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Abstract
Brominated flame retardants (BFRs), such as polybrominated diphenyl ethers
(PBDEs),

tetrabromobisphenol-A

(TBBPA),

and

hexabromocyclododecane

(HBCD), have been increasingly produced and consumed throughout the world
during the past decade due to their relatively low cost and higher fire-resistant
efficiency. This increase has been accompanied by growing public concern about
the risk to humans and the environment. In fact, several BFRs have been globally
restricted as hazardous substances. Phthalates have also been used as plasticizers in
numerous plastic products, such as construction materials and household goods.
Similar to BFRs, phthalates are relatively inexpensive yet efficient and their
production and consumption has increased dramatically worldwide over the past
decade, along with public concern about the risk to humans. BFRs and phthalate
esters have been known as endocrine disrupter mimicking hormonal functions.
There have been many studies about these materials in foreign countries, but there
is a lack of such research in South Korea. In this research, we therefore studied
BFRs and phthalates, their distribution based on building characteristics, and their
associated health risks. In particular, we investigated the health risk posed by house
dust containing these materials. We also reviewed foreign studies and conduct a
comparative analysis.
In this study, we found the concentration levels of ΣPBDEs to be much lower than
in the US and the UK but almost the same as in Australia and China. This is likely
because these substances have accumulated more in advanced countries than in
developing countries, as they have been used in household applications there for
longer periods of time before being regulated. We also found the concentrations of
ΣHBCD and TBBPA to be lower than those reported in some advanced countries.
This indicated that these materials started to be used as alternatives to PBDEs
earlier in advanced countries, before regulations were instituted. In addition, the
levels of phthalate esters in Europe and the US were lower than those in Asia. This

-i-

might indicate the more frequent use of products containing phthalates, such as
PVC flooring, in Asian countries.
We implemented a distribution impact study of building characteristics, such as
flooring type (PVC) and construction age. PVC flooring was associated with
DEHP (p=0.001) and BBP (p=0.012), and construction age was statistically
correlated with BDE-47 (p=0.062), BDE-203 (p=0.007), DEHP (p=0.004), and
BBP (p=0.070). These results are evidence that older buildings have more
materials containing PBDEs and phthalates; thus, the more PVC used, the higher
the exposure to phthalates.
We also carried out a health risk assessment of PBDEs and phthalates in terms of
these

materials

being

carcinogenic

or

non-carcinogenic.

Only

DEHP

(ECR=1.4×10-6) in target compounds was found to have a carcinogenic risk. It
reached the criterion of 10-4 to 10-6, according to a carcinogenic health effect index
established by the US Environmental Protection Agency (USEPA). We concluded
that DEHP levels in indoor dust need to be continuously monitored.

Keywords: House dust, Brominated flame retardants, Phthalate esters,
Monitoring, Risk assessment
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1. Introduction
1.1 Brominated flame retardants
Recently, there has been increasing concern about chemicals that may disrupt the
endocrine systems of humans and animals. One such group of chemicals is
brominated flame retardants (BFRs). BFRs are organobromine compounds with an
inhibitory effect that are used to prevent and suppress the combustion of organic
materials. Of the commercial chemical flame retardants, BFRs are the most widely
used due to their efficient fire-resistant effect and low cost. BFRs have been used in
various manufacturing processes, especially those involving plastic polymers and
textiles; in electrical and electronic equipment and their components (printed
circuit boards, connectors, plastic covers, cables); textiles (carpets, clothing, fillers);
construction materials; furniture; etc. There are many chemicals in the BFR family,
and the most commonly used compounds—polybrominated diphenyl ethers
(PBDEs), tetrabromo bisphenol-A (TBBPA) and hexabromocyclododecane
(HBCD)—make up 40% of the total global consumption of BFRs (Choi et al.
2009; Sjödin et al. 2003). Commercial PBDE preparations are generally
categorized according to the average bromine content as mono-BDE or deca-BDE.
Penta-BDE is primarily used in polyurethane for applications such as carpet
padding and furniture upholstery. Octa-BDE and deca-BDE are used in hard
plastics used in things such as home electrical appliances, including television sets
and computers (World Health Organization 1994). Due to the tremendous
increase in the use of PBDEs, researchers and experts have become increasingly
interested in studying their toxic effects on humans and animals and in monitoring
their levels in the environment (water, atmosphere, indoor air, dust, soil, and
sewage sludge) (MacRae 2006; Shen et al. 2006).
Many studies have proved that PBDEs act as endocrine disruptors that mimic or
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interfere with the function of hormones, such as those in the thyroid gland
(Vonderheide et al. 2008). In animal studies, PBDEs have been found to induce
adverse effects such as neurotoxicity, developmental and reproductive toxicity, and
endocrine disorder (Kodavanti et al. 2005). Following the risk verification of
PBDEs, international movements to regulate their use in home appliances and
plastic equipment have arisen, including the Restriction of Hazardous Substances
Directive (RoHS) and the Waste Electrical and Electronic Equipment Directive
(WEEE) (Choi et al. 2009). Furthermore, the movement to develop their
alternative substances like HBCDs and TBBPA has sprung from expectation to
decrease usage of pre-existing toxic BFR kinds (Abdallah et al. 2008b; Allen et al.
2008).
HBCDs are mostly used as an additive in expanding and extruding polystyrene
foam for the thermal insulation of buildings and to a lesser extent in high-impact
polystyrene manufacturing, such as for televisions and textiles. Unfortunately,
these substances are also considered persistent and bio-accumulative and might
cause reproductive, developmental, and neurological disorders. Under the
European Union‘s REACH regulation, HBCDs will be phased out in European
trade by mid-2015 (Abdallah et al. 2008b; La Guardia et al. 2012). TBBPA has
been used as a reactive or additive flame retardant in the manufacture of
polycarbonates, epoxy, phenolic resins, ABS (acrylonitrile-butadiene-styrene resin),
and HIPS (high impact polystyrene). It can be easily leached out of the matrix,
resulting in human exposure, and is known to have adverse effects on thyroid
hormones. TBBPA was restricted by the REACH regulation in October 2010, but it
is still not under ongoing regulations. (Geens et al. 2009; Lilienthal et al. 2008).
The sources of human exposure to BFRs have been linked with indoor
environments and diet. However, according to some reports about persistent
organic pollutants such as polychlorinated biphenyls (PCBs) and dioxins, diet is a
main source of PBDE exposure (Schecter et al. 2004). However, sources other
than diet, such as house dust, were found to be somewhat significant sources of
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human exposure to PBDEs (Hazrati and Harrad 2006). Therefore, any strategies
to limit exposure to PBDEs must include a thorough description of the dust source
and the pathways of exposure in indoor environments (Johnson-Restrepo and
Kannan 2009).

1.2 Phthalate esters
There is also concern about phthalates as endocrine disruptors. Phthalates have
been widely used for more than 40 years as plasticizers added to plastics to
increase their flexibility, transparency, durability, and longevity. They are used in a
variety of electrical and electronic goods (connectors, capacitors, cables),
household applications (shower curtains, vinyl upholstery, food containers,
wrappers), and construction materials (adhesives, floor tiles, wall coverings).
Because of their chemical and physical characteristics, approximately 90% of
phthalates are used as plasticizers in the production of soft polyvinyl chloride (PVC)
and other polymers (Fromme et al. 2004). Of the different types of phthalates, the
most widely used are di-ethyl hexyl phthalate (DEHP), dibutyl phthalate (DBP),
butyl benzyl phthalate (BBP), di-isodecyl phthalate (DIDP), di-isononyl phthalate
(DINP), and di-n-octyl phthalate (DNOP). Despite their low cost and high
performance, however, the use of phthalates has been phased out for many products
in the EU, the US, and Canada due to health concerns (Abb et al. 2009).
Phthalates have raised dubiety acting as estrogenic hormone and inhibiting
developmental effects to human (Harris et al. 1997; Jobling et al. 1995).
Development deformities noted in animal experiments include decreased birth
weight, low survival rates, malformation of genital organs, and diminished male
genital organ length (Wittassek et al. 2007). DEHP in particular causes damage to
the liver and testes (Hauser and Calafat 2005), and the association between the
concentration of DEHP and BBP in house dust and allergic disorders has been
proved (Bornehag et al. 2004). As a result, an EU risk assessment classified DEHP,
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DBP, and BBP as hazardous substances in 2005 and has issued directives to ban
these materials from products, particularly toys and cosmetics (Abb et al. 2009).
Phthalate esters are not chemically bound to products and can be easily released
into the indoor environment. Indoor dust in particular contains many semi- and
non-volatile substances like phthalate esters and has been reported to contain high
amounts (tens to hundreds of parts per billion) of several phthalate esters
(Bornehag et al. 2005; Fujii et al. 2003; Rudel et al. 2003). Therefore, phthalates
esters and BFRs have been investigated by a careful comprehension about the dust
source and pathways of exposure from indoor environment, too.

1.3 The aims of this study
In the present, studies about monitoring or risk assessment of BFRs from indoor
dust have been conducted sufficiently in foreign countries, but not sufficiently in
South-Korea. Since a long time ago, there have been a lot of studies involved the
dust in Europe and U.S. Therefore, there is a need of this study about those
substances via the dust in domestic indoor environment.

1.3.1 Distribution pattern analysis of BFRs and phthalates
We determined the concentrations of the major BFRs (PBDEs, TBBPA, and α-, β-,
and γ-HBCD) and phthalate esters by analyzing settled house dust and
investigating their distribution pattern.
First, we assessed the concentration data; we obtained information about what
distinction each pattern has according to their surroundings. Second, using
information obtained from a survey about building characteristics, such as flooring
material, construction age, and residential form, we investigated possible
associations between the concentrations in dust in Korean houses and the selected
building characteristics. We then formed the hypothesis that PVC used in flooring
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materials and construction age have an interrelationship with the concentration of
BFRs and phthalates. This was based on the evidence that PVC linoleum and
synthetic PVC adhesives are the main sources of phthalates and that home
appliances are the main sources of BFRs. Last, we assessed the relationship
between concentrations of our target BFR components. We hypothesized that there
is a link between each other because we assumed that BFR materials would be
added to plastic products on similar level.

1.3.2 Comparison with other studies in foreign countries

The concentration results in this study were compared to the levels reported in
related research in other countries. This can give us important information about
Korean housing characteristics. We hypothesized that the concentration level of
phthalates in Korean houses would be higher than in foreign houses. This is
because PVC linoleum, including synthetic PVC adhesives, has been used much
more in Korean houses than in European and American houses. In terms of BFRs,
we also anticipated that the concentration of PBDEs in Korea would be lower than
that in other developed countries because it was not until fairly recently that
regulations governing the use of PBDEs in electronics were instituted. In the case
of HBCDs and TBBPA, we estimated the concentration levels in Korea would be
lower than the levels in more advanced countries because these substances have
been used as substitutes longer in such countries.

1.3.3 Risk assessment of human exposure via indoor dust

The final aim of this study focused on the human health risks associated with
BFRs and phthalates found in indoor dust, taking age of residents into
consideration. Carcinogenic and non-carcinogenic risk assessments were conducted
using calculations to compare the total human exposure to BFRs and phthalates for
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each reference dose (RfD) using the cancer slope factor (SF) value provided by the
USEPA. (D’Hollander et al. 2010). These results were expressed using the Hazard
Index (HI) and the excess cancer risk (ECR) and were evaluated based on the
criteria provided by the USEPA.
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2. Experimental methods and materials
2.1 Chemicals and materials
N-hexane (PRA grade) was obtained from SK chemical (Korea), ethyl acetate
(HPLC grade) from Burdick & Jackson (USA), and methanol (HPLC grade) from
J.T. Baker (USA). The solvents (n-hexane and ethyl acetate) were examined to be
free from contamination with BFR and phthalate ester residues. Phthalate esters,
PBDE congeners, and α-, β-, γ-HBCD, TBBPA were purchased from Accustandard
(USA), which consisted of the compounds indicated in Table 1 below. The mixture
standard solution of phthalate esters contained 15 kinds of phthalates, which were
dissolved to concentrations of 0.02-5 mg L-1 with n-hexane as the range of test
solutions for the samples. Likewise, the mixture standard solution of PBDE
congeners were prepared by the product named ‗Custom PBDE congeners‘ which
was composed of 13 kinds commonly used in industry circle. It was prepared in the
final concentration of about 0.05-1 mg L-1 (the concentration of the only BDE-209
was 0.1-2 mg L-1). Lastly, the mixture Solution of HBCDs and TBBPA were made
by mixing each single standard solution using methanol, which covered the
concentrations of 1-50 ng L-1. The deuterium ring-labelled reference materials of
dibutyl-phthalate (Di-n-butyl phthalate-3,4,5,6-d4, DBP-d4) was purchased from
Fluka (USA) (Fromme et al. 2004), and 2,3,5,6-Tetrachlorobiphenyl (PCB-65),
2,3,4,4',5,6-Hexachlorobiphenyl (PCB-166) and Tetrachloro-m-xylene (TCMX)
were purchased from Accustandard (USA) (Batterman et al. 2010). The individual
stock solutions were prepared as below and were kept in a refrigerator at 4℃.
DBP-d4 was used as a surrogate material for phthalates, and PCB-65 was for low
mass PBDEs and HBCDs and TBBPA, and also PCB-166 was for high mass PBDE
congeners, which were for checking the recovery rates of target compounds.
TCMX served as an internal standard that calibrated final volumes and measuring

- 13 -

sensitivity. Before using the internal standards, we confirmed that they were
certainly usable by the test with the only dust samples without spiking them. Those
compounds were confirmed to using as the internal standards because no peaks at
the same retention time with them were detected in mass chromatography. They
were prepared in n-hexane at respective concentration. Every glassware like
extraction vials (30 mL), glass syringes (10 mL) and pipettes of different sizes
were rinsed with same washing solvent and then baked at 400℃ in muffle
furnaces for dehydration and decontamination for 2 hours and then cooled down to
room temperature in a desiccators before use. Anhydrous sodium sulfate (pesticide
residue analysis grade, Kanto, Japan) was also baked at 400℃ for the same reason
(Abb et al. 2009).
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Table 1 Target compounds for BFRs and phthalates
Category

Compounds

Instrument

2-Bromodiphenyl ether (BDE-1)
2,4-Dibromodiphenyl ether (BDE-7)
2,4,4'-Tribromodiphenyl ether (BDE-28)
2,2',4,4'-Tetrabromodiphenyl ether (BDE-47)
2,2',4,4',5-Pentabromodiphenyl ether (BDE-99)
2,2',4,4',6-Pentabromodiphenyl ether (BDE-100)

PBDEs

2,2',4,4',5,6'-Hexabromodiphenyl ether (BDE-154)

GC/MS

2,2',3,4,4',5',6-Heptabromodiphenyl ether (BDE-183)
2,2',3,4,4',5,5',6-Octabromodiphenyl ether (BDE-203)
2,2',3,3',4,4',5,5',6-Nonabromodiphenyl ether (BDE-206)
2,2',3,3',4,4',5,6,6'-Nonabromodiphenyl ether (BDE-207)
2,2',3,3',4,5,5',6,6'-Nonabromodiphenyl ether (BDE-208)
Decabromodiphenyl ether (BDE-209)

TBBPA

TBBPA

LC/MS/MS

HBCDs

α-, β-, and γ-HBCD

LC/MS/MS

Phthalates

Dimethyl phthalate (DMP)
Diethyl Phthalate (DEP)
Diisobutyl phthalate (DIBP)
Dibutyl phthalate (DBP)
Bis(methoxyethyl) phthalate (DMEP)
Bis(4-Methyl-2-pentyl)phthalate (DMPP)
Diethoxyethyl phthalate (DEEP)
Diamyl phthalate (DAP)
Benzyl butyl phthalate (BBP)
Dihexyl phthalate (DHP)
di(Butoxyethyl)phthalate (DBEP)
Dicyclohexyl phthalate (DCHP)
Bis(2-ethylhexyl) phthalate (DEHP)
Di-n-octyl phthalate (DNOP)
Dinonyl phthalate (DNP)
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GC/MS

2.2 Sampling for indoor dust
Dust samples were collected from residential houses (n=42) in Seoul and Kyunggi do, Korea. The sampling information was summarized in Table 2. During these
investigations, checklists was followed regarding factors such as residential forms,
construction age, and flooring materials (Bornehag et al. 2005). Dust samples in
the residences were obtained from the residents‘ vacuum cleaner. Large debris,
hairs and non-dust particles in house dust samples were removed using a coarse
metal sieve. To avoid contamination, the collected samples were immediately
transferred to in amber glass bottles and stored at -20 ℃ until analysis.

Table 2 Summary of dust sampling information
Items

House

Sample number

42

Sampling period

May. – Sep. 2011

Locations

Seoul/Kyung-gi do

Sampling point

Vacuum cleaner

Remarks

Floor : PVC, Wood, laminate
Ceiling and wall : laminated paper

Classification

<Residential form>
Apt.(22), Multiplex(13), Single(7)
<Flooring material>
PVC(34), Wood(8)
<Construction age>
Before 1990(10)
1991~2000(21)
After 2001(11)
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2.3 Sample extraction
To reduce the risk of lab- and cross-contamination as low as possible, a very brief
extraction method was the objective of this study (Abb et al. 2009). Figure 1
briefly shows the procedure for extraction and analysis of BFRs and phthalates.
Duplicate samples were taken in each dust sample. After spiking 50 μL of the
surrogate which was the mixture solution made up of PCB-65 (40 μg mL-1), PCB166 (5 μg mL-1), and DBP-d4 (100 μg mL-1) (Fromme et al. 2004), about 250 mg
of dust was put in a 30 mL extraction vial and added 20 mL of ethyl acetate and nhexane solution (1:1). The ultrasonic extraction was performed for 60 minutes at
40°C and was followed by letting them cool for a moment at room temperature. An
amount of about 2 spatulas of anhydrous sodium sulfate were added to each the
extract for water elimination. The supernatant was filtered with a glass syringe
(Jamsil Medical) and a hydrophobic filter (AD.25JP050AN, ADVANTEC) for a
simple clean-up thereafter. Because of low concentrations but high method
detection limits of PBDEs, exactly 10 mL volume of each the extract was
transferred with a volume pipette to a concentration vial seperately, and then
concentrated it to 0.5 mL using nitrogen gas in a Turbovap® II (Zymark). On the
other hand, the rest extracts was directly used to analyze phthalates with GC/MS
and to analyze HBCDs/TBBPA with LC/MS/MS. Especially, since DEHP showed
very high deviation far from the calibration range, each the extract were diluted to
1:10 or 1:100 with n-hexane in additional vials. The final extract for phthalates,
HBCDs/TBBPA were carried to the 2 mL vials and set up to 1.5 mL as final
volume, and that for PBDEs were set up to 0.5 mL. Prior to analyze them, an
internal standard, TCMX (2 μg mL-1) were spiked into them skillfully. Each sample
was analyzed in duplicate for each determination (Covaci et al. 2007).
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Figure 1 Flow chart for the analysis of BFRs and phthalates.

2.4 Instrumental analysis
2.4.1 GC/MS

PBDEs and phthalates were analyzed by GC/MS (Perkinelmer Clarus-500). The
separation of PBDEs was operated by a DB-5MS capillary column (15 m × 0.25 m
× 0.1 μm). Sample was injected by an amount of 1 μL in splitless mode. Helium
was used as carrier gas at constant flow (1 mL min-1) and nitrogen as make-up gas
at constant flow (4 mL min-1). The temperature condition was programmed from
80℃, kept for 1 min, then increased with 10℃ min-1 to 170℃, kept for 2 min, then
increased with 10℃ min-1 to 260℃, kept for 0 min, then increased with 20℃ min-1
to 300℃, kept for 8 min, so totally took 31 min. The MS was operated in Selected
Ion Monitoring (SIM) mode like Table 3 in electron ionization inner source. The
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ion source, quadrupole and interface temperature were 300, 280 and 300℃,
respectively.
The determination of phthalates and separation were also by the identical GC/MS.
But Column was different from PBDEs, which was DB-5MS capillary column (30
m × 0.25 m × 0.25 μm). The injection condition was followed that injection volume
was 1 μL in split mode (20:1) and injector temperature was 260℃. The temperature
condition was set from 100℃, kept for 4 min, then increased with 10℃ min-1 to
260℃, kept for 10 min, so totally took 30 min. The ion source quadrupole and
interface temperature were 280℃, entirely. The other conditions were identified
with PBDEs. The conditions of mass spectrometry were indicated in Table 3.

2.4.2 LC/MS/MS
The determination of ∑HBCDs and TBBPA was achieved using a MS/MS system
of AB-Sciex (Q-Trap 3200) and a HPLC system of Perkinelmer (FX HPLC
system). α-, β-, γ-HBCD and TBBPA were to be separated and quantified in one
method, which used Thermo CCS Hypercarb C18 column (150 × 4.6 mm i.d., 5 μm
particle size). A mobile phase of de-ionized water and methanol at a flow rate of
total 400 μL min-1 was applied for elution of HBCD isomers. Mobile phase flowed
at the gradient condition whose step was starting 90% methanol was held for 1 min
then decreased linearly to 10% over 2 min; this rate was held for 3 min followed by
a linear increase to 90% methanol over 4 min and held for 2 min; totally took 12
min, HBCDs were separated with retention times of 7.93, 8.66, 9.20 for α-, β-, γisomers, respectively. TBBPA also was shown as a peak at 5.40 min. Mass
spectrometric analysis was performed in the electro-spray negative ionization mode
and in Multiple Reaction Monitoring (MRM) mode for quantitative determination.
HBCD isomers were analyzed based on m/z 604.3 to 80.8 and TBBPA was based
on m/z 542.6 to 78.7, as shown in Table 3.
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Table 3 Mass spectrometry conditions of GC/MS and LC/MS/MS
GC/MS

PBDEs

Phthalates

Internal
Standards
LC/MS/MS
HBCDs

TBBPA

Compounds
BDE-1
BDE-7
BDE-28
BDE-47
BDE-100
BDE-99
BDE-154
BDE-183
BDE-203
BDE-208
BDE-207
BDE-206
BDE-209
DMP
DEP
DIBP
DBP
DMEP
DMPP
DEEP
DAP
BBP
DHP
DBEP
DCHP
DEHP
DNOP
DNP
PCB-65
PCB-166
TCMX
DBP-d4
Compounds
α-HBCD
β-HBCD
γ-HBCD
TBBPA

MS conditions
(m/z)

Retention time
(min)

248, 250
328, 326, 330
248, 406, 408
326, 328, 488
404, 406, 566
404, 406, 566
484, 486, 645
562, 564, 723
642, 644, 723
720, 721, 879
720, 721, 879
720, 721, 879
797, 801, 959

3.65
4.55
5.42
6.62
8.10
8.12
9.64
11.02
12.43
13.45
13.57
13.89
15.72
5.35
6.91
9.74
10.75
11.25
12.37
13.03
13.50
15.55
15.62
16.79
16.97
17.35
18.86
20.26
10.52
15.62
6.94
10.74

163, 149

220, 290, 292
290, 360, 362
207, 209, 244
153, 108
MS conditions
(amu)
640.3 / 80.8
640.3 / 80.8
640.3 / 80.8
542.6 / 78.7
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Retention time
7.93
8.66
9.20
5.40

2.4.3 Calibration

Internal standard calibration was adopted for quantification. Because the
extraction method was reliable by the results of the recovery test, liquid calibration
with the internal standard spiked could be used for quantification of target
compounds. Original solutions of the standards were diluted to the concentration of
sensitivities targets showed. PBDEs mixture standard was made in a range of 501000 μg L-1 for GC/MS, and respective HBCDs and TBBPA was prepared in a
range of 1-50 μg L-1 for LC/MS/MS. In case of phthalates esters, the mixture
standard was diluted to 20-5000 μg L-1, gradationally. Mainly detected esters
(DEHP, DBP, BBP) were calibrated in a high concentration range of 0.1-5.0 mg L-1,
whereas, the others (DIBP, DAP, DHP, DNOP) were in a lower concentration range
of 20-500 μg L-1. Multi-level calibration curves (r2>0.99) in the linear response
were created for each component.

2.5 Quality assurance
2.5.1 Recovery

Surrogate recovery for PBDEs, HBCDs/TBBPA in low concentration was
between 74 and 97%, and averaged 84±4% for PCB-166. Also that for PBDEs,
HBCDs/TBBPA in high concentration was between 77 and 97%, and averaged
88±4% for PCB-65. In addition, that for phthalates was between 76 and 122%, and
averaged 98±14% for DBP-d4.
2.5.2 Limits of determination

The limit of detection (LOD) were calculated from the concentration value
corresponding with the peak showing signal to noise (S/N) ratio of 3:1, and the
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limit of quantitation (LOQ) were from S/N ratio of 10:1. Also, method detection
limit (MDL) for BFRs and phthalates were assessed as multiplying t-value by the
standard deviation (SD) of multiple low concentration (n=7), which were taken
from the inspection spiking the mixture standard solution to the target compound
free material at the level of LOQ level (Batterman et al. 2010). The mixture
standards of PBDE congeners and phthalate esters were used for GC/MS and the
mixture of each HBCD and TBBPA standards were for LC/MS/MS. MDLs were
measured by spiking the standard mixture of the target compounds into sea sand
matrix instead of dust reference material containing free BFRs and phthalates.
Mainly detected MDLs for PBDEs were 2 ng g-1 for BDE-47, 2 ng g-1 for BDE-99,
and 50 ng g-1 for BDE-209 via GC/MS. 60 & 60 & 23 ng g-1 for HBCDs, and 28 ng
g-1 for TBBPA via LC/MS/MS. Those for phthalates were also 0.2 μg g-1 for DBP,
0.5 μg g-1 for BBP, and 2.5 μg g-1 for DEHP via GC/MS.

2.6 Risk assessment through indoor dust
2.6.1 Exposure scenario to indoor residents
Residents‘ exposure to the chemicals via dust is illustrated in Figure 2. The main
routes of exposure are oral intake, inhalation through respiratory organs, and
dermal absorption. These routes account for the mass transfer of target compounds,
such as DEHP and DBP, from emission sources via indoor dust. We proved
through the migration experiment that the compounds in bottom layer were slowly
transported through the air or were adsorbed directly at the dust surface (Schripp
et al. 2010). In the former case, response value of dispersion effect was estimated
by the particle emission factor (1.36×106 m3/g) (Kang et al. 2012), and the
estimated value at gas phase generated by volatilization was indicated by the
conversion formulas to indoor air concentration in Table 4 (Weschler et al. 2008).
These are important factors in calculating the exposure amount ingested via the
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inhalation route. Oral intake and dermal contact were found to be the main
exposure routes for residents in terms of direct adsorption of dust. Thus, we carried
out the exposure assessment using the concentrations from settled dust, as follows.

Figure 2 Exposure scenarios to indoor residents.

2.6.2 Exposure assessment based on formulas and factors

We assessed the exposure of residents to PBDEs, HBCDs/TBBPA, and phthalate
esters via exposure routes such as oral ingestion, inhalation, and dermal contact.
Daily intake (DI) values were calculated using the equations and parameters shown
in Table 4 and Table 5.
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Table 4 Equations used in the calculation of Daily Intakes
Routes
Dust ingestion

Inhalation

Dermal uptake

Conversion
formulas
to Indoor air
concentration

Estimated Daily Intakes
(DI, μg/kg-bw/day)
Cdust ∙ IngR ∙ ℱ1 ∙ EF ∙ ED
DI =
BW ∙ AT

Cdust : The concentration of the target compound in dust (μg/g)
IngR : Dust ingestion rate (mg/day)
F1 : The indoor exposure fraction (hours spent over a day)
BW : the body weight (kg)
AT : Average time (year)
EF : Exposure factor (days/year)
ED : Exposure duration (year)

Cair ∙ InhR ∙ ℱ1 ∙ EF ∙ ED
BW ∙ AT

Cair : The concentration of the target compound in air (ng/m3)
InhR : Inhalation rate (m3/day)

Cdust ∙ A ∙ M ∙ ℱ1 ∙ ℱ2 ∙ EF ∙ ED
BW ∙ AT

A : The body surface area (cm2/day)
M : The soil adhered to skin (mg/cm2)
F2 : The fraction of the target compound absorbed in the skin

DI =

DI =

Parameters

Cdust × PEF = F
F⁄
K p = TSP
Cgas
Cair = Cgas + F

PEF: the particle emission factor (m3/g)
F: the equilibrium particle-phase concentration (ng m-3)
TSP : Estimated total suspended particles of indoor dust (μg m-3)
Cgas : the equilibrium gas phase concentration (ng m-3)
Kp: The particle-gas partition coefficient (m3/μg)
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Table 5 Estimated factors for calculation of exposure assessment
Routes

Factors

Age groups
Infants

Toddlers

Children

Teenagers

Adults

(<1 yr)

(1-3 yr)

(4-11 yr)

(12-18 yr)

(≥19 yr)

Common
value

BW : the body weight (kg)
F1 : The indoor exposure fraction (hours spent over a day)

7.8
0.88

12.6
0.79

24.8
0.79

51.7
0.88

62.8
0.88

Dust ingestion

IngR : Dust ingestion rate (mg/day)

46.8

74.3

41.7

37.4

27.5

4.5

7.6

10.9

14

13.3

801
0.096

2564
0.096

3067
0.096

3692
0.096

4615
0.096

Inhalation
Dermal uptake

Conversion
formulas
to Indoor air
concentration
1)

2)

3

InhR : Inhalation rate (m /day)
2

A : The body surface area (cm /day)
M : The soil adhered to skin (mg/cm2)
F2 : The fraction of the target compound absorbed in the skin
PEF: the particle emission factor (m3/g)
TSP : Estimated total suspended particles of indoor dust
(μg m-3)
Kp: The particle-gas partition coefficient (m3/μg)

1)

1.36×106 2)
503)
4)

F2 values for PBDEs are similar to factor used for TCDD; PBDEs (0.03) (Johnson-Restrepo and Kannan 2009). Those for phthalate esters are
obtained by a biological test as the mean value; DIBP (0.000601), DBP (0.000708), BBP (0.000354) and DEHP (0.000053). Especially, the values
of phthalate esters are applicable only to adult group and are doubled for the rest groups (Guo and Kannan 2011).
The particle emission factor represents an estimate of the relationship between soil contaminant concentrations and the concentration of these
contaminants in air as a consequence of particle suspension (USEPA 2002).

3)

The total suspended particle of indoor dust (TSP) was assumed as 50 μg m-3 which was also used at a study in China (Guo and Kannan 2011).

4)

Kp values for PBDEs and phthalate esters are brought from the migration test result in indoor environment at 25℃; BDE-47 (0.005623), BDE99 (0.039811), BDE-209 (346.7369), DIBP (0.0017), DBP (0.0059), BBP (0.0073) and DEHP (0.25) (Waye 2008; Weschler et al. 2008).

- 25 -

Common values of three exposure routes were estimated as below. We
determined Cdust as the concentration value of house dust based on the assumption
that offices, houses, and other places have similar concentrations of the chemicals
in indoor dust. This is because we had to limit the sample collection. In other
words, the concentration in house dust was assumed to be representative of the dust
in various indoor environments. In addition, we estimated the indoor exposure
fraction value (F1) as 0.88 for infants, teenagers, and adults based on 21 h of
exposure in a day and as 0.79 for toddlers and children based on 19 h of exposure
in a day (Johnson-Restrepo and Kannan 2009). Since body weight (BW) differs
according to age, these values were estimated for five age groups: infants (<1),
toddlers (1–3), children (4–11), teenagers (12–18), and adults (≥19). While average
time (AT) value for carcinogenic risk was used as the mean value of the life
expectancy of Koreans (81.6 years in 2012) from statistics Korea, that for noncarcinogenic risk corresponded with the multiplication of both exposure duration
(ED) and exposure factor (EF) (Jang et al. 2007).
The dust ingestion rate (IngR) via the oral ingestion route was estimated using
USEPA data according to the five age groups (USEPA 2011). However, because
these values indicated in-vitro ingestion, we needed to estimate in-vivo amounts for
the risk assessment. Therefore, we used the bio-accessibility values of the target
compounds obtained by physiologically-based in-vitro digestion (Kang et al. 2012;
Lepom et al. 2010).
Next, in terms of the inhalation exposure route, the inhalation rate (InhR) was also
employed, based on the USEPA exposure factors handbook (2011). We used
conversion formulas to assess the dust concentration on the floor (Cdust) and the
concentration in the air (Cair) in order to estimate the inhalation rate. Indoor air
concentration (Cair) was estimated using the sum of the volatilization gas phase
concentration (Cgas) and the airborne particle concentration (F). Each value was
obtained by calculations using the particle-gas partition coefficient (Kp) and the
total suspended particles of indoor dust (TSP) (Guo and Kannan 2011; Kang et al.
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2012; USEPA 2011). Next, the parameters for calculating dermal uptake, such as
the body surface area (A), the dust adhering to skin (M), and the fraction of the
target compound absorbed by the skin (F2), were assumed using the values found in
the USEPA exposure factors handbook (1997). For example, the body surface area
(A) to which floor dust adheres was assumed to be hands, legs, and arms,
representing 25% of the total skin area. The dust amount adhering to skin is set as
0.096 mg cm-2 by the USEPA (Guo and Kannan 2011; Johnson-Restrepo and
Kannan 2009; USEPA 1997).

2.6.3 Verification and limitations of the study method

To obtain a more accurate risk value, Cair should have been measured using an air
sampler, which was not possible in this study. The acceptable assumption formulas
established by the test in ideal conditions were used to estimate unknown factors,
such as the dust inhalation rate. For example, Guo and Kannan (2011) assumed
total suspended particle was 50 μg m-3 in a study in China. Because this method
used a variety of estimated factors, for example, PEF, TSP, Kp, F1, and F2 (shown in
Table 5), there would be significant uncertainty in conducting a risk assessment
and great potential to incorrectly estimate the risk due to the conservative
estimation of values. Nevertheless, the results could be meaningful for the
following reasons. First, because dominant substances like BDE-209 and DEHP
was little volatile and migration characteristic, the mass-transfer rate was very low
(<1%), and the dust ingestion rate was definitely much higher than the inhalation
and dermal rates (Schripp et al. 2010). Second, even though the exposure rate
could have been overestimated due to conservative factors like dust ingestion rate
(g/day) and F1 (the indoor exposure fraction), this result would be a good source to
evaluate the exposure risk associated with indoor dust, except via main routes like
diet and plastic products. Last, because the other studies also estimated the
exposure rate using similar assumptions (see Table 4 and Table 5), we can verify

- 27 -

the results based on a comparison between our results and those of other studies
(Guo and Kannan 2011; Johnson-Restrepo and Kannan 2009; Kang et al. 2012;
USEPA 2007).

2.6.4 Toxicity assessment of the target compounds

The health risk of the target substances were concluded by using the toxicity data
officially obtained by the Integrated Risk Information System (IRIS) of the
Environmental Protection Agency (EPA). We classified the target compounds into
carcinogenic or non-carcinogenic or both, and utilized appropriate standard health
risk value, such as reference dose (RfD) for non-carcinogenic and cancer slope
factor (SF) for carcinogenic. RfD values for BDE-47, BDE-99, BDE-209, DEHP,
BBP, DBP, DEP and SF values for BDE-209, DEHP were able to be used in IRIS
system.
In case of non-carcinogenic effects of phthalates, it was investigated that DEHP
increased relative liver weight in adult animals, BBP significantly increased liverto-body weight and liver-to-brain weight ratios in adults, DBP increased mortality
in adult animals, and DEP decreased growth rate, food consumption and altered
organ weights in adult rats. In case of non-carcinogenic effects of PBDEs, BDE-47,
99, 209 had neurobehavioral effects. On the other hand, carcinogenic effect was
found out at DEHP and BDE-209. The former health effect was hepatocellular
carcinoma and adenoma, and the latter effect was benign hepatocellular adenomas
or preneoplastic hyperplasia. DEHP is classified as group B2 in US EPA and group
2B in IARC, and BDE-209 is done as group C.

2.6.5 Risk characterization for indoor residents

There was an important assumption of scenario that a person is born and would
live until average life expectancy (81.6 years old) in the environment including
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indoor dust of current concentration. Likewise, Human exposure calculation for
carcinogen applied the lifetime average daily intake (LADI) USEPA suggested
(Sinae. et al. 2002). Carcinogen risk assessment models also have generally been
based on the premise that risk is proportional to cumulative lifetime dose (USEPA
2005). At that moment, oral bio-accessibility value for BDE-47 (0.5±0.07), BDE99 (0.3±0.02) and BDE-209 (0.1±0.00) were applied for calculation to Hazard
Quotient (Lepom et al. 2010). DEHP (0.10±0.008), DBP (0.15), BBP (0.127),
DIBP (0.17) and DNOP(0.136) were applied for phthalates, too (Kang et al. 2012).
As a result, comparing each of the DI values to the reference toxicity values, we
determined that high exposure levels are hazardous to indoor residents and what
characteristics they have.
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3. Result and discussion
3.1 Levels and profiles of BFRs and phthalates in the dust
The concentrations of major BFRs and phthalate esters in indoor dust were
measured from 42 residential houses in Seoul and Kyung-gi do, Korea. Summary
of the results were listed in Table 6. Analyzing the data below, the concentration
level of phthalate esters were significantly higher than these of BFRs, and then
PBDE, HBCDs, and TBBPA were following in sequence (p<0.05). It meant that
phthalates have been used relatively more in building materials and electronic
equipments. Also, HBCD and TBBPA having been used as alternative of PBDEs
had been used not that much yet and PBDEs level were still higher than HBCD and
TBBPA, which indicated PBDEs have been accumulated to dust since they were
used vastly until banned years ago.

Table 6 Concentrations of target compounds in dust samples
Comp. Phthalates 1)
Site

PBDEs 2)

HBCDs 3)

TBBPA

(μg g-1)

(ng g-1)

(ng g-1)

(ng g-1)

House

Min

175

396

<LOD4)

<LOD

(n=42)

Max

4491

3346

3132

2092

Mean

1825

1332

459

213

median

1550

1257

278

69

1)

esters: DMP, DEP, DIBP, DBP, DMEP, DMPP, DMPP, DEEP, DAP, DHP, BBP, DBEP,
DCHP, DEHP, DNOP, DNP (total 15 compounds)

2)

congeners: BDE-1, BDE-7, BDE-28, BDE-47, BDE-100, BDE-99, BDE-153, BDE-183,
BDE-203, BDE-207, BDE-208, BDE-206, BDE-209 (total 13 compounds)

3)

isomers: α-HBCD, β-HBCD, γ-HBCD

4)

Quantitative result is below LODs (Limit of Detection)
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3.1.1 ∑PBDEs level in the dust
Regarding ∑PBDEs, the median concentration for house dust were 1257 ng g-1
(396-3346 ng g-1). According to Table 7, some congeners were detected with a
regular frequency, for instance, BDE-209, 208, 206 were detected in every sample
(100%), and BDE-47, 99, 207 were shown frequency rate of 97%, and the rest ones
such as BDE-7 (79%), BDE-100 (85%), BDE-28 (23%) and BDE-203 (56%) had
relatively lower frequency. BDE-1, BDE-153 and BDE-183 were not detected in
house dust samples. The congener‘s pattern were dominated by BDE-209 (decaBDE), followed by BDE-47 (tetra-) and BDE-99 (penta-). For examples, the
median concentration of BDE-209 in house dust was 315 ng g-1 (25%) followed by
BDE-47 (304 ng g-1, 24%) and BDE-99 (76 ng g-1, 6%). For reference, the mean
value was obtained by the application of recommended environmental exposure
point concentrations ver2.2 (ALCOA Inc.), which was a simple statistical tool via a
personal computer. This representative value was called 'EPC (exposure point
concentration)' and was calculated by distinction of the distribution characteristics,
for example, log-normal distribution (BDE-209) and normal distribution (BDE-47,
99).

- 31 -

Table 7 Summary of concentrations of PBDE congeners from house dust
Comp.1)

Mean2)
-1

median
-1

range

SD

-1

-1

Proportion3)

Frequency

(ng g )

(ng g )

(ng g )

(ng g )

(%)

(%)

BDE-7

91

87

<LOD-229

69

7

79

BDE-28

11

<LOD

<LOD-70

21

-

23

BDE-47

285

304

<LOD-585

147

24

97

BDE-100

60

45

<LOD-454

75

4

85

BDE-99

162

76

<LOD-1701

324

6

97

BDE-203

37

46

<LOD-122

36

4

56

BDE-207

75

68

40-165

33

5

97

BDE-208

82

78

36-144

28

6

100

BDE-206

84

77

33-166

30

6

100

BDE-209

444

315

61-1652

321

25

100

∑PBDEs

1332

1257

396-3346

585

-

-

1)

BDE-1, BDE-153, BDE-183 were detected as below LOD

2)

Application of Recommended environmental exposure point concentrations ver2.2
(ALCOA Inc.)

3)

Proportion data was based on the median value

We needed to investigate the decomposition of PBDEs in natural environment to
explain above the concentration distribution in Table 7. At first, it was inferred that
BDE-209, which showed the highest value, has been used in manufacturing the
indoor plastic products with the highest amount. Besides, BDE-47 and BDE-99, the
next highest values, were proved via the natural debromination mechanism of
BDE-209 in Figure 3. The mechanism ended in BDE-47 passing through BDE-99,
-100, -85, which determined BDE-209 had been debrominated toward their
compounds in the indoor dust (Kim 2013).
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Figure 3 Debromination of Deca-BDE.
Now, the data of this study tried to be compared with those of the other studies.
According to Table 8 below, the median concentration level of ΣPBDEs as 1257 ng
g-1 (396-3346 ng g-1) from this study was relatively lower if comparing with the
other countries‘ ones. In addition, another study in Korea (Kim 2013) reported 227
ng g-1 (35-576 ng g-1) which was even lower than this study‘s value. The U.S. and
the U.K. had much higher concentrations than other countries had, which contained
4200 ng g-1 dust (520–29000 ng g-1) and 8500 ng g-1 (12–220000 ng g-1). On the
contrary to this, the median level in Germany was the lowest as 74 ng g-1 (17–550
ng g-1) among the list. Those in China and Australia were also similar with the level
of this study, which were shown as 1200 ng g-1, 571 ng g-1, 1876 ng g-1 and 721 ng
g-1. For reference, it was reported that dust concentrations from a TV set and a
computer were relatively high, and was convinced that electric appliances like
television sets and computer sets are the most important emission sources of
PBDEs (Huang et al. 2010). As a result, this comparative study concluded that
PBDEs tend to have been cumulated from house appliances to indoor dust
substantially more in the advanced countries like the U.S. and the U.K. than in the
developing countries like Korea and China, except for Germany.
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Table 8 Descriptive comparisons of ∑PBDEs concentrations from the present and
related studies
ng g-1

Country

Median

Range

Reference

House dust

South Korea

1257

396 – 3346

This study

227

35 – 576

(Kim 2013)

4200

520 – 29000

(Sjödin et al. 2008)

13723

3020 – 192100

(Allen et al. 2008)

3931

534 – 85550

(Dodson et al. 2012)

8500

12 – 220000

(Stuart et al. 2008)

1200

500 – 13000

(Sjödin et al. 2008)

571

61 – 82400

(Stasinska et al. 2013)

74

17 – 550

(Sjödin et al. 2008)

1876

186 – 9654

(Huang et al. 2010)

721

132 – 3887

(Yu et al. 2012)

(n=42)
South Korea
(n=4)
United States
(n=10)
United States
(n=20)
United States
(n=16)
United
Kingdom
(n=30)
Australia
(n=10)
Australia
(n=30)
Germany
(n=10)
China
(n=76)
China
(n=44)

Sources

TV dust

72134

(Huang et al. 2010)

Computer dust

6272

(Huang et al. 2010)
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3.1.2 HBCDs and TBBPA levels in the dust

Regarding the HBCDs and TBBPA, the median concentrations for house dust
were 278 ng g-1 (<LOD-3132 ng g-1) and 69 ng g-1 (<LOD-2092 ng g-1), as shown
in Table 9.
Compared to other studies for HBCDs, it seemed that the concentration levels of
ΣHBCDs and TBBPA in this study was higher or lower than those reported in other
studies. For examples, dust concentration from the U.K., the U.S., and Canada had
2401 ng g-1, 730 ng g-1, 640 ng g-1 and 390 ng g-1, on the other hand, studies from
New Zealand and Japan had similar levels with this study (Abdallah et al. 2008b;
Abdallah and Harrad 2009).
In comparison with other studies for TBBPA, Geens et al (2009) reported that the
median values for house dust were 10 ng g-1 (1-1480 ng g-1) from Belgium, 60 ng
g-1 (190-340 ng g-1) from the U.K. In addition, Dodson et al (2012) said 200 ng g-1
(22-2000 ng g-1) from the U.S. and Abdallah et al (2008) stated 87 ng g-1 (<LOD382 ng g-1) from the U.K. Especially, the study in Japan announced 505 ng g-1
(490-520 ng g-1) from Japan.
These results indicated that concentration levels of HBCDs and TBBPA from
advanced countries like the U.K. and the U.S. were generally higher than this study,
and it meant these substances started to be used in advanced countries earlier as
alternatives of PBDEs before regulations, so have been cumulated into indoor dust
more than developing countries.
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Table 9 Descriptive comparisons of HBCDs and TBBPA as the median values and ranges from the related studies
ng g-1

α-HBCD

β-HBCD

γ-HBCD

∑HBCDs

TBBPA

This study (n=42)

144
(<LOD-1752)
876
(112-40653)
170
(22-66000)
300
(25-670)
80
(17-1800)
99
(3-1790)
48
(3-340)
-

12
(<LOD-322)
300
(25-25513)
66
(9-7800)
72
(6-130)
28
(6-300)
12
(3-270)
4.7
(1-34)
-

60
(<LOD-2897)
886
(80-74607)
440
(70-37000)
230
(34-470)
300
(79-2000)
96
(8-3020)
8
(2-110)
-

278
(<LOD-3132)
2401
(228-140774)
730
(140-110000)
640
(64-1300)
390
(110-4000)
190
(20-4100)
120
(5-400)
-

69
(<LOD-2092)
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

U.K. (n=42)
(Abdallah and Harrad 2009)
U.K (n=31)
(Abdallah et al. 2008b)
Canada (n=8)
(Abdallah et al. 2008b)
U.S. (n=42)
(Abdallah and Harrad 2009)
New Zealand (n=50)
(Ali et al. 2012)
Japan (n=33)
(Tue et al. 2013)
Belgium (n=18)
(Geens et al. 2009)
U.K. (n=35)
(Abdallah et al. 2008a)
U.K. (n=35)
(Geens et al. 2009)
U.S. (n=16)
(Dodson et al. 2012)
Japan (n=2)
(Takigami et al. 2009)
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10
(1-1480)
87
(<LOD–382)
60
(190-340)
200
(22-2000)
505
(490-520)

The comparison data with each isomer of HBCDs are shown in Figure 4.
Isomer‘s ratios of HBCDs were somewhat different for each of them. In every sites,
α-, γ-HBCD were showed approximately higher levels than β-HBCD. Especially,
α-HBCD was higher than γ-HBCD, and β-HBCD was almost not detected in this
study (α-: 52%, β-: 4%, γ-: 24%). These patterns of HBCDs in indoor dust were
well reported in many other studies. Abdallah et al. (2008) reported γ-HBCD was
the highest, α-HBCD was followed and β-HBCD was the lowest in the U.K (α-:
23%, β-: 9%, γ-: 60%) and the U.S (α-: 21%, β-: 7%, γ-: 77%). On the other hand,
α- was the highest, γ- was followed similarly and β- was the lowest from house
dust in Canada (α-: 47%, β-: 16%, γ-: 37%) and in Japan (α-: 79%, β-: 7%, γ-: 13%)
including this result in South-Korea. In addition, Abdallah and Harrad (2009)
reported HBCD levels of other region in the U.K, which produced the result α- and
γ- showed similar levels. For example, house dusts in the U.K. had concentrations
of 876 ng g-1, 300 ng g-1, and 886 ng g-1 (α-: 36%, β-: 12%, γ-: 37%) (Abdallah et
al. 2008b).

Isomers' concentration in sum of HBCDs

1000
 - HBCD
HBCD
HBCD

800

600

400

200

0
Korea

U.K. 1

U.K. 2

Canada

U.S. New Zealand Japan

Figure 4 HBCD isomers‘ concentration compared with data in other countries.
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3.1.3 Phthalates analysis result

Regarding the phthalates, as shown in Table 10, the median concentrations of
total phthalates for house dust was 1550 μg g-1 (175-4491 μg g-1). As further
monitoring of phthalates, DEHP had a dominant concentration value (1488 μg g-1 at
the median) with range from 114 to 4321 μg g-1. Besides, DBP (18.3 μg g-1) and
BBP (12.8 μg g-1) were commonly detected at most target sites, DIBP, DNOP and
DHP were detected as a little concentration. For reference, there were log-normal
distribution (DEHP, BBP, and DIBP), normal distribution by standard bootstrap
(DBP).
Table 10 Concentrations (μg g-1) of house settled dust for phthalate esters
μg g-1

Mean 1)

Median

Range

Frequancy(%)

DIBP

4.9

2.9

<LOD -21.1

81

DBP

34.6

18.3

<LOD -190.7

98

DAP

0.4

<LOD

<LOD -4.5

17

DHP

0.1

<LOD

<LOD -1.1

14

BBP

52.1

12.8

<LOD -444.4

74

DEHP

1762

1488

114-4321

100

DNOP

6.2

3.9

<LOD -15.4

69

1825

1550

175-4491

∑

Phthalate
1)

Application of Recommended environmental exposure point concentrations ver2.2
(ALCOA Inc.)

2)

DMP, DEP, DMEP, DMPP, DEEP, DBEP, DCHP and DNP were detected as below LOD

The concentrations of phthalate esters were somewhat higher in this study than in
all of the other studies as shown in Table 11. The results of other studies were
higher and lower values than that of this study. Taken as a whole, phthalate levels
in Europe and the U.S. were still lower than those in Asia including South Korea
from this study. There were the results of median value‘s range which indicated
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about 500-1000 μg g-1 from Germany and 412, 662 μg g-1 from the U.S. and 869 μg
g-1 from Denmark and also 1100 μg g-1 from Sweden. On the other hand, there
were higher median values in Asia which were 1126 μg g-1 from Japan, 1272 μg g-1
from China, and 1550 μg g-1 from this study, even so, 2400 μg g-1 from Kuwait.
This might reflect more frequent use of phthalate sources assumed of PVC flooring
in South-Korea and other Asia countries than in other developed countries like
Europe and North America. Like this study, DEHP showed the highest values, plus,
DBP was the second one and BBP was the third at the result from all the other
countries.
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Table 11 Descriptive comparisons of ∑Phthalate esters concentrations for house dust from the present and related studies
Median

∑Phthalates

DEHP

DBP

BBP

Reference

South Korea (n=42)

1550

1488

18

13

This study

Germany (n=29)

1049

970

51

28

(Butte et al. 2008)

Germany (n=30)

780

703

47

30

(Fromme et al. 2004)

Germany (n=65)

769

600

47

19

(Kersten and Reich 2003)

Germany (n=272)

564

450

87

24

(Pöhner et al. 1997)

U.S. (n=278)

662

480

29

13

(Nagorka et al. 2005)

U.S. (n=120)

412

340

20

45

(Rudel et al. 2003)

Denmark (n=30)

869

604

87

15

(Langer et al. 2010)

Sweden (n=346)

1100

770

150

135

(Bornehag et al. 2004)

China (n=23)

1272

1190

77

5

(Ait Bamai et al. 2014)

Japan (n=128)

1126

1107

17

2

(Ait Bamai et al. 2014)

Kuwait (n=21)

2400

2256

45

8.6

(Gevao et al. 2013)

PVC linoleum (n=8)

8183

7834

9

271

This study

Deposition adhesive (n=2)

22

22

nd

nd

This study

PVC adhesive (n=2)

2656

3

2653

nd

This study

(μg g-1)

<Sources>1)

1)

Source concentrations are shown as geometric mean values
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3.2 Association analysis
3.2.1 BFRs

An association research about flooring type and construction age was
implemented with using 13 kinds of congeners of PBDEs, HBCDs and TBBPA.
Unfortunately, those substances exhibited no associations with flooring type and
few associations with construction age as shown in Table 12. Only BDE-47
(p=0.062) and BDE-203 (p=0.007) were statistically correlative those to
construction age in PBDE congeners, and also total HBCDs was somewhat
correlative to construction age.

Table 12 Associations of BFR concentrations from settled dust from 42 houses
Concentrations

p-value

vs PVC

Concentrations

1)

vs Age

2)

p-value

Concentrations
vs PVC

Concentrations
vs Age

BDE-7

-

-

BDE-207

0.483

0.749

BDE-28

0.932

0.649

BDE-208

0.772

0.899

BDE-47

0.878

0.062

BDE-206

0.421

0.931

BDE-100

0.184

0.877

BDE-209

0.311

0.955

BDE-99

0.173

0.894

∑PBDEs

0.401

0.296

BDE-153

-

-

BDE-183

-

-

∑HBCDs

0.275

0.093

BDE-203

0.142

0.007

TBBPA

0.478

0.698

1)

Mann-Whitney U-test regarding differences in BFR concentration between PVC flooring
and Wood as flooring material

2)

Spearman correlation test of between construction age and BFR concentration (correlative
in case p-value is below 0.01)

Speaking of correlation between BFRs, each item didn‘t correlate in the
concentration of house dust by deduction of Figure 5. Because Coefficients of
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determination between three components were close to zero, there was no
correlation among each other. It could explain that each component is used
independently to make a lot of items that are used normally at house, and that BFR
concentrations which have very high standard deviation depend on how many
products have been used, what characteristics the products have, how long time old
product have been used, and so on. However, we were currently unable to discern
an obvious reason for these elevated concentrations, based on a survey of the
number and type of potentially BFR-treated items as well as characteristics of
sampling sites.

Figure 5 Correlations between BFR concentrations.
3.2.2 Phthalates

An association calculation about flooring type and construction age was carried
out with using 7 kinds of esters detected within above 14 phthalate esters. At first,
the distribution of surface materials on floors was presented in Table 13 as the
result of the case control study that the cases were PVC-contained linoleums and
the control was wood flooring materials. Although more PVC and less wood
flooring might be found among the cases, this disparity was due partly to selection
bias, so it were sure whole study were not hindered by this reason.
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Table 13 Concentrations and associations for ∑Phthalate esters in settled dust from 42 houses
μg g-1

Type of flooring

p-Value3)

p-Value4)

Construction age

(Median conc.)

(Median conc.)

PVC

Wood

<10 years

10-20 years

>20 years

(n=34)

(n=8)

(n=6)

(n=19)

(n=9)

DIBP

2.9
(0.0-21.1)

2.6
(0.0-6.6)

0.718

4.5
(2.6-21.1)

2.4
(0.0-16.9)

3.7
(0.0-6.1)

0.499

DBP

22.9
(1.1-190.7)

9.4
(0.0-38.1)

0.012

13.9
(3.3-47.4)

21.9
(2.7-190.7)

34.3
(1.1-85.0)

0.070

DAP

0.0

0.0

0.648

0.0

0.0

0.0

0.308

BBP

(0.0-4.5)
12.8

(0.0-2.7)
8.6

0.718

(0.0-4.5)
9.8

(0.0-1.8)
8.1

(0.0-3.5)
14.1

0.397

DHP

(0.0-444.4)
0.0

(0.0-47.1)
0.0

0.498

(0.0-152.5)
0.0

(0.0-403.0)
0.0

(3.1-444.4)
0.0

0.565

DEHP

(0.0-0.8)
1720

(0.0-1.1)
699

0.001

(0.0-0.7)
1179

(0.0-0.7)
1690

(0.0-0.8)
2194

0.004

(415-4321)

(114-1534)

(415-1602)

(519-4321)

(1262-4279)

4.5
(0.0-15.4)

0.0
(0.0-8.4)

0.087

3.7
(0.0-10.8)

4.9
(0.0-15.4)

5.4
(0.0-8.6)

0.992

1823
(451-4491)

764
(175-1576)

0.001

1253
(451-1675)

1784
(634-4491)

2302
(1295-4370)

0.004

DNOP

∑Phthalate
1)
2)

Mann-Whitney U-test regarding differences in phthalate concentration between PVC flooring and Wood as flooring material
Spearman correlation test of between construction age and phthalate concentration (correlative in case p-value is below 0.01)
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As shown in Table 13 and Figure 6, total phthalates was shown in that the
median concentration 1823 ng g-1 (451-4491 ng g-1) in PVC flooring was much
higher than 764 ng g-1 (175-1576 ng g-1) in Wood flooring (p=0.001). The median
concentrations of DEHP and DBP in dust were significantly higher with PVC
flooring compared with wood flooring. In case of DEHP, the median concentration
for PVC flooring was 1720 ng g-1 and that for Wood flooring was 699 ng g-1, which
indicated PVC was associated to DEHP level (p=0.001). Regarding DBP, it showed
the result of median concentration that 22.9 ng g-1 in PVC was higher than 9.4 ng g1

in wood (p=0.012). The association between PVC flooring and the concentration

of phthalates in the dust was stronger for DEHP than for BBP. In the case of the
other phthalate esters, there were no significant differences between PVC and
wood.
In construction age, there was a strong correlation between concentrations of total
phthalate including DEHP and construction age, which meant the concentrations
had been increasing as construction age went by. The median values concerning
construction age were 1179 ng g-1, 1690 ng g-1, and 2194 ng g-1 in DEHP
(p=0.004<0.01) and 1253 ng g-1, 1784 ng g-1, and 2302 ng g-1 in ∑phthalates
(p=0.004<0.01). The figures in DBP partly seemed to correlate that were 13.9 ng g1

, 21.9 ng g-1, and 34.3 ng g-1 (p=0.070>0.01).
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Figure 6 Concentrations and associations for DEHP, DBP, and ∑Phthalate esters in
settled dust from 42 houses.
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3.3 Health risk assessment in indoor dust
3.3.1 PBDEs

For the risk assessment of PBDE congeners, we calculated estimated daily intake
(DI) using the formula in Table 4. Obtaining 13 isomers‘ concentrations from
previous procedure, we targeted BDE-47, BDE-99, and BDE-209 because their
isomers were predominant ones and only their toxicity data were obtained from
USEPA IRIS site. Estimated Human Daily Intakes for them from 3 routes was
shown in Figure 7. Oral bio-accessibility value for PBDEs was not applied to
calculation for below result.

Figure 7 Estimated Human Daily Intakes for each PBDE congeners from 3 routes.

Exposure levels (Estimated daily intake) for the median values of each PBDE
congener were higher in younger age group for whole distribution. In detail,
ingestion and inhalation routes showed the highest exposure values in infants group,
but that dermal route indicated the highest in toddlers group. It was estimated by
the effects such as the body weight, intake rates from 3 routes and the body surface
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area. For PBDE congeners, ingestion andbi inhalation routes showed higher
possession in BDE-47, but dermal route indicated similarly higher in BDE-209 and
BDE-47 along with the concentration distribution. Also, the result from exposure
route said the amount exposed by oral ingestion was much higher than other routes,
second higher one was by dermal contact, and the last one was by inhalation, which
dermal contact and inhalation route was relatively little. Specific ratio result was
shown in Figure 8.

BDE-47

BDE-99

BDE-209

100%

∑PBDEs

90%
80%
70%
60%
50%

oral intake

inhalation

dermal contact

Figure 8 Contribution of different routes for the exposure level to PBDEs.

Dust ingestion, inhalation uptake, dermal contact under total PBDEs exposure
contributed 95.3%, 0.01%, 4.7% for infants, 90.9%, 0.01%, 9.0% for toddlers,
82.5%, 0.03%, 17.5% for children, 77.8%, 0.04%, 22.1% for teenagers, and 67.4%,
0.05%, 32.6% for adults. In terms of ratio, the higher age of estimated target group
was, the higher the ratio of inhalation uptake and dermal absorption rose a little. It
may be estimated that oral intake rates occupying a greatest part of the exposure
rates decreased rapidly as the age went up. In addition, both total PBDEs and each
of main congeners were exposed to indoor inhabitant with similar trend via
exposure route. The next step was to obtain the toxicity values to calculate HQ
(Hazard Quotient), which was shown in Table 14.
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Table 14 Toxicity values of PBDEs from USEPA IRIS system
Compounds

RfD(ng/kg-bw/day)

End point

Classification

BDE-47

100

Neurobehavioral effects

non carcinogenic

BDE-99

100

Neurobehavioral effects

non carcinogenic

BDE-209

7,000

Neurobehavioral effects

non carcinogenic

Compounds

SF((ng/kg-bw/day)-1)

End point

Classification

BDE-209

7.0 × 10-10

hepatocellular adenomas or

carcinogenic

preneoplastic hyperplasia

BDE-209, the major substance, had carcinogenic and non-carcinogenic effect to
human health, so we assessed risk assessment for both values, and noncarcinogenic assessment in the other compounds, BDE-47 and BDE-99, which had
non-carcinogenic effect.
The human health effect as non-carcinogenic factor for indoor dust was indicated
in Table 15 that represents as Hazard Quotient (HQ) estimates for 50th, 95th
percentile value through each exposure route from indoor dust and Hazard Index
(HI) estimates which means hazard value for total exposure routes.
Reference level for this study was set by non-carcinogenic hazard index relative
to the Superfund site remediation goals (e.g., Hazard Index of 1.0) in USEPA
(USEPA 1989). Calculating HI values of each PBDE congener meant how much
health effect transfers to indoor residents. Despite higher concentration of BDE209 in indoor dust, there were little health effect via every route (HQ<0.001)
because reference dose (RfD) value of BDE-209 (7,000 ng/kg-bw/day) was
relatively much higher than that of the others (100 ng/kg-bw/day). Whereas, the
highest value was BDE-47 in which value of infants‘ group were 0.0080 at 50th,
0.0087 at 95th and that of toddlers‘ were 0.078 at 50th, 0.084 at 95th, but there was
nothing found to represent any values that exceeded 0.01. That meant there was
almost no non-carcinogenic health effect of PBDEs via indoor dust.

- 48 -

Table 15 Hazard Index (HI) and Hazard Quotient (HQ) estimates for 50th, 95th
UCL value from indoor dust as non-carcinogenic effect of PBDEs
Component

BDE-47

BDE-99

BDE-209

Age

Ingestion

Inhalation

(HQ)

(HQ)

Dermal

Total routes

(HQ)

(HI)

50th

95th

50th

95th

50th

95th

50th

95th

infant

0.0072

0.0078

<0.001

<0.001

<0.001

<0.001

0.0080

0.0087

toddler

0.0064

0.0069

<0.001

<0.001

0.0014

0.0015

0.0078

0.0084

children

0.0018

0.0020

<0.001

<0.001

<0.001

<0.001

0.0027

0.0029

teenager

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.0014

0.0015

adult

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.0011

infant

0.0011

0.0038

<0.001

<0.001

<0.001

<0.001

0.0013

0.0044

toddler

<0.001

0.0033

<0.001

<0.001

<0.001

0.0012

0.0013

0.0045

children

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.0017

teenager

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

adult

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

infant

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

toddler

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

children

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

teenager

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

adult

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

In terms of carcinogenic effect of PBDEs, toxicity value for BDE-209 (Oral Slope
Factor= 7.0 × 10-10 (ng/kg-bw/day)-1), whose effect was known as hepatocellular
adenomas or preneoplastic hyperplasia, was only obtained by IRIS system. Excess
Cancer Risk of oral ingestion was able to be obtained by using the median and 95th
concentration of BDE-209 for indoor dust, as shown in Table 16.
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Table 16 Excess Cancer Risk of BDE-209 for oral ingestion from indoor dust
Compound

Values

Oral Ingestion

the lifetime average daily intake (LADI)
BDE-209

(ng/kg-bw/day)
the excess cancer risk (ECR)
(dimensionless)

50th

95th

2.8× 10-2

5.0× 10-2

2.0× 10-11

3.5× 10-11

USEPA determined that a group will receive a level of public health protection
within the range that EPA has long considered to be appropriate in its
environmental programs (e.g., 10-4 to 10-6 incremental cancer risk). In addition, US
FDA (Food and Drug Administration) has considered 10-6 is a screening level of
―essential zero‖ or minimum risk. Specifically, 10-6 has been applied almost
exclusively to hazardous waste sites, pesticides, and selected carcinogens, but not
to air, drinking water, or other sources perceived to be of less risk. It rather
convincingly was concluded that the actual level of acceptable risk in federal
regulatory decisions is approximately 10-4 (Kelly 1991). However, 10-6 value has
been used many state and federal environmental programs, for example, Clean
Water Act (CWA), Clean Air Act (CAA), and so on. Furthermore, use of 10-4 to 10-6
risk levels is probably with us into foreseeable future. On this basis, we determined
the standard value of carcinogenic risk was set as 1×10-4 (the level that a person
can get cancer in 10000 people), which considered practical safety dose to indoor
residents. We also assessed the final values in comparison with up to 10-6 value
which was called minimum risk.
Comparing excess cancer risk (ECR) values for PBDEs in this study with the
criterion of 10-4, those were almost 107 times lower than the criterion. Even though
we compared those with the minimum risk (10-6), those were 105 times lower.
Likewise, carcinogenic health effect for PBDEs could be called few or no level via
exposure from indoor dust to indoor residents.
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3.3.2 Phthalates

For the risk assessment of phthalate esters, we calculated estimated daily intake (DI)
using the formula in Table 4 like PBDEs. Specific result was shown in Figure 9.

Figure 9 Estimated Human Daily Intakes of Phthalates from 3 routes.

Exposure levels (Estimated human daily intake) of whole phthalate esters for the
median values were higher in younger age group like result of PBDEs. In detail,
ingestion and inhalation routes showed the highest exposure values in infants group,
but that dermal route indicated the highest in toddlers group. It was estimated by
the effects such as the body weight, intake rates from 3 routes and the body surface
area. For each phthalate ester, every route showed higher possession in DEHP
(>90%), and DBP. BBP, DNOP took possession of the rest small portion in order.
As seen in Figure 10, oral ingestion route was predominant (91.9-99.8%) in all
exposure routes, and dermal absorption (0.2-8.9%) was a little higher than
inhalation uptake (0.1-2.5%) for the rest small portion.
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100%
90%
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Figure 10 Contribution of different routes for the exposure level to phthalates.

Specifically, dust ingestion, inhalation uptake, dermal contact under total
phthalate exposure contributed 99.7%, 0.1%, 0.2% for infants, and 98.6%, 0.4%,
1.0% for adults. In common with PBDEs, it may be estimated that oral intake rates
occupying a greatest part of the exposure rates decreased rapidly as the age went up.
Whereas DEHP was exposed predominantly through oral intake (>98%), dermal
contact ratio for DBP was higher than other esters. Its reason would be predicted
that Kp value (the particle-gas partition coefficient (m3/μg)) of DEHP are much
higher which means it has relatively lower volatility, on the contrary, DBP and
DIBP has high volatility in phthalate esters and low Kp value. Another reason was
the fraction of phthalate absorbed in the skin was low for DEHP and high for DBP,
DIBP.
Now, we cited toxicity values of phthalate esters like Table 17 extracted in IRIS
data in USEPA (Kim et al. 2011).
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Table 17 Toxicity values of phthalate esters from USEPA IRIS system
Compounds

RfD(ng/kg-bw/day)

End point

Classification

DBP

100,000

Liver weight

non carcinogenic

BBP

200,000

Liver to brain effects

non carcinogenic

DEHP

20,000

Liver weight

non carcinogenic

DEP

800,000

Organ weights

non carcinogenic

DMP

n.a.

-

-

Compounds

SF((ng/kg-bw/day)-1)

End point

Classification

DEHP

1.4 × 10-8

hepatocellular carcinoma

carcinogenic

and adenoma

DEHP was a mainly detected compound and had carcinogenic and noncarcinogenic effect, and BBP, DBP in the other esters were proved about noncarcinogenic effect. So, we compared their estimated daily dose to each toxicity
value. At first, estimated daily intake doses of DBP, BBP, DEHP from indoor dust
compared to USEPA Reference dose (RfD) through 3 routes were displayed in
Figure 11.
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Figure 11 Estimated Daily Intakes (DI) of DBP, BBP, DEHP via total routes from
indoor dust compared to USEPA Reference dose (RfD).

Overall, daily intakes of all esters targeted were extremely lower than RfD of each
ester, for example, difference between RfD and DIs of DBP, BBP in every age
group were more than 104 times, and the lowest value of differences at infant group
for DEHP was lower than 10% that indicated DI of DEHP at infants group was the
maximum value of about 2000 ng/kg-bw/day. Moreover, the human health effect as
non-carcinogenic factor for indoor dust was indicated in Table 18 that represented
as Hazard Quotient (HQ) estimates for 50th, 95th percentile value through each
exposure route from indoor dust and Hazard Index (HI) estimates which meant
hazard value for total exposure routes.

- 54 -

Table 18 Hazard Index (HI) and Hazard Quotient (HQ) estimates for 50th, 95th
percentile value from indoor dust as non-carcinogenic effect
Component

DBP

BBP

DEHP

Age

Ingestion

Inhalation

(HQ)

(HQ)

Dermal

Total routes

(HQ)

(HI)

50th

95th

50th

95th

50th

95th

50th

95th

infant

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

toddler

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

children

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

teenager

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

adult

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

infant

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

toddler

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

children

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

teenager

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

adult

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

infant

0.040

0.061

<0.001

<0.001

<0.001

<0.001

0.040

0.062

toddler

0.035

0.054

<0.001

<0.001

<0.001

<0.001

0.035

0.054

children

0.010

0.015

<0.001

<0.001

<0.001

<0.001

0.010

0.016

teenager

0.005

0.007

<0.001

<0.001

<0.001

<0.001

0.005

0.008

adult

0.003

0.005

<0.001

<0.001

<0.001

<0.001

0.003

0.005

As a result, we evaluated the non-carcinogenic health effect degree estimated by
HI value of each phthalate ester. There were no significant health effect via indoor
dust in DBP and BBP (HI<0.001), as far as DEHP (HI<0.1); HI value for DEHP
were higher than the others, which was shown as that infants‘ value were 0.040 at
50th, 0.062 at 95th) and toddlers‘ value were 0.035 at 50th, 0.054 at 95th, but no one
found any value that exceeded 0.1.
In terms of carcinogenic effect, toxicity value for DEHP (Oral Slope Factor= 1.4
× 10-8 (ng/kg-bw/day)-1), which effect is known as hepatocellular carcinoma and
adenoma, was only obtained by IRIS system. Excess Cancer Risk of oral ingestion
was able to be obtained by using the median and 95th concentration of DEHP for
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indoor dust, as shown in Table 19.

Table 19 Excess Cancer Risk of DEHP for oral ingestion from indoor dust
Compound

Values

Oral Ingestion

the lifetime average daily intake (LADI)
DEHP

(ng/kg-bw/day)
the excess cancer risk (ECR)
(dimensionless)

50th

95th

1.0× 102

1.6× 102

1.4× 10-6

2.2× 10-6

If we set the carcinogenic risk criterion as 1.0×10-4 (the level one person in 10
thousand people may contact cancer), there was no people exceeding the standard,
but if assessing the result based on 1.0×10-6 as minimum risk value, the lifetime
average daily intake (LADI) corresponded to the lifetime exposure dose exceeded
for little amount, i. e., 50% median value was 1.4×10-6 and 95% UCL value was
2.2×10-6. These levels were presented it could be doubtful that carcinogenic health
effect of DEHP happens via indoor dust, and could be significant evidence that
DEHP for indoor dust has to be in tighter management in terms of carcinogenic
health effect to indoor residents.

3.3.3 Comparison with results from other studies

We determined the exposure risk of BFRs and phthalate esters via house dust by
applying the estimated formulas. Before comparing values for PBDEs, it was noted
that almost other studies had only conducted until the exposure assessment via
house dust. Therefore, a comparative study was carried out using the exposure data.
We determined that the exposure value for infants, toddlers, children, teenagers,
and adults are 6.6, 5.8, 1.7, 0.80, and 0.44 ng/kg-bw/day, respectively. JohnsonRestrepo and Kannan (2009) reported the average daily dose of PBDEs for toddlers,
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children, teenagers, and adults is 13.3, 5.3, 3.5, and 2.9 ng/kg-bw/day, respectively,
which is almost twice as much compared to the results of this study. In terms of
phthalate esters, Kang et al. (2002) estimated the exposure values for DEHP for
children to be 50–890 ng/kg-bw/day via dust ingestion, 0.029–1.5 ng/kg-bw/day
via inhalation, and 0.05–2.48 ng/kg-bw/day via dermal contact. The median results
of this study are 1859, 2, and 7 ng/kg-bw/day, respectively. The results of the study
by Kang et al. are much lower than those in this study. In addition, Guo and
Kannan (2011) presumed that the median daily intake of DEHP via dust ingestion
in China is 804, 949, 311, 190, and 160 ng/kg-bw/day for infants, toddlers, children,
teenagers, and adults; those via dust inhalation are 0.6, 0.2, 0.2, 0.2, and 0.1 ng/kgbw/day ; the median daily intake of DEHP via dermal contact with dust is 0.3, 0.2,
0.2, 0.1, and 0.07 ng/kg-bw/day. These result were a little similar to those in this
study, which are 798, 705, 201, 97, and 58 ng/kg-bw/day for dust inhalation; 0.6,
0.6, 0.4, 0.3, and 0.2 ng/kg-bw/day for inhalation; and 1.4, 2.4, 1.5, 1.0, and 0.5
ng/kg-bw/day for dermal contact. Kim (2011) reported HI values for main
phthalate esters assessed at every kind of place children live: 0.005, 0.007, and
0.003 for infants, toddlers, and children, respectively. He also reported that the dust
ingestion route was predominant in terms of the risk assessment. Compared to this
study, that data was about five times lower than the data in this study (0.040, 0.035,
and 0.010 for infants, toddlers, and children, respectively. This result was estimated
by relatively low concentration in indoor dust as about four times.
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4. Conclusion
In this study, we assessed BFRs (PBDEs, HBCDs, and TBBPA) and phthalate
esters in indoor dust in South Korea via chemical analysis. First, we made a
comparative study of the distribution patterns of the major BFRs and phthalate
esters in house dust. The concentration level of ΣPBDEs was relatively low, much
lower than in the US and the UK but almost the same as in Australia and China.
This means that these substances have accumulated more in advanced countries
than in developing countries. Regarding the distribution of PBDE congeners, BDE209 (deca-BDE) was dominant, followed by BDE-99 and BDE-47, which was
indicated by the debromination of BDE-209. The concentration of ΣHBCDs and
TBBPA in this study was lower than that reported in some advanced countries.
This indicates that these materials started to be used in advanced countries as
alternatives to PBDEs earlier, before regulations were introduced. For the sake of
reference, this study showed α-HBCD was the highest, followed by γ-HBCD and
β-HBCD, but many other studies showed γ-HBCD was the highest. Regarding
phthalate esters, the results of other studies showed higher and lower values than in
this study. Overall, phthalate levels in Europe and the US are still lower than those
in Asia (with which this study concurs). This might indicated more frequent use of
phthalate sources, such as PVC flooring, in South Korea and other Asian countries.
Regarding distribution, DEHP had a dominant concentration value, followed by
DBP and BBP, which means DEHP is still used in great quantities as a plasticizer.
Next, we implemented an association study about flooring type (PVC) and
construction age based on a survey of building characteristics. For PBDE
congeners, BDE-47 (p=0.062) and BDE-203 (p=0.007) were statistically correlated
to construction age. PVC flooring was associated with DEHP (p=0.001) and BBP
(p=0.012), and construction age was associated with DEHP (p=0.004) and BBP
(p=0.070). These results are evidence that the older buildings are, the higher the
amount of chemicals would be discharged from the sources and the higher the
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exposure of indoor residents is. It was also concluded that PVC flooring is a source
of DEHP and BBP, and PVC adhesive is a source of DBP.
Last, we carried out a health risk assessment for PBDEs and phthalates consumed
via indoor dust. The oral ingestion route is the most common exposure route
(>90%). The median non-carcinogenic HI values for BDE-47 (0.008) and DEHP
(0.040) in the infant group even showed little effect on indoor residents. However,
the median excess cancer risk values (the carcinogenic health effect index) are
2.0×10-11 for BDE-209 and 1.4×10-6 for DEHP, corresponding to the age of life
expectancy. The BDE-209 concentration is safe compared to the criterion of 10-4 to
10-6 set by the USEPA; however, there are doubts about the carcinogenic effects of
DEHP.
This study showed that BFRs and phthalates in indoor dust can seriously impact
human health. Furthermore, the risk to indoor residents might increase significantly
based on the evidence that the major exposure sources are food and synthetic
products, in addition to dust. For example, the consumption of food and cosmetics
containing phthalates accounts for a significant percentage of the exposure to those
substances (USEPA 2007). Moreover, exposure to PBDE through food is as high as
the exposure via dust ingestion for toddlers, children, teenagers and adults. Food is
also the major exposure source for infants due to their consumption of breast milk
(Johnson-Restrepo and Kannan 2009).
These study results can help us understand the distribution in the endocrine
system of toxic chemicals like BFRs and phthalates found in indoor dust in South
Korean houses and to establish guidelines regarding indoor air quality. We expect
this study will help us better control human exposure to chemicals via indoor dust
in the future as a result of the association study and the risk assessment.
Furthermore, we expect they will be a good source of epidemiological
investigations to Korean resident in Korean Indoor Environment.
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국문초록
국내 집먼지 내 브롬계 난연제와 프탈레이트에 대한 모니터링 및
위해성 평가

권 덕 준

서울대학교 보건대학원

환경보건학과 환경보건 전공

지도교수 조 경 덕

브롬계 난연제(BFRs)는, 예를 들면 polybrominated diphenyl ethers (PBDEs),
tetrabromo bisphenol-A (TBBPA) and hexabromocyclododecane (HBCD), 낮은
가격과 높은 효율성 덕분에 전세계적으로 생산과 소비량에서 폭발적으로
증가해왔다. 그러한 증가에 따라 인간뿐만 아니라 환경에 대한 영향의
위험성이

제기되어

왔고,

실제로

유해물질로

취급되어

국제적으로

규제되어 왔다. 반면, 프탈레이트는 건축 분야, 가전제품 분야에서
다양한 플라스틱 가소제로서 사용되어 왔으며, 마찬가지로 낮은 가격과
높은 효율성으로 인해 수십 년 동안 전세계적으로 사용량이 증가해왔다.
그에 따라 인간에 대한 위해성 또한 증가해왔다. 특히, 브롬계 난연제와
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프탈레이트는 호르몬 작용을 교란시키는 환경 호르몬과 같은 작용을
하는 것으로 알려져 있다.
현재, 위 물질에 대한 연구는 외국의 경우 충분히 진행되어 왔지만,
국내의 경우, 매우 미비한 실정이었다. 그러므로 이번 논문에서는 국내
집 먼지 농도의 분포를 파악하고 외국 연구 결과와 비교해본 후, 이를
통해 실내 거주자들의 위해성까지 평가하였다.
이번 연구에서의 PBDEs 의 농도 수준은 미국이나 영국보다는 낮은
수준이었고, 호주와 중국과는 대략 비슷한 수준을 보였다. 그 이유는
선진국에서는

물질을

PBDEs

규제되기

전까지

많이

사용하여

그

사용량이 먼지로 축적되어 개발도상국보다 많이 검출되었다는 가설을
검증할 수 있었다. 반면에, HBCDs 와 TBBPA 의 경우에는 국내 결과가
선진국의 결과보다 약간 낮은 결과를 보였는데, 그 이유는 PBDEs 의
대체 난연제로 사용되어 그 사용기간 짧으며, 선진국에서 대체제로서
좀더 일찍

사용하였기 때문이라고

추정되었다.

또한, 프탈레이트의

경우에는 선진국의 농도 값이 아시아의 농도 값보다 낮았는데, 그
원인은

아시아의

주거환경

특성상

PVC

장판으로

많이

사용하기

때문이라고 판단되었다.
다음으로는 PVC 장판을 포함한 바닥재의 특성과 건축연한에 대한
프탈레이트의 농도 연관성을 평가하였다. 그 결과, PVC 장판은 DEHP
(p=0.001), BBP (p=0.012)와 연관성을 보였으며, 건축연한은 BDE-47
(p=0.062), BDE-203 (p=0.007), DEHP (p=0.004), BBP (p=0.070)에서 연관성을
보였다. 건축연한이 오래될수록 PBDEs 와 프탈레이트에 많이 노출되며,
PVC 장판을 쓸수록 프탈레이트에 많이 노출된다는 것을 알 수 있었다.
마지막으로 집먼지에 대한 실내거주자의 위해성 평가를 실시하였다.
발암

및

비발암에

대해

평가하였는데,

6

오직

DEHP

(ECR=1.4×10-

)에서만이 USEPA 최소 기준인 1000000 명 중 1 명이 암에 걸리는
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수준에 도달하였다. 그에 따라 실내 먼지에서의 DEHP 농도의 관리가
더욱 더 필요하다는 것을 도출하였다.

주요어: 집먼지, 브롬계 난연제, 프탈레이트, 모니터링, 위해성 평가

학번: 2010-22048
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