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Organophosphate esters (OPEs) are esters of phosphoric acid that are increasingly used as plasticizers
and by the ﬂame-retardants industries as replacement for the regulated polybrominated diphenyl ethers.
The most commonly classes of these pollutants are the chlorinated- and non-chlorinated-OPEs. The
extent and magnitude of OPEs occurrence in the environment, combined with striking structural similarities to toxic organophosphorus pesticides has led to public concern over risk posed by these compounds. Using peer-reviewed literature published from the last decade (2010e2019), concentrations and
distributions of commonly studied OPEs based on their occurrence in different matrices around the globe
were evaluated and reported. These pollutants have a wide range of physicochemical properties such as
their water solubility’s, logKow value, vapour pressure and bioconcentration factors (BCFs) which are very
important factors in assessing their behaviour in different environmental matrices. Despite progress in
research on OPEs over the years, full understanding of the environmental behaviour and fate of these
pollutants are still elusive. Sources by which these pollutants enter the environment in conjunction with
their concentrations together with their toxicities, estimated daily intakes, transformation products and
fates are reviewed. It is envisaged that this review will heighten the importance of identifying emerging
issues, data gaps and provide a future research agenda for OPEs.

1. Introduction
Organophosphate esters (OPEs) are synthetic compounds
widely used as replacement chemicals for the restricted or banned
ﬂame-retardants such as polybrominated diphenyl ethers (PBDEs)
[1,2]. These compounds, which have good physical and chemical
properties as well as excellent ﬂame retardant effect are used
worldwide [3]. Most OPEs have been regarded as high volume
production chemicals with the estimated production of OPEs in

.

2011 exceeded 100 kilotons [4] and has steadily increased to
approximately 1 million tons in 2018 [5]. These compounds are
divided into two categories with respect to their functional
groups; halogenated-OPEs which are mainly used as ﬂame retardants in textiles, furniture’s, and electronic products [6,7], and
non-halogenated OPEs, used mainly as additives in hydraulic
ﬂuids, antifoaming agents, and plasticizers [8,9] as presented in
Table 1.
As additives, these compounds can be readily released into the
environment via volatilization, leaching, and abrasion during production, transportation, application and disposal [10e13]. As such,
OPEs have been ubiquitously detected in many environmental
compartment such as indoor and outdoor air [14,15]; indoor and
outdoor dust [16e20]; surface waters [11,21e23]; wastewater

Table 1
The names, abbreviation, structure, properties and application of the common OPEs detected in the environment.
Compound

Abbr.

Halogenated-OPEs
tris-(2-chloroethyl)-phosphate

TCEP

Structure

Water
Sol.

LogKow LogKoc Application

7000

1.44

2.48

TCiPP

1600

2.59

2.71

Flame retardant, plasticizer

TDCiPP

1.5

3.8

2.35

Flame retardant, plasticizer, paint, lacquer, glue

tris-(ethyl)-phosphate

TEP

500 000 0.8

1.68

Plasticizer, polyester resins, polyurethane foam

tris-(propyl)-phosphate
tris-(n-butyl)-phosphate

TPP
TnBP

827
280

2.83
3.28

Plasticizer
Plasticizer, hydraulic ﬂuids, wax, lacquer, paint, glue, anti-foam agent,

Flame retardant, paint, glue, industrial processes

tris-(chloroisopropyl)phosphate

tris-(1,3-dichloroisopropyl)phosphate

Non-halogenated-OPEs

2.67
4

industrial processes

tris-(2-butoxyehyl)-phosphate

TBOEP

1200

3.65

4.38

Flame retardant, plasticizer, wax, ﬂoor ﬁnish, anti-foam agent, paint

2-ethyhexyl-diphenyl
phosphate

EHDPP

1.9

5.37

4.21

Plasticizer, hydraulic ﬂuids

tris-(2-ethylhexyl)-phosphate

TEHP

9.49

6.87

Flame retardant, plasticizer, fungus resistance

tris-(phenyl)-phosphate

TPhP

4.59

3.72

Flame retardant, plasticizer, paint, hydraulic ﬂuids, lacquer

0.6
1.9

Abbr. abbreviation; water sol. Water solubility (mg/L); Kow octanol/water partition coefﬁcient; Koc soil-adsorption coefﬁcient.

efﬂuents [21,24,25]; sediments and soils [22,26e29] and ﬁsh
[27,30,31].
In vitro studies with human liver microsomes have shown the
transformation of OPEs (tri-esters) to both dialkyl and diaryl esters
(DAPs) [32e34]. These DAPs are considered targets for OPEs
exposure in majority of biomonitoring studies with diphenyl
phosphate (DPhP), a metabolite of various OPE-tri-esters (such as
triphenyl phosphate (TPhP), isodecyldiphenyl phosphate (IDDPP),
2-ethyl-hexyl-diphenyl phosphate (EHDPP),
cresyl-diphenyl

phosphate (CDP), t-butylphenyl diphenyl phosphate (BPDPP),
bisphenol A bis-(diphenyl phosphate) (BPA-BDPP), and resorcinol
bis-diphenyl phosphate (RDP)) and bis-(1, 3-dichloro-2-propyl)phosphate (BDCiPP), a metabolite of tri-(1, 3-dichloro-2-propyl)phosphate (TDCiPP), being the two most detected biomarkers
[35,36]. So far, most studies reported these metabolites as
biomarker of exposure to OPEs in urine samples [32,37e39]; hair
and nails [40] and wastewater efﬂuent [41].
The extend and magnitude of OPEs occurrence in the

environment combined with the striking structural similarities to
toxic organophosphorus pesticides has led to public health
concern over risk posed by these compounds [42,43]. Also, recent
research has shown transformation of OPEs in the body with high
detection of OPEs metabolites indicating exposure is continuous
and widespread [37]. Studies on health effect of OPEs have shown
adverse immunologic and neurologic outcomes as well as association with disruption of endocrine, reproductive and developmental systems together with carcinogenic properties [44e47].
Currently, there are no studies reporting on the human health
effect of OPEs metabolites. Because of the adverse health effects
and transformation of OPEs [37], monitoring of these pollutants in
the environment becomes of utmost important because studies
have shown that exposure to OPEs is continuous and widespread
with transformation of parent OPEs to di-ester metabolites and
hydroxylated-OPEs [33]. The strong evidence of environmental
contamination with OPEs and their metabolites heighten the
importance of identifying emerging issues and data gaps. This review therefore, focuses on sources, estimated daily intakes, levels
and toxicities of OPEs and their metabolites in various environmental compartment.
2. Methodology
The search for scientiﬁc literature used in the review was obtained from the online database of ScienceDirect covering studies
published from 2010 to 2019 using the following keywords (and
their combinations): “organophosphorus ﬂame retardants”,
“OPFRs”, “organophosphate tri-esters”, “OPEs”, “plasticizers”,
“organophosphate di-ester”, “environment”, “water”, “sediments”,
“ﬁsh”, “soils”, “air”, “sludge”, “urine”, “epidemiology”, “toxicity”. A
total of 2370 articles were found online with the keyword: OPFRs.
The data in the review was considered based of the following
criteria: (1) data was published in a scientiﬁc journal; (2) data was
published in English; (3) it referred to the occurrence of OPFRs/and
metabolites in different environmental matrices (i.e. water, sediments, soils, dust, air, biota, and urine). Of the 2370 articles found,
133 article ﬁtted the criteria above with most of the published data
from studies performed in the developed (i.e. USA; Canada; Europe)
world with China contributing the highest from the developing
world. The data collated showed different approaches in as far as
the studied OPFRs congeners are concerned and as such caution
need to be observed in the comparison of sum OPFRs concentrations in different matrices.
3. Sources of OPEs and their metabolites in the environment
The various way through which OPEs are released into the
environment can be classiﬁed into both point sources and nonpoint sources.
3.1. Point sources
Their initial synthesis, incorporation into their related products
for use or as a result of their ultimate disposal or recycling are some
of the chief point sources that release OPEs in the environment
[48e50]. These compounds, classiﬁed as esters of phosphoric acid,
have a general structure P(¼O)(OR)3 [51]. These phosphate esters
are synthesized either by alcoholysis of phosphorus oxychloride,
oxidation of organophosphites or esteriﬁcation of phosphoric acid
in equations (1)e(3) below.

The presence of di-esters, as metabolites of tri-esters have been
studied as biomarker for the exposure to OPEs [33]. The hydrolysis
of tri-esters to di-esters [52] is presented in equation (4) below,

Wastewater treatment efﬂuents are some important point
sources of OPEs contamination in the aquatic environment
[21,24,25,53]. Reported removal of OPEs in wastewater treatment
works (WWTWs) varies between 0 and 100% removal depending
on compound, region and type of treatment works used [24,53].
These results are of concern because they show that sewage
treatment works are only partially efﬁcient in removing these
pollutants. Reports by Been et al. [41] detected OPEs di-ester metabolites in efﬂuents water in Belgium indicating that sewage
treatment works act as another source of these metabolites in the
aquatic environment. The combustion of waste containing OPEs has
been identiﬁed as another point source of these chemicals as air
pollutants in the atmosphere [48]. Other possible point sources of
OPEs in the environment are facilities recycling plastics and metals
from electronic devices and accidental ﬁres [49].
3.2. Non-point sources
Atmospheric transport and deposition has been identiﬁed as
non-point source pathway leading to the presence of OPEs in
} ller et al. [55] proved
remote locations [54,55]. Furthermore, Mo
that OPEs can undergo long-range-atmospheric-transport (LART)
over global oceans toward the Arctic and Antarctica with the
presence of atmospheric OPEs over the global oceans. Despite their
reported short atmospheric half-lives [43], OPEs could reach the
aquatic and terrestrial environment via precipitation.
E-waste recycling facilities have been identiﬁed as another nonpoint source for the release of OPEs in the environment [49].
Products incorporated with OPEs that have been dumped in landﬁlls or in open (e-waste dump sites) are probably the main source
of OPEs in the environment when these products are incinerated.
Currently, there are limited information on leaching of OPEs from
landﬁlls, although OPEs containing products are widespread, and
leaching may be considered an important pathway for the release
of OPEs in the long run [56].
Dust in indoor environment, including home, ofﬁces and
workplaces, may be contaminated with OPEs [16,49,57]. OPEsladen dust particles can emanate from electrical and electronic
appliances as well as from carpets and furniture [57,58]. Recent
study has ascertain that levels of OPEs and their metabolites in
indoor environment serves as a major source to levels of OPEs in
the outdoor environment [58].
Many substances associated with anthropogenic activities often
end up in wastewater and tend to accumulate in sewage sludge
[59]. Reports of sewage sludge and efﬂuents derived from municipal wastewater treatment facilities contribute to the environmental burdens of OPEs quite signiﬁcantly [21,24,41,53,59]. Sewage
sludge is disposed of through numerous method such as incineration, land ﬁlling, and/or agricultural land application that may
further contaminate the environment [53].

4. Distribution of OPEs and metabolites in the environment
OPEs are considered high production chemicals with estimated
market demands reaching 1 million tons in 2018 accounting for 30%
of ﬂame retardants worldwide [5]. Their behaviour in the environment is inﬂuenced by their physicochemical properties [43] as
shown in Table 1.
OPEs presence in the environment is as a result of anthropogenic activities. The concentrations of OPEs in the environment has
been reported in many studies around the globe in various environmental compartments including efﬂuents [21,24,53,59], air
[60,61], surface water [11,21,23,61,62], sludge [53,63,64], soil [29],
sediments [5,26,65,66], dust [16,17,66], drinking water [67,68] and
biota [30,61] samples. A schematic diagram showing the emission,
distribution and exposure pathway is presented in Fig. 1.
The levels and distributions of OPEs in different environmental
matrices demonstrated different patterns even when sampled from
the same country and the same matrix. These different patterns
may be due to a variety of reasons such as extend of usage, OPEphysicochemical properties, industrial manufacturing process,
metabolic pathway, and accumulation and degradability of OPEs in
different environment [43]. Regarding sentinel matrices reported,
dust was found to be the most studied matrix for the determination
of OPEs in the environment followed by sediments with recent
studies showing the presence OPEs in gaseous phase and particulate matter in the atmosphere [61]. For the studies on the presence
of biotransformation products (i.e. DAPs), urine was used as biomonitoring sentinel for human exposure with OPEs. Though these
compounds have high water solubility’s, there are few studies that
reported their distributions in drinking water samples [67,68].
4.1. Wastewater efﬂuents
OPEs in wastewater originates from diverse sources such as industrial production of OPEs, usage of products containing OPEs or

from drainage of streets [43,53]. OPEs partitions favourably to
aqueous phase during wastewater treatment due to their highwater solubility’s and behave primarily as dissolved form rather
than partitioning to the suspended solids [69]. Few studies have
reported the presence of OPEs in efﬂuents around the globe (Fig. 2
and Table S1).
Among the chlorinated-OPEs, TCiPP was the most abundant in
most regions among the reported OPEs in efﬂuent samples as
presented in Fig. 2. For example, highest concentration of 2390 ng/L
were reported for TCiPP in efﬂuents from Canada [70] while in
another study from Canada, Woudneh et al. [24] reported efﬂuents
mean concentrations of 440, 227 and 133 ng/L for TCiPP, TDCiPP
and TCEP, respectively. In Sweden, mean concentrations of 4400,
470 and 310 ng/L for TCiPP, TCEP and TDCiPP, respectively in
efﬂuent samples were reported [53]. Shi et al. [11] reported mean
concentrations of 605 and 254 ng/L for TCiPP and TCEP, respectively
in efﬂuent samples from China while in Germany, mean concentrations of 3000, 350 and 130 ng/L for TCiPP, TCEP and TDCiPP,
respectively were reported [25].
Mean concentrations of
chlorinated-OPEs in efﬂuents from South Africa were 699, 58 and
20 ng/L for TCiPP, TCEP and TDCiPP, respectively [21] with a mean
concentration of 221
ng/L detected for TDBPP, another
halogenated-OPE present in the environment [21]. Similarly, Martínez-Carballo et al. [71] reported mean concentrations of 733, 387
and 67 ng/L for TCiPP, TDCiPP and TCEP in efﬂuent samples from
Austria with O’Brien et al. [72] reporting mean concentrations of
2500, 300 and 100 ng/L for TCiPP, TCEP and TDCiPP, respectively in
efﬂuents from Australia. The high detection of TCiPP may be
attributed to the fact that this OPE has replaced TCEP in ﬂexible
foam in the developed world [2,23]. Regarding non-chlorinatedOPEs, both TnBP and TBOEP were the dominant OPEs in efﬂuents.
Higher mean concentrations of TBOEP and TnBP (4400 and
1400 ng/L, respectively) in efﬂuents from Australia were reported
[72]. In other studies, TBOEP mean concentration of 794, 547, 440
and 103 ng/L in efﬂuents from Austria, Canada, Germany and China,

Fig. 1. Schematic diagram showing emission, distribution and exposure pathways of OPEs.

Fig. 2. Mean concentrations of OPEs in efﬂuents around the globe.

respectively were reported [11,24,25,71]. In a study by Hao et al.
[70] TBOEP concentration of 10 200 ng/L in efﬂuents from Ontario,
Canada was detected. High detection of TBOEP may be attributed to
its major use as a plasticizer, in paint, anti-foam agent as well as
ﬂoor ﬁnish as shown in Table 1. With regard to aryl-OPE, highest
detection of TPhP (5760 ng/L) was reported in efﬂuent from
Ontario, Canada [70]. It was reported that WWTWs facilities treats
industrial wastewater from the nearby textile factories. With regard
to DAPs analysis in WWTWs, a study by Been et al. [41] reported the
concentration range of <LOQ e 1072 ng/L in inﬂuent wastewater
collected in Belgium with 2-ethyl-hexyl phenyl phosphate, a diester from 2-ethyl-hexyl diphenyl phosphate as one of the abundant metabolite.

4.2. Surface and drinking water
Several studies have reported OPEs in surface and drinking
waters with individual OPEs concentrations ranging from ng/L to
tens of mg/L, thus demonstrating the ubiquity of these pollutants.
High concentrations of OPEs in surface water were detected in
samples closer to the outfall of efﬂuents indicating that WWTWs
was the major sources of these pollutants in the aquatic environment [21,23]. Fig. 3 and Fig. 4 shows OPEs in both surface and
drinking waters with comprehensive data shown in Table S2 and
Table S3.
Similar to the mean concentrations of chlorinated-OPEs in
efﬂuent samples, TCiPP was the dominant chlorinated-OPEs
detected in surface water, except for surface water from Songhua
River, China [62], with the highest mean concentration (6040 ng/L)
detected in River Aire, UK [23]. In South Africa, the mean concentration of 276, 116 and 31 ng/L for TCiPP, TDCiPP and TCEP,
respectively were reported [21]. Another halogenated OPEs reported in that was TDBPP at mean concentration of 228 ng/L. In
urban waters from Beijing, China mean concentrations of TCiPP and
TCEP were 465 and 150 ng/L, respectively with TBOEP mean concentration of 398 ng/L detected [11]. Other OPEs detected in the
study included TnBP, TEP and TPhP at mean concentrations of 120,
47 and 15 ng/L, respectively [11]. Hou et al. [22] reported mean

concentrations of TCiPP, TCEP and TEP at 110, 33 and 20 ng/L,
respectively in Jinjiang River, China with TBOEP detected at 14 ng/L.
In Haihe River, China, the mean concentrations of TCiPP, TCEP and
TEP were 77, 56 and 62 ng/L respectively as reported by Niu et al.
[73]. In Songhua River, high detections of 414 and 384 ng/L for TCEP
and TnBP, respectively were reported [62]. The results showed
great variations in the concentrations of OPEs detected in surface
water even within the same country. Overall, the results showed
dominance of chlorinated-OPEs over both alkyl- and aryl-OPEs in
water samples. The low detection of alkyl- and aryl-OPEs may be
attributed to the fact that they have higher logKow [3,43] as presented in Table 1, thus indicating their high afﬁnity to organic
carbon [3,21,23,71]. In addition, studies by Marklund et al. [53] and
Woudneh et al. [24] showed higher removal (>60%) for alkyl- and
aryl-OPEs during wastewater treatment.
Few studies have reported the presence of OPEs in drinking
water around the globe. Mean concentrations of OPEs around the
globe are presented in Fig. 4 with detailed data presented in
Table S3.
TCiPP, TCEP and TDCiPP detected mean concentrations of 106, 31
and 17 ng/L, respectively in drinking water from industrial, rural
and background areas of Pakistan were reported [74]. In a study by
Li et al. [68], detected mean concentrations was 32, 6.5, and 6.6 ng/L
for TBOEP, TCEP and TCiPP, respectively in tap water from China. In
another study covering 79 major cities of China, Li et al. [67]
detected higher concentrations for TCiPP (20 ng/L), TCEP (14 ng/L),
TDBPP (12 ng/L) and TEP (7.8 ng/L). One study detected measurable
mean concentrations for TCiPP (10 ng/L) and TCEP 011 ng/L) in
groundwater from China [22]. As groundwater is a source of
drinking water in arid to semi-arid countries, the results are cause
for concern for the monitoring of OPEs in groundwater. Also TDBPP
should be included in further studies as it has been reported to be
the most toxic compound among OPEs with carcinogenicity of 2e3
orders higher than that of TCEP [2,67].

4.3. Sediments
Various studies have reported the occurrence of OPFRs in

Fig. 3. Mean concentrations of OPEs (B1) around the globe and (B2) mean concentrations of OPEs in River Aire, UK.

sediments with varied concentrations (Fig. 5 and Fig. 6 and
Table S4). In most of the studies, it was observed that nonchlorinated-OPEs were more abundant in sediments compared to
the chlorinated- OPEs.
In sediment samples, the most contaminated samples were
from Lian River, Guiyu, China (Fig. 6) with mean concentrations of
69 238 and 15 636 ng/g dw for TPhP and tris-(tolyl)-phosphate
(TTP), respectively [5]. Other considerable OPEs reported in the
study included TCiPP (1923 ng/g dw) and TEHP (628 ng/g dw) [5].
The reported OPEs mean concentration of 87 741 ng/g dw (Table S4)
in sediments from Lian River, China were among the highest reported in the world to date [5]. It was concluded that e-waste
recycling activities were the major sources of OPFRs in the Guiyu
local environment, as it is known that the site processes the largest
e-waste by mass in the world [5]. Other studies that exhibited
higher concentrations of OPEs in sediments were reported in Norway and Korea [65,75] with TCiPP being the major OPEs in both
studies. For example, Green et al. [75] reported mean concentrations of 2855, 565, 509, 336 and 320 ng/g dw for TCiPP, TCEP, TBOEP,
EHDPP and TDCiPP, respectively in 8 rivers from Norway [75]. Mean
concentrations of 637, 213, 103, 59 and 57 ng/g dw for TCiPP, TBOEP,
TDCiPP, TPhP and TCEP, respectively in sediments from Lake
Shihwa, Korea [65]. Industrial activities together with efﬂuents
from WWTWs were the major source of OPEs in sediments [65,75].
Cristale et al. [76] reported mean concentrations of 72, 28 and
18 ng/g dw for TCiPP, TEHP and EHDPP, respectively in three
' n, Arga and Beso
' s). Mean concentrations of 54,
Spanish rivers (Nalo
38 and 26 ng/g dw for TDBPP, TnBP and TBOEP, respectively were
reported in sediments from Vaal River, South Africa [26]. In
mangrove sediments from Shenzhen, south China, both the TPhP
(39 ng/g dw) and TCiPP (29 ng/g dw) were the dominant OPEs [77].
In Zhuhai mangrove sediments, China, the dominant OPE was TCEP
with mean concentration of 4.6 ng/g dw while in Guangzhou
mangrove sediments the dominant OPE was TCiPP with mean
concentration of 23 ng/g dw [77]. In Jinjiang River, China, TiBP was
the dominant OPEs with mean concentration of 45 ng/g dw among
the 11 OPEs studied [22]. In the Adige river basin, Italy, EHDPP was
the dominant OPE with concentration of 37 ng/g dw followed by
TCiPP with mean concentration of 14 ng/g dw [27]. Lowest mean
concentrations of OPEs were detected in Bohai and Yellow seas,
China [66] at total mean concentration of 0.35 ng/g dw, Evrotas
river basin, Greece at total mean concentration of 5.2 ng/g dw [27]

and Lake Taihu, China [78] at total mean concentration of 7.8 ng/g
dw. Though the variation of results can be attributed to different
tributaries to sampling sites together with OPE congeners studied,
the results showed high contamination of sediments in China,
especially the Guiyu region with the TPhP detected at the highest
concentration to date.
4.4. Soils
There is a limited data (Fig. 7 and Table S5) on the concentrations of OPEs in soils around the globe.
TBOEP was the dominant OPE amongst the eight (8) OPEs
studied with mean concentration of 200 ng/g dw in soils affected
by plastic waste treatment in Hebei province, China [79]. Other
OPEs detected at higher mean concentrations in their study
included tris-(cresyl)-phosphate (TCP), TCEP, TiBP and TPhP at
mean concentrations of 119, 92, 47 and 26 ng/g dw, respectively
[79]. The high detection of TBOEP in the study was attributed to fact
that TBOEP is the common OPE used as plasticizer in plastics and

Fig. 4. Mean OPEs concentrations in drinking water around the globe.

Fig. 5. Concentrations OPEs in sediments around the globe.

Fig. 6. Concentrations of OPEs in sediments from (B) Norway and (C) Lian River, China.

rubber stoppers [2,79]. High detection of TCP (119 ng/g dw) may be
ascribed from its use in thermoplastic as an alternative to halogenated ﬂame retardant [2]. In urban soils from Shenyang city, China,
TiBP was the major OPE detected with a mean concentration of
95 ng/g dw [29]. Other OPEs detected in measurable mean concentrations were TCiPP, TBOEP and TCEP at 34, 15 and 10 ng/g dw,
respectively [29]. From surface soil samples in a metropolitan city
of Chongqing, China, TBOEP was the dominant OPE with a mean
concentration of 34 ng/g dw while the other OPEs mean concentration were all below 10 ng/g dw [28]. Similarly, TBOEP was the
dominant OPE in urban soils Guangzhou, China with a mean concentration of 46 ng/g dw with the other OPEs concentrations at
below 10 ng/g dw [12]. OPEs in soil samples collected from farmlands of Beijing-Tianjin-Hebei core area in northern China, were
very low with TCiPP and TBOEP detected at mean concentrations of
3.4 and 1.4 ng/g dw, respectively [80]. Mihajlovic and Fries [81]
reported mean concentrations of 8.25 and 6 ng/g dw for TCiPP and
TCEP, respectively in soils from a university campus near the city
centre of Osnabrueck, Germany. Except for the OPEs concentrations
in soils from Germany, soil samples were more polluted with nonchlorinated-OPEs with alkylated-OPEs the most dominant studied
OPEs. The lower concentration of TBOEP in farmlands compared to
plastic waste treatment sites was attributed to the fact that TBOEP
was more readily degradable by soil microorganisms in the farmlands [79]. As stated earlier, the variance in concentrations of OPEs
might also be attributed to differences in regulation and restrictions between regions, as this will inﬂuence the content of
OPEs in the environment [82].

4.5. Dust
The summary of reported concentrations of OPEs in dust are
presented in Fig. 7 and Table S6. Most studies reported the concentrations of OPEs in the indoor environment with limited results
on outdoor environment.
There are limited studies (Fig. 8) that reports the concentrations
of OPEs in the outdoor environment from China [28,58]. In the
street dust from Chongqing, China, both TBOEP and TCEP were the
dominant OPEs detected in samples. The mean concentration of
227 and 205 ng/g for TBOEP and TCEP respectively were reported
[28] reﬂecting the OPEs currently in use. In a similar study by Wang
et al. [58], TCiPP was the dominant OPE in outdoor dust from the
most urbanized regions of China. The mean concentrations of TCiPP,
TCEP and TBOEP quantiﬁed in outdoor dust were 233, 108 and
107 ng/g respectively [58]. Positive correlations between the indoor
and outdoor concentrations were found, suggesting that indoor
dust was the source of OPEs in the outdoor environment [58].
A sizeable amount of studies has reported the presence of OPEs
in house dust across the globe (Fig. 9; Table S6). In a study by
Dodson et al. [83], the concentrations of OPEs were reported in two
sampling cycle from 16 Californian homes. In the both 2006 and
2011 sampling cycles, TBOEP was the dominant OPEs detected in
the house dust at median concentrations of 12 000 and 11 000 ng/g,
respectively. In addition to TBOEP, other non-halogenated-OPEs
detected in the study were TPhP, TCP and EHDPP in both cycles.
The median concentrations of TPhP, EHDPP and TCP were 3000, 610
and 1000 ng/g respectively in 2006 sampling cycle while in the
2011 sampling cycle their concentrations decreased slightly to
2800, 560 and 680 ng/g for TPhP, EHDPP and TCP respectively.

Fig. 7. Mean concentrations OPEs in soils around the globe.

Fig. 8. Mean concentrations of OPEs in outdoor environment.

Similar pattern was observed with TCEP and TDCiPP concentrations
in their study. For example, median concentrations of TCEP and
TDCiPP were 5100 and 2800 ng/g respectively in 2006 sampling
cycle decreasing to 2700 and 2100 ng/g respectively in 2011 sampling cycle. Only the TCiPP showed a slight increase in between the
sampling cycles. It was detected at 2100 ng/g in 2006 increasing to
2200 ng/g during the 2011 sampling cycle [83]. Increase concentration of TCiPP was attributed to reports of new furniture between
sampling cycles, suggesting TCiPP is a replacement of penta-BDE
[2,83]. Levels of OPEs in house dust and on electronics in the
Netherlands have been reported [85]. In house dust, the median
concentrations of TCEP, TCiPP, TPhP and TBOEP were 1300, 1300,
820 and 22 000 ng/g respectively. However, on the electronics there
was a spike in median concentration for TPhP to 6500 ng/g while
TBOEP median concentration increased to 27 000 ng/g [85].TCEP
concentration dropped to 880 ng/g while TCiPP concentration was
similar to the concentration detected in house dust (i.e. 1300 ng/g)
[85]. In homes from the UK, TCiPP was the dominant OPE detected
in house dust with a median concentration of 3700 ng/g with TPhP
detected at median concentration of 490 ng/g [87]. From dust
sample in Durban, South Africa, Abafe and Martincigh [16] reported
OPEs mean concentrations of 7930, 3545, 7695 and 2025 ng/g for
TCEP, TCiPP, TDCiPP and TPhP respectively [16]. In their study TCEP
was the dominant OPEs [16] while in another study within South
Africa by Brits et al. [93], TCiPP at mean concentration of 25 100 ng/
g was the dominant OPEs. Other OPEs detected in higher concentrations included TBOEP (7260 ng/g), TCEP (2270 ng/g), TPhP
(1250 ng/g) as well as EHDPP (987 ng/g) [93]. TBOEP was the
dominant OPE in house dust from Vancouver, Canada with median

Fig. 9. Mean concentrations of OPEs in house dust around the globe.

354

T.B. Chokwe et al. / Emerging Contaminants 6 (2020) 345e366

concentration of 23 000 ng/g with TCiPP mean concentration of
8761 ng/g detected [92]. The dominance of TBOEP may be because
it has many applications in homes such as its in ﬂoor polish where it
acts as plasticizer and levelling agents, as plasticizer in vinyl plastics, rubber and water based acrylic coating as de-foaming agents
[3,92]. In the urbanized regions of China (i.e. Beijing, Shanghai and
Guangzhou), TCiPP at median concentration 1320 ng/g was the
dominant OPEs in house dust [58]. In house dust from Kuwait, OPEs
followed the pattern TCiPP (1460 ng/g) > TBOEP (855 ng/g) > TCEP
(710 ng/g) > TPhP (430 ng/g) > TDCiPP (360 ng/g) [88]. The
dominance of TDCiPP (10 000 ng/g) in house dust from Sweden
were reported with TBOEP, TCEP, TCiPP and TPhP at concentrations
of 4000, 2100, 1600 and 1200 ng/g respectively [84]. TBOEP with a
concentration of 83 000 ng/g was the dominant OPE in house dust
from Canada [86]. It contributed 90% of the total OPEs with TDCiPP,
TPhP, TCiPP, TCEP and TCP detected at concentrations of 2700, 1700,
1400, 800 and 710 ng/g, respectively [86]. In another study from
Japan, TBOEP at concentration of 508 320 ng/g contributed 96% of
the total OPEs in house dust [18]. TCiPP, TCEP, TPhP, TDCiPP and
TEHP at concentrations 8700, 5800, 4500, 2800 and 2070 ng/g
respectively were detected [18]. The concentration of TBOEP was
the highest in house dust reported to date. TCiPP was the dominant
OPE in the house dust from China at concentration 2290 ng/g with
TCEP, TPhP and TDCiPP at 1140, 605 and 502 ng/g respectively [91].
In another region of China, Wu et al. [89] reported concentrations of
4992, 2048, 479 and 376 ng/g for TCEP, TCiPP, TDCiPP and TPhP
respectively. The lowest concentrations of OPEs were reported in
house dust from Philippines [95]. The concentrations of OPEs in the
study were all below 100 ng/g (Table S6) [95].
In classrooms from UK, TCiPP was the dominant OPE with mean
concentrations of 16 000 ng/g followed by TPhP with concentrations 4100 ng/g and EHDPP at concentrations 2900 ng/g [87]. TCEP
and TDCiPP at 870 and 510 ng/g respectively in that study were
detected [87]. In another study on the presence of OPEs, TBOEP
with mean concentration 706 000 ng/g in classrooms dust from

Germany was reported [90]. The concentration of TBOEP contributed 98% of OPEs with TCiPP, EHDPP, TPhP and TCEP detected at
4650, 4130, 2560 and 1350 ng/g, respectively [90]. Highest concentration of OPEs in day-care dust in Sweden were reported [84].
The median concentration of TBOEP at 1 600 000 ng/g in the study
was reported [84]. Its use as common OPE in ﬂoor polish was
suspected as the source in this indoor environment [84]. In the
same study, TBOEP concentration of 87 000 ng/g as major OPE in
ofﬁce dust in Sweden was reported [84]. Its contribution in the
study was 64% (Table S6) with concentrations TCiPP, TDCiPP, TCEP
and TPhP at 19 000, 17 000, 6700 and 5300 ng/g, respectively [84].
In ofﬁce dusts from UK, TCiPP concentration of 33 000 ng/g
contributing 75% of total OPEs was reported [87]. The other OPEs
reported were EHDPP, TPhP and TCEP at concentrations of 5300,
4300 and 870 ng/g respectively [87]. In South Africa, TCEP was the
dominant OPE in ofﬁce dust with concentration of 10 820 ng/g with
TDCiPP, TCiPP and TPhP at concentrations of 8320, 3810 and
3730 ng/g respectively [16]. Lowest concentrations (all <100 ng/g)
in Egypt were reported (Fig. 10; Table S6) [94].
Another indoor environment studied around the globe included
car dust and dust in e-waste recycling facilities (Fig. 11)
[16,49,85,87]. In car dust from UK, TCiPP was the dominant OPE
with mean concentration 53 000 ng/g followed by TDCiPP with
concentration of 31 000 ng/g contributing 59% and 34% respectively
[87]. Other OPEs detected were TPhP, EHDPP and TCEP at concentrations of 3000, 2200 and 1230 ng/g, respectively [87]. Abafe and
Martincigh reported total OPEs concentration of 34 140 ng/g with
TDCiPP (12 770 ng/g) and TCEP (10 200 ng/g) as dominant OPEs
[16]. TPhP and TCiPP with mean concentration of 6170 and
5000 ng/g respectively were reported [16]. On dust from car
dashboard, TDCiPP (17 000 ng/g) and TBOEP (11 000 ng/g) were the
dominant OPEs [85]. TCiPP, TCEP, TPhP, EHDPP and TCP at mean
concentrations 5700, 2800, 1700, 1500 and 750 ng/g respectively
were reported [85]. The same OPEs pattern on dust from the car
seats in the study was observed. TDCiPP and TBOEP with

Fig. 10. Mean concentrations of OPEs in ofﬁces and day-care centers around the globe.
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Fig. 11. Mean concentrations of OPEs in car dust around the globe.

concentrations of 110 000 and 42 000 ng/g respectively were reported [85].TCiPP, TPhP and TCP at concentrations 4300, 2400 and
1400 ng/g, respectively were reported [85]. In a ﬂoor dust from ewaste recycling facility, TPhP and TDCiPP with concentrations of
39 500 and 33 000 ng/g, respectively were the dominant OPEs [49].
TCiPP, TCEP and EHDPP at concentrations of 11 090, 7860 and
7860 ng/g, respectively were the other OPEs detected in their study
[49]. On bench dust, TPhP with mean concentration of 45 300 ng/g
was the dominant OPE with the other OPEs detected at concentrations 18 000, 11 700, 9110 and 7480 for TDCiPP, TCiPP, TCEP and
EHDPP, respectively [49]. The concentrations of OPEs in cars varied
differently depending of OPE congeners studied and regions. For
example, TCiPP (53 000 ng/g) was the dominant OPE in car dusts
from UK [87], while TDCiPP (12 770 ng/g) and TCEP (10 200 ng/g)
were the dominants OPEs in car dusts from South Africa [16]. On
the car seat dusts, TDCiPP at higher concentration 110 000 ng/g
were reported in Netherlands followed by TBOEP at concentration
42 000 ng/g [85]. TPhP dominated the e-waste recycling facility in
dust from both the bench and ﬂoor dust with concentration of
45 300 and 39 500 ng/g, respectively [49]. The source of TPhP may
be from its extended use as ﬂame-retardants in plastics [43]. The
dominant of chlorinated-OPEs in car dust may be due their use in
ﬂexible polyurethane foam as ﬂame-retardants [84].
For the studies on DAPs in dust, Fig. 12 present the percentage
relative DAPs in limited dust sample around the globe.
A recent study by Wang et al. [58] showed the concentrations of
OPEs metabolites in indoor and outdoor dust samples from China.
The average S11OPE metabolites of 367 ng/g dw was detected in
indoor dust while the concentration of 187 ng/g dw was detected in
the outdoor dust samples. DPhP, metabolite for several aryl-OPEs,
dominated the indoor dust with concentration of 144 ng/g dw

while the outdoor dust was dominated by DEP, TEP metabolites, at
concentration of 73.1 ng/g dw. BEHP, TEHP metabolites, was
detected at concentration of 75 ng/g dw in indoor dust with concentration of 32 ng/g dw in the outdoor dust sample. In another
study by Tan et al. [96] in dust sample from China and Midwestern
USA, the median concentration of S7OPE metabolites were 2000
and 16 060 ng/g dw for house dust in China and USA, respectively.
The
dust
samples
from
USA
were
dominated
by
DPhP > BBOEP > BEHP > BDCiPP while the China dust samples were
dominated BEHP > DPhP > BDCiPP > BBOEP. In their study, Tan et al.
[96] found a signiﬁcant correlation between DPhP and TPhP alone
or with the combination of DPhP-related tri-OPEs (including TPhP,
EHDPP, bisphenol A-bis-diphenyl phosphate) (BPA-BDPP), tertbutylphenyl-diphenyl phosphate (BPDPP), cresyl diphenyl phosphate (CDP), isodecyl diphenyl phosphate (IDDPP) and resorcinol
bis-diphenyl phosphate (RDP)) in dust from south China but no
correlation was observed from California dust. However, the high
ratio of di-ester/tri-ester values for DPhP determined in dust suggested that the degradation of related tri-esters or its presence as
an impurity in the tri-ester formulation are unlikely the main
sources of DPhP in the house dust [96]. Thus, the source of DPhP
metabolite in dust was suspected to originate from the application
of DPhP in household consumer products as a commercial plasticizer, ﬂame-retardants and agent for other purpose [2,96]. It has
been reported that DPhP has been used as an alternative to TPhP
following substantial research and public concerns on the environmental and health impacts of TPhP [2].
4.6. Urine
Limited studies reported the presence of OPEs and their
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concentration of 23 000 ng/g with TCiPP mean concentration of
8761 ng/g detected [92]. The dominance of TBOEP may be because
it has many applications in homes such as its in ﬂoor polish where it

Fig. 12. Mean DAPs concentrations in dust samples.

metabolites in urine (Table S8). For example, Li et al. [97] reported
mean concentration (ng/mL) of 0.015, 0.021, 0.06, 0.46 and 0.54 ng/
mL for TCEP, TCiPP, TDCiPP, TPhP and EHDPP, respectively in children urine sample from Hong Kong. In another study from
Australia, both TDCiPP and TBOEP showed a highest detection
frequency of 63 and 55%; respectively while the other OPEs
including EHDPP, TCiPP, TEHP, TCEP, TCP and TPhP had detection
frequency of between 16 and 49% [98]. The mean concentration of
TDCiPP and TBOEP was 0.024 and 0.59 ng/mL, respectively [98].
Metabolites of OPEs in human urine have been used as
biomarker for exposure of OPEs in humans [37e39]. OPE-diester

Germany was reported [90]. The concentration of TBOEP contributed 98% of OPEs with TCiPP, EHDPP, TPhP and TCEP detected at
4650, 4130, 2560 and 1350 ng/g, respectively [90]. Highest con[98] and Petropoulou et al. [39]. Two earlier common OPE metabolites, i.e. BDCiPP and DPhP were studied in 106 urine samples in
adults from USA and their detection frequency were 91 and 96%,
respectively with geometric mean concentrations of 0.13 and
0.31 ng/mL for BDCiPP and DPhP, respectively [47]. Six (6) OPE
metabolite were determined in two different sampling campaigns
in mixed population from Australia [33]. Both the DPhP and BCiPP
metabolites had detection frequency of >90% in both sampling
campaign while the remainder of DAPs had detection frequency of
<15%. The geometric mean of DPhP increased from 24.4 ng/mL in
2011 to 63.5 ng/mL during the 2012 sampling campaign [33].
However, there was slight decrease in mean concentration of BCiPP
with mean concentration of 1.0 ng/mL in 2011 and 0.66 ng/mL in
2012 [33]. Wang et al. [99] measured 11 OPE metabolites in 213
adults urine samples from USA and found that DPhP and BDCiPP
were the major metabolites at mean concentrations of 1.63 and
0.74 ng/mL, respectively and were both detected at a 100% detection frequency. The other metabolites detected in higher concentrations included BCEP, DEP (diethyl phosphate, metabolites of
triethyl phosphate), and BCiPP at mean concentrations of 0.52, 0.53,
and 0.18 ng/mL, respectively. DPhP was the dominant OPE metabolites in urine samples from adults population from Norway with a
mean concentration of 0.66 ng/mL with DnBP (metabolite for TnBP)
and BDCiPP detected at mean concentrations of 0.099 and 0.068 ng/
mL, respectively [100]. In another study from Belgium, Bastiaensen
et al. [38] mean concentrations of 1.76, 0.29, and 0.37 ng/mL for
DPhP, BCiPP, and DnBP, respectively in adults’ urine samples were
reported. Four OPE metabolites were tested in urine sample of adult
population from California, USA and the results showed mean
concentrations of 3.8, 3.4, 2.0 and 0.9 ng/mL for BCEP, BDCiPP, DPhP
and BCiPP, respectively [39]. He et al. [98] reported mean concentrations of 3.3 and 1.0 ng/mL for BDCiPP and DPhP, respectively in

Fig. 13. Mean DAPs concentrations in urine sample around the globe.
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children urine samples from Australia with BCiPP, DnBP, BBOEP and
DCP (tris-cresyl-phosphate metabolite) detected at mean concentrations of 0.68, 0.15, 0.1 and 0.015 ng/mL, respectively. The source
of DPhP could not be ascertained as most studies did not report the
parent OPE tri-esters in their studies though it was suggested the
degradation of DPhP-related tri-esters may be the source [99].
However, as Tan et al. [96] suggested, the presence of DPhP in the
environment may not be only from the degradation of DPhPrelated tri-ester or as an impurity in tri-ester formulations, but
other source of this metabolite may be from its use in different
household consumer products.
4.7. Air
The atmospheric occurrence of OPEs in remote regions implied
their potential for long-range-atmospheric-transport [100e105].
Few studies reported the occurrence of OPEs in the atmosphere
(Fig. 14 and Table S10).
High concentrations of OPEs in different indoor air environment
in Stockholm, Sweden were reported [84]. For example, in the indoor air from homes, the concentrations of TCiPP, TnBP, TEP and
TCEP detected were 15, 16, 8.7 and 8.3 ng/m3, respectively. In the
indoor air from a day-care centre, the proﬁle of OPEs followed the
pattern TBOEP (130 ng/m3) > TnBP (61 ng/m3) > TCEP (47 ng/
m3) > TCiPP (19 ng/m3) with TEP detection very low (5.7 ng/m3).
For the indoor air in ofﬁces, the proﬁle of OPEs followed the pattern
TCiPP (110 ng/m3) > TDCiPP (24 ng/m3) > TCEP (21 ng/m3) > TBOEP
(17 ng/m3) > TEP (15 ng/m3) [84]. The measured concentrations of
OPEs were higher in day-care and ofﬁces than in homes (Table S10)
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with TBOEP dominating the day-care centre and TCiPP being the
dominant OPE in the ofﬁces [84]. TBOEP was the major OPE in
another day-care centre in Germany with a mean concentration of
154 ng/m3 [90]. In air from e-waste recycling facilities in Canada,
the mean concentrations of 26, 25, 19, 17 and 15 ng/m3 for TPhP,
TCiPP, TCEP, TDCiPP and EHDPP, respectively were reported [49].
Yang et al. [101] reported OPFRs in gaseous and suspended particulate matter collected in ofﬁces from Hangzhou, China. The OPEs
proﬁle in the ofﬁce atmosphere (both gaseous and suspended
particulate matter (SPM)) followed the pattern TCiPP (24 ng/
m3) > TnBP (9.64 ng/m3) > TCEP (4.91 ng/m3). In another study,
Sühring et al. [102] reported the presence of OPEs in air from Canadian Archipelago and Hudson Bay. TnBP and TCEP dominated
OPEs with mean concentrations of 0.75 and 0.12 ng/m3, respectively [102]. OPEs detected in particulate matter from three
different sampling locations in China indicates that they are ubiquitous in the ambient air [103]. In particulate matter from Guangdong university, China the proﬁle followed the pattern TCiPP
(4.07 ng/m3) > TCP (2.27 ng/m3) > TCEP (1.84 ng/m3) > TPhP
(1.71 ng/m3). The same OPEs pattern was observed from particulate
matter in South China Institute of Environmental Science, China
with slightly lower concentrations of OPEs (Table S10). However, in
particulate matter from Taiyuan, the OPEs dominance of OPEs followed the pattern TCP (4.49 ng/m3) > TCEP (4.11 ng/m3) > TCiPP
(2.10 ng/m3) > TEP (1.64 ng/m3) > TnBP (1.17 ng/m3) [103]. There
was a signiﬁcant correlation between OPEs concentrations and
PM2.5 in sampling Guangdong University and Taiyuan sites with
PM2.5 concentration of 73.4 and 53 mg/m3 for Taiyuan and Guangdong University, respectively [103]. For the site at South China

Fig. 14. Mean concentrations (ng/m ) OPEs in the atmosphere around the globe.

Institute for Environmental Science, no correlation between OPEs
and PM2.5 and the site was located in the urban region with potential additional pollution sources [103]. Lower concentrations of
OPEs in particulate matter from background sites, south China
except TEP (6.5 ng/m3) were detected [104]. In the particulate
matter from e-waste facilities, south China; TPhP, TCP and TCiPP
were the dominant OPEs with mean concentrations of 3.73, 3.11
and 2.86 ng/m3, respectively [104]. Overall, the concentrations of
OPEs in background site, excluding TEP, were lower than the concentrations in e-waste facilities. In the gaseous phase of Dalian,
China TCiPP (0.39 ng/m3) was the dominant OPE followed by TCEP
(0.334 ng/m3) and TnBP (0.048 ng/m3) while in particulate matter
TCEP (0.54 ng/m3) was the dominant OPE followed by TCiPP
(0.409 ng/m3) and TPhP (0.086 ng/m3) [105]. It was also observed
that TCP, TPhP, EHDPP and TEHP were adsorbed in ﬁne particles
while TnBP, TCEP, TCiPP and TDCiPP distributed in both the gaseous
'nez et al.
and particulate matter [105]. In the study by Castro-Jime
[106], TCiPP and EHDPP were the dominant OPEs quantiﬁed in the
total suspended particle of the global oceanic atmosphere. The
mean concentrations 0.77, 0.59, 0.46, 0.47 and 0.66 ng/m3 for TCiPP
was detected in North Atlantic, South Atlantic, Indian ocean, South
Paciﬁc and North Paciﬁc, respectively while for EHDPP, the mean
concentration of 0.7, 0.54, 0.38, 0.43 and 0.36 ng/m3 was detected
respectively [106]. Higher mean concentration (39 ng/m3) was
detected in different indoor air from different microenvironment in
the Rhine/Main area, Germany followed by TnBP with concentration of 10.2 ng/m3 [107]. Similar pattern of OPEs were observed in
the outdoor air from the same study with mean concentrations of
2.66 and 1.4 ng/m3 for TCiPP and TnBP, respectively [107]. In the
total suspended particles from the European Arctic sites, TnBP was
the dominant OPEs with mean concentration of 0.17 ng/m3 followed by TBOEP with mean concentration of 0.1 ng/m3 [108]. In
particulate matter from the Great Lakes, TCiPP mean concentration
of 0.53 and 0.85 ng/m3 were detected from urban sites of Chicago
and Cleveland, respectively with mean concentration of 0.52 ng/m3
for TDCiPP detected from urban sites of Cleveland. A similar concentration (i.e. 0.33 ng/m3) was detected for TBOEP from both the
urban sites of Chicago and Cleveland [109]. In the rural site of
Sturgeon Point, New York (NY); TCiPP, TCEP and TBOEP were the
dominants OPEs with mean concentrations of 0.17, 0.13 and
0.076 ng/m3, respectively [109] with TBOEP being the dominant
OPE in the remote sites of both Sleeping Bear Dunes and Eagle
Harbor with mean concentration of ~0.1 ng/m3 [109]. Overall,
chlorinated-OPEs dominated the OPEs concentrations in the atmosphere. This may be attributed by their high vapour pressure
[43] together with their ability to partitioned on both the gaseous
and suspended particulate matter [105] while most of the aryl- and
alkyl-OPEs has low vapour pressure and they tend to adsorb mainly
on ﬁne particle [43,105]. Highest concentrations of OPEs observed
were for TCiPP (110 ng/m3) in ofﬁces from Germany [84] with
TBOEP detected at higher concentrations in day-care centers from
Sweden (130 ng/m3) and Germany (154 ng/m3) [84,90]. Flexible
polyurethane foam frequently used in furniture upholstery was
identiﬁed as the source of TCiPP in the indoor environment [61,84]
while TBOEP is frequently used as a component of ﬂoor polishes
[84].
4.8. Fish and other food stuff
Limited number of studies (Fig. 15, Fig. 16 and Table S11-S12)
have reported the presence of OPEs and their metabolites in food
samples belonging to different food categories including ﬁsh, dairy
products, vegetables, eggs, fruits, milk, etc. [31,110e113]. For ease of
comparison, the results were grouped according to their reported
unit (i.e. ng/g lipid weight (lw) and ng/g wet weight (ww)).

In 2010, Sundkvist et al. [112] detected the presence of OPEs in
carp from Swedish lake with TPhP, TBOEP and TCiPP being the most
abundant with mean concentrations of 810, 570, and 110 ng/g lipid
weight (lw), respectively. Kim et al. [31] found OPEs in 20 species of
ﬁsh from Manila Bay, Philippines. The results showed detection of
OPEs in most samples and very high concentrations (>1000 ng/g
lw) of total OPEs were determined in yellow-stripped goatﬁsh,
silver sillago, triple tail wrasse and bumpnose trevally indicating
either active uptake of OPEs from ambient water or lower metabolic
capacity of these species [31]. For bumpnose trevally, the major
dominant OPE were TnBP, TEP, TEHP, and EHDPP with concentrations of 400, 300, 210, and 110 ng/g lw, respectively. OPEs in yellowstripped goatﬁsh was dominated by TEHP at a concentration of
1200 ng/g lw. In silver sillago ﬁsh species the dominant OPEs were
TnBP and TEHP at concentration of 420 and 1000 ng/g lw;
respectively while the concentrations of EHDPP, TEP, TEHP and
TPhP were 530, 430, 300 and 230 ng/g lw, respectively [31]. Giulivo
et al. [27] studied the presence of OPEs in ﬁsh collected from
Evrotas, Adige and Sava River Basins in Europe. In the Evrotas River
Basin, the dominants OPEs were TnBP with concentrations up to
33 ng/g lw followed by TCEP at concentration of up to 18.2 ng/g lw.
For the Adige River Basin, the dominant OPEs were TnBP with mean
concentration of 102 ng/g lw, followed by isodecyldiphenyl phosphate (IDPP) with concentration of 52 ng/g lw and EHDPP with a
mean concentration of 32 ng/g lw. From the Sava River Basin, the
dominant OPEs were TnBP and TCEP with mean concentrations of
26 and 18 ng/g lw, respectively [27]. High concentration variations
of OPEs in ﬁsh may be inﬂuence by ﬁsh species characteristics such
as their feeding habits and metabolism capacity of these species to
metabolizes OPEs [31]. Among the OPEs studied in biota samples
from Chongqing, China highest mean concentration of TnBP were
detected in ﬁsh (487 ng/g lw), chicken (234 ng/g lw), cattle (168 ng/
g lw) and pig (109 ng/g lw) [61]. Other OPEs detected in higher
concentration (though lower than 100 ng/g lw) included TCiPP
(91 ng/g lw in ﬁsh), tris-(isobutyl)-phosphate (TiBP) (87 ng/g lw in
ﬁsh), TCEP (63 ng/g lw in ﬁsh). The non-chlorinated-OPEs dominated (Fig. 11) the OPEs in foodstuff with high concentrations in
ﬁsh, which may be due to their high bioaccumulation factors [43].
However, TCEP was the dominant OPEs with a mean concentration
of 42 ng/g lw in human milk from Philippines with TBOEP and TPhP
mean concentrations at 22 and 19 ng/g lw, respectively [114].
Fig. 16 present the results of OPEs around globe measured in ng/
g ww. In ﬁsh samples from the Swedish market, EHDPP was the
dominant OPE with mean concentration 2.46 ng/g ww followed by
TPhP and TDCiPP at mean concentrations of 0.63 and 0.28 ng/g ww,
respectively with total mean concentrations of OPEs at 3.56 ng/g
ww (Table S12) [110]. In market ﬁsh from Belgium, the OPEs followed the pattern TCiPP (0.76 ng/g ww) > EHDPP (0.59 ng/g
ww) > TnBP/TDCiPP (0.5 ng/g ww) > TPhP (0.42 ng/g ww) [109].
The sum concentrations of OPEs was similar to the OPEs obtained in
Swedish market with a concentration of 3.14 ng/g ww (Table S12).
Slightly higher OPEs concentration (11 ng/g ww) in ﬁsh from rivers
in the Pearl River Delta (PRD) region were reported [30]. The OPEs
were dominated by TEHP (4.47 ng/g ww) followed by TCiPP (3.5 ng/
g ww) and TCEP/TnBP (1.3 ng/g ww) (Table S12) [30]. Luo et al. [111]
reported the presence of OPEs in different vegetables from Shenyang, China. Of the 13 OPEs investigated in their study, in any of
the vegetable class (i.e. rape, celery, potatoes, tomatoes, cucumber,
cabbage, pepper and dandelion) TBOEP was not detected. EHDPP,
TEHP, TCiPP, TnBP were the major OPEs in the 8 vegetables with
mean concentrations of 1.52, 1.29, 1.17 and 1.16 ng/g ww, respectively Table S12) [111]. The source of EHDPP in vegetables was
attributed to packaging material [110]. Poma et al. [110] reported a
mean concentration of 0.41, 0.07, 0.28, 0.37 and 0.18 ng/g ww for
TCEP, TPhP, EHDPP, TDCiPP and TCiPP, respectively in vegetables

Fig. 15. Mean OPEs concentrations (ng/g lw) in foodstuff around the globe.

Fig. 16. Mean OPEs concentrations (ng/g ww or dw) in foodstuff around the globe.

market, the study by Poma et al. [113] reported mean concentrations of 0.12, 0.01, 0.02, 0.01, 2.01, 0.01 and 0.01 ng/g ww for TnBP,
TCEP, TCiPP, TDCiPP, TPhP, EHDPP and TEHP, respectively in vegetables samples [113]. Both TCP and TnBP with mean concentrations
of 7.93 and 9.95 ng/g ww, respectively were major OPEs vegetables
from China [61]. EHDPP was the dominant OPEs in sweets (72%),
pastries (82%) and cereal (65%) from Sweden. The mean concentration in each of the food category was 3.71, 9.25 and 4.17 ng/g ww,
respectively. In fats/oil food category from Sweden, TPhP and
EHDPP were the dominant OPEs with mean concentrations of 4.74
and 5.08 ng/g ww respectively [110]. In grains food category from
Belgium, TPhP with concentration of 26.1 ng/g ww contributed 71%
of total OPEs (Table S12) [113]. In fats/oil food category, TCiPP and
TDCiPP were the dominant OPEs with concentrations of 38.87 and
20.2 ng/g ww respectively [113]. In human milk from USA, TBOEP,
TnBP and TEP were the dominant OPEs with mean concentrations
of 1.14, 0.54 and 0.35 ng/mL respectively [115]. The levels of OPEs in
foodstuff were high in Belgium fat/oils and grains food categories
(Table S12) at sum concentrations of 84 and 36 ng/g ww respectively [113]. High contamination for vegetables in China with sum
concentration of 26 ng/g ww were reported [61]. Several factors
such as food type, sampling sites and OPEs pollution status will
inﬂuence their concentrations in foodstuff. The results suggest that
complex processed food (i.e. fats/oils) were more seriously
contaminated with OPEs than non-processed food (human milk).

that exposure to environmentally relevant concentrations of TPhP
inhibit the transcription of genes related to visual function and
impair retinal development [131].
5.2. Epidemiology
Luo et al. [132] observed that exposure to OPEs in adolescents or
pubertal individuals was associated with decrease certain sex steroid hormones (i.e. total testosterone, free androgen index and
estradiol) and increase in sex hormone binding globulin [132].
Meeker and Stapleton [118] reported the association of reduction of
sperm counts and hormone levels with exposure to TPhP and
TDCiPP in humans. Exposure of zebraﬁsh embryo-larvae showed to
TBOEP revealed malformation, growth delay, decreased heart rate
and furthermore, signiﬁcantly increased thyroxine (T4) and 3, 5, 3
triiodothyronine (T3) in whole larvae [133]. The study further
showed there was a changed expression of genes involved in the
hypothalamic-pituitary-thyroid (HPT) axis indicating that perturbation of HPT axis may be responsible for the growth delay and
developmental damage induced by TBOEP exposure [133,134].
Earlier study by Ma et al. [135] also showed that TBOEP caused
lesser expression of some gene involved in synthesis of hormones
as well as upregulating expression of some gene coding for receptors in zebraﬁsh larvae at molecular level resulting in alterations
of endocrine function, which could result in edema or deformity
and ultimate death [135].

5. Toxicity of OPEs and their metabolites
6. Estimated daily intakes for OPEs and their metabolites
Ongoing toxicological studies have shown several toxic effects of
these compounds, such as the potential for ecological and human
concern for neurotoxin and carcinogenicity [43,116e118].
5.1. Toxicity
Chlorinated-OPEs such as TCEP, TCiPP and TDCiPP have shown
carcinogenic properties [119] and they can accumulate in the liver,
testis, thereby inducing tumours [2,119]. Study by Hoffmann et al.
[120] showed that exposure to OPEs may increase the risk of
papillary thyroid cancer in adults. Exposure of OPEs in children (age
6e8 years) have been associated with reduced cognitive performance [121] while in vitro and embryo studies have provided evidence that OPEs can cause neurotoxicity, endocrine modulation
and steroidogenesis [122e124]. Association between TnBP and increase incidence and severity of bladder worms and tumours in rats
have been reported [125] while Kanazawa et al. [126] reported
association TnBP with sick building syndrome in humans. Health
effects of TBOEP including reduction of red cell acetylcholinesterase, ataxia, tremors, and decrease liver weights in rats have been
reported [127]. In their study, An et al. [128] showed that at high
concentrations, TBP, TPhP, TBOEP and TCiPP could induce cell
toxicity in various cell lines as evident by suppression of cell
viability, overproduction of reactive oxygen species (ROS), induction of DNA lesions and increase of lactate dehydrogenase (LDH)
leakage. Ren et al. [129] reported that both TBP and TBOEP could
induce cytotoxicity in HepG2 cells as evident by ROS generation,
cell proliferation inhibition, apoptosis induction, mitochondrial
membrane potential alteration, and cell cycle arrest [129]. Using
in vitro model, it was found that paternal preconception exposure
to TDCiPP may adversely affect successful oocyte fertilization,
whereas, female preconception exposure to OPEs may be more
relevant to adverse pregnancy outcome [130]. Another study found
that, female larval zebraﬁsh exposed to TDCiPP through to adulthood showed depressed level of dopamine and serotonin later in
life [117]. The potential toxicity of TPhP on the visual development

Humans are being exposed to OPEs and their metabolites
because of the frequent occurrences of these pollutants in various
environmental compartments. The measurable concentrations of
OPEs and their metabolites in dust, air, foodstuff and drinking water
from various years were highly variable among regions and samples, indicating that the risk of exposure to OPEs and their metabolites varies [5,31,68,110,114,115]. Table 2 and Table 3 shows the
mean or median estimated daily intake of OPEs and their metabolites (EDI ng/kg bw/day) for infants, toddlers, children and adults
from around the globe via ingestion, absorption, and inhalation
based on measured concentrations of targeted compounds in
various sentinel reported.
Four various sentinels were reported for the exposure of OPEs
towards humans. In all the sentinels, toddlers were found to exhibit
the highest EDI than other population groups (i.e. adults and children). For example, in the dust matrix, the highest EDI of 731 ng/
kg bw/day [96] was recorded for indoor dust in toddlers from USA
followed by toddlers in China with EDI at 173 ng/kg bw/day [96]
with EDI in toddlers from Kuwait [88], South Africa [93] and Canada
[92] being 148, 118 and 115 ng/kg bw/day, respectively. These were
found to be the highest reported EDI compared to other regions. In
these studies, TCiPP and TBOEP were the major OPEs contributors
to the total OPE exposure via dust ingestion. The one major reason
attributed to this higher EDI variation were the number of selected
OPEs studied in individual study. In the study by Wang et al. [58],
the results showed high exposure through indoor dust that outdoor
dust.
In human milk from USA [115], the total mean EDI values for
OPEs for infants’ exposure were between 300 and 542 ng/kg bw/
day for >6e12 month and <1 month, respectively. The EDI
decreased with an increase in age, this can be explained by an increase in body weight and a decrease in milk ingestion level with
age. A study by Zhang et al. [136] showed rice to be the most
contaminated food sample in China with the total EDI of 570 ng/
kg bw/day for adults. In other part of China, OPEs contamination in

from
the2 Swedish market. In food samples purchased from Belgian
Table

and function in zebraﬁsh was investigated and the results indicated

Estimated daily intake (ng/kg bw/day) of OPEs for residents in different regions around the globe.
Matrix

Country

Microenviron.

No. OPEs

Population group

exposure pathway

EDI

Dominant OPEs

Ref

DUST

Canada
Egypt
Turkey
China
China
Canada
Canada
Canada
Canada
Canada
Kuwait
Kuwait
Kuwait
Pakistan
Pakistan
Pakistan
China
China
China
China
USA
USA
China
China
South Africa
South Africa
South Africa
South Africa
South Africa
Philippines
Philippines
China
China
China
China
China
UK
UK
Canada
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
Belgium
Sweden
China
China
China
China
USA
USA
USA
USA
China
China
China
China
Pakistan
Pakistan

indoor dust
indoor dust
indoor dust
street dust
street dust
e-waste dust
e-waste dust
e-waste dust
e-waste air
e-waste dust
indoor dust
car dust
indoor dust
indoor dust
car dust
indoor dust
indoor dust
indoor dust
outdoor dust
outdoor dust
indoor dust
indoor dust
indoor dust
indoor dust
house dust
house dust
home, ofﬁce, car, lab
home, ofﬁce, car, lab
home, ofﬁce, car, lab
indoor dust
indoor dust
indoor dust
indoor dust
indoor dust
indoor dust
indoor dust
cars, home, classroom, ofﬁce
cars, home, classroom, ofﬁce
e-waste air
indoor air
indoor air
indoor air
outdoor air
outdoor air
outdoor air
particulate matter
particulate matter
particulate matter
particulate matter
particulate matter
particulate matter
air
particulate matter
e-waste particulate matter
Fish, cattle, chicken, pigs
Fish, cattle, chicken, pigs
Fish, cattle, chicken, pigs
poultry, ﬁsh, vegetables, fats
poultry, ﬁsh, vegetables, fats
Rice
Fish, poultry, vegetables
Fish, poultry, vegetables
Fish, poultry, sweets, vegies
human milk
human milk
human milk
human milk
drinking water
drinking water
Tap water
Tap water
Tap water
Tap water

12
12
12
10
10
5
5
5
5
5
10
10
10
10
10
10
19
19
19
19
14
14
14
14
10
10
4
4
4
7
7
12
12
10
10
10
7
7
5
11
11
11
11
11
11
11
11
11
11
11
11
9
9
12
11
11
11
7
8
6
10
10
11
14
14
14
14
14
14
9
9
11
11

toddlers
toddlers
toddlers
toddlers
Adult
Adult (male)
Adult (male)
Adult (female)
Adult (female)
Adult (female)
Adult
Adult
toddlers
Adult
Adult
toddlers
Adult
toddlers
Adult
toddlers
Adult
toddlers
Adult
toddlers
Adult
toddlers
Adult
teenager
toddlers
Adult
toddlers
children (male)
children (female)
Adult
children
toddlers
Adult
Child
Adult (male)
toddlers
children
Adult
toddlers
children
Adult
toddlers
Adult
toddlers
Adults
toddlers
Adult
Adult
Adult
Adult
toddlers
children
Adult
Adult
Adult
Adult
Adult
Children
Adult
infant (<1 month)
infant (1e3 month)
infant (>3e6 month)
infant (>6e12 month)
Adult
children
Adult
children
Adult
children

ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
absorption
ingestion
inhalation
absorption
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
inhalation
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion

115
38
9
11.23
0.49
21.12
1.57
24.62
14.28
1.53
6.35
14.4
148
0.45
0.7
10.8
1.9
24
0.16
0.88
25.7
731
5.5
173
10.2
118
6.56
7.59
74.75
9.57
51.35
2.15
2.45
5
6
38
1.3
70
15.77
0.58
0.47
0.41
0.0073
0.0086
0.0199
3.75
1.32
3,53
1,23
4,4
1,57
0.07
0,1
0.18
0.2
0.072
0.056
103
84.7
570
55
97.7
44.3
542
505
397
300
2.52
2.6
5.36
4.71
1.84
5.36

TBOEP; TCiPP
TBOEP
TCiPP
TCEP; TBOEP
TCEP; TBOEP
TPhP
TPhP
TPhP
TCEP
TPhP
TBOEP
TBOEP; TPhP
TBOEP
TPhP
TPhP
TPhP
TCiPP
TCiPP
TCiPP
TCiPP
TBOEP
TBOEP
TDCiPP
TDCiPP
TCiPP
TCiPP
TCEP; TDCiPP
TCEP
TDCiPP; TCEP
TEHP; TPhP
TEHP; TPhP
TCiPP
TCiPP
TCEP; TCiPP
TCEP; TCiPP
TCEP; TCiPP
TCiPP
TCiPP
TCEP
TCEP; TCiPP; TPhP
TCEP; TCiPP; TPhP
TCEP; TCiPP; TPhP
TnBP; TiBP
TnBP; TiBP
TnBP; TiBP
TCiPP; TCEP
TCiPP; TCEP
TCiPP
TCiPP
TCP
TCP
TCEP; TnBP
TCEP; TCiPP; TPhP
TCiPP; TPhP
TMPP; TnBP
TMPP; TnBP
TMPP; TnBP
TPhP
EHDPhP
TCEP; TEHP
TEHP
TEHP
TCEP; TEP; EHDPhP
TBOEP
TBOEP
TBOEP
TBOEP
TCEP; TCiPP
TCEP; TCiPP
TBOEP; TPhP; TCiPP
TBOEP; TPhP; TCiPP
TCiPP
TCiPP

[92]
[92]
[92]
[28]
[28]
[49]
[49]
[49]
[49]
[49]
[88]
[88]
[88]
[88]
[88]
[88]
[58]
[58]
[58]
[58]
[96]
[96]
[96]
[96]
[93]
[93]
[16]
[16]
[16]
[95]
[95]
[91]
[91]
[89]
[89]
[89]
[87]
[87]
[49]
[61]
[61]
[61]
[61]
[61]
[61]
[105]
[105]
[103]
[103]
[103]
[103]
[104]
[104]
[102]
[61]
[61]
[61]
[113]
[110]
[136]
[137]
[137]
[138]
[115]
[115]
[115]
[115]
[67]
[67]
[68]
[68]
[74]
[74]

AIR

FOODSTUFFS

WATER

Table 3
Estimated daily intake (ng/kg bw/day) of OPE-diesters in dust from China and USA.
Matrix

Country

Microenviron.

No. DAPs

Population group

exposure pathway

mean/or median EDI

Dominant DAPs

Ref

DUST

China
China
China
China
USA
USA
China
China

indoor dust
indoor dust
outdoor dust
outdoor dust
indoor dust
indoor dust
indoor dust
indoor dust

11
11
11
11
7
7
7
7

Children
Adults
Children
Adults
Adult
toddlers
Adult
toddlers

ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion
ingestion

2.59
0.21
0.17
0.032
7.7
218
1.1
33.6

DEP; DPhP
DEP; DPhP
DEP
DEP
DPhP; BEHP
DPhP; BEHP
DPhP; BEHP
DPhP; BEHP

[58]
[58]
[58]
[58]
[96]
[96]
[96]
[96]

other foodstuff such as poultry, ﬁsh, vegetables, etc. varied indicating variable risk of exposure. For example, Ding et al. [137] reported total EDI of 55 and 98 ng/kg bw/day for adult and children,
respectively with TEHP being the dominant OPEs while Zhao et al.
[138] reported total EDI of 44 ng/kg bw/day for adults with TCEP,
TEP and EHDPhP as dominant OPEs in the foodstuff. In a different
study, He et al. [61] reported total EDI of 0.2, 0.07 and 0.057 ng/
kg bw/day for toddlers, children and adults in other region of China,
respectively. The dominant OPEs in their study were TMPP and
TnBP.
Few studies have reported the occurrence of OPEs in drinking
water and the atmosphere around the globe. In the few studies that
reported OPEs in drinking water, the total EDI of between 2.5 and
5.4 ng/kg bw/day adults-children were reported in China [67,68].
With regards to exposure via inhalation; it has been shown that
overall this mode of exposure exhibit lower EDI with the exception
of air from e-waste recycling facilities in Canada that exhibited an
EDI 16 ng/kg bw/day [49].
The EDI on indoor DAPs exposure for toddlers was six order of
magnitude higher in dust from USA than the dust from China
(218 ng/kg bw/day in USA vs 33.6 ng/kg bw/day in China) [96] as
presented in Table 3. The same pattern was observed for adults
though their EDI was at the lower end. In another study, it was
observed that the EDI in dust from the indoor environment was
higher than that obtained from the outdoor environment [58].
Similar pattern with regard to indoor versus outdoor EDI was obtained for the parent OPEs in the same study [96]. In both these
studies, the estimated daily intake for alkyl-OPE diesters and arylOPE diesters were 10 folds higher than those of Cl-OPE diesters
through dust ingestion.
6.1. Major knowledge gap for OPEs and their metabolites
Our review data on the levels of OPEs in the environment
revealed research gaps. There are differences in the number of OPEs
used for the sum of OPEs, different analytical methods, and treatment of concentration below the limit of quantiﬁcation, all of which
made direct comparison between different studies and geographical regions difﬁcult. Earlier studies on the levels of OPEs were
conducted mainly in Europe and North America whereas recently
the majority of studies are from Asia (mostly China) with few data
existing in environmental samples from Australia, Africa and
Middle East while there are no data from Latin America.
Wastewater efﬂuents were identiﬁed as major source of OPEs
and their metabolites in the environment, thus more studies should
be undertaken to measure levels of OPEs and their metabolites at
WWTW outfalls, and terrestrial environment around chemical industries, mining and agricultural sites. In most developing countries, sewage is known to be disposed directly into wetlands and
oceanic waters, studies on OPEs and their metabolites in these
compartments inhabitants (such as birds, frogs, daphnia, algae,
dolphin, etc.) need to be undertaken in order to assess the impact of

OPEs and their metabolites on biodiversity of such bodies. Also
there was only one study reported in this review [41] that showed
the presence of OPE diesters in inﬂuent water from Belgium,
therefore more studies should be directed towards the behaviour
and degradation of OPE triesters during sewage treatment as well
as in different environmental matrices.
There were few studies on monitoring of OPEs in foodstuff
consumed by humans which were limited to China, USA and
Western Europe while the reports on OPEs in foodstuff from other
regions are rare to non-existent. Also with this sentinel, except for
TCEP, the major dominant OPEs detected were alkyl and aryl-OPEs
thus studies of new emerging aryl-OPEs such resorcinol bis(diphenyl phosphate) (RDP), bisphenol A bis-(diphenyl phosphate)
(BPADP), isodecyl diphenyl phosphate (IDPP), tetrakis-(2chloroethyl)-dichloro- isopentyl diphosphate (V6) become of
utmost importance.
The detection of OPE metabolites were mainly reported in urine
samples especially in developed world, thus there is a need to
monitor OPEs biotransformation products in urine samples from
developing countries, especially those in Asia and Africa as regulatory laws in these regions are non-existent. There is paucity of
data on the adverse health effects of OPE metabolites, hence studies
should be undertaken to establish minimum health risk concentration of each metabolite as well as to investigate the synergic
health effect of a combination of different environmentally relevant
concentrations of OPEs and their metabolites. OPE metabolites as
emerging contaminants should be studied systematically to evaluate their potential threat to environment and human health. To
accomplish this goal, research activities should include, among
other things:
(i) developing analytical methods to measure these metabolites
in different matrices down to trace levels,
(ii) the levels or co-existent of OPEs and their metabolites in
water, dust, particulate matter and foodstuff,
(iii) more toxicity data to assess the effect on terrestrial organisms, and
(iv) potential effects on wildlife due to long terms exposure to
trace concentrations of OPEs and their metabolites.
7. Conclusions
The occurrence of OPEs and their metabolites have been reported around the globe with limited studies reporting the presence of OPEs in Africa and Asia. This review summarised
concentrations detected in surface and efﬂuent waters, sediments,
soils, air, dust, biota and urine samples. Discharges from WWTWs
were identiﬁed as the major source of these pollutants in the
environment, though atmospheric deposition and urban runoffs
may also be important sources of these pollutants in the environment and humans. It was also observed that most of the studies on
the contamination status of OPEs were performed in indoor dust

362

samples while the metabolites were monitored in urine samples.
TCiPP was the dominant OPEs in almost all the water samples
studied around the globe while TBOEP was the dominant OPEs in
dust samples around the globe with it’s detection among the daycare centre being the highest reported to date. Hence, more
studies in other environmental matrices becomes of utmost
importance. In dust samples, there were few studies that showed
the moderate to high risk of OPEs in indoor dust with daily intake
approaching the human-based reference dose for some of the OPE
compounds while the estimated daily intakes in foodstuff in the
few studies reported are cause for concern, especially those
observed from human milk for infants. Thus the presence of OPEs
(including the emerging aryl-OPEs) and their metabolites in aquatic
environment, dust, foodstuff and air should be continuously
monitored. Further studies are needed to understand the degradation or biotransformation of OPEs to hydroxylated-OPEs and OPE
diesters in the environment and biota as well as adverse health
effects of OPE metabolites in wildlife and humans.
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