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ARTICLE INFO ABSTRACT

Handling Editor: A. Gies Children in daycare centers are exposed to various chemicals present in indoor dust, including organophosphorus

flame retardants (OPFRs). This study analyzed OPFR levels in dust from 18 daycare centers in Tampere, Finland,
to assess children’s exposure through dust ingestion, inhalation, and dermal absorption. The OPFRs measured
included tris(2-chloroisopropyl) phosphate (TCIPP), tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), triphenyl
phosphate (TPHP), and 2-ethylhexyl diphenyl phosphate (EHDPP). The median concentrations (ug/g) were
significantly higher than those reported in similar studies, with TCIPP (265.27), TDCIPP (31.11), TPHP (12.18),
and EHDPP (4.24). These elevated levels are possibly due to fire safety regulations in Finland, that have resulted
in the extensive use of flame retardants in various materials. The Margin of Exposure (MOE) calculations, which
compared total exposure to oral Reference Doses (RfD), indicated that most OPFRs did not pose a significant risk
to children, with MOEs generally above 1000. However, TCIPP had the lowest MOE, suggesting a potential
health risk at higher exposure levels.
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1. Introduction

Children’s safety, including chemical safety is a priority for daycare
centers. Throughout a typical day, children spend significant part of
their time in daycare centers where they encounter various items such as
furniture, toys, mattresses, kitchen utensils (Giovanoulis et al., 2019).
Younger children’s tendency to mouth objects increases the risk of
exposure to hazardous substances, whether through direct contact or
ingestion of dust. Dust, acting as a reservoir for indoor chemicals, forms
a particular source of exposure to young children that are especially
vulnerable because they inhale a higher amount of chemicals per body
weight compared to adults, ingest twice as much dust due to their
frequent hand-to-mouth activity (Giovanoulis et al., 2019; Larsson et al.,
2018), and have respiratory and immune systems that are still devel-
oping (Selevan et al., 2000).

Persistent Organic Pollutants (POPs) are chemicals of global concern.
Due to their toxicity and persistence, families of brominated flame re-
tardants (BFRs) like Polybrominated Diphenyl Ethers (PBDEs) have been
listed as persistent organic pollutants (POPs) in the Stockholm
Convention (Sharkey et al., 2020). These BFRs have also been prohibited
in European Union under POP regulation (EU) 2019/1021
(REGULATION), following the implementation of the Stockholm
Convention. Organophosphorus flame retardants (OPFRs), such as tris
(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-propyl) phosphate
(TCIPP), and tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) and aryl
phosphates, such as triphenyl (TPHP) or tricresyl (TMPP) phosphates
(Cequier et al., 2014) have emerged as substitutes for PBDEs in widely
utilized everyday products including textiles and plastics as flame re-
tardants and plasticizers. Polyvinyl chloride (PVC) is an example where
OPFRs are used as plasticizer. Since 2013, the production of OPFRs has
significantly increased (Langer et al., 2016). As a result, OPFRs are
frequently present among indoor chemicals, leading to their redistri-
bution within indoor environments, including indoor air, settled dust,
and surfaces (Li et al., 2019; Mendy et al., 2023).

However, there is evidence of the adverse health effects caused by
many PFRs, e.g. the carcinogenic potential of TCEP and TDCIPP (van der
Veen and de Boer, 2012). Additionally, PFRs have been associated with
adverse health effects including endocrine and thyroid disruption,
immunotoxicity, reproductive toxicity, cancer, and adverse effects on
both fetal was well as child development and neurologic function
(Vuong et al., 2020). Due to these detrimental effects specific OPFRs
such as TCEP, TCPP (tris(2-chloropropyl) phosphate), and TDCIPP are
regulated in children’s toys under the EU Toy Safety Directive
(2009/48/ECQ).

Daycare centers, similar to many households and workplaces around
the world, have furniture, electronics, and construction materials that
could contain potentially harmful brominated or chlorinated flame re-
tardants. Numerous studies have investigated the presence of various
chemicals in dust collected from daycare centers worldwide, including
specific research conducted in European countries such as Germany
(Fromme et al., 2014), Sweden (Giovanoulis et al., 2019; Larsson et al.,
2018), Denmark (Langer et al., 2016), Belgium (Li et al., 2019) and UK
(Ali et al., 2011). Studies have consistently demonstrated the wide-
spread presence of chemicals in indoor dust from daycare centers. In
Germany, high concentrations of OPFRs were found in both dust and air
samples, raising concerns about children’s exposure (Fromme et al.,
2014). A Swedish study also detected extensive use of halogenated flame
retardants (HFRs) and organophosphate esters (OPEs) in homes and
preschools, with decreasing concentrations of banned chemicals but
increasing levels of emerging ones, indicating a shift in chemical use
(Tao et al., 2023). Research in Denmark found higher median levels of
OPFRs in daycare centers than in homes (Langer et al., 2016). Studies in
Belgium and the UK also confirmed the widespread presence of OPFRs in
indoor environments, indicating significant human exposure across
different regions (Li et al., 2019; Ali et al., 2011).

In Finland there is limited knowledge regarding the extent of
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children’s exposure to chemicals in daycare centers and in particular no
studies exist on the exposure to OPFRs in daycares. House dust has been
analyzed for some brominated and phosphorous flame retardants in
children’s bedroom only in private residencies (Rantakokko et al.,
2019).

The main objective of this study is to evaluate the level of OPFRs in
daycare centers of Finland and estimate children’s exposure to OPFRs
from measured indoor dust concentrations. We also evaluated building
and indoor material characteristics that were associated with dust
concentrations.

2. Materials and methods
2.1. Ethical permissions

Ethical permission for this study was granted by Tampere University
ethical board. The statement 132/2022 concerning the statement
request 52/2022 of the project: “Evaluation and reduction of new
persistent organic pollutants/POPS in preschools of Finland”. We also
got research permission from City of Tampere for approaching the
daycare centers.

2.2. Dust sample collection

Dust samples were collected from 18 daycare centers in Tampere
region in Finland in the spring of 2023. From each participating daycare
center, one settled dust sample was collected in a playroom and sleeping
room where 3-5 years old children usually played. We gathered infor-
mation about the daycare center building, routines, presence of certain
products, and estimated age of certain items such as toys, mattresses and
furniture.

Pooled samples of dust were collected from indoor area of daycare
centers. At least 2 sleeping rooms and 2 playing rooms in each daycare
were selected for dust collection. Specific locations within the area were
chosen for dust collection based on their representativeness and po-
tential for dust accumulation. Floors and elevated surfaces were selected
for dust sampling based on their typical use and accessibility in daycare
centers. This involved collecting dust from similar types of surfaces, such
as floors, shelves, and tables, in comparable locations (sleeping rooms
and playrooms) within each daycare. This approach aimed to ensure
that the sampling process was comparable across all daycares. These
sites included flat, horizontal surfaces (50-250 cm above the floor) and
floors, countertops and shelves. The process was continued until a suf-
ficient amount of dust was accumulated in the filters, ensuring adequate
sample volume for subsequent analysis. Pooling samples from various
surfaces also aimed to ensure a more representative analysis of the dust
composition within the entire environment and limits the influence of
spatial heterogeneity in OPFR levels that can vary significantly within
the same room (Jilkova et al., 2018). Pooling dust samples might thus
have implications for data variability and the detection of significant
differences in exposure sources. While pooling increases the sample size
and may enhance the reliability of the average concentration estimates,
it could obscure variations in OPFR levels that might exist between
different areas of the daycare centers.

We asked daycare centers not to clean the surfaces for at least 2
weeks before our sampling day. Dust was vacuumed to a nylon sock
installed in the suction nozzle of vacuum cleaner. Sock was wrapped in
aluminum foil and then sealed in a polyethylene plastic bag. The sam-
ples were stored at —20 °C until analysis.

2.3. Chemicals and reagents

Full names of the five OPFR compounds measured, their abbrevia-
tions, internal standards and suppliers are provided in Table SI.
Dichloromethane (DCM) and toluene (TOL) were obtained from J.T.
Baker (Avantor Performance Materials Poland S.A.), acetone (ACE) from



P. Poursafa et al.

VWR BDH Chemicals (France), and hexane (HEX) and nonane (NON)
were from Merck (Germany). Magnesium silicate (Florisil, Honeywell
Fluka) was used for column cleanup.

2.4. Extraction and cleanup of dust samples

Dust samples (30 mg) were spiked with 100 pl of an internal standard
mixture (40-200 ng/ml in toluene) and extracted twice with 2 mL
dichloromethane (DCM) using VWR DVX-2000 Multi-Tube Vortexer
(mfg by Troemner LLC, Thorofare, NJ, USA) at 1800 rpm for 4 min.
Extracts were centrifuged (Eppendorf Centrifuge 581, Eppendorf AG,
Hamburg, Germany) at 3500 relative centrifugal force for 2 min, and
supernatants were combined. For cleanup, columns packed with a 2 cm
layer of florisil were prepared. Florisil was activated at 200 °C overnight
before use. Florisil columns were washed first with 5 ml of 10% acetone
(ACE)-DCM and then with 5 ml of 100% DCM before use. Combined
supernatant (4 ml DCM) from extraction was poured slowly into the
column. Elution through florisil columns was continued with an addi-
tional 2.5 ml of DCM. This DCM fraction was discarded. Next, the florisil
columns were eluted with 5 ml of 10% ACE-DCM. To this fraction
containing OPFRs 30 pl of NON was added as keeper. Solvent was
carefully concentrated under a gentle stream of nitrogen to a volume of
about 0.5 ml that was transferred to conical bottom GC-MS vials. Vials
were covered with very thin dust protective paper and left in fume hood
to evaporate overnight to NON only. Finally, 120 pl of TOL was added to
all samples, and vials were capped and stored at —20 °C until analysis.

2.5. GC-MS/MS analysis

The analysis was performed with an Agilent 7010 GC-MS/MS system
(Wilmington, DE, USA) equipped with a Programmed Temperature
Vaporization (PTV) injector. MassHunter software (version B.08.00)
was used for instrument control and data analysis.

Conditions for OPFRs determination were as follows: an ultra-inert
liner (Agilent, Part No: 5190-4006, 2 mm dimpled splitless) with glass
wool plug in the bottom was used in the PTV inlet. An Agilent DB-5MS
UI (Part No. 121-5522UI) capillary column of 20 m, 0.18 mm L.D., and
0.18 pm film thickness was used. The injection volume was 1 pl. The
program for PTV solvent mode injection was: 80 °C for 0.30 min,
720 °C/min to 300 °C, hold 9.0 min, 100 °C/min to 80 °C, hold 0.0 min.
Vent time was 0.11 min, vent flow 100 ml/min and vent pressure 15 psi.
Purge time was 2.00 min. Constant helium gas flow was 0.7 ml/min.
Oven temperature program was: 70 °C for 2.00 min, 60 °C/min to
190 °C, 12.5 °C/min to 260 °C, 60 °C/min to 300 °C, 20 °C/min to
320 °C, hold time 2.0 min.

MS-parameters for OPFRs were: source temperature 280 °C and en-
ergy of EI + ionization 70 eV. The two most intense or most interference
free ions of each compound were selected for monitoring and are given
in Table S2. Sample peak identification was based on the matching of
retention times and ion ratios (£20%) with those of standards.

2.6. Quality control

The 18 dust samples were analyzed in one batch with two laboratory
reagent blanks and two 50 mg samples of standard reference material
2585 (Organic Contaminants in House Dust - SRM 2585). The blanks
were treated and analyzed like real samples and average mass in blank
samples was subtracted from the mass of dust samples. Mean mass of
OPFRs in blanks was insignificant compared to mean mass in dust
samples, 0.0-2.8% depending on the compound. Of the OPFRs we
measured SRM 2585 has reference mass fraction for TCIPP and TPHP
(Certificate of Analysis). Our measurements showed 73 and 80% mean
accuracy for these compounds. For other OPFRs in SRM 2585 we
compared our measurements with values reported in literature. Van den
Eede et al. (Van Den et al., 2012) reported levels for TDCIPP and TBOEP
from SRM 2585, of which our average concentrations were 86 and 93%.
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For EHDPP our average concentration was 115 % compared with the
median reported by other studies (Fromme et al., 2014; Bergh et al.,
2012; Cao et al., 2014; Xu et al., 2016; Kademoglou et al., 2017).

Limits of quantification (LOQ) for each compound were estimated as
mean + 3*standard deviation of the mass of blanks (n = 2) adjusted for
sample intake (30 mg). TBOEP had very small blank peaks and for its
sample concentration corresponding to GC-MS/MS signal to noise ratio
of 10 was estimated as LOQ. Eventually, LOQs were set conservatively at
20 ng/g for TDCIPP, TBOEP, TPHP and EHDPP, but due to higher blank
levels LOQ was 250 ng/g for TCIPP.

The chemical analysis was conducted at the Lifestyles and Living
Environments Unit of the Finnish Institute for Health and Welfare,
which has an accredited chemical testing laboratory (Finnish Center for
Metrology and Accreditation code T077, EN ISO/IEC 17025:2017).

2.7. Predictors for chemical levels in daycare dust

Association between factors in the daycare environment and chem-
ical levels in daycare dust samples were analyzed using the Mann-
Witney U test with a significance level of p < 0.05. The factors
analyzed included the year of construction and renovation of the day-
care building, the total area of the facility, as well as structural attributes
such as the flooring material used, and the usage of cleaning products
including air fresheners and stain removers.

2.8. Calculation of exposure by ingestion, inhalation, and dermal routes

Because exposure to OPFRs indoors takes place by different routes
(ingestion, inhalation and dermal), we wanted to make a more complete
exposure assessment to the extent possible with the material available.
Based on measured dust concentrations, a previously published set of
equations was used to estimate the OPFR intake through inhalation of
air, inhalation of particles, ingestion of dust, and dermal absorption
from air for 3-year-old daycare children (Little et al., 2012; Abou-Elwafa
et al., 2016). Equations and constants used in equations are given in
Table S3.

Total exposures for different compounds were calculated as the sum
through different routes of exposure.Margins of Exposure (MOE) were
calculated for each OPFR as the ratio of oral Reference Doses (RfD) to
total exposure obtained from literature (equation (1)).

RfD

MOE=———F———
Total Exposure

(@)
RfDs from USEPA (USEPA, 2017) were used for TCIPP and TDCIPP,
RfDs from Ali et al. (2012) for TBOEP and TPHP and RfD from UK
Environment Agency (UK Environment Agency, 2009) for EHDPP.
Due to lack of dermal and inhalation RfDs data for OPFRs, we used
oral RfDs for total exposure to get a rough overall risk estimate (Li et al.,
2018; National Academy of Sciences, 2000).

3. Results and discussion
3.1. Organophosphorus flame retardants concentrations in dust

Concentrations of OPFRs in dust samples (ng/g) in 18 daycares in
Tampere measured in spring 2023 are presented in Table 1.

The OPFR sum (ZOPFRs) varied by 890-fold between lowest and
highest measured concentrations and 10th and 90th percentile also by
39-fold. TCIPP was the most dominant OPFRs, contributing on average
48% to sum of ZOPFRs. Median concentration of TCIPP was 12-20 times
higher than the median of other OPFRs. However, even for TCIPP there
was a large variation from 0.5% (Daycare 17) to 99% (Daycare 12) in its
contribution to XOPFRs by daycare. Other OPFRs contributed on
average quite evenly 12-14% to ZOPFRs.
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Table 1
OPFR concentrations in dust samples (ug/g) and average percent mass (min- - ~|g S
max) of each OPFR from the sum of 5 compounds (ZOPFRs) across daycares. é =] é = § o g 11808 s
mTtamoaldla S S = o &
Compound  Min Max Median  10th 90th % of
percentile percentile SOPFRs o
PN ©
TCIPP 1.8 3710 25 3.3 262 48 258 g
(0.52-99) w0 o ° Sld o] oo oo
TDCIPP 0.63 462 2.0 0.79 21 13 §3 ° Zla|l|ler <=3
AN o (&} N i=1 (=Rl -]
(0.04-98)
TBOEP 0.52 216 21 0.65 85 13 -
(0.06-76) .59 =
EHDPP 024 101 15 0.41 35 12 TR S| e
(0.13-65) Se ElalTleaneg .
TPHP 0.28 94 1.3 0.52 40 14 S AR S S 3o &
(0.03-71)
XOPFRs 4.2 3750 110 11 444 ~ ~
@ [
25 %3
o B2 & o <|=[®
3.2. Distribution of OPFRs across daycare centers 288 T S22 1]|wnea &
?h O N o Pl g = 88~

Figs. S1 and S2 present concentrations of individual OPFRs and their -
percentage of ZOPFRs by daycare in increasing order of XOPFRs. centers - E =
Distribution of concentrations was very skewed as XOPFRs in DC-12 was fg é o E =
8 times higher than the second highest XOPFRs in DC-17 (Fig. S1). In = R s S8 |eodsdd

X . i S| d T AT Dlalelcddddsd
DC-12 TCIPP contributed 99% to XOPFR, but in DC-17 with second :
highest SOPFRs TDCIPP dominated with 98% contribution to ZOPFR = e
(Fig. S2 and Table 1). Overall, given the high contribution every Elaz ® g 2
. . s S|l 8RR g°c
measured OPFRs (>60%) had in at least one of the studied daycares, it is 2 g g é g 8, 2
possible that OPFR specific room locations with very high OPFR levels E EEC - LR R -
. . . . . S|l AT DIl e|lroc 8N
were sampled in some daycares despite pooling of different sampling o
sites within daycare. g o
o < © >
§ § N § I % n a
3.3. Global comparison of OPFRs levels in daycare center dust g % % é % § g l 2 % g g
E|F “
= =

We compared the dust level of OPFRs in Finnish daycare centers to £ o S
international studies in Table 2. gl 2 2 | 8 §

MOE:s for different OPFR compounds at median, 90th percentile and =g | g 15| e 3

. . . . B ESES El—]|® s
maximum exposure levels in studied daycares are presented in Table 3. glecgc® é‘; § l N g ﬁ = =
oo —
In our study TCIPP, TDCIPP, TPHP and EHDPP concentrations were —§’ §
higher than in dust of daycare centers of other countries including ‘i o8 o~ %
N . A © 00O =)}
Sweden (Giovanoulis et al., 2019; Larsson et al., 2018; Tao et al., 2023; S| = E = %8 . g
Langer et al., 2021; Persson et al., 2018; Bergh et al., 2011), Denmark cE> 83 j g E 2 &
== ® = :
(Langer et al., 2016), Germany (Fromme et al., 2014; Zhou et al., 2017), 18583 glglllezsax e85
UK (Brommer and Harrad, 2015), USA (Bradman et al., 2014; Stubbings %Z ; §
etal., 1987), China (Wu et al., 2019; Deng et al., 1987) and Greece (Besis = - ug 2
: : 2| = = =1
et al., 2023) (see Table 3). TBOEP concentrations were lower than in 21S 372 ral3|ln]= - 3
. . T| 2T = 2T = Q= . . = O
dust from some of Swedish studies (Larsson et al., 2018; Langer et al., == S25:8lz|8 ,‘; - § S
2021; Bergh et al., 2011), studies from Germany (Fromme et al., 2014; ,Gz § B
Zhou et al., 2017), similar level to study in Denmark (Langer et al., Sl . a §
5= -
2016), but higher than levels in other Swedish studies (Tao et al., 2023; —8' 29 X < 5] 8
. . . =l (=] [T} ~
Persson et al., 2018), studies in China (Wu et al., 2016) and Greece gl ex g1 S N2 eoS® g’ 3]
.. . — 9 =3 =&
(Besis et al., 2023). The TPHP levels are similar to levels found in a & & = g 21| e 3 R © s ®
. . o — =]
Swedish study (Langer et al., 2021). Also, the level of all studied OPFRs % ¢ R E g
were higher than levels in Finnish home dust (Rantakokko et al., 2019). '2 o - oo
. . — - o = =
Because equations we used to estimate total exposure are founded on 2 N g % P 2 S
. . . o s ) 4 o=} <
measured dust concentrations (methodology discussed in detail in sec- K & 8o @ E x| m 0 S e
. . . . 8= o Wnao
tion 3.5), corresponding total exposure in other countries would be olscg8 sl ndedd o S
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directly proportional to dust levels specified in Table 2. 2 g g
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3.4. Daycare interior characteristics and OPFR levels g =l - - a8
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Association between factors in the daycare environment and OPFR S o ° % %
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levels in daycare dust samples are given in Table S4. _é’ ) é 1 o mw = =i
—

Daycare construction year: daycares built after 2000 had signifi- s|E % ol SIS g g % E k=
cantly higher median levels of TBOEP than daycares built before 1999. § z > E
However, we did not find differences in median levels of other OPFRs to o § “ & g e b g g %
be statistically significantly different between daycares built before and % E‘ § § E Lé g E % G ~oa

© o
after 1999, or in those renovated before and after 2000. Fig. 1 shows box £3 =
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Table 3
MOEs at median, 90th percentile and maximum exposure levels in studied
daycares.

Compound  RfD" (ng/ MOE median MOE 90th MOE maximum
kg bw/ exposure percentile exposure
day) exposure

TCIPP 10 000 31 2.9 0.20

TDCIPP 20 000 4700 460 21

TBOEP 15 000 6560 165 65

EHDPP 6 000 000 3530 000 150 000 52 500

TPHP 70 000 46 700 1580 670

2 RfDs from USEPA(USEPA, 2017) were used for TCIPP and TDCIPP, from Ali
et al. (2012) for TBOEP and TPHP and from UK Environment Agency (UK
Environment Agency, 2009) for EHDPP.

plots (logarithmic scale) of chemical concentrations of in dust in relation
to the year the daycare center was built. The box plots illustrate the
distribution of chemical concentrations, with the central line repre-
senting the median, the boxes indicating the interquartile range (IQR),
and the whiskers extending to the range of the data excluding outliers.
This visual representation provides insight into the variability of
chemical concentrations among the different groups. It is worth noting
that a logarithmic scale can obscure minor differences in lower con-
centrations. However, in our data, the differences observed on a linear
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scale are significant.

Daycare structure and size: We noticed that smaller daycares, spe-
cifically those with less than 1434 m? had significantly higher median
levels of OPFR concentration, especially TDCIPP. Daycares that use
more than one material in their floors had significantly lower median
values TDCIPP in comparison to daycares that use only one floor ma-
terial. Daycares that use more than one material in their floors use wood,
plastic, ceramic, carpets and other material. Analysis revealed that the
choice of floor material had no association with either the building year
or the renovation year of the daycare facility. Additionally, there was no
discernible relationship between the floor material and the size (area) of
the daycare. We did not observe any significant differences in OPFR
concentrations between daycare centers that used only plastic flooring
and those that used a combination of materials on their floors. In our
study, the presence of OPFRs is not higher in plastic floors compared to
other flooring materials.

Cleaning products: we noticed significant differences in the cleaning
practices and median levels of TCIPP in daycares. More specifically,
daycares that used products such as stain removers had significantly
lower concentrations of TCIPP in dust samples in comparison to day-
cares that did not use these products.

According to responses from the daycare questionnaire, all partici-
pating facilities indicated a daily cleaning routine and reported no use of
floor wax or surface sprays. Furthermore, all daycares provided new

Box Plot of TBOEP pg/g by Build Year Group
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Fig. 1. Box plots (natural logarithmic scale) of chemical concentrations in dust in relation to the year the daycare was built. Number of daycares by construction
year: 3 daycares were built before 1959, 1 daycare between 1960 and 1979, 2 daycares between 1980 and 1999, 1 daycare between 2000 and 2009, 2 daycares

between 2010 and 2019, and 4 daycares were built in 2020 or later.
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toys, except for one facility that reported having old toys. Due to simi-
larity of answers, we did not conduct statistical tests to evaluate dif-
ferences in cleaning routines, types of toys, or usage of cleaning products
such as floor wax and surface sprays.

Our study faced challenges due to a relatively small sample size,
comprising 18 daycares, which could limit the power of our statistical
tests to detect significant differences. Additionally, we encountered
missing data, which further restricted our sample size regarding certain
characteristics, which might have further impacted the robustness of our
results.

Considering Fig. 1, the variability in OPFR levels observed across
daycare centers may be influenced by several factors, such as building
materials, the use of flame-retardant-treated furniture, or the age of the
facilities. For example, daycares built after 2000 tended to show higher
concentrations of certain OPFRs. This suggests that construction year
and material composition may play key roles in determining chemicals
level in dust.

Finnish directive on fire safety of buildings effective since January
2018 gives standards on flammability and spreading of fire for daycare
facilities but no details on how to meet these standards
(Ymparistoministerion asetus rakennusten paloturvallisuudesta). Same
applies to recommendations for the fire safety of furniture and fur-
bishing given by Finnish construction code “RT 103085 - Daycare and
basic education facilities. Safety planning” published in October 2019
(RT 103085,Paivakodin ja perusopetuksen tilat). In practice local fire
departments are instructing the owners of care facilities to continue to
follow the old, already revoked, instructions of the Ministry of the
Interior when purchasing interior fittings (Finnish national agency for
education). Daycare facilities often contain a variety of furniture and
building materials like furniture foam, carpets, and electronics that may
contain OPFRs to meet above regulations and instructions. OPRFs used
naturally vary by material and time of item purchase. These materials
can break down and release dust into the environment, contributing to
levels of these compounds in indoor dust. OPFRs are often used as ad-
ditives rather than being chemically bonded to final products, making
their release into indoor environments easier through abrasion, vola-
tilization, and direct contact migration from the products (Song et al.,
2024).

3.5. Estimated intake of FRs by children from different routes of exposure

Fig. 2 shows the total OPFR exposure for a 3-year-old child from
different routes of exposure and Fig. 3 the relative contribution of each
exposure route based on the median dust levels.

Median total exposure to TCIPP was 76-216 times higher compared
to other OPFRs despite the fact that median dust concentrations of
TCIPP was only 12-20 times higher compared to other OPFRs. High
dermal TCIPP adsorption from air (Fig. 3) was the reason for the
increased total exposure compared to dust levels where the main driver
was the high calculated bulk gas-phase concentration of TCIPP

Median (10th-90th percentile) of children's total exposure (ng/kg bw /day)

1000
100
10

1

0

EHDPP TBOEP TCIPP TDCIPP TPHP
OPFR

Fig. 2. Total OPFR exposure for a 3-year-old child from different routes
of exposure.
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(Table S3). Further downstream, the calculated dust-to-air partitioning
was 12-740 times higher for TCIPP compared to other OPFRs that de-
pends directly on the octanol-air distribution co-efficient (log K,a) used
in exposure equations (Table S3). Uncertainty in literature values of log
Koa for TCIPP is reflected in their relatively large variation. The one we
used was 1.1-2.9 log units smaller than those of other OPFRs included in
this study as can be seen in Table S1 of our data source (Rantakokko
et al.,, 2019). In our previous publication dust-to-air ratio of TCIPP,
based on air concentrations calculated from dust concentrations with
the same equations used in current study, matched withing 30% with the
median of dust-to-air ratios from rooms where both dust and air con-
centrations were measured (Rantakokko et al., 2019). This justifies the
use of the selected log K,, value. Overall permeability of OPFRs from
bulk air to dermal capillaries (Kp_g) is second non-constant parameter in
the dermal adsorption from air (Table S3), but it varied only 50% be-
tween studied compounds.

3.6. Total exposure and MOE assessment

Margin of exposure (MOE) was used to characterize the safety of
exposure encountered in daycares. Total exposures for different com-
pounds were calculated as the sum from different routes of exposure,
and MOEs were calculated as the ratio of oral Reference Dose (RfD) to
calculated total exposures. A MOE of 1 or higher indicates no risk as
RfDs contain uncertainty or safety factors in their derivation.

Overall, MoEs at median exposure level were around 5000 or more
for OPFRs other than TCIPP which does not present a risk for children.
However, for TCIPP MOE at 90th percentile exposure level (i.e. at 90th
percentile of dust concentrations) was 3 and in the daycare with highest
dust TCIPP level MOE was below one suggesting increased risk. How-
ever, a number of things call for caution when considering the low MOEs
for TCIPP. First, in the daycare with maximum TCIPP level in dust
concentration was 11 times higher compared to second highest level, i.e.
in our daycare material this represented quite unique case that may be
due to sampling of TCIPP hotspot. However, sampling practices and
recorded characteristics of the daycare with highest level did not differ
significantly from other daycares. Second, is the dominance of calcu-
lated dermal absorption for TCIPP, with the associated uncertainty in
the dust-to-air parametrization explained above. Similar parametriza-
tion related uncertainties also naturally apply to other OPFRs as well.
Third, derivation of oral RfDs (USEPA, 2017; Ali et al., 2012; UK Envi-
ronment Agency, 2009). We used for different OPFRs varied to some
extent as described elsewhere in more detail (Li et al., 2018). Thus,
above uncertainties render a level of uncertainly to MOE estimate for
TCIPP and other OPFRs, but certainly justifies seeking means to reduce
exposure, for example by tracing and replacing high OPFR releasing
items within selected daycares, given very high levels of TCIPP detected
in the dust samples from daycare centers in Finland.

Proportion of Exposure of 3-year-old Children to PFRs Through Different Routes

100%

Exposure Pathway
Inhalation_air
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EHDPP TBOEP TCIPP TDCIPP TPHP
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Fig. 3. Proportion of exposure of 3-year-old children to PFRs through different
routes from the median dust levels.
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4. Conclusions

This study presents the analysis of organophosphorus flame re-
tardants (OPFRs) concentrations in dust samples from some daycare
centers in Finland. The findings reveal that the levels of several OPFRs,
including TCIPP, TDCIPP, TPHP, and EHDPP, are significantly higher in
Finnish daycare dust compared to similar studies conducted in other
countries, such as Sweden, Denmark, Germany, the UK, the USA, China,
and Greece. Additionally, the OPFR levels in daycare centers surpass
those found in Finnish home dust, suggesting a higher exposure risk in
these environments.

The elevated levels of OPFRs in Finnish daycare centers may be due
to strict fire safety regulations that have resulted in the use of flame
retardants in various materials, such as furniture, carpets, and elec-
tronics. Also unintended sampling of specific sites with very high OPFR
levels in some daycares may have contributed to some extreme results.

A detailed assessment of total exposure via different routes was
conducted, comparing these with oral Reference Doses (RfDs). Despite
the uncertainties in the parametrization of exposure calculations and
differences in the derivation of toxicological RfDs available, quite low
MOE and dust levels in the top of international rankings for TCIPP is a
cause of concern.

These findings underscore the need to evaluate and manage the use
of products containing and releasing flame retardants in daycare envi-
ronments to mitigate potential health risks for children. It also empha-
sizes the importance of continued research into the sources,
accumulation, and long-term impacts of OPFR exposure in indoor en-
vironments, particularly those encountered by vulnerable populations
like young children. It is also important to consider that there are other
sources of OPFR exposure outside of daycare settings, meaning that the
total exposure of children in a whole day is likely higher. Biomonitoring
of OPFR metabolites in children’s urine should be conducted to better
understand their internal exposure levels and potential health risks.
Biomonitoring would also shed more light on the utility of sampling
strategy and computational total exposure assessment used in this study.

CRediT authorship contribution statement

Parinaz Poursafa: Writing — review & editing, Writing — original
draft, Supervision, Project administration, Methodology, Investigation,
Funding acquisition, Formal analysis, Data curation, Conceptualization.
Panu Rantakokko: Writing — review & editing, Validation, Methodol-
ogy, Formal analysis, Data curation, Conceptualization. Ida Helotie:
Writing — review & editing, Methodology, Investigation, Data curation.
Manela Karunadasa: Writing — review & editing, Writing — original
draft, Software, Methodology, Formal analysis. Meri Koivusalo:
Writing — review & editing, Validation, Supervision, Project adminis-
tration, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements

This study was funded by Kone Foundation (grant number:
202105806). Funder had no role in the study design, collection, analysis
and interpretation of data, writing of the report or in the decision to
submit the article for publication. We thank the City of Tampere, as well
as participating daycare managers and teachers for their collaboration.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

Chemosphere 369 (2024) 143820

0rg/10.1016/j.chemosphere.2024.143820.
Data availability

Data will be made available on request.

References

Abou-Elwafa Abdallah, M., Pawar, G., Harrad, S., 2016. Human dermal absorption of
chlorinated organophosphate flame retardants; implications for human exposure.
Toxicol Appl Pharmacol [Internet] 291, 28-37 cited 2024 Jun 8. https://linkinghub.
elsevier.com/retrieve/pii/S0041008X15301514.

Ali, N., Harrad, S., Goosey, E., Neels, H., Covaci, A., 2011. “Novel” brominated flame
retardants in Belgian and UK indoor dust: implications for human exposure.
Chemosphere 83 (10), 1360-1365.

Ali, N., Dirtu, A.C., Van den Eede, N., Goosey, E., Harrad, S., Neels, H., et al., 2012.
Occurrence of alternative flame retardants in indoor dust from New Zealand: indoor
sources and human exposure assessment. Chemosphere 88 (11), 1276-1282.

Bergh, C., Torgrip, R., Emenius, G., Ostman, C., 2011. Organophosphate and phthalate
esters in air and settled dust - a multi-location indoor study. Indoor Air 21 (1),
67-76.

Bergh, C., Luongo, G., Wise, S., Ostman, C., 2012. Organophosphate and phthalate esters
in standard reference material 2585 organic contaminants in house dust. Anal
Bioanal Chem [Internet] 402 (1), 51-59 cited 2024 Jun 8. http://link.springer.
com/10.1007/500216-011-5440-2.

Besis, A., Avgenikou, A., Pantelaki, ., Serafeim, E., Georgiadou, E., Voutsa, D., et al.,
2023. Hazardous organic pollutants in indoor dust from elementary schools and
kindergartens in Greece: implications for children’s health. Chemosphere 310,
136750.

Bradman, A., Castorina, R., Gaspar, F., Nishioka, M., Col6n, M., Weathers, W., et al.,
2014. Flame retardant exposures in California early childhood education
environments. Chemosphere 116, 61-66.

Brommer, S., Harrad, S., 2015. Sources and human exposure implications of
concentrations of organophosphate flame retardants in dust from UK cars,
classrooms, living rooms, and offices. Environ. Int. 83, 202-207.

Cao, Z., Xu, F., Covaci, A., Wu, M., Wang, H., Yu, G., et al., 2014. Distribution patterns of
brominated, chlorinated, and phosphorus flame retardants with particle size in
indoor and outdoor dust and implications for human exposure. Environ Sci Technol
[Internet] 48 (15), 8839-8846 cited 2024 Jun 8. https://pubs.acs.org/doi/10.1021/
es501224b.

Cequier, E., Ionas, A.C., Covaci, A., Marcé, R.M., Becher, G., Thomsen, C., 2014.
Occurrence of a broad range of legacy and emerging flame retardants in indoor
environments in Norway. Environ. Sci. Technol. 48 (12), 6827-6835.

Certificate of Analysis, Standard Reference Material 2585, Organic Contaminants in
House Dust. Available online: [Internet]. Available from: https://tsapps.nist.gov
/srmext/certificates/2585.pdf.

Deng, W.J., Li, N., Wu, R., Richard, W.K.S., Wang, Z., Ho, W., 1987. Phosphorus flame
retardants and Bisphenol A in indoor dust and PM2.5 in kindergartens and primary
schools in Hong Kong. Environ Pollut Barking Essex 235, 365-371, 2018.

Directive, 2009/48/EC. Of the European parliament and of the council of 18 june 2009
on the safety of toys; addition M3, commission directive 2014/79/EU of 20 June
2014 on the safety of toys, as regards TCEP, TCPP and TDCP, Off. J. Eur. Union.

Finnish national agency for education[Internet]. Available from:: https://www.oph.fi/fi/
koulutus-ja-tutkinnot/kalusteet-ja-varusteet.

Fromme, H., Lahrz, T., Kraft, M., Fembacher, L., Mach, C., Dietrich, S., et al., 2014.
Organophosphate flame retardants and plasticizers in the air and dust in German
daycare centers and human biomonitoring in visiting children (LUPE 3). Environ.
Int. 71, 158-163.

Giovanoulis, G., Nguyen, M.A., Arwidsson, M., Langer, S., Vestergren, R., Lagerqvist, A.,
2019. Reduction of hazardous chemicals in Swedish preschool dust through article
substitution actions. Environ. Int. 130, 104921.

Jilkova, S., Melymuk, L., Vojta, S., Vykoukalova, M., Bohlin-Nizzetto, P., Klanova, J.,
2018. Small-scale spatial variability of flame retardants in indoor dust and
implications for dust sampling. Chemosphere 206, 132-141.

Kademoglou K, Xu F, Padilla-Sanchez JA, Haug LS, Covaci A, Collins CD. Legacy and
alternative flame retardants in Norwegian and UK indoor environment: implications
of human exposure via dust ingestion. Environ Int [Internet]. 2017 May [cited 2024
Jun 8];102:48-56. Available from:: https://linkinghub.elsevier.com/retrieve/pii
/50160412016305517.

Langer, S., Fredricsson, M., Weschler, C.J., Beko, G., Strandberg, B., Remberger, M.,
et al., 2016. Organophosphate esters in dust samples collected from Danish homes
and daycare centers. Chemosphere 154, 559-566.

Langer, S., de Wit, C.A., Giovanoulis, G., Faldt, J., Karlson, L., 2021. The effect of
reduction measures on concentrations of hazardous semivolatile organic compounds
in indoor air and dust of Swedish preschools. Indoor Air 31 (5), 1673-1682.

Larsson, K., de Wit, C.A., Sellstrom, U., Sahlstrom, L., Lindh, C.H., Berglund, M., 2018.
Brominated flame retardants and organophosphate esters in preschool dust and
children’s hand wipes. Environ. Sci. Technol. 52 (8), 4878-4888.

Li, J., Zhang, Z., Ma, L., Zhang, Y., Niu, Z., 2018. Implementation of USEPA RfD and SFO
for improved risk assessment of organophosphate esters (organophosphate flame
retardants and plasticizers). Environ. Int. 114, 21-26.

Li, T.Y., Bao, L.J., Wu, C.C., Liu, L.Y., Wong, C.S., Zeng, E.Y., 2019. Organophosphate
flame retardants emitted from thermal treatment and open burning of e-waste.

J. Hazard Mater. 367, 390-396.


https://doi.org/10.1016/j.chemosphere.2024.143820
https://doi.org/10.1016/j.chemosphere.2024.143820
https://linkinghub.elsevier.com/retrieve/pii/S0041008X15301514
https://linkinghub.elsevier.com/retrieve/pii/S0041008X15301514
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref3
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref3
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref3
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref4
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref4
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref4
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref5
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref5
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref5
http://link.springer.com/10.1007/s00216-011-5440-2
http://link.springer.com/10.1007/s00216-011-5440-2
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref7
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref7
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref7
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref7
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref8
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref8
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref8
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref9
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref9
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref9
https://pubs.acs.org/doi/10.1021/es501224b
https://pubs.acs.org/doi/10.1021/es501224b
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref11
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref11
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref11
https://tsapps.nist.gov/srmext/certificates/2585.pdf
https://tsapps.nist.gov/srmext/certificates/2585.pdf
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref13
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref13
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref13
https://www.oph.fi/fi/koulutus-ja-tutkinnot/kalusteet-ja-varusteet
https://www.oph.fi/fi/koulutus-ja-tutkinnot/kalusteet-ja-varusteet
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref16
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref16
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref16
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref16
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref17
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref17
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref17
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref18
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref18
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref18
https://linkinghub.elsevier.com/retrieve/pii/S0160412016305517
https://linkinghub.elsevier.com/retrieve/pii/S0160412016305517
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref20
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref20
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref20
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref21
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref21
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref21
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref22
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref22
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref22
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref23
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref23
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref23
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref24
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref24
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref24

P. Poursafa et al.

Little, J.C., Weschler, C.J., Nazaroff, W.W., Liu, Z., Cohen Hubal, E.A., 2012. Rapid
methods to estimate potential exposure to semivolatile organic compounds in the
indoor environment. Environ. Sci. Technol. 46 (20), 11171-11178.

Mendy, A., Percy, Z., Braun, J.M., Lanphear, B., La Guardia, M.J., Hale, R., et al., 2023.
Exposure to dust organophosphate and replacement brominated flame retardants
during infancy and risk of subsequent adverse respiratory outcomes. Environ. Res.
235, 116560.

National Academy of Sciences, 2000. National Research Council. Subcommittee on
Flame-Retardant Chemicals, Committee on Toxicology, Board on Environmental
Studies and Toxicology, vol. 2000. National Academy of Sciences, p. 375. Assessed
August 2024. [Internet]. p. 375. Available from: http://www.nap.edu/catalog/9841.
html.

Persson, J., Wang, T., Hagberg, J., 2018. Organophosphate flame retardants and
plasticizers in indoor dust, air and window wipes in newly built low-energy
preschools. Sci. Total Environ. 628-629, 159-168.

Rantakokko, P., Kumar, E., Braber, J., Huang, T., Kiviranta, H., Cequier, E., et al., 2019.
Concentrations of brominated and phosphorous flame retardants in Finnish house
dust and insights into children’s exposure. Chemosphere 223, 99-107.

REGULATION (EU) 2019/1021 OF THE EUROPEAN PARLIAMENT AND OF THE
COUNCIL of 20 June 2019 on persistent organic pollutants. Off J Eur Union L16945-
77.

RT 103085, Paivakodin ja perusopetuksen tilat. Turvallisuuden suunnittelu[Internet].
Available from: https://www.rakennustietokauppa.fi/sivu/tuote/rt-103085-paivako
din-ja-perusopetuksen-tilat-turvallisuuden-suunnittelu/2742551.

Selevan, S.G., Kimmel, C.A., Mendola, P., 2000. Identifying critical windows of exposure
for children’s health. Environ. Health Perspect. 108 (Suppl. 3), 451-455. Suppl 3.

Sharkey, M., Harrad, S., Abou-Elwafa, Abdallah M., Drage, D.S., Berresheim, H., 2020.
Phasing-out of legacy brominated flame retardants: the UNEP Stockholm Convention
and other legislative action worldwide. Environ. Int. 144, 106041.

Song, X., Zhu, S., Hu, L., Chen, X., Zhang, J., Liu, Y., et al., 2024. A review of the
distribution and health effect of organophosphorus flame retardants in indoor
environments. Toxics 12 (3), 195.

Stubbings, W.A., Schreder, E.D., Thomas, M.B., Romanak, K., Venier, M., Salamova, A.,
1987. Exposure to brominated and organophosphate ester flame retardants in U.S.
childcare environments: effect of removal of flame-retarded nap mats on indoor
levels. Environ Pollut Barking Essex 238, 1056-1068, 2018.

Chemosphere 369 (2024) 143820

Tao, F., Sjostrom, Y., de Wit, C.A., Hagstrom, K., Hagberg, J., 2023. Organohalogenated
flame retardants and organophosphate esters from home and preschool dust in
Sweden: pollution characteristics, indoor sources and intake assessment. Sci. Total
Environ. 896, 165198.

UK Environment Agency, 2009. Environmental Risk Evaluation Report: 2-Ethylhexyl
Diphenyl Phosphate, vol. 2009. Environment Agency, Bristol, UK.

USEPA, 2017. USEPA, 2017. Mid atlantic risk assessment, regional screening levels
(RSLs) - generic tables (page 92) (accessed August, 2024). [Internet]. Available from:
https://semspub.epa.gov/work/HQ/404491.pdf.

Van Den Eede, N., Dirtu, A.C., Ali, N., Neels, H., Covaci, A., 2012. Multi-residue method
for the determination of brominated and organophosphate flame retardants in
indoor dust. Talanta [Internet] 89, 292-300 cited 2024 Jun 8. https://linkinghub.
elsevier.com/retrieve/pii/S003991401101099X.

van der Veen, 1., de Boer, J., 2012. Phosphorus flame retardants: properties, production,
environmental occurrence, toxicity and analysis. Chemosphere 88 (10), 1119-1153.

Vuong, A.M., Yolton, K., Cecil, K.M., Braun, J.M., Lanphear, B.P., Chen, A., 2020. Flame
retardants and neurodevelopment: an updated review of epidemiological literature.
Curr Epidemiol Rep 7 (4), 220-236.

Wu, M., Yu, G., Cao, Z., Wu, D., Liu, K., Deng, S., et al., 2016. Characterization and
human exposure assessment of organophosphate flame retardants in indoor dust
from several microenvironments of Beijing, China. Chemosphere 150, 465-471.

Wu, G., Brown, J., Zamora, M.L., Miller, A., Satterfield, M.C., Meininger, C.J., et al.,
2019. Adverse organogenesis and predisposed long-term metabolic syndrome from
prenatal exposure to fine particulate matter. Proc. Natl. Acad. Sci. U.S.A. 116 (24),
11590-11595.

Xu, F., Giovanoulis, G., van Waes, S., Padilla-Sanchez, J.A., Papadopoulou, E.,

Magnér, J., et al., 2016. Comprehensive study of human external exposure to
organophosphate flame retardants via air, dust, and hand wipes: the importance of
sampling and assessment strategy. Environ. Sci. Technol. 50 (14), 7752-7760.

Ympaéristoministerion asetus rakennusten paloturvallisuudesta. 28.11.2017/848
[Internet]. Available from: https://finlex.fi/fi/laki/ajantasa/2017/20170848.

Zhou, L., Hiltscher, M., Piittmann, W., 2017. Occurrence and human exposure assessment
of organophosphate flame retardants in indoor dust from various microenvironments
of the Rhine/Main region, Germany. Indoor Air 27 (6), 1113-1127.


http://refhub.elsevier.com/S0045-6535(24)02721-8/sref25
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref25
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref25
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref26
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref26
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref26
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref26
http://www.nap.edu/catalog/9841.html
http://www.nap.edu/catalog/9841.html
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref28
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref28
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref28
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref29
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref29
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref29
https://www.rakennustietokauppa.fi/sivu/tuote/rt-103085-paivakodin-ja-perusopetuksen-tilat-turvallisuuden-suunnittelu/2742551
https://www.rakennustietokauppa.fi/sivu/tuote/rt-103085-paivakodin-ja-perusopetuksen-tilat-turvallisuuden-suunnittelu/2742551
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref32
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref32
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref33
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref33
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref33
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref34
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref34
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref34
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref35
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref35
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref35
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref35
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref36
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref36
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref36
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref36
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref37
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref37
https://semspub.epa.gov/work/HQ/404491.pdf
https://linkinghub.elsevier.com/retrieve/pii/S003991401101099X
https://linkinghub.elsevier.com/retrieve/pii/S003991401101099X
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref40
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref40
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref41
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref41
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref41
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref42
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref42
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref42
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref43
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref43
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref43
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref43
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref44
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref44
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref44
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref44
https://finlex.fi/fi/laki/ajantasa/2017/20170848
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref46
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref46
http://refhub.elsevier.com/S0045-6535(24)02721-8/sref46

	Phosphorous flame-retardant concentration in Finnish daycares dust and children’s exposure
	1 Introduction
	2 Materials and methods
	2.1 Ethical permissions
	2.2 Dust sample collection
	2.3 Chemicals and reagents
	2.4 Extraction and cleanup of dust samples
	2.5 GC-MS/MS analysis
	2.6 Quality control
	2.7 Predictors for chemical levels in daycare dust
	2.8 Calculation of exposure by ingestion, inhalation, and dermal routes

	3 Results and discussion
	3.1 Organophosphorus flame retardants concentrations in dust
	3.2 Distribution of OPFRs across daycare centers
	3.3 Global comparison of OPFRs levels in daycare center dust
	3.4 Daycare interior characteristics and OPFR levels
	3.5 Estimated intake of FRs by children from different routes of exposure
	3.6 Total exposure and MOE assessment

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


