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Abstract The origin of coal worker’s pneumoconi-

osis (CWP) has been long debated. A recent epidemi-

ological study shows a correlation between what is

essentially the concentration of pyrite within coal and

the prevalence of CWP in miners. Hydrogen peroxide

and hydroxyl radical, both reactive oxygen species

(ROS), form as byproducts of pyrite oxidative disso-

lution in air-saturated water. Motivated by the possible

importance of ROS in the pathogenesis of CWP, we

conducted an experimental study to evaluate if ROS

form as byproducts in the oxidative dissolution of

pyrite in simulated lung fluid (SLF) under biologically

applicable conditions and to determine the persistence

of pyrite in SLF. While the rate of pyrite oxidative

dissolution in SLF is suppressed by 51% when

compared to that in air-saturated water, the initial

amount of hydrogen peroxide formed as a byproduct

in SLF is nearly doubled. Hydroxyl radical is also

formed in the experiments with SLF, but at lower

concentrations than in the experiments with water. The

formation of these ROS indicates that the reaction

mechanism for pyrite oxidative dissolution in SLF is

no different from that in water. The elevated hydrogen

peroxide concentration in SLF suggests that the

decomposition, via the Fenton mechanism to hydroxyl

radical or with Fe(III) to form water and molecular

oxygen, is initially inhibited by the presence of SLF

components. On the basis of the oxidative dissolution

rate of pyrite measured in this paper, it is calculated

that a respirable two micron pyrite particle will take

over 3 years to dissolve completely.
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Background

Coal mining represents an occupational health burden

that is likely to increase globally. Even with the

emergence of alternative energy resources, coal con-

tinues 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 (USEIA 2011). The

2003 Basic Energy Sciences Advisory Committee

forecasts that by the year 2050, the energy require-

ments 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) (USEIA 2009). 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
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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 twentieth century

(NIOSH 2003), 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) con-

tent in coal and the prevalence of CWP in miners

(Huang et al. 2005). BAI is defined as the amount of

iron released over a 3 h period in 10 mM phosphate

solution at room temperature and a pH of 4.5 (Huang

et al. 1998, 2005). 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 (Cohn et al. 2006b).

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 (Bergman and

Casswell 1972), 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 spontane-

ously generate ROS when placed in water (Cohn et al.

2005, 2006c). 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 pathogen-

esis of the disease (Cohn et al. 2006b). 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

(Eastes et al. 1995; Mattson 1994; Potter and Mattson

1991). This area of the lungs accumulates all of the

respirable particulates and it is the primary environ-

ment for dissolution before phagocytosis can occur

(for phagocytosis to occur a particle must be less than

15–20 lm in size) (Cannon and Swanson 1992; Bauer

et al. 1997). While phagocytosis is the primary method

of clearance for respirable particles, ‘‘particle over-

load’’ can occur if the inhalation rate is greater than the

alveolar clearance rate (Renwick et al. 2001; Morrow

1988). Under conditions of particle overload, the

clearance rate due to phagocytosis can be slowed or

halted (Oberdorster 1995). 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 (Gamble

1942). There are two different approaches to approx-

imate natural extracellular lung fluid. One approach is

to use a solution that is principally sodium chloride

with both additional inorganic (bicarbonate, ammo-

nium, phosphate) and organic components (glycine

and citrate). The solution is kept at 37�C and buffered

at pH 7.4 by bubbling a 5% CO2–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 biomol-

ecules to the ‘‘simple’’ SLF.

A simple SLF is often used, however, to study the

biopersistence of particulate matter in vitro (Lehuede

et al. 1997; Wragg and Klinck 2007; de Meringo et al.

1994; Berlinger et al. 2008; Oze and Solt 2010;

Metzger et al. 1997; Jurinski and Rimstidt 2001;

Kanapilly 1977; Gamble 1942; Bauer et al. 1997). 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 (Jurinski

and Rimstidt 2001; de Meringo et al. 1994), 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 (Jurinski and

528 Environ Geochem Health (2012) 34:527–538

123



Rimstidt 2001). 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 concentra-

tions. 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 sim-

plified reactions known to occur in natural waters.

Although the systems complexity increases in vivo,

the simplified reaction paths remain applicable. The

oxidant can be molecular oxygen (reaction 1) and/or

dissolved ferric iron (reaction 2). Dissolved ferric iron

can be formed in a pyrite slurry by the oxidation of

ferrous iron (reaction 3).

2FeS2þ 7O2þ 2H2O! 2Fe2þ þ 4SO2�
4 þ 4Hþ ð1Þ

FeS2 þ 14Fe3þ þ 8H2O! 15Fe2þ þ 2SO2�
4 þ 16Hþ

ð2Þ

2Fe2þ þ 1=2O2 þ 2Hþ ! 2Fe3þ þ H2O ð3Þ

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 initi-

ated. This reaction sequence leads to the formation of

hydrogen peroxide with superoxide acting as an

intermediate (reactions 4, 5).

Fe2þ þ O2 ! Fe3þ þ �O�2 ð4Þ

Fe2þ þ �O�2 þ 2Hþ ! Fe3þ þ H2O2 ð5Þ

The existence of hydrogen peroxide allows for the

formation of another ROS, hydroxyl radical, via the

Fenton reaction (reaction 6). The fate of hydrogen

peroxide depends, however, on the relative availabil-

ity 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 (reaction 7).

In this respect, ferric iron acts similar to catalase

(Schoonen et al. 2010).

H2O2 þ Fe2þ ! Fe3þ þ OH� þ �OH ð6Þ

3H2O2 þ 2Fe3þ ! 2Fe2þ þ 2H2Oþ 2O2 þ 2Hþ ð7Þ

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 (Elsetinow et al.

2001) and carboxylic acids have been shown to sorb

onto its surface (Bebie and Schoonen 2000). Sorption

of carboxylic acids could affect the reaction mecha-

nism and dissolved carboxylic acids may suppress the

concentration of hydroxyl radical by complexing

Table 1 Composition of simulated lung fluid

Components Concentration (mM)

Na? 150.7

Ca2? 0.197

NH4
? 10.0

H2CNH2CO2H (glycine) 5.99

Cl- 126.4

SO4
2- 0.5

HCO3
- 27.0

HPO4
2-, H2PO4

- 1.2

[HOC(CH2CO2)2CO2]3- (citrate) 0.2

Modified Gamble’s solution from Bauer et al. (1997)

Table 2 Composition of Survanta� (beractant)

Components Concentration

(mg/mL)

Details

Phospholipids 25 Including 11.0–15.5

disaturated

phosphatidylcholine

Triglycerides 0.5–1.75 NA

Free fatty

acids

1.4–3.5 NA

Protein \1 Two hydrophobic, low

molecular weight (SP-B

and SP-C)

Suspended in a 0.9% sodium chloride solution

Drugs.com Updated: 2011 September 19; Cited 2011 September 20
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ferrous iron and preventing the Fenton reaction

(reaction 6) or by scavenging the radical.

Experimental methods

Batch experiments

Batch oxidative dissolution experiments were per-

formed on slurries of pyrite (Huanzala, Peru) in a

250 mL- glass, magnetically stirred vessel equipped

with a water jacket (Ace Glass
TM

). 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 Pio-

neer) 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 lm in order to obtain a suitable size fraction. The

starting material was subsequently cleaned using a

0.1 M HCl solution to remove iron hydroxide and/or

iron oxy-hydroxide patches from the surface and stored

under vacuum in an anaerobic glove bag. The specific

surface area of the pyrite, determined with a Quanta-

chrome NOVA 5-point BET analyzer, was 1.923 m2/g.

The average diameter is estimated on the basis of the

specific surface measurement to be 0.62 lm.

The temperature of the reaction vessel was con-

trolled 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
TM

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
TM

pH–stat equipped

with a single junction, gel-filled electrode (Fisher
TM

).

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 water or SLF), which was allowed to warm

to 37�C and reach a pH of 7.4 before the pyrite was

added (*1 h). The DO content was also allowed to

stabilize at *6.5 mg/L, which represents saturation at

the temperature of the experiments. Although consid-

ered a high dose, a pyrite loading of 0.004 m2/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 (Schoonen et al.

2000). 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 CO2. The CO2

was delivered to the system via a tank containing 10%

CO2 in compressed air and fed into the system using a

bubbler. The flow rate of the CO2 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. (1997) which is

a simple SLF (Kanapilly 1977). 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-

lm 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. (1997) (Table 1).

The reagents used were of the highest quality,

although we cannot exclude that they contain some
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trace amounts of metal. However, given their consis-

tent 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 h 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 lg/mL aliquots of Survanta� to a batch experiment

with the simple SLF (Wang et al. 2010). By deter-

mining 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 constant.

The airflow into the reaction vessels was kept at

120 mL/min. For experiments performed with DI

water at 37�C, a 0.1 M NaOH solution was automat-

ically titrated into the vessel to maintain the pH within

a desirable range (7.4 ± 0.4). Tank gas was not used

for these experiments; air was simply bubbled through

the system via an air pump (Secondnature Challenger

I). The air stream from the pump was first passed

through a KOH solution to remove CO2, which is

necessary to keep the pH under control.

The concentration of hydrogen peroxide was deter-

mined in aliquots withdrawn from the vessel using

the leuco crystal violet (LCV) method as previously

reported (Cohn et al. 2005), with some minor modi-

fication to compensate for the high buffering capacity

of the SLF used in the experiments. In short, this

modified method consists of pipetting 500 lL Na

ethylenediaminetetraacetic acid (EDTA) into a poly-

styrene cuvette (the EDTA is added to prevent the

decomposition of hydrogen peroxide in the sample via

the Fenton reaction by chelating free iron). Next,

100 lL of HRP and LCV reagent are added, followed

by a pH buffer, KH2PO4, to ensure the pH is at/near

the optimal range of 4.2. Finally, 700 lL DI water was

added. This mixture of reagents was prepared in the

cuvettes before a 500 lL sample was withdrawn by

syringe from the vessel for hydrogen peroxide analysis.

The sample was filtered using a 0.22-lm membrane

slip-on filter before adding it to the reagents in the

cuvette. After incubation in the dark for 10 min, the

absorbance of the purple complex was measured

using a HACH DR/4000 UV/vis spectrometer at a

wavelength of 590 nm. Standards were made in order

to determine the concentration of hydrogen peroxide in

the samples. The concentration of dissolved ferrous

iron remaining in the slurry at the end of the experiment

was quantified by means of a HACH DR/4000 UV/vis

spectrometer, using Hach
TM

Ferrozine method (Hach
TM

method 8147). The samples were analyzed for sulfate,

a proxy for pyrite dissolution, using an automated ion

chromatograph (Dionex
TM

DX 500) equipped with an

AS4A-SC column.

Fluorescence assay procedures

The effect of SLF on the formation of hydroxyl radical

was determined in a separate set of experiments apart

from the batch experiments described above. The

experiments followed a previously published protocol

for the determination of hydroxyl radical in mineral

slurries (Cohn et al. 2009). Natural pyrite from

Huanzala, Peru, was purchased from Wards, crushed

in an agate mill, sieved to less than 38 lm and stored

under anoxic conditions until use. Using a five-point N2

adsorption BET, the specific surface area of the pyrite

was determined to be 1.25 m2/g. The average particle

size was one micron based on the specific surface area

measurement. SLF was prepared as described above.

The slurries (one in water and one in SLF) were spiked

with the fluorogenic probe 30-(p-aminophenyl) fluoros-

cein (APF) (Dorr et al. 2003) at a concentration of

10 lM. For the experiments performed without pyrite,

the same concentration of APF was injected as well as a

10 mM solution of ferrous ammonium sulfate hepta-

hydrate or a 10 mM solution of ferric sulfate pentahy-

drate (one in water and one in SLF each). The slurries/

samples were subsequently incubated for 24 h at 25�C.

During the incubation periods, the slurries were placed

on a Barnstead/Thermolyne Labquake rotating mixer to

keep the minerals in suspension.

After the incubation period, all samples were

measured in 4-mL methylcrylate fluorescence cuvettes

on a Turner Barnstead spectrofluorometer with exci-

tation and emission wavelengths of 490 and 520 nm,

respectively. Samples were calibrated against a stan-

dard calibration curve with known amounts of hydro-

gen peroxide, APF, potassium phosphate buffer at pH

7.4, and HRP. APF was purchased from Invitrogen. All

other chemicals were obtained from Fisher Scientific,

except for Type II horseradish peroxidase, which

was acquired from Sigma. All chemicals were of the
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highest available purity. The SLF, hydrogen peroxide,

HRP and phosphate buffer solutions were prepared in

Easy Pure 18.3 MX-cm, UV-irradiated, ultra-filtered

water and stored in the dark at 4�C.

Results

A comparison between the oxidative dissolution rates

of pyrite in water versus SLF was performed on

the basis of net sulfate formation per unit time. The

starting SLF solution contains some sulfate, hence the

comparison of oxidative dissolution rate of pyrite in

SLF and water is based on the rate of sulfate formation

over time, or net sulfate formation per unit time. The

net sulfate formation rate is calculated based on a

linear regression of sulfate concentrations determined

in triplicate of samples withdrawn from the vessel over

the course of the experiment. The regression analysis

shows that the oxidative dissolution of pyrite in SLF is

twice as slow (51%) as compared to its oxidative

dissolution rate in water (Fig. 1). The addition of

Survanta� has no effect on the rate of pyrite oxidative

dissolution in SLF (Fig. 1). This indicates that SLF

with or without fatty acids and proteins exerts an

important inhibitory effect on the oxidative dissolu-

tion of pyrite.

While the oxidative dissolution rate in SLF appears

to be suppressed when compared to water, the

hydrogen peroxide content in SLF is nearly twice

as high initially (Fig. 2). Preliminary experiments

with SLF without Survanta� showed a steady state

hydrogen peroxide concentration that was twice as

high as the steady state concentration in an equivalent

experiment with water. In the experiment with SLF

presented in Fig. 2, Survanta� was added before a

steady state concentration in hydrogen peroxide was

established. After the addition of Survanta�, the

hydrogen peroxide concentration dropped rapidly,

well below the level seen in the experiment with water.

Experiments using APF show that on average the

hydroxyl radical concentration was 78% higher in

experiments with water compared to experiments with

simple SLF (Fig. 3).

Fig. 1 Sulfate formation over time in batch experiments with

pyrite. Batch oxidative dissolution experiments in which the

sulfate formations between slurries of pyrite in water or SLF are

compared. At two different points in time during the experiment

with SLF, Survanta� was added as indicated by the dashed

vertical lines. The temperature and pH were kept at 37�C and 7.4,

respectively. Each symbol is the average concentration of

triplicate analyses of sulfate; error bars for the average of the

triplicate measurements are smaller than symbols used in graph.

See text for more experimental details
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Discussion

The results show a significant decrease in pyrite

oxidative dissolution rate combined with a higher

initial concentration of hydrogen peroxide, but a lower

concentration of hydroxyl radical in SLF compared to

water. The slower pyrite oxidative dissolution in SLF

is not unexpected, since the presence of phosphate

inhibits pyrite oxidative dissolution, particularly at pH

4 and higher (Elsetinow et al. 2001). Given the

phosphate concentration in SLF (1.2 mM), one would

expect a significant suppression of the oxidative

dissolution rate. Besides phosphate, organic compo-

nents in SLF may also contribute to the diminished

oxidative dissolution rate; for instance, glycine

adsorbs to sulfur defects sites on the pyrite surface

(Nair et al. 2006). It is somewhat surprising that the

additions of Survanta�—a natural surfactant—to

simple SLF did not have an effect on the oxidative

dissolution rate of pyrite, which is a surface-controlled

process. However, this result is consistent with earlier

work on the dissolution of talc in simple and more

complex SLF (Jurinski and Rimstidt 2001). The study

with talc did not show a significant difference in

dissolution rate between the two conditions. Hence,

the results obtained in this study indicate that the

complexity of the surfactant-free SLF is sufficient to

determine biopersistence of pyrite in the lungs.

The steady state concentration of hydrogen perox-

ide appears to be strongly influenced by the solution

composition. Hydrogen peroxide is formed in the first

two-electron transfer step from the pyrite surface to

molecular oxygen (Schoonen et al. 2010). In addition,

hydrogen peroxide is formed from superoxide when

dissolved ferrous iron is oxidized by molecular

oxygen. So the rate of formation of hydrogen peroxide

in a pyrite slurry depends on the rate of pyrite

oxidative dissolution as well as the direct one-electron

reaction of molecular oxygen and dissolved ferrous

iron. The steady state concentration of hydrogen

peroxide is a balance between its formation and its

decomposition. Hydrogen peroxide decomposition

may either proceed via the Fenton reaction, which

requires ferrous iron, or via a reaction with ferric iron

producing water and oxygen (Schoonen et al. 2010).

Hence, the amount of iron in solution and its

speciation is a key factor in determining the concen-

tration of hydrogen peroxide in these experiments at

any given time.

On the basis of the stoichiometry of pyrite (FeS2), it

is expected that the rate of iron release is half that of

the rate of sulfate release. For example, upon

completion of the experiment performed in SLF the

total concentration of sulfate was 1,165 lM, which

means that the total concentration of ferrous iron

released is expected to be 328 lM (this is half of the

increase in sulfate over the course of the experiment,

noting that 509 lM sulfate is present at the start of the

Fig. 2 Hydrogen peroxide formation/degradation over time in

batch experiments with pyrite. Hydrogen peroxide concentra-

tion throughout the course of batch oxidative dissolution

experiments of pyrite performed in water and SLF, respectively.

Note that Survanta� was added in two separate doses in the

experiment with SLF, see arrows

Fig. 3 Comparison of hydroxyl radical formation under a

variety of conditions with water or simulated lung fluid.

Fluorescence assay experiments evaluating the production of

hydroxyl radicals in water and SLF without fatty acids or

proteins under varying conditions. The formation of hydroxyl

radicals in the experiment performed in water with a pyrite

loading of 10 g/L is not represented since maximum detection

limits were exceeded

Environ Geochem Health (2012) 34:527–538 533

123



experiment because SLF contains some sulfate salt).

However, the measured number was more than a

factor of 10 less at 25.7 lM. This much lower

dissolved iron content is a good indication that a

significant amount of iron has been sequestered as

Fe(III)-OH patches on the pyrite surface. The presence

of these patches has been established in several studies

using different techniques (Bebie et al. 1998; Ramp-

rakash et al. 1991). Rather than passivating the pyrite

surface, the Fe(III)-OH patches are known to be the

major conduits for electron transfer between molec-

ular oxygen and pyrite (Rosso et al. 1999; Jaegermann

and Tributsch 1988) and are thought to play a role in

the decomposition of hydrogen peroxide formed in the

oxidative dissolution of pyrite (Schoonen et al. 2010).

The development of the patches over time is likely

responsible for the drop in hydrogen peroxide after

the initial burst in the experiment with water and the

section of the experiment with SLF in the absence of

Survanta� (see Fig. 2).

Several components in the SLF may be influencing

the relative rates of the two hydrogen peroxide

decomposition reactions through complexation of

dissolved iron. Earlier work has shown that hydrogen

peroxide can be stabilized in pyrite slurries by adding

EDTA, a strong Fe(II) chelator (Cohn et al. 2006c).

Citrate, which is present in SLF used here, also forms

strong complexes with ferrous iron. This notion is

supported by a speciation calculation conducted with

the program PHREEQCI (Parkhurst and Appelo 1999).

In experiments performed in water, 98% of the ferrous

iron is present as Fe2?; while in experiments performed

in simple SLF, 23% of the ferrous iron is present as

Fe2? and 64.5% is present as FeCitrate- (see Table 3).

The high concentration of phosphate in SLF may

inhibit the decomposition of hydrogen peroxide with

ferric iron as reactant. This reaction is likely to take

place on Fe(III)-OH patches on the pyrite surface

that form as oxidative dissolution progresses. These

patches are also the preferred sites for phosphate

sorption. Hence, adsorption of SLF-derived phosphate

is likely to slow down the decomposition of hydrogen

peroxide to water and molecular oxygen. It is not clear,

however, why the addition of Survanta� promotes

the decomposition hydrogen peroxide (Fig. 2). The

addition of Survanta� triggers a rapid decrease of the

hydrogen peroxide concentration, but it remains

unclear whether this is due to a decrease of hydrogen

peroxide formation or an increase in its decomposition.

Chelation of ferrous iron could also explain the

lower concentration of hydroxyl radical in the exper-

iments with simple SLF. By chelating ferrous iron, the

hydrogen peroxide is partially stabilized and less

hydroxyl radical is formed. Another factor that is

difficult to evaluate is the possibility that some

hydroxyl radical may have reacted with organic

components present in SLF, generating other radicals

for which APF is not sensitive. For example, glycine is

known to react with hydroxyl radical (Taniguchi et al.

1968; Berger et al. 1999). This reaction then may have

suppressed the hydroxyl radical concentration as

reported by the APF probe. The only way to evaluate

this is to conduct a series of Electron Spin Resonance

experiments, which would determine the type and

approximate concentrations of radical(s) present.

However, this is outside the scope of the present study.

The results of this research allow one to constrain

the lifetime of inhaled pyrite particles and evaluate

their possible role in CWP pathogenesis. On the basis

of the oxidative dissolution rate of pyrite in SLF

(Table 4; Fig. 1), the length of time an individual

pyrite grain could be expected to persist in the lungs is

determined based on the dissolution kinetics model by

Lasaga (1984) (Fig. 4). Predictably, fine-grained

pyrite particles will dissolve in a shorter period of

time. For example, a one micron particle is expected to

be dissolved in about 1.5 years. By contrast, a particle

with a diameter of 10 lm is projected to take more

than a decade to dissolve. Approximately 80% of the

Table 3 Speciation of ferrous iron in SLF and H2O

Species Percent

SLF H2O

FeCitrate- 64.50 –

Fe?2 23.18 98.16

FeHPO4 10.76 –

FeH2PO4
? 1.18 –

FeOH? 0.20 1.85

FeSO4 0.19 4.1 9 10-5

Fe(OH)2 8.3 9 10-5 1.1 9 10-3

Fe(HS)2 4.5 9 10-7 8.8 9 10-6

Fe(OH)3
- 1.2 9 10-7 1.1 9 10-6

FeCitrateH 1.2 9 10-8 9.6 9 10-12

Fe(HS)3
- 5.5 9 10-13 –

Speciation calculations performed by PHREEQCI (Parkhurst

and Appelo 1999)
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airborne particles in an underground coal mine are

larger than 10 lm, which is the cutoff for a particle to

be considered respirable (Seixas et al. 1995). Pyrite in

coal is typically present as micron or submicron

particles embedded in the coal (Frankie and Hower

1987; Wiese and Fyfe 1986). So a lifespan on the basis

of a one micron particle is more realistic. However, in

gold and base-metal mines where pyrite is also

common, the crystal size of pyrite in the rock is

typically well above one micron. Hence, frequent

exposure to coal dust, or other mined material,

containing pyrite is expected to lead to a buildup of

pyrite in the lung. The implication of the work

reported here is that exposure to coal dust will lead

to inhalation of pyrite particles that will slowly

dissolve over the time scale of years. Research into

the iron content of coal miner’s pneumoconiotic lung

tissue supports these timescales in that the tissue

contained abnormally high amounts of iron but no

pyrite (Bergman and Casswell 1972). Since autopsies

usually occur years after retirement all of the pyrite

should be dissolved, leaving only iron.

The persistence of respirable pyrite particles on

timescales of years may promote a chronic level of

inflammation with pyrite-derived hydrogen peroxide

and ferrous iron producing the highly reactive

hydroxyl radical. Other mineral components in coal,

such as quartz, may contribute to the pathogenesis of

CWP, but none of these particles produce hydrogen

peroxide and hydroxyl radical in the quantities seen

with pyrite (Cohn et al. 2006a). Quartz and other

minerals present in coal are, however, more persistent

Table 4 Lifespan of a pyrite particle based on dissolution

rates for varying conditions

Experiment Dissolution rate

(mol/m2/s)

Lifespan of a 1 lm

pyrite particle (years)

Water 8.63 9 10-10 0.77

‘‘Simple’’ SLF 3.70 9 10-10 1.79

SLF with 6 lg/

mL Survanta�
4.69 9 10-10 1.41

SLF with 12 lg/

mL Survanta�
4.64 9 10-10 1.43

Overall SLFa 4.38 9 10-10 1.51

Experiments kept at 37�C with a pH of 7.4 and the pyrite had a

specific surface area of 1.923 m2/g and sample loading of

0.004 m2/mL
a The overall dissolution rate of pyrite in ‘‘simple’’ SLF and

the SLF after being dosed with Survanta�. The r2 value for this

line is 0.9867

Fig. 4 Persistence of pyrite as a function of size. The lifespan

of pyrite particles of varying sizes in water versus SLF based on

the dissolution rates determined in this study and the calculation

scheme put forth by Lasaga (1984). To place the size of the

particles in the context of exposures coal miners might

experience, the relative mass frequency of particles found in

the air of underground coal mines is shown in the left panel of

the figure (Seixas et al. 1995). The calculated results for pyrite

particles with a size up to 10 lm are expanded in the inset on the

lower right. Particles between 10 and 20 lm are abundant in air

collected in active parts of underground coal mines
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due to their very slow dissolution rate. This is

illustrated with calculations of the lifespan of one

micron particles of pyrite compared to that of one

micron quartz particles (Table 5). Note that these

calculations are based on dissolution rates in pure

water, not SLF, so data in Table 5 represent a minimum

life span. The reactivity of other minerals linked to

occupational lung ailments, chrysotile (white asbestos)

and forsterite (olivine; used in glassmaking), are also

presented in Table 5 for comparison. One micron

asbestos particles are projected to be dissolved in less

than a year, while one micron forsterite and quartz

particles will not be dissolved in a human lifetime.

There is clearly a need to conduct dissolution exper-

iments in SLF so that more accurate estimates of the

persistence of minerals important in occupational

health can be obtained.

It is important to recognize that while this study

addresses some of the complexity of inhalation expo-

sure of pyrite associated with coal; it does not take into

account the contribution of cellular responses to the

exposure. For example, it is well known that epithelial

cells will produce hydrogen peroxide in response to

exposure to particulate matter. The hydrogen peroxide

produced via this cellular mechanism will be in

addition to any hydrogen peroxide produced by the

minerals themselves. This also raises the specter of a

synergy between pyrite and biopersistent minerals,

such as quartz contained in coal. Both quartz and pyrite

may trigger the cells to produce hydrogen peroxide, but

pyrite promotes the formation of hydroxyl radical

within the cells, which can contribute to the pathogen-

esis of CWP. We are currently studying the cellular

response of epithelial cells to exposures of coal with

different levels of pyrite.

Conclusions

The oxidative dissolution rate of pyrite in SLF with or

without proteins and fatty acids has been determined

for the first time. The addition of proteins and fatty

acids to SLF does not affect the oxidative dissolution

rate. The oxidative dissolution rate in SLF is about a

factor of two slower than the rate of pyrite oxidative

dissolution measured in air-saturated water. Not only

does the SLF lead to a slower dissolution rate, it

also changes the concentration of hydrogen peroxide

and hydroxyl radical in solution. Chelation of iron is

thought to be responsible for the stabilization of

hydrogen peroxide, leading to higher initial concen-

trations than in experiments with water. Over time, the

concentration of hydrogen peroxide decreases; addi-

tion of beractant (Survanta�) to SLF leads to a rapid

decrease of hydrogen peroxide in pyrite slurries. The

initial stabilization of hydrogen peroxide also explains

the lower hydroxyl radical concentrations observed in

experiments with SLF. The pyrite oxidative dissolu-

tion rate data in SLF suggests that pyrite particles with

a size of one micron are expected to persist for more

than a year in the lung. Thus frequent inhalation

exposure to pyrite can lead to the buildup of a source

of reactive ferrous iron that likely contributes to the

pathogenesis of CWP.
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