
ABSTRACT The valence state and concentration of metallic pollutants are important 
factors contributing to the health effects of respirable particulate matter (PM); however, 
they have not been well studied. In this study, coarse and fine powder samples of atmo-
spheric PM were collected using a cyclone system at Kanagawa (KO), Saitama (SA), and 
Fukuoka (FU) in Japan in 2017. Energy dispersive X-ray fluorescence spectroscopy (EDXRF) 
was used to measure the concentrations of nine metallic elements (Ti, V, Cr, Mn, Fe, Ni, Cu, 
Zn, and Pb), and X-ray absorption fine structure (XAFS) spectroscopy was used to analyze 
the valence states of target elements (Cr, Mn, Fe, Cu, and Zn). The EDXRF results indicated 
that the average contents of Fe, Ti, and Zn were much higher than those of the other six 
elements in all samples. The XAFS results showed that the major valence states of the ele-
ments were Cr(III), Mn(II), Fe(III), Cu(II), and Zn(II). The percentages of Mn(IV), Fe(II), and 
Cu(0) were higher in KO and SA samples than in FU samples. Mn(0) and Zn(0) were 
detected in some samples only, and Cu(I) was not detected in any samples. Correlation 
analysis, principal component analysis, and cluster analysis were performed on the 
EDXRF and XAFS data of the target elements. The source identification results showed 
that the sources of metal contaminants in the samples varied considerably between 
sampling sites and depended on the industrial structure and geographical location of 
the sampling area. Our findings on the different valence states of the elements may be 
important for determining the toxicity of PM at different locations.

KEY WORDS  Cyclone, Powder form of aerosol particles, EDXRF, XAFS, Valence states, Source 
identification, Chemical speciation

1. INTRODUCTION

Particulate matter (PM) pollution is a serious issue worldwide. PM2.5
 (particle 

diameter<2.5 μm) contributed to more than 4.3 million premature deaths world-
wide in 2015 (Cohen et al., 2017). Exposure to high PM concentrations can cause 
adverse health effects including decreased lung function and cardiovascular and 
respiratory diseases (Charlson et al., 2016; Zanobetti et al., 2014; Sun et al., 2010). 

Metals are important components in PM that can produce reactive oxygen spe-
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cies (ROS) including hydroxyl radicals in vivo, which are 
more toxic and cause pro-oxidant and proinflammatory 
effects on the respiratory system (Gao et al., 2020; Tagh-
vaee et al., 2019; Chirizzi et al., 2017). The biological 
toxicity and carcinogenicity of heavy metals can vary for 
different valence states. For example, Cr(III) poses little 
or no threat to human health, while Cr(VI) is toxic and 
potentially carcinogenic (Sun et al., 2015; Sheehan et al., 
1991). Vanadium(V) species (e.g., V2O5) are particularly 
toxic and have mutagenic effects. Cohen et al. (2007) 
compared several forms of vanadium and demonstrated 
that the vanadate [V(V)] species had the greatest biolog-
ical effects. Therefore, the valence states of metals should 
also be measured in addition to the metal concentrations 
in PM samples. In this study, we used energy-dispersive 
X-ray fluorescence (EDXRF) to analyze element concen-
trations in atmospheric PM, which allows rapid and non-
destructive detection for elements concentration in a 
sample, and X-ray absorption fine structure (XAFS) 
spectroscopy, X-ray absorption near-edge structure 

(XANES) spectra mainly, to analyze the valence states  
of target metals in the PM samples (Saito et al., 2020; 
Zhang, 2003; Huggins and Huffman, 2002).

Previous studies typically collected PM samples using 
filters made from different materials (such as quartz fiber 
or PTFE) with a low/high volume air sampler (Shah-
poury et al., 2021; Sugiyama et al., 2020; Shimada et al., 
2019). However, in vivo or in vitro studies that used fil-
ters to collect PM may not reflect realistic biological 
reactions of health effects. First of all, high volume sam-
pler, which is widely used for filter-samples collection, 
doesn’t offer the separation collection of gas and particle-
phase in general, gaseous compounds may be adsorbed 
to quartz fiber filters, thus resulting in a positive bias in 
the measured particle-phase concentration (Parshintsev 
et al., 2011; Hering et al., 1990). The study pointed that 
volatile organics may adsorb onto filter materials in the 
high volume sampler and undergo subsequent on-filter 
oxidation and sulfation resulting in the formation of 
both organic acids and organosulfates (Kristensen et al., 
2016). Additionally, the extraction of PM2.5 collected by 
filters can alter particle properties. There are potential 
extraction artifacts such as compositional biases in the 
extracted PM, volatilization losses, and contamination 
with filter material (Roper et al., 2019; Van et al., 2015). 
Besides, particles collected and entangled in the filters 
are difficult to be removed without contaminating by the 
filter materials, and thus not suited for the following 

exposure experiments. Therefore, powder samples col-
lected using a cyclone without filters are superior to 
aerosol samples adsorbed on a filter for studying cellular 
exposure and PM toxicity.

Cyclonic separation with an impactor enables the col-
lection of PM2.5 in “powder form” (Okuda et al., 2018, 
2015; Okuda and Isobe, 2017). PM is classified by an 
impactor, enters the cyclone device, and is collected at an 
inner wall of the cyclone and an attached bottle. Honda 
et al. (2020) studied the performance of two kinds of 
particles collected by cyclonic separation and filtration 
methods in cell exposure experiments. PM2.5 collected 
using cyclonic separation has more significant effects for 
secreting of interleukins 6 and 8 (IL-6, IL-8) from air-
way epithelial cells, and expressing of the cluster of dif-
ferentiation 86 (CD86) and dendritic and epithelial cells 
205 (DEC 205) on antigen-presenting cells, comparing 
with the effects of filter-collected PM2.5. Besides, powder 
samples collected by cyclone increased inflammatory 
cytokine levels and induced lung inflammation in vivo. 
The results suggested that crude PM2.5 collected using 
cyclonic separation caused stronger biological responses 
than filter-collected PM2.5. It was possibly due to the co-
existence of particles in the exposure experiment had a 
significant effect rather than the exposure of extracts of 
particles without particles themselves. Another study 
compared the cytotoxicity and inflammatory potential of 
PM2.5 collected by a cyclone from three Asian cities, by 
measuring cytokines such as interleukin (IL)-6 and IL-8 

(Chowdhury et al., 2019). Ogino et al. (2018, 2016) 
administered a mixture of powder particles and saline 
intranasally to NC/Nga mice for five consecutive days, 
collected bronchoalveolar lavage fluid (BALF) from the 
mice, and analyzed them for airway hyperresponsiveness 

(AHR). The studies showed that PM2.5 increased AHR 
and cell numbers of eosinophils in BALF, and that PM2.5 
collected by the cyclone system could induce asthma-like 
airway inflammation. A recent study analyzed lung sec-
tions of mice that underwent tracheal injection of parti-
cles in a crude PM dispersion liquid (Sagawa et al., 2021). 
The results showed that PM exposure increased the 
expression of angiotensin-converting enzyme 2 (ACE2) 
and transmembrane protease serine-type 2 (TMPRSS2) 
in alveolar cells and macrophages, which are required for 
the entry of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) into host cells, thereby demonstrat-
ing that PM exposure may adversely affect the manifesta-
tion and progression of COVID-19. These studies have 
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shown that powder particles collected by the cyclone 
have better operability than filtration in cell exposure 
experiments and in vivo experiments.

Another advantage of cyclone-collected aerosol parti-
cles is that the pelletized powder form of particles is suit-
able for XAFS analysis. In contrast, aerosol particles layer 
on the filter which collected by filtration method would 
be too thin that it is difficult to obtain a sufficient quality 
of XAFS signals relative to the background noise (Saito et 
al., 2020).

The objectives of this research were to (i) measure the 
content of metal elements in powder aerosol samples of 
different sizes collected by a cyclone using EDXRF; (ii) 
understand the characteristics of the valence states of tar-
get metals by XAFS, and (iii) identify the sources of tar-
get metals at three sampling sites in Japan based on the 
source identification models. These results can provide 
more detailed information for understanding the correla-
tion between the contamination properties of heavy met-
als in atmospheric PM samples and their oxidation 
potential in further cell exposure experiments.

2. EXPERIMENTAL 

2. 1  Sample Collection 
We collected aerosol samples at three sites in Japan: 

Fukuoka University (FU), Keio University (KO), and the 
Center of Environmental Science in Saitama (SA). Fig. 1 
shows the locations of the sites. Fukuoka University 

(33.550°N, 130.364°E) is in Fukuoka Prefecture in south-
western Japan, which is close to the East Asian continent. 

This unique location is suitable for observing the effects 
of long-range transport on air pollution. Keio University 

(35.555°N, 139.656°E) is located in Kanagawa Prefecture 
on the east coast of mainland Japan. Kanagawa Prefecture 
is part of the Tokyo metropolitan area, has the largest port 
in the country, and is one of the four major industrial 
zones in Japan. The Center of Environmental Science in 
Saitama (CESS) (36.086°N, 139.560°E) is in an inland 
area with high agricultural and industrial production. 
These three sampling sites have different sources of air 
pollutants due to different geographical locations and 
industrial activities.

We used a high-flow simultaneous sampling system 
that combined the virtual impactor and cyclone to col-
lect atmospheric PM at a flow rate of 1,200 L/min. Parti-
cles with diameters smaller than 2.5 μm were classified as 
fine particles (PF) and particles with diameters larger 
than 2.5 μm were classified as coarse particles (PC). 
Details of the particle collection instrument are provided 
in our previous studies (Okuda et al., 2018, 2015). Table 
1 shows the mass of PM during the sampling period and 
the meteorological conditions ( JMA, 2021) at the sam-
pling sites.

 

2. 2  EDXRF Analysis 
We measured element concentrations in the atmo-

spheric PM by using an EDXRF analyzer (EDXL 300, 
Rigaku Corp., Japan) (Okuda et al., 2018, 2013) with a 
solid-state detector (SSD). The 20 mg of powder samples 
was placed onto the 300 mg of cellulose powder, and then 
the layered powder was pressed into pellets of Φ13 

mm × 0.5 mmt by 50 kN pressure for testing. Standard 
material of urban aerosol particles (CRM#28) with 
known metal contents was also pelleted and analyzed for 
calibration. The pelletized samples were analyzed by 
EDXRF in approximately 1 Pa of vacuum, and the analy-
sis time was 15 min per a sample. The quantification was 
achieved with a fundamental parameter coupled with 
O-Balance method. The ratio of measured and certified 
values for each element (n = 5) was generally in the range  
of 0.8-1.2, and measurement precision, represented as 
the coefficient of variation ( = standard deviation/mean), 
was less than 20% (Okuda et al., 2018). 

2. 3  XAFS Spectra Analysis
We mainly used XANES to probe the valence states of 

the absorbing atoms, which were measured at the Kyushu Fig. 1. Location map of sampling sites.
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Synchrotron Light Research Center (SAGA-LS) using 
Beam Line 11 and 15 (BL-11 and BL-15). This ensured 
the quality of the continuous spectrum by performing the 
XAFS measurement on synchrotron radiation (Saito et 
al., 2020). The valence states of target metals in the PC 
sample collected in the winter at FU could not be deter-
mined, as a large proportion of this sample was used for 
other experiments and the remaining amount was not 
enough to do the XAFS measurement.

XANES is a fine structure in the absorption spectrum 
that appears in the narrower energy range (-10 eV to 
+ 40 eV) near the absorption edge. Absorbance increas-
es sharply at a certain energy value in the XAFS spec-

trum, which is referred to as the absorption edge. In this 
study, the midpoint of the rising edge of the absorption 
peak was uniformly defined as the absorption edge of the 
samples, while the pre-edge and post-edge lines were 
drawn with the energy range of -150 eV to + 30 eV with 
the absorption edge as the center point. The absorbance 
on the pre-edge line was 0 (E0 = 0), and the absorbance 
on the post-edge line was 1 (E1 = 1). The absorption 
peak was located above the post-edge line, so its absor-
bance was greater than 1.

Energy calibration of XAFS measurement has been 
achieved using a common method as follows. A foil of the 
target element was placed downstream of the sample, in 

Table 1. Amount of collected particles and meteorological data during the sampling period for three sampling sites.

Date Season Volume 

(m3)

Fine 
particles 

(mg)

Coarse 
particles 

(mg)

Total 
rainfalla 

(mm)

Average 
relative 

humidity 

(%) 

Average 
sunshine 
duration 

(h)

Kanagawa (KO)

2/15-3/10 Winter 42648.0 434.0 619.2 26.5
(2/16-3/10) 56.4 5.8

5/10-6/06 Spring 51614.2 238.0 267.3 97.5
(5/11-6/5) 70.8 10.9

7/14-8/07 Summer 47068.5 115.4 105.3 176
(7/16-8/10) 65.6 4.1

10/18-11/16 Autumn 56424.1 172.5 75.4 446
(10/16-11/15) 74.5 4.7

Saitama (SA)

2/17-3/15 Winter 49054.6 290.4 212.9 13.5
(2/16-3/15) 46.0 6.3

5/10-6/06 Spring 50639.0 200.4 133.5 50.5
(5/11-6/5) 62.6 7.3

7/14-8/07 Summer 44848.6 95.8 54.1 69.0
(7/16-8/10) 74.8 3.6

10/20-11/15 Autumn 48454.2 148.7 118.5 323
(10/21-11/15) 67.6 5.7

Fukuoka (FU)

2/16-3/21 Winter 61613.2 182.5 92.0 42.0
(2/16-3/20) 59.9 5.6

5/11-6/08 Spring 52442.5 167.7 136.8 65.5
(5/11-6/10) 63.8 9.1

7/21-8/17 Summer 50631.3 97.5 55.5 53.5
(7/21-8/15) 75.6 8.3

10/19-11/16 Autumn 52280.6 195.8 55.4 65.5
(10/21-11/15) 69.6 6.1

All meteorological data were obtained from JMA, 2021. For KO, rainfall data were from the Hiyoshi monitoring station, while relative humidity and sunshine 
duration data were from Yokohama station. For SA, rainfall and sunshine duration data were from Kuki station, and relative humidity was from Kumagaya station. 
For FU, meteorological data were from Fukuoka station.
aThe date in parentheses indicates the statistical date of the station. 
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the path of the X-rays and between the 1st and 2nd trans-
mitted intensity monitors, and then the absorption spec-
trum was obtained by taking the natural logarithm 
between the 1st signal to the 2nd. The energy position of 
the known features in the spectrum was used as calibra-
tion for the experiment so that the energy scale of the 
samples was adjusted.

Metallic standard compounds (Mn, MnO, MnO2, Fe, 
FeO, Fe3O4, Fe2O3(α, γ), FeOOH, Cu, Cu2O, CuO, 
CuCl2, CuSO4, CuS, Zn, ZnO, Zn(OH)2, ZnFe2O4, 
ZnSO4, and Zn(NO3)2) were used to carry out the chem-
ical speciation for each metallic compound by using the 
linear combination fitting (LCF) method. Each standard 
compound was mixed well with boron nitride (BN) for 
20 min in a mortar, then it was pressed into a pellet simi-
lar to the aerosol samples. For XAFS spectra analysis, we 
measured the XAFS spectra of the standards substances 
with the different valence of the target metal at first, and 
then performed a linear fit using the least-squares method 
after obtaining the XAFS spectra of the target elements  
in the sample to calculate the valence ratio of the target 
metal in the sample. Normalization of the experimen- 
tal data and the linear fitting calculation using the least-
squares method for valence ratio were done using Athena 
software (ver. 0.9.26), and the detailed procedures are 
described in a previous paper (Saito et al., 2020). The R- 
factors, which were generally used for the evaluation of 
fitting results, ranged 0.01-0.06 for Mn (except for SA-
winter-PC, 0.28), smaller than 0.002 for Fe, 0.002-0.007 
for Cu, and 0.002-0.02 for Zn. For Zn speciation, since 
the spectra for ZnO and Zn(OH)2, and also ZnSO4 and 
Zn(NO3)2, were very similar, we used only Zn, ZnO, 
ZnFe2O4, and ZnSO4 for the LCF analysis.

2. 4  Indices of Source Identification
Enrichment factors (EFs) were used to evaluate the air 

quality in terms of heavy metals and indicate the contri-
bution of anthropogenic emissions to the atmosphere. 
Here, EFs are defined as

 Ci
PM/CX

PM

EF = ----------------� (1)
 Ci

crust /CX
crust

where Ci
PM is the concentration of element i in the PM 

samples, and CX
PM is the concentration of X as a reference 

element in the PM samples. CX
crust indicates the assump-

tion that the dominant source of X in PM originated 
from the natural crust. Ci

crust is the average elemental con-
centration in the crust. In this equation, we used the 

average chemical profile of continental crust data from 
Taylor (1964) and chose Ti as the reference element 
instead of Al (Loska et al., 1997), because we focused on 
transition metals and heavy metals that were potentially 
more harmful and did not show the aluminum contents 
in this study. An EF of <10 suggests that crustal sources 
are mainly natural, and an EF of >10 suggests strong 
enrichment from non-crustal sources (Ny and Lee, 
2010; Al-Momani et al., 2005).

Principal component analysis (PCA) was used to iden-
tify likely sources of the metallic elements. We normal-
ized all data using the z-score method before analysis, 
and we rejected factors that contributed less than 5% to 
the variance.

Cluster analysis (CA) was used to indicate the poten-
tial emitting sources of the different metals in the sam-
ples detected by EDXRF and XAFS. We combined CA 
and PCA results for greater confidence in the source 
identification. The grouping of CA results was chosen on 
the basis of a dendrogram using the average linkage 
method with Euclidean distances. We used Origin soft-
ware (version: OriginPro 2018C) to perform these analy-
ses.

3. RESULTS AND DISCUSSION

3. 1   Metallic Element Concentration in  
Aerosol Particles

Table 2 presents the concentrations of nine metallic 
elements in aerosol particles detected by EDXRF. Note 
that all data were expressed in the mass concentration 

(μg/g) in the original aerosol particles. The concentra-
tion of Ti ranged between 1,060 and 3,780 μg/g in KO, 
between 652 and 4,170 μg/g in SA, and between 246 and 
1,680 μg/g in FU. In terms of seasonal variations, the 
concentration of Ti in all samples, except for PF collected 
in KO, tended to be higher in winter and spring and 
lower in summer and autumn. The concentrations of V 
and Ni were more constant, with overall average concen-
trations of 62 and 63 μg/g, respectively. The overall aver-
age concentration of Pb in KO samples (159 μg/g) were 
much higher than in SA and FU samples (59.3 and 69.6 

μg/g). The characteristic concentration distributions of 
V, Ni, and Pb in the different sized particles were similar, 
higher in PF compared with PC in samples from SA and 
FU, while we observed the opposite in the KO samples.

Cr, Cu, and Mn are highly related elements with oxida-



                       Asian Journal of Atmospheric Environment, Vol. 16, No. 2, 2021137, 2022

6      www.asianjae.org

tive potential, which is a measure for the toxicity of atmo-
spheric PM (Szigeti et al., 2015; Janssen et al., 2014; See 
et al., 2007). Fe and Zn also have a relatively high associa-
tion with oxidation capacity (Gao et al., 2020; Wang et 
al., 2018; Stoiber et al., 2013), and they were present at 
relatively high atmospheric concentrations (Table 2). 
Therefore, we selected these five elements as the target 

elements to further investigate their pollution properties 
and chemical characteristics.

3. 1. 1  Cr
The concentration of Cr in PC and PF collected in KO 

and FU was constant, with averages of 114±42 μg/g and 
50±32 μg/g in all samples from the two locations, 

Table 2. Concentrations of heavy elements in aerosol particles detected by EDXRF. (unit: μg/g)

Ti V Cr Mn Fe Ni Cu Zn Pb

KO Fine 
particles

Winter 2,810 72.7 104 677 29,100 62.9 264 859 58.4
Spring 1,140 67.9 52.5 405 13,800 43.2 152 567 51.4
Summer 1,220 89.7 114 413 14,600 57.2 201 565 53.6
Autumn 1,490 74.9 102 519 17,500 53.7 274 804 74.1

Average 1,660 76.3 93.1 503 18,800 54.3 223 699 59.4
EF 1.0 1.5 2.5 1.4 1.0 1.9 10.7 26.4 12.1

Coarse 
particles

Winter 3,230 102 154 866 38,200 49.8 642 1,710 140 
Spring 3,780 128 185 1,330 53,700 134 1,280 7,350 593 
Summer 1,060 48.2 76.5 399 14,000 32.6 403 3,200 175 
Autumn 1,750 85.1 126 555 20,000 44.9 531 1,510 126 

Average 2,460 90.8 135 787 31,500 65.3 714 3,440 258
EF 1.0 1.2 2.4 1.5 1.1 1.6 23.3 88.2 35.6

SA Fine 
particles

Winter 2,520 69.9 125 616 25,300 64.2 162 896 81.3
Spring 4,170 150 153 1,170 44,800 92.6 450 2,060 178
Summer 791 47.7 1,030 289 10,600 388 92.2 303 28.4
Autumn 1,340 27.2 323 473 10,200 111 109 578 42.6

Average 2,210 73.6 200 637 22,700 164 203 960 82.5
EF 1.0 1.1 8.1a 1.3 1.0 4.4 7.4 27.4 12.7

Coarse 
particles

Winter 1,520 40.6 71.8 385 14,000 21.0 160 447 27.9
Spring 1,900 51.9 59.7 493 20,400 41.2 155 865 75.1
Summer 652 25.5 40.1 146 5,430 11.2 94.2 258 15.8
Autumn 1,020 23.0 48.6 344 7,880 17.6 118 418 25.2

Average 1,280 35.2 55.1 342 11,900 22.7 132 497 36.0
EF 1.0 0.9 1.9 1.2 0.8 1.1 8.3 24.5 9.6

FU Fine 
particles

Winter 1,360 85.3 86.9 438 13,800 74.7 211 1,142 241
Spring 1,680 59.9 105 393 15,900 74.1 105 559 94.8
Summer 246 35.7 32.7 77.3 2,200 17.6 34.0 225 36.8
Autumn 484 20.4 31.2 87.7 4,600 9.6 54.0 144 18.9

Average 942 50.3 63.9 249 9,120 44.0 101 518 98.0
EF 1.0 1.7 3.0 1.2 0.9 2.7 8.6 34.5 35.2

Coarse 
particles

Winter - - - - - - - - -

Spring 1,310 47.9 37.9 280 12,500 28.8 85.7 327 55.3
Summer 276 25.5 26.7 59.4 2,310 6.9 25.5 152 17.9
Autumn 420 35.7 32.4 103 3,870 17.6 40.2 225 50.5

Average 668 36.4 32.4 147 6,250 17.8 50.5 235 41.2
EF 1.0 1.8 2.1 1.0 0.8 1.6 6.1 22.1 20.9

All data were expressed in the mass concentration (μg/g, with three significant figures) in the original aerosol particles.
- Not analyzed.
aIrregular data were eliminated during the calculation of EF for Cr in SA PF samples.
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respectively. In contrast, the concentration of Cr in PF 
collected in SA in summer reached 1,030 μg/g, which 
was much higher than in the other samples. The high Cr 
concentration may have resulted from local emissions 
during the sampling period. Comparison of the results of 
other samples showed that the concentration of Cr was 
not higher in PF than in PC. Therefore, this high concen-
tration of Cr was irregular, and the data from this sam-
pling time was removed in subsequent analyses. 

3. 1. 2  Mn
The concentrations of Mn in the samples from KO 

ranged between 399 and 1,330 μg/g and were close to the 
soil background value (950 μg/g). Mn concentrations in 
SA and KO samples were similar, but the particle size dis-
tributions were different. In KO samples, Mn concentra-
tion was higher in PC than in PF, while the opposite was 
observed in SA samples. Additionally, Mn concentrations 
for the two particle sizes from both SA and KO were high 
in winter and spring. Mn concentration was even lower 
in samples from FU than in those from KO and SA dur-
ing the same sampling period, especially in samples col-
lected in summer (77.3 μg/g in PF and 59.4 μg/g in PC). 
Note that not only Mn but the other crustal elements 
such as Ti was also low in the concentration in aerosol 
samples collected in summer in FU. One possible specu-
lation for this result is that the Asian dust transportation 
in summer in Fukuoka may weak in compared to the 
other seasons (Kaneyasu et al., 2014).

3. 1. 3  Fe
The average concentration of Fe was the highest 

among the nine metallic elements across the three sites. 
Fe concentration was the highest in samples from KO 

(25,100 μg/g), followed by SA (17,300 μg/g) and FU 

(7,680 μg/g). For samples from the same location, Fe 
concentration showed trends similar to those of Mn for 
both particle sizes and particle size concentration distri-
butions.

3. 1. 4  Cu
Cu concentrations in all samples were relatively low 

except in PC of KO samples (714 μg/g on average). Cu 
concentrations were comparable in PC and PF in SA 

(203 vs. 132 μg/g) and FU samples (101 vs. 50.5 μg/g), 
while there were large differences for KO samples. Cu 
concentrations in the rest of the samples were higher in 
winter and spring, except for PF in KO samples.

3. 1. 5  Zn
Zn concentrations in PC and PF from KO samples 

were considerably different. Trend in Zn concentration 
were similar to that in Mn, Fe, and Cu. Zn concentration 
in PC from KO was high (3,440 μg/g) compared with 
other samples from SA and FU (497 and 235 μg/g, 
respectively).

3. 2  Valence State of Target Elements
The XAFS spectra of each element for the standard 

materials, representative aerosol samples, and corre-
sponding LCF results with the lowest R-factors among 
the samples are shown in Fig. 2. The percentages of dif-
ferent valence states of target metals detected by XAFS 
are shown in Fig. 3. We only examined the valence states 
of Mn, Fe, Cu, and Zn, as those of Cr were explored in 
our previous study (Saito et al., 2020).

3. 2. 1  Mn
Mn(II) was the major component in all aerosol sam-

ples at averages of 60.9%, 73.8%, and 85.1% for KO, SA, 
and FU, respectively. Mn(0) was detected in some PC 
samples from KO and SA at under 10%. Mn(IV) 
accounted for a relatively large proportion of aerosol 
samples collected in KO and SA (37.6% and 25.8% on 
average), especially in samples collected in winter. These 
results were generally consistent with a previous study 
that reported the oxidation state of Mn in the aerosol or 
road dust samples were approximately 2.2-2.6 (Bardelli 
et al., 2011; Ohta et al., 2006). 

3. 2. 2  Fe
The major valence state of Fe in the aerosol samples 

was Fe(III). The average proportions of Fe(III) in KO, 
SA, and FU samples were 70.4% (n = 8), 79.8% (n = 8), 
and 86.7% (n = 7), respectively. There was more Fe(II) 
in KO samples (23.5% average) than in SA samples 

(12.9% on average) and FU samples (8.4% on average). 
Fe(III) concentration was the highest but Fe(II) concen-
tration was the lowest in FU samples. This may be 
because Fe(II), which was more reactive valence state 
than Fe(III), was oxidized during the long-range trans-
port from the Asian continent. This is also supported by 
Takahashi et al. (2011) which showed that that the ratio 
of Fe(III) to total Fe increases during atmospheric trans-
port from the Taklimakan desert to Japan. In contrast, 
there was more Fe(II) in SA and KO samples due to 
greater local emissions of aerosol particles containing 
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Fe(II). Moreover, Fe(0) was not detected in five samples 
including PF from KO in autumn and PC from SA in 
spring. Fe(II) was not detected in PC from SA in sum-
mer and PF from FU in autumn.

3. 2. 3  Cu
Cu(II) was the main component of the particles at all 

locations and sizes. The average percentage of Cu(II) was 
92.1% in KO, 88.0% in SA, and 99.4% in FU. The pro-

Fig. 2. The XAFS spectra of each element for the standard materials, representative aerosol samples, and corresponding linear combina-
tion fitting (LCF) results.
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portion of Cu(0) was larger in PC at KO (13.6% average) 
and SA (14.4% average), and it was only detected in PF 
from all FU samples collected in autumn. Cu(I) was not 
detected in any sample.

3. 2. 4  Zn
Zn(II) was the major chemical valance of Zn in all 

samples (98.8% in KO, 99.4% in SA, and 97.2% in FU). 
In order to make more detailed discussion, the chemical 
speciation results for Zn are presented in Fig. 3. The 
major Zn components were ZnFe2O4 and ZnSO4. The 
proportion of ZnFe2O4 was higher than ZnSO4 in all 
samples (54% vs 31.3% on average) except the fine parti-
cles collected in FU site (26.7% vs 65.3% on average). In 
addition, ZnO existed in all samples except the fine sam-
ples collected in spring and summer at FU but at a low 
amount (12.3% on average). Zn(0) was detected only in 
some particles and the average proportion in FU sam-
ples were three times than others (2.8% to 0.9%). Over-
all, the Zn chemical speciation result for FU was unique. 
Note that when we changed ZnSO4 to Zn(NO3)2 as the 

standard spectrum for the LCF analysis, the result was 
very similar to the original result.

3. 3  Source Identification
EFs, correlation analysis, PCA, and CA were applied 

to identify the potential sources of metallic elements in 
aerosol samples from three sampling sites.

3. 3. 1  Enrichment Factors (EFs)
EFs for metals in the particle samples were calculated 

by using the average concentrations to investigate the 
potential sources of metallic elements that were emitted 
from natural or anthropogenic sources. The results are 
summarized in Table 2.

The results showed that Ti, V, Cr, Mn, Fe, and Ni had 
EF values in the range of 0.8-4.4, which suggests that 
these metals were derived from crustal contribution and 
part of anthropogenic influences. The EFs of Zn were 
higher than 10 in all samples at three sites. The values of 
Pb were also higher than 10 in all samples except for PC 
collected in the SA site. The EF values of Cu in the KO 

Fig. 3. Percentage composition of different valence states of target metals (Mn, Fe, Cu, and Zn) in fine and coarse particles at three sites in 
Japan.
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samples are also higher than 10 and those in the other 
two sampling sites are also much higher than the refer-
ence values as crustal sources. This suggests that the con-
tribution of soil to these elements was much smaller than 
those of anthropogenic sources. Pb has been used in 
marker compounds for coal combustion and non-ferrous 
metal smelters (Ny et al., 2010; Okuda et al., 2008). Addi-
tionally, the presence of Pb in atmospheric air is related to 
vehicular and industrial emissions (i.e., burning of fossil 
fuels) (Alves et al., 2020; Hassanvand et al., 2015). Xu et 
al. (2012) listed vehicular emissions as one of the main 
sources of Pb in the environment of Xi’an, China, even 
after the use of Pb-containing gasoline was prohibited. Zn 
is used to make automotive brakes and tire rubber (which 
contains 1% Zn as it acts an activation agent for the sulfu-
rization of rubber), and Zn is also added to automobile 
engine oil (Grigoratos et al., 2015; Iijima et al., 2007).

3. 3. 2  Correlation Analysis
Fig. 3 shows the XAFS results on the valence states of 

the five trace metals in aerosol particles. The concentra-
tion of each valence state was calculated from its percent-
age and the total metal concentration from Table 2. These 
values were used in a correlation analysis to investigate 
the potential emission sources of aerosol particles at the 
three sites (Table 3). Z-score normalization was applied 
to all data to standardize different magnitudes into a uni-
form measure before correlation analysis. In addition, 
t-tests were performed to determine the statistical signifi-
cance of the correlation analysis results (Table 3) in order 
to reduce calculation errors from the small number of 
samples (n = 4). Correlations between an element and its 
valence states are not discussed as they are not indepen-
dent, since valence state concentrations were calculated 
using the element concentrations and valence state per-
centages.

The concentration of Cr in PF in summer SA samples 
may be anomalous, as previously discussed. Therefore, 
we excluded the data for this sampling period to keep the 
data constant when performing the correlation analysis 
between Cr and other elements. These correlation coef-
ficients are indicated in Table 3b by a gray background. 
However, these correlation coefficients are less accurate 

(e.g., r2 = 1.00 between Cr(III) and Mn) because of the 
reduced sample size and will not be used for source anal-
ysis. Similarly, the correlation analysis of elements in FU 
PC samples was excluded because of the lack of EDXRF 
and XAFS data on FU PC samples collected in winter.

As shown in Table 3, there were significant correlations 
between Mn(IV) and Ti, and the correlation of Fe(II) 
and Fe(III) with Ti and Mn for all samples. Ti, Mn, and 
Fe are all typical crustal enrichment elements, and the 
EFs for both Mn and Fe were close to 1 (Table 2), which 
indicates that Mn and Fe mainly originated from the soil. 
There is research pointed that small-sized particles were 
emitted from vehicle exhausts as a result of engine com-
bustion (Tanner et al., 2008), and Lu et al. (2009) stated 
that the principal source of Mn and Pb in street dust is 
automotive emissions. Therefore, the high correlations 
of Mn with Cu, Zn, and Pb in SA fine particles indicated 
that automotive emissions might be one anthropogenic 
source of Mn.

Zn is the largest metallic portion emitted from electric 
arc furnace dust, which can reach 7%-40% of total metal 
emissions. Vapor zinc is emitted out from the furnace as 
compounds like ZnO and ZnFe2O4 with other gaseous or 
particulate compounds generated during steelmaking 
reactions (Oustadakis et al., 2010; Xia and Picklesi, 2000),  
while Mn is derived from franklinite ((Zn, Mn2+, Fe2+) 

(Fe3+, Mn3+)2O4), and Cr is richer in the dust from 
stainless steelmaking than in that from carbon steelmak-
ing (Omran and Fabritius, 2017; Havlík et al., 2006; 
Sofilić et al., 2004). Manno et al. (2006) stated that heavy 
metals such as Zn and Ni are highly abundant in urban 
areas and industrial sites, and major sources of V have 
been identified as combustion of residual fuel such as 
ships and refinery plants (Agrawal et al., 2008a, 2008b; 
Vallius et al., 2003). Therefore, the strong correlations of 
Zn, Mn, Fe, and Cr with Ni (r2 = 0.801-0.975, p<0.05) 
and V (r2 = 0.814-0.965, p<0.05) in aerosol particles at 
KO and FU sites indicates that they were likely emitted 
from industrial production in the Keihin and Kitakyushu 
industrial areas, where also are important ports. 

Cu and Zn are known as wear-generating elements, as 
Cu can be emitted from the wear of engine parts, fuel, 
and oil leakage (Hassan, 2012; Yuen et al., 2012), while 
Zn can be derived from tire abrasion, brake wear, and 
corrosion of vehicle parts (López et al., 2011). Previous-
ly deposited Pb in the soil may be re-suspended in road 
dust (Taylor and Kruger, 2020; Chen et al., 2019; Jeong 
et al., 2018; Amato et al., 2014; Chen et al., 2014). This 
explains the significant correlations between Cu(II), 
Zn(II), and Pb. Furthermore, a previous chemical char-
acterization study of brake wear particles showed that Fe 
existed in both fine and coarse fractions, while TEM 
analysis revealed the presence of maghemite (γ-Fe2O3), 
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magnetite (FeO-Fe2O3), and amorphous carbon in the 
nanoparticle fraction, as well as maghemite, magnetite, 
and hematite (α-Fe2O3) in the fine fraction (Grigoratos et 

al., 2015). Hence, the Fe produced by brake wear emis-
sions from cars is mainly in the form of compounds. 
However, the correlation of Fe(II) and Fe(III) with Zn 

Table 3. Pearson correlation analysis of valence state concentrations for different particle size samples.
a. KO

Fine particles Cr(0) Cr(III) Mn(II) Mn(IV) Fe(0) Fe(Ⅱ) Fe(Ⅲ) Cu(Ⅱ) Zn(II)

Ti 0.952* 0.091 0.401 0.998** 0.461 0.945 0.996** 0.483 0.816
V -0.125 0.816 -0.298 -0.228 0.445 -0.348 -0.306 0.110 -0.320
Cr 0.328 0.958* 0.312 0.351 0.397 0.356 0.328 0.699 0.406
Mn 0.858 0.158 0.598 0.957* 0.272 0.994** 0.987* 0.647 0.926
Fe 0.943 0.112 0.428 0.996** 0.442 0.953* 0.997** 0.511 0.833
Ni 0.742 0.702 0.309 0.751 0.610 0.681 0.717 0.647 0.623
Cu 0.425 0.608 0.870 0.600 -0.076 0.806 0.671 0.981* 0.913
Zn 0.601 0.247 0.856 0.778 -0.075 0.958* 0.855 0.841 1.000**
Pb -0.163 0.446 0.949 0.071 -0.641 0.436 0.198 0.884 0.675

Coarse particles

Ti 0.843 0.860 0.690 0.957* 0.861 0.968* 0.988* 0.780 0.532
V 0.861 0.924 0.747 0.853 0.854 0.980* 0.936 0.817 0.533
Cr 0.876 0.910 0.725 0.873 0.844 0.977* 0.941 0.800 0.511
Mn 0.684 0.962* 0.874 0.837 0.971* 0.991** 0.981* 0.931 0.751
Fe 0.734 0.923 0.811 0.897 0.943 0.987* 0.997** 0.882 0.686
Ni 0.439 0.979* 0.988* 0.594 0.983* 0.909 0.855 0.999** 0.906
Cu 0.522 0.988* 0.967* 0.673 0.991** 0.947 0.903 0.992** 0.869
Zn 0.045 0.802 0.948 0.338 0.890 0.679 0.655 0.923 1.000**
Pb 0.223 0.902 0.990* 0.455 0.951* 0.798 0.757 0.979* 0.981*

b. SA

Fine particles Cr(0) Cr(III) Mn(II) Mn(IV) Fe(0) Fe(Ⅱ) Fe(Ⅲ) Cu(Ⅱ) Zn(II)

Ti 0.863a 0.974 0.977* 0.982* -0.638 0.973* 0.987* 0.970* 0.981*
V 0.900 0.989 0.912 0.973* -0.348 0.901 0.980* 0.972* 0.955*
Cr -0.286 -0.558 -0.517 -0.607 0.826 -0.896 -0.716 -0.558 -0.561
Mn 0.957 1.000 0.998** 0.993** -0.536 0.914 0.975* 0.991** 0.998**
Fe 0.853 0.969 0.952* 0.987* -0.534 0.967* 0.999** 0.977* 0.975*
Ni 0.227 -0.072 -0.653 -0.532 0.938 -0.649 -0.525 -0.502 -0.569
Cu 0.970 0.998 0.967* 0.991** -0.365 0.867 0.971* 0.997** 0.988*
Zn 0.954 1.000 0.993** 0.997** -0.500 0.913 0.982* 0.997** 1.000**
Pb 0.928 0.997 0.983* 1.000** -0.503 0.933 0.993** 0.997** 0.997**

Coarse particles

Ti 0.689 0.858 0.758 0.888 0.437 0.968** 0.987* 0.969* 0.911
V 0.666 0.676 0.538 0.887 0.510 0.965* 0.964* 0.857 0.881
Cr 0.971* 0.942 0.402 0.942 -0.199 0.857 0.699 0.661 0.470
Mn 0.562 0.883 0.910 0.751 0.417 0.851 0.915 0.983* 0.883
Fe 0.629 0.766 0.715 0.863 0.541 0.964 0.999** 0.953* 0.943
Ni 0.368 0.612 0.808 0.671 0.754 0.839 0.963* 0.953* 0.999**
Cu 0.882 0.962* 0.614 0.961* 0.095 0.953* 0.874 0.852 0.709
Zn 0.329 0.606 0.840 0.635 0.767 0.812 0.950 0.957* 1.000**
Pb 0.264 0.509 0.780 0.590 0.829 0.778 0.927 0.912 0.993**
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and Cu was not statistically significant due to the limita-
tion of sample numbers in this study, so this anthropo-
genic contribution of Fe deserves further investigation.

3. 3. 3   Principal Component Analysis (PCA) and 
Cluster Analysis (CA) 

Table 4 shows the principal components (PC) of the 
valence states of target metals from XAFS. Eigenvalues, 
variance contributions, and cumulative variance are also 
presented. We also performed CA on target metal com-
pounds for the three sites to better identify possible emis-
sion sources (Fig. 4). We performed PCA and CA for 
both particle sizes together because the number of sam-
ples was limited and because the irregular Cr concentra-
tion in PF collected in summer at SA had to be removed. 
The PCA and CA results for the three sites were different, 

even for KO and SA, which were relatively close geo-
graphically. This indicates that the emitting sources at 
each site were different and depended on their geographi-
cal location and regional characteristics.

For KO, the PCA model extracted three PCs and 
explained up to 94% of the total variance. PC1 and PC2 
contained the most pollutant components, as their com-
bined cumulative variance contribution reached 89.0%. 
The components originally belonging to PC1 were 
grouped into one cluster with those of PC2 in the CA 
analysis results. As previous discussion of emission sour-
ces of included factors, PC1 indicated the surface dust 
emission sources, including Cu(II) and Zn(II) generated 
from traffic brake wear, Mn(II), Fe(II), and Fe(III) from 
crustal soil. In combination with the CA results, Fe(II) 
and Fe(III) were also classified into the same cluster with 

Table 3. Continued.
c. FU

Fine particles Cr(0) Cr(III) Mn(II) Mn(IV) Fe(0) Fe(Ⅱ) Fe(Ⅲ) Cu(Ⅱ) Zn(II)

Ti 0.666 0.993** 0.927 0.994** -0.653 0.890 0.999** 0.717 0.713
V 0.591 0.821 0.953* 0.710 -0.834 0.974* 0.755 0.933 0.977*
Cr 0.767 0.999** 0.938 0.969* -0.762 0.906 0.985* 0.709 0.733
Mn 0.628 0.964* 0.998** 0.918 -0.748 0.988* 0.940 0.884 0.894
Fe 0.644 0.992** 0.946 0.989* -0.658 0.914 0.996** 0.759 0.752
Ni 0.734 0.976* 0.986* 0.915 -0.823 0.972* 0.942 0.825 0.857
Cu 0.272 0.726 0.904 0.667 -0.570 0.931 0.693 1.000** 0.982*
Zn 0.397 0.743 0.921 0.651 -0.696 0.951* 0.689 0.986* 1.000**
Pb 0.336 0.686 0.886 0.590 -0.661 0.922 0.629 0.985* 0.996**

*p<0.05, **p<0.01
aCorrelation coefficient between contaminants without irregular data in SA samples collected in summer.

Table 4. Varimax rotated factor loadings (only those with values≥0.3 are listed) for XAFS data of target metals from three sites. 

Components
KO SA FU

PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC3 PC4

Cr(0) 00.53 00.65 00.30
Cr(III) 00.76 00.45 00.35
Mn(II) 00.33 00.39 00.38
Mn(IV) 00.32 00.48 00.38 00.35 00.50
Fe(0) 00.34 00.50 00.52 00.71
Fe(Ⅱ) 00.36 00.36 00.37
Fe(Ⅲ) 00.37 00.39 00.35 00.43
Cu(Ⅱ) 00.36 00.38 00.34 00.36 00.33
Zn(II) 00.32 00.39 00.34 00.37
Eigenvalues 06.9 01.11 00.47 06.33 02.23 06.99 00.84 00.57 00.56
Variance 76.7% 12.3% 05.2% 70.4% 24.7% 77.7% 09.2% 06.3% 06.2%
Cumulative variance 76.7% 89.0% 94.2% 70.4% 95.1% 77.7% 86.9% 93.2% 99.4%
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Cr(0) and Mn(IV) in PC2, this means possible anthro-
pogenic activities emitting such as fly ash generated from 
steel and marine industries in the Keihin industrial area. 
The PCA and CA results show that Cr(III) was unique, it 
was always grouped separately and the variance contribu-
tion was 5.2% for PCA. There were strong correlations of 
Cr(III) with V, Ni, Cu, and Pb (Table 3a). Ni and V are 
often considered to be tracers of ship emissions because 
both are major impurities in residual oil used by ocean-
going vessels, and shipping facilities are considered an 
important source of airborne fine Ni and V in port areas 

(Tian et al., 2013; Peltier et al., 2009), while Cu and Pb 
are the main elements in fly ash from municipal waste 
incinerators, and the crystalline and non-crystalline 
forms of Cr and Cu can be incorporated into the spinel 
structure in fly ash particles (Dahlan et al., 2020; Takaoka 
et al., 2016; Jung et al., 2004; Wiles, 1996). Therefore, 
PC3 containing only Cr(III) can be considered to repre-
sent the combustion source such as fossil fuel burning 
and waste incineration.

At SA, the overall variance contribution of the two PCs 
was 95.1%. The PCA and CA results for the valence states 
were also consistent. This indicates that the sources of 

pollutants in this region were relatively stable, and the 
emission sources derived from the model results are suffi-
cient to identify the largest sources of the target contami-
nants. The components of PC1 for SA and KO were simi-
lar. However, since Saitama Prefecture is an inland-type 
region with more developed agricultural production, the 
valence distribution of Mn and Fe, which mainly origi-
nate from the soil, maybe more related to the solidifica-
tion process of toxic metals, which occurs in paddy soils 
during rice cultivation. Manganese oxides can alter the 
valence states of other heavy metals, such as arsenic 

(Oscarson et al., 1983a, 1983b). For example, the reduc-
tion of Mn(IV) to Mn(II) oxidizes As(III) to As(V), and 
oxidation of As(III) by Mn oxides likely leads to dec- 
reased As mobility in soil (Lafferty et al., 2010a, 2010b). 
Mn oxides would also promote Fe(II) oxidation to 
Fe(III), thereby creating freshly precipitated Fe(III) 
hydroxides that could serve as efficient sorbents for As 

(Xu et al., 2017; Ehlert et al., 2016). Some Mn-containing 
pesticides also contribute to the PM-bound Mn besides 
the soil re-suspension (Sysalova et al., 2012). This might 
explain why the highest concentrations of Mn(II) and 
Fe(III) were found in SA samples in summer and autumn 

Fig. 4. Cluster analysis of target metal compounds from (a) KO, (b) SA, and (c) FU.

(a)

(c)

(b)
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when rice harvesting can cause more soil dust to enter the 
atmosphere. PC2 including the Cr(0), Cr(III), and Fe(0) 
might indicate the industrial emission source around the 
sampling site, and/or abrasion of metallic alloys on sur-
faces. 

For FU, the PCA results were complex. For example, 
Fe(0) and Cu(II) had relatively high loadings in different 
PCs, and their PCA and CA results differed significantly. 
This was probably due to the diverse industrial structure 
of the Fukuoka region and its proximity to the East Asian 
continent, which makes it susceptible to long-distance 
transport of pollutants from the continent. Therefore, the 
sources of pollutants are more complex. The small num-
ber of samples (n = 7) obtained at FU may be another 
reason behind the large differences between the PCA and 
CA results. PCA is designed to capture the maximum 
amount of raw information and reduce the number of 
variables by extracting the main components of multivari-
ate data, while CA groups variables that are close together 
into the same cluster in the dendrogram. 

In terms of source identification of contaminants at FU, 
Cu(II) and Zn(II) were likely emitted from traffic brake 
wear. Cr(III), Mn(II), Mn(IV), Fe(II), and Fe(III) in 
aerosol particles were likely influenced by fly ash generat-
ed by steel production in the Kitakyushu industrial area, 
as previously discussed. Furthermore, the high correla-
tion of Mn(II), Mn(IV), and Fe(III) with Ti indicate that 
they may have been from peri-urban agricultural produc-
tion emissions. The CA results showed that Cr(0) and 
Fe(0) belonged to separate clusters, with low correlations 
between them and other pollutants but they were 
grouped in PC4 with Cu(II) and Zn(II) by PCA result. 
Kennedy and Gaddy (2003) presented that brake dust 
generated during the braking process wear of the brake 
discs/drums, which are commonly made of steel of alloys 
was enriched in Cr, Cu, Fe, and tin (Sn). This might indi-
cate the unique sources for Cr(0) and Fe(0), such as the 
abrasion of metallic alloys on surfaces. 

4. CONCLUSION 

This study investigated the chemical compositions 
and valence states of elements in cyclone-collected parti-
cles from three sites in Japan. The average concentration 
of Fe was the highest among the nine metallic elements, 
and the ambient concentrations of Cu, Zn, and Pb far 
exceeded the background concentrations. XAFS results 

for the target metals showed that the major valence states 
were Cr(III), Mn(II), Fe(III), Cu(II), and Zn(II), fol-
lowed by Cr(0), Mn(IV), Fe(II), Fe(0), and Cu(0). 
Cr(VI), Mn(0), and Zn(0) were detected in some sam-
ples, and Cu(I) was not detected in this study. Moreover, 
the source identification results from correlation analy-
sis, PCA, and CA showed that the potential emission 
sources of metallic contaminants differed significantly 
across the three sites and suggested influence from indus-
trial activities and geographical location. The main con-
tribution source of Mn and Fe is crustal soil. At KO and 
FU, which are metropolises near the sea and adjacent to 
industrial areas, the probably anthropogenic sources of 
metal contaminants such as Cr(III), Mn(II), Mn(IV), 
Fe(II), and Fe(III) are likely fly ash from steel production 
and fuel combustion in industrial areas. At SA, which is 
located inland with greater agricultural production, the 
dominant source is likely soil dust from agricultural pro-
duction but this hypothesis needs further research. The 
main source of Cu(II) and Zn(II) in all three areas can be 
traffic brake wear. In addition, the source analysis model 
showed that the pollutants in FU exhibited cross-regional 
transport characteristics. Our findings on the different 
valence states and compositions of the elements deter-
mined by cyclone collection coupled with XAFS and 
EDXRF may be important for determining the toxicity of 
PM at different locations.
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