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Abstract Indoor dust samples were collected from 40 homes
in Kocaeli, Turkey and were analyzed simultaneously for 14
polybrominated diphenyl ethers (PBDEs) and 16 poly aromat-
ic hydrocarbons (PAHs) isomers. The total concentrations of
PBDEs (Σ14PBDEs) ranged from 29.32 to 4790 ng g−1, with a
median of 316.1 ng g−1, while the total indoor dust concen-
trations of 16 PAHs (Σ16PAHs) extending over three to four
orders of magnitude ranged from 85.91 to 40,359 ng g−1 with
a median value of 2489 ng g−1. Although deca-PBDE prod-
ucts (BDE-209) were the principal source of PBDEs contam-
ination in the homes (median, 138.3 ng g−1), the correlation in
the homes was indicative of similar sources for both the com-
mercial penta and deca-PBDE formulas. The PAHs diagnostic
ratios indicated that the main sources of PAHs measured in the
indoor samples could be coal/biomass combustion, smoking,
and cooking emissions. For children and adults, the contribu-
tions to∑14PBDEs exposure were approximately 93 and 25%
for the ingestion of indoor dust, and 7 and 75 % for dermal
contact. Exposure to ∑16PAHs through dermal contact was the
dominant route for both children (90.6 %) and adults (99.7 %).
For both groups, exposure by way of inhalation of indoor dust
contaminated with PBDEs and PAHs was negligible. The haz-
ard index (HI) values for BDE-47, BDE-99, BDE-153, and
BDE-209 were lower than the safe limit of 1, and this result

suggested that none of the population groups would be likely
to experience potential health risk due to exposure to PBDEs
from indoor dust in the study area. Considering only ingestion +
dermal contact, the carcinogenic risk levels of both B2 PAHs
and BDE-209 for adults were 6.2 × 10−5 in the US EPA safe
limit range while those for children were 5.6 × 10−4 and slightly
higher than the US EPA safe limit range (1 × 10−6 and 1 × 10−4).
Certain precautions should be considered for children.

Keywords Risk assessment . Indoor dust . Poly aromatic
hydrocarbons (PAHs) . Polybrominated diphenyl ethers
(PBDEs)

Introduction

The rapid development of new building and insulation mate-
rials, furnishings, and consumer products has resulted in a
corresponding increase in both the quantity and number of
new chemicals in the built environment (Rudel and Perovich
2009; Weschler 2009). In this regard, the numbers of
chemicals and exposure to these chemicals have been increas-
ing dramatically every passing day. While the exposure levels
to these chemicals are largely undocumented, they can be
expected to increase as a wider variety of chemicals come into
use, people spend more time indoors, and finally, air exchange
rates decrease to improve energy efficiency (Zhang et al.
2011; Rudel and Perovich 2009; Weschler 2009).

Persistent organic pollutants (POPs) have seen wide use in
commercial and industrial applications around the world, and
as a result of their high chemical stability, resistance to degra-
dation, persistence, lipophilic properties, and the tendency to
bioaccumulate and be biomagnified in the food chain, they
can be counted among the most ubiquitous pollutants in the
environment (Vafeiadi et al. 2014). Among them,
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polybrominated diphenyl ethers (PBDEs) are a class of per-
sistent organic compounds that have been used as flame retar-
dants in many consumer products, including textiles, polyure-
thane foam in furniture, mattresses, carpet pads and automo-
bile seats, as well as in plastic components of electrical house-
hold appliances, since the mid-1970s (Hassan and Shoeib
2015; Lim et al. 2014). PBDEs can act as endocrine dis-
rupters, affecting the thyroid hormone-mediated pathways
(Legler and Brouwer 2003), and evidence of cancer in animals
has led BDE-209 to be classified as a possible human carcino-
gen by the US EPA (US EPA IRIS 2016a). Due to the growing
environmental and human health concerns, Penta-BDE and
Octa-BDE were banned in the European Union (summer
2004) and have been voluntarily phased out in the USA since
2004 (Betts 2008; La Guardia et al. 2009; Kemmlein et al.
2009). The phase out of two formulations led to an increase
in the production of Deca-BDE mixture in the EU (Söderström
et al. 2004). At last, all the technical mixtures of PBDEs were
banned in the EU (Directive 76/769/CEE; Directive Penta- and
Octa-PBDE formulations (2003/11/EC); Court Proceeding
2008/c116/02; Kemmlein et al. 2009). In 2009, PBDEs were
added to the list of POPs under the Stockholm convention
(UNEP/POPS/COP.4/17 2009). Turkey signed the Stockholm
Convention on 23May 2001 and it was adopted by the Council
of Ministers (Law No. 5871) on 14 April 2009 (Oficial Gazette
30-07-2009, No. 27304). The Convention entered into force for
Turkey officially on 12 January 2010 (NAP 2014). Despite the
banning or restrictions imposed on the use of all the technical
mixtures of PBDEs today, different groups of chemical classes
of PBDEs are in common use or still exist in building materials,
furnishings, and consumer products. Hence, the general popu-
lation is still exposed to PBDEs due to the widely used and
unregulated deca-BDE (La Guardia et al. 2009).

Poly aromatic hydrocarbons (PAHs), produced as a result
of the incomplete combustion of organic materials for heating
and cooking purposes, incense burning, and tobacco smoke in
indoor environments, also have long histories of contribution
to human exposure (Weschler and Nazaroff 2008; Maertens
et al. 2008). Exposure to PAHs has been associated with sev-
eral adverse human health effects, such as hematological
changes/anemia, genotoxicity, hepatotoxicity, lung cancer,
and neurological dysfunction (Kamal et al. 2015). A total of
seven PAHs, including benzo(a)anthracene, benzo(a) pyrene,
benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene,
dibenz(a,h)anthracene, and indeno(1, 2, 3-c, d)pyrene, have
been ranked by the US EPA’s Integrated Risk System as prob-
able human carcinogens (B2; US EPA 2016b).

The large contributions of PBDEs in both new and older
residential use products and PAHs emitted during combustion
suggest that the indoor environment may be a significant source
of human exposure to these pollutants (Zhang et al. 2011).
Consumption of contaminated foods, inhalation of contaminat-
ed air, and ingestion of dust, in particular house dust, are the

main routes of human exposure to PBDEs and PAHs (Yu et al.
2012; Harrad et al. 2016). Given the large percentage of time
people spend inside (approximately 90 % of the total, most of
this being at home), there is potential for significant human
exposure to the PBDEs and PAHs found in indoor air and dust,
both through direct inhalation and ingestion (Wilford et al.
2005). Much attention has been focused recently on the signif-
icance of indoor dust (settled dust) as a pathway to human
exposure to PBDEs and PAHs due to the large specific surface
areas that act as a reservoir for pollutants released into the home
and as a repository of contaminates over a long period of expo-
sure (Cao et al. 2014; Shin et al. 2014; Butte and Heinzow
2002). Human exposure to these chemicals is a major problem
in modern society, and babies and younger children may be
especially at risk due to a combination of physiological and
behavioral factors, such as small body mass, less ability to
detoxify, rapid growth, development and differentiation of their
vital organ systems, engaging in activities close to the floor, and
hand-to-mouth behavior (Hwang et al. 2008; Butte and
Heinzow 2002; Roberts and Ott 2007).

The extent of exposure from contaminated matrix (such as
dust or soil) has been estimated for several studies of PBDEs
(Bennett et al. 2015; Abafe andMartincigh 2015; Fromme et al.
2014), PAHs (Man et al. 2013, Kamal et al. 2015), PCBs
(DellaValle et al. 2013; Harrad et al. 2009), phthatalate
(Bamai et al. 2014; Fromme et al. 2013), phthatalate, and novel
BR Fromme et al. 2014; Hassan and Shoeib 2015). These stud-
ies generally evaluated exposure to one pollutant group, and
therefore, predicted the risk associated with this certain group.
Hence, making a risk estimation for one group of POPs may
lead to an underestimation of exposure to dust. All persistent
organic pollutants adsorb on the same dust matrix and humans
are exposed to all these pollutants in the contaminated dust via
inhalation, ingestion, and dermal pathway. To make a sound
evaluation of the risks associated with the contaminated matrix
of POPs, the measured pollutants in the same dust matrix
should cover all POP groups to the greatest possible extent.
To the best of the author’s knowledge, there are only limited
studies assessing the health risks associated with exposure to
more than one POPs group (Harrad et al. 2010; Ali et al. 2012),
and this can be considered as the first study to make estimations
of the health risks associated with simultaneous exposure to
PBDEs and PAHs from indoor dust in Turkey.

In summary, the main objectives of this research study are:
(1) to determine the concentrations of 14 PBDEs and 16 PAHs
on the same dust matrix; (2) to understand the sources of PBDEs
and PAHs contributing to the measured POPs concentrations in
the indoor environment from the questionnaire results; (3) to
estimate the exposure and cancer risks associated with the in-
gestion, inhalation, and dermal contact of PBDEs and PAHs in
indoor dust using site-specific parameters obtained from time-
activity data for the cohort population; and (4) to compare the
risks due to exposure to PBDEs and PAHs in the indoor dust.
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Materials and methods

Study area and sampling

The indoor and outdoor dust sampling was performed in 40
homes within the Kocaeli region (29° 22′–30° 21′ E, 40° 31′–
41° 13′ N). Kocaeli is host to one of the most important in-
dustrial zones in Turkey, which includes petrochemical plants,
hazardous, and clinical waste incineration and storage facili-
ties, as well as textile (185 industrial enterprises), machinery
(112), mine (94), metal (64), food (67), automotive (53), paper
(42), chemical (44), wood (38), petrol (19), leather (4), coal
(53), and other (457) industrial plants. In addition, the prox-
imity of the Government Highway-100 (D-100; 74,312 vehi-
cles/day), Anatolia Highway of Transit European Motorway
(TEM; 61,854 vehicles/day−1), and D-130 (49,451 vehicles/
day−1) state highways ensures a steady and extensive flow of
traffic. The general layout of the study area and locations of
the houses are shown in Fig. 1.

The home to be sampled was first swept by the owner
and then dust was left to deposit for subsequent 7 days.
After 1 week, composite dust samples were collected from
bedrooms, kitchens, hall, and living rooms of the floors
(excluding wet surfaces) of 40 homes of volunteers using a
Nilfisk Elit Plus 1600W vacuum cleaner (specified to

capture 99.5 % of all particles 0.3 μm and larger). The
volunteers were recruited through a personal communication
method, and the location of the homes are also illustrated in
Fig. 1. The mass of dust that deposited during 1 week in the
homes was between 0.1 and 6 g. If the mass of the dust
were lighter than 2 g, it was continued to revisit until the
total masses of the collected dust reached 2 g. The natural
ventilation rate by opening windows affects indoor air con-
centration from outdoor to a great extent (Wallace 1987;
Woodruff et al. 2000). The shortest ventilation rates might
be expected in days of winter. Sampling was conducted in
winter from December 2015 to January 2016 to eliminate
the effects of outdoor pollution on indoor pollution as much
as possible. By this way, the collected indoor dust samples
could represent indoor air quality. To avoid cross contami-
nation, the vacuum cleaner equipment was cleaned carefully
with solvent and a new bag was inserted for each new sam-
pling. After the sampling, the bags were placed into individ-
ual amber glass bottles, pre-washed with isooctane, and
stored in a freezer at −20 °C until sieving. Field blanks
consisting of anhydrous sodium sulfate, Bsampled^ using
the same equipment and procedures described above for
the real samples, were also analyzed to determine if any
contamination had occurred during the sample handling
and preparation (Abdallah et al. 2013).

Fig. 1 General layout of the study area and demonstrating locations of the houses collected dusts
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Detailed questionnaires were completed by all of the volun-
teer home owners to garner any information that may impact
the concentrations of PBDEs and PAHs in the dust samples,
such as home characteristics (e.g., year of construction, type of
flooring, renovations, new furniture, ventilation and heating
system, etc.) and any activity that may affect chemical loading
(e.g., hobbies, cooking styles, and smoking/non-smoking).
The house characteristics are listed in Table S3 in the
supporting information. Besides the time-activity data corre-
sponding to different inhalation rates, body weights, exposure
frequency, and exposure time were obtained through the ques-
tionnaires, which were applied on the population living in the
area. Details on the risk assessment and the questionnaires are
provided in SI and in Table S4. All of these factors were used
to study the source-receptor relationship of PBDEs and PAHs
in indoor dust and to estimate the risk to health posed by
exposure to these pollutants within indoor dust.

Chemicals

The PAH stock solution (100 μg ml−1 naphthalene (Nap), ace-
naphthylene (Acy), acenapthene (Ace), flourene (Flue), phenan-
threne (Phe), anthracene (Ant), fluoranthene (Flt), pyrene (Pyr),
b e n z o ( a ) a n t h r a c e n e (B aA ) , c h r y s e n e ( C h r ) ,
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DahA),
benzo(g,h,i)perylene (BgP), and indeno[1,2,3-cd]-pyrene (Ind)
in acetone) and recovery standard (500 μg ml−1 acenaphthene-
d10, chrysene-d12, perylene-d12, and phenanthrene-d10) was
obtained from Absolute Standards, Inc. (Hamden, CT, USA).
PBDEs calibration standards each 5 μg ml−1 of BDE-17, BDE-
28, BDE-47, BDE-66, BDE-71, BDE-85, BDE-99, BDE- 100,
BDE-138, BDE-153, BDE-154, BDE-183, BDE-190, and
25 μg ml−1 BDE-209, and isotopic labeled recover standards
each 50 μg ml−1 of 13C12-BDE-47 and 13C12-BDE-203 were
purchased from Accustandard Inc. (New Haven, CT, USA).
Silica gel 60 (0.063–0.200 mm) and Alumina 90 used for col-
umn chromatography were obtained fromMerck Co., Germany.
All the chemicals used for extraction, column clean-up, and
volume reduction processes, such as acetone(Ace), n-
hexane(Hex), dichloromethane(DCM), and petroleum ether
(PE), were GC analysis grade (Merck Co., Germany).

Sample preparation and analysis

Non-dust particles, hair, and debris were hand-picked from all
samples. Driver et al. (1989) indicated that particles exceeding
150 μm in size do not adhere easily or efficiently to hands or
skin and are, thus, less relevant in the context of exposure via
ingestion or dermal pathways (Ma and Harrad 2015; Driver
et al. 1989). Likewise Besis and Samara (2012) indicated that
the collection of fine particles is also increased by a weaker
circulation of indoor air, and it is more likely for PBDEs to be

adsorbed onto the surface of fine particles rather than coarse
particles (Besis and Samara 2012; Wei et al. 2009; Zhang et al.
2009; Mandalakis et al. 2009). Therefore, the samples were
homogenized by sieving them through a 100-μm stainless steel
sieve and analyzed following the methods suggested by Cetin
et al. (2016) andAydin et al. (2014). Briefly, approximately 1-g
dust samples were extracted ultrasonically for 60 min with a
10-ml mixture of 1:1 acetone to hexane ratio. The mixing and
extraction were repeated a second time with the addition of
10 ml of fresh solvent. Prior to extraction, all the samples were
spiked with PAH (acetanapthalene-d10, chyresene-d10,
perylene-d10, phenantherene-d10) and PBDEs (isotopic la-
beled internal standards 13C12-BDE-47 and 13C12-BDE-203
surrogate standards). The extract volumes were reduced and
transferred into hexane (2 ml) using a rotary evaporator and a
high purity N2 stream. A 30-cm × 1-cm glass column was
packed with 0.1 g of glass wool and 3 g of silicic acid
(deactivated with 5 % deionized water) and 2 g of alumina
(deactivated with 6 % deionized water) and topped with 1 g
of anhydrous sodium sulfate. The column was pre-washed
with 20 ml of dichloromethane (DCM) followed by 20 ml of
petroleum ether (PE). The sample in 2 ml hexane was then
added to the column and PBDEs were eluted with 60 ml of
PE and kept as elute 1. The column was further eluted with
40 ml of DCM and kept as elute 2. Firstly, the volumes of the
elute 1 and 2 were separately reduced to approximately 2 ml in a
rotary evaporator. The final extracts were solvent-exchanged into
hexane by adding 2~4 ml of hexane and evaporating the extract
to 2 ml under a stream of high purity nitrogen. Addition of the
fresh solvent and the evaporating processes were repeated a third
time. Finally, the elutes were purged till the final volume was
reached (200 μl) and transferred into insert vials. Half volume of
elute 1 and half volume of elute 2 were mixed (200 μl) and
analyzed for PAHs since some lighter PAHs are eluted partly
with fraction 1 (Aydin et al. 2014). The rest of elute 1 (100 μl)
were analyzed for PBDEs. The schematic diagram of the extrac-
tion and column clean-up procedure was depicted in Fig. S1.

Elute 1 was analyzed for 14 PBDEs and after which equal
volumes of elute 1 and 2 were combined and analyzed for 16
PAHs. For the analysis of PBDEs and PAHs, an Agilent
7890NGC coupled with an Agilent 5977Amass spectrometer
system EI mode equipped with a DB-5HT capillary column
(15 m × 0.25 mm i.d., 0.10 μm film thickness, J&W
Scientific) was employed. PBDEs were detected in the system
with the oven temperature program: 100 °C for 1 min,
8 °C min−1 to 320 °C, and held for 6 min. The temperatures
were 280, 230, 150, and 320 °C for the injector, quadrupole,
ion source, and interface, respectively. For the analyzed PAH,
the initial oven temperature was held at 50 °C for 1 min, raised
to 200 °C at 25 °C min−1, and raised to 300 °C at 8 °C min−1,
and held for 8 min. The injector, ion source, quadrupole, and
interface temperatures were 295, 290, 180, and 320 °C, re-
spectively. (0.94 psi, 50 cm s−1 flow rate, velocity).
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Quality assurance and quality control

For the method blank, dust samples were replaced with anhy-
drous sodium sulfate and passed through all the analytical
procedures carried out for real samples. The masses of
PBDE and PAH isomers detected in the blanks did not exceed
the 4 % of average masses collected on the real dust samples.
Field blank samples were collected (n = 6) by spreading an-
hydrous sodium sulfate on a pre-cleaned floor and analyzed
following the same sampling protocol as for real samples. The
traces of Flt + Pyr and BaAwere found in the field blanks and
blank correction was performed by subtracting the mean blank
amount measured in the blank samples from the amount mea-
sured in the sample. Average recoveries for the surrogate stan-
dards were 76 ± 14 % (acetanapthalene-d10), 77 ± 12 %
(perylene-d10) and 79 ± 17 % (chrysene-d10), 76 ± 19 %
(phenantherene-d10), 63.2 ± 11 % (BDE-47), and
61.7 ± 6 % BDE-203. Recoveries were also performed with
14 PBDEs and 16 PAHs congeners mixed in spiked sodium
sulfate and ranged from 59.7 to 78.2 % and from 72.3 to
94.5 %, respectively. The limit of detection (LOD) were de-
termined from the lowest concentration analytical standard
that could be integrated and corresponds to a chromatographic
peakwith a signal/noise ratio of 3/1 (Kefeni et al. 2014; Zhang
et al. 2011). For 1-μl injection, the quantifiable amounts were
0.02–0.59 and 0.06–0.16 ng g−1 for PAHs and PBDEs except
for BDE-209, respectively. LOD values for BDE-209 was
0.59 ng g−1. Quality control parameters of the 14 PBDEs
and 16 PAHs can be found in Table S1 and S2 in the
Supporting Information.

All glasswares were cleaned following the United States
Environmental Protection Agency methods 1614 (US EPA
2007). Briefly, the glasswares were rinsed with solvent and
washed in detergent solution through sonication. After deter-
gent washing, the glasswares were rinsed with methanol and
then with hot tap water. The tap water rinse was followed by
another methanol rinse, and then acetone. Finally, the glass-
wares were baked in a kiln furnace at 450 °C. Direct ultraviolet
light and plastic ware were avoided throughout the analysis.

Exposure scenarios and risk assessment

Human exposure to dust was estimated with the following as-
sumptions: (1) Humans are exposed to dust through three main
pathways: ingestion of dust particles, inhalation of dust parti-
cles, and dermal contact with dust particles (Deng et al. 2014;
Kurt-Karakus 2012); (2) people are exposed to indoor dust
while in their house; (3) some exposure parameters of those
in the observed areas are similar to those of the reference pop-
ulations; (4) the total non-carcinogenic risk may be calculated
for each congener (BDE-47, BDE-99, BDE-153, and BDE-
209, B2 carcinogenic PAHs) by totaling the individual risks
associated with the three means of exposure (Man et al. 2013;

Lim et al. 2014); (5) the total carcinogenic risk may be com-
puted for each pollutant (BDE-209, B2 carcinogenic PAHs) by
totaling the individual risks calculated for the three means of
exposure (Lim et al. 2014; Kang et al. 2011b); and (6) humans
are exposed to dust in their homes over their entire lifetime.

The formulas used to calculate the dose received through
each of above-listed exposure pathways are given below (US
EPA 1989; US EPA 2009; Kurt-Karakus 2012). All of the
equations used in this research refer to US EPA methods and
other documents (US EPA 2003 and 2006; Liu et al. 2015;
Deng et al. 2014; Lim et al. 2014; Kamal et al. 2014; Man
et al. 2013; Kang et al. 2011b).

Dingi ¼ Cdust �
Ringi � ETi � EF � EDi

BWi � Tavg
� CF ð1Þ

Dinhi ¼ Cdust � Rinhi � ETi � EF � EDi

PEF � BWi � Tavg
� CF ð2Þ

Ddermali ¼ Cdust � SAF � Askini � DAF � ETi � EF � EDi

BWi � Tavg
� CF

ð3Þ
where.

Dingi; Dinhi; Ddermali The chemical daily intake for the
age-group i via ingestion; inhalation or
dermal contact routes (mg kg−1 day−1)

Cdust The measured dust concentration
(mg kg−1; human exposed these
pollutants in their homes)

Ringi Daily ingestion rate for the age-group
i (mg dust day−1)

Rinhi Daily inhalation rate or the age-group
i (m3 day−1)

Eti Exposure time per day in homes for
the age-group i (hours day−1)

EF Exposure frequency (day year−1)
ED Exposure duration (years) for the age-

group i
BWi The mean body weight for the age-

group i (kg)
Tavrg The averaging lifespan in Turkey for

the age-group i (days)
CF Unit conversion factor
Askini The exposure skin area for the age-

group i (cm2)
PEF the particle emission factor (m3 kg−1)
SAF The skin adherence factor

(mg cm−2 h−1),
DAF The dermal absorption factor (unitless),

The PEF parameter relates the contaminant concentration
in soil with the concentration of respirable particles in the air
due to fugitive dust emissions from surface contamination
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sites (USEPA 1996). Since there is no study conducted to
determine the PEF parameters of inhalation of dust contami-
nated with PBDEs, PAHs or other pollutants in indoor envi-
ronment, the default PEF value of 4.63 × 109 m3/kg was used
(USEPA 2001). The values of the exposure parameters for
children and adults with reference are provided in Table 1.

A hazard quotient (HQ) for no-cancer risk was calculated
for the PBDEs and PAHs having RfD values (Eq. 4), whereas
the additional lifetime cancer risk due to exposure to the pol-
lutant via inhalation, ingestion, and dermal contact pathways
of the dust was estimated through Eqs. 5, 6, and 7 (US EPA
2009). Based on the information from the US EPA IRIS,
BDE-209 and BaP are the only PBDEs and PAHs associated
with cancer risk in humans with neurobehavioral effects, re-
spectively (Chou et al. 2016; Kang et al. 2011a). Generally, in
health risk studies, BaP is used as a marker substance, having
been considered in most relevant studies as responsible for
50 % of the carcinogenic potential of PAHs (according to
the most recent data (Hanedar et al. 2014; Petry et al. 1996).
Seven carcinogenic PAHs concentrations and their respective
toxic equivalency factors (TEFs) including BaP (1), BaA
(0.1), BbF (0.1), BkF (0.01), Chr (0.001), DahA (1), and Ind

(0.1) were used in the cancer risk assessment applying BaP
toxicity equivalence (Man et al. 2013; US EPA 1993).

HQi ¼ Di=RfDi and HI ¼ HI ¼
X n

i¼1
HQi ð4Þ

Carcinogenic riskinh ¼ Dinh�SFinh ð5Þ
Cancer Risking ¼ Ding�SFing ð6Þ
Cancer Riskdermal¼ Ddermal�SFdermal � GIABS ð7Þ
where RfDi is the reference dose via ingestion, dermal contact,
and inhalation pathways, D is the average daily exposure dose
of individual PBDEs or PAHs in dust through ingestion, der-
mal contact, and inhalation pathways (mg/kg/day); SF is the
slope factor (mg/kg/day)−1 via ingestion, dermal contact, and
inhalation pathways; and GIABS is the gastrointestinal ab-
sorption factor. In the absence of data on the percentage of
PBDEs and PAHs adsorbed to dust and, in turn, available for
absorption, as well as gastrointestinal absorption data, we as-
sumed the total absorption of contaminants for all congeners,
and the GIABS was taken as 1 (De Wit et al. 2012; Kamal
et al. 2014; Hassan et al. 2015). HQi is the hazard quotient
used to estimate the non-carcinogenic effects of the pollutants

Table 1 Exposure parameters for children and adults with references

Exposure factors Abbreviations Children (1–6 years) Adults Reference

The measured dust concentration
(mg kg−1)

Cdust This study

Ingestion rate of dust
(mg dust day−1)a

Ring 60 30 USEPA (2011)

Inhalation ratea

(m3 day−1)
Rinh 11.9 17.4 This study

Exposure time per day in homes
(hours day−1)b

ET 18.5/24 (0.77) 11/24 (0.46) This study

Exposure frequency (day year−1)c

(site specific)
EF 350 350 This study

Exposure duration (years) ED 6 24 USEPA (2001)

Body weight (kg) BW 13.9 68.2 This study

The averaging life time (days)
for non-carcinogen

Tavg Texp × 365
days/years

Texp × 365
days/years

USEPA (2009)

The averaging life time (years)
for carcinogen

Tavg 70 years × 365
days/years

70 years × 365
days/years

USEPA (2009)

The particle emission factor
(m3 kg−1)

PEF 1.36 × 109 1.36 × 109 USEPA (2009);
Kamal et al. (2014)

The skin adherence factor
(mg cm−2 h−1)

SAF 0.07 0.7 USEPA (2002a, 2002b)

Exposure skin area (cm2) Askin 2800 5700 USEPA (2001)

The dermal absorption factor
(unitless)

DAF 0.001(PBDE)
0.13 (PAH)

0.001(PBDE)
0.13 (PAH)

USEPA (2001);
USEPA (2016c)

Unit conversion factor CF

aAbsorption efficiency (100 %) was used because of a lack of human absorption efficiency data for inhalation and ingestion of PBDEs and PAHs
b The exposure time (ET) is the length of time spent over a day in homes and is calculated as 0.46 (11 h day−1 ) and 0.77 (18.5 h day−1 ) for adults and
children (Deng et al. 2014, Kang et al. 2011a)
c The exposure frequency for children and adults in homes were calculated to be 350 days years−1 by assuming they are away from their homes for about
2 weeks per year
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through ingestion, dermal contact, and inhalation pathways,
while the hazard index (HI) is equal to multiple routes (US
EPA 2009). The reference dose (RfD) and slope factor (SF)
used in the health risk estimations are provided in Table S6 in
the supporting information.

Result and discussion

Levels and sources estimation of PBDEs and PAHs
in indoor dust

All of the dust samples collected from the homes (n = 40)
contained PBDEs, except for BDE-17 (88 % detected) and
BDE-85 (93 % detected). The mean and median concentra-
tions (ng g−1) of 14 measured congeners with minimum and
maximum values are summarized in Table 2. Generally,
PBDEs were detected with relatively high variability in all
the samples.

The total concentrations of PBDEs (Σ14PBDEs) ranged
from 29.32 to 4790 ng g−1, with a median of 316.1 ng g−1.
This relatively high difference between minimum and maxi-
mum values is an indication of the degree of variability in the
presence of physical condition and the availability of different
numbers of flame retardant furniture items or electronic de-
vices in the homes. This variation is more pronounced for
BDE-85 and BDE-99, the concentration of which ranged from

<LOD to 419.8 and from 0.75 to 254.4 ng gr−1, respectively.
The difference between the minimum and maximum values of
these two congeners represents around three orders of magni-
tude difference. BDE-209 (median, 138.32 ng g−1) was the
most dominate congener, followed by BDE-183 (median,
20.52 ng g−1), BDE-71 (median, 15.84 ng g−1) and BDE-
154 (median, 15.21 ng g−1), while BDE-28 (median,
4.01 ng g−1) was the least abundant congener for all the sam-
ples due to its relatively high volatility (Li et al. 2015). The
four most dominate congeners varied in quantities, from 40 to
70 % of all congeners.

Overall, 16 PAHs were detected in all of the dust samples,
except for acenapthene and anthracene, with a detection rate
of 92.5 and 95 %, respectively. The concentration of PAHs is
listed in Table 3. The total indoor dust concentrations of 16
PAHs (Σ16PAHs; in ng g

−1) extend over three to four orders of
magnitude, ranging from 85.91 to 40,359 with a median value
of 2489 ng g−1. The concentrations of Phe, Flt + Pyr, Chry,
Bkf, Bbf, and Naph were comparatively higher among the 16
individual PAHs at all the locations, accounting for 15.7, 10.4,
9.8, 8.7, 7.5, and 7.3 %, respectively. The total concentrations
of B2 group seven PAHs were comparable to those of the
other nine PAHs, accounting for 49.6 and 50.4 % of the total
PAHs. The concentration of BaP, the most potent carcinogen-
ic, ranged between 5.72 and 3940 ng g−1 with a median of
156.1 ng g−1.

Table 2 Concentration of PBDEs (n = 14) measured in dust samples
from homes (n = 40) in Kocaeli. The concentrations are given as a range,
mean and median values in ng g−1

Pollutants Mean Median Range

Penta-PBDE

BDE-17 23.86 6.92 <LOD-231.4

BDE-28 22.58 4.01 0.42–146.7

BDE-47 40.76 10.01 0.96–260

BDE-66 35.03 13.19 2.23–235.6

BDE-71 37.14 15.84 2.48–245.7

BDE-85 55.42 6.01 <LOD-419.8

BDE-99 30.21 6.45 0.75–254.4

BDE-100 40.69 13.26 1.21–297.7

BDE-138 37.93 12.81 1.22–298

PBDE-153 40.96 13.6 1.10–304.0

BDE-154 47.6 15.11 1.6–344.5

ΣpentaBDE 414.1 136.1 11.21–3028

Hepta-BDE

BDE-183 62.28 20.52 2.74–404.0

BDE-190 45.15 11.28 1.86–374.0

ΣoctaBDE 107.4 31.88 4.63–778.1

BDE-209 271.5 138.3 12.71–1741

ΣallBDE 593.0 316.1 29.32–4790

Table 3 Concentration of the PAHs (ng g−1; n = 16) measured in dust
samples from homes (n = 40) in Kocaeli

Pollutants Mean Median Range

Nap 119.07 147.5 4.52–1020

Ace 59.46 37.53 <LOD-286.7

Flue 223.7 142.4 7.28–1035

Acy 211.7 67.76 2.18–1805

Phe 804.5 322.8 17.3–4564

Ant 338.7 119.3 LOD-2780

Flt + Pyr 705.2 270.35 1.05–6300

BaA 360.7 94.04 2.6–2152

Chr 677.7 282.7 8.61–3569

BbF 510.9 211.1 4.14–4300

BkF 557.9 213.0 7.45–3960

BaP 423.9 156.1 5.72–3940

Ind 306.5 203.6 9.55–1880

DahA 168.0 89.83 0.69–1720

BgP 212.1 130.6 8.68–1046

ΣallPAH
a 5680. 2489 85.91–40,359

aNap naphthalene, Ace acenapthene, Flue flourene, Acy acenaphthylene,
Phe phenanthrene, Ant anthracene, Flt fluoranthene, Pyr pyrene, BaA
benzo(a)anthracene, Chr chrysene, BbF benzo(b)fluoranthene, BkF
benzo(k)fluoranthene, BaP benzo(a)pyrene, Ind indeno[1,2,3-cd]-pyrene,
DahA dibenzo(a,h)anthracene, BgP benzo(g,h,i)perylene
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It has been observed that PAH concentrations in indoor
environment are related to PAHs sources emitted from human
activities such as cigarette smoking and cooking (Ren et al.
2006; Zhu and Wang 2003; Chuang et al. 1999). Qi et al.
(2014) also observed a significant positive correlation be-
tween PAHs concentrations in indoor dust and based on loca-
tion (latitude and longitude). Cao et al. (2012) indicated that
the PBDEs results obtained by applying different analytical
procedure and different dust fraction in the literature effected
on the results varied up to tenfold. Based on the findings in
literature, the dust concentrations of PBDEs and PAHs found
in any study depends very strongly on the dust particle size,
the sampling season (winter or summer) and methodology, the
sampling years, the distance between the sampling location
and pollutant sources (such as roads or point emissions from
industries), the level of social-economic development, venti-
lation rate, and human activity (Abafe and Martincigh 2015;
Qi et al. 2014; Mannino and Orecchio 2008; Allen et al. 2008;
Cao et al. 2012). Nevertheless, to roughly see the pollution
level of the indoor dust contaminated with PBDE and PAH in
Turkey compared with that in other countries, the reported
data in literature for different parts of the world is discussed
in Supporting Information and given in Tables S7 and S8,
together with the data generated in this study.

Congener profiles

PBDEs

The composition patterns of PBDE congeners with the same
numbers of bromine atoms can provide an indication of po-
tential sources of PBDEs. BDE-209was the predominant con-
gener, accounting between 13 and 83% of the total 14 PBDEs
(median, 138.32 ng g−1). The dominance of BDE-209 present
in deca-BDE products is not surprising, as most other studies
have found this to be the most prolific congener (Abafe et al.
2015; Vorkamp et al. 2011), which can be attributed to two
possible reasons. Firstly, BDE-209 is extremely hydrophobic
(log KOW ≈ 10) and has been widely expected to possess low
bioavailability and a strong tendency to bind to soil (Wu et al.
2015). Secondly, there is widespread usage of commercial
deca-BDE products, such as Saytex 102E and Bromkal 82-
0DE (Yu et al. 2012, Kang et al. 2011b). According to the
Bromine Science Environmental Forum (BSEF), the deca-
BDE mixture is the most widely used of these, accounting
for approximately 83 % of the total PBDEs production world-
wide (Besis 2012). This value falls within the ranges mea-
sured in Toronto, Canada by Harrad et al. (2008) and in
Hong Kong, China by Kang et al. (2011b), although these
levels are not as high as those observed in London, UK
(Sjödin et al. 2008) and the USA (Johnson-Restrepo and
Kannan 2009), which can be attributed to the greater use of
these chemicals as a flame retardant in these countries. It has

been reported that 95 % of all upholstery materials in the UK
are flame retardant to comply with the fire safety regulations,
and that approximately 1000–1200 tons/year of BDE-209
were used in textile applications in the country (European
Chemicals Bureau 2002; Sjödin et al. 2008).

The second most predominant congener was BDE-183 (a
hepta-BDE congener), one of the primary congeners found in
commercial octa-BDE products, which contains about 80 %
of the total octa-BDE (La Guardia et al. 2006). BDE-183
accounted for 2 to 16 % of all Σ14PBDEs in house dust sam-
ples. This congener is known to be used as a flame retardant in
plastic computer monitors and television housings (Abafe and
Martincigh 2015; Labunska et al. 2013) and in textiles
(coverings and furniture; Krol et al. 2012). In this regard,
BDE-183 is correlated significantly (r = 0.54, r = 0.73;
p < 0.5) with the number of electronics in the home.

The other dominant congener was BDE-154 (present in
penta-BDE products), which accounted for between 2 and
10 % of all congeners. The high level of BDE-154 observed
may be linked with either the debromination of BDE-209
(Yang et al. 2013) or emissions in the home from insulation
materials (Wu et al. 2015). The second of these is supported
by the positive correlation of BDE-154 with newly (<2 years
old) insulated homes (r = 0.69 p < 0.05). The existing and new
buildings should be insulated according to the environmental
conditions and in line with the requirements of the regulation
in Turkey (MEU 2008), according to which most of the build-
ings sampled in the study have been insulated in the last
6 years.

The Pearson correlations between PBDEs congeners were
calculated to identify any species that may originate or not
from similar sources (Hassan et al., 2015). Some of the
penta-PBDE congeners (BDE-47, −85, −99, −100 and
−138) were significantly correlated with each other
(r = 0.76, p < 0.05), and a closer examination of the data set
indicated that the highest concentration measured for each of
the BDE-47, BDE-85, BDE-99, BDE-100, and BDE-138 con-
geners originated from the same homes, all of which were
installed with new electronic equipment. The abundance of
these congeners demonstrates the source contribution of the
penta-BDE commercial formulation (Law et al. 2003). The
ratios of BDE-47/BDE-99 in the home dust samples were also
investigated and compared to those ratios in the commercial
penta-BDE. The ratio of BDE-47/BDE-99 in the commercial
penta-BDEmixtures indicated that PBDE emissions fromma-
terials were treated with either DE-71 or Bromkal 70-5DE
(Besis et al. 2014). The ratios for DE-71 and Bromkal 70-
5DE was 0.79 and 0.96, respectively (La Guardia et al.
2006). Eight samples of the study had BDE-47 to BDE-99
ratios ranging from 0.57 to 0.88 with an average of 0.72.
However, most of the dust samples (n = 30) had a ratio of
BDE-47/BDE-99 ranging from 0.92 to 1.28 with an average
value of 0.97, which may be due to the presence of more
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materials embedded with Bromkal 70-5DE compared to DE-
71 in these sampling houses.

However, the penta-BDE congeners were shown to be
uncorrelated with PBDE-154, suggesting different
sources. On the other hand, these penta-BDE formula-
tions, namely the BDE-47, BDE-85, BDE-99, BDE-100,
and BDE-138 congeners, were significantly correlated
with BDE-183 and 190 concentrations (r = 0.69,
p < 0.05), which indicates similar sources. The BDE-209
congeners were statistically significantly correlated with
all the PBDEs congeners except for BDE-154, suggesting
similar applications of technical mixtures and/or occur-
rence in dust. While an abundance of BDE-47, BDE-99,
and BDE-100 demonstrates the source contribution of
penta-BDE commercial formulations, an abundance of
BDE-183 was indicative of the presence of Octa-BDE
commercial formulation (Law et al. 2003). Although
deca-PBDE products (BDE-209) were the principal source
of PBDEs contamination in the homes, the correlation in
the homes is indicative of a similar source for both the
commercial penta- and deca-PBDE formulas.

PAHs

The high molecular weight (HMW; four + five + six-ring
PAHs) PAHs ranged from 29 to 85 % of the total PAH con-
centrations, with an average value of 61.9 %. Although LMW
PAHs (2- and 3-ring PAHs) are relatively more volatile, which
results in less abundance in settled dust, and are more abun-
dant in the air (Qi et al. 2014), LMWs were found to be the
main PAH isomers in nine homes, all of which were smoke-
free residences with central natural gas heating systems.
LMWs (Ant, Pyr, Ace, Flue, and Nap) all originate from a
natural gas (NG) combustion source (Callen et al. 2013; Li
et al. 1999; Lee et al. 2004), and these homes could be directly
impacted from NG combustion emissions.

PAH diagnostic ratios have been widely used to predict
PAH sources in ambient air (Katsoyiannis et al. 2011;

Martellini et al. 2012; Katsoyiannis and Breivik 2014) or
indoor dust (Kamal et al. 2014; Qi et al. 2014, Ma et al.
2015; Yunker et al. 2002. Although fewer calculations are
required in this method, it should be used with caution
because it is often difficult to discriminate between emis-
sions from combustion of coal and other biomass fuels or
those emissions from vehicles using different fuel types
(such as gasoline and diesel) (Ravindra et al. 2006).
These ratios show intra-source variability, but inter-
source similarity (Hanedar et al. 2014). Even so, for the
identification of indoor source in particular, it is important
to distinguish between combustion and vehicular emis-
sions. The diagnostic ratios Ant/(Ant + Phe), BaP/BgP,
and Ind/(Ind + BgP) are often used as indicators of wheth-
er the PAH in a sample originates from pyrogenic or
petrogenic sources in dust (Kamal et al. 2014; Qi et al.
2014; Ma et al. 2015; Yunker et al. 2002). The diagnostic
ratios and their possible sources are tabulated in Table 4
together with the data generated in this study. Aside from
four homes, all 40 homes in the sample have an Ant/
(Ant + Phe) ratio of >0.1, reflecting combustion emis-
sions, while most of the measured indoor dust had a Ind/
(Ind + BgP) ratio of between 0.2 and 0.46 in the homes
burning biomass/coal, or with a central natural gas heating
system. In most of these homes, natural gas was also used
for cooking purposes, and these Ind/(Ind + BgP) ratios
indicate the potential role of cooking emissions.
Mannino and Orecchio (2008) reported kitchen dust as
displaying the highest PAHs concentrations in their study
of indoor dust from a range of microenvironments
(Mannino and Orecchio 2008). The high Ind/(Ind + BgP)
ratio values (0.71–0.90) were observed in smoker’s house,
while the BaP/BgP ranged from 1.25 to 1.50, in the homes
burning coal/biomass in home furnaces, and between 3.1
and 3.87 in smokers’ homes. These results indicate that
the main sources of PAHs measured in the indoor samples
are coal/biomass combustion, smoking, and cooking
emissions.

Table 4 Diagnostic ratios for PAHs in this study, as well as previously reported findings for major emission sources

Diagnostic ratios Prescribed ranges Indicators sources The values and
homes number

Probable sources Reference

ANT/(ANT + PHE) <0.1
>0.1

Petroleum
Combustion

0.02–0.1 (n = 3)
0.1–0.69 (n = 37)

Traffic emissions
Combustion

Kamal et al. (2014);
Mannino and
Orecchio (2008)

IND/(IND + BgP) <0.2
0.2–0.5
>0.5

Petroleum
Liquid fossil fuel

combustion
Biomass and coal

combustion

–
0.20–0.46 (n = 29)
0.71–0.90 (n = 11)

Cooking emissions
Smoking

Kamal et al. (2014);
Yamei et al. (2009)

BaP/BgP 0.5–0.6
>1.25

Traffic emission
Brown coal

0.29–0.5 (n = 4)
1.25–3.87 (n = 18)

Traffic emissions
Combustion and smoking

Hanedar et al. (2014);
Pandey et al. (1999);
Park et al. (2002)
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Table 4: Diagnostic ratios for PAHs in this study, as well as
previously reported findings for major emission sources.

No significant correlation (r = 0.21, p > 0.01) was ob-
served between PAH levels and the number of inhabitants
in the houses. The highest total PAH concentrations
(22,411 ng g−1) were detected in the houses of both
smokers and coal burners, while the house with lowest
PAH concentration (457 ng g−1) was newly constructed
(3 years old). Previous studies have found that PAHs con-
centrations in the indoor environment are related to PAH
source activities such as cigarette smoking (Kang et al.
2011a; Ren et al. 2006).

Estimation of daily intake of PBDEs and PAHs
from indoor dust and risk assessment

Exposure

The concentration data of the measured PAHs and PBDEs
reported in Tables 2 and 3 were used for internal environ-
ments to estimate the contributions of inhalation, ingestion
and dermal contact with dust to the exposure of adults and
children to Σ14PBDEs and Σ16PAHs. The children and
adults with occupational exposure to PBDEs and PAHs
via indoor dust ingestion, inhalation and dermal contact

Table 5 The children and adults with occupational exposure to PBDEs and PAHs via indoor dust ingestion, averaging daily dose (D; ng kg−1 day−1)
via dust exposure

Children Adult

Dinh Ding Ddermal Dinh Ding Ddermal

ng kg−1 day−1 ng kg−1 day−1 ng kg−1 day−1 ng kg−1 day−1 ng kg−1 day−1 ng kg−1 day−1

BDE-17 1.6E-06 1.21E-02 9.29E-04 1.3E-06 2.66E-03 8.49E-03

BDE-28 1.3E-06 9.75E-03 7.44E-04 1E-06 2.54E-03 6.71E-03

BDE-47 2E-06 1.53E-02 1.15E-03 1.5E-06 3.45E-03 1.06E-02

BDE-66 1.3E-06 1.12E-02 7.95E-04 1.2E-06 2.68E-03 7.13E-03

BDE-71 1.7E-06 1.31E-02 1.01E-03 1.5E-06 2.94E-03 9.22E-03

BDE-85 2.3E-06 1.83E-02 1.33E-03 1.9E-06 4.57E-03 1.20E-02

BDE-99 1.6E-06 1.04E-02 9.06E-04 1.1E-06 2.59E-03 8.34E-03

BDE-100 1.6E-06 1.32E-02 9.59E-04 1.3E-06 3.28E-03 8.64E-03

BDE-138 1.7E-06 1.19E-02 9.82E-04 1.3E-06 2.87E-03 8.93E-03

BDE-153 1.7E-06 1.20E-02 1.02E-03 1.4E-06 3.57E-03 9.23E-03

BDE-154 1.8E-06 1.50E-02 1.09E-03 1.7E-06 3.64E-03 9.80E-03

BDE-183 3E-06 1.94E-02 1.60E-03 2.4E-06 4.72E-03 1.60E-02

BDE-190 2.1E-06 1.33E-02 1.10E-03 1.6E-06 3.58E-03 1.13E-02

BDE-209 1.3E-05 9.20E-02 6.86E-03 1.1E-05 2.33E-02 6.98E-02

Σ14PBDEs 3.7E-05 0.26691 0.020482 3E-05 6.64E-02 1.96E-01

Nap 2.44E-05 1.86E-01 1.85E + 00 2.03E-05 4.07E-02 1.69E + 01

Acy 2.37E-06 1.84E-02 1.82E-01 2.06E-06 4.79E-03 1.64E + 00

Flue + Pyr 1.09E-05 8.37E-02 8.22E-01 8.06E-06 1.89E-02 7.54E + 00

Acy 8.10E-06 7.58E-02 6.25E-01 6.73E-06 1.62E-02 5.61E + 00

Phe 3.75E-05 2.48E-01 2.84E + 00 2.85E-05 6.37E-02 2.60E + 01

Ant 1.38E-05 1.27E-01 1.06E + 00 1.20E-05 2.79E-02 9.54E + 00

Flt + Pyr 3.65E-05 2.52E-01 2.75E + 00 2.76E-05 6.05E-02 2.53E + 01

BaA 1.44E-05 1.11E-01 1.10E + 00 1.25E-05 2.90E-02 9.96E + 00

Chr 3.00E-05 2.54E-01 2.28E + 00 2.44E-05 5.14E-02 2.08E + 01

BbF 2.16E-05 1.83E-01 1.65E + 00 1.62E-05 4.45E-02 1.49E + 01

BkF 2.16E-05 1.72E-01 1.66E + 00 1.98E-05 4.27E-02 1.49E + 01

Bap 1.64E-05 1.59E-01 1.26E + 00 1.50E-05 3.21E-02 1.13E + 01

ınd 1.18E-05 1.10E-01 1.02E + 00 1.20E-05 2.67E-02 1.02E + 01

DBA 6.49E-06 5.19E-02 5.33E-01 5.82E-06 1.29E-02 5.47E + 00

BgP 8.20E-06 7.94E-02 6.73E-01 7.64E-06 1.62E-02 6.91E + 00

B2 group 3.01E-05 2.71E-01 2.36E + 00 2.7E-05 2E-06 2.20E + 01

∑16PAHs 2.64E-04 2.11E + 00 2.03E + 01 2.19E-04 4.88E-01 1.87E + 02
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were assessed (see Table 5) to determine non-dietary daily
intake, non-cancer risk and cancer risk related to indoor
house dust. The average daily intakes of ∑14PBDEs
through dust ingestion (2.67 × 10−1 ng kg−1 day−1 for
children and 6.64 × 10−2 ng kg−1 day−1 for adults) and
dermal absorption (2.04 × 10−2 ng kg−1 day−1 for children
and 1.96 × 10−1 ng kg−1 day−1 for adults) were three to
four orders of magnitude higher than the exposure from
inhalation (3.68 × 10−5 ng kg−1 day−1 for children and
2.99 × 10−5 ng kg−1 day−1 for adults). For children and
adults, the contributions to ∑14PBDEs exposure were ap-
proximately 93 and 25 % for the ingestion of indoor dust
and 7 and 75 % for dermal contact, whereas exposure via
inhalation of indoor dust was negligible for both groups.
This finding is not surprising when the higher dust inges-
tion rates of children is considered, as well as the lower
body weight (Karakus 2012). Moreover, Stapleton et al.
(2012) suggest that PBDE levels in hand wipes are asso-
ciated with serum PBDEs, and claim that hand-to-mouth
activity may be a significant source of exposure to PBDEs
among children (Lim et al. 2014). Wang et al. (2014) came
to the same conclusion, claiming that dust ingestion
(69.3–96.1 %) was the predominant PBDE exposure route
for toddlers living in different households in two major
urban centers of the Pearl River Delta (PRD). Other recent
studies have come to the same conclusion, finding that the
ingestion of indoor dust is a significant exposure route of
PBDE pollutants, especially among children (Hassan et al.
2015; Lim et al. 2014; Dirtu and Covaci 2010), occurring
in their homes (approximately 80 %; Lim et al. 2014). The
exposure to dust via dermal contact was the most signifi-
cant pathway for adults, since it has been estimated that
51 mg of indoor dust is likely to be adsorbed through the
hands of adults, while 28 mg of indoor dust is likely to be
adsorbed through children’s hands (Kang et al. 2011b;
Hawley 1985). With respect to exposure to Σ16PAH, the
average daily intake of ∑16PAHs through dermal contact
(20.3 ng kg−1 day−1 for children and 187 ng kg−1 day−1 for

adults) and ingestion (2.11 ng kg−1 day−1 for children and
4.88 × 10−1 ng kg−1 day−1 for adults) was four to five
orders of magnitude higher than exposure from inhalation
(2 .64 × 10− 4 ng kg− 1 day− 1 fo r ch i l d r en and
2.19 × 10−4 ng kg−1 day−1 for adults). The average daily
intake of ∑16PAHs were comparatively higher than that of
∑14PBDEs, since the PAHs isomer concentrations were
measured high when compared to the PBDE isomer levels
in the same dust matrix. Exposure to ∑16PAHs through
dermal contact was the dominant route for both children
(90.6 %) and adults (99.7 %), while exposure via inhala-
tion of indoor dust was negligible for the two groups due
to the presence of higher DAF values of PAH isomers than
PBDEs isomers (Man et al. 2013; US EPA 2012).
Inhalation exposure to dust contaminated with both
PBDE and PAH were lower level since inhalable
(<10 μm) and respirable (<2.5 μm) particles constitute
the greatest risks for airborne particle-associated PAH
and PBDE exposure due to their long suspension duration
and ability to penetrate deeply into the lungs (USEPA
1999).

Non-carcinogenic risk

The hazard index (HI) is the sum of calculated hazard
quotients (HQ). An HQ value greater than 1 indicates that
adverse effects may be possible, while an HQ value lower
than 1 indicates no significant risk of non-carcinogenic
effects (US EPA2011; Deng et al. 2014). Since the refer-
ence dose value (Rfd) for the inhalation of PBDEs is only
available for 4 PBDEs congeners (BDE-47, BDE-99,
BDE-153, and BDE-209) in US EPA, a hazard quotient
(HQ) for these chemicals was considered and depicted in
Table 6. Although the average daily intakes of BDE-209
through dust ingestion were one to two orders of magni-
tude higher than the other congeners studied, the HQ for
BDE-47 was the highest among the 4 PBDE congeners.
The contributions of the four BDEs were ranked in the

Table 6 Hazard quotients (HQ) and cancer estimation (R) of PBDEs and PAHs based upon the BaP toxicity equivalence concentration via dust
exposure

Children Adult

HQinh Rinh Ring Rdermal HQinh Rinh Ring Rdermal

BD-E47 1.983E-08 1.493E-08

BDE-99 1.564E-08 1.088E-08

BDE-153 8.657E-09 7.27E-09

BDE-209 9.16E-14 9.16E-15 6.44E-11 4.80E-11 7.495E-14 7.49E-15 1.63E-11 4.88E-11

Σ14PBDEs 4.41E-08 9.16E-15 3.31E-08 4.88E-11

Bap 6.31E-11 1.16E-06 3.16E-05 5.79E-11 2.35E-07 2.84E-04

∑B2 group 1.16E-10 1.98E-06 5.91E-05 1.04E-10 4.37E-07 5.51E-04
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order BDE-47 (45 %) > BDE-99 (35 %) > BDE-153
(19 %) > BDE-209 (~0 %). The HI for all four non-
carcinogenic PBDEs via dust exposure (4.4 × 10−8 for
children and 3.3 × 10−8 for adults) did not exceed the
critical value of 1.00, indicating that the ingestion of in-
door dust containing these four PBDEs was not a lifetime
cause of non-cancer neurobehavioral disease.

Carcinogenic risk

As presented in Table 6, for children, the mean carcinogenic
levels were 9.2 × 10−15, 6.44 × 10−11, and 4.88 × 10−12 for
inhalation, ingestion and dermal exposure of BDE-209, re-
spectively, while for adults, the mean levels were
7.5 × 10−15, 1.6 × 10−11, and 4.9 × 10−11. Similar to the find-
ings of earlier studies, the cancer risk from the ingestion ex-
posure pathways was found to be the highest in children (Shy
et al. 2015; Deng et al. 2014), while in the case of adults, the
cancer risk levels via ingestion were within the same order of
magnitude (10−11 to 10−12) as through dermal contact, indicat-
ing that both ingestion and dermal contact contribute to the
cancer risk in adults. Considering the three exposure path-
ways, the mean lifetime cancer risk of BDE-209, which is

6.9 × 10−11 and 6.5 × 10−11 for adults and children, respec-
tively, is significantly lower than the threshold level (10−6),
which indicates that the cancer risk from BDE-209 due to
exposure to indoor dust falls within the acceptable levels. Li
et al. (2015) and Shy et al. (2015) reported similar safe limits
related to exposure to BDE-209 from indoor dust in Shanghai
(China) and Pingtung and Kaohsiung (Taiwan).

The cancer risk among adults and children exposed to B2
carcinogenic PAHs via ingestion, inhalation and dermal con-
tact were evaluated depending on the toxic Equivalence
Factor (TEF) and carcinogenic slope factor of BaP. As
depicted in Table 6, the mean B2 carcinogenic levels via in-
halation, ingestion and dermal contact pathways were
1.1 × 10−10, 4.4 × 10−7, and 5.5 × 10−4 for adults, while the
levels were 1.2 × 10−10, 2.0 × 10−6, and 5.9 × 10−5 for chil-
dren. For the two groups, dermal exposure to B2 carcinogenic
levels posed the highest risk, whereas the risks associated with
inhalation pathways were negligible among the three path-
ways (see Fig. 2). The mean risk values in the present study
were consistent with those reported in previous literature
(Kang et al. 2011a; Wang et al. 2011; Maertens et al. 2008)
at below 10−6, indicating that B2 group PAH exposure via
indoor dust is not harmful to human health.

Fig. 2 Relative contribution of
carcinogen risk via ingestion,
inhalation and dermal contact
pathways of in indoor dust for
children and adults
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The carcinogenic risk level of B2 PAHs is five to six orders
of magnitude higher than that of BDE-209, indicating that the
exposure of the B2 group PAH contributed greatly to the risk
of cancer for both groups when compared to BDE-209 expo-
sure. Most regulatory programs state that an excess cancer risk
of between 10−6 and 10−4 indicates a potential risk, whereas a
cancer risk greater than 10−4 suggests a high potential health
risk (Kamal et al. 2015; Chen and Liao 2006). In this regard, a
cancer risk of lower than 10−4 is generally considered to be
significant (Kurt-Karakus 2012; Hu et al. 2011). Considering
only ingestion + dermal contact, the carcinogenic risk level of
both B2 PAHs and BDE-209 for adults and children
(6.2 × 10−5 and 5.6 × 10−4) were within acceptable levels.
Despite the assumptions made here (GIABS = 1), which
may lead to an overestimation of the exposure, the total car-
cinogenic risk from exposure to both PBDEs and PAHs were
within safe limits. If there are any health effect risks posed by
the determined levels of both B2 PAHs and BDE-209 in in-
door dust in the present study, then the health risk for adults
from both B2 PAHs and BDE-209 resulting from exposure to
indoor dust should be higher compared to children. Aside
from inhalation, dermal contact with dust would seem to be
the main pathway of exposure to PBDEs and PAHs from
indoor dust, followed by ingestion.

Limitations

It should be noted that due to the relatively small sample size
used in this study and limitations in the sampling procedures,
the results cannot be taken as representative of all the indoor
environments in these regions, and so further studies are re-
quired to validate these results.

In the study, the data has been obtained from indoor dust
with a particle size of <100 μm. Cao et al. (2012) stated that
the selection of dust fractions is significant and will have a
high impact on exposure risk calculation result. In this regard,
further studies are recommended to investigate a wider range
of pollutants of different particle size fractions in indoor dust
to provide a better measure of exposure.

Moreover, the exposure analysis and risk estimation was
based on the exposure parameters of the US EPA, although
these parameters may differ from one country to another
where lifestyles may be different, along with pollution char-
acteristics and exposure mode. Although some exposure pa-
rameters (such as body weight, inhalation rate, and exposure
duration) were produced from the study, other important pa-
rameters (such as skin adherence factor, exposure skin area,
dermal absorption, and particulate emission factor) were ob-
tained from the literature. To date, no study has been conduct-
ed to determine the parameters of specific pollutant groups in
indoor dust, and so more specific and accurate parameters
should be used for human exposure models in the future.

Conclusion

The concentration levels of 14 PBDE and 16 PAH congeners
in dust samples collected from 40 different homes in Kocaeli
were reported. The total concentrations of PBDEs
(Σ14PBDEs) ranged from 29.32 to 4790 ng g−1, with a medi-
an of 316.1 ng g−1, while the total indoor dust concentrations
of 16 PAHs (Σ16PAHs) extended over three to four orders of
magnitude, ranging from 85.91 to 40,359 with a median value
of 2489 ng g−1. The main sources of PAHs measured in the
indoor samples could be attributed to coal/biomass combus-
tion, smoking and cooking emissions, while penta- and deca-
PBDE isomers may be emitted from the available materials in
the home in which they are embedded.

The hazard index (HI) values for BDE-47, BDE-99, BDE-
153, and BDE-209 were lower than the safe limit of 1, sug-
gesting that none of the population groups would be likely to
experience a potential health risk due to exposure to PBDEs
from indoor dust in the study area. Considering only inges-
tion + dermal contact, the carcinogenic risk level of both B2
PAHs and BDE-209 for adults and children (6.2 × 10−5 and
5.6 × 10−4) were in the range of the EPA’s safe limits (1 × 10−6

and 1 × 10−4). On the basis of our findings, it can be said that
exposure to PBDEs and PAHs in the indoor environment did
not have a negative impact on the people when only the non-
carcinogenic and carcinogenic effects on neurological behav-
ior were considered. Although only a limited polluted group
was investigated—PAHs and PBDEs—these findings are im-
portant due to the scarcity of reported data related to the ex-
posure of children and adults to both PAHs and PBDEs in
house dust via inhalation, non-dietary ingestion, and dermal
contact that would contribute to lifetime risk of cancer.
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