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Abstract 

 

The work presented herein details the measurement of particle-bound metals in 

environmental samples with specific interests in iron (Fe) in atmospheric particulate 

matter.   Metals were measured in ambient PM2.5 to study the effects and contributions of 

a light rail system on the concentrations of metals in atmospheric particles.  Particulate 

matter samples were collected on board trains, near the tracks, and at an urban 

background location in Denver, CO.  Metals were found to be enriched in particles 

collected on board the trains more so than at the other locations.  Fe speciation was also 

measured in the soluble fraction of the sample and the results showed the contribution of 

anthropogenic iron to the collected particles.  

Lab-created simulated marine particles were used to study the different variables 

affecting Fe solubility in atmospheric particulate matter during atmospheric transport.  

The effects of particle size, mineralogy, exposure to sulfur dioxide, and relative humidity 

were investigated.  Particle size and mineralogy were shown to have the largest effect on 

iron solubility with particles with smaller aerodynamic diameters containing more soluble 

Fe.  Sulfur was incorporated onto the particles however XANES measurements showed 

no effect on Fe chemistry or speciation. 

 Fe, Au, and Ag nanoparticles in aquatic matrices were also investigated as part of 

a two-fold spICPMS experiment.  The first study focused on observing formation of Fe 
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nanoparticles in seawater.  This led to the development of a new way to introduce a 

sample to the instrument as well as the second study; identifying a particle pulse in the 

presence of dissolved analyte.  Using well characterized Au particles, a mathematical 

method using the mode and standard deviation of the dataset was developed and 

successfully used to distinguish a particle signal pulse from that of the background.  This 

method was validated using a nanotechnology-enabled consumer spray containing both 

dissolved and particle Ag.  This method allows for more universal use of spICPMS. 
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Chapter One: Introduction 

1.1 Metals in the Environment 

Metals are a large chemical constituent of environmental matrices:  soil, water, 

and air.  Metals in the environment are predominantly transported in the particle phase as 

either atmospheric particulate matter (PM) or suspended particles or nanoparticles in 

aquatic systems as well as dissolved soluble metals.  This is due to metals being abundant 

in crustal soils and minerals as well as an accumulation into small diameter particles from 

industrial combustion (Mason 2013).  There are both natural and anthropogenic sources 

of metals to environment with natural sources being the larger contributor.   

1.2 Sources of Metals 

The crust is by far the biggest natural source of metals to the environment, as it 

contains nearly 30% of the Earth’s budget of these crustal and rare earth elements (Taylor 

and Mclennan 1995).  These natural sources include the physical and chemical 

weathering of rocks and minerals, volcanic eruptions, sea spray, and wildland fires 

(Rubin 1974; Connell 2005).  Of metals in the crust, aluminum (Al) is the most abundant.  

Iron (Fe) is the fourth most abundant element in the crust, and most common transition 

metal in both the crust and PM (Johansen et al. 2000a; Connell 2005).  

Anthropogenic sources of metals to air and water include mining and agriculture 

operations, industrial emissions, urban runoff and wastes, and motor vehicle operation.  

While a number of the metals typically emitted from anthropogenic sources also occur 
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naturally, they can be significantly enriched as a result of human activity.  Elements such 

as Fe, Cr, Mn, Pb, Zn, Cu, Cd, Ni, Sb, and As have all been shown to be enriched in 

environmental matrices as a result of anthropogenic sources (Rubin 1974; Thurston and 

Spengler 1985; Manoli et al. 2002; Connell 2005; Lough et al. 2005; Querol et al. 2007; 

Mason 2013).  A common method for determining the extent to which a metal is of 

anthropogenic origin or not is to determine the enrichment factor.  Using measured ratios 

of elements in the continental crust and the concentration of the elements in the sample 

an enrichment factor can be calculated (Taylor and Mclennan 1995). 

In atmospheric PM, the size of the particle and metal content can also be an 

indicator of source.  Crustal particles of natural origin are typically larger (aerodynamic 

diameter >1 µm) and consist of the common crustal elements while anthropogenic 

particles, especially those resulting from combustion processes, are typically smaller in 

size (aerodynamic diameter < 1µm) and have elevated concentrations of metals typically 

associated with anthropogenic sources (Cass and McRae 1983; Lighty et al. 2000; Singh 

et al. 2002; Song et al. 2006).  This is important as smaller particles can be transported 

further leading to longer transport of anthropogenic metals.  Also, smaller particles can 

bypass the natural defenses of the body and penetrate deeper into the lungs leading to 

increased toxicity of smaller particles.     

1.3 Metals in Aquatic Matrices  

Once in the air, water, and/or soil, metals participate in a large variety of chemical 

processes.  Metals in the environment can serve as electron acceptors, allowing the 

participation in a number of chemical reactions.  In aquatic systems, the solubility of 

trace metals is controlled by pH, presence of electron donors and chelating ligands (such 
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as organic matter), and the oxidation state of the metal and redox environment (Connell 

2005; Mason 2013).  As a result, metals in aquatic environments are partitioned between 

the particle and dissolved phases and commonly associated with colloids or metal/metal 

oxide nanoparticles (Benoit et al. 1994; MacDonald et al. 2000; Turner and Millward 

2002).  Ultimately, a large quantity of the metals are exported from freshwater systems to 

the world’s oceans (Zhang 1995; Macdonald et al. 2005).  This mechanism of transport 

results in the majority of metals settling out into the sediment in coastal regions and 

estuaries as a result of changes in pH and ionic strength, salinity, and settling of 

suspended particles.  Metals, such as Fe and Mn, can be released from sediment back into 

the dissolved phase as a result of chemical and physical transformations.  Fe and Mn are 

much more soluble in reduced forms Fe(II) and Mn(II) (Stumm and Morgan 1996; 

Majestic et al. 2006; Majestic et al. 2007b) and can be released from sediment through 

oxidation and reduction cycles especially in low oxygen environments (Chester and 

Jickells 2012).  Studies of remote regions of the oceans known as high-nutrient low 

chlorophyll (HNLC) where macronutrients (nitrate and phosphate) are in abundance yet 

chlorophyll levels (a measure of biological growth) are low, suggest the importance of 

the atmospheric deposition of metals, such as Fe (an important micronutrient for 

phytoplankton) into these HNLC regions of the oceans (Falkowski et al. 1998; Field et al. 

1998; Moore et al. 2002; Jickells et al. 2005; Mahowald et al. 2005; Boyd et al. 2007). 

1.4 Metals in the Atmosphere 

Atmospheric deposition of PM into the world’s oceans occurs through either wet 

or dry deposition with dry deposition occurring nearer to the source and wet deposition 

being further (Seinfeld and Pandis 2006).  Atmospheric PM can be transported long 
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distances from the source, often depending on particle size, providing significant amounts 

of both crustal and anthropogenic metals to the oceans (Duce et al. 1991; Prospero et al. 

2002; Mahowald et al. 2005; Baker and Jickells 2006; Chin et al. 2007; Kallos et al. 

2007).  This transport of PM to oceans serves as an important supply of micronutrient 

metals to microorganisms (Jickells et al. 2005).  This also poses another important 

question, one that developed the crux of the work presented herein; how do chemical 

transformations during atmospheric transport of these metals affect the solubility 

(especially Fe) in seawater and, thus, the overall bioavailability?  For instance, Fe is only 

marginally soluble in seawater (0-2%) leading to an Fe concentration of about 2 nM and 

50-60% of that fraction being colloidal (Wu et al. 2001; Bergquist et al. 2007; Baker and 

Croot 2010; Sholkovitz et al. 2012).  At the same time however, measurements made of 

Fe in PM collected over remote regions of the ocean observed Fe solubility as high as 

50% (Zhuang et al. 1992; Sholkovitz et al. 2009; Sholkovitz et al. 2012).  All of these 

discrepancies in the measurements were a major driving force behind the works presented 

in Chapters 3 and 4. 

1.5 Health Effects of Metals 

Another significant motivation behind the work presented herein are the adverse 

health effects linked to the inhalation of metal-containing PM.  The effects of the 

inhalation of PM has been a well-studied topic and a major motive for the study of PM.  

Studies have shown that the exposure to PM, especially fine PM (aerodynamic diameter 

< 2.5 µm) can lead to increases in asthma (or exacerbation of pre-existing asthma), other 

respiratory illnesses, and mortality (Dockery et al. 1993; Mortimer et al. 2002; Pope and 

Dockery 2006).  More recently, studies have linked the formation of reactive oxygen 
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species (ROS) to negative health effects of PM, as well as lung cancer and cardiovascular 

diseases (Valavanidis et al. 2005; Hu et al. 2008).  A number of studies have also linked 

the formation of ROS to transition metals in the PM (Goldsmith et al. 1998; Tao et al. 

2003; Prophete et al. 2006; Landreman et al. 2008; Verma et al. 2010).  Further 

investigations analyzed personal exposure to metals in PM and a few of those went as far 

as to correlate particular redox metals such as Fe, Cr, and Ni to ROS activity (Chillrud et 

al. 2004; Chillrud et al. 2005; Kam et al. 2011b; Kam et al. 2013).  Soluble metals in PM 

have also been shown have a larger correlation to the negative health effects of PM 

exposure as the metals are more biologically active when in a more soluble state (Ghio et 

al. 1999; Verma et al. 2010).  Due to the prevalence of Fe in ambient PM, and its ability 

to form ROS via Fenton chemistry, the solubility and speciation or Fe in PM is of 

particular interest in terms of negative health effects (Halliwell and Gutteridge 1986; 

Karlsson et al. 2005; Faiola et al. 2011; Kam et al. 2011b).  These health effects were a 

major motive for the work discussed in Chapter 2. 

1.6 Measurement Techniques 

It has become increasingly important to be able to measure and study metals in 

particles in the different environmental matrices.  The most sensitive method for the trace 

level quantitation of metals is inductively coupled plasma mass spectrometry (ICP-MS).  

Other wet-chemical quantitative techniques include atomic absorption spectroscopy 

(AA), inductively coupled plasma atomic emission spectrometry (ICP-AES), and x-ray 

fluorescence (XRF).  Chemical speciation can also be measured using x-ray absorption 

near edge structure spectroscopy (XANES), and extended x-ray absorption fine structure 

(EXAFS).  All of these methods are viable options for the measurement of metals in 
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environmental matrices; however the wet-chemical methods require dissolving or 

destroying the particle and yield no useful information regarding speciation and 

molecular coordination.   

The speciation of a metal in an environmental sample also allows an 

understanding of source, bioavailability, and other chemical properties of the metal.  

Techniques such as XANES and EXAFS have been utilized to study the metals while still 

in particle form.  XANES, used to study Fe speciation in Chapter 3, uses a high energy x-

ray to excite a core electron.  When a higher energy core electron relaxes to fill the core 

hole a fluorescent photon is emitted.  The energy of the fluorescent photon is 

characteristic of the atom and electron that fills the hole.  For the XANES measurements 

of Fe presented in Chapter 3, the K-edge absorption peak was used to distinguish 

between Fe(II) and Fe(III).  The K-edge relates to the excitation of a 1s electron.  For Fe, 

the K-edge energy of Fe(II) is approximately 4 eV less than that of Fe(III) likely due to a 

lower energy valence 3d electron in Fe(II).  This is highlighted in Figure 1.1 where the 

XANES spectra of Fe(II) and Fe(III) oxides are shown.       

 Several studies have successfully measured metal speciation and composition in 

various types of samples.  Examples of these measurements include  Fe and V in ambient 

PM (Majestic et al. 2007a; Shafer et al. 2012), Fe in automobile exhaust (Oakes et al. 

2012a), and Cr, Mn, Fe, Cd, and Zn in soot and industrial activities (Werner et al. 2006; 

Sammut et al. 2008; Nico et al. 2009; Sammut et al. 2010).     

A new and developing technology for the measurement of nanoparticles in 

aquatic systems is single particle inductively coupled plasma mass spectrometry 

(spICPMS).  Nanoparticles, whether naturally occurring or engineered (ENP), 
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Figure 1.1:  XANES spectra of Fe(II) (solid line) and Fe(III) (dotted line) oxides.  Inset 

figure more clearly shows the difference in K-edge energy between the two Fe oxidation 

states 
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are a topic of a large volume of recent research (Leitch et al. 2012).  Using the principles 

of ICP-MS, nanoparticles can be sized and counted in a variety of matrices (Pace et al. 

2011; Pace et al. 2012; Montano et al. 2014).  This technique is element specific and 

offers a quick and high sample volume alternative to traditional particle sizing techniques 

such as scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM).  

1.7 Summary of Subsequent Chapters  

Given the prevalence of metals in the environment and the potential 

environmental and health related impacts, the work presented in Chapters 2-4 details the 

measurement of metals in atmospheric PM and aquatic systems.  Chapter 2 starts with a 

broad approach measuring the PM concentration and metal content of ambient PM 

collected in Denver and PM related to light rail activity.  This study helped further the 

knowledge of the effects of rail activity on PM-metal concentrations as well as 

contributed to the growing knowledge base about PM in the Denver area.  Chapter 3 

focuses solely on Fe and Fe solubilization through atmospheric transport.  In this study, 

lab-created samples are used to manipulate and study variables controlling Fe solubility 

in PM to further elucidate which of these variables has the greatest affect.  Finally, 

Chapter 4 highlights the development of a new mathematical approach for the treatment 

of spICPMS data in order to distinguish a nanoparticle signal from that of a dissolved 

analyte background allowing for a more accurate analysis of environmental samples. 
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Chapter Two: Metal concentrations and soluble iron speciation in fine particulate 

matter from light rail activity in the Denver-Metropolitan area* 

*Published previously in Atmospheric Pollution Research v. 6 pp 495-502 2015 

2.1 Abstract 

Fine particulate matter samples (PM2.5) were collected from three locations 

around the Denver-Metropolitan area to study the impacts of the ground-level light rail 

on airborne metal concentrations.  Size-segregated PM was collected on board the trains, 

at the side of the tracks, and at a background location in downtown Denver.  Results from 

this study showed highest crustal enrichment factors of metals in samples collected on 

board the train, despite lower concentrations of total PM2.5.  Metals commonly found in 

steel, such as Fe, Cr, Mn, and Ni, all exhibited elevated concentrations relating to train 

activity over the background site. Iron in the PM2.5 at track-side and on board the trains 

was above the background by a factor of 1.89 and 1.54, respectively.  For Mn, the ratios 

were 1.34 for the track-side and 0.94 for the on board samples. Cr and Ni exhibited 

higher ratios over the background only in samples collected on board the trains at 1.59 

(Cr) and 1.26 (Ni).  Soluble metals were measured with Ni (53-71%), Cu (52-81%), and 

Zn (30-81%) exhibiting the highest solubilities across the different sites.  Soluble Fe 

ranged from 8-15% for the total measured Fe, indicating a non-crustal source of Fe.  

Soluble Fe was also characterized as Fe(II) and Fe(III) with 87-90% of the soluble Fe 
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being Fe(II), similar to results from studies in Los Angeles, CA and East St. Louis, IL but 

higher than in Atlanta, GA and Waukesha, WI. 

2.2 Introduction 

Railway based transportation systems are becoming a more widely used method 

of mass transportation as cities continue to grow and become less centralized.  The long-

term exposure to PM from subway and light rail transit systems has been of special 

interest as more of these types of transportation systems are developed.  Railway studies 

in New York City (Chillrud et al. 2003; Chillrud et al. 2005), Los Angeles (Kam et al. 

2011a; Kam et al. 2011b; Kam et al. 2013), Barcelona (Querol et al. 2012), Mexico City 

(Mugica-Alvarez et al. 2012), Helsinki (Aarnio et al. 2005), Tokyo (Furuya et al. 2001), 

Budapest (Salma et al. 2007), Stockholm (Johansson and Johansson 2003; Karlsson et al. 

2005), Hong Kong (Chan et al. 2002), Buenos Aires (Murruni et al. 2009), Seoul (Kim et 

al. 2008; Kim et al. 2014), Taipei (Cheng and Lin 2010), Paris (Raut et al. 2009), and 

London (Adams et al. 2001; Seaton et al. 2005) have shown elevated levels of PM2.5 as a 

result of train activities relative to urban ambient conditions.  In many cases, increased 

concentrations over the background of chromium, manganese, iron, nickel, and copper 

have been observed in PM collected from these systems (Furuya et al. 2001; Chillrud et 

al. 2003; Aarnio et al. 2005; Chillrud et al. 2005; Salma et al. 2007; Kam et al. 2011b; 

Mugica-Alvarez et al. 2012; Kam et al. 2013).  PM from these rail systems is generated 

by the frictional processes and wearing between the wheels, rails and brakes.  Since  rail-

based transit systems vary greatly from each other, results from one system do not always 

apply to another system (Kam et al. 2011b).  
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 Large amounts of research have linked chronic exposure to PM and certain 

metals to a wide array of diseases and cancers through the formation of reactive oxygen 

species (ROS) and oxidative stress on the respiratory system (Goldsmith et al. 1998; Tao 

et al. 2003; Prophete et al. 2006; Landreman et al. 2008; Verma et al. 2010).  The studies 

performed in Los Angeles (Kam et al. 2011b) and Stockholm (Karlsson et al. 2005) have 

studied the effects of PM samples collected from rail systems on oxidative stress and 

ROS activity in alveolar macrophage cells.  Per unit mass, Kam et al. (2011b) showed 

that ROS activity increased by 13% from the samples collected on the ground-level light 

rail. However on a per volume of air basis, which was used to represent personal 

exposure, the subway samples exhibited higher ROS activity by 55-65% (Kam et al. 

2011b).  The study in Stockholm found that the PM collected from the subway was eight 

times more genotoxic than other PM and more likely to cause oxidative stress to lung 

cells (Karlsson et al. 2005). Studies have also shown links to ROS activity from the 

soluble fraction of PM (Verma et al. 2010) as well as the particle size (Hu et al. 2008).   

Iron (Fe) is of particular interest as it is the most abundant transition metal in the 

atmosphere and the fourth most abundant element in the earth’s crust (Johansen et al. 

2000b; Jickells et al. 2005).  Fe has also been identified as a component of PM that leads 

to formation of ROS through Fenton chemistry (Goldsmith et al. 1998; Prophete et al. 

2006).  The study performed in the Stockholm subway showed that the mass of the 

particle was dominated by Fe and related this finding to the genotoxicity of the subway 

samples (Karlsson et al. 2005).  The redox activity of Fe and the ability of intracellular 

formation of ROS has also been related to the amount of Fe in the soluble fraction (Kam 
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et al. 2011b) as well as the Fe speciation [soluble Fe(II) or Fe(III)] (Halliwell and 

Gutteridge 1986; Faiola et al. 2011).   

This study focuses on the measurement of metals and soluble Fe speciation in 

PM2.5 (particles with an aerodynamic diameter less than 2.5 µm) across all five lines of 

the Regional Transportation District (RTD) light rail system in the Denver-Metropolitan 

area, CO, USA.  Due to the complex nature in which PM can affect the respiratory 

system and the wide array of differences in railway systems, it is important to study 

transit systems individually; especially in the pretenses of this study as Denver’s light rail 

is completely at ground level and most previous studies have focused on underground 

systems. Samples were collected on board the trains, track-side, and at a downtown 

location 0.28 km from the tracks.  In all three locations, PM2.5 mass, size-fractionated 

total metals, soluble metals, soluble Fe(II), and soluble Fe(III) are reported.  This is the 

first study to report soluble Fe redox speciation potentially originating from a light rail 

system.  In addition, this was the first study to report soluble Fe speciation in the city of 

Denver, CO.  As mentioned previously, soluble Fe speciation has implications on ROS 

production in the lungs, and the understanding of Fe speciation in PM is extremely 

limited in all but a few urban areas around the USA.  

2.3 Materials and Methods 

2.3.1 Sample Collection Methods 

Samples were collected at three locations: first, on board trains running on each 

line and second, at two stationary sites, one northeast and one southwest of downtown 

Denver, CO, USA.  The track-side stationary site southwest of downtown was located at 
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ground-level 1 m from the tracks where all five lines entered and exited downtown 

Denver.  Figure 2.1 shows a map of the relative location of the sample collection sites. At 

this site, all trains passing through this area were braking to pass through curves leading 

into the downtown area.  Also, southbound trains (leaving downtown) were frequently 

stopped here to let northbound pass due to the track alignment that forced them to cross 

the northbound tracks.  On average, 31 trains pass through this area per hour during the 

time frame used for sample collection.  The site located to the northeast of downtown 

Denver was located at a Colorado Department of Public Health and the Environment air 

monitoring station, which represents urban ambient conditions.  This site is 0.28 km from 

the nearest light rail tracks.  The samples collected on board the trains were collected on 

each of the five train lines every day of the sample collection periods.  A sampler was 

attached to a backpack and placed in a seat away from the doors.  Samples were only 

collected while on the train and not on the platform.      

At all sites, PM samples were collected three times a week from January 24 to 

February 16, 2012 using 5 Sioutas Personal Cascade Impactor Samplers (PCIS, SKC 

Inc.) (Misra et al. 2002; Singh et al. 2003).  Two samplers were co-located at each 

stationary site (downtown and track-side) and one was carried onboard the trains.  The 

PCIS, operating at 9 L min-1 collected size-resolved PM fractions in five different stages: 

>2.5, 2.5-1, 1-0.5, 0.5-0.25, and <0.25 µm.  However, only the PM2.5 fraction, the four 

smallest size fractions, was analyzed in this study.  Samples at the two stationary sites 

were collected for 14 hours a day, while on-train samples were collected simultaneously  
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Figure 2.1:  Map detailing the relative locations of the sample collection sites 
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for 12 hours a day. This time scale allowed for the collection of samples before, during, 

and after both the morning and evening rush hours (6-9 am and 3-7 pm). 

Acid-washed Teflon collection substrates for the largest four size fractions were 

0.5 µm pore size 25 mm Zefluor (Pall Life Sciences) filters, while 2.0 µm pore size 37 

mm Teflo (Pall Life Sciences) filters were used for the smallest size fraction.  After each 

sampling period, substrates were removed, placed into acid-washed Petri dishes, and into 

a freezer at -18 °C.  Field blanks were also collected at each site at the beginning of each 

sampling period. 

2.3.2 Gravimetric Analysis 

Prior to and following sample collection, all four sets of filters (112 filters in all) 

were equilibrated for 24 hours in a constant temperature (23-24 °C) and humidity (31-

33%) environment and weighed on a microbalance (MX5, Mettler-Toledo; uncertainty ± 

5µg).  Field blanks were collected prior to each collection period and measured elemental 

concentrations were subtracted from the elemental concentrations of the samples.  The 

PM2.5 mass was determined by summing the masses of the four smallest size fractions.  

The gravimetric measurements were compared to an on-site tapered element oscillating 

microbalance (TEOM) collecting PM2.5 mass data every hour at the background location.     

2.3.3 Total Metal Analysis 

With two sets of samples from each stationary site, one set was used for total 

metals analysis while the other set was used to assess soluble metal concentrations.  The 

filters for the samples collected on board the trains were cut in half in order to perform 

both total and soluble metals analyses.  Solubilization of the metals was achieved using a 



 

16 

microwave digestion system (Ethos EZ, Milestone, Inc).  Samples were digested in a 

Teflon vial using 750 µl nitric acid (Fisher), 250 µl hydrochloric acid (Fisher), 100 µl HF 

(Fisher), and 100 µL hydrogen peroxide (Fisher).  All acids and the hydrogen peroxide 

were trace-metal grade purity.  Samples were digested in Teflon vessels following a 

temperature program of a 9 minute ramp to 180 °C, a hold at 180 °C for 10 minutes, and a 

60 minute cool-down period.  Following digestion, samples were diluted to 15 mL using 

Milli-Q (18.2 MΩ-cm) water and analyzed via quadrupole inductively-coupled plasma 

mass spectrometry (ICP-MS, Agilent 7700) using indium as internal standard and a He 

collision cell to remove polyatomic interferences.  Detection limits via PCIS collection 

and ICP-MS analysis have been previously studied and are near 1 ng m-3 for most metals 

(Majestic et al. 2008).   

 Standard reference materials (SRMs) were also digested by this same process.  

The two SRMs used were Urban Particulate Matter (1648a, NIST), to represent the 

anthropogenic portion of the sample, and San Joaquin Soil (2709a, NIST), to represent 

the crustal portion of the sample.  The acceptable percent recovery of elements from 

these SRMs was set at 80-120%.  One of each SRM was digested per 21 samples as well 

as one method blank which consisted solely of the digestion matrix.  Field blanks were 

also digested as samples using the method described above.             

2.3.4 Soluble Metal Analysis   

For soluble metal analysis, the samples were extracted in 10 mL of a 0.5 mM 

acetate buffer (pH=4.25), to simulate cloud water, for two hours.  The extracts were then 

filtered, acidified with HNO3, and analyzed using ICP-MS.  The pH of the extract 
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remained within 4.25 ± 0.01 over the course of the extraction (Accumet Basic AB 15, 

Fisher Scientific).   

2.3.5 Iron Speciation Analysis 

Iron speciation analysis was performed using the soluble extracts by mixing 1.8 

mL aliquots of extract (prior to acidification) with 0.2 mL of 5.88 µM Ferrozine reagent 

[(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4”-disulfonic acid sodium salt), Sigma] 

(Stookey 1970; Majestic et al. 2006).  Using a 1 m liquid waveguide capillary cell 

spectrophotometer (LEDSpec, WPI, Inc.), the absorbance of the Fe(II)-Ferrozine 

complex was measured at 560 nm.  Fe(II) concentration was determined using a 

calibration curve generated from stock Fe(II) solutions.  Fe(III) was then determined by 

subtraction the Fe(II) concentration from the total Fe concentration obtained from ICP-

MS analysis.      

2.4 Results  

Figure 2.2 shows the size distribution of PM2.5 mass at all three sites.  PM2.5 mass 

was obtained by summing the four smallest size fractions. The highest PM2.5 mass 

concentrations were measured at the track-side sample site while the lowest mass 

concentrations were collected on board the trains.  The PM2.5 concentrations collected at 

the downtown site were well correlated with the TEOM measurements made by the 

Colorado Air Monitoring Program (CAMP) at the same site (slope=1.109, R2= 0.9999) 

indicating that the samplers were functioning properly (Appendix A).  The geometric 

mean and standard deviation of the different size fractions were similar at all three 

sampling locations as shown in Appendix A (Hinds 1999).    
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Figure 2.2:  Average size-segregated PM2.5 concentrations at each sample collection site.  

Overall PM2.5 mass was obtained by summing the PM masses of the four smallest size 

fractions.  The masses of each size fraction were averaged across the three weeks of the 

campaign and the error bars represent the standard deviation of the PM masses over that 

time period. The error bars for the second smallest size fraction at the downtown and 

track-side sites extend to 16 and 20 µg m-3 respectively.  
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Table 2.1 shows elemental concentrations and elemental ratios between sites.  Na, 

Al, K, Ca, Fe, Cu, Zn, Sb, and Pb concentrations were higher than those measured in a 

recent study in Denver, CO, where PM2.5 was collected at two elementary schools in 

residential neighborhoods (Clements et al. 2014).  Of the measured elements in both 

studies, only As was measured at similar concentrations.  In Table 2.1 it can also be seen 

that on board the train and even more so at track-side, there were higher ratios of Fe over 

the background site.  For Fe, the ratios above the background site are 1.89 and 1.54 for 

the track-side and on board samples respectively.  For Mn, another common element in 

steel, the ratios are 1.34 for the track-side but only 0.94 for the on board samples.   

Samples collected on board the trains also showed higher ratios over the background in 

Cr (1.59), Ni (1.26), and Zn (1.49), which were not as high at the track-side site.   

The enrichment of the various metals was measured using the upper continental 

crust (UCC) enrichment factor (EF) calculated by first normalizing the data with 

aluminum and then dividing by the UCC ratio (Taylor and Mclennan 1995).  The EF 

shows the extent that anthropogenic sources contribute to the metal concentrations and 

these are shown in Figure 2.3. The dashed line (EF= 10) on the plot represents the level 

above which an element is considered to be contributed largely from anthropogenic 

sources.  When the concentration of a particular element is normalized to Al, a 

predominately crustal element, the EF is calculated based on the naturally-occurring 

abundance of those elements.  A high EF (EF>10) suggests a source of that particular 

metal that is not naturally occurring and a source that is most likely anthropogenic (Dasch 

and Wolff 1989; Gerdol et al. 2000; Veysseyre et al. 2001). 
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Table 2.1.  Total elemental concentrations at each site and site-to-site ratio for PM2.5.   
Site: Downtown (CAMP) Track-side (RTD) On board (LR)

Element Conc. (ng m
-3

) Conc. (ng m
-3

) Conc. (ng m
-3

) RTD/CAMP LR/CAMP

Na 170 ± 110 110 ± 50 180 ± 120 0.65 1.06

Mg 36 ± 16 30 ± 9 33 ± 21 0.83 0.91

Al 180 ± 50 110 ± 30  80 ± 50 0.61 0.44

K 130 ± 80 63 ± 14  180 ± 50 0.49 1.38

Ca 230 ± 140 150 ± 37  450 ± 190 0.65 1.96

Sc 0.16 ± 0.008 0.09 ± 0.01 0.26 ± 0.25 0.54 1.64

Ti 10.98 ± 0.18 9.0 ± 2.6 9.7 ± 2.2 0.82 0.88

V 0.31 ± 0.06 0.27 ± 0.07  0.16 ± 0.06 0.89 0.53

Cr 4 ± 4 2.2 ± 0.5 7 ± 4 0.52 1.59

Mn 6 ± 3 7.6 ± 2.1  5.3 ± 2.6 1.34* 0.94*

Fe 190 ± 50 360 ± 80 292 ± 130 1.89* 1.54*

Co 0.10 ± 0.03 0.10 ± 0.02  0.16 ± 0.10 1.03 1.56*

Ni 1.8 ± 1.3 1.12 ± 0.07 2.2 ± 1.7 0.63 1.26*

Cu 90 ± 70 30 ± 3 41 ± 16 0.33 0.46

Zn 38 ± 23 30 ± 5 57 ± 25 0.79 1.49

As 0.20 ± 0.17 0.19 ± 0.10 0.15 ± 0.08 0.97 0.72

Rb 0.23 ± 0.10 0.19 ± 0.06 0.17 ± 0.04 0.85 0.72

Sr 1.2 ± 0.5 1.5 ± 0.4 1.4 ± 1.0 1.25 1.18

Mo 0.08 ± 0.03 0.09 ± 0.03 0.11 ± 0.04 1.07 1.34

Cd 0.9 ± 0.5 0.65 ± 0.15 1.3 ± 0.7 0.68 1.36

Sn 27 ± 18 17.1 ± 2.6 23 ± 13 0.63 0.85

Sb 1.4 ± 0.4 1.39 ± 0.23 1.7 ± 0.6 0.96 1.17

Ba 9 ± 3 15.1 ± 1.9 11.8 ± 2.9 1.67 1.30

Pb 2.1 ± 0.4 1.58 ± 0.20 1.4 ± 0.4 0.75 0.64

N=3 for all standard deviations.   

* represents statistical difference (p < 0.05) in the enrichment factor (Figure 3). 
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EF can be calculated as shown by equation 2.1.  The UCC ratio used in this calculation 

were determined by measuring the natural abundance of elements in sedimentary rocks 

(Taylor and Mclennan 1995). 

�����ℎ���		���	
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���������

����������

������
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																(����	�
�	2.1) 

There is significant enrichment of several trace metals such as antimony (Sb) and 

cadmium (Cd).  This is expected from an urban area as automobile brake dust is a 

common source of Sb, and Cd has been linked to numerous urban sources (Lough et al. 

2005; Majestic et al. 2009a; Saffari et al. 2013).  One compelling observation made from 

Figure 2.3 is that the enrichment factor for all elements is highest for the samples 

collected on the train.  A few exceptions are Fe, Ba, and As where the enrichment factors 

were similar for samples collected on board and track-side, but still greater than the urban 

background found at the CAMP site. The enrichment factors for copper at the downtown 

site and on board the trains were very similar as well.  The fact that the enrichment 

factors are higher on board the trains is interesting because the overall PM2.5 

concentrations on the trains were over two times smaller than those at the other site 

(Figure 2.2). 

In order to further investigate this observation, the masses of all elements 

measured were summed and divided by the overall sample mass.  It was determined that 

the measured metals, those shown in Table 2.1, made up (25 ± 10)% of the sample mass, 

1400 ± 700 ng m-3 collected on board the trains.  These metals only contributed (9.6 ± 

2.4)% of the total sample mass, 1100 ± 400 ng m-3, at the downtown site.  The track-side 



 

22 

Cd Sb Sn Cu Zn As Pb Cr Ni Ba Sc Mn Co Ca Na Fe V K Ti Sr Mg Rb

U
C

C
 e

n
ri

c
h

m
e
n

t 
fa

c
to

r

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5
Downtown
Track-side
On board

 

Figure 2.3:  UCC enrichment factors for the fine PM at all three sites.  Dashed line 

represents an EF of 10.  Elements above that line are dominated by anthropogenic 

sources. 
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location had the smallest mass percent of metals in the PM at (7 ± 3)%, 900 ± 70 ng m-3.  

It is possible that the higher elemental concentration in the samples collected on board the 

trains is a result of these samples being collected in an enclosed environment which 

allowed the elements to become more concentrated unlike at the other sites.           

Since soluble metals are more often linked to the adverse health effects of metals 

in PM, soluble metal concentrations were also determined.  Figure 2.4 shows the percent 

solubility of selected trace elements that exhibited noticeable solubility.  In most cases, 

the percent solubility of the selected elements were statistically similar at all three sites.  

Notable exceptions are the Zn, As, and Sb which exhibited lower percent solubility in the 

samples collected on board the trains.  In these cases, the percent solubility is noticeably 

lower than those in the samples collected downtown or track-side. 

The speciation of the soluble Fe was also investigated and is shown in Figure 2.5 

separated by particle size.  It can be seen that Fe(II) comprised the overwhelming 

majority of the Fe present in the soluble fraction.  Soluble Fe concentrations downtown 

were 29 ± 26 ng m-3 or (14 ± 10)% of the Fe collected.  Track-side soluble Fe 

concentrations were similar to that of the samples collected downtown at 28 ± 6 ng m-3 

but only (7.9 ± 0.9)% of the total Fe collected.  The samples collected on board the trains 

also contained similar concentrations of soluble Fe, 23 ± 16 ng m-3 or (10 ± 9)% of the 

total Fe in the sample.  Of the soluble Fe, 87-90% of the Fe was present as Fe(II) across 

all three locations.  The percent solubility of Fe has been studied on a global scale and 

has been determined to be 0.5-2% for Fe originating from crustal sources; the Fe percent 
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solubility measured in this study is much greater than that (Sholkovitz et al. 2012), 

indicating a significant presence of anthropogenically produced Fe at all sites. 

2.5 Discussion 

Both ground-level and underground rail systems have been previously linked to 

increased concentrations of metals in PM2.5.  The overwhelming majority of these studies 

have focused on underground subway systems (Furuya et al. 2001; Chan et al. 2002; 

Chillrud et al. 2003; Johansson and Johansson 2003; Aarnio et al. 2005; Chillrud et al. 

2005; Karlsson et al. 2005; Seaton et al. 2005; Salma et al. 2007; Mugica-Alvarez et al. 

2012; Querol et al. 2012), with only a few studies including ground-level light rail 

(Adams et al. 2001; Chan et al. 2002; Kam et al. 2011b; Kam et al. 2013).  Also, the 

present study is the first study to measure soluble Fe speciation in samples collected from 

railway sources as well as in the Denver-Metropolitan area.  A number of researchers 

have presented PM2.5 concentrations for samples collected inside the train cabins on both 

underground and ground-level rail systems (Adams et al. 2001; Chan et al. 2002; Aarnio 

et al. 2005; Kim et al. 2008; Cheng and Lin 2010; Kam et al. 2011a; Querol et al. 2012; 

Kim et al. 2014).  The average PM2.5 concentrations for samples collected in the trains 

ranged from 11 µg m-3 in Barcelona (Querol et al. 2012) to 247 µg m-3 in London 

(Adams et al. 2001).  When only considering ground level trains the range of average 

PM2.5 concentrations is 14 µg m-3 in Los Angeles (Kam et al. 2011a) to 46 µg m-3 in 

Hong Kong (Chan et al. 2002). The PM2.5 concentration in samples collected on board the 

trains in the present study are far less than those reported elsewhere at 5.6 ± 1.8 µg m-3  
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Figure 2.4:  Average percent solubility of select trace elements.  Elements were extracted 

from the sample in a pH 4.25 acetate buffer.  Error bars represent the standard deviation 

of percent solubility. 
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Figure 2.5:  Average size-segregated soluble fractions of Fe(II) and Fe(III) at all 

sampling locations.  % Fe(II) and % Fe(III) are the percentages of Fe(II) and Fe(III) in 

the soluble fraction.   
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which could be explained by the RTD light rail in Denver being newer than many other 

rail systems as its operations began in 1994.     

Comparatively, the data from this study showed similar results in trace element 

concentrations in PM2.5 as those studies that included ground-level light rail.  Also, 

enrichment of certain trace elements as related to train activity were similar between 

studies as well.  Figure 2.6 shows a comparison of the results from this study with those 

published by Kam et al. (2011b) from Los Angeles.  With the exception of Fe which was 

measured at higher concentrations in Los Angeles, the concentrations of the metals were 

equal to or less than the samples collected at all sites in this study.  While this shows 

many similarities between Denver and Los Angeles, it is important to note that direct 

comparisons between the two cities cannot be made as the rail systems are unique to each 

city and not all of the measured PM is a result of light rail activity.  

Previous studies have suggested that many of these elements related to steel such 

as Fe, Mn, and Cr are enriched in PM10 and PM2.5 from rail systems through frictional 

wearing of the rails and components of the train cars such as wheels and brakes (Chillrud 

et al. 2003; Chillrud et al. 2005; Kam et al. 2011b). The results from this study (Table 

2.1) also show enrichment of Fe above the background at both the track-side site and on 

board the trains.  Mn was shown to be enriched at the track-side site while Cr was 

enriched in the samples collected on board the train.  Ni, another common element in 

steel was also enriched in the on board samples.  Mo, also found in steel, was measured 
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Figure 2.6:  Total metal concentrations at each site.  The line represents the 

concentration of the different metals collected along the Los Angeles Gold Line, an 

above ground train (Kam et al. 2011b). 
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and shown to be enriched in the samples collected on board.  While PM from frictional 

processes has commonly been associated with PM10, several of the previous studies 

regarding railway transportation systems have shown increases in PM2.5 above street-

level and background locations (Furuya et al. 2001; Johansson and Johansson 2003; 

Aarnio et al. 2005; Kam et al. 2011b; Mugica-Alvarez et al. 2012; Kam et al. 2013).  

PM2.5 and PM10  have been found to be highly correlated in Los Angeles suggesting 

similar sources (Kam et al. 2011a). This is further supported by the presence of a 

significant ultrafine mode resulting from brake wear (Garg et al. 2000).  Also, PM2.5 has 

been shown to have a greater impact than coarse particles on the negative health effects 

associated with the inhalation of PM (Pope and Dockery 2006; Hu et al. 2008).    

The EF for all of the measured elements was highest in the samples collected on 

board the train.  This can be explained by the resuspension of PM2.5 by foot traffic 

through the train.  Several studies have shown that walking will resuspend particles with 

the bulk of the resuspended particles being in the coarse mode.  However, these studies 

have also shown that the coarse particles will deposit faster than the fine particles 

(Montoya and Hildemann 2005; Rosati et al. 2008; Cheng et al. 2010).   As a result, it can 

be posited that continual respuspension of PM2.5 could increase enrichment of fine trace 

metals in the samples collected on board the train.   

The cause for the observed increase in Ca in samples collected on board the trains 

over samples collected downtown and track-side is not fully known.  As can be seen in 

Figure 2.3, Ca was shown to have a higher enrichment factor in the samples onboard the 

train suggesting that the Ca concentration was influenced by anthropogenic activities (EF 
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>10).   A potential source of Ca could be calcium hypochlorite, a common disinfectant 

that could be used in cleaning supplies used to clean the interior surfaces of the trains.        

  While this is the first study to measure Fe speciation and solubility in Denver, 

CO, Fe speciation studies in Los Angeles, CA and East St. Louis, IL have shown that 

Fe(III) is the predominant Fe species in atmospheric PM while Fe(II) is the predominant 

soluble Fe species (Majestic et al. 2007a).  The Fe solubility results in this study were 

similar to these other studies with 87-90% of the soluble Fe being Fe(II) and soluble 

Fe(II) also comprising 7-14% of the total Fe (Majestic et al. 2007a; Oakes et al. 2012b).  

The measured percent Fe(II) of soluble Fe in this study and the results for Los Angeles 

and East St. Louis from the study by Majestic et al. (2007a) are larger than results 

reported for Waukesha, WI where the percentage of soluble Fe(II)  was found to be 50% 

(Majestic et al. 2007a) as well as the results reported for urban Atlanta, GA where the 

percentage of Fe(II) in the soluble Fe ranged from 31% to 88% (Oakes et al. 2012b).  In 

both studies, Majestic et al. (2007a) and Oakes et al. (2012b), higher concentrations of 

soluble Fe(II) were measured in the winter time, a similar time period as the collection 

period of this study.  Similarly, urban areas have been shown to have elevated soluble Fe. 

This is important as soluble Fe has been directly correlated to ROS production 

(Kam et al. 2011b).  Fe(II) has also been correlated with the reduction of hydrogen 

peroxide to form the hydroxyl radical (Halliwell and Gutteridge 1986).  Other soluble 

trace metals of note in this study that have been found to form ROS in other studies are 

Cr, Ni,(Kam et al. 2011b) and Cu (DiStefano et al. 2009).  Cr is also known to be 
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particularly toxic based on speciation and has also been studied in railway transportation 

systems (Salma et al. 2009).    

2.6 Conclusions 

 The results of this study provide interesting insights into the effects of light rail 

activity in the Denver-Metropolitan area.  While the air near the tracks or on board the 

train may not contain more PM2.5 than that of the ambient air in Denver, it is important to 

note that there is definite enrichment of trace metals on board the train and near the 

tracks.  These results have also shown that the PM2.5 collected on board the trains was 

composed of 25% (by mass) metals while the PM2.5 collected at the other two sites was 

less than 10%.  Future studies could focus on the seasonal variability of metal 

concentrations in the Denver-Metropolitan area as well as investigate the difference in 

PM2.5 composition and concentration on each train line individually. 
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Chapter Three: The impact of particle size, relative humidity, and sulfur dioxide on 

iron solubility in simulated atmospheric marine aerosols* 

*Published previously in Environmental Science & Technology v. 49 pp 7179-7187 2015 

3.1 Abstract 

Iron is a limiting nutrient in about half of the world’s oceans, with its most 

significant source being atmospheric deposition.  To understand the pathways of iron 

solubilization during atmospheric transport, size segregated simulated marine aerosols 

were exposed to 5 ppm sulfur dioxide at arid (23 ± 1% RH) and marine (98 ± 1% RH) 

conditions.  Relative iron solubility increased as the particle size decreased for goethite 

and hematite, while for magnetite, the relative solubility was similar for all of the fine 

size fractions (2.5-0.25 µm) investigated but higher than the coarse size fraction (10-2.5 

µm).  Goethite and hematite showed increased solubility at arid RH, but no difference 

(p>0.05) was observed between the two humidity levels for magnetite.  There was no 

correlation between iron solubility and exposure to SO2 in any mineral for any size 

fraction.  X-ray absorption near edge structure (XANES) measurements showed no 

change in iron speciation [Fe(II) and Fe(III)] in any minerals following SO2 exposure.  

SEM-EDS measurements of SO2-exposed goethite revealed small amounts of sulfur 

uptake on the samples, however, the incorporated sulfur did not affect iron solubility.  

These results show that, although sulfur is incorporated into particles via gas-phase 

processes, changes in iron solubility also depends on other species in the aerosol.     
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3.2 Introduction 

Iron is the most abundant transition element in the atmosphere and the Earth’s 

crust.  Iron concentrations in marine air have been measured at 200-500 ng m-3 and as 

high as >10,000 ng m-3 during Asian dust storms (Johansen et al. 2000b; Chuang et al. 

2005).  Globally, the iron concentration in atmospheric PM ranges from 5-17,000 ng m-3, 

with the lowest concentrations found in remote regions of the Atlantic and Pacific Oceans 

(Mead et al. 2013) and highest concentrations found off the coasts of South Korea and 

West Africa (Bowie et al. 2009; Sholkovitz et al. 2012).  The dominant source of iron to 

the marine atmosphere is wind-blown dust from the erosion of continental soils (Jickells 

and Spokes 2001; Jickells et al. 2005; Mahowald et al. 2009); however, anthropogenic 

sources such as motor vehicles (Lough et al. 2005), and industrial processes (Luo et al. 

2008; Majestic et al. 2009b) have also been shown to contribute iron to the atmosphere.  

In total, it has been estimated that 14-16 Tg of iron is deposited annually into the ocean, 

most of which originates from desert areas (Gao et al. 2003; Jickells et al. 2005).   

The deposition of atmospheric iron into the ocean is important as iron is known to 

be a limiting micronutrient to phytoplankton in the open ocean (Boyd et al. 2007).  

Despite such a large amount of iron being deposited into the ocean, the iron is only 

marginally soluble, 0.5-2%, in seawater (Chen et al. 2006; Wu et al. 2007; Ooki et al. 

2009; Aguilar-Islas et al. 2010; Buck et al. 2010b; Sholkovitz et al. 2012).  However, 

fractional solubility in dust has been shown to increase to more than 50% over the ocean 

(Zhuang et al. 1992).  There are numerous potential explanations of the increased soluble 

iron including 1) the effects of particle size (Baker and Jickells 2006; Ooki et al. 2009), 
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2) the ability of particles to serve as cloud condensation nuclei (Spokes et al. 1994), 3) 

aerosol acidification and reactions during the transport, especially those involving 

anthropogenic gases such as sulfur dioxide (SO2) (Baltrusaitis et al. 2007; Cwiertny et al. 

2008; Duvall et al. 2008; Chen and Grassian 2013; Ito and Xu 2014; Kong et al. 2014), 4) 

the mineralogy of the source of the dust (Journet et al. 2008), and 5) the mixing of 

anthropogenic iron with iron in lithogenic dust (Luo et al. 2008; Mahowald et al. 2009; 

Sholkovitz et al. 2009; Sholkovitz et al. 2012).   

Previous work (Baker and Jickells 2006; Ooki et al. 2009) found that higher iron 

solubility was observed for fine mode aerosols rather than coarse mode.  Baker and 

Jickells hypothesize that this was a result of particle solubility being a surface process 

and as particles become smaller a greater relative surface area is available for dissolution.  

Conversely, Buck et al. (2010a) found that iron solubility in marine aerosols collected 

over the Atlantic Ocean tended to be higher in particles in the larger size fractions which 

were studied.  This discrepancy in results from ambient data highlights the need for a 

well-defined laboratory study. Since smaller particles are transported further from the 

source (larger particles are likely to settle), it is expected that particles being deposited 

into the open ocean will be smaller particles with more surface reaction sites.  Similarly, 

increased relative humidity (RH), such as that in a marine environment, could lead to 

particle dissolution via aqueous processes during transport over the ocean as salts, e.g. 

sodium chloride (NaCl), begin to deliquesce at 76% RH (Pilinis et al. 1989).  

Condensation and particle dissolution during transport can also allow for the interaction 

of particulate iron with other chemical species such as SO2.       



 

35 

  SO2 is a common anthropogenic air pollutant that has been shown to be at 

greater concentrations in urban air, 20-30 ppb, than in the marine atmosphere, 0.03-1 ppb 

(Meskhidze et al. 2003).  Under atmospheric conditions, SO2 is oxidized to sulfuric acid 

(Finlayson-Pitts and Pitts Jr 2000; Seinfeld and Pandis 2006) which leads to particle 

acidification and may lead to greater iron solubilization (Chen and Grassian 2013).  Iron, 

especially Fe(III), in the aqueous phase has also been shown to catalyze the oxidization 

of SO2 to sulfate (Faust and Hoffmann 1986; Harris et al. 2012; Harris et al. 2013).  

Subsequently, this oxidation leads to the formation of Fe(II), a more soluble form of iron 

(Majestic et al. 2006; Majestic et al. 2007a).  In addition to aqueous chemistry, 

heterogeneous (i.e. gas-particle) chemistry may also be an important route to iron 

solubilization as iron-containing dust originates in arid regions and can then be 

transported over urban areas leading to interactions with SO2.  The heterogeneous uptake 

of SO2 on hematite has been observed, especially in the presence of nitrate (Kong et al. 

2014), further suggesting the importance of investigating gas-particle phase chemistry in 

terms of iron solubilization. Oakes et al. (2012a) found a relationship between iron 

solubility and particle sulfate content.  It was reported that a decrease in the iron:sulfate 

ratio corresponded to an increase in iron solubility for source emissions, however this 

trend was not reciprocated in ambient PM2.5 collected in Atlanta, GA, USA.  Luo et al. 

(2005) found no correlation between simulated SO2 processing and iron solubility from a 

global data set.  These discrepancies in the effects of SO2 on iron solubility, again, further 

highlight the need for controlled laboratory experiments.     
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Mineralogy of atmospheric dust has also been shown to have a significant impact 

on iron solubility.  Numerous studies have reported increased iron solubility as a result of 

iron-containing clay minerals (e.g. illite) present in the aerosols (Cwiertny et al. 2008; 

Journet et al. 2008; Deboudt et al. 2012; Jeong and Achterberg 2014).  Journet et al. 

(2008) report that iron solubility in clay was ~4% while iron (oxyhydr-)oxides (e.g. 

hematite, goethite, and magnetite) were <1% and that 90% of soluble iron was from iron-

containing clays rather than iron (oxyhydr-)oxides, however the particle size was not 

reported.  Other studies have suggested a significant impact of iron (oxyhdr-)oxides, 

especially the involvement of these minerals in the adsorption of SO2, however those 

studies have not used simulated aerosols in controlled laboratory conditions (Baltrusaitis 

et al. 2007; Deboudt et al. 2012; Kong et al. 2014).    

In this study, laboratory-based experiments were used to investigate both aqueous 

and heterogeneous processes which may solubilize atmospheric iron present in simulated 

aerosols (Figure 3.1).  Mixed iron mineral and NaCl samples were exposed to SO2 at 

marine and arid RH levels in order to further elucidate the effects of these variables on 

the solubilization of particulate iron.  Iron solubility was measured using inductively- 

coupled plasma mass spectrometry (ICP-MS), while changes in chemical speciation [i.e. 

Fe(II) and Fe(III)], uptake of sulfur, and other physical changes were monitored using x-

ray absorption near edge structure (XANES) spectroscopy and scanning electron 

microscopy-energy dispersive x-ray spectroscopy (SEM-EDS).    
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Figure 3.1:  Graphic depicting hypothesized iron solubilization through atmospheric 

transport and the areas studied in this chapter. 
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3.3 Materials and Methods 

3.3.1 Sample preparation   

Hematite (Fe2O3), magnetite (Fe3O4, American Education Products), goethite 

(FeOOH), and illite (an iron containing clay; 

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)], Ward’s Natural Science) were mixed with 

NaCl at a molar ratio of 4:1 Na:Fe and then ground using a ball-mill.  A 4:1 Na:Fe 

mixture was used to simulate the chemical composition of PM over the oceans (Johansen 

et al. 2000b).  NaCl was also used to simulate marine aerosols and induce deliquescence 

at marine level RH and allow for potential homogeneous chemistry to take place.  

Ground and mixed samples were resuspended and separated by aerodynamic size (10-2.5, 

2.5-1, 1-0.5, 0.5-0.25, and <0.25 µm) using a Sioutas Personal Cascade Impactor Sampler 

(PCIS, SKC Inc.) at 9 L min-1 (Misra et al. 2002; Singh et al. 2003; Carvacho et al. 2004).  

Samples were collected  on acid-washed Teflon collection substrates for the largest four 

size fractions (0.5 µm pore size 25 mm Zefluor, Pall Life Sciences) filters, while 2.0 µm 

pore size 37 mm Teflo (Pall Life Sciences) filters were used for the smallest size fraction.  

Goethite samples were also collected on aluminum substrates used for SEM analysis; 

however the final catch stage is flow through, and thus cannot be an impaction stage.  Per 

filter, sample masses ranged from 3-1000 µg for iron (oxyhydr-)oxides and 100-3500 µg 

for illite clay, with the lower end of the masses generally present on the smaller size 

fractions.      



 

39 

3.3.2 Exposure methods   

Each size fraction of the iron mineral:NaCl mixture was exposed to four 

environments:  1) marine level RH with SO2, 2) marine RH without SO2, 3) arid RH with 

SO2, and 4) arid RH without SO2.  Samples were exposed in two polypropylene vacuum 

desiccators (Scienceware) for 27 hours.  This time scale was chosen to represent a 24 

hour cycle and to allow for three hours of equilibration.  In order to increase the RH 

inside the chambers to marine levels, a supersaturated solution of potassium nitrate was 

used (Pilinis et al. 1989), where the RH was 98 ± 1%.  For simulating an arid 

environment, a desiccant (Drierite) was used to maintain RH at 23 ± 1%.  Temperatures 

were all ambient laboratory temperatures (20 ± 3 °C).  For SO2 exposure, the ambient air 

was removed with a vacuum pump and the chamber was pressurized to ambient pressure 

(~103 kPa) with a 5 ppm SO2  in air mixture (Air Liquide).  It should be noted that this 

concentration of SO2 is approximately 10000x higher than ambient SO2 concentrations 

(Meskhidze et al. 2003).  Radical chemistry was not explored in this study and care was 

taken to avoid possible radical formation by not exposing samples to ultraviolet radiation 

thus minimizing potential photocatalysis.  To perform multiple analyses on one filter, 

each sample filter was cut into thirds.  One third of the sample was exposed to SO2 at 

either high or low humidity; one third was only exposed at the particular humidity level 

with no SO2, while the final third was used for total iron determination.                  

3.3.3 Total iron determination 

Dissolution of the sample was achieved using a microwave digestion system 

(Ethos EZ, Milestone, Inc).  Samples (one third of a filter) were digested in a Teflon vial 
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using 750 µl nitric acid (Fisher) and 250 µl hydrochloric acid (Fisher).  All acids were 

trace-metal grade purity.  Samples were digested in 6 mL Teflon vessels following a 

temperature program of a 9 minute ramp to 180 °C, a hold at 180 °C for 10 minutes, and a 

60 minute cool-down period.  Following digestion, samples were diluted to 15 mL using 

Milli-Q (18.2 MΩ-cm) water and analyzed via quadrupole ICP-MS (Agilent 7700) using 

indium as internal standard and a He collision cell to remove polyatomic interferences, 

particularly 40Ar16O+.  The ICP-MS method detection limit for iron was 0.04 µg L-1.  All 

sample preparation was performed under HEPA-filtered air laminar flow hoods. 

3.3.4 Soluble Iron Determination 

  For soluble iron analysis, each exposed sample was extracted in 10 mL of a 

simulated cloud water buffer (pH = 4.25) for two hours.  The buffer consisted of 0.5 mM 

acetate, 0.5 mM formate, and 0.2 mM ammonium nitrate (Siefert et al. 1996; Baker and 

Jickells 2006; Upadhyay et al. 2011) and the pH of the extract remained within 4.25 ± 

0.01 over the course of the extraction (Accumet Basic AB 15, Fisher Scientific).  The 

extracts were then filtered (0.2 µm, Whatman), acidified to 3% with HNO3, and total 

soluble iron was analyzed using ICP-MS.   

3.3.5 XANES and SEM-EDS Measurements 

  XANES data was collected at the Advanced Light Source MicroXAS beamline 

(10.3.2) at the Lawrence Berkeley National Laboratory, Berkeley, CA, USA.  K-edge 

energy values were used for the determination of changes in iron speciation as a result of 

exposure to SO2.  SEM-EDS measurements were used to explore morphological changes 
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to the iron phases after SO2 exposure. A JEOL JSM-7000F Field Emission Scanning 

Electron Microscope was used at Colorado School of Mines, Golden, CO, USA.  

3.4 Results 

Figure 3.2 shows the results of the SO2 and RH solubility experiments for the 

minerals of the four larger aerodynamic sizes:  10-2.5, 2.5-1, 1-0.5, and 0.5-0.25 µm.  

The results for particles of aerodynamic size <0.25 µm are not shown because the sample 

mass was too low.  The results for illite are also not shown due to large uncertainty 

because of sample loss while the filters were cut.  Sample loss during filter cutting was 

not observed for the hematite, goethite, and magnetite.  The relative iron solubility of 

hematite and goethite tends to increase as the particle size decreases (p < 0.05).  

Magnetite, however, showed similar iron solubility for the three smaller size fractions 

(2.5-0.25 µm), but the solubility in all of these fractions is greater than in the 10-2.5 µm 

fraction (p < 0.05).  The relative solubility for magnetite and hematite ranged from 0.25-

2.0%, while goethite relative solubility was considerably less ranging from 0.02-0.12%.  

For goethite and hematite (Figure 3.2 A and C respectively) the particles exposed to the 

arid level RH appear to show higher relative solubility than those exposed at the marine 

level RH, however these differences were not significant (p > 0.05).  For magnetite 

(Figure 3.2 B), there was also no difference (p > 0.05) between arid and marine RH 

conditions.  No correlation was found between iron solubility and exposure to SO2 in any 

mineral at any condition.  A summary of the statistical comparisons were made between 

each factor (particle size, RH, and SO2) and these results are found in Appendix B.  The 

results of the statistical tests showed that particle size had the greatest effect on iron   
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Figure 3.2: Relative iron solubility in goethite (A), magnetite (B), and hematite (C).  

Error bars (N=2) represent the range.   
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solubility and that exposure to SO2 did not result in changes in iron solubility under any 

measured condition. 

Figures 3.3 and 3.4 show the XANES spectra for hematite, magnetite, and illite 

for the largest size fraction (10-2.5 µm, Figure 3.3) and the smallest size fraction (<0.25 

µm, Figure 3.4).  In each figure, the K-edge normalized intensity is plotted versus the 

energy.  The solid line in each plot corresponds to the samples not exposed to SO2 while 

the circles represent the samples which were exposed to SO2.  The inset for each plot 

shows the K-edge peak and the corresponding K-edge energy (eV).  In each case there 

was no significant difference in the K-edge values.  A significant difference in K-edge 

energy would suggest a change in oxidation state or coordination chemistry, however, 

Figures 3.3 and 3.4 both support the findings from Figure 3.2, in that SO2 had no 

detectable effect on the chemical speciation of the iron in the samples.   

Figures 3.5 and 3.6 show SEM images and EDS spectra for goethite and NaCl 

mixtures for particles with aerodynamic sizes of 10-2.5 µm and 0.5-0.25 µm, 

respectively.  The smallest particles (<0.25 µm) could not be used as they could not be 

collected on a conductive, aluminum substrate.  In both Figure 3.5 and Figure 3.6, small 

amounts of sulfur were detected in the samples exposed to 5 ppm SO2, while none was 

detected for the samples not exposed to SO2.  A more intense sulfur signal was recorded, 

at both aerodynamic sizes, for the samples exposed at the marine RH than at the arid RH.  

This suggests the possibility of homogeneous and heterogeneous processes on the 

particle, but not necessarily with the iron.  Physical changes in the particles were not 

observed as a result of the exposures.  In the SEM images shown in Figure 3.5, large  
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Figure 3.3:  XANES spectra of iron minerals. Energy values represent K-edge energies 

and particle aerodynamic size is 10-2.5 µm.  The inset shows the K-edge peaks in greater 

detail. 
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Figure 3.4:  XANES spectra of iron minerals. Energy values represent K-edge energies 

and particle aerodynamic size is <0.25 µm.  The inset shows the K-edge peaks in greater 

detail. 
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Figure 3.5:  SEM images and EDS spectra for goethite-NaCl mixtures exposed at various 

conditions noted on EDS spectra.  Particle aerodynamic size: 10-2.5 µm. 
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Figure 3.6:  SEM images and EDS spectra for goethite-NaCl mixtures exposed at various 

conditions noted on EDS spectra.  Particle aerodynamic size: 0.5-0.25 µm. 
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rectangular particles can be seen, however after closer inspection with EDS, it was 

determined that these areas were rich in NaCl suggesting some extent of non- 

homogeneity in the samples with respect to NaCl concentration.  The small amount of 

sulfur detected in the exposed samples suggests that there is an interaction between the 

sample and the SO2 and that higher RH could increase this, however, the solubility data 

suggest that the effect is too small to have an effect on the measurable iron solubility and 

mineral chemistry as shown in Figures 3.2-3.4    

3.5 Discussion 

This study highlights the impacts of different atmospheric conditions on iron 

mineral:NaCl mixtures and subsequent iron solubility to mimic atmospheric transport 

from source to deposition.  Numerous studies have focused on the effects of different 

factors on iron solubility but few have measured the combined effects.         

The measured relative solubility of iron in this study correlated well with previous 

studies despite different extraction solutions.  Sholkovitz et al. (2012) compiled sets of 

data on a global scale and determined that relative iron solubility ranged from 0.5-2.0% 

in aerosols comprised primarily of lithogenic dust.  The results from this study showed 

that iron solubility on native minerals ranged from 0.02-2.0%.  Iron solubility is likely 

lower than the average range due to the lack of mixing with anthropogenic compounds, 

namely combustion aerosols.  Luo et al. (2008), Mahowald et al. (2009), and Sholkovitz 

et al. (2009) examined the effects of combustion aerosols on iron solubility and 

determined that mixing of the iron in these anthropogenic aerosols with the iron in 

lithogenic particles increased the relative iron solubility, sometimes as high as 70-85% 
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(Sholkovitz et al. 2009).  Since the particles in this study were prepared to mimic 

lithogenic particles it makes sense that the iron solubility would be close to the global 

average. 

The increase in relative solubility with a decrease in particle size observed in this 

study is in agreement with what the majority of other field studies have found.   Baker 

and Jickells (2006) and Ooki et al. (2009) all found that iron solubility was higher in fine 

particles than in coarse particles, while this study made these observations using well-

defined particles in well-defined conditions.  Relative iron solubility increased from 0.25-

2% for hematite and 0.02-0.13% for goethite as the particle aerodynamic size decreased 

from 10-2.5 µm to 0.5-0.25 µm.   For magnetite the relative iron solubility increased 

from 0.25-1% between the 10-2.5 µm and 2.5-1.0 µm however, the iron solubility 

showed no change in the size fractions from 2.5-0.25 µm.  This shows a difference 

between coarse and fine mode particles but not a difference within the fine mode for 

magnetite particles.  This has implications on iron availability because smaller particles 

are carried further over the ocean with deposition in the open ocean as opposed to coastal 

areas (Baker and Jickells 2006; Baker and Croot 2010).  Deposition of smaller particles 

with a greater relative solubility effectively increases the bioavailability of iron in remote 

regions of the ocean.  Buck et al. (2010a) observed greater iron solubility in particles with 

a diameter greater than 1 µm for aerosols collected over the Atlantic Ocean, observing 

nearly 80% soluble iron in these particles.  This could be a result of a mixing of 

anthropogenic iron with crustal iron as well as mixing of different iron containing 

minerals.    
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Mineralogy does have an impact on relative iron solubility.  Journet et al. (2008) 

and Jeong and Achterberg (2014) also suggested mineralogical dependences on iron 

solubility in iron containing minerals and Asian and Saharan dusts respectively.  While 

Journet et al. (2008) only used iron-containing minerals, the dissolution methods used a 

highly acidic solution (pH=2) while this study observed the effects of mineralogy on iron 

solubility in simulated cloud water.  Measurements made for iron oxides (hematite and 

magnetite) corresponded to greater iron solubility than iron oxyhydroxides (goethite) by 

almost a factor of 10.  Also, iron solubility in magnetite did not share the trend of 

increasing solubility with decreasing particle size as three of the size fractions had similar 

solubility.  This is of particular interest as various dust sources will have differences in 

mineralogy. 

While it was expected that both homogenous and heterogeneous interactions with 

SO2 would lead to a change in iron coordination chemistry or iron speciation, the XANES 

data showed no difference between the SO2- exposed iron and the iron that was not 

exposed to SO2.  Although the XANES data did not indicate an interaction between the 

SO2 and iron, the SEM-EDS results (Figures 3.5 and 3.6) did show the presence of sulfur 

in the samples exposed to SO2.  Of particular interest is that the signal intensity of sulfur 

in the samples exposed to SO2 at the marine RH was almost three times that of the 

samples exposed to SO2 at the arid RH.  This suggests that the presence of water on the 

particles, as a result of deliquescence of NaCl at marine RH, leads to increased 

opportunity for the uptake of sulfur.  However, the XANES data shows that this small 

amount of sulfur did not affect iron speciation, which was also supported by the iron 
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solubility experiments.  This suggests that, although S was taken up, it was likely 

associating with the NaCl and not the iron.  Kong et al. (2014) observed changes at the 

particle surface of hematite particles exposed to SO2 which were correlated to sulfate 

formation on the particle which was detected in EDS measurements.  These changes were 

also observed, albeit to a lesser extent, on the particles exposed at marine RH and to SO2 

(Figure 3.5, top image).  Areas that corresponded to higher amounts of NaCl also 

corresponded to a higher weight percent of sulfur.  This supports an interaction of the 

sulfur with the NaCl in the sample.  It has been shown that sulfur can displace chloride in 

atmospheric particles (Johansen et al. 2000b), resulting in minimal interaction with iron.     

This study shows that mineralogy and particle size are the most important factors 

impacting iron solubility in atmospheric particles and that SO2 plays a very limited role in 

iron solubility.  Factors not considered here, such as organic complexation, 

photochemical and radical pathways, may still be important and warrant further study 

(Paris et al. 2010; Paris and Desboeufs 2013).  In addition, these results show that sulfur 

uptake still has the potential to contribute to particle aging, particularly in high-RH 

environments, although sulfur from SO2 does not play a role in iron solubility, even at 

concentrations far above those found in urban atmospheres.  
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Chapter Four: Advances in single particle inductively coupled plasma mass 

spectrometry for the analysis of real world samples 

4.1 Abstract 

An investigation into the formation of Fe particles in seawater led to the discovery 

of a unique challenge to the measurement of nanoparticles using single particle 

inductively coupled plasma mass spectrometry (spICPMS).  spICPMS is a rapidly 

growing technique for determining the size of nanoparticles.  While spICPMS has been 

effective in sizing particles in low matrix samples, at least one major knowledge gap 

remains:  identifying a particle in the presence of dissolved analyte.  This chapter 

presents two methods for determining and sizing particles when mixed with dissolved 

analyte.  First, the derivative of the entire data set was used in an attempt to isolate Fe and 

Au nanoparticle signal from dissolved signal.  Second, a novel mathematical approach 

using the mode and standard deviation of the entire dataset, 100 nm and 60 nm gold (Au) 

particles were accurately sized when mixed in varying dissolved Au concentrations.  

These mixed Au samples were also used to determine important parameters for 

identifying the upper limit of dissolved analyte concentration. These parameters 

highlighted the importance in considering the standard deviation and not just the ratio of 

pulse intensities.  As an application and demonstration of this method, a nanotechnology-

enabled consumer spray containing both dissolved and particulate silver (Ag) was 

analyzed; the determined Ag particle size matched well with that determined by 
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transmission electron microscopy.  The development of this method will allow for 

spICPMS to be applied to matrices containing nano-sized particles in the presence of 

varying concentrations of dissolved analyte, including seawater and freshwater systems, 

acid mine drainage, and other environmental applications. 

4.2 Introduction 

4.2.1 Fe in Seawater 

Iron solubility in atmospheric PM has been studied at length and on a global scale 

(Cwiertny et al. 2008; Mahowald et al. 2009; Sholkovitz et al. 2012).  The deposition of 

atmospheric Fe into the ocean is important as Fe is known to be a limiting micronutrient 

to phytoplankton in remote regions of the ocean (Boyd et al. 2007).  However, the 

concentration of dissolved Fe in seawater only ranges from 0.5-2.0 nM and 50-60% of 

that has been shown to be colloidal Fe (Wu et al. 2001; Bergquist et al. 2007; Sholkovitz 

et al. 2012).  In seawater Fe usually precipitates as Fe(OH)3 [iron(oxy)hydroxide] 

(Stumm and Morgan 1996), however colloidal Fe has been shown to contain significant 

levels of Fe(II) (von der Heyden et al. 2012) a more soluble form of Fe (Majestic et al. 

2006; Majestic et al. 2007a).  This suggests that there could be an increase in Fe that is 

more bioavailable and therefore highlights the importance of studying the behavior of 

atmospherically-deposited Fe in seawater. 

Seawater poses a unique challenge for ICP-MS measurements as it contains a 

high level of total dissolved solids (TDS) leading to a high sample matrix.  TDS limits for 

ICP-MS analysis is typically less than 0.2% (2000 ppm) in order to avoid loss of 

sensitivity due to matrix deposition on instrument components (McCurdy and Potter 
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2001).  Seawater however, ranges from 35,000-45,000 ppm TDS (Tiwari et al. 2003) 

posing a problem for the analysis of seawater samples.  Diluting the sample would lower 

the TDS however, this also dilutes any analyte in the sample.  For the analysis of trace 

species in seawater a new way of introducing the sample to the instrument is required. 

In the first part of this study, iron sulfates were added to natural seawater to study 

particle formation.  Due to the high sample matrix of the seawater a new method of 

introducing the sample to the ICP-MS plasma had to be developed.  These preliminary 

studies provided interesting results regarding the formation of iron particles in seawater 

and yielded another challenge:  how to determine a particle signal from that of a 

dissolved analyte background in single particle inductively coupled plasma mass 

spectrometry. 

4.2.2 spICPMS and the Dissolved Analyte Conundrum  

Single particle inductively coupled plasma mass spectrometry (spICPMS) has 

become a transformative technique for determining the size of nanoparticles in aqueous 

suspensions (Laborda et al. 2014).  In spICPMS, the size of an individual particle is 

determined based on the intensity of the pulse over the background signal (Pace et al. 

2011).  spICPMS has been validated against other bulk (dynamic light scattering) and 

single particle sizing (e.g. SEM and TEM) techniques, also allowing for elemental 

specificity and higher sample throughput (Montano et al. 2014).  

 While spICPMS is a powerful tool for sizing nanoparticles, current spICPMS 

sizing theory requires that the sample baseline is the same as that of the blank (Degueldre 

et al. 2006; Gschwind et al. 2011; Pace et al. 2011; Mitrano et al. 2012; Pace et al. 2012), 
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limiting its applicability to systems where the samples have the same baseline as the 

blank.  This is necessary because a particle is determined when the signal intensity is 

greater than the blank average plus three (or five) times the blank standard deviation 

(Degueldre et al. 2006).  To expand the use of spICPMS to more typical environmental 

samples, where sample baselines vary as a result of the presence of dissolved analyte and 

are unpredictable, methods to size particles independent of a laboratory blank need to be 

developed.  A number of studies have suggested different strategies to differentiate a 

particle from a dissolved analyte background, including 1) removal of dissolved analyte 

by either chemically pretreating the sample or by coupling a separation technique 

(Hadioui et al. 2014; Hadioui et al. 2015), 2) decreasing the dwell times (Hineman and 

Stephan 2014; Montano et al. 2014), or 3) application of post data collection 

mathematical methods for signal differentiation (Cornelis and Hassellov 2014).  

However, all of these approaches have potential drawbacks.   

 Dissolved analyte ions could be removed by coupling spICPMS with 

chromatographic techniques.  Ion exchange columns, micellar electrokinetic 

chromatography, and complexing agents have all been used in conjunction with 

spICPMS to remove dissolved analyte ions in the presence of corresponding metallic 

nanoparticles as well as other major ions (Franze and Engelhard 2014; Hadioui et al. 

2014; Hadioui et al. 2015).  While these methods have had some success in sizing 

nanoparticles (Franze and Engelhard 2014; Hadioui et al. 2014; Hadioui et al. 2015), it is 

possible that changing the sample matrix prior to analysis will shift the equilibrium, 

possibly affecting the particle size and composition relative to the original composition.  
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In addition, separation techniques require added complexity and instrumentation which 

may not be readily available in all laboratory settings. 

It has been shown that using microsecond (as opposed to millisecond) dwell times 

also decreases the background signal (Hineman and Stephan 2014; Liu et al. 2014; 

Montano et al. 2014; Strenge and Engelhard 2015).  In this case, a decreased dwell time, 

coupled with a constant particle signal, improves the signal-to-noise ratio.  While this has 

great potential, being a more infant technology, it requires updated software and 

technology (Hineman and Stephan 2014; Liu et al. 2014; Montano et al. 2014; Strenge 

and Engelhard 2015), again limiting the broad use of this technique.  To the best of my 

knowledge, at this time a more universal method for particle sizing using microsecond 

dwell times has not been developed. 

Finally, mathematical manipulation (post-data collection processing) can be used 

to identify particles in samples with varying background.   One study used a mixed 

Polyagaussian probability mass function to discriminate between background and 

nanoparticles (Cornelis and Hassellov 2014). Although this study had success, it was 

mostly applicable to very small particles (10-15 nm) or samples with high dissolved ion 

concentration.   

The present study offers a much simpler and more broadly applicable 

mathematical alternative for identifying and sizing particles in samples with varying 

dissolved analyte, i.e., varying background.  The method requires neither instrumental 

upgrades nor sample preconcentration or separation, and thus it is intended to be 

applicable to a wide spectrum of researchers.  It is demonstrates that, in spICPMS, the 
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mode of the entire dataset can be used as an alternative of the average blank baseline and 

that standard deviation of the baseline is easily accessible using the entire dataset. Taking 

the mode and standard deviation of the dataset as opposed to using the average blank 

baseline allows for easy discrimination between dissolved and particle analyte.  In the 

presence of dissolved analyte, if the blank average is used, then each dwell time would be 

erroneously counted as a particle.  The method presented in this chapter is used to 

successfully count and size gold (Au) nanoparticles of known diameter in the presence of 

dissolved Au up to 50 ppb.  The application of this method is demonstrated by using it to 

size silver (Ag) particles in a nanotechnology-enabled consumer spray containing both 

dissolved and particle Ag. 

4.3 Materials and Methods 

4.3.1 Iron Particle Formation in Seawater 

To measure the formation of iron particles in seawater, seawater was collected off 

Ke’e Beach on the north shore of Kauai, Hawaii, USA.  Solutions of iron (II) sulfate 

(FeSO4) and iron(III) sulfate [Fe2(SO4)3] were prepared.  These solutions were then 

spiked into the collected seawater at final Fe concentration of 2 nM.  Samples were 

sonicated and for five minutes to prevent particle aggregation and then analyzed via ICP-

MS (Agilent 7700).  Samples were reanalyzed every five days for 30 days to measure 

particle formation in seawater.  

4.3.2 Adaptation of Sample Introduction System for High Matrix Samples  

In order to analyze samples in seawater, the method for sample introduction into 

the ICP-MS had to be modified.  Figure 4.1 shows a schematic for the change in sample 
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introduction.  To dilute the TDS in seawater, samples were introduced via a smaller 

diameter tube typically used for internal standard introduction.  The large diameter tube 

used for sample introduction allowed deionized water to mix with the seawater sample 

and dilute the TDS to a reasonable level for ICP-MS analysis while at the same time 

maintaining particle integrity.       

4.3.3 Preparation of gold standards and samples 

Gold (Au) particles were determined over the background and sized using 

established methods for spICPMS.(Pace et al. 2011; Montano et al. 2014)  Au 

nanoparticles (100 nm diameter, BBI Solutions, Cardiff, Wales, UK) were used to 

determine the transport efficiency, a necessary variable for determining the size of 

unknown nanoparticles.  To develop a method for differentiating a particle signal from 

that of dissolved analyte, 60 and 100 nm Au nanoparticles (BBI Solutions) and a 

dissolved Au standard (High Purity Standards, Charleston, SC, USA) were used to 

prepare mixed nanoparticle and dissolved analyte samples.  Au nanoparticle suspensions 

were combined with varying dissolved Au concentrations (0.0, 0.5, 1.0, 2.0, 5.0, 10.0, 

15.0, 20.0, and 50.0 ppb) for the spICPMS analysis.  To reduce the possibility of 

coincidence, Au nanoparticles were spiked into a final concentration of 50 ppt (parts per 

trillion) for 100 nm Au particles and 10 ppt for 60 nm Au particles (smaller particles 

leads to a higher particle concentration in solution).  All samples were acidified to 2% 

HCl, which was found did not have any effect on the particle size and number.  Samples 

were analyzed using a quadrupole ICP-MS (Agilent 7700) operating with 10 ms dwell 

times and a sample analysis time of 200 s, for a total collection of ~20,000 dwell times.   
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Figure 4.1:  Schematic of the changes made to the ICP-MS sample introduction system 

to account for the high matrix of seawater. 
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4.3.4 Data analysis and method development 

The first approach was to calculate the derivative for each data point.  A “cut-off” 

derivative value was determined and anything above that value was deemed a particle 

and removed from the dataset.  Once particles were removed the remaining data points 

were averaged to calculate a baseline unique to that sample.  Again the average plus 3σ 

was used to determine a nanoparticle.  The second method reported in this study takes 

advantage of the fact that, in spICPMS, only ~1% of the dwell times result in a particle 

“hit.”  Therefore, ~99% of the measurements are that of the baseline, which includes 

isobaric interferences, as well as dissolved analyte.  Since almost all integrations are of 

the baseline, the mode of the dataset will actually be the average of the baseline.  The 

mode is easily acquired and is used as the sample-specific baseline intensity.  

Additionally, the standard deviation of the entire dataset is determined from a regression 

analysis using a statistical software package (SigmaPlot 12.0).  Again, this is a result of 

the fact that 99% of the measurements in spICPMS are of baseline. Then, using the mode 

of the sample set, a threshold value was determined using the mode plus 5σ.  All signal 

intensities above this threshold are considered particles and these were sized according to 

standard spICPMS theory (Pace et al. 2011), but with sample-specific backgrounds.  In 

the presence of varying dissolved analyte, the mode works as a better measurement than 

the average because the mode is essentially the average of the background and most of 

the data collected in spICPMS is background signal. The mean, however, would provide 

an average of the background and particle signals thus not being a true representation of 

the actual background.  



 

62 

4.3.5 Nanotechnology-enabled consumer spray 

As an application and demonstration of the method reported herein, a 

nanotechnology-enabled consumer spray described by its manufacturer as containing 

silver nanoparticles was investigated and both Ag nanoparticles and dissolved Ag were 

found using spICPMS.  To validate the method above, the Ag spray sample was also 

analyzed using transmission electron microscopy (TEM).  For TEM, Ag particles were 

separated from the dissolved Ag in the nanospray by centrifugation at ~17,000 x g for 1 

hr (Eppendorf Centrifuge 5418) and the resulting pellet was washed with high purity 

water (18.2 MΩ-cm), resuspended, and spun down again.  This process was repeated 

three times.  After the final washing, particles were resuspended and deposited on to a 

copper-coated TEM grid. A scanning TEM (Philips CM 200) was used to measure Ag 

particle size. 

4.4 Results 

4.4.1 Derivative Method for Determination of Fe Particles in Seawater 

Figure 4.2 shows the time resolved spectrum for Fe2(SO4)3 dissolved in seawater.  

Intense peaks in signal can be observed indicating the presence of Fe particles in the 

seawater.  The inset text shows the average, standard deviation (σ), and the nanoparticle 

count.  In the two sets of text there is a noticeable difference in these values.  In the 

standard method, a particle is determined by taking the average of the blank plus 3σ of 

the blank.  If a signal pulse is greater than that it is considered to be a particle.   
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Figure 4.2:  Raw spICPMS data of Fe2(SO4)3 in seawater.  Text shows the baseline data 

as a comparison of two different methods of analysis.  The insert provides an enhanced 

view of the baseline for the entire dataset. 
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Figure 4.3:  First derivative plot of Fe2(SO4)3 in seawater (Figure 4.2).  Intense pulses 

represent particle pulses. 
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In the derivative method, the derivative of the entire data set is acquired (shown in 

Figure 4.3) and a cut-off value determined.  The cut-off value allows for the identification 

and subsequent removal of particles from the dataset.  Once particles have been removed 

from the dataset a baseline unique to that sample can be determined to account for 

dissolved analyte (Fe in this case).  When accounting for the dissolved Fe, the average 

and standard deviation of the baseline increases leading to a decrease in the particle 

count.  As can be seen in the insert in Figure 4.2, the signal intensity of the baseline is 

around 100 counts.  In the standard method the baseline of the blank is almost half of that 

of the baseline determined by the derivative method.  As a result, signal pulses 

representing dissolved analyte (the cause for the increased baseline above that of the 

blank) were being counted as particles hence the large discrepancy in nanoparticle count.  

Using this method, particle counts were determined for a month for Fe2(SO4)3 and FeSO4 

in seawater.   

As can be seen in Figure 4.4, particle counts increased over the month for 

Fe2(SO4)3 while particle counts remained the same for FeSO4.  The obvious outlier would 

be the decrease in counts in the last data point for the Fe2(SO4)3.  While this method was 

initially successful in isolating particle signal, it broke down at dissolved analyte 

concentrations lower than the second method.  Also, the cut-off value was completely 

arbitrary with no real statistical support.  This led to the development of the second 

method.       
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Figure 4.4:  Nanoparticle counts over time for FeSO4 (circles) Fe2(SO4)3 (triangles).  
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4.4.2 Mathematical Method for Determining Particles in the Presence of 

Dissolved Analyte  

Figures 4.5-4.8 show 100 nm and 60 nm Au particles mixed with varying 

concentrations of dissolved Au, while mean sizes of the observed size distributions are 

presented in Table 4.1.  Figure 4.5 shows the results of 100 nm particles with no 

dissolved Au and sized by standard techniques using the blank baseline.  By comparison, 

Figure 4.6 utilizes the method presented, showing 100 nm Au particles mixed with 1.0 

ppb dissolved Au.  In Figure 4.6, 100 nm particles were accurately sized (Figure 4.6C) 

using the mode and standard deviation of the dataset.  60 nm Au particles mixed with 1.0 

ppb dissolved Au (Figure 4.7) were used to test the robustness of the method and were 

accurately sized.  Figure 4.8 shows 60 nm Au particles in 5.0 ppb dissolved Au.  As can 

be seen in Figure 4.8B, the lower end of the particle fraction is contained within the upper 

end of the dissolved fraction of the sample, ultimately resulting in an increased measured 

particle size (67 nm).  The baseline distribution in Figure 4.8 is much larger than in 

Figure 4.7 which suggests that the standard deviation of the baseline, used in particle 

determination, has a significant impact on the limits of the method.   

Table 4.1 presents measured size distribution parameters for 60 and 100 nm Au 

particles at different dissolved Au concentrations, including those presented in Figures 

4.5-4.8.  Average particle size and uncertainty (expressed as the geometric mean and 

geometric standard deviation) (Hinds 1999), the standard deviation of the entire dataset, 

the standard deviation of only the baseline, the ratio of the average particle pulse to  
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Figure 4.5:  Data processing of 100 nm Au nanoparticles in MilliQ (18.2 MΩ-cm).  A) 

Raw data from spICPMS B) Distribution of raw data C) Size distribution of particles.   
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Figure 4.6:  Data processing of 100 nm Au nanoparticles mixed with 1.0 ppb dissolved 

Au.  A) Raw data from spICPMS B) Distribution of raw data C) Size distribution of 

particles. 
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Figure 4.7:  Data processing of 60 nm Au nanoparticles mixed with 1.0 ppb dissolved 

Au.  A) Raw data from spICPMS B) Distribution of raw data C) Size distribution of 

particles. 
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Figure 4.8:  Data processing of 60 nm Au nanoparticles mixed with 5.0 ppb dissolved 

Au.  A) Raw data from spICPMS B) Distribution of raw data C) Size distribution of 

particles. 
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Table 4.1: Parameters used for method development for all mixed samples.  Average 

particle size and uncertainty reported as geometric mean (dg) and geometric standard 

deviation (σg) respectively.   

Dissolve Au 

Concentration 

(ppb)

Average 

Particle Size 

(nm, dg ± σg)

Particle  

Count σraw σbase line

Average Particle  

Pulse / Baseline 

Pulse

σbaseline / Particle 

Pulse

100 nm

0.0 100 ± 1 171 16.4 2.34* 536 0.004

0.5 100 ± 1 188 8.48 5.61 9.19 0.010

1.0 100 ± 1 192 9.11 8.73 3.98 0.016

2.0 95 ± 1 155 13.6 12.3 1.91 0.025

5.0 101 ± 1 182 21.4 20.5 0.90 0.037

10.0 101 ± 1 182 56.5 54.6 0.40 0.099

15.0 95 ± 1 195 55.7 55.5 0.31 0.122

20.0 98 ± 1 165 72.3 71.5 0.26 0.146

50.0 110 ± 1 16 131 129 0.15 0.185

60 nm

0.0 60 ± 1 246 7.17 6.93 72.8 0.054

0.5 59 ± 1 258 10.1 10.1 1.89 0.082

1.0 60 ± 1 253 16.1 15.9 0.86 0.121

2.0 62 ± 1 152 23.6 23.4 0.48 0.158

5.0 67 ± 1 63 40.4 40.4 0.28 0.172    
* indicates statistical differences (p < 0.05) between σraw and σbaseline (N = 3). 
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background pulse, the ratio of the baseline standard deviation (σbaseline) to the average 

particle pulse, and the number of particles counted for each sample are shown.  First, 

Table 4.1 shows that the standard deviation determined for the entire dataset is 

statistically similar (p > 0.05) to the standard deviation of the baseline when dissolved 

analyte is present, with the exception of the 100 nm particles mixed with no Au.  Further, 

as highlighted in Table 4.1, 100 nm particles were accurately sized and counted up to 20 

ppb dissolved Au.  The cutoff is recognized as a decrease in number of particles as well 

as an increase in mean particle size.  Conversely, 60 nm Au particles could only be 

accurately sized up to 2.0 ppb dissolved Au.   

Given the large differences in acceptable dissolved concentrations, we inspected 

which parameters affect the upper dissolved concentration limit in which a particle could 

be sized.  At a σbaseline/particle of about 0.13-0.14, we observe a decrease in particle count 

and an increase in particle size for both particle sizes, indicating that the particle pulse 

needs to be 7.5-8 times that of the baseline noise.  Conversely, the particle pulse-to-

baseline pulse ratio breaks down at different values for 100 nm (0.26) versus 60 nm 

(0.48), indicating that pulse intensity is not a reliable metric of the ability to identify 

particles.  These parameters shown in Table 4.1 highlight the importance of considering 

the standard deviation-to-pulse ratio and not just the particle pulse-to-baseline pulse ratio.  

The major result here is that the particle intensity adds on top of the baseline to a point at 

which the noise of the baseline (σbaseline) becomes too great to accurately identify particles 

because it overtakes the smaller part of the distribution.    
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Figure 4.9 presents an application of the method above; applying it to a 

nanotechnology-enabled consumer spray containing both dissolved and particle Ag.  

Here, the raw data, size distribution, and TEM of the sample are shown.  The results from 

the spICPMS analysis (Figure 4.9B, mean diameter presented as geometric mean and 

geometric standard deviation) matched well with the TEM measurements (Figure 4.9C).  

In both it can be seen that the average particle diameter is approximately 30 nm.  

Conversely, if these particles were sized using standard spICPMS methods (average 

blank baseline), then pulses representing dissolved Ag would be counted as particles, 

leading to a decrease in particle size (21.5 ± 8.8 nm) and an increase in particle count 

from 132 to 6612 particles (1% versus 33% of the dwell times).         

In this study, it is reported that using the mode plus 5σ was successful in 

discriminating between dissolved and particle Au and Ag.  An upper dissolved 

concentration limit was determined for 100 nm (above 20 ppb) and 60 nm (above 2 ppb) 

Au particles, indicated by a σbaseline/particle pulse ratio 0.13-0.14.  At ratios above 0.13, 

the lower portion of the size distribution becomes lost in the baseline noise.  The method 

was then demonstrated and validated using a nanotechnology-enabled consumer spray 

containing particle and dissolved Ag, where the particle size was determined with 

spICPMS and verified with TEM.  Also, the use of traditional baseline methods results in 

erroneous particle size and number calculations, whereas the application of the method 

presented here is able to account for dissolved baseline as shown by the results from the 

nanotechnology-enabled consumer spray.  Finally, this method will allow for a broader  
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Figure 4.9:  Application of the method to an Ag containing nanotechnology-enabled 

consumer spray.  A)  Raw spICPMS data.  B) Size distribution of Ag particles 

determined from spICPMS. C) TEM of the nanotechnology-enabled consumer spray. 
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application of spICPMS on environmental samples containing both dissolved and particle 

analyte such as acid mine drainage (Carbone et al. 2005; Seo et al. 2010), iron in 

seawater (Sholkovitz et al. 2012), and other applications, including consumer 

nanotechnology products, without the need to first remove dissolved analyte or invest in 

instrumentation upgrades. 
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Chapter Five: Summary and Future Work 

The major driving force behind this work was to gain further understanding of 

how Fe solubility changes through atmospheric transport and deposition and chemical 

and physical interactions with surrounding metals and other atmospheric species.  Since 

Fe is the most common transition metal in the Earth’s crust and in atmospheric PM and 

due to the potential for oxidation and reduction, the changes in Fe solubility can have a 

great effect on both the environment and human health.  However, through the drive to 

further understand the behavior of Fe in environmental matrices, other metals could be 

and were studied as these other metals too can pose health and ecological risks while 

providing important information about the source of a sample. 

In the study presented in Chapter 2, the effects of a completely ground-level light 

rail system on the metal concentrations in ambient PM were measured.  The 

overwhelming majority of studies relating to metals from rail-based transportation 

systems focused on underground subway systems with very few considering ground-level 

rail systems.  Through the collection of samples on board and next to the trains, as well as 

at an urban background location, it was seen that metal concentrations were highest (on a 

per mass basis) in the samples collected on board the train.  This study also contributed to 

the growing dataset of metal concentrations in PM in the region.  Another important 

finding in this study is that the Fe solubility in the PM2.5 collected was around 20% with 

typical Fe solubility being 2% or less.  This is a result of the contribution of 
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anthropogenic iron from sources such as combustion to the total Fe in the PM.  Fe 

solubilization continues to be a topic of interest and studying combustion Fe is the basis 

for ongoing projects in the laboratory.  The potential for further work with this project 

lies with expanding the sample collection to determine an emission rate of metals by the 

light rail.  This could lead to a better understanding of the impact of the light rail on the 

metals budget in regional PM especially when compared to an emission rate for 

automobile traffic. 

Chapter 3 focused exclusively on Fe and Fe solubilization through atmospheric 

transport.  Though numerous previous studies important variables such as particle size, 

source of Fe (anthropogenic, natural, or both), and interaction with other atmospheric 

species (SO2), most have made these observations using collected PM, a complex matrix.  

Through the use of lab-created simulated marine particles, each variable could be 

independently studied to isolate the most important variable affecting Fe solubilization.  

It was determined, through the exposure of different Fe samples, that particle size and 

mineralogy of Fe-containing particles had the greatest effects on changing Fe solubility, 

while relative humidity and exposure to SO2 had no noticeable effects.  It was observed 

through SEM-EDS that the particles did uptake sulfur however this did not affect the Fe 

chemistry as highlighted by XANES measurements.  

The importance of determining the variables affecting Fe solubilization is vast.  

So many studies have used models and measurements to predict and understand the 

source of the Fe in PM and subsequent transport and deposition in attempts to explain Fe 

solubilization across the globe.  With the elucidation of these variables it is possible that 
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these models could be updated to account for variables such as particle size.  The particle 

size variable is of extra interest because anthropogenic combustion particles are typically 

smaller and containing more soluble Fe.  Accounting for these variables could increase 

our understanding of more soluble Fe and potential bioavailability.  The source of 

combustion Fe is continuing to drive research in the laboratory where a current graduate 

student is studying automobile exhaust as a source of combustion Fe.   

The potential bioavailability of Fe in the ocean provided the motive for the 

exploration of Fe particle formation in seawater (Chapter 4).  Through the addition of 

iron sulfates to natural seawater, Fe particles were observed to form over time through 

spICPMS measurements.  This initial exploration of Fe particles in seawater yielded two 

unique challenges:  1) adaptation of the ICP-MS sample introduction system to account 

for the high sample matrix of the seawater (high TDS) and 2) a need for a new treatment 

of spICPMS data to account for dissolved analyte increasing the baseline above that of a 

normal blank sample.  The first challenge was resolved by rearranging the existing 

sample introduction system to dilute the sample while not disrupting the Fe particles.  

The second challenge was not as readily resolved and two approaches were explored. 

The two methods for addressing dissolved analyte in spICPMS data were both 

centered on the mathematical treatment of the data so that added/upgraded 

instrumentation could be avoided.  The first method was to take the derivative of the 

entire dataset to selectively isolate and remove particle pulses from the dataset to 

calculate a baseline unique to each sample.  While this method was successful, it was also 

arbitrary, as a “cut-off” value had to be selected in order to distinguish a particle pulse 
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from that of the baseline.  As a result an approach with more of a statistical basis was 

desired. 

The second approach used the standard deviation and the mode of the entire 

dataset.  The mode was found to be a better representation of the baseline than the mean 

as 99% of the spICPMS data is baseline making the mode the average of the baseline.  

Using well characterized Au particles, this method was tested and several statistical 

parameters were developed.  This method yielded a much more robust way for separating 

a particle pulse from an increased baseline due to dissolved analyte.  This method also 

highlighted the importance of considering the standard deviation-to-pulse ratio and not 

just the particle pulse-to-background pulse ratio.  This method was then validated using a 

nanotechnology-enabled consumer spray containing both particle and dissolved Ag.  The 

successful development of a mathematical method improves the applicability of 

spICPMS to many more environmental samples and matrices.  This method also allows 

for a more universal use of spICPMS because added instrumentation or upgraded 

software to account for the dissolved analyte is not required.  Finally, with this method, 

work can return to studying Fe particles in seawater.    

Through the measurement of metals in environmental matrices, this work has 

been able to contribute to a growing dataset about regional air quality, elucidated 

important variables regarding Fe solubility in atmospheric PM, and improved the 

applicability of spICPMS to environmental samples.  It is my hope that by filling these 

knowledge gaps, future researchers can expand on these topics and continue to add to the 

knowledge of the chemistry of particle-bound metals in environmental samples
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Appendix A 

 

Figure A1:  PM2.5 correlation plot between real-time PM2.5 concentration measurements 

by the Colorado Department of Public Health and Environment (CDPHE) and calculated 

PM2.5 concentrations made from this study (CAMP DU Data).  Plotted values are PM2.5 

concentrations of each sample collection period. 
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Table A1:  Geometric mean and standard deviation (dimensionless) of PM2.5 size 

fractions.  

 

Site: Downtown Track-side On board

Size Fraction (µm)

2.5-1.0 1.2 ± 1.0 1.2 ± 1.0 1.1 ± 1.1

1.0-0.5 1.0 ± 1.0 0.9 ± 1.0 1.0 ± 1.0

0.5-0.25 0.5 ± 1.1 0.3 ± 1.0 0.7 ± 1.4

0.25-0.02* 0.01 ± 300 0.02 ± 14 0.2 ± 5.0
 

*Large standard deviation due to the lower size limit (0.02 µm) being assumed. 
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Appendix B 

Table B1:  Statistical results of T-tests comparing particle size fractions.  Size fractions compared for each 

test are shown in the size column headers. 

 Size Fraction (µm) 

Mineral Condition 

10-2.5 vs 

2.5-1.0 

10-2.5 vs 

1.0-0.5 

10-2.5 vs 

0.5-0.25 

2.5-1.0 vs 

1.0-0.5 

2.5-1.0 vs 

0.5-0.25 

1.0-0.5 vs 

0.5-0.25 

Goethite High RH + SO2 0.50 0.33 0.11 0.29 0.09     0.003* 

Goethite Low RH + SO2   0.03* 0.11   0.01* 0.18     0.004* 0.07 

Goethite High RH + No SO2   0.03* 0.33 0.19 0.22 0.18 0.24 

Goethite Low RH + No SO2 0.43 0.49 0.12 0.30 0.17 0.16 

Magnetite High RH + SO2 0.20 0.15 0.18   0.02* 0.40 0.47 

Magnetite Low RH + SO2 0.20 0.17 0.07 0.05 0.36 0.43 

Magnetite High RH + No SO2 0.15 0.18   0.02* 0.19 0.46 0.26 

Magnetite Low RH + No SO2 0.15 0.14 0.16 0.15 0.22 0.37 

Hematite High RH + SO2 0.33 0.07     0.001*   0.01*     0.001*     0.001* 

Hematite Low RH + SO2 0.15   0.05* 0.20 0.35 0.22 0.21 

Hematite High RH + No SO2 0.35   0.01* 0.08   0.03* 0.08 0.09 

Hematite Low RH + No SO2 0.29 0.21 0.19 0.21 0.19 0.21 
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Table B2:  Statistical results of T-tests comparing the effects of relative humidity (high RH vs low RH). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* represents statistical difference (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

  Experimental Conditions 

Mineral 

Size Fraction  

(µm) SO2 High RH vs Low RH No SO2 High RH vs Low RH 

Goethite 10-2.5 0.09 0.08 

Goethite 2.5-1.0   0.02* 0.10 

Goethite 1.0-0.5 0.19 0.21 

Goethite 0.5-0.25 0.37 0.48 

Magnetite 10-2.5 0.24 0.29 

Magnetite 2.5-1.0 0.20 0.14 

Magnetite 1.0-0.5 0.15 0.19 

Magnetite 0.5-0.25 0.38 0.26 

Hematite 10-2.5 0.17 0.14 

Hematite 2.5-1.0 0.12 0.19 

Hematite 1.0-0.5 0.10 0.21 

Hematite 0.5-0.25 0.23 0.22 
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Table B3:  Statistical results of T-tests comparing the effects of sulfur dioxide exposure (SO2 vs No SO2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* represents statistical difference (p < 0.05)  

 

 

 

 

 

 

 

 

  Experimental Conditions 

Mineral 

Size Fraction  

(µm) High RH SO2 vs No SO2 Low RH SO2 vs No SO2 

Goethite 10-2.5 0.18 0.38 

Goethite 2.5-1.0 0.24 0.07 

Goethite 1.0-0.5 0.39 0.15 

Goethite 0.5-0.25 0.40 0.35 

Magnetite 10-2.5 0.27 0.08 

Magnetite 2.5-1.0 0.26 0.20 

Magnetite 1.0-0.5 0.21 0.24 

Magnetite 0.5-0.25 0.30 0.24 

Hematite 10-2.5 0.18 0.17 

Hematite 2.5-1.0 0.19 0.28 

Hematite 1.0-0.5 0.20 0.21 

Hematite 0.5-0.25 0.34 0.22 
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