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Abstract 29 

Water-soluble redox-active metals are potentially toxic due to the ability to catalytically generate 30 

reactive oxygen species (ROS) in vivo, leading to oxidative stress. As part of the Southeastern 31 

Center for Air Pollution and Epidemiology (SCAPE), we developed a method to quantify water-32 

soluble elements, including redox-active metals, from a large number of filter samples (N = 530) 33 

in support of the Center’s health studies. PM2.5 samples were collected during 2012-2013 at 34 

various sites (three urban, two rural, a near-road, and a road-side site) in the Southeastern United 35 

States, using high-volume samplers. Water-soluble elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, 36 

Se, Br, Sr, Ba, and Pb) were determined by extracting filters in deionized water and re-37 

aerosolized for analyses by X-ray fluorescence (XRF) using an online aerosol element analyzer 38 

(Xact, Cooper Environmental). Concentrations ranged from detection limits (nominally 0.1 to 30 39 

ng/m3) to 1.2 µg/m3, with S as the most abundant element, followed by Ca, K, Fe, Cu, Zn, and 40 

Ba. Positive Matrix Factorization (PMF) identified four factors that were associated with specific 41 

sources based on relative loadings of various tracers. These include: brake/tire wear (with tracers 42 

Ba and Cu); biomass burning (K); secondary formation (S, Se, and WSOC); and mineral dust 43 

(Ca). Of the four potentially toxic and relatively abundant metals (redox active Cu, Mn, Fe, and 44 

redox-inactive Zn), 51% of Cu, 32% of Fe, 17% of Mn, and 45% of Zn, were associated with the 45 

brake/tire factor. Mn was mostly associated with the mineral dust factor (45%). Zn was found in 46 

a mixture of factors, with 26% associated with mineral dust, 14% biomass burning, and 13% 47 

secondary formation. Roughly 50% of Fe and 40% of Cu was apportioned to the secondary 48 

formation factor, likely through increases in the soluble fraction of these elements by sulfur-49 

driven aerosol water and acidity. Linkages between sulfate and water-soluble Fe and Cu may 50 

account for some of the past observed associations between sulfate/sulfur oxide and health 51 

outcomes. For Cu, Mn, Fe, and Zn, only Fe was correlated with PM2.5 mass (r = 0.73-0.80). 52 

Overall, mobile source emissions generated through mechanical processes (re-entrained road 53 

dust, tire and break wear) and processing by secondary sulfate were major contributors to water-54 

soluble metals known to be capable of generating ROS. 55 

 56 

Key Words: water-soluble metals; tire/brake wear; redox-active metals  57 
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1. Introduction 58 

Many fine particle (PM2.5) chemical components have been reported as potential contributors to 59 

particle toxicity that can lead to various adverse health endpoints, including secondary sulfates 60 

(Atkinson et al., 2010; Maynard et al., 2007; Pope et al., 2002), elemental carbon (Kleinman et 61 

al., 2007; Brunekreef et al., 1997), metals (Gasser et al., 2009; Burchiel et al., 2005; Pope et al., 62 

2002; Burnett et al., 2000), organic carbon (Kleinman et al., 2007; Nel et al., 2001), semi-volatile 63 

organic species (Seagrave et al., 2005; Seagrave et al., 2002), and polycyclic aromatic 64 

hydrocarbons (PAHs) (Lundstedt et al., 2007; Burchiel et al., 2005). Identifying the components 65 

of aerosols that are responsible for health effects provides a means for effective air quality 66 

mitigation by controlling specific sources. 67 

Metals are known to exert pro-oxidant and pro-inflammatory effect in the respiratory system 68 

(Cho et al., 2011; Li et al., 2010), and the water-soluble fraction of metals are of special interest 69 

as they are more bioavailable (Heal et al., 2005; Shi et al., 2003) and may have higher risk 70 

potential. For example, a study with concentrated ambient particles (CAPS) associated 71 

inflammatory endpoints (pulmonary and hematological responses) to water-soluble Fe/Se/S and 72 

Cu/Zn/V factors (Huang et al., 2003). Another CAPS study found that the plasma fibrinogen 73 

levels (a coronary risk indicator) in spontaneously hypertensive rats were better correlated with 74 

water-soluble metals (especially Zn) than total PM mass (Kodavanti et al., 2005). PM2.5 water-75 

soluble metals were found to be significantly associated with small reductions in birth weight 76 

(Darrow et al., 2011) and daily preterm birth rates (Darrow et al., 2009) in an Atlanta, GA, study.  77 

Water-soluble transition metals toxicity may be due to their ability to generate free radicals, for 78 

example, via redox cycling with biological reductants (Chevion, 1988; Stohs and Bagchi, 1995). 79 

Transition metals have varying oxidation states, thus metals, especially Fe and Cu, can act as a 80 

catalyst for the reactions, e.g. Fenton reaction that convert hydrogen peroxide to the more toxic 81 

hydroxyl radicals (Liochev and Fridovich, 2002; Stohs and Bagchi, 1995). Metal-mediated 82 

formation of free radicals may lead to DNA modifications, enhanced lipid peroxidation, and 83 

altered calcium and sulfhydryl homeostasis (Valko et al., 2005). Water-soluble transition metals 84 

have been identified as the potential contributors to reactive oxygen species (ROS) production by 85 

different ROS probes such as the DTT (dithiothreitol) (Charrier and Anastasio, 2012), AA 86 

(Ascorbate Acid) (Strak et al., 2012; Fang et al., in prep), and macrophage (Saffari et al., 2014; 87 

Verma et al., 2010) assays. 88 

Since most metals in PM have low’ solubilities (e.g., Zn ~50%; Cu and Mn 10-40%; Fe <10%) 89 

(Birmili et al., 2006; Espinosa et al., 2002), total element concentrations may not represent the 90 

roles of redox-active metals’ potential effects on human health. The objective of this work, 91 

within the framework of the Southeastern Center for Air Pollution & Epidemiology (SCAPE) 92 

study, was to provide a reliable measurement of PM2.5 water-soluble element concentrations 93 

from filter samples collected at seven sites in the Southeastern U.S. that represent different 94 

degrees of anthropogenic and traffic influence. A cost effective and automated method was 95 
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required since over 500 filters were available for analyses. The resulting unique large and 96 

comprehensive dataset allowed for robust statistical analyses and has informed studies on 97 

particle ROS generating activities based on the DTT (Verma et al., 2015; Verma et al., 2014) and 98 

AA assays (Fang et al., in prep). The data have provided new insights into the health effects of 99 

particulate water-soluble metals. This work focuses on a description of the measurement 100 

techniques, discussion on the spatio-temporal distribution, and source apportionment of water-101 

soluble elements, with a specific focus on four important health-related water-soluble metals (Fe, 102 

Cu, Mn, and Zn). 103 

2. Methods 104 

The present work involves measuring water-soluble elements from filter extracts by re-105 

aerosolizing the extract and sampling with an online X-ray fluorescence (XRF) instrument. The 106 

ambient mass concentrations of the following water-soluble elements were quantified: S (Sulfur), 107 

Ca (Calcium), K (Potassium), Fe (Iron), Cu (Copper), Zn (Zinc), Ba (Barium), Pb (Lead), As 108 

(Arsenic), Sr (Strontium), Se (Selenium), Br (Bromine), Mn (Manganese), and Ti (Titanium). S is 109 

also included in the discussion since it is a source indicator for secondary processing. 110 

2.1. Sampling sites and filter preparation 111 

2.1.1. Sampling sites 112 

As part of the SCAPE study, 23-h integrated PM2.5 samples were collected on pre-baked (max 113 

temperature: 550 °C, time ramp: 3.5 h) quartz filters (Pallflex® Tissuquartz™, 8 × 10 inches) 114 

from noon to 11am the following day with high-volume samplers (Hi-Vol) (Thermo Anderson, 115 

flow rate normally 1.13 m3 min−1) in Atlanta, GA, Birmingham and Centerville, AL, and East St. 116 

Louis, IL. The sites were: 117 

1) Jefferson Street, GA (JST), a central site representative of the Atlanta urban environment, 118 

also a stationary site in this study where one Hi-Vol sampler was operated for most of the 119 

study period; 120 

2) Yorkville, GA (YRK), a rural environment, situated in an agricultural region located 121 

approximately 70 km west of JST; 122 

3) Road side, GA (RS), adjacent to an interstate highway (I75/85) in midtown Atlanta; 123 

4) Georgia Tech, GA (GT), a rooftop site on Georgia Tech campus, roughly 30 m above 124 

ground level, 840 m from the RS site, providing an intermediate location between RS and 125 

the central urban site (JST); 126 

5) Birmingham, AL (BHM), an urban site within a few kilometers of significant 127 

transportation and industrial sources; 128 

6) Centerville, AL (CTR), the rural pair of BHM, surrounded by forests and a lightly 129 

traveled rural road;  130 
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7) East St. Louis, IL (Sauvain et al., 2008), an urban residential/light commercial area 131 

approximately 3 km east of the central business district of St. Louis, MO. 132 

JST, YRK, BHM, and CTR are all part of the Southeastern Aerosol Research and 133 

Characterization Study (SEARCH) network sites (Hansen et al., 2003). The sampling approach 134 

involved paired simultaneous measurements: one high-volume sampler always at JST and the 135 

other sampler moved among RS, GT and YRK on a monthly basis, during different seasons. 136 

Paired sampling at BHM and CTR was also undertaken for a month and coincided with the 137 

Southern Oxidant and Aerosol Study (SOAS). Detailed sampling schedule and map can be found 138 

in the Supplement (Table S1 & Fig. S1). Samples were collected from June 2012 to September 139 

2013. In November 2012, two Hi-Vol samplers were co-located at JST for side-by-side 140 

comparisons. A total of 530 filters were collected as part of the study. In all cases, collected filter 141 

samples were immediately wrapped in prebaked aluminum foil and stored at -18 °C until 142 

analyzed.  143 

2.1.2. Filter preparation 144 

Four punches of the Hi-Vol filter (5.07 cm2 each) were extracted in 15 mL of deionized (DI) 145 

water (> 18 MΩ cm−1) in a sterile polypropylene centrifuge tube (VWR International LLC, 146 

Suwanee, GA, USA) by sonication (Ultrasonic Cleanser, VWR International LLC, West Chester, 147 

PA, USA) for half an hour. Extracts were then filtered using PTFE 0.45 µm syringe filters 148 

(FisherbrandTM) to remove insoluble material. 120 µL of high purity HNO3 (OmniTrace® Ultra 149 

Nitric Acid, 67 - 70%, EMD Millipore Corporation, Billerica, MA, USA) was then added to 6 150 

mL of the extract (resulting pH ≈ 0.7) to ensure the suspension of all dissolved metals, and were 151 

then transferred to a 5 mL DIONEX auto-sampler vial (PolyVialTM, Thermo Scientific). Some 152 

insoluble elements that are smaller than 0.45 µm diameter can be included in the water-soluble 153 

fractions defined by this method. It is also noted that water-soluble element concentrations are 154 

operationally defined by the extraction method, and may differ from how elements are dissolved 155 

in vivo.  156 

2.2. Methods for measuring water-soluble element concentration 157 

A XactTM 625 automated multi-metals monitor (Cooper Environmental, OR, USA) was used to 158 

measure the concentration of elements in the liquid samples. The Xact collects particles on a 159 

reel-to-reel (RTR) Teflon filter tape, sampling at 16.7 L min-1 for a user selected time interval 160 

(30 minutes in this case), resulting in a concentrated PM spot on the tape. After the preset 161 

sampling interval, the tape is automatically advanced, positioning the PM spot for nondestructive 162 

X-ray fluorescence (XRF) analyses to quantify the mass of multiple elements. At the same time, 163 

the next sampling is initiated on a fresh tape spot. XRF response is calibrated using a series of 164 

metal film standards on B36 mount nucleopore membranes (Nano XRF, Fort Worth, TX, USA), 165 

including appropriate interference element analytes. With each sample, the Xact also includes a 166 
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measurement of pure palladium as an internal standard to automatically adjust the detector 167 

energy gain. 168 

To introduce water-soluble metals from filter extracts in Xact, a computer-controlled auto-169 

sampling system was set up using a Dionex autosampler, a multiport injection valve and a 170 

continuous flow nebulizer so that sampling and analysis could be performed continuously, 171 

except during daily automated quality assurance checks (~1 hour). A schematic diagram of the 172 

overall system is shown in Fig. 1. At “Load” position, liquid sample (at least 6 mL) was loaded 173 

by a DIONEX automated sampler (AS40, DIONEX Corporation, Sunnyvale, CA, USA) through 174 

a SelectPro two-position fluid processor valve (Alltech, Deerfield, IL, USA) to a 5 mL PEEK 175 

sample loop (Upchurch Scientific, Inc., Oak Harbor, WA). After 2.5 minutes, at which point the 176 

sample loop had been completely filled with extract liquid from the Dionex autosampler, the 177 

valve was switched to the “Inject” position and all 5 mL of sample injected to an ultrasonic 178 

nebulizer (CETAC U5000 AT+, CETAC Technologies, Omaha, NE, USA) via a carrier DI flow 179 

of 0.42 mL min-1 (DI1, Fig.1) propelled by a peristaltic pump (Ismatec, Cole-Parmer Instrument 180 

Company, Vernon Hills, IL, USA). In the continuous flow ultrasonic nebulizer, liquid sample 181 

was converted to a fine aerosol spray and directed by filtered carrier room air of 1.62 L min-1 182 

through an evaporator at 136 °C followed by a condenser at 3°C. The dry aerosolized sample 183 

was neutralized by a Kr-85 (Model 3077A, TSI) ion source and then mixed with clean filtered 184 

(Pall HEPA Capsule) make-up air drawn into the Xact and through the filter tape by the Xact’s 185 

flow control system. After 14 minutes, at which point all sample in the sample loop had been 186 

transferred to the Xact filter tape, the system switched to “Load” position again, and DI water 187 

with HNO3 (final concentration = 2%) was loaded onto the sample loop (2.5 min), after which 188 

the system switched to “Inject” position again, and the 2% HNO3 was directed to the nebulizer 189 

and the Xact. This cycle was performed to wash off any metal residuals in the liquid system. 190 

After 11 minutes, the filter tape was automatically advanced to a position where total mass for 191 

each element from the sample was measured by XRF analysis. At the same time, the system 192 

repeated the process for measuring the next sample (i.e., load sample-inject sample-load 2% 193 

HNO3-inject 2% HNO3, 2.5min-14min-2.5min-11min cycle). To further ensure no carry-over 194 

between samples, a faster DI flow (DI2, 2.09 mL min-1
, Fig.1) was used for flushing while the 195 

SelectPro valve was at the “Load” position. Inserting 2% HNO3 between samples was found to 196 

be an effective method to eliminate carry-over between samples (Figure S2, Supplement). 197 

The final ambient concentration of each element was calculated as follows: 198 

𝐶𝑎 =
(𝐶𝑠𝑎𝑚𝑝𝑙𝑒𝑉𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑏𝑙𝑎𝑛𝑘𝑉𝑏𝑙𝑎𝑛𝑘)

𝑚
×

15𝑚𝐿 
𝐴𝑓𝑖𝑙𝑡𝑒𝑟

𝐴𝑝𝑢𝑛𝑐ℎ𝑒𝑠

5𝑚𝐿 × 𝑄 𝑡
     (1), 199 

where Ca is the specific element ambient concentration (ng m-3); Csample (Cblank) and Vsample 200 

(Vblank) are the concentration of element (ng m-3) and volume of air (m3) drawn through the filter 201 

tape for sample (blank), respectively, both reported by the XRF in the 30-min sampling time. 15 202 
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mL is the volume of DI water used for the filter extraction and 5 mL is the sample liquid volume 203 

loaded to the Xact. Afilter is the total particle collection area of the Hi-Vol filter (m2) and Apunches
 204 

is the area used for this analysis (m2). Q is the Hi-Vol sampling flow rate (~1.13 m3 min-1) and t 205 

is the sampling duration (min). m is the calibration factor determined by multiple external 206 

element standard solutions, discussed below (section 2.3).  207 

A similar automated system with the DIONEX sampler, SelectPro valve, and a peristaltic pump 208 

was also used to measure water-soluble organic carbon (WSOC) on the extracts from the same 209 

Hi-vol filters. Filter extracts (~6mL) that had been loaded into a 5 mL sample loop, were first 210 

passed through a 1 m Liquid Wave-guide Capillary Cell (LWCC-M-100; World Precision 211 

Instruments, Inc., FL, USA), where absorbance at 365 nm wavelength (BrC) was measured (not 212 

included in this work). The extracts then entered a TOC analyzer (Sievers Model 900, GE 213 

Analytical Instruments, Boulder, CO, USA) for determining WSOC concentration (Sullivan et 214 

al., 2006). 215 

2.3. Calibration 216 

Multiple element-ion standard stock solutions [(NH4)2SO4, CaCl2, (NH4)2Fe(SO4)2, CuSO4, 217 

ZnCl2, and MnCl2] were prepared by dissolving powders in DI water with HNO3 (2% final 218 

concentration) and stored in a refrigerator (T = 4°C). CuSO4 and (NH4)2Fe(SO4)2 were obtained 219 

from Sigma-Aldrich; CaCl2 , MnCl2, and ZnCl2 were obtained from Alfa Aesar; (NH4)2SO4 was 220 

from Fisher Scientific. Final standard solutions were diluted from stock (20-200 times dilution), 221 

2% HNO3 added, transferred to DIONEX vials, and ran through the same system as described 222 

above. 223 

Figure 2 shows the system calibration using serial dilutions of multiple element-ion standards. 224 

Linear regression yielded r2 larger than 0.98 for all cases and similar slopes (0.47-0.60), 225 

indicating that the nebulizer efficiency and other losses in the system were not dependent on the 226 

specific element. Slopes from measured mass versus calculated mass of element-ion standard 227 

solutions for all standards were averaged and used as the calibration factor (m= 0.53 ± 0.05 in 228 

Eq. 1) to interpret all elements in samples. The intercepts were not included in the final ambient 229 

concentration calculation (Eq. 1) since the intercept of sample and blank cancel out after blank 230 

subtraction. The standards were made in the range of typical sample concentrations and the 231 

intercepts were negligible (<2% of typical ambient levels). One standard ion solution was 232 

measured for every five filter samples and the coefficients of variation [CV, calculated as 233 

standard deviation (σ) /mean, %] were less than 10% throughout the analyses of all filters, 234 

indicating that the system was capable of stable and reproducible operation. 235 

2.4. Blanks, LOD and uncertainties 236 

The limits of detection (LOD) based on blank levels obtained from Hi-Vol filter blanks (N>40), 237 

and various uncertainties, as well as overall uncertainties for all elements are given in Table 1. 238 
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The concentration of blanks was calculated using Eq.1 assuming 23-h sampling at 1.13 m3 min−1 239 

and LOD was determined by three times the standard deviations of blanks. Values below LOD 240 

for S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb were assigned as half of LOD values 241 

in all the statistical analyses below. Other elements detected by the Xact, such as Sc (Scandium), 242 

V (Vanadium), Cr (Chromium), Co (Cobalt), Ni (Nickel), Ge (Germanium), Rb (Rubidium), Ag 243 

(Silver), Cd (Cadmium), and Hg (Mercury), for which >50% of aerosol samples were below the 244 

detection limits, are not included in the table or subsequent discussion. Calculation of 245 

uncertainties are discussed in section 2.5. For most elements, overall uncertainties are less than 246 

20%. Ti, Sr, and Cu have the highest uncertainties of 28%, 25%, and 25%, respectively. 247 

2.5. Source apportionment 248 

A source apportionment analysis was performed with Positive Matrix Factorization (PMF) 249 

(Paatero and Tapper, 1994) using EPA PMF 5.0 software. PMF analysis was applied on the 250 

combined data from JST (summer, fall, winter 2012, and spring 2013), GT (fall, winter 2012, 251 

and fall 2013), and RS (winter 2013 and fall 2013) (total N=299). Although the road-side site 252 

generally has higher levels of metals than the urban site (JST) and near-road site (GT) (discussed 253 

in section 3.2.2), merging RS data with JST and GT in the analysis did not alter the PMF 254 

solutions substantially (factor profiles and source contributions), but the larger number of input 255 

data resulted in a more robust PMF solution. 14 elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, 256 

Br, Sr, Ba, and Pb) and WSOC were run in the model with Ti and As categorized as weak 257 

species (low S/N signals). The concentrations, together with the uncertainties, were used as the 258 

input for PMF runs. Missing data were replaced by species median with 400% uncertainty and 259 

values below LOD were assigned as half of LOD values with uncertainties of 5/6 the 260 

concentration (Polissar et al., 1998). For other data, uncertainties for each species were 261 

determined by multiplying the concentration by overall uncertainties (%). Overall uncertainty 262 

was calculated from the sum of square of various uncertainties including filter sampling (5%), 263 

extraction (5%), blanks (1 σ of multiple blanks, 2-15% depending on species), calibration  (1 σ 264 

of slope, 10%), and analytical uncertainty. The analytical uncertainty for elements was obtained 265 

by analyzing the same sample, a composite of extracts from 11 selected road-side samples 20 266 

times and calculating the coefficient of variation (CV, %). The measured uncertainty for each 267 

element, based on two side-by-side Hi-Vol samplers at JST, was also included in the overall 268 

uncertainty. This was done because the calculated uncertainties for some elements (e.g., Cu and 269 

Sr) are much smaller than the measured uncertainties from collocated measurements (Table 1). 270 

By combining two uncertainties, the uncertainties for all elements are slightly overestimating. 271 

Uncertainty from collocated measurements was calculated as the relative uncertainty of the slope 272 

(1 σ/slope), which was based on an orthogonal regression (discussed below, see Fig. 4). Both 273 

uncertainties and the combined overall uncertainties for each element are given in Table 1. The 274 

PMF model was executed with 3-8 factors. Based on minimized Q values and physical 275 

interpretation of the solutions, a 4-factor solution was found to be optimal. Details on 276 
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determining the optimal factor and bootstrapping results can be found in the Supplement 277 

Information. 278 

3. Results and Discussions 279 

3.1. Comparison with ion chromatography (IC) 280 

As a further test of the system, sulfate concentrations were determined on a subset of the Hi-Vol 281 

filter samples by ion chromatography and compared to the elemental analysis of sulfur. 200 282 

filters that included samples from JST and GT were extracted in DI water (same procedure 283 

discussed in section 2.1, but without adding HNO3 in the extracts) and inorganic sulfate (IC-284 

sulfate) was measured by an ion chromatography (IC, DX500 with UTAC-ULP1 concentrator 285 

column, AG11 guard column, and AS11 anion column, DIONEX, CA). IC-sulfate was then 286 

divided by 3 to convert to sulfur mass (molar mass of sulfate and sulfur are 96 and 32 g/mol, 287 

respectively) and directly compared to XRF-sulfur. Orthogonal regression shows good 288 

quantitative agreement and correlation coefficient (r2) of 0.96 (Fig. 3). The discrepancy between 289 

sulfur measured by XRF and IC (slope of IC-sulfur vs XRF-sulfur = 0.79 ± 0.01) may be 290 

attributed to roughly 20% contributions from additional sulfur species, such as organosulfates 291 

that are not detected by the IC. Lower sulfur measured by IC versus XRF has also been observed 292 

in other studies (Shakya and Peltier, 2015; Tolocka and Turpin, 2012; He et al., 2001). However, 293 

Hidy et al (2014) found no statistical evidence for organosulfates in the Southeast by this 294 

difference method. 295 

3.2. Water-soluble elements 296 

3.2.1. Inter-comparisons of two collocated Hi-Vols 297 

Inter-comparisons of elements from two collocated Hi-Vol samplers (N=11) at JST in November 298 

2012 are shown in Figure 4, and results included in Table 1. Orthogonal regressions resulted in 299 

strong correlations for most elements (r2 = 0.73-0.99) with moderate correlations for Cu (r2 = 300 

0.57) and Sr (r2 = 0.61). The slopes show percentage differences (1-slope) are 1-10% for Cu, K, 301 

and Ti, 11-20% for S, Zn, Ca, Br, As, and Sr, and 20-36% for Pb, Mn, Se, Fe, and Ba. Overall, 302 

the two Hi-Vols show good agreement for measuring water-soluble elements, considering the 303 

uncertainties from sampling, filter preparations, and extractions. The uncertainties in slope (1 σ) 304 

were used in calculating the overall uncertainties (section 2.3). The intercepts were relatively 305 

small and thus ignored.  306 

3.2.2. Spatial and temporal trends 307 

Monthly average concentrations of water-soluble elements and WSOC at various sampling sites 308 

are given in Fig. 5 and Fig. S9, respectively. Three seasons (summer, fall, and winter) were 309 

grouped based on the temperature profiles in 2012 and 2013, consistent with our previous work 310 
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(Fang et al., 2015; Verma et al., 2014). As seen from Fig. 5, mass concentrations of water-311 

soluble elements span a wide range, from 0.1 ng/m3 to 1.2 µg/m3. S is the most abundant water-312 

soluble element of the group measured, comprising 71 ± 14 % of the total measured element 313 

mass. Ca, K, Fe, Cu, Zn, and Ba follow with average (± 1 σ) fractions of 16 (± 12) %, 8 (± 5) %, 314 

1.8 (± 1.3) %, 1.4 (± 2.1) %, 1.4 (± 1.4) %, and 0.5 (± 0.6) %.  315 

Seasonal variability of all elements can be examined from the Atlanta urban sites (JST, GT, and 316 

RS). Besides S, commonly found to have higher concentration in summer due to the higher SO2 317 

oxidation rates in warm seasons (Hidy et al., 2014), most of the water-soluble elements also had 318 

higher concentrations in summer/fall, such as Ca, Fe, Cu, Mn, Sr, and Se. The seasonal 319 

variability of these elements may be explained by different causes. Elevated concentration of 320 

some elements (Ca, Mn, and Sr) may be attributed to drier conditions in summer favoring the re-321 

suspension of mineral dust; Cu and Fe may be related to secondary formation (discussed in the 322 

source apportionment in Sect. 3.2.3);and Se is likely due to its coal combustion origins (Bell et 323 

al., 2007), thus following a similar trend as S. In contrast, K can be associated with both biomass 324 

burning and mineral dust (Zhang et al., 2010; Hueglin et al., 2005) (discussed below & Fig. S3 in 325 

Supplement) and has less seasonal variability, with only slightly higher concentrations in winter 326 

due to more biomass burning during that period. Other metals (Zn, Ba, Br, Pb, Ti, and As) do not 327 

exhibit apparent seasonal trends. 328 

Spatial variability of water-soluble elements is important in assessing human exposure, 329 

within/across cities, for epidemiological studies, and provides insights on sources. The BHM site 330 

has high ambient concentration of most water-soluble metals, such as Mn, Zn, and Pb, with 331 

respect to other sites, pointing to industrial sources for these metals in this urban environment. 332 

The ratio of averaged Mn, Zn, and Pb at BHM to its paired rural site CTR, is 3.3, 7.0, and 5.7, 333 

respectively. ESL, an urban site also strongly impacted by numerous industrial sources (Bae et 334 

al., 2006), has the highest Ca and Se concentrations among all sites, and higher Mn and Pb than 335 

all Atlanta sites (JST, GT, RS, and YRK). Among the four sites in Atlanta, there was a distinct 336 

relationship between the concentration of water-soluble elements and distance to traffic sources. 337 

Generally, the road-side (RS) site had much higher element concentrations relative to the rural 338 

YRK site, which had notably low concentrations of Cu, Ba, Sr and Ti. For example, the ratio of 339 

averaged Cu, Ba, Sr and Ti at RS to its paired Atlanta urban JST site, is 0.9, 3.4, 2.2 and 2.6 in 340 

fall and 3.3, 3.1, 4.6 and 1.9 in winter, respectively. Comparing RS to the near-road GT site, 341 

ratios are 2.2, 2.7, 2.5 and 2.6 in fall for Cu, Ba, and Ti. Concentrations at YRK were typically 342 

much lower than the paired JST urban site, both in summer (ratio of average concentration 343 

YRK/JST = 1.1, 0.3, 0.5 and 0.5) and winter (0.4, 0.4, 0.4 and 0.3) for Cu, Ba, Sr and Ti, 344 

respectively. 345 

To further explore the spatial heterogeneity of water-soluble elements in Atlanta and the 346 

surrounding region, the coefficient of divergence (COD) (Wilson et al., 2005) and correlation 347 

coefficient (Pearson’s r) were calculated for each paired site for all elements. A COD close to 0 348 

represents a homogenous distribution, and near 1 indicates heterogeneity. Both are summarized 349 
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in Table S2 (Supplement), and r values are shown in Fig. 6. The COD and correlation coefficient 350 

(r) for WSOC were also included in Table S2 in the supplement. 351 

JST and GT are in close proximity. These two sites had the most similar concentrations for many 352 

water-soluble elements, with r ranging from 0.71-0.98 and relatively low CODs (0.06-0.20), 353 

except for Cu and Ti. In summer Cu measured at JST and GT have a moderate correlation (r = 354 

0.68) but high COD (0.52), with much higher concentration at JST (mean = 19.1 ng/m3, median 355 

= 18.5 ng/m3) than GT (mean = 6.6 ng/m3, median = 5.1 ng/m3). In winter, although the average 356 

values are similar (3.7 and 3.6 ng/m3 for JST and GT, respectively), there is no correlation (r = -357 

0.06) and COD is fairly high (0.35). Ti between the two sites have low correlations (r = 0.48 in 358 

summer and 0.51 in winter) and high COD (0.38 and 0.36 in summer and winter, respectively). 359 

For the urban/rural (JST/YRK) pair, S, K, Ca, Mn, and Se tended to co-vary and have similar 360 

concentrations at the urban and rural sites, pointing to a more regional characteristic (sources) for 361 

these elements. The other elements did not co-vary at these two sites and are generally higher at 362 

the urban site (JST).  363 

Comparison of the road-side site (RS) to the representative urban site (JST) provides insights 364 

into which elements are associated with traffic emissions and how they vary with season. S and 365 

K were not correlated well between JST and RS in both fall and winter, suggesting the presence 366 

of other local sources for S and K at the RS site, for example re-suspended dust (Minguillón et 367 

al., 2014; Hueglin et al., 2005). For Cu, Ba, Sr and Ti, the high COD (>0.4), low r values (r < 368 

0.3) between various paired sites, and their concentrations highest at RS, are all indicators of 369 

emissions associated with traffic as a dominant source (Fig. 5).  370 

3.2.3. Source apportionment 371 

Positive Matrix Factorization was applied to the combined data from JST, GT, and RS (total N = 372 

299), and four factors were resolved. They are labeled brake/tire wear, biomass burning, 373 

secondary formation, and mineral dust, based on the loading of specific elements identified as 374 

various source tracers. Note, metals as source tracers are typically based on total metals, whereas 375 

here we are using the measured water-soluble concentrations. Factor profiles and time series 376 

plots (from the JST site) are shown in Fig. 7 (a) and (b), respectively. The percentage 377 

contribution of the various factors (sources) to the four important health-related metals (Cu, Fe, 378 

Zn, and Mn) is shown in Fig. 8. Breakdown of sources for the other water-soluble elements and 379 

WSOC can be found in Fig. S3 in the Supplement.  380 

The factor with high loadings for Ti, Fe, Cu, Zn, and Ba is identified as a brake/tire wear source 381 

as it includes products from brake pads or linings, such as Cu (Adachi and Tainosho, 2004; 382 

Sternbeck et al., 2002; Garg et al., 2000), Fe (Adachi and Tainosho, 2004; Garg et al., 2000; 383 

Hopke et al., 1980), Ti (Adachi and Tainosho, 2004), and Zn (Adachi and Tainosho, 2004; 384 

Sternbeck et al., 2002), and tracers of tire wear, e.g. Zn (Harrison et al., 2012). A biomass 385 
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burning factor is identified by high concentrations of K, Br, As, and Pb. While K is a typical 386 

component in biomass burning aerosols, Br (Turn et al., 1997) and Pb (Richard et al., 2011) have 387 

also been found in wood combustion. The time series plot [Fig.7 (b)] showed a higher 388 

contribution of this factor in winter than in summer (winteravg/summeravg ≈ 1.35), consistent with 389 

the observed winter enhancement of biomass burning emissions in Atlanta (Zhang et al., 2010). 390 

Some water-soluble metals (e.g., Se, Fe, Br, Pb, As, Mn, Ba, and Zn) were apportioned to the 391 

biomass burning factor (see Fig. 8 & Fig. S3 in Supplement). The total form of some of these 392 

metals (Fe, Mn, Zn, and Cu) (Chang-Graham et al., 2011) and water-soluble Fe have been seen 393 

in biomass burning in other studies (Oakes et al., 2012). The third factor, referred to as secondary 394 

formation, is characterized by high S, WSOC, and Se, and some Fe, with higher contributions in 395 

summer than winter (summeravg/winteravg ≈ 2.37). For the last source, a mineral dust origin is 396 

suggested by high loadings of Ca, Mn, and Sr, all indicators of crustal material. The results have 397 

implications for health studies.  398 

3.2.4. Redox-active transition metals: Cu, Fe and Mn  399 

A number of studies have linked water-soluble redox-active Cu, Fe, and Mn to reactive oxygen 400 

species (Cheung et al., 2012; Kam et al., 2011; Shen and Anastasio, 2011; Cheung et al., 2010; 401 

Akhtar et al., 2010; Landreman et al., 2008; Zhang et al., 2008; Kodavanti et al., 2005). After S, 402 

K, and Ca, these metals (i.e., water-soluble Cu, Fe, and Mn) generally have higher ambient 403 

concentrations than other measured elements (Fig. 5). In addition, Cu and Mn are thought to 404 

make major contributions to particle-catalyzed ROS generation [e.g., DTT (dithiothreitol) assay 405 

(Charrier and Anastasio, 2012)]. Exploring the sources of the water-soluble fractions of these 406 

metals is pertinent to our health studies.  407 

As shown in Fig. 8, tire/brake wear is the dominant source for Cu (51%). It is also strongly 408 

correlated with Ba (r = 0.70-0.84, Table S3 in Supplement) at the road-side site (RS), and Ba is a 409 

good indicator for a brake lining source (Gietl et al., 2010; Torre et al., 2002). The other 410 

important contributor to Cu is secondary formation (39%). 411 

Although Zn is not redox-active, we include it here in the discussion since it was also 412 

significantly loaded in the tire/brake wear factor (45%) and has been linked to adverse health 413 

effects (Akhtar et al., 2010; Kodavanti et al., 2005). PMF analyses suggests that Zn has 414 

additional sources, with 26% associated with the mineral dust factor, 14% with the biomass 415 

burning, and 13% with secondary formation. Zn is also correlated with other water-soluble 416 

metals, to various degrees (Fe, Pb, Mn, Sr, K, Ca, Ti, and Cu with r ranging from 0.70 to 0.89, 417 

Table S3 in Supplement).  418 

Overall, the results (Fig. 8) show that brake/tire wear is an important traffic source for Cu (51%), 419 

Fe (32%), Mn (17%), and Zn (45%). Studies have specifically linked these metals from break 420 

wear, or traffic sources in general, to pro-inflammatory responses (e.g., Gasser et al., 2009) and 421 

observed adverse health responses (e.g., Riediker et al., 2004). Combined with engine 422 
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combustion emissions, which includes many organic components (e.g., quinones, etc.), the large 423 

fraction of water-soluble Cu, along with contributions from Fe and Mn from brake/tire wear, 424 

make mobile source emissions important ROS sources (Bates et al., submitted). In contrast, these 425 

redox active metals are not found at significant levels in the biomass burning factor (Fig. 7), 426 

which has been found to be a contributor to the PM2.5 DTT activity in the SCAPE study (Verma 427 

et al., 2014; Verma et al., 2015; Bates et al., submitted), indicating that redox active organic 428 

species dominate in that case. 429 

The major identified source for Mn is mineral dust (45%) with other sources making relatively 430 

similar contributions: secondary formation (18%), biomass burning (16%), and brake/tire wear 431 

(17%). At YRK, the rural site least affected by traffic, Mn correlates best with Ca (r = 0.91) and 432 

Sr (r = 0.82, Table S3) in summer and K (r = 0.86), Ca (r = 0.86), Zn (r = 0.89), and Sr (r = 0.79) 433 

in winter, all indicative of regional mineral dust contributions, consistent with the regional 434 

characteristic of Mn discussed in section 3.2.2.  435 

For Fe, besides the brake/tire factor, a large fraction (47%) is apportioned to the secondary 436 

formation factor, and Fe correlates well with S at JST (r = 0.71), YRK (r = 0.76), and GT (r = 437 

0.73) in summer, and at JST (r = 0.76) in fall 2012 and RS (r = 0.74) in fall 2013. Fe and S are 438 

moderately correlated at RS in fall 2012 (r = 0.62), and GT (r = 0.55) in fall 2013. Highest 439 

correlations occur when secondary atmospheric processing (oxidation) is strong. These results 440 

are consistent with a previous study involving single particle chemical analysis on PM2.5 441 

particles in Atlanta, which showed that sulfate is an important proxy for Fe solubility (Oakes et 442 

al., 2012) by affecting aerosol pH, or as an indicator of iron sulfates, which are soluble and 443 

possibly formed at some point earlier in the particles lifespan under acidic conditions. Metal 444 

mobilization by formation of an aqueous particle with secondary acids may also explain the 445 

important contribution of secondary formation (39%) to Cu in the Southeastern US, although the 446 

correlations between Cu and S were weaker compared to those between Fe and S (Cu - S r=0.51, 447 

0.09, and 0.66 at JST, YRK, and GT in summer, respectively, Table S3). The correlation 448 

between S and water-soluble Fe and Cu might explain past associations found in other studies 449 

between sulfate/sulfur oxide and health endpoints (Atkinson et al., 2010; Sarnat et al., 2008; 450 

Pope et al., 2002; Gwynn et al., 2000; Dockery et al., 1996; Raizenne et al., 1996).  451 

PM2.5 mass is regulated and has been associated with adverse health endpoints in many studies 452 

(Laden et al., 2000; Pope et al., 2002; Pope et al., 2004; Metzger et al., 2004; Sarnat et al., 2008). 453 

Overall, water-soluble iron was highly correlated with PM2.5 mass (r = 0.73-0.80, Table S4), due 454 

to a correlation with sulfate (e.g., role of sulfate on aerosol pH). Interestingly, Fe was correlated 455 

with PM2.5 mass even in some cases when S did not co-vary with PM2.5 concentration. These 456 

cases are all in winter when the r values between PM2.5 mass and S were 0.52, 0.35, 0.26, and 457 

0.23, while those with Fe were 0.80, 0.75, 0.76, and 0.74 at JST (Dec), JST (March), GT 458 

(March), and RS (Feb), respectively. The exceptions were the two rural sites (YRK and CTR), 459 

where water-soluble Fe was moderately or not correlated with PM2.5 at all (r = 0.69 at YRK r = 460 
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0.3 at CTR) while S and PM2.5 still had high correlations (r = 0.78 and 0.75 at YRK and CTR 461 

respectively).  462 

Mn and Zn show some correlations with PM2.5 mass as well, but only during two periods (for 463 

Mn, r = 0.84 at GT and 0.76 at RS, both in winter, for Zn, r = 0.71 and 0.76 at JST in December 464 

and March, respectively). No significant correlations were ever found between PM2.5 and Cu. It 465 

has been demonstrated that water-soluble metals (Zn, Cu, and Fe) can have adverse effects on 466 

the respiratory system and our observations suggest that some water-soluble metals, especially 467 

Fe, are correlated with PM2.5 mass. However, some epidemiological studies point to organic 468 

carbon (Peel et al., 2005; Metzger et al., 2004) and PM2.5 mass (Sarnat et al., 2008; Pope et al., 469 

2004; Metzger et al., 2004; Pope et al., 2002; Laden et al., 2000) but not metals. Li et al. (2009) 470 

suggests that redox-active organic chemicals could play major roles in PM toxicity and metals 471 

may synergize with organic PM components to further escalate oxidative stress. Thus, these 472 

water-soluble metals could play both dominant and important secondary roles in driving 473 

observed associations between fine particles and adverse health.  474 

4. Conclusions 475 

Over 500 PM2.5 filter samples (23hr integration time) were collected during 2012-2013 at 476 

multiple sites (three urban, two rural, one near-road, and one road-side site) in the Southeastern 477 

United States, using paired (simultaneous measurements at two different sites) high-volume 478 

samplers, as part of the Southeastern Center for Air Pollution & Epidemiology (SCAPE) project. 479 

A focus of SCAPE was assessing the role of PM2.5 associated reactive oxygen species (ROS) on 480 

health effects. Because water-soluble metals have been linked to ROS, a method was developed 481 

to measure the water-soluble elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn, As, Se, Br, Sr, Ba, and Pb) 482 

on filters that were also analyzed for aerosol ROS activity by various assays (i.e., DTT and AA 483 

assays, discussed in other publications). Water-soluble elements were determined by extracting 484 

filters in deionized water, re-aerosolizing the extracts and directing to an instrument designed for 485 

online measurements of aerosol elemental composition by non-destructive X-ray fluorescence. 486 

The system response was calibrated with standard solutions of multiple elements, which were 487 

also used as positive controls when running ambient samples to ensure stability and 488 

reproducibility (coefficient of variation < 10%). The method LOD (limit of detection) for each 489 

element was reasonably low (< 25% of typical sample levels), and the overall uncertainties were 490 

less than 20% for most elements, except for Cu, Sr, and Ti, with overall relative uncertainties of 491 

25%, 25%, and 28%, respectively. The method was further validated by comparing with sulfate 492 

measured by ion chromatography on the same ambient filter samples. 493 

Water-soluble elements spanned a wide range of concentrations, from LODs (typically 0.1-30 494 

ng/m3) to 1.2 µg/m3, with S as the most abundant element, followed by Ca, K, Fe, Cu, Zn, and 495 

Ba. Positive Matrix Factorization (PMF) was used for source apportionment analyses. Four 496 

factors were identified; brake/tire wear, characterized by Ba, Zn, Cu, and Ti; biomass burning, 497 

characterized by K and Br; secondary formation, characterized by S, Se, Fe, and WSOC; and 498 



 15 

mineral dust, characterized by Ca, Mn, and Sr. Elements associated with secondary formation 499 

and mineral dust were higher during warm/dry seasons when aerosol re-suspension is favored 500 

(water-soluble Ca, Mn, and Sr) and secondary formation is high (water-soluble Fe and Cu). S 501 

and Se, products from coal combustion, were also at higher concentration in summer compared 502 

to winter. K had only slightly higher concentrations in winter due to contributions from biomass 503 

burning (mainly winter) and mineral dust emissions (mainly summer). Other elements (Zn, Ba, 504 

Br, Pb, Ti, and As) did not exhibit seasonal trends. Spatially, S, K, Ca, Mn, and Se were 505 

generally homogenously distributed, while Cu, Ba, Sr and Ti were more heterogeneously 506 

distributed, with highest levels near roadways. The other two urban sites outside of Georgia were 507 

heavily impacted by industrial sources, contributing to higher concentration of Zn, Mn, and Pb at 508 

Birmingham, AL (BHM), and Ca and Se at the East St. Louis, IL (ESL) site.  509 

The redox-active metals, Cu, Mn, and Fe have been linked to ROS and oxidative stress. Among 510 

the four PMF factors, brake/tire wear contributed most to the water-soluble form of these 511 

elements in this study, with 51% for Cu, 32% for Fe, and 17% for Mn, pointing to the 512 

importance of this source in contributing to fine particle ROS activity. Organic compounds from 513 

combustion also contribute to ROS activity, making overall vehicle emissions important sources 514 

of PM2.5 ROS.  515 

Mn was associated mainly with mineral dust (45%). Water-soluble Zn, a redox-inactive metal, 516 

but often identified as toxic in health studies, and among the highest in concentration in this 517 

study, was associated with a mixture of factors (45% brake/tire wear, 26% mineral dust, 14% 518 

biomass burning, and 13% secondary formation).  519 

Roughly 50% of water-soluble Fe was associated with the secondary formation factor, and was 520 

highly correlated with S (Pearson’s r = 0.71-0.76). There was also substantial loading of Cu 521 

(39%) in this factor. Our previous studies in the Southeast have linked water-soluble Fe 522 

(measured by a different technique) to sulfate, aerosol pH and soluble iron sulfates (Oakes et al., 523 

2012). The association of Cu with this factor could also be due to increased solubility by sulfur-524 

driven aerosol acidity. Of the four water-soluble metals (Cu, Mn, Fe, and Zn), only Fe was 525 

correlated with PM2.5 mass (r = 0.73-0.80), due to its association with S. We have previously 526 

reported that ROS (DTT assay) measured on these same filters was correlated with PM2.5 mass 527 

(Fang et al., 2015). These results indicate that additional aerosol components, such as redox-528 

active organic compounds (Verma et al., 2015; Verma et al., 2014; Verma et al., 2012) also play 529 

a significant role in the ROS activity of aerosols in the Southeastern US, in addition to these 530 

water-soluble metals. 531 
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 811 

Table 1. Limits of detection (LOD), blanks (N>40) and uncertainties for all water-soluble elements 
 

Element LOD, ng/m3 Blank, ng/m3 
Analytical 

uncertainty, % 

Sum of square 

of various 

uncertainties, % 

Uncertainty from 

collocated 

measurements, % 

Overall 

uncertainty, % 

Sulfur (S) 6.19 6.64 2.19 7.77 2.38 8.13 

Potassium (K) 16.45 11.80 2.47 9.89 6.06 11.63 

Calcium (Ca) 29.64 32.23 2.38 10.46 11.76 15.87 

Titanium (Ti) 0.09 0.06 15.79 21.08 18.68 28.22 

Manganese (Mn) 0.11 0.06 3.57 8.54 6.49 10.74 

Iron (Fe) 3.11 1.54 12.59 13.94 14.06 19.83 

Copper (Cu) 0.91 0.70 2.37 8.57 23.85 25.38 

Zinc (Zn) 1.87 1.89 4.56 9.90 8.24 12.90 

Selenium (Se) 0.02 0.01 8.94 12.17 7.79 14.46 

Bromine (Br) 0.03 0.02 3.93 8.50 4.49 9.62 

Strontium (Sr) 0.11 0.08 3.57 9.63 23.53 25.46 

Barium (Ba) 1.13 0.37 3.29 10.59 14.08 17.73 

Arsenic (As) - 0 6.97 10.17 3.53 10.77 

Lead (Pb) 0.14 0.12 7.45 11.77 1.32 11.85 

 812 

 813 
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Figure 1. Schematic of automated system developed to measure elements in the water-soluble 814 

aerosol extracts using an online XRF element analyzer (XactTM 625). 815 

 816 

Figure 2. System calibration based on multiple element-ion standard solutions. Error bars 817 

represent the standard deviation of three replicates. Slopes and intercepts are based on orthogonal 818 

regression with errors as one standard deviation. 819 
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 820 

Figure 3. Sulfur measured by XRF and 1/3 of sulfate measured by IC (results of orthogonal 821 

regression are shown, along with 1:1 ratio by dotted line). 822 
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 823 

Figure 4. Precision from collocated measurements assessed by filter samples (N = 11) collected 824 

simultaneously using two Hi-Vol samplers deployed at JST during November 2012 (Analysis 825 

was done by orthogonal regression. The dotted line is 1:1). 826 
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 827 

Figure 5. Monthly mean (± standard deviation) of water-soluble elements ambient concentration 828 

(ng m-3) at various sampling sites. Seasons are separated by solid lines and simultaneous 829 

sampling at paired sites are separated by dashed lines (urban – JST, BHM, ESL; rural – YRK, 830 

CTR; near-road – GT; road-side – RS). 831 
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 832 

Figure 6. Correlations (Pearson’s r) between paired sites for various water-soluble elements in 833 

Georgia (JST, RS, GT, and YRK). 834 
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 835 

Figure 7. Loading of measured water-soluble elements into various PMF resolved factors for all 836 

Atlanta sites (a) and factor time series of source contributions resolved from the Jefferson Street 837 

Site (JST, urban Atlanta) (b).   838 

 839 

Figure 8. Factor contributions for water-soluble Cu, Zn, Mn, and Fe in PM2.5 based on the PMF 840 

analyses. 841 


