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ABSTRACT

Sources of Pb pollution in the local atmosphere together with Pb species, major ions, and heavy
metal concentrations in a size-fractionated aerosol sample from Higashi-Hiroshima (Japan) have been
determined by X-ray absorption near-edge structure (XANES) spectroscopy, ion chromatography, and
ICP-MS/AES, respectively. About 80% of total Pb was concentrated in fine aerosol particles. Lead
species in the coarse aerosol particles were PbC,04, 2PbCO3-Pb(OH);, and Pb(NO3),, whereas Pb
species in the fine aerosol particles were PbC;04, PbSOy4, and Pb(NO3),. Chemical speciation and
abundance data suggested that the source of Pb in the fine aerosol particles was different from that of
the coarse ones. The dominant sources of Pb in the fine aerosol particles were judged to be fly ash from
a municipal solid waste incinerator and heavy oil combustion. For the coarse aerosol particles, road
dust was considered to be the main Pb source. In addition to Pb species, elemental concentrations in
the aerosols were also determined. The results suggested that Pb species in size-fractionated aerosols
can be used to identify the origin of aerosol particles in the atmosphere as an alternative to Pb isotope
ratio measurement.

Introduction

monitor the concentrations, species, and sources of Pb in
the atmosphere.

The measurement of Pb isotope ratios has long been
employed as a powerful tool to identify the sources of Pb

Lead (Pb) is one of the most prominent pollutants, espe-
cially for atmospheric pollution, as a result of extensive use
of leaded gasoline throughout the world (e.g. Nriagu, 1990;
Mukai et al., 1993; Chen et al., 2005). In recent years, at-
mospheric Pb concentrations have dramatically decreased
due to the use of lead-free gasoline. However, atmospheric
pollution by Pb is still recognized as a potential health
problem (Murphy et al., 2007). Moreover transboundary
air-pollution is also a key topic from an international
relations perspective. Thus, there is an ongoing need to

* Corresponding author. E-mail: kou-sakata@hiroshima-u.ac.jp

pollution (e.g. Rabinowitz and Wetherill, 1972; Mukai et
al., 1993; Sakata et al., 2000). Furthermore, such ratios
can be a good tracer for air-mass transportation because
Pb isotope ratios differ significantly depending on the
emission area/source (e.g. Maring et al., 1987; Mukai et al.,
1994; Bollhofer and Rosman, 2000, 2001; Shimamura et
al., 2007; Inoue and Tanimizu, 2008). Following the usage
restriction of leaded gasoline, however, Pb isotope ratio
measurements may not be used for source identification

and as an air-mass tracer in recent years, beeatuse—thePb
isotope ratio has not been well characteriZed according to
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each source (Mizoguchi et al., 2012).

Lineage analysis and principal component analysis of
major and minor elemental components in aerosols have
been used to identify sources of Pb in the atmosphere
(Salma et al., 2002; Wang et al., 2006). X-ray diffrac-
tion (XRD) measurements have also been conducted for
speciation analysis of Pb in the atmosphere (Biggins and
Harrison, 1979; Sturges and Harrison, 1989). Statistical
methods, based on elemental composition data, which are
indirect methods, lack the specificity for unambiguous
identification of Pb species in the atmosphere. Also in the
case of XRD measurements, since Pb is a minor compo-
nent in the aerosol particles examined, specific Pb species
have not been identified. As an alternative direct method
for Pb speciation, scanning electron microscopy with en-
ergy dispersive X-ray spectroscopy (SEM-EDS/EDX) has
been employed to determine the elemental compositions of
single aerosol particles (e.g. Linton et al., 1980; Moffet et
al., 2008). However, it is not easy to estimate the average
composition of various Pb species in an aerosol sample by
such particle analysis.

As a powerful tool to determine chemical species of
heavy metals directly in aerosols, X-ray absorption fine
structure (XAFS) spectroscopy can be proposed. With
XAFS spectroscopy, there is almost no spectral interfer-
ences from co-existing elements, that is, each element
exhibits a characteristic and unique X-ray absorption edge.
Furthermore, information on the chemical form of the
heavy metals in the aerosol can be obtained with min-
imal/no sample pretreatment, even if the concentration
of the element in the sample is low (e.g. a few tens
of ppm). Actually, many studies on chemical speciation
of heavy metals in environmental materials, including
aerosols by XAFS spectroscopy, have been reported in
recent years (e.g. Manceau et al., 1996; Takahashi et al.,
2006; Higashi and Takahashi, 2009). However, there are
few studies on the determination of Pb species in aerosols
by XAFS spectroscopy. Tan et al. (2006) reported that
the Pb species in PMg and PM; 5 aerosols in Shanghai,
China were PbO, PbCl,, and PbSO, by analyzing Pb Ly;-
edge absorption with the Si(111) monochromator. They
concluded that the dominant source of these Pb species
were from coal combustion. On the other hand, Pb species
in total suspended particles (TSP), collected along a busy
road in the city center of Osaka, Japan were PbS, PbCO3,
PbSO,, and/or PbCl, following Pb Ljj-edge absorption
measurements using the Si(111) monochromator (Funasa-
ka et al., 2008). These results showed that Pb species
in atmospheric aerosols might consist of different forms
depending on the location, which, in turn, might reflect
differences in chemical processing and sources of Pb.
However, it is difficult to distinguish Pb species using
Lijg-edge X-ray adsorption near-edge structure (XANES)
spectra. This is because the spectra from some species
are very similar without distinctive features. In this study,

we have employed a double-crystal of Si(311) for mea-
surement of Pb Ly-edge absorption of aerosol samples to
obtain better energy resolution than that afforded by the
Si(111) crystal as used in previous studies (Tan et al., 2006;
Funasaka et al., 2008). It was anticipated that the improved
spectral resolution would permit the differentiation of Pb
species in the aerosol samples.

It is well known that the formation mechanisms of
fine and coarse aerosol particles are distinctly different.
Coarse aerosol particles (> 2.1 wm) typically originate
from wind-blown particles such as sea spray and soil,
whereas fine aerosol particles (< 2.1 wm) originate from
condensation and/or coagulation of precursor gases related
to high temperature combustion processes (Jacob, 1999).
This suggests that the chemical species of heavy metals in
aerosol particles of differing particle size may be different
due to differences of source and/or particle formation
mechanisms. That is, the chemical species and concen-
tration distribution of heavy metals in the various aerosol
particles will be constrained by the formation mechanisms
of the particles. Furthermore, the toxicity and health effects
of heavy metals can be very different depending on the
chemical species and aerosol size. Thus, it is important to
clarify information on chemical species and concentration
distribution in each aerosol size to evaluate the potential
effect on human health. Hence, size distribution analysis
for chemical species of heavy metals in aerosols including
concentrations will contribute not only to the development
of new problem-solving approaches in atmospheric pol-
lution but also to advancing knowledge in atmospheric
chemistry. To date then, the chemical species of heavy
metals and formation mechanisms of the species in aerosol
samples have yet to be clarified.

In this research, we have collected 6 size-fractionated
aerosol samples for the study of Pb species and major and
trace elemental composition. A key feature of our approach
is the use of a double-crystal of Si(311), which provides
high resolution monochromatic incident X-ray for mea-
surement of Pb Ly-edge XANES of aerosol samples.
The improved energy resolution is expected to permit the
differentiation of Pb species in aerosol samples of different
origins. To confirm the accuracy of the combination of Pb
species in each size fractionated single particle, micro(u)-
XRF-XAFS analysis was conducted. In addition, accuracy
of speciation by XAFS can be improved if the number
of end members assumed in the fitting of the spectra is
reduced. In this regard, size-fractionated sampling also
contributes to an improved reliance of XAFS analysis,
since it is expected that Pb species are different among the
different particle sizes.

If the Pb species and the associated formation mecha-
nisms in size-fractionated aerosol samples can be clarified
for samples from a single sampling site such as in Hi-
roshima, it may be possible for the methodology to he

applied to other locations in the world. In addition to the six
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aerosol samples analyzed, samples representing candidate
atmospheric emission sources of Pb were also examined.
This is the first such report on the determination and
characterization of Pb species in size-fractionated aerosols
and at high energy resolution with XAFS spectroscopy.

1 Methods

1.1 Sampling

Size-fractionated aerosol samples were collected on the
roof of a building (10 m above ground level) at Higashi-
Hiroshima City (34.40°N, 132.71°E; 9 to 23 October,
2012) (Fig. 1). We chose the autumn for the first step of
this study, because October in Japan generally does not
have any particular climatic events such as yellow sand
and typhoon events. Thus, the result from this sample
may be basic information that can be compared with those
obtained in yellow sand and typhoon events. Aerosol sam-
ples were collected on a cellulose filter (TE-230WH, Tish
Environmental, Inc., USA) for stages 1 to 5 and a Whatman
41 filter (8 x 10 inch, Whatman, USA) for stage-BF using a
high-volume air sampler (MODEL-123SL, Kimoto, Japan)
with cascade impactor (TE-236, Tisch Environmental Inc.,
USA). The flow rate was 0.566 m>/min and the total vol-
ume of air sampled was 11572.1 m>. The aerosol diameter
of each stage is as follows: Stage 1: > 10.2 um; stage-2:
10.2-4.2 um; stage-3: 4.2-2.1 um; stage-4: 2.1-1.3 pm;

—
™ G
b2 / s S
45°N Y, Iy S
/ J Sew A S
J { -
),{ ¢ f"\»L A~ ’ } \«: "AMLF
I MG el
{ s
] &l
A T ahy
40N | 7 4,
Kanazawa | )
,  Higashi- jif ;(\t
| Hiroshima Ju
{ o & {
) AT 0"
35N | 57 . N A
o qr 7 '11‘? 7N
4 ﬁiﬂ-' sl s al
A /
z 7%1 ~ X ¢ f/ f )
7 o) / & Tokyo
,-i,iﬂ Osaka
30°N
130°E 135°E 140°E 145°E
Fig. 1 Sampling sites of size-fractionated aerosol sample and sources

of emission (Higashi-Hiroshima) Kanazawa, Tokyo, and Osaka are
comparative sites of Pb species and heavy metal concentrations in the
atmosphere, Japan (Sakata et al., 2000; Wang et al., 2006; Funasaka et
al., 2008).

stage-5: 1.3-0.69 um; stage-BF: < 0.69 um. Stages 1 to
3 collected coarse aerosol particles, whereas stages 4, 5,
and the backup filter collected fine aerosol particles. Each
cellulose filter was weighed before and after sampling and
maintained under constant humidity (20%) in a desiccator,
as described by Furukawa and Takahashi (2011).

Samples corresponding to local sources of Pb emis-
sions, both anthropogenic and natural samples, were also
collected. Two kinds of fly ash from a municipal solid
waste incinerator (MSWI), which is located about 8 km
from the sampling site for aerosol samples, were collected.
One of these fly ashes was a dispersed material from a
chimney and the other was a residual fly ash from an
incinerator. The dispersed fly ash sample was collected
by a high volume air sampler (HV-500F, Sibata, Japan)
immediately at the exit of the chimney and residual ash
was obtained by a spatula from the bottom of the chimney.
A heavy oil combustion sample was also collected by
the high volume air sampler (HV-500F, Sibata, Japan)
immediately at the exit of the chimney. Actually, oil fired
boilers and combustion equipment are operated in many
public facilities and factories and these, currently, are
important sources of Pb emissions in Japan (Sakata et al.,
2000; Wang et al., 2005). TSP was also collected by the
high volume air sampler (HV-500F, Sibata, Japan) at the
Yasumiyama tunnel, Kure, Japan. Road dust on Route 2
in Hiroshima City and resuspended particles on a roof
were collected by a spatula. Weathered Hiroshima granite,
the main lithology of the area, was sampled as a possible
natural Pb source. The grain size distribution of road dust,
resuspended particles, and weathered Hiroshima granite
showed a wide range of particle sizes (0.4—-100 um) and
the average size (weight basis) was relatively large (greater
than 50 pum).

1.2 XANES analysis

For identification of Pb species in samples, Pb Ly-edge
(13.041 keV) XANES spectra were recorded at SPring-
8 beamline BLO1B1 in Hyogo, Japan and on NW10A
at the KEK Photon Factory Advanced Ring (PF-AR) in
Tsukuba, Japan. The X-ray energy ranges for the Si(111)
and Si(311) monochromators are about 5 to 30 keV and 10
to 40 keV, respectively. Therefore, XAFS experiments on
Pb can be carried out by both the Si(111) and the Si(311)
monochromator. We employed monochromatic radiation
from a pair of Si(311) crystals, the energy resolution
of which is higher than that of the Si(111) crystal used
in previous studies (Tan et al., 2006; Funasaka et al.,
2008). An energy resolution (AE/E) around 13 keV, with
the Si(111) monochromator, which is the Pb Ljj-edge
absorption energy, is about 2 x 107, whereas AE/E with
the Si(311) monochromator is about 3 x 107.
Measurement of all samples was carried out in fluo-

ctata datactar
State—aetectof

XANES was

rescence mode with a 19-element Ge soli
(SSD). The energy of the Pb Liy-edg
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calibrated with PbO, which yielded a definitive peak
maximum (13.041 keV) for the XANES spectrum. For
XANES measurements in aerosol samples with low Pb
concentrations, each aerosol filter sample was cut into
small size and 4-5 pieces from one filter were placed
one on top of the other in order to increase the Pb
signal intensity. One to four scans (from 12.920 to 13.280
keV) were summed in order to improve the signal to
noise ratio. Repeat scans gave identical spectra, showing
that photodegradation of Pb species could be neglect-
ed. Twelve different Pb compounds (PbO, PbS, PbSOy,
PbCO3, Pb(NO3)2, PbClz, PbCI‘O4, PbMOO4, PbC204,
Pb(OH),, 2PbCO3-Pb(OH),, and Pb;3(PO,),) and Pb metal
foil were analyzed as reference materials. Micro-XANES
spectra at Pb Lyj-edge were collected for single particle of
our aerosol samples at BL37XU in SPring-8, Japan (Terada
et al., 2004) to confirm the results of the bulk XANES
analyses. All details of u-XRF-XANES analyses for Pb in
aerosol samples will be presented in Sakata et al., (in prep).

The linear combination fitting of XANES spectra for
aerosol samples with standard materials was performed
using REX 2000 software (Rigaku, Japan). To estimate
the goodness-of-fit for the XANES spectra, the R value
corresponding to the energy region for the fitting was
employed. The R value is defined as:

2\ B(B) — La(E))?
Z Ical(E)2

where, I; and I, are the normalized absorptions of the
samples and the calculated values, respectively. The energy
range for fitting the Pb-Li; edge XANES was from 12.990
to 13.110 keV.

The analyses for major and trace elemental composition
in each size fraction are shown in Supplement materials.

R ey

2 Results and discussion

2.1 Lead species in atmosphere and possible Pb sources

Representative Pb-Ly; XANES spectra for fine and coarse
aerosol particles and reference materials using a linear
combination fitting of the samples are shown in Fig. 2.
The combination of reference Pb species which had the
smallest R value was used as the best fitting results. Fig-
ure 3 shows the XANES spectra of all reference materials.
Generally, the Pb Ljj-edge XANES spectra of divalent
Pb species are very similar and it is difficult to confirm
the presence of Pb species in our samples given the low
concentrations of Pb. However, we successfully obtained
Pb Lijj-edge XANES spectra at high energy resolution
using the Si(311) monochromator. As a result, XANES
spectra of coarse and fine aerosol particles are clearly
different. These results suggested that the dominant Pb

Coarse aerosol particles Fine aerosol particles
I

t T T T
Shoulder ”?\‘ AT

Normalized absorption

T
13.04
Energy (keV)

T
13.01 13.04 13.07 13.01
Energy (keV)

Fig. 2 (a) Pb-Lin XANES spectra for coarse (2.1-4.2 um) and reference
materials using linear combination fitting. (b) Pb-Ly; XANES spectra
for fine (0.69-1.3 um) and reference materials using linear combination
fitting. Dashed line: main peak top position of aerosol sample. XANES
spectrum of samples strongly reflect the most dominant Pb species. Peak
top energy is slightly different between coarse and fine aerosol particles
depending on the dominant Pb species.

Pb foil
Pb(OH),
PbMoO),
PbCrO,
PbC,0,

Pby(PO,),
PbS

PbSO,

PbO

2PbCO; - Pb(OH),
PbCO;,

PbCl,

Pb(NO;),

Normalized absorption

13.04 13.07
Energy (keV)

13.01

Fig.3 Pb-Li; XANES spectra of reference materials. Pb(0) foil and
twelve Pb(II) compounds served as reference materials. Dashed line is
drawn at 13.03 keV. Peak tops for PbSO4 and Pb(NO3), are slightly lower
than 13.03 keV, whereas that of PbO is slightly higher than 13.03 keV.

species in coarse and fine aerosol particles are different.
For the fitting of XANES spectra, analysis to identify
Pb species was performed as follows: the spectra of coarse
(2.1-4.2 um) aerosol particles have a very small shoulder
at around 13.025 keV. The XANES spectra of PbO,
PbMoO, and 2PbCO;3-Pb(OH), have a small shoulder
around this energy and some of these species have a

spectrum typical of coarse aerosol particles. The peak
top of PbO is located at 13.04 keV, whereas those of
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coarse aerosol particles, PbMoOy, and 2PbCO;-Pb(OH),
are at 13.03 keV. Therefore, PbO is not the dominant Pb
species in this case. The XANES spectra of PbMoQO, and
2PbCO;-Pb(OH), are quite similar. The second peak top of
PbMoOy is slightly higher than that of 2PbCO3-Pb(OH),.
However, this visual feature is not sufficient to identi-
fy the most dominant Pb species. Regarding the results
of linear combination fitting using the spectra of these
reference materials, the smallest R value for the combi-
nation of Pb species including PbMoO, was estimated as
0.020. At the same time, the smallest R value including
2PbCO;5-Pb(OH), was 0.014. The linear combination fit-
ting which included both PbMoO, and 2PbCO;-Pb(OH),
gave a negative fitting value for PbMoQOy. This means
that the combination of Pb species for linear combination
fitting with PbMoOy is not appropriate. Therefore, it can
be concluded that the XANES spectra of coarse aerosol
particles is a strong indicator of 2PbCO3-Pb(OH),.

In the case of XANES spectra for fine aerosol particles
(0.69 to 1.3 um), the first peak top is located at slightly
below 13.03 keV. The XANES spectra of PbSO, and
Pb(NO;), have distinct peaks: the first peak top is located
at slightly below 13.03 keV (Fig. 3 dashed line at 13.03
keV). In the case of the other reference materials, the peak
top for the first peak was at 13.03 to 13.04 keV. Small
differences in the energy of the first peak top is very im-
portant to identify and distinguish PbSO,4 and Pb(NO3),.
Therefore, it can be said that fine aerosol particles clearly
contain PbSQO4 and Pb(NOs3),.

Figure 4 (gray circles plot) shows the Pb-Lj; XANES
spectra for all samples of coarse and fine aerosol particles
investigated. The solid lines in the figure are the results
of the linear combination fitting of the sample spectrum
with reference samples. All aerosol samples and candidate
Pb source materials could be measured and the spectra
for the aerosol samples fitted well with reference samples.

/1.“,__.._.._._ Single coarse aerosol particle*
;'*M-........n..m- = >10.2 um
’1_ " sssemnmen 10.2—-4.2 pm
o — - 42-2.1 pm

= A0
R il i iy Single fine aerosol particle®
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z /

Fly ash of heavy oil combustion

1
13.04
Energy (keV)

13.01 13.07

Fig. 4
selected samples and reference materials using linear combination fitting.

Pb-Li; XANES spectra of coarse and fine aerosol particles,

Gray circles are normalized spectra and black solid line is fitted spectra.
*: example of spectrum of m-XANES analysis for single aerosol particles
from size-fractionated aerosol samples.

The fitting results in Fig. 4 are shown in Table 1 as
relative ratios of Pb species (%) together with R values
for each sample. The lead species in the size ranges >10.2
um, 10.2—4.2 and 4.2-2.1 um are coarse aerosol particles
and are PbC,04, 2PbCO;5-Pb(OH), and Pb(NOs3),. The
abundances of PbC,04 and Pb(NOs), in the size range
> 10.2 wm are very similar, whereas the abundance of
2PbCO;-Pb(OH); is slightly lower than for the aforemen-
tioned species. The most dominant species in the size
ranges 10.2—4.2 and 4.2-2.1 um is 2PbCO3-Pb(OH),. For
the fine aerosol particles, PbC,0, is the most dominant
species in the range 2.1-1.3 um size fraction, whereas the
dominant species in the range 1.3-0.69 and < 0.69 pm
size fractions is Pb(NO3),. Thus, size fractionation of Pb
species was found throughout the size ranges of the aerosol

Table 1 Abundances of Pb species for size-fractionated aerosol sample, Pb sources (%) and R values

2PbCO3-Pb(OH), Pb(NO3)> PbC,04 PbCl, PbCO3 PbSO4 PbO R value
Single coarse aerosol 86 - 14 - - - - 0.049
>10. 2 um 27 37 36 - - - - 0.023
10.2-4.2 um 54 12 34 - - - - 0.022
4.2-2.1 um 57 13 30 - - - - 0.014
Single fine aerosol - 29 71 - - - - 0.033
2.1-1.3 um - 31 40 - - 29 - 0.013
1.3-0.69 um - 44 31 - - 25 - 0.017
< 0.69 um - 40 33 - - 27 - 0.020
Resuspended particle 89 - 11 - - - - 0.025
Road dust 89 - 11 - - - - 0.028
Hiroshima granite 15 30 - 55 - - - 0.021
Fly ash (heavy oil) - 33 27 - 40 - - 0.021
Fly ash (MSWI) - 20 27 - - 53 - 0.015
Residual ash (MSWI) - - - 31 - - 6T 0.02T

* R value is defined in Eq. (1) in the text.
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particles examined. These findings clearly show that size
fractionated analysis for chemical speciation of aerosol
samples provides valuable new information on sources of
Pb in the atmosphere and, in addition, give new insights
into the formation mechanisms of aerosol particles.

Lead species in road dust and in resuspended par-
ticles were PbC,04 and 2PbCO;3-Pb(OH),. The nat-
ural sample, the Hiroshima granite, contained PbCl,,
2PbCO3-Pb(OH),, and Pb(NO3),. The XANES spectrum
of Hiroshima granite is very flat and this feature is
indicative of the presence of PbCl,. Lead species in
fly ash derived from MSWI and heavy oil combus-
tion were PbCzO4—PbSO4—Pb(NO3)2 and PbC204—PbCO3—
Pb(NOs3),, respectively. These samples also contained
PbSO,4 and Pb(NO3),. Therefore, the first peak tops are
located at just less than 13.03 keV. Interestingly, the
XANES spectra of fly ash and residual ash from MSWI
were different. The spectrum of residual ash was quite
characteristic because this spectrum reflects the presence
of PbO which has peak top at the highest energy, 13.04
keV, amongst the reference materials used in this study.
The lead species, PbC,04, PbSO4, and Pb(NOs3),, were
observed for fly ash collected immediately at the chimney
exit, whereas PbCl, and PbO were noted to be present
in the residual ash. This result clearly showed that the
formation of a particular Pb species may depend on the
boiling points of each Pb compound in accord with the
combustion processes (Verhulst et al., 1995). Thus in the
case of Pb species derived from a MSWI, the Pb species
in fly ash may be used as a possible source indicator of
Pb species in the atmosphere. As for samples collected
from the road tunnel, which represent aerosols emitted by
motor traffic, Pb could not be measured due to the very low
concentrations in the sample. Thus, Pb originating from
automobile exhausts can probably be ignored as a major
source of Pb emissions in Japan at the present time.

2.2 Formation mechanism of Pb species

Possible formation mechanisms for Pb species are shown
in Table 2. The representative Pb source for coarse aerosol
particles is road dust because 2PbCO3-Pb(OH); is the most
dominant Pb species. Actually, it has been reported that
2PbCO;-Pb(OH), was contained in road dust (Biggins
and Harrison, 1980; Barrett et al., 2010), although this
was not the most dominant species in their analyses.
Especially in Japan, there are many white traffic signs
containing 2PbCO;-Pb(OH), and/or PbCOj3, painted on
roadways. These Pb species can be released by the actions
of weathering and ablation and can, over time, accumulate
in road dust. In addition, 2PbCO5-Pb(OH), is the ultimate
product of weathering of road dust (Hem and Durum,
1973). Long-term weathering by wind and rain/snow can
transform PbCOj3 to 2PbCO;5-Pb(OH), at the road surface.
Another main Pb species in road dust is PbC,04. Although
we cannot explain precisely how PbC,0y is formed in road
dust, PbC,0, is formed either by (1) reactions at particle
surfaces (Mochida et al., 2003; Furukawa and Takahashi,
2011) and/or (2) by metabolic processes involving fungi
in soil (Dutton and Evans, 1996). Resuspended particles
can consist mainly of wind-blown road dust, because Pb
species in both samples were found to be essentially the
same.

Emission from incinerators and oil combustion are con-
sidered to be the main sources of gaseous Pb that distribute
in the fine particle size range and where PbC,04, PbSOy,
Pb(NO3),, and PbCOj3 are the dominant species.

It is considered that PbC,0; in fine aerosol particles is
formed in the atmosphere as a secondary process. From
the results of Moffet et al. (2008), Pb and Zn particles
generated from combustion process co-exist with oxalate
ions. Dicarboxylic acid in the atmosphere is formed
by photochemical oxidation of gaseous organic carbon
(Kawamura and Ikushima, 1993). Actually, the dominant
Ca and Zn species in fine aerosol particles were the metal
oxalates (Furukawa and Takahashi, 2011). In addition, it

Table 2 Formation mechanisms and sources of Pb in coarse and fine aerosol particles
Aerosol size Lead species Formation mechanisms of Pb species in atmosphere Pb source
Coarse 2PbCO3-Pb(OH), From road dust. This species is derived Road dust
aerosol from traffic sign paint on road (white)
particles PbC,04 From road dust originally provided by reaction Road dust
at particles surfaces or by metabolisms of fungi
Pb(NO3), 2PbCO3-Pb(OH); is altered
by chemical reaction with gas-phase HNO3
Fine PbSO4 Chemical reaction with HySOq4 Fly ash of MSWI and heavy oil
aerosol on pre-existing particle (in-cloud process) Fly ash of MSWI and heavy oil
particles PbC,04 Complex formation in Fly ash of MSWI and heavy oil
atmosphere with oxalate ions
Pb(NO3)» Chemical reaction with HNO3 Fly ash of NISWTand heavy oil

on pre-existing particle (in-cloud process)
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was suggested that Cu and Pb, which are emitted from
anthropogenic sources, have the potential to form metal-
oxalate complexes because (1) the stability constants of
oxalate with Ca, Cu, Pb, and Zn are high (Martell and
Smith, 1977) and (2) the solubilities of these metal com-
plexes are very low (David, 1994). Thus, PbC,0y is a
plausible species in gaseous (fine) aerosol particles such
as fly ash.

Sulfates in fine aerosol particles are also formed by
chemical reactions in the atmosphere such as oxidation
of SO, by reaction with OH-, H,O,, and O3 followed by
condensation or nucleation of H,SO,4 on pre-existing par-
ticles. For example, new particles are formed by reaction
with ammonia. It can be considered that H,SO4 can react
with heavy metals in pre-existing particles. In addition,
the concentrations of sulfates and oxalates showed a good
correlation with each other; this is because sulfate and
oxalate, in the particle size range of ca. 0.5-2.0 um, have
been formed by similar processes such as the in-cloud
processes (Yao et al., 2002). For these reasons, PbSO,4 can
be found in fine aerosol particles together with PbC,0Oy.

Nitric acid in fine aerosol particles plays a key role
in producing Pb(NOs3), in the atmosphere. There are two
processes for formation of nitrate in fine aerosol particles.
The first process is the gas-phase reaction of HNO; with
ammonia to form particles of diameter 0.1-0.3 pm. An-
other process is that HNOj reacts with pre-existing fine
aerosol particles to form particles of 0.5-0.7 wm diameter
(Wall et al., 1988). Lead nitrate in fine aerosol particles
may be formed by the latter process, since the former
process is not likely to occur for Pb due to the low volatility
of Pb compounds under ambient conditions.

Li and Shao (2009a) analyzed more than 800 particles
in brown haze from North China by transmission electron
microscope (TEM)-EDX. Osan et al. (2010) also sampled
fine aerosol particles in Hungary and Austria and measured
major metal species such and Zn and Cu. These elements
may behave nearly the same as Pb, since these elements
are divalent and has similar boiling points. Actually, Cu
and Zn have been found in secondary aerosol particles in
the form of sulfates together with nitrates. Thus, PbSOy4
and Pb(NO3), can be formed ubiquitously in fine particles
notwithstanding differences in sampling locations and sea-
sonality.

2.3 Sources of Pb based on Pb speciation and elemental
concentration

2.3.1 Coarse aerosol particles

The Pb species in coarse aerosol particles (> 2.1 um)
were PbC,04, 2PbCO3-Pb(OH);, and Pb(NOs),. Specia-
tion analysis indicated that the source of coarse particles
was road dust which mainly contained PbC,04 and
2PbCO3-Pb(OH),. This assignment was also supported by
the concentration data and enrichment factors (EFs) for
Cu (EF = 15) and Sb (EF = 500), as shown in Fig. S2,

Supplement. In the roadside or tunnel atmosphere, the
concentrations of Cu and Sb are very high due to brake
ablation emissions (Adachi and Tainsho, 2004; Bukowiec-
ki et al., 2009). Road dusts have also been reported to be
enriched in Cu and Sb (Birmili et al., 2006). Therefore, it is
concluded that one of the sources for Pb in coarse aerosol
particles is road dust.

As for Pb(NO3), which was not contained in road dust, a
possible explanation for its presence in the coarse fraction
is that it is formed as a result of chemical reactions in the
atmosphere such as between soil particles in aerosol form
and gas-phase HNOjs. It has been reported that CaCOs
in soil was altered to Ca(NO3), due to chemical reaction
with gas-phase HNO; (e.g. Pakkanen, 1996; Zhuang et
al., 1999; Li and Shao., 2009b). Similarly, it is possible
that gas-phase HNO; can react with 2PbCO3;-Pb(OH), in
road dust and/or coarse aerosol particles, in the same way
as CaCOs; in the atmosphere was altered to Ca(NOj),.
As a result, the abundance of 2PbCO3-Pb(OH), in coarse
aerosol particles were lower than that of road dust, thus
Pb(NO3), can exist in the coarse aerosol fraction. In ad-
dition, the abundance of 2PbCQO3-Pb(OH), was increased
with a corresponding decrease in Pb(NOs),. This type
of reaction may explain the formation mechanism of
Pb(NO3), in coarse aerosol particles. Similar reactions
also occur with H,SO4 in the atmosphere. However, the
concentration of gas-phase H,SOy is very low in both clean
and polluted environments (Weber et al., 1995), because
almost all H,SOy exists as condensed particles (ten Brink,
1998). In addition, the reactivity of SO, with the mineral
dusts are less than those of HNO3; and NO, (Ooki and Ue-
matsu, 2005). Therefore, gas-phase HNO;3 can react with
coarse aerosol particles much more efficiently than gas-
phase H,SOj4. As a result, Pb(NO3), can be preferentially
formed in the coarse aerosol particles.

2.3.2 Fine aerosol particles

Lead species in fine aerosol particles were judged to be
PbC,04, PbSOy4, and Pb(NO3),. Emissions from MSWI
are likely to be the dominant source for fine aerosol
particles because the Pb speciation is essentially the same
for the fine aerosol fraction and particles form MSWI. Also
the size distributions for Pb and Cd, which are emitted
from MSWI are very similar (Fig. S2 in Supporting
materials) (Sakata et al., 2000; Birmili et al., 2006). The
abundance of PbSO, in fine aerosol particles is lower
than that of fly ash from the MSWI and this may be
explained by a dilution effect from another source such as
ash from heavy oil combustion. Nickel and V, which are
used as tracers for heavy oil (fuel) combustion have been
shown to be concentrated in the finer aerosol particles (e.g.
Nriagu and Pacyna, 1988; Wang et al., 2006; Mazzei et
al., 2008). Our results also showed the presence of high
concentration of Ni and V in finer aerosol particles (Fig.

S2 in Supporting materials). Therefore, [fly ash derived
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from heavy oil combustion is one of the dominant Pb
sources. However, Pb from heavy oil combustion is not
the dominant source of Pb in the fine fraction because
the abundance of PbCOj; in fly ash from oil combustion
was not a major component in the fine aerosol particles.
Therefore, it can be concluded that MSWI is one of the
dominant Pb sources in fine aerosol particles, followed by
fly ash from heavy oil combustion. Lead species in all
environmental samples and sources of emission are shown
in Table 2.

The reliability of Pb speciation in the aerosol sample
was confirmed by p-XRF-XAFS analysis of individual
aerosol particles. The results showed that Pb species in
single aerosol particles were very similar to those from
bulk XAFS analysis (Sakata et al., in prep.). Furthermore,
the formation mechanisms of all Pb species in both coarse
and fine aerosol particles can be explained by similar
reactions of major components (Na, Ca, and NH3) and
physical behavior such as resuspension of road dust. Thus,
the results obtained in this study are considered robust and
reliable for chemical speciation of Pb in aerosols and for
the formation mechanisms of aerosols in the atmosphere.

In this study, we have examined only one sample which
was obtained in the autumn, a season without remarkable
climatic events. This limited sampling and analysis is
clearly not sufficient to permit a rigorous assessment of
formation mechanisms of Pb species in aerosol particles
throughout the year. However, we believe that our findings
may be one of the key first steps to discuss the formation
mechanisms of aerosols and the reaction of metallic ele-
ments in the atmosphere.

It is considered that Pb species in the atmosphere can be
used as a tool to identify Pb sources because Pb species
in atmospheric aerosol retain the characteristic Pb species
fingerprint of each source. In addition, Pb species in
the atmosphere are different between Higashi-Hiroshima
and other locations such as Osaka and Beijing due to
the differences in Pb source emissions (Tan et al., 20006;
Funasaka et al., 2008). Therefore, there is a possibility that
Pb species in the atmosphere may serve as tracers of local
emission sources. Furthermore, it is suggested that Pb in
the atmosphere cannot be considered as a health hazard
based on the Pb concentrations revealed in this work. The
total Pb concentration in Higashi-Hiroshima was about 20
ng/m? (Supporting materials) which is much lower than the
heath criterion standard set for Pb in the atmosphere (150
ng/m?). However, ongoing environmental reconnaissance
is needed given that atmospheric Pb is concentrated in
PM, 5 which, on inhalation, can penetrate into the lung.

3 Conclusions

In this study, Pb species, size-distributions of major ions,
and heavy metal concentrations at Higashi-Hiroshima

were determined by XANES spectroscopy, ion chro-
matography, and ICP-MS/AES, respectively. The total Pb
concentration in the sampled air was about 20 ng/m?® and
about 80% of total Pb was concentrated in the fine aerosol
particles. The total Pb concentration was much lower than
150 ng/m?, the health criterion standard for atmospheric
Pb. Lead speciation for all size fractions was successfully
clarified by the Pb Ljj-edge XANES measurement which
employed a double-crystal of Si(311) for enhanced energy
resolution. In addition, u-XRF-XAFS analysis were also
conducted for the confirmation of accuracy of the combi-
nation of Pb species in each size fractionated particle. Lead
species were different for the fine and coarse aerosol size
fractions. The Pb species in the coarse aerosol particles
were PbC,04, 2PbCO3-Pb(OH),, and Pb(NO3), and the
main source of Pb was road dust because the main Pb com-
ponents in road dust were PbC,04 and 2PbCO3-Pb(OH),.
Source appropriation was also suggested by the EFs for
Cu and Sb which are good source indicators of road dust.
Lead nitrate in coarse aerosol particles, which was not
contained in road dust, might be formed by atmospheric
chemical reaction of 2PbCO;-Pb(OH), with gas-phase
HNO:;. In contrast, the Pb species in fine aerosol particles
were PbC,04, PbSOy4, and Pb(NO3), and the major Pb
sources were fly ash derived from MSWI and heavy oil
combustion, based on the characterization of Pb species in
these source materials. This result was also supported by
size-distribution measurements of Cd, Ni, and V. Thus, Pb
species in atmospheric aerosol can be a good indicator of
sources of Pb emission.

Thus, sources of Pb in fine and coarse aerosol particles
can be established through Pb speciation measurement
together with the determination of major and trace element
concentrations. These results may serve as guidelines to
avoid health effects from Pb exposure. Furthermore, the
speciation results serve as an aid for using Pb as a tracer of
air-mass transportation/circulation following the abolition
of leaded gasoline.
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Supplement

1. Determination of major ion concentrations

Major ions concentrations were measured using the procedure of Furukawa and
Takahashi (2011). A piece of filter paper was soaked in a 7 mL PFA Teflon vial
containing 0.2 mL of ethanol and 5 mL of 18.2 MQ MQ water.  Ultrasonic treatment
was carried out for 30 minutes to extract major ions. These solutions were filtered
with a 0.20 pm hydrophilic PTFE filter (DISMIC®-25, ADVANTEC, Japan).
Measurement of cations (Na*, NH,*, K*, Ca**, and Mg®") and anions (F, CI", NO,,
NOs, PO,¥, and SO4*) was performed by ion chromatography (ICS-1100, Dionex,
Japan), which consisted of separation columns (Dionex lon Pac AS22 for anions and
lon Pac CS12A for cations) and guard columns (Dionex lonpac AG22 for anions and
lonPac CG12A for cations) in a thermo controlled oven (30°C). The eluent for
anions was a mixed solution of 4.5 mmol/L Na,COj3 and 1.4 mmol/L NaHCO3 and the
eluent for cations was 20 mmol/L methanesulfonic acid. The flow rates of eluent for
anion and cation measurement were fixed at 1.0 mL/min and 1.2 mL/min, respectively.

The run time for each sample was 15 min.

Major ion concentrations are indicators for Pb sources and chemical reactions in
the atmosphere. Figure S1 shows major ion concentrations for all size fractions of
aerosols studied. These results show that we can divide major cations into two
distinct groups based on size-distribution. The first group has a unimodal pattern
distribution whose peak corresponds to that of coarse aerosol particles. Sodium ion,
Ca**, and Mg®* belong to this category. The concentration ranges for Na*, Ca®*, and
Mg** were, 5.6 to 525 ng/m°, 31.4 to 118 ng/m>, and 4.59 to 68.4 ng/m?, respectively.
The other distribution type is also unimodal but the peak corresponds to fine aerosol
particles.  Potassium and ammonium ions are in this second group. The

concentrations ranges for K* and ammonium ion are 8.81 to 83.6 ng/m® and 19.9 to

1303 ng/m?® respectively. As for the counter anions, fluoride, nitrite and phogphate,

concentrations were below the limits of detection (fluoride: 30 ppb nitrite: 530 ppb
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phosphate: 300 ppb). The concentrations of chloride, nitrate, and sulfate were in the
range 98.1--641, 211--936, and 75.5--2575 ng/m°, respectively. Chloride and nitrate
ions tended to concentrate in the coarse aerosol particles, whereas sulfate ion was
more prevalent in the fine aerosol fraction. The size-distributions for these ions were

comparable to previous studies (e.g. Kerminen et al., 1997)
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Fig. S1 Size distributions of atmospheric concentrations for major ions

2. Determination of trace metals concentrations

All sample filters were cut into appropriate size for analysis. In this case, to
achieve representative and comparable results with XAFS analysis, the samples used
were more than 10 (10--2000) times greater than that of the measurable volume for
the target elements. The filter paper pieces were weighed into 7 mL PFA Teflon
vials. All the samples were decomposed by heating with mixed mineral acid (2 mL of
15 mol/L HNO3, 2 mL of 6 mol/L HCI, and 1 mL of 20 mol/L HF) on a hot plate
(90°C) for 12 hr. After decomposition, the solutions were evaporated to dryness.
Then, each sample was redissolved in 4 mL of 0.15 mol/L HNO3 and sample solutions
heated at 90°C for 3 hr. Sample solutions were diluted to the appropriate
concentration with 0.15 mol/L HNO3;. Sample digests were analyzed for Al, Ba, Cd,
Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sr, Ti, V, and Zn and concentrations, except for Fe,

were determined by inductively-coupled plasma mass spectrometry (ICP-MS: Agilent

7700, Agilent Technologies, Japan). Iron was determined by ICP atomic enjission
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spectroscopy (ICP-AES: SPS-3500, SIl Nano Technology, Japan). Indium was used

as an internal standard for ICP-MS measurement.

The size-distribution and ratios of heavy metal concentrations such as Ni and V
are good indicators of emission sources (e.g. Wang et al., 2006; Mazzei et al., 2008).
Figure S2 shows the size-distribution of atmospheric concentrations for 15 heavy
metals. Lead concentration ranged from 0.80--8.4 ng/m°, and the total Pb
concentration was estimated to be about 20 ng/m® in Higashi-Hiroshima. Compared
to other cities in Japan such as Kanazawa and Tokyo, the Pb concentration in
Higashi-Hiroshima was about four times higher than that of Kanazawa (Wang et al.,
2005) and lower than that of Tokyo (Sakata et al., 2000). There are many Pb sources
in major urban centers, whereas there will be much fewer sources for suburban areas
like Higashi-Hiroshima and Kanazawa. Thus, the highest Pb concentration occurs in
Tokyo, followed by Higashi-Hiroshima and Kanazawa. The Pb concentration in
Tokyo, however, is much lower than the criterion concentration for Pb (0.15 pg/m®) in

the atmosphere (NAAQS, EPA).
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Fig. S2 Size distributions of atmospheric concentrations for heavy metals.

About 80% of total atmospheric Pb was found to be concentrated in the fige-stze

fraction. Cadmium, Ni, V, Sb, and Zn had similar size-distributions to Pb and all had
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Xsample/Alsample

X crust /AICI’USt

(e.g. EF of Pb is 92 to 606). As mentioned in main body text, almost all fine

high enrichment factors (EFs = ) compared with the crustal abundance

aerosol particles (< 2.1 um) are formed by condensation processes from precursor
gases (Jacob, 1999). The aforementioned elements tend to be derived from
anthropogenic gaseous emission sources. Barium, Fe, Sr, and Ti were concentrated
in the coarse size fraction and exhibited the same unimodal distribution as Na, Mg,
and Ca. The dominant sources for these elements were from natural sources because
the EFs of these elements (Na, Mg, and Ca) were below 10. Size-distributions for Al,
Co, Cu, Cr, and Mn showed bimodal peaks both in the fine and coarse particle size
ranges. The EFs for Al, Co, Cr, and Mn were below 10 for all particle size fractions,
suggesting that these elements were derived from natural sources. On the other hand,
the EF of Cu was greater than 10 for all size fractions which implies that Cu was of
anthropogenic origin. The size-distributions of almost all trace metals measured in
this study were comparable to those obtained in Kanazawa (Wang et al., 2006).
These authors concluded that key anthropogenic elements such as Cd, Pb, V, and Zn
in Kanazawa were derived from oil combustion and MSWI. Therefore, it is
similarly judged that the major source of these elements in Higashi-Hiroshima is the

same as in Kanazawa.

Reference
Kerminen, V. M., Pakkanen, T. A., Hillamo, R. E., 1997. Interactions between
inorganic trace gases and supemicrometer particles at a coastal site. Atmos.

Environ. 31: 2753--2765.
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