Environ Sci Pollut Res (2013) 20:812-822
DOI 10.1007/s11356-012-1237-x

RESEARCH ARTICLE

Organophosphorus flame retardants in house dust
from the Philippines: occurrence and assessment

of human exposure

Joon-Woo Kim - Tomohiko Isobe - Agus Sudaryanto -
Govindan Malarvannan - Kwang-Hyeon Chang -
Mamoru Muto - Maricar Prudente - Shinsuke Tanabe

Received: 16 October 2011 /Accepted: 27 September 2012 /Published online: 7 October 2012

© Springer-Verlag Berlin Heidelberg 2012

Abstract The use of organophosphorus flame retardants
(PFRs) as flame retardants and plasticizers has increased
due to the ban on common polybrominated diphenyl ether
mixtures. However, only limited information on PFR con-
tamination is available so far from Southeast Asia. In the
present study, residual levels of PFRs in house dust and
exposure through dust ingestion were investigated in the
Philippines. House dust samples (n=37) were collected
from Malate (residential area) and Payatas (municipal
dumping area) in the Philippines and analyzed using ultra-
high-performance liquid chromatography coupled with
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tandem mass spectrometry. Among the targeted seven PFRs,
triphenyl phosphate (TPP) was the predominant compound.
Median levels of ¥PFRs in Malate (530 ng/g) were two
times higher (p<0.05) than in Payatas (240 ng/g). The
estimated daily intake of PFRs in the Philippines (of areas
studied) via house dust ingestion was below the guideline
values. House dust may be an important contributor in the
overall exposure of humans to TPP even when considering
dietary sources. To our knowledge, this is a first report
on PFR contamination in house dust from developing
country. PFRs were ubiquitously detected in the home
environments in the Philippines. Although estimated
exposure levels through dust ingestion were below the
guideline, it was suggested that toddlers are at higher
risk. Therefore, further investigations to understand the
behavior of PFRs in house and other microenvironments
and overall exposure pathways for the country’s populace to
PFRs are necessary.

Keywords PFRs - House dust - Human exposure -
Philippines - UHPLC-MS/MS

Introduction

In recent years, the use of organophosphorus compounds
(PFRs) as flame retardants and plasticizers has increased
extensively due to the ban on polybrominated diphenyl ether
(PBDE) mixtures (i.e., PentaBDE, OctaBDE, and DecaBDE
mixtures), which are a class of brominated flame retardants
(BFRs) that were added as persistent organic pollutants at
the fourth meeting of the Conference of the Parties (COP4)
to the Stockholm Convention (COP4 2009). As a result, the
consumption of BFRs in Europe decreased from 51,150 to
45,000 t between the years of 2004 and 2006 (EFRA 2007).
In contrast, the annual consumption of chlorinated and non-
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chlorinated PFRs in Europe increased from 83,700 t in 2004
to 91,000 t in 2006 (EFRA 2007).

Among the PFRs, chlorinated alkyl phosphate (tris-2-
chloroethyl phosphate (TCEP)) is mostly used as a flame
retardant in both flexible and rigid polyurethane foams
(EFRA 2006a). The presence of both chlorine and phospho-
rus is advantageous for the optimum non-flammability,
working in both the solid and gaseous phases. TCEP is also
included in the European Commission second priority list
(EEC 1995). On the other hand, non-chlorinated aryl phos-
phates (triphenyl phosphate (TPP) and tricresyl phosphate
(TCP)) are widely used as flame retardants in PVC, artificial
leather, tents, tarpaulins, electrical cables, and conveyor
belts. They are also found in cellulosic polymers (cellulose
acetate), engineering thermoplastics, and synthetic rubber
(EFRA 2006b). The current production of TCP mainly
includes a mixture of the meta- and para-isomers, and the
ortho-isomer content is usually minor (WHO 1990). How-
ever, it was reported that ortho-TPP showed adverse biolog-
ical effect (Chapin et al. 1988, 1990). TPP can cause contact
dermatitis in humans and is a potent inhibitor of human
carboxyl esterase (WHO 1991a). Tri-n-butyl phosphate
(TnBP), and tris(2-ethylhexyl) phosphate (TEHP) were neu-
rotoxic and skin irritators (WHO 1991b, 2000). TCEP has
been found to have teratogenic and hemolytic effects and
has carcinogenic potential in rats and mice (Beth-Hubner
1999; Sato et al. 1997).

After their use, large amounts of PFRs are discharged
into environment, and they have already been detected
ubiquitously in various environments including drinking
water, river water, wastewater, sediment, air, and indoor
dust (Andresen et al. 2004; Martinez-Carballo et al. 2007,
Kanazawa et al. 2010; Van den Eede et al. 2011; Stapleton et
al. 2009). Furthermore, PFRs have also been detected in
wildlife and human breast milk (Sundkvist et al. 2010; Kim
etal. 2011a). Although some studies have been conducted in
some developed nations including those in Europe as well as
the US and Japan, to our knowledge, almost no information
is available on the occurrence and behavior of PFRs in the
indoor environments of developing countries in Asia such as
the Philippines. Various environmental pollutants are
released into the environments due to the lack of treatment
facilities for the pollutants derived from rapid industrial de-
velopment and urbanization in the Philippines (Malarvannan
et al. 2009). Notably, large-scale open dumping of municipal
wastes in the suburbs of cities in Asian developing countries is
receiving considerable attention as a potential source of an-
thropogenic contaminants (Kunisue et al. 2004). People in
these areas (in and around dump site) may be exposed to high
levels of contaminants through various exposure pathways
including water, air, food, and dust.

The present study investigated the distribution in and
potential risk to human health of PFRs from house dust.

House dust is a repository for various contaminants that are
transported into the house from outside or that originate
from sources within the house itself and is the subject of
growing concern in recent years. Due to their boiling points
(approximately 290—400 °C), most of PFRs are categorized
as semi-volatile organic compounds (SVOCs) (Wensing et
al. 2005). Numerous SVOCs have been found in indoor air
and dust (Saito et al. 2007; Van den Eede et al. 2011). Ayoko
and Uhde (2003) reported that these substances are essen-
tially adsorbed onto particulate phase. However, it was
reported that human exposure to TPP through inhalation is
dominated by exposure to the gaseous phase rather than to
the particulate phase (Babich 2006). In general, main human
exposure to these compounds is inhalative, oral via airborne
particles, and/or oral and dermal via settled dust (Wensing et
al. 2005). Therefore, persistent compounds such as PFRs in
indoor dust represent a potential risk for human health
through oral ingestion and inhalation. Klepeis et al. (2001)
reported that indoor exposure is an important pathway, since
people spend more than 80 % of their time in indoor envi-
ronments. The concentrations of PFRs in air are several
orders of magnitude higher indoor than outdoors, indicating
that the major sources of these indoor air pollutants are
located in the indoor environment (Wensing et al. 2005).
The importance of dust ingestion decreases with age, owing
to the higher dust ingestion rates of young children (Jones-
Otazo et al. 2005). Therefore, non-dietary exposure via dust
inhalation and ingestion may play important roles as expo-
sure routes.

In the present study, the levels and patterns of seven
PFRs were analyzed in house dust samples collected from
houses in two areas with different characteristics (Malate,
which is a common residential area having no specific
industrial pollution sources, and Payatas, a municipal dump-
ing area) in the Philippines. The objectives of this study
were to (1) provide background information on indoor con-
tamination by PFRs in the Philippines and (2) estimate the
non-dietary exposure to PFRs via dust ingestion for children
and adults, and (3) compare the relative significance of non-
dietary exposures to that of literature estimates of PFR
exposure from dietary (e.g., fish) sources.

Materials and methods
Sample collection

House dust samples (n=37) were randomly collected in
August, 2008, from two different characteristic locations in
the Philippines, namely Malate (residential area; n=17) and
Payatas (municipal dumping area; n=20). Volunteers were
recruited through the local government or leaders in the
community. From the list of candidates, we selected families
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who agreed to provide all the types of samples requested
including floor dust, breast milk, and scalp hair. Floor dust
samples were collected by vacuum cleaner bags used in
each of the sampled house, which collected dust from the
living room, kitchen, and bedrooms. We asked volunteers to
use a new vacuum cleaner-bag for the sampling period, and
a single vacuum cleaner bag was used for each home. All
dust samples collected in vacuum cleaner bag were trans-
ferred into clean aluminum foil using a stainless steel spat-
ula. After collection, the samples were stored at —25 °C in
the Environmental Specimen Bank (es-BANK) of Ehime
University until further analysis (Tanabe 2006). Character-
istics of each house including floor area, number of com-
puters/televisions, furniture, and type of flooring were also
documented at the time of sample collection.

Chemicals and reagents

All standards were obtained with the highest available purity.
2-Ethylhexyl diphenyl phosphate (EHDPP; 98 %), TnBP
(97 %), TPP (97 %), TEHP (97 %), and TCEP (97 %) were
purchased from Wako Chemicals (Osaka, Japan). TCP (98 %)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Tripentyl phosphate (TPeP; 98 %) was purchased from Tokyo
Chemical (Tokyo, Japan). Of isotope-labeled internal stand-
ards, TnBP-d,; (99 %) and TPP-d;5 (99 %) were purchased
from Tokyo Chemical Industry (Tokyo, Japan) and Sigma-
Aldrich (St. Louis, MO, USA), respectively. LC-grade meth-
anol, dichloromethane, acetonitrile, formic acid, and ammo-
nium acetate were purchased from Wako Chemicals (Osaka,
Japan). Deactivated alumina was prepared by heating basic
aluminum oxide (Merck, Darmstadt, Germany) at 130 °C
overnight and adding water (6 g) to alumina (94 g). Anhy-
drous sodium sulfate (Extra pure) was purchased from Nacalai
Tesque Inc. (Kyoto, Japan). Purified water was delivered by
Direct-Q (Millipore, Japan) water purification system.

Chemicals analysis

Analysis of PFRs was performed following the procedure
by Stapleton et al. (2009) with slight modification. We
excluded tris(1,3-dichloro-2-propyl) phosphate (TDCPP)
and tri(1-chloro-2-propyl) phosphate (TCPP) from our tar-
get PFRs due to background contamination problem in our
lab. To obtain a representative subsample, dust samples
were sieved through a stainless steel sieve (500 pum) to
remove fibrous material and large pieces in order to obtain
a suitable degree of homogeneity. Approximately 0.1 g of
house dust sample was accurately weighted and homoge-
nized with anhydrous sodium sulfate, spiked with 10 ng of
internal standard for TnBP-d,; as a surrogate, and extracted
using a high-speed solvent extractor (SE-100; Mitsubishi
Chemicals, Japan) with a mixture of acetone and hexane
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(1:1vA) at 35 °C at a 6 mL/min flow rate for 1 h. After
extraction, the extract was concentrated to 10 mL using a
rotary evaporator (EYELA, Japan). Dust extracts were pu-
rified by elution through a glass column (20010 mm i.d.)
containing 4 g of 6 % deactivated alumina. All analytes
were eluted with 50 mL of 100 % dichloromethane. The
dichloromethane fraction was then evaporated using a rotary
evaporator until about 1 mL, which was then transferred into
a 2-mL glass vial and dried under a gentle stream of nitrogen
gas. After complete solvent evaporation, the analytes were
reconstituted in 1 mL of methanol, and 1 ng of TPP-d;5 was
added as an internal standard. Parallel to the samples, a
blank was processed as described above for each batch of
seven house dust samples.

Seven PFRs were identified and quantified using an
UHPLC (UFLC-XR, Shimadzu Corporation, Japan) cou-
pled with a Applied Biosystems API 5500 electrospray
triple-quadrupole mass spectrometer (Applied Biosystems/
MDS Sciex, Foster City, CA, USA). A 10-uL aliquot of
extract was injected onto an Asentis Express Cg analytical
column (2.7 um, 100x2.1 mm; Supelco, Bellefonte, USA)
and separated with 0.1 % (v/v) formic acid in Milli-Q water
(A) and 10 mM ammonium acetate in methanol (B) at a flow
rate of 0.2 mL/min. The gradient conditions in positive
ionization mode were as follows—(A) 80 %, (B) 20 % as
initial conditions and held for 2 min, (A) 5 %, (B) 95 % at
3 min and held for 8 min, and (A) 0 %, (B) 100 % at 9 min
and held for 13 min. The MS/MS parameter for the instru-
ment was optimized for individual analytes elsewhere (Kim
et al. 2011b).

Quality control and quality assurance

Calibration curves, ranging from 0.01 to 10 ng/mL, were
established for each compound. Internal standard response
factors were used to establish each calibration curve and
used for quantification. The correlation coefficients (+°) of
the calibration curves for all the analytes were over 0.99.
The recoveries were determined by comparing the measured
concentrations in the standard spiked samples with the ini-
tial concentrations of the analytes in the unspiked samples.
Average recoveries of TnBP-d,; were 91 % in all the sam-
ples analyzed that were spiked with 1 ng of each standard in
order to create a spiked concentration that was three times
over the background concentration. The recoveries and rel-
ative standard deviations (RSD%) given in parentheses for
the compounds in house dust samples were 93 % (0.80 %)
for EHDPP, 98 % (2.7 %) for TnBP, 78 % (11 %) for TCP,
89 % (0.60 %) for TPeP, 110 % (6.7 %) for TPP, 100 % (9.1 %)
for TEHP, and 96 % (5.3 %) for TCEP. Procedural blanks were
analyzed for every batch of seven samples using extract of
anhydrous sodium sulfate that was subjected through the entire
sample treatment procedure. Concentrations determined for
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analytes in samples were corrected by subtracting procedural
blank values quantified for each batch (seven samples). Method
detection limits (MDLs) were calculated as three times the
standard deviation of background peaks in the procedural
blanks. MDLs with RSDs given in parentheses were 0.75 ng/
g (2.5 %), 0.58 ng/g (1.9 %), 0.27 ng/g (0.9 %), 0.42 ng/g
(1.4 %), 0.42 ng/g (1.3 %), 0.17 ng/g (0.60 %), and 0.44 ng/g
(1.5 %) for EHDPP, TnBP, TCP, TPeP, TPP, TEHP, and TCEP,
respectively.

Calculation of PFRs intakes

Concentrations of PFRs in house dust samples in the present
study were used to estimate the non-dietary exposure levels
of adults and toddlers. Two exposure scenarios were as-
sumed: (1) average/mean dust intake rate and (2) high dust
intake rate. In addition, a typical human activity pattern was
calculated. The house dust ingestion rate (A, nanograms per
day) was calculated using the following equation:

A = Bdust x Cintake x D pattern (1)

where “B dust” is the median (50th percentile: P50) and
high concentrations (95th percentile: P95) in house dust
(nanograms per gram); “C intake” is the dust ingestion rate
(grams per day) of 20 and 50 mg/day as the mean scenario,
and 50 and 200 mg/day for the high scenario for adult and
toddler, respectively, and “D pattern” is a typical human
activity pattern in the home on a daily basis as 64 % and
86 % for adults and toddlers, respectively, proposed by
Klepeis et al. (2001).

Statistics

Statistical analyses were performed using the SPSS software
(SPSS 12.0 for Windows: SPSS Inc., 2001). Values below
the limit of detection were assigned as zero for all statistical
analysis and graphic display. Mann—Whitney U test was
used to compare the concentration values between the two
locations. Spearman’s rank correlation was used to measure
the relationship between concentrations of PFRs in house
dust samples. Probability values lower than 0.05 were con-
sidered as statistically significant.

Results and discussion

PFR levels in house dust

Concentrations of seven PFRs in house dust from residential
area (Malate) and municipal dumping area (Payatas) are

summarized in Tables 1 and 2, respectively. The detection
frequencies of six PFRs, such as EHDPP, TnBP, TCP, TPP,

TEHP, and TCEP, were high and ranged from 82 % to 100 %
in Malate and from 65 % to 100 % in Payatas, whereas that of
TPeP was only about 20 %. These results indicate ubiquitous
contamination of PFRs (except TPeP) in Philippine house
environments. Similar high detection frequencies (~70 %) of
PFRs (TnBP, TPP, and TCEP) were also reported in indoor
dust samples in other studies (Marklund et al. 2003; Stapleton
et al. 2009; Meeker and Stapleton 2010; Kanazawa et al.
2010), whereas lower frequencies of TCP were found in house
dust from Japan (Kanazawa et al. 2010). Among the seven
targeted PFRs, TEHP in Malate and TPP in Payatas were the
predominant compounds in house dust at a median concen-
tration of 140 and 71 ng/g, respectively (Tables 1 and 2). TPP
is used both as a plasticizer and flame retardant in a variety of
applications (plastics, resins, rubber); thus, the high levels
detected here could be the result from its use in both applica-
tions (Stapleton et al. 2009). Furthermore, the higher concen-
tration of TPP might also be due to adsorption to particles,
large past usage, and continuous release into the indoor envi-
ronment. House dust samples considered for the present study
were also analyzed for PBDEs and hexabromocyclododecane
(HBCDD) (Malarvannan et al. 2009). When compared with
those BFRs, the median levels of XPFRs in the present study
(530 ng/g in house dust from Malate and 240 ng/g in Payatas,
respectively) were higher than those of >PBDEs (420 and
100 ng/g, respectively) and >HBCDDs (43 and 6.5 ng/g,
respectively). Although we did not analyze TDCPP and
TCPP, which is another high-production volume PFR, these
results suggest higher consumption of PFRs than those of
BFRs in the Philippines, which is consistent with their pro-
duction volumes (BFRs 45,000 t/year and PFRs 91,000 t/year
in Europe). Although information on contamination levels of
other BFRs and PFRs is needed, contamination by PFRs is
ubiquitous in the Philippines. In addition, the relative amounts
of PFRs found in dust may reflect not only consumption but
also the migration of PFRs from consumer products to ambi-
ent air/particulate matter (e.g., dust). Stapleton et al. (2009)
reported higher TPP levels in house dust samples (geometric
mean, 7,360 ng/g) compared with PBDEs (geometric mean,
4,740 ng/g). Similarly, concentrations of PFRs were also
found to be higher than PBDE in indoor air from Tokyo,
Japan (Saito et al. 2007). This suggests that exposure to PFRs
through dust ingestion is higher than that for BFRs, and so,
more attention is needed to identify their potential effects on
health and development of toddlers through dust ingestion. To
our knowledge, this is the first report on PFR contamination in
house dust from a Southeast Asian country.

The PFR profiles in the house dust from the Malate and
Payatas are illustrated in Fig. 1. Generally, the composition of
PFRs was dominated by TPP and accounted for 38 % in
Malate and 35 % in Payatas. However, the contributions of
the other PFRs were slightly different between the two study
areas. For example, in Malate, the second dominant OPFR
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Table 1 Concentrations of

PFRs (nanograms per gram) in Site EHDPP  TnBP  TCP TPeP  TPP TEHP  TCEP  YPFRs

house dust from Malate in the

Philippines RA-1 39 13 13 <042 36 96 34 230
RA-2 8.0 <058 <027 <042 85 4.1 <044 21
RA-3 340 36 27 <042 1200 110 330 2,100
RA-4 140 28 21 7.8 410 160 1,200 1,900
RA-5 220 15 17 <042 130 180 65 630
RA-6 97 17 24 <042 99 540 <044 780
RA-7 120 21 13 <042 81 56 26 310
RA-8 87 19 29 <042 14 180 68 520
RA-9 170 30 150 <042 1,100 280 170 1,800
RA-10 490 52 18 <042 170 190 150 1,100
RA-11 27 <058 2.7 <042 11 120 26 190
RA-12 770 8.3 250 459 2,100 970 230 4,300
RA-13 49 7.8 <027 <042 89 75 31 250
RA-14 73 21 47 <042 39 130 23 340
RA-15 70 79 9.6 <042 50 320 <044 530
RA-16 110 21 10 <042 430 39 100 710
RA-17 220 17 21 <042 59 140 24 480
DF (%) 100 88 88 12 100 100 82
Median 110 19 18 0.42 89 140 34 530
Geometric mean 110 14 13 0.57 110 130 32 550
Min 8.0 <0.58 <027 <042 85 4.1 <044 21

RA residential area, DF detection  pfax 770 79 25 7.8 2,100 970 1,200 4,300

frequency

after TPP was TEHP (22 %) followed by EHDPP (19 % to
total PFRs) and EHDPP (25 %) followed by TEHP (18 %) in
Payatas. The difference in PFR profiles between locations in
the Philippines could be attributed to differences in their
sources in the domestic environment. However, it is difficult
to identify the specific source of pollutants in indoor dust as
houses are furnished and equipped with various products,
which contain a variety of chemicals. The types and levels
of chemicals that migrated from the consumer products to
indoor dust are a function of production process, manufac-
turers, and year of manufacture. In addition, since the sample
size of the present study is small, the results may not repre-
sentative of the entire country.

A comparison between concentrations of PFRs in house
dust from Malate and Payatas was explored using the
Mann—Whitney U test (Fig. 2). A significant difference in
median concentrations of YPFRs between the Malate and
Payatas (p<0.05) was found. The median of XPFRs in dust
from Malate (420 ng/g) was twice as high as those in
Payatas (190 ng/g). In particular, the levels of EHDPP,
TEHP, and TCEP were significantly higher in Malate than
in Payatas (p<0.05). Likewise, EHDPP was three times
higher in Malate house dust (median, 110 ng/g) than in dust
from Payatas (median, 34 ng/g). Furthermore, the concen-
tration of TCEP in Malate (34 ng/g) was an order of
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magnitude higher than in Payatas (16 ng/g). On the other
hand, levels of TnBP and TPeP were higher in Payatas than
in Malate (Fig. 2), though these differences were not statis-
tically significant. This trend is consistent with the results of
our previous study, which reported that the levels of PBDEs
and HBCDDs in house dust were higher in Malate than
those in Payatas (Malarvannan et al. 2009). Although we
could not identify any specific reasons from the resident’s
questionnaire responses, there could be differences in the
use of these compounds between those areas as mentioned
above. Further information on the production volume, ap-
plication patterns, and migration trends of these compounds
in household products is needed.

Based on the Spearman’s rank test for correlations, sig-
nificant positive relationships (p<0.05) were found among
the concentrations of PFRs (Table 3). Statistically signifi-
cant correlations were found among the concentrations of
EHDPP and those for the other compounds including TCP,
TPP, and TCEP in Malate (p<0.05). These correlations
between concentrations of individual PFRs in house dust
indicate that households in the two study sites may share
similar sources of contamination. In the previous study,
Takigami et al. (2009) also found positive correlations be-
tween TPP and TCEP and between TCP and TPP in indoor
dust from Japan.
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Table 2 Concentrations of

PFRs (nanograms per gram) in Site EHDPP TnBP TCP TPeP TPP TEHP TCEP > PFRs

house dust from Payatas in the

Philippines DS-1 22 280 8.7 <0.42 370 25 <0.44 710
DS-2 28 16 9.4 <0.42 78 41 <0.44 170
DS-3 27 9.6 51 <0.42 37 41 24 190
DS-4 36 13 3.6 <0.42 24 32 14 120
DS-5 150 41 2.8 <0.42 57 370 72 700
DS-6 23 25 3.7 <0.42 68 49 31 200
DS-7 48 21 13 7.6 440 79 22 630
DS-8 13 9.7 <0.27 <0.42 13 5.9 32 74
DS-9 35 23 12 8.5 250 80 16 420
DS-10 27 21 50 <0.42 40 49 38 230
DS-11 400 22 6.5 <0.42 220 91 140 880
DS-12 560 28 6.6 <0.42 120 <0.17 16 730
DS-13 82 11 140 <0.42 29 16 19 290
DS-14 34 12 33 <0.42 23 20 <0.44 93
DS-15 7.7 12 <0.27 <0.42 36 4.2 <0.44 60
DS-16 23 <0.58 <0.27 <0.42 17 15 <0.44 55
DS-17 33 20 26 <0.42 120 42 15 250
DS-18 140 19 110 5.0 90 64 <0.44 430
DS-19 26 <0.58 4.6 <0.42 73 27 <0.44 130
DS-20 76 39 45 6.9 410 250 21 850
DF (%) 100 90 85 20 100 95 65
Median 34 20 7.7 0.42 71 41 16 240
Geometric mean 45 15 7.5 0.42 73 30 6.4 253
Min 7.7 <0.58 <0.27 <0.42 13 <0.17 <0.44 55

DS dumping site, DF' detection Max 560 280 140 8.5 440 370 140 880

frequency

Global comparison of PFR concentrations in house dust

The levels of PFRs in house dust samples in the present
study were compared with those available data in the

100%

[[TL]

o TCEP

80%

STEHP

8TPP

60%
OTPeP

Contribution

40% TCP

@ TnBP
20%
OEHDPP

0%

Malate Payatas

Fig. 1 Contribution of individual PFR in house dust from Malate and
Payatas

literature (Table 4). The levels of PFRs in the present study
were generally lower than the previous studies reported in
United States, Belgium, Sweden, and Japan. For example, a
survey of 50 dust samples collected from the Boston, Mas-
sachusetts area between 2002 and 2007 reported geometric
mean and maximum concentrations of TPP of 7,400 and
1,800,000 ng/g, respectively (Stapleton et al. 2009), which
is two to three orders of magnitude higher than the present
study conducted in the Philippines (geometric mean, 88 ng/
g; maximum, 2,100 ng/g). Although usage and production
of PFRs in the Philippins is unknown, it may be generally
assumed that the levels of these compounds in house dust
are associated with the number, volume, and variety of
household products in each home. Van den Eeda et al.
(2011) found high concentrations of XPFRs (TEP, tris-iso-
butyl phosphate: TiBP, TnBP, TCEP, TCPP, tris(2-butox-
yethyl) phosphate: TBEP, TPP, TDCPP, and TCP) in house
dust samples (n=33) in the Flemish region of Belgium,
ranging from 1,920 to 94,700 ng/g (median, 13,100 ng/g),
while it is 21 to 4,300 ng/g (median, 420 ng/g) in the
Philippines (present study). Levels of TnBP and TPP in
the Philippines dust (median, 19 and 78 ng/g, respectively)
were lower than those in Sweden (410 and 920 ng/g,
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Fig. 2 Concentrations of a 1800 800
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respectively). However, TEHP were higher in the Philippines
(median, 75 ng/g) than in Sweden (65 ng/g) (Marklund et al.
2003). The profile of PFRs in dust from the Philippines was
different from those from Sweden and Japan (Marklund et al.
2003; Kanazawa et al. 2010). These differences might be due
to their variation in the number and types of flame-retarded
products (e.g., plastic, printed circuit board, textile, furniture,
etc.) utilized in each country.

Exposure to PFRs via dust ingestion

Ingestion of house dust could be an important pathway of
exposure for the residents. For instance, the SVOCs with
ester bonds, such as PFRs, can be hydrolyzed by lipase in
the lung or in the digestive track, allowing the compounds
to be absorbed into the human body (Kanazawa et al.
2010). However, information on human exposure to PFRs
in the Philippines is not available. Therefore, we estimated

the exposure of adults and toddlers to PFRs via house
dust ingestion (Table 5). Klepeis et al. (2001) reported that
a typical human activity pattern is 64 % and 86 % for
adults and toddlers, respectively. Due to insufficient infor-
mation on human absorption efficiency, we assumed the
absorption efficiencies of all PFRs at 100 % (Jones-Otazo
et al. 2005; Van den Eede et al. 2011). Exposure to PFRs
was calculated for adults and toddlers in two different
scenarios of dust ingestion (mean and high dust inges-
tions) as well as two different scenarios of concentrations
in house dust (median and 95th percentile concentrations)
to reveal the range of exposures. Mean dust ingestions of
20 and 50 mg/day and high dust ingestion of 50 and
200 mg/day were used for adult and toddler, respectively
(Van den Eede et al. 2011). The estimated exposure
amounts were then divided by typical body weight of
60 kg for an adult and 15 kg for toddler (25 years old)
(CDC 2002).

Table 3 Spearman’s rank cor-

relation among PFRs in house Malate EHDPP TnBP TCP TPeP TPP TEHP TCEP
dust samples from Malate and
Payatas, the Philippines EHDPP 1 0.43 0.62* na 0.79* 0.46 0.62*
TnBP 1 0.34 na 0.43 0.32 0.28
TCP 1 na 0.58%%* 0.61%* 0.43
TPeP 1 na na na
TPhP 1 0.40 0.82*
TEHP 1 0.15
TCEP 1
Payatas EHDPP TnBP TCP TPeP TPP TEHP TCEP
EHDPP 1 0.42 0.38 na 0.40 0.46** 0.30
TnBP 1 0.16 na 0.69* 0.53%%* 0.34
TCP 1 na 0.47%%* 0.36 0.11
na Data analysis was not per- TPeP 1 na na na
formed because of low detection TPhP 1 0.56%* 0.08
frequency TEHP 1 0.49%*
*p<0.01, **p<0.05, with values TCEP 1

indicating coefficient correlation
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Table 4 Concentrations of PFRs (nanograms per gram) in house dust samples collected from various countries

Country Sample types EHDPP TnBP  TCP TPeP TPP TEHP  TCEP  References

Philippines  House  (Median) 70 19 13 <042 78 75 24 This study

USA House  (Geometric mean) na na na na 7,360  na na Stapleton et al. 2009
Belgium House  (Median) na 130 240 na 500 na 230 Van den Eede et al. 2011
Sweden House  (Median) na 410 na na 920 65 230 Marklund et al. 2003
Japan House  (Median) na 1,400 <MDL? na 5,400 4,300 7,500 Kanazawa et al. 2010

na Not analyzed
#MDL: below the detection limit

Finally, guideline values of PFRs were set based on
available toxicological data. Van den Eede et al. (2011)
reported a reference dose of TnBP, TCP, TPP, and TCEP
as 2,400, 1,300, 7,000, and 2,200 ng/kg/day, respectively.
Based on chronic lowest observed adverse effect level
(LOAEL) of TEHP in male and female mice (360 mg/kg/
day; WHO 2000) and a safety factor of 10,000 as described
by Van den Eede et al. (2011). The guideline values calcu-
lated from TnBP, TCP, TPP, TEHP, and TCEP for adult and
toddler were 140,000 and 36,000 ng/day, 78,000 and
20,000 ng/day, 420,000 and 110,000 ng/day, 2,100,000

and 540,000 ng/day, and 130,000 and 33,000 ng/day, re-
spectively. Due to a lack of information and high uncertainty
regarding dust ingestion and biotransformation, we
employed the lowest reported LOAEL and the highest safe-
ty factor.

Based on the median (P50) and 95th percentile (P95)
concentrations of PFRs measured in house dust samples,
we estimated the daily intakes (EDIs) of PFRs by adults and
toddlers from the two sites in the Philippines (Table 5). In
the present study, the EDIs of each PFR are three to five
orders of magnitude lower than guideline values and are

Table 5 Estimated daily intakes of PFRs (nanograms per day) through house dust ingestion among the Philippines’ population

Guideline value Adult® (Malate)

Toddler® (Malate) Adult (Payatas) Toddler (Payatas)

Adult® Toddler® P50° P95’ P50 P95 P50 P95 P50 P95
EHDPP na na Mean® 1.4 7.0 4.7 24 0.43 5.2 1.4 18
High" 3.5 17 19 94 1.1 13 5.8 70
TnBP 140,000 36,000 Mean 0.24 0.73 0.82 25 0.25 0.68 0.84 23
High 0.61 1.8 3.3 9.9 0.62 1.7 3.4 9.2
TCP 78,000 20,000 Mean 0.23 22 0.78 7.3 0.10 1.4 0.33 48
High 0.57 5.4 3.1 29 0.24 3.6 1.3 19
TPeP na na Mean <0.01 0.07 <0.01 0.23 <0.01 0.10 <0.01 0.33
High <0.01 0.17 <0.01 0.90 <0.01 0.24 <0.01 13
TPP 420,000 110,000 Mean 1.1 18 3.8 59 0.90 5.3 3.0 18
High 2.8 44 15 240 23 13 12 71
TEHP 2,100,000 540,000 Mean 1.8 8.0 6.0 27 0.52 33 1.8 11
High 45 20 24 110 13 8.2 7.1 44
TCEP 130,000 33,000 Mean 0.43 6.4 15 22 0.20 0.96 0.69 3.3
High 1.1 16 5.9 87 0.51 24 28 13

na not available

* Adult weight is 60 kg

® Toddler weight is 15 kg

¢ Typical adult activity pattern is 64 % home

4 Typical toddler activity pattern is 86 % home

®House dust concentrations values median or 50th percentile (P50)
"House dust concentrations values 95th percentile (P95)

£Mean dust ingestion rates of 20 and 50 mg/day for adult and toddler
"High dust ingestion rates of adult 50 mg/day and toddler 200 mg/day
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lower than those reported in other parts of the world. For
example, Van den Eede et al. (2011) estimated a high dietary
intake of 6.4, 19.8, 40.7, and 9.6 ng/kg/day for TnBP, TCEP,
TPP, and TCP, respectively, for the Belgium population. As
such, dust ingestion may be a less important pathway of
exposure to PFRs among the general population in both the
Philippines and Belgium compared with dietary intake. Fur-
thermore, the total dietary intake of seven PFRs (22 ng/kg/
day) in this investigation is also lower than the suggested
guideline value of 40,000 ng/kg/day (Sundkvist et al. 2010).
However, the EDIs of total PFRs in Malate were 570 ng/day
for toddlers and 110 ng/day for adults when high dust
ingestion and P95 concentrations were applied. This result
implies that toddlers may be at higher risk of exposure to
PFRs compared with adults, considering their increased
sensitivity during this developmental stage.

Dust ingestion and food intake are relatively important
exposure routes for these contaminants. Similar high detec-
tion frequencies (<60 %) of PFRs (EHDPP, TnBP, and
TEHP) were reported in 58 fish muscle samples from the
Philippines (Kim et al. 2011a). This may indicate use of
these compounds in the Philippines. Thus, we derived esti-
mates for three exposure scenarios: (1) fish consumption
(P50 fish concentrations), and mean dust ingestion (20 mg/
day) and normal exposure (P50 dust concentrations) for
scenario 1, (2) fish consumption (P50 fish concentrations),
and high dust ingestion (50 mg/day) and worst-case expo-
sure (P95 dust concentrations) for scenario 2, and (3) fish
consumption (P95 fish concentrations), and high dust inges-
tion (50 mg/day) and worst-case exposure (P95 dust con-
centrations) for scenario 3. Daily intake of PFRs by human
in the Philippines, through consumption of fish was estimat-
ed based on their median (P50) and high (P95) concentra-
tions (wet-weight basis) in fish and per diem fish
consumption. The EDIs of EHDPP, TnBP, TCP, TPeP,
TPP, and TEHP through fish consumption were 4.9, 44,
0.3, 18, 0.1, and 16 ng/day for the median concentration
and 150, 210, 8.4, 91, 48 and 410 ng/day for the high
concentration, respectively (Kim et al. 2011a). Based on
scenarios 1 and 3, the relative contribution of fish consump-
tion to the total intake of EHDPP, TnBP, TCP, TPeP, TPP,
and TEHP except for TPP were higher than that of dust
ingestion, while TPP based on the assumptions in scenarios
1 and 3 represented 93 % and 52 %, respectively, of the total
intake (Fig. 3). Contributions of EHDPP (78 %), TCP
(95 %), TPP (99 %), and TEHP (56 %) to total EDIs for
scenario 2 were higher than those of the other scenarios
(Fig. 3b), which underscore the significance of house dust
ingestion exposure pathways in the daily PFR exposure of
the Philippine population. Total human exposure to TnBP,
TCP, TPP, and TEHP through fish consumption and house
dust ingestion were well below the guideline values. How-
ever, due to lack of detailed information on PFRs in other
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Fig. 3 Exposure to PFRs through fish and dust (nanograms per day)
for adults based on a fish consumption (P50 fish concentrations), and
mean dust ingestion (20 mg/day) and normal exposure (P50 dust
concentrations) for scenario 1, b fish consumption (P50 fish concen-
trations), and high dust ingestion (50 mg/day) and worst-case exposure
(P95 dust concentrations) for scenario 2, and ¢ fish consumption (P95
fish concentrations), and high dust ingestion (50 mg/day) and worst-
case exposure (P95 dust concentrations) for scenario 3

exposure pathways such as milk, various food stuffs and
inhalation of air, and dermal absorption parameters, which
may also influence body burden, the actual daily intake
could not be accurately determined. The available informa-
tion on the exposure to PFRs through house dust should be
supplemented with information on other exposure pathways
as part of future research. To our knowledge, estimate on the
dietary exposure to PFRs in the Philippines has not been
done so far.
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Conclusions

The present study investigated, for the first time in the
Philippines, the concentrations of PFRs in house dust sam-
ples. The results clearly indicate that PFRs are ubiquitously
found in the home environments at these two study sites in
the Philippines. High rate of occurrences and concentrations
of PFRs, particularly TPP, were found, but their levels were
still lower than those in developed countries. The contami-
nation by PFRs in house dust from Malate (median, 550 ng/
g) was two times higher than in Payatas (median, 240 ng/g),
suggestive of the specific applications of these compounds
in Malate. The estimates of the Philippines resident’s expo-
sure to PFRs via dust ingestion were found to be below
guideline values. However, intake of total PFRs by toddlers
was estimated as five times higher than that for adults,
suggesting potential risk for toddlers if PFRs are continu-
ously used in household products because of toddler’s fre-
quent hand-to-mouth contact and tendency to play on floors.
Fish consumption, as estimated from literature, was
generally the primary source of exposure to PFRs in the
Philippines, but, in worst-case exposure, TPP exposure of
human was higher through ingestion of dust. Thus, more
efforts are needed to understand the behavior of PFRs in
house and other microenvironments and overall exposure
pathways for the country’s populace.
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