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In order to obtain more accurate assessments of global contamination by potentially toxic antimony

(Sb) and the toxicological effects of Sb on ecosystems, speciation analysis of inorganic Sb species in

size-classified airborne particulate matter (APM) was performed. Thirteen fractions of size-classified

APM (with aerodynamic diameters: Dp <0.06, 0.06–0.12, 0.12–0.20, 0.20–0.30, 0.30–0.50, 0.50–0.70,

0.70–1.2, 1.2–2.1, 2.1–3.6, 3.6–5.2, 5.2–7.9, 7.9–11, and >11 mm) were collected on a filter by using

a multistage cascade impactor sampler. Speciation analysis of inorganic Sb(III) and Sb(V) was

performed by using HPLC-ICP-MS. Portions of sample-loaded filters were sonicated with 30 mmol l�1

citric acid under purified N2 in order to avoid the oxidation of Sb(III) to Sb(V) during the extraction

process. Sb(III) and Sb(V) were separated on a PRP-X100 anion exchange column using a mixture of

10 mmol l�1 EDTA and 1 mmol l�1 phthalic acid (pH 4.5) as a mobile phase, and they were

subsequently detected by ICP-MS. The size distributions of the total Sb concentration exhibit

a bimodal profile in which peaks corresponded to fine (0.50–0.70 mm) and coarse (3.6–5.2 mm) fractions.

The speciation analysis demonstrated for the first time that Sb(III), which is the more toxic form, is

dominated by coarse fractions whereas Sb(V) is distributed in both the fine and coarse fractions. The

presented high-resolution size distributions of inorganic Sb species will provide helpful information in

discussing both health risks by inhalation exposure to Sb and the extent of the effects of emission

sources by atmospheric circulation.
1. Introduction

In recent years, applications of antimony (Sb) compounds to

industrial and commercial materials have increased, e.g., Sb

compounds are being widely used as flame retardants for plastic

products or chemical fabrics, as hardening agents in lead alloys

for batteries, as polycondensation catalysts in the production of

polyethylene terephthalate (PET) containers, and as lubricants

for friction materials.1 Consequently, many literatures exist on

the extraordinary enrichment of Sb in environmental samples

such as airborne particulate matter (APM),2–4 soil,5 sediment,6

peat bog,7,8 and polar ice.9 As a result of the observations in these

studies, Sb contamination has been recognized to be a global

concern; further, APM has become well known as a carrier of the
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contaminant in the global atmospheric circulation. The possi-

bility of exposure to potentially toxic Sb compounds has grad-

ually increased, and therefore, awareness of the adverse effects of

Sb on the ecosystem and environment has also arisen.1

Speciation analysis is extremely useful in gaining an under-

standing about the effects of an element on ecosystems because

elemental behaviors, such as toxicity, bioavailability, and meta-

bolic characteristics, are strongly dependent on its chemical

form. In the case of the toxicity of Sb, the determination of redox

species is particularly important. Inorganic Sb compounds

generally exist as trivalent (Sb(III)) or pentavalent (Sb(V))

oxidation states, and Sb(III) compounds are generally more toxic

than Sb(V) forms.10 Numerous methods for the Sb speciation

analysis have been developed in previous years.11 Among them,

a hydride generation (HG) technique has been widely applied for

the selective determination of inorganic Sb(III) and Sb(V).

However, in this method, Sb(V) is not measured directly, but it is

calculated by subtracting the concentration of Sb(III) from the

total Sb concentration. A hyphenated technique, such as HPLC-

ICP-MS, is more preferable because the high separation power

provided by HPLC and the high sensitivity offered by ICP-MS

make it feasible to determine Sb(III) and Sb(V), as well as

organoantimony species, simultaneously at ultratrace levels.12

Further, we must focus on sample preparation for the Sb speci-

ation analysis because Sb(III) might oxidize to Sb(V) during the

sample storage, extraction, and determination. In our previous

study, it was demonstrated that Sb(III) spiked into a moat water

sample was oxidized to Sb(V) within 30 min due to the presence

of oxidizing substances in the bulk sample.12 Similar phenomena
This journal is ª The Royal Society of Chemistry 2010



have been observed by many researchers.13,14 It has been reported

that a Sb(III) solution could be stabilized for 12 months by

storage in 50 mmol l�1 citric acid solution.15 Hence, in a previous

study, we examined the complexation effect of Sb compounds

with citric acid and developed its application to the speciation of

Sb(III) and Sb(V) in environmental samples using HPLC-ICP-

MS.12 Our novel analytical method enabled the prevention of the

oxidation of Sb(III) to Sb(V) by forming complex ions of Sb(III)-

citrate and Sb(V)-citrate, and the existence of Sb(III), the more

toxic form, in APM samples was demonstrated for the first time.

Many other researches applying this method have been per-

formed on volcanic ash,16 coal fly ash,17 and soil samples.5,18

To assess the health risks of Sb compounds, the route of

exposure must be considered along with the determination of

chemical species.19 In particular, two routes—inhalation and

ingestion—are supposed to be the dominant exposure routes of

Sb from the environment. The dose of Sb via ingestion has been

estimated to be greater than that via inhalation.20 However, the

inhalation exposure to Sb should be more emphasized from the

toxicological viewpoints. Many animal experiments examining

the effects of the inhalation exposure to particulate Sb(III)

species have revealed potential risks of the occurrence of adverse

effects on respiratory and/or cardiovascular systems.21–23

Although the currently available data on the carcinogenicity of

Sb compounds can be regarded as inconclusive, epidemiological

studies on individuals who were occupationally exposed to Sb

compounds have demonstrated greater risks of death by various

types of cancers, cardiovascular diseases, and cerebrovascular

diseases than individuals from the control groups.24,25 Therefore,

the inhalation exposure to Sb compounds, which was mainly

caused by the inhalation of APM, can be considered to be one of

the most important routes enhancing the health risks of this

element. Since the deposition efficiency of APM onto respiratory

tracts strongly depends on the particle size of the APM, more

information regarding both the particle size and oxidation states

of Sb in APM is required for a better risk assessment.

We recently demonstrated high-resolution size distributions of

multielement concentrations in size-classified APM that were

collected by using a multistage cascade impactor sampler.26 This

sampler enables the collection of inhalable APM samples along

with their classification into 13 different size fractions. Sb

concentration in size-classified APM showed a characteristic

bimodal profile in which peaks corresponding to fine (0.50–

0.70 mm) and coarse (3.6–5.2 mm) fractions were obtained. By

considering the similarities in particle size and elemental

composition between ambient APM and several potential source

samples, waste fly ash and automotive brake abrasion dust were

identified as the predominant sources of Sb in the fine and coarse

APM, respectively.26 The combination of the established speci-

ation analysis of Sb(III) and Sb(V)12 and the demonstrated high-

size resolution sampling of APM26 was expected to enable the

determination of Sb species in size-classified APM samples.

Hence, in the present study, 13 fractions of size-classifield APM

samples were collected at two different locations, and multiele-

ment analysis and speciation analysis of Sb were performed. The

concentration distributions of total Sb, Sb(III), and Sb(V) in size-

classified APM were determined. In addition, the speciation

analysis of Sb was also applied to the samples collected from the

abovementioned two predominant Sb sources. Furthermore, the
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effects of Sb species on the ecosystem and environment were

discussed.

2. Experimental

2.1. Chemicals and reagents

All the chemicals and reagents used in the present study were of

analytical grade. Milli-Q purified water (resistivity: 18.3 MU cm)

(Milli-Q Gradient, Nihon Millipore K. K., Tokyo, Japan) was

used throughout all of the analyses. HF (50%), HNO3 (60%),

H2O2 (30%), NH4OH (30%), ethylenediaminetetraacetic acid

(EDTA), phthalic acid, and citric acid were obtained from Kanto

Chemical Co., Inc. (Tokyo, Japan). A multielement standard

solution containing Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co,

Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, and U (10 mg

ml�1 each) (AccuTrace� Reference Standard ICP-MS Quality

Control Sample 2) was purchased from AccuStandard, Inc.

(New Haven, CT, USA). Standard solutions of In and Bi

(1000 mg ml�1 each) for internal correction were obtained from

Kanto Chemical Co., Inc. Working multielement standard

solutions for calibration were prepared by diluting with 0.1 mol

l�1 HNO3. A stock solution of Sb(III) was prepared from

a commercially available 1000 mg ml�1 standard solution (SbCl3
in diluted HCl, Kanto Chemical Co., Inc.). A stock solution of

Sb(V) was prepared from potassium hexahydroxoantimonate(V)

(Kanto Chemical Co., Inc.). Working standard solutions of

Sb(III) and Sb(V) for speciation were prepared by diluting the

stock solutions with 30 mmol l�1 citric acid.

2.2. Instrumentation

Sample digestion was performed by using a microwave oven

(Multiwave 3000, Anton Paar GmbH, Graz, Austria). The ICP-

MS instrument used for the multielement analysis was Agilent

7500cx (Agilent Technologies, Inc., Tokyo, Japan). To avoid the

spectral interferences caused by Ar- or matrix-derived poly-

atomic ions, the multielement analysis was conducted under

collision, reaction, or non-gas modes appropriately for each

element.

A chromatographic system consisting of an HPLC pump

(JASCO PU-1580I, JASCO Corporation, Tokyo, Japan),

a syringe-loading injector with a 100 ml loop, and an inert anion

exchange column (PRP-X100, Hamilton Company, Reno, NV,

USA) was used. The ICP-MS instrument used for the speciation

analysis of Sb was HP 4500 (HP 4500, Agilent Technologies,

Inc.). The chromatographic system was interfaced with an ICP-

MS instrument using a PEEK (polyether ether ketone) capillary

tube to connect the column outlet to the inlet of the nebulizer.

The operating conditions for the ICP-MS and HPLC-ICP-MS

are summarized in Table 1.

2.3. Collection of size-classified APM

Size-classified samples of APM were collected from a roadside

site (Tatebayashi) and a residential site (Maebashi). The

descriptions of the sampling sites and procedures were given in

detail in our previous study.26 In brief, Tatebayashi is located at

the intersection of heavy-traffic national highways. Maebashi is

located in a residential area of a small city in a northwestern
J. Anal. At. Spectrom., 2010, 25, 356–363 | 357



Table 1 Operating conditions for ICP-MS and HPLC-ICP-MS instru-
ments

ICP-MS
Instrument Agilent 7500cx
Plasma power 1600W
Plasma Ar flow 15.0 l min�1

Auxiliary Ar flow 1.0 l min�1

Nebulizer Ar flow 1.0 l min�1

Make-up Ar flow 0.2 l min�1

Sampling depth 8.5 mm
Collision gas (He) flow 4.5 ml min�1

Reaction gas (H2) flow 5.0 ml min�1

Collision/reaction cell Octopole reaction cell
Measurement mode Peak hopping analysis
Integration time 300 ms
Replicates 3
Internal standard 115In and 209Bi

HPLC-ICP-MS
HPLC
Instument JASCO PU-15801
Column Hamilton PRP-X100 (250 � 4.6

mm id)
Column temperature Ambient
Mobile phase 10 mmol l�1EDTA + 1 mmol�1

phthalic acid at pH 4.5
Flow rate 0.6 ml min�1

Injection Volume 100 ml

ICP-MS
Instrument HP 4500
Plasma power 1300 W
Plasma Ar flow 15.0 l min�1

Auxiliary Ar flow 1.0 l min�1

Nebulizer Ar flow 1.0 l min�1

Sampling depth 5.0 mm
Measurement mode Time resolved analysis
Integration time 100 ms
Total analysis time 800 s
suburban area situated 100 km away from the center of Tokyo

and 50 km west away from the roadside site. The sampling period

were from Oct. 29, 2008 to Nov. 5, 2008 and Nov. 5, 2008 to Nov.

13, 2008 for the roadside and residential sites, respectively.

Thirteen fractions of size-classified APM (with aerodynamic

diameters: Dp <0.06, 0.06–0.12, 0.12–0.20, 0.20–0.30, 0.30–0.50,

0.50–0.70, 0.70–1.2, 1.2–2.1, 2.1–3.6, 3.6–5.2, 5.2–7.9, 7.9–11,

and >11 mm) were collected on Polyflon� filters (PF 020 for the

finest fraction, PF 060 for the other fractions; Toyo Roshi

Kaisha, Ltd., Tokyo, Japan) by using an Andersen-type low-

pressure-impactor (LPI) air sampler (LP-20; Tokyo Dylec Co.,

Japan).
2.4. Collection of waste fly ash and brake abrasion dust samples

The procedures of sample collection of the waste fly ash and

brake abrasion dust used have been described in our previous

studies.26–28 In brief, powder-formed waste fly ash samples were

collected from electric precipitators in different incinerators and

stored in glass vials. Abrasion dust particles from an automotive

brake were generated by using a brake dynamometer. Three

types of commercially available brake pads were used. Dust

particles were discharged into an enclosed chamber and subse-

quently collected on a quartz fiber filter (2500 QAT-UP; 180 �
230 mm, Pall Corporation, Port Washington, NY, USA) by
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using a high-volume air sampler (Model 120V; Kimoto Electric

Co., Ltd., Osaka, Japan).

2.5. Multielement analysis of size-classified APM

One quarter of the sample-loaded filters were digested in

a mixture of 2 ml of HF, 5 ml of HNO3, and 1 ml of H2O2 in

a microwave digestion system at 700 W for 10 min and 900 W for

a further 30 min. HF was evaporated by heating the sample

solution at 200 �C on a hot plate, and 0.1 mol l�1 HNO3 was

subsequently added to obtain 50 ml of the sample. The concen-

trations of Sb and other trace elements (Be, V, Cr, Mn, Co, Ni,

Cu, Zn, As, Se, Mo, Ag, Cd, Ba, Tl, Pb, Th, and U) in the final

solutions were determined by ICP-MS. All the analytical

procedures were validated by using the standard reference

material (SRM) 1648, urban particulate matter that was

prepared by the US National Institute of Standard and Tech-

nology (NIST). The analytical results are listed in Supplementary

Table S1.‡ They were in good agreement with the certified or

reference values.

2.6. Speciation analysis of Sb(III) and Sb(V) in size-classified

APM and potential source samples

Another quarter of the sample-loaded filters of size-classified

APM were introduced into polycarbonate containers (capacity:

100 ml), and then, 20 ml of 30 mmol l�1 citric acid was added. The

containers were sonicated under purified N2 for 30 min at room

temperature in an ultrasonic bath. The resulting solutions were

filtered by using a cellulose nitrate filter (pore size: 0.45 mm,

Nihon Millipore K. K.).

Approximately 50 mg of fly ash samples were introduced into

polycarbonate containers and treated using procedures identical

to those described above. The filtrates were further diluted

20-fold using 30 mmol l�1 citric acid for the speciation analysis.

Portions of the sample-loaded filters (47 mm4) of brake abrasion

dust were placed in polycarbonate containers and treated using

procedures identical to those described above. The filtrates were

further diluted 100-fold using 30 mmol l�1 citric acid for the

speciation analysis.

The total dissolved Sb concentrations in the filtrate extracts

were analyzed by ICP-MS prior to the speciation analysis.

Subsequently, speciation analysis of Sb(III) and Sb(V) was per-

formed by using HPLC-ICP-MS. A mixture of 10 mmol l�1

EDTA and 1 mmol l�1 phthalic acid was used as a mobile phase.

The pH of the mobile phase was adjusted to 4.5 by the dropwise

addition of 30% NH4OH and 1 mol l�1 HNO3. Owing to a series

of optimization of HPLC-ICP-MS in our previous work,12 good

separation between Sb(III) and Sb(V) could be achieved.

3. Results and discussion

3.1. Overview of the concentration distributions of Sb and other

relevant elements in size-classified APM

The mass concentration distributions of Sb and other relevant

elements, Cu, Ba, Cd, and Pb, in size-classified APM at the

roadside and residential sites are shown in Fig. 1. The relation-

ship among these five elements has already been discussed in

detail in our previous study,26 which was aimed at the
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 Concentration distributions of Sb, Cu, Ba, Cd, and Pb in size-

classified airborne particulate matter (APM) collected at (a) the roadside

site and (b) the residential site. The solid curve indicates a smoothed

distribution and the broken lines represent the diameters of the peaks of

the fine and coarse fractions as seen in the Sb concentration distributions.

Fig. 2 Chromatographic separation of Sb(III) and Sb(V) (5 ng Sb ml�1

each).
identification of the predominant sources of Sb in APM. In the

present study, other sets of size-classified APM samples were

collected again at the same sites for the speciation analysis of Sb.

At first, we tried to confirm the representativeness of the newly

collected samples prior to the discussion on Sb species.

As shown in Fig. 1, the size distributions of Sb concentrations

at both the sites exhibit a bimodal profile having two peaks, one

corresponding to fine (0.50–0.70 mm) and other to coarse (3.6–5.2

mm) fractions. This bimodal profile of Sb is unique among those

of the other elements measured. The coarser fraction peak was

considerably higher at the roadside site than at the residential site

distribution. The distribution of Sb in coarse fractions is similar

to those observed in Cu and Ba, whereas the distribution of Sb in

fine fractions is similar to those in Cd and Pb. These features are

also similar to those observed in the previous study.26

The concentrations of all the elements determined in 13 size

fractions were merged into 3 size ranges (Dp < 2.1, 2.1–11, and

>11 mm); they are listed in Supplementary Table S2.‡ The total

Sb concentrations at the roadside and residential sites were 8.1 ng

m�3 and 3.3 ng m�3, respectively (it must be noted that the y axis

in Fig. 1 has a scale of dM/dlogDp, where M is mass concen-

tration). These data were relatively higher than those observed in

the previous study (3.7 ng m�3 at the roadside site and 2.7 ng m�3

at the residential site).26 Similarly, the concentrations of most of

the other elements observed in the present study were relatively

higher than those in the previous data. Sample collection was

carried out during the dry autumn season (October to

November) in the present study, whereas it was conducted during

the wet summer season (August to September) in the previous

study. The increase in the elemental concentrations might be due

to the differences in the meteorological conditions. Typical
This journal is ª The Royal Society of Chemistry 2010
elemental concentrations at the residential site have been exten-

sively investigated in a long-term monitoring study conducted

from 2003 to 2006;4 the average Sb concentration in fine (Dp <

2.1 mm) APM was found to be 2.17 ng m�3. The average Sb

concentration in fine (Dp < 2.1 mm) APM in the present study

(2.2 ng m�3, see Supplementary Table S2‡) is very similar to the

typical concentration. Consequently, the data obtained in the

present study can be considered to represent the typical condi-

tions.
3.2. Concentration distributions of dissolved Sb(III) and Sb(V)

in size-classified APM

A representative chromatogram obtained using a standard

solution containing Sb(III)-citrate and Sb(V)-citrate (5 ng Sb

ml�1 each) in the present study is shown in Fig. 2. Hansen and

Pergantis29 have reported that Sb(III)-citrate would be converted

to Sb(III)-EDTA on the column under the relevant chromato-

graphic condition (EDTA in the mobile phase). Therefore, we

simply described the first and second peaks seen in Fig. 2 as

Sb(III) and Sb(V), respectively. Low detection limits of 0.05 and

0.08 ng ml�1 were obtained in the case of Sb(III) and Sb(V),

respectively. The precisions, which were evaluated by using the

relative standard deviation (%RSD) with a 1 ng ml�1 standard

solution, were 2.0% and 4.7% (n ¼ 3) for Sb(III) and Sb(V),

respectively.

Fig. 3 shows the obtained chromatograms for the respective

size fractions of APM collected at the roadside site. Since no

significant Sb signals were observed from two fine fractions (Dp

< 0.06 and 0.06–0.12 mm), these data were excluded from further

discussions. As shown in Fig. 3, two dominant peaks were clearly

separated and identified as Sb(III) and Sb(V), respectively, by an

agreement with the retention times of the respective standard

solutions. The compositions of Sb(III) and Sb(V) are fairly

different for different particle sizes. Sb(III) dominates in the

coarse fractions (Dp > 1.2 mm) whereas Sb(V) is distributed in

both the fine and coarse fractions.

We should note here that slight oxidation of Sb(III) to Sb(V)

occurred. Our preliminary experiment has revealed that

approximately 5% of Sb(III) was oxidized to Sb(V) during the

sonication despite the use of citric acid. Although the extraction

time and efficiency were considerably improved by using an

ultrasonic bath, excessive oxidizing substances might also be

generated. Then the peak areas of Sb(III) and Sb(V) were cor-

rected and the concentrations of respective species were
J. Anal. At. Spectrom., 2010, 25, 356–363 | 359



Fig. 3 Chromatograms of size-classified airborne particulate matter

(APM) collected at the roadside site. Citric acid was used as an extrac-

tant, and the sample-loaded and blank filters were sonicated under

purified N2.

Fig. 4 Distributions of Sb(III) and Sb(V) concentration in size-classified

airborne particulate matter (APM) collected at (a) the roadside site and

(b) the residential site. The solid curve indicates a smoothed distribution.
calculated. Fig. 4 shows the concentration distributions of

Sb(III) and Sb(V) in size-classified APM at the roadside and

residential sites. Characteristic particle size-dependent distribu-

tions of Sb(III) and Sb(V) were observed in both the results

obtained at the roadside and residential sites. Although we have

already successfully determined Sb(III) and Sb(V) contained in

bulk APM sample in our previous study,12 their high-resolution
360 | J. Anal. At. Spectrom., 2010, 25, 356–363
size distributions are demonstrated for the first time in the

present study.

Table 2 summarizes the concentrations of digested Sb,

extracted Sb, and dissolved inorganic Sb species in the two peak

fractions of the size-classified APM. In the case of the fine peak

fractions, 26–28% of the total Sb was extracted with citric acid.

As mentioned above, Sb(V) was the dominant species in the fine

fractions in both the sites. However, the determined Sb species

remained at 47–72% of the extracted Sb concentrations. In

particular, a relatively low yield (47%) was obtained at the resi-

dential site, which indicates that non-negligible amounts of

unknown species exist in the fine fractions. Zheng et al.30 detected

trimethylantimony (TMSb) and other several unknown Sb

species from the water extract of bulk APM sample collected at

Tokyo, Japan. Methylated Sb species were detected from various

environmental samples such as soil31 and plant,32 which suggests

that organoantimony species participate in the biogeochemical

cycles of Sb in the environment. In this study, no signals implying

the existence of these organoantimony species could be detected.

Chromatographic condition applied in the present study was not

suitable to elute these species.32 On the other hand, in the coarse

peaks, 44–88% of the total Sb was extracted with citric acid.

Relatively high extraction efficiency (88%) was observed at the

roadside site, and Sb(III) was more abundant than Sb(V).

The yields of the determined Sb species accounted for 82–93% of

the extracted Sb concentrations, indicating that both inorganic

Sb(III) and Sb(V) were dominant in the extracted Sb from coarse

APM.

The demonstrated characteristic size distributions of Sb(III)

and Sb(V) suggest that further discussions on the effects of Sb on

the ecosystem and environment are required. In terms of the

health risks on humans, the effects of inhalation exposure to

airborne Sb can then be assessed more properly. A reliable lung

deposition model, the human respiratory tract model for radia-

tion protection has been developed by the International

Commission on Radiological Protection33 for the purpose of

safety assessment of radiation exposure. Micron-sized particles

are selectively deposited onto the upper parts of respiratory

tracts. In the case of coarse particles with Dp ¼ 4 mm, approxi-

mately 80% of the total particles are deposited onto the nasal

cavity, pharynx, and larynx. On the other hand, submicron-sized

particles show a relatively low total deposition rate (30–40%).

Nevertheless, submicron-sized particles have a greater tendency

to deposit onto the lower respiratory tracts including bronchioles

and alveolar ducts than micron-sized particles. Nanosized

particles are selectively deposited onto the lowest part of respi-

ratory tracts. According to this model, fine particles are consid-

ered to be more toxic than coarse particles. However, when we

focus on the inhalation exposure to Sb, we must also pay

attention to the upper part of respiratory tracts because of the

existence of more toxic Sb(III) compounds.

With respect to environmental effects, the results presented

enable a better understanding on the atmospheric circulation of

Sb from local to global levels. In general, fine particles have

a long residence time, causing a global contamination as a result

of atmospheric circulation. The historical archives of Sb

contamination recorded in background peat cores7,8 and in polar

ice cores9 are most likely to be affected by the deposition of fine

APM primarily containing Sb(V) carried by global atmospheric
This journal is ª The Royal Society of Chemistry 2010



Table 2 Analytical results of Sb in the peak fractions of size-classified airborne particulate matter (APM)

Peak fraction Site

Total Sba/ng m�3

Efficiencyb/%

Inorganic Sb speciesa/ng m�3

Yieldc/%Digested Extracted Sb(III) Sb(V)

Fine (0.5–0.7 mm) Roadside 0.74(5.1) 0.21(1.4) 28 0.0008(0.005) 0.15(0.99) 72
Residential 0.62(4.2) 0.16(1.1) 26 0.0004(0.003) 0.074(0.51) 47

Coarse (3.6–5.2 mm) Roadside 1.1(6.8) 0.97(6.1) 88 0.44(2.7) 0.36(2.3) 82
Residential 0.27(1.7) 0.12(0.74) 44 0.042(0.26) 0.069(0.43) 93

a Values with a scale of dM/dlogDp (ng m�3) are listed following the measured mass concentrations in parentheses. b Values were calculated as the
concentration ratios of [extracted Sb] to [digested Sb]. c Values were calculated as the concentration ratios of [Sb(III) + Sb(V)] to [extracted Sb].
circulation. On the contrary, the effects of coarse particles may

be dominant in the vicinity of the emission sources. Sb contam-

ination found in soils5,18 in the vicinity of road traffic can be

attributed to the deposition of coarse APM containing both

Sb(III) and Sb(V).
3.3. Determination of Sb(III) and Sb(V) in the predominant

sources of Sb in APM

According to the substance flow analysis of Sb in Japan,

approximately 13,400 tons of Sb was supplied for domestic use in

2003.34 Antimony trioxide (Sb2O3) accounts for a large share

(12,600 tons) of the supply; it is mainly used as a flame retardant

for various plastic products. Antimony trisulfide (Sb2S3)

accounts for a small share (75 tons) of the supply, and it is mainly

used as a solid lubricant for automotive brake pads. Despite the

considerable domestic demand for Sb(III) compounds, it is

noteworthy that significant amounts of Sb(V) were obtained

from size-classified APM samples. In Japan, waste fly ash and

automotive brake abrasion dust are the predominant sources of

Sb in fine and coarse APM, respectively, as demonstrated in our

previous study.26 Hence, speciation analysis of Sb was also per-

formed for the samples collected from the abovementioned two

predominant sources. Table 3 summarizes the concentrations of

digested Sb, extracted Sb, and dissolved inorganic Sb species in

the source samples. Due to the limited amount of samples, all the

experiments were performed once for each sample, and three

different types of the samples were investigated for the respective

sources.
Table 3 Analytical results of Sb in the samples collected from the predomin

Predominant source Sample ID

Total Sb/mg g�1

Digested Extracte

Waste fly ashc wfa01 370 40
wfa02 960 300
wfa03 630 350

Brake abrasion dustd bad01 7800 4700
bad02 17000 11000
bad03 19000 9100

a Values were calculated as the concentration ratios of [extracted Sb] to [diges
Sb(V)] to [extracted Sb]. c Powder-formed waste fly ash samples were colle
study.26 d Abrasion dust particles were generated by using a brake dynam
speed: 50 km h�1; deceleration: 2 m s�2). Three types of commercially avail
and bad03) are the same samples (labeled run nos. 5,11,14, respectively) colle
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In the case of the waste fly ash samples, 11–56% of the total Sb

was extracted with citric acid. Difference in the extraction effi-

ciencies is attributed to the wide diversity of incinerated wastes in

different incinerators. Sb(V) is the dominant species in all the

samples; this results is similar to that observed in the case of the

fine fractions of APM samples. Household wastes are generally

contaminated with various types of Sb-containing plastic prod-

ucts. Chandler et al.35 reported that high-volatile SbCl3 can be

formed in the incinerator and transformed to Sb2O3 by hydro-

lysis; however, the present data does not support this assertion.

Takahashi et al.36 demonstrated that the originally present

Sb(III) compounds can be partially oxidized to Sb(V) during the

manufacturing processes of the production of plastic materials.

Moreover, the remaining Sb(III) may be oxidized to Sb(V) under

the high-temperature (more than 800 �C) incineration process.

The yields of the determined Sb species accounted for 96–103%

of the extracted Sb concentrations, indicating that inorganic

Sb(V) dominates the extracted Sb in waste fly ash samples. As

mentioned above, the yields of the determined Sb species in the

fine peaks of APM were relatively low, implying the existence of

several unknown Sb species. Therefore, transformation from an

inorganic Sb(V) species to an unidentified species during atmo-

spheric circulation is another interest of the fates of Sb in the

environment.

In the case of the brake abrasion dust samples, 48–65% of the

total Sb was extracted with citric acid. Sb(III) was more abun-

dant than Sb(V); this result is similar to that observed in the

coarse fractions of APM samples. As mentioned above, Sb2S3 is

used in automotive brake pads. Uexk€ull et al.37 examined the
ant sources of airborne Sb

Efficiencya/%

Inorganic Sb species/
mg g�1

Yieldb/%d Sb(III) Sb(V)

11 1.6 39 101
31 7.9 280 96
56 12 350 103
60 3000 1600 98
65 6600 3300 90
48 4900 4500 103

ted Sb]. b Values were calculated as the concentration ratios of [Sb(III) +
cted from electric precipitators in different incinerators in our previous
ometer under typical urban district driving conditions (initial driving

able brake pads were used. Dust samples (referred to as bad01, bad02,
cted in our previous study.28
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extraction efficiencies of several Sb(III) compounds by using 10%

tartaric acid as an extractant. The extraction efficiency of Sb2S3

was 10%; however, it increased to 34% when the sample powder

was heated for 30 min at 400 �C prior to the extraction. Although

the mechanisms of the changes in the physicochemical properties

of Sb2S3 have not been addressed, this is a piece of evidence

indicating that friction heat changes the chemical form of Sb to

a more soluble species. Uexk€ull et al.37 also referred to the

formation of intermediate products such as Sb2O3, Sb2(SO4)3,

and Sb2OS2 by friction heat of braking process. The present

results suggest that significant changes in the oxidation

states from Sb(III) to Sb(V) have also occurred. The trans-

formation of Sb species during the manufacturing processes must

also be considered because the brake pad is molded under

high-temperature (200–300 �C) and high-pressure (50 MPa)

conditions.

In summary, drastic changes in the chemical forms of Sb

compounds are most likely to occur during both the

manufacturing processes of Sb-containing products and the

emission processes of Sb to the atmosphere. Subsequently, Sb in

fine APM may partially transform to organometallic species

during environmental circulation.
4. Conclusion

The atmospheric circulation of airborne particulate matter

(APM) plays an important role in the global expansion of envi-

ronmental contamination with potentially toxic Sb. Under this

circumstance, there are growing concerns regarding the health

risks caused by inhalation exposure to airborne Sb. Hence, more

information regarding both the particle size and oxidation states

of Sb in APM is required. Taking this into consideration, we

believed that the selective and sensitive plasma spectroscopic

application provided by HPLC-ICP-MS is essential in the fields

of atmospheric sciences. The size distribution of Sb concentra-

tion exhibits a bimodal profile with peaks, one corresponding to

fine (0.50–0.70 mm) and the other to coarse (3.6–5.2 mm) frac-

tions. Sb(III) is predominant in the coarse fractions whereas

Sb(V) is distributed in both the fine and coarse fractions. The

presented high-resolution size distributions of Sb(III) and Sb(V)

in APM suggests that the health risks by inhalation exposure to

Sb and the extent of the effects of emission sources by atmo-

spheric circulation need to be discussed. From the toxicological

viewpoint, the upper part of the respiratory tracts must be

focused on because of the existence of the more toxic Sb(III)

compounds in coarse APM. From the environmental viewpoint,

global contamination with Sb is most likely a result of the

atmospheric circulation of fine APM containing Sb(V) primarily.

For gaining an in-depth understanding on the biogeochemical

cycles and fates of Sb, we require more information on the

mechanisms of the transformation of chemical forms of Sb in its

material cycle.
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