemental compositions as 

well as the heteroaliphatic carbon content, aromatic character, amount of amino acids, and 

more. NOM standards most frequently used in published work are collected from the 

Suwannee River (Georgia, US), and the humic acid, fulvic acid, and unfractionated “whole 

NOM” are available.  

NOM and inorganic nanoparticles primarily interact via adsorption of NOM onto 

the particle surface, which can dramatically impact the adsorption of other ions and 

molecules.38-48  These changes in surface chemistry may also dramatically influence 

aggregation state and accessible surface area.15, 18, 49-56  Thus, NOM is hypothesized to 

directly affect nanoparticle reactivity.  Elucidating how NOM interacts with nanoparticles 

(engineered or natural) is critically important to understanding fate and transport of 

nanoparticles as well as dissolved species like pollutant molecules in environmental 
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systems.  At present, we understand little about how NOM impacts reactions at surfaces 

nor the dynamics of such interactions.  Effects may be due to changes in nanoparticle 

aggregation, blocking reactive sites, or mediation/inhibition of electron transfer.  Such 

effects are expected to depend on aqueous solution conditions such as ionic strength, pH, 

as well as the concentration of NOM, other reactive species, and more. 

This review focuses on how NOM interacts with iron oxide surfaces, impacts 

particle aggregation and mineral transformations, and impacts the adsorption and chemical 

reactions involving pollutants at the mineral–liquid interface.  Given that the interaction 

between engineered inorganic nanoparticles and NOM has been the primary focus of recent 

reviews elsewhere,57, 58 this work focuses on the effects of NOM on iron oxide stability and 

reactivity. 

Iron Oxide Nanoparticles in Aquatic Systems 

The chemical and physical properties of iron oxide nanoparticles have been 

extensively studied in a variety of aqueous environments through both controlled 

laboratory studies and field investigations.  Properties relevant to aquatic systems include 

adsorption capacity, aggregate stability, and chemical reactivity.  Due to the ubiquity of 

iron in the environment, these properties have been systematically investigated for many 

of the iron oxides, including goethite (-FeOOH), ferrihydrite (Fe(OH)3), hematite (-

Fe2O3), and magnetite (Fe3O4), as discussed below. 

Both cations and anions adsorb to iron oxide nanoparticles through interactions in 

the electrical double layer,59 and the adsorption of ions (e.g., Pb(II), Cu(II), Zn(II), U(VI), 
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carbonate, phosphate, sulfate, and others) onto iron oxides has been a rich area of 

research.60-64  In general, cation adsorption increases with increased pH values (up to pH ~ 

8) and decreases at alkaline pH.  Conversely, maximum adsorption of anions is observed 

at acidic pH and decreases to minimal adsorption at circumneutral and alkaline pH values.65  

In recent years, research has expanded to address more diverse environmental conditions, 

including competitive adsorption of multiple species, such as radium and barium 

adsorption in mining wastes or coadsorption of Fe(II) and oxoanions.66, 67  Arsenate uptake 

by iron oxides has been studied for the removal of arsenic from contaminated waters,68-70 

including As(V) uptake by hematite in alkaline conditions and by other iron oxides in 

varying pH and concentrations.71, 72  For redox active metals, simple adsorption may not 

fully describe surface association.  The results of Williams and Scherer73 demonstrated that 

ferrous iron adsorption onto an iron oxide particle resulted in electron delocalization, 

leading to more favorable reduction potentials with oxidized organic contaminants.74-76 

Adsorption of small organic molecules is also possible and may serve as a proxy 

for the adsorption of organic matter.  Studies have both experimentally quantified and 

modeled adsorption capacity of certain small organic molecules on iron oxides.  Some 

examples include EDTA and metal-EDTA complexes,77 benzoic acid and other simple 

carboxylic acids,78 citrate,79 phosphonates,80 and other small organic acids.65, 81  Typically, 

a maximum in adsorption of small organic molecules is observed at acidic pH (ca. 4-5), 

which decreases to minimal adsorption at circumneutral and alkaline pH.  Also, the above 
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studies reported no dependence of adsorption of small organic molecules on solution ionic 

strength. 

In addition to adsorption, nanoparticle aggregation state and dynamics are also 

important considerations in environmental studies of nanoparticles.  Iron oxides rarely exist 

as discrete particles in environmental systems and instead are more commonly aggregates 

of differing size, shape, and density.18  Aggregation is the result of surface interactions 

between particles, primarily governed by their surface charges.82  

Adsorption capacity and aggregation state, which are typically interdependent, are 

sensitive to the aqueous chemistry of the encompassing environment.  With the variable 

charge of surface hydroxyl groups, pH and ionic strength are primary determinants of iron 

oxide surface properties.  Due to the range of iron oxides studied and the inherent 

differences in physical properties, evidence has shown that adsorption capacity either 

increases, decreases, or remains the same as a function of pH.72, 83, 84  At pH values near 

the point of zero charge (generally between pH 6 and 9), iron oxide nanoparticles tend to 

aggregate due to lessened repulsive forces between particle surfaces.15  Increasing ionic 

strength induces aggregation and is most often attributed to a decrease in the electrical 

double layer thickness.85, 86  Particular attention to adsorption properties and aggregation 

state is necessary when studying transport or reactivity of iron oxide nanoparticles in 

environmental applications.87  

Nanoparticle mobility and accessible reactive surface area directly influence iron 

oxide adsorption capacity and reactivity in aquatic systems.  For example, recent 
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investigations have shown that open fractal or smaller aggregates of iron oxides are more 

stable and are capable of traveling longer distances in aquatic systems14 and that certain 

metal(loid) contaminants (i.e. Cu, As, and Zn) often associate with iron oxide phases found 

in acid mine drainage.88  As summarized in this section, aqueous conditions (such as pH 

and ionic strength) and iron oxide concentration both significantly affect nanoparticle fate 

and transport. 

Iron Oxide Suspensions in the Presence of NOM 

While there is an extensive literature describing iron oxide properties in aquatic 

systems, notable and recent work focuses on systems containing iron oxides in the presence 

of NOM.  In the 1980s, the primary focus was on the adsorption and desorption of NOM 

on iron oxide surfaces,89, 90 and the results of these works enabled elucidation of how NOM 

greatly alters the surface properties (such as electrophoretic mobility, zeta potential, and 

protonation state) of iron oxide particles.  To understand how NOM affects ion adsorption, 

adsorption of other molecules, and chemical reactivity of iron oxides, the surface 

interactions between NOM and iron oxides, as well as aggregation state, must first be 

examined. 

NOM Surface Interactions and Aggregation Effects 

NOM Adsorption 

Gu et al.38 summarized six possible mechanisms for NOM adsorption on mineral 

surfaces, which arise due to differences in chemical and structural features of both the 

NOM and the mineral surface (Figure 1).  They proposed the primary mechanisms for most 
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systems were electrostatic attraction and ligand exchange between the hydroxyl groups on 

the iron oxide surface and carboxyl or hydroxyl groups within the NOM.  This was verified 

through a combination of characterization techniques (quantifying adsorption/desorption 

by using total organic carbon analysis to quantify NOM in the aqueous phase, Fourier 

transform infrared (FTIR) spectroscopy, and nuclear magnetic resonance (NMR) 

spectroscopy) on a suspension of hematite and NOM. 

 

Figure 1.1: Schematic depicting the various adsorption mechanisms of NOM on mineral 

surfaces 

Nanoparticle properties, such as the fraction of protonation of surface sites, vary 

with solution conditions (pH, ionic strength, etc.) and result in dramatic differences in 

adsorption of NOM.  For instance, NOM with a greater hydrophobic content preferentially 

adsorbs onto an iron oxide rather than a clay mineral, particularly at a pH below the point 
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of zero charge of the mineral but above that of the clay (e.g., goethite vs. kaolinite,91 

hematite vs. muscovite92).   Furthermore, surface hydroxyl groups are a major adsorbent of 

NOM,38 and are more dense and distributed over the entire iron oxide surface whereas they 

are only located on the edges of clay particles.   Increasing pH decreases surface charge 

density, resulting in negatively charged iron oxide surfaces.  The change in surface charge 

decreases NOM adsorption capacity of the iron oxide and NOM adsorption is inhibited due 

to electrostatic repulsion and decreased ligand exchange between NOM acidic functional 

groups and iron oxide surface sites.  Adsorption edges as a function of pH collected with 

both humic93 and fulvic81, 94 substances support this trend.   

  The dynamics of NOM adsorption onto an iron oxide depend on several factors, 

especially NOM molecular weight.  In a study of adsorption onto hematite by Vermeer and 

Koopal, small fulvic acids initially adsorbed more compared to larger humic acids.95  After 

some time (12-14 hours), however, the ratio of adsorbed fulvic to humic acids favored the 

latter.  Similarly, size fractionation occurs due to the preferential adsorption of the larger 

(higher molecular weight) fraction of NOM under certain conditions.96-98  Zhou et al. 

described adsorption isotherms on goethite composed of three regimes of preferential 

adsorption, which was dependent on the molecular weight characteristics of a fulvic acid.98  

At low added NOM concentrations, most of the NOM adsorbed onto goethite (all high 

molecular weight molecules and most of the low molecular weight NOM) because there is 

little competition for unoccupied surface sites.  With increased NOM concentration, all 

high molecular weight NOM and a portion of low molecular weight NOM have adsorbed.  
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Some small molecular weight NOM remains in solution due to competition with high 

molecular weight NOM, which adsorbs preferentially, for goethite surface sites.  Finally, 

as the adsorption isotherm levels off at higher initial NOM concentrations, the larger NOM 

molecules have completely occupied the surface sites, leaving all the low molecular weight 

NOM molecules in solution because the number of total NOM molecules exceed the 

number of available surface sites.  The trend of preferential adsorption of large molecular 

weight NOM was observed recently for other systems, as well.99, 100 

In an effort to better characterize adsorption properties in the natural environment, 

McInnis et al. investigated the transport behavior of three different NOM fractions within 

an iron oxide-coated sand column, finding that transport time decreased for the largest 

fractions of NOM, which is in direct contrast to the previous studies.101  They hypothesized 

that compositional characteristics (i.e. hydrophobicity) of the NOM fraction (collected 

from the same water sample but via different extraction methods) overrode the effect of 

molecular weight.  Gu et al. also determined that the hydrophilic and hydrophobic acid 

content of NOM are important when considering adsorption capacity of the mineral, given 

the direct evidence by FTIR spectroscopy for interactions between carboxyl and hydroxyl 

functional groups with the iron oxide surface.38  Several later studies demonstrated 

preferential adsorption of the hydrophilic and hydrophobic acid components to iron oxide 

surfaces.39, 96, 102  Evanko and Dzombak provide evidence that increasing number of 

carboxylic groups present in NOM increases NOM adsorption capacity.103  Increasing 

initial NOM concentration (and, therefore, carboxylic groups) results in more NOM 
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adsorbed per unit mass of iron oxide. as was the case of a comparative study of magnetite 

and hematite, where a saturation limit was observed at and above humic acid 

concentrations of 150 mg/L.104  Avena and Koopal also observed increasing adsorption 

rates with higher initial humic acid concentration, due, in part, to increased carboxylic 

NOM moieties interacting with iron oxide surface hydroxyl groups.105 

Aggregation Effects 

The adsorption of NOM on an iron oxide impacts the surface charge density and, 

therefore, the aggregation state of the iron oxides in aquatic systems is influenced by the 

presence of NOM and should be considered when interpreting or predicting properties, 

including reactivity, of iron oxide particles.  In most aquatic systems, iron oxides (PZC ~ 

6 - 912) are positively charged while NOM is negatively charged.  As a result of these 

electrostatic differences, NOM adsorption and the resulting aggregation state are directly 

related to the amount and character of the NOM adsorbed.  In particular, the surface charge 

of the iron oxide is highly sensitive to even small amounts of adsorbed NOM (e.g., when 

aqueous concentrations are < 10 mg carbon/L),106 generally imparting a more negative 

surface charge and inducing aggregation to some extent.43, 93, 107  In one study, a 

concentration of 10 mg/L Suwannee River NOM was adequate to obtain negative zeta 

potentials at circumneutral pH (6 - 8).108  On the other hand, aggregation may be inhibited 

as the adsorption of NOM provides an organic macromolecular layer on the iron oxide.  

This process limits aggregation through electrostatic repulsion between the negatively-

charged macromolecular layers coating the nanoparticles.109, 110  The differences between 
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low and high NOM concentrations on goethite nanoparticle aggregation are highlighted in 

Figure 2.  At low concentrations, the charge neutralization promotes aggregation whereas 

high concentrations inhibits aggregation, which leads to steric stabilization and 

electrostatic repulsion. 

 

Figure 1.2: Representative cryogenic transmission electron microscopy (cryo-TEM) 

images of goethite nanorods suspended in 10 mM sodium bicarbonate buffer at pH 7 and 

either 2 or 50 ppm organic carbon (OC) of Suwannee River humic acid (SRHA). 

Generally speaking, the efficiency by which pollutant molecules degrade via 

reactions at the solid-liquid interface will be dependent on the stability of nanoparticles in 

the aqueous medium.111  Furthermore, sorbed NOM could be exploited for their impact on 

aggregation and colloidal stability of iron oxide nanoparticles as well as their chemical 

behavior towards other dissolved species.  Liu et al. demonstrated that a surface coating of 

humic acid improved the stability of magnetite nanoparticles in typical groundwater 

conditions, and these complexes could remove Hg(II), Pb(II), Cd(II), and Cu(II) from 
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water.112  Chekli et al. further argues that the coating of NOM onto iron oxide 

nanoparticles, inducing an aggregate stabilization effect and increased mobility, is a 

“green” alternative to the use of other synthetic surfactants or engineered systems.17 

Adsorption of Other Ions and Molecules Affected by NOM 

The adsorption of ions onto particle surfaces directly influences surface charge and, 

thus, aggregation.  Furthermore, the adsorption of reactive ions, such as Fe(II), enhances 

mineral redox reactivity.  Coadsorption of other species could, therefore, promote or inhibit 

reactive ion adsorption.  NOM, in particular, may perturb reactive ion sorption and deeper 

understanding of this phenomenon is required. 

 Mechanisms by which NOM could inhibit ion adsorption include ion complexation 

by NOM or preferential adsorption of NOM onto the surface.  Aqueous NOM molecules 

form complexes with common contaminant ions, such as Hg(II),113 Cu(II),114, 115 Fe(II) and 

Fe(III),116, 117 Ag(I),118 Ca(II),115 U(VI),119 under relevant environmental conditions.  This 

process lowers free ion activities and disrupts or limits their adsorption onto the mineral 

surface.  In rare cases, some cations have been shown to not complex with NOM, such as 

Cd(II).114  This process leaves free ion activities unchanged, and the ions either remain in 

solution or adsorb onto the mineral surface.  In the case of redox active ions, complexation 

with NOM could result in changes to the oxidation state that would alter adsorption to the 

particle surface.  NOM can act as an oxidizing or reducing agent and is oftentimes referred 

to as an electron shuttle.120, 121  Changes in oxidation state (e.g. Fe(II) → Fe(III), or vice 

versa) occurs through both abiotic and biotic processes and can be facilitated by NOM 
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and/or the particle surface.122-124  Should this phenomenon occur, changes in both surface 

charge (which affects aggregation state) and reactivity would be expected. 

In addition, NOM can both inhibit and promote ion adsorption onto iron oxide 

nanoparticle surfaces via competitive and co- adsorption, respectively.  Adsorption of 

NOM to the surface disrupts the adsorption of ions if the surface affinity of NOM is either 

comparable or greater than that of the ion of interest.  For example, Diagboya et al. 

concluded that competition of NOM with Cd(II) was greater than with either Cu(II) or 

Pb(II) on iron oxide-containing soil within 7 days of metal addition.125  They demonstrated 

both time and ion identity affect the role of NOM in ion adsorption.  This mineral surface 

site competition has also been observed for a variety of systems, including phosphate on 

goethite.126  Recently, Uwamariya et al.  revealed that fulvic acid demonstrated little to no 

effect on the adsorption of chromate and arsenate onto iron oxide-coated sand and granular 

ferric oxide at pH 6 – 8.127 

Numerous small organic molecules have similar functional groups (e.g., phenols, 

carboxylic acids) contained with NOM and thus may interact with nanoparticle surfaces in 

similar ways.  Competition for surface sites between organic molecules and NOM may be 

possible as well.  Most research in this area has used simple organic molecules with 

functional groups common to those inherent in NOM as models for elucidating the surface 

reactions of iron oxides in the environment.103  This is a more simplistic approach to 

monitoring particle surface interactions with NOM and generally lacks the environmental 

complexity compared to when natural NOM is used.  While the use of such models only 
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tell part of the story, these studies are essential to determine the molecular features of NOM 

that play key roles in environmental processes. 

Reaction Processes 

Mineral Transformation/Formation in the Presence of NOM 

Ferrihydrite is a poorly crystalline iron(oxy)hydroxide with an unknown chemical 

formula and structure.128-130  Due to its poor crystallinity, ferrihydrite readily transforms 

into other, more stable, iron(oxy)hydroxides, such as goethite and hematite.131  Ferrihydrite 

transformation to other iron oxides (e.g. goethite, lepidocrocite, and magnetite) is catalyzed 

by Fe(II) ions.62, 132-143  Zachara et al. demonstrated that silicon-doped 2-line ferrihydrite 

rapidly transforms (c.a. 3 hours) to lepidocrocite and magnetite forms after 30 days with 

increased Fe(II) concentrations.144  Transformation is impeded should the Fe(II) 

concentration be too low or the concentration of other adsorbing compounds (i.e. 

phosphate) too high.144, 145   

Few reports exist detailing mineral transformation with NOM.  When synthesized 

in the presence of Elliot Soil humic acid, Fe(II)-catalyzed ferrihydrite transformation yields 

primarily lepiocrocite.143  Furthermore, mineral transformation in the presence of Elliot 

Soil humic acid catalyzed by Shewanella putrefaciens (Strain CN32) yielded more diverse 

phase composition including unreacted ferrihydrite (major product), goethite, magnetite, 

and green rust (increased presence with increased carbon to iron ratios).146  High 

concentrations of Suwannee River fulvic acid (150 mg/L) completely inhibited ferrihydrite 

transformation, presumably due to slower rates of Fe exchange between the mineral Fe(III) 
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and aqueous Fe(II), while complete transformation to lepidocrocite and goethite was 

observed at lower NOM concentrations (25 mg/L).147 

Lepidocrocite (γ-FeOOH) is a thermodynamically less favored polymorph of 

goethite and is capable of phase transformation under appropriate conditions.148  No phase 

transformation of lepidocrocite was observed when both Fe(II) and Suwannee River fulvic 

acid (0, 25, and 150 mg/L) were present due to slow isotopic Fe exchange between 

lepidocrocite and aqueous Fe(II).147  Bioreduction of lepidocrocite by Shewanella 

putrefaciens (Strain CN32) in the presence of 20 mg/L Elliott Soil humic acid, Leonardite 

humic acid, Suwannee River fulvic acid, and Suwannee River humic acid resulted in the 

formation of green rust while addition of Pony Lake fulvic acid of the same concentration 

promoted the formation of magnetite and trace ferrous hydroxy carbonate.149  The 

physiochemical properties of Pony Lake fulvic acid are significantly different (lower 

aromaticity and average molecular weight) than the other four NOM standards, which 

would suggest that the specific chemical nature of NOM is a factor in the end 

transformation products. 

Effects of NOM on Contaminant Transformation 

There are very few reports detailing NOM effects on hydrolysis of organic 

contaminants by iron oxides.  Feitosa-Felizzola et al. concluded that the presence of 10 

mg/L Aldrich humic acid reduced the hydrolysis rate of two antibacterial agents 

(clarithromycin and roxithromycin) by a factor of 16 and 9, respectively, in the presence 

of ferrihydrite.150  The authors hypothesized that the slowed kinetics observed in the 
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presence of NOM was due to competitive adsorption to the mineral surface between NOM 

and antibacterial agents.  These results suggest that mineral reactivity would be reduced in 

natural environments as compared to the pure-iron oxide case. 

 Iron oxide nanoparticles more readily participate in the oxidation or reduction of 

organic compounds in environmentally-relevant systems.2-4  Oxidized contaminants are 

reduced by surface-adsorbed Fe(II) resulting in oxidative mineral growth and reduced 

contaminants are oxidized by mineral-bound Fe(III) and result in mineral dissolution.  In 

general, the presence of NOM inhibits the reduction of environmental contaminants (and 

oxidative mineral growth, Figure 3).  Pentachloronitrobenzene reduction slowed in the 

presence of Pony Lake and Suwannee River isolates and Fe(II)-iron colloid complexes in 

comparison to conditions without NOM.151  Nitrobenzene reduction inhibition by humic 

acid was dependent on the iron oxide mineral to which Fe(II) is bound: the inhibitory effect 

increased in the order of hematite, goethite, and magnetite.152  Further studies with 

nitrobenzenes and goethite nanoparticles suggest that inhibition is directly related to the 

concentration of NOM.  Increased SRHA concentrations resulted in lower aqueous Fe(II) 

concentrations and slower reduction kinetics of p-cyanonitrobenzene.153  The authors 

hypothesized that NOM prevented Fe(II) adsorption onto the mineral surface and/or 

oxidized or complexed with surface-bound Fe(II) and/or blocked the nitroaromatic 

compound from approaching surface-bound Fe(II).152, 153  Recent work suggests that NOM 

physiochemical properties, in addition to concentration, play key roles in the inhibition of 

contaminant reduction. 



 

20 

 

Figure 1.3: Model iron oxide nanoparticle with adsorbed NOM that either inhibit (left) or 

enhance via electron shuttling (right) the transformation of contaminant. 

Reductive dissolution of iron oxides are also oftentimes driven or influenced by the 

presence of NOM.  Oxidized NOM functional groups, such carboxylic acids, phenols, or 

hydroxyl species, can effect the reduction of surface Fe(III) to Fe(II) and thereby drive 

mineral dissolution (Figure 3).154-157  This is particularly important if the sulfide 

concentration is low, limiting the favorable reduction pathway of Fe(III) by H2S.158, 159  The 

reactive character of the organic matter, i.e., the amount and type of electron donating 

groups, therefore directly affects the rate of NOM-driven reductive dissolution.  Stumm 

and Sulzberger summarize redox couples and their reduction potentials typically 

participating in NOM-iron oxide dissolution reactions.160  NOM also participates in 

controlling reductive dissolution rates through surface interactions with the iron oxide 

mineral or via electron shuttling.  The capability to competitively adsorb on iron oxides 

and promote aggregation or disaggregation serves as an inhibitor or catalyst for these types 

of reactions (Figure 3).  Eusterhues et al. found that abiotic reduction rate of ferrihydrite 
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decreased with increasing amounts of humic acids, concluding that surface passivation by 

the organic matter leads to slower rates of mineral dissolution.161  The dynamic nature of 

NOM, however, means that there remains a narrow understanding of the multiple 

mechanisms by which NOM affects iron mineral dissolution in complex environmental 

systems. 

Future Research Directions 

This vast body of literature, along with the multitude of studies focused on different 

minerals and nanoparticles, highlights the importance of incorporating natural organic 

matter into laboratory-simulated environmental studies.  Iron oxide nanoparticles are some 

of the most commonly found minerals in the environment and yet there remain holes in our 

knowledge of iron oxide-natural organic matter interactions.  Limited work on mineral 

transformations and knowledge gaps in iron oxide reactivity leave unanswered questions 

as the bridge between laboratory and field studies continues to be explored.  Past work has 

demonstrated that the presence of NOM affects mineral transformations, although the 

complexity of NOM present, such as types and concentrations of NOM, has not yet been 

fully examined.  Applied techniques, such as extended X-ray absorbance fine structure 

(EXAFS) analysis, could resolve these open questions. 

On the other hand, it has been repeatedly demonstrated that NOM affects iron oxide 

reactivity towards ions, contaminants, and other organic molecules.  The focus has shifted 

now to unveil the mechanism by which NOM alters reactivity in these systems.  This 

includes detailed characterization of iron oxide–ion–NOM complex formation and the 
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dynamics of these complexes in environmental waters and iron oxide surface reactive sites 

in the presence of NOM.  Aggregation states, including the mechanism and kinetics of 

formation, reversibility, and their influence on reactive systems, could also be the direction 

of future research.  Fractal analysis and evolving aggregation studies from leading 

characterization techniques like cryogenic microscopy will assist in connecting 

aggregation and reactivity to field studies. 

 The fate and transformation of the NOM should also be explored.  Identification of 

the fractions of NOM that adsorb onto an iron oxide and quantification of the dynamics of 

structure and conformation of NOM during reaction will provide clues to the fate of NOM 

in the presence of iron oxides.  The conditions in which redox transformations of NOM are 

favorable and how that may alter their role in contaminant degradation should be 

highlighted.  Incorporation of techniques such as excitation-emission fluorescence 

spectroscopy, attenuated total reflectance-FTIR, atomic force microscopy,162 and the 

labeling of NOM with electron dense substances (to assist with characterization by 

microscopy) are some future directions to exploring the fate and transformation of NOM. 

 Despite the need for further exploration of iron oxide–NOM interactions, in 

addition to other minerals in general, it should be noted the impressive amount of 

contextual literature available today.  These studies have provided a basis for field 

scientists to explain environmental processes and search for solutions to global water 

issues. 
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Chapter 2: Goethite Nanoparticle Aggregation: Effects of Buffers, 

Metal Ions, and 4-Chloronitrobenzene Reduction 
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Summary 

Iron mineral systems are effective at transforming highly oxidized contaminants in 

natural and engineered systems. The rate at which the contaminant degrades may be 

influenced by the amount of available mineral surface area. This study used dynamic light 

scattering and cryogenic transmission electron microscopy to monitor changes in the 

aggregation state of goethite nanoparticles before and after reaction with 4-

chloronitrobenzene (4-ClNB). The effects of buffer identity, buffer concentration, and 

adsorbing metal identity on the goethite nanoparticle suspension characteristics and 

reactivity were monitored. Results demonstrate that buffers, which serve to hold pH nearly 

constant over the course of a reaction, are not benign additives in batch reactors. In fact, 

the identity and concentration of the buffer used strongly influences the rate of 4-ClNB 

degradation by surface-associated ferrous ion. Increasing buffer concentration resulted in 

more compact goethite nanoparticle aggregates, and slower 4-ClNB degradation was 

observed. In addition, the rate of degradation changed dramatically with changing buffer 

identity, with rates of reaction changing by an order of magnitude when switching from 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) to tris(2-hydroxyethyl)amine 

(TEA). Finally, of the three metal ions selected (Ca(II), Fe(II), and Co(II)), the addition 

and adsorption of the two transition metals resulted in a dramatic decrease in the average 

nanoparticle aggregate size. Furthermore, oxidation of the adsorbed Fe(II), via O2 or 4-

ClNB reduction, yielded decreases in zeta potential and increases in aggregate size. This 

work demonstrates that small changes in reaction parameters have a large effect on the rate 
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of contaminant degradation through changes in nanoparticle aggregation state. 

Introduction 

Groundwater is an important fraction of the water supply throughout the United 

States. In 2005, 20% of water used in the United States was withdrawn from groundwater.1 

Many oxidized organic compounds, including chlorinated solvents, nitroaromatic 

compounds, and pesticides are present as contaminants in groundwater.2,3 These chemicals 

have been designed with highly oxidized components in their structures, making them not 

only effective for their intended use but also stable in oxic environments. These compounds 

are frequently found as persistent contaminants in groundwater systems and, thus, pose an 

exposure risk to humans and wildlife.4–9 More than thirty years after the passage of the 

Comprehensive Environmental Response, Compensation, and Liability Act (i.e. 

Superfund), groundwater contamination still presents a challenge, in terms of remediation 

and the return of water resources to unrestricted use.10 While stability in oxic environments 

facilitates the transport of pollutants between soil and groundwater phases, the presence of 

oxidized functional groups suggests that reduction provides a means for the breakdown or 

remediation of these compounds.  

In groundwater, a reductant known to reduce oxidized contaminants is Fe(II) 

associated with an iron mineral surface. Iron oxides such as ferrihydrite, goethite, 

magnetite, hematite, and lepidocrocite are ubiquitous in the environment and readily adsorb 

Fe(II) ions.11 Degradation reactions of oxidized pollutants have been shown to be both 

efficient and rapid in these systems.12–19 This is due to the formation of reactive capacity 
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after association of the Fe(II) ions with the iron mineral.20,21 The amount of adsorbed 

Fe(II),13,16,22 suspension pH,13,16,23,24 and the adsorption of other constituents12,18,19,22,25–27 

each affect the formation of reactive sites and dramatically alter the rate of contaminant 

reduction. 

The number of reactive sites is directly related to specific surface area. Surface area 

increases with decreasing particle size, which means, on a mass normalized basis, the 

smallest mineral nanoparticles will contribute the most surface area.28 Nanoparticles, 

however, are highly susceptible to aggregation, which can physically block access to 

reactive sites. This effect was shown by Vikesland et al.,29 who demonstrated that by 

increasing the ionic strength of the suspension, magnetite nanoparticles aggregated, and 

the observed rate of carbon tetrachloride loss decreased. 

The goal of this research is to elucidate the link between the aggregation state of 

iron oxide nanoparticles and their reactivity. Such nanoparticles may be present naturally11 

or introduced in an engineered remediation scheme.30–33 4-Chloronitrobenzene (4-ClNB) 

was selected as a model contaminant due to its previous use as a probe compound34–39 and 

its nitro group represents relevant classes of environmental contaminants (explosives and 

pesticides).40 

In addition to measuring kinetics of pollutant degradation, this study investigates 

changes in nanoparticle aggregation in situ by using dynamic light scattering (DLS) and 

cryogenic transmission electron microscopy (cryo-TEM). DLS measures the intensity of 

scattered light from suspended objects, enabling dynamic assessment of aggregation state. 
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The working hypothesis is that larger aggregates will have more points of internal contact 

and thus, less surface area accessible to the surrounding solution for the degradation of 

environmental contaminants. An alternative hypothesis is that electron shuttling from one 

primary crystallite to another may result in faster kinetics than expected based on accessible 

surface area.41,42 Cryo-TEM enables the direct imaging of vitrified samples, which can be 

collected at any point during a reaction and thus serve as snapshots of the aggregation state 

during an experiment. Together, DLS and cryo-TEM enable quantitative characterization 

of aggregation state before, during, and after reaction. 

Experimental 

Chemicals 

All aqueous solutions were prepared with ultrapure water (18 MΩ cm resistivity, 

Milli-Q, Millipore). NaHCO3 (Sigma-Aldrich, 99.7–100.3%) and Fe(NO3)3·9 H2O 

(Aldrich, 98+%) were used in the synthesis of goethite nanoparticles. 3-(N-

morpholino)propanesulfonic acid (MOPS, Sigma-Aldrich, ≥99.5%), 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich), and Tris(2-hydroxyethyl)amine 

(TEA, Baker Analyzed Reagent, >99.0%) were adjusted to pH 7 with HCl (BDH Aristar) 

or NaOH (Mallinkrodt Chemicals, 99%), vacuum filtered, and deoxygenated by nitrogen 

sparging (Matheson, grade 99.9998%). 4-chloronitrobenzene (4ClNB, 99%) was obtained 

from Acros Organics. Acetonitrile (HPLC grade) and ammonium acetate (Fluka 

Analytical, HPLC, ≥99.0%) were used in high pressure liquid chromatography (HPLC) 
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analysis. FeCl2·4H2O (Fisher Scientific, 101.0%), CoCl2 (Mallinkrodt Chemicals, 98.8%), 

and CaCl2 (Fisher Scientific, 99%) were used to prepare metal ion solutions. 

Goethite Nanoparticle Synthesis 

Goethite nanorods were synthesized by Chun et al.34 Particle size distribution and 

X-ray diffraction pattern of the synthesized particles are provided in Appendix A. 

4-ClNB Degradation Reactions 

Experiments were carried out in 50 mL serum bottles and were prepared in an 

anaerobic chamber (Coy Laboratory Products, 5% H2/95% N2) and sealed with a PTFE-

lined aluminum crimp cap. Reactors contained approximately 0.325 g L−1 goethite 

nanoparticles and deoxygenated pH 7 MOPS, HEPES, or TEA buffer. The reactor was 

removed from the anaerobic chamber, sonicated on ice for two hours (AquaSonic 150HT, 

VWR Scientific), and returned to the anaerobic chamber. The solutions of 1.0 M CoCl2, 

CaCl2, and acidified FeCl2 were prepared in the glove bag and added to the serum bottle to 

yield a final concentration of 1.0 mM of the desired cation. The suspension was stirred 

along the longitudinal axis of the serum bottle on a magnetic stir plate (IKAMAG 

RO10power, IKA Works Inc.) and allowed to equilibrate for approximately 18 hours. The 

serum bottle was wrapped in aluminum foil to prevent degradation by photolysis. To 

initiate an experiment, a deoxygenated methanolic solution of 4-ClNB was added to the 

reactor to yield an initial concentration of 100 μM.  

At desired reaction times, 0.5 mL samples of the suspension were filtered with a 

0.2 μm nylon membrane. The concentration of 4-ClNB was quantified by an Agilent 1100 
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Series system equipped with an ultraviolet detector. A 20 μL sample was injected onto a 

Zorbax SB-C18 column (4.6 mm × 150 mm, 5 μm). The 70 : 30 acetonitrile : ammonium 

acetate (10% v/v acetonitrile/ammonium acetate 1 g L−1, pH 7) mobile phase was operated 

at a flow rate of 0.7 mL min−1 for a total separation time of 7 minutes. The absorbance at 

254 nm was monitored. The retention time of 4-ClNB was 4.42 minutes, and 4-

chloroaniline (the ultimate degradation product of the reduction) eluted at 3.22 minutes. 

Nanoparticle Characterization 

XRD 

Nanoparticle composition was analyzed by XRD using a PANalytical X-Pert PRO 

MPD X-ray diffractometer equipped with a cobalt source, iron filter, and an X-Celerator 

detector over the range 20–105° 2θ at a scan rate of 0.0235° per second with an effective 

90 seconds per step. The resulting patterns were compared to the reference powder 

diffraction files (PDFs) of ferrihydrite (#29-0712), magnetite (#19-0629), and goethite 

(#29-0713). 

Zeta Potential 

A 2.5 mL sample of prepared goethite suspension was removed from the anaerobic 

chamber and placed in a Brookhaven Instruments Corporation ZetaPALS Zeta Potential 

Analyzer 90Plus/BI-MAS Multi Angle Particle Sizing Option DLS instrument where the 

zeta potential was measured. Data collection parameters consisted of: 5 runs of 20 cycles 

each, estimated sample size of 3000 nm, sample concentration of 0.32 mg mL−1, 25 °C, 

aqueous suspension, pH 7, and Smoluchowski zeta potential model. 
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DLS 

A 2.5 mL sample of goethite suspension was transferred to an air-tight quartz 

cuvette inside the anaerobic chamber from a prepared reactor prior to 4-ClNB introduction. 

The sample was removed from the chamber and placed into the DLS instrument where the 

hydrodynamic diameter was continuously measured for approximately 30 minutes. To 

make measurements during reaction, the 4-ClNB solution was injected into the cuvette and 

the hydrodynamic diameter was measured for an additional 30 to 60 minutes. Run 

parameters consisted of triplicate measurements of a sequence of 9 runs (20 second run 

duration, total analysis time of 9 minutes), a dust filter value of 500, the assumption that 

the particles are thin shells, sample temperature of 25 °C, laser wavelength of 657 nm, and 

a detection angle of 90°. Every 9 minutes, the cuvette was taken out of the instrument and 

gently inverted twice to prevent particle sedimentation. The hydrodynamic diameters 

reported are the number-based mean diameter of the aggregates. Reported pre-reaction 

sizes are the average and standard deviation over the first 30 minutes while the post-

reaction sizes are the final average hydrodynamic diameter recorded after 4-ClNB addition, 

unless noted otherwise. 

Cryo-TEM 

Approximately 3 μL of goethite nanoparticles suspended in MOPS buffer was 

applied to a 3 mm 200-mesh lacey carbon coated copper grid (SPI Supplies). The grid was 

blotted with filter paper in a 100% humidity environment for 2 seconds to create a thin film 

of suspension inside a controlled humidified chamber (Vitrobot Mark IV, FEI Company). 



 

31 

The grid was plunged into a well of liquid ethane and transferred under liquid nitrogen to 

a cryo-TEM holder and analyzed by a FEI Technai F30 TEM. Images were analyzed using 

ImageJ 1.44p equipped with additional plugins from the MBF ImageJ for Microscopy 

Collection. Angles between adjacent particles were measured and counted for each 

aggregate to determine the frequency of side-to-side contacts. The particle density was 

determined by enclosing the aggregate in a polygon in which all corners pointed out, 

converting the image to black (background) and white (nanoparticles), and counting the 

number particle pixels in relation to the number of total polygon pixels. Results for each 

concentration are reported as the average of six representative images. 

Results and Discussion 

Crucial to continued work in this area is consistency in experimental work so as to 

facilitate meaningful comparisons between laboratories. A survey of a sampling (78 in 

total) of recent research articles in the field (Figure 2.1)12–17,19–26,29,34–36,38,39,43–100 

demonstrate substantial variation in the preparation of reactors for degradation reactions of 

environmental contaminants. Variations include buffer type, the order in which reagents 

(buffer, mineral, Fe(II), contaminant) are added, the number of equilibrations upon addition 

of reagents, the length of time allowed for equilibration, and number and identity of 

constituents present during each equilibration step. Buffer concentrations ranged from 0.4 

to 100 mM, a mean of 32 mM, and median of 25 mM (with one extreme outlier of 1 M 

excluded from this analysis). Small differences in reaction conditions may be largely 

irrelevant or may fundamentally change the properties of the nanoparticle suspension such 
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that comparisons of datasets become impossible. A goal of this work was to evaluate a 

subset of potentially important batch reactor variables so as to determine which variables 

of the experimental protocol do and do not facilitate quantitative and qualitative 

comparisons of reactivity in goethite nanoparticle systems. 

 

Figure 2.1: Graphical representation of iron mineral reactor preparation parameters from 

a sampling of 78 research articles. The buffer identity used in each study (note that the total 

exceeds 78 as multiple studies used various buffers) and the number of steps with 

equilibration periods in which the constituents are added (insert) were summarized to show 

the variation in procedures applied. 

Goethite Particle Characteristics 

The goethite particles employed here had dimensions of 63.7 ± 22.9 nm by 8.9 ± 

3.9 nm as measured by TEM and surface area of 136.8 m2 g−1 as measured by N2 adsorption. 

The mineral identity was confirmed by X-ray diffraction. Additional details are in 

Appendix A (Figure A1, Table A1, and Figure A2). 
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Buffer Concentration and Metal Ions: Pre-Reaction 

Aggregate sizes (from DLS) and zeta potentials (a surrogate for surface charge) in 

MOPS buffer before and after divalent metal ion addition are summarized in Table 2.1. In 

20 mM MOPS buffer, the primary goethite particles form large aggregates. The value 

obtained using DLS, approximately 3000 nm, is near the upper limit for the DLS 

instrument, which means we can conclude only that the aggregates are large. However, the 

data point provides a basis for comparison to other conditions. 

The concentration of buffer present within a reaction system affects aggregation of 

the goethite nanoparticles. The effect of buffer concentration was tested in the presence of 

1 mM Fe(II) but prior to 4-ClNB addition. MOPS buffer was selected for the buffer 

concentration experiments due to its frequency of use in past studies (Figure 2.1).17,26,36 A 

general upward trend in aggregate size was observed via both DLS (Table 2.1) and cryo-

TEM (Figure 2.2) with increasing buffer concentration. For cryo-TEM analysis, goethite 

suspensions in 10, 20, and 50 mM were selected (6 images per concentration), and the 

images suggest that the average aggregate size is similar in 10 and 20 mM MOPS, but there 

is a significant size increase observed for goethite suspended in 50 mM MOPS. Despite 

the marked differences in size, the average aggregate density was statistically similar across 

all three buffer concentrations. Additional aggregate analysis revealed that a majority 

(>50%) of all nanoparticle contacts within an aggregate occurred along the major 

nanoparticle axis (Figure 2.2; complete TEM analysis results in Appendix A, Figure A3). 

Previous results have demonstrated that the goethite {021} are the reactive surfaces, which 



 

34 

could mean that such side-by-side contacts may not significantly affect accessible, reactive 

surface area.34 Finally, zeta potential measurements clearly demonstrate a dramatic drop in 

surface charge as a function of increasing MOPS concentration. This parallels the increase 

in aggregate size as observed by DLS. With the observation that many of the particle–

particle contacts occurs along the long-axis of the nanocrystals, one could hypothesize that 

MOPS molecules primarily adsorb onto the 110 type surfaces, resulting in a drop in surface 

charge for those surfaces. At pH 7, the particles are clearly positively charged, and the 

adsorption of deprotonated, negatively charged MOPS molecules results in a net drop in 

surface charge. If that drop in net charge primarily occurs via the 110 type surfaces, then 

aggregation across those surfaces may be promoted. Alternatively, MOPS may primarily 

adsorb onto the nanocrystal tips, resulting in steric repulsion between the tips, which could 

effectively promote aggregation in a side-by-side configuration. 
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Table 2.1: Goethite aggregate sizes and zeta potentials measured using dynamic light scattering  

MOPS 

Concentration 

(mM) 

Goethite only Goethite + 1 mM Fe(II) Goethite + 1 mM M(II) 

Diameter(nm) 
Zeta potential 

(mV) 

Diameter 

(nm)a 

Zeta potential 

(mV) 
Diameter (nm)b 

Zeta potential 

(mV)b 

5   96 ± 4 46   

10   71 ± 4 42   

20 3055d ± 1055c 30.9 ± 2.4c 260 ± 64 32 

Fe(II):  240,  180 

Co(II):180, 170 

Ca2+: 2300, 1700 

41, 38 

42, 41 

22, 27 

30   500 ± 150 17   

40   640 ± 130 15   

50   980 ± 540 9   
aErrors represent standard deviation from three measurements on a single sample  

bFor each pair of numbers, the first a measurement taken when the metal was added after the goethite and MOPS buffer had 

equilibrated for 18 hours (Sample I) and the second is the measurement take when the metal was added after the goethite and MOPS 

buffer had equilibrated for 36 hours (Sample II) 
cAverage and standard deviation of nine separate preparations of goethite in 20 mM pH 7 MOPS 
dBeyond the upper quantitative detection limit of the instrumentation
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[MOPS] 

(mM) 

Average Length 

(nm) 

Average Density 

(%) 

Average Side to Side 

Contacts (%) 

10 370 ± 110 37 ± 10 66 

20 340 ± 71 35 ± 8 49 

50 1100 ± 340 45 ± 5 55 

Figure 2.2: Representative cryo-TEM images of goethite aggregates before the reaction in 

MOPS buffer at concentrations of 10 mM (left), 20 mM (middle), and 50 mM (right). The 

table summarizes the size measurements, nanoparticle density calculations, and 

quantification of side to side nanoparticle contacts at each concentration (detailed image 

analysis results are included in Figure A3). 

Three M(II) ions were selected to determine their effect on goethite nanoparticle 

aggregate size and surface charge in 20 mM MOPS before the addition of 4-ClNB (Table 

2.1). Two goethite suspensions were prepared for each metal ion. Both sample I and II 

were prepared in the same manner, except that the metal ion addition was delayed by 18 

hours for sample II. The hard metal ion, Ca(II), did not significantly alter either the 

aggregate diameter nor surface charge of nanoparticles. The small change observed in zeta 

potential is consistent with limited adsorption of Ca(II) onto the iron mineral surface. Upon 

addition of the transition metal ions Fe(II) and Co(II), however, nanoparticle aggregation 

dramatically decreased and zeta potential increased, which is consistent with adsorption of 

these cations onto the mineral surface, ultimately resulting in dispersal of the particles. 
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Both trends hold for delayed addition of metal ions as demonstrated by the sample II series. 

Overall, these results are consistent with expectations regarding the effect of surface charge 

on particle stability. 

MOPS Concentration: Effect on Aggregate Size and Reaction Rates 

Figure 2.3 shows both the rate constant for 4-ClNB degradation and the average 

pre-reaction aggregate size (determined by DLS and cryo-TEM) versus concentration of 

MOPS buffer. The maximum rate constant is observed for reactors containing 20 mM 

MOPS, and the rate constant decreases with further increases in buffer concentration. For 

MOPS concentrations less than 20 mM, the reaction rate decreased as the buffer 

concentration decreased. At 5 mM MOPS, the pH was less stable during the equilibration 

step and throughout the reaction, with the pH dropping by nearly one-third of a pH unit 

during equilibration and one-half a pH unit after reaction with 4-ClNB (Table A2). In 

contrast, at MOPS concentrations of 10 mM and higher, the pH dropped by one-tenth or 

less of a pH unit during the equilibration step. After reaction, the pH dropped by an 

additional tenth of a pH unit in the case of 10 mM MOPS reactor while the pH remained 

quite stable for MOPS concentrations of 20 mM and higher. The zeta potential 

measurements demonstrate a substantial difference between the 5, 10, and 20 mM MOPS 

reactors prior to addition of the 4-ClNB, most notable is the difference between the 10 and 

20 mM reactors. This will influence the kinetics because the sorption of Fe(II) is strongly 

pH dependent at circumneutral pHs and because the reduction of the aromatic nitro group 

is dependent on pH.37,39,101 Conversely, at buffer concentrations at and above 20 mM, the 
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buffering capacity is sufficient to maintain a pH of 7 throughout the reaction. Thus, we 

conclude that the results demonstrating decreased reactivity with increasing aggregate size 

is consistent with a loss in accessible surface sites for 4-ClNB degradation at the higher 

MOPS concentrations. In contrast, the lower MOPS concentrations do not provide 

adequate pH stability through the course of the reaction. Indeed, examination of the 

literature for results tracking ferrous ion adsorption to goethite, in combination with results 

from our laboratory using related conditions, demonstrates that the pH range of 6–7 is 

critical, with steep changes in ferrous ion adsorption as a function of modest changes in 

pH.75,102–108 

 

Figure 2.3: Average aggregate hydrodynamic diameter of goethite nanoparticles with 1.0 

M Fe(II) before reaction as a function of MOPS concentration as determined by DLS and 

cryo-TEM measurements (left axis).  Observed rate of 4-ClNB degradation is plotted for 

each of the studied buffer concentrations and are connected by a line for ease of reading 

(right axis). 
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Buffer Identity: Effect on Aggregate Size and Reaction Rates 

Buffers are commonly used to maintain a constant pH during a reaction, but their 

presence can result in substantial changes in aggregation state and surface chemistry,25 as 

seen in Table 2.1 for MOPS. Goethite nanoparticles suspended in solutions containing 1 

mM Fe(II) and HEPES buffer were the most dispersed before reaction with 4-ClNB, and 

the aggregate sizes were 3–5 times larger for analogous suspensions prepared using MOPS 

and TEA buffers (Table 2.2). The zeta potentials, however, are similar for goethite particles 

in solutions prepared with the three buffers, indicating that the size differences are caused 

by a buffer-specific effect. In all cases, the introduction of 4-ClNB leads to a dramatic 

increase in size, accompanied by a decrease in zeta potential, and aggregate sizes after 

reaction in HEPES buffer were 3–5 fold smaller than in MOPS or TEA (Figure 2.4; Table 

2.2). 
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Table 2.2: Table displays the buffer molecular structure at pH 7 (and relevant pKa), the average nanoparticle aggregate size before the 

addition of 4-ClNB over the entire collection period (±SD), the average aggregate size over the 30 minutes after 4-ClNB addition (±SD), 

and the observed rate of 4-ClNB degradation (±95% CI)  

Buffer pKa 

% in 

neutral 

amine form 

at pH 7 

Pre-rxn size 

(nm) 

Pre-rxn 

zeta 

potential 

(mV) 

Post-4-ClNB 

spike size 

(nm) 

Post-4-ClNB spike 

zeta potential 

(mV) 

kobs, 4-ClNB 

(min-1) 

 
MOPS 

7.2 38.7 230 ± 37 38 4300a ± 2200 33 0.056± 0.001 

 
HEPES 

7.6 20.1 72 ± 2 41 770 ± 340 38 0.091 ± 0.005 

 
TEA 

7.8 13.7 340 ± 39 41 2400 ± 720 34 0.009 ± 0.001 

aBeyond the upper quantitative detection limit of the instrumentation 
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Figure 2.4: Observed changes in the average hydrodynamic aggregate diameter upon 

injection of methanolic 4-ClNB into an Fe(II)-goethite suspension with 20 mM MOPS, 

HEPES, or TEA buffers as reported by DLS.  Time zero represents 4-ClNB injection time, 

thus pre-reaction samples are given a negative time value.  The dashed line at 3000 nm 

represents the upper quantitative detection limit of the instrumentation. 

The observed differences in aggregate size may be explained by both the molecular 

and electronic nature of each buffer. At pH 7, the sulfate group on both MOPS and HEPES 

molecules is deprotonated, which allows for electrostatic interaction with the positively 

charged goethite surface. Because the zeta potential is similar for particles in all three 

buffers before the reaction, this suggests that pH and surface Fe(II), rather than buffer 

identity drives surface charge, and differences in aggregate size are intimately linked with 

the nature of the buffer molecules. If the sulfonate group is associated with the nanoparticle 

surface, the remainder of the molecule may act as a physical inhibitor to nanoparticle 

aggregation. The smaller nanoparticle aggregates suspended in HEPES buffer may be 
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explained by steric hindrance because the HEPES molecules are larger. Another possibility 

is that the deprotonated amine group on the buffer sorbs to the surface, resulting in a net 

decrease in surface charge. The greater degree of aggregation in MOPS would then be due 

to greater adsorption, because more of the amine is deprotonated at pH 7 as compared to 

HEPES. (Attempts to quantify buffer sorption were unsuccessful.) Unlike MOPS and 

HEPES, TEA molecules are predominantly positively charged at near-neutral pH and thus 

unlikely to be sorbed onto the positively charged goethite surface. As such, the 

nanoparticles are more likely to form larger aggregates in TEA than in solutions containing 

MOPS or HEPES. 

While buffers such as MOPS, HEPES, and TEA enable adequate maintenance of 

pH, their presence is not passive with regard to mineral surface reactivity. The reduction 

of the nitro group to the amine requires the consumption of protons and the buffers provide 

a continuous source throughout the degradation process. The buffer identity, however, 

greatly affects the aggregation state of the goethite nanoparticles before the reaction with 

4-ClNB is initiated. Thus, trends can be compared, but quantitative comparisons remain 

challenging with different buffers and buffer concentration. 

Results tracking the reduction rate of 4-ClNB for reactors prepared with each of the 

three buffers are also reported in Table 2.2. The reaction is pseudo-first order in all buffers 

examined, and the rate in HEPES buffer solution is approximately 1.5 and 10 times faster 

than that in MOPS and TEA buffer solutions, respectively. This parallels the pre-reaction 

size trend. The largest aggregates (suspended in TEA) would be expected to have the 
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smallest accessible surface area and the slowest rate of contaminant degradation, and the 

smallest aggregates (suspended in HEPES) would be expected to have the largest amount 

of accessible surface area and the fastest rate of degradation. Generally, the average 

hydrodynamic diameter increased dramatically upon injection of 4-ClNB dissolved in 

methanol (Table 2.2; Figure 2.4). Greater size variation was observed when the 

nanoparticles were suspended in MOPS buffer (even considering that any value greater 

than 3000 nm is above the linear detection limit of the instrument). The variation in size is 

likely caused by turning the cuvettes over to re-suspend the settling particles. In the case 

of MOPS, the large variations may indicate breaking apart of loosely formed aggregates. 

Thus, the true size of the largest aggregates is difficult to quantify by DLS. It can be 

concluded, however, that the nanoparticle aggregates are dynamic throughout the 

degradation process and that the buffer greatly affects the average aggregate size and 

reactivity. 

Metal Identity: Effect on Aggregate Size During Reaction with 4-ClNB and Oxygen 

4-ClNB degradation was only observed in the Fe(II)-goethite system (Figure A4). 

Reaction in the presence of Ca(II) was neither expected nor observed (data not shown), 

because Ca(II) is redox inactive. Co(II) is redox active, but the reduction of the aromatic 

nitro group was essentially zero over the first 45 minutes (the time period over which 

substantial 4-ClNB reduction occurred with Fe(II)) and significant loss of 4-ClNB by 

HPLC analysis was not detected until ca. 24 hours.  
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Upon the addition of methanolic 4-ClNB to goethite nanoparticle suspensions, the 

identity of the adsorbed metal ion impacted the aggregation state (Table 2.3). Goethite 

nanoparticles suspended with dissolved Co(II) remained well dispersed throughout the 

entire experiment (constant zeta potential), but no significant degradation of 4-ClNB, 

despite the hypothesized redox activity of Co(II) in this system, was observed. In contrast, 

goethite nanoparticles suspended in a solution containing Fe(II) remained well dispersed 

until the addition of the methanolic 4-ClNB, after which a substantial decrease in zeta 

potential and increase in aggregate size were observed as the 4-ClNB reacted. The drop in 

zeta potential in the Fe(II)-goethite system (from 38 mV before introduction of 4-ClNB to 

the system to 33 mV after) results from the oxidation of Fe(II) to Fe(III), and incorporation 

of the Fe(III) into the mineral phase as FeOOH thus reducing the surface charge. To see if 

the same effect would be observed with another oxidant, the systems were exposed to 

oxygen rather than 4-ClNB. For Fe(II), exposure to oxygen also results in increasing 

aggregate size and decreased zeta potential (Table 2.3; Figure A5). Thus, oxidation of the 

Fe(II) clearly contributes to the observed increase in nanoparticle aggregate size. Co(II) is 

not oxidized under these conditions, and there are no changes to either the goethite 

aggregate size or surface charge. 

Conclusions 

The size of goethite nanoparticle aggregates is dramatically reduced by adsorption 

of a transition metal ion, which imparts a positive charge to the surface. Only Fe(II) was 

found to promote the degradation of 4-ClNB, and oxidation of the added Fe(II) by 4-ClNB 
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or oxygen resulted in increased aggregation. The different oxidants (atmospheric oxygen, 

pure oxygen, or 4-ClNB reduction) all led to increases in aggregation state. Thus, it appears 

that the oxidant identity is not a factor in aggregate size increase, but rather the fact that 

oxidation occurs.  

Results also demonstrate aggregation state of goethite nanoparticles is affected by 

the chemical conditions in the reactor which in turn affects reactivity with contaminants. 

The buffer selected to maintain reactor pH and the buffer concentration used both alter the 

average nanoparticle size and, by extension, the surface area available for 4-ClNB 

degradation. Both the electronic and structural nature of the buffer molecule can explain 

the observed trends of both the goethite aggregate size and observed rates of 4-ClNB 

degradation. Zwitterionic buffers with spatial charge separation are better at preventing 

nanoparticle aggregation and yield faster rates of degradation than buffers with only a 

central positive charge. 

In addition, the concentration of the buffer played a role in both the aggregation 

state and, to a greater extent, the rate of 4-ClNB degradation. At high buffer concentrations, 

the aggregates were larger and more densely packed on average (due to buffer association 

with the surface as evidenced by changes in zeta potential) than those suspended in lower 

buffer concentrations. This increase in packing is the hypothesized source of the decreased 

rate of 4-ClNB degradation. If the buffer concentration was not sufficient to maintain a 

stable pH, effects on the extent of Fe(II) sorption, and thus reactivity of the nanoparticles 

were observed. These dramatic effects of buffer identity and concentration on aggregation 
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state and degradation rate calls into question the appropriateness of using biological buffers 

within batch reactors to simulate the reactivity of nanoparticles in natural aquatic systems. 

It appears that if it is desired to it will be necessary to use carbonate buffer to understand 

how nanoparticles react and aggregate in the environment. 
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Chapter 3: Impact of Pahokee Peat Humic Acid and Buffer Identity 

on Goethite Aggregation and Reactivity 
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Summary 

Natural organic matter (NOM) has been shown to strongly influence both reactions 

occurring at the solid-liquid interface and particle aggregation.  Ferrous iron bound to iron 

oxides, such as goethite, can serve as a reductant towards environmental contaminants.  

Little is known, however, about how NOM affects reactivity and aggregation of iron oxide 

nanoparticles in aqueous conditions.  Here, the rate of 4-chloronitrobenzene (4-ClNB) 

reduction is used to assess the reactivity of Fe(II) on goethite, and this reactivity is tracked 

as a function of increasing NOM concentration, using either 3-(N-

morpholino)propanesulfonic acid (MOPS) or bicarbonate buffer at pH 7.  Pahokee Peat 

humic acid (PPHA), extracted from an agricultural peat soil, was selected to simulate the 

NOM present in groundwater.  Generally speaking, the 4-ClNB degradation rate decreases 

with increasing PPHA concentration. Characterization of the goethite nanoparticles after 

repeated cycles of 4-ClNB degradation demonstrated that oxidative crystal growth 

occurred mainly along the goethite c-axis, reaction rates progressively slowed with each 

cycle, and no new phases precipitated. Finally, bicarbonate buffer, a model for 

groundwater, dramatically affects both aggregation and reaction rates, with reaction rates 

an order of magnitude slower and aggregates substantially larger than observed in 

suspensions prepared using MOPS. 

Introduction 

Some highly oxidized contaminants, such as pesticides and industrial chemicals, 

are transformed to less harmful chemicals by reductive pathways.  Two forms of ferrous 
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iron, structural iron within a mineral and surface-bound Fe(II), serve as effective reductants 

towards a broad range of such highly oxidized contaminants.  Reductive degradation 

reactions involving the oxidation of surface-bound Fe(II), which binds due to complexation 

of Fe(II) with mineral surface hydroxyl moieties, are more rapid than with dissolved 

Fe(II).1-10 Commonly studied contaminants include metal cations,11-13 halogenated organic 

compounds,1-6, 14-16 and nitroaromatic compounds.17-22   

The reactivity of mineral bound, redox active species is strongly sensitive to 

solution conditions.  The presence and concentration of Fe(II),2, 5, 23 suspension pH,2, 5, 24, 

25 buffer identity,26 and extent of adsorption of other species1, 7, 8, 23, 26-28 impact the 

reactivity of mineral bound Fe(II).  In addition, the physical and chemical properties (e.g. 

mineral identity29, 30 and size31, 32) of the mineral play important roles in reactivity.  

Recently, reduced reactivity has been directly linked to mineral particle aggregation.  For 

example, work by Vikesland et al. demonstrated that aggregation of magnetite particles 

increased with increasing ionic strength, which was accompanied by decreased rates of 

reductive degradation of carbon tetrachloride.31  They hypothesized that the total reactive 

surface area decreased upon aggregation, causing the rates of degradation to slow.31  The 

detailed arrangement of crystallites in an aggregate is also an important consideration.  

Aggregation that involves direct contact between the most (or least) reactive surfaces could 

result in substantial loss (or no change) in overall reactivity.  Furthermore, reactivity likely 

drops substantially with increasing density of aggregates, because transport of reactive 

species to crystal surfaces residing at the interior of the aggregate would be inhibited.   
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Natural organic matter (NOM) consists of macromolecules formed from the 

decomposition of biomaterial, and the amount present within an environmental system 

varies from one system to the next, as well as spatially or temporally within a single system.  

NOM has been shown to play complex roles in the reductive degradation of environmental 

contaminants in aqueous systems. The presence of NOM may dramatically increase rates 

of contaminant degradation by serving as an electron transfer mediator because it 

undergoes oxidation-reduction cycles.33   In contrast, the presence of NOM may 

dramatically decrease reaction rates by several mechanisms, such as by adsorbing onto the 

surface of the iron-bearing mineral34-38 and blocking surface sites from taking up Fe(II).23  

In addition, rates decrease when NOM prevents interaction between the contaminant and 

the adsorbed Fe(II) or when NOM oxidizes or complexes either aqueous or adsorbed 

Fe(II).23   

Recent work has demonstrated that NOM causes changes in iron oxide nanoparticle 

aggregation39, 40 as well as aggregation of engineered nanoparticles.41-46  For example, the 

addition of Suwannee River fulvic acid to aqueous suspensions of titanium dioxide 

nanoparticles (pH 8) decreased aggregate size.47  Furthermore, the impact of NOM on 

aggregation state depends on concentration.  At low concentrations (ca. 2-10 mg/L) of 

Suwannee River humic acid, large aggregates of titanium dioxide46 and iron oxide39 were 

observed, but disaggregation was observed at high concentrations.  From a mechanistic 

point of view, NOM could result in increased reaction rates by increasing accessible 

surface area or by serving as an electron shuttle between surface-bound species and 
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dissolved species or could result in decreased reaction rates by blocking reactive surface 

sites or decreasing accessible surface area. 

Here, we present results tracking goethite aggregation and rates of 4-

chloronitrobenzene (4-ClNB) reduction by surface-bound Fe(II) as a function of the 

concentration of Pahokee Peat humic acid (PPHA) in aqueous suspension at circumneutral 

pH.  PPHA was selected because it was collected from an agricultural peat soil and thus 

serves as a surrogate for the NOM present in groundwater.  For facile comparison to 

previous work,48 synthetic goethite nanoparticles and 4-ClNB were selected as the model 

iron oxide and contaminant species, respectively.  Goethite (α-FeOOH) is a highly 

abundant iron oxide due to its high degree of thermal stability.49  4-ClNB was selected as 

a model contaminant due to its previous use as a probe compound19, 48, 50-54 and because it 

represents relevant classes of environmental contaminants (explosives and pesticides).55  

Evolving goethite nanoparticle reactivity was also quantified via sequential degradation 

reactions of 4-ClNB. 

Recent studies have demonstrated that buffers cause a release of Fe(II) from the 

mineral surface and alter the aggregation state of iron oxide nanoparticles.26, 48  Good’s 

buffers are hypothesized to complex with surface Fe(II) via the six-membered ring.26, 56  

Thus, reactivity was quantified in batch reactors prepared using either 3-(N-

morpholino)propanesulfonic acid (MOPS), a Good’s buffer widely employed in studies 

involving Fe(II)-iron oxide systems,48 or sodium bicarbonate (NaHCO3) to better simulate 

groundwater conditions.  
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Finally, a major goal is to directly link aggregation state with observed reaction 

kinetics. Goethite aggregation state was characterized using two primary methods: 

dynamic light scattering (DLS) and cryogenic-transmission electron microscopy (cryo-

TEM).  DLS measures the intensity of scattered light from suspended objects, enabling 

dynamic assessment of aggregation state.  Cryo-TEM enables the direct imaging of objects 

suspended in solution, which are collected at any point during a reaction and thus serve as 

snapshots of the aggregation state at any time.  DLS is semi-quantitative with a short data 

collection time and has numerous and well documented limitations.57, 58  Cryo-TEM is 

quantitative in the sense that objects are measured from calibrated images, but it has the 

problem of very limited sampling.  Thus, we have employed both DLS and cryo-TEM as 

complementary methods to characterize the evolving aggregation state before, during, and 

after reaction. 

Experimental 

Nanoparticle Synthesis 

Goethite nanoparticles were synthesized according to Anschutz and Penn.59  Post-

synthesis, the particles were left in suspension with Milli-Q water, adjusted to pH 4 with 4 

M HNO3 (Mallinkrodt Chemicals, 68-70%, 0.41 mM HNO3) to inhibit particle 

aggregation, and left under continuous stirring.  The amount of goethite nanoparticles by 

mass per unit volume was determined by drying different volumes of suspension and 

determining the mass of each sample until constant mass was maintained for 24 hours.  

Average goethite particle dimensions of 89 ± 35 nm by 10 ± 4 nm were measured via 
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transmission electron microscopy (TEM) because nanoparticle aggregation effects were 

not of concern in this sample.  A surface area of 117 m2/g was measured via nitrogen 

adsorption and desorption (affected by nanoparticle aggregation effects) and 262 m2/g was 

calculated using TEM measurements (based on single crystal dimensions).  X-Ray 

diffraction (XRD) results, in combination with Rietveld Refinement analysis, demonstrate 

the material is 99.7% w/w goethite and 0.3% w/w hematite (Figure B1). 

Batch 4-ClNB Reactors 

Batch reactors were prepared in duplicate in an anaerobic chamber (Coy Laboratory 

Products, 5% H2/95% N2), using 121 mL serum bottles, which were sealed with PTFE-

lined rubber septa. The reactors contained 39 mg of goethite nanoparticles (mass loading 

of 0.325 g/L, surface area of 38.0 m2/L) and 25 mM MOPS (3-(N-

morpholino)propanesulfonic acid, Sigma-Aldrich, ≥99.5%, pH 7, adjusted with 10 M 

NaOH) or 10 mM NaHCO3 buffer (Sigma-Aldrich, pH 7, adjusted with 1 M H2SO4 (final 

concentration 600 μM)).  The MOPS buffer concentration was selected to yield maximum 

goethite reactivity48 while the NaHCO3 buffer concentration was selected to match the 

ionic strength of a well-characterized groundwater sample containing significant levels of 

dissolved iron.60  An acidified 1.0 M FeCl2 (Fisher Scientific, 101.0%) solution was 

prepared in the glove bag by adding 5 mL of a 1.1 M FeCl2 stock solution to 0.5 mL of a 

1.0 M HCl (BDH Aristar, 36.5-38%) solution. The acidified solution was added to the 

batch reactors to yield a final concentration of 1.0 mM Fe(II) (to ensure excess).  Pahokee 

Peat humic acid (PPHA, International Humic Substances Society, IHSS, 1S103H) stock 
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solution was prepared by suspending the as-received dry sample in Milli-Q water.  PPHA 

stock solution was added to the serum bottle to achieve organic carbon (OCPPHA, 

determined based on elemental composition reported by IHSS) concentrations ranging 

from 1 to 50 parts per million OC (representative of a wide range of natural water 

systems).23, 61  The suspension was allowed to equilibrate for 21 hours while rotating on an 

IKA RO 15 rotator along its longitudinal axis (at 22 ºC).  

A methanolic stock solution of 4-chloronitrobenzene (4-ClNB) was added via 

automatic pipette to the reactor to yield a final concentration of 100 μM, and buffer was 

then added so that no headspace was present in the reactor (pH values of the suspension 

were approximately 6.8 before and after 4-ClNB degradation).  Samples were removed 

from the reactor at predetermined time intervals over the course of 50 minutes using a 

syringe and filtered using PALL Life Sciences Acrodisc 13 mm Syringe Filters with a 

0.2 μm nylon membrane.  Thus, headspace was present within the reactor throughout the 

reaction.  Septa were replaced between sampling times when NaHCO3 buffer was used to 

minimize CO2 loss into the glovebag atmosphere. The 4-ClNB concentration was 

quantified by an Agilent 1100 Series system equipped with an ultraviolet detector.  Sample 

(20 μL) was injected onto a Zorbax SB-C18 column (4.6 mm × 150 mm, 5 μm). The 70:30 

acetonitrile:ammonium acetate (1g/L) pH 7 mobile phase was operated at a flow rate of 0.7 

mL/min for a total separation time of 7 minutes. The absorbance at 254 nm was monitored. 
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Sequential Spike Reactors 

Two sets of five identical batch reactors were prepared as above, with one set 

suspended in MOPS and the other set in NaHCO3 buffer, with 10 ppm OC PPHA.  Samples 

for 4-ClNB monitoring were removed from the first reactor only.  Upon complete 

degradation of the parent compound, a sample was analyzed by the Ferrozine assay to 

determine the concentration of aqueous Fe(II).  Solids from the first reactor were collected 

for analysis by TEM and XRD as detailed below. 

Based on the measured Fe(II) concentration, an aliquot of the Fe(II) stock solution 

was added to the remaining four reactors to yield an Fe(II) concentration of 1.0 mM Fe(II), 

and the reactors were allowed to equilibrate.  Degradation reactions were reinitiated in the 

remaining reactors with the addition of 4-ClNB and the entire process was repeated, 

sacrificing one reactor per cycle.  Solids were collected from each reactor sacrificed, 

yielding goethite nanoparticles that had been exposed to 1, 2, 3, 4, or 5 sequential spikes 

of Fe(II) and 4-ClNB. 

Ferrozine Assay 

A 5 mg/mL ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic 

acid disodium salt, Acros) stock solution was prepared by dissolving the solid in Milli-Q.  

A total of three samples were prepared with 0.400 mL of stock ferrozine, 3.400 mL of 

buffer, and 0.200 mL of filtered solution were combined in a polystyrene cuvette inside the 

anaerobic chamber. The absorbance of each assay solution was quantified at 562 nm by an 

Agilent 8453 UV-Visible spectrometer three times.  Final Fe(II) concentrations were 
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determined using a five point calibration curve plotted using the absorbance determined 

for standard solutions of known concentrations prepared the same day.  Reported values 

were calculated by averaging the three average Fe(II) concentration from each assay 

sample. 

TOC Analysis 

Total organic carbon (TOC) was analyzed by a Shimadzu OCT-L 8-Port Sampler 

paired with a Shimadzu TOC-L Total Organic Carbon Analyzer.  Supernatant from 

centrifuged suspensions containing goethite, Fe(II), and NOM were compared to solutions 

of NOM to calculate percent OC adsorbed onto goethite in each buffer.  Samples were 

acidified to pH 2-3 with 1 M HCl, sparged with high purity air (80 mL/min) for 1.5 minutes 

to remove inorganic carbon prior to analysis.  Measurements were compared to a 

calibration curve comprised of potassium hydrogen phthalate (Sigma Aldrich, >99.95%) 

standards generated from a stock solution (1000 ppm OC). 

Nanoparticle Characterization 

BET 

Nanoparticles were washed by repeated centrifugation, decantation of supernatant, 

and resuspension in Milli-Q and allowed to air dry.  The sample was ground by mortar and 

pestle prior to analysis.  Gas sorption analysis was conducted using a Quantachrome 

Autosorb iQ2-MP with N2 (at 77 K) as the adsorbate. Specimens were degassed at 150 °C 

for 12 h at 0.001 Torr. BET specific surface areas were determined using the adsorption 

branch from P/Po = 0.05 to 0.35. 
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DLS/Zeta Potential 

Approximately 3 mL of goethite suspension was transferred from the batch reactors 

to a plastic cuvette inside the anaerobic chamber at 5, 25, and 45 minutes after 4-ClNB 

introduction.  The cuvettes were capped and wrapped with Parafilm M® (Bemis Flexible 

Packaging) and then removed from the chamber while continuously inverted.  DLS was 

performed using a Brookhaven Instruments Corporation ZetaPALS Zeta Potential 

Analyzer 90Plus/BI-MAS Multi Angle Particle Sizing Option DLS instrument.  Run 

parameters consisted of triplicate measurements of a sequence of 3 runs (20 second run 

duration, analysis time of 1 minute), a dust filter value of 30, the assumption that the 

particles are thin shells, sample temperature of 25 °C, laser wavelength of 657 nm, and a 

detection angle of 90°.  After every sequence, the cuvette was taken out of the instrument 

and gently inverted three times to prevent particle sedimentation.  The hydrodynamic 

diameters reported are the number-based mean diameters of the aggregates and the 

averages were calculated using all recorded hydrodynamic diameters from the sample (18 

values).  The maximum quantitative limit of the instrumentation, as documented by 

Brookhaven Instruments Corporation, is 3000 nm.  

Zeta potential and electrophoretic mobility were measured using the same 

instrument with the ZetaPALS Zeta Potential Analyzer option.  The zeta potential probe 

was inserted into the sample-containing cuvette inside the anaerobic chamber and 

immediately measured in an attempt to prevent Fe(II) oxidation.  Operational parameters 

consisted of 5 runs of 10 cycles applying the Smoluchowski zeta potential model.  Water 
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was selected as the solvent at a pH of 7.00 and 25ºC.  The particles were modeled to be 

100.0 nm in size and 0.325 mg/mL mass loading. 

Cryo-TEM 

Approximately 3 μL of suspension was applied to a charged 3 mm 200-mesh lacey 

carbon coated copper grid (SPI Supplies).  The grid was then blotted with filter paper in a 

100% humidity environment for 1 second with -2 mm offsest to produce a thin film of the 

mineral suspension (Vitrobot Mark IV, FEI Company).  The grid was plunged into a well 

of liquid ethane and transferred under liquid nitrogen to a cryo-TEM holder.  The resulting 

sample was then imaged using a FEI Technai G2 Spirit BioTWIN TEM with a LaB6 source 

operated at 120 keV and equipped with a cryo stage and Eagle 2k charged-coupled device 

(CCD) camera (FEI).  Samples were prepared approximately one hour before the addition 

of 4-ClNB (20 hours of Fe(II)-goethite equilibration time in the presence of PPHA) and 

one hour after the introduction of 4-ClNB (experiment length).  Image processing and 

analysis were conducted using ImageJ (version 1.46r), an open-source image processing 

and analysis program written in Java by Wayne Rasband at the U.S. National Institutes of 

Health.62 

TEM 

Conventional TEM was used when nanoparticle measurements needed to be made 

and observing the aggregation state of goethite was not the primary objective.  Upon 

sacrificing a reactor, a 40 μL sample was removed for analysis by TEM.  The removed 

sample was diluted to approximately 1.5 mL and sonicated for 30 seconds.  One drop of 
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the diluted suspension was pipetted on a holey carbon, 200 mesh, copper TEM grid (SPI, 

Inc.) and allowed to dry in air.  Samples were imaged using a FEI Tecnai T12 TEM 

microscope operated at 120 kV and equipped with a LaB6 electron source.  Images were 

recorded using a Gatan charge-coupled device (CCD) camera. Image processing and 

analysis were again conducted using ImageJ.62 

XRD 

Nanoparticles were washed by repeated centrifugation, decantation of supernatant, 

and resuspension in Milli-Q and allowed to air dry.  Samples were ground by mortar and 

pestle prior to analysis.  Phase composition was analyzed by XRD using a PANalytical X-

Pert PRO MPD X-ray diffractometer equipped with a cobalt source, iron filter, and an X-

Celerator detector over the range 20-80 º2θ at a scan rate of 0.0235 º per second with an 

effective 90.170 seconds per step. The resulting patterns were compared to the reference 

powder diffraction files (PDFs) of ferrihydrite (#29-0712), magnetite (#19-0629), hematite 

(#33-0664), siderite (#26-0696), and goethite (#29-0713). 

Results and Discussion 

Reactor Preparation Conditions 

To ensure reproducible and comparable datasets, several experiments testing the 

effects of the experimental procedures were performed.  Neither the order of Fe(II) and 

PPHA addition nor equilibration time between additions affected the goethite nanoparticle 

aggregate size or the rate at which 4-ClNB degraded. DLS-based goethite aggregate size 

and 4-ClNB degradation rate constant in 25 mM MOPS with varying equilibration times 
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are presented in Table B1.  Both the average aggregate size and pseudo-first order rate 

constants of 4-ClNB degradation were statistically indistinguishable (see Appendix B for 

t-test results).  These data support the results of Colón et al.,23 where changing the order of 

Fe(II) and Suwannee River humic acid addition did not result in statistically significant 

differences in the initial rate of p-cyanonitrobenzene degradation by goethite nanoparticles 

suspended in 4-morpholineethanesulfonic acid (a Good’s buffer). 

Variation in PPHA Concentration 

Generally speaking, the rate of 4-ClNB degradation decreased with increasing 

PPHA concentration.  Figure 3.1 shows the pseudo-first order rate constant for 4-ClNB 

degradation and the average DLS-based aggregate size versus total OC added as PPHA, 

and the variation in the DLS measurements is shown in Figure B2.  Control experiments 

containing (i) only goethite, (ii) only Fe(II), (iii) goethite/Fe(II), (iv) Fe(II)/2 ppm PPHA, 

(v) Fe(II)/10 ppm PPHA, and (vi) Fe(II)/50 ppm PPHA were conducted (results detailed 

in Table B4) with no observed 4-ClNB degradation except in case (iii).  No detectable 4-

ClNB degradation was observed in the reactors prepared without Fe(II) and goethite.  

Furthermore, there was no evidence of adsorption of 4-ClNB onto goethite, and XRD 

analysis showed no formation of siderite (data not shown).  In all reactors, the pH decreased 

slightly after 21 hours of equilibration (pH = 6.8) and remained constant before and after 

4-ClNB degradation. 
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Figure 3.1: (a) Rate of 4-ClNB degradation (initial concentration 100 μM) and (b) average 

nanoparticle aggregate size for 1 mM Fe(II) and 0.325 g/L goethite suspended in 25 mM 

MOPS (open circles) and 10 mM NaHCO3 (closed circles) as a function of PPHA 

concentration, expressed as ppm organic carbon.  In all plots, dashed lines are provided to 

help guide the eye. Inset in (a) displays an expanded view of the NaHCO3 data.  All error 

bars in (a) represent the 95% confidence interval from regression of the rate constant.  All 

DLS measurements are reported in Figure B2. 

The use of bicarbonate to maintain pH dramatically affects both aggregation and 

reaction rates, with observed reaction rates an order of magnitude slower and aggregates 
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substantially larger than observed in suspensions prepared using MOPS.  Not only are the 

reaction rates substantially faster in reactors prepared using MOPS, they are also far more 

sensitive to PPHA concentration, with a dramatic decrease in rate even at the lowest 

concentration of PPHA.  In NaHCO3, which more closely simulates natural aquatic 

systems, the reaction rates are comparatively slow, but the general trend of decreasing 

rate with increasing concentration of PPHA were still observed (p-value = 5.2 × 10-5). 

In terms of aggregation state, addition of PPHA to goethite suspensions prepared 

with MOPS results in a dramatic increase in aggregation followed by a decrease in 

aggregation at concentrations higher than 10 ppm OC.  At high OC concentrations, 

therefore, PPHA blocks reactive surface sites from reacting with 4-ClNB.  It is difficult to 

determine, however, whether the decreased 4-ClNB degradation rate at concentrations 

lower than 10 ppm OC is due to site blocking, aggregation, or – most likely – both.  In 

contrast, goethite suspensions prepared with NaHCO3 were highly aggregated and no 

statistically significant changes in aggregation state could be detected by DLS.  The steady 

decrease in reactivity with increasing PPHA likely indicates that site blocking does play a 

role in the observed reduction in reactivity.  Total organic carbon measurements (Table 

B5) demonstrate that more PPHA adsorbed onto the goethite surface when the 

concentration was increased from 10 to 30 ppm OC in NaHCO3 (corresponding data was 

not obtainable in MOPS due to signal interference by buffer molecules). Zeta potential 

measurements, which provide a measure of nanoparticle surface charge, of goethite in 

aqueous solutions of Fe(II) prepared in NaHCO3 were much less positive than with MOPS 
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(Table S5), which explains why larger aggregates were observed in bicarbonate buffer. 

Similarly, the electrophoretic mobility of the particles in NaHCO3 is lower than in MOPS. 

Upon addition of PPHA, the zeta potential (and electrophoretic mobility) values in both 

buffers dropped substantially, to nearly the same value, which suggests more similar 

surface chemistries dominated by association of PPHA with the particles.   

A potential cause of the loss in reactivity in bicarbonate buffer is that less Fe(II) 

adsorbs onto the surface.  However, results using the ferrozine assay demonstrated that the 

amount of adsorbed Fe(II) in 10 mM NaHCO3 was comparable to the amount of adsorbed 

Fe(II) in 25 mM MOPS up to 20 ppm OCPPHA concentrations, with potentially lower 

adsorbed Fe(II) levels at 30-50 ppm OCPPHA  (Figure B3).  Samples containing only buffer, 

Fe(II), and NOM (open circles) indicate any loss of Fe(II) due to either complexation with 

NOM or oxidation to Fe(III) by NOM (Figure B3).  Theoretical calculations of complexed 

Fe(II) by PPHA in a similar manner to Royer et al.63 were in good agreement with the 

values observed via the ferrozine assay.  This suggests that ferrozine cannot extract Fe(II) 

from NOM complexes over the timescale of these measurements.  The difference in Fe(II) 

concentration between these samples and those containing goethite (closed circles) are 

indicative of the amount of Fe(II) adsorbed onto the mineral surface.  While some loss of 

Fe(II) is due to complexation with or oxidation by PPHA, these processes do not appear to 

hinder Fe(II) adsorption by goethite, for an excess of aqueous Fe(II) is available in all 

samples.  Although total adsorbed Fe(II) may be similar between both buffer systems, it is 

hypothesized that in the NaHCO3 system, less Fe(II) is adsorbed on the most reactive 
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goethite surface which yields an overall decrease in the observed 4-ClNB rate constants, 

although we cannot rule lower amounts of Fe(II) adsorption at high OC levels also playing 

a role.   

Like MOPS,26 NaHCO3 can interact with the goethite surface, which could alter the 

availability of reactive sites by inhibiting Fe(II) adsorption.  Carbonate species adsorb and 

form bidentate inner-sphere complexes with oxygen atoms on the goethite mineral surface 

(≡(FeO)2CO).64-68  The high surface charge of goethite suspended in MOPS (in the absence 

of PPHA) is consistent with the very small aggregate size detected by DLS, and lower 

surface charge for goethite suspended in NaHCO3 (in the absence of PPHA) is consistent 

with a higher degree of aggregation.  We conclude that NaHCO3 significantly interacts 

with the mineral surface, causing the decrease in 4-ClNB degradation compared with 

MOPS in the absence of PPHA.  This dramatic difference means that interpretation of data 

collected from simulations using MOPS, or other Good’s buffers, may not be useful in 

interpreting what is happening in a natural water environment. 

Cryo-TEM was used to obtain in situ images of goethite nanoparticle aggregates to 

reveal further details about aggregation state (Figure 3.2).  PPHA has low contrast in TEM, 

resulting in a cloudy appearance of nanoparticle aggregates in some of the images.  The 

aggregates observed via cryo-TEM support both the average size and variances in size 

observed via DLS.  For example, goethite aggregate sizes with 50 ppm OCPPHA in 25 mM 

MOPS were consistently small both in the cryo-TEM images and across every 

measurement by DLS.  Conversely, in 10 mM NaHCO3, nanoparticle aggregates displayed 
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a wide range of sizes, from a few 100 nm to a few 1000 nm in length, via both DLS and 

cryo-TEM measurements.  Neither the presence of 4-ClNB nor its degradation altered the 

extent of nanoparticle aggregation.  The average aggregate size was consistently large or 

small across pre- and post- 4-ClNB samples for the same buffer.  Thus, the initial 

nanoparticle aggregation state remains constant throughout the degradation process and is 

unaffected by 4-ClNB degradation.  This is in direct contrast to the results of previous 

work,48 where the average aggregate size increased significantly upon addition of 4-ClNB.  

This discrepancy may to be due to differences in nanoparticle storage after synthesis.  

Previous work involved the use of dried goethite nanoparticles, whereas never-dried 

nanoparticles were used in this study. 
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Figure 3.2: Cryo-TEM images of 0.325 g/L goethite and 1 mM Fe(II) at 0 ppm (top row), 

2 ppm (middle row), and 50 ppm (bottom row) OCPPHA in 25 mM MOPS (first two 

columns) and 10 mM NaHCO3 (right two columns) one hour before and after 4-ClNB 

addition (initial concentration 100 μM) as indicated within the figure.  All scale bars 

represent 500 nm. 

Determination of Reactive Surface 

Previous work examining the reductive degradation of 4-ClNB by Fe(II) on 

goethite in MOPS demonstrated that (021) goethite was the most reactive surface, yielding 

oxidative crystal growth along the c-axis, and that reaction rates decreased as a function of 

reaction progress.19  Oxygen atoms of the same coordination, however, are present on other 

mineral surfaces, albeit in lower concentrations.10  It is possible, therefore, that a different 
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surface is the most reactive in the presence of NOM.  This was tested in the sequential 

spike batch reactors prepared with MOPS or NaHCO3 buffers and 10 ppm OCPPHA with 

the rate of 4-ClNB degradation quantified and mineral solids collected for characterization 

using dry TEM.   

The rate of reaction slows by nearly an order of magnitude after five injections, 

which is consistent with previous work.19  Figure 3.3 shows the pseudo-first order rate 

constant for reduction of 4-ClNB with each injection of Fe(II) and 4-ClNB.  These data 

clearly demonstrate a consistent decrease in the rate of 4-ClNB with each injection, despite 

replenishing both the total Fe(II) and 4-ClNB to the levels used for the first injection.  No 

new mineral phases were detected by XRD, which suggests that goethite nanoparticles 

grew by oxidative growth. 

 

Figure 3.3: Rate of 4-ClNB degradation by 0.325 g/L goethite and 1.0 mM Fe(II) in the 

presence of 10 ppm OCPPHA in 25 mM MOPS (open circles) and 10 mM NaHCO3 (closed 

circles).  Error bars represent the 95% confidence interval of the regression of the pseudo-

first order rate equation. 
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Results quantifying the change in nanocrystal dimensions as a function of reaction 

progress demonstrate that the (021) goethite surface remains the most reactive in the 

presence of PPHA, regardless of the buffer employed.  The length and width of several 

hundred nanoparticles per sample were measured from calibrated TEM images, and 

histograms depicting the frequency of each measurement for the stock nanoparticles 

(initial) and nanoparticles collected after five injections of Fe(II) and 4-ClNB (final) are 

displayed in Figure 3.4 (histograms of injections one and three, in addition to the results of 

the F-tests, t-tests, and XRD analysis are reported in Appendix B).  In both buffer systems, 

the average lengths after five 4-ClNB degradations are statistically different than the 

nanoparticles of the original stock suspension.  While the average widths are also 

statistically different than that of the stock suspension, the histograms suggest that the 

distributions are not dissimilar.  Fewer than the ideal number of nanoparticles (500) were 

measured due to the high degree of aggregation resulting in the inability to determine exact 

boundaries between particles.  This qualification notwithstanding, the data suggest that the 

(021) surfaces of goethite remain the most reactive surface in the presence of PPHA.  This 

conclusion is supported in Figure 3.5, where the predicted length, based on mass balance 

under the assumption that the nanoparticles only grow in the length dimension, is compared 

to the actual, measured, length (calculation details are provided in Appendix B).  We 

hypothesize, however, that once the degradation is inhibited at the (021) surface, growth 

on the other facets becomes detectable.  Figure 3.4d indicates that detectable growth in the 

width dimension may have occurred.  This is the first indication of goethite growth in this 
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dimension and future experiments could include more injections of 4-ClNB such that 

growth in the width dimension is statistically detectable by calibrated TEM images. 

 

Figure 3.4: Particle length (l) and width (w) distributions for goethite nanoparticles before 

(initial) and after (final) five reactions of 4-ClNB in 10 mM NaHCO3 (a, b) and 25 mM 

MOPS (c, d) in the presence of 10 ppm OCPPHA.  The average values of length and width 

and the standard deviation are indicated in the legend. 
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Figure 3.5: Comparison of the actual, measured, lengths and the predicted lengths 

calculated using mass balance of 1, 3, and 5 reactions of 0.325 g/L goethite, 1.0 mM Fe(II), 

and 100 μM 4-ClNB in pH 7 25 mM MOPS (open circles) and 10 mM NaHCO3 (closed 

circles) in the presence of 10 ppm OCPPHA.  A 1:1 line is provided to model complete 

agreement between the observed and calculated nanoparticle lengths. 

 

Conclusions 

The rate of 4-ClNB degradation generally decreased with increasing PPHA 

concentration.  Furthermore, results demonstrate that commonly used organic buffers, such 

as Good’s buffers, yield substantially different results than when bicarbonate, which is 

commonly found in groundwater, buffer is used.  Thus, caution should be exercised in the 

use of Good’s buffers when attempting to model environmental conditions. The reduction 

in reactivity is most pronounced in the Good’s buffer.  At high OCPPHA concentrations, 

PPHA blocks reactive surface sites from reaction with 4-ClNB, but does not appear to 

affect the sorption of Fe(II) to the surface.  Repeated cycles of 4-ClNB degradation 

demonstrated definitive oxidative crystal growth parallel to the c-axis, slowed reactions 
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with successive exposure, and no precipitation of new mineral phases.  There is evidence 

of crystal growth in the particle width dimension, which, if present, is the first known 

observation of oxidative growth on that goethite crystal face.  Regardless, neither the use 

of NaHCO3 (instead of MOPS) nor the addition of PPHA altered which goethite face is the 

most reactive. 
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Chapter 4: Natural Organic Matter Character as a Predictor for 

Goethite Nanoparticle Reactivity and Aggregation 
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Summary 

Natural organic matter (NOM) is ubiquitous in surface and groundwater and 

interacts strongly with mineral surfaces.  The details of these interactions, as well as their 

impacts on mineral surface reactivity, are not well understood.  In this work, both the 

reactivity and aggregation of goethite (-FeOOH) nanoparticles were quantified in the 

presence of well-characterized NOM standards.  Results from monitoring the kinetics of 

reductive degradation of 4-chloronitrobenzene (4-ClNB) by Fe(II) adsorbed onto the 

goethite nanoparticles with and without added NOM demonstrates that, in all cases, NOM 

suppressed Fe(II)-goethite reactivity. The ranking of NOM standards from the least to most 

inhibitive is Pahokee Peat humic acid, Elliot Soil humic acid, Suwannee River humic acid, 

Suwannee River NOM, Suwannee River fulvic acid I, Suwannee River fulvic acid II, and 

Pahokee Peat fulvic acid.  Correlations between eight NOM characteristics (molecular 

weight, carboxyl concentration, and carbon, oxygen, nitrogen, aliphatic, heteroaliphatic, 

and aromatic content) and 4-ClNB degradation rate constants were observed.  Faster kinetic 

rates of reductive degradation were observed with increased molecular weight and 

nitrogen, carbon, and aromatic content, and slower rates were observed with increased 

carboxyl concentration and oxygen, heteroaliphatic, and aliphatic content.  With these 

correlations, improved predictions of the reactivity of Fe(II)-goethite with pollutants based 

on properties of the NOM present in natural water systems are possible. 
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Introduction 

The mobility, surface charge, and reactivity of nanoparticles and colloids in aquatic 

systems are highly dependent on the chemical conditions in aqueous phase and the 

chemical properties of the solid materials.1  A critical variable is natural organic matter 

(NOM). NOM is present in groundwater, surface waters, wastewater, soils, and 

sediments,2-6 and the concentration of NOM and its characteristics (including size, charge, 

and hydrophobicity) depend on the geology, biology, climate, and topography of the 

region.7-9  NOM is a heterogeneous mixture of molecular structures, with broad 

distributions of molecular size and elemental compositions, which interacts strongly with 

mineral surfaces.  Although precise structural determination is difficult, key functional 

groups have been identified.  Humic substances are typically described as fulvic and humic 

acids based on solubility in acidic and basic extractions and are comprised of a diverse 

array of molecules with varied functionalities, including moieties like aromatic rings, 

phenols, amino acids, and carboxylate groups.2, 4-7, 10, 11 

NOM and inorganic nanoparticles primarily interact via adsorption of NOM onto 

the particle surface. Sorption mechanisms reported in the literature include hydrophobic 

interaction, electrostatic and van der Waals interactions, ligand exchange, chelation, cation 

bridging, and H-bonding.12  The degree to which each mechanism contributes to overall 

adsorption depends on the characteristics and properties of the NOM (i.e., molecular 

structure, molecular weight, charge, and hydrophobicity), nanoparticles (i.e., crystallinity, 

composition, surface area, and aggregation state), and solution (i.e., pH, ionic strength, and 
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ions present).13, 14  Adsorption of NOM modifies nanoparticle surface chemistry, which 

impacts how nanoparticles aggregate and thus impact total accessible surface area.15, 16 

Iron oxide nanoparticles are ubiquitous in the environment and play significant 

roles in natural processes, including element cycling and pollutant fate and transport.17-24 

Interactions between NOM and nanoparticle surfaces directly impact these environmental 

processes as well as the stability of the nanoparticles.1, 25-27  First, NOM adsorbs to the 

mineral surface via ligand exchange, H-bonding with carboxyl and hydroxyl functional 

groups, and via electrostatic interactions.28-36  Second, NOM affects the surface-water 

partitioning of other ions, such as Fe(II), by (1) competitively adsorbing onto the surface, 

(2) complexing with ions,37, 38 or (3) oxidizing metal ions.38-40  Finally, NOM can both 

promote and inhibit aggregation of nanoparticles, depending on environmental conditions.  

Indeed, both the promotion and inhibition of aggregation have been observed for hematite 

(α-Fe2O3) in the presence of NOM, with substantial changes in surface charge coinciding 

with observed changes in nanoparticle aggregation.41, 42 

That surface-bound Fe(II) on iron oxide nanoparticles serves as an effective 

reductant of oxidized environmental contaminants has been well established.20, 23, 43-48  

Reaction kinetics involving mineral surfaces are sensitive to changes in surface chemistry. 

Previous work has demonstrated dramatic changes in reactivity of iron oxide nanoparticles 

when NOM is present.37, 49 Furthermore, NOM affects the exchange of Fe(II) with the iron 

oxide surface.50  How NOM affects both the reactivity and aggregation of iron oxide 

nanoparticles in aqueous environments, however, remains an open question. 
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Here, we elucidate the impact of specific molecular characteristics of NOM on 

Fe(II)-goethite reactivity by quantifying changes in aggregation state and the kinetics of 

reductive degradation.  As in previous work,45, 51, 52 goethite was selected as the model iron 

oxide and 4-chloronitrobenzene (4-ClNB) the probe molecule.  The rate of 4-ClNB 

reduction by Fe(II)-goethite was quantified as a function of NOM identity and 

concentration and solution conditions.  Using principal component analysis, correlations 

between the molecular characteristics of the NOM and the aggregation and reactivity data 

were explored.  NOM samples were obtained from the International Humic Substances 

Society due to their widespread use in the literature combined with their quantitative 

database of NOM properties.  Results demonstrate that nanoparticle aggregation state and 

reactivity change dramatically in the presence of NOM and that the effects are sensitive to 

the molecular characteristics of the NOM. 

Experimental 

Batch 4-ClNB Reactors 

Natural organic matter (NOM) samples were obtained from the International 

Humic Substances Society (IHSS, Saint Paul, MN).  Stock solutions of Pahokee Peat humic 

acid (PPHA, 1S103H), Pahokee Peat fulvic acid (PPFA, 2S103F), Suwannee River humic 

acid (SRHA, 2S101H), Suwannee River fulvic acid (SRFAI, 1S101F and SRFAII, 

2S101F), Suwannee River NOM (SRNOM, 1R101N), and Elliot Soil humic acid (ESHA, 

1S102H) were prepared by suspending the as-received dry sample in ultrapure (18.2 

MΩ·cm, Milli-Q system) water.  NOM stock solutions were added to the serum bottle to 
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achieve the desired concentration of organic carbon (OC), and concentrations are reported 

as parts per million OC for all reactions.  Table C1 lists all IHSS-quantified NOM 

characteristics (carboxyl concentration and carbon, oxygen, and nitrogen content; 

aromatic, heteroaliphatic, and aliphatic carbon percent) and Figure C1 details the 

excitation-emission spectra of each NOM standard used in this study.  Slope coefficient 

(inversely proportional to NOM molecular weight)53 was determined by collecting UV-vis 

adsorption spectra of 5 ppm whole NOM, fitting them to an exponential function as 

described by Louie et al.,53 and results are given in Figure C2 and Table C2. 

Detailed experimental procedures and analyses were presented in Vindedahl et al.52  

In summary, goethite nanoparticles were synthesized, remained in suspension, and had the 

following characteristics: 89 ± 35 nm by 10 ± 4 nm, BET surface area of 117 m2/g, 

transmission electron microscopy (TEM)-calculated surface area of 262 m2/g, mineral 

identity was primarily goethite, with trace amounts of hematite (as determined by X-ray 

diffraction; Figure S3).  Batch reactors were prepared in duplicate with 0.325 g/L goethite, 

1.0 mM Fe(II), and NOM in 10 mM sodium bicarbonate (NaHCO3, pH 7).  NaHCO3 buffer 

was selected to simulate groundwater conditions as compared to commonly used organic 

buffers, such as Good’s buffers, which are known to interfere with the system of interest.51, 

52, 54, 55  4-Chloronitrobenzene (4-ClNB) was added to achieve an initial concentration of 

100 μM. 

Samples were removed for high pressure liquid chromatography (quantification of 

4-ClNB degradation rate), dynamic light scattering (DLS; average goethite aggregate size), 



 

78 

zeta potential (quantification of surface charge), total organic carbon (TOC), Ferrozine 

(quantification of Fe(II) concentration), and cryo-TEM (detailed below) analysis.52  To 

simplify the interpretation of the results, principal component analysis (PCA) was 

conducted on the goethite reactivity and aggregation data. The analyses were conducted in 

R (version 3.1.2) using a singular value decomposition of the data matrix.  The detailed 

PCA script is available in Appendix C. 

Nanoparticle Characterization via Cryo-TEM 

Cryogenic transmission electron microscopy (cryo-TEM) samples were prepared 

with a Vitrobot Mark IV (FEI Company) approximately one hour after the introduction of 

4-ClNB.  The sample was imaged using a FEI Technai G2 Spirit BioTWIN TEM while 

maintaining cryogenic conditions and processed and analyzed using ImageJ (version 

1.46r), an open-source image processing and analysis program written in Java by Wayne 

Rasband at the U.S. National Institutes of Health.56 

Results and Discussion 

Goethite Aggregation State with and without NOM 

Generally speaking, fulvic-like substances more strongly inhibited goethite 

nanoparticle aggregation than did humic-like substances.  The average goethite aggregate 

size was quantified using DLS concurrently with reactivity experiments.  Two types of 

effects on aggregation were observed (Figure 4.1, full results in Figure C4).  In the case of 

PPHA and ESHA, the average goethite aggregate size was ca. 2 microns and essentially 

independent of OC concentration (up to 50 ppm OC).  In contrast, a dramatic drop in 
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average aggregate size was observed once NOM concentrations exceeded approximately 

4-10 ppm OC for SRHA, SRNOM, SRFAI, SRFAII, and PPFA.  For all five of these NOM 

standards, the average aggregate size decreased to values near 100 nm (i.e., well dispersed 

nanoparticles) at concentrations of NOM above 10 ppm OC, with little variation. 

 

Figure 4.1:  Average nanoparticle aggregate diameter of 0.325 g/L goethite with 1.0 mM 

Fe(II) as measured by DLS during the reduction of 4-ClNB (initial concentration of 100 

μM) as a function of organic carbon (OC) due to NOM suspended in pH 7 10 mM NaHCO3.  

Dotted lines are intended to guide the eye.  PPHA data is reproduced from Ref. 52 with 

permission from the Royal Society of Chemistry. 

Cryo-TEM provides snapshots of aggregation state throughout the course of the 

reaction via direct images of vitrified samples collected at specified time points.  This 

provides detailed information about aggregation state beyond what DLS gives (which 

assumes suspended objects are spherical and is biased towards the larger objects 

suspended).  Cryo-TEM images of samples collected from batch reactors containing NOM 

concentrations of 2 and 50 ppm OC for each NOM standard are shown in Figures 4.2 and 
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4.3, respectively.  Nanoparticle aggregates on the micron length scale in all six NOM 

fractions at 2 ppm OC were observed by both DLS and cryo-TEM images, while aggregates 

on the 100 nanometer length scale were rarely observed in the images.  We hypothesize, 

therefore, that the majority of goethite nanoparticles reside in large aggregates at low NOM 

concentrations.  With the exception of 50 ppm OC ESHA and PPHA, goethite 

nanoparticles suspended in 50 ppm OC NOM solutions were well dispersed, with average 

aggregate sizes of ca. 100-200 nm.  In the cases of 50 ppm OC ESHA and PPHA, 

aggregates were larger (ca. one micron), which is consistent with the results of Figure 4.1.  

With both ESHA and PPHA, a small fraction of goethite nanoparticles appeared to reside 

in smaller aggregates, but the vast majority resided within the larger aggregates.  The 

consistency between the results obtained via direct imaging using cryo-TEM and via DLS 

means that DLS provides representative and timely in situ measurements of the goethite 

nanoparticle aggregates. 
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Figure 4.2: Representative cryo-TEM images of 0.325 g/L goethite nanoparticles 

suspended in 10 mM NaHCO3 with 1.0 mM Fe(II) and 2 ppm OC NOM after 1 hour of 4-

ClNB degradation (initial concentration of 100 μM).  All scale bars represent 500 nm.  Dark 

black circles (such as those in the SRNOM image) are frost.  PPHA data is reproduced 

from Ref. 52 with permission from the Royal Society of Chemistry. 

 
Figure 4.3: Representative cryo-TEM images of 0.325 g/L goethite nanoparticles 

suspended in 10 mM NaHCO3 with 1.0 mM Fe(II) and 50 ppm OC NOM after 1 hour of 

4-ClNB degradation (initial concentration of 100 μM).  All scale bars represent 500 nm.  

PPHA data is reproduced from Ref. 52 with permission from the Royal Society of 

Chemistry. 
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The effects of each NOM standard on aggregation is rationalized by the steric and 

electronic properties of humic and fulvic acids.  Both humic and fulvic acids tend to be 

negatively charged, and fulvic acids have higher mass fractions of carboxylate groups than 

do humic acids.  Furthermore, humic acids typically have much larger molecular weights 

(ca. 2-5 kDa) than fulvic acids (ca. 0.5-2 kDa).8, 10, 13, 53  Thus, fulvic acids have a higher 

charge density due to smaller average molecular weight and diameter (1-3 nm) as compared 

to humic acids.57  Furthermore, whole NOM fractions are comprised of between 40-80% 

fulvic acid,15 and thus SRNOM could be expected to have intermediate behavior.  

Adsorption likely involves electrostatic attraction between the negatively charged 

functional groups (e.g., carboxylates) scattered throughout the NOM and positively 

charged goethite nanoparticles (point of zero charge between 7 and 8).58, 59  TOC 

measurements (Table C4) suggest that 6-26% of available NOM (10 ppm OC added) 

adsorbed onto the goethite surface, with no discernable pattern across the NOM standards 

employed.  Thus, we conclude that observed differences in aggregation are not due to 

significant differences in the amount of NOM adsorbed but rather are likely due to 

differences in charge density.  This is consistent with recent results demonstrating that 

carboxyl rich NOM binds more strongly to mineral surfaces and that increases in molecular 

weight of NOM leads to weaker binding to the mineral surface.60  Because humic acids 

have fewer charged moieties per mole C, goethite aggregation is not significantly hindered, 

even as the concentration of humic acid increases and more adsorbs onto the nanoparticles.  

In contrast, the higher charge density of fulvic acids results in more dispersed goethite 
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nanoparticles.  This effect is evident in Table 4.1, which shows zeta potentials and 

electrophoretic mobilities of goethite particles before addition of NOM standards (weakly 

positively charged surface and almost no electrophoretic mobility) and after (highly 

negatively charged surface and negative electrophoretic mobility) addition of NOM 

standards. 

At low concentrations of the fulvic acids (SRFAI, SRFAII, and PPFA), the compact 

NOM molecules are electrostatically attracted to the goethite surface.  Because there are 

few molecules to distribute onto the mineral surface, the molecules connect, or bridge, 

between nanoparticles, which results in highly aggregated nanoparticles.61  When the 

concentration of fulvic acids increases, the nanoparticles become stabilized and 

disaggregate due to the formation of a thick layer of NOM molecules on the goethite 

surface.61  NOM molecules still bridge between nanoparticles such that the nanoparticles 

form side-by-side contacts within the aggregate structure.  In addition, a steric effect, in 

which the molecules create a physical barrier that prevents aggregates from approaching 

each other (promoting stabilization), is also plausible. 
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Table 4.1: Zeta potential (ζ, mV) and electrophoretic mobility (μ, (
𝐦𝐢𝐜𝐫𝐨𝐧

𝐬𝐞𝐜𝐨𝐧𝐝
) (

𝐕𝐨𝐥𝐭

𝐜𝐦
)⁄ ) measurements after each stage of the reactor 

preparation and 4-ClNB degradation (initial concentration of 100 µM) process of 0.325 g/L goethite and 1.0 mM Fe(II) in pH 7 10 mM 

NaHCO3 in the presence of 10 ppm OC NOM. 

Goethite NOM 
After Fe(II) Addition After NOM Addition After Equilibration After 4-ClNB Reaction 

ζ μ ζ μ ζ μ ζ μ 

NA NA 4.0 ± 0.3 0.31 ± 0.02 NA NA -0.2 ± 1.4 -0.01 ± 0.11 4.5 ± 2.0 0.35 ± 0.15 

0.325 g/L 

NA 

1.8 ± 3.7 0.14 ± 0.29 

NA NA 2.0 ± 1.2 0.15 ± 0.09 -0.8 ± 1.9 -0.06 ± 0.15 

PPHA -26.0 ± 0.8 -2.03 ± 0.07 -23.5 ± 1.4 -1.84 ± 0.11 -23.3 ± 1.3 -1.82 ± 0.10 

ESHA -20.1 ± 1.1 -1.57 ± 0.08 -18.8 ± 2.6 -1.47 ± 0.21 -19.6 ± 1.1 -1.53 ± 0.08 

SRHA -34.4 ± 0.8 -2.69 ± 0.06 -33.7 ± 1.6 -2.63 ± 0.13 -39.3 ± 0.9 -3.07 ± 0.07 

SRNOM -31.3 ± 1.1 -2.45 ± 0.09 -34.8 ± 1.3 -2.72 ± 0.10 -33.1 ± 0.3 -2.59 ± 0.02 

SRFAI -32.9 ± 1.9 -2.57 ± 0.15 -34.8 ± 1.1 -2.72 ± 0.09 -35.5 ± 1.4 -2.77 ± 0.11 

SRFAII -34.1 ± 1.2 -2.67 ± 0.09 -34.2 ± 1.5 -2.67 ± 0.12 -39.3 ± 1.0 -3.07 ± 0.08 

PPFA -33.1 ± 0.4 -2.58 ± 0.03 -36.9 ± 0.6 -2.88 ± 0.04 -36.1 ± 0.7 -2.82 ± 0.05 
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In the cases of PPHA and ESHA, the particles are substantially less charged than 

with the other NOM fractions, and the electrophoretic mobility values are less negative 

(Table 4.1).  Goethite aggregation is independent of PPHA and ESHA concentration, and 

these two NOM standards are comprised of high molecular weight fractions.  SRHA and 

SRNOM exhibit behavior that is more similar to the fulvic acid fractions, with higher OC 

concentrations yielding well dispersed goethite nanoparticles.  Indeed, both SRHA and 

SRNOM have larger proportions of smaller molecular weight molecules (fulvic-like 

substances, corroborated by the presence of fulvic-like substance peak intensities in the 

excitation-emission spectra provided by IHSS (Figure C1)) as compared to PPHA.53 

Goethite Reactivity in the Presence of NOM 

In general, humic-like substances weakly inhibit nanoparticle reactivity while 

fulvic-like substances strongly inhibit reactivity, which parallels the results regarding the 

inhibition of nanoparticle aggregation as presented above.  The rate of 4-ClNB reduction 

decreased with increasing NOM concentration from 0 to 50 ppm, regardless of NOM 

source or type (Figure 4.4).  The magnitude of the inhibition in reactivity, however, varied 

across the NOM standards used in this study.  The average rate constant of degradation 

data were fit to a four parameter logistic curve and the midpoint value calculated (Table 

C3), which yielded a rank order from weakest (i.e., small decrease in reaction rate with 

increasing concentration of organic carbon) to strongest (i.e., large decrease in reactivity 

with increasing concentration of organic carbon) of PPHA, ESHA, SRHA, SRNOM, 

SRFAI, SRFAII, and PPFA (Figure 4.4).  This rank order and the plots shown in Figure 



 

86 

4.4 are arranged by decreasing midpoint value from left to right, top to bottom row.  That 

is to say, PPHA is classified as the weakest (midpoint value is the largest) and PPFA the 

strongest (midpoint value is the smallest and has slowest rate at 50 ppm OC).  Control 

batch reactors were prepared and no significant 4-ClNB degradation was observed in 

solutions prepared without goethite nanoparticles.  Thus, it is concluded that NOM, Fe(II), 

or Fe(II)-NOM complexes do not significantly reduce 4-ClNB over the time scale of these 

experiments (1 hour). 

 
 

Figure 4.4: Rate constant of 4-ClNB reduction (k4-ClNB, initial concentration of 100 μM) 

by 1.0 mM Fe(II) and 0.325g/L goethite nanoparticles as a function of organic carbon due 

to NOM in 10 mM NaHCO3.  4-ClNB rate constants are averages of duplicate trials and 

error bars represent the 95% confidence interval.  Dotted lines are intended to guide the 

eye.  PPHA data is reproduced from Ref. 52 with permission from the Royal Society of 

Chemistry. 

Zeta potential measurements performed before and after one hour of reaction with 

4-ClNB reveal that the surface charge density of the goethite nanoparticles does not 

substantially change over the course of the reaction.  Particles suspended with PPHA and 
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ESHA remained less negative with slightly higher electrophoretic mobilities than those 

suspended with the other NOM standards (Table 4.1).  Furthermore, the average goethite 

aggregate size remained constant before, during, and after reaction with 4-ClNB as 

observed by DLS (and cryo-TEM in previous work52). 

Elucidating the Link between Reactivity and Aggregation in the Presence of NOM 

One hypothesis for the observed loss in goethite reactivity at high NOM 

concentrations of SRHA, SRNOM, SRFAI, SRFAII, and PPFA is that there are fewer 

reactive surface sites, or adsorbed Fe(II). The aqueous Fe(II) concentration was relatively 

constant across all OC concentrations of PPHA and ESHA and variable for the other NOM 

fractions (Figure C5).  Controls containing only buffer, Fe(II), and NOM (Figure C5, open 

circles) indicate loss of Fe(II) due to either complexation with NOM or oxidation to Fe(III) 

by NOM.  Comparing the Fe(II) concentration between the controls and samples containing 

goethite indicates the amount of Fe(II) adsorbed (Figure C5, triangles) onto the mineral 

surface. The data suggest a potential increase in Fe(II) sorption with increasing SRHA, 

SRNOM, SRFAI, SRFAII, and PPFA, yet reaction rates decreased, indicating that changes 

in Fe(II) surface interactions are likely not driving changes in reactivity. 

Unfortunately, large variations in aqueous Fe(II) concentrations were observed for 

reactors prepared without added NOM (data not shown).  Loss of aqueous Fe(II) was 

attributed to the formation of Fe(II)-bearing solids (e.g., magnetite, which subsequently 

oxidized to maghemite, and, likely, green rust) under these conditions (Figure C6 and C7). 

At low concentrations of NOM, where Fe(II) adsorption was lower than expected, there 
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was evidence for the formation of maghemite (in the 10 ppm PPHA control). More work 

is necessary to determine if the observed loss of aqueous Fe(II) in the presence of the other 

NOM standards is attributable to this phenomenon and speak to the authenticity of the 

controls.  It should be noted that secondary mineralization was not observed in the same 

system buffered by 25 mM MOPS; this is additional evidence that Good’s buffers do not 

adequately represent the reactivity of goethite with oxidized species in natural systems.52 

A second hypothesis for the loss of goethite reactivity is that the nanoparticles 

aggregate is such a way as to disrupt access to reactive surface sites.  Observed 4-ClNB 

degradation rates in PPHA and ESHA and at low concentrations of the other five NOM 

fractions are unaffected by the aggregation of goethite nanoparticles. Aggregation, 

therefore, does not disrupt the goethite tips (the most reactive surface).45, 52  At high 

concentrations of SRHA, SRNOM, SRFAI, SRFAII, and PPFA, goethite nanoparticles are 

highly dispersed, yet the 4-ClNB degradation rate constant is dramatically reduced.  

Therefore, the loss in reactivity is not due to differences in aggregation state. 

The remaining hypothesis is that the NOM molecules block access to the goethite 

surface reactive sites.  NOM fractions may prevent 4-ClNB from accessing the Fe(II) on 

the mineral surface, which would slow reaction kinetics.  Therefore, it is reasonable to 

hypothesize that high NOM concentrations of fulvic-like substances (SRHA, SRNOM, 

SRFAI, SRFAII, and PPFA) inhibit 4-ClNB reactivity by blocking access to the 

nanoparticles. 
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Predicting Goethite Reactivity and Aggregation in the Presence of NOM  

NOM characteristics could be useful for predicting nanoparticle aggregation state 

and reactivity of Fe(II)-goethite system in natural water systems. In addition, specific 

characteristics of NOM are known to enhance NOM adsorption to mineral surfaces, 

including increased molecular weight, and aromatic, carboxyl, and acidic content.28, 29  

Principal component analysis (PCA) was used to determine the number of principal 

components necessary to describe the observed goethite aggregate size and 4-ClNB 

degradation rate at each of the NOM concentrations from this and previous work (Figure 

4.5a and 4.5b).52  In both the size and rate data, two principal components (PC1 and PC2) 

were sufficient to adequately capture the variability in the data (93.45%, and 89.80%, 

respectively).  The first principal component was characterized by the variability within 

the higher NOM concentrations (10, 20, 30, 40, and 50 ppm OC) and the variability in low 

NOM concentrations (1, 2, and 4 ppm OC) was captured by the second principal 

component. 

Principal component scores were used in regression analyses to assess which NOM 

characteristics would be predictive of size and degradation rate in low and high NOM 

concentrations.  The slope coefficient and the 22 NOM characteristics (provided by IHSS; 

see Appendix C) were individually compared to PC1 and PC2 to determine whether the 

characteristic was significantly correlated to each principal component.   The slope 

coefficient and seven additional characteristic parameters (carboxyl concentration, carbon, 

oxygen, nitrogen, aromatic, heteroaliphatic, and aliphatic content) were significantly 
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related (p < 0.05) to observed degradation rate at high NOM concentration (rate PC1).  The 

slope coefficient and six additional characteristic parameters (carbon, oxygen, nitrogen, 

aromatic, heteroaliphatic, and aliphatic content) were significantly associated with 

observed goethite aggregate size at high concentration (size PC1).  There were too few data 

points for a similar analysis to be reliably conducted for data collected using low NOM 

concentration (rate PC2 and size PC2). 

The average rate of 4-ClNB degradation (Figure 4.5c-e, Table C5) and average 

goethite aggregate size (Figure C8 and Table C6) were plotted against each significant 

NOM characteristic and fit using a linear regression.  Closer examination of the aggregate 

size correlations revealed that linear correlations were inappropriate due to the binary 

nature of the observed nanoparticle aggregates (either large or small in size).  It is, 

therefore, unrealistic to draw meaningful correlations between NOM character and goethite 

nanoparticle aggregate size.  Increased carbon, nitrogen, and aromatic content and 

decreased slope coefficient, carboxyl concentration, oxygen, aliphatic, and heteroaliphatic 

content promoted 4-ClNB degradation.  These data would suggest, assuming the NOM 

samples obtained by IHSS reasonably represent the diversity of NOM found in 

environmental systems, that reactivity of Fe(II)-goethite system in the presence of a 

particular NOM could be predicted if any one of these eight characteristics were quantified. 
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Figure 4.5: Variable loadings on the first and second principal components for (a) the 

observed 4-ClNB degradation rate (initial concentration 100 μM) by 1.0 mM Fe(II) and 

0.325 g/L goethite nanoparticles and (b) average goethite aggregate size for each NOM 

concentration.  Correlations between observed reactivity with quantified NOM 

characteristics.  The average degradation rate of 4-ClNB in the presence of 20 ppm OC 

NOM are compared to NOM characterization data ((c) = nitrogen, carbon, and aromatic 

content; (d) = heteroaliphatic, aliphatic, and oxygen content; and (e) = slope coefficient 

and carboxyl concentration) provided by IHSS for each NOM sample (PPHA [black], 

ESHA [yellow], SRHA [red], SRNOM [pink], SRFAI [grey], SRFAII [blue], PPFA [light 

blue]).  Error bars represent the propagated 95% confidence interval of duplicate trials and 

curved lines represent the calculated 95% confidence interval from the correlation data fit.  

Equations, R2 and p-values, and other linear fit parameters are detailed in Table C4. 

The data presented support previous research indicating iron oxide nanoparticle 

reactivity and aggregation are sensitive to the presence of NOM.  NOM adsorption onto 

the particle surface directly affects both aggregation (by sterically or electrostatically 

promoting or inhibiting aggregation) and the reactivity (by blocking reactive surface sites 

as concentrations increase, even though there is more accessible surface area due to 

disaggregation) of the nanoparticles.  Goethite reactivity was well correlated to eight NOM 
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physiochemical properties.  In contrast, aggregation was not well correlated to NOM 

physiochemical properties.  Typically, Deryaguin-Landau-Verwey-Overbeek (DLVO) 

theory is used to model nanoparticle stability and aggregation.14  Classic DLVO theory, 

however, does not include steric effects and fails to describe nonspherical particles or 

complex macromolecules, such as NOM.12, 62  Thus, further model development is needed 

to accurately describe the aggregation behavior of goethite nanoparticles in the presence of 

NOM. 
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Chapter 5: Natural Organic Matter Inhibition of the Fe(II)-Catalyzed 

Transformation of 6-Line Ferrihydrite 
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Summary 

 The complex chemical composition of groundwater environments can play an 

important role in the phase transformation of iron oxide nanoparticles. Six-line ferrihydrite, 

a poorly crystalline iron oxyhydroxide found only at the nanoscale, readily transforms into 

other thermodynamically more stable iron oxides and oxyhydroxides such as goethite and 

hematite. Phase transformation in iron oxides and oxyhydroxides is exquisitely sensitive 

to suspension pH, temperature, ionic strength, and the presence of dissolved ionic species, 

and organic compounds. While the influence of ferrous ions on ferrihydrite phase 

transformation has been studied over a wide range of environmentally relevant parameters, 

little is known about the effect of natural organic matter (NOM) on transformation. Here, 

we explore phase transformation of ferrihydrite nanoparticles suspended in various buffer 

systems and in the presence of a suite of NOM standards and model organic 

compounds.  The buffer identity had a significant impact on both the speciation and ratio 

of iron oxides present at the termination of the reaction. Furthermore, fulvic-like substances 

inhibited ferrihydrite transformation to goethite more so than the humic-like 

substances.  Finally, the model NOM compounds were unable to describe the effects of the 

NOM standards on iron oxide transformation. 

Introduction 

Natural organic matter (NOM) is present in natural systems, including 

groundwater, surface waters, wastewater, soils, and sediments.1-5  The concentration of 

NOM and its physiochemical properties depends on the geology, climate, and topography 



 

95 

of the region.6-8  One major class of NOM include humic substances, further characterized 

as fulvic and humic acids based on solubility in acidic and basic matrices, which are 

comprised of thousands of molecules with highly different chemical functionalities.1, 3-6, 9, 

10  NOM can interact with a diversity of species in natural water systems, but it is unclear 

what properties dictate these interactions. 

Inorganic nanoparticles are prevalent in natural water systems and primarily 

interact with NOM via adsorption of NOM onto the particle surface.  Six sorption 

mechanisms have been observed in the literature, and each mechanism is highly sensitive 

to the characteristics and properties of the NOM (i.e., molecular weight, charge, and 

hydrophobicity), nanoparticles (i.e., crystallinity and composition), and the solution (i.e., 

pH and ionic strength).11, 12  The adsorption of NOM alters the nanoparticle surface 

chemistry, affecting particle properties such as accessible surface area and surface 

chemical properties.13, 14 

Iron oxide and oxyhydroxide nanoparticles (here referred to generally as “iron 

oxides”) are one of the most commonly studied nanoparticles due to the prevalence and 

importance of these particles in the environment.  In natural water systems, iron oxide 

nanoparticles are involved in the fate and transport of contaminants, which may sometimes 

include reactions and/or behaviors that contribute to environmental remediation by 

sequestering or reductively degrading harmful compounds such as metal cations,15-17 

halogenated organic compounds,18-25 and nitroaromatic compounds.26-32  One of the most 

readily formed iron oxides in natural environments is ferrihydrite, a poorly crystalline iron 
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oxyhydroxide.  Its exact chemical formula and structure are unknown and are topics of rich 

discussion,33-36 though the stoichiometric ratios in all proposed compositions are close to 

those in the formula Fe5HO8·4H2O given by Schwertmann and Cornell.37  Ferrihydrite is 

only thermodynamically stable as nanoparticles ca. 3-7 nm in length, which possess very 

high surface area per gram material (i.e. >200 m2/g).38  The surfaces are “coated” with a 

layer of hydroxyl groups, which, combined with their high surface area, makes ferrihydrite 

nanoparticles efficient at adsorbing ions and organic molecules, including NOM.39   

Ferrihydrite readily transforms into other, more stable, mineral phases, such as 

goethite and hematite,37, 40 and transformation is catalyzed by the presence of Fe(II) ions.41-

51 This phase transformation (PT) may occur before, after, or concomitantly with crystal 

growth via oriented attachment (OA), in which primary particles self-assemble (such that 

the particles are crystallographically aligned, but spatially separated) before conversion to 

new, continuous crystals.52  It has been shown that PT precedes OA in the case of goethite 

growth from ferrihydrite,53 while akaganeite particles first aggregate before undergoing PT 

to hematite.54 

In this work, we determine the effect of organic molecules and NOM on the phase 

transformation of ferrihydrite nanoparticles in the presence of Fe(II).  This was 

accomplished by determining the phase composition of Fe(II)-ferrihydrite suspensions in 

the presence of well-characterized NOM samples at a range of environmentally relevant 

concentrations in a suite of pH 7 buffers (two Good’s buffers and a bicarbonate buffer).  

Good’s buffers have been widely used in studies involving Fe(II)-iron oxide systems, 
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including ferrihydrite transformation studies,41, 42, 44, 45, 48 and historically have been chosen 

because they are non-interacting with many metal ions.55, 56  Recent studies, however, have 

demonstrated that this class of buffers causes a release of Fe(II) from the mineral surface 

and alters the reactivity and aggregation state of iron oxide nanoparticles.56-58  Bicarbonate 

buffer serves as a better simulation of groundwater constituents.  We examine correlations 

between transformation inhibition and NOM properties and discuss NOM adsorption of 

Fe(II) or onto iron oxide surfaces as possible inhibition mechanisms. 

Experimental 

Six-line ferrihydrite was synthesized at room temperature with microwave 

annealing according to Burleson et al. and used within a day after determining the mass 

loading of the resulting suspension (four to five days after synthesis).53  All dialysis steps 

were performed at 10 °C, and post-dialysis suspensions were stored at 10 °C to decrease 

phase transformation before experiments began.  Batch reactors were prepared in an 

anaerobic chamber (Coy Laboratory Products, 5% H2/95% N2), using 121 mL serum 

bottles, which were sealed with PTFE-lined rubber septa. The reactors contained 39 mg of 

ferrihydrite nanoparticles (mass loading of 0.325 g/L) and 25 mM MOPS (3-(N-

morpholino)propanesulfonic acid, Sigma-Aldrich, ≥99.5%, pH 7, adjusted with 10 M 

NaOH), 25 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Sigma-

Aldrich, pH 7, adjusted with 10 M NaOH), or 10 mM NaHCO3 buffer (Sigma-Aldrich, pH 

7, adjusted with 1 M H2SO4).  An acidified 1.0 M FeCl2 (Fisher Scientific, 101.0%) 

solution was prepared in the glove bag by adding 5 mL of a 1.1 M FeCl2 stock solution to 
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0.5 mL of a 1.0 M HCl (BDH Aristar, 36.5-38%) solution. The acidified solution was added 

to the batch reactors to yield a final concentration of 1.0 mM Fe(II). 

Natural organic matter (NOM) samples were obtained from the International 

Humic Substances Society (IHSS, Saint Paul, MN).  Stock solutions of Pahokee Peat humic 

acid (PPHA, 1S103H), Pahokee Peat fulvic acid (PPFA, 2S103F), Suwannee River humic 

acid (SRHA, 2S101H), Suwannee River fulvic acid (SRFAI, 1S101F and SRFAII, 

2S101F), Suwannee River NOM (SRNOM, 2R101N), and Elliot Soil humic acid (ESHA, 

1S102H) were prepared by suspending the as-received dry sample in ultrapure (18.2 

MΩ·cm, Milli-Q system) water.  Alizarin (Acros, 97%), oxalic acid (dihydrate, Fisher 

Scientific), catechol (Sigma Aldrich), and pyrocatechol violet (PCV, MP Biomedicals) 

were prepared in ultrapure water and used as model NOM compounds while NaNO3 

(Sigma Aldrich) was prepared in ultrapure water and used to increase the ionic strength of 

the suspension.  Standard and model NOM solutions were added to the serum bottle to 

achieve the desired concentration of organic carbon (OC), and concentration of NOM is 

reported as parts per million OC for all reactions.  The suspension was allowed to 

equilibrate for 21 hours while rotating on an IKA RO 15 rotator along its longitudinal axis 

(at 22 ºC). 

Nanoparticles were washed by repeated centrifugation, decantation of supernatant, 

and resuspension in Milli-Q and allowed to air dry.  Phase composition was analyzed by 

X-ray diffraction (XRD) using a PANalytical X-Pert PRO MPD X-ray diffractometer 

equipped with a cobalt source, iron filter, and an X-Celerator detector over the range 10-
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80 º2θ. The resulting patterns were compared to the reference powder diffraction files 

(PDFs) of ferrihydrite (#29-0712), siderite (#29-0696), lepidocrocite (#44-1415), 

magnetite (#19-0629), maghemite (#39-1346), hematite (#33-0664), and goethite (#29-

0713) and fit using Rietveld refinement if no ferrihydrite was detected.  To determine the 

mineral composition when ferrihydrite was present, peak areas of goethite (110) peaks in 

samples containing known ratios of goethite and ferrihydrite were measured in X’Pert 

Highscore Plus and plotted as a function of weight percent goethite to generate a calibration 

curve.59  The same instrument and measurement parameters were used as in Soltis et al., 

in which the calibration constant was 33.4.59 

Selected samples were images via cryogenic transmission electron microscopy 

(cryo-TEM).  3 μL of suspension were placed on the carbon side of a 200 mesh copper grid 

coated with a lacy carbon film (that had been previously charged in a Pelco glow discharger 

for sixty seconds) in a 100% humidity chamber of a Vitrobot (FEI Mark IV).  Grids were 

blotted with filter paper for 1 second with a -2 mm offset, followed by a 1 second relaxation 

period, then plunged into liquid ethane.  This rapid cooling vitrifies the specimen.  All 

vitrified grids were stored and handled under liquid nitrogen.  Samples were imaged using 

an FEI Technai G2 Spirit BioTWIN TEM with a LaB6 source operated at 120 kV and 

equipped with a cryo stage and Eagle 2k charge-coupled device (CCD) camera (FEI). 
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Results and Discussion 

Buffer Identity 

The ultimate mineral composition changed significantly with the identity of both 

the NOM and buffer.  Figure 5.1 shows the phase composition after ferrihydrite 

equilibration with Fe(II) and 0 or 10 ppm NOM in HEPES, MOPS, and NaHCO3 buffers.  

In the reactors without any NOM, variation in composition is observed.  In both HEPES 

and NaHCO3, all of the ferrihydrite transformed to goethite and magnetite in the absence 

of NOM, although the ratio between these two phases differed between the buffers (more 

goethite was formed in NaHCO3 while more magnetite was formed in HEPES).  Much of 

the ferrihydrite was unreacted when aged in MOPS, with the final product containing 

approximately 90% ferrihydrite and 10% goethite.  This suggests that MOPS molecules 

either interact/complex with the ferrihydrite surface or taking up Fe(II) and inhibit phase 

transformation.  Buchholz et al. determined that MOPS interacted more strongly with 

Fe(II) adsorbed onto goethite than HEPES did and hypothesized that these buffers formed 

either mononuclear complexes with surface-bound Fe(II), binuclear complexes with 

surface-bound Fe(II), or binuclear complexes with structural Fe(III) of goethite 

nanoparticles.56  The complexes are hypothesized to form via the oxygen and nitrogen 

atoms of the six-member ring of the molecular structures.56 
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Figure 5.1:  Phase composition of 0.325 g/L ferrihydrite after 21 hours of equilibration 

with 1.0 mM Fe(II) and 0 or 10 ppm PPHA, SRNOM, or PPFA in 25 mM HEPES (left), 

25 mM MOPS (middle), or 10 mM NaHCO3 (right) at room temperature and pH 7 under 

anaerobic conditions. 

To determine the effect of NOM on the transformation of ferrihydrite in each of 

these buffer systems, 10 ppm of either PPHA, SRNOM, or PPFA were added prior to 

equilibration.  These three NOM standards were selected based on the results of previous 

work which ranked these three NOM as weakly (PPHA), moderately (SRNOM), and 

strongly (PPFA) affecting the reactivity of goethite nanoparticles.60  In the case of MOPS 

buffer, the phase composition is independent of either the presence or type of NOM.  All 

four samples contain approximately the same ratio of goethite and untransformed 

ferrihydrite.  These data indicate that the complexation of MOPS on the ferrihydrite surface 

is stronger than any of the NOM used in this study and that the buffer, not the NOM, is 

dictating the fate of the mineral transformation. 

The reactors containing NaHCO3 and NOM yielded phase compositions similar in 

nature to those in MOPS (i.e. ferrihydrite and goethite) and unlike that observed in the 

buffer only sample (i.e. magnetite and goethite).  The ratio of goethite to ferrihydrite, 
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however, was slightly larger in NaHCO3 than in MOPS, reaching as high as 25% goethite 

in the weakest interacting NOM (PPHA).  As the NOM interaction strength increases, the 

fraction of untransformed ferrihydrite increases in the final mineral composition.  We 

hypothesize that increased affinity for a NOM to the ferrihydrite surface inhibits 

transformation from ferrihydrite to goethite. 

The final buffer, HEPES, yielded the most complex distribution of iron oxide 

phases depending on the presence and identity of NOM.  In the sample containing PPHA 

(the weakest interacting NOM), the sample was comprised of only goethite and magnetite, 

the same composition as the NOM-free reactor, but with an increase in the ratio of goethite 

to magnetite from 0.70:1 (no NOM) to 1.74:1 (PPHA).  The ability of SRNOM to interact 

with iron oxide surfaces is greater than that of PPHA, and phase transformation was 

inhibited in a significant portion of the final sample (74% ferrihydrite/26% goethite).  

Magnetite is no longer observed.  It is hypothesized that transformation to magnetite is 

blocked because the SRNOM-ferrihydrite complex is more stable than the HEPES-

ferrihydrite complex.  Additionally, magnetite was the only mixed-oxidation state iron 

oxide observed and requires Fe(II) if it is to form from Fe(III)-based iron oxides (e.g. 

ferrihydrite), so the uptake of Fe(II) by SRNOM may be important.  Finally, when PPFA 

was present during equilibration, a mixture of goethite and lepidocrocite was observed. 

Increasing NOM Concentration 

The transformation of ferrihydrite to goethite was significantly dependent on the 

identity and concentration of NOM present.  When PPHA, SRNOM, and PPFA were 
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allowed to equilibrate with ferrihydrite and Fe(II) at concentrations ranging from 0.2 to 40 

ppm NOM (Figure 5.2), all samples contained only ferrihydrite and goethite after 

equilibration.  At low concentrations of all NOM samples (i.e., at and below 10 ppm), 

approximately 30% of the final phase composition was goethite.  At concentrations above 

10 ppm, a divergence in the data was observed.  SRNOM and PPFA exhibited similar 

behavior and began to inhibit ferrihydrite transformation — less goethite was present after 

reaction.  The fraction of goethite continued to decrease until the transformation was 

completely inhibited at NOM concentrations of 40 ppm.  On the other hand, PPHA had 

negligible effects on ferrihydrite transformation at all concentrations studied. 

These data align well with that of previous work with goethite.60  PPHA is a weakly 

interacting NOM and higher concentrations are required to observe any changes to the 

system studied (in this case, ferrihydrite phase transformation).  The majority of whole 

NOM fractions (e.g., SRNOM) are comprised of fulvic acid moieties,13 therefore, it is 

logical that the observed transformation trend is parallel to that of PPFA.  Finally, strongly 

interacting NOM, such as PPFA, begins to inhibit ferrihydrite phase transformation at 

lower concentrations. 
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Figure 5.2:  The percent goethite present in the final mineral composition after 0.325 g/L 

ferrihydrite and 1.0 mM Fe(II) equilibrated for 21 hours in 10 mM NaHCO3 (pH 7) with 

increasing concentration of PPHA (black circles), SRNOM (light grey inverted triangles), 

and PPFA (dark grey squares).  Ferrihydrite was the only other mineral phase detected. 

NOM and Model NOM Identity 

In general, as the ability of NOM to interact with mineral surfaces increases, the 

transformation of ferrihydrite to goethite was inhibited.  The interaction between NOM and 

ferrihydrite was expected to be directly related to the amount of NOM or model NOM 

present during transformation.  A suite of seven NOM standards were introduced to the 

ferrihydrite suspension at 10 ppm (Figure 5.3a) and 30 ppm (Figure 5.3b) in NaHCO3 

buffer.  At 10 ppm NOM, the transformation of ferrihydrite to goethite was independent of 

NOM identity.  The final phase composition in all samples was approximately 30% 

goethite and 70% ferrihydrite. 
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Figure 5.3: Phase composition after 21 hours of equilibration between 0.325 g/L 

ferrihydrite, 1.0 mM Fe(II), and (a) 10 ppm NOM or (b) 30 ppm NOM in pH 7 10 mM 

NaHCO3.  Data are ordered from left to right by increasing NOM interaction capability as 

determined in previous work.60 

As the concentration of NOM increased, the amount of untransformed ferrihydrite 

also increased.  This trend was evident when comparing the results in Figure 5.3a with 

those in Figure 5.3b.  Each sample contained more ferrihydrite when 30 ppm NOM was 

present than when 10 ppm was present.  PPHA and ESHA did not suppress transformation 

to the same extent of the other five NOM standards at 30 ppm, where approximately 95% 

of the mineral composition remained ferrihydrite. 
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Four organic compounds were selected as model NOM molecules, each known for 

their coordinating abilities to either aqueous iron (oxalic acid) or iron oxide minerals (PCV, 

catechol, and alizarin), and used in batch experiments at 10 ppm OC.  Figure 5.4 

demonstrates the effect of each of these four molecules on the inhibition of ferrihydrite 

transformation.  PCV inhibits the transformation process the least (i.e., more of the 

ferrihydrite undergoes phase transformation), followed by oxalic acid, alizarin, and 

catechol (most transformation inhibition as indicated by the highest fraction of ferrihydrite 

present). 

 

Figure 5.4: Phase composition after 21 hours of equilibration between 0.325 g/L 

ferrihydrite, 1.0 mM Fe(II), and 10 ppm OC model NOM in pH 7 10 mM NaHCO3. 

 

Previous work identified six NOM characteristics that yielded linear relationships 

between observed mineral-mediated oxidation-reduction rate constant and the quantified 

NOM characteristic.60  Increased carbon, nitrogen, and aromatic content resulted in faster 

rates of reductive degradation of a nitroaromatic model pollutant (less inhibition by NOM) 
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whereas increased oxygen, aliphatic, and heteroaliphatic content resulted in slower 

degradation rate constants (greater inhibition by NOM).  Analysis of the molecular 

structures of these four compounds (Table 5.1) does not yield any observed trends between 

model NOM character and ferrihydrite transformation. 

Table 5.1: Chemical characteristics of the model NOM compounds arranged by increasing 

inhibition of ferrihydrite transformation (top to bottom). 

Model 

NOM 

Molecular 

Weight 

(g/mol) 

Carbon 

(%, mass) 

Oxygen 

(%, mass) 

Aromatic 

Atoms  

(%, number) 

Goethite 

(%) 

PCV 386.38 59.06 28.99 46.34 35.4 

Oxalic Acid 90.03 26.68 71.09 0 24.1 

Alizarin 240.21 70.00 26.64 53.85 9.2 

Catechol 110.10 65.45 29.06 42.86 0.0 

 

There are two possible explanations for the discrepancy of observed relationships 

for the NOM model compounds and those observed in previous work using NOM 

standards.  The first is that the systems studied are different (oxidized mineral growth and 

phase transformation).  Second, the molecular weights of NOM and model NOM 

molecules are drastically different.  NOM molecular weight has been correlated to 

nanoparticle aggregation behavior61 and the molecules selected for model compounds are 

orders of magnitude smaller than the NOM standards.  Therefore, small molecules may not 

fully describe the effects of NOM on iron oxide reactivity and transformation. 

Aggregation State and Morphology 

Figure 5.5 shows cryo-TEM images of the iron oxides produced after ferrihydrite 

was equilibrated with 1.0 mM Fe(II) in pH 7 25 mM MOPS with 0, 4, and 50 ppm PPHA 

for 21 h. Structural intermediates (once called mesocrystals)62 in the conversion of 
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ferrihydrite to larger particles of other iron oxide phases are visible in the samples aged 

without NOM and in the presence of 4 ppm PPHA. XRD indicates that these samples 

contain goethite and lepidocrocite (and hematite in the 4 ppm sample). The observed 

structures have the same morphology as single-crystal goethite and lepidocrocite rods (as 

well as the twinned structure in the 4 ppm sample, another common morphology in these 

minerals), yet lack direct mineral-mineral contact, as evidenced by the gaps between 

particles. XRD data for the 50 ppm sample reveal that it is composed of only ferrihydrite. 

The aggregates observed in cryo-TEM images are disordered and lack the same degree of 

structural organization seen in the no- and low-NOM samples, suggesting that the primary 

ferrihydrite particles have undergone neither phase transformation nor oriented attachment 

without transformation. 
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Figure 5.5: Cryo-TEM images of iron oxide structural intermediates after 21 hours of 

equilibration between 0.0813 g/L ferrihydrite, 1.0 mM Fe(II) in pH 7 25 mM MOPS, 

without NOM (top) and in the presence of 4 (middle) and 50 (bottom) ppm PPHA. 
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Chapter 6: Extension of Camera Phone Colorimetry to Natural Water 

Analysis: Quantifying Fe(II) via the Ferrozine Assay 
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Summary 

 The ferrozine assay has been used for decades as a rapid and reproducible means to 

quantify iron ion concentrations in a wide range of samples, including natural waters.  

Storage and transportation may result in contamination of a sample after it has been 

collected and before ferrozine analysis can be performed in the laboratory.  Here, camera 

phone colorimetry was used to quantify Fe(II) concentration in a natural water sample 

collected from the Soudan Mine in Minnesota.  The result is statistically indistinguishable 

from that determined using a spectrophotometer.  This method is suitable for quantifying 

Fe(II) concentration in natural water samples in field settings. 

Introduction 

 Since its development in the 1970s,1 the ferrozine assay has been used extensively 

to quantify iron concentrations.  Modifications in the method by Viollier et al. enabled the 

quantification of both ferrous and ferric iron.2  The ferrozine assay has been applied to 

samples of natural water,2-4 sediment,5, 6 and food products.7, 8  Iron-containing samples 

must be analyzed in the laboratory, which requires storage and transportation, and may 

result in contamination.  An ideal method for iron quantification in natural waters, for 

example, would enable measurements while collecting samples in the field.  Some field 

kits exist for analyzing iron in natural samples, but most yield only semi-quantitative 

results for a relatively large financial cost. 

 A smart phone has become an essential documentation tool during field work and 

site visits.  Colorimetric analysis using smart phone cameras have recently been developed 



 

113 

for application in high school and university laboratory settings.9-11  An image of standard 

solutions and the sample of unknown concentration can be used to generate a calibration 

curve and quantify the target analyte concentration in the unknown.  The smart phone 

behaves as a mobile UV-vis spectrophotometer, of sorts.  This type of analysis, however, 

has never been conducted outside of a traditional laboratory setting where non-ideal 

conditions (such as improper lighting) could occur during analysis.  Combining camera 

phone colorimetry and the ferrozine assay would allow for rapid and quantitative, in-field 

analysis. 

 In this work, ferrozine analysis was conducted via camera phone colorimetry and 

compared to results obtained using UV-vis spectrometer.  Ferrous iron concentration in 

water from the Soudan Mine was calculated and compared by each method and at different 

times after sample preparation.  On-site simulation was also achieved by capturing images 

outdoors with natural lighting conditions. 

Experimental 

Sample Preparation 

In an anaerobic glove bag (Coy Laboratory Products, 5% H2/95%N2), ferrozine (5 

mg/mL, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid disodium salt, 

Acros) and ferrous chloride (1.1 M FeCl2, Fisher Scientific, 101.0%) stock solutions were 

prepared using ultrapure water (18.2 MΩ·cm, Milli-Q system).  Hydrochloric acid was 

added to the FeCl2 solution to obtain a final concentration of 1.0 M.  Iron standards were 

prepared with 0.400 mL of stock ferrozine and appropriate amounts of FeCl2 and water 



 

114 

(total volume of 4 mL to obtain the desired range of standard concentrations, 0.01-0.08 

mM) were combined in a polystyrene cuvette (1 cm path length) and capped.  Natural iron-

rich water was obtained from the Soudan Mine (bore hole 32, Soudan, MN).  A cuvette 

containing the natural water sample was prepared the day after standard preparation (to 

better simulate field collection conditions) with 0.400 mL of stock ferrozine, 3.500 mL of 

water, and 0.100 mL of Soudan Mine water.  Colorimetric and UV-vis analysis was 

conducted every two hours on the day of Soudan Mine sample preparation (0-8 hours) and 

each of the following three days (24, 48, and 72 hours). 

Spectroscopic Analysis 

The absorbance of each solution was quantified at 562 nm, the maximum 

absorbance value of the Fe(II)-ferrozine complex, by an Agilent 8453 UV-Visible 

spectrometer three times.  Fe(II) concentration of the Soudan Mine sample was determined 

using a five point calibration curve plotted using the average absorbance for each standard 

solution. 

Images captured by the camera phone (Samsung Galaxy S3) were analyzed using 

both ImageJ and with Image Color Picker Android application.  Ferrozine assay cuvettes 

were placed in front of a white background in the following order (left to right): Fe(II) 

standards (low to high concentration), blank, and Soudan Mine sample.  Absorbance values 

were obtained by measuring the RGB (red, green, blue) values (on a scale of 0-255) using 

ImageJ (version 1.46r) by highlighting a rectangle covering the majority of uniform color 

within each cuvette.  ImageJ is an open-source image processing and analysis program 
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written in Java by Wayne Rasband at the U.S. National Institutes of Health.12  RGB 

Measure, a standard plugin, was used to determine the mean R, G, and B values.  The RGB 

values for three different positions within the cuvette were measured using Image Color 

Picker (version 2.4.1, GITS Indonesia) and averaged.  Absorbance (A) was calculated 

using Equation 1, in which In is the R, G, or B value for the Fe(II) standard or Soudan Mine 

sample and Iblank the R, G, B value for the blank. 

 𝐴 =  − log 𝐼𝑛 𝐼𝑏𝑙𝑎𝑛𝑘⁄  (1) 

Hazards 

Ferrozine is an eye and skin irritant.  Safety glasses and gloves should be worn at 

all times.  Personal electronic devices can be placed inside clear plastic bags to prevent 

contamination with chemicals, if desired. 

Results and Discussion 

 A representative image (cropped, but otherwise unmodified) of the standards and 

Soudan Mine sample is shown in Figure 1, and the calibration curves generated from the 

standards (five cuvettes on the left) at all analysis times are shown in Figure 2.  Absorbance 

values were calculated using the green channel with ImageJ and Color Picker.  This channel 

yield the highest sensitivity and the R2 value for the linear regression was consistently 

higher (>0.97) than either the data obtained by either the red or blue channel (Figure 1).  

The sensitivity was highest for UV-vis analysis and the calibration curves were consistent 

throughout the entire analysis time (72 hours).  This suggests that the ferrozine-Fe(II) 

complex was stable over time.. 
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Method 
RGB 

Channel 
Slope R2 

UV-vis NA 23.3 0.9996 

ImageJ 

R 1.25 0.856 

G 9.32 0.977 

B 2.36 0.915 

Color 

Picker 

R 1.23 0.848 

G 9.45 0.975 

B 2.32 0.906 

 

Figure 6.1: Photograph of Fe(II) standards (0.01-0.08 mM Fe(II), ferrozine, and water), 

the blank (ferrozine and water), and the prepared sample from the Soudan Mine (water 

sample, ferrozine, and water) 6 hours after the sample cuvette was prepared.  Slopes and 

R2 values from the calibration curves generated from the absorbance values obtained using 

UV-vis spectroscopy and the RGB values obtained using ImageJ and Color Picker are 

displayed in the table. 

Variation in the calibration curves generated from camera phone images was 

observed.  It is hypothesized that much of the variation between analysis times was due to 

differences in either the time of day or general weather conditions.  For instance, the 2 and 

4 hour samples were acquired at 10:00 am and 12:00 pm on a sunny day in August and the 

absorbance values were higher than those collected at other sampling times.  On the days 

when the 48 and 72 hour sampling occurred, there was significant cloud coverage which 

resulted in less natural light and lower overall absorbance values.  Despite the observed 

differences in the sensitivity of the calibration curves, good linearity was still obtained in 
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the data fits.  Therefore, images taken during a field sampling excursion and analyzed via 

colorimetric analysis will yield excellent calibration curves in cloudy, overcast or clear 

weather conditions. 

 
Figure 6.2:  Calibration curves of Fe(II) standards at various times after sample preparation 

via each analysis method: UV-vis spectroscopy (top) and camera phone analysis in natural 

light using either ImageJ (middle) or Color Picker (bottom). 

 

The Fe(II) concentration determined using the ferrozine assay combined with 

camera phone colorimetry was statistically indistinguishable from that determined using a 
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UV-vis spectrometer to quantify absorbance.  The calibration curves in Figure 2 were used 

to calculate the Fe(II) concentration of a water sample from the Soudan Mine (Table 1).  

Fe(II) concentrations were similar across the different analysis methods for each analysis 

time, with the exception of the 72 hour sample in which the camera phone analysis occurred 

on the cloudiest of the sampling days in this study.  The Fe(II) concentrations obtained via 

UV-vis analysis decreased over the 72 hour sampling time by a few percent, despite no 

significant change between calibration curves.  Furthermore, there was no apparent trend 

in the camera phone analysis either over- or underestimating the Fe(II) concentration 

compared to the results of the UV-vis analysis.  The standard deviation values for the 

camera phone analyses were larger than that for UV-vis, and it is hypothesized that this is 

due to the inconsistent lighting inherent in obtaining photographs in natural light. 

Table 6.1: Fe(II) concentration (mM) of water sample from Soudan Mine (bore hole 32) 

as determined by UV-vis spectroscopy and camera phone analysis performed and natural 

light via ImageJ and Color Picker at various times after sample preparation. 

Analysis Time (h) UV-vis ImageJ Color Picker 

0 1.69 1.72 1.74 

2 1.66 1.57 1.56 

4 1.65 1.57 1.51 

6 1.65 1.61 1.58 

8 1.64 1.59 1.55 

24 1.63 1.52 1.53 

48 1.62 1.68 1.68 

72 1.60 1.40 1.41 

Average 1.64 1.611 1.591 

St. Dev. 0.03 0.071 0.081 

172 hour sample excluded from calculation 

 

 Ferrozine assays analyzed via camera phone colorimetry yielded comparable 

performance to the established UV-vis analysis.  Samples were analyzed under a range of 
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weather conditions which indicated that accurate results were possible given enough 

ambient light.  Furthermore, images collected hours after sample preparation were as viable 

as those collected immediately, with only a few percent loss in Fe(II) concentration of the 

unknown.  These results demonstrate that ferrozine assays can be conducted in the field on 

the day of collection for rapid, facile, and more quantitative sample characterization.  This 

work could also be extended to other colorimetric assays applicable to natural waters, such 

as calcium and magnesium. 
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Chapter 7: Conclusions 

 

Goethite nanoparticle aggregation is highly sensitive to the adsorption of transition 

metal ions, oxidation of adsorbed metal ions, buffer identity, and buffer concentration.  The 

adsorption of transition metal ions impart a positive surface charge, thereby enhancing 

electrostatic repulsion between nanoparticles and reducing the average aggregate size.  

Oxidation of Fe(II) increased goethite aggregation, regardless of the oxidation method.  

Zwitterionic buffer with special charge separation were shown to prevent aggregation and 

promote faster rates of 4-ClNB degradation.  Furthermore, high concentrations of these 

buffers resulted in larger and densely packed aggregates, which resulted in slowed rates of 

4-ClNB degradation.  The sensitivity of the Fe(II)-goethite system to buffer identity and 

concentration called  into question the appropriateness of using biological buffers within 

batch reactors to simulate the reactivity of nanoparticles in natural aquatic systems. 

To better simulate natural aquatic environments, NOM was introduced, as PPHA, 

to observe its effect on the reactivity and aggregation of the Fe(II)-goethite system.  The 

rate of 4-ClNB degradation generally decreased with increasing PPHA concentration.  The 

reduction in reactivity was most pronounced in Good’s buffer as compared to bicarbonate 

buffer, which is commonly found in groundwater.  At high concentrations, PPHA blocks 

reactive surface sites from reaction with 4-ClNB, but does not appear to affect the sorption 

of Fe(II) to the surface.  While the use of bicarbonate (instead of MOPS) nor the addition 

of PPHA altered which goethite face was the most reactive, there was evidence of crystal 
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growth in the particle width dimension.  Once growth on the most reactive face has slowed, 

it is hypothesized that the less reactive crystal faces are capable of oxidative growth.  

The physiochemical nature of NOM is highly dependent on the region from and 

season in which it is sampled.  Thus, the reactivity and aggregation of goethite 

nanoparticles were quantified in the presence of well-characterized NOM standards from 

an array of sampling sites.  Nanoparticle aggregation was unaffected by humic-like 

substances (PPHA and ESHA), while increased concentrations of fulvic-like substances 

(SRHA, SRNOM, SRFAI, SRFAII, and PPFA) dispersed goethite nanoparticles.  In all 

cases, NOM suppressed Fe(II)-goethite reactivity and the ranking of NOM standards from 

the least to most inhibitive was PPHA, ESHA, SRHA, SRNOM, SRFAI, SRFAII, and 

PPFA.  Faster kinetic rates of reductive degradation were observed with increased NOM 

molecular weight and nitrogen, carbon, and aromatic content, and slower rates were 

observed with increased NOM carboxyl concentration and oxygen, heteroaliphatic, and 

aliphatic content.  With these correlations, improved predictions of the reactivity of Fe(II)-

goethite based on properties of the NOM present in natural water systems are possible. 

Other nanoparticulate iron oxides, such as ferrihydrite, readily transform into 

thermodynamically more stable iron oxide phases under environmentally relevant 

conditions, but little is known about the effect of NOM on transformation.  Buffer identity 

had a significant impact on both the speciation and ratio of iron oxides present at the 

termination of the ferrihydrite transformation reaction.  Furthermore, fulvic-like substances 

inhibited ferrihydrite transformation to goethite more so than the humic-like 
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substances.  Finally, model NOM compounds were unable to describe the effects of the 

NOM standards on iron oxide transformation, which questions the use of small, organic 

compounds as NOM surrogates. 

Iron oxide nanoparticles are some of the most commonly found minerals in the 

environment and yet there remains holes in our knowledge of iron oxide-NOM interactions.  

Limited work on mineral transformations and knowledge gaps in iron oxide reactivity leave 

unanswered questions between laboratory and field studies.  Past work demonstrated that 

the presence of NOM affects mineral transformations, although the complexity of NOM 

present, such as types and concentrations of NOM, has not been fully examined.  On the 

other hand, it has been repeatedly demonstrated that NOM affects iron oxide reactivity 

towards ions, contaminants, and organic molecules.  Aggregation states, including the 

mechanism and kinetics of formation, reversibility, and their influence on reactive systems, 

could also be the direction of future research. Fractal analysis and evolving aggregation 

studies from characterization techniques like cryo-TEM will assist in this aim. 

 While more recent studies feature the addition of NOM to an iron oxide suspension 

and the study of its effects on those particles, the fate and transformation of the NOM 

should also be explored.  Identification of the fractions of NOM that adsorb onto an iron 

oxide and quantification of the dynamics of structure and conformation of NOM during 

reaction will provide clues to the fate of NOM in the presence of iron oxides.  The 

conditions in which redox transformations of NOM are favorable and how that may alter 

their role in contaminant degradation should be highlighted.  
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Appendix A: Supporting Information from Chapter 2 

 

Figure A1: Schematic diagram of goethite nanoparticle.  

Table A1: Properties of goethite particles 

Iron Mineral SABET
1

 (m2/g) SATEM
2
 (m2/g) Width3

 (nm) Length3
 (nm) 

Goethite 

Nanorod 

136.8 ± 0.5 218.6 ± 86.4 8.9 ± 3.9 63.7 ± 22.9 

1Surface area measure via gas absorption/desorption (BET measurement).  
2Surface area calculated from TEM measurements.  
3Width and length are defined in Figure A1. 
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Figure A2: Experimental XRD pattern of goethite nanoparticles with goethite PDF. 
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Figure A3: TEM image analysis of goethite nanoparticles suspended in 10, 20, and 50 mM 

MOPS buffer.  Frequency of angles between nanoparticle contacts (A), average aggregate 

density (B), and average aggregate length and width (C). 
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Table A2: pH of reactors at various MOPS concentration at preparation, after equilibration 

with the goethite and Fe(II), and after reaction with 4-ClNB 

MOPS Concentration 

(mM) 

pH after 

preparation 

pH after 

equilibration 

pH after 2 hours 

reaction with 4-ClNB 

5 6.84 6.52 6.39 

10 6.83 6.73 6.64 

20 6.80 6.73 6.69 

30 6.79 6.75 6.74 

40 6.83 6.77 6.76 

50 6.85 6.81 6.79 
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Appendix B: Supporting Information from Chapter 3 

Section B1: Synthetic Goethite Characterization by X-ray Diffraction 

 

Figure B1: XRD pattern of the pre-reaction goethite suspension and PDF stick patterns of 

goethite (orange, #29-0713) and hematite (dark red, #33-0664). 

Section B2: Reactor Preparation Conditions 

Table B1: Average goethite nanoparticle aggregate size and rate of 4-ClNB degradation 

with varying equilibrium 

Equilibration 

Time 

4-ClNB Degradation 

Rate (min-1)a 

Average Goethite 

Aggregate Size (nm)b 

Fe(II)/PPHA PPHA/Fe(II) Fe(II)/PPHA PPHA/Fe(II) 

0 s 0.0344 ± 0.0018 2900 ± 1600 

20 s 0.0223 ± 0.0020 0.0299 ± 0.0023 2800 ± 2100 4500 ± 2300 

21 h 0.0273 ± 0.0009 0.0358 ± 0.0040 3200 ± 3200 2800 ± 2200 
aErrors represent 95% confidence intervals of triplicate trials 
bErrors represent standard deviation of duplicate trials of 18 measurements 
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Table B2: Statistical analysis of 4-ClNB degradation rates under each of the reactor preparation conditions.  T-tests were calculated 

assuming equal variances.  Abbreviations used: equilibration time (Equil. Time); observations (Obs); hypothesized mean difference 

(Hypoth. Mean Diff.). 

Equil. 

Time 

Order of 

Addition 

Mean 

k  

(min-1) 

Variance Obs 
Pooled 

Variance 

Hypoth. 

Mean 

Diff. 

df t Stat 
P(T<=t) 

one-tail 

t Critical 

one-tail 

P (T<=t) 

two-tail 

t Critical 

two-tail 

0s NA 0.0344 0.000292 3 
0.000186 0 4 1.09 0.169 2.13 0.338 2.78 

20s Fe(II), PPHA 0.0223 8.04E-5 3 

0s NA 0.0344 0.000292 3 
0.000391 0 4 0.279 0.397 2.13 0.794 2.78 

20s PPHA, Fe(II) 0.0299 0.000489 3 

0s NA 0.0344 0.000292 3 
0.000292 0 4 0.509 0.319 2.13 0.638 2.78 

21h Fe(II), PPHA 0.0273 0.000293 3 

0s NA 0.0344 0.000292 3 
0.000539 0 4 0.0774 0.471 2.13 0.942 2.78 

21h PPHA, Fe(II) 0.0358 0.000786 3 

20s Fe(II), PPHA 0.0223 8.04E-5 3 
0.000285 0 4 0.551 0.305 2.13 0.611 2.78 

20s PPHA, Fe(II) 0.0299 0.000489 3 

20s Fe(II), PPHA 0.0223 8.04E-5 3 
0.000186 0 4 0.448 0.339 2.13 0.677 2.78 

21h Fe(II), PPHA 0.0273 0.000293 3 

20s Fe(II), PPHA 0.0223 8.04E-5 3 
0.000433 0 4 0.798 0.235 2.13 0.469 2.78 

21h PPHA, Fe(II) 0.0358 0.000786 3 

20s PPHA, Fe(II) 0.0299 0.000489 3 
0.000391 0 4 0.161 0.440 2.13 0.880 2.78 

21h Fe(II), PPHA 0.0273 0.000293 3 

20s PPHA, Fe(II) 0.0299 0.000489 3 
0.000638 0 4 0.289 0.393 2.13 0.787 2.78 

21h PPHA, Fe(II) 0.0358 0.000786 3 

21h Fe(II), PPHA 0.0273 0.000293 3 
0.000539 0 4 0.452 0.337 2.13 0.675 2.78 

21h PPHA, Fe(II) 0.0358 0.000786 3 
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Table B3: Statistical analysis average aggregate size under each of the reactor preparation conditions.  T-tests were calculated assuming 

equal variances, unless where noted (*, unequal variances).  Abbreviations used: equilibration time (Equil. Time); observations (Obs); 

hypothesized mean difference (Hypoth. Mean Diff.) 

Equil. 

Time 

Order of 

Addition 

Mean 

Dia. 

(nm) 

Variance Obs 
Pooled 

Variance 

Hypoth. 

Mean 

Diff. 

df t Stat 
P(T<=t) 

one-tail 

t Critical 

one-tail 

P (T<=t) 

two-tail 

t Critical 

two-tail 

0s NA 2900 107989 2 
65916 0 2 0.283 0.402 2.92 0.804 4.30 

20s Fe(II), PPHA 2800 23844 2 

0s NA 2900 107989 2 
599450 0 2 2.09 0.0859 2.92 0.172 4.30 

20s PPHA, Fe(II) 4500 1090912 2 

0s NA 2900 107989 2 
2143705 0 2 0.192 0.433 2.92 0.866 4.30 

21h Fe(II), PPHA 3200 4179422 2 

0s NA 2900 107989 2 
1219183 0 2 0.0741 0.474 2.92 0.948 4.30 

21h PPHA, Fe(II) 2800 2330377 2 

20s Fe(II), PPHA 2800 23844 2 
557378 0 2 2.26 0.0759 0.0759 0.152 4.30 

20s PPHA, Fe(II) 4500 1090912 2 

20s Fe(II), PPHA 2800 23844 2 
NA* 0* 1* 0.244* 0.424* 6.31* 0.848* 12.7* 

21h Fe(II), PPHA 3200 4179422 2 

20s Fe(II), PPHA 2800 23844 2 
1177111 0 2 0.00842 0.497 2.92 0.994 4.30 

21h PPHA, Fe(II) 2800 2330377 2 

20s PPHA, Fe(II) 4500 1090912 2 
2635167 0 2 0.824 0.248 2.92 0.497 4.30 

21h Fe(II), PPHA 3200 4179422 2 

20s PPHA, Fe(II) 4500 1090912 2 
1710644 0 2 1.30 0.162 2.92 0.323 4.30 

21h PPHA, Fe(II) 2800 2330377 2 

21h Fe(II), PPHA 3200 4179422 2 
3254899 0 2 0.201 0.430 2.92 0.859 4.30 

21h PPHA, Fe(II) 2800 2330377 2 
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Section B3: Other Experimental Data 

4-ClNB Degradation Control Experiments 

Table B4: Average rate of 4-ClNB degradation in the presence of goethite only, Fe(II) 

only, and Fe(II) and various concentrations of PPHA in either 25 mM MOPS or 10 mM 

NaHCO3. 

Buffer Species Present k4-ClNB (min-1) 

MOPS 

goethite -0.0022 ± 0.0015a 

Fe(II) 0.0014 ± 0.0013b 

goethite, Fe(II) 0.1507 ± 0.0009a,c 

Fe(II), 2 ppm PPHA 0.0004 ± 0.0012b 

Fe(II), 10 ppm PPHA 0.0002 ± 0.0009b 

Fe(II), 50 ppm PPHA 0.0002 ± 0.0010b 

NaHCO3 

goethite -0.0022 ± 0.0012a 

Fe(II) 0.0042 ± 0.0056a 

goethite, Fe(II) 0.0126 ± 0.0022a,c 

Fe(II), 2 ppm PPHA -0.0009 ± 0.0076a 

Fe(II), 10 ppm PPHA 0.0058 ± 0.0055a 

Fe(II), 50 ppm PPHA 0.0009 ± 0.0016a 

aError represents 95% confidence intervals of duplicate trials 
bErrors represent 95% confidence intervals of triplicate trials 
cReported in manuscript as 0 ppm OCPPHA 

 

Variation of DLS Measurements 

 

Figure B2: Average nanoparticle diameter of 0.325g/L goethite in (a) 25 mM MOPS and 

(b) 10 mM NaHCO3 during reaction with 1.0 mM Fe(II) and 100 μM 4-ClNB.  Open circles 

represent the average values that are above the quantitative limit of the instrumentation and 

grayed circles are within the quantitative range. 
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Dissolved Fe(II) Concentration vs. PPHA Concentration 

 

Figure B3: Aqueous Fe(II) concentration after 21 hours of equilibration in suspensions 

prepared with varying concentration of PPHA and with an initial Fe(II) concentration of 

1.0 mM Fe(II) in the absence (open circles) and presence (closed circles) of 0.325 g/L 

goethite in (a) 25 mM MOPS and (b) 10 mM NaHCO3.  Adsorbed Fe(II), quantified as the 

difference in aqueous Fe(II) in the absence and presence of goethite, at each PPHA 

concentration is given in (c) for both buffers. 

Zeta Potential, Electrophoretic Mobility, and Adsorbed PPHA 

Table B5: Zeta potential, electrophoretic mobility, and adsorbed organic carbon 

measurements (before 4-ClNB degradation initiation) of 0.325 g/L goethite and 1.0 mM 

Fe(II) in in the presence of PPHA suspended in 25 mM MOPS and 10 mM NaHCO3 pH 7 

buffers. 

Buffer 
[OC] 

(ppm) 

Electrophoretic Mobility 

(
𝐦𝐢𝐜𝐫𝐨𝐧

𝐬𝐞𝐜𝐨𝐧𝐝
) (

𝐕𝐨𝐥𝐭

𝐜𝐦
)⁄  

Zeta 

Potential 

(mV) 

Adsorbed 

OCPPHA (%) 

MOPS 

0 3.1 ± 0.1 39.9 ± 1.6 N/A 

10 -2.0 ± 0.2 -25.0 ± 0.9 nd 

30 -2.4 ± 0.04 -31.0 ± 0.5 nd 

NaHCO3 

0 0.6 ± 0.1 7.3 ± 2.0 N/A 

10 -2.2 ± 0.1 -28.5 ± 1.8 14 

30 -2.2 ± 0.1 -28.3 ± 1.7 59 
nd – TOC signal from MOPS prevented quantification 
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Section B4: T-tests for Fe(II) Equilibration Times – Sequential Injections  

Table B6: Statistical analysis of 4-ClNB degradation rates of Fe(II) equilibration times for 

each buffer: 21 hours used in all experiments except the sequential injection experiments 

where 19 hours (MOPS) and 15 hours (NaHCO3) were used instead.  T-tests were 

calculated assuming equal variances. 

 
MOPS NaHCO3 

21h 19h 21h 15h 

Mean 0.0162 0.0136 0.0109 0.0108 

Variance 1.4E-05 2.45E-07 7.20E-07 4.21E-06 

Observations 2 2 2 2 

Pooled Variance 7.15E-06 2.46E-06 

Hypothesized Mean Difference 0 0 

df 2 2 

t Stat 0.973 0.0956 

P(T<=t) one-tail 0.217 0.466 

t Critical one-tail 2.92 2.92 

P(T<=t) two-tail 0.433 0.933 

t Critical two-tail 4.30 4.30 
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Section B5: Pseudo-First Order Plots of Sequential 4-ClNB Degradation 

 

Figure B4: Pseudo-first order plots of 4-ClNB degradation by 0.325 g/L goethite and 1.0 

mM Fe(II) in the presence of 10 ppm PPHA in pH 7 (a) 25 mM MOPS and (b) 10 mM 

NaHCO3 buffer.  4-ClNB was allowed to completely degrade for each injection: 1 (black 

circles), 2 (red squares), 3 (green diamonds), 4 (blue triangles), and 5 (pink X). 
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Section B6: Goethite Particle Size Analysis of Sequential 4-ClNB Degradations 

 

Figure B5: Histograms of the normalized frequency of length and width of goethite 

nanoparticles after (a, b) 1 injection of 4-ClNB, (c, d) 3 injections of 4-ClNB, and (e, f) 5 

injections of 4-ClNB in 25 mM MOPS and 10 ppm OC PPHA.  Figure insets list the 

average length or width, standard deviation, and number of measurements. 
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Figure B6: Histograms of the normalized frequency of length and width of goethite 

nanoparticles after (a, b) 1 injection of 4-ClNB, (c, d) 3 injections of 4-ClNB, and (e, f) 5 

injections of 4-ClNB in 10 mM NaHCO3 and 10 ppm OC PPHA.  Figure insets list the 

average length or width, standard deviation, and number of measurements. 
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Section B7: Goethite Statistical Analysis of Sequential 4-ClNB Degradations 

 

Table B7: Results of F tests for each nanoparticle dimension in each buffer comparing sequential 4-ClNB injections. 

Buffer 
Particle 

Dimension 
Sample Mean Variance Observations df F 

P(F<=f) 

one-tail 

F Critical 

one-tail 

MOPS 

Length 

Stock 89.0 1221 460 459 
1.22 0.0194 1.17 

Injection 1 103 1485 431 430 

Injection 1 103 1485 431 430 
170 2.10E-8 1.17 

Injection 3 129 2521 443 442 

Injection 3 129 2521 443 442 
1.98 4.73E-11 1.19 

Injection 5 179 5001 286 285 

Width 

Stock 10.0 17.8 460 459 
1.20 0.0276 1.17 

Injection 1 9.1 14.8 431 430 

Injection 1 9.1 14.8 431 430 
1.46 4.01E-5 1.17 

Injection 3 12.3 21.6 443 442 

Injection 3 12.3 21.6 443 442 
1.56 2.55E-5 1.20 

Injection 5 11.5 13.8 286 285 

NaHCO3 

Length 

Stock 89.0 1221 460 459 
1.29 0.00282 1.16 

Injection 1 102 1574 502 501 

Injection 1 102 1574 502 501 
1.12 0.110 1.16 

Injection 3 122 1758 483 482 

Injection 3 122 1758 483 482 
2.45 9.93E-21 1.17 

Injection 5 189 4315 381 380 

Width 

Stock 10.0 17.8 460 459 
1.01 0.470 1.16 

Injection 1 11.1 17.9 502 501 

Injection 1 11.1 17.9 502 501 
1.25 0.00717 1.16 

Injection 3 10.0 14.3 483 482 

Injection 3 10.0 14.3 483 482 
1.24 0.0135 1.17 

Injection 5 11.0 17.7 381 380 
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Table B8: Results of t-tests for each nanoparticle dimension in each buffer comparing sequential 4-ClNB injections.  Pooled variance 

is NA when the t-test is performed assuming unequal variances and has a value when the t-test is performed assuming equal variances. 

Buffer 
Particle 

Dimension 
Sample Mean Variance Obs 

Pooled 

Variance 

Hypoth. 

Mean 

Diff. 

df 
t 

Stat 

P(T<=t) 

one-tail 

t 

Critical 

one-tail 

P (T<=t) 

two-tail 

t 

Critical 

two-tail 

 

Length 

Stock 89.0 1220 460 
NA 0 866 

-

5.77 
5.56E-9 1.65 1.11E-8 1.96 

MOPS 

Inject. 1 103 1485 431 

Inject. 1 103 1485 431 
NA 0 827 8.41 8.82E-17 1.65 1.76E-16 1.96 

Inject. 3 129 2521 443 

Inject. 3 129 2521 443 
NA 0 469 10.4 2.24E-23 1.65 4.48E-23 1.97 

Inject. 5 180 5001 286 

Width 

Stock 10.0 17.7 460 
NA 0 888 3.42 0.00033 1.65 0.000659 1.96 

Inject. 1 9.1 14.8 431 

Inject. 1 9.1 14.8 431 
NA 0 850 11.0 7.44E-27 1.65 1.49E-26 1.96 

Inject. 3 12.3 21.6 443 

Inject. 3 12.3 21.6 443 
NA 0 694 

-

2.38 
0.00883 1.65 0.0177 1.96 

Inject. 5 11.5 13.8 286 

NaHCO3 

Length 

Stock 89.0 1220 460 
NA 0 959 

-

5.56 
1.74E-8 1.65 3.48E-8 1.96 

Inject. 1 102 1573 502 

Inject. 1 102 1573 502 
NA 0 974 7.48 8.10E-14 1.65 1.62E-13 1.96 

Inject. 3 122 1758 483 

Inject. 3 122 1758 483 
NA 0 614 17.3 2.02E-55 1.65 4.04E-55 1.96 

Inject. 5 189 4315 381 

Width 

Stock 10.0 17.7 460 
17.8 0 960 3.92 4.80E-5 1.65 9.6E-5 1.96 

Inject. 1 11.1 17.9 502 

Inject. 1 11.1 17.9 502 
NA 0 978 4.29 9.77E-6 1.65 1.95E-5 1.96 

Inject. 3 10.0 14.3 483 

Inject. 3 10.0 14.3 483 
NA 0 772 

-

3.48 
0.000269 1.65 0.000539 1.96 

Inject. 5 11.0 17.7 381 
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Section B8: Other Experimental Data for Sequential 4-ClNB Degradations 

Nanoparticle Composition After Each 4-ClNB Degradation 

 
Figure B7: XRD patterns of the pre-reaction goethite suspension (grey) and the dried 

suspensions after each of the five 4-ClNB degradation reactions (1-black, 2-red, 3-green, 

4-blue, and 5-pink) in pH 7 (a) 25 mM MOPS and (b) 10 mM NaHCO3.  PDF stick patterns 

of goethite (orange, #29-0713) and hematite (dark red, #33-0664) are also displayed. 
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Final Aqueous Fe(II) Concentrations After 4-ClNB Degradation 

 
Figure B8: Final aqueous Fe(II) concentration after complete 4-ClNB degradation with 

0.325 g/L goethite, 1.0 mM initial Fe(II), and 10 ppm PPHA in pH 7 25 mM MOPS (open 

circles) and 10 mM NaHCO3 (closed circles) buffer. 

 

Section B9: Calculation of Predicted Length of New Goethite by Mass Balance 

Assumption: Goethite nanoparticles grew only in the length direction upon reaction with 

4-ClNB 

 

1. Moles of 4-ClNB reduced: A 

2. Moles of electrons used for reduction: B = 6 x A 

3. Mass of newly formed goethite: C = B x 88.86 g/mol 

4. Total mass of goethite: M = X + C 

5. Ratio of new goethite to total mass: R = (C+X)/X 

6. Predicted length: L2 = R x L1 

 

X: Mass of goethite in previous injection 

L1: Average length of goethite in previous injection 

Lactual: Mean value of goethite length from TEM analysis 

 

Buffer Injection 
A 

(umol) 

B 

(umol) 

C 

(mg) 

M 

(mg) 
R 

L1 

(nm) 

L2 

(nm) 
Lactual 

MOPS 

1 12.1 72.6 6.45 45.8 1.16 89 104 103 

3 24.2 145.2 12.9 58.7 1.28 103 132 129 

5 48.4 290.4 25.8 84.5 1.44 103 149 179 

NaHCO3 

1 12.1 72.6 6.45 45.8 1.16 89 104 102 

3 24.2 145.2 12.9 58.7 1.28 102 131 122 

5 48.2 289.2 25.7 84.4 1.44 102 147 189 
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Appendix C: Supporting Information from Chapter 4 

Section C1: Material Characterization 

Pertinent NOM Characterization  

Table C1: Tabulated characterization data of each natural organic matter as determined by 

IHSS.1-3 

 PPHA ESHA SRHA SRFAI PPFA SRNOM SRFAII 

C* 56.37 58.13 52.63 52.44 51.31 52.47 52.34 

O* 37.34 34.08 42.04 42.2 43.32 42.69 42.98 

N* 3.69 4.14 1.17 0.72 2.34 1.10 0.67 

Aromatic# 47 50 31 24 nd 23 22 

Heteroaliphatic# 5 6 13 11 nd 15 16 

Aliphatic# 19 16 29 33 nd 27 35 

Carboxyl (Q1)^ 9.64 8.90 9.74 12.0 nd 10.57 11.66 

nd indicates that a sample characteristic was not determined. 

* Elemental composition in %(w/w) of a dry, ash-free sample 
# Integrated NMR peak area percentages 

^meq/g carbon 

 

Figure C1: Available excitation-emission spectra of each natural organic matter as 

provided by IHSS.4 
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NOM Slope Coefficient Determination 

 

Figure C2: UV-vis absorbance spectra and slope coefficients (S) of 5 ppm whole NOM 

suspensions in Milli-Q water. 

 

To determine the value of the slope coefficient of each NOM, the absorbance spectra were 

fit to the following exponential equation: 

𝐴𝜆 =  𝐴𝜆0
𝑒−𝑆(𝜆−𝜆0) 

Where 𝐴𝜆 is the absorbance at wavelength λ and λ0 is the reference wavelength (450 nm). 
 

Table C2: UV-vis absorbance at 450 nm (reference wavelength), slope coefficient (S), R2 

values for the exponential equation fits to the whole UV-vis spectra of each NOM standard. 

 A450 nm S (nm-1) R2 

PPHA 0.0326 0.00726 0.980 

ESHA 0.0712 0.00522 0.990 

SRHA 0.0487 0.0122 0.981 

SRNOM 0.00462 0.0151 0.948 

SRFAI 0.00630 0.0149 0.971 

SRFAII 0.00395 0.0164 0.930 

PPFA 0.0192 0.0120 0.967 
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Goethite Characterization 

 

Figure C3: XRD pattern of the pre-reaction goethite suspension and PDF stick patterns of 

goethite (orange, #29-0713) and hematite (dark red, #33-0664). 

Section C2: Goethite Reactivity and Aggregation at Varying NOM Concentrations 

Variation of DLS Measurements 

 

Figure C4: Average aggregate diameter for each of the 18 DLS measurements that yield 

the averaged values reported Figure 4.3.  Grayed circles represent data that fall within the 

quantitative limits of the DLS instrumentation, while open circles represent values that lie 

outside of the quantitative limit.  PPHA data is reproduced from Ref. 52 with permission 

from the Royal Society of Chemistry. 
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Data Fit Results of 4-ClNB degradation Rate vs. Organic Carbon Content 

Equation used: 𝑦 = min + 
𝑚𝑎𝑥−𝑚𝑖𝑛

1+( 
𝑥

𝐸𝐶50
)𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

 

Table C3: Fit parameters (four parameter logistic standard curve) for the rate of 4-ClNB 

degradation in the presence of 0.325 g/L goethite and 1.0 mM Fe(II) in 10 mM NaHCO3 

(pH 7) as a function of organic carbon concentration for each NOM standard. 

 PPHA ESHA SRHA SRNOM SRFAI SRFAII PPFA 

min -0.0243 -0.0196 -0.00085 0.00129 -0.00042 -0.00033 0.00122 

Std. Er. 0.169 0.0582 0.00354 0.000453 0.00137 0.00139 0.000293 

max 0.0125 0.0130 0.0132 0.0124 0.0127 0.0116 0.0132 

Std. Er. 0.000415 0.000494 0.000758 0.000314 0.000563 0.000675 0.000228 

EC50 981 96.1 14.2 12.5 9.63 9.64 9.84 

Std. Er. 10840 235 7.70 0.928 2.18 2.29 0.442 

Hillslope 0.563 1.19 1.10 3.94 1.32 1.57 3.25 

Std. Er. 0.305 0.592 0.396 0.923 0.312 0.506 0.590 

R2 0.975 0.982 0.979 0.992 0.989 0.981 0.997 

Sum of 

Squares 
8.89E-7 2.20E-6 3.48E-6 1.87E-6 2.06E-6 3.52E-6 7.86E-7 

 

Section C3: Other Experimental Data 

NOM Adsorption onto the Goethite Surface 

Table C4: Percent NOM total organic carbon adsorbed by 0.325 g/L goethite and 1.0 mM 

Fe(II) with 10 ppm OC NOM in 10 mM NaHCO3 (pH 7) buffer. 

NOM Amount Adsorbed (%) 

PPHA 13.9 

ESHA 26.8 

SRHA 23.6 

SRNOM 6.14 

SRFAI 20.7 

SRFAII 16.7 

PPFA 19.3 
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Aqueous Fe(II) Concentration 

 

Figure C5: Aqueous Fe(II) concentration after 21 hours of equilibration in suspensions 

prepared with varying concentration of NOM (1-50 ppm OC) and with an initial Fe(II) 

concentration of 1.0 mM Fe(II) in the absence (open circles) and presence (closed circles) 

of 0.325 g/L goethite in 10 mM NaHCO3.  Adsorbed Fe(II) (triangles), quantified as the 

difference in aqueous Fe(II) in the absence and presence of goethite, at each NOM 

concentration is given in right column.  Red triangles indicate samples where less aqueous 

Fe(II) was detected in the presence of goethite as compared to the absence and were moved 

to 0 mM adsorbed Fe(II).  PPHA data is reproduced from Ref. 52 with permission from the 

Royal Society of Chemistry. 
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Materials Characterization of Solid Formed in Absence of NOM 

 

Figure C6: XRD pattern of solid formed after 40 days of equilibration between 1.0 mM 

FeCl2 and pH 7 10 mM NaHCO3.  Peaks corresponding to maghemite (#39-1346), green 

rust (Fe2(CO3)(OH), #52-0163), and Teflon (originated from the stir bar, #47-2217).  

Starred peak originates from the XRD sample holder.  Some peaks remain unidentified and 

future work is necessary to determine the complete material characterization. 

 

Figure C7: Magnetic characterization was performed on a Quantum Designs Magnetic 

Property Measurement System (MPMS) cryogenic magnetometer as described in Strauss 

et al. (2013).5  Magnetic characterization identified the black solid formed after 40 days of 

equilibration between 1.0 mM FeCl2 and pH 7 10 mM NaHCO3 as maghemite.  FC-ZFC 

(field cooled-zero field cooled) curves show an increase in magnetization at low-

temperature indicating paramagnetic ordering.  RTSIRM (room-temperature cycling of 

saturation isothermal remanent magnetization) curves show a suppressed Verway 

transition and divergence on warming and cooling which are consistent with an oxidized 

magnetite or maghemite. 
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Section C4: Predicting Fe(II)-Goethite Reactivity and Aggregation in the Presence of 

NOM 

 

Principal Component Analysis Script 
Code written for use in R (v. 3.1.2) 

Italics indicate commented lines 

“chemdata” is structured: 

Rows = NOM standard 

Columns = NOM characteristics and rate/size data (1 column/OC concentration) 

 

RATE DATA 

Run PCA 

ratePCA <- prcomp(chemdata[,52:59]) 

 

Generate scree plot 

plot(ratePCA, type="l") 

biplot(ratePCA) 

 

Put Rotated Scores into object to be used in Regressions 

ratePC1 <- ratePCA$x[,1] 

ratePC2 <- ratePCA$x[,2] 

 

Test for NOM characteristic correlation to PC1/PC2 

summary(lm(ratePC1 ~ chemdata$Slope)) 

summary(lm(ratePC1 ~ chemdata$C)) 

summary(lm(ratePC1 ~ chemdata$H)) 

summary(lm(ratePC1 ~ chemdata$O)) 

summary(lm(ratePC1 ~ chemdata$N)) 

summary(lm(ratePC1 ~ chemdata$S)) 

summary(lm(ratePC1 ~ chemdata$P)) 

summary(lm(ratePC1 ~ chemdata$Carbonyl)) 

summary(lm(ratePC1 ~ chemdata$Carboxyl)) 

summary(lm(ratePC1 ~ chemdata$Aromatic)) 

summary(lm(ratePC1 ~ chemdata$Acetal)) 

summary(lm(ratePC1 ~ chemdata$Heteroaliphatic)) 

summary(lm(ratePC1 ~ chemdata$Aliphatic)) 

summary(lm(ratePC1 ~ chemdata$Carboxyl.1)) 

summary(lm(ratePC1 ~ chemdata$Phenolic)) 

summary(lm(ratePC1 ~ chemdata$Q1)) 

summary(lm(ratePC1 ~ chemdata$Log.K1)) 
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summary(lm(ratePC1 ~ chemdata$n1)) 

summary(lm(ratePC1 ~ chemdata$Q2)) 

summary(lm(ratePC1 ~ chemdata$Log.K2)) 

summary(lm(ratePC1 ~ chemdata$n2)) 

summary(lm(ratePC1 ~ chemdata$N.1)) 

summary(lm(ratePC1 ~ chemdata$RMSE)) 

summary(lm(ratePC1 ~ chemdata$Arg)) 

summary(lm(ratePC1 ~ chemdata$Asp)) 

summary(lm(ratePC1 ~ chemdata$Glu)) 

summary(lm(ratePC1 ~ chemdata$Gly)) 

summary(lm(ratePC1 ~ chemdata$His)) 

summary(lm(ratePC1 ~ chemdata$Ile)) 

summary(lm(ratePC1 ~ chemdata$Leu)) 

summary(lm(ratePC1 ~ chemdata$Met)) 

summary(lm(ratePC1 ~ chemdata$Phe)) 

summary(lm(ratePC1 ~ chemdata$Ser)) 

summary(lm(ratePC1 ~ chemdata$Thr)) 

summary(lm(ratePC1 ~ chemdata$Tyr)) 

summary(lm(ratePC1 ~ chemdata$Val)) 

summary(lm(ratePC1 ~ chemdata$Total)) 

summary(lm(ratePC1 ~ chemdata$Glucose)) 

summary(lm(ratePC1 ~ chemdata$Galactose)) 

summary(lm(ratePC1 ~ chemdata$Manose)) 

summary(lm(ratePC1 ~ chemdata$Fucose)) 

summary(lm(ratePC1 ~ chemdata$Rhamnose)) 

summary(lm(ratePC1 ~ chemdata$Arabinose)) 

summary(lm(ratePC1 ~ chemdata$Ribose)) 

summary(lm(ratePC1 ~ chemdata$Xylose)) 

summary(lm(ratePC1 ~ chemdata$Total.1)) 

summary(lm(ratePC1 ~ chemdata$Free.Radical.Content)) 

summary(lm(ratePC1 ~ chemdata$Line.Width)) 

summary(lm(ratePC1 ~ chemdata$g.value)) 

summary(lm(ratePC1 ~ chemdata$RFI)) 

 

summary(lm(ratePC2 ~ chemdata$Slope)) 

summary(lm(ratePC2 ~ chemdata$C)) 

summary(lm(ratePC2 ~ chemdata$H)) 

summary(lm(ratePC2 ~ chemdata$O)) 

summary(lm(ratePC2 ~ chemdata$N)) 

summary(lm(ratePC2 ~ chemdata$S)) 

summary(lm(ratePC2 ~ chemdata$P)) 

summary(lm(ratePC2 ~ chemdata$Carbonyl)) 
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summary(lm(ratePC2 ~ chemdata$Carboxyl)) 

summary(lm(ratePC2 ~ chemdata$Aromatic)) 

summary(lm(ratePC2 ~ chemdata$Acetal)) 

summary(lm(ratePC2 ~ chemdata$Heteroaliphatic)) 

summary(lm(ratePC2 ~ chemdata$Aliphatic)) 

summary(lm(ratePC2 ~ chemdata$Carboxyl.1)) 

summary(lm(ratePC2 ~ chemdata$Phenolic)) 

summary(lm(ratePC2 ~ chemdata$Q1)) 

summary(lm(ratePC2 ~ chemdata$Log.K1)) 

summary(lm(ratePC2 ~ chemdata$n1)) 

summary(lm(ratePC2 ~ chemdata$Q2)) 

summary(lm(ratePC2 ~ chemdata$Log.K2)) 

summary(lm(ratePC2 ~ chemdata$n2)) 

summary(lm(ratePC2 ~ chemdata$N.1)) 

summary(lm(ratePC2 ~ chemdata$RMSE)) 

summary(lm(ratePC2 ~ chemdata$Arg)) 

summary(lm(ratePC2 ~ chemdata$Asp)) 

summary(lm(ratePC2 ~ chemdata$Glu)) 

summary(lm(ratePC2 ~ chemdata$Gly)) 

summary(lm(ratePC2 ~ chemdata$His)) 

summary(lm(ratePC2 ~ chemdata$Ile)) 

summary(lm(ratePC2 ~ chemdata$Leu)) 

summary(lm(ratePC2 ~ chemdata$Met)) 

summary(lm(ratePC2 ~ chemdata$Phe)) 

summary(lm(ratePC2 ~ chemdata$Ser)) 

summary(lm(ratePC2 ~ chemdata$Thr)) 

summary(lm(ratePC2 ~ chemdata$Tyr)) 

summary(lm(ratePC2 ~ chemdata$Val)) 

summary(lm(ratePC2 ~ chemdata$Total)) 

summary(lm(ratePC2 ~ chemdata$Glucose)) 

summary(lm(ratePC2 ~ chemdata$Galactose)) 

summary(lm(ratePC2 ~ chemdata$Manose)) 

summary(lm(ratePC2 ~ chemdata$Fucose)) 

summary(lm(ratePC2 ~ chemdata$Rhamnose)) 

summary(lm(ratePC2 ~ chemdata$Arabinose)) 

summary(lm(ratePC2 ~ chemdata$Ribose)) 

summary(lm(ratePC2 ~ chemdata$Xylose)) 

summary(lm(ratePC2 ~ chemdata$Total.1)) 

summary(lm(ratePC2 ~ chemdata$Free.Radical.Content)) 

summary(lm(ratePC2 ~ chemdata$Line.Width)) 

summary(lm(ratePC2 ~ chemdata$g.value)) 

summary(lm(ratePC2 ~ chemdata$RFI)) 
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SIZE DATA 

Run PCA 

sizePCA <- prcomp(chemdata[,60:67]) 

 

Generate scree plot 

plot(sizePCA, type="l") 

biplot(sizePCA) 

 

Put Rotated Scores into object to be used in Regressions 

sizePC1 <- sizePCA$x[,1] 

sizePC2 <- sizePCA$x[,2] 

 

Test for NOM characteristic correlation to PC1/PC2 

summary(lm(sizePC1 ~ chemdata$Slope)) 

summary(lm(sizePC1 ~ chemdata$C)) 

summary(lm(sizePC1 ~ chemdata$H)) 

summary(lm(sizePC1 ~ chemdata$O)) 

summary(lm(sizePC1 ~ chemdata$N)) 

summary(lm(sizePC1 ~ chemdata$S)) 

summary(lm(sizePC1 ~ chemdata$P)) 

summary(lm(sizePC1 ~ chemdata$Carbonyl)) 

summary(lm(sizePC1 ~ chemdata$Carboxyl)) 

summary(lm(sizePC1 ~ chemdata$Aromatic)) 

summary(lm(sizePC1 ~ chemdata$Acetal)) 

summary(lm(sizePC1 ~ chemdata$Heteroaliphatic)) 

summary(lm(sizePC1 ~ chemdata$Aliphatic)) 

summary(lm(sizePC1 ~ chemdata$Carboxyl.1)) 

summary(lm(sizePC1 ~ chemdata$Phenolic)) 

summary(lm(sizePC1 ~ chemdata$Q1)) 

summary(lm(sizePC1 ~ chemdata$Log.K1)) 

summary(lm(sizePC1 ~ chemdata$n1)) 

summary(lm(sizePC1 ~ chemdata$Q2)) 

summary(lm(sizePC1 ~ chemdata$Log.K2)) 

summary(lm(sizePC1 ~ chemdata$n2)) 

summary(lm(sizePC1 ~ chemdata$N.1)) 

summary(lm(sizePC1 ~ chemdata$RMSE)) 

summary(lm(sizePC1 ~ chemdata$Arg)) 

summary(lm(sizePC1 ~ chemdata$Asp)) 

summary(lm(sizePC1 ~ chemdata$Glu)) 

summary(lm(sizePC1 ~ chemdata$Gly)) 

summary(lm(sizePC1 ~ chemdata$His)) 

summary(lm(sizePC1 ~ chemdata$Ile)) 
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summary(lm(sizePC1 ~ chemdata$Leu)) 

summary(lm(sizePC1 ~ chemdata$Met)) 

summary(lm(sizePC1 ~ chemdata$Phe)) 

summary(lm(sizePC1 ~ chemdata$Ser)) 

summary(lm(sizePC1 ~ chemdata$Thr)) 

summary(lm(sizePC1 ~ chemdata$Tyr)) 

summary(lm(sizePC1 ~ chemdata$Val)) 

summary(lm(sizePC1 ~ chemdata$Total)) 

summary(lm(sizePC1 ~ chemdata$Glucose)) 

summary(lm(sizePC1 ~ chemdata$Galactose)) 

summary(lm(sizePC1 ~ chemdata$Manose)) 

summary(lm(sizePC1 ~ chemdata$Fucose)) 

summary(lm(sizePC1 ~ chemdata$Rhamnose)) 

summary(lm(sizePC1 ~ chemdata$Arabinose)) 

summary(lm(sizePC1 ~ chemdata$Ribose)) 

summary(lm(sizePC1 ~ chemdata$Xylose)) 

summary(lm(sizePC1 ~ chemdata$Total.1)) 

summary(lm(sizePC1 ~ chemdata$Free.Radical.Content)) 

summary(lm(sizePC1 ~ chemdata$Line.Width)) 

summary(lm(sizePC1 ~ chemdata$g.value)) 

summary(lm(sizePC1 ~ chemdata$RFI)) 

 

summary(lm(sizePC2 ~ chemdata$Slope)) 

summary(lm(sizePC2 ~ chemdata$C)) 

summary(lm(sizePC2 ~ chemdata$H)) 

summary(lm(sizePC2 ~ chemdata$O)) 

summary(lm(sizePC2 ~ chemdata$N)) 

summary(lm(sizePC2 ~ chemdata$S)) 

summary(lm(sizePC2 ~ chemdata$P)) 

summary(lm(sizePC2 ~ chemdata$Carbonyl)) 

summary(lm(sizePC2 ~ chemdata$Carboxyl)) 

summary(lm(sizePC2 ~ chemdata$Aromatic)) 

summary(lm(sizePC2 ~ chemdata$Acetal)) 

summary(lm(sizePC2 ~ chemdata$Heteroaliphatic)) 

summary(lm(sizePC2 ~ chemdata$Aliphatic)) 

summary(lm(sizePC2 ~ chemdata$Carboxyl.1)) 

summary(lm(sizePC2 ~ chemdata$Phenolic)) 

summary(lm(sizePC2 ~ chemdata$Q1)) 

summary(lm(sizePC2 ~ chemdata$Log.K1)) 

summary(lm(sizePC2 ~ chemdata$n1)) 

summary(lm(sizePC2 ~ chemdata$Q2)) 

summary(lm(sizePC2 ~ chemdata$Log.K2)) 
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summary(lm(sizePC2 ~ chemdata$n2)) 

summary(lm(sizePC2 ~ chemdata$N.1)) 

summary(lm(sizePC2 ~ chemdata$RMSE)) 

summary(lm(sizePC2 ~ chemdata$Arg)) 

summary(lm(sizePC2 ~ chemdata$Asp)) 

summary(lm(sizePC2 ~ chemdata$Glu)) 

summary(lm(sizePC2 ~ chemdata$Gly)) 

summary(lm(sizePC2 ~ chemdata$His)) 

summary(lm(sizePC2 ~ chemdata$Ile)) 

summary(lm(sizePC2 ~ chemdata$Leu)) 

summary(lm(sizePC2 ~ chemdata$Met)) 

summary(lm(sizePC2 ~ chemdata$Phe)) 

summary(lm(sizePC2 ~ chemdata$Ser)) 

summary(lm(sizePC2 ~ chemdata$Thr)) 

summary(lm(sizePC2 ~ chemdata$Tyr)) 

summary(lm(sizePC2 ~ chemdata$Val)) 

summary(lm(sizePC2 ~ chemdata$Total)) 

summary(lm(sizePC2 ~ chemdata$Glucose)) 

summary(lm(sizePC2 ~ chemdata$Galactose)) 

summary(lm(sizePC2 ~ chemdata$Manose)) 

summary(lm(sizePC2 ~ chemdata$Fucose)) 

summary(lm(sizePC2 ~ chemdata$Rhamnose)) 

summary(lm(sizePC2 ~ chemdata$Arabinose)) 

summary(lm(sizePC2 ~ chemdata$Ribose)) 

summary(lm(sizePC2 ~ chemdata$Xylose)) 

summary(lm(sizePC2 ~ chemdata$Total.1)) 

summary(lm(sizePC2 ~ chemdata$Free.Radical.Content)) 

summary(lm(sizePC2 ~ chemdata$Line.Width)) 

summary(lm(sizePC2 ~ chemdata$g.value)) 

summary(lm(sizePC2 ~ chemdata$RFI)) 
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NOM Character and 4-ClNB Degradation Rate Linear Correlation Regression Parameters 

 

Table C5: Linear fit parameters for the rate of 4-ClNB degradation in the presence of 0.325 g/L goethite and 1.0 mM Fe(II) in 10 mM 

NaHCO3 as a function of NOM characteristic at each concentration indicated by PCA as correlating to each principle component. 

Character [NOM] Slope Std. Er. Intercept Std. Er. R2 
Sum of 

Squares 
p-value 

Nitrogen 

10 ppm 9.90E-4 4.53E-4 6.24E-3 1.08E-3 0.489 1.28E-5 0.0805 

20 ppm 1.69E-3 4.51E-4 1.15E-3 1.08E-3 0.737 1.27E-5 0.0134 

30 ppm 1.68E-3 4.19E-4 4.15E-4 9.98E-4 0.763 1.09E-5 0.0102 

40 ppm 1.27E-3 3.52E-4 1.93E-4 8.39E-4 0.722 7.72E-6 0.0155 

50 ppm 1.08E-3 5.19E-4 3.66E-5 1.24E-3 0.465 1.68E-5 0.0917 

Carbon 

10 ppm 7.17E-4 1.64E-4 -3.03E-2 8.81E-3 0.793 5.19E-6 0.00722 

20 ppm 1.01E-3 2.15E-4 -4.97E-2 1.16E-2 0.815 8.91E-6 0.00537 

30 ppm 1.01E-3 1.89E-4 -5.04E-2 1.02E-2 0.851 6.89E-6 0.00311 

40 ppm 7.31E-4 1.93E-4 -3.66E-2 1.04E-2 0.742 7.15E-6 0.0127 

50 ppm 6.01E-4 3.00E-4 -3.01E-2 1.61E-2 0.445 1.74E-5 0.101 

Oxygen 

10 ppm -4.93E-4 1.34E-4 2.82E-2 5.46E-3 0.730 6.74E-6 0.0143 

20 ppm -7.13E-4 1.63E-4 3.35E-2 6.64E-3 0.793 9.95E-6 0.00715 

30 ppm -7.15E-4 1.43E-4 3.28E-2 5.82E-3 0.834 7.64E-6 0.00404 

40 ppm -5.13E-4 1.46E-4 2.36E-2 5.96E-3 0.712 8.01E-6 0.0171 

50 ppm -4.03E-4 2.26E-4 1.85E-2 9.20E-3 0.389 1.91E-5 0.134 

Aromatic 

10 ppm 1.28E-4 3.92E-5 4.42E-3 1.37E-3 0.726 4.87E-6 0.0313 

20 ppm 2.28E-4 2.76E-5 -2.67E-3 9.60E-4 0.945 2.41E-6 0.00117 

30 ppm 2.26E-4 2.05E-5 -3.36E-3 7.12E-4 0.968 1.33E-6 0.000383 

40 ppm 1.69E-4 3.23E-5 -2.62E-3 1.13E-3 0.872 3.31E-6 0.00645 

50 ppm 1.45E-4 6.38E-5 -2.37E-3 2.22E-3 0.563 1.29E-5 0.0859 
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Character [NOM] Slope Std. Er. Intercept Std. Er. R2 
Sum of 

Squares 
p-value 

Aliphatic 

10 ppm -2.40E-4 3.13E-5 1.50E-2 8.57E-4 0.936 1.13E-6 0.00155 

20 ppm -3.53E-4 8.22E-5 1.42E-2 2.25E-3 0.822 7.77E-6 0.0127 

30 ppm -3.53E-4 7.19E-5 1.34E-2 1.97E-3 0.857 5.95E-6 0.00802 

40 ppm -2.62E-4 7.27E-5 9.86E-3 1.99E-3 0.764 6.08E-6 0.0227 

50 ppm -2.15E-4 1.19E-4 8.07E-3 3.25E-3 0.450 1.62E-5 0.145 

Heteroaliphatic 

10 ppm -2.82E-4 1.48E-4 1.17E-2 1.75E-3 0.475 9.31E-6 0.130 

20 ppm -5.93E-4 1.21E-4 1.13E-2 1.43E-3 0.857 6.24E-6 0.00810 

30 ppm -5.80E-4 1.20E-4 1.04E-2 1.41E-3 0.855 6.05E-6 0.00830 

40 ppm -4.57E-4 9.28E-5 7.94E-3 1.09E-3 0.858 3.65E-6 0.00791 

50 ppm -4.15E-4 1.62E-4 6.95E-3 1.91E-3 0.621 1.11E-5 0.0626 

Slope Coefficient 

10 ppm -0.358 0.148 0.0124 0.00185 0.537 1.16E-5 0.0590 

20 ppm -0.617 0.123 0.0118 0.00153 0.835 7.96E-6 0.00390 

30 ppm -0.616 0.110 0.0110 0.00136 0.864 6.29E-6 0.00242 

40 ppm -0.453 0.110 0.00806 0.00136 0.774 6.28E-6 0.00905 

50 ppm -0.372 0.179 0.00658 0.00223 0.464 1.68E-5 0.0921 

Q1 

10 ppm -1.38E-3 3.44E-4 2.30E-2 3.60E-3 0.802 3.52E-6 0.0158 

20 ppm -1.99E-3 6.89E-4 2.56E-2 7.22E-3 0.676 1.41E-5 0.0447 

30 ppm -2.00E-3 6.35E-4 2.49E-2 6.65E-3 0.713 1.20E-5 0.0345 

40 ppm -1.39E-3 6.22E-4 1.74E-2 6.51E-3 0.554 1.15E-5 0.0896 

50 ppm -1.06E-3 8.42E-4 1.34E-2 8.82E-3 0.284 2.11E-5 0.277 
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NOM Character and Goethite Aggregate Size Linear Correlation Regression Parameters 

Table C6: Linear fit parameters for the average goethite aggregate size in the presence of 0.325 g/L goethite and 1.0 mM Fe(II) in 10 

mM NaHCO3 as a function of NOM characteristic at each concentration indicated by PCA as correlating to each principle component. 

Character [NOM] Slope Std. Er. Intercept Std. Er. R2 
Sum of 

Squares 
p-value 

Nitrogen 

10 ppm 4.36E+2 1.33E+2 -2.17E+2 3.16E+2 0.684 1.09E+6 0.0218 

20 ppm 4.89E+2 1.19E+2 -3.31E+2 2.84E+2 0.771 8.85E+5 0.00936 

30 ppm 4.32E+2 8.05E+1 -2.73E+2 1.92E+2 0.852 4.03E+5 0.00304 

40 ppm 3.27E+2 7.57E+1 -1.59E+2 1.80E+2 0.788 3.57E+5 0.00761 

50 ppm 2.84E+2 5.97E+1 -1.01E+2 1.42E+2 0.819 2.22E+5 0.00507 

Carbon 

10 ppm 2.69E+2 5.90E+1 -1.36E+4 3.17E+3 0.806 6.70E+5 0.00605 

20 ppm 2.84E+2 6.26E+1 -1.46E+4 3.36E+3 0.804 7.55E+5 0.00621 

30 ppm 2.56E+2 3.26E+1 -1.31E+4 1.75E+3 0.925 2.05E+5 0.000545 

40 ppm 1.90E+2 3.87E+1 -9.73E+3 2.08E+3 0.828 2.89E+5 0.00442 

50 ppm 1.65E+2 3.01E+1 -8.41E+3 1.62E+3 0.858 1.75E+5 0.00275 

Oxygen 

10 ppm -1.86E+2 4.76E+1 8.41E+3 1.94E+3 0.754 8.51E+5 0.0113 

20 ppm -1.98E+2 4.92E+1 8.69E+3 2.01E+3 0.764 9.09E+5 0.0101 

30 ppm -1.82E+2 2.56E+1 7.96E+3 1.04E+3 0.910 2.46E+5 0.000862 

40 ppm -1.33E+2 3.05E+1 5.91E+3 1.24E+3 0.793 3.49E+5 0.00717 

50 ppm -1.16E+2 2.38E+1 5.19E+3 9.71E+2 0.827 2.13E+5 0.00454 

Aromatic 

10 ppm 5.40E+1 1.53E+1 -8.35E+2 5.31E+2 0.758 7.38E+5 0.0241 

20 ppm 6.25E+1 1.29E+1 -1.34E+3 4.50E+2 0.853 5.30E+5 0.00848 

30 ppm 5.50E+1 7.24E+0 -1.16E+3 2.52E+2 0.935 1.66E+5 0.00161 

40 ppm 4.18E+1 7.93E+0 -8.36E+2 2.76E+2 0.874 1.99E+5 0.00620 

50 ppm 3.60E+1 6.47E+0 -6.79E+2 2.25E+2 0.885 1.32E+5 0.00513 
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Character [NOM] Slope Std. Er. Intercept Std. Er. R2 
Sum of 

Squares 
p-value 

Aliphatic 

10 ppm -9.36E+1 2.14E+1 3.42E+3 5.85E+2 0.828 5.25E+5 0.0118 

20 ppm -9.74E+1 2.78E+1 3.29E+3 7.62E+2 0.754 8.90E+5 0.0249 

30 ppm -8.64E+1 1.88E+1 2.93E+3 5.16E+2 0.841 4.07E+5 0.0101 

40 ppm -6.49E+1 1.80E+1 2.26E+3 4.92E+2 0.765 3.71E+5 0.0225 

50 ppm -5.72E+1 1.37E+1 2.02E+3 3.74E+2 0.814 2.15E+5 0.0138 

Heteroaliphatic 

10 ppm -1.50E+2 3.94E+1 2.59E+3 4.63E+2 0.784 6.57E+5 0.0189 

20 ppm -1.70E+2 3.67E+1 2.58E+3 4.32E+2 0.842 5.71E+5 0.00990 

30 ppm -1.44E+2 2.91E+1 2.23E+3 3.43E+2 0.859 3.60E+5 0.00782 

40 ppm -1.13E+2 2.33E+1 1.78E+3 2.74E+2 0.855 2.30E+5 0.00836 

50 ppm -9.67E+1 2.00E+1 1.56E+3 2.36E+2 0.853 1.70E+5 0.00857 

Slope Coefficient 

10 ppm -1.46E+5 4.85E+4 2.56E+3 6.05E+2 0.642 1.24E+6 0.0296 

20 ppm -1.65E+5 4.32E+4 2.59E+3 5.38E+2 0.745 9.82E+5 0.0120 

30 ppm -1.48E+5 2.84E+4 2.33E+3 3.54E+2 0.844 4.24E+5 0.00333 

40 ppm -1.11E+5 2.73E+4 1.80E+3 3.40E+2 0.767 3.92E+5 0.00948 

50 ppm -9.58E+4 2.22E+4 1.60E+3 2.77E+2 0.789 2.60E+5 0.00736 
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Figure C8: Example correlations between observed goethite aggregate size with quantified 

NOM characteristics in the presence of 20 ppm OC NOM are compared to percent nitrogen, 

carbon, and aromatic content, as provided by IHSS for each NOM sample (PPHA [black], 

ESHA [yellow], SRHA [red], SRNOM [pink], SRFAI [grey], SRFAII [blue], PPFA [light 

blue]).  Error bars represent the propagated 95% confidence interval of duplicate trials and 

curved lines represent the calculated 95% confidence interval from the correlation data fit.  

PPHA data is reproduced from Ref. 52 with permission from the Royal Society of 

Chemistry. 
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