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 ABSTRACT: This study reported quantifications of fine particle bound trace metals and their potential health
risks for residents in Guangzhou, a rapidly developing and most populated city in South China. The fine particle
samples were collected from October 29th. to November 8th. of 2006 at two different elevations in a mainly residential
area and analyzed for the total concentration of aluminum, iron, zinc, lead, manganese, copper, arsenic, chromium,
nickel, cadmium, molybdenum and cobalt. Results showed that the fine particle concentrations ranged from 95.8
µg/m3to 194.7 µg/m3 at the ground and 83.3-190.0 µg/m3 on the roof, which were much higher than the 24 h fine
particle standard (35 µg/m3) recommended by USEPA. The total concentrations of zinc, lead, arsenic, chromium and
cadmium in fine particle were 504.8, 201.6, 24.3, 7.7 and 4.4 ng/m3, respectively, which were comparable to other
major cities of China, but much higher than major cities outside of China. A sequential extraction procedure was used
to fractionate these fine particle bound metals into four different fractions. Results indicated that most toxic metals
were mainly distributed in bioavailable fractions. For instance, about 91 % of cadmium, 85 % of lead and
74 % of arsenic were in bioavailable forms. Risk calculations with a simple exposure assessment model showed that
the cancer risks of the bioavailable fractions of arsenic, chromium and cadmium were 3 to 33 times greater than usual
goal, indicating serious health risks to the residents in this urban area.
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INTRODUCTION
Trace metals associated with air-borne particulate

matter (PM) have different speciations or fractions that
exhibit different bioavailability and potential risk to
human beings. A labile fraction of the particle-bound
metals is considered to be more readily available to
environmental receptors and hence possesses greater
environmental risk than the resistant fraction. Previous
studies reported that trace metal contents of airborne
PM and in particular the water-soluble fraction, are
correlated positively with the observed pulmonary
toxicity (Adamson et al., 2000; Sun et al., 2001).
Adamson et al. (2000) found that 1 mg of respirable
range atmospheric particulate material (EHC-93), which
had 99 % of particles < 3.0 µm and 45 % of Zn in soluble
fraction, can induce inflammatory cells and protein in
lung lavage fluid and DNA synthesis in lung cells. Fine
particle (PM2.5), with aerodynamic diameter smaller than
2.5µm, is considered to be more hazardous than larger

size PM due to its longer residence time in the
atmosphere and can penetrate deep into the alveolus
of human beings through breathing (Ormstad, 2000;
Peters et al., 2001).  Previous study (Heal et al., 2005)
showed that water soluble form, the most readily
bioavailable form, is the dominant fraction of PM2.5-
bound heavy metals in urban atmospheres of
developed countries where automobile emission is a
major source of PM2.5.

Quantification of labile versus resistant fractions of
particle-bound metals has not been standardized in the
literature. Sequential chemical fractionation is an
important method for determining the actual metal
activity in the environment (Fernández et al., 2000).
The sequential extraction procedure (SEP) reported by
Tessier et al. (1979) and the BCR three-step sequential
extraction procedure drew up by the European
Community’s Bureau of References (Ure et al., 1993)
are the most representative procedures and have been
widely applied for operationally defined phases or
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fractions of metals associated with environmental
solids including soils,  sediments, suspended
particulate materials, as well as urban street dusts
(Banerjee, 2003; Davidson et al., 1998; Usero et al.,
1998).  Fernández et al. (2002) developed a four-step
SEP for fractionating PM-bound metals and for
quantifying labile metal fractions that are potentially
available to the respiratory tract of the human body.
The procedure was used in several exposure studies
for measuring the bioavailable fractions of toxic metals
associated with PM (Gómez et al., 2007; Sammut et
al., 2006).

This study focused on the chemical speciation of
trace metals associated with PM2.5 in Guangzhou, a
rapidly developing and most populated city in South
China.  Previous studies on PM2.5-bound trace metals
of Guangzhou ci ty have centered on total
concentration measurements (Lee et al., 2007; Wang
et al., 2006), little is known on the chemical speciation
of these PM2.5-bound metals (Karbassi and Shankar,
1994). Due to high air pollution and multiple sources
of PM, compositions of PM2.5 and chemical speciation
of PM2.5-bound trace metals in this area may be
different from those of the well developed urban areas.
Therefore, studies on chemical speciation are thus
much needed for evaluating the bioavailability and
health risk of PM2.5-bound trace metals in this area,
and important for establishing emission standards
among different industr ies and other emission
sources.

The overall goal was to assess the bioavailability
and the potential health risk of PM2.5-bound trace
metals for residents in Guangzhou city by quantifying
the total concentration and characterizing the
chemical speciation.  The incremental lifetime cancer
risks were evaluated using the literature toxicity data
and the speciation data of selected trace metals. The
study provided important information on the baseline
data of toxic metals and their potential health risks to
the residents due to inhalation of PM2.5 in Guangzhou
urban area.  This study has been done in Guangzhou,
China during October, 2006 to March, 2007.

MATERIALS AND METHODS
PM2.5 Sampling

 A sampling site located within the campus of
South China University of Technology (SCUT),
northeast of Guangzhou was selected (Fig. 1). The
PM2.5 samples were collected from two different

elevations, one at the ground level and the other on
the roof of a four-story 15 m high building. The
sampling site was surrounded directly by four
chemistry research laboratories and two small
construct ion  sites.  Several univer si ty office
buildings, residential apartment buildings, including
dormitories were 200 to 400 m away. Three major
highways were also 200 m to 2 km away from the
site. It is expected that the sources of PM were mixed
and were typical of PM in this urban area of
Guangzhou.

A total of twenty PM2.5 samples were collected
on quartz microfiber  membrane filters (QM-
Whatman, 20.3 cm × 25.4 cm, Whatman) using high
volume air samplers (Anderson Model GUV-16HBL,
Thermo).  Before sampling, filters were pre-heated
at 450 °C for 4 h, then conditioned in a desiccator at
25 °C and 50 % relative humidity for 24 h and then
weighed to a precision of ± 0.1 mg on an electronic
balance. After sampling, filter was doubled up,
wrapped in a Teflon bag and then stored in the
electronic desiccator before analysis. The two
samplers were set up at 1.5 m above the rooftop or
ground level and operated simultaneously and
continuously at a nominal air flow rate of 1.13 m3/
min for 24 h in 10 consecutive days from October
29th. to November 8th. of 2006. It was generally sunny
with gentle northern wind, but atmospheric haze was
observed wi thin  the sampl ing per iod. The
temperature measured at the sites ranged from 17 to
31 °C and the relative humidity from 26 to 77 %.

Total metal concentration analysis
Total concentration analysis of trace metals in

PM2.5 were performed with an acid digestion method.
In brief, the section of each PM sample filter, along
with 3 mL of concentrated nitric acid were placed in
a closed Teflon bomb and mixed for 10 min in an
ultrasonic system.  The bomb was then heated in an
oven at 180 oC for 8 h for dissolution of the PM. The
solution was filtered with a pre-cleaned plastic
syringe filter and the filtrate was collected in a Teflon
beaker.  The Teflon bomb was rinsed for three times
with de-ionized water and each followed by filtration.
For each sample, the filtrates above were all collected
in the same Teflon beaker with a total volume of about
50 mL, and then heated on a hot plate at 110 °C to
reduce the aqueous phase to 1-2 mL.  The residual
liquid was diluted to a volume of 10 mL with 2 %
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HNO3, stored in a polyethylene bottle at 4 °C before
analysis.

Chemical speciation analysis
The four-step sequential extraction procedure

developed by Fernández et al. (2002) was followed to
fractionate the PM2.5-bound trace metals into four
fractions, including F1 of soluble and exchangeable
metals, F2 of carbonates, oxides and reducible metals, F3
of metals bound to organic matter, oxidisable and
sulphidic metals and F4 of residual metals such as
silicates.  The SEP and the regents used for extraction in
each step were summarized in Table 1.  In brief, the SEP
was carried out with 50 mL polypropylene centrifuge
bottles. Following each extraction step, extracted
solutions were separated from the filters by centrifugation
at 4200 rpm and at 25 °C for 10 min.  The supernatant of
each PM extraction was transferred to a Teflon beaker
and the filters were rinsed with the same extracting regent,
centrifuged again and the supernatant was decanted into
the same Teflon beaker. The combined supernatants were
heated until 1-2 mL of solution left, then diluted to a
volume of 10 mL with 2 % HNO3, stored in a polyethylene
bottle at 4 °C before analysis.  After the third extraction

step, the residuals were treated with the acid digestion
method described in section 2.2 for quantification of F4.

Trace metal analysis
All solution samples were analyzed for 12 trace metals,

Al, Fe, Zn, Pb, Mn, Cu, As, Cr, Ni, Cd, Mo and Co using
inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500A Series). The detection limit of trace
elements was 10-11-10-14 g/mL.  Calibration of the ICP-MS
instrument was performed with multi-element calibration
standards from 5 to 500 ng/mL. During the
measurement, 45Sc, 72Ge, 115In, and 209Bi at 100 ng/mL
were used as the internal standards to monitor possible
instrumental drifting and to compensate the matrix
effect. During the acid digestion and sequential
extraction procedures, three blank filters were analyzed
simultaneously and the sample results were corrected
by the average of blank concentrations. The elemental
concentrations of the blanks were less than 1 % of the
mean concentrations of PM samples for all metals.
During the acid digestion, spiked samples were also
run with the recovery rates ranged from 93.2 % to
105.9 % and the precision (RSD) of 0.55 % ~ 2.35 %.

Fig. 1: Sampling site (A: China; B: Guangzhou city)
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Chemical speciation of PM2.5

           Metallic fraction Reagent                       Experimental conditions 
F1. Soluble and exchangeable 

metals 15 mL H2O (pH=7.4) 3 h at room temperature. Shaker agitation 
   

F2. Carbonates, oxides and     
  reducible metals 10 mL NH2OH·HCl 0.25M at pH 2.0 5 h at room temperature. Shaker agitation 

   

F3. Bound to organic 
            matter, oxidisable 

and sulphidic metals 

7.5 mL H2O2 30% + 7.5 mL H2O2 
30% + 15 mL NH4OAc 2.5M at 
pH=3.0 

At 95 oC until near dryness. Shaker agitation + at 95oC 
until near dryness. Shaker agitation + 90min at room 
temperature. Shaker agitation 

   

F4. Residual metals 3 mL HNO3 8 h at 180 oC 
 

Table 1: Chemical sequential extraction procedure modified after Fernández et al. (2002)

RESULTS AND DISCUSSION
Concentrations of PM2.5 particles and metals

As shown in Fig. 2, the PM2.5 concentrations ranged
from 83.3 to 190.0 µg/m3 with an average value of 123.2
µg/m3 at the ground level and from 95.8 to 194.7 µg/m3

with an average value of 139.7 µg/m3 on the roof.  The
effect of the sampling height on the measured
particulate concentration is less obvious likely because
the height difference is not sufficiently large.

It should be noted that China currently has no PM2.5
standard.  Resulted PM2.5 concentration data were all
higher than the 24 h PM2.5 standard of 35 µg/m3 set by
USEPA (2006), indicating that Guangzhou lacks of poor
air quality with high concentration of fine particles. All
data were comparable to the literature data reported
for this region (51.72-187.13 µg/m3) (Wang et al., 2006)
and generally higher than that of Hong Kong (49.9-
56.4 µg/m3) (Duan et al., 2007).  The measurements
were also comparable to those of Beijing, China (76.9-
126.5 µg/m3) (Song et al., 2007), but were much higher
than the data reported for other worldwide big cities
such as New York, USA (10.73-15.48 µm/m3) (Qin et al.,
2006), Mexico City, Mexico (33.4-70.8 µm/m3) (De
Vizcaya-Ruiz et al., 2006), and European cities (7.5-22.6
µm/m3) (Puustinen et al., 2007). The total concentrations
of 12 trace metals in PM2.5 in units of ng/m3 are listed in
Table 2.  It is apparent that the concentrations of each
metal in PM2.5 were similar at both sampling levels.  Al,
Fe, Zn and Pb had average concentration of 2081, 1457,
504.8 and 201.6 ng/m3, respectively, at the ground level,
which were relatively higher than those of Mn (62.49),
Cu (57.32), As (24.28), Cr (7.693), Ni (6.454), Cd (4.431),
Mo (2.046) and Co (0.943 ng/m3).  At the roof level, the
average concentrations of those 12 elements were 2724
(Al), 1908 (Fe), 570.3 (Zn), 212.3 (Pb), 72.19 (Mn), 53.55
(Cu), 25.64 (As), 9.764 (Cr), 6.345 (Ni), 4.732 (Cd), 2.185
(Mo) and 0.816 ng/m3 (Co).  These data are comparable
to those reported by Wang et al., (2006) and Duan et

al. (2006) for Guangzhou and Beijing, but are much
higher than major cities around the world where more
strict emission standards are applied (Ariola et al., 2006;
Lee et al., 2003; Louie et al., 2005; Singh et al., 2002).

To identify possible sources of trace metals in PM2.5,
an enrichment factor (EF) was calculated with Eq. 1 for
each metal as below:

Where, EF refers to the degree of enrichment of a
given element in the tested sample compared to its
relative abundance in background materials (Duce et
al., 1975).  [E/A1]air and [E/A1]topsoil refer to the
concentration ratio of a target metal E and the reference
metal Al in the PM2.5 sample and in the background
topsoil, respectively.  The background data of trace
metals in topsoils of Guangdong Province, where
Guangzhou City is the provincial capital, were used to
represent the background level in Guangzhou City
(CNEMC, 1990).

In general, EF = 1 may suggest that the target element
is predominantly originated from background soil
material.  EF > 1 implies that the target element may
come from other sources, including contamination by
human related activities and other processes. The
calculation results showed in Table 3 indicated that
the 11 metals had EF values of 2.16 (Fe), 406 (Zn), 211
(Pb), 131 (Cu), 8.22 (Mn), 105 (As), 5.13 (Cr), 5.19 (Co),
16.4 (Ni), 9.81 (Mo), and 2941 (Cd) at the ground level,
while at the roof level the EF values were 2.13 (Fe), 337
(Zn), 164 (Pb), 89.7 (Cu), 7.06 (Mn), 83.3 (As), 4.90 (Cr),
3.22 (Co), 11.3 (Ni), 7.79 (Mo), and 2355 (Cd).  Fe has
relatively higher concentrations, but lower enrichment
factors (<10), suggesting less enriched and mainly from
natural processes such as wind-blown soil dust.  By
contrast, Cd has very high enrichment factors (> 2000)

topsoil[E/Al]
air[E/Al]

EF = (1)
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      Fig. 2: PM2.5 concentrations over the sampling period (35 µg/m3 is the 24 h standard set by USEPA)

Ground Roof 

Element 
Total F1 F2 F3 F4 Total

4

1i
FiTotal ∑
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−
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Total F1 F2 F3 F4 Total

4

1i
FiTotal ∑

=
−

(%) 
Al 2081 27.32 162.0 454.8 1226 10.0 2724 33.38 179.2 573.1 1607 12.1 
Fe 1457 24.23 203.8 564.4 602.5 4.3 1908 32.74 239.1 732.8 780.9 6.4 
Zn 504.8 233.6 237.6 32.49 22.19 4.2 570.3 293.6 231.4 33.65 20.70 1.6 
Pb 201.6 24.60 157.8 26.84 4.256 5.9 212.3 27.01 167.2 29.41 3.805 7.1 
Mn 62.49 18.91 18.25 14.82 6.872 5.8 72.19 22.78 20.18 17.82 7.363 5.6 
Cu 57.32 11.78 23.89 19.32 1.324 1.7 53.55 12.03 20.33 19.05 1.509 1.2 
As 24.28 7.913 6.744 3.955 1.091 18.8 25.64 9.118 6.194 4.456 1.218 18.1 
Cr 7.693 0.504 0.602 1.925 3.121 20.0 9.764 0.502 0.789 2.023 4.570 19.3 
Ni 6.454 1.779 0.561 2.346 0.9737 12.3 6.345 1.479 0.766 2.182 1.019 14.2 
Cd 4.431 1.730 2.252 0.3201 0.0571 1.6 4.732 2.021 2.183 0.340 0.055 2.8 
Mo 2.046 0.9059 0.1752 0.6902 0.2345 2.0 2.185 1.109 0.146 0.687 0.246 0.1 
Co 0.943 0.2466 0.2047 0.3207 0.1482 2.4 0.816 0.150 0.141 0.385 0.127 1.6 

 F1: soluble and exchangeable metals; F2: carbonates, oxides and reducible metals; F3: bound to organic matter, oxidisable and sulphidic metals;
F4: residual metals

Table 2: Concentration of trace metals in total and different fractions in PM2.5 (ng/m3)

even with relatively low concentration in PM2.5,
indicating the sources are predominately from
anthropogenic activities. These 11 metals could be
divided into three groups according to the calculating
results, a highly enriched group with EF > 100 (e.g.,
Cd, Pb Zn, Cu and As), an intermediately enriched
group with EF between 10 and 100 (e.g., Ni), and a
slightly enriched group with EF < 10 (e. g., Mo, Mn,
Cr, Co and Fe).

Chemical speciation of trace metals
Chemical speciation data for PM2.5-bound trace

metals obtained by SEP are presented in Table 2 as
concentration and in Fig. 3 as percentage distribution.
In general, the samples collected from the two different
elevations had similar patterns of metal speciation,
consistent with the PM2.5 concentration data
aforementioned.  However, the patterns of the relative
distribution among the four fractions differ dramatically
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among the 12 metals.  As shown in Fig. 3, more than
40 % of Zn, Mo, Cd and As and more than 30 % of Ni
and Mn in the PM2.5 samples were soluble and
exchangeable (F1) whereas more than 70 % of Pb, more
than 40 % of Cd, Zn, Cu and more than 30 % of Mn and
As were in carbonates, oxides and reducible forms (F2).
Meanwhile, more than 40 % of Ni and Fe and more than
30 % of Co, Mo, Cr and Cu were either associated with
organic matter, or in oxidisable and sulphidic forms (F3).
Al (>60 %), Cr (>50 %), and Fe (>40 %) were the dominant
metals in the residual forms (F4). When compared to
previous studies on total suspended particles (TSP)
collected from Guangzhou,  data indicated that PM2.5
contained much higher soluble and exchangeable
fractions of the bound metals.  Lv et al. (2005) used the
Tessier’s sequential extraction procedure to fractionate
TSP-bound trace metals into four fractions. They found
that the exchangeable fractions of Cu, Pb, and Zn were
about 5.5 %, 7.6 % and 4.0 %, respectively.  These data

were much lower than collected data presented in Fig. 3
likely because metals associated in larger size particles
had relatively lower concentration in the soluble fraction.
Wei et al. (1999) studied metal concentrations bound to
PM10, PM2.5 and PM2.5-10 collected from four major cities
of China including Guangzhou during 1995 and 1996.
They found that PM2.5 constituted about 52-75 % of
PM10 and the total concentrations of heavy metals in
PM2.5 (e.g., 476 ng/m3 of Pb and 40.4 ng/m3 of As) were
much higher than that in PM2.5-10 (e.g., 104 ng/m3 of Pb
and 8.0 ng/m3 of As).

Collected data were compared with previous studies
on airborne PM2.5 of other countries. The chemical
speciation of Fe and Mn presented in this study were
comparable to that of Seville City (Spain) reported by
Fernández et al. (2002).  However, Pb and Cd in F1 were
only 3.8 % and 24.9 %, respectively and Pb and Cd in
F2 were 33.2 % and 20.6 %, respectively, of the total Pb
and Cd in the PM samples of the Seville City.  These

Fig. 3: Chemical speciation distribution of PM2.5-bound metals as percentage (F1: soluble and exchangeable metals; F2: carbonates,
oxides and reducible metals; F3: bound to organic matter, oxidisable and sulphidic metals; F4: residual metals)

Ground Roof Element Background value  
in topsoil (mg/kg) Concentration (mg/kg) EF Concentration (mg/kg) EF 

Al  7.21 × 104 16187 1 18974 1 
Fe  2.42 × 104 11711 2.16 13583 2.13 
Zn 47.3 4313 406 4195 337 
Pb 36.0 1703 211 1557 164 

 Mn 279 515.0 8.22 518.2 7.06 
Cu 17.0 499.4 131 401.2 89.7 
As 8.90 209.5 105 195.1 83.3 
Cr 50.5 58.11 5.13 65.14 4.90 
Ni 14.4 53.04 16.4 42.99 11.3 
Cd 0.06 36.97 2941 34.71 2355 
 Mo 7.70 16.96 9.81 15.78 7.79 
Co 7.00 8.160 5.19 5.936 3.22 
 

Table 3: Mass concentration and enrichment factor of trace metals in PM2.5
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values were lower than data presented in Fig. 3 and the
difference might be due to the different sources of
airborne metals of the two cities. There were limited
industrial activities in Seville City and that PM2.5-bound
Pb and Cd were mainly from vehicular traffic.  However,
sources of PM2.5-bound metals in studies were more
complicated. Automobile emissions, industrial and
constructions activities and even activities from the
research laboratories adjacent to the sampling site might
contribute to the presence of Pb and Cd. Heal et al.
(2005) collected PM2.5 samples from Edinburgh, UK and
analyzed for the total and water soluble metal
concentrations. Their results showed that more than
half of the total V, Zn, Cd, As, Cu and Pb in PM2.5 samples,
about 25-45 % of Ni, Mn, and Cr and approximately 10
% of Ti and Fe were water soluble.  However, they did
not analyze other fractions such as acid soluble and
oxidizable fractions for the PM2.5-bound metals. The
bioavailability of metals is likely correlated to the
chemical speciation determined with SEP (Fernández et
al., 2000). According to the extraction method, the
chemical activity and availability of the PM2.5 bound
metals should decrease on the order of F1 > F2 > F3 >
F4.  Trace metals in F1 are possibly adsorbed on particle
surfaces and are easily released to aqueous solutions.
This fraction of the trace metals is readily bioavailable
once inhaled to the respiratory system, possessing the
greatest risk to human health. Metals in F2 are the
fractions susceptible to pH changes and redox
conditions. They can be easily dissolved under acidic
aquatic conditions and could be continuously
dissolving even under slightly acidic or neutral pH
conditions. Metals in F3 are usually found to be bound
on organic matter such as water-insoluble humic-like
materials and oxidizable minerals. When the value of
oxidation-reduction potential (Eh) increased, organic
and inorganic matrices that bind the metals could be
degraded, leading to a release of soluble trace metals.
The residual fraction (F4) contains metals mainly the
form of silicates, cements, passivated oxides and that
ought to be extracted under hard acid conditions.

Assuming that the first two fractions (F1 and F2) are
labile and completely bioavailable, a bioavailability index
(BI) can be calculated according to Eq. 2:

The calculated BI values are presented in Fig. 4 for
the 12 metals.  From the results, it is clear that Cd and
Zn had the highest bioavailability indexes (~0.9),
followed by Pb (~0.85) and As (~0.7).  Mn, Cu and Mo
had BI values of around 0.6 whereas Co and Ni had
slightly lower BI values of about 0.4. The last three
metals, Cr, Fe and Al, had the lowest BI values of less
than 0.2.  It should be noted that Cd, Pb and As are the
most toxic metals and that these three metals have
very high enrichment factors in PM2.5 samples.  Their
greater BI values indicate that they may be fully
available to physiological activities once inhaled to
lung system, which might possess higher risk to human
health.

Risk assessment
Metals bound in PM2.5 can easily get deep into

human lung tissues through breathing.  Accumulation
of these metals, including arsenic, cadmium, chromium,
and nickel are carcinogens and through inhalation over
extended time period may cause serious health risks
(Friberg et al., 1986).

To further demonstrate the risks of the PM2.5-bound
metals, As, Cr, Ni and Cd were selected to calculate
the incremental lifetime cancer risk. These four
elements are defined as contaminants of 1
classification by the International Agency for Research
on Cancer (IARC).  The cancer potency factors of Cr,
As, Cd and Ni are 41, 15, 6.3 and 0.84 (mg/kg/day),
respectively, according to the air toxics reported by
VAPCD (1998).  The incremental lifetime cancer risks
can be calculated by multiplying the cancer potency

∑
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+
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Fig. 4: Bioavailability index of PM2.5-bound metals
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factor of a given carcinogen with the chronic daily
intake (CDI).  Assume that a person with 60 kg of body
weight has been exposed to the atmosphere over a 30
y period of time and breathed in 20 m3/day of air. For
a life time of 70 y, the CDI of this person can be
computed from the equation (3) and the relative
incremental lifetime cancer risk can be calculated
following by the CDI results.  Results of CDI and
incremental lifetime cancer risk of As, Cr, Ni and Cd
were listed in Table 4.

Where, C is the concentration of the toxic substance
in the air and intake rate is the amount of air that a
person inhaled each day.

When the total concentrations of metals were used
as C in equation (3), the cancer risks of As, Cr, Cd and
Ni were 52.03 × 10-6, 45.06 × 10-6, 3.988 × 10-6 and
0.774×10-6 at the ground level. When the
concentrations of the bioavailable fractions (F1 + F2)
were applied, the results changed to 31.41 × 10-6, 6.478
× 10-6, 3.582 × 10-6 and 0.281 × 10-6 for As, Cr, Cd and Ni,
respectively.

It should be noted that the usual goal of cancer risk
is set at 1×10-6 which corresponds to a lifetime exposure
to unpolluted ambient environment. The above
estimations show that the incremental lifetime cancer
risks of As, Cr and Cd were higher than such usual
goal, suggesting potential health risks for the residents.
When only the bioavailable form is considered, the
estimated cancer risks of both As and Cd were little
changed because of their high BI value (> 0.7).
However, because of its low BI value (< 0.2), the cancer
risk of Cr decreased from 45.06 × 10-6 to 6.478 × 10-6

when the bioavailable was used for the calculation.
Apparently, bioavailable forms, rather than the total
contents, of trace metals in air-borne PM2.5 should be
used in order to more accurately assess environmental
and health risks.  Chemical speciation of metal in PM is
hence important and should become a routine analysis
in future study of air pollution.

CONCLUSION
This study showed that concentrations of PM2.5

samples collected from Guangzhou, China, were much
higher than the US-EPA standard set for 24 h PM2.5.
The total concentrations of PM2.5 bound trace metals
were several times greater than the literature data
reported for major cities around the world.  The results
of sequential extraction procedure indicated that
majority of the bound metals were associated in the
two labile phases (F1 and F2), which are either water
soluble or acid soluble. These labile phases are
considered to be bioavailable once PM2.5 is inhaled to
the respiratory system of human beings.  The BI values
calculated for the 12 metals were on the order of Cd >
Zn > Pb > As > Mn > Cu > Mo > Co > Ni > Cr > Fe > Al,
with Cd, Zn, Pb and As having BI values > 0.7.  This
suggested that most toxic metals associated in PM2.5
were mainly bioavailable. Risk calculations with a simple
exposure assessment model showed that the cancer
risks of the bioavailable fractions of As, Cr and Cd
were 3 to 33 times greater than the usual goal. This
study indicated that air particle pollution may possess
serious health risks to the residents in this rapidly
developing and greatly populated city.
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