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h i g h l i g h t s
� SCl1e3DD/Fs accounted for 85% of SCl1e8DD/Fs in air samples.
� The mean concentration of SCl1e3DD/Fs was 5.4 times that of SCl4e8DD/Fs in the air.
� SCl1e3DD/Fs occurred mainly in the gas phase, and SCl4e8DD/Fs mainly in particles.
� SCl1e3DFs were the dominant form of SCl1e3DD/Fs in all particle size classes.
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a b s t r a c t

There is very little information on the levels and particle size distributions of lower chlorinated dibenzo-
p-dioxins and dibenzofurans (mono- to tri-CDD/Fs, SCl1e3DD/Fs) in the atmosphere, while a number of
studies have examined tetra- to octa-chlorinated homologues (SCl4e8DD/Fs). In this study, we measured
the concentration and particle size distribution of SCl1e3DD/Fs in ambient air in suburban Beijing and
compared them with that of SCl4e8DD/Fs for the first time. The mean concentration of SCl1e3DD/Fs was
54.63 pg m�3, which is about 5.4 times that of SCl4e8DD/Fs. The SCl1e3DD/Fs accounted for 85% of SCl1
e8DD/Fs, and MoCDFs made up the largest proportion (43%) of PCDD/F homologues. The SCl1e3DD/Fs
mainly occurred in the gas phase, while the SCl4e8DD/Fs mainly occurred in the particulate phase. The
majority of SCl1e3DD/Fs (70%) occurred in dae > 1.0 mm particles, which is the reverse of the trend
observed for SCl4e8DD/Fs, of which 78% occurred in dae < 1.0 mm particles. The observed high concen-
trations of SCl1e3DD/Fs and different distribution patterns demonstrate that it is necessary to consider
the lower chlorinated homologues to improve our understanding of the environmental behavior and
health risk assessments of PCDD/Fs in the atmosphere.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/
Fs) are persistent organic pollutants that are byproducts of
nvironmental Chemistry and
l Sciences, Chinese Academy
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industrial thermal and chemical processes (Liu et al., 2015a, 2015b),
such as metal smelting (Ba et al., 2009; Nie et al., 2011), waste
incineration (Ni et al., 2009; Tang et al., 2013), coking facility pro-
cesses (Liu et al., 2009, 2013a), herbicide and pesticide production
(Rappe et al., 1978; Holt et al., 2010), and chlorine bleaching in
paper mills (Wang et al., 2012, 2014).

Previous studies have mainly focused on tetra- to octa-
chlorinated homologues, especially the 17 2,3,7,8-PCDD/Fs (Li
et al., 2008a; Zhu et al., 2008). Studies focusing on the lower
chlorinated homologues (mono- to tri-) are scarce, probably
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Table 1
Concentration profiles of mono- to tri-CDD/F homologues and congeners in the
samples, expressed as mass concentrations (pg m�3).

S1 S2 S3 S4 S5 Mean

Gas Particles Total

1-MoCDF 5.03 3.83 5.15 5.15 1.24 3.91 0.17 4.08
2-MoCDF 1.66 1.26 3.69 2.88 2.39 2.26 0.12 2.38
3-MoCDF 15.57 11.87 17.71 13.16 5.08 12.36 0.32 12.68
4-MoCDF 11.53 8.79 11.53 8.97 2.42 8.43 0.22 8.65
2,8-DiCDF 0.86 0.65 0.81 0.98 0.68 0.77 0.03 0.79
2,4,8-TrCDF 2.61 1.98 2.81 6.96 4.15 3.54 0.16 3.70
1-MoCDD 0.74 0.56 0.82 1.27 0.24 0.69 0.04 0.73
2-MoCDD 0.07 0.05 0.06 0.04 0.02 0.01 0.04 0.05
2,3-DiCDD 0.12 0.09 0.13 0.09 0.04 0.05 0.04 0.09
2,3,7-TrCDD 0.71 0.53 0.33 0.30 0.10 0.34 0.06 0.39
MoCDF 33.79 25.75 38.08 30.17 11.13 26.96 0.83 27.78
DiCDF 9.04 11.97 16.15 15.63 8.29 11.78 0.53 12.31
TrCDF 7.92 11.13 12.23 18.66 11.26 11.41 1.02 12.43
MoCDD 0.81 0.61 0.88 1.31 0.26 0.7 0.08 0.78
DiCDD 0.43 1.2 1.1 0.95 0.45 0.37 0.56 0.93
TrCDD 0.46 0.94 0.94 0.86 0.76 0.59 0.25 0.85
SCl1e3DD/Fs 52.45 51.6 69.38 67.57 32.16 51.81 2.82 54.63
SCl4e8DD/Fsa 10.16 23.17 6.59 7.13 3.77 2.7 7.47 10.17
SCl1e8DD/Fsa 62.62 74.78 75.97 74.69 35.94 54.51 10.29 64.80

Abbreviations: mono ¼ Mo; di ¼ Di; tri ¼ Tr; tetra ¼ Te; penta ¼ Pe; hexa ¼ Hx;
hepta ¼ Hp; octa ¼ O. SCl1e3DD/Fs: the sum of mono- to tri-CDD/Fs. SCl4e8DD/Fs:
the sum of tetra- to octa-CDD/Fs; SCl1e8DD/Fs: the sum of mono- to octa-CDD/Fs.

a the related data from the our previous study (Zhang et al., 2015).
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because of the absence of assigned toxic equivalent factors for
mono- to tri-chlorinated congeners. However, lower chlorinated
congeners, such as 2-MoCDF and 3-MoCDF, have displayed
embryotoxicity (Usami et al., 1993) and mutagenicity (Michi et al.,
1988), respectively. Park et al. recently reported that workers at
an incinerator facility and residents in the vicinity are exposed to
high levels of SCl1e3DD/Fs, and that SCl1e3DD/Fs concentrations
made up 77% of the SCl1e8DD/Fs serum concentrations (Park et al.,
2013). These results demonstrate that there is the potential for
accumulation of mono- to tri-CDD/Fs in humans, and that the hu-
man health implications of exposure should be examined.

Ambient air is one of the most significant pathways of transport
for PCDD/Fs (Tseng et al., 2014a,b; Chandra Suryani et al., 2015).
Most previous studies on ambient air have focused on the levels
and distribution patterns of tetra- to octa-CDD/Fs (Li et al., 2008b;
Wang et al., 2010; Zhang et al., 2012, 2015). To our knowledge, there
are no studies on the particle size distribution of lower chlorinated
homologues and no comparisons of their distribution with that of
higher chlorinated homologues in ambient air. In this study, we
examined mono- to tri-CDD/F concentrations and distributions in
different sized airborne particles, and compared them to those of
tetra- to octa-chlorinated homologues in a Beijing suburban area.
This evaluation is a preliminary step toward obtaining a more
complete understanding of the particle size distribution of mono-
to octa-CDD/Fs.

2. Materials and methods

2.1. Air sampling

Our group has established a continuous and long term moni-
toring program at the Beijing urban ecosystem research station to
collect atmospheric data. We collected the samples for this study
from this site, and used previously collected data to ensure data
stability and comparability (Zhang et al., 2015). Five air sample
groups, including gas phase, and particle phase with aerodynamic
diameters (daes) of four size classes: >10 mm, 2.5e10 mm,
1.0e2.5 mm, and <1.0 mm were collected. Detailed information
about the sampling sites and techniques are provided in our pre-
vious study (Zhang et al., 2015). Data on homologue and congener
profiles, and particle size distribution of tetra- to octa-CDD/Fs in the
atmosphere investigated in that studywill be used to compare with
data on mono- to tri-chlorinated homologues measured in this
study.

2.2. Pretreatment and instrumental analysis of mono- to tri-CDD/Fs

Analysis of mono- to tri-CDD/Fs was performed as followed (Liu
et al., 2013b). A 13C12-labeled internal standard (EDF-4955; Cam-
bridge Isotope Laboratories) consisted of six 13C12-labeled conge-
ners (2-MoCDD, 2-MoCDF, 2,3-DiCDD, 2,8-DiCDF, 2,3,7-TrCDD,
2,4,8-TrCDF) was added prior to extraction, then the samples were
extracted by an accelerated solvent extraction (ASE, Thermo Fisher
Scientific, Waltham, MA, USA) with a mixture of dichloromethane
and hexane (1:1 v/v).

The details about the sample clean-up were previously
described (Liu et al., 2013b). A multilayer silica gel column was
firstly used to purify the extract and the target compounds on the
column were eluted with 100 mL of hexane. Then, the extract was
evaporated and further cleanup on an 8 g basic alumina column,
and eluted with 80 mL of 2% dichloromethane in hexane, followed
by 150 mL of 12% dichloromethane in hexane. Mono- to tri-CDD/F
congeners were contained in the latter fraction. The extract was
concentrated to about 40 mL by rotatory evaporation and gentle
nitrogen flow prior to instrumental analysis.
The mono- to tri-CDD/Fs were analyzed using an Agilent 6890
gas chromatograph (Agilent Technologies, Santa Clara, CA, USA)
equipped with a DB-5 MS fused silica column (60 m long, 0.25 mm
inner diameter, 0.25 mm film thickness, Agilent Technologies) that
was coupled to an Autospec Ultima high resolution mass spec-
trometer (Waters, Milford, MA, USA) with an electron impact (EI)
ion source (Liu et al., 2013b). The mass spectrometer was operated
at the resolution of at least 10,000 and was operated in selected ion
monitoring mode. Five pairs of field blanks and laboratory blanks
were analyzed, and no differences in PCDD/F concentrations were
observed between these groups. Recoveries of the 13C12-labeled
mono- to tri-CDD/F congeners were between 47% and 89%.
3. Results and discussion

The mean concentration of SCl1e3DD/Fs was 54.63 pg m�3,
which was about 5.4 times that of SCl4e8DD/Fs. SCl1e3DD/Fs
accounted for 85% of SCl1e8DD/Fs. MoCDFs were the dominant
homologue of PCDD/Fs, accounting for 43% of SCl1e8DD/Fs. The
dominant contributor to MoCDFs was 3-MoCDF (46%) of MoCDFs,
followed by 4-MoCDF (30%) (Table 1). The concentrations of 2,8-
DiCDF and 2,4,8-TrCDF were lower than those of 3-MoCDF. Our
previous research demonstrated that 1,2,3,4,6,7,8-HpCDF and OCDF
were the most abundant congeners of 17 2,3,7,8-PCDD/Fs, ac-
counting for only 4.4% and 4.2% of 3-MoCDF, respectively (Zhang
et al., 2015). The concentrations of SCl1e3DD/Fs in these samples
are higher than those of SCl4e8DD/Fs, and the associated environ-
mental and health risks of SCl1e3DD/Fs in the atmosphere should
not be ignored.

The gas/particle partitioning behaviors of different PCDD/F ho-
mologues, especially between SCl1e3DD/Fs and SCl4e8DD/Fs, were
obviously different (Fig. 1). SCl1e3DD/Fs were abundant in the gas
phase, accounting for 95% of SCl1e8DD/Fs; SCl1e3DFs were partic-
ularly prevalent, accounting for >96% of SCl1e8DFs. SCl1e3DD/Fs
were the main PCDD/F homologues in the gas phase, while
SCl4e8DD/Fs were the dominant homologues in the particulate
phase, accounting for 73% of SCl1e8DD/Fs (Zhang et al., 2015).

The partition of particle matter with different sizes and mono-



Fig. 1. PCDD/F homologue distributions in the gas and particle phases: (a) Mono- to
tri-CDD/Fs; (b) Tetra- to Octa-CDD/Fs (Zhang et al., 2015).

Fig. 2. Proportions of mono- to tri-CDD/Fs diffe

Fig. 3. Mono- to tri-chlorinated homologues and congen
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to tri-CDD/Fs in different sizes in the air were presented in Fig. 2.
The proportion of SCl1e3DD/Fs occurring in the dae < 1.0 mmparticle
size fraction was slightly higher than in other particle size fractions
(Fig. 2(a)). In dae>1.0 mm particles, the proportion of SCl1e3DD/Fs in
three size classes (>10 mm, 2.5e10 mm, and 1.0e2.5 mm) were
almost the same. SCl1e3DD/Fs primarily occurred in the
dae > 1.0 mm fraction. The sum of the proportions (%) of SCl1e3DD/Fs
in dae > 1.0 mm particles were around 70%, higher than that in
dae < 1.0 mm particles (30%). We also observed that 78% of
SCl4e8DD/Fs occurred in the fine particle fractions (dae < 1.0 mm),
and proportions increased as particle size decreased (Fig. S1(a)).
Normalized histograms representing dC/dlogDp versus Dp have
been intensively used for investigating PCDD/F distribution in
different air particle size classes (Chao et al., 2003; Chrysikou and
Samara, 2009). dC is the concentration of PCDD/Fs in each size
fraction, and Dp is the aerodynamic diameter. The distribution of
SCl1e3DD/Fs (Fig. 2(b)) was also clearly different from the distri-
bution of SCl4e8DD/Fs (Fig. S1(b)).

We observed that SCl1e3DFs occurred in higher proportions
than SCl1e3DDs in all size classes of particles. SCl1e3DFs accounted
for more than 70% of the SCl1e3DD/Fs in the particle phase
(Fig. 3(a)). In the SCl1e3DF homologues, higher chlorinated furans
occurred in higher fractions in the fine particle size fraction. 3-
MoCDF and 4-MoCDF were the most prevalent congeners of
MoCDFs. MoCDFs have a greater tendency to partition in the gas
phase relative to higher chlorinated DD/Fs. To the best of our
knowledge, there have been no previous reports of MoCDF con-
geners in airborne particles of different sizes. Therefore, it is
important to investigate the distribution of MoCDF congeners in
rent size classes of atmospheric particles.

ers in different size classes of atmospheric particles.
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the air to for better understanding of their environmental behavior
and impacts on human health. The distribution of MoCDF conge-
ners in different size classes of airborne particles is presented in the
Fig. 3(b). The proportions of four MoCDF congeners in the
dae < 1.0 mm size class (around 35%) are slightly higher than those
occurring in the 1.0e2.5 mm, 2.5e10 mm, and >10 mm size classes.
The distribution of the four MoCDF congeners in the 1.0e2.5 mm,
2.5e10 mm, and >10 mm size classes were almost the same (about
22%). This was different from the particle size distribution of higher
chlorinated homologues (such as OCDF), for which the distribution
in the dae < 1.0 mm particles was about 80%, and concentrations in
particles of each size fraction decreased as the particle size
increased (Fig. S2). These results may be helpful in gaining a better
understanding of the environmental behavior and potential health
risk of MoCDFs, which are a significant component of PCDD/Fs in
the atmosphere.

4. Conclusions

We observed higher concentrations SCl1e3DD/Fs than
SCl4e8DD/Fs (by about 5.4 times) in atmospheric samples, indi-
cating that residents in the investigated areas may be exposed to
higher levels of lower chlorinated DD/Fs. SCl1e3DD/Fs mainly
occurred in the gas phase, while SCl4e8DD/Fs were dominant in the
particulate phase (Zhang et al., 2015). We also observed that
SCl1e3DD/Fs occurred in higher proportions in dae > 1.0 mm parti-
cles; this is the opposite of the distribution trend observed for
SCl4e8DD/Fs, of which about 80% occur in dae < 1.0 mm particles.
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