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Phthalates are ubiquitously present environmental contaminants. Air and dust are themost important mediums
of exposure to phthalates. The present study reviews the presence of phthalates in the air and dust reported from
different countries in the last ten years (2007–2017). The phthalate concentrations revealedwide heterogeneity
with amean andmedian value 6± 19 μg/m3 and 0.5 μg/m3 respectively in the air and 1.5 × 103± 2.2 × 103 μg/g
and 7.8x102μg/g respectively in the dust. The highest phthalates levels in the air were reported from India (1.1
× 102 μg/m3) and in dust from Bulgaria (1.2 × 104 μg/g). Overall higher levels were reported from developing
countries as compared to developed countries. Di (2-ethylhexyl) phthalate (DEHP) and Di-n-butyl phthalate
(DBP) were found to be predominant in both air and dust. Temperature, humidity, air exchange rate, building
material and indoor maintenance were reported as the important factors influencing the levels of phthalates in
the air and dust. In addition to policy level interventions, reducing the use of phthalate containing materials
and controlling the factors which enhance the emission from existing sources can help in reducing human expo-
sure to phthalates.
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1. Introduction

Phthalates are esters of ortho-phthalic acids (1, 2-
benzenedicarboxylic acid), that is produced by the reaction between al-
cohol and phthalic anhydrite. The hydrocarbon chain derived from alco-
hols ranging from methanol and ethanol to tridecanol imparts specific
properties to each of the phthalates (Fernandez et al., 2012). Phthalate
esters can be broadly divided into two groups based on the length of
the ester groups' main carbon chain, namely high molecular weight
(HWM) phthalates (7–13 carbon atoms) and low molecular weight
(LMW) phthalates (3–6 carbon atoms). These are primarily used as
plasticizers in polyvinyl chlorides (PVCs) and consumer products such
as toys, building material, electronics and medical devices (Sampath
et al., 2016). DEP and DMPwith b3 carbon atoms are not used as plasti-
cizers and not classified in any group. These are used as solvents and fix-
atives in fragrances, additives in cosmetics, medical devices, household
and personal care products (Katsikantami et al., 2016).

Compared to the long duration of their use in the plasticizer indus-
try, concerns over possible adverse effects of phthalates on human
health are relatively recent, dating back to the 1980s (Kamrin and
Lansing, 2009). Today, phthalates are known to be reproductive and de-
velopmental toxicants (EU, 2005; WHO, 2013). Human bio-monitoring
studies have indicated that exposure to phthalates can cause adverse
health outcomes like fertility problems, respiratory diseases, childhood
obesity and neuropsychological disorders (Katsikantami et al., 2016).
Consequently, six phthalates, namely, Di-methylphthalate (DMP), Di-
ethylphthalate (DEP), Di-n-butyl phthalate (DBP), Butyl-benzyl phthal-
ate (BBP), Di (2-ethylhexyl) phthalate (DEHP), and Di-n-octylphthalate
(DnOP) have been identified as priority pollutants by the United States
Environmental Protection Agency (U.S. EPA) and the European Union
(EU). Usage of DEHP, DBP, BBP & DnOP has been limited to ≤0.1% in
toys and childcare articles by EU (Directive 2005/84/EC), US (Consumer
Product Safety Improvement Act of 2008 (CPSIA, 2008), China (China
National Standard GB 6675, 2014), India (BIS, 2011) and Japan (Japan
Toy Safety Standard ST-2002 Part 3, 2011). Recently in 2015, DEHP,
DBP and BBP were classified as reproductive toxicant category 1B and
completely banned for any application without prior approval from
EU (ECHA, 2016).

Owing to the strict regulations on the use of phthalates because of
human health concerns, there has been a reduction in their production
and alternative plasticizers are being manufactured and employed by
the plastic industry (Katsikantami et al., 2016). This is clearly visible in
declining contribution of phthalates to world consumption of plasti-
cizers from 88% in 2005 to 70% in 2014, forecasted to be 65% in 2019
(IHS Markit, 2015). Bui et al. (2016) reported an increasing trend in
use of alternate plasticizers in Sweden over the past decade. However,
even with the shift towards the use of alternate non–phthalate plasti-
cizers and higher molecular weight phthalates, the exposure risk from
products already containing high levels of phthalates prior to regulation
cannot be neglected (Larsson et al., 2010). Large-scale and diverse use of
phthalates in consumer products combined with their property of vola-
tilization and leaching have made these chemicals ubiquitously present
in the environment in all kinds of media including air, water, dust, sed-
iment and food (Cao, 2010). Phthalates dwell in a state of dynamic flux
in the environment, through the processes of emission, transportation,
degradation, deposition and exchange between different environmen-
tal media. These processes depend upon environmental factors and
their physicochemical properties like vapor pressure (Vp), air-water
partition coefficient (KAW), octanol-air partition coefficient (KOA), and
octanol-water partition coefficient (KOW), organic carbon partition coef-
ficient (KOC) (Teil et al., 2006; Net et al., 2015). The vapor pressure of a
particular phthalate and its concentration in a source determines the
equilibrium gas-phase concentration of that phthalate, which in turn
is a key parameter in influencing source emission rates of phthalates
(Liang and Xu, 2014b; Afshari et al., 2004). Octanol-air partition coeffi-
cient (KOA), an indicator of hydrophobicity, is another among the key
factors which determines partitioning between the gas phase and in-
door surfaces/dust (Sukiene et al., 2016). The ability to partition be-
tween gas and particle phase leads to a dynamic distribution of
phthalates in the air and on surfaces like particles, dust and human
skin, which leads to direct exposure through dust ingestion, inhalation
anddermal absorption (Bergh et al., 2011; Blanchard et al., 2014). Inges-
tion of dust and inhalation of indoor air and re-suspended dust are the
most important non-food sources of exposure to phthalate esters
(Clark et al., 2003; Clausen et al., 2004). In the present review, peer-
reviewed literature published in the last ten years i.e. from 2007 to
2017 from different parts of the world reporting phthalate levels in
the air and dust was examined. The status of the worldwide presence
of six priority phthalates, in two of the most important environmental
media viz. air and dust, and the factors affecting their presence are pre-
sented and discussed here.

2. Phthalates in the air and dust samples on a global scale

Phthalates are high production volume chemicals that accounted for
70% of the world consumption of plasticizers in 2014. Of this, Asia,
Western Europe and the U.S.A accounted for 59%, 14% and 16% respec-
tively of the world plasticizer consumption in 2014 (IHS Markit,
2015). However, phthalate exposure (phthalate metabolite levels in
urine) among countries indicates the highest exposure for people living
in Europe (2.1 × 102 μg/l) closely followed by USA (2.0 × 102 μg/l) and
least in Asia (1.3 × 102 μg/l) (Katsikantami et al., 2016). There exists a
discrepancy between trends for industrial consumption and human ex-
posure. Trademight be a plausible explanation, for instance, a large pro-
portion of articles containing phthalates are brought into Sweden via
imports (KEMI, 2015). The highest concentrations of phthalates in
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articles have been found in the range of 300–461 g/kg for DEHP,
283–345 g/kg for DBP, 150 g/kg for DnOP and 20–33 g/kg for BBP in
floorings, shower curtains, gloves, plastic sandals, plastic balls, soap
packaging among others (KEMI, 2015).

2.1. Phthalates in the air

Phthalates are distributed worldwide due to atmospheric transport
over long distances (Lenoir et al., 2016) with a global presence ranging
from remotest regions in the Arctic (Xie et al., 2007) to ant cuticles in
isolated rainforests of the Amazon (Lenoir et al., 2016). Phthalates
were also reported to be the most abundant SVOC among 58 SVOCs
quantified in indoor and outdoor air in Paris (Moreau-Guigon et al.,
2016).

2.1.1. Spatial variations in the air
Phthalate levels in the indoor and outdoor air have been studied and

reported from several countries. Phthalate levels were found to be
higher in indoor air as compared to outdoor air as major sources of
phthalates are located indoors and faster degradation takes place in
the outdoor environment (Afshari et al., 2004; Rudel and Perovich,
2009; Bergh et al., 2011). Among different locations, concentrations of
phthalateswere found to be higher in urban sites as compared to subur-
ban/forest sites (Teil et al., 2016). This could be because of anthropo-
genic activities, increased production and consumption of plastics and
environmental conditions leading to volatilization of phthalates that
contribute significantly to increased phthalate loading in atmospheric
depositions in urban areas (Zeng et al., 2010; Wang et al., 2008).

Phthalates are associated with both gaseous and particulate phases
of air. Studies have reported phthalates in either or both phases. Mean
concentration of six phthalates reported from different countries and
its summary statistics are given in Table 1 (mean of values has been
taken for studies reporting levels from multiple sites). The data shows
high variability with a mean and median value of 6 ± 19 μg/m3 and
0.5 μg/m3 respectively. Worldwide, the highest concentration of six
phthalates in indoor and outdoor air was found to be 2.0 × 102 μg/m3

and 7.3 × 101 μg/m3 respectively in an industrial area (Okhla) in New
Delhi, India (Das et al., 2014), followed by 27.6 μg/m3 in outdoor air in
Hangzhou, China (Zeng et al., 2010). For other countries in Asia, the
range varied from 0.8 μg/m3 (Vietnam) (Tran et al., 2017) to 6.2 μg/m3

(Japan) (Takeuchi et al., 2014). Relatively lower phthalate levels were
reported for developed regions like Europe and North America.
Among European countries Swedenwas found to have a high phthalate
burden in indoor air (2.1 μg/m3) (Bergh et al., 2011) whereas for other
European countries the levels ranged from 0.01 μg/m3 (Spain)
(Aragón et al., 2012) to 0.32 μg/m3 (France) (Blanchard et al., 2014).
Relatively fewer studies have been reported from North America, and
phthalate concentrations varied from 0.5 μg/m3 (U.S.A) (Rudel et al.,
2010) to 0.9 μg/m3 (U.S.A) (Gaspar et al., 2014).

Studies from the Czech Republic (Růžičková et al., 2015), Greece
(Salapasidou et al., 2011), Norway (Rakkestad et al., 2007) and Spain
(Salgueiro-González et al., 2013; Aragón et al., 2012) reported phthalate
levels only in particulate phase. Pei et al. (2013) noted that sampling of a
single phase leads to underestimation of phthalate levels in the air. The
non-availability of data for phthalates in gaseous phase could be one of
the reasons behind the lower levels reported from these countries.
Phthalates were also reported from the Arctic (Xie et al., 2007) in the
vapor phase of air despite its remoteness and lack of any direct sources.
Their presence has been attributed to atmospheric transport and deposi-
tion and lower rates of degradation owing to unfavorable conditions in
the Arctic. However, Xie et al. (2007) stated the value to be an underesti-
mation due to possible surface adsorption of phthalates by snow and ice.

2.1.2. Profile variations
The percentage contribution of individual phthalates in both phases

of indoor and outdoor air is represented in Fig. 1 (mean of all values in
Tables 1 and 2 for each phthalate have been taken for calculating per-
centage). DEHP was found to be the most dominant phthalate in both
indoor and outdoor air with a contribution of 40.6% and 29.4% respec-
tively. The contributions of DMP, DEP, DBP, BBP and DnOP ranged be-
tween 9 and 15% in indoor air, while for outdoor air their
contributions varied from 6 to 19%. The country-wise composition of
phthalates in the air (both gaseous and particle phase) was also found
to vary widely (Fig. 2) (mean of values for each country reported in
Table 1 has been taken for calculating percentage in Fig. 2). Chi et al.
(2017), reported levels of the six phthalates in both phases of outdoor
air and found that DEP and DMP dominated the gaseous phase while
DEHP was the most dominant phthalate in the particulate phase. Simi-
larly, DEHP and DBP were found to be the most abundant phthalates
in the atmospheric particulate matter in other studies as well (Xie
et al., 2005; Teil et al., 2006; Wang et al., 2008; Kong et al., 2013). The
higher concentrations of DBP and DEHP in the particulate matter can
be partly attributed to their widespread use in household products
(Weschler, 1980). Additionally, the longer half-life of DBP in the atmo-
sphere as compared to DEHP also contributes to its prevalence (Teil
et al., 2006). DEP and DMP are more volatile and more likely to be
found in the vapor phase. A decrease in vapor pressure (increase inmo-
lecular weight) leads to an increase in the fraction associated with air-
borne particles and a simultaneous decrease in the fraction present in
the gaseous phase (Weschler et al., 2008). With regard to phase distri-
bution, the majority of phthalates were reported to exist in the vapor
phase as compared to particulate phase (Wang et al., 2008; Song et al.,
2015). However, Chi et al. (2017) found that the contribution of gaseous
or particulate phase to the total phthalate concentration varied accord-
ing to different microenvironments.

2.1.3. Seasonal variations
An increase in temperature increases the emission rates of non-

covalently bound phthalates from their polymer matrices resulting in
a higher concentration in warmer months (Ma et al., 2014; Zhu et al.,
2016). In good agreement, a number of studies have found higher
phthalate levels in summer in indoor aswell as outdoor particulatemat-
ter (Zhang et al., 2014; Ma et al., 2014; Zhu et al., 2016). The mean con-
centration of phthalates in outdoor particulate matter (PM) in summer
months in Shanghai, China (2.1 × 102 ng/m3 in PM10 and 7.2
× 101 ng/m3 in PM2.5) were found to be significantly higher than
those in winter months (7.7 × 101 ng/m3 in PM10 and 5.0 × 101 ng/m3

in PM2.5) (Ma et al., 2014). Similarly, Zhu et al. (2016) reported phthal-
ate concentrations in the air of Tianjin, China during summer to be 13.9
± 4 ng/m3 and 23.4± 12.3 ng/m3 in PM10 and PM2.5 as compared to 5.4
± 4.6 ng/m3 and 4.2± 1.9 ng/m3 in PM10 and PM2.5 respectively during
winter. Even though phthalate emission shows a direct linear relation-
ship with the increase in temperature; studies have reported contradic-
tory results with respect to seasonal variations of phthalates in the air.
Wang et al. (2008) reported higher values in gaseous phase (1.2 × 102

± 8.4 ng/m3) and particulate phase (29.8 ± 2.4 ng/m3) in cold weather
(January) as compared to a concentration of 18 ± 1.5 ng/m3 and 2.4 ±
0.5 ng/m3 in gaseous and particulate phase respectively during hot
weather period (July) in Nanjing, China. Another study from Tianjin,
China by Kong et al. (2013) reported phthalate concentrations to be
higher in winter than those in spring and summer for the atmospheric
particulate matter in seven urban sites. Similarly, 5–10 times higher
concentration of phthalates in PM2.5 was found in winter (heating sea-
son) as compared to summer in different locations in the Czech
Republic. The highest difference was 44 times in one of the sites
(Růžičková et al., 2015). Location-specific differences in seasonal varia-
tions of phthalates were reported by Sampath et al. (2016). The mean
concentration of phthalates in urban and agricultural locations was
found to be in the order of summer N pre-monsoon Nmonsoon. A differ-
ent pattern was observed for suburban and coastal locations, with pre-
monsoon concentrations 2–3 times higher than that in summer and
monsoon. The air in the monsoon season was found to contain the



Table 1
Mean concentrations (in ng/m3) of six priority phthalates in air reported from different countries (east to west).

Country Sampling location Phase n DMP DEP DBP BBP DEHP DnOP Total Reference

Vp 3.08 ×
10−3

2.1 ×
10−3

2.01 ×
10−5

8.25 ×
10−6

1.42 ×
10−7

1.0 ×
10−7

ASIA Japan Homes G+ P 21 19 33 67 22 86 5.5 232.5 Takeuchi et al., 2015a

Japan,
Sapporo

Homes, cars,
kindergartens,
laboratories, offices and
hair salons

G+ P 40 47.9 60.7 200 bdl 147 n.r. 455.6 Kanazawa et al., 2010a

Japan,
Sapporo

Homes G+ P 6 181.17 408.33 3611.67 45.83 1928.3 0.83 6176.13 Takeuchi et al., 2014

China Apartment G 28 1770 340 740 10 730 n.r. 3590 Bu et al., 2016
China Bus, subway, taxi, car G+ P 235 6348.7 4627.65 2689.97 3401.55 5289.48 2332.96 24,690.31 Chi et al., 2017
China,
Shanghai

University campus
(suburban area)

G+ P 77 1.82 0.9 39.67 1.87 318.7 n.r. 362.96 Ma et al., 2014

China Office, residential
building

G+ P 28 610 n.r 1650 n.r 1510 n.r. 3770 Wang et al., 2014

China,
Tianjin

Residential, traffic,
industrial, commercial
area

P 21
(PM10);
p15
(PM2.5)

1.42 1.03 21.62 0.23 173.97 1.16 199.43 Kong et al., 2013

China,
Tianjin

Urban P 16 0.32 0.15 4.34 0.04 18.39 0.16 23.4 Zhu et al., 2016

China,
Tianjin

Homes G+ P 13 368.36 54.52 573.47 0.59 71.7 0.12 1068.76 Zhang et al., 2014

China,
Hangzhou

Homes G+ P 10 1455 2290.2 1938.6 3975 2438 n.r. 12,096.8 Pei et al., 2013

China,
Hangzhou

Office G+ P 10 815.55 1042.75 1099.2 665.33 1125.4 n.d. 4748.23 Song et al., 2015

China,
Guangzhou

Urban, Suburban G+ P – 425.33 340 2592 115.33 23,736.67 377.33 27,586.66 Zeng et al., 2010

China,
Nanjing,
Jianging

Urban, Suburban G+ P 10 6.4 2.3 37.2 2.1 13.85 0.7 62.55 Wang et al., 2008

China, Xian Urban P 15 n.r n.r 37 17 164 n.r. 218 Li et al., 2014
Vietnam Homes, cars,

kindergartens,
laboratories, offices, and
hair salons

G+ P 97 39.5 376 133 16.4 187 10.9 762.8 Tran et al., 2017

India Urban, Suburban,
Coastal, Agricultural site

G 31 7.83 21.58 78.50 14.5 204.92 6 333.33 Sampath et al., 2016

India Urban P 49 0.07 4.52 33.65 n.r 275 n.r. 313.23 Fu et al., 2010
India Urban P 13 n.r n.r 55 17 689 n.r. 761 Li et al., 2014
India, New
Delhi

Urban G+ P 40 11,101.48 12,759.5 9201 11,659.75 50,764 12,625.25 108,110.98 Das et al., 2014b

EUROPE France Homes G+ P 30 8.2 158 99.9 3.7 51.5 n.r. 321.3 Blanchard et al., 2014a

France,
Several
sites

Urban G+ P 6 n.r 3.35 2.25 n.r 27.28 n.r 32.88 Teil et al., 2016

Greece Urban- industrial, urban
-traffic

P 20 bdl bdl 1.55 0.5 12.03 bdl 14.08 Salapasidou et al.,
2011

Sweden Home, day care, work G+ P 30 9.6 1170.33 735.33 21 197.67 n.r. 2133.93 Bergh et al., 2011
Norway University, school,

kindergarten, dwelling
P 14 n.r n.r 149 21 24 n.r. 194 Rakkestad et al., 2007

Czech Urban P – n.r 3 12.28 n.r 1.69 n.r. 16.97 Růžičková et al., 2015
Germany Day care centre G+ P 63 163 208 283 n.r 276 n.r. 930 Fromme et al., 2013
Spain Harbour P 10 0.39 2.14 bdl 0.04 5.91 0.11 8.58 Aragón et al., 2012
Spain Urban, suburban,

industrial
P 8 0.17 1.02 13.75 n.r. 0.73 n.r. 15.67 Salgueiro-González

et al., 2013
Arctic – G+P – 0.11 0.43 0.43 0.08 0.76 n.r. 1.81 Xie et al., 2007

N.
AMERICA

U.S.A,
California

Child care facility G 40 n.r 210 520 100 100 n.r. 930 Gaspar et al., 2014a

U.S.A,
California

Homes G+ P 50 n.r 330 140 6.8 68 n.d. 544.8 Rudel et al., 2010a

U.S.A,
Albany

Home, office, lab,
schools, salons, public
places

G+ P 60 15.9 445 112 9.25 85.3 bmql 667.45 Tran and Kannan,
2015

Summary statistics Mean 835.61 858.43 814.31 694.03 2749.16 903.59 6102.25
S.D. 2362.25 2475.01 1762.22 2313.18 9574.85 3073.09 19,424.59
Median 12.75 60.7 112 10 164 0.7 455.6
5th Percentile bdl 0.26 1.1 bdl 1.32 bdl 11.88
95th Percentile 4746.15 3692.67 3058.65 3745.62 12,668.36 4391.42 25,848.85

n: Sample size; Vp: Vapor pressure (in mm Hg) at 25 °C; G: Gaseous phase, P:Particle phase; n.r.: not reported; n.d.: not detected; mql: method quantification limit; dl: detection limit.
Averageconcentrationsof all siteswere taken for studies reporting several sites;Values forGandPwereadded forpapers reporting themseparately. Statistical summarycalculatedasn.d.=0;bdl=0.

a Studies reporting median values.
b Values for Particulate matter from quartz fiber filter were reported as “dust”.
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least amount of phthalates due to removal by seasonal precipitation
(Sampath et al., 2016). Hydrolysis of phthalates on substrates at high
relative humidity could be another reason (Westberg et al., 2009).

Temperature plays a vital role in both volatilization and hydrolysis of
phthalates and therefore in determining the amount of phthalates pres-
ent in the atmosphere. Studies that have found higher phthalate levels
in summer have accounted temperature as a sole factor responsible
for the seasonal variability of phthalate esters in the atmosphere. The re-
ported increase in winter concentration was explained by decreased
photochemical reactions with free radicals as opposed to summers,
lower diffusion of pollutants due to steady atmosphere and heavier in-
version layer in case of mountain surrounded region (e.g. Nanjing),
and burning for heating purposes including coal burning which might
be a source of DBP andDEHP and combustion of plastic andwaste incin-
eration (Wang et al., 2008; Kong et al., 2013; Růžičková et al., 2015).

2.2. Phthalates in dust

Dust in indoor environments is a sink for semi-volatile compounds
like phthalates which settle over a long period of time (Butte and
Heinzow, 2002; Abb et al., 2009). Direct transfer due to source-sink con-
tact, abrasion from sources, and diffusion via airborne particles contrib-
ute to the presence of phthalates in the dust (Schripp et al., 2010;
Sukiene et al., 2016). Studies have reported phthalate levels in indoor
dust from different places like homes (Gevao et al., 2013; Ait Bamai
et al., 2014; Langer et al., 2010), day care centers/nursery schools
(Fromme et al., 2013; Gaspar et al., 2014; Kim et al., 2013) retail stores
(Xu et al., 2014), offices (Wang et al., 2014; Tran et al., 2016), and dor-
mitories (He et al., 2015; Li et al., 2016). Phthalates have also been re-
ported in the outdoor dust (Lan et al., 2012; Wang et al., 2014; Škrbić
et al., 2016). Phthalate levels in outdoor dust were found to be lower
than indoor dust by several orders of magnitude.

2.2.1. Spatial variations in dust
The mean concentration of six phthalates reported from different

countries and summary statistics are given in Table 2. The highest con-
centration of six phthalates in dust was reported from Bulgaria (1.2
× 104 μg/g) (Kolarik et al., 2008), followed by China (4.7 × 103 μg/g)
(Bu et al., 2016), South Korea (4.1 × 103 μg/g) (Kim et al., 2013) and
Japan (3.5 × 103 μg/g) (Ait Bamai et al., 2014). The lowestmean concen-
tration in dust was reported in Vietnam (29.3 μg/g) (Tran et al., 2016).
Phthalate levels reported for developed countries like the U.S.A.,
Canada and France were nearly four times lower as compared to levels
reported for Asian countries,whichwere among the highestworldwide.
Mean andmedian phthalate concentrations in dustwere found to be 1.5
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Fig. 1. Percentage contribution of each phthalate in indoor air, outdoor air (for studies
reporting both phases i.e. G: gaseous phase + P: particle phase) and dust. (Mean of all
values in Tables 1 and 2 for each phthalate have been taken for calculating percentage.)
× 103 ± 2.2 × 103 μg/g and 7.8 × 102 μg/g respectively. Large variability
was observed in levels of phthalates reported from different countries
and various sites within the same country. In addition to differences in
sampling and analytical procedures, differences in degree of economic
development and consequent consumption patterns and lifestyle
could be the primary reason for the observed range of concentrations.

2.2.2. Profile variations
DEHPwas found to be the dominant phthalate in dust in majority of

the countries, with the exceptions of Bulgaria, Italy and Greenland,
where concentrations of DBP were found to be highest among the six
phthalates (Fig. 3) (mean of values for each country reported in
Table 2 has been taken for calculating percentage in Fig. 3). Among dif-
ferent sites, childcare centers accounted for the highest amount of DEHP
(Bergh et al., 2011; Bi et al., 2015b). The percentage contributions of six
phthalates in dust are represented in Fig. 1 (mean of all values in
Tables 1 and 2 for each phthalate have been taken for calculating per-
centage). Overall DEHP accounted for 65% of phthalates in the dust,
followed by DBP at 28%, while other phthalates contributed
betweenb1–2%. DEHP and DBP have been found to be predominant in
the household dust because of their usage in plastic and PVC products.
This combined with their relatively high log [Koa] values (log [Koa] for
DEHP and DBP are 12.6 and 8.6 respectively) lead to higher sorption
from the atmosphere to aerosol particles and other surfaces (Cousins
and Mackay, 2000). Additionally, DEHP is also commercially dominant
phthalate covering 50% of the plasticizer market (KEMI, 2015). BBP
and DnOP showed considerably lower presence in the dust, while the
relatively more volatile DEP and DMP accounted for the least presence
in the dust as these are also mainly used in non-PVC products like cos-
metics and perfumes.

3. Factors influencing levels of phthalates in indoor environments

Phthalate levels build up over time in indoor environments where
their main sources like children's toys, cosmetics, flexible PVC flooring,
and cable insulation among others are found.

(Abb et al., 2009; Bornehag et al., 2004; Fromme et al., 2013; Gevao
et al., 2013). Several studies have explored the various factors affecting
the levels of phthalates in the environment to understand the behavior
of phthalates under different conditions and improve strategies to limit
exposure (Table 3). These factors can broadly be divided into environ-
mental factors like temperature, humidity, air exchange rate and phys-
ical/cultural factors like building materials and characteristics, and
indoor maintenance.

3.1. Temperature

Temperature is a strong determinant of the fate of phthalates in in-
door environments as phthalate emission and sorption processes de-
pend strongly on temperature. Higher temperature increases emission
rates of phthalates from sources (Liang andXu, 2014a). However, differ-
ent phthalates are affected differently by temperature (Fujii et al., 2003;
Wang et al., 2008). Positive correlations have been found between room
temperature and indoor air concentrations of higher vapor pressure
phthalates like DEP and DBP (Gaspar et al., 2014). Emissions of DEP,
DBP and DEHP from plastic materials were found to increase by several
orders (0.9 to 2.8 μg/m2 h for DEP, 0.8 to 4.5 × 102 μg/m2 h for DBP, 14 to
1.5 × 103 μg/m2 h for DEHP) with an increase in incubator temperature
from 20 °C to 80 °C (Fujii et al., 2003). Similarly, an increase in temper-
ature from 22 °C to 62 °C led to 238 times increase in steady state con-
centration of DEHP emissions from PVC flooring (containing 13%DEHP)
in Field and Laboratory Emission Cell (FLEC) study (Clausen et al., 2012).
In a test house, total airborne concentrations of BBP and DEHP were
found to be sensitive to indoor temperatures and their steady-state con-
centration levels increased by three times with an increase in tempera-
ture from 21 °C to 30 °C in a test house (Bi et al., 2015a). However,



Table 2
Mean concentrations (in μg/g) of six priority phthalates in dust reported from different countries (east to west).

Country Sampling location N DMP DEP DBP BBP DEHP DnOP Total Reference

ASIA Japan Home 19 0.1 0.2 30 4.7 1700 4.6 1739.5 Takeuchi et al.,
2015a

Japan, Sapporo Home(floor, multi-surface) 128 bdl bdl 50.6 5.9 3400 n.r. 3456.5 Ait Bamai et al.,
2014a

Japan, Sapporo Home(floor, multi-surface) 41 bdl 0.68 42.1 6.6 2080 n.r. 2129.38 Kanazawa et al.,
2010a

China Office/home 28 5.66 n.r. 447.78 n.r. 786.61 n.r. 1240.05 Wang et al.,
2014

China, Guangzhou,
Hong Kong

Outdoor, indoor 160 2.39 3.13 9.42 6.8 407.1 4.08 432.92 Wang et al.,
2013

China, Nanjing Settled house dust 215 0.4 0.9 52.3 2.9 462 1.6 520.1 Zhang et al.,
2013

China, Nanjing Home, office, PME, dorms 33 1.91 0.22 99.6 0.77 557 n.r. 659.5 He et al., 2015
China, Guangzhou Home, office, apartment, road surfaces 50 1.68 1.47 59.38 1.86 1011.5 5.48 1081.37 Lan et al., 2012
China, several
sites

Home 30 10.9 30.6 408.4 1.0 4245 n.r. 4695.9 Bu et al., 2016

China, several
sites

Home 75 0.2 0.4 20.1 0.2 228 0.2 249.1 Guo and
Kannan, 2011a

China, several
sites

Workplace,home, manufacturing plant, hospital, office,
secondary school and shopping mall

78 0.6 1.81 66.67 13.98 828.75 11.04 922.85 Kang et al.,
2012a

S. Korea Nursery school 50 3.1 24.6 66.9 60.7 3950 n.d 4105.3 Kim et al., 2013
Taiwan Home 101 0.1 1.0 20.2 1.0 753.3 n.r. 775.6 Hsu et al., 2012a

Vietnam Home, shop, laboratory, office 46 0.06 0.04 1.24 1.18 26.4 0.42 29.34 Tran et al., 2016
Saudi Arabia Floor dust, car dust, AC filter 15 1.33 3.27 56.07 2.1 1203.33 61.07 1327.17 Albar et al.,

2017
Kuwait Floor dust, AC filter 15 0.2 6.65 4.3 2.75 265 2.9 281.8 Albar et al.,

2017
Kuwait Home 21 0.03 1.8 45 8.6 2256 14 2325.43 Gevao et al.,

2013a

EUROPE France Home settled dust 30 0.2 2.8 11.9 8.5 289 n.r. 312.4 Blanchard et al.,
2014a

France Home 300 n.r. 3.3 10.8 10.3 341 n.r. 365.4 Mandin et al.,
2014a

Bulgaria Home 177 280 340 9930 340 1050 300 12,240 Kolarik et al.,
2008a

Serbia Street dust 30 0.009 0.006 0.071 0.015 1.22 0.01 1.33 Škrbić et al.,
2016

EUROPE Sweden,
Stockholm

Preschool 100 0.61 15 250 24 470 n.r. 759.61 Larsson et al.,
2017

Sweden,
Stockholm

Home, work, day care 30 0.27 18.3 156.67 32.33 1493.33 n.r. 1700.9 Bergh et al.,
2011

Sweden,
Stockholm

Apartments 62 0.47 14 103 16 449 n.d. 582.47 Luongo and
Ostman, 2016a

Italy, Palermo Home 12 15 31 799 99 304 41 1289 Orecchio et al.,
2013

Denmark Home, day care 648 n.r. 1.95 26.5 10.35 355 n.r. 393.8 Langer et al.,
2010a

Germany,
Halle/Saale

Home 30 n.r. n.r. 87.4 15.2 604 n.r. 706.6 Abb et al., 2009a

Germany Day care centre 63 0.7 3.4 30 21 1973 n.r. 2028.1 Fromme et al.,
2013

Greenland Home 43 30 10 790 60 130 20 1040 Kolarik et al.,
2007b

N.
AMERICA

Canada Home 126 0.12 2 16.8 42.3 462 n.r. 532.22 Kubwabo et al.,
2013a

U.S.A, Delaware Apartment, home, garage, gym, office, store, day care
centre

43 0.14 3.6 255 494 637 n.r. 1389.74 Bi et al., 2015b

U.S.A, California Child care facility 39 n.r. 1.4 13.7 46.8 172.2 n.r. 234.1 Gaspar et al.,
2014a

U.S.A,
Pennsylvania

Retail store filter dust 14 bdl 52 213 272 730 88 1355 Xu et al., 2015

U.S.A, Albany Home 33 0.08 2 13.1 21.1 304 0.4 340.68 Guo and
Kannan, 2011a

U.S.A, California Apartments, community hall 11 n.r. n.r. n.r. n.r. 386 n.r. 386 Hwang et al.,
2008

Statistical summary Mean 11.88 18.05 417.26 49.51 980.31 30.82 1475.12
S.D. 51.01 59.94 1692.85 108.61 1069.37 71.48 2171.72
Median 0.34 2.4 51.45 10.3 557 4.34 775.6
5th Percentile bdl 0.03 3.23 0.54 98.92 bdl 172.67
95th Percentile 23.25 40.45 793.15 299.2 3565 119.8 4282.48

N: Sample size; dl: detection limit; n.d.: not detected; n.r: not reported.
Average concentrations of all sites were taken for studies reporting several sites. Statistical summary calculated as n.d. = 0; bdl = 0.

a Studies reporting median values.
b Studies reporting Geometric mean.
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Fig. 2. Percentage contribution of each phthalate in the air (Gaseous + Particle) in
different countries. (Mean of values for each country reported in Table 1 has been taken
for calculating percentage.)
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temperature was not found to influence phthalate concentrations in
dust as it was nullified by increased gas-phase concentration and de-
creased dust/gas sorption partitioning with increasing temperature (Bi
et al., 2015a). Migration of DEHP to dust from flooring material was
found to increase (from n.d. to 1.8 × 102 ± 29 μg/g) with increase in
temperature from 25 °C to 50 °C under surface heating conditions for
3 days in FLEC (Jeon et al., 2016). Likewise, an increase in the tempera-
ture range from 25 °C to 35 °C of vinyl flooring and crib mattresses in-
creased the gas-phase concentration of phthalates by more than a
factor of 10. Temperature influenced phthalate release from crib mat-
tress is a critical exposure factor for infants who remain in close contact
with the mattress as body heat leads to increased transfer of phthalates
(Liang and Xu, 2014a). The emission rates of DEHP from PVC insulations
were found tomatch that of pure liquid DEHP andwas found to be con-
trolled by diffusion at elevated temperatures (about 100 °C) (Ekelund
et al., 2008). Such elevated temperatures donot constitute ambient con-
ditions but could become significant exposure factors for products
which are heated by convection, like foods microwaved in plastic con-
tainers or heated up with the use of electronic items. Surface
temperature-dependent increase in phthalates also has important im-
plications for residences with heated flooring systems (Jeon et al.,
2016). In cars, left in the sun for long periods, DEHP concentrations
can reach levels that are significantly higher than recommended levels
(Fujii et al., 2003). However, Sukiene et al. (2016), using deuterium-
labeled phthalates as tracers in artificially doped consumer products,
found no effect of temperature on phthalate emission. According to
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Fig. 3. Percentage contribution of each phthalate in the dust in different countries. (Mean
of values for each country reported in Table 2 has been taken for calculating percentage.)
the authors, this could be due to the short duration of the experiment
or relatively lower temperatures (30 °C) of exposure.

In indoor environments, an increase in temperature leads to an in-
crease in emission of phthalates from sources. Elevated temperatures
considered in various studies do not represent ambient temperature
but it is important in the case of heating of products containing
phthalates. However, the influence of temperature on phthalate emis-
sions in dust requires further investigation.

3.2. Humidity

Humidity variations have been known to enhance PVC degradation
by altering its polymer structure (Afshari et al., 2004; Zhang and Chen,
2014). The cracking in PVC coating film leads to decrease in diffusion
distance and increase in the area of diffusion, which according to Fick's
law, results in the higher emission of DEHP (Hsu et al., 2017). Water
leakage history and dampness in buildings has been positively associ-
ated with the higher presence of phthalates in the dust (Bornehag
et al., 2005; Zhang et al., 2013). However, in themajority offield studies,
no significant associations were observed between relative humidity
and phthalate concentrations in the air (Gaspar et al., 2014; Bu et al.,
2016) and dust (Kolarik et al., 2008; Kim et al., 2009). Likewise, Specific
Emission Rate of DEHP from PVC flooring was found to be independent
of relative humidity in a one-year FLEC study (Clausen et al., 2007). Ac-
cording to the authors, site occupation in the presence of water vapor
and the hydrophobic nature of DEHP decreased sorption of phthalates
in the dust.

However, the effect of humidity in the air might be different from
humidity in the source material as the moisture content (MC) of mate-
rials has been found to influence themigration of DEHP from polymeric
materials by accelerating the diffusion of DEHP within polymer (Hsu
et al., 2017; Wei et al., 2018). Higher levels (35.3%) of DEHP were
found to be released into air and dust from damp plastic wallpapers
(MC at 52.3%) as compared to dry wallpapers (MC at 3.6%) in a 15-day
closed chamber study (Hsu et al., 2017).

Higher relative humidity also leads to hydrolysis of phthalateswhich
results in a gradual decrease in concentration of phthalates in the source
aswell as sinks over a longduration (Staples et al., 1997;Westberg et al.,
2009; Ekelund et al., 2010). While the effect of relative humidity on the
emission of phthalates is still unclear, moisture in the source material
has been found to increase the migration of DEHP within the polymer
and to air and dust.

3.3. Air exchange rate

Ventilation influences airborne particle concentration, which in turn
strongly enhances convective mass transfer, SVOC emission and trans-
port (Liu et al., 2015; Xu et al., 2009). The relationship between air ex-
change rate and emission rate/concentration of SVOCs have been
investigated in several studies in experimental chambers/modelled
rooms. Liu et al. (2015) found that increasing the air exchange rate by
a factor of three decreased the steady-state concentration of SVOCs by
60%, and consequent human exposure by 57–90% via inhalation and
59–116% via dermal and dust ingestion. Xu and Zhang (2011) found
that an increase of the air change rate (from 0.5/h to 1.5/h) reduced
the total airborne concentrations of SVOC from vinyl flooring in a
modelled room. Typical ventilation systems in commercial buildings
are ineffective in controlling concentrations of SVOCs with high Koa
(log [Koa] N 12) as they remain attached to particles (Parthasarathy
et al., 2012). Among the six phthalates, only DEHP has log [Koa] N 12.
In an experimental chamber, the gas-phase concentration of DEHP
was reported to be very sensitive to the chamber airflow rate with
50% lower concentration at higher air flow rate of 3 × 103 ml/min as
compared to 3 × 102 ml/min. However, a decrease in the gas phase
was found to be offset by increased emission rate (Liang and Xu,
2015). Specific emission rate (SER) of DEHP from vinyl flooring was



Table 3
Factors affecting the presence and distribution of phthalates.

Matrix Study Parameter Outcome Reference

Dust Type of flooring, Temperature DEHP migration from uncoated residential floor, commercial wax floor; no DEHP migration in UV
cured floor; Increase in migration under heated condition.

Jeon et al.,
2016

Dust PVC materials; Building age No association with PVC/plastic materials, age of building, ventilated duration, number of people. Li et al.,
2016

Dust Plastic flooring materials; floor care agents Positive associations between plastic flooring materials and floor care chemical products with
phthalate levels.

Bi et al.,
2015b

Dust (floor
&multi
surface)

PVC flooring, PVC wall paper, PVC ceilings Significant positive association with PVC interior materials and PVC flooring (DEHP); higher DEHP
levels in homes with PVC flooring, PVC wallpaper and PVC ceilings; association of phthalates in
multi - surface dust with the interior surface materials and floor dust with flooring materials.

Ait Bamai
et al., 2014

Dust PVC flooring area (using XrF analyzer);
construction period, indoor maintenance

Significant association with area of PVC flooring (DEHP) and construction period (DEHP); no
association with cleaning performance.

Kim et al.,
2013

Dust Flooring material, Floor Wax, Dampness,
Humidifier use, Cosmetic products

Significant positive association with solid floor wax(DBP,BBP,DEHP), dampness (BBP, DEHP, DnOP
and total phthalate levels), cosmetic and personal care product (DEP), humidifier use (DnOP), and
plastic materials.

Zhang
et al., 2013

Dust PVC in flooring and wall paper material,
construction period, water leakage

Significant association with PVC flooring and wall paper (DEHP) and construction age (DEHP). Kim et al.,
2009
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found to be strongly and positively dependent on the air exchange rate
in FLEC (Clausen et al., 2010). Similarly, Xu et al. (2009) found that ven-
tilation rate strongly influencedDEHPemission rates fromvinylflooring
in a two-room model. At elevated temperature (100 °C), the evapora-
tion rate of DEHP from pristine DEHP and from plasticized PVC was
found to increase with increasing ventilation rate until the constant
value was reached at high gas flow rates (Ekelund et al., 2010).

Compared to studies conducted in an experimental chamber, studies
in real indoor environments are affected by external factors like individ-
ual phthalate's sensitivity to ventilation rate, phthalate concentrations
in dust and other building-related factors (Kolarik et al., 2008;
Bornehag et al., 2005). Higher DEHP and DBP levels were found in
homes that received N4 h of natural ventilation than houses that re-
ceived 1–4 h ventilation (Zhang et al., 2013). Kim et al. (2013) found
significantly higher DBP concentrations in dust sampled from naturally
ventilated rooms. Elevated air exchange rates in retail stores slightly
raised the concentration of phthalates. This might be because the venti-
lation system itself served as a source or due to uncertainties associated
with a smaller sampling period (4 h as opposed to 48 h) (Xu et al.,
2014). High ventilation rates could also lead to higher exposure because
of high probability for particles to deposit on surfaces and increased re-
suspension of the deposited particles because of high air velocity above
surfaces (He et al., 2005). Association between ventilation and levels of
urinary phthalate metabolite among children in Shanghai was studied
and it was observed that natural ventilation was inefficient in reducing
levels of urinary phthalate metabolites and might also lead to an in-
creased phthalate exposure (Liao et al., 2018). Kolarik et al. (2008) how-
ever reported an increase in DBP concentration with decreasing
ventilation rates. Few studies found no statistically significant associa-
tion between ventilation rate and phthalate levels in the air (Afshari
et al., 2004; Gaspar et al., 2014) and dust (Bornehag et al., 2005; Kim
et al., 2009).

While air exchange rates influence SVOC concentrations, ventilation
systems alone were found to be ineffective in controlling exposure to
phthalates as they tend to partition and remain sorbed to particles. Par-
ticle filtration in combination with ventilation can be useful for mitigat-
ing SVOC exposure (Xu and Zhang, 2011; Ye et al., 2017). Similarly,
mechanical ventilation in addition to ‘natural ventilation and air
cleaner’ has been recommended for reducing indoor phthalate expo-
sure levels (Liao et al., 2018).

3.4. Building material and characteristics

Correlations have been found between PVC materials such as floor-
ings and wallpapers used in houses, schools and levels of DEHP and
BBP in the dust (Bornehag et al., 2005; Kim et al., 2009; Kim et al.,
2013; Ait Bamai et al., 2014). On the contrary, in some other studies, a
significant association was not observed between the presence of
vinyl flooring and phthalates in the dust (Gaspar et al., 2014; Kolarik
et al., 2008) and PVC materials (Li et al., 2016). However, Kolarik et al.
(2008) attributed their observation to be influenced by the masking ef-
fect of stronger sources like polishing products thatwere being simulta-
neously investigated. Direct contact between PVC flooring and dust was
found to enhance the emission of DEHP (nearly four times) from PVC by
increasing external concentration gradient above the PVC surface in a
68-day experiment in CLIMPAQ (Chamber for Laboratory Investigations
of Materials, Pollution, and Air Quality) (Clausen et al., 2004). Similarly,
DEHP levels were found to be 10 times higher (2.1 × 103 μg/g v/s 2.1
× 102 μg/g) in dust that was in direct contact with PVC polymer (con-
taining 17% DEHP) as compared to dust that was not in contact with
PVC in a 14-day emission test (Schripp et al., 2010). Likewise, BBP con-
centrations in dust in direct contact with vinyl flooring was found to be
about 20–30 times higher than dust on other surfaces (Bi et al., 2015a).
Sukiene et al. (2017) also concluded that final SVOC concentration con-
siderably increases in dust that is in direct contactwith source due to di-
rect transfer. The emission of DEHP from vinyl flooring is affected by
“external” control factors like evaporation at elevated temperatures
(Ekelund et al., 2010), partitioning from the material into the gas-
phase and convective mass transfer (Clausen et al., 2010), and sorption
onto interior surfaces including airborne particles (Liang and Xu, 2015).
The presence of airborne particles (ammonium sulfate particles) at con-
centrations of 1 × 102 to 2.5 × 102 μg/m3, was found to significantly en-
hance the emission of DEHP from vinyl flooring and increase its
concentration by a factor of three to eight in a test chamber (Benning
et al., 2013). Similar results were predicted by Xu et al. (2010) in their
model. Schripp et al. (2010) demonstrated that the transfer of DEHP
in dust is dependent on the initial concentration of additives in polymer
material; DEHP concentration in dustwas found to be 4.1× 102 μg/g and
2.1× 103 μg/gwith direct contactwith PVC containing 4% and 17%DEHP
respectively after 14 days of incubation. The role of flooring type in
DEHP migration into dust was studied by Jeon et al. (2016) in FLEC.
DEHP concentrations were found to be 3.8 × 102 ± 19 μg/g and 4.8
× 102 ± 53 μg/g in dust from the uncoated residential type and wax-
coated commercial type PVC flooring respectively, while no migration
was reported from UV curing paint coated PVC flooring at room
temperature.

Indoor decorating materials, furniture, the presence of plastic mate-
rials and carpet coverage have been associatedwith phthalates in house
dust (Abb et al., 2009; Pei et al., 2013; Bi et al., 2015b). Smaller rooms
(lesser area), old decoration, crowded items, use of domestic appliances
with plastic coating result in the accumulation of phthalates (Øie et al.,
1997; Zhang et al., 2014). Higher phthalate concentration in dust has
also been attributed to use and leakage from electronic devices (Kang
et al., 2012; Ait Bamai et al., 2014), and cosmetics, fragranced products
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and personal care products (Zhang et al., 2013; He et al., 2015; Dodson
et al., 2017). Absorption by materials other than direct sources, like
wood flooring, has been found to influence the emission of phthalates
as it acts like a sink for phthalates and also prevents their natural degra-
dation. This was demonstrated by Liang and Xu (2015), who found 2–3
times higher DEHP concentrations in a wood chamber as compared to a
stainless steel chamber. Crib mattresses have been reported to act like
both, sources and sorptive reservoirs for gas phase phthalates (Boor
et al., 2015).

Construction year of buildings has been positively associated with
phthalate levels in the dust by several studies (Kang et al., 2012; Ait
Bamai et al., 2014; Kim et al., 2013). This may be attributed to higher
concentrations of phthalates in older products or higher emission
rates as products degrade and newer regulations curbing the use of
phthalates (Ait Bamai et al., 2014). Higher DEHP concentrations were
found in homes constructed before 1980 in Bulgaria (Kolarik et al.,
2008) and children facilities and households in Seoul, South Korea
that were N10 years old (Kim et al., 2009). In Sweden, buildings con-
structed before 1960 were associated with high concentrations of
DEHP (Bornehag et al., 2005), while preschools constructed before
1985 were found to have higher levels of both DEHP and DBP as com-
pared to preschools constructed or renovated after 1999 (Balck, 2015).
However, preschools built after the year 2000 were found to have
higher levels of substitute phthalates and non-phthalate plasticizers,
reflecting the shift in trend towards substitute phthalates in the E.U.
(Larsson et al., 2017). However, a significant correlation was not ob-
served between phthalate esters concentrations and age of the building
(Li et al., 2016). Use of higher levels of phthalates in indoor buildingma-
terial and other productsmight be responsible for higher concentrations
in the indoor environments of buildings constructed before the intro-
duction of non-phthalate plasticizer.

Minimizing the use of plastic products in construction/decoration of
the buildings which are regularly occupied by children,might be critical
for exposure reduction (Bi et al., 2015b). The sources of phthalates
which are used in building materials are more permanent in nature
and their removal requires regulatory intervention, while other sources
such as plasticmaterials, foammattresses are easier to be replaced or re-
moved (Larsson et al., 2017; Ait Bamai et al., 2014).
3.5. Indoor maintenance

Maintaining clean indoor environment has been regarded as a re-
duction strategy for phthalate contamination (Toda et al., 2004; Ye
et al., 2017). Siteswith a lower frequency of cleaning/dustingwere asso-
ciated with higher concentrations of phthalates in the air and dust
(Zhang et al., 2014; Kolarik et al., 2008). Products used for cleaning
and floor care products like polishingwax have been found to be signif-
icant sources of phthalates (Bi et al., 2015b; Afshari et al., 2004; Kolarik
et al., 2008; Zhang et al., 2013). The highest concentration of DEHP, BBP
andDnOPwas found in homeswith a combination of a low frequency of
dusting and the use of polish (Kolarik et al., 2008). Afshari et al. (2004)
reported two orders of magnitude higher emission of DBP from
polishing wax as compared to other materials like PVC flooring and
polyolefine flooring. Floor wax used for solid-wood floors in China
was reported to be an important source of DBP, BBP and DnOP in settled
house dust (Zhang et al., 2013). The average concentration of phthalates
in dust from sites with contracted custodians for cleaning (therefore the
routine use of polishing wax and chemical cleaning agents) was re-
ported to be significantly higher than those sites without contracted
custodians (Bi et al., 2015b). However, Kim et al. (2013) did not observe
any significant association between phthalate levels and cleaning per-
formance in nursery schools.

Presence of particles in the air and dust has been known to increase
exposure via re-suspension of dust and increase in emission (Clausen
et al., 2004; Benning et al., 2013). Hence, removal of particles and
minimizing settled dust by cleaning is regarded as an effective way of
reducing exposure to phthalates (Ye et al., 2017; Clausen et al., 2004).

4. Conclusions

Several countries in Asia, Europe and North America have reported
widely varying levels of phthalates in the air and dust. Consistent with
the highest consumption, phthalate levels from countries in Asia partic-
ularly China and India were found to be among the highest worldwide.
However, considering the importance of phthalates with regard to
human health impacts there is a dearth of studies frommany countries.
Phthalates are associated with both gaseous and particulate phases of
air and contribution of either of the phases to the total concentration
varies according to the different microenvironment. Some studies
have reported phthalates in one of the two phases which might have
led to an underestimation of the total concentration in the air in those
studies. Indoor air was reported to have higher concentrations of
phthalates as compared to the outdoor air. Contradictory results are re-
ported in different studies for the temporal trend of phthalates. This
might be due location-specific factors which play a major role in deter-
mining the seasonal concentration of phthalates in the air. Among var-
ious factors affecting the distribution of phthalates increasing ambient
temperature was found to increase the emission of phthalates from
sources in indoor environments. Elevated temperatures considered in
various studies do not represent ambient temperature but become im-
portant in case of heating of for example food in products containing
phthalates. However, the influence of temperature on phthalate emis-
sions in dust requires further investigation. Higher relative humidity
was reported to increase hydrolysis of phthalates which results in a
gradual decrease in concentration of phthalates in the source as well
as a sink. However, moisture in the source material has been found to
increase the migration of DEHP within the polymer and to air and
dust. Ventilation systems alone were reported to be ineffective in con-
trolling exposure to phthalates as they tend to partition and remain
sorbed to particles. Particle filtration in combination with ventilation
was suggested to be useful for mitigating phthalate exposure. Cleaning
of settled dust has been regarded as an effective way of reducing expo-
sure to phthalates, however, cleaning agents like polishing wax has
been found to be the source of phthalates. Differentmicroenvironments
may contain sources for specific phthalates, leading to a site-specific
composition in the air and dust. Variations in the types and sources of
phthalates worldwide affect their concentrations in the respective envi-
ronment. Therefore, mitigation strategies should be based on regional
or country-specific studies rather than benchmark studies.
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