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Abstract

This doctoral thesis describes metal contaminations caused by particulate matter

in urban environment (Kobe, Japan). The analytical method used in this study were

single particle analysis, which could show the contribution of individual pollutant

source in multi-polluted urban area. The materials investigated in this study were

mainly street dust, soil, tire dust, and atmospheric depositions. The sources of pollu-

tion investigated in this study were automobile, traffic materials, mineral materials,

steel plant, atmospheric depositions from long-range and local transportation. This

thesis can be devided into seven sections and their brief summaries are described

below.

Iron particles emitted from steel plant. Steel plant is one of the largest pollutant

sources in urban environment for gaseous, particulate, and heat pollutant. In this

study area, we have a steel plant with large smelting furnace. The company or

administrative agency has carried out several monitoring for the gaseous or particulate

matters emissions. However the study focused on characterized particulate matter

by single particle analysis from a steel plant has not been carried out in this area

and any other regions. This study investigated the spherical iron particles discharged

from the steel plant and determined the distribution in the urban environment. The

results showed that the detailed morphology of the spherical iron particles and the

distribution patterns in soils and street dust suggesting the emission pathway and

impacts for the urban environment.

Morphological characterization and chemical contribution of tire dust in street

dust. Tire dust is a source of Zn for street dust, and causes heavy metal pollution

in urban environment. Nevertheless, their morphology and chemical characteristics

are not well known. Therefore, we analyzed the morphology of tire dusts collected

from street dust and evaluated their chemical contribution to street dust. The tire

dust particles were spindly, with a length of a few hundred µm, and had Al, Si, Fe, S,



Ca, and Zn particles attached to their surface. Mg, S, Ca, Cu, and Zn in the street

dust correlated closely to their darkness intencities. These results suggest that the

tire dust was generated from friction between tire treads and asphalt pavement, and

that the tire dust particles became larger by accumulating together. At the same

time, the tire dust took in asphalt pavement, minerals, brake linings, and many other

materials that were present on the road. Additionally, the black materials such as

tire dust and asphalt contribute to the chemical compositions like Mg,Ca, S, Cu, and

Zn in street dust.

Characterization of heavy metal particles embedded in tire dust. This study charac-

terizes the morphology and chemical composition of heavy metal particles embedded

in tire dust and traffic-related materials (brake dust, yellow paint, and tire tread) as

measured by a field emission scanning electron microscope equipped with an energy

dispersive X-ray spectrometer (FESEM-EDS). In 60 samples of tire dust, we detected

2288 heavy metal particles, which we classified into 4 groups using cluster analysis

according to the following typical elements: cluster 1: Fe, cluster 2: Cr/Pb, cluster

3: multiple elements (Ti, Cr, Fe, Cu, Zn, Sr, Y, Zr, Sn, Sb, Ba, La, Ce, Pb), cluster

4: ZnO. According to their morphologies and chemical compositions, the possible

sources of each cluster were as follows: 1: brake dust (particles rich in Fe and with

trace Cu, Sb, and Ba), 2: yellow paint (CrPbO4 particles), 3: brake dust (particulate

Ti, Fe, Cu, Sb, Zr, and Ba) and heavy minerals (Y, Zr, La, and Ce), 4: tire tread

(zinc oxide). When the chemical composition of tire dust was compared to that of

tire tread, the tire dust was found to have greater concentrations of heavy metal el-

ements as well as mineral or asphalt pavement material characterized by Al, Si, and

Ca. We conclude that tire dust consists not only of the debris from tire wear but also

of assimilated heavy metal particles emitted from road traffic materials such as brake

lining and road paint.

Single particle characterization of size-fractionated street dust. The relationship

between particle distributions and chemical compositions of street dust were inves-

tigated in Kobe, Japan. Street dust are significant pollutants in urban areas, and
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their toxicity differs according to the particle size. In the present study, we analyzed

the distributions of particle size, chemical composition and particle type among size-

fractionated street dust. Street dust samples were collected from road medians and

street gutters. Chemical compositions of about 13,000 individual street dust par-

ticles were characterized by FESEM-EDS. They were classified into seven types by

cluster analysis, and their possible sources were estimated. The particle type dis-

tributions showed some relations with the chemical composition distributions. This

study showed that the chemical composition distributions among the street dust were

typical for each element in relation to the particle type distributions.

Street dust contamination caused by ilmenite. This study shows a street dust con-

tamination caused by mineral substances (ilmenite) derived from non-natural sources.

The chemical composition of street dust collected in Kobe, Japan, was determined by

energy dispersive X-ray fluorescence analysis and the distributions of Ti, Mn, and Fe

compositions showed some contributions. FESEM-EDS and X-ray powder diffraction

analysis detected many ilmenite particles ((Fe, Mn)T iO3) in the street dusts. The

chemical composition and morphological features of this ilmenite were different from

those of ilmenite collected from natural sources (river sediments) in the same area.

These results suggest that the presence of ilmenite derived from non-natural sources

results in contaminations in the street dust.

Atmospheric deposition as a source of metal in the urban environment This study

characterized metal particles from atmospheric depositions and estimate their contri-

butions to metal composition in urban environment. Metal loadings from atmospheric

deposition are one of source of metal in the urban environment. Therefore, many

studies and investigations evaluate and monitor the metal loadings from atmospheric

deposition. The analytical methods used in previous studies were mainly bulk anal-

ysis, which can detect accurate value of chemical composition and deposition mass.

On the other hand, the method used in this study was single particle analysis, which

can estimate individual sources from very small amount of sample. This study could

evaluate metal loading from atmospheric deposition and characterize the individual
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metal particles.

Characterization of metal particles in atmospheric deposition by single particle

analysis during wintertime. The diameter and chemical composition of individual

metal particles collected from atmospheric depositions were measured by single par-

ticle analysis and their sources of origin were estimated. Metal loading from atmo-

spheric depositions is a significant metal source for the surface of natural environ-

ment or artificial buildings. The study area, Kobe (Japan), has long-range pollutant

transportation problem of atmospheric particulate matters from northeastern Asian

continent during winter and spring because of the strong seasonal wind and pollutant

emission from the up-wind area. Thus, during the winter of 2003, metal particles

collected from atmospheric depositions were characterised using a FESEM-EDS. In-

formation on the chemical composition and particle size of individual metal particles

revealed their emission sources and reaction history during transportation. Inves-

tigation of atmospheric deposition particles revealed the actual deposition loadings

from the atmosphere to the surface of the environment. In this analysis, approx-

imately 3000 metal particles were detected and classified into 14 types and were

further reclassified into four groups of distribution patterns. The source area of the

classified metal particles was estimated by the trajectory analysis: one group revealed

long-range transportation (from the northeast of the Asian continent): Fe-Ba-Sb-Cu-

S-Ti-O, Fe-Zn-O, Mn-Fe-O, Zn-O, Ni-O and Fe-O. The other group revealed local

transportation: Cu-Zn-O and Cu-Sn-O. The other metal groups that were detected,

such as Pb-O, Ag-O, Sn-Sb-O, Pb-Zn-Cl-Si-S-O and Bi-Cl-O, exhibited a different

distribution pattern. Earlier studies, determining the source of atmospheric partic-

ulate matter by bulk composition analysis in the neighboring areas, showed similar

metal source estimations. In addition to estimating their sources, by single particle

analysis, this study could identify the several particles that contribute to the metal

pollution.

Through the analysis, the flow of metal particles could be evaluated. The metal

particles describe above were interact and related closely. For example, a brake dust
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particle abraded away from an automobile will suspend for a while in the atmosphere

near the road. Then they fall down to road surface and may be taken in a tire dust.

The tire dust move to road side and to be street dust. Some of the street dust may

be flowed to river by a rain event. Other street dust may be resuspended by a traffic

wind and suspend in atmosphere and then they may deposit on soil. During the

transportations, the brake dust contaminants various environment in urban. The all

over the flow of metal is shown in the section Genaral Conclusion.
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1 Introduction

This doctoral thesis describes the effect of particulate matter with metal compositions

in the various urban environments such as soils, street dust, and atmosphere.

1.1 Background of study

In the urban environment, there are so many environmental problems such as atmo-

spheric pollution, water pollution, soil pollution, acid rain, and so on. In order to

improve the environment, many studies have been carried out. Particulate matters

are the one of largest factors for such environmental problems. They are mainly dis-

charged from the mechanism of friction or combustion process like automobile, plant,

incinerator, and road materials. The suspended particulate matter, which has small

particulate diameter mostly under 10 µm, affects human health, visibility, global

climate, chemical pollution, or acid rain. The larger particulate matter with the di-

ameter more than 10 µm will adversely impact to chemical contamination in soil,

street dust, river sediments, and atmosphere. The leaching of chemical substances

from the larger particulate matter also causes contaminations in water system. Es-

pecially, the particulate matters with metal composition yield serious concern for the

environment.

Many earlier studies have investigated the chemical composition of environment

matters such as soil, water, atmospheric particulate matters, or sediments, and char-

acterized their leaching activity or chemical species. Studies also have estimated their

sources or distributions. However, their analytical objects were mainly bulk samples,

which show multiple effects from several sources all together, and it was difficult to

determine the influence from individual sources. To estimate the contributions from

individual sources in the environmental materials is essential to treat and evaluate the

environmental impacts from each pollutant source. For the purpose, single particle

analysis, which deals with individual particulate matters by micro analytical method

such as scanning electron microscope, electron probe micro analyzer, is useful.

This study mainly dealt with metal particulate matter in urban environment,

especially in Kobe city. The diameter of metal particles ranged from 0.2 µm to several
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mm. The smaller particles will adversely affect the human health with absorbing them

into the depth of alveo. Besides, the larger particles will cause chemical contamination

in the environment. This study aimed to investigate the both grain size in order to

know the whole influence from the particulate matter.

In the large part of this study, street dust and tire dust were investigated as the

source of metal. The importance of the both materials will be mentioned in detail

on the related sections. Generally, the tire dust is the largest composition of street

dust, and the street dust is the one of largest pollutant from automobile especially in

chemical contaminations. Addition to their abundance in volume and weight, they

also contain toxic metal in their compositions. Beside, this study revealed that the

tire dust also contains other smaller metal particulate inside their body. As the

results, this study could identify the interaction of metal particles relating to traffic

pollution.

This study also revealed the metal particles from atmosphere. Atmospheric par-

ticulate matters including metal components are also one of metal source in urban

environment. Atmospheric particulate matter derives from various transport mecha-

nism. For the long-range transport, they come from Asian continent far from several

thousands kilometers. For the middle range transport, they originated from neigh-

boring city apart from several hundreds kilometers, and for short range like several

kilometers or meters, they derived from local sources with resuspention of street dust

or soils. Emissions from manufacturing facility such as steel plant is also possible

sources. To investigate these transportation mechanisms is one of important factor

for the treatment of urban environment.

This study treats adversely affect from metal particles from various sources in

urban environment. Main pathway of metal particles is direct inhalation into deep

lung or alveolar region through atmosphere with fine particulate matter (less than

2.5 µ in diameter). Other way is to drink dissoluble metal for the water or to eat

them with food. If the concentration of metals is especially high, the chronic or

acute toxicity for human health are well known (e.g. renal dysfunction for Pb).

There are many researches or reports about health impact or the loading estimate
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of metal particles through the inhalation (e.g. Voutsa and Samara, 2002, Aust et

al., 2002, US EPA, 2003). However because the concentration of ambient metal

particles were not high enough to be appeared chronic or acute toxicity, it is difficult

to evaluate the accurate effect from ambient metal particles without investigating the

detailed characterization of the metal particles. Therefore the results of this study,

which describes the morphological and chemical characterizations of the particles,

will contribute to the risk estimation from the metal particles.

1.2 Relation among each section

Through all over the investigations, this study aims to show the metal particles flow

in the urban environment. The pollutions caused by metal particles are not only the

simple transportation from emission sources to environments but they contaminate

one place and stay there for a while, and resuspend into atmosphere or are run off

to gutters, and then they are transported to other place resulting in other pollutions.

During the transportation, they interact with each other. In some case they take in

other particulate matter, and in other case, they run together. Therefore, to estimate

their flow is important if you evaluate the urban metal risk from metal particles (De

Miguel et al., 1999). I propound the flow of metal in section 10 and discuss the

relation between sections 3-9.

This doctoral thesis consists of seven chapters of scientific investigations. They

are;

• Section 3: Iron particles emitted from steel plant

• Section 4: Morphological characterization and chemical contribution of tire dust

in street dust

• Section 5: Characterization of heavy metal particles embedded in tire dust

• Section 6: Single particle characterization of size-fractionated street dust

• Section 7: Street dust contamination caused by ilmenite

• Section 8: Atmospheric deposition as a source of metal in the urnab environment
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• Section 9: Characterization of metal particles in atmospheric deposition by sin-

gle particle analysis during wintertime

Section 4 is the preliminary study of Section 5 and 6, and Section 8 is the prelim-

inary study of Section 9. Section 7 is the focused study of a part of Section 6. The

study of Section 3 and 5 have been published in reviewed journals. Section 6 and

9 are submitted and just peer-reviewed. Section 4, 7, and 8 are not considered for

publishing in a reviewed journal now and they include non-published data and idea.
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2 Analysis

2.1 Analysis equipment and statistical method

This study characterizes individual particle by using scanning electron microscopic

analysis. This study also used X-ray fluorescence analysis for bulk chemical analysis

of solid matter. Additionally, this study treats so many data sets (e.g. thouthands

× dozen) determined by single particle analysis. Therefore, statistical method is

essential to reduce the dimension of data matrix. For the purpose, cluster analysis

and principal component analysis were used in this study. In this section, some

characters of these analyses are mentioned.

Field Emission Scanning Electron Microscope equipped with Energy Dispersive

X-ray detector (FESEM-EDS) was used to analyze the individual particles. The

FESEM measurements were performed with a JSM-6330F cold field emission SEM

(JEOL, Tokyo) with an energy dispersive X-ray spectroscopy (EDX) detector Link

ISIS (Oxford-Instrument, Tokyo). This EDX detector is equipped with a super atmo-

spheric thin window, which allows one to determine the low atomic number elements

(from Be to U).

In FESEM, the electron gun of the SEM is equipped with a field emission cathode

that emits probing beams narrower than the tungsten hairpin filament SEM. This

results in an improved spatial resolution that facilitates analysis of metal particles

with a diameter of more than 0.2 µm. Due to the electron gun system, FESEM

exhibits instability in the probe current with time. In order to prevent this, the probe

current was monitored constantly and ’flashing’, which is a function to clean up the

surface of the emitter with instantaneous high current, was carried out approximately

every three hours to maintain a stable current. The analysis conditions used in this

study were 15kv for accelerate voltage and 15mm for working distance.

Chemical composition analysis was carried out using an Energy dispersive X-ray

Fluorescence (EDXRF), JSX-3220 (JEOL, Tokyo, Japan) spectrometer with an Rh

target and Si (Li) detector. EDXRF is a simple and fast technique of elemental

quantification of solid matter because it does not require that samples be prepared
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as a solution. Several studies have proven the efficacy of the EDXRF method in

analyzing the chemical composition of street dust or soil (Goldstein et al., 1996;

Yeung et al., 2003).The quantity methods were determined by caliblation method

and fundamental parameter(FP) method. The FP method allows the determination

of the concentration ratios of measured elements without using standard samples.

Multivariate analyses such as hierarchical cluster analysis was used to reduce the

dimension of the data matrix. The cluster analysis was based on Euclidean distances

with Ward’s error sum classification. The consistent Akaike’s information criterion

was used to determine the most effective number of the clusters. This semiquantita-

tive analysis has been used in previous studies resulting in the successful classification

of ambient particles (e.g. Jambers and Grieken, 1997; Sitzmann et al., 1999). We

also used principal component analysis (PCA) of bulk chemical compositions to esti-

mate the contributing factors, and compared them to the result of the single particle

analysis. The detailed analysis method will be described in each section.

2.2 Sampling area

All the samples analyzed in this study were collected from southerneast part of Kobe

city, Hyogo prefecture, middle part in Japan. The population of the city of Kobe

was 1,510,000 in 2002. The northern part of the study area is a mountain, and the

southern part is a harbor. Mount Rokko (931m), which consists primarily of granite,

is located in the northern part of the study area (Huzita and Kasama, 1983).

In this study, some street dust samples were collected from Natinal Route 43

(R43). R43 has 6 lanes of traffic and there is also an elevated highway with 4 lanes

of traffic above it. The mean traffic flow rate of R43 ranged from 64000 to 72000

vehicles per day, and the rate of heavy truck traffic ranged from 21.3 to 31.2% (Hyogo

Prefecture, 1999). Sweeping maintenance on the road is carried out 3 times per month.

Descriptions of each sampling site will be mentioned in each section.
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3 Iron particles emitted from steel plant

3.1 Introduiction

Steel plants have been known one of the largest source of metal pollutant for soil,

water, and atmosphere (Nriagu et al., 1988). Especially, the steel plants are the

largest source of Cr and Mn for the atmosphere and of Cr, Mo, Sb, and Zn in aquatic

ecosystem from the cooling system (Nriagu et al., 1988).

The particulate matter emissions from steel plants are also one of problems near

the plant facility. Prati et al. (2000) detected some elements that emitted from steel

plant in the atmospheric particulate matter near the steel plant in Italy. However, few

studies have been carried out about the detail morphology or distribution of the par-

ticulate matter by single particle analysis up to date except some studies. Machemer

(2004) studied bulk chemical composition and individual particulate matter collected

directory from steel manufacturing facilities, and the results indicated that various

metal or graphite flakes (kish) particles were emitted from there.

Chemical composition of soils in this study area was investigated by the author and

found that the Fe and Mn compositions in soils and street dusts were increase to the

accompaniment of the steel plant situated southern part of the study area (Adachi and

Tainosho, 2000). Therefore, this study aimed to investigate 1)the detailed morphology

of particulate matter including Fe or Mn, 2)the distributions of the Fe or Mn particles

in soil and street dust near the plant.

3.2 Sampling and analysis

The soils and street dust samples were collected from eastern part of Kobe City, Japan

(Fig. 1). The dust samples were collected from the road along the seacoast close to

the steel plant. The soil samples were collected from the park distributed with various

distance from the plant. The soil samples less contained organic matter and consist

of almost weathered granite. The soil and street dust samples were sampled by trowel

and packed in plastic bag.

The samples were placed on brass sample holders coated by carbon paste (1.25
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Figure 1: Location map of the sampling sites. S- means soil sample and D- means
dust sample.

cm in diameter) and done a vacume evaporation by carbon. The total amounts of

samples were determined by the difference of the weight before and after mounting

samples.

FESEM-EDS was used to analyze the individual particles. The analysis conditions

were 15kV for accelerate voltage and 15mm for working distance.

3.3 Results and discussion

3.3.1 Morphological features

For the observation analysis, natural and artificial particles were found in soil and

street dust samples. The natural particles were almost mineral particles from geo-

logical source. For the artificial particles, especially focused on Fe or Mn including

particles, so many flakes shaped and spherical shaped particles could be found (Fig.2).

This study especially investigated the spherical particles (SP) because they could be

estimated of their volume from their diameters and the source of them could be

identified; the spherical shape means that they had experienced high-temperature
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(Machemer, 2004, Piarna et al, 2000, Mogami et al., 1989). The dendrite structure

found in their surface shows the same structure as seen in the particles caused by arc

welding (Mogami et al., 1989). The maximum diameter of the SP was 140 µm and

the average diameter with more than 4 µm was 9.3µm in soil samples and 16.7µm in

dust samples.

Figure 2: Secondry Electron Image of spherical iron particles

3.3.2 Distribution of iron spherical particles from the steel plant

The abundance of SP in the samples was determined from the total cross section

area per the sample weight because the rate reflects the composition determined by

surface analysis such as X-ray Fluorescence analysis (XRF). The diameters of all SP
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with more than 4µm in each sample was detected at the magnification of 200. The

cross section areas were calculated from the diameters.

Figure 3: Distribution of spherical Iron particles from the steel plant

The results of distributions of SP are shown in Figure 3. The just point of steel

plant is the place of blast furnace that had been until 1999. For the street dust

samples, the distribution pattern indicates the decreasing of SP with the decreasing

of distance from the steel plant. Additionally, some increasing at the points of 1-2

km from the steel plant could be found in the east and west directions. The similar

distribution pattern could be seen in that of the soil samples. This pattern suggests

the emission sources of SP. The distribution from the just point indicates the emission

from the blast furnace. At the same time, the increasing at the 1-2 km points suggest

the emission from the chimney with about 130m height. The bimodal distribution

pattern was seen in other study (Haapala, 1998, Sugimae et al., 1974). The trend is

attributed to the horizontal transportation by the wind and deposition speed with

relation to the gravity and friction fource between air and the particles.

3.4 Conclusion

This study concluds that the spherical particles (SP) were derived from the steel

plant judging from their morphological features and their bimodal distribution pat-

tern. The results will contribute to the future study about the source estimation of
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particulate matter in atmosphere, soil, and street dust. Additionally, this study also

will contribute to the pollution study from steel plant. The SP will be a significant

parameter of the emission from steel plant and we can estimate the contribution of

steel plant from their abundance estimation of SP.
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4 Morphological characterization and chemical con-

tribution of tire dust in street dust

4.1 Introduction

Street dust contains many hazardous heavy metals such as Cu, Zn, and Pb (Hopke et

al., 1980, Li et al., 2001, Miguel et al., 1997). Zn is the most frequent heavy metal in

street dust. The primary source of Zn is tire dust (Hopke et al., 1980), which arises

from friction between tire treads and asphalt pavement.

The weight of tire dust has been estimated to be 53 × 106 kg/year in 1996 in the

UK ( Environment Agency, 1998) and 16× 108 kg/year in 1970 in the USA (Dannis,

1974). The tire dust affects human health as an allergen (Williams et al., 1995) and

contributes to zinc contamination in the environment, particularly in atmosphere

(Rogge et al., 1993, Cardina, 1973, Cardina, 1974, Pierson et al., 1974), sediment

(Legret et al., 1999, Sutherland et al., 2000), water (Davis et al., 2001), and soil (Li

et al., 2001, Cadle et al., 1980). Nevertheless, the tire dust itself has not been studied

carefully beyond a few studies. Dannis (1974) investigated the morphology, size, and

degradation of tire dust. Camatini et al. (2001) investigated the morphology of tire

dust in laboratory and environmental samples using SEM and TEM, and analyzed

the chemical composition by EDS.

In this study, we used FESEM-EDS to analyze individual tire dust particles and

EDXRF to determine the chemical composition of street dust. To detect the content

of the tire dust in the environment, many researchers have used gas chromatography

(Cardina, 1973, Cadle et al., 1980), but by using EDXRF, which did not destroy the

samples, we were able to estimate the contents from the ratio of darkness in the same

samples analyzed with EDXRF.

The aim of this study is to analyze the generation mechanism of tire dust and to

investigate the relation between the chemical composition of street dust and artificial

materials.
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4.2 Materials and Methods

4.2.1 Sample Collection and Preparation

The street dust samples were collected from Route 43 located in southeastern part of

Kobe in Japan on 28 November 2000. Twenty-nine street dust samples were collected

from the roadsides, crosswalks and road dividers. They were dried for a few hours at

105̊ C, and sieved through 100 mesh (under 150 µm).

4.2.2 Analysis

The morphology and X-ray mapping images of the tire dust were determined by using

FESEM (JEOL JSM-6330F) with EDS (Oxford Link ISIS). The voltage for EDS

analysis was 15kv, and the working distance was 15mm. Two kinds of samples were

used for FESEM-EDS; a bulk sample of the street dust and an individual sample of

the tire dust. The bulk samples were mounted on an aluminum sample holder coated

with carbon paste. The individual sample was put on a slide glass and fixed with

the carbon paste. Both samples were coated with carbon using vacuum deposition

equipment (JEOL, JEE-400).

The chemical composition of the street dust was determined by EDXRF (JEOL

JSX-3220). Analytical conditions were 30kv of the tube voltage, 500s of live times,

and a fundamental parameters algorithm. The analytical elements were Na, Mg, Al,

Si, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, and Pb. The major elements in soils (Na,

Mg, Al, Si, K, Ca, Ti, Mn, and Fe) were shown as oxides. The street dust samples

were placed in vinyl chloride tubes (13 mm in diameter and 4mm high), and pressed

to make pellet samples at a pressure of 1200kg/cm2 . The pellet samples were used

for EDXRF analysis and for determination of ratio of darkness.

We used the ratio of darkness for a simple method to identify the artifical impact.

The image-processing method was useful because the street dust was mainly composed

of natural materials(soils) and artifical material (asphalt and tire dust) whose color

are almost black. The pellet samples were converted into digital data by using a

scanner (EPSON, GT70005). The scanning conditions were 5161 pixels per inch and

bitmap format. The ratio of the brightness level from 0 to 20 was detected using
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image-processing software ( Adobe Photoshop 5.5); here, the brightness level 0 is

black and 255 is white.

4.3 Results and discussion

4.3.1 Morphology of tire dust

A back-scattered electron (BSE) image of the street dust is shown in Fig.4. The

spindly, dark gray particles are tire dusts. White, bright, and sharp edges are mainly

minerals. The lengths of the tire dust particles are mostly a few hundred µm.

Figure 4: BSE image of a bulk street dust sample

The morphology of the tire dust observed in this study is different from that

determined by other methods in earlier studies. Tire dust particles collected from

a steel brush abrader (Camatini et al., 2001) or directly caught from tires (Dannis,

1974) were not spindly but instead were more irregular.

The lengths of the tire dust particles collected from the street dust were found to

be larger in this study than by other methods. Dannis (1974) measured the lengths of
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tire dust particles collected from sticky panels mounted under a car (from a few µm

to 100µm) and from filter plates mounted under a car (20 µm). In the atmosphere,

25 to 40 % of tire dust particles ranged from 1.1 to 7.0 µm (Cardina, 1974).

These differences in length and morphology suggest that the tire dust particles in

the street dust were generated by a rolling process again and again. The street dust

particles were depositions on the road; therefore, they would have more opportunities

to be rubbed between tires and a road. It is possible that the frequent rolling caused

them to cohere and accumulate into larger particles. As a result, they became long

and spindly in shape.

4.3.2 X-ray mapping on tire dust

BSE and X-ray mapping images of the tire dust are shown in Fig.5. The BSE image

indicates that the tire dust has many particles attached to it that range from a few

µm to 50 µm in size. These particles mainly consisted of Al, Si, S, Ca, and Fe. Zn

was detected only slightly. Fig.6 shows a BSE image and an X-ray mapping image of

the tire dust at high magnification (8000). S is distributed all over the surface and

as a particle. Ca is distributed as many particulate matters with one or a few µm in

size. Zn is distributed as a single particle.

Al and Si particles are probably minerals derived from soil or an aggregate of as-

phalt pavement. Fe particles may be from an anthropogenic source judging from their

compositions. The distributions of S and Zn are consistent with the manufacturing

process of a tire rubber. Tire rubber is composed of synthetic or natural rubber, car-

bon black, oil, zinc oxide, sulfur, and other chemicals (Environment Agency, 1998). In

particular, sulfur is added to vulcanize the rubber, and zinc oxide is used to enhance

and control the chemical reactions.

Particulate S and Ca may be derived from asphalt pavement. Camatini et al.(2001)

indicated that the sources of S other than tire treads include sulfate, sulfide, and bi-

tumen. As discussed above, the tire dust was rubbed on the asphalt pavement, and

therefore can become attached to sulfate, sulfide, or bitumen. Additionally, Ca is

contained in the asphalt pavement as a filler mixed with bitumen. The detailed
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Figure 5: BSE and X-ray mapping image of a tire dust particle
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Figure 6: BSE and X-ray mapping image of a tire dust particle at high magnification
( × 8000 )

discussion between tire dust and metal particles will be described in the next section.

4.3.3 EDXRF analysis and estimation of the tire dust content in street
dust

The chemical composition of the street dust is shown in Table 1. The major com-

ponent of the street dust is soil, which mainly consists of Na, Si, Al, K, and Ca.

Additionally, heavy metals and anthropogenic elements such as S, Ca, Ti, Cr, Fe,

Ni, Cu, Zn, and Pb were present in high concentrations. The street dust is affected

adversely by particles or gaseous pollutants from automobiles such as brake lining

particles, oil leakage, and tires particles (Davis et al., 2001). Therefore, the street

dust has high content of heavy metals and other anthropogenic elements.

The ratio of darkness in the street dust samples ranged from 5.0 to 61.5%. Cor-

relation coefficients among Mg, S, Ca, Cu, Zn, and the ratio of darkness are listed

in Table 2. These are closely related at a probability level of <0.01. The close rela-

tionship among S, Ca, Zn, and the ratio of darkness suggests that artifical materials

such as tire dust and asphalt particles are the most dominant source for these ele-

ments, because the tire dust or asphalt particles included S, Ca, and Zn as indicated
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Table 1: Concentration ratios of street dust. n=29
Mean(Wt.%) S.D.

Na2O 2.59 0.43
MgO 1.51 0.22
Al2O3 11.28 0.85
SiO2 53.28 5.59
S 2.04 0.76
K2O 2.78 0.32
CaO 12.74 2.77
T iO2 3.34 2.35
Cr 0.06 0.02
MnO 0.36 0.11
Fe2O3 9.47 1.83
Ni 0.02 0.00
Cu 0.03 0.01
Zn 0.46 0.17
Pb 0.03 0.02

in Figs.5 and 6. Additionally, Cu and Mg also have a close relationship. Cu is mainly

derived from brake lining (Davis et al., 2001), and Mg is contained in asphalt pave-

ment (Camatini et al., 2001), and cement (Miguel et al., 1997). These materials are

so common in the street environment. Asphalt particles and tire dust themself were

also black. On the other hand, natural materials, mainly soil, are almost soil and they

are relatively white. Therefore, artificial materials are well indicated by the index of

darkness in street dust.

The ratio of S/Zn was 4.4 in the street dust. This ratio is high compared to that

in the rubber compound of tires, which is 0.64 (Environment Agency, 1998). This

high ratio suggests that the main source of S was not tire treads, but bitumen, sulfate

or sulfide.

Table 2: Correlation coefficients among MgO, S, CaO, Cu, Zn, and RD in street dust
(n=29)

MgO S CaO Cu Zn RDa

MgO
S 0.66∗∗

CaO 0.84∗∗ 0.88∗∗
Cu 0.52∗ 0.62∗∗ 0.66∗∗
Zn 0.71∗∗ 0.89∗∗ 0.79∗∗ 0.57∗∗
RD 0.67∗∗ 0.88∗∗ 0.81∗∗ 0.59∗∗ 0.94∗∗

aRD = ratio of darkness in street dust. ∗P<0.05, ∗∗P<0.01
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4.4 Conclusion

This study characterized the morphology and chemical distribution of tire dust col-

lected from the street dust and analyzed the chemical composition of the street dust

and the ratio of darkness.

The tire dust particles collected from the street dust showed a long and spindly

shape, and included many minerals or anthropogenic particles. The street dust was

high in heavy metals (Cr, Ni, Cu, Zn, and Pb), and showed a close relationship

between the rate of darkness and some elements (Mg, S, Ca, Cu, and Zn). These

results suggest that the tire dust was generated by rolling and gathering, and in

the course of these processes, they collected and incorporated particles from soils,

asphalt pavement or brake linings. Asphalt or other black particles also contribute to

the chemical composition. As the results of this study, it found that the darkness in

street dust suggests their toxic compositions as an artifical materials. In the section

5 and 6, I studied the metal particles attached on a tire dust and relation between

particlate matter and chemical composition in detail.
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5 Characterization of heavy metal particles em-

bedded in tire dust

5.1 Introduction

Tire wear debris (tire dust) is generated by the rolling shear of tire tread against road

surfaces (Rogge et al. 1993). The mass of annual emission of tire dust was estimated

to be 5.3 × 107 kg in 1996 in the UK (Environment Agency, 1998) and 2.1 × 108

kg in 2001 in Japan (Adachi and Tainosho, 2003), and tire abrasion on urban road

in Germany was estimated from 55 to 657 kg/km/year on various roads (Muschack,

1990). This large amount of tire dust is a significant cause of pollution in the urban

environment (Environment Agency, 1998). Zinc oxide is added as an activator during

the vulcanizing process, comprising from 0.4% to 4.3% of the resulting tire tread

(Smolders and Degryse, 2002), and zinc from tire dust is a significant pollutant in soil

(Smolders and Degryse, 2002, Sadiq et al., 1989), air (Rogge et al. 1993), street dust

(Fergusson and Kim, 1991), and urban runoff (Davis et al., 2001). Other heavy metal

elements in tire tread also pollute the environment. Fukuzaki et al. (1986) showed

that tire tread contains heavy metals such as Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb,

and tire dust pollution contributes to some of these elements in the form of airborne

dust. Sadiq et al. (1989) analyzed the metal concentrations in tires and showed that

tire dust was a soil pollutant.

The road paving aggregates embedded in tire dust have been investigated (Ca-

matini et al., 2001, Smith and Veith, 1982), but heavy metal particles derived from

other sources have not yet been examined. Heavy metal particles are emitted on the

road surface as part of brake dust, road paint, diesel exhaust particles (DEP), road

construction materials, or car catalyst materials. When tire tread is abraded against

the road surface, the tire tread debris will assimilate these particles. In this study,

we examined brake dust, yellow paint, and tire tread materials as possible sources of

metal particles in tire dust. Brake dust has been recognized as a significant pollutant

for Cu, Sb, and Ba in the aerosols composition (Sternbeck et al., 2002), and it con-

tributed 47% of the total loading for Cu in urban runoff (Davis et al., 2001). Yellow
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paint contributed from 0.3% to 1.0% of airborne dust in Niigata, Japan (Fukuzaki et

al., 1986). The bulk chemical composition and manufacturing process of brake dust,

yellow paint, and tire tread are well known, but detailed morphologies and individ-

ual chemical compositions of the metal particles included have not been thoroughly

investigated by the scanning electron microscopy (SEM) method. The aims of this

study were to characterize the heavy metal particles embedded in tire dust and the

traffic-related metal particles (brake dust, yellow road paint, and tire tread) as sources

of embedded particles in tire dust.

5.2 Experimental Procedures

5.2.1 Sampling site

Figure 7: Sample location map

Street dust samples were collected from 6 sites in Kobe, Japan (Fig.7) during

August of 2002.

The sampling sites selected were the same points at which a traffic census was

carried out by the city of Kobe as a part of a national traffic census conducted in

October of 1999 (Hyogo Prefecture, 1999). According to the data, the traffic volume
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ranged from 4,944 to 50,366 vehicles per day, and the proportion of heavy truck traffic

ranged from 4.7% to 22.3%. Sites 1, 2, and 6 are residential areas. Sites 3 and 4 are

industrial areas, and Site 5 is a commercial area. Site 1 is located on a down slope,

while the other roads are almost flat. Sites 2, 4, and 5 are crossroads. Sites 3 and 4

are different locations on the same road.

5.2.2 Sample collection

The tire dust samples investigated here were collected from street dust, which were the

depositions from natural and human activities on the road (Brookman and Drehemel,

1981). The tire dust comprises a significant composition of the street dust. More

than 100 g of street dust were gathered from roadsides with a nylon trowel at each

sampling site. The collected samples were stored in plastic bags for subsequent sample

preparation and analysis.

In addition to the tire dust samples, we collected 5 brake dust samples from the

rim of front brake linings. The five selected cars were manufactured by three different

Japanese automakers. We also picked up a yellow road paint sample from a fragment

of line material painted on the road surface in the study area, and a tire tread sample

was chipped off from the surface of a used tire (Bridgestone, 6.40R14, Japan).

5.2.3 Single particle analysis

The FESEM measurements were performed with a JSM-6330F cold field emission

SEM (JEOL, Tokyo) with an energy dispersive X-ray spectroscopy (EDX) detector

Link ISIS (Oxford-Instrument, Tokyo).

For the single particle analysis of the heavy metal particles embedded in tire dust,

we used an acceleration voltage of 15 kV, a working distance of 15 mm, and an EDX

collection time of 20 seconds. For the bulk analysis of traffic-related materials, we

used 500 or 1000 seconds of EDX collection time.

The street dust samples were dried at room temperature and sieved through a 149-

µm nylon screen. They were affixed to a carbon tape attached to aluminum studs.

All samples were coated with carbon so they would have conducting properties.
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Figure 8: Detection method of heavy metal particles from tire dust surface. a: Se-
lection of tire dust particle in street dust, b: Tire dust particle, c: Analytical area
(0.01mm2 ), d: EDX spectra in the analytical area, e: High contrast and negative
image of the analytical area
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Ten larger tire dusts whose shape had not been broken were selected from each

street dust sample (Fig.8a, b). The length of the selected particles ranged from 220

to 1230 µm. Tire dust samples were distinguished from other types of debris by

the following three features: (1) sausage-shaped particles (Dannis, 1974), (2) sur-

face morphology resembling characteristic rough and ragged tire tread wear, (3) the

presence of C, Al, Si, S, Ca, Fe, and Zn (Camatini et al., 2001, Kim et al., 2001).

Backscattered electron images (BEIs) were taken in the range of 0.01mm2 at × 1000

(Fig.8c) from the middle part of each particle. Chemical compositions of the areas

were also determined by EDX (Fig.8d), and they were defined as the bulk chemical

compositions of tire dust.

Heavy metal particles were brighter than silicate mineral particles in the BEI;

the brightness of the BEI reflects the atomic number of the object. The BEIs were

converted to show high contrast with negative images to clearly distinguish heavy

metal particles from the minerals (Fig.8e). All detected particles more than 0.2 µm

in diameter were analyzed to determine their chemical composition and diameter.

The EDX quantification was determined using the standardlessZAF method, and

recalculated to 100% for 24 elements (Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe,

Ni, Cu, Zn, Sr, Y, Zr, Sn, Sb, Ba, La, Ce, and Pb). Because of the complex shape

of the particles surface and their small diameters compared to the electron diffusion

range, the quantification could lead to over- or underestimation. Therefore, we used

a statistical method (a hierarchical cluster analysis program (HCA)) based on their

major component elements to classify the particles. The HCA was based on Euclidean

distances with Ward’s error sum classification. The consistent Akaike’s information

criteria (AIC) were used to determine the most effective number of the cluster.

5.3 Results and discussion
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Table 3: Chemical compositions of clusters and traffic related material (weight %)
B.D.a Y.P.b T.T c T.D.d Cluster1 Cluster2 Cluster3 Cluster4

Mg 0.1±0.3 1.9±1.0 ND 1.9±0.5 0.9±1.2 1.3±0.9 1.2±1.5 0.6±0.9
Al 0.5±0.3 0.6±0.2 2.7 7.5±2.7 2.5±1.7 4.6±2.1 3.5±2.6 2.5±1.4
Si 1.6±0.7 6.1±4.1 2.8 21.2±2.4 5.8±3.3 12.9±4.2 8.3±5.8 5.8±3.2
P 0.0±0.1 ND ND 0.6±0.3 0.2±0.6 0.4±1.2 0.6±2.0 0.1±0.3
S 0.9±0.4 0.3±0.5 25.6 2.6±0.9 0.9±0.8 2.6±1.7 4.5±5.6 1.1±0.8
K 0.2±0.4 ND ND 1.9±0.4 0.4±0.5 0.8±0.7 0.7±1.1 0.3±0.5
Ca 0.3±0.3 50.9±7.2 1.4 10.1±3.5 2.1±1.7 5.8±4.1 4.0±5.2 2.6±2.8
Ti 1.3±2.1 ND ND 1.2±0.6 0.5±1.2 0.6±1.2 3.4±7.6 0.3±0.6
V ND ND ND 0.0±0.1 0.0±0.2 0.1±0.3 0.1±0.6 0.0±0.1
Cr 0.0±0.0 2.2±0.9 ND 0.0±0.1 0.2±1.0 6.1±3.7 1.7±8.4 0.0±0.2
Mn 0.7±0.1 ND ND 0.1±0.1 0.5±1.1 0.1±0.3 0.8±4.0 0.1±0.3
Fe 58.0±6.7 ND ND 5.5±1.5 48.8±10.0 2.8±2.3 13.1±10.3 1.2±1.9
Ni ND ND ND 0.0±0.1 0.1±1.0 0.2±0.6 0.3±3.5 0.1±0.2
Cu 1.2±1.2 ND ND 0.1±0.2 0.7±1.7 0.2±0.6 4.8±12.1 0.1±0.4
Zn 0.1±0.3 ND 17.4 1.6±0.8 0.7±1.5 0.8±2.4 1.8±4.4 57.9±10.4
Sr 0.1±0.1 ND ND 0.9±0.3 0.1±0.4 0.4±0.9 1.8±9.7 0.1±0.5
Y ND ND ND 0.0±0.1 0.0±0.1 0.0±0.1 0.2±1.8 0.0±0.1
Zr 0.7±0.8 ND ND 0.1±0.2 0.1±0.4 0.1±0.5 1.6±5.7 0.0±0.4
Sn ND ND ND ND 0.1±0.5 0.1±0.5 0.7±3.8 0.1±0.3
Sb 0.9±1.0 ND ND 0.0±0.2 0.3±0.8 0.1±0.6 1.3±5.5 0.1±0.4
Ba 1.5±1.9 ND ND 0.1±0.2 0.5±1.5 0.2±0.9 7.2±12.0 0.1±0.4
La ND ND ND 0.0±0.1 0.1±0.4 0.1±0.7 0.7±3.3 0.1±0.3
Ce 0.0±0.1 ND ND 0.0±0.1 0.1±0.4 0.2±0.7 1.7±7.2 0.1±0.4
Pb 0.3±0.6 13.0±5.3 ND 0.1±0.2 0.1±0.4 26.3±10.2 0.5±1.2 0.1±0.3
O 31.0±0.6 30.5±3.3 50.1 44.9±1.2 34.3±2.4 33.7±4.5 36.0±6.2 27.2±3.4
n e 17 3 1 60 1246 162 344 536

d f (µm) 1.17 0.42 1.05 0.52
aB.D.: Brake Dust, bY.P.: Yellow Paint, cT.T.: Tire Tread, dT.D.: Tire dust, en:
number of particles, fd: averaged diameter

5.3.1 Brake dust

Three or four fragments from each brake dust sample were analyzed to determine

their bulk chemical compositions and the particulate compositions by FESEM/EDX.

The BEI and distribution of Cu, Sb, S, and Fe of brake dust are shown in Fig.9a and

9b, respectively. The diameter of particles in the brake dust was about 1 µm, which

was within the range of average mass median diameters of brake dust measured under

several condition tests (from 0.62 to 2.49µm) (Garg et al., 2000).

The brake dust consisted mainly of particulate Al, Si, S, Ti, Fe, Cu, and Sb

(Fig.9b). Iron particles also contained slight amounts of S, Cu, Sb, and Ba. Some

brake dust samples contained particulate BaSO4 and Zr. When we averaged the bulk

compositions of the brake dust fragments, we found that Fe was the most abundant

heavy element, followed by Ba, Cu, Sb, and Zr (Table 3). Sternbeck et al. (2002)

proposed diagnostic criteria for brake wear particles that included a ratio of 4.6 ±2.3

for Cu/Sb. The ratio in our analysis was 1.3. The low ratio compared to the criterion

was because of the presence of Cu-free brake dust samples in this study. Cu is used

to control heat transport, and Sb is used to enhance stability (ORNL, 2001). BaSO4

is used to increase the density of the brake pad (ORNL, 2001).
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Figure 9: Brake dust. a: BEI of the brake dust, b: X-ray map of Cu, Sb, S, and Fe,
c: EDX spectra of image a.
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5.3.2 Yellow paint

The typical morphology and EDX spectra of yellow paint are shown in Fig.10. The

bulk chemical composition is high in Si, Ca, Cr, and Pb (Table 3). The yellow paint

consists of beads, Ca material, and PbCrO4 particles. The PbCrO4 is a particulate

about 0.5 µm in diameter with an oval morphology (Fig.10a). The PbCrO4 in yellow

paint is one of the Pb contributors in street dust (Fukuzaki et al., 1986, Fergusson

and Kim, 1991).

Figure 10: Yellow road paint material. a: SEI of a yellow paint fragment, b: EDX
spectra of Cr/Pb rich particle

5.3.3 Tire tread

A cross section image of tire tread and EDX spectra are shown in Fig.11. Detected

elements in tire tread were O, Al, Si, S, Ca, and Zn (Table 3). The diameter of

particulate ZnO was about 1 µm or less, and the morphology was multi-angular

(Fig.11a). Zinc oxide is added to activate vulcanization in the tire tread. Much of

the Zn forms chelates with the accelerators, but the major part of the Zn in tire tread

is excess ZnO and ZnS (Fauser et al., 1999).

5.3.4 Heavy metal particles embedded in tire dust

We detected 2288 heavy metal particles in 60 tire dust samples. The bulk chemical

composition of the surface of tire dust debris was rich in mineral or asphalt pavement

material characterized by Al, Si, K, and Ca, and smaller amounts of Fe, S, Mg, Zn,
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Figure 11: Cross section of tire tread. a: SEI of ZnO particle in tire tread. b: EDX
spectra of ZnO particle

and Ti (Table 3). The chemical composition was quite different from that of tire

tread. Mineral materials were found at high levels compared to the composition of

tire tread, and some heavy metal elements were detected.

The embedded particles were divided into 4 clusters based on the consistent AIC

and on particle compositions. Iron-, Cr/Pb-, and Zn-rich particles were classified into

clusters 1, 2, and 4, respectively. The particles with multi-elemental composition were

classified into cluster 3. Typical morphology and EDX spectra of the heavy metal

particles are shown in Fig.12. In each EDX spectrum, Al, Si, and Ca may reflect

neighboring material of the targeted heavy metal particles, such as asphalt pavement

material, soil minerals, or tire tread itself.

Cluster 1

Cluster 1 is characterized by high Fe composition. Other heavy metal elements

such as Mn, Cu, Zn, Sb, and Ba are contained in slight amounts in this cluster

(Table 3). The average particle diameter is relatively large (1.17 µm). Iron is the

most abundant heavy metal element in street dust (Hopke et al., 1980). The possible

sources of Fe particles are brake lining material (brake dust) (Hopke et al., 1980,

Hildemann et al., 1991, ORNL, 2001, Garg et al., 2000), automobile rust (Hopke et

al., 1980), and motorcar exhaust (Weber et al., 2000).

In this study, the rich Fe content in the brake dust showed that it is an important
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Figure 12: Typical image of metal particles embedded in tire dust. a: Cluster 1, b:
Cluster 2, c: Cluster 3, d: Cluster 4
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contributor of this cluster, as noted by the consistent particle diameter and chemical

composition that was rich in Fe with a low level of Cu, Sb, and Ba. The ratio of

Cu/Sb was 2.5 in this cluster, which was within the diagnostic criteria for brake wear

particles (4.6±2.3) (Sternbeck et al. 2002).

A steel plant located in the southern part of the study area is also a source of Fe

particles (Adachi and Tainosho, 2001). The chemical composition of most Fe particles

derived from the steel plant was Fe and little Mn (several weight % or less) (Adachi

and Tainosho, 2001).

Cluster 2

This cluster is rich in Cr/Pb. The average particle diameter is 0.42 µm. The

morphology, shown in Fig.12b, is an aggregate of oval particles, which is similar to

that of yellow paint shown in Fig.10a. Because the chemical composition, diameter,

and morphology agree with that of PbCrO4 in yellow paint material, we conclude

that a large part of this cluster is abraded particles of yellow paint. The average

molar ratio of Cr/Pb is 0.92, whereas the ideal ratio of PbCrO4 should be one. This

decrease means a minor presence of Pb-rich particles in this cluster. One of the

possible sources of Pb particles is lead used in motor vehicle wheel balance weights

(Root, 2000).

The abundance ratio of this cluster in each tire dust samples showed large variation

among individual tire dusts (Average: 7%; SD: 7%; Max: 32%; Min: 0%) but not

among sampling sites. This means that heavy metals embedded in tire dust need not

indicate the sampling location. Additional investigation is needed to learn when tire

dust assimilates metal particles and when tires abrade, and how far tire dusts are

distributed in the environment.

Cluster 3

Cluster 3 is characterized by multiple elements (Ti, Cr, Fe, Cu, Zn, Sr, Y, Zr,

Sn, Sb, Ba, La, Ce, and Pb) (Table 3). The average particle diameter in this cluster

is 1.05 µm. The typical morphology and EDX spectra of this cluster are shown in

Fig.12c. Because the brake dust has many Ti, Fe, Cu, Sb, Zr, and Ba particles, these

particles are significant contributors to this cluster. The ratio of Cu/Sb (3.8) , which
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was in good agreement with the diagnostic criteria for brake wear particles (4.6±2.3)

(Sternbeck et al. 2002), also suggests the contribution of brake dust.

De Miguel (1997) has classified the elements in street dust (La, Sr, Y) as natural

elements, and Sternbeck et al. (2002) showed that rare earth elements such as Ce,

La, and Pr are hosted in a mineral phase in airborne particles. We found some

heavy minerals such as allanit (Ca, Ce, Fe, Al, Si), zircon (Zr, Si), and monazite (P,

Ce, La, Y, Th) by single particle analysis. This study area has a granite geological

background, which includes these heavy minerals (Huzita and Kasama, 1983), so one

of the possible sources of these elements is a natural source.

Classification into cluster 3 indicates multiple sources. Because the classification

in this analysis was based on only major components of the particles, it is difficult to

distinguish the particles with multi-elemental composition with exactness. Further

division based on elementary ratios or detailed morphological analysis will help to

classify them.

Cluster 4

Cluster 4 mainly consists of ZnO with an average particle diameter of 0.52 µm.

The most typical morphology of the particles is square or multi-angular (Fig.11d).

These characteristics agree with that of ZnO in tire tread (Fig.12a), so we conclude

that most of the particles in this cluster come from ZnO in the tire tread. The abun-

dance ratio of Cluster 4 was very different in each tire dust sample (Average: 22%;

SD: 17%; Max: 56%; Min, 0%). Some tire dusts samples contained no particulate

ZnO. The presence of particulate ZnO may depend on the manufacturing process of

tire tread. Other possible sources of particulate Zn are metal plating, galvanized iron

roofs(Fergusson and Kim, 1991), and brake dust (Davis et al., 2001, Fauser et al.,

1999).

5.4 Conclusion

In this study we characterized the morphology and chemical composition of traffic-

related material (brake dust, yellow paint, and tire tread) and heavy metal particles

embedded in tire dust. Brake dust contains heavy metal particles such as Fe, Cu, Zr,
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Sb, and Ba with a particle diameter of about 1 µm. Yellow paint contains Cr/Pb

particles with an oval morphology and a diameter of about 0.5 µm. Tire tread

has multi-angular ZnO particles 1 µm or less in diameter. A total of 2288 heavy

metal particles were found embedded in tire dust and were classified into 4 groups by

cluster analysis. Cluster 1 is rich in Fe, cluster 2 is rich in Cr/Pb, and cluster 3 is

characterized by multiple elements. Cluster 4 consists mainly of ZnO. Judging from

its chemical composition, particle diameter, and morphology, brake dust is a possible

contributor of cluster 1 and 3, and yellow paint is a possible contributor of cluster 2.

Zinc oxide in tire tread is a significant source for cluster 4.

These results suggest that tire dust assimilates traffic-related metal particles when

the dust is rolled between surfaces and abraded. The interactions between tire wear

debris and heavy metal particles may give the heavy metal risk to the tire dust.

Further study that discusses the risk of heavy metal particles embedded in tire dust

is needed.
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6 Single particle characterization of size-fractionated

street dust

6.1 Introduction

Particulate matters that are deposited on a road, usually called ’road sediments’,

’road deposited sediments’, ’street dusts’ or ’road dusts’, are significant pollutants in

the urban environment because they contain high levels of toxic metals and organic

contaminants such as polycyclic aromatic hydrocarbon (PAH) (Hopke et al., 1980;

Fergusson and Kim, 1991; Hildemann et al., 1991; Rogge et al., 1993; De Miguel et

al., 1997; Degirmenci et al., 2000; Li et al., 2001). Health hazards of street dust such

as genotoxicity, estrogen-like cell growth activity (Degirmenci et al., 2000), dioxin-like

activity (Matsui et al., 2002) and allergens (Miguel et al., 1999) have been reported.

In addition to these risks, it is well known that street dust are sinks and sources of met-

als or other contaminants in an urban environment. Several studies have shown the

environmental pollution caused by street dust in urban runoff (Legret and Pagotto,

1999; Sorme and Lagerkvist, 2002) and in the atmosphere (Manoli et al., 2002; Fu-

nasaka et al., 2003, Samara et al., 2003). For example, Funasaka et al. (2003) have

showed that part of Zn and Pb in atmospheric particles is derived from road dust

components in Osaka City, Japan.

Street dust consist of both natural and anthropogenic particles. Natural particles

derive primarily from soil minerals, while anthropogenic particles derive from road

construction materials (asphalt, concrete and road paint), automobiles (tire dust,

brake dust, body rust and tail pipe exhaust), industrial inputs or atmospheric depo-

sitions. Regarding the sources of regional particles in Japan, Asian dust storm has

brought metal and mineral particles in the spring (Var et al., 2000, Ma et al., 2001),

and has been one of the sources of street dust in the fine fraction.

Most studies deal with relatively large particles of street dust (50-2,830 µm). The

finer particles, less than 50 µm, can give helpful results regarding the relationship

between atmospheric pollution and street dust. On the other hand, the coarser parti-

cles, greater than 50 µm, contribute mainly to elemental pollution of urban runoff or
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soil. Some studies have indicated that the chemical composition of street dust varies

with grain sizes between 20 µm and 1500 µm (Al-Rajhi et al., 1996) or between

63µm and 2000 µm (Sutherland, 2003). In several cases, toxic metals or metalloids

are preferentially enriched in smaller grain sizes (Ellis and Revitt, 1982; Al-Rajhi et

al., 1996; Sutherland, 2003). However, there have been no detailed studies to date

focusing on the relationship between particle type distributions that characterized by

single particle analysis and bulk chemical compositions in street dust. The aims of

this study are 1) to investigate the particle size shift in a narrow area by the effect of

rain or wind, 2) to classify the particles and to identify their sources and 3) to show

the relationship between the distributions of the characterized particles and the bulk

chemical compositions in the street dust. These results will facilitate the character-

ization of the compositions of street dust and the control of pollution, especially for

urban runoff or soil, from road traffic.

6.2 Materials and Methods

6.2.1 Sampling sites

Fifty street dust samples were collected from a road median and two samples were

also collected from a street gutter in Kobe, Japan during March of 2003 (Fig.13a).

The road from which the samples were collected was R43. The mean traffic flow rate

ranged from 64,000 to 72,000 vehicles per day, and the rate of heavy truck traffic

ranged from 21.3% to 31.2% (Hyogo Prefecture, 1999). Sweeping maintenance of the

road was carried out three times a month. The road median was at a height of 25 cm

from the road surface.

6.2.2 Sample collection

For the samples collected from the road median, five transections (3 m in length)

were established (Fig.13b) and 10 sampling locations were set up on each transection

(Fig.13c). At each sampling location, rubber sampling frames (30 × 30 cm with an

open area of 20 × 20 cm in the center) were emplaced (Fig.13d). The open area

of the sampling frame (0.04 m2 ) was swept using a brush and dust pan, and then
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Figure 13: Sampling map. a: Overview of the sampling site. b: Locations of sam-
pling transections in the road median. c: Location of the sampling frames in the
transection. d: Schema of the sampling frame.
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vacuumed by a sweeper to collect the total load (Vaze and Chiew, 2002). Two bulk

gutter samples were collected by the same method without using the sampling frame.

The gutter was dry when the samples were collected. The collected samples were

stored in plastic bags for subsequent preparation and analysis.

6.2.3 Sample preparation

The samples were dried for 48 hours at 105̊ C. They were then sieved using a ny-

lon mesh screen into 10 fractions: >2830 µm, 1000-2830 µm, 840-1000 µm, 250-840

µm, 200-250 µm, 150-200 µm, 100-150 µm, 60-100 µm, 50-60 µm and <50 µm. All

the fractions were weighed. Seven of the 50 road median samples with the greatest

mass (shown in Fig.13b) and the two gutter samples were used for subsequent chem-

ical composition and single particle analyses. Chemical composition analysis was

conducted on all the fractions and single particle analysis was carried out on eight

fractions (<1000 µm).

6.2.4 Analysis

Chemical composition analysis was carried out using an EDXRF. The analytical

conditions were a tube voltage of 30 kV and a live time of 500 s. Each size-fractionated

sample was homogenized under 50 µm by a tungsten carbide mill to reduce the particle

size effect, and pressed into a pellet. The measured elements were Al, Si, K, Ti, Mn,

Fe, Cu, Zn and Pb. The standard samples for EDXRF analysis should correspond

to the physical state of the measured samples (diameter, density and state). Since

the study area has weathered granite and granodiorite soil, we chose the Japanese

geochemical reference samples JG1a, JG3 (granodiorite) and JG2 (granite) for the

major part of the standard reference materials. We mixed size-controlled (<50 µm)

metal powder (Ti, Mn, Fe, Cu, Zn and Pb) with these geochemical reference samples

in order to analyze the metals. The precision and bias in this analysis were generally

<10% except for Pb that had a low concentration (<0.015 wt.%).

Particle analyses were conducted by FESEM connected with a EDX detector. We

used an acceleration voltage of 15 kV, a working distance of 15 mm and an EDX

collection time of 20 s. The size-fractionated samples were decentralized to produce
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an appropriate distance among the particles, and were affixed to carbon tape. All

samples were coated with carbon. The beam was pointed at the center of each

particle and the response area was within a distance of several micrometers. The

EDX spectra did not reflect the compositions of all the particles; therefore, we used

statistical analysis with a large number of particles to characterize their distributions

in street dust.

Particle selection for single particle analysis was carried out as follows. Analysis

areas were selected at the following magnitudes: × 20 (840-1000 µm, 250-840 µm,

200-250 µm, 150-200 µm), × 30 (100-150 µm), times 50 (60-100 µm), × 70 (50-60

µm) and ×100 (<50 µm). For the 840-1000 µm fraction, two areas were selected

in order to collect a sufficient number of particles. In the other fractions, a single

analysis area was selected. The EDX spectra of all particles in the area were collected

(the maximum number of particles was 250). The results were presented as net X-

rays that were calculated from the apparent concentration and were normalized to

100% in C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn and Pb.

Lead was used in the M-line to determine the net X-ray, and the other elements were

used in the K-line. In order to avoid the overlap of neighboring elements in the EDX

spectra, the elements with less than one sigma of the apparent concentration were

deleted. Carbon X-rays were also detected due to the carbon coating; however, they

were too weak to affect particle classification.

Multivariate analyses such as hierarchical cluster analysis was used to reduce the

dimension of the data matrix. The cluster analysis was based on Euclidean distances

with Ward’s error sum classification. The consistent Akaike’s information criterion

was used to determine the most effective number of the clusters. This semiquantita-

tive analysis has been used in previous studies resulting in the successful classification

of ambient particles (e.g. Jambers and Grieken, 1997; Sitzmann et al., 1999). We

also used principal component analysis (PCA) of bulk chemical compositions to esti-

mate the contributing factors, and compared them to the result of the single particle

analysis.
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6.3 Results and discussion

6.3.1 Size distribution in street dust

Particle size distributions are shown in Figs.14 and 15. Figure 14 presents the particle

size distributions averaged for each sampling transection and the gutter street dust.

Figure 15 shows the particle size distributions of road median samples averaged for

each distance from the road and the gutter samples. These transections and distances

are shown in Figs.13b and 13c. The median grain diameter, D50, in the road median

samples were 740-980 µm for each transection and 740-910 µm for each distance. The

percentage of material <100 µm ranged from 8-10% in both the averaged samples,

whereas it ranged from 17-22% in the gutter samples. The particle distributions

among the road median samples were similar. Additionally, the particles concentrated

to coarser fractions compared to those of the gutter samples (D50: 190 and 210 µm).

This difference is possibly due to the effect of rain. The road median was covered

by an elevated highway and was thus less affected by rain, while the gutter samples,

which were residual, were carried by wash-off events and were therefore rich in small

particle fractions (Vaze and Chiew, 2002). In addition, since vehicles cause reductions

in particle size by abrasion, the gutter samples were possibly further reduced when

they were displaced to the gutter.

6.3.2 Distribution of elements in street dust

The distributions of elemental concentrations in size-fractionated road median and

gutter samples are shown in Fig.16. The concentrations were averaged for each size

fraction. The distribution patterns between the road median and gutter samples are

similar for Al, Si, K, Cu, Zn and Pb. For Mn, Ti and Fe, the concentrations in

<200 µm fractions of the road median samples were higher than those of the gutter

samples. Additionally, Ti in the road median samples exhibits a maximal value in the

60-100 µm fraction. Manganese, Fe, Cu and Pb show the highest concentrations in

the finest fraction (<50 µm) and Zn shows the highest concentration in the 50-60 µm

fraction. In other studies, concentrations of the metals (Cu, Zn and Pb) increased as

the particle size decreased (Al-Rajhi et al., 1996). In this study, the decrease of Zn
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Figure 14: Particle size distribution in the sampling transections of the road median
and the gutter samples. T: Transection. G: Gutter

Figure 15: Particle size distribution in different distances from edge of the road median
and the gutter samples. G: Gutter
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composition in the finest fraction (<50 µm) is different from results of other studies,

which may be due to the distribution of tire dust. The reasons for this are discussed

in detail in a later section.

The mean concentrations of Cu, Zn and Pb in Hong Kong street dust with <2

mm fractions were 173 ppm, 1450 ppm and 181 ppm, respectively (Li et al., 2001),

and that of Cu, Zn and Pb in Korea road gutter dust with <180 µm fractions were

64-124 ppm, 197-334 ppm and 58-534 ppm, respectively (Chon et al., 1998). The

metal compositions in our study were generally high compared to those in other

studies. This is probably due to the fact that the street dust in our study had less

soil compositions because of the lack of bare ground around the road adjacent area.

Figure 16: Distribution of elemental concentrations in the size-fractionated bulk street
dust.

6.3.3 Particle classification and source apportionment

In the nine samples (seven road median samples and two gutter samples) with

eight fractions, 13,099 particles were analyzed by FESEM, and 746 particles were
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Figure 17: Typical images of each fraction in the road median sample (transection 5,
135 cm South); backscatter electron images (BEI). Scale bar indicates 1mm.
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Table 4: Averaged net X-ray % of each particle type and reference materials
Type 1 2 3 4-1 4-2 5 6 APa AP b FSc ILd QZe TDf

C 10.6 7.2 3.8 5.5 5 2.2 29.9 22.9 4.3 0.4 0.5 0.1 25.3
O 33.6 25.4 24.8 34.1 24.8 23.7 41 29.7 13.9 25.2 8.9 23.8 35.7
Na 0.3 0.1 2 0.1 <0.1 0.3 0.1 ND ND 4 ND ND ND
Mg 1.3 1 1.1 0.7 0.2 0.2 0.4 0.7 0.7 ND ND ND 0.6
Al 10.1 6 14.5 2.3 2.9 3.5 4.3 4.9 2.3 15.8 2.3 0.6 8.2
Si 26.1 15.6 43 5.9 4.8 67.1 11.2 27.2 7.4 48.3 2.1 75.3 18.9
P 0.1 0.5 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 ND ND ND ND ND
S 3.1 5.7 1.1 1.6 0.7 0.4 3 4.3 0.5 0.1 1.1 ND 1.8
Cl 1.4 2 0.6 1.6 0.4 0.2 1.5 0.3 ND <0.1 0.2 ND 0.1
K 2 1.4 3.5 0.7 0.4 0.6 0.9 0.4 1 5.9 0.2 <0.1 1
Ca 7.7 31.6 3.6 4.5 1.8 1.1 5.4 8.4 68.5 0.2 0.8 <0.1 6.3
Ti 0.6 0.7 0.2 0.5 43.2 0.1 0.5 0.2 0.1 <0.1 61.7 0.1 0.6
Cr 0.1 0.1 <0.1 1.1 0.1 <0.1 <0.1 ND <0.1 <0.1 ND ND <0.1
Mn 0.1 0.1 0.1 0.8 1.4 <0.1 0.1 <0.1 0.3 ND 0.2 ND ND
Fe 2.8 2.2 1.5 40.1 14.1 0.5 1.4 0.8 0.9 ND 22.1 ND 1.4
Ni <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 ND <0.1 ND ND
Cu <0.1 0.1 <0.1 0.2 0.1 <0.1 <0.1 ND ND <0.1 ND ND 0.1
Zn 0.1 0.1 <0.1 0.2 <0.1 <0.1 0.1 <0.1 ND <0.1 ND ND <0.1
Pb 0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 ND <0.1 ND <0.1 0.1
n 2634 1425 3213 651 83 1579 2768 20 10 20 11 11 10

aAP(Asphalt): The EDX spectra were collected from asphalt surface without a Ca-bearing filler part.
The asphalt sample was collected from the study area. bAP(Asphalt (Ca)): The EDX spectra were
collected from a Ca-bearing filler part of asphalt. cFS(Feldspar): Feldspar contains both potassium
feldspar (n=10) and sodium-calcium feldspar (n=10). The both feldspar were collected from granite
rock in the study area. dIL(Ilmenite): Ilmenite samples were detected from road median samples
based on their morphological and chemical features. eQZ(Quartz): Quartz samples were collected
from granite rock in this area. f TD(Tire dust): Tire dust particles were detected from road median
samples based on their morphological, chemical and constructional features.

excluded due to a low net X-ray (under 1,000 counts). In total, 12,353 particles were

classified by the following treatment. Fractions over 1000 µm were mostly mineral or

asphalt particles and were too large to analyze by FESEM; therefore, these fractions

were excluded from the single particle analysis. The net X-ray of reference materials

(asphalt, granite rock, tire dust and ilmenite) were also detected by FESEM-EDX.

Asphalt was collected as an agglomerate sample from the same study area. A granite

sample was collected from a base rock in the area. Tire dust and ilmenite samples

that were identified from their morphological and compositional features in the street

dust samples were also analyzed for reference materials. The features are mentioned

later in this section (under ’particle type’ 4-2 and 6).

Figure 17 shows typical backscatter electron images (BEIs). The images show the

size fractions in the same sample collected from the road median (transection 5, 135

cm South). The brightness of the BEI reflects the atomic number of the elements.

Particles in each fraction were classified by cluster analysis according to their net

X-rays. They were classified into six or eight groups in each fraction, and a total

of 53 groups were identified. All groups were then reclassified into six particle-type

groups by cluster analysis. Additionally, high Ti-Fe-bearing particles were found in
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abundance in particle type 4, which were confirmed to be ilmenite particles from their

morphology, chemical composition and powder X-ray diffraction analysis. Ilmenite

particles were found to play an important role in the compositions of Ti, Mn and Fe;

therefore, ilmenite particles defined by high Ti (>30% net X-ray) in particle type 4

were reclassified as particle type 4-2, and the other particles in type 4 were defined as

type 4-1. The average net X-rays of each particle-type group and reference materials

are listed in Table 4.

Particle type 1 is rich in C, O, Al and Si. This group consists of particles combined

with minerals and organic matter, and its most likely source is asphalt. An asphalt

pavement consists of a mixture of aggregate and bitumen, which is a non-volatile

residue from oil distillation (Fauser et al., 2000). The reference material asphalt

without Ca-bearing parts also indicates its compositional features. The typical mor-

phology of this group is rough particles exhibiting relatively dark brightness in BEI.

Mineral-rich tire dust particles are also a possible source of this particle-type group.

Given below is a detailed description of tire dust particles (particle type 6).

Particle type 2 is similar to type 1, except for the presence of a significant amount

of Ca. The possible sources of the Ca-rich particles are soil, cement, gravel (Vega

et al., 2001), building materials (Kim et al., 2001), road paint and the pavement

(Fukuzaki et al., 1986). The Ca-bearing part of asphalt with high compositions of O,

Si and Ca listed in Table 4 is regarded as one of the possible sources of this particle

type.

Particle type 3 has the highest net X-ray percentage of Na, Al and K. Addition-

ally, Si is an important element, with a moderate amount of Ca. The particles in this

group are primarily rock-forming silicate mineral, especially feldspar, which contains

three components, plagioclase (NaAl3SiO8), anorthite (CaAl2Si2O8) and orthoclase

(KAlSi3O8). Weathering material (e.g. clay) is also a possible source of this particle

type, especially in fine fractions. The soil from the study area mainly consists of de-

composed granite and granodiorite, which is rich in natural minerals such as feldspar

and quartz. The reference material feldspar also indicates high compositions of Na,

Al, Si and K.
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Particle type 4-1 is rich in Fe. Iron is the most abundant metal element in street

dust (Hopke et al., 1980). Particles exhibiting high brightness and sharp-edged or

spherical particles found in finer fractions are mostly iron-bearing particles (Fig.17).

Possible sources of Fe particles are automobile rust (Hopke et al., 1980), brake lining

material (Hopke et al., 1980, Hildemann et al., 1991, Adachi and Tainosho, 2004) and

automobile exhaust (Weber et al., 2000). The spherical Fe particles appeared to have

originated primarily from a steel plant situated in the southern part of the study area

(Adachi and Tainosho, 2001; Machemer, 2004). Metals such as Cr, Mn, Ni, Cu and

Zn were also prominent in this cluster and most of them occurred as alloys with Fe.

For example, stainless steel contains Fe, Cr and Ni in varying amounts. Manganese

is the most frequent additive for steel, and Piña et al. (2000) showed a close relation

between Mn and Fe in bulk urban aerosols. Cupper is used in brake lining materials

with Fe (Adachi and Tainosho, 2004).

Particle type 4-2 is rich in Ti and Fe. The particles in this group are defined as

ilmenite (FeT iO3), which is present in granite as an accessory mineral. However,

because the ilmenite particles in the collected street dust were too many to have

been derived from a natural source, anthropogenic sources are possible. In the next

section, the additional study about Ilmenite particles is carried out to determine their

source or detailed characters. Particles in this group are rounded and exhibit high

brightness (Fig.17). Compared to the composition of reference ilmenite, they had a

low composition of Ti and Fe. However, the rates of net X-ray percentage of Fe/Ti

were approximately 3.1 (type 4-2) and 2.8 (reference ilmenite).

Particle type 5 is rich in O and Si. This group is largely composed of quartz

(SiO2), which is a common mineral in a granitic area. Their compositions were very

similar to that of the reference material quartz (Table 4).

Particle type 6 is rich in C, O, Si, S and Ca. This group was composed of mixed

particles with high levels of organic matter and some minerals. The most likely

contributor to this group is tire dust particles, which were commonly found in fractions

<250 µm and exhibit a long and spindle-like shape, and low brightness (Fig.17). The

reference tire dust particles identified from their morphological features also had high
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compositions of C, O, Si and Ca, and a moderate composition of S. Tire dust particles

are debris from tire treads; they consist primarily of organic matter (Rogge et al.,

1993). Tire dust particles take in mineral or metal particles on a road when they

abrade, and are therefore rich in Si, Ca and some metals (Smith and Veith, 1982;

Camatini et al., 2001; Adachi and Tainosho, 2004). Some studies have suggested

that tire dust particles typically have some S and Zn concentrations derived from

their vulcanization process (Camatini et al., 2001; Kim et al., 2001; Smolders and

Degryse, 2002; Adachi and Tainosho, 2004); however, the net X-ray in Zn was low in

the present study. This is possibly because the X-ray collection time was too short to

detect low-level components (a few percent). Organic materials such as bitumen-rich

particles of asphalt are also a possible source of this particle group. It is difficult to

distinguish organic-rich asphalt particles from mineral-rich tire dust particles with

the methods used in the present analysis. Organic compound analysis is available for

precise identification (Fauser et al., 2000).
6.3.4 Particle distribution in street dust

The distributions of the particle types are shown in Fig.18. In general, the abundance

ratios of the road median samples are higher than those of the gutter samples in types

2, 4-1, 4-2 and 6. The distribution patterns of the road median and gutter samples

were similar in all types except type 4-2. Type 4-2 showed a high composition in the

100-150 µm fraction in the road median samples compared to the gutter samples.

Type 1 particles show a bimodal distribution: 150-250 µm and 50-100 µm. Type

2 particles are high in the 50-60 µm fraction with large fluctuations. The distribution

of type 3 is high in fractions over 1000 µm and under 50 µm. The abundance of

type 4-1 increases with decreasing particle size; in contrast, type 5 increases with

increasing particle size. Type 6 shows an abundance in the 60-100 µm fraction.

Machemer (2004) indicated that the diameters of Fe-bearing particles from an

iron and steel manufacturing facility, which was one of the possible sources of particle

type 4-1, were <1-10 µm. The authors have also investigated Fe-bearing spherical

particles from steel plants in street dust in the study area and found that their average

diameter was 16.7 µm (Adachi and Tainosho, 2001). These studies suggested that Fe-
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bearing particles from steel plants were enriched in finer fractions. The mass median

diameter of styrene butadiene rubber (SBR), which is an indicator of tire debris, was

about 140 µm in roadway gutter material (Pierson et al., 1974); this was almost in

agreement with the distributions of particle type 6.

6.3.5 Relation between bulk chemical compositions and particle distri-
butions

Principal component analysis was carried out on the bulk chemical compositions of

size-fractionated street dust to estimate the source apportionment addition to the

cluster analysis. The results of PCs with eigenvalue >1 (PC1-3) are listed in Table

5. The first component with a high variance (63%) shows high loadings on metal

elements (Ti, Mn, Fe, Cu, Zn and Pb) and negative loadings on mineral elements

(Al, Si and K). This relation probably reflects the mixing rates of soil or asphalt

indicated by particle types 1, 2, 3 and 5, which is in contrast to those of particle types

4-1 and 4-2 in the street dust. The second component indicates positive loadings on

Al, Cu and Pb. The relationship between the elements was not shown clearly in the

result of particle type distributions by cluster analysis. A possible explanation for

relationship between these elements is that they are distributed as fine particles (<50

µm). Further analysis focusing on finer particles is required to identify the relation.

The third component shows loadings on Al, Ti, Mn and Fe. The relationship between

Ti, Mn and Fe suggests the presence of ilmenite particles (type 4-2). The presence

of Al probably indicates the enrichment in the 150 µm fraction, which is the same as

type 4-2 in type 2 and 3, which has a high Al content.

We found some relationships between the distributions of bulk chemical compo-

sitions and particle types. Particle type 3, which contain high Al content in their

compositions, shows similar distributions to that of Al in bulk chemical compositions

(Fig.16); i.e. their concentrations decrease in the middle particle diameter. The dis-

tributions of Zn and particle type 6 also show similar distributions. Zinc was hardly

detectable in particle type 6, whose possible source was tire dust; however, the re-

semblance of these distributions indicated that the source of Zn was tire dust, as

suggested by other studies (e.g. Smolders and Degryse, 2002). The distributions of
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Figure 18: Distributions of abundance ratio of particle types in the road median and
the gutter samples.
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type 4-1 are similar to those of Mn and Fe in the bulk analysis. Additionally, the

distributions of type 4-2 indicates the relation between Ti, Mn and Fe, especially in

the 60-150 µm fraction of the road median samples. This is because type 4-2, which

has high concentrations of Ti, Mn and Fe, shows biased distributions in the 60-200

µm fraction of the road median sample. However, the peaks of the distributions of

particle type and bulk chemical composition exhibited a slight deviance; the distri-

bution of the particle type had a strong peak in the 100-150 µm fraction, whereas

that of bulk chemical composition had a strong peak in the 60-100 µm fraction. An

analysis on a larger number of particles is required to conform to the bulk chemical

composition.

Table 5: Variable loadings on the first three factors from a principal component
analysis of bulk chemical composition among all size-fractionated street dust samples

PC1 PC2 PC3
Al -0.5 0.4 0.7
Si -1.0 0.0 -0.1
K -0.9 0.1 -0.1
Ti 0.6 -0.7 0.2
Mn 0.9 0.1 0.4
Fe 0.9 -0.1 0.4
Cu 0.7 0.4 -0.2
Zn 0.9 -0.1 -0.4
Pb 0.7 0.6 -0.1
eigenvalue 5.7 1.3 1.0
variance(%) 63.4 14.0 11.4
cumultatitive(%) 63.4 77.3 88.8

6.4 Conclusion

Street dust were collected from a road median and gutter in Kobe, Japan. The dis-

tributions of particles size, chemical composition and particle type of these samples

were compared. The road median sediments showed a small variance between their

particle distributions; whereas, there was a large variance between the road median

and gutter samples. The particle types were classified into seven types by cluster

analysis of about 13,000 particles, and their possible sources were estimated (asphalt,

Ca-bearing materials, feldspar, Fe-bearing materials, ilmenite, quartz and tire dust).

Some relationships between the distributions of chemical compositions and particle
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types were founded. Street dust consist of multiple materials derived from both nat-

ural and anthropogenic sources. The dominant diameters of these compositions are

varied, which influenced the bulk chemical compositions. As a result of varying parti-

cle size distributions due to the effect of wind, rain or traffic on the road environment,

the bulk chemical composition of street dust was also altered. Therefore, single par-

ticle analysis used in this study is useful to analyze the metal contents in the street

dust without being affected by their particle size distributions.
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7 Street dust contamination caused by ilmenite

7.1 Introduction

Street dusts are a significant contributor to environmental pollution by heavy metals

in the urban environment (Hopke et al., 1980; Fergusson and Kim, 1991; Rogge et

al., 1993; De Miguel et al., 1997; Li et al., 2001). Street dust arises both from natural

processes and from human activities; major contributors are motor vehicles (tire wear,

exhaust, brake and clutch linings, mud and dirt carryout, truck spills, corrosion and

abrasion of panels and undercoatings, and lubricants, coolants, hydraulic fluids and

oil), sanding and salting, pavement wear, litter, biological debris, wind and water ero-

sion from adjacent areas, and atmospheric pollution fallout (Brookman and Drehmel,

1981). In the case of elemental contamination, many artificial causes such as tire wear,

exhaust, brake linings, oils, catalysts and pavement wear have been investigated for

their influence in heavy metal loadings (Hopke et al., 1980; Fergusson and Kim, 1991;

Hildemann et al., 1991; De Miguel et al., 1997; Adachi and Tainosho, 2003; Adachi

and Tainosho, 2004); however, mineral substances have been less studied for their

contribution to the pollutants. Mineral substances derived from both human activity

and natural process. In terms of human activity, mineral substances are widely used

as primary materials in many manufactories. When they spill in transportation or

other processes, they may contaminate certain elements in the street dust.

The present study investigated street dust collected from Kobe, Japan, and ana-

lyzed ilmenite for its chemical contribution especially in Ti composition. The compo-

sition of ilmenite is (Fe, Mn)T iO3. They are common accessory minerals in igneous

rocks. On the other hand, ilmenite is a major source of Ti in the manufacturing pro-

cess (Klein, 2001). The aims of this study are to confirm street dust contamination

caused by ilmenite, and to determine whether the ilmenite were derived from natural

or non-natural source.

50



7.2 Materials and methods

7.2.1 Sample collection

Sixty-four street dust samples were collected from 12 crossroads on Route 43 (R43)

in Kobe, Japan during April of 2002 (Fig. 19).

More than 100g of street dust samples were collected from road dividers and

gutters with a nylon trowel at each sampling point. Six samples of river sediments

were collected from the Sumiyoshi River, which runs through the study area from

north to south (Fig.19).

Figure 19: Location of study area and sampling points. The number indicates the
sampling crossroad. SR: Sampling points of Sumiyoshi River sediments.
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7.2.2 Analysis

Chemical composition analysis was conducted using an EDXRF with an Rh target

and a Si(Li) detector. The analytical conditions were 30kv of tube voltage and 500s

live time. The street dust samples were dried at room temperature and sieved through

a 149-µm nylon screen, then pressed to make a pellet sample. The measured elements

were Al, Si, K, Ti, Mn, Fe, Cu, Zn and Pb. X-ray powder diffraction (XRD) analysis

was conducted by Cat2013 (Rigaku Corporation, Tokyo, Japan) with CuK X-ray

source (40kV, 25mA). Street dust samples were ground well and placed on glass

sample plates. For single particle analysis of the ilmenite particles by FESEM-EDS,

we used an acceleration voltage of 15kV, a working distance of 15mm, and an EDS

collection time of 100 seconds. The street dust and river sediments samples were

affixed to a carbon tape and were coated with carbon for its conducting properties.

7.3 Results and discussion

7.3.1 Ilmenite contamination in street dust

The XRD pattern detected in the street dust (sampling point 7) is shown in Fig.20.

The diffraction patterns are consistent with ilmenite patterns (32.7̊ , 35.3̊ , 40.5̊ , 49.0̊ ,

53.3̊ ). Reflections of quartz (36.5̊ , 39.4̊ , 42.4̊ , 45.7̊ , 51.9̊ ) and calcite (43.1̊ , 47.5̊ )

can also be seen in Fig.20. Quartz may reflect the soil and calcite may derive from

asphalt filler.

The distribution of the averaged Ti composition in the street dust from each

crossroad is shown in Fig.21. The distribution shows a higher Ti composition in

the eastern part of the study area. The average Ti wt% was 1.3 and the maximum

Ti wt% of the street dusts was 3.7 (sampling point 7). The Ti compositions in this

analysis were high compared to that in other studies. The author has investigated the

averaged Ti composition of 120 samples of park soils from the eastern part of Kobe,

which was 0.25 wt% (Adachi and Tainosho, 2000). Yeung et al.(2003) conducted

EDXRF analysis in street dust from Hong Kong and found a Ti contribution of

2370ppm; in other areas it was found to be 1100-7452ppm (Yeung et al.,2003), and

Fergusson and Kim (1991) reviewed 800-3000ppm of Ti composition in urban street
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Figure 20: XRD pattern of high Ti street dust (sampling point 7).

dust.

Table 6: Variable loadings on the first four factors from a principal component analysis
of chemical composition data in 64 street dust samples

PC1 PC2 PC3 PC4
Al2O3 -0.9 -0.3 -0.3 -0.1
SiO2 -0.9 -0.3 -0.2 -0.1
K2O -0.7 -0.6 -0.2 -0.2
TiO2 -0.7 0.6 0.1 0.0
MnO -0.7 0.7 0.0 0.1
Fe2O3 -0.6 0.7 -0.2 0.0
Cu 0.5 0.1 -0.7 0.5
Zn 0.8 0.2 -0.1 -0.2
Pb 0.5 0.4 -0.3 -0.6
Eigenvalue 4.5 2.0 0.9 0.7
Variance(%) 50.2 22.6 9.8 7.9
Cumultatitive(%) 50.2 72.9 82.7 90.6

Multivariate analysis, principal component analysis (PCA), was conducted to esti-

mate the component of contribution to the Ti concentration. Table 6 lists the loadings

for the first four principal components (PCs) in the 64 street dust samples. PC1 shows

50.2% of variance relating to Cu, Zn and Pb, and shows a negative relation to Al, Si,

K, Ti, Mn and Fe. This relation has also been found in other studies in roadside soils

or street dust by PCA (De Miguel et al., 1997; Carlosena et al., 1998; Yeung et al.,

2003). The loadings are attributed to anthropogenic sources, and especially to traffic

sources such as tire dust, brake dust, and oil (De Miguel et al., 1997; Davis et al.,
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Figure 21: Distribution of Ti weight % in street dust samples. The data was averaged
among the sampling points. Note that error bars represent standard deviation.

2001; Yeung et al., 2003). Titanium was also included in this anthropogenic group

in some studies (De Miguel et al., 1997; Yeung et al., 2003). Titanium is found in

traffic-related materials such as pavement, white paint (Fukuzaki et al., 1986), and

brake dust (Hildemann et al., 1991); therefore, in a usual situation without identified

special sources of Ti, it is assumed to arise from traffic elements.

PC2 shows 22.6% of variance relating to Ti, Mn and Fe distributions. The rela-

tionship between PC2 and Ti content is shown in Fig.22. They are related closely

in higher Ti content (more than 2 wt.%). The study area includes a steel plant,

which is one of the sources of Fe and Mn, but not of Ti (Adachi and Tainosho, 2000,

Adachi and Tainosho, 2001). It is possible that PC2 reflects the contributions of both

ilmenite and steel plants, and in higher Ti content, PC2 may be a good reflection of

the ilmenite.

The morphology and EDS spectra of ilmenite particles in the street dust samples

are shown in Fig.23. These particles show a rounded morphology. Fig.23D shows

street dust with a high Ti content from the sampling point 7, and we could find
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Figure 22: Relation between score of PC2 determined by PCA and Ti weight % in
street dust samples.

so many bright rounded particles, which were ilmenite judging from their chemical

compositions detected by EDS.

The average rate Ti/Mn in the street dust determined by EDXRF was 17.1 and

in the median composition of the ilmenite the rate determined by FESEM-EDS was

18.4. If the ilmenite was the only source for Ti and Mn in the street dust, the both

rate should be equal. The street dust contained other sources for Ti and Mn in

practice, therefore the both rate was not equivalent exactly, but the both rate were

close enough to explain the ilmenite contamination in the street dust.

From above results, we concluded the source of higher Ti compositions in the

street dust was attributed to the ilmenite particles.

7.3.2 Chemical and morphological comparison of R43 ilmenite with river
sediment ilmenite

In order to estimate the environmental impact of ilmenite particles, it is important to

know whether they are derived from natural or non-natural sources. The study area

contains granite as a background material and that has ilmenite as an accessory min-

eral. We characterized the morphologies and chemical compositions of the ilmenite

particles in samples from geological sources, river sediments.
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Figure 23: Back Scattering Electron (BSE) image of ilmenite corrected from street
dust (a, b, and c) and the low magnitude of street dust (sampling point 7) (d), and
their Energy Dispersive Spectrometer (EDS) spectra (a’, b’, and c’).
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Fig.24 shows the back-scattered electron (BSE) imaging and EDS spectra of il-

menite particles collected from river sediments. Ilmenite from river sediments showed

both rounded (Fig.24A) and angular morphologies (Fig.24B). Because the sampling

river has a short and steep flow path from the Rokko Mountain, some minerals are

not well rounded.

Figure 24: Back Scattering Electron (BSE) image of ilmenite corrected from river
sediment (a and b) and their Energy Dispersive Spectrometer (EDS) spectra.

Fig.25 shows a triangular diagram for Fe, Ti and Mn in the ilmenite from the

street dust (430 particles) and the river sediments (64 particles), in which Mn is

decupled for emphasis. The distribution of the ilmenite from R43 is different from

that from river sediments; the R43 ilmenite showed concentrations of Fe (30-40%), Ti

(30-50%) and Mn× 10 (10-40%), while other the river sediments showed the following

concentrations: Fe (20-40%), Ti (20-40%) and Mn× 10 (30-60%) in some samples,

and Fe (20-80%), Ti (20-80%) and Mn× 10 (0-20%) in others.

Because the morphology and chemical compositions shown in Figs.24 and 25 indi-
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Figure 25: Diagrams showing the chemical characteristics of ilmenite corrected from
street dust and from river sediment. Manganese content is decupled for emphasis.
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cate differences between the ilmenite from R43 and that from the river sediments, it

is possible that the ilmenite collected from R43 come from non-natural sources. The

biased distribution of Ti composition in the street dusts (Fig.21) that showed the

concentration in eastern part of the street dust, also suggests the non-natural source

of the ilmenite. In this analysis, we could not confirm the exact source of the ilmenite.

Further investigation about the plants that use ilmenite as primary materials in this

area will be needed.

7.4 Conclusion

We confirmed the existence of contamination by mineral substances in street dust

from Kobe, Japan. The findings of the present study are 1) Street dust in this

area had a high Ti content as determined by EDXRF. The sources of this high Ti

content were evaluated for ilmenite particles from the reasons of the XRD refraction,

the distribution of Ti, Mn and Fe characterized by PCA, and the approximation

of Ti/Mn ratio in the street dust and the ilmenite. 2) The source of the ilmenite

particles found in the street dust samples is evaluated to be non-natural because of

the differences in the morphology and chemical composition between R43 and river

sediment samples.
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8 Atmospheric deposition as a source of heavy metal

in the urban environment

8.1 Introduction

This study has investigated heavy metal loadings from particulate atmospheric de-

position by single particle analysis. Atmospheric deposition is a one of pathway of

heavy metal loading in the urban environment. The atmospheric deposition loadings

influence extensive area far away from a source of particles and result in “urban heavy

metal risk”. The study of atmospheric deposition is important to know the urban

heavy metal background loadings.

Many studies have analyzed suspended particulate matters (SPM) which have less

than 10 µm in diameter as a significant cause for atmospheric pollution. On the other

hand, atmospheric deposition that included all large particles has been less interested

except their amount. However, as concerned for the heavy metal ability, large particle

depositions are more important than SPM.

To analyze the distribution of the amount or chemical composition of atmospheric

deposition, it takes long time for a sampling period such as months, seasons, or even

in years with a passive sampler. The long time sampling period enables an accurate

deposition estimate, but it takes too long time to discuss an hourly or daily alteration

of the deposition. The hourly and daily alteration is need to estimate sources of

heavy metal deposition or harmful for the human health. Therefore, we used a single

particle analysis to estimate the heavy metal loadings. Because this method analyzes

individual particles by scanning electron microscope (SEM), it is possible to evaluate

the heavy metal loadings from a few milli gram of deposition sample. Additionally,

the single particle analysis gives morphological and grain size information of the

deposition particles, therefore we can identify the source of the particles.

The object of this study is to estimate the heavy metal loadings in the urban

environment from an atmospheric deposition by a single particle analysis. The heavy

metal loading was determined by daily period, and the heavy metal contribution rates

from several sources were also estimated.
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8.2 Experimental Section

8.2.1 Sampling condition

Atmospheric deposition was collected at 24 hours during October 2003 in Kobe.

The sample equipments were established on a roof of the building located in Kobe

University at about 200-meter elevation. The sampling point is in residential area.

The temperature in the sampling day was between 6.2 and 23.3̊ C. The average wind

speed was 0.84 m/s (Max. 7.75 m/s) and the wind direction was mainly northwest.

8.3 Sampling equipments

We used two sampling equipments to trap an atmospheric deposition in order to mea-

sure mass deposition flux and heavy metal loading flux. The mass dry atmospheric

deposition flux was measured using an aluminum foil coated with Apezion L grease

on a flat plate (Fig. 26B). The total exposed surface was 1000cm2 (25cm × 40cm).

The aluminum foil was weighted before and after the sampling, and the deposition

flux (mg/m2/day) was determined.

Figure 26: Schematic illustrations of sampling equipments. A: Atmospheric deposi-
tion sampler for SEM analysis. The direction of sampling plate is constantly toward
the wind. B: Atmospheric deposition sampler for the mass loading measurement.
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The atmospheric deposition for the SEM analysis was caught on a carbon tape

(2cm × 3cm) adhered on a sharp leading edge, mounted on a wind vane (Fig.

26A)(Noll et al., 1988). These equipments reduce an edge effect that is caused by a

local turbulence (Vawda et al., 1990). The collected deposited particles were analyzed

their morphology, diameter, and chemical composition by FESEM-EDS. We used 15

kV of the acceleration voltage, 15 mm of the working distance, and 30 seconds of

EDX collection time. Heavy metal particles were detected in backscattered electron

images (BEIs). A BEI was taken at × 200 (0.264mm2, 0.6mm × 0.44mm) and at

totally 432 of BEIs were taken (114 mm2). Heavy metal particles were brighter than

silicate mineral particles in the BEI because the brightness of the BEI reflects an

atomic number of the object. The detection limit of the particles in this method was

about 0.5µm in diameters. We detected all heavy metal particles that derived from

artificial sources. The EDX quantification was determined using the ZAF method,

and recalculated to 100% for 26 elements (O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V,

Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sn, Sb, Ba, W, Pb, and Bi). Hierarchical cluster

analysis program was used to divide the heavy metal particles. The cluster analysis

was based on Euclidean distances with the Ward’s error sum classification.

8.3.1 Heavy metal loadings flux

Each heavy metal loadings from atmospheric deposition was determined by a single

particle analysis. Firstly, we determined the maximum diameters (dmax), minimum

diameters (dmin) and chemical compositions (weight % (W)) of all heavy metal parti-

cles in the analysis area (A). The volumes of heavy metal particles (V) were calculated

using the following equition (Zufall et al., 1998).

V = π/6d2
maxdmin

The loading fluxes in each heavy metal (Fmetal(mg/m2/day)) were determined as

following equation.

Fmetal = (
∑

V Wρ)/A/day

where ρ means density of each element.
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8.4 Results and discussion

8.4.1 Mass flux of atmospheric deposition

The mass flux of atmospheric deposition was 46mg/m2. The annual averaged at-

mospheric deposition flux in Kobe (Higashinada ward) was 2.5 ton/km2/30day (83

mg/m2/day) using deposit gauge method at the period from April 2001 to March

2002 (Environmental Bureau, City of Kobe, 2002). The daily deposition loading data

in this study is available because the difference between the two data was in a range

of daily or monthly variation.

8.5 Single particle analysis

In the 114mm2 SEM analysis area, 204 of heavy metal particles were detected. Av-

eraged dmax and dmin was 3.7µm and 2.5µm, respectively. Particles other than the

heavy metal particles were mainly salt, tire dust, fry ash (spherical mineral particles),

or mineral particles. Heavy metal loadings evaluated from single particle analysis are

shown in Fig.27. The most abundant heavy metal was Fe (3488µg/m2/day) and fol-

lowed by Sn. In deed, only two Sn-including particles were detected, and one large

high Sn particle (dmax = 20.1µm and dmin = 17.3µm) contributes to the high Sn

loading. The detection sensibility of the heavy metal loading by the single particle

analysis is extremely good but the reliability of the data rely on the total number of

the data set.

The rate of heavy metal deposition per total deposition was 8.1%. Artificial heavy

metal particles should be a small diameter compared to mineral dust and easy to

suspend and transportation, therefore they were rich in the atmospheric deposition.

Table 7 shows the character of each cluster group. The heavy metal particles were

divided into 10 groups based on the cluster analysis and the Euclidean distances. Iron

rich particle groups were No.1, 2, and 4. They have relatively large particle diameter

and contribute 73% abundance in heavy metal deposition particles. Iron has used

many products and Fe particles have been a significant contributor in atmospheric

aerosols (Weber et al., 2000). For example, Fe is used in automobile brake pad with

Cu, Sb, and Ba. A steel plant is also significant Fe particles contributor. Spherical
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Figure 27: Heavy metal loading flux from atmospheric deposition

Fe particles with under 10 µm diameter were distributed in this area (Adachi and

Tainosho, 2000), and they were also recognized in this analysis.

Cluster No.7 (Co-Ni-Zn-rich particles) was 10 % abundance. They were presence

as several aggregate particles groups. Their sources are unidentified but Co and Ni

has geochemical relationship. Cluster No. 3, 6, 8, 9, and 10 include very toxic heavy

metal such as Pb, As, Sb, Cu, and Zn, and their particle size are quite small (from 0.9

to 2.8 µm). The small particles are easy to inhale in lung and affect human health.

Additionally, if they fall down to a soil surface, they will cause a serious heavy metal

pollution.

8.6 Conclusion

This study determined a mass loading and heavy metal loading from atmospheric

deposition between a short collection times. The mass loading from atmospheric

deposition was 46mg/m2/day and the heavy metal loadings were also determined
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Table 7: Characteristic of calssified heavy metal particles

No. Major elements∗ Minor elements∗∗ diameter abundance ∗∗∗
dmax(µm) %

1 Fe Cr, Mn, Zn, Sn, Sb, Ba 3.1 28
2 Fe 5.7 34
3 Pb Cr, Fe, Co, Ni, Zn, As, Bi 1.7 3
4 Fe Cu, Zn, As, Ba, W, Pb, Bi 4.3 11
5 Mn Fe 2.5 1
6 As 1.4 2
7 Co, Ni, Zn Ti 1.9 10
8 Ti, Sb Cr 1.4 4
9 Cu, Zn Ni 2.8 2
10 Zn As 0.9 4

∗ Major elements >10Wt.%, ∗∗ Minor elements >0.1Wt.%, ∗∗∗ n=204

by single particle analysis method. The most abundance heavy metal was Fe and

followed by Sn, Zn, Ni, As, and Cu. About 8% of atmospheric deposition was heavy

metal particles. The heavy metal particles were divided into 10 groups based on

their chemical composition by cluster analysis method. The cluster groups were large

Fe-rich particle groups and small toxic heavy metal particle groups. Especially, the

small toxic heavy metal particle groups were harmful for human.

This study clarified that atmospheric deposition contained many heavy metal

particles even in one-day collection times. The atmospheric heavy metal particles

will be a one of significant heavy metal pollutant for the urban soil, water, and

sediments. The finding of this heavy metal loading mechanism will be helpful for a

background heavy metal data to clean up a heavy metal pollution site or to evaluate

the urban health risk.

In the next section, the analysis with more large number of metal particles and

longer sampling period will be discssed to evaluate the source of metal particles and

to characterize the metal particles in detail.
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9 Characterization of metal particles in atmospheric

deposition by single particle analysis during win-

tertime

9.1 Introduction

Atmospheric particulate matter plays an important role in the local and global en-

vironment. It affects human health, elemental loading, global climate and visibility.

Atmospheric deposition is a process by which atmospheric particulate pollutants are

transferred to the surface of the ground and the facades of artificial buildings. This

process also plays an important role in the environmental impact. Metal loading

from atmospheric deposition is one of the major sources of pollution in urban envi-

ronments, soils or lake surfaces (Nriagu and Pacyna, 1988, Zufall et al., 1998, Holsen

et al., 1993, Brewer and Belzer, 2001).

Metal loading by long-range atmospheric transportation from northeast Asia dur-

ing the Asian dust storm period (spring) and during winter is a chief concern in

Japan, which is compounded by the rapid industrial growth of China (Zhou et al.,

1996, Choi et al., 2001, Ma et al., 2001, 2004a, 2004b, Ro et al., 2001, Funasaka et

al., 2003, He et al., 2003, Kim et al., 2003, Mori et al., 2003, Guo et al., 2004). Using

the data provided by the National Air Surveillance Network (NASN), the Japanese

government has monitored bulk chemical composition including the metal elements

in atmospheric particulate matter in 16 Japanese cities since 1965 (Var et al., 2000).

These data indicated that the proportion of some artificial metals increased during

the Asian dust period and during winter in spite of a decrease in the annual average

concentrations of anthropogenic elements since 1974 (Var et al., 2000).

Classifying the pollutant sources as long-range or local is essential for the treat-

ment of particulate matter. A scanning electron microscope attached with an energy

dispersive X-ray spectrometer (SEM-EDS) was used to analyse the atmospheric de-

positions. Single particle analysis by SEM-EDS is a powerful tool for this purpose

(Casuccio et al., 1983, Post and Buseck, 1984, Anderson et al., 1988, 1996, Saucy et

al., 1991, Anderson et al., 1992, Katrinak et al., 1995, Malderen et al., 1996a, 1996b,
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Piña et al., 2000, Mamane et al., 2001). The main advantages of this method over

bulk chemical analysis are as follows: 1) it is more informative (chemical composition,

morphology and particle diameter of each particle) and 2) it requires an extremely

small amount of a sample (more than several hundred particles). Such a variety of

information on the particles enabled us to evaluate the source of metal particles in

greater detail while the small quantity of samples made it possible to for us estimate

the variation in atmospheric deposition with a good time resolution.

The purpose of this study is to characterise the particle types of metal atmospheric

depositions and estimate the metal particle groups, the flux of each deposited metal

particle, and their sources. These results will be useful in estimating the actual point

source of atmospheric particulate matter and in evaluating the health risks resulting

from atmospheric metal particles.

9.2 Material and methods

9.2.1 Sampling

The sampling equipment was placed on the roof of a five-storey building belonging

to the Faculty of Human Development in the Kobe University campus (34.44̊ N,

135.14̊ E). The university is located in the city of Kobe, which has a population of 1.5

million (Fig.28). The building is situated at an altitude of 200 m at the foot of Mount

Rokko (elevation 931 m), with no significant local source of atmospheric pollutants

or large roads within a radius of 500 m. A steel plant and coal-fired power plant are

located near the seacoast, at a distance of 3 km to the southeast of the sampling area.

Samples of atmospheric deposition were collected during winter (9-18 December,

2003). During the sampling period, atmospheric depositions were collected every

24 hours starting at 14:00 (JST), except during one short rain event (11 December

10:00-24:00). In total, 10 sequential atmospheric deposition samples were collected

(Table 7). During the sampling period, the average wind speed was 1.4 ms−1, the

temperature ranged from 0̊ Cto 18.2̊ C, and the average relative humidity was 63%

(36-96%).

Samples of atmospheric deposition were collected with a double-sided carbon tape
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Figure 28: Sampling map of this study. Samples were collected at Kobe City, Japan.

(2 cm × 3 cm) adhered to a smooth glass plate that was attached to a clean stainless

plate with a sharp leading edge (<10̊ ). This arrangement was similar to that used in

earlier studies (Noll et al., 1988, Kim et al., 2000, Yang et al., 2004). The sampling

plate was mounted on a wind vane and pointed in the direction of the wind to reduce

the edge effect caused by local turbulence (Vawda et al., 1990). Since the carbon tape

is electrically conductive, the deposited samples could be directly observed without

any additional treatment except for carbon coating. Thus, it was possible to count

the actual number of deposition particles per surface area with lesser sampling loss.

9.2.2 Analysis

The carbon-coated atmospheric deposition samples were analysed by FESEM-EDS.

The metal particles were detected by backscatter electron image (BEI), which reflects

the atomic number of the materials with an appropriate contrast and brightness to

distinguish the metal particles from the mineral or sea salt particles.

In this analysis, a large number of barium sulphate particles were detected and it

is known to adversely affect the facades of buildings (Pérez-Rodŕıguez et al., 2004).
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However, since it was difficult to separate the aggregated barium sulphate particles,

they were excluded from the analysis.

The EDS spectra and diameter were recorded for all the metal particles detected

with a diameter of more than 0.2 µm in the field of view (600 × 440 µm). The

fields of views were continuously selected for every grids spacing of 1 mm in each

sampling plate until the total number of metal particles exceeded 300. Mamane et

al. (2001) showed that approximately 360 particles in the aerosol sample were needed

for single particle analysis using a computer-controlled SEM to yield representative

results. Although the number of particles in this study was slightly smaller, it is

considered to be adequate because this study employed only selected metal particles.

The analysis conditions included an acceleration voltage of 15 kV, working dis-

tance of 15 mm and EDS collection time of 30 seconds. EDS quantification was

determined by the standardless ZAF method and recalculated to 100% for 29 ele-

ments (O, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Zr, Mo, Ag,

Sn, Sb, Ba, La, Ce, Nd, Pb and Bi). To eliminate overlapping and to avoid the de-

tection of elements not listed above, only elements with an apparent concentration of

more than one statistical sigma were used for the statistical analysis. Some particles

containing the elements not listed above such as As, W and Pt were detected; how-

ever, the accurate value of these elements could not be assessed by multi-elemental

quantification due to their too many characteristic radiation peaks which overlapped

with those of the other elements. Hence, these elements could not be included in this

analysis. Due to the complex shape of the surface of the particles and their small

diameters compared to the electron diffusion range, this quantification method may

lead to an over- or underestimation of the total count. However, the rate of amount

was almost accurate and this facilitates classification of the particles by a statistical

method such as the hierarchical cluster analysis program (HCA). The HCA was based

on Euclidean distances with Ward’s error sum classification. The consistent Akaike’s

information criteria (AIC) were used to determine the most appropriate number of

the clusters.
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9.3 Results and discussion

9.3.1 Classification of the metal particles

Table 8: Metal particle deposition flux and sampling times in each sampling day. The
detections of metal particles were gone on until the number got to more than 300

1 2 3 4 5 6 7 8 9 10
area (mm2 ) 92.8 66.0 119.1 70.2 15.3 58.2 102.4 137.0 11.2 23.4
particle 301 301 300 300 304 303 301 300 307 306
hour 24 20 14 24 24 24 24 24 24 24
particle/mm2/day 3.2 5.4 4.3 4.2 19.5 5.1 2.9 2.2 27.0 12.9

This analysis succeeded in detecting 3023 metal particles in an area of approxi-

mately 700 mm2 within a total of 226 hours of sampling time. The maximum deposi-

tion flux of metal particles was 27.0 particles mm−2 day−1 on sampling day-9 (Table

8). All the metal particles available for statistical analysis (2886 particles) were clas-

sified into 14 groups by HCA and AIC (Table 9). The median grain diameter of each

cluster group ranged from 0.4 to 1.2 µm. All the cluster groups except for clusters 4

and 5 mostly consisted of simple compositions containing only one or two metal ele-

ments and most of the particles were oxides. The most frequent cluster groups were

of Fe oxide (clusters 13 and 14). They constituted 63% of all the metal particles.

Their morphology was both spherical and irregular. Cluster 13 mostly consisted of

Fe2O3; on the other hand, cluster 14 contained some other elements such as Si and

Ca. Aerosol samples collected in Germany also included several Fe particles (0-17% in

all particle groups) with similar chemical composition of Fe (65.55%) and O (33.8%)

(Ebert et al., 2000). The second largest particle type was Cu-Zn-O (cluster 1). The

mole ratio of Cu:Zn was 3:2; this was found in a certain type of brass. Cluster 2 was

composed of Cu with Sn, and it was subdivided into particles of Cu-O and Cu-Sn-O

(Cu: 60-70%, Sn: 2-8%). Cluster 5 consisted of Fe, Ba, Sb, Cu, S and Ti, which

corresponded well with the compositions of brake wear dust (Sternbeck et al., 2002,

Adachi and Tainosho, 2004). Other cluster types were mainly characterised by metal

elements such as Pb, Bi, Fe-Zn, Mn, Ag, Zn, Ni and Sn-Sb.

By computer-controlled SEM, Conner et al. (2001) identified indoor, outdoor
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and community site samples of individual particulate matter collected at Baltimore

(USA). The most dominant metal particles in PM 2.5 were those containing Fe,

followed by Pb, Cu and Zn particles. They also detected other particles characterised

by metals such as Bi, Ti, Cr, Ni and/or V and Mn (Conner et al., 2001). A major

part of the metal particle species and the rate of amount agreed well with this study.

Table 9: Chemical composition, particle diameter, number, and abundance percent-
age of classified metal particles

Cluster Chemical Composition (weight %) d n %
Cluster1 Cu(45), Zn(31), O(20) 1.1 499 17.3
Cluster2 Cu(65), Sn(4), O(24) 1.2 66 2.3
Cluster3 Pb(71), O(16) 0.5 74 2.6
Cluster4 Pb(33), Zn(6), Cl(5), Si(5), S(4), O(25) 0.5 45 1.6
Cluster5 Fe(16), Ba(6), Sb(5), Cu(5), S(4), Ti(4), O(33) 1.2 117 4.1
Cluster6 Bi(79), Cl(4), O(12) 0.4 7 0.2
Cluster7 Fe(40), Zn(22), O(29) 0.6 107 3.7
Cluster8 Mn(59), Fe(8), O(26) 1.0 25 0.9
Cluster9 Ag(84), O(11) 0.4 14 0.5
Cluster10 Zn(67), O(24) 0.8 43 1.5
Cluster11 Ni(73), O(24) 0.7 36 1.2
Cluster12 Sn(63), Sb(4), O(25) 0.4 46 1.6
Cluster13 Fe(68), O(31) 1.0 981 34.0
Cluster14 Fe(58), O(32) 1.0 826 28.6
d; particle diameter µm

9.3.2 Characterization of metal cluster groups

Principal component analysis (PCA) was used to characterise the distribution of

cluster groups during the sampling period. PCA is a useful statistical technique

to reduce the dimension of a large dataset. Figure 29 shows the plot of the first

principle component (PC1, eigenvalue 6.7, variance 48%) compared with that of the

second principle component (PC2, eigenvalue 3.0, variance 22%) (Fig.29a). Fig.29b

shows the plot of PC1 compared with that of the third component (PC3, eigenvalue

1.9, variance 14%). In both the figures, four distribution groups could be determined

based on the distribution patterns: Group A) clusters 5, 7, 8, 10, 11, 13 and 14 were

located along the negative axis of PC1; Group B) clusters 1 and 2 were located along

the positive axis of PC1 and PC3 and along the negative axis of PC2; Group C)

clusters 3, 9 and 12 were located along the negative axis of PC1 and PC2; and Group
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D) clusters 4 and 6 were located along the positive axis of PC1 and negative axis of

PC2 and PC3.

The distributions of the particle diameters in the cluster groups are shown in

Fig30. Groups A and B indicate that the most frequent particle diameter lies in the

range of 0.5-1.0 µm; on the other hand, this is the range of the smallest diameter in

groups C and D (0.2-0.5 µm). The distributions of particulate diameters between the

cluster groups were consistent well among the distribution groups. Ma et al. (2004b)

studied atmospheric particulate matter at Uji, which is located approximately 60 km

to the northeast of this sampling area, during the winter of 2002. They investigated

the element distributions in relation to particle size as a function of water solubility.

The results indicated a bimodal distribution pattern in insoluble minor elements like

Cu, Mn and Pb (the coarser particle diameter corresponded to approximately 3.45µm

and the finer one corresponded to 0.67µm with a 50% cut-off diameter). This study

also showed that a number of metal particles were concentrated at the diameter range

of 0.5-1.0 µm or under 0.5 µm; however, less striking peaks were observed in the

coarser fraction. This is probably because that this study used the particle number

to indicate the amount of particles and this may introduce more emphasis to the fine

particles compared to the indication by mass concentration.

Distribution patterns of the cluster groups are shown in Fig.31. The distribution of

Group A in Fig.31a shows an increase on sampling days-5 and -9. Group B indicates

an increase on sampling days-1 and -2 (Fig.31b). The distribution of Group C in

Fig.31c indicates an increase on sampling day-9 and Group D exhibits an extremely

poor deposition rate and shows no significant peaks (Fig.31c).

9.3.3 Source estimation of the metal cluster groups

In order to estimate the trajectories of air mass during the sampling period, this

study used the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)

dispersion-trajectory model, which is primarily used as a diagnostic tool to evaluate

the flow of the atmosphere. The trajectory results were produced using the website

(www.arl.noaa.gov/ready) of the National Oceanic and Atmospheric Administration
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Figure 29: Classification of cluster types by Principal Component Analysis. (a) PC1
vs. PC2, (b) PC1 vs. PC3.
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Figure 30: Distribution of particle diameter in each cluster type. (a) Group A, (b)
Group B, (c) Group C (6C-3,9, and 12) and Group D (C-4 and 6)
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Figure 31: Distribution of deposition flux of each cluster type during the sampling
period. (a) Group A, (b) Group B, (c) Group C (C-3,9, and 12) and Group D (C-4
and 6)
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(NOAA) Air Resources Laboratory.

Figure 32: Backward trajectories in each sampling day arrived at Kobe (lat. 34.44
N, log. 135.14E). The trajectories were shown the results of 120 hours from the
middle time of each sampling day period (2:00 a.m.). (a) Results of sampling day
1,2,3,4,6,7,8, and 10 (height 2000m), (b) Results of sampling day 5 and 9 (height
2000m), (c) Results of sampling day 3,4,5,6,7,8,9, and 10 (height 500m), (d) Results
of sampling day 1 and 2 (height 500m).

Fig.32a indicates the trajectories recorded on sampling days-5 and -9 when Group

A showed an increase in its deposition. In contrast, Fig.32b shows the trajectories

recorded on other days. The trajectories in Fig.32a indicate that they had passed

through the low-pressure systems occurring around the northeast of the Asian conti-

nent. This could imply that the metal particles belonging to Group A were updrafted

from the area and eventually transported to the study area. Fig.32c shows the back

trajectories recorded on sampling days-1 and -2 when Group B registered an increase.
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The trajectories showed that the flows of atmosphere were derived from the eastern

direction at a low altitude (500 m) on the first two sampling days. The neighbor-

ing cities to the west of the study area are high-developed urban area such as Osaka

and Kyoto with populations of approximately 2.6 million and 1.5 million, respectively

(Fig.28a). These cities could have contributed to a large amount of the metal particles

listed under Group B.

Group C was mainly consisted of Pb, Ag and Sb-Sn particles that showed an

increase on sampling day-9, which could indicate their long-range loading. Malderen

et al. (1996b) also detected pure Pb particles with a small diameter (0.4-0.5 µm)

above the North Sea and estimated the different sources such as automobile exhaust

or production facilities. The sources of Ag, obtained from atmospheric depositions,

found in snow and ice were estimated to be both natural (rock, soil dust and volca-

noes) and anthropogenic (mining and smelting activities, industry or municipal waste

incinerator) (Van de Velde et al., 2000).

Group D consisted of Pb or Bi, which did not show a significant increase on any

day, and their total number was low. The two features of Group D are the inclusion

of Cl and a smaller particle diameter (0.4-0.5 µm). Malderen et al. (1996b) detected

small Pb particles (0.3-1.0 µm in diameter) associated with Cl and Zn in the aerosol

particles collected above the North Sea and estimated their main source to be refuse

incineration. Vaporized PbCl2 from the incineration process is also one of the sources

of these pollutants in Japan (Jung et al., 2004). Some residue of the previously used

leaded petrol, characterised by Pb-Cl (Post and Buseck, 1984, Borm et al., 1990,

Malderen et al., 1996b), may have remained. The sources of Bi, emitted by recent

human activity, include refuse burning, ferromanganese alloys, aluminium metallurgy,

silver and lead mining and smelting, and combustion of fossil fuels (Ferrari et al.,

2000).

Although single particle analysis has some advantages over the bulk composition

analysis, it also has the possibility to display a highly local irregular event due to the

small amount of the sample required. As this study aims to estimate the source of

global or area transportation, it should be compared with other studies that inves-
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tigate metal element loadings from long-range or local area transportation by bulk

chemical analysis in neighboring cities or areas.

Var et al. (2000) reported that some elements (e.g. Fe, As, Pb and Zn) enriched in

winter compared to summer in various cities of Japan during 1989-1996. In contrast,

Cu, Cr, Ni and V did not show the distribution. This suggested that the first set

of elements was derived from the Asian continent while the latter set was mainly

derived from some other source. Funasaka et al. (2003) investigated the chemical

composition of particulate matters in two sites of Osaka for a period of three years

from April 1999 to March 2002 in order to estimate the site-specific sources. They

estimated that the concentration of Fe and Mn of coarse particle fractions (more than

2.1 µm) was enriched during the Asian dust period although there was no difference

in other metal elements such as Cu, Zn and Pb during this period. Kim et al. (2003)

investigated the elemental composition ratios during the Asian dust period (AD) and

the non-Asian dust period (NAD) in Seoul in 2001. The ratio (AD/NAD), which

referred to the contribution from long-range transportation, for Fe (3.0), Ni (2.6),

Mn (2.2), Zn (1.2), Pb (1.2) and Cu (1.0) were fine fractions (PM 2.5). The source

estimations of the metallic elements in the above studies are almost consistent with

those of this study. Thus, the highest detected metal particle in this study could

represent the metal particles contributed by global or local transportation. It must

be noted that not all metal contributions are from metal particles, some mineral

particles (e.g. Fe or Mn) also serve as sources of metal particles. However, this

study could clearly estimate the contribution and sources of metal particles from

atmospheric depositions by single particle analysis.

9.4 Conclusion

Atmospheric depositions were sampled in Kobe, Japan during the winter of 2003. The

diameter and chemical composition of every individual metal particle were analysed

by FESEM-EDS. During the sampling period (10 days), approximately 3000 metal

particles were detected in an area of about 700 mm2 and were classified into 14 cluster

groups on the basis of chemical compositions. The cluster groups were reclassified
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into four distribution groups according to the daily loading variation: Group A:

Fe-Ba-Sb-Cu-S-Ti-O, Fe-Zn-O, Mn-Fe-O, Zn-O, Ni-O and Fe-O; Group B: Cu-Zn-

O and Cu-Sn-O; Group C: Pb-O, Ag-O and Sn-Sb-O; Group D: Pb-Zn-Cl-Si-S-O

and Bi-Cl-O. The relation between the daily variation in the particle loading of the

distribution groups and the backward trajectory modeling of the air mass suggests

that the particles of Group A originated from the northeast of the Asian continent and

those in Group B originated from local transportation. This study analysed metal

particles by single particle analysis and identified whether the properties (chemical

compositions and diameters) of metal particles were contributed by global or local

transportation. These results could be helpful in identifying the direct sources of

metal particles or to estimate the risks of metal particles from atmospheric deposition.
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10 General Conclusion

This study shows the urban pollutions especially caused by particulate matter includ-

ing metal elements in Kobe, Japan. The results indicated in this study are related

closely between the contaminant particulate matters. The detailed interactions were

stated in each section. In this chapter, I show the overall relation between the par-

ticulate matters and urban environment.

Fig.33 shows the flow of particulate matters in the urban environment determined

and estimated in this study. The solid line means the interaction of particulate

matters determined in this study and the dashed line indicates the flow that can be

estimated from this study.

Figure 33: schematic model of metal particles flow in the Urban Environment
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The spherical iron particles derived from the steel plant contaminate street dust

and soils (in Chapter 3). The particles also indicated that they were deposited through

the atmosphere. Additionally, they were expected to fall out into water system di-

rectory and be attached to the surface of tire dust. Road materials such as asphalt,

concrete, and paint materials were present in street dust and the surface of tire dust

(Chapter 5 and 6). Materials of motor vehicles such as brake dust, car body, and

tire tread were also included in street dust and tire dust (Chapter 5 and 6). In some

cases, mineral materials such as ilmenite contaminate street dust (Chapter 7).

Tire dust particles are major component of street dust (Chapter 5) and some

of them are resuspended into the atmosphere (Chapter 8 and 9). Atmospheric de-

position may be one component of the metal particles taken in tire dust particles.

Street dust includes mineral particles from neighboring soil for their major component

(Chapter 6). Street dust also may contain metal particles deposited on roads from

the atmosphere. On the other hand, they are the one of largest pollutant for urban

soil, atmosphere, and water system.

All over the flow, water system and soil could be final sink of metal particles in

the urban environment. Finally, the metal particles carried into the water system will

leach out and be taken in sea lives. During the transportation in the urban environ-

ment, they contaminate various materials. In order to know the pollutant mechanism,

it is important to investigate the multi environment and particulate matter. Through

the analysis, we can reveal the mechanism of metal pollution caused by particulate

matter in the urban environment. This study could show the most part of metal

pollution by particulate matter as the model case in Kobe city. The most part of the

results in this study will apply to other urban environment although some regional

sources should be considered. Therefore, I conclude that this study could indicate

the significant the flow of metal particles and pollution mechanism.
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