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Benzene is a known human carcinogen causing leukemia, yet ambient air quality objectives for benzene are not
available in China. The ambient benzene levels at four background sites in China'smost developed coastal regions
were measured from March 2012 to February 2013. The sites are: SYNECP, in the Northeast China Plain (NECP);
YCNCP, in the North China Plain (NCP); THYRD, in the Yangtze River Delta (YRD) and DHPRD, in the Pearl River
Delta (PRD). It was found that the mean annual benzene levels (578–1297 ppt) at the background sites were
alarmingly higher, especially when compared to those of 60–480 pptv monitored in 28 cities in the United
States. Wintertime benzene levels were significantly elevated at both sites (SYNECP and YCNCP) in northern
China due to heating with coal/biofuels. Even at these background sites, the lifetime cancer risks of benzene
(1.7–3.7E−05) all exceeded 1E−06 set by USEPA as acceptable for adults. At both sites in northern
China, good correlations between benzene and CO or chloromethane, together with much lower toluene/ben-
zene (T/B) ratios, suggested that benzene was largely related to coal combustion and biomass/biofuel burning.
At the DHPRD site in the PRD, benzene revealed a highly significant correlation with methyl tert-butyl ether
(MTBE), indicating that its sourcewas predominantly from vehicle emissions. At the THYRD site in the YRD, higher
T/B ratios and correlations between benzene and tetrachloroethylene, orMTBE, implied that benzene levelswere
probably affected by both traffic-related and industrial emissions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Benzene has been classified as a known Group I human carcinogen
by the International Agency for Research on Cancer (IARC) (WHO,
1999). It has been estimated that a lifetime exposure of 1 μg/m3 of ben-
zene leads to about 6 cases of leukemia per 1,000,000 inhabitants
(WHO, 2000). Benzene may also cause central nervous system depres-
sion, cardiac arrhythmias, respiratory irritation and aplastic anemia
(USEPA, 2002). As one of the most important hazardous air pollutants
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with adverse health effects, benzene in ambient air is widely regulated
in many countries, or regions, to protect public health. For example,
an annual limit of 5 μg/m3 was recommended for benzene in ambient
air by the European Union (EU, 2008), and the Inhalation Minimal
Risk Level (MRL, at a cancer risk of 1 in 10,000) of 4.0 ppbv was
established by the United States Environmental Protection Agency for
benzene (USEPA, 2009a). These guidelines, or limits, for ambient ben-
zene levels, however, are not available in China.

Since benzene has been forbidden to be used in solvents, the main
emission sources are from combustion processes, including biomass/
biofuel burning and fossil fuel combustion (Andreae and Merlet, 2001;
Moreira dos Santos et al., 2004; Liu et al., 2008). The rapid economic
growth in recent decades has resulted in coal consumption in China
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reaching 2.41 billion tons Standard Coal Equivalent (SCE) by 2012, the
number of vehicles surging to over 100 million with 37.5 million tons
of gasoline, and 107million tons of diesel being consumed by the trans-
portation sector (NBSC, 2013a). Besides fossil fuels, it was estimated
that 110–158million tons per year of agricultural residues were burned
in situ (Streets et al., 2003; Yan et al., 2006), and 522–568million tons of
stalks and firewood were used for cooking and heating in rural areas in
China (NBSC, 2008). This huge fuel consumption induces a large amount
of primary air pollutants, including benzene, being emitted into the at-
mosphere (Klimont et al., 2002;Wei et al., 2008, 2014). As estimated by
Wei et al. (2014), total emissions of benzene in China were up to 1.06
million tons in 2005. With these massive benzene emissions, there are
serious concerns for public health, and the regulation of ambient ben-
zene level is of high importance in China.

More importantly, China's east–west imbalance in economic status
and population density makes the health risks of ambient benzene a
more alarming problem. The ten developed coastal provinces or munic-
ipalities, including Liaoning, Hebei, Beijing, Tianjin, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian and Guangdong, covered 10.9% of China's
land area. However, together they contained 40.6% of China's popula-
tion in 2012, and they accounted for 61.3% of the Gross Domestic Prod-
uct (GDP); 68.6% of the Gross Industrial Output; 27.9% of grain
production; 54.8% of vehicle numbers and 50.5% of fossil fuel consump-
tion (NBSC, 2013a). This implies that a larger portion of China's benzene
emissions are concentrated in the densely populated coastal regions
and, therefore, a large proportion of the population is exposed to elevat-
ed benzene levels in the ambient air. Previous studies in urban areas of
this region, such as Beijing (Liu et al., 2009; Zhang et al., 2012a,b; Li et al.,
2014) and Guangzhou (Wang et al., 2002; Barletta et al., 2008; Zhang
et al., 2013), showed much higher benzene levels when compared to
those reported in Europe, or in the United States. Even early in Janu-
ary–February 2001, benzene was found to pose potential health risks
from a survey of volatile organic compounds (VOCs) in 43 Chinese cities
(Barletta et al., 2005),mostly in the eastern areas. In China, the leukemia
incidence rate was 4.3 per 100,000 in 2012 (Ferlay et al., 2013), with
urban areas showing a higher occurrence than rural areas (Chen et al.,
2012; Liu et al., 2013). In 2012, leukemia cases reported in China
reached 65,778, accounting for 18.7% of the world's total leukemia oc-
currences (Ferlay et al., 2013). It is of high importance to investigate
whether benzene exposure levels in China is a factor contributing to
leukemia incidence.

To date, a systematic health risk assessment for benzene exposure
has not been undertaken in China, and very few health risk studies are
Fig. 1. Locations of the four sampling sites (green cycle) in Ch
available with a focus on urban environments (Zhou et al., 2011;
Zhang et al., 2012a; Li et al., 2014). The results of previous studies in
urban areas cannot be regarded as representative of those in the
whole developed coastal regions because field measurements were
conducted at sites close to emission sources, and conducted over very
short time spans. Monitoring of benzene levels at more background
sites would, therefore, not only reveal background exposure levels,
but also reflect the impact of regional social–economic changes. Unfor-
tunately, monitoring at background or remote locations is scarce and
sporadic in China (Guo et al., 2004; Tang et al., 2009; Suthawaree
et al., 2010; Xue et al., 2013; Zhang et al., 2014). To fully understand
the exposure levels and the potential health risks, long-term measure-
ments are needed. Furthermore, identifying major sources of benzene
is crucial to reducing emissions.

In this study, we monitored benzene levels at four background sites
in China's most developed coastal regions concurrently for a one-year
period. The sites were located in the Northeast China Plain (NECP), the
North China Plain (NCP), the Yangtze River Delta (YRD) region, and in
the Pearl River Delta (PRD) region. The purposes of this study are:
(1) to investigate the background exposure levels of benzene in the
most developed coastal regions; (2) to explore the main emission
sources of benzene and their spatiotemporal patterns; and (3) to esti-
mate the potential health risks of benzene in these developed regions.

2. Methodology

2.1. Description of sampling sites

The geographical locations of the sampling sites are shown in Fig. 1.
The sites are all research stations included in the Chinese Ecosystem Re-
search Networks (CERN, available at: http://www.cern.ac.cn/0index/
index.asp/; last access: 19 June 2014). They are all located at rural or re-
mote areas without factories and workshops in the neighborhood, and
they are suitable sites to monitor regional background atmospheric
compositions.

The SYNECP site (Shenyang; 41.50°N, 123.40°E) is located in the
Northeast China Plain (NECP), which has long been a famous base of
China's heavy industry and a center of mining industry since 1953.
Located in the center of the Liaoning Province, the SYNECP site can re-
ceive air pollutants from the surrounding industrial cities. The site is
35 km south of the provincial capital Shenyang, 38 km northwest of
Benxi, 32 km to the northeast of Liaoyang and 55 km to the northeast
of Anshan, making it a good regional monitoring station.
ina's most developed coastal regions (red colored areas).
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The YCNCP site (Yucheng; 36.95°N, 116.60°E) is located in theNCP re-
gion, which geographically includes Beijing and Tianjin Municipalities,
Hebei and Shandong Provinces, and some parts of Shanxi and Henan
Provinces. The YCNCP site is located at CERN's Yucheng Integrated Agri-
cultural Experimental Station (available at: http://www.cern.ac.cn/
ssyz/ detail1.asp?sid=yucheng&tsortid=1&gjgl=1; last access: 19
June2014), being 325km to the south of Beijing and 56km to the north-
west of Jinan. The sampling sitewas surrounded by farmlands and small
villages.

The THYRD site (Taihu; 31.40°N, 120.22°E) is adjacent to the north-
eastern coast of Tai Lake in the YRD region, having a typical south-
east–northwest monsoon climate (Cai et al., 2010). The THYRD site is
153 km to the southeast of Nanjing, 120 km to the west of Shanghai
and 120 km to the north of Hangzhou. The nearest city, Wuxi, is located
15 km northeast of the THYRD site.

The DHPRD site (Dinghu; 23.17°N, 112.53°E) is located in the north-
west of the PRD region, and in the northeastern suburb of Zhaoqing
City, about 80 km away from Guangzhou City. The site is on a hill top in
Dinghushan National Natural Reserve with a total area of 11.55 km2 of
monsoon evergreen broad-leaved forests. TheDHPRD site is also a regional
background station among the Baseline Air PollutionMonitoring Stations
of Chinese Academy of Sciences (http://www.cas.cn/zt/kjzt/ywtz/; last
access: 19 June 2014).
Table 1
Statistics of benzene mixing ratios (pptv), exposure levels and health risks at the four
background sites. Number in parentheses indicates the total number of samples at each
site. The orders (i–iv) were ranked by their lifetime cancer risks.

Sampling site SYNECP (46) THYRD (41) YCNCP (47) DHPRD (45)

Mean ± 95% C.I. 1297 ± 491 1167 ± 302 1008 ± 249 578 ± 123
Range 154–8274 204–5287 92–3898 60–1716
Daily exposure
(mg/kg·day)

1.29E−03 1.16E−03 1.00E−03 5.76E−04

Lifetime cancer risk (LTCR) 3.73E−05 3.36E−05 2.90E−05 1.66E−05
Hazard quotient (HQ) 0.14 0.13 0.11 0.06
Rank order i ii iii iv
2.2. Field sampling and lab analysis

From March 2012 to February 2013, ambient air samples were col-
lected at the four background sites every Wednesday, at approximately
14:00 local time, when the benzene levels were expected to be relative-
ly lower due to its diurnal variation (Tang et al., 2007; Zhang et al.,
2012a,b). Ambient air was compressed into cleaned and evacuated 1 L
Silonite-treated stainless steel canisters (Entech Instruments Inc.,
California, USA), to approximately 30 psi in about 60 min using high-
purity oil-free pumps. A total of 179 samples were collected during all
sampling. These samples were transported back to the laboratory and
analyzed within one month after sample collection.

The samples were analyzed with a Model 7100 Preconcentrator
(Entech Instruments Inc., California, USA) coupled with an Agilent
5973N gas chromatography-mass selective detector/flame ionization
detector (GC-MSD/FID, Agilent Technologies, USA). Detailed cryogeni-
cally concentration steps are described elsewhere (Zhang et al.,
2012c). In summary, 500 mL air samples were firstly drawn through a
liquid-nitrogen cryogenic trap with glass beads at−160 °C. After trapping,
this primary trap was heated to 10 °C, and then all target compounds were
transferred, by pure helium, to the secondary trap at −50 °C with
Tenax-TA as adsorbents. The redundant H2O and CO2 were removed
through this micro-Purge-and-Trap step. The secondary trap was then
heated to get VOCs transferred by helium to a third cryo-focus trap at
−170 °C. After the focusing step, the trap was rapidly heated and the
VOCswere transferred to theGC-MSD/FID system. Themixturewasfirstly
separated by a DB-1 capillary column (60m× 0.32mm× 1.0 μm, Agilent
Technologies, USA),with heliumas the carrier gas, at a constant rate of 4.0
mL/min, and then split into two ways controlled by a splitter: one is a
0.35 m × 0.10 mm I.D. stainless steel line followed by MSD detection,
and another is a HP PLOT-Q column (30m× 0.32mm× 20.0 μm, Agilent
Technologies, USA) followed by FID detection. The GC oven temperature
was programmed to be initially at 10 °C, holding for 3 min; this then in-
creased to 120 °C at 5 °C/min, and then to 250 °C at 10 °C/min with a
final holding time of 20min. TheMSDwas operated in selected ionmon-
itoring (SIM) mode, and the ionization method was electron impacting
(EI, 70 eV). Carbon monoxide (CO) in the air samples was analyzed by
an Agilent 6890 gas chromatograph equipped with an FID and a packed
column (5ÅMolecular Sieve 60/80 mesh, 3 m × 1/8 in.). After separation
by the packed column, CO was converted by a Ni-based catalyst to CH4

and was then detected by FID.
2.3. Quality control and quality assurance (QA/QC)

Before sampling, all canisters were cleaned at least five times by re-
peated filling and evacuating of humidified zero air. In order to check if
there was any contamination in the canisters, all vacuumed canisters,
after the cleaning procedure, were re-filled with humidified zero air
and stored in the laboratory for at least 24 h, and then analyzed by the
same methods as the field samples, thus ensuring that all the target
VOC compounds were not present.

Target compounds (benzene and other specific tracers) were identi-
fied based on their retention times and mass spectra, and quantified by
external calibration methods. The calibration standards were prepared
by dynamically diluting the PAMS standard mixture and TO-14 stan-
dard mixture (100 ppbv, Spectra Gases Inc., New Jersey, USA) to 0.5, 1,
5, 15 and 30 ppbv, respectively. The calibration curves were obtained
by running the five diluted standards, plus the humidified zero air, the
same way as the field samples. The correlation coefficients were
0.992–0.999. Each day, before sample analysis, the precision of analyti-
cal systemwas assessed initially with humidified zero air to ensure that
the analytical system was clean, and then with a one-point (typically
1 ppbv) calibration. If the response was beyond±10% of the initial cal-
ibration curve, recalibrationwas performed. Themethod detection limit
for benzene was 3 pptv.

3. Results and discussion

3.1. Background benzene levels

Mixing ratios of benzene measured at SYNECP, YCNCP, THYRD and
DHPRD sites averaged 1297 ± 491, 1008 ± 249, 1167 ± 302, and
578 ± 123 pptv, respectively (Table 1). Benzene at the DHPRD site was
significantly lower (p b 0.01, two tailed t-test) than those at the other
three sites, while no significant difference (p N 0.05) was observed
among the SYNECP, YCNCP and THYRD sites. The highest mixing ratios of
benzene at SYNECP, YCNCP, THYRD and DHPRD reached 8274 pptv,
3898 pptv, 5287 pptv and 1716 pptv, respectively.

Seasonal patterns at the four background sites are depicted in Fig. 2.
At both SYNECP and YCNCP in northern China, mixing ratios of benzene in
winter were 3210 ± 1613 pptv and 1204± 809 pptv, respectively, sig-
nificantly higher (p b 0.05) than those recorded in other seasons. At the
THYRD site, benzene levels showed no significant seasonal difference
(p N 0.05), although they tended to be higher in spring (1961 ± 1509
pptv). At the DHPRD site, the mixing ratios of benzene were significantly
lower (p b 0.01) in summer (256 ± 126 pptv) than in other seasons,
while no significant differences (p N 0.05) were observed among spring
(740 ± 254 pptv), autumn (522 ± 168 pptv) and winter (832 ± 361
pptv).

A comparison ofmixing ratios of benzene from this studywith those
previously reported at other rural or remote sites is summarized in
Fig. 3. Average mixing ratios of 578–1297 pptv for benzene at the four
sites fell within that of 570–1914 pptv reported at other rural sites in
China's developed regions, such as NCP (Suthawaree et al., 2010,
2012; Yuan et al., 2013), YRD (Guo et al., 2004; Tang et al., 2009), PRD

http://www.cern.ac.cn/ssyz/
http://www.cern.ac.cn/ssyz/
http://www.cas.cn/zt/kjzt/ywtz/


Fig. 2. Seasonal variations of benzenemeasured at the four background sites in China from
March 2012 to February 2013. Error bars represent 95% C.I. The orders (I–IV) indicated the
increased annual averaged mixing ratios of benzene.
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(Tang et al., 2007; Zhang et al., 2013) and Hong Kong (Guo et al., 2011).
Benzene at the SYNECP site (1297 ± 491 pptv) showed significantly
lower mixing ratios when compared to those observed at rural Chang-
chun in the NECP (2949± 1890 pptv; Liu et al., 2000). The near ground
benzene levels observed at the background sites in the present study
were apparently higher than those observed at high mountains in
China, such as 87 ± 48 pptv at Mt. Waliguan (Xue et al., 2013),
130 ± 90 pptv at Mt. Jianfeng or 240 ± 70 pptv at Mt. Tengchong
(Tang et al., 2009). As shown in Fig. 3, benzene levels at the four
background sites were much higher than the surface benzene levels re-
ported at rural or remote sites in USA, Canada and European countries
(114–300 pptv). Moreover, the mean annual benzene levels at the
four background sites (578–1297 pptv) were alarmingly higher even
compared to that of 60–480 pptv monitored in 28 cities in the United
States (Baker et al., 2008).

Fig. 4 shows the cumulative distribution of benzene mixing ratios.
Although ambient benzene is not regulated in China, they can be com-
pared with guidelines in other countries, or regions. Even at the four
background sites, the annual average mixing ratios of benzene were
1.09–2.45 times the limit of 530 pptv set by Thailand (CAI-Asia, 2009).
Furthermore, over 52.8%, 61.3%, 74.8% and 47.8% of samples at SYNECP,
YCNCP, THYRD and DHPRD sites, respectively, had benzene levels exceed-
ing this limit. Annual averaged benzene levels at SYNECP, YCNCP and
THYRD sites were 7.2%–38.0% higher than Japan's annual limit of
940 pptv (CAI-Asia, 2009). When compared to the widely used limit
of 1540 pptv or 5 μg/m3 in the European Union (EU, 2008), South
Africa (Government Gazette Republic of South Africa, 2009), India and
South Korea (CAI-Asia, 2009), 26.1%, 23.4%, 26.8% and 4.4% of samples
collected at SYNECP, YCNCP, THYRD and DHPRD sites, respectively, had ben-
zene levels above this limit. Additionally, four samples at the SYNECP site,
and one sample at the THYRD site, had benzene levels even higher than
the Inhalation Minimal Risk Level (MRL, at a cancer risk of 1 in
10,000) of 4000 pptv established by the United States Environmental
Protection Agency for benzene (USEPA, 2009a). The relatively higher
benzene levels at these regional background sites are therefore
alarming for benzene exposure in China's most developed coastal
regions.

3.2. Source implications

Fig. 5a shows the correlation between benzene and carbon monox-
ide (CO), a typical tracer of emissions from incomplete combustion of
biomass/biofuel or fossil fuel (Parrish et al., 2009). The highly significant
correlations between benzene and CO at SYNECP, YCNCP and DHPRD sites
(r=0.96, 0.92 and 0.77, respectively; p b 0.001) suggested that benzene
at these sites was largely combustion-related. The toluene to benzene
ratio (T/B) can be further used to differentiate various combustion
sources (Barletta et al., 2005; Zhang et al., 2013). As shown in Fig. 5b, al-
though fairly good correlations (r N 0.7, p b 0.001) between toluene and
benzene were observed at SYNECP, YCNCP and DHPRD sites, the T/B slopes
were quite different. Theywere 0.20 and 0.40 respectively at SYNECP and
YCNCP sites within that of 0.23–0.68 for biomass/biofuel burning
(Andreae and Merlet, 2001; Liu et al., 2008; Li et al., 2009; Wang et al.,
2009; Akagi et al., 2011) or 0.13–0.71 for coal combustion (Tsai et al.,
2003; Liu et al., 2008), implying input from biomass/biofuel burning
and coal combustion at the two sites. Contrastingly, the T/B slope of
1.66 at DHPRD site was close to that of ~1.6 for vehicle emissions
(Perry and Gee, 1995; Gelencser et al., 1997; Wang et al., 2002;
Barletta et al., 2005; Tang et al., 2007; Liu et al., 2008; Gentner et al.,
2013), indicating the contribution of traffic-related sources. This
difference in combustion sources was also confirmed by the significant
correlations between benzene and chloromethane, a commonly used
biomass/biofuel burning indicator (de Gouw et al., 2004; Suthawaree
et al., 2010), at the SYNECP and YCNCP sites (r=0.66 and 0.78, respective-
ly; p b 0.001; Fig. 5c), and by the significant correlation between
benzene and methyl tert-butyl ether (MTBE), an exclusive indicator for
traffic-related emissions (Chang et al., 2003), at the DHPRD site (r =
0.75, p b 0.001; Fig. 5d). As shown in Fig. 5b, three samples at the
DHPRD site had extremely high T/B ratios (N4), suggesting occasional
input by non-combustion sources, mostly likely industrial emissions.

Correlations between benzene and these typical tracers at each site
were further calculated for different seasons (Table 2). At the YCNCP

site, summer samples showed a substantially improved correlation
(r = 0.91, p b 0.001; Table 2) between benzene and chloromethane
with a slope of 0.60, which was within that of 0.24–0.91 for open burn-
ing of agricultural residues (Andreae andMerlet, 2001; Liu et al., 2008),
and also close to that of 0.72derived for biomass burning episodes atMt.
Tai in June 2006 (Suthawaree et al., 2010). As shown in Fig. S1, fire spot
counts by the Moderate Resolution Imaging Spectroradiometer
(MODIS), aboard the Terra and Aqua satellites (https://firms.modaps.
eosdis.nasa.gov/firemap/; last access: 24 May 2014), confirmed the
widespread active burning of agricultural residues during the 2012
summer harvest season in the NCP. Inwintertime, good correlations be-
tween benzene and chloromethane were also observed at YCNCP (r =
0.92, p b 0.001) and SYNECP (r = 0.70, p b 0.05). However, winter is
not the harvest season, and few fire counts in winter were observed in
northern China (Fig. S1). Therefore, at SYNECP and YCNCP sites the signif-
icantly higher benzene levels inwinter (Fig. 2) could be largely attribut-
ed to combustion sources other than open burning of agricultural
residues. In northern China, domestic heating supply generally starts
in mid-November and lasts until mid-March the following year. In
2012, 14.6% of the 0.182 billion tons of coal consumed in the Liaoning
Province, and 11.4% of the 0.402 billion tons coal consumed in the Shan-
dong Province were used for heating supply (NBSC, 2013b). This in-
crease in coal consumption for domestic heating supply has been
assumed to be the major reason for elevated benzene levels in winter,
as coal combustion is an important source of benzene (Tsai et al.,
2003; Moreira dos Santos et al., 2004; Liu et al., 2008). In fact, a recent
study in Beijing revealed that coal combustion contributed significantly
more to ambient VOCs in the winter (19%) than in the summer (4%)
(Wang et al., 2014). As shown in Table 2, improved correlation between
benzene and CO (r = 0.84, p b 0.01), as well as between benzene and
chloromethane (r = 0.83, p b 0.01), was also observed in the winter at
the THYRD site (Table 2), suggesting that the influence of a heating sup-
ply also existed. At DHPRD, as vehicle emissionswas themajor source for
benzene, the correlations revealed much less seasonal changes
(Table 2).

It should also be noted that benzene levels at SYNECP and YCNCP were
more than double in winter than in other seasons. This increase was
higher than that of coal consumption. One possible reason is that the re-
ported benzene emission factor of 25.8–1050mg/kg for rural residential
coal combustion (Tsai et al., 2003) is extremely high when compared to
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Location Sampling Period Benzene's level (pptv)

Cabañeros, Spain1 Feb - Aug 2011

Mt. Waliguan, China2 Apr - May 2003

Harwell, London, England3 2008

Egbert, Canada4 Mar 2001 - Jun 2009

Chichi-jima Island, Pacific5 Aug 1997 - Aug 1998

Mt. Jianfeng, China6 Apr - May 2004

Hohenpeissenberg, Germany7 Sep 1998 - Dec 2012

Sukmo, South Korea8 Apr 2004 - Mar 2005

Mt. Tengchong, China6 Apr - May 2004

Pittsburgh, USA9 Jan - Feb 2002

Welgegund, South Africa10 Feb 2011 - Feb 2012

Heng-Chuen, Taiwan11 Oct 2002

Tung Chung, Hong Kong12 Nov - Dec 2007

DH, PRD, China13 Mar 2012 - Feb 2013

Mt. Tai, NCP, China14 Jun 2006

Mt. Gongga, China15 2008-2011

Lin’an, YRD, China6 Apr - May 2004

Changdao, NCP, China16 Apr 2011

YC, NCP, China13 Mar 2012 - Feb 2013

Lin’an, YRD, China17 Oct 1999 - Jun 2001

TH, YRD, China13 Mar 2012 - Feb 2013

Mt. Dinghu, PRD, China18 Apr 2005

SY, NE China13 Mar 2012 - Feb 2013

Mt. Mang, NCP, China19 Sep 2007

Wanqingsha, PRD, China20 Nov - Dec 2009

Changchun, NE China21 Sep 1997 - Aug 1998

0 1000 2000 3000 4000 5000

0 200 400 600 800

Fig. 3. Comparison of mixing ratios of benzene at various rural or remote sites. Error bars represent ± 1 standard deviation (or 95% C.I.) for studies with available data. Reference:
1Villanueva et al., 2014; 2Xue et al., 2013; 3von Schneidemesser et al., 2010; 4Environment Canada, 2012; 5Kato et al., 2001; 6Tang et al., 2009; 7DWD Germany, 2013; 8Choi et al.,
2010; 9Millet et al., 2005; 10Jaars et al., 2014; 11Chang et al., 2005; 12Guo et al., 2011; 13This study; 14Suthawaree et al., 2010; 15Zhang et al., 2014; 16Yuan et al., 2013; 17Guo et al.,
2004; 18Tang et al., 2007; 19Suthawaree et al., 2012; 20Zhang et al., 2013; 21Liu et al., 2000.
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that of 0.59 mg/kg for controlled power plant's and industrial coal com-
bustion (Garcia et al., 1992; USEPA, 1995). Additionally, biofuel could
account for about two thirds of the total energy used for cooking and
heating in China's rural areas (Yan et al., 2006; Wei et al., 2008; Tang
et al., 2009), so more benzene emissions from biofuel-stoves in rural
areas in the winter could also result in the higher ambient benzene
levels (Tsai et al., 2003; Wang et al., 2009). A cleaner energy supply
for heating, therefore, should be an effective way to lower the exposure
to benzene, particularly in rural areas in winter time.

At the THYRD site, benzene showed poor correlations (r b 0.5; Fig. 5)
with CO, chloromethane and MTBE, suggesting that benzene might
have sources other than those already mentioned. The T/B ratios at the
THYRD site ranged from 0.32 to 7.10, with an average of 2.66 ± 0.57,
this being larger than those typical ratios of combustion sources includ-
ing biomass/biofuel burning, coal burning and vehicle emissions. The av-
erage ethylbenzene to benzene ratio (E/B) and xylenes to benzene ratio
(X/B) at the THYRD site were 1.29 ± 0.37 and 1.45 ± 0.48, also much
higher than that of 0.31 ± 0.09 and 0.69 ± 0.22 at SYNECP, 0.14 ± 0.03
and 0.24 ± 0.06 at YCNCP, or 0.45 ± 0.10 and 0.60 ± 0.14 at DHPRD, re-
spectively. As toluene, ethylbenzene and xylenes are widely used in in-
dustrial solvents, much higher ratios of T/B, E/B and X/B are indicative
of industrial emissions (Chan et al., 2006; Barletta et al., 2008). Further-
more, if we further divide samples into two groups by their T/B ratios,
Group Iwith T/B b 2 andGroup IIwith T/B N 2,we find closer correlations
between benzene and tetrachloroethylene (C2Cl4), amarker of industrial
emissions (McCulloch et al., 1999; Zhang et al., 2012c), for Group II sam-
ples (r = 0.81, p b 0.001) than for Group I samples (r = 0.18, p N 0.05;
Fig. 6a). Group I samples showed a substantially improved correlation
(r = 0.76, p b 0.001; Fig. 6b) between benzene and MTBE, the tracer
for traffic-related emissions, when compared with all samples at the
THYRD site pooled together (r = 0.04, p N 0.05; Fig. 5d). Therefore, ben-
zene at the THYRD site was probably affected by both traffic-related
sources and industrial emissions. Although benzene has been forbidden
to be used as a solvent in industrial processes, it is still being produced



Fig. 4. Cumulative percentages of benzene's levels at the four background sites in China. The red drop lines are guidelines for benzene in various countries or regions: Thailand's NAAQS of
530 pptv (dotted; CAI-Asia, 2009), Japan's NAAQS of 940 pptv (dash; CAI-Asia, 2009), European Union's limit as well as India, South Korea and South Africa's NAAQS of 1540 pptv (solid;
EU, 2008; CAI-Asia, 2009; Government Gazette, 2009), Vietnam's NAAQS of 3140 pptv (dash-dot; CAI-Asia, 2009), and the Inhalation Minimal Risk Level (MRL, at a cancer risk of 1 in
10,000) of 4000 pptv (dash–dot–dot; USEPA, 2009a).
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and used as a raw material for synthesizing chemicals such as styrene,
phenol and cyclohexane. In fact, 2.06 million tons of benzene, 28.6% of
China's total annual benzene production, was produced in Shanghai,
Jiangsu and Zhejiang in the YRD region in 2013 (http://www.chyxx.
com/data/201402/230083.html; last access: 4 July 2014).

3.3. Exposure and health risk assessment

Daily exposure E in mg/kg per day of an individual by inhalation can
be calculated as:

E ¼ C � Ira � Da=Bwa ð1Þ

where C (mg/m3) is the concentration of benzene, Ira is the inhalation
rate of an adult (0.83 m3/h; USEPA, 1998), Da is the exposure duration
of an adult (24 h/day) and Bwa is the body weight of an adult (65 kg;
USEPA, 1998).

The lifetime cancer risk (LTCR) is then calculated as:

LTCR ¼ E� SF ð2Þ

where SF is the slope factor of inhalation unit risk for toxics when the
exposure-carcinogenic effect is considered as linear. Here we adopt SF
of 2.89E−02 kg·day/mg for benzene by USEPA (2009b).
The non-cancer risk of benzene is measured by the hazard quotient
(HQ):

HQ ¼ C=RfC ð3Þ

where C is the yearly average daily received concentration, and RfC is
the inhalation reference concentration, which is 0.03 mg/m3 for ben-
zene (USEPA, 2002).

Based on the collected data, the average daily exposure, LTCR and
HQ at the four background sites are estimated and listed in Table 1. Al-
though benzene levels in the present study were observed at back-
ground sites and at time when relatively lower levels occurred
during the day (Tang et al., 2007; Zhang et al., 2012a,b), the calculat-
ed LTCR, ranging from 1.66E−05 (DHPRD) to 3.73E−05 (SYNECP), all
exceeded the acceptable LTCR of 1E−06 for adults (USEPA, 2009b).
This implies that the potential cancer risks due to ambient benzene
exposure should be a health concern in the densely populated coast-
al regions of China. For the non-cancer risk, the calculated HQs of
benzene were in the range of 0.06–0.14. According to USEPA, if the
HQ value is lower than 1, the pollutant has no obvious non-cancer
risk (USEPA, 2009b). Hence, calculated HQs at the four background
sites indicated that the non-cancer risk of benzene was not as dis-
tinctive as its cancer risk.

http://www.chyxx.com/data/201402/230083.html
http://www.chyxx.com/data/201402/230083.html


Fig. 5. Scatter plots of benzene versus (a) carbon monoxide; (b) toluene; (c) chloromethane; and (d) methyl tert-butyl ether (MTBE) at the four background sites. r is the correlation co-
efficient and p is the significance level. r N 0.5 and p b 0.05 were used as critical values for significant correlations.
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4. Conclusions

In this study, the results of ambient air samples from four back-
ground sites in China's most developed coastal regions, from March
2012 to February 2013, were presented. These results have shown am-
bient benzene levels to be higher than those previously observed at
Table 2
Pearson's correlations between benzene and typical tracers of emission sources at each samplin
N 0.5 and p b 0.05 were used as critical values for significant correlations.

Site Season CO Toluene

r p r

SYNECP Spring 0.71 b0.05 0.87
Summer 0.93 b0.001 0.57
Autumn 0.94 b0.001 0.41
Winter 0.95 b0.001 0.83

YCNCP Spring 0.83 b0.01 0.96
Summer 0.93 b0.001 0.89
Autumn 0.81 b0.01 0.74
Winter 0.94 b0.001 0.84

THYRD Spring 0.35 N0.05 −0.20
Summer 0.17 N0.05 0.69
Autumn 0.51 N0.05 0.51
Winter 0.84 b0.01 0.68

DHPRD Spring 0.78 b0.01 0.78
Summer 0.88 b0.001 0.93
Autumn 0.89 b0.001 0.69
Winter 0.66 b0.05 0.75
urban areas in the US or Europe, and that the life time cancer risk due
to exposure to ambient benzene at these sites all exceeded the accept-
able level of 1E−06 by USEPA. As benzene concentrations at these
background sites represent the lowest levels in the developed coastal
regions, health concerns of benzene exposure should be seriously
considered, particularly during winter in the North. For the protection
g site during the four seasons. r is the correlation coefficient and p is the significance level. r

MTBE Chloromethane

p r p r p

b0.01 0.37 N0.05 0.26 N0.05
b0.05 0.47 N0.05 0.44 N0.05
N0.05 0.13 N0.05 0.74 b0.01
b0.01 0.47 N0.05 0.70 b0.05
b0.001 0.64 b0.05 0.64 b0.05
b0.001 0.12 N0.05 0.91 b0.001
b0.01 0.48 N0.05 0.41 N0.05
b0.01 0.78 b0.01 0.92 b0.001
N0.05 −0.38 N0.05 −0.09 N0.05
b0.05 0.66 b0.05 0.31 N0.05
N0.05 0.11 N0.05 0.64 b0.05
b0.05 0.44 N0.05 0.83 b0.01
b0.01 0.76 b0.01 0.30 N0.05
b0.001 0.84 b0.01 −0.14 N0.05
b0.05 0.83 b0.01 0.25 N0.05
b0.05 0.86 b0.01 0.68 b0.05



Fig. 6. Scatter plots of benzene versus (a) tetrachloroethylene; and (b) methyl tert-butyl ether at THYRD site. Samples were separated by the toluene to benzene (T/B) ratios.
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of public health, China should set an ambient air quality standard for
benzene, and the relationship between ambient benzene levels and
leukemia incidence should be investigated further.

We have also provided diagnostic analysis about sources of benzene
in the regions through correlations between benzene and typical source
tracers or markers. We found that benzene at these sites was largely
originating from combustion sources, and at the site in the Yangtze
River Delta region industrial emissions might also be an important
source. Among the combustion sources, coal burningwas the dominant
source at sites in the north (NECP and NCP regions), and vehicle emis-
sions was the dominant source at sites in the south (YRD and PRD re-
gions). Open burning of agricultural residues may also contribute
substantially during the harvest season in the north. It is alsoworth not-
ing that the wintertime heating supply in the north greatly enhances
ambient benzene levels due to increased coal consumption, and the
less stringent emission control in domestic coal burning, particularly
in the rural areas. This information about sources of benzene would
benefit its emission control in the regions. For example, apart from
tightening emission control for benzene frommotor vehicles and indus-
try, a cleaner energy supply in the residential sector is also of great
importance to reduce benzene emissions, and the ban of open burning
of agricultural residue, or the promotion of cleaner ways to dispose of
crop residue, would also help lower ambient benzene levels during
harvest seasons.
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