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Abstract

The concentration and composition of PAHs emitted from biomass cooking fuel were
characterized in a rural non-smoking household in northern China. Twenty-two parent PAHs
(pPAHS), 12 nitro-PAHs (nPAHS), and 4 oxy-PAHs (o0PAHSs) were measured in the kitchen,
bedroom, and outdoors during both summer and winter. The most severe contamination occurred
in the kitchen in the winter, where the daily mean concentrations of pPAHs, nPAHSs, and o0PAHs
were 75004100, 38+29, and 8400+9200 ng/m3, respectively. Our results suggest that the nPAHs
were largely from secondary formation in ambient air while oPAHs were either from primary
emission of biomass burning or secondary formation from pPAHSs in the kitchen. The daily mean
benzo(a)pyrene equivalent exposure concentration was as high as 200+160 ng/m3 in the winter for
the housewife who did the cooking compared to 59+37 ng/m3 for the control group that did not
cook.
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1. Introduction

During the past three decades, China has experienced rapid economic development and
environmental deterioration including severe air pollution (World Bank, 2007). Among
many air pollutants, polycyclic aromatic hydrocarbons (PAHSs) are one of the major public
health concerns due to their carcinogenic potential (Xue and Warshawsky, 2005). It has been
reported that inhalation exposure of the Chinese population to 16 PAHSs in ambient air cause
a significant risk of lung cancer morbidity (Zhang et al., 2009). Given that most people
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spend more time indoors and PAH concentrations in rural indoor air are higher than those in
ambient air, the overall PAH exposure risk to rural residents from indoor air may be more
severe than ambient air (Mumford et al., 1990; Lu et al., 2006). This is especially true in
northern China in winter, when solid fuels are widely used for heating and windows and
doors are usually closed. Given China’s large rural population of over 600 million and their
heavy reliance on solid fuel for cooking and heating, more attention should be paid to rural
indoor air pollution. In fact, among various sources, rural residential combustion of solid
fuel accounted for a large fraction of the total PAH emission in China (Zhang et al., 2008).

To date, information on PAH indoor air pollution in rural China from indoor biomass
combustion is limited. In the limited number of studies that exist, high PAH concentrations
have been measured in several rural locations (Mumford et al., 1990; Lu et al., 2006). For
example, in rural households in Xuanwei where firewood was used indoors, the measured
benzo(a)pyrene in indoor air was as high 3249 ng/m3 (Mumford et al., 1990). For a regional
assessment on indoor air quality and population exposure risk, large scale representative
investigations are needed. However, smaller studies conducted under controlled conditions
are also needed in order to characterize the pattern of PAH contamination, to understand the
processes that change the PAH composition from emission to exposure, and to identify other
factors affecting indoor air quality.

Although most studies have focused on the 16 USEPA priority PAHSs, there are many other
PAHSs which are hazardous to human health but not included in this list. For example, in
addition to the 16 parent PAHSs, nitro-PAHs (nPAHS), oxy-PAHs (0PAHS), and high
molecular weight (MW>302) PAHSs are also a concern for human health (Purohit et al.,
2000; Bolton et al., 2000; USEPA, 2010).

The aim of this research was to characterize the indoor air pollution from parent PAHs
(pPAHS), nPAHSs, and oPAHSs in a typical rural household in northern China where biomass
was used for heating and cooking. The specific objectives of this research were to
investigate the differences and connections between the air pollution in the kitchen and the
adjacent bedroom, indoor and outdoor air, winter and summer, and personal exposure to
PAHSs. Although the results from a single household cannot be generalized for population
exposure assessment, this controlled exposure experiment provides important insight into
the processes governing PAH indoor air pollution from biomass burning in rural Chinese
households.

2. Experimental

2.1. Study home and experimental conditions

The study home was located in a typical northern Chinese rural household in Zhuanghu
(116°52E, 39°59 N), Hebei. The details of the village and the household were previously
described (Zhong et al., submitted) and additional information is given in the Supplementary
Material (Section Sl1, Figure SI1). In the kitchen of this home, a traditional Chinese rural
cook stove, fueled by biomass, is often used for cooking and a liquid petroleum gas (LPG)
stove is also occasionally used. Both stoves appeared to be working properly. The household
was heated in the winter by a hot-water-heating system with a boiler in a separate hut in the
back yard. The controlled exposure experiment was conducted for 4 days in winter (Jan. 16,
17, 19, and 20) and 3 days in summer (June 13-15) in 2010. Corn residue was burned in the
traditional stove during the first two winter days and the second summer day, while
firewood was burned on the third and forth winter days and the last summer day. On the first
summer day, the LPG stove was used for a comparison. Three meals were cooked each day
by the housewife in a similar way by steaming, simmering, and very limited stir-frying. It
has been reported that high BaP concentrations in kitchen air can result from frying (65 ng/
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m3) and roasting (45 ng/m3) (Zhu et al., 2003). Therefore, frying and roasting were avoided
during the experiment. The housewife was asked to cook in the way she does everyday. The
large variations in fuel consumed and time spent were due to the random way of cooking
and change in weather conditions. No one in the household smoked cigarettes. Detailed
information on fuel quantities and burning times is available in the Section SI2. Although
the data were collected from a single household and can not represent all rural households in
Northern China, they do provide useful information on PAHs from typical cooking practices
and fuels in summer and winter.

2.2. Sample collection

For each of the 7 sampling days, 24-h gaseous and particulate phase PAH samples were
collected using 6 stationary (2 in the kitchen, 2 in the bedroom adjacent to the kitchen, and 2
outdoors, 1~2 m above the ground) and 4 personal air samplers simultaneously. For the
particulate phase, PM2.5, the particles with diameter of 2.5 wm or less were sampled. The
stationary and personal air samplers were low-volume pumps (Libra Plus LP-5, Buck, USA,
4 L/min) with 37-mm diameter glass fiber filters (0.45 pm, BUCK, USA, PM2.5) and low
density polyurethane foam (PUF) plug (Supelco, 22-mm diameterx7.6 cm) for particulate
and gaseous phase PAHS, respectively. The filters were baked at 450°C for 6 h and
equilibrated in a desiccator for 24 h prior to weighing and sampling. The PUFs were cleaned
prior to sampling using acetone, dichloromethane, and n-hexane sequentially. The personal
air samplers were worn by a cooking group (a housewife who did all of the cooking and a
student who followed her activity closely) and a control group (a hushand who did non-
cooking chores and a student who followed his activity closely). More information on the air
samplers is given in Section SI3.

2.3. Extraction and analysis

The PUFs were Soxhlet extracted for 8 h with 150 ml of hexane/acetone mixture (1:1). The
filters were extracted with 25 ml of the same mixture using a microwave accelerated
reaction system (CEM, Mars Xpress, USA) (Wang et al., 2007). The extracts were purified
using silica/alumina chromatography. The following twenty two pPAHSs, 12 nPAHSs, and 4
oPAHSs were quantified: naphthalene (NAP), acenaphthene (ACE), acenaphthylene (ACY),
fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene
(PYR), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene (DahA),
indeno(l,2,3-cd)pyrene (IcdP), benzo(g,h,i)perylene (BghiP), retene (RET), benzo[e]pyrene
(BeP), perylene (PER), dibenzo[a.l]pyrene (DalP), dibenzo[a,e]pyrene (DaeP),
dibenzo[a.h]pyrene (DahP), 1-nitronaphthalene (1N-NAP), 2-nitronaphthalene (2N-NAP),
5-nitroacenaphthene (5N-ACE), 2-nitrofluorene (2N-FLO), 3-nitrophenanthrene (3N-PHE),
9-nitrophenanthrene (9N-PHE), 9-nitroanthracene (9N-ANT), 3-nitrofluoranthene (3N-
FLA), 1-nitropyrene (LN-PYR), 7-nitrobenzo[a]anthracene (7N-BaA), 6-nitrochrysene (6N-
CHR), 6-nitrobenzo[a]pyrene (6N-BaP), 9-fluorenone (9FO), anthracene-9,10-dione (ATQ),
benz[a]anthracene-7,12-dione (BaAQ), and benzanthrone (BZO). Detailed procedures and
conditions of the extraction and clean up are presented in Section Sl4. pPAHs were analyzed
using gas chromatographic mass spectrometry (GC, Agilent 6890, Agilent 5973, 30 m
HP-5MS capillary column) in electron ionization mode. The oven temperature was
programmed to 50 °C for 1 min, increased to 150 °C at a rate of 10 °C/min, to 240 °C at 3
°C/min, and then to 280 °C held for 20 min. nPAHs and oPAHs were analyzed using the gas
chromatographic mass spectrometry (GC, Agilent 6890, Agilent 5975, 30 m HP-5MS
capillary column) in negative chemical ionization mode. The oven temperature was
programmed as: initial temperature at 60 °C, increased to 150 °C at a rate of 15 °C/min, and
then to 300°C at 5° C/min held for 15 min. Carrier gas was He. Data scanned from 35 to 500
mass units. The target PAHs and their derivatives were identified based on retention time
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and qualifying ions of the standards in selected ion monitoring mode (SIM). Because DalP,
DaeP, DahP, and other non-target dibenzopyrenes with a molecular weight of 302, may not
be chromatographically resolved using a 30 m HP-5 column (Sauvain and Duc, 2004) and
the molecular weights of the surrogates were less than 302, the dibenzopyrenes were
measured qualitatively and not quantitatively.

2.4. Quality control

All samples were collected in duplicate and procedure-blank corrected. Method detection
limits were 0.23 to 1.42 and 0.53 to 1.32 ng/mL for gaseous and particulate phase parent
pPAHS, 0.17 to 3.07 and 0.15 to 2.61 ng/mL for gaseous and particulate phase NPAHSs, and
0.33to 1.33 and 0.28 to 1.14 ng/mL for gaseous and particulate phase OPAHSs, respectively.
Recoveries of spiked mixed standards were 70 to 121%, 45 to 108%, and 56 to 133 % for
gaseous phase pPAHs, nPAHSs, and oPAHSs and 68 to 120%, 53 to 127%, and 66 to 114 %
for particulate phase pPAHs, nPAHSs, and oPAHS, respectively. Deuterated PAHs (NAP-dg,
ANT-dyp, ACY-dyg, CHR-d12, and PER-dy,, J&K Chemical, U.S.) were added as surrogates
and surrogate recoveries were 75 to 127% and 59 to 100% for gaseous and particulate phase
samples. The measured concentrations were reported without recovery correction. All
solvents were from Beijing Reagent, China, re-distillated, and checked for purity. All
glassware was cleaned in an ultrasonic cleaner and baked at 500 °C for at least 10 h.

2.5. Data analysis

All results are reported in ng/m3 of air. NAP is not included in the 15 USEPA pPAHSs
(pPAH15) reported in the present study because of its lower recovery and higher percentage
in the total parent PAHs. When the summer PAH concentrations are compared to the winter
PAH concentrations, the LPG results are excluded because LPG experiments were not
conducted during the winter. SPSS (SPSS Co., USA) was used for the statistical tests, with a
significance level of 0.05.

3. Results and discussion

3.1. Parent PAH concentrations

Figure 1 shows the daily mean gaseous and particulate phase pPAH 5 concentrations in the
kitchen, adjacent bedroom, and outdoors in the winter and summer. The measured individual
pPAH concentrations are listed in Section SI-5 (Tables SI1 and SI2). The variations in the
measured concentrations of the duplicate samples were relatively low with only a few
exceptions. The daily mean pPAH;5 concentrations in the kitchen were 6100+3100 and
240041600 ng/m? in the winter and summer, respectively, which were 2.4-5.3 times higher
than the pPAH5 concentrations in the bedroom and outdoors. In the summer, the daily
mean pPAH 5 concentrations in the kitchen were 1400, 3300, and 1500 ng/m3 on the days
when LPG, straw, and wood were burned (PM> 5 were 0.42+0.02, 0.57+0.00, and
0.38+0.25, respectively). Previous studies have reported high PAH concentrations from
burning biomass fuels in kitchens in other regions of China (Mumford et al., 1990; Lu et al.,
2006) and in other developing countries (Bhargava et al., 2004). The significant difference
(p<0.05) in the pPAH 5 concentrations in the kitchen between winter and summer was
primarily due to minimal ventilation in the winter when both the kitchen door and window
were kept closed. LPG is often considered a cleaner energy source than biomass (Deng et
al., 1998). However, the kitchen pPAH;5 concentration when LPG was used as the sole
energy source (1400+490 ng/m3) was similar to the pPAH;5 concentration when wood was
burned (1500+1400 ng/m3). High PM 5 and organic carbon concentrations were also
measured in the kitchen when LPG was used (Zhong et al., submitted). Additional studies
are needed to understand LPG emissions during cooking because more rural Chinese
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families are shifting from the use of biomass and coal to LPG as a “clean” fuel (Deng et al.,
1998).

Frying and roasting can generate relatively high PAH concentrations (Zhu et al., 2003). In
this study, frying and roasting were avoided to focus on PAH emissions from the fuels used
in the cooking. It was previously reported that the pPAH 5 concentration in cooking fumes,
measured 0.5 m above the cooking pan in a Chinese kitchen with no frying, was less than 50
ng/m3 (Zhu and Wang, 2003). The very high pPAH;5 concentrations we measured in the
kitchen were relatively unaffected by cooking fumes.

Retene (RET) is a major pyrolysis product of conifer trees and is often referred to as a
marker of firewood combustion or forest fires (Ramdahl, 1983). However, there was no
significant difference in RET concentrations in the kitchen air when firewood or corn
residue were burned, suggesting that it is unlikely a unique tracer for firewood in this study.
The emission of RET from rice and wheat straw combustion has also been reported in the
literature (Hays et al., 2005). In addition, the median indoor RET concentrations in wood
burning homes in Sweden during winter were comparable to homes without wood burning
(0> 0.05) (Gustafson et al., 2008). There was also no significant difference in RET
concentrations (p > 0.05) in the kitchen when LPG (4.73£1.23, n=2), straw (6.28+2.82,
n=2), and wood (2.10+0.82, n=2) were burned during the summer experiment.

The pPAH15 concentration in outdoor air in winter (25001400 ng/m?3) was 5.6 times higher
than in the summer (450+210 ng/m3). However, both the winter and summer outdoor
pPAH;5 concentrations were significantly lower than the corresponding concentrations in
the kitchen (p < 0.05). In terms of air pPAH15 concentration, the average indoor/outdoor
ratios were 2.4 and 3.8 for kitchen and 0.8 and 1.8 for bedroom in the winter and summer,
respectively, indicating heavy contamination in kitchen air. The daily variation in outdoor
PAH concentrations was not correlated with the kitchen PAH concentrations because the
outdoor PAH concentrations were strongly influenced by meteorological conditions (Liu et
al., 2007). Although the outdoor PAH concentrations were lower than the kitchen
concentrations, they were much higher than PAH concentrations reported for urban areas in
China, including Taiyuan and Tianjin, during the same seasons (Wu et al., 2005; Fu et al.,
2010). Ambient air PAH concentrations in the northern China Plain were as high as those in
large cities in winter due to solid fuel combustion (Liu et al., 2007). BaP is the only PAH
listed in the Chinese ambient air quality standard. In the winter, the mean ambient BaP
concentration (124+83.2 ng/m3) in this study was more than one order of magnitude higher
than China’s standard (10 ng/m?3, daily average).

In the bedroom adjacent to the kitchen, the daily mean pPAH;5 concentrations were
1900+520 and 980110 ng/m? in the winter and the summer, respectively, and the former
was significantly higher than the latter (p < 0.05). In the winter, the daily variation in PAH
concentration (d, > d3 > d, >d4) was similar between the kitchen and the adjacent bedroom
(correlated significantly, p < 0.05), suggesting that the bedroom PAH concentrations were
from the kitchen when all doors and windows in the bedroom were closed. In the summer,
there was no correlation between the PAH concentrations in the bedroom and kitchen or
between the bedroom and outdoors. It appears that the PAHSs in the bedroom adjacent to the
kitchen were likely from both outdoors and the kitchen during the summer.

3.2. Composition profiles of pPAHs

The composition profiles of 21 PAHSs (in both the gas and particulate phases) in the kitchen,
outdoors, and bedroom, measured during summer and winter, are shown in the Section SI6
(Figure S12). It was found that the composition profiles were different between the winter
and summer but were similar among individual days of the same season. In summer, the
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lower molecular weight PAHs, PYR, PHE, and FLO, dominated the PAH profile and
contributed 66, 88, and 91% of the total pPAH concentration in the kitchen, bedroom, and
outdoors, respectively. However, in the winter, the higher molecular weight PAHs on
particulate matter made up a larger fraction of the PAH profile (8 PAHs from BaA to BghiP
contributed 29, 32, and 31% of total pPAH concentrations in winter compared to 16, 1, and
1% in the summer in the kitchen, bedroom, and outdoors, respectively). Because the fuels
and cooking methods used in summer and winter experiments were the same, the difference
between winter and summer PAH profiles is likely due to outdoor air diluting indoor PAH
emissions during the summer experiment. The composition profiles can also be affected by
temperature, while temperatures were surely different between the two seasons and between
indoor and outdoor in the winter.

The PAH emission factors (EFs) from the burning of corn residue were measured using a
similar stove (Shen et al., 2011) and these emission profiles were compared to the air PAH
profiles (Figure SI3) measured in this study when corn is used. A significant correlation
existed (p < 0.05) between the PAH EFs and measured PAH air concentrations in the
kitchen, adjacent bedroom, and outdoors when corn residue was used in both seasons for the
gaseous phase pPAHS, but not the particulate phase pPAHSs (Figure SI4). This suggests that
the profile of gaseous phase pPAHSs did not change significantly after emission given the
relatively short distances from the stove to the kitchen, adjacent bedroom, or immediate
outdoor environment. On the other hand, the profile of particulate phase pPAHSs appears to
have changed significantly from emission to air likely due to partition of PAHs and
deposition of particulates after emission.

Ratios of PAH isomers can be used for source apportionment if the ratios do not change
significantly from sources to receptors (Watson, 1984; Zuo et al., 2007). For example, the
FIA/(FLA+PYR) ratio from coal and biomass burning is larger than 0.5 and this ratio is
smaller than 0.5 from petroleum combustion (Yunker et al., 2002). However, this
assumption may not always hold true and significant changes in the isomer ratios have been
demonstrated in a field study (Zhang et al., 2005). Using the measured air PAH
concentrations when corn residue was combusted in the winter and the EFs for corn residue
measured under similar conditions (Shen et al., 2011), four commonly used isomer ratios,
including ANT/(ANT+PHE), FLA/(FLA+PYR), BaA/(BaA+CHR), and IcdP/(IcdP+BghiP),
were calculated and compared for the gaseous and particulate phases (see detailed results in
the Section SI7 (Table SI3)). With all of windows closed in the winter, the PAHSs in the
bedroom were primarily from the kitchen. However, significant differences (p<0.05) existed
between the measured gaseous phase ratios (0.10, 0.55, and 0.53) in the kitchen and reported
corn residue EFs (0.17, 0.88, and 0.61) for ANT/(ANT+PHE), BaA/(BaA+CHR), and IcdP/
(IcdP+BghiP), respectively. Significant differences (p<0.05) between the ratios in the
kitchen and bedroom were also apparent for gaseous phase ANT/(ANT+PHE) (0.10 vs.
0.05) and particulate phase ANT/(ANT+PHE) (0.12 vs. 0.07), as well as for BaA/(BaA
+CHR) (0.62 vs. 0.55) and IcdP/(lcdP+BghiP) (0.60 vs. 0.54) ratios. It appears that these
ratios may change significantly during transport and should be used with care for source
identification even within short distance indoors.

3.3. nPAH and oPAH concentrations

The measured nPAH and oPAH concentrations in the gaseous and particulate phases in the
kitchen, outdoors, and bedroom, during winter and summer experiments, are shown in
Figure 2. The detailed data are provided in Section SI5(Tables SI1 and SI2). The daily mean
concentrations of 12 nPAHSs were relatively low and varied from 2.8+0.7 (bedroom,
summer) to 38+29 (kitchen, winter) ng/m3. On the other hand, the daily mean concentration
of oPAHSs in the kitchen in the winter was 84009200 ng/m3, more than two orders of
magnitude higher than the nPAH concentrations and even higher than the pPAH;5
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concentrations (6100+3100 ng/m?3). Like the pPAHs, there was no significant difference in
oPAH or nPAH concentrations between corn residues (nPAHs 34+24, oPAHs 5200+4000
ng/m3, n=4) and firewood (nPAHs 45+42, oPAHs 12000+14000 ng/m?3, n=4) experiments
(p>0.05) in the winter. The highest oPAH, nPAH, and PM> 5 concentrations (Zhong et al.,
2010) were measured in the kitchen on the third day of the winter experiment when wood
was burned.

There were significant correlations between pPAH, nPAH, and oPAH concentrations for the
three locations and for both seasons, with rvalues of 0.942 (nPAHs-pAH15), 0.948 (oPAHs-
pPAH;5) and 0.960 (nPAHs-0PAHS) p< 0.001), respectively (Figure 3). This suggests that
these compounds were from the same sources, giving the fact that the emission of these
compounds is not location or season dependent.

The nPAH and oPAH outdoor and bedroom concentrations were significantly lower than the
kitchen concentrations. Like pPAHSs, the nPAH and oPAH daily variation in concentration
was similar between the kitchen and the adjacent bedroom in the winter, suggesting that the
kitchen was an important source to the bedroom in winter. The summer oPAH concentration
(420170 ng/m3) in the kitchen was more than an order of magnitude lower than in the
winter due to good ventilation with the window and door opened. The oPAH and nPAH
concentrations in ambient air were 1500+1100 and 11+6 ng/m3 in the winter and 11+11 and
1.1+0.8 ng/m3 in the summer, respectively. Previous studies have also reported that nPAH
concentrations in urban ambient air were 1~2 orders of magnitude lower than oPAH
concentrations (Walgraeve et al., 2010). The summer PM-bound 1N-PYR concentrations in
urban areas in Shenyang (0.029+0.024) and Beijing (0.010+0.002 ng/m3) (Tang et al., 2005;
Wang et al., 2010) were similar to our outdoor 1N-PYR concentrations (0.016+0.019 ng/
m3). However, in winter, our measured outdoor IN-PYR concentrations (0.91+0.74 ng/m3)
were significantly higher than previously reported for Shenyang (0.179+0.019 ng/m3) (Tang
et al., 2005). Our winter outdoor oPAH concentrations were similar to those in urban areas
of Beijing (Wang et al., 2010).

Of the PAH derivatives, 9FO, ATQ, and BZO contributed 95~99% of the total oPAH and
nPAH concentration. The winter daily mean 9FO, ATQ, and BZO concentrations in the
kitchen were 3400+4000, 2600+3300, and 2400+2100 ng/m3, respectively. It has been
reported that both nPAHs and oPAHSs can be formed during incomplete combustion or
pPAH aging process (Albinet et al., 2008; Walgraeve et al., 2010). Although it was difficult
to fully identify their sources, the ratio of individual nPAH or oPAH concentrations to their
corresponding pPAH concentration provide some perspective. Figure 4 (left panel) shows
these ratios for the three dominant oPAHSs. The highest ratios were found in the kitchen and
the ratios in the winter were significantly higher than those in the summer. This suggests
OoPAH formation from combustion source in the kitchen. The high oPAH concentrations in
the kitchen during the winter, relative to summer, suggest that secondary formation of
oPAHSs in warm kitchen in the winter cannot be excluded although it was primarily due to
limited ventilation. Higher time resolution sampling is needed to characterize the oPAH
sources in the kitchen. For nPAHSs (Figure 4, right panel), the ratios in the kitchen were low,
with a single exception, and the highest ratios were measured in ambient air during the
summer. High ambient temperatures are favorable for the formation of nPAHs due to
enhanced reaction between pPAHSs and reactive species (Wilson et al., 1995). Our data
suggest that nPAHSs could from secondary formation in ambient air during the summer.

3.4. Gas-Particle partitioning

pPAHSs and their derivatives are present in gaseous and/or condensed phases, depending on
the properties of compounds and atmospheric conditions (Albinet et al., 2008). Gas-particle
partitioning of organic compounds is often described by a partition coefficient (K, m3/ug),
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defined as the ratio of mass concentration of the particulate phase (ng/pg) and the volume
concentration of gaseous phase (ng/m?3) (Pankow, 1987). Figure 5 shows the log-
transformed K, of pPAHSs (left panel) and derivatives (right panel) measured in the kitchen,
outdoors, and bedroom in the winter and summer against the log-transformed molecular
weight (MW) of the compound. Molecular weight was used instead of vapor pressure
because accurate vapor pressure data was not available all of the PAH derivatives. Similar to
previous reports in the literature (Albinet et al., 2008), log K}, increased as logM W4
increased. For both seasons, the Kj, values of pPAHSs in ambient air (triangle in Figure 5)
were higher than those in the kitchen and bedroom. This may be due to lower outside
temperatures. In the winter, K, values of intermediate molecular weight PAHs in the
bedroom were significantly lower than those in the outdoors and kitchen. This may be
because the diffusion of gaseous phase PAHs from the kitchen to the adjacent bedroom was
faster than transport of particulate phase PAHs from the kitchen to the bedroom. The K
values for the derivatives weOre generally higher than those of pPAHS, likely because that
the vapor pressures of nPAHs and oPAHSs are usually lower than those of corresponding
pPAHSs (Walgraeve et al., 2010). Although a similar relationship between K, and MWW was
observed for nPAHs and oPAHS, the seasonal differences were much larger than for pPAHS.
A similar trend was found for pPAHSs and their derivatives in ambient air in two French
valleys (Albinet et al., 2008).

Gas-particle partitioning of organic compounds is thought to be controlled by absorption
and/or adsorption which is related to the particle surface area and black carbon content
(Goss et al., 1998). These two mechanisms can be distinguished based on the slope of a
scatter plot of the log-transformed Kj, against log-transformed subcooled liquid vapor
pressure (P9). A slope steeper than —1.0 (or shallower than —0.6) suggests adsorption (or
absorption) domination (Goss et al., 1998). The calculated log K}, values were plotted against
logP? for pPAHSs and the slopes for the kitchen, bedroom, and ambient air varied from -0.2
to —0.5, implying that the gas-particle partitioning was governed by absorption (Section SI8-
Figure SI5). Absorption was also the dominant mechanism for freshly emitted pPAHs from
crop residues burned under similar conditions (Shen et al., 2011). The slopes for the
bedroom and ambient air were shallower than the slope for the kitchen air. This difference
may be explained by slow desorption kinetics when the PM from the kitchen entered less
contaminated air, at lower temperatures (Tsapakis and Stephanou, 2003).

3.5. Exposure

The relatively high exposure in the kitchen in the winter was confirmed by the results
obtained using the personal sampler. In the winter, the measured mean pPAH 15
concentration was 2660+1120 ng/m3 for the cooking group, which was significantly higher
than 1530+244 ng/m3 of the control group (p < 0.05). This is especially true for particulate
phase PAHs (1610+980 and 684+258), corresponding to the relatively high level of
particulate phase PAHSs in kitchen air in the winter. However, there was no significant
difference in the exposure concentrations of pPAH ;5 between the two groups in the summer
(p > 0.05) likely due to the better ventilation with open window. It appears that kitchen
ventilation is critical to the indoor inhalation exposure in rural household.

BaP is the only PAH regulated by Chinese air quality standards (daily average) for ambient
(10 ng/m3) and indoor (1.0 ng/m3) air (General Administration of Quality Supervision,
2002; Bureau of Environmental Protection of P.R.C., 1996). In the winter, the measured BaP
concentrations in the study home exceeded the standards by factors of 49 to 548, 31 to 187,
and 1 to 19 times in the Kitchen, adjacent bedroom, and outdoors, respectively. Even the
average summer kitchen concentration exceeded the standard by 57 times. These data
suggest that there is a high inhalation cancer risk for the residents of this study home. These
high PAH concentrations were confirmed with personal air samplers (see detailed data in
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Section SI5 (Tables SI1 and SI2)). In the winter, the daily mean BaP exposure to the
cooking group was 200+160 ng/m3, compared with 59+37 ng/m?3 for the control group. The
exposures in the summer were 2.0+0.41 and 1.6+0.27 ng/m3 for the cooking and control
groups, respectively.

In addition to BaP, other PAHs were measured in the study. Using the concentrations of 17
pPAHSs (total of gaseous and particulate phases excluding NAP, RET, and the three
dibenzopyrenes) and associated relative potency factors (RPFs) (Purohit and Basu, 2000),
total benzo(a)pyrene equivalent concentrations (BaPeq) of the pPAHs were calculated
(Section SI9 (Table S14)). The daily mean BaPeq concentrations were 710+540 and 12+1.3
ng/m3 for the cooking group in the winter and summer, compared to 230+140 and 13%2.0
ng/m3 for the control group, respectively. Because the RPF for DalP is 30 times higher than
the RPF for BaP, the dibenzopyrene isomers should be quantified in future studies. A recent
study found that the total excess inhalation cancer risk in Beijing would be underestimated
by 23% if the dibenzopyrene isomers were not included in the risk calculation (Jia et al.,
2011). In addition, it was previously estimated that the mean exposure of the Chinese
population to BaPeq in ambient air was 7.64 ng/m3. This value is much lower than what we
have estimated for the cooking group and even lower than that of the control group, leading
to an excess annual lung cancer morbidity rate of 0.65x107° (Zhang et al., 2009). The
cooking group was exposed to very high concentrations of oPAHs (1240+1100 ng/m3) in
the winter. Because the carcinogenic effects of o0PAHs and nPAHSs are not well quantified,
the inhalation cancer risk from these PAH derivatives was not determined. Although the
results of this study cannot be generalized to the entire Chinese population, a high inhalation
cancer risk to a housewife in northern China has been measured. In addition, PAHs other
than the 16 USEPA priority PAHs should be included in future studies.

4. Conclusion

High PAH concentrations were measured in the indoor air of the household and the most
severe contamination occurred in the kitchen in the winter. The measured concentrations of
pPAHSs, nPAHSs, and oPAHSs in the kitchen in the winter were as high as 7500+£4100, 38+29,
and 840049200 ng/m3, respectively. The PAHs in bedroom air were mainly from the
kitchen in the winter and from ambient air in the summer. High level of oPAHSs in the
kitchen air suggests that oPAHSs are primarily from the biomass burning. The daily mean
benzo(a)pyrene equivalent exposure concentrations were 200+160 and 59+37 ng/m3 in the
winter for those who cooked or not in this particular household.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Daily pPAH;5 (total of 15 USEPA priority PAHS) concentrations in the kitchen, adjacent
bedroom, and outdoors in the winter (four days from d1 to d4) and summer (three days from
d1 to d3). The stacked bars represent gaseous (top) and particulate (bottom) phase PAH
concentrations. The results are shown as arithmetic means and standard deviations (the
whisker pointing up and down represent standard deviations for the particulate and gaseous
phases, respectively, derived from the duplicate sampling).

Environ Pollut. Author manuscript; available in PMC 2013 October 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Ding et al.

80

D
(=]

nPAHs, ng/m?
s

0 : BHE:
dld2d3d4:dl d2d3 d4

3%
(=]

SSWW:S SWW
kitchen  outdoor

Winter

Figure2.

0 gasedus
particulate

S:  Straw
W: Woad
L: LPG

oPAHs, ng/m?

dld2d3 d4:d1 d2 d3
SSWWILSW

bedroom | kitchen outdoor bedroom

L]
dl d2d3idl d2d3

LSWLSW

Summer

Page 14

24000

16000

o0
(=3
S
S

0 5
dld2d3d4

SSWW
kitchen

a7 panin

D gaseoﬁs
particﬁlate
S: Straw
W: Wood
L: LPG

dld2d3d4: d1 d2d3 d4idl
SSWW S SWWL

e |
d2d3id1d2d3:d1d2d3
SWIL SWILSW

outdoor  bedroom ! kitchen outdoor bedroom

Winter

The measured nPAH (left panel) and oPAH (right panel) concentrations in the kitchen,
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days from d1 to d3). The stacked bars represent gaseous (top) and particulate (bottom) phase
PAH concentrations. The results are shown as arithmetic means and standard deviations (the
whiskers pointing up and down represent standard deviations for the particulate and gaseous
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Dependence of the log-transformed partition coefficient (Kp) of pPAHSs (left panel) and
derivatives (right panel) on the log-transformed molecular weight (MI44) in the kitchen
(circle), outdoors (triangle), and adjacent bedroom (diamond) in the winter (white) and
summer (grey).
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