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Abstract Representative agricultural soil samples from

Tianjin, the third biggest city in China, were investigated

for 16 PAHs in 2008 (n = 87) and 2012 (n = 60). Surface

soil samples were air-dried and sieved. The total PAH (T-

PAH) concentrations ranged from 29.7 to 4502.5 ng/g

(mean value 619.9 ng/g) in 2008; and from 228.6 to

14,722.1 ng/g (mean value 1295.8 ng/g) in 2012. Bap

concentrations exceeded the suggested standards at many

sites. Bap and T-PAH spatial variations were represented

with maps. The pollution status was also compared to many

other cities. PAH soil pollution near the urban areas was

found to be serious in both 2008 and 2012. Pollution at

some sites became severer in 2012 comparing to that in

2008. Principal component analysis and two indicative

ratios were employed to find the potential sources. The

results in the 2 years both revealed that the major source of

soil PAHs was coal combustion, which coincided well with

the previous studies. The study added to the basic data of

local PAH distribution, and pointed out a proper way for

the government to reduce the pollution.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs), also known as

polynuclear aromatic hydrocarbons, are fused aro-

matic rings without any heteroatoms or substituents.

PAHs are widespread pollutants; more than 20 % of

the carbon in the universe may be associated with PAHs.

Many PAHs are strongly potent carcinogens and mutagens

(Hoffman and Wynder 1971; Grimmer 1983; Perera 1997),

PAHs are also potential and serious threats to human health

over a long period (Menzie et al. 1992). So, the source,

occurrence, transport and fate of PAHs in natural environ-

ments have been extensively studied.

Volcanic eruptions, plant emissions and natural fires

were the natural sources of PAHs. Without anthropogenic

pollution, the typical PAH concentrations in soil ranged

from 1 to 10 ng g-1 (Edwards 1983). PAHs are also

formed by incomplete combustion of carbon-containing

fuels such as wood, coal, diesel, fat, tobacco, and incense

(Kavouras et al. 2001). Influenced by human activities,

PAH concentrations were highest in urban areas, then in

suburban areas, and rural transect (Wang et al. 2007). Soils

in suburban areas of cities were usually used as agricultural

fields; therefore, they could strongly affect the food chain

and human health of local residents. However, soils in

suburban areas were also liable to be polluted by PAHs

generated or transferred from cities. For example, in a

mega-city in China, Tao et al. (2004) have revealed that

agricultural soils and vegetables, especially those from the

site located immediately next to an urban district, are

severely contaminated by PAHs.

Many researches on the PAH pollution in Tianjin (N:

38�340–40�150; E: 116�430–118�1940, Fig. 1), a China

metropolis that covers 11 thousand square km2 and has

more than 11 million population, were carried out before
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2004 and most of these studies mainly laid their emphasis

on urban area. PAH pollution to the agricultural soil was

not investigated since 2004. So, in 2012, a systematic and

extensive PAH survey was launched to evaluate the spa-

tial–temporal variation, the pollution status changes and

the sources in this area, as an extended study in 2008.

Materials and methods

In 2008, the sampling sites, the analytical method and the

quality control results could refer to Lv et al. (2010).

Samples collected in 2012 were analyzed as follows:

cyclohexane, acetone (pesticide grade), acetate and

dichloromethane (pesticide grade) were purchased from

Fisher (Fair Lawn, NJ, USA). EPA M-610, 1 mL 0.1 mg/

mL and EPA M-525-IS, 1 mL 2.0 mg/mL in acetone were

from Accustandard Inc. (CT, USA) were used for standard

and 2D-labeled surrogate standards separately. 2 D-surro-

gate was spiked (40 mg/L, 25 lL) before sample pre-

treatment in all samples. The sampling sites in suburban

districts of Tianjin are illustrated in Fig. 1. All samples

were sampled in October 2012. Total 60 soil samples

(0–5 cm soil layer, 1 kg each) were collected, each of

which was composed of 10–20 subsamples collected within

the 10 9 10 m2 of sampling site. Samples were kept in

dark and then transported to the laboratory. In the lab, the

samples were air dried, ground, sieved through a 50 mesh

sieve, and stored at -20 �C before analysis.

Accelerated solvent extraction (ASE) was used for

extraction (Lv et al. 2009). 16.0 g sample was weighed,

mixed with 5 g silica and poured to 34 mL ASE cell.

Extraction solvent was used as acetone:dichloromethane

(1:1). The extraction temperature and pressure were set at

120 �C and 1500 psi separately. The extracts were col-

lected after 5 min extraction twice, evaporated to near-

dryness and reconstituted with 9 mL cyclohexane:acetone

(1:1). The extracts then were cleaned with GPC (LC Tech,

Germany). Cyclohexane:acetone (1:1) with flow rate at

5.0 mL/min was used as mobile phase; the pressure was set

at 130/140 mbr. 1340–3380 s elution was collected. The

elutions were concentrated to nearly dry and the solvent

was replaced with 2 mL dichloromethane. Florisil car-

tridges were used for further cleanup. 5 mL dichlor-

omethane was used to activate the columns by flowing

through the column under gravity. Then, samples were

drawn through the activated column slowly by a vacuum

pump. Finally, dichloromethane was used to elute the

PAHs three times (3 mL each time). The eluents were

concentrated to 1 mL under gentle nitrogen gas flow before

being injected into the gas chromatography–mass spec-

trometer (GC–MS).

PAHs were quantified on Agilent 6890 gas chromatog-

raphy with Agilent 5973N mass spectrometer with electron

impact ion source. The instrumental parameters referred to

the study in 2008 (Lv et al. 2010). Spiked tests indicated

that recoveries of 16 PAHs were 64.6 % (naphthalene)–

111.9 % (benzo(a)pyrene, Bap) with relative standard

deviation (RSD) (n = 3) 1.3 % (fluorene)–16.5 % (naph-

thalene). The detection limits varied in 0.16–9.36 ng/g

depending on the analytes. The recoveries of surrogate in

all samples ranged from 71.1 to 107.2 %.

Fig. 1 Sampling sites
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Results and discussion

The PAH level in soil samples are shown in Table 1. It can

be seen that the total range and average concentrations of

tested PAHs (T-PAHs) in 2012 are 228.6–14,722.1 and

1295.8 ng/g, respectively, and they are obviously higher

than 29.7–6734.7 and 619.86 ng/g of 2008 (Lv et al. 2010),

which were found in four suburban districts. This phe-

nomenon reveals that PAH pollution at some sites did not

improve and even worsened in the 4 years.

T-PAH spatial distribution is clearly shown in Fig. 2. It

is clearly shown that more sampling sites near urban areas

were with higher T-PAHs compared to those sites far from

the urban areas. It also revealed that the soils near the urban

areas were seriously polluted, especially to the upwind

(south-west) and downwind (north-east) site. These areas

were more readily affected by the highly developed

industrial areas and busy traffic. In 2012 sampling, rural

sites far from urban areas, such as site 5, 15, 37, 13, 14 in

the north-east, 34 in the south-west were further monitored,

the results showed that PAH concentrations in these rural

transects were much lower than the other sites. The long

distance from the human activities in city should account

for the PAH pollution decrease.

Figure 3 shows the toxic equivalents quantity (TEQ) of
P

16 PAHs based on Bap toxicity values. TEQ distributions

appeared with similar trends as T-PAH distributions. The

highest TEQ values in 2008 and 2012 were both detected in

Dongli district which was located the nearest to the urban

areas. The highest TEQ value in 2012 was 2235.8 ng/g and

much higher than that of 2008 (1200 ng/g).Maliszewska

(1996) has proposed a classification method based on the

T-PAH concentrations. If the T-PAH concentration was less

than 200 ng/g, the soil should be classified as non-con-

taminated soil; 200–600 ng/g as weakly contaminated soil,

600–1000 ng/g as contaminated soil, and 1000–10,000 ng/

g as heavily contaminated soil. According to this classifi-

cation, 31 of total 60 sites should be classified at least as

contaminated soil in 2012. In 2008, more than 36.3 % sites

in Xiqing, 40.9 % in Dongli, 34.8 % in Jinnan and 15.0 %

in Beichen were classified at least as contaminated soil. The

ratio in 2012 (51.7 %) was much higher than those in 2008.

Few recommendation or guideline of T-PAHs in soil were

found even worldwide, Bap concentrations were found

always linear with T-PAHs and often used as indicative

parameter, so Bap concentrations were also employed to

evaluate the pollution status in this study. Figure 4 shows

the Bap concentrations. Canadian Soil Quality Control

Standard (the black line, 100 ng/g), and the target of pol-

luted soil treatment in Netherlands (the grey line, 25 ng/g)

were illustrated. 51.7 % (31/60) sites exceeded the grey

line, 12.0 % (12/60) sites exceeded the black line in 2012.

In 2008, 45.5 % sites in Xiqing, 50 % in Dongli, 52.2 % in

Jinnan, 30.0 % in Beichen exceeded the grey line, 13.6 %

sites in Xiqing, 27.3 % in Dongli, 8.7 % in Jinnan exceeded

the black line. Generally similar pollution status was

observed in 2012 and 2008.

Comparison of PAH soil pollution in this study and in

many other cities is listed in Table 2. PAH concentrations

were much higher than those reported in most previous

Table 1 PAHs in soil samples

from Tianjin in 2008 and 2012
Abbr. 2008 2012

Min Max Average Median Min Max Average Median

Nap 2.72 132.76 19.21 12.85 0 440.70 68.22 55.09

Acpy 0 188.72 6.13 1.91 0 697.41 35.20 6.25

Acp 1.23 191.06 18.50 12.47 0 30.98 4.44 2.21

Flu 0 70.89 3.83 1.69 0 77.96 12.82 8.97

Pa 1.98 336.11 39.32 19.82 7.45 1090.95 131.23 84.88

Ant 0.50 336.11 17.70 6.27 0.45 107.37 11.55 4.66

Fl 2.39 792.38 63.84 20.43 0 3277.53 254.84 82.19

Pyr 1.17 728.17 57.21 18.10 1.00 1977.07 153.62 46.84

Baa 0.23 386.42 34.27 11.47 0.47 841.39 68.67 27.82

Chr 0.72 506.11 46.41 17.03 0.85 1210.37 97.87 33.32

Bbf 0 1010.13 105.02 34.19 1.38 1362.15 117.76 43.85

Bkf 0 517.55 37.75 13.84 0.23 549.01 43.27 13.00

Bap 0 727.72 53.09 18.95 0.37 1118.31 86.60 28.14

Ind 0 243.70 24.84 9.66 0 347.57 33.43 9.82

Dba 0 252.47 23.39 8.27 1.23 774.88 69.90 25.50

Bghip 0 885.51 69.34 27.30 2.37 1236.80 106.37 37.94

Sumary 29.65 6734.74 619.86 266.16 22.86 14,722.14 1295.79 1295.8
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studies, except Iskenderun, an industrial area in Turkey.

The results were even only a bit lower than those moni-

tored in the urban areas in Shanghai.

Principal component analysis (PCA) is a powerful and

useful method in the PAH source identification (Li et al.

2006; Cincinelli et al. 2007). Pa, Flu, Pyr, Ant and HMW

PAHs were typical representation of coal combustion

(Harrison et al. 1996). High contents of Flu and Ant rep-

resent coking sources; Baa and Bap represent household

cooking and gas combustion (Rogge et al. 1993). In this

study, high loading values of all PAHs except Acp (0.287),

and Acpy (0.842) were found in 2012 results in which one

component was identified to account for 88.3 % variance.

The results coincided well with those in 2008 (Lv et al.

2010). So, coal combustion was verified as one of the

primary sources. Fl/(Fl ? Pyr) and Baa/(Baa ? Chr) were

two indicative ratios also usually used to identify the

possible sources. Fl/(Fl ? Pyr) higher than 0.5 or Baa/

(Baa ? Chr) higher 0.35 hinted that coal combustion pre-

dominated the PAH sources (Sicre et al. 1987; Yunker

et al. 1999, 2002). Figure 5 shows that Fl/(Fl ? Pyr) at 81

sites in 2008 and 58 sites in 2012, Baa/(Baa ? Chr) at 65

sites in 2008 and 50 sites in 2012 were all indicative for the

T-PAH
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Fig. 4 Bap concentrations in soil samples
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PAH sources from coal combustion, suggesting that the

main sources of PAHs are still relative to coal combustion.

Conclusion

The total concentrations of tested PAHs (T-PAHs) and

TEQs in 2012 were found with similar spatial distributions

with the results reported in 2008. However, PAH pollution

at some sites was not improved and even worse in the

4 years. Concentrations of Bap at many sites were higher

than the suggested standards. T-PAH and Bap spatial

variation in soil was illustrated with map. It revealed that

serious PAH soil pollution was still found at sites near the

urban areas. Some sites at the downwind side of the urban

areas were found with much higher PAH concentrations,

which was also an apparent reflection of the human

activities. PCA results indicated that coal combustion was

the predominant PAH soil source, and it was further con-

formed by two diagnostic ratios. The results will help the

local government to take corresponding steps to control the

PAH soil pollution in this area.
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