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Abstract

The size distributions of 16 polycyclic aromatic hydrocarbons (PAHs) and particle mass less than 10 lm in aero-

dynamic diameter (Dp) were measured using a nine-stage low-volume cascade impactor at rural and urban sites in Tian-

jin, China in the winter of 2003–2004. The particles exhibited the trimodal distribution with the major peaks occurring

at 0.43–2.1 and 9.0–10.0 lm for both urban and rural sites. The concentrations of the total PAH (sum of 16 PAH com-

pound) at rural site were generally less than those of urban site. Mean fraction of 76.5% and 63.9% of the total PAH

were associated with particles of 0.43–2.1 lm at rural and urban sites, respectively. Precipitation, temperature, wind

speed and direction were the important meteorological factors influencing the concentration of PAHs in rural and

urban sites. The distributions of PAHs concentration with respect to particle size were similar for rural and urban sam-

ples. The PAHs concentrations at the height of 40 m were higher than both of 20 and 60 m at urban site, but the mass

median diameter (MMD) of total PAH increased with the increasing height. The mid–high molecular weight

(278P MW P 202) PAHs were mainly associated with fine particles (Dp 6 2.1 lm), whereas low molecular weight

(128P MW P 178) PAHs were distributed in both of fine and coarse particle. The fraction of PAHs associated with

coarse particles (Dp > 2.1 lm) decreased with increasing molecular weight. The relatively consistent distribution of

PAHs seemed to indicate the similar combustion source of PAHs at both of rural and urban sites. The fine differences

of concentration and distribution of PAHs at different levels at urban site suggested that the different source and trans-

portation path of particulate PAHs.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiq-

uitous harmful semivolatile organic compounds formed
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by incomplete combustion of organic materials, espe-

cially those from human activities (Baek et al., 1991;

Harrison et al., 1996). Particular interest has been fo-

cused on PAHs because some of them are known to

be mutagenic or carcinogenic (IARC, 1984, 1991). The

atmospheric pollution is the primary pathway of people

exposure to PAHs in the polluted atmosphere, such as

direct respiration or indirect ingestion from the polluted
ed.
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vegetables and corns by deposited PAHs. Tianjin is a big

city in northern China and large amount of fossil fuel

(coal and petroleum) have been consumed for the eco-

nomic development. Additionally, large numbers of boi-

ler chimneys with the height of 45 m in urban area for

domestic heating in winter emit large quantities of

smoke and dust into the atmosphere. As a result, PAHs

produced due to the coal incomplete combustion emit

into the urban atmosphere and severely impact human

health. It also cannot be ignored that the influence of

PAHs from coal combustion for cooking and heating

in village because of the low quality and poor efficiency

of honeycomb briquets, which are ubiquitously and lar-

gely used in Chinese villages.

The concentrations of pollutants in atmosphere are

controlled by a balance between those factors which lead

to pollutant accumulation and those which lead to pol-

lutant dispersion. And the meteorological factors have

both of the characteristics mentioned above. Rocha

et al. (1999) reported the highest values of concentrations

of PAHs in airborne particulate matter occurred in win-

ter of decreasing temperatures and when minimum val-

ues of precipitation/humidity were attained at both of

Oporto and Vienna. Many other researchers have found

that the concentrations of particulate PAHs were lower

in rural than those of urban in the same season and

lower in summer and spring than those of winter at

the same sites (Allen et al., 1996; Smith and Harrison,

1996; Bae et al., 2002; Omar et al., 2002). There are

several studies related to vertical concentration gradients

for CO, NOx, and aerosol particles in urban air

(Bauman et al., 1982; Qin and Kot, 1993; Zoumakis,

1995). However, there is very little information available

for particulate PAHs vertical gradients in urban areas.

The freshly generated PAHs, emitted into the atmo-

sphere in the form of gas phase and ultrafine particles

(Richter and Howard, 2000), usually transport to the

surface of coarse particle through volatilization, conden-

sation, and collision (Strommen and Kamens, 1999;

Venkataraman et al., 1999; Schnelle-Kreis et al., 2001).

The partition of PAHs between different sizes of parti-

cles depends upon the ambient temperature, the relative

humidity, the particle surface available for sorption and

the compound properties (Venkataraman et al., 1994;

Allen et al., 1996). The particle behaviors such as trans-

port in the air, dry or wet deposition from the atmo-

sphere to natural surfaces, and deposition in the

human lungs are mainly influenced by particle size distri-

butions (Hinds, 1982; Baek et al., 1991). Therefore,

information on the particle size distribution of PAHs

is essential to estimate their inputs into ecosystems and

human respiration system. Additionally, airborne parti-

cles with different sizes have different sources. Fine par-

ticles (Dp < 2 lm) are produced predominantly from gas

to particle conversion and from incomplete combustion

whereas coarse particles (Dp > 2 lm) originate mostly
from mechanical processes, such as grinding, wind, or

erosion (Whitby, 1978). Therefore, study of the size dis-

tributions of particle-bound PAHs can give important

information about their origin and atmospheric behav-

ior. Moreover, accurate risk assessment about human

PAHs exposure can be made with the help of informa-

tion on the atmospheric size distribution of PAHs

because particles smaller than 3.0 lm are easily trans-

ported through the upper respiratory tract into the bron-

chioles and alveoli of the lungs, and larger particles will

be retarded at the upper respiratory tract and then

expectorated out of respiratory tract. Many studies have

been made on the distribution of PAHs with respect to

particle size. Urban PAHs size distributions were typi-

cally multimodal, and most PAHs were found to be pre-

dominately associated with fine particles in most cases,

especially the higher molecular weight PAH compounds

(Venkataraman and Friedlander, 1994; Venkataraman

et al., 1994, 1999; Allen et al., 1996; Offenberg and

Baker, 1999; Kaupp and McLachlan, 2000; Cancio

et al., 2004).

The purposes of this work were to (1) compare the

differences of the size distributions and concentrations

of particle-bound PAHs between rural and urban site,

(2) investigate the differences of concentration and size

distribution of PAHs at different height in urban atmo-

sphere and the variability of total PAH along with sam-

pling time at both rural and urban sites. The results of

this study are important to evaluate the risk of parti-

cle-bound PAHs exposure and develop the dry deposi-

tion model of particulate PAHs from atmosphere to

natural surfaces.
2. Experiments

2.1. Description of sampling sites

Size-segregated aerosol samples were collected from a

rural and an urban sites in Tianjin during the winter of

2003–2004, located at the cornfield of Chenlou county in

Wuqing district and the meteorological tower in the

South of urban center, respectively (Fig. 1). The rural

sampling height was 1.5 m above the ground. The near-

est highroad was roughly 1 km West away and the vil-

lage was about 150 m to the South. The cornfield was

smooth and the height of wheat plant was about

10 cm. The atmospheric contaminants at rural site from

urban area were relative less with respect to urban site.

The possible sources include vehicle exhausts, emissions

from small-scale combustors used for cooking and heat-

ing (wood and coal) and long-range transport from

urban area.

At urban site, three samplers were installed at the

height of 20, 40 and 60 m of the meteorological tower

(250 m) of the Meteorological Bureau of Tianjin lying
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Fig. 1. Location map of the sampling stations in Tianjin.
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in the center of a crossroads, surrounded by large resi-

dential areas. Temperature, wind speed and direction

were on-line monitored at 15 different levels (5, 10, 20,

30, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220 and

250 m) during the sampling period. The meteorological

tower was at a distance of about 1 km to a chimney of

coal burning boiler using in winter for heating and the

average height of buildings within a radius of 300 m

was about 20 m. The height of the boiler chimney was

about 45 m according the coal combustion power.

Therefore, the possible sources of PAH in the urban

atmosphere include motor vehicles, coal- or oil-burning

boilers, residential cooking and re-suspended soil dust.

2.2. Sample collection

Airborne particles were collected using a home made

nine-stage low-pressure cascade impactor at a flow rate

of 28.3 l min�1 (FA-3, similar to Andersen MARK II).

Each stage on the FA-3 consists of an impaction plate

above and a nozzle plate below. The use of micro-orifice

nozzle can collect airborne particles according to indi-

vidual particle aerodynamic behavior without creating

an excessive pressure drop across the impactor stage.

The prepared glass fiber filters (B 80 mm) were used as
the surrogate surface and placed on each impaction

plate to collect the impacted particles of different size.

The glass fiber filters must be flat in order to collect

the particles designed by the cascade impactor. The

available particles were separated into the following size

ranges: <0.43 (back up filter), 0.43–0.65, 0.65–1.1, 1.1–

2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, 5.8–9.0, and 9.0–10.0 lm
in aerodynamic diameter (Dp). The glass fiber filters

were baked at 500 �C for 8 h to volatilize any organic

contaminants before sampling. Much long-term sam-

pling was necessary to in order to collect sufficient par-

ticles to monitor PAHs due to the lower pump flow

rate (28.3 l min�1). Size-separate samples were taken

over periods of 70–95 h and the total sampling volume

was about 120–160 m3. PAHs may desorb/volatile from

the impacted particles due to the much long sampling

time, especially for those low molecular weight PAHs.

The amount of desorption from sampled particles will

not significant affect the measurements because the aver-

age air temperature during all the sampling time is below

10 �C (Venkataraman et al., 1999). The glass fiber filters

were weighted before and after sampling to determine

the amount of particles collected. The glass fiber filter

was equilibrated for 24 h in a desiccator with allochroic

silicgel before weighing on a micro-balance (Model

BP110S, Sartorius) accurate to 0.1 mg. After sampling,

the glass fiber filter was removed from the pump, folded

with the adsorbed particulate matter on the inner side,

wrapped in an aluminium foil, transported from the field

to lab on a filter box. After weighing, all filters were

stored at �18 �C and analyzed within 15 days from col-

lection. Samples were collected on 9 days between

November 18 and 27, 2003 and 9 days between Decem-

ber 31, 2003 and January 8, 2004 for rural and urban

sampling, respectively. During the sampling intervals

domestic heating began in both of rural and urban area.

The particle samplings conditions are presented in

Table 1. There were two rain events during the rural

sampling period. The first rainfall was about 15 mm

and the second was no more than 5 mm. Parallel to sam-

pling, the meteorological parameters such as tempera-

ture, relative humidity, wind direction and speed were

monitored. The temperature ranged from 5 to 12 �C
and from �5 to 8 �C during rural and urban sampling,

respectively.

2.3. Analytical procedure

The extraction procedure for removing PAHs from

the particulate matter used an accelerated solvent

extractor (ASE 300, Dionex), equipped with 34 ml stain-

less-steel extraction cells. Filters were cut into strips and

extracted with dichloromethane (DCM). The extraction

and cleaning details have been detailed in previous paper

(Wu et al., 2005). The elute of the PAH fraction was

concentrated to 1 ml under a gentle stream of dry



Table 1

Environmental conditions for sampling of cascade particles

Sample Site Height

(m)

Date Volume

(m3)

Mean

temp. (�C)
Mean

RH (%)

Mean wind

speed (m s�1)

Weather

A22, A23 Rural 1.5 11/8/2003–11/21/2003 120.3 9.9 64 2.21 Cloudy! rainy! sunny

A24, A25 Rural 1.5 11/21/2003–11/24/2003 122.1 10.1 58 2.09 Sunny! cloudy

A26, A27 Rural 1.5 11/24/2003–11/27/2003 110.9 7.8 66 1.25 Cloudy! rainy! cloudy

A28a Urban 20 12/31/2003–1/1/2004 35.7 0.92 63 1.76 Sunny

A29a Urban 40 12/31/2003–1/4/2004 165.4 2.49 – 2.39 Sunny

A30a Urban 60 12/31/2003–1/4/2004 164.4 3.14 – 3.11 Sunny

A31b Urban 20 1/4/2004–1/8/2004 159.6 1.04 56 1.16 Sunny

A32b Urban 40 1/4/2004–1/8/2004 159.6 0.91 – 1.68 Sunny

A33b Urban 60 1/4/2004–1/8/2004 159.7 1.67 – 2.16 Sunny

‘‘–’’ No data.
a The first urban sampling.
b The second urban sampling.
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nitrogen and transferred to 1.5 ml vials and preserved in

a refrigerator at �18 �C till gas chromatography–mass

spectrometry (GC–MS) analysis.

The particle-bound PAHs were analyzed by Aglient

GC 6890/5973 MSD system. A 30 m · 0.25 mm i.d.

HP-5MS (film thickness 0.25 lm) was used. The GC

analyses were performed with an oven temperature pro-

gram from 60 to 280 �C at the rate of 5 �C min�1, iso-

thermal holding at 280 �C for 20 min using helium as

the carrier gas; injector and transfer line temperature

of 280 and 230 �C, respectively. The injector volume

was 1 ll in the splitless mode. The MS was operated

using the electron impact (EI) ionization mode at

70 eV, scanning from 50 to 550 mass units at 0.82 s

scan�1. Compound identification was based on the MS

database (NIST 98) and GC retaining time of authentic

PAH standards containing naphthalene (NAP), ace-

naphthylene (ACPY), acenaphthene (ACP), fluorene

(FLU), phenanthrene (PHE), anthracene (ANT), fluo-

ranthene (FLUA), pyrene (PYR), benz[a]anthracene

(BaA), chrysene (CHR), benzo[b]fluoranthene (BbF),

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), in-

deno[1,2,3-cd]pyrene (INCDP), dibenz[a,h]anthracene

(DBA) and benzo[ghi]perylene (BghiP) (PAH mixture

610/525/550 in methanol from Chem Service, US). The

MSD was operated at selected ion monitoring (SIM)

mode. The ions used for PAHs quantification were the

molecular ions and the concentrations were quantified

using the external standard method. The concentrations

of individual PAH compounds were calculated by divid-

ing their mass with the sampling volume, and expressed

as ng m�3.
Table 2

The recovery and limits of detection (LOD) of 16 PAH compounds

Compounds NAP ACPY ACP FLU PHE ANT FLUA P

Recovery (%) 92 66 68 82 88 96 100 10

LOD (ng) 1064 10.1 12.3 49.3 70.8 7.9 20.8 1
2.4. Quality control and quality assurance

The analytical recovery efficiencies of the 16 individ-

ual PAH were determined by processing a solution con-

taining known PAH concentrations spiked onto the

blank filters through the same experimental procedure

used for the samples. The mean recoveries of the 16

PAHs ranged from 66% to 104% (SD = ±12%) (Table

2) and were used to correct the amounts of the PAH

compounds found the samples.

The limit of detection (LOD, ng) was defined as the

mean blank mass plus three standard deviations (Halsall

et al., 1994; Cotham and Bidleman, 1995; Vardar et al.,

2002). LODs for 16 PAHs ranged from 1.6 to 1064 ng

(Table 2). The largest amounts found in the blanks were

for naphthalene. In general, PAHs amounts in the parti-

cle samples were higher than LODs. Sample quantities

exceeding the LOD were quantified and blank corrected

by subtracting the mean blank amount from the sample

amount. A 100-ml solvent (redistilled dichloromethane

and hexane) was concentrated to a total volume of

0.5 ml and then analyzed with GC–MS in order to mon-

itor the background.

2.5. Meteorological data collection

During rural (Chenlou) sampling period, tempera-

ture and relative humidity (WHM5, Tianjin Meteoro-

logical Instrument Plant), wind speed and direction

(DEM6, Tianjin Meteorological Instrument Plant),

monitored every two hours at the same height of parti-

cles sampling. Rainfall was measured with two scaled
YR BaA CHR BbF BkF BaP INcdP DBA BghiP

4 99 101 104 93 77 91 97 103

0.7 5.6 19.1 6.4 6.1 8.7 2.6 1.6 4.7
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buckets for each sampling time. Wind speed and direc-

tion at the 15 different levels were on-line measured with

EC9-1 (Changchun Meteorological Instrumental Plant)

every 10 s and saved in the computer. Temperature

and humidity were measured with a homemade temper-

ature–humidity instrument, but the humidity instrument

was only installed at three levels (20, 120 and 250 m).

Temperature and humid data were also collected every

10 s just like wind speed and direction. During the 9

days of urban sampling, about 1296 profiles of wind

speed, temperature and humidity collected.
3. Results and discussion

3.1. Particle mass

The sum of segregated particle concentrations (eight

stages plus after-filter) ranged from 182 to 238 lg m�3

in the rural atmosphere (Chenlou village) and from

267 to 524 lg m�3 in the urban atmosphere (meteoro-

logical tower) (Table 3). Comparison of impactor results

between locations is not possible due to noncon-

current sampling. However, for all samples collected

during the winter intensive, the urban atmospheric

particles concentration measured by the impactor was

significantly elevated relative to the rural samples

(0.387 ± 0.09 mg m�3 urban, n = 6; 0.218 ± 0.03 mg m�3

rural, n = 6; average ± standard error). The comparison

showed that there were more particle sources in urban

atmosphere, indicating that the particle pollution and

respiration exposure risk in urban atmosphere was more

severe. Offenberg and Baker (1999) have reported the

elevated particles concentrations in Chicago urban

atmosphere (average 27.7 lg m�3 for TSP) relative

to over lake Michigan (average 17.4 lg m�3 for TSP)

and rural samples (average 20.8 lg m�3 for TSP). In

addition, these ranges are higher than 119–216 lg m�3

obtained for Mumbai (urban) in winter by Venkata-
Table 3

Concentrations (ng m�3) and MMD (lm) of particles and total PAH

Chenlou M

Sample no. Particle Total PAH Sa

Conc.a MMDb Conc.c MMD

A22 235 1.88 144 1.11 A

A23 A

A24 238 1.85 287 0.9 A

A25 A

A26 182 1.84 308 0.87 A

A27 A

a Concentration of particles of 0–10 lm collected with an FA-3 cas
b Mass median diameter.
c Sum of 16 PAH compounds in the particles collected.
raman et al. (1999) and 72–278 lg m�3 obtained for

Taiwan (traffic site) in summer by Chang et al.

(2001).

The particle concentration in Chenlou (Table 3) was

not significantly influenced by two rain washouts (Table

1) due to the long period sampling. The particles washed

by rain were counterbalanced by later accumulation and

new input of particles under the stable atmosphere. Fine

differences between MMD (mass median diameter) of

Chenlou samples are found (Table 3). The particle con-

centration of sample A28 (at the height of 20 m) was

much higher than A29 (40 m) and A30 (60 m) partly

due to the short sampling time of A28 (only 21 h). It

can be seen from Table 3 that the particle concentration

at 40 m height was higher than that of 20 and 60 m ex-

cept the first sampling at the height of 20 m (A28). The

MMD of particle at 40 m height was also the greatest

among the three levels samplings. The fact that the boi-

ler chimneys near the sampling site can be the main rea-

son for the concentration difference at different levels.

Wu et al. (2003) collected PM10, PM2.5 and PM1.0 at

different height (79, 59, 30, 19, 8 and 2 m) of the build-

ings near the traffic road in Macao and found the parti-

cles concentrations decreased with the increasing of

height, and coarse particles concentrations decreased

more quickly than those of fine particles. The absence

of elevated emission, such as the chimney of boiler,

can be used to explain the differences between Wu

et al. (2003) and our results. As also can be seen from

Table 2, the particle concentration at 40 and 60 m

during the first urban sampling was lower than the

corresponding concentration of the second sampling.

This can be partly explained by the temperature, wind

speed and wind direction difference between two

sampling periods (Table 1 and Figs. 2, 3). The mean

wind speed and temperature profiles during the second

sampling period were lower than those of the first

sampling indicating that the potential dispersion abilities

of particles under low wind speed decreased and more
in rural and urban sites of Tianjin in winter

eteorological tower

mple no. Particle Total PAH

Conc. MMD Conc. MMD

28 524 1.78 265 0.80

29 337 2.06 333 0.93

30 267 1.82 239 0.94

31 376 1.81 409 0.89

32 449 1.98 537 1.15

33 368 1.90 359 1.18

cade impactor.
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particles and soot would emit into the atmosphere

followed more coal combustion for domestic heating.

In addition, the wind directions during different sam-

pling interval were different too (Fig. 3), and more par-

ticles might be transported to the station atmosphere

during the second sampling interval for the wind direc-

tions were more fluctuant.

The average size distributions of particles collected

from rural and urban atmosphere in Tianjin are shown

in Fig. 4. The low limit of 0.1 lm was selected based

on the results of urban aerosol studies involving size-

fraction partitioning devices of 0.0–0.1 lm resolution

(Whitby et al., 1972). As can be seen from Fig. 4, parti-

cles exhibited a trimodal distribution at both locations,
0.0
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Fig. 4. Mean size distributions of particles collected at urban

and rural site in Tianjin. dC = mass concentration of the certain

particle-size interval, Dp = particle aerodynamic diameter.
with the major peaks occurred at 0.43–2.1 and 9.0–

10.0 lm for both urban and rural locations. This result

indicated that the peak at a particle size 61.1 lm mainly

came from young aerosol through gas-to-particle con-

densation processes, while the peak at 1.1–2.1 lm
showed the occurrence of accumulation of aerosols

(Lee et al., 1995). The size distribution also gives impor-

tant information about the health affects of inhaled par-

ticles in rural and urban area of Tianjin. Particles with

the diameter less than 3 lm will penetrate the upper res-

piration tract and settle at the site of bronchia and alve-

olus. From the data given in Table 3, almost all the

MMDs of rural and urban particles were less than

2 lm suggesting that the particle pollution was severe.

Fig. 4 also showed that the average concentrations of

all particle-size intervals in rural atmosphere were lower

than those in urban atmosphere. The similarity between

urban and rural particle size distribution suggests that

most airborne particles with aerodynamic diameter less

than 10 lm come from similar sources (coal combustion,

vehicular exhaust, and re-suspended particulate matter

from paved roads and surfaces, and so on) and have at-

tained a relative stable state under the local atmospheric

environment conditions.

3.2. Total PAH concentrations

Total PAH (sum of 16 PAH compounds) concentra-

tions associated with Dp 6 10 lm particles collected

using FA-3 cascade impactor ranged from 144–

308 ng m�3 and 239–537 ng m�3 for Chenlou and Mete-

orological tower sampling, respectively (Table 3). The

total PAH at meteorological tower (urban) were about

one or two order higher than those of Mumbai (21–

42 ng m�3; Venkataraman et al., 1999) and Kuala Lum-

pur (6.28 ± 4.35 ng m�3; Omar et al., 2002), and were

close to the concentration of Inchon (410 ng m�3; Bae

et al., 2002) in winter season. The average total PAH

at Chenlou was also much higher than that of Yangsuri

rural (119 ng m�3; Bae et al., 2002). The total PAH dif-

ferences between Chenlou (rural) and meteorological

tower (urban) were significant and similar results have

been reported in Massachusetts (Allen et al., 1996),

Kuala Lumpur (Omar et al., 2002), Birmingham (Smith

and Harrison, 1996) and Korea (Bae et al., 2002) with

the urban and rural total PAH were 49.5, 6.28, 4.37,

410 and 1.94, 1.3, 1.13, 119 ng m�3, respectively.

Figs. 6 and 7 show the mean normalized size distribu-

tion (dC/d logDp vs. logDp) of total PAH at rural and

urban locations. As can be seen, total PAH exhibited

analogously trimodal distributions for both sites with a

major peak in 0.43–2.1 lm range, different from particle

size distributions shown in Fig. 4. This finding is more

consistent with Whitby�s viewpoint that fine particles

(Dp < 2 lm) were produced predominantly from gas to

particle conversion and from incomplete combustion
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whereas coarse particles (Dp > 2 lm) originate mostly

from mechanical processes which were originally little

contaminated (Whitby, 1978). The similar PAHs distri-

butions have been reported in other studies (Sheu

et al., 1997; Yang et al., 1999). The major peak contained

on average 76.5% and 63.9% of Dp 6 10 lm particles

for both rural and urban locations, respectively. The

three peaks, in the range of 0.43–2.1, 4.7–5.8 and 9.0–

10.0 lm, were almost consistent with the corresponding

peaks of particle size distribution (Fig. 4), but significant

differences of relative contribution were found in the

range of 0.43–2.1 lm between particle and total PAH.

This could result from the fact that the freshly produced

particle-bound PAHs from combustion site had not

reached equilibrium between particles of different size

in the ambient air through short distance transport.

PAHs were initially emitted in the gaseous and ultrafine

particle phase and were primarily associated with fine

particles. Then, PAHs can evaporate or desorb from fine

particles and migrate to large particles with increasing

time and distance. The size distribution differences be-

tween individual PAH compound will be discussed later.

As also can be seen from Fig. 5 and Table 3, the total

PAH concentration of the first rural sampling was sig-

nificant lower than those of next two samplings though

their size distributions were very similar. The fraction of
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Fig. 6. Size distribution of total PAH at different levels in urban area:
total PAH contents in fine particles (Dp 6 2.1 lm) to

those of particles with Dp 6 10 lm was 69.8%, 86.5%

and 84.5% for the three times of rural sampling, respec-

tively. The high particle concentration did not correlate

to high PAH concentration in three times sampling at

Chenlou site (Table 3), which suggested that the col-

lected airborne particles and particle-bound PAH came

from different sources due to the variability of heating,

cooking, rainwash, wind speed and direction during dif-

ferent sampling intervals.

Total PAH concentration at 40 m was higher than

both of 20 and 60 m, indicating that there were more

PAHs input to the atmosphere at the height of 40 m,

such as from the boiler chimney emission, which were

the main source of concomitants in airborne particles.

The total PAH concentrations of the second urban sam-

pling at different levels were all higher than those of the

first sampling at the same height (Table 3). This can be

partly explained from the differences of mean wind speed

and temperature between two times of sampling (Table

1, Fig. 2). The PAH emission and accumulation in the

urban atmosphere would increase followed by more

domestic heating and less diffusion dilution. The correla-

tion between particles and total PAH concentration was

significant (r2 = 0.9698, n = 5) for urban sampling at dif-

ferent levels excluding the sample A28 indicating that

PAH-containing aerosols came from similar sources,

such as soot, vehicle exhausts and re-suspension of fall-

out (Rogge et al., 1993). Significant distribution differ-

ences between the different levels within the fine

particle size range (Dp 6 2.1 lm) have been detected

indicating that the particulate PAH may have come

from different sources or experienced different transpor-

tation route. The concentrations of total PAH associ-

ated with particles of Dp 6 1.1 lm decreased steadily

with increasing height in two cases (Fig. 6). However,

the MMD of total PAH monotonously increased with

the increasing of height for both samplings (Table 3).

The plausible explanation for the variation of concentra-

tion and MMD with height is that more fresh PAH-con-

taining aerosols (such as vehicle exhausts) entered into

20 m high atmosphere, which was close to vehicle
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sources mainly consisting of fine particles (Kerminen

et al., 1997; Ristovski et al., 1998). The difference of

PAH source and redistribution of PAH between gas

phase and particle or different size particles determined

the state of total PAH size distribution at the time of

monitoring. Some researches have pointed out that the

peak of particle size distribution of PAHs localized at

a particles size <1.0 lm essentially reflects the gas-

to-particle condensation process in the young aerosols

(Sheu et al., 1997; Yang et al., 1999).

3.3. Particle size distributions of individual PAHs

The distribution of PAHs concentrations on particles

of different sizes are presented with normalized histo-

gram approach (dC/C logDp vs. logDp), which is a use-

ful method for comparing the contributions of coarse

and fine particles to pollutant concentrations (Vaeck

and Cauwenberghe, 1985; Venkataraman et al., 1994,

1999; Allen et al., 1996; Oh et al., 2002). The mean nor-

malized distributions of individual PAHs with particle

size for rural and urban sites are presented in Figs. 7

and 8. There were no significant differences of particle

size distribution between rural and urban samples for

the same PAH compound. But distinct differences were

observed for different PAH compounds for both rural

and urban samples. Low molecular weight PAH (includ-

ing NAP, ACPY, ACP, FLU, PHE, and ANT in this

study) exhibit a multimode distribution, the major peaks

are in the accumulation and coarse mode size range
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Fig. 7. Mean size distribution of individual PA
(0.43–2.1, 4.7–5.8, and 9.0–10.0 lm). The mid- and

higher-molecular weight PAHs (include FLUA, PYR,

BaA, CHR, BbF, BkF, BaP, INcdP, DBA, and BghiP

in this study) are almost distributed in the accumulation

mode size range (0.43–2.1 lm). Additional very minor

peaks in the coarse mode at the size range of

9.0 6 Dp 6 10.0 lm are suggested by the data. As also

can be seen from Figs. 7 and 8, PAH compounds with

the same molecular weight have almost identical distri-

butions with particle size (Venkataraman and Fried-

lander, 1994). The fact that higher molecular weight

PAHs were adsorbed to the fine particles while more

volatile PAHs were associated with larger particles have

been reported by many studies (Venkataraman and

Friedlander, 1994; Venkataraman et al., 1994, 1999; Al-

len et al., 1996; Offenberg and Baker, 1999; Kaupp and

McLachlan, 2000).

There are several possible mechanisms to explain

PAHs redistribution behavior. The distributions of

lower molecular weight PAH in larger particles could

result from differences in emission size distributions

of these species or different gas-particles partitioning

behavior (Venkataraman et al., 1999). PAH are mainly

generated by combustion sources and emitted in the

gas phase or associated with ultrafine particles, and

then become associated with coarse particles by volatil-

ization and condensation. Higher molecular weight

PAHs, which have much lower subcooled liquid vapor

pressures and Henry constant (US EPA, 1988), are ex-

pected to require much long times to partition to
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coarse particles than lower molecular weight PAH and

tend to remain in the fine particles (Allen et al., 1996).

Allen (1997) calculated that the times to repartition be-

tween fine and coarse particles are on the order of

months for very low vapor pressure PAH. As for

coarse particles, the atmospheric residence times are

short and, therefore, the time available for the equili-

bration with the atmospheric gas phase is limited. In

addition, chemical affinities between PAHs and differ-

ent size particles, different emission sources and differ-

ent PAHs reactivity on photooxidation have also

been used to explain the differences of PAH distribu-

tion with respect to particle size (Venkataraman and

Friedlander, 1994; Allen et al., 1996; Venkataraman et

al., 1999). Moreover, it should be mentioned that fine

particles might coagulate each other and became into

coarse particles. If the main mechanism for PAHs asso-

ciated with coarse particles was only through coagula-
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Fig. 9. Fraction of PAH associated with coarse particles (Dp >
tion of particles, the PAHs profiles in fine and coarse

particles would be similar. Allen et al. (1996) have ex-

plained that the hypothesis was not true. Similar results

were found in this study. Fig. 9 demonstrates that the

fraction of PAH associated with coarse particles

(Dp > 2.1 lm) monotonically decrease as molecular

weight increase from 128 to 278 for both rural and ur-

ban samples. The more volatile PAHs volatilized more

rapidly from the fine particles and sorbed to the coarse

particles than the involatile PAHs. The distribution dif-

ferences indicated that higher molecular weight PAHs

did not attain an equilibrium distribution among differ-

ent particles we sampled. Particles would grow to the

equilibrium size for a relative humidity (RH) of 99%

(Slinn and Slinn, 1980). In this study, the data of mean

RH are below 66% with a small variation (Table 3) and

the effects of RH on the size distribution of PAHs

would be ignored (Tsai et al., 2004).
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4. Summary

In this study, we find samples collected from the rural

site had lower PAHs contents with respect to those col-

lected from urban site in winter. Precipitation, wind

speed, temperature were the major factors influenced

the PAHs concentrations associated with particles. No

significant differences of PAHs size distribution were ob-

served between rural and urban samples indicating

somewhat similar sources. But significant concentration

differences of PAHs were found at different level in

urban atmosphere due to the differences of sources and

transportation path. The highest concentrations of

PAHs at the height of 40 m indicate that emission from

coal combustion boiler chimney contribute more PAHs

in atmospheric particles. The MMD of total PAH in-

creased with the increasing of height suggesting that

vehicular emission contribute more fine particle-bound

PAHs in low atmosphere than higher atmosphere. Dif-

ferent gas-particle partitioning behavior of lower and

higher molecular weight PAHs could be the main factor

that influences the distribution of PAHs with respect to

different size particles.
Acknowledgements

Funding was provided by National Basic Research

Program of China (Grant 2003CB415004), National Sci-

entific Foundation of China (Grant 40332015,

40021101). We thank Mr. Zhang for allowing us to

use their corn field and power for this study. We are

grateful to Senior Engineer H. Bian, Y.Y. Xie and

Z.F. Li of the Meteorological Institute of Tianjin,

China, for lending us the meteorological tower and

instrumentation.
References

Allen, J.O., 1997. Atmospheric partitioning of polycyclic

aromatic hydrocarbons (PAH) and oxygenated PAH.

Sc.D. Thesis, MIT, Cambridge, MA.

Allen, J.O., Dookeran, N.M., Smith, K.A., Sarofim, A.F.,

Taghizadeh, K., Lafleur, A.L., 1996. Measurement of PAHs

associated with size-segregated atmospheric aerosols in

Massachusetts. Environ. Sci. Technol. 30, 1023–1031.

Bae, S.Y., Yi, S.M., Kim, Y.P., 2002. Temporal and spatial

variations of the particles size distribution of PAHs and

their dry deposition fluxes in Korea. Atmos. Environ. 36,

5491–5500.

Baek, S.O., Field, R.A., Goldstone, M.E., Kirk, P.W., Lester,

J.N., Perry, R., 1991. A review of atmospheric polycyclic

aromatic hydrocarbons: source, fate and behavior. Water,

Air, Soil Poll. 60, 273–300.

Bauman, S.E., Williams, E.T., Finston, H.L., 1982. Street level

versus rooftop sampling: carbon monoxide and aerosol in

New York City. Atmos. Environ. 16, 2489–2496.
Cancio, J.A.L., Castellano, A.V., Martin, S.S., Rodriguez,

J.A.S., 2004. Size distributions of PAHs in ambient air

particle of two areas of Las Palmas de Gran Canaria.

Water, Air, Soil Poll. 154, 127–138.

Chang, K.F., Fang, G.C., Lu, C.S., Bai, H.L., 2001. Particle

size distribution and anion content at a traffic site in Sha-

Lu, Taiwan. Chemosphere 45, 791–799.

Cotham, W.E., Bidleman, T.F., 1995. Polycyclic aromatic

hydrocarbons and polychlorinated biphenyls in air at an

urban and a rural site near Lake Michigan. Environ. Sci.

Technol. 29, 2782–2789.

Halsall, C.J., Coleman, P.J., Davis, B.J., Burnett, V., Water-

house, K.S., Harding-Jones, P., Jones, K.C., 1994. Polycyc-

lic aromatic hydrocarbons in UK urban air. Environ. Sci.

Technol. 28, 2380–2386.

Harrison, R.M., Smith, D.J.T., Luhana, L., 1996. Source

apportionment of atmospheric polycyclic aromatic hydro-

carbons collected from an urban location in Birmingham,

UK. Environ. Sci. Technol. 30, 825–832.

Hinds, W.C., 1982. Aerosol technology properties, behavior,

and measurement of airborne particles. John Wiley, New

York.

IARC, 1984. Polynuclear Aromatic Compound, Part 1. Chem-

icals, Environmental and Experimental Data. Monograph

32. International Agency for Research on Cancer, Lyon.

IARC, 1991. Monographs on the Evaluation of Carcinogenic

Risks to Humans, vol. 43–53. International Agency for

Research on Cancer, Lyon.

Kaupp, H., McLachlan, M.S., 2000. Distribution of polychlo-

rinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)

and polycyclic aromatic hydrocarbons (PAHs) within the

full size range of atmospheric particles. Atmos. Environ. 34,

73–83.

Kerminen, V.M., Makela, T.E., Ojanen, C.H., Hillamo, R.E.,

Vilhunen, J.K., Rantanen, L., Havers, N., Bohlen, A.V.,

Klockow, D., 1997. Characterization of the particulate

phase in the exhaust from a diesel car. Environ. Sci.

Technol. 31, 1883–1889.

Lee, W.J., Wang, Y.F., Lin, T.C., Chen, Y.Y., Lin, W.C., Ku,

C.C., Cheng, J.T., 1995. PAH characteristics in the ambient

air of traffic-source. Sci. Total Environ. 155, 185–200.

Offenberg, J.H., Baker, J.E., 1999. Aerosol size distributions of

polycyclic aromatic hydrocarbons in urban and over-water

atmospheres. Environ. Sci. Technol. 33, 3324–3331.

Oh, J.E., Chang, Y.S., Kim, E.J., Lee, D.W., 2002. Distribution

of polychlorinated dibenzo-p-dioxins and dibenzofurans

(PCDD/Fs) in different sizes of airborne particles. Atmos.

Environ. 36, 5109–5117.

Omar, N.Y.M.J., Abas, M.R.B., Ketuly, K.A., Tahir, N.M.,

2002. Concentrations of PAHs in atmospheric particles

(PM-10) and roadside soil particles collected in Kuala

Lumpur, Malaysia. Atmos. Environ. 36, 247–254.

Qin, Y., Kot, S.C., 1993. Dispersion of vehicular emission in

street canyons, Guangzhou city, South China (PRC).

Atmos. Environ. B 27, 283–291.

Richter, H., Howard, J.B., 2000. Formation of polycyclic

aromatic hydrocarbons and their growth to soot—a review

of chemical reaction pathways. Prog. Energy Combust. Sci.

26, 565–608.

Ristovski, Z.D., Morawaska, L., Bofinger, N.D., Hitchins, J.,

1998. Submicrometer and supermicrometer particulate



S.P. Wu et al. / Chemosphere 62 (2006) 357–367 367
emission from spark ignition vehicles. Environ. Sci. Tech-

nol. 32, 3845–3852.

Rocha, T.A.P., Horvath, H., Olivera, J.A.B.P., Duarte, A.C.,

1999. Trends in alkanes and PAHs in airborne particulate

matter from Oporto and Vienna: identification and com-

parison. Sci. Total Environ. 236, 231–236.

Rogge, W.F., Hildemann, L.M., Mazurek, M.A., Cass, G.R.,

1993. Sources of fine organic aerosol. 3. Road dust, tire

debris, and organometallic brakes lining dust: roads as

sources and sinks. Environ. Sci. Technol. 27, 1892–1904.

Schnelle-Kreis, J., Gebefugi, I., Welzl, G., Jaensch, T., Kettrup,

A., 2001. Occurrence of particle-associated polycyclic aro-

matic compounds in ambient air of the city of Munich.

Atmos. Environ. 35, S57–S81.

Sheu, H.L., Lee, W.J., Lin, S.J., Fang, G.C., Chang, H.C., You,

W.C., 1997. Particle-bound PAH content in ambient air.

Environ. Poll. 96, 369–382.

Slinn, S.A., Slinn, W.G.N., 1980. Predications for particles

deposition on natural waters. Atmos. Environ. 14, 1013–

1016.

Smith, D.J.T., Harrison, R.M., 1996. Concentrations, trends

and vehicle source profile of polynuclear aromatic hydro-

carbon concentrations in the UK atmosphere. Atmos.

Environ. 30, 2513–2525.

Strommen, M.R., Kamens, R.M., 1999. Simulation of semi-

volatile organic compound microtransport at different time

scales in airborne diesel soot particles. Environ. Sci.

Technol. 33, 1738–1746.

Tsai, P.-J., Shih, T.-S., Chen, H.-L., Lee, W.-J., Lai, C.-H.,

Liou, S.-H., 2004. Assessing and predicting the exposures of

polycyclic aromatic hydrocarbons (PAHs) and their carci-

nogenic potencies from vehicle engine exhausts to highway

toll station workers. Atmos. Environ. 38, 333–343.

US EPA, 1988. PCGEMS. Office of pesticides and toxic

substance exposure evaluation division. SC-TR-32-88-

027.
Vaeck, L.V., Cauwenberghe, K.A.V., 1985. Characteristic

parameters of particle size distributions of primary organic

consistents of ambient aerosol. Environ. Sci. Technol. 19,

707–716.

Vardar, N., Odabasi, M., Holsen, T.M., 2002. Particulate dry

deposition and overall deposition velocities of polycyclic

aromatic hydrocarbons. J Environ. Eng. 128, 269–274.

Venkataraman, C., Friedlander, S.K., 1994. Size distributions

of polycyclic aromatic hydrocarbons and elemental carbon.

2. Ambient measurements and effects of atmospheric

processes. Environ. Sci. Technol. 28, 563–572.

Venkataraman, C., Lyons, J.M., Friedlander, S.K., 1994. Size

distributions of polycyclic aromatic hydrocarbons and

elemental carbon. 1. Sampling, measurement methods, and

source characterization. Environ. Sci. Technol. 28, 555–562.

Venkataraman, C., Thomas, S., Kulkarni, P., 1999. Size distri-

butions of polycyclic aromatic hydrocarbons–gas/particle

partitioning to urban aerosols. J. Aerosol Sci. 30, 759–770.

Whitby, KT., 1978. The physical characteristics of sulfur

aerosol. Atmos. Environ. 12, 135–159.

Whitby, K.T., Husar, R.B., Liu, B.Y.H., 1972. The aerosols

distribution of the Los Angeles smog. J. Colloid Interface

Sci. 39, 177–204.

Wu, Y., Hao, J.M., Fu, L.X., Wang, Z.S., Tang, U.W., 2003.

Vertical and horizontal profiles of airborne particulate

matter near major roads in Macao, China. Atmos. Environ.

36, 4907–4918.

Wu, S.P., Tao, S., Xu, F.L., Dawson, R., Lan, T., Li, B.G.,

Cao, J., 2005. Polycyclic aromatic hydrocarbons in dustfall

in Tianjin, China. Sci. Total Environ. 345, 115–126.

Yang, H.H., Chiang, C.F., Lee, W.J., Hwang, K.P., Wu,

E.M.Y., 1999. Size distribution and dry deposition of road

dust PAHs. Environ. Intern. 25, 585–597.

Zoumakis, N.M., 1995. A note on average vertical profiles of

vehicular pollutant concentrations in urban street canyons.

Atmos. Environ. 29, 3719–3725.


	Particle size distributions of polycyclic aromatic hydrocarbons in rural and urban atmosphere of Tianjin, China
	Introduction
	Experiments
	Description of sampling sites
	Sample collection
	Analytical procedure
	Quality control and quality assurance
	Meteorological data collection

	Results and discussion
	Particle mass
	Total PAH concentrations
	Particle size distributions of individual PAHs

	Summary
	Acknowledgements
	References


