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Abstract This study was conducted to determine the

concentration of 16 polycyclic aromatic hydrocarbons

(PAHs) in sandstorm depositions in Beijing, China. The

PAH concentrations in 13 samples collected in Beijing

ranged from 0.18 to 3.52 lg g-1. Analysis of the sources

of contamination revealed that the PAHs were derived

from a coal combustion source, although various effects of

traffic emissions were also observed. Furthermore, the

PAH levels in Beijing tended to be higher in the southeast.

Finally, the nemerow composite index revealed that the

degree of pollution in the sandstorm depositions varied

widely among sampling sites.

Keywords China � Deposition � Polycyclic aromatic

hydrocarbons � Sandstorm

Polycyclic aromatic hydrocarbons (PAHs) are an important

class of organic pollutants that have received considerable

attention due to their carcinogenic and mutagenic properties

(Blackburn and Kellard 1986). As a result, sixteen

un-substituted PAHs are included in the US Environmental

Protection Agency (EPA) list of priority pollutants

that require monitoring. For these reasons, many studies

have recently been conducted to evaluate PAHs in the

environment (Durjava et al. 2007). PAHs are produced by

the incomplete combustion of organic materials or during

pyrolisis (Bernal-Martinez et al. 2007). Therefore, PAHs

are discharged into the atmosphere as both gases and aero-

sols, after which they are transported through the

atmosphere until they are ultimately deposited in the ter-

restrial environment. Atmospheric deposition is likely a

predominant source of PAH loading into the terrestrial

environment (Franz et al. 1991). Atmospheric depositions

are important factors in controlling the regional and global

distribution of PAHs, as well as assessing their impact on

ecosystems. Furthermore, sandstorms that distribute a great

number of particles are unique atmospheric occurrences that

occur frequently in northern China. For example, northern

China experienced eleven sandstorms in 2006. One of these

sandstorms covered approximately 13% of China and

deposited about 330,000 tons of sand/dust in Beijing (Han

et al. 2007). Northeast China is one of the areas most

affected by sandstorms. Beijing, which is located in north-

east China, is one of the most densely populated cities in the

world, with more than 15 million residents. Sandstorms have

seriously contaminated Beijing’s atmosphere and have had a

direct influence on public health. However, the sources of

human exposure to PAHs remain poorly understood and few

studies have been conducted to evaluate the contamination

caused by sandstorm particles. Furthermore, the level of

pollutants in deposition from sandstorms has not been well

characterized. Because PAHs can easily accumulate in

particles, contamination by sandstorm deposition can have a

direct impact on public health by increasing the risk of

human exposure via inhalation, ingestion or direct skin

contact (Blackburn and Kellard 1986). Therefore, further

information regarding the presence of PAHs in sandstorm

deposition is needed to better understand their environ-

mental behavior and source-sink relationships.
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This study was conducted to evaluate the concentration

of 16 PAHs in sandstorm depositions in Beijing. Because

there is little data regarding PAHs in environmental media

in China, we conducted this study to determine both the

concentration and profile of PAHs in sandstorm deposition

samples obtained from urban areas of Beijing. The primary

objective of this study was to identify the possible sources

of pollution in the sandstorm depositions of Beijing.

Materials and Methods

A serious sandstorm that developed in a Mongolian

cyclone blew over Beijing on April 16, 2006 (Han et al.

2007). During the sampling period, the climate in Beijing

was dominated by temperate semi-wet monsoon condi-

tions, and the mean temperature was 14�C. We obtained

sandstorm deposition samples from 13 urban sites in Bei-

jing, China (Fig. 1) on April 17, 2006. The area of the

sampling region was 750 km2. Samples were collected

from platforms (0.5–1.0 m high with an area of and 3 m2)

during the daytime (between 8:00 A.M. and 6:00 P.M.

[10 h day-1]) when there was no precipitation. Composite

samples comprised of three subsamples obtained at each

sampling site were then transferred into precleaned amber

glass bottles and stored at 4�C until they were extracted,

which was usually done within 72 h. We then analyzed the

particle size distributions of the sandstorm deposition

samples using a Laser Particle Size Analyzer (Mastersizer

2000; Malvern Co., United Kingdom).

A mixed PAH standard solution (1,000 lg mL-1) that

included naphthalene (Na), acenaphthylene (Acy), acenaph-

thene (Ace), fluorene (Fl), phenanthrene (Phe), anthracene

(An), fluoranthene (Flu), pyrene (Pyr), benz[a]anthracene

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

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

[1,2,3-cd]pyrene (InP), dibenz[a,h]anthracene (DBA), and

benzo[g,h,i]perylene (BghiP) was purchased from Sigma

Aldrich, St. Louis, MO (Milwaukee, WI, USA). In addition,

2-flurobiphenyl (2-FBP), which was used as a surrogate

standard, was purchased from Supelco (Bellefonte, PA,

USA). The standards were diluted to the desired concentra-

tion using isooctane and then used as working standards.

Silica gel (100–200 mesh) was purchased from Qingdao

Haiyang Chemical Co. (Qindao, China) and then activated in

a drying oven at 550�C for 6 h. Anhydrous sodium sulfate

(Beijing Chemical Factory, Beijing, China) was heated at

600�C for 12 h prior to being used to eliminate organic

contamination. All solvents used were of pesticide grade and

purchased from J. T. Baker (Phillipsburg, NJ, USA).

Five grams of each sample were weighed accurately and

then ground into a free-flowing powder with anhydrous

sodium sulfate with a mortar and pestle. The samples were

then extracted with 30 mL of hexane/acetone (1:1, v/v) by

ultrasound at 3,000g for 4 min, after which the samples

were centrifuged and the supernatant removed. This pro-

cess was repeated three times, after which the extracts were

purified using a chromatograph column (30 cm 9 10 mm

i.d.) containing 6 g of activated silica gel and 2 g of

anhydrous sodium sulfate. The fraction containing the

PAHs was then eluted using 25 mL hexane/dichlorometh-

ane (3:2, v/v), after which the solvent was evaporated to

100 lL under a gentle N2 stream and stored for subsequent

analysis.

The PAHs were analyzed using an Agilent 6890 gas

chromatograph equipped with a flame ionization detector.

Separation was performed on a 30 m DB-5MS

(30 m 9 0.25 mm i.d., 0.25-lm film thickness) capillary

column. The temperature of the injector and detector were

280�C and 300�C, respectively. After the sample was

injected, the GC column was maintained at 70�C for 2 min,

then ramped at 4�C min-1 to 280�C and held at this tem-

perature for 10 min. The total run time was 54.5 min.

To confirm the PAH results, selected typical samples

were evaluated using an Agilent 6890 series gas chromato-

graph coupled to an Agilent 5973 mass spectrometer using

an electron impact ionization source in the selected ion

monitoring mode. In EI mode, the MS source temperature

was 230�C, the transfer line was 300�C and the electron

energy was 70 eV. Gas chromatographic separation was

then conducted under the conditions described above.

In addition, a laboratory method control group was

analyzed to demonstrate that the samples were not affected
Fig. 1 Sampling sites of sandstorm deposition in urban areas of

Beijing
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by interference or cross-contamination. Furthermore, a

procedural blank was run in parallel for every set of 6

samples to check for interference and cross-contamination.

Moreover, duplicate samples were analyzed in the labora-

tory as an additional quality control tool to ensure the

validity of the results. The instrument stability and relative

response factor variance were also measured by analyzing

the calibration standard solutions during the analysis each

sample batch.

Identification of PAHs was confirmed, after which the

concentrations were measured using an external quantifi-

cation standard consisting of known amounts of the target

compound. The following quality control criteria were used

to ensure correct identification of the target compound: (a)

The GC retention times matched those of the standard

compounds within ± 0.05 min. (b) The signal-to-noise

ratio was greater than 3:1. The limits of detection for the 16

PAHs were defined as a signal-to-noise ratio greater than

three times the average baseline variation and were within

the range of 1.80–2.53 ng g-1 (dry weight). The matrix

spike recoveries of the 16 PAHs were within the range of

76–106%, with a standard deviation of 10%. The recovery of

the 2-FBP in all samples was in the range of 70–90%.

Results and Discussion

PAHs were detected in all sandstorm deposition samples.

The total concentration of PAHs (the sum of all 16 PAHs)

ranged from 0.18 to 3.52 lg g-1 (median: 0.40 lg g-1, dry

weight) (Table 1). Few studies have been conducted on

sandstorm deposition to date; however, it is known that

sandstorm deposition directly influences surface soil.

Therefore, we compared the concentrations of PAHs in the

samples collected for this study to soil concentrations that

have been previously reported. In China, the PAH concen-

trations in soil vary widely among cities and regions, and

occasionally within the same city (e.g., Beijing) (Caia et al.

2008). Specifically, the sum concentrations of PAHs

(RPAHs) in soils collected from different regions of China

range from not detectable (Hong Kong) to 27.8 mg kg-1

(Beijing), with a mean value of 1.2 (± 1.1) mg kg-1

(mean ± S.D.) (Caia et al. 2008). These values were much

lower than the PAH concentrations in urban soils from other

countries, including New Orleans, USA (3.731 lg g-1 as

median) (Mielke et al. 2001), Tokushima, Japan

(0.611 lg g-1 as mean) (Yang et al. 2002) and Estonia

(2.200 ± 1.396 lg g-1) (Trapido 1999).

The composition of PAHs produced by different sources

varies significantly. Therefore, the characteristic spectrum of

PAHs can be used to identify their sources. The ratios of the

sum of the major combustion specific compounds (RCOMB,

including Flu, Pyr, BaA, Chr, BbF, BkF, BaP, InP and Bghip)

to the sum of the 16 EPA-PAHS (RCOMB/REPA-PAHs), as

well the An/(An ? Phe) and Flu/(Flu ? Pyr) ratios are

generally used to identify the sources of PAHs (Table 1)

(Zhang et al. 2004). In general, combustion induces the

production of relatively higher concentrations of RCOMB;

therefore a large proportion of RCOMB is characteristic of

PAHs that originated from combustion processes (Zhang

et al. 2004). Conversely, an An/(An ? Phe) ratio of\0.10

generally indicates that the PAHs were formed by petroleum

combustion while an An/(An ? Phe) ratio[0.10 indicates

that the source of the PAHs was coal combustion (Budzinski

et al. 1997). Furthermore, cruel oil samples generally pro-

duce a Flu/(Flu ? Pyr) ratio of\0.40 while coal combustion

Table 1 Total PAHs, low molecular weight PAHs (2–3-ring PAHs, LMW PAHs), high molecular weight PAHs (4–6-ring PAHs, HMW PAHs),

selected PAH ratios and the nemerow composite index (p) values of sandstorm deposition samples

Sampling

sites

Total PAHs

(lg g-1)

LMW PAHs

(lg g-1)

HMW PAHs

(lg g-1)

RCOMB/REPA-

PAHs

An/

(An ? Phe)

Flu/

(Flu ? Pyr)

BaP/

BghiP

p

1 0.29 0.03 0.26 0.79 0.04 0.33 0.69 1.39

2 0.54 0.10 0.44 0.75 0.25 0.34 0.81 1.40

3 0.18 0.60 0.12 0.64 0.07 0.52 1.02 0.79

4 0.31 0.12 0.20 0.59 0.28 0.52 0.48 0.39

5 3.52 0.87 2.66 0.68 0.15 0.44 1.21 10.46

6 0.19 0.03 0.16 0.79 0.82 0.46 5.58 2.39

7 0.47 0.18 0.29 0.59 0.27 0.50 2.07 1.36

8 2.47 0.44 2.03 0.79 0.00 0.58 1.17 17.64

9 0.19 0.07 0.12 0.57 0.46 0.34 0.26 0.22

10 0.40 0.04 0.35 0.71 0.02 0.56 2.21 2.40

11 0.78 0.13 0.66 0.82 0.18 0.54 1.44 4.42

12 0.72 0.07 0.65 0.86 0.46 0.30 5.71 2.89

13 0.32 0.01 0.26 0.72 0.46 0.52 1.73 0.40
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generates a Flu/(Flu ? Pyr) ratio of [0.40 (Zhang et al.

2004). In the present study, the ratios of the RCOMB/REPA-

PAHs ranged from 0.57 to 0.86, which indicates that

extensive combustion activities affected the PAHs in the

sandstorm depositions. Furthermore the An/(An ? Phe)

ratio ranged from 0 to 0.82, with a median value of 0.25 and

the Flu/(Flu ? Pyr) ratio ranged from 0.30 to 0.58 with a

median value of 0.50. These findings further demonstrate

that the PAHs originated from coal combustion sources.

The BaP/BghiP ratio can be used to distinguish traffic

exhausts from coal combustion sources. For example, a

BaP/BghiP of 0.3–0.44 indicates that the PAHs originated

from auto exhaust, whereas a ratio of 0.9–6.6 indicates that

the source was coal combustion (Sawicki 1962). Further-

more, a Flu/(Flu ? Pyr) ratio of \0.40 is characteristic of

crude liquid fossil fuel (traffic emission) combustion,

whereas a ratio of [0.4 is characteristic of grass, wood or

coal combustion (Zhang et al. 2004). In the present study,

the ratio of BaP/BghiP ranged from 0.26 to 5.58, with a

median value of 1.21. In addition, 70% of the samples had

a BaP/BghiP ratio of 0.9–6.6. Moreover, 70% of the Flu/

(Flu ? Pyr) ratios were[0.4. As shown in Fig. 2, a plot of

the BaP/BghiP ratio versus the Flu/(Flu ? Pyr) ratio

revealed that 62% of the samples fell within the combus-

tion zone (I), which suggest that coal combustion is the

primary source of the PAHs in the sandstorm depositions.

However, 3 samples had a Flu/(Flu ? Pyr) ratio of \0.4

and a BaP/BghiP ratio of \0.9, which indicated that the

source was traffic emission. Finally, 2 samples had a Flu/

(Flu ? Pyr) ratio of [0.4 and a BaP/BghiP ratio of \0.9,

which indicates that the source was a mixture of coal

combustion and traffic emission. Taken together, these

results indicate that the primary combustion source was

coal combustion, but that traffic emissions also influenced

the presence of PAHs in the sandstorm depositions col-

lected from urban areas in Beijing.

Another interesting finding of this study was that there

was a general increase in PAHs concentrations from the

northwest to the southeast in Beijing (Fig. 3). However,

there was no significant correlation among the RPAHs and

minimum particle size (r = 0.10, p \ 0.05). Therefore,

these findings may have occurred due to the location of the

industrial zone, which is in southeast Beijing. If so, this

would indicate that the major source of PAHs in Beijing

was local energy consumption associated with industry. It

has been shown that a large amount of waste gas or par-

ticles containing PAHs are emitted into the atmosphere as a

result of incomplete combustion during industrial activi-

ties, and that these PAHs are subsequently transferred to

soil via deposition (Trapido 1999). Taken together, these

factors could explain the increased tendency of contami-

nation from northwest to southeast in the urban areas of

Beijing.

We used the nemerow composite index (p value), which

is as follows, to assess the environmental quality of the

samples collected in this study:

P ¼ Piavð Þ2þ Pimaxð Þ2
h i

=2
n o1=2

where Piav is the average value of the individual pollutants

indices and Pimax is the maximum value of the individual

pollutants indices (Ge et al. 2005). The values of 9 PAHs

in the samples collected for this study were then compared

to the target values specified for soils in the environmental

standards of the Netherlands. The risk assessment indices

used were Na, Phe, An, Flu, BaA, Chr, BaP, InP and BghiP

Fig. 2 PAH cross plot of the ratios of Flu/(Flu ? Pyr) versus BaP/

BghiP in sandstorm deposition samples collected from urban areas of

Beijing

Fig. 3 Distribution of RPAHs in urban areas of Beijing (data in the

Figure are in lg g-1)
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(Aannokkee 1990). The nemerow composite index

(p value) may indicate the role of pollutants in the soil,

especially the effect of high concentrations on soil envi-

ronmental quality; therefore, it is commonly used to assess

environmental pollution by PAHs (Ge et al. 2005).

Because sandstorm depositions have a direct influence on

surface soil, we used this standard to assess the PAHs in the

sandstorm deposition. Based on the indices, environmental

quality is divided into five environmental pollution grades,

cleanness (safety) (p B 0.7), warning value (0.7 \
p B 1.0), light pollution (1.0 \ p B 2.0), middle high

pollution (2.0 \ p B 3.0) and heavy pollution (p [ 3.0)

(State Environmental Protection Administration of China

(SEPA) 2004). The results revealed that the nemerow

composite indices of the sandstorm deposition ranged from

0.22 to 17.64 (Table 1). Furthermore, 77% of the sand-

storm deposition sampling sites had different grades of

pollution and approximately 23% of these sites had a value

of safety (cleanness). Because PAHs can act as endocrine

disruptors, these findings indicate that it is necessary to

monitor their status continuously.
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