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Abstract

The purpose of this study is to characterize manganese oxidation states and speciation in airborne

particulate matter (PM), and describe how these potentially important determinants of PM toxicity

vary by location.

Ambient PM samples were collected from five counties across the US using a high volume

sequential cyclone system that collects PM in dry bulk form segregated into “coarse” and “fine”

size fractions. The fine fraction was analyzed for this study. Analyses included total Mn using

ICP-MS, and characterization of oxidation states and speciation using X-ray Absorption

Spectroscopy (XAS). XAS spectra of all samples and ten standard compounds of Mn were

obtained at the National Synchrotron Light Source. XAS data was analyzed using Linear

Combination Fitting (LCF).

Results of the LCF analysis describe differences in composition between samples. Mn(II) acetate

and Mn(II) oxide are present in all samples, while Mn(II) carbonate and Mn(IV) oxide are absent.

To the best of our knowledge, this is the first paper to characterize Mn composition of ambient

PM and examine differences between urban sites in the US. Differences in oxidation state and

composition indicate regional variations in sources and atmospheric chemistry that may help

explain differences in health effects identified in epidemiological studies.
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INTRODUCTION

Numerous epidemiological and toxicological studies have found associations between

increases in morbidity and mortality for respiratory and cardiovascular illness and elevated
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concentrations of ambient particulate matter (PM) (1–3). Airborne PM is a complex mixture

that includes particles in a wide range of sizes and with varying composition. The National

Research Council (4) identified the need to better understand the relationship between

toxicity and the size and composition of PM as an important research priority. PM

composition is known to vary by location (5–7) depending on various factors including local

sources (8, 9). For example, a recent paper by Han et al, (10) found that elevated ratios of

particle bound PAH (p-PAH) to black carbon (BC) were useful in examining local

combustion sources beyond motor vehicles, such as coal power plants and petrochemical

facilities. There is also growing evidence that PM composition and characteristics are related

to health effects and that metals are an important determinant of toxicity (11–13). Physical

and chemical characteristics of PM that may affect toxicity include particle size, chemical

composition (including metals), solubility of different compounds (14), and oxidation state

of elements (15).

While the oxidation state(s) and solubility of metallic compounds in PM have been shown to

affect uptake, transport and mechanistic pathways (16–18), little is known about how these

potentially important determinants of PM toxicity vary by location. Synchrotron based x-ray

absorption spectroscopy (XAS) is a well established method for the determination of

oxidation state and coordination chemistry of metals in minerals and soils (19). However,

this technique is only recently gaining widespread use in the analysis of ambient air samples,

where metal compounds represent a tiny fraction of the total mass (20–24). Consequently,

there is a need to define the best procedures and protocols for the collection of air samples to

be analyzed using XAS techniques, as well as to establish and optimize analysis parameters

for different types of air samples.

Elements in ambient PM samples which have been examined using XAS include iron (22,

24, 25), sulfur and nickel (26), chromium (23), zinc (21), arsenic (27), and manganese (21,

28, 29). Of those metals, manganese (Mn) is of particular interest as it is a known toxicant to

the central nervous system and its toxicity is dependent on oxidation state and speciation

(determinants of solubility) (30). While Mn is an essential element and necessary for

maintaining good health, long-term inhalation exposure has been linked to the development

of an irreversible Parkinson-like disease known as manganism (31).

Sources which contribute to airborne Mn are both natural and anthropogenic. Mn is one of

the most abundant elements in soils (32, 33) which would be expected to contribute to Mn in

airborne particles larger than about 2 μm (34). In contrast, industrial processes such as

battery and electronics manufacturing, steel production, and occupations such as welding

generate smaller particles that penetrate deep inside the lung. In addition, in areas where the

fuel additive MMT (methyl-cyclopentadienyl-manganese-tricarbonyl) is used, Mn is a

component of motor vehicle exhaust. Riders of subways have been shown to be exposed to

elevated levels of Mn due to the wear of tracks and other metal components of subway cars

(35–38). Though Mn can be found in at least seven different oxidation states (39), only the

+2, +3, and +4 oxidation states have been identified in mammalian tissues (30).

Toxicological studies suggest that Mn(III) is more cytotoxic than Mn(II) (12, 40).

Additionally, the form of manganese (characterized by both oxidation state and solubility)

determines differences in bioaccumulation and affect the kinetics of Mn throughout the body

(15, 41). For example, the bioaccumulation of Mn measured in rat tissues following Mn

inhalation exposure was found to be dependent on the form of Mn in the exposure: rats

exposed to Mn sulfate (Mn(II), soluble) had lower lung Mn concentrations and higher

olfactory bulb concentrations than rats exposed to Mn tetroxide (Mn(II/III), insoluble) (16).

Therefore, an adequate characterization of manganese in PM should involve determination

of oxidation states, as well as speciation.
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In this study we used XAS analysis to determine Mn speciation in ambient air samples

collected from five counties across the US: Sacramento (CA), Maricopa (AZ), Pinellas (FL),

Anoka (MN), and Harris (TX). The XAS spectra obtained allow the identification of Mn

species in PM samples containing low concentrations of Mn that have not been altered by

extraction techniques, the ability to distinguish between compounds of the same metal and

between different compounds with the same oxidation state, as well as a semi-quantitative

determination of oxidation states present in each sample. To our knowledge, this is one of

the few studies to describe Mn oxidation states and speciation in airborne PM, and the first

study to describe how these potentially important determinants of PM toxicity vary by

location in the US.

MATERIALS AND METHODS

Sample collection

Ambient PM samples were collected from multiple locations across the US as part of the

Johns Hopkins Particulate Matter Research Center (JHPMRC). Research conducted by the

JHPMRC was designed to explore the relationship between health effects and exposure to

ambient PM of differing composition. The sample locations chosen for PM collection were

identified by JHPMRC epidemiologists as representing higher or lower risk from PM

exposure. The rationale for the selection of the counties is explained in detail elsewhere (7,

11). Briefly, nation-wide mortality and Medicare hospitalization data were analyzed together

with PM data from EPA’s nationwide monitoring network to establish risks of mortality and

morbidity from PM by county. Based on this data, we selected counties with the highest and

lowest risks for cardiovascular and respiratory disease hospitalizations by region.

Ambient PM samples were collected using a high volume sequential cyclone system

(HVSCS), designed by Center researchers, that segregates ambient PM roughly into coarse

PM (between 3 and 10 μm) and fine PM (between 0.1 and 3 μm) fractions. The design and

operation of the HVSCS has been described in detail elsewhere (42). Briefly, this cyclone

system collects size fractioned PM in dry powder form. Each sample consists of between

300 and 1500 mg, which represent PM collected over a sampling period of 4 to 6 weeks.

The HVSCS collects PM using inertial forces and does not require collection media (e.g.

filters), removing any matrix effects associated with extracting PM from the media. PM was

removed weekly from the cyclone collection cup using a PVC spatula designed for the

purpose. The collected bulk PM was transferred to an amber glass vial and stored at 4 °C

under Argon until analysis. Sample portions were weighed using a Mettler Toledo T5

Microbalance (Mettler Toledo, Columbus OH). Samples were parsed out for chemical and

physical characterizations and later instillation in mouse toxicological studies. Although this

is an unusual sample of airborne PM, the technique has been successfully applied to PM

collected on different media such as impaction surfaces (22) and Teflon filters (23).

Samples represent five spatially and temporally different areas of the US. The areas and

dates of sample collection are shown in table 1. All PM samples except one were collected

in areas designated by the EPA as residential, away from obvious point or strong mobile

sources. Only the Anoka site was designated a commercial site, located at the edge of a

small airfield. Synchrotron analysis was performed directly on the dry bulk PM, without any

pretreatment or dissolution to avoid altering oxidation states. The results presented in this

manuscript were obtained from the fine fraction samples, which exclude crustal elements

and are likely to penetrate deep in the respiratory tract.
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Sample analysis

Total metal analysis (ICP-MS)—Total Mn analysis was conducted, using inductively

coupled plasma mass spectrometry (ICP-MS), to provide information on total Mn content of

each PM sample. Results of this analysis were used to inform the selection of XAS

beamlines. Five replicates of approximately 300 μg of PM were weighed using a Mettler

Toledo T5 Microbalance (Mettler Toledo, Columbus OH). PM was transferred from the vial

to a tared small square (1 cm × 1 cm) Kimwipe tissue (Kimberly Clark Professional, Dallas

TX) to reduce sample loss during transfer from the microbalance to the digestion vessel. The

entire Kimwipe square including the PM was then transferred to a 5 mL Teflon microwave

digestion vessel (Savillex Corporation, Eden Prairie MN). Samples were digested in HNO3

and HF (optima grade, Fisher Scientific, Columbia MD) using a Mars5 Xpress microwave

system (CEM Corporation, Matthews NC). NIST Standard Reference Materials (NIST,

Gaithersburg MD) SRM 2709 (agricultural soil) and SRM 1648a (urban particulate matter)

were analyzed to ensure accuracy and precision of the sample digestion method and handled

in the same manner as the PM samples. Reagent blanks for each batch included a small

square of Kimwipe.

ICP-MS analysis was performed using an Agilent 7500ce ICP-MS (Agilent Technologies,

Santa Clara CA). An internal standard, scandium, was added to each sample and calibration

standard to correct for internal drift. Duplicate 8-point calibration curves were generated for

each run. If values were within ± 5 % the run was allowed to proceed. Quantification was

done by external and internal standardization. The output was converted into a mass per unit

mass of PM and blank corrected. Results were adjusted based on the recovery efficiency of

either SRM1648a or 2709 ran in triplicate for each individual digest batch.

XAS analyses – Reference compounds and sample preparation—Ten reference

Mn compounds were analyzed for use as model spectra to assist interpretation of the PM

spectra (Figure 1). Standards were chosen based on their possible presence in the air and

their stability in an oxidizing environment. All reference compounds were purchased from

established chemical distributors (Fisher Scientific, Sigma-Aldrich and Pfaltz & Bauer).

Reference compounds included Mn0 foil, Mn(II) acetate, Mn(II) sulfate, Mn(II) oxide,

Mn(II) chloride, Mn(II) pyrophosphate, Mn(II) sulfide, Mn(III) oxide, and Mn(IV) oxide.

Solid or coarse standards were prepared for analysis by grinding with a mortar and pestle.

Once a fine powder had been obtained, a uniform thin layer of material was brushed onto a

piece of tape, which was then folded to ensure homogeneous powder distribution when

presenting in front of the X-ray beam.

The same procedure could not be used for the PM samples, since the vast majority of the

sample on the tape never interacts with the x-ray beam, thus wasting the limited amount of

PM that was collected from each site. Consequently, a sample holder was specifically

designed to minimize PM use and optimize sample exposure to the x-ray beam. The sample

holder consisted of a 50 × 50 mm square made from 1 mm thick acrylic in which a 10 × 1

mm slot has been cut to contain the bulk PM sample. To minimize losses due to static

electricity while PM sample was transferred into the slot, the sample holder was placed on

top of a Polonium-210 anti-static strip (2U500, NRD, LLC NY) covered with aluminum

foil. PM was transferred to the sample holder using an anti-static micro-spatula. Once the

PM sample was deposited in the slot, it was removed from the Po strip, and held in place

between 2 pieces of adhesive tape (Scotch Magic™, 3M. St. Paul, MN) taped to either side

of the slot. The new sample holder requires ca. 25 mg of bulk PM and presents a

homogeneous sample in front of the X-ray beam.
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XANES analysis of PM samples—Characterization of Mn in fine PM samples was

carried out using bulk Mn K-edge X-ray Absorption Near Edge Structure (XANES) at the

National Synchrotron Light Source (NSLS), at Brookhaven National Laboratory in New

York. XANES involves the analysis of energies immediately surrounding the absorption

edge and can give detailed information on oxidation states. Analysis of XANES allow for

the characterization of samples containing low concentrations of elements and for the

determination of the chemical structure and association of elements involved.

PM samples were analyzed at high resolution beamlines X19A and X11A, which are both

equipped with Si(111) double-crystal monochromators for energy selection, and 13-element

solid state Ge detectors especially suited for detecting low concentrations of metals. The

storage ring operated at 2.8 GeV at currents of ca. 250 mA. PM sample spectra were

recorded in fluorescence mode at a 45° angle to the incident beam; fluorescent intensity was

normalized to the intensity of the incident X-ray beam (Io). Spectra of a Mn metal foil were

collected concurrently with all samples and used for energy calibration and alignment.

Spectra were collected from 200 eV below to 900 eV above the Mn K-edge (6539 eV).

Three or four scan-region boundaries were defined; different step sizes were assigned to

each region, and counting time per step was varied between 0.5 and 8 seconds for optimized

signal/noise ratio in the region of most interest. Twelve to fifteen scans of each sample were

obtained to improve signal to noise ratio. The sample holder described above was optimized

for the dimensions of both beamlines (10 × 1 mm maximum). Due to limited beam time

availability, additional scans of some reference materials were repeated with an 8 element

detector at beamline X10C.

Statistical Analysis

Linear Combination Fitting—An average spectrum of each sample was composed of up

to fifteen scans to improve the signal/noise ratio. Data reduction of the XAS spectra

involved energy calibration, background subtraction and normalization. Analyses were

performed using linear combination fitting (LCF) with Athena software (43) within an

energy range of −20 eV below to +30eV above the edge. LCF is a method for the semi-

quantification of oxidation states (21, 44). LCF reconstructs the sample spectrum using a

combination of selected model spectra, and reports goodness of fit parameters (R-factor and

reduced χ2) along with the percent that each model contributes to the fit. The accuracy of

this method depends on how well the spectra of the chosen reference compounds represent

the components in the samples (43).

Every PM sample spectra was fitted to the maximum number of standard spectra; the

combination of standards that resulted in the best fit (smallest R-factor and reduced χ2) was

chosen as the most likely representation of the sample. Combination that explained less than

5% of the fit were not considered.

RESULTS

Total Metals Results

Total Mn concentrations analyzed by ICP-MS for each sample are reported in Table 1 and

Figure S1 in the supplementary information. Recovery of Mn from SRM standards was

within ± 25% of their certified concentrations of 0.790 ± 0.044 μg/mg for SRM 1648a

(mean recovery = 1.012 ± 0.016 μg/mg) and 0.538 μg/mg for SRM 2709 (mean recovery =

0.673 ± 0.16 μg/mg). All sample values were adjusted according to the SRM recovery in

each individual digest batch. Mn concentration in the five counties range from 0.020 μg/mg

(Pinellas) to 0.68 μg/mg (Maricopa).
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XANES Results

Spectra of the ten Mn reference compounds are shown in Figure 1. A visual review indicates

distinct spectral features for each Mn compound such as the small pre-edge peak for Mn(IV)

oxide, the large post-edge oscillation in Mn(II) carbonate, the taller peak in the near-edge

oscillation of Mn(II) acetate, and the distinct shift in energy between the absorption edges of

the different oxidation states (for example, Mn(II) compounds occurring before Mn(IV)

compounds).

Reduction and fitting of XANES spectra from the five samples and the NIST SRM 1648a

analyzed in this study are shown in Figure 2. The dotted lines in the figure represent the

LCF curves, which closely follow the original spectrum. The fact that they do not perfectly

match suggests that the standards available to construct each LCF curve do not fully explain

the sample spectra, and that small amounts of other Mn species may be present. Percent

contributions of each standard to the fits are shown in Figure 3

Differences in oxidation states and speciation between samples can be described from the

relative proportions obtained from the LCF curves (Figure 3). For example, our results

indicate that Mn(III) oxide predominates in the Pinellas FL sample (42%), contributes

significantly to Maricopa AZ and Harris TX samples (33% and 21% respectively),

constitutes a small percentage (8%) of the Anoka MN sample, and is absent from the

Sacramento sample. Mn(II) acetate is present in all 5 samples, contributing between 8 and

40% of the total Mn, and is the predominant species in Harris TX and Anoka MN with

~35%. The second most dominant form is Mn(II) oxide, which is also present in all our

samples, and has the smallest proportion in the Sacramento CA sample (8%). Mn (II)

pyrophosphate was found in Sacramento (21%), Maricopa AZ (48%) and Anoka MN (33%),

and was absent from Pinellas FL and Harris TX. Finally, Mn(II) sulfate was only present in

Sacramento CA (58%) and Harris TX (12%), and Mn(II) chloride was marginally present in

the samples from Pinellas FL (8%) and Maricopa AZ (7%).

Of the 5 county spectra, only samples from Pinellas (FL) and Maricopa (AZ) show the

presence of a doublet peak after the absorption edge (Figure 2). This doublet could not be

explained by our library of standards. Based on our standard data and on that reported in the

literature (45, 46) the second mode of the doublet likely coincides with the energy associated

with either presence of Mn(III) or Mn(IV) oxidation state, which is also consistent with

these two samples having more mineral/crustal inputs than the other samples as reflected by

their higher Mn, Ti and Al concentrations (Supporting information, Figure S1).

Finally, the NIST standard SRM1648a analyzed as part of our quality control measures was

in good agreement with that reported in the literature (47) (Figure S2 in supplementary

materials).

DISCUSSION

We were able to characterize manganese oxidation states and differentiate between

compounds contained in samples of ambient PM collected in five counties across the US.

The XAS spectra we obtained allow for the identification of Mn species in bulk samples of

fine PM that contain relatively low concentrations of Mn as compared to soil or mineral

samples typically analyzed via XANES spectra. Since our samples are composed of particles

smaller than 3 μm (42), soil re-suspension is not expected to have a major contribution, and

therefore the contribution of natural sources and crustal elements expected in our samples is

low, which might explain the absence of Mn(IV) compounds in our samples. On the other

hand, the fact that an unexplained doublet peak is present in the Maricopa, AZ and Pinellas,

FL sample spectra together with the observation that these two samples have higher crustal
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elements such as Mn, Ti and Al concentrations is consistent with these two samples having

more of a crustal influence; literature review (45, 46) also suggests the doublet might be

associated with Mn(IV) oxides which can be important in mineral and crustal sources.

However, a study of Asian samples impacted by resuspended dust (21) did not find any

evidence of Mn(IV) compounds in their samples.

Our results (Figure 3) indicate that Mn(II) oxide (MnO) is present in all samples (8% to 28%

of total Mn). MnO is a basic oxide that is insoluble in water but dissolves in acids. It is

readily assimilated by living organisms, which explains its use as a component of fertilizer

and feed additives. Many thousands of tons (49) are produced annually for this purpose (49).

It is also used in the production of specialty ceramics and glasses for electronic applications,

in ferrites and thermistors, and for making welding rod fluxes and high-purity Mn

chemicals, which likely explains our widespread findings.

The more reactive Mn(III) oxide (Mn2O3, insoluble) is used for the preparation of electronic

materials such as ceramic magnets and semiconductors (49). Mn(III) oxide was found in

relatively high proportions (21 – 42%) in Harris TX, Maricopa AZ and Pinellas FL samples,

contributes little to the Anoka MN sample (8%) and it was absent from the Sacramento CA

sample. It was the most dominant species in Pinellas FL, (42%) which is a major producer

of electronics components (50), as are Maricopa AZ (34%) and Harris TX (21%).

Mn(II) acetate is also present in all five samples, where it contributes between 8% and 40%

of the total Mn. It predominates in Harris TX and Anoka MN with ~35%. Mn(II) acetate

(soluble) is used as a desiccant and a catalyst in textile dying, feed additives, food

packaging, paints and varnishes, and as fertilizer (32, 50). The widespread use of Mn(II)

acetate in industry might explain our findings. Additionally, Mn acetate is expected to be

higher in places where there are significant sources of hydrocarbon emissions, which is the

case of Harris, and in our case Anoka, due to the proximity to the airport. The significant

proportion of acetates found in all our samples suggests that organic ligand-bound metals are

not easily oxidized, and can remain in PM even when sampled at high flow rates and for

extended periods of time.

Mn(II) pyrophosphate was found in Sacramento CA (21%), Maricopa AZ (48%) and Anoka

MN (33%) counties. Mn pyrophosphate (Mn2P2O7) compounds are used as catalysts,

reactants in ionic conditions, ceramic dye pigments, ionic conductors, and as superphosphate

fertilizers (51). The inorganic pigment known as manganese violet (a manganese ammonium

pyrophosphate complex) has nearly ubiquitous use in cosmetics and is also found in certain

paints (33). Sacramento, Maricopa and Anoka counties are all heavily industrialized (Table

1 and Table S1). Investigation into the possible sources of this compound is ongoing.

Mn(II) sulfate was the predominant species in the Sacramento CA sample (58%) and was

also present in Harris TX (13%). Mn(II) sulfate is commercially one of the most important

Mn products. It is the precursor to manganese metal production and other chemical

compounds such as fungicides and pigments (49), and Mn-deficient soil is remediated with

this salt. Additionally, some metals emitted from incinerators as chlorides can be

transformed to sulfate in the atmosphere in the presence of water and acid conditions (54).

California is one of the states with the largest number of manufacturing plants that use Mn

(33), which could help explain the Mn sulfate found in Sacramento county. The only other

sample with Mn(II) sulfate was Harris TX where it contributes 13% of total Mn. As a world

leader in petrochemical, chemical and metal manufacturing industries, the air in Harris TX

has many potential sources of Mn (Table 1S).

Mn(II) chloride was only marginally present in our Pinellas FL (8%) and Maricopa AZ (7%)

samples. Mn(II) chloride is mainly used in the production of dry cell batteries. It is also the
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precursor to the antiknock compound MMT (49). As mentioned before, metals emitted from

incinerators as chlorides, are transformed in the presence of water and acidity in the

atmosphere, where HCl can evaporate from the particles allowing for Cl- replacement by

sulfate, nitrate, or acetate. This might explain why we did not find an abundance of Mn(II)

chloride in our samples.

There are very few studies that we are aware of that have analyzed ambient PM for Mn

chemistry. For example, Wang et al., (29) sampled urban and agricultural areas in China,

and analyzed for Mn in PM10 and PM2.5 samples by comparing it to reference Mn(II) and

(IV) materials. By visual inspection of the spectra, Wang et al. concluded that Mn was

present in divalent form in their samples and from those two standards conclude that

probably sulfate and other compounds of divalent Mn are present. Ohta et al., (21) analyzed

Fe, Mn and Zn in 6-stage size-segregated PM from four cities across Asia to track airborne

transport of aeolian dust. They compared XAS spectra to one standard of each Mn valence

state (II, III, IV) and normalized by total Mn for the comparison. Ohta et al., found Mn(II)

and (III) in all their samples, with none containing Mn(IV). Differences in composition were

not analyzed in that study. Ressler et al., (53) sampled PM directly from the exhaust of

vehicles running with MMT-added gasoline, and found that Mn(IV) oxide, Mn(II) sulfate

and Mn(III) phosphate were the principal components of the exhaust, which vary in

proportion depending on vehicle, driving cycle and mileage accumulation. Further analysis

(20) revealed evidence of Mn species formation in the exhaust of vehicles. These last two

studies sampled PM at the vehicle’s exhaust and thus cannot be directly compared to our

results of ambient samples that may/probably have undergone photochemical modifications.

Other studies have applied XAS and LCF analysis to ambient PM samples focusing on

different elements. Majestic et al., (22) examined L-edge iron oxidation states in size-

fractionated PM samples collected from three US cities and showed that > 60% Fe was in

the form of Fe(II), and varied little among size fractions or with aging. Werner et al., (23)

used micro-XANES to speciate chromium in airborne PM2.5 from three sites in the

Sacramento Valley, and found that Cr(III) was the dominant form, with the more toxic

Cr(VI) found only in the most urban site; Cr(OH)3 and a Cr-Fe phase were found to be the

dominant species. Of the studies described above, Wang et al., (29) also analyzed for Cr, Cu

and Zn, and Ohta et al., (21) analyzed Fe, and Zn.

The spectra from the five county samples could not be fully reproduced with any

combination of the reference spectra that were included in the linear combination fits. This

indicates the presence of additional Mn species and compounds that cannot be conclusively

determined from the present analysis. Other Mn species that might be present in our samples

include birnessite, which is a by-product of potassium permanganate oxidation used in

chemical processes and water purification, Mn gluconate, used in pharmaceutical

production, as well as a small fraction of mineral aerosols, asphalt and cement, that could be

present in the smaller particle sizes of resuspended aerosols from vehicular traffic. We chose

standard compounds that are relevant to ambient aerosol and stable in an oxidizing

environment in order to account for as much of the spectra as possible.

This notwithstanding, results of the LCF analysis were satisfactory to describe differences in

composition between samples, and complement other speciation reported in the literature for

Mn characterization of ambient PM (21, 29).

It is possible that the oxidation of metals vary depending on the length of sampling and

meteorological conditions during sampling. Some ways this might happen is during periods

of high humidity, and post deliquescence oxidation by ozone, dissolved oxygen, or hydrogen

peroxide. In these cases, soluble Mn will likely become sulfate, nitrate or acetate (from
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small aldehyde oxidation) as fine particles age (54). This is a limitation of all integrated air

sampling studies in which samples are collected for extensive periods of time; we hope to

address this in the future by collecting samples side by side for different times to assess how

weather changes oxidation states of different metals.

Synchrotron-based analyses have been extensively applied in soil and mineral sciences, but

are only recently gaining widespread use in the study of particulate matter in ambient air. A

search of the literature returns only a handful of papers that are using XAS to analyze air

samples. Consequently, there is a need to define the best protocols for the collection of air

samples to be evaluated using XAS techniques, as well as to optimize analysis parameters

for different types of air samples. Some of the optimizations might include XAS analysis of

aqueous or acid leachate that would contain minor species to complement the LCF fits.

To our knowledge, this is the first study to demonstrate that there are large differences in the

contribution of Mn compounds to total Mn in samples collected from locations across the

US. For example, Mn acetate, although present in all samples, contributed more than 40% to

the Maricopa sample, and less than 10% to the Sacramento sample. Conversely, manganese

Oxide II contributed almost 60% to the Sacramento sample but was not found at all in

Pinellas, Maricopa or Anoka samples. Future studies will explore differences in other

elements, and how the oxidation of metals varies depending on the length of sampling and

atmospheric conditions. Differences in composition of the five counties sampled for this

study reflect regional variations in sources and atmospheric chemistry and may eventually

help explain differences in health effects found by epidemiological and toxicological

studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Although the research described in this article has been funded wholly or in part by the United States

Environmental Protection Agency through grant/cooperative agreement # RD - 83241701 to Dr. Patrick Breysse, it

has not been subjected to the Agency’s required peer and policy review and therefore does not necessarily reflect

the views of the Agency and no official endorsement should be inferred. We also acknowledge the support of

NIEHS P30 Centers at Johns Hopkins University (ES003819) and Columbia University (ES009089).

We would like to thank all local agencies and managers that made this work possible: John Williamson and Doug

Knowlton (SDE), Ken Lashbrook and John Ching (SMAQMD), Randy Redman (MAQD) and Ben Davis (ADEQ),

Rick Strassman (MPCA), Earle Wright and Marc Wooten (TCEQ), Thomas Stringfellow (PDEM), Larry Garrison

(LMAPCD), Darrell Stern (ACHD), David Wheeler and Mike Christopherson (NYDEC).

We also thank Diane Levy at Columbia University for data management assistance, Dr. Ganga Hettiarachchi of the

Department of Agronomy in Kansas State University for advice regarding Athena and LCF-quantification methods,

and Chandrika Mitra from Kansas State Plant Pathology for her invaluable help with the plots.

Use of the National Synchrotron Light Source, Brookhaven National Laboratory, was supported by the U.S.

Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-

AC02-98CH10886.

References

1. Pope CA, Young B, Dockery D. Health effects of fine particulate air pollution: lines that connect. J

Air Waste Manage Assoc. 2006; 56:709–742.

2. Samet J, Krewski D. Health effects associated with exposure to ambient air pollution. J Toxicol

Environ Health, A: Curr Iss. 2007; 70:227–242.

Datta et al. Page 9

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



3. Dockery DW. Health effects of particulate air pollution. Ann Epidemiol. 2009; 19:257–263.

[PubMed: 19344865]

4. NRC (National Research Council). Committee on Research Priorities for Airborne Particulate

Matter. Research Priorities for Airborne Particulate Matter: IV Continuing Research Progress.

National Academies Press; Washington DC: 2004.

5. Samet JM, Dominici F, Curriero FC, Coursac I, Zeger SL. Fine particulate air pollution and

mortality in 20 US cities, 1987–1994. N Engl J Med. 2000; 343:1742. [PubMed: 11114312]

6. Dominici F, Peng RD, Ebisu K, Zeger SL, Samet JM, Bell ML. Does the effect of PM10 on

mortality depend on PM nickel and vanadium content? A reanalysis of the NMMAPS data. Environ

Health Perspect. 2007; 115:1701. [PubMed: 18087586]

7. Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, Samet JM. Fine particulate air

pollution and hospital admission for cardiovascular and respiratory diseases. JAMA. 2006;

295:1127–1134. [PubMed: 16522832]

8. Hopke PK. The use of source apportionment for air quality management and health assessments. J

Toxicol Environ Health A. 2008; 71:555–563. [PubMed: 18569626]

9. Moreno T, Querol X, Alastuey A, Gibbons W. Identification of chemical tracers in the

characterisation and source apportionment of inhalable inorganic airborne particles: an overview.

Biomarkers. 2009; 14:17–22. [PubMed: 19604053]

10. Han I, Ramos-Bonilla JP, Rule AM, Mihalic JN, Polyak LM, Breysse PN, Geyh AS. Comparison

of Spatial and Temporal Variations in p-PAH, BC, and p-PAH/BC Ratio in Six US Counties.

Atmos Environ. 2011; 54:7644–7652.

11. Bell ML, Ebisu K, Peng RD, Samet JM, Dominici F. Hospital admissions and chemical

composition of fine particle air pollution. Am J Respir Crit Care Med. 2009; 179:1115–1120.

[PubMed: 19299499]

12. Chen LC, Lippmann M. Effects of metals within ambient air particulate matter (PM) on human

health. Inhal Toxicol. 2009; 21:1–31. [PubMed: 18803063]

13. Bollati V, Marinelli B, Apostoli P, Bonzini M, Nordio F, Hoxha M, Pegoraro V, Motta V,

Tarantini L, Cantone L, Schwartz J, Bertazzi PA, Baccarelli A. Exposure to Metal-rich Particulate

Matter Modifies the Expression of Candidate MicroRNAs in Peripheral Blood Leukocytes.

Environ Health Perspect. 2010; 118(6):763–768. [PubMed: 20061215]

14. Merolla L, Richards RJ. In vitro effects of water-soluble metals present in UK particulate matter.

Exp Lung Res. 2005; 31:671–683. [PubMed: 16203622]

15. Normandin L, Ann Beaupre L, Salehi F, St-Pierre A, Kennedy G, Mergler D, Butterworth RF,

Philippe S, Zayed J. Manganese distribution in the brain and neurobehavioral changes following

inhalation exposure of rats to three chemical forms of manganese. Neurotoxicology. 2004;

25:433–441. [PubMed: 15019306]

16. Dorman DC, Struve MF, James RA, Marshall MW, Parkinson CU, Wong BA. Influence of particle

solubility on the delivery of inhaled manganese to the rat brain: manganese sulfate and manganese

tetroxide pharmacokinetics following repeated (14-day) exposure. Toxicol Appl Pharmacol. 2001;

170:79–87. [PubMed: 11162771]

17. Bagchi D, Stohs SJ, Downs BW, Bagchi M, Preuss HG. Cytotoxicity and oxidative mechanisms of

different forms of chromium. Toxicology. 2002; 180:5–22. [PubMed: 12324196]

18. Holmes P, James KAF, Levy LS. Is low-level environmental mercury exposure of concern to

human health? Sci Total Environ. 2009; 408:171–182. [PubMed: 19850321]

19. Singh, B.; Gräfe, M. Synchrotron-based techniques in soils and sediments. Vol. 34. Elsevier

Science; 2010.

20. Molders N, Schilling PJ, Wong J, Roos JW, Smith IL. X-ray fluorescence mapping and micro-

XANES spectroscopic characterization of exhaust particulates emitted from auto engines burning

MMT-added gasoline. Environ Sci Technol. 2001; 35:3122–3129. [PubMed: 11505987]

21. Ohta A, Tsuno H, Kagi H, Kanai Y, Nomura M, Zhang R, Terashima S, Imai N. Chemical

compositions and XANES speciations of Fe, Mn and Zn from aerosols collected in China and

Japan during dust events. Geochem J. 2006; 40:363–376.

22. Majestic BJ, Schauer JJ, Shafer MM. Application of synchrotron radiation for measurement of iron

red-ox speciation in atmospherically processed aerosols. Atmos Chem Phys. 2007; 7:2475–2487.

Datta et al. Page 10

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



23. Werner ML, Nico PS, Marcus MA, Anastasio C. Use of micro-XANES to speciate chromium in

airborne fine particles in the Sacramento Valley. Environ Sci Technol. 2007; 41:4919–4924.

[PubMed: 17711203]

24. Schroth AW, Crusius J, Sholkovitz ER, Bostick BC. Iron solubility driven by speciation in dust

sources to the ocean. Nature Geoscience. 2009; 2:337–340.

25. Elzinga EJ, Gao Y, Fitts J, Tappero R. Iron speciation in urban dust. Atmospheric Environment.

2011; 45:5428–4532.

26. Pattanaik S, Huggins FE, Huffman GP, Linak WP, Millers CA. XAFS Studies of Nickel and Sulfur

Speciation in Residual Oil Fly-Ash Particulate Matters (ROFA PM). Environ Sci Technol. 2007;

41:1104–1110. [PubMed: 17593706]

27. Shoji T, Huggins FE, Huffman GP, Linak WP, Miller CA. XAFS spectroscopy analysis of selected

elements in fine particulate matter derived from coal combustion. Energy Fuels. 2002; 16:325–

329.

28. Mölders N, Schilling PJ, Wong J, Roos JW, Smith IL. X-ray fluorescence mapping and micro-

XANES spectroscopic characterization of exhaust particulates emitted from auto engines burning

MMT-added gasoline. Environ Sci Technol. 2001; 35:3122–3129. [PubMed: 11505987]

29. Wang Y, Li A, Zhan Y, Wei L, Li Y, Zhang G, Xie Y, Zhang J, Zhang Y, Shan Z. Speciation of

elements in atmospheric particulate matter by XANES. J Radioanal Nucl. 2007; 273:247–251.

30. Aschner M, Guilarte TR, Schneider JS, Zheng W. Manganese: recent advances in understanding its

transport and neurotoxicity. Toxicol Appl Pharmacol. 2007; 221:131–147. [PubMed: 17466353]

31. Aschner M, Erikson KM, Dorman DC. Manganese dosimetry: species differences and implications

for neurotoxicity. CRC Crit Rev Toxicol. 2005; 35:1–32.

32. Kabata-Pendias, A.; Pendias, H. Trace elements in soils and plants. 4. CRC; Boca Raton, FL: 2001.

33. ATSDR (Agency for Toxic Substances and Disease Registry). Toxicological Profile for

Manganese. Draft for Public Comment. 2008 CAS# 7439-96-5.

34. Hinds, WC. Aerosol Technology - Properties, Behavior and measurement of Airborne Particles.

John Wiley & Sons, Inc; New York: 1999.

35. Pfeifer G, Harrison R, Lynam D. Personal exposures to airborne metals in London taxi drivers and

office workers in 1995 and 1996. Sci Total Environ. 1999; 235:253–260. [PubMed: 10535124]

36. Crump KS. Manganese exposures in Toronto during use of the gasoline additive,

methylcyclopentadienyl manganese tricarbonyl. J Expo Anal Environ Epidemiol. 2000; 10:227–

239. [PubMed: 10910116]

37. Chillrud SN, Epstein D, Ross JM, Sax SN, Pederson D, Spengler JD, Kinney PL. Elevated airborne

exposures of teenagers to manganese, chromium, and iron from steel dust and New York City’s

subway system. Environ Sci Technol. 2004; 38:732–737. [PubMed: 14968857]

38. Grass DS, Ross JM, Family F, Barbour J, James Simpson H, Coulibaly D, Hernandez J, Chen Y,

Slavkovich V, Li Y. Airborne particulate metals in the New York City subway: A pilot study to

assess the potential for health impacts. Environ Res. 2010; 110:1–11. [PubMed: 19926083]

39. Weast, RC. Chemical Rubber Company. CRC Handbook of Chemistry and Physics. CRC press;

Boca Raton, FL: 1988.

40. Reaney SH, Kwik-Uribe CL, Smith DR. Manganese oxidation state and its implications for

toxicity. Chem Res Toxicol. 2002; 15:1119–1126. [PubMed: 12230404]

41. Vitarella D, Wong BA, Moss OR, Dorman DC. Pharmacokinetics of inhaled manganese phosphate

in male Sprague-Dawley rats following subacute (14-day) exposure. Toxicol Appl Pharmacol.

2000; 163:279–285. [PubMed: 10702367]

42. Rule AM, Geyh AS, Ramos-Bonilla JP, Mihalic JN, Margulies JD, Polyak LM, Kesavan J,

Breysse PN. Design and characterization of a sequential cyclone system for the collection of bulk

particulate matter. J Environ Monit. 2010; 12:1807–1814. [PubMed: 20676427]

43. Ravel B, Newville M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption

spectroscopy using IFEFFIT. Journal of Synchrotron Radiation. 2005; 12:537–541. [PubMed:

15968136]

44. Shah P, Strezov V, Stevanov C, Nelson PF. Speciation of Arsenic and Selenium in Coal

Combustion Products. Energy & Fuels. 2007; 21:506–512.

Datta et al. Page 11

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



45. Ressler T, Wong J, Roos J. Manganese speciation in exhaust particulates of automobiles using

MMT-containing gasoline. Journal of Synchrotron Radiation. 1999; 6:656–658. [PubMed:

15263413]

46. Hettiarachchi GM, McLaughlin MJ, Scheckel KG, Chittleborough DJ, Newville M, Sutton S,

Lombi E. Evidence for different reaction pathways for liquid and granular micronutrients in a

calcareous soil. Soil Sci Soc Am J. 2008; 72:98.

47. Huggins FE, Huffman GP, Robertson JD. Speciation of elements in NIST particulate matter SRMs

1648 and 1650. J Hazard Mater. 2000; 74:1–23. [PubMed: 10781714]

48. Han I, Mihalic JN, Ramos-Bonilla J, Rule AM, Polyak LM, Peng RD, Breysse PN*, Geyh AS.

Assessment of Heterogeneity of Metal Composition of Fine Particulate Matter Collected From

Eight US Counties using Principal Component Analysis. Journal of the Air and Waste

Management Association. in press.

49. Reidies, AH. Manganese compounds. In: , editor. Ullmann’s Encyclopedia of Industrial Chemistry.

6. Vol. 20. Wiley-VCH; Weinheim: 2002. p. 543-564.

50. Advameg, I. City-data: Economy. 2011. http://www.city-data.com/

51. Boonchom B, Baitahe R. Synthesis and characterization of nanocrystalline manganese

pyrophosphate Mn2P2O7. Mater Lett. 2009; 63:2218–2220.

52. Howe, P.; Malcolm, H. Manganese and its compounds: environmental aspects. WHO; 2004.

53. Ressler T, Wong J, Roos J, Smith IL. Quantitative speciation of Mn-bearing particulates emitted

from autos burning (methylcyclopentadienyl) manganese tricarbonyl-added gasolines using

XANES spectroscopy. Environ Sci Technol. 2000; 34:950–958.

Datta et al. Page 12

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www.city-data.com/


Figure 1.
Spectra of the 10 reference standard materials used for linear combination fitting (LCF)

analysis. Individual spectra are offset for presentation purposes.
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Figure 2.
Sample spectrum and linear combination fitting of each of the samples from five counties

and SRM 1648a, along with R-factor and Reduced Chi-Square values for individual fit.

Refer to figure 3 for percent contribution of each standard spectrum to each of the fits.
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Figure 3.
Percent contributions of each standard spectrum to the fit obtained for the five counties and

SRM 1648a, obtained from LCF analysis.
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