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Abstract of the Dissertation

Fenton Chemistry and Disease —

The Role of Particle-Derived Reactive Oxygen Species in Pathogenesis

by
Andrea Dawn Harrington
Doctor of Philosophy
in

Geosciences

Stony Brook University

2013

Reactive Oxygen Species (ROS) are vital to the normal functioning of the immune system
in the human body. However, when a foreign material enters the system the highly regulated
balance between pro- and anti-oxidants can be disrupted, especially if the material itself can
generate ROS. One way a material can generate ROS is through Fenton chemistry. The hypothesis
that Fenton chemistry is an important factor in many exposure related diseases is experimentally
tested using an array of complementary acellular and cellular in vitro techniques. The acellular
experiments focused on determining the particle-derived formation of ROS upon dispersion in
aqueous solutions, under biologically applicable conditions. The cellular experiments consisted
of challenging human lung epithelial cells (A549 cell line) with varying amounts of earth and
synthetic material in order to determine an inflammatory stress response (ISR). Defined as the
cellular upregulation of ROS normalized by cellular viability, the ISR is a gauge of particle
toxicity. The protocol is designed to not only capture the effect that low and high exposures
have on cells, but also the effect of particle exposure on cells over time. This dissertation

underlines the necessity of using an interdisciplinary approach to determine the impact of



geomaterials on human health and highlights the role that a material’s structure, chemistry,
oxidation state and complexity have in pathogenesis.

The results reported in this dissertation not only suggest that Fenton chemistry plays a
role in inflammation-based diseases but also highlights the deleterious nature of ferrous minerals,
pyrite in particular. The initial acellular oxidative dissolution studies demonstrated pyrite’s
ability to generate ROS and its relatively short biopersistence (a two micron pyrite particle will
dissolve in about three years). Taken together it begins to explain the correlation between the
prevalence of Coal Workers’ Pneumoconiosis (CWP) among miners who are exposed to coal
with high pyritic sulfur contents and why no pyrite is found in the autopsied lungs of these
deceased miners. The extreme ISR of human lung epithelial cells exposed to pyrite (1,100 fold
higher than the control) compared to standard reference materials (ISR generated by San Joaquin
NIST soil with baseline trace element concentrations is 3 fold higher than the control and
Montana NIST soil with highly elevated trace element concentrations is 11 fold higher than the
control) confirms the inflammatory nature of pyrite and experiments with coals containing
variable pyritic sulfur contents support the correlation with the prevalence of CWP in miners.

While an elevated ISR is generally attributable to both an upregulation of cellularly
derived ROS and low cellular viability, the drivers for toxicity are complex. The design of the
ISR experiments not only allowed for the base determination concerning a material’s toxicity, it
also allowed for different pathways of toxicity to be observed, highlighting the ability of a
material to upregulate cellular ROS (indicator of future apoptosis) and/or generate necrotic
cellular death. Subsequent experiments concerning the toxicity of mineral ores, Fenton metals,
and natural dust samples underscore the importance of this integrated approach. Copper-sulfide
ore minerals generate extreme ISR values (chalcopyrite rivaled pyrite at 860 fold higher than
control), which resulted from both an upregulation of ROS and necrotic cell death. However, the
ISR generated by the lead sulfide ore mineral galena (32 fold greater than the control) stems
solely from necrotic cell death. Conversely, the ISR generated by manganese-doped goethite is
predominately due to a cellular upregulation in ROS.

There are two factors that modulate a material’s toxicity, the reactivity of the material
and its components and total particle burden. Based on our research, a material that is considered
inert will generate an ISR value that is around 2 to 4 fold greater than the control. This response

is based solely on the presence of the foreign particles. This process is evidenced by our research



into the cause of lung illnesses among soldiers returning from Iraq. While the ISR experiments
were able to narrow the dusts’ minimal inflammatory nature to the carbonate phases and
associated elements (e.g., manganese), the stress is only achieved after increasing the particle
loading by more than a factor of 10 (over typical ISR exposure values). Given the extremely high
PM2.5 concentrations in the Greater Middle East, the origin of the toxicity is likely
predominately due to “particle overload,” which causes impairment or cessation of the body’s

main defense mechanisms, phagocytosis and efferocytosis.



This dissertation is dedicated to my nieces:
Leah, Kiana, Rena, and Aria.

You can accomplish almost anything through persistence and believing in yourself.
Just keep in mind that an easy road is often a boring road.

The Road Not Taken

TWO roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could

To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,

And both that morning equally lay
In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—
I took the one less traveled by,
And that has made all the difference.

- Robert Frost 1920
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Chapter 1

Introduction

1.1.0verview of Dissertation

The purpose of this introductory chapter is to provide a brief overview of the field of
study, the scope of the thesis, and present the organization of the thesis.
1.1.1. Medical Geology

The scientific field of medical geology, while new in its present form, is actually a re-
emerging area of scientific interest. For more than 2,000 years, cultures around the World noted
both the beneficial and deleterious nature of earth materials [1-9]. Historically, studies related to
exposure to natural materials were correlative and took the form of epidemiology. While
epidemiology remains an important research strategy, present-day medical geology is an
interdisciplinary collaboration between geologists, biomedical researchers and health science
professionals that aim to understand the role of earth materials in diseases. Current studies into
the deleterious nature of natural materials can range from, but are not limited to: the
biopersistence of a material, the role of structure and composition on reactivity, and the
biological processes interrupted due to exposure.

Geoscientists have mostly focused on the role of mineral structure and composition on
toxicity as well as the overall biodurability of the material. Most biodurability studies have been
performed in water, but more recently experiments have been conducted in simulated body
fluids. On the basis of biodurability studies, the lifetime of a particle deposited in the body can
be estimated [10-12]. There has also been an increased interest in understanding the mechanisms
that lead to reactive oxygen species (ROS) formation when minerals or, more broadly, earth
materials are dispersed in water. Conversely, biologists, primarily concerned with the end result
of disease formation, used cell lines and animals to determine cellular stress and tissue damage
caused by exposure to particulate matter, including minerals [13, 14]. Both approaches are valid
for disease prevention and treatment. However, due to the lack of communication between the
two fields, until recently materials used by biologist were not well characterized or normalized

properly and the fluids used by geoscientists lacked complexity. Consequently, progress in



determining a particle’s toxicity has been hindered, resulting in a deficient understanding of
particle-induced pathogenesis.

The emergence of new technologies has fostered data sharing and international
collaborations; however, new technologies also drive the need for exposure research by further
necessitating the mining of metals, the development of tools that distribute large amounts of dust
into the air and the advance of nanomaterials [15]. For the most part, the relatively stricter safety
regulations protect workers and the surrounding communities, but this is not always the case.
Large scale contaminant exposures due to ignorance, negligence, or simply accidents occur
numerous times a year worldwide, while exposures to nonpoint source pollution or even natural
hazardous materials occur daily [16]. The research presented in this dissertation is highly
interdisciplinary and focuses on exposure to geomaterials. By utilizing geochemical and
pharmacological techniques, the role a material’s structure, chemical composition, oxidation
state, and complexity can have in generating stress in the body is better understood, thus

allowing for insights into the underlying cause of pathogenesis.

1.1.2. Fenton Chemistry and Disease

The bulk of my research is focused on the role of Fenton metals, iron in particular, on
pathogenesis [17, 18]. Even though the reaction was first described in 1894, the highly oxidative
product in the reaction was not determined to be hydroxyl radicals until 1934 [19, 20]. The
oxidative capabilities of a system containing ferrous iron and hydrogen peroxide continue to be
an area of interest due to its health and remediation implications and a large body of research has
been has been published on this topic since [12, 18, 21-23]. The sequence of reactions describing
the interaction of ferrous iron with dissolved oxygen, including the Fenton reaction (Equation 3),

are noted below:

Fe™* + 0, > Fe’* + 0, Eqn. 1
Fe™* + 0, + 2H" > Fe’* + H,0, Eqn. 2
H,0, + Fe** © Fe’* + "OH + OH Eqn. 3
3H,0, + 2Fe** & 2Fe** + 2H,0 + 20, + 2H* Eqn. 4

Reactions 1 through 3 represent the stepwise reduction of dissolved oxygen with iron as
the electron donor. Equation 4 recycles ferric iron to ferrous iron. Collectively this set of

reactions is often referred to as Fenton chemistry. Due to its abundance and high reactivity, the



focus of Fenton research has been on catalysis by ferrous iron. However, besides iron, metals
like chromium, copper, vanadium and manganese have been shown to generate ROS, although
the reaction mechanisms are not well understood [18, 24, 25]. Given the number of metals that
are known to generate hydroxyl radicals, Equation 3 can be generalized to [23]:
H,0, + M™ > M®*Y* 4 “OH + OH Eqn. 5

where M is a metal cation which can donate one electron and be stable at this new oxidation state
[23]. By acting as a reducing agent, Equation 5 represents one of the ways metals can interact
with oxygen species. When in the oxidized state, the metal has the potential to act as a one
electron oxidizing agent (Equation 4). However, the shift in electrons and protons that occurs in
Fenton chemistry can also occur in the absence of any metal species and as part of the body’s
immune system [24, 26, 27].

Inflammation in the body occurs when there is an imbalance between pro- and anti-
oxidants [27]. It is, therefore, postulated that, after exposure to particulate matter, metal mediated
ROS formation within the body may contribute to pathogenesis. However, some studies indicate
that there is not a direct correlation between oxidative stress and particle-derived ROS formation
[28]. Given this, when evaluating the hazardous nature of a material, it is important to not only
determine its ability to directly generate ROS but also the biological response to it. Not only will
this help determine the hazard level of a material, it will also help identify the origin of its

toxicity.

1.2. Organization of Dissertation

This dissertation is comprised of six main chapters that are focused on the role of
particle-derived ROS in pathogenesis. Each chapter represents a distinct project, which can be
viewed as standalone papers. Chapters 2, 3 and 4 focus on the role of pyrite in the pathogenesis
of coal workers’ pneumoconiosis (CWP). Chapter 5 investigates the inflammatory nature of
common ore minerals. Chapter 6 utilizes metal salts and manganese doped goethite in order to
determine the inflammatory nature of manganese. Chapter 7 investigates the role that natural
dust exposure has on the development of lung illnesses among United States soldiers returning
from deployment in Iraq. Finally, chapter 8 offers an overview of the dissertation, highlighting

the overall conclusions and future directions of the research.



Chapter 2 evaluates if ROS form as byproducts in the oxidative dissolution of pyrite in
simulated lung fluid (SLF) under biologically applicable conditions and determines the
persistence of pyrite in SLF. This study also addresses the importance of performing this type of
experiment under biologically applicable conditions as opposed to in water. This paper has been
published in Environmental Geochemistry and Health in 2011.

Chapter 3 introduces a new technique for assessing particle toxicity, the inflammatory
stress response (ISR). Aside from the detailed outline of the experimental protocol, the utility of
the technique was demonstrated by studying two soil reference materials provided by NIST,
anatase powder, glass beads and pyrite. This suite of materials represents relatively inert
materials (glass beads and anatase), moderately reactive materials (soils), and a highly reactive
material (pyrite). This work is published in Geochemical Transactions, an Open Access journal,
as a methods paper.

Chapter 4 elucidates the importance of the pyrite content of coal in causing CWP. The
ISR generated by five natural coal samples containing variable pyritic sulfur contents is
determined. This work is in review.

Chapter 5 focuses on the inflammatory nature of eight metal-sulfide ore minerals or
accessory ore minerals and their ability to directly generate ROS. By utilizing the ISR toxicity
marker, the importance of evaluating the chemistry, oxidation states and structure of a material
when assessing risk management is highlighted.

Chapter 6 explores the role of a lesser known Fenton metal, manganese, in generating an
ISR. Aside from using metal salts, goethite samples doped with varying concentration of
manganese are synthesized. The importance of oxidation state in toxicity is highlighted, as well
as the importance of using ISR as a measure of toxicity.

Chapter 7 reports on the inflammatory nature of a natural dust sample obtained near a
burn pit in Camp Victory, Iraq. This material is compared to another dust sample of similar
chemistry and mineralogy obtained from Fort Irwin, California. The role of particle overload in
pathogenesis is discussed in the context of lung illnesses of United States soldiers after

deployment in Iraq.



Chapter 2
Pyrite-driven reactive oxygen species formation in simulated lung fluid: Implications for

Coal Workers’ Pneumoconiosis

Andrea D. Harrington'*, Shavonne Hylton' and Martin A.A. Schoonen'

'Department of Geosciences, Stony Brook University, Stony Brook, NY 11794-2100.

Manuscript published in Environmental Geochemistry and Health

2.1. Background

Coal mining represents an occupational health burden that is likely to increase globally.
Even with the emergence of alternative energy resources, coal continues to be a major energy
supply worldwide and its demand and production are still on the rise. Currently 45% of the
electricity in the United States is derived from coal-burning power plants[29]. The 2003 Basic
Energy Sciences Advisory Committee forecasts that by the year 2050 the energy requirements
for Earth’s population will double. Most of this increased energy demand will likely be met with
fossil fuels, and coal in particular. More specifically, according to the United States Energy
Information Administration, world coal consumption will increase by 49% from 2006 to 2030
(127.5 quadrillion Btu to 190.2 quadrillion Btu) [30]. Much of the recent increase in production
to meet the growing global energy demand has come by expansion of coal mining in Asia.
Whereas in the United States coal mining has been transformed into a highly mechanized
operation, coal mining in less developed countries, such as China, is a labor intensive operation.

The most prevalent work-related ailment among coal miners is Coal Workers
Pneumoconiosis (CWP). Coal miners account for no more than 0.02% of the US population, but
represent half of the pneumoconiosis deaths during the last decade of the 20" century [31],
which points to the high prevalence of CWP among coal miners. Originally thought to be a
variant of silicosis, CWP has recently been linked to pyrite. An epidemiological study has
demonstrated a correlation between the Bioavailable Iron (BAI) content in coal and the

prevalence of CWP in miners [15]. BAI is defined as the amount of iron released over a three
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hour period in 10 mM phosphate solution at room temperature and a pH of 4.5 [15, 32]. The
results of a recent experimental study suggest that the pyrite content of the coal, which can be as
high as 5% by weight, is the underlying factor that causes the relationship between BAI and the
prevalence of the disease [11]. Furthermore, a study conducted in Great Britain showed that
tissue recovered from pneumoconiotic lungs of deceased coal miners has abnormally high
amounts of iron-enriched material [33], consistent with the notion that exposure to iron minerals
associated with coal plays a role in the pathogenesis of CWP. Pyrite and pyrite-bearing coal have
recently been shown to spontaneously generate ROS when placed in water [34, 35]. On the basis
of these results and additional research with pyrite-bearing coal, it has been suggested that the
inhalation of iron-bearing dust may be responsible for a chronic elevated level of reactive oxygen
species (ROS) production in lung tissue. This, in turn, may contribute to the pathogenesis of the
disease [11]. However, these conclusions were based on experiments conducted in water. The
goals of this study are to determine the oxidative dissolution rate of pyrite in simulated lung fluid
(SLF) and to evaluate if pyrite particles can generate ROS in SLF.

Simulated lung fluid is a proxy for the extracellular fluid lining the surface of the alveolar
epithelium [36-38]. This area of the lungs accumulates all of the respirable particulates and it is
the primary environment for dissolution before phagocytosis can occur (for phagocytosis to
occur a particle must be less than 15 to 20um in size [39]) [10]. While phagocytosis is the
primary method of clearance for respirable particles, “particle overload” can occur if the
inhalation rate is greater than the alveolar clearance rate [40, 41]. Under conditions of particle
overload, the clearance rate due to phagocytosis can be slowed or halted [42]. Hence, it is useful
to experimentally determine the rate of dissolution of environmentally relevant particles, such as
pyrite, in SLF. On the basis of experimentally determined dissolution rates it is possible to
estimate the total time it takes to dissolve a particle of a given size upon inhalation.

A range of SLF formulations with different levels of complexity have been used in
studies designed to evaluate the persistence/dissolution of particulate matter. Gamble’s
description of the composition of extracellular lung fluid is the basis for the formulation of SLF
used here and in most other studies [43]. There are two different approaches to approximate
natural extracellular lung fluid. One approach is to use a solution that is principally sodium
chloride with both additional inorganic (bicarbonate, ammonium, phosphate) and organic

components (glycine and citrate). The solution is kept at 37°C and buffered at pH 7.4 by



bubbling a 5% CO;-air gas mixture through it. The drawback of this approach is that it does not
capture the complexity of lung fluid as it lacks proteins, fatty acids, antioxidants, and other
complex biomolecules. This shortcoming is overcome in the second approach by adding various
complex biomolecules to the “simple” SLF.

A simple SLF is often used, however, to study the biopersistence of particulate matter in
vitro [10, 43-51]. It has been shown that the absence of proteins and antioxidants has no marked
effect on the dissolution rate of natural or man-made contaminants [46, 50], as long as the
temperature and pH are kept at biologically relevant conditions. For example, the dissolution rate
of talc at 37°C and a pH of 7.4 does not change when the fluid is varied from a very simple
phosphate buffered solution to a more complex SLF [50]. In the present study, the rate of pyrite
oxidative dissolution was determined in both a simple SLF (see Table 1) and one with added
proteins and fatty acids. While a simple SLF formulation does not capture the full complexity of
natural lung fluid, its simplicity makes it possible to evaluate the full extent to which particulates
can generate ROS. The addition of more complex biomolecules provides additional pathways for
superoxide, hydrogen peroxide, and hydroxyl radical to react, which decreases the steady state
ROS concentrations. For example, as demonstrated in this study, the addition of a mixture of
proteins and fatty acids (beractant, Survanta®); Table 2) lowers the hydrogen peroxide
concentration in an experiment in which pyrite was dispersed in SLF lacking complex
biomolecules.

The formation of ROS in pyrite slurries is a byproduct of oxidative dissolution of pyrite
in air-saturated fluids. The equations below represent simplified reactions known to occur in
natural waters. Although the systems complexity increases in vivo, the simplified reaction paths
remain applicable. The oxidant can either be molecular oxygen (Equation 1) and/or dissolved
ferric iron (Equation 2). Dissolved ferric iron can be formed in a pyrite slurry by the oxidation of

ferrous iron (Equation 3).

2FeS, + 70, + 2H,0 — 2Fe* + 4S04> + 4H* Eqn. 1
FeS, + 14 Fe’* + 8H,0 — 15Fe** + 2S04* + 16H* Eqn. 2
2Fe**+ 1/20, + 2H'— 2Fe**+ H,0 Eqn. 3

The oxidative dissolution of pyrite allows for iron to be released into solution as ferrous iron.

When ferrous iron interacts with dissolved molecular oxygen, the Haber-Weiss reaction



mechanism sequence is initiated. This reaction sequence leads to the formation of hydrogen
peroxide with superoxide acting as an intermediate (Equations 4 and 5).

Fe**'+ 0, — Fe’'+ "0y Eqn. 4

Fe**+ "0, + 2H" — Fe’*+ H,0, Eqn. 5
The existence of hydrogen peroxide allows for the formation of another ROS, hydroxyl radical,
via the Fenton reaction (Equation 6). The fate of hydrogen peroxide depends, however, on the
relative availability of ferrous and ferric iron. While a reaction with ferrous iron leads to the
formation of hydroxyl radical, a reaction with ferric iron leads to decomposition of hydrogen
peroxide into water and oxygen (Equation 7). In this respect, ferric iron acts similar to catalase
[52].

H,0, + Fe**— Fe**+ OH+ "OH Eqn. 6

3H,0, + 2Fe**— 2Fe**+ 2H,0 + 20, + 2H* Eqn. 7
It is expected that pyrite oxidative dissolution in SLF differs from pyrite oxidative dissolution in
water, because dissolved phosphate has been shown to slow the rate of pyrite oxidative
dissolution [53] and carboxylic acids have been shown to sorb onto its surface [54]. Sorption of
carboxylic acids could affect the reaction mechanism and dissolved carboxylic acids may
suppress the concentration of hydroxyl radical by complexing ferrous iron and preventing the

Fenton reaction (Equation 6) or by scavenging the radical.

2.2. Experimental Methods
2.2.1. Batch Experiments

Batch oxidative dissolution experiments were performed on slurries of pyrite (Huanzala,
Peru) in a 250 mL, glass, magnetically stirred vessel equipped with a water jacket (Ace Glass
™). The vessel was fitted with a cover containing four ports to allow for insertion of a pH probe,
a dissolved oxygen probe, a titrant buret, a gas inlet and outlet, and a sampling tube. Both in situ
and ex situ measurements were performed. The in situ measurements — temperature, dissolved
oxygen and pH — were used in real time to keep the conditions in the mineral slurry saturated
with air, at pH 7.4, and at 37°C. The ex situ measurements — hydrogen peroxide, ferrous iron and
sulfate — were used to determine the rate of pyrite oxidative dissolution and to determine the

concentration of hydrogen peroxide throughout the course of the experiments.



X-ray fluorescence spectroscopy (Bruker S4 Pioneer) showed that the pyrite used in these
experiments contained little to no impurities. Before use, the pyrite was crushed in an agate mill
and sieved to less than 38 um in order to obtain a suitable size fraction. The starting material was
subsequently cleaned using a 0.1 M HCI solution to remove iron hydroxide and/or iron oxy-
hydroxide patches from the surface and stored under vacuum in an anaerobic glovebag. The
specific surface area of the pyrite, determined with a Quantachrome NOVA 5-point BET
analyzer, was 1.923 m?/g. The average diameter is estimated on the basis of the specific surface
measurement to be 0.62 um.

The temperature of the reaction vessel was controlled via a constant-temperature
circulating water bath equipped with a thermostat-controlled heater. Kept at 37°C, the
experiment was further monitored using a dissolved oxygen probe equipped with a thermistor
(HACH™ LDO probe). This same probe’s primary use was to continuously monitor the
dissolved oxygen (DO) content in the slurry. The pH was monitored using a Titroline Alpha™
pH-stat equipped with a single junction, gel-filled electrode (Fisher™). The electrode was
calibrated with standard NIST-traceable pH buffer solutions before the start of the experiment.

In order to evaluate the effect of SLF on the oxidative dissolution rate of the pyrite,
separate replicate batch experiments were conducted with deionized (DI) water and SLF. In both
experiments, molecular oxygen was the oxidant (some ferric iron is likely to have formed in the
system, but at the pH of the experiments (7.4) very little dissolved ferric iron is expected to be
present). The vessel was charged at the start of each experiment with 170 mL of the desired
liquid (DI H,O or SLF), which was allowed to warm to 37°C and reach a pH of 7.4 before the
pyrite was added (~1 hour). The DO content was also allowed to stabilize at ~6.5 mg/L, which
represents saturation at the temperature of the experiments. Although considered a high dose, a
pyrite loading of 0.004 m*mL was used for each experiment (353 mg/170 mL) allowing for
comparison with previous work. The reaction vessel was covered with aluminum foil throughout
the experiment to block out the effect of light on pyrite oxidative dissolution, which has been
shown to increase the oxidative dissolution rate [55]. Samples were taken over the course of the
experiment for iron, sulfate and hydrogen peroxide analyses.

For the majority of the experiments performed in SLF, the pH was kept constant using
the buffering capacity of the SLF in conjunction with CO,. The CO, was delivered to the system

via a tank containing 10% CO; in compressed air and fed into the system using a bubbler. The



flow rate of the CO, gas was adjusted so that the pH of the fluid was maintained within £ 0.1 of
7.4. Fresh SLF was prepared before each experiment using the procedure of Bauer et al. [10]
which is a simple SLF [51]. Briefly, individual sodium dihydrogen phosphate monohydrate,
sodium citrate dihydrate, sulfuric acid, ammonium chloride and calcium chloride solutions were
made. The latter two intermediate solutions were filtered using 0.22 um membrane slip-on filter
before being added to the final container. The above solutions were mixed with a solution of
sodium chloride, sodium bicarbonate, sodium carbonate and glycine in a calibrated glass flask.
Given the short duration of the experiments, formaldehyde—a bactericide—was not added to the
SLF as prescribed by Bauer et al (Table 1) [10]. The reagents used were of the highest quality,
although we cannot exclude that they contain some trace amounts of metal. However, given their
consistent use throughout the course of the experimental process and their trace levels compared
to the amount of iron released by the pyrite, their presence is not expected to affect the
conclusions. All SLF solutions were used within 24 hours of preparation. The SLF solutions
were stored in the dark at 4°C between preparation and use in the experiments. The effect of a
more complex SLF solution on the pyrite oxidative dissolution rate was evaluated by adding two
separate 6 pug/mL aliquots of Survanta® to a batch experiment with the simple SLF [56]. By
determining the rate of sulfate formation before and after the additions of Survanta® we were
able to calculate the pyrite oxidative dissolution rate in simple SLF and the rate with added
proteins and fatty acids, while all other conditions in the experiment remained co