
REVIEW ARTICLE

Polybrominated diphenyl ethers in the environmental
systems: a review

Chinemerem Ruth Ohoro1,2
& Abiodun Olagoke Adeniji1,2 & Anthony Ifeanyi Okoh1,3,4

& Omobola Oluranti Okoh1,2

Received: 3 January 2020 /Accepted: 31 March 2021
# Springer Nature Switzerland AG 2021

Abstract
PBDEs are human-influenced chemicals utilized massively as flame retardants. They are environmentally persistent, not easily
degraded, bioaccumulate in the biological tissue of organisms, and bio-magnify across the food web. They can travel over a long
distance, with air and water being their possible transport media. They can be transferred to non-target organisms by inhalation,
oral ingestion, breastfeeding, or dermal contact. These pollutants adsorb easily to solid matrices due to their lipophilicity and
hydrophobicity; thus, sediments from rivers, lakes, estuaries, and ocean are becoming their major reservoirs aquatic environ-
ments. They have low acute toxicity, but the effects of interfering with the thyroid hormone metabolism in the endocrine system
are long term. Many congeners of PBDEs are considered to pose a danger to humans and the aquatic environment. They have
shown the possibility of causing many undesirable effects, together with neurologic, immunological, and reproductive disrup-
tions and possible carcinogenicity in humans. PBDEs have been detected in small amounts in biological samples, including hair,
human semen, blood, urine, and breastmilk, and environmental samples such as sediment, soil, sewage sludge, air, biota, fish,
mussels, surface water, and wastewater. The congeners prevailing in environmental samples, with soil being the essential matrix,
are BDE 47, 99, and 100. BDE 28, 47, 99, 100, 153, 154, and 183 are more frequently detected in human tissues, whereas in
sediment and soil, BDE 100 and 183 predominate. Generally, BDE 153 and 154 appear very often across different matrices.
However, BDE 209 seems not frequently determined, owing to its tendency to quickly breakdown into smaller congeners. This
paper carried out an overview of PBDEs in the environmental, human, and biota niches with their characteristics, physicochem-
ical properties, and fate in the environment, human exposure, and health effects.
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Introduction

The molecular structure of PBDEs has between 2 and 10 bro-
mine atoms attached to two rings of phenyl connected by an
ether bridge [1, 2].

BrnBrm

They are hydrophobic, organic halogenated, with long half-
lives of 2–10 years, and are mainly generated by humans [3].
They are environmentally unrelenting [4, 5], bioaccumulate in
biological tissue of organisms, and bio-magnify along with the
food web [6]. Most PBDEs are not easy to degrade naturally [7],
although their degradability notably reduces as the degree of

* Chinemerem Ruth Ohoro
greatnemerem@yahoo.co.uk

1 SAMRC Microbial Water Quality Monitoring Centre, University of
Fort Hare, Alice 5700, South Africa

2 Department of Pure and Applied Chemistry, University of Fort Hare,
Alice 5700, South Africa

3 Applied and Environmental Microbiology Research Group,
Department of Biochemistry and Microbiology, University of Fort
Hare, Alice 5700, South Africa

4 Department of Environmental Health Sciences, College of Health
Sciences, University of Sharjah, Sharjah, United Arab Emirates

Journal of Environmental Health Science and Engineering
https://doi.org/10.1007/s40201-021-00656-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s40201-021-00656-3&domain=pdf
http://orcid.org/0000-0002-8167-6314
mailto:greatnemerem@yahoo.co.uk


halogenation decrease [8, 9]. They can travel over a long distance
and infiltrate the food chain [10–12]. Despite their lipophilic and
hydrophobic nature with a strong affinity to solid materials, they
are still present in ground and surface water [2, 13]. They tend to
store in sediment, mostly those with high organic content.
Aquatic animals easily absorb them both across gill surfaces
and from other diets. Proper species for observing PBDEs in
the marine environment as given by OSPAR commission 1999
include oysters (ostrea sp or crassostrea sp), hake (merluccus),
and sole (solea) [2].

PBDEs are human-influenced chemicals utilized massively
as flame retardants in furnishing, buildingmaterials, airplanes,
plastics, foods, polyurethane foams, vehicles, carpets, elec-
tronic devices, and printed circuit boards, among others [2,
14–16]. They are incorporated to lessen the plausibility of
glowing during their utilization by meddling with polymeric
materials’ burning. Most PBDEs are not bonded covalently to
the polymeric substances to which they are attached. Hence,
the probability of discharge from the material to which it is
attached is a possibility [17, 18].

There are 209 congeners of PBDEs in existence and are uti-
lized as additives to polymers and resins. The commercially for-
mulated, PentaBDE (comprised of BDEs 47, 99, 100, 153) has
been used predominantly in polyurethane foam, furniture, and
upholstery, while the commercially formulated OctaBDE (com-
prised of primary BDEs 153, 183, 197, 207, and 196) is mainly
used in casings for electronic products and plastics, and
DecaBDE (consisting primarily of BDE-209) utilized mainly
on textiles and polymer [2, 19–22] to improve their resistance
against fire [4, 23]. Meanwhile, the octa, penta, and deca BDE
products have been registered as persistent organic pollutants
(POPs) at the Stockholm Convention Fourth Conference of the
Parties (COP4) in 2009 [24].

Penta-BDE and Octa-BDE are no longer in use in the USA,
and Deca-BDE is gradually being discontinued [25]. The con-
cern for monitoring and regulating PBDEs became eminent
by the rapidly rising level in human tissues such as human
breastmilk [26]. The worldwide producers of PBDEs include
France, Netherlands, France, Japan, Israel, and the U.S. [5].
Unfortunately, the ban and restrictions of deca-BDE in the
USA and Europe have shifted the production to countries like
China, India, Indonesia, Malaysia, the Philippines, Thailand,
and Vietnam [27, 28], but most significantly China and India
[29] as a consequence of rapid economic growth.
Consequently, North America has exported 80% of e-waste
to Asia [30], and the East China Sea regularly receives PBDEs
driven by East Asian winter by deposition [31]. This reason
and many more confirm the reason for the high rate of publi-
cation on PBDEs from China. Therefore, this paper aims to
provide an overview of existing methods of investigation and
detection of PBDEs in the environmental and biota samples,
in relation to their characteristics, physicochemical properties,
fate in the environment, human exposure, and health effects.

& Highlights: Soxhlet Extraction has been routinely used for
sediment samples, given its ease of application

& Hexane or its mixture with dichloromethane are consid-
ered the most reliable solvents of recovery for extraction
of PBDEs from water.

& Solid Phase Extraction has verified to be the most efficient
method of extracting PBDEs from water samples and also
a means for aqueous samples clean-up

& Electron Capture Detector is more appropriate and more
sensitive for the detection of electromagnetic elements,
e.g. (brominated analytes) compared to other detectors,
though with a limited selectivity

Distribution and mobility

Therefore, PBDEs are ubiquitous and have been referred to as
“omnipresent environmental contaminants” [16]. The conge-
ners prevailing in environmental samples and most regularly
detected in indoor dust, water, air, particulate matter, human
tissues, sediments, soil, and the soil is themost important matrix
are BDE 47, 99, and 100. They can be transferred to non-target
organisms like humans by inhalation, oral ingestion,
breastfeeding, or dermal contact [32, 33]. They bioaccumulate
and get to humans through the food chain [34–37]. Jing et al.
[38] documented BDE −209 to be the dominant congener from
surface sediment. Similarly, the concentration of BDE −209
was observed to be higher, with BDE −183 and − 153 being
dominated congeners in mangrove sediments [39]. Cheng et al.
[40] also reported the decreasing trend of PBDEs to depth. This
decreasing trend was evident by the higher concentration of
BDE −209 observed at a depth of 0–10 cm than 0-20 cm in
the soils of e-waste recycling areas. A Report elsewhere [41]
also showed the frequency of determining various congeners in
water, suspended particulate matter, and sediment at different
seasons. BDE - 209 was also a dominant congener in municipal
and industrial wastewater treatment plants in Ulsan city in
Korea, though penta-BDE was higher in industrial sludge
[42]. PBDEs appeared to be lower in the dry season than the
wet season, with BDE 209 being the predominant congener.
Furthermore, BDE - 209 was observed to be the principal con-
gener in the sediment of sea determined in the coastal East
China Sea, followed by BDE -99/100. The contamination is
likely from electronic waste dismantling/recycling. This has
made the coastal East China Sea a significant sink of PBDEs
worldwide [43]. Consequently, PBDEs from coastal sediment
of East China Sea was found to be majorly from uninterrupted
release of indigenous anthropogenic activities (80.7%), then,
surface runoffs of polluted soils (15.1%), photodegradation dur-
ing atmospheric transportation (1.6%), and microbial degrada-
tion and sedimentation (2.6%) [44]. PBDEs are suspected to
originate from atmospheric deposition as investigated in surface
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sediment, with BDE −47 being the dominant congener in win-
ter [8]. Moreover, in their study, Wang et al. [45] observed that
bioaccumulation of BDE −100 and − 154 was much higher
than that of 99 and 153 respectively in ratio comparison, indi-
cating that ortho-substituted isomers are more ubiquitous than
meta-substituted isomers. PBDEs investigated in feather and
muscle of the birds of prey in China by Yin et al. [46] showed
that higher congeners BDE -209, −153, −207, and − 196 were
the dominant congeners, while the lower brominated possibly
reflected in the internal tissues of the birds of prey. PBDEs were
also detected inmarine fishes of Chinese Coastal waters as mono
to hexa-substituted variants. The highest concentrations of
PBDEs were found in yellow croakers and silver pomfrets spe-
cies of fishes in Xiamen, where BDE −47 and− 154 were major
congeners at a concentration of 4.29 ng/g, lipidwt. and 0.91 ng/g,
lipid wt. respectively. The high concentration of BDE −154 was
regarded as a consequence of the debromination of BDE −183
and− 209. Commonly detected congeners in marine fishes from
Chinese coastal waters were BDE -47 > 99 > 100 > 153 > 154,
which differed from the patterns usually found in fishes from
other parts of the world [47]. Also, geographical dispersal of
PBDEs in minor cetaceans from Asian waters as investigated
by Kajiwara et al. [48] revealed the highest concentration in
animals from Hong Kong, followed by Japan, and lower level
from Philippines and India. Also, BDE−209, followed byBDE -
183, −47, and − 99, were the key dominant congeners in China’s
indoor dust, with toddlers having the highest exposure [49].

Microbial debromination gave themost effective procedure
in the fate of hexa- and mono-BDE in the aerobic system.
There was persistent adsorption for Deca-BDE to the sedi-
ments [50] and to agricultural soils [51]. Guan et al. [52]
reviewed that environmental fate modeling such as air-water
exchange, riverine runoff, dry and wet deposition, sedimenta-
tion, and degradation have been universally used to describe
the course of organic pollutants across various sections. Tetra-
and penta-BDEhave a long life in the environment, and as such a
growing concern [53], while deca-brominated adsorb strongly to
soils and sediments [54]. BDE 209 has a half-life of
debromination of >10 years in sediments [55, 56] but has a
concise life in the human body, and this limits build-up of high
concentration in the body [57]. Lower congeners have a half-life
of <1 year [58]. Half-life of some PBDE congeners include:
BDE 47–3 years, BDE 99–5.4 years, BDE 100–2.9 years,
BDE 153–11.7 years, BDE 154–5.8 years [59], BDE 183–
94 days, BDE 203–37 days, BDE 206–18 days, BDE 207–
19 days, BDE 208–39 days, BDE 209–15 days [57].

Environmental matrices detected with PBDEs

Studies have revealed that PBDEs can be detected in all envi-
ronmental matrices up to ppm range [60]. Their occurrence in
deep oceans consequently shows that they are widespread and

ubiquitous environmental contaminants [61–63]. PBDEs have
been detected at significant concentrations in environmental
matrices like air [64], suspended particulate matter [41, 65],
hair [66] soil [67, 68], surface water [69], sediment [70, 71]
and sewage sludge [72, 73] and also biological samples like
biota [74, 75], food stuff [76], human blood [77, 78], and
plasma [79, 80], indoor dust [81, 82], placenta [83, 84], adi-
pose tissues [85, 86], liver [87], fish [71, 88], mussels [88],
bird [89], human amniotic fluid [90], human serum [91, 92],
urine [93], semen [78, 94] and breast milk [95, 96].

Whitehead et al. [97] reported that the detection of PBDEs
in residential dust at elevated concentrations with quite many
studies on U.S. homes revealing median concentrations for
main PBDE congeners of at least 1 ppm. Owing to the State
of California’s exceptional flammability standard, dust sam-
ples from California homes have been documented to have
unusually high levels of PBDEs. Studies have established that
PBDE levels in paired samples of human serum and residen-
tial dust are considerably concurrent; signifying that intake of
dust is the key course of exposure to PBDEs in U.S.
Moreover, current research indicates that dust may be a sig-
nificant cause of contact accounting for 82% of daily exposure
[98, 99].

Wastewater treatment plants (WWTPs) and sewage
sludge

Wastewater treatment plant (WWTPs) effluents had been tak-
en to be one of the major causes of pollutants to surface wa-
ters, and sludge contributes hugely to the pollution of agricul-
tural land and other environmental matrices in the developed
countries [100–102]. High measures of PBDEs in sewage
sludge from WWTPs have been documented globally
[103–106]. The majority of the accessible information on
PBDEs in the marine environment is focused on the evalua-
tion of sludge fromWWTPs [42, 107, 108]. Sufficient data on
PBDEs in a varied diversity of environment section in Korea
exist [92, 109–114]; however, there is a paucity of information
addressing PBDEs in WWTPs [115]. High volumes of
WWTP effluent comprising concentrations of PBDEs within
~26 ng L−1 will possibly bring about a considerable PBDE
unrest into receiving waters, exposing the provision of drink-
ing water and fisheries resources to an impending risk [116].

Sewage sludge is an environmental intermediate that takes
delivery of various domestic and industrial chemicals and
consequently becomes a resulting source of lethal constituents
formed fromWWTPs to the environment as suggested by Lee
et al. [117]. Similarly, sewage sludge is reflected as one of the
PBDEs’ highest sources when applied as agricultural fertilizer
[27]. This land application of sewage sludge signifying the
main route of PBDEs and NBFRs to soils globally is to
recover soil structure and nutrients [118]. PBDEs and
NBFRs might flow into wastewater streams from industrial
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waste, manufacturing, and household sources and are
frequently adsorbed in sludge in the course of municipal
treatment procedures [103, 119, 120]. Understanding the
likely impacts of such noxious waste upon its biota, the
water cycle, soil fertility, human populations, and the food
chain are essential to investigate satisfactory contaminants’
satisfactory levels within sludge intended for land relevance
[121].

Soil and sediments

The lipophilic and hydrophobic properties of PBDEs and
NBFRs are the reasons why they bind firmly to organic matter
and persevere in soils having half-lives as long as ∼28 years
[122]; hence, investigation of sediments can give facts on the
current causes of PBDEs in the aquatic environment [123].
Indeed, soil matrix has become the significant hoard for or-
ganic contaminants due to its sorption value and holding ca-
pacity, and soil quality has turned out to be a good quality
indicator of environmental contamination and risk for expo-
sure of humans [124]. PBDEs and NBFRs go into soils
through express transmission from flame-retarded products
in dumpsites [125] or through landfill leachates [126].
PBDEs can get to the soil through wet/dry deposition during
their LRAT and likely to be firmly absorbed in soil due to their
persistence and lipophilicity. Thus, the soil has been consid-
ered a suitable contamination “snapshot” of the immediate
atmospheric pollution of POPs [127]. Regrettably, several
PBDE pollution studies in soil have not been able to measure
BDE-209 due to definite challenges related to thermal insta-
bility and low solubility during the investigation [126, 128].
This possibly will indicate that total PBDE concentrations
where BDE-209 is not represented are underestimated in eval-
uation [129–132].

Human samples (breast milk, urine, and blood)

Current investigations have shown that PBDEs have been
discovered in samples of human biological tissue like breast
milk, blood, and adipose collected from all over the world
together with the United States [133], Canada [134], South
Korea [135], and Japan [136]. The trend amongst United
States residents showed that there had been growing
concentrations of PBDE in humans blood serum from the
mid-1980s [133], though some other reports revealed that
PBDEs in human tissues are constant or decreasing [137,
138]. A report by Genius et al. [139] demonstrated that blood
testing gives only an incomplete knowledge of human PBDE
bioaccumulation; testing of both blood and perspiration gives
a better understanding. He further showed that PBDE conge-
ners were not detected in urine samples; discoveries’ focal
point was on blood and sweat. Participants who tested positive
in one or more body fluids for BDE −28 are 80%, 95% for

BDE -99, 100% for BDE −47, and 90% for BDE −100 and −
153. Induced sweat made eliminating the five congeners eas-
ier, with diverse rates of elimination for diverse congeners.

Biota

The manufacture of congeners of PBDE (octa- and penta-
BDE) and their commercial accessibility were prohibited in
the European Union owing to their toxicological effects
[140–142]. These limitations caused the promotion of a stan-
dard reduction of PBDE concentrations in soils in Europe
[143]. Furthermore, a turndown of octa- and penta-mix
PBDE concentrations has been seen in modern time sewage
sludge. This actuality poses an extreme environmental unease,
given that present proof recommends that some aquatic be-
ings, as well as fish, have a capability of de-brominating BDE
209 to lesser-brominated congeners [144, 145], which have
more significant toxicological and mobility properties.
Moreover, it has been verified that benthic fauna can re-
mobilize PBDEs buried from sediments [146]. Accordingly,
sediments become a significant resultant source of these
compounds.

Routes of exposure to PBDEs

There are various routes of access of PBDEs into the human
body. Among them are indoor dust, indoor air, dermal uptake,
and food. Of all these, entry via food is the key route, espe-
cially through the intake of contaminated fish [147] and sea-
food. Entry via food has been estimated with daily intake of
97 ng/day in Spain [148], 44 ng/day in Canada [149], 51 ng/
day in Sweden [150], 50 ng/day in the U.S. [151], and 35 ng/
day in Belgium [152]. Furthermore, occupational hazards due
to PBDEs’ exposure are alarming, as reviewed by Kalantzi
and Siskos [153]. Routes of exposure by dermal contact re-
vealed by Jakobson et al. [154], in his research carried out on
workers who worked with computers showed that technicians
have higher concentrations of PBDEs in the blood related to
clerks and cleaners, contributing to 35% of overall exposure
[155]. Similarly, Ohajinwa et al. [156] documented in a re-
search carried out on e-waste burning, dismantling, and repair
sites that dermal contact was the key contact route. In contrast,
contact through inhalation is insignificant for both carcinogen-
ic and non-carcinogenic hazards. Also, exposure through in-
halation of PBDEs contaminated air is evident, as confirmed
by research carried out on workers in an electronic disman-
tling facility [157]. Toddlers are more exposed to PBDEs
compared to older children. Major children’s exposure is via
breast milk containing PBDEs and inhalation and ingestion of
contaminated household dust and food [158, 159].
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Health risk and toxicology

Many adverse effects of PBDE on humans with a growing
concern have been documented. PBDEs have shown the pos-
sibility of causing several undesirable effects, together with
neurologic, immunological, and reproductive disruptions and
possible carcinogenicity in humans [160–162]. They have al-
so been regarded as endocrine disruptors [163] because they
can imitate or modify several vertebrate endocrine system
pathways and actions of hormones [163–166]. Lower bromi-
nated PBDEs are more lethal than higher PBDEs, so
International Agency for Research on Cancer (IARC) classi-
fied PBDEs as a group 3 carcinogen based on the inadequate
indication of carcinogenicity in humans and inadequate proof
in experimental animals [155]. PBDEs mixtures show low
acute and chronic toxicity, and toxicity decreases with increas-
ing bromination [167]. Evidence of exposure includes injuries
[168, 169], infections of wounds, irritations, skin and eye
injuries, respiratory problems [170, 171], noise pollution,
and occupational stress [172]. Most reports on health risks
are on animals. Adverse effects on women with a significant
level of PBDEs range from a notable decline in the ability to
conceive [18], pregnancy loss [173], breast cancer risk [86],
teratogenicity, fetal toxicity, and non-Hodgkin’s lymphoma
[153]. Sperm viability is also affected when their semen, re-
productive, and thyroid hormones are affected by PBDEs
[79]. There have also been cases of long-lasting behavioral
abnormalities in children between 2 and 4 years exposed to
a low level of PBDEs [79], disruption of thyroid hormone in
male kids of 0–4 years [80], and residents exposed to e-
waste [67]. Some low brominated congeners might re-
sult in developmental impacts in children [5, 160, 161].
Reports have revealed that PBDEs can transform the sex
hormone and thyroid hormone physiology. Hence they
have become a problem of global concern [174].
Following the reports on the potential hazards of expo-
sure to PBDEs, proper measures are expected to be put
in place because this contaminant is persistent in sedi-
ment. Yet, there is no guideline for toxicity on PBDEs
detected in sediments [39]. PBDE metabolites may be
more active biologically than the parent PBDE [175].
Reports showed that metabolites of PBDEs like hydrox-
ylated halogenated diphenyl ethers bind strongly to thy-
roid hormone transport protein and hormone receptors
with low affinity. Hydroxy PBDE (OH-PBDE) and
methoxy PBDE (MeO-PBDE) have been detected at
similar concentrations to major PBDE in salmon [58].
Muzikawa et al. [176] also detected OH-PBDE and
MeO-PBDE at a higher concentration than parent
PBDE in red algae and salmon, respectively, and even
in marine animals and birds. These metabolites are ca-
pable of disrupting hormones [177], yet their toxicity is
not known [58, 158].

Determination of PBDEs in environmental
and biota samples

Sample collection and preparation

Sample collection, preparation, and analysis are done accord-
ing to EPA 1614A [178]. Brominated flame retardants (BFRs)
are present in almost every segment of the environment but
detected in extremely low concentrations [179]; thus, contam-
ination in the course of sample pre-treatment occurs effortless-
ly [180]. Dry solid samples are more efficiently homogenized
and allow correct sub-sampling for a comparative investiga-
tion of other determinants (like organic carbon). The samples,
void of water, prevent painstaking extraction from separation
funnels and causes the sample matrix to be more available to
organic solvents. Quite a lot of techniques can be useful for
water-binding as a substitute for drying by evaporation.
Grinding the samples with anhydrous Na2SO4 can be used
to remove water. Crushing meticulously and adding an ade-
quate amount of dehydrating salt to achieve a free-flowing
powder are required for complete extraction and also to min-
imize cross-contamination and loss of analytes due to evapo-
ration. Alternatively, water-adsorbing constituents (silica,
alumina, etc.) can be used for drying. In this instance, water
is not trapped permanently and can only be liberated readily
when polar solvents are employed for extraction. The
application of a blend of less polar solvents (e.g.,
dichloromethane, hexane) will facilitate the prevention of
these problems. Lyophilisation (evaporating water under
vacuum conditions at a temperature below 0 °C) can also
dry the sample [181]. However, cross-contamination is un-
avoidable [180].

Storage

Water

Aqueous samples are maintained at <6 °C in the dark from the
point of collection to the laboratory. Allowance is made for
expansion if the sample will be frozen, after which storage is
done in the dark at <6 °C [178], although most studies report-
ed storage at <4 °C. [182–184]

Sediment

Storage, homogenization, and extraction of PBDE from sedi-
ments are easier when the samples are dried. Drying of sedi-
ment is usually done in a heated oven at (<40 °C) or at room
temperature, although there might be losses and compound
uptake during the process from the air [185]. Validation must
be ensured, and the homogenized sediments should be stored
below 0 °C, covered with a lid [2, 181]. Storage for sediment
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samples lasting several months should be kept frozen (−20 °C
or less) [2].

Fish

Aluminum foil washed with solvent (like hexane/acetone or
toluene for extraction) should be used to wrap fish that is not
disemboweled. This can then be stored at below −20 °C.
Plastic bags and boxes made use of should not be allowed to
come in contact with the tissues of the fish but preferably used
only as the outer container. For organ samples such as liver,
they can also be wrapped in aluminum foil washed with sol-
vent or stored in containers (made of steel, aluminum, or
glass), washed with solvent. The samples can be stored at -
20 °C until analysis. The sample must not be allowed to thaw
if traveling a long distance. Trained personnel should also
carry out the dissection [2].

Holding times

No holding time for PBDE in semi-solid, aqueous tissues or
other matrices is assured. Nonetheless, aqueous samples can
be put in storage for up to 1 year if preserved in the dark at
<6 °C, while solids, multi-phase tissues, and semi-solid can
stay for 1 year if maintained in the dark at < −10 °C. Sample
extracts can also be put away in the dark at < −10 °C until
analysis and up to 1 year [178].

Extraction techniques

Extractionmethods generally in use for PBDEs extractions for
sediments are ultra-sonication, accelerated solvent extraction
(ASE), soxhlet extraction (SE), microwave-assisted extraction
(MAE), and supercritical fluid extraction (SFE). The tech-
niques mentioned above are typically employed with compli-
cated instrumental techniques such as gas chromatography
wi th e lec t ron cap tu re de t ec to r (GC-ECD) , gas
chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), and other
multi-task methods (e.g., gas chromatography - atomic emis-
sion detection) for the investigation of BFRs [186–189].

Several factors, including extraction time, ease of access of
extraction solvent to the matrix, and solubility of analytes in
the extraction mixture, determine the outcome of the extrac-
tion process. The extraction time and accessibility are more
linked to the extraction’s kinetics. Simultaneously, the solu-
bility of analytes ascertains the equilibrium that can be
attained in a definite phase of the extraction [190]. BDE
−209 is sensitive to UV light; therefore, exceptional measures
have to be engaged to ensure that sunlight entering the labo-
ratory, including probable UV light from fluorescent tubes,
has to be restricted. To achieve this, UV filters are placed

under the fluorescent lights and on the laboratory windows.
Also, installing an ionizer that allows the attraction of tiny dust
particles by stationary electricity and maintains clean air as
much as possible is recommended since trivial dust particles
in the laboratory are easily adsorbed by BDE 209 [178].

Additionally, the aluminum foil should be used to cover all
open glassware to prevent the entering of dust particles into
solutions or samples. The coolers have to be carefully rinsed
before and after extraction with toluene when Soxhlet extrac-
tion is employed. There could be the presence of traces of
BDE 209, which originates from a preceding extraction.
This can lead to obtaining false-positive results, as blanks do
not correct this problem because the level of contamination of
the diverse coolers can vary [178]. Distribution, extraction,
and analysis of PBDEs and the concentration in which they
are detected from prior studies are shown in Table 1.

Solid-phase extraction (SPE)

SPE allows for simultaneous extraction from numerous sam-
ples and is cost-effective. Its drawback is that it usually must
precede the extraction of analytes with a solvent. SPE is a
time-consuming method [194], has background interferences,
plugging, and poor reproducibility between cartridges [195].
SPE is aimed to be a whole or extensive extraction technique
for extracting the analyte absolutely from the entire sample
volume passing through the sorbent. It is a pseudo equilibrium
or non-equilibrium process [196]. The phase C18 suitable for
retaining both non-polar and reasonably polar compounds is
mostly used among SPE sorbents. Dichloromethane, acetone,
hexane, acetonitrile, and tetrahydrofuran, are in most cases,
utilized as elution solvents for PBDEs. The most reliable re-
covery standards are acquired when just hexane or its mixture
with dichloromethane (3:2 v/v) is used [197].

Liquid-liquid extraction (LLE)

This technique allows target analytes to be extracted from the
aqueous sample matrix into an organic solvent immiscible
with water. The procedure’s driving force is the distribution
coefficients of the target analytes between the organic solvent
and the aqueous solution, and transport across the liquid-
liquid interface is by diffusion. The procedure involves isolat-
ing the target analytes from the bulk sample, enriching the
target analytes to a level where it can be detectable, and trans-
ferring the target analyte to the medium well-suited for the
chromatography or electrophoretic system [198]. It is simple
to operate and has high efficiency [198]. Its drawbacks include
high solvent consumption, which is why it was replaced with
SPE [199], being environmentally unfriendly, complicated
time consuming, the difficulty of automation [193], limited
flexibility in terms of extraction chemistry [198], and requir-
ing pre-concentration of the extract [196]. It is essential to
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Table 1 Extraction techniques of various congeners of polybrominated diphenyl ethers

Congener Sample matrix Extraction mode Analysis Concentration Reference

28 sediment SE b 0.002 ng/g dw-0.251 ng/g dw [70]
soil SE a 0.78 ng/g dw-5.15 ng/g dw [15]
soil PLE b <LOD-0.04 ng/g dw [33]
sewage sludge UAE c 1.12±0.03 ng/g [191]
human serum UAE d <LOD-0.74 ng/g [192]
Fish and mussels UAE d 0.04 ng/g ww-0.358 ng/g dw [88]
human semen e 2.282 pg/g ww-8.28 pg/g ww [78]
human blood centrifugation e 5.74 pg/g ww-15.1 pg/g ww [78]

47 sediment SE b 0.012 ng/g dw-0.365 ng/g dw [70]
sediment USE d 190±10–780±60 pg/g dw [193]
sewage sludge UAE c 38.6±1.6 ng/g [191]
human serum UAE d 0.84 ng/g-1.89 ng/g [192]
Water sample SPE d 15–205 pg/L [193]
Soil PLE b 0.23–0.39 ng/g dw [33]
human semen e 4.32 pg/g ww-9.32 pg/g ww [78]
blood sample centrifugation e 8.54 pg/g ww-18.0 pg/g ww [78]
fish and mussels USE d 0.09 ng/g ww-1.73 ng/g dw [88]
wastewater SPME f 134±19 [96]
Milk SPME f 12.7±2.2–32.0±3.2 [96]
Sludge from WWTP USE a 8–90 ng/g dw [147]

66 sediment SE a 0.80 ng/g dw [15]
71 sediment SE a 2.27 ng/g dw [15]

soil SE a 1.93 ng/g dw −16.1 ng/g dw [15]
99 sediment SE a 6.87 ng/g dw [15]

sediment SE b 0.011 ng/g dw-0.491 ng/g dw [70]
sediment USE d 340±40–2990±390 [193]
soil SE b 13.3 ng/g dw-615 ng/g dw [15]
sewage sludge UAE c 29.3±0.7 [191]
human serum UAE d <LOD-1.64 ng/g [192]
Water sample SPE d 13–181 pg/L [193]
Soil PLE b 0.26–0.55 ng/g dw [35]
human semen e 2.25 pg/g ww-7.47 pg/g ww [78]
human blood centrifugation e 1.52 pg/g ww-7.55 pg/g ww [78]
fish and mussels USE d <LOD-0.402 ng/g dw [88]
wastewater SPME f 155±20 [96]
milk SPME f nd −135±11 [96]
Sludge from WWTP USE a 18–33 ng/g dw [147]

100 sediment SE b 0.005 ng/g dw [70]
sediment 92±10–540±80 pg/g dw [193]
soil SE a 2.70 ng/g dw-89.4 ng/g dw [15]
Soil PLE b 0.09–0.16 ng/g dw [35]
fish and mussels USE d 0.09 ng/g ww-0.387 ng/g dw [88]
sewage sludge UAE c 8.1±0,2 ng/g [191]
human serum UAE d <LOD-1.48 ng/g [192]
Water sample SPE d 4–29 pg/L [193]
human semen e <LOD-0.517 pg/g ww [78]
human blood centrifugation e <LOD-2.66 pg/g ww [78]
wastewater SPME f 147±10 [96]
milk SPME f Nd-34.4±5.2 [96]

138 soil SE a 2.35 ng/g dw −9.91 ng/g dw [15]
139 soil SE a 3.56 ng/g dw-39.9 ng/g dw [15]
153 sediment SE b 0.001 ng/g dw-0.281 ng/g dw [70]

sediment USE d 70±10–130±30 pg/g dw [193]
soil SE a 44.1 ng/g dw −210 ng/g dw [15]
fish and mussels USE d <LOD-0.221 ng/g dw [88]
sewage sludge UAE c 7.3±0.4 ng g [191]
human serum UAE d <LOD-2.61 ng/g [192]
Water sample SPE d 6–38 pg/L [192]
Soil PLE b 0.04–0,12 ng/g dw [35]
human semen e <LOD-6.37 pg/g ww [78]
human blood centrifugation e 10.7 pg/g ww-25.6 pg/g ww [78]

154 sediment SE b 0.002 ng/g dw-0.541 ng/g dw [70]
sediment USE d 50±10–100±10 PG/G dw [193]
soil SE a 32.0 ng/g dw-48.9 ng/g dw [15]
Soil PLE b <LOD-0.08 [35]
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utilize the large volume of samples, even up to 1000 mL
sometimes, owing to PBDEs’ hydrophobic nature and their
small concentration in water samples, especially when using
the liquid-liquid extraction (LLE) method. The most generally
used solvents of extraction are tert-butyl ether, isooctane, and
hexane [200].

Pressure liquid extraction (PLE)

The elution of analytes from the sample is usually carried out
under significant temperature (80–130 °C) and pressure (100–
120 bar). The equipment gives a proficient and rapid extrac-
tion, employing 2 or 3 extraction cycles in <30 min, devoid of
mediation of the operator. However, the moderately elevated
cost of equipment maintenance and application have to be
considered [201–204]. Advantages of PLE include automa-
tion of the extraction method, moderate consumption of sol-
vents, short extraction time, ability to extract thermally unsta-
ble analytes, the possibility of extraction from samples with
high humidity, and favorable extraction kinetics. Its demerits
include the high cost of procurement and low selectivity
[190].

Ultrasound-assisted extraction (UAE)

UAE allows for concurrent extraction from numerous samples
but has a long extraction time for PBDEs [190], compared to
soxhlet extraction. Furthermore, Sonication employs ultrason-
ic vibration to bring the sample in contact with the solvent.
Though the method is fast, it has low efficiency and may also

lead to the decomposition of organophosphorus compounds.
Consequently, before implementing the real sample, there is a
need to try out first with the target analyte in reference stan-
dard [195]. There has not been much ultra-sonication applica-
tion in PBDEs extraction from polyurethane foams utilized for
air sampling in laboratories [205] or from high-impact poly-
styrene [206]. Also, this method has not been used widely in
BFRs. It has yielded lesser extraction recoveries compared to
Soxhlet extraction. The technique is painstaking for the reason
that numerous consequent extractions are essential [180].

Pressurized hot water extraction (PHWE)

The analytes extracted are being stuck into a solid-phase trap
(Tenax™ TA), and then from there, elution is done with a
pentane/ethyl acetate mixture after the trap has been dried with
nitrogen. Moreover, in this instance, it does not require any
further clean up before GC analysis [180]. Its advantages in-
clude low-cost and environmental friendliness of water [207].
However, there could be degradation, hydrolysis, or oxidation
of target analytes and reaction intensity at elevated tempera-
tures [208, 209].

Magnetic-effervescent tablet-assisted ionic liquid-
based dispersive liquid-liquid microextraction (META-
IL-DLLME)

DLLME was introduced in 2006 by Assadi and his co-
workers [210] and is centered on a ternary constituent solvent
system such as Homogeneous liquid-liquid extraction (HLLE)

Table 1 (continued)

Congener Sample matrix Extraction mode Analysis Concentration Reference

fish and mussels USE d <LOD-0.317 ng/g dw [88]
sewage sludge UAE c 5.3±0.2 ng/g [191]
human serum UAE d <LOD-1.46 ng/g [192]
human semen e <LOD-0.734 pg/g ww [78]
human blood centrifugation e <LOD-2.45 pg/g ww [78]
wastewater SPME f 215±4 ng/L [96]
milk SPME f Nd-225±20 ng/L [96]
Water sample SPE d 4–25 pg/g [193]

183 sediment SE b 0.019 ng/g dw-0.911 ng/g dw [70]
sediment USE d 20±10–90±20 pg/g dw [193]
soil SE a 22.3 ng/g dw- 824 ng/g dw [15]
Soil PLE b <LOD-0.24 ng/g dw [35]
human semen e <LOD-1.06 pg/g ww [78]
human blood centrifugation e 0.193 pg/g ww −4.54 pg/g ww [78]
Water sample SPE d 3–32 pg/L [193]

209 human semen e <LOD-18.2 pg/g ww [78]
human blood centrifugation e 25.3 pg/g ww −61.3 pg/g ww [78]
Sludge from WWTP USE a Nd- 1135 ng/g dw [147]
Water sample SPE d 770–3810 pg/L [193]
sediment USE d 2130±270–10,600±1200 [193]
sediment soxhlet a 0.781 ng/g-8.95 ng/g dw [70]

a – GC-MS/MS; b – GC-MS; c – GC-ICP; d – GC-ICP-MS; e – GC-MS NCI with SIM; f - GC-ECD
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and cloud point extraction (CPE). An applicable mixture of a
solvent of extraction and disperser is injected into the aqueous
sample by syringe. This promptly forms a cloud solution that
accelerates the fast extraction of analytes from water samples
[210]. The dispersing solvent has to be completely soluble in
the water phase (commonly acetone, acetonitrile, and metha-
nol). The extracting solvent must be capable of extracting
analytes, soluble in dispersing solvent, and have low solubility
in water. It is anticipated that phase separation be significantly
different in the densities of extracting solvent and water.
This method has been successfully utilized to extract
water samples, few food samples, urine, and, recently,
solid samples [211]. It is simple to operate, fast, cheap,
has a high recovery and enrichment factor within a pe-
riod (a few seconds) from a low volume of water sam-
ples [210]. However, it consumes a higher volume of
dispersing solvent, not yet appropriate as a predictable
applicable on-line pre-concentration procedure. Most im-
portantly, it is not suitable for the extraction of analytes
from biological samples because of the interaction be-
tween the organic solvents and matrix components. So,
it does not produce an appropriate sediment phase for
injection into an analytical instrument such as GC. This
can only be achieved by diluting the samples, which
also causes changes in the characteristic property of
the matrices [212].

Microwave-assisted extraction (MAE)

MAE is a method, which combines microwave energy and
traditional solvent extraction [213], to heat the interacting po-
lar solvents and to partition the analyte of interest between
sample and solvent in a way to reduce extraction time and
solvent volume consumed in the extraction of the solid sample
[214]. Characteristics ofMAE are low demand for solvent and
ease of implementation. It is not frequently utilized because
microwaves’ effect on analytes and the need to make polar
extraction solvents relevant is unknown. Furthermore, an ad-
ditional clean-up step is required for the extracts obtained
(e.g., filtration) [215]. To seek rapid and quality procedures
for the analytical technique as a result of growing concern on
the effect of PBDEs on the environment, MAE is employed
due to its accuracy and precision with the capability of remov-
ing matrix interference. Small extraction volume and time
(25 mL and 25 min respectively) compared to the larger vol-
ume and more time used in SE, and it has been able to detect
as low as 0.01 ng/g for the analyzed samples [216]. MAE has
the advantage of heating the whole sample simultaneously
without heating the vessel, unlike classical heating.
However, extraction conditions have to be optimized careful-
ly, considering the matrix and analyte characteristics to pre-
vent degradation of higher brominated congeners and enhance
the yields of extraction [217]. Its drawback includes the

necessity to separate the extract from the extraction residue
and the utilization of only solvents that can absorb and prop-
agate microwaves (a dipole moment different from zero)
[190].

Accelerated solvent extraction (ASE) or pressurized
fluid extraction (PFE)

ASE method was firstly developed in 1995. The process ef-
fectiveness is subject to the influence of temperature and pres-
sure. Three steps are involved in the process- (1) desorption of
solid particles, (2) diffusion via solvent situated inside a par-
ticle pore, and (3) relocation to the more significant part of the
flowing fluid. It is operated at a temperature higher than the
boiling point of the solvent. Implying that the pressure inside
the extraction cell must be maintained high to conserve the
solvent in a liquid state and advance the extraction proficiency
by “pushing” the solvent into pores, thereby making the
analytes accessible [218]. It has a wide range of solvent utili-
zation though complicated with solid environmental samples
and reduced extraction time. However, it is expensive and has
low selectivity with environmental samples [218].

Supercritical fluid extraction (SFE)

Mitra [196] reviewed that SFE is fast (10–60min), consuming
less solvent (as small as 5–10 mL). CO2 is environmentally
friendly, as it is non-toxic and non-flammable. Besides, there
is no need for additional filtration because the extraction cell
has frits. Nevertheless, it is very costly, and the analytical scale
requires a small amount of analytes (< 10 g). SFE and solid-
phase trapping have been utilized to extract PBBs and PBDEs
and for PCBs and chlorinated benzenes extraction from sedi-
ment samples using CO2 as the supercritical fluid [219].
Copper powder and Na2SO4 would be used to mix the sedi-
ment before extraction. The use of CO2 with modifiers (ace-
tone, diethylamine, and methanol) enhances results far better
than when only CO2 or SE is used. Furthermore, the method
does not require an additional clean-up step because the ex-
tracts would be much cleaner. There has been the extraction of
PBDEs from sediment in other SFE applications [219] and
shellfish [220], employing CO2 as a medium for extraction.
Conversely, de Boer et al. [185] havemade known that at least
for sediments, regardless of elevated recoveries for BDE −47,
the coefficient of variance was inadequately high, probably
signifying that SFE is not as much of reproducibility as SE
[180]. SFE has successfully extracted 97% of PBDEs from
plastics with supercritical CO2 as solvents [221].

Soxhlet extraction (SE)

SE is broadly used in extracting PBDEs from solid samples
because of the following advantages: low cost, simplicity of
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application, high efficiency, and the likelihood of finding an
extract separated from the residue [190, 222]. To aid this, the
mixture of polar and non-polar solvents is mostly used [222].
Wager et al. [223] successfully used a mixture of cyclohexane
and acetone (1:1), which gave a better recovery. Its disadvan-
tages include long extraction time, the need to use more sol-
vents, the probability of extraction only from a single sample,
and the requirement of thorough drying before extraction be-
gins for moist samples [190].

Employing the Soxhlet apparatus for liquid-solid extraction
is a generally utilized model method. Notwithstanding the
current development in SFE, ASE, or MAE techniques, it is
still preferred because of its robustness and low cost. For
extracting BFRs from sediment, soil, dried biota, and sewage
sludge, commonly used solvents are toluene, hexane/acetone
mixtures, dichloromethane, or hexane [185].

Dispersive solid-phase extraction (dSPE)

dSPE allows for concurrent extraction from numerous sam-
ples. Other advantages include its low cost and ease of use.
However, it commonly needs support, e.g., ultrasound or
shaking and additional purification with the classic SPE tech-
nique. It can generally be used for pre-treatment of extract. It
cannot be used as an independent and sufficient method in the
samples’ pre-treatment [190].

Matrix solid-phase dispersion (MSPD)

This significantly shortens the sample preparation phase com-
pared to the classic SPE technique; it allows for simultaneous
purification of the extract and reduces organic solvents’ con-
sumption. It is a less expensive method that allows for simul-
taneous extraction from quite many samples, with no filtration
required. Its shortcomings are the difficulty in sustaining high
and repeatable analytes’ recovery and the likelihood of co-
elution with some matrix components [190].

Future trends in the extraction of PBDEs
in complex matrices

Clean-up and pre-concentration

The crude extract needs a clean-up as there is a possibility of
co-extraction of several other compounds (e.g., lipids, humic
acids) with the analytes. There could be sulphur in the extracts
samples from soil, sewage sludge, or sediments, which should
be gotten rid of. Numerous other methods like Cu treatment
[224] or the reaction with tetrabutylammonium sulphite [225]
can also be utilized.

Final determination step
and chromatographic analysis and detection

Various matrices have different analytical techniques for de-
tection. This includes the usage of GC-MS for detection of
PBDEs in sewage, air, animal tissues, and fish; capillary col-
umn GC-ECD for sediment and water samples; GC/high-
resolution MS (HRMS) for fish tissue; and liquid chromatog-
raphy (LC)-GC-MS/flame ionization detector (FID) for sedi-
ments [1]. Isotope dilution and internal standard high-
resolution GC (HRGC)/HRMS were utilized by EPA
Method 1614 to identify PBDEs in tissue, sediment, soil,
and water [226].

Electron capture detector (ECD)

ECD is appropriate and more sensitive for the detection of
electromagnetic elements, e.g. (brominated analytes) com-
pared to other detectors, though with a limited selectivity
[227], since identification is based on retention time [228].
Pietron and Malagocki [229] Based on their findings, coun-
tered this by saying that GC-ECD has a characterization of a
low detection limit for halogenated compounds. Regardless of
low selectivity and the need for validation, ECD has been used
to measure PBDEs concentrations in the food of animal origin
with a reported LOD range of 0.03–440 pg/g. ECD is not an
actual substitute to MS in trace PBDEs investigation in food;
so, the results acquired have to be confirmed.

Gas chromatography-inductively coupled plasma-
mass spectrometry (GC–ICP-MS)

Capable extraction and clean-up processes must be applied
before instrumental analysis by GC–ICP-MS to liberate
hydrophobic PBDEs from such an intricate matrix. Thus, the
consequence of diverse extracting agents and the extraction
system on the particular PBDEs’ extraction effectiveness was
analytically studied and the co-extracted lipids from the or-
ganic phase isolated by the clean-up process (using Florisil)
that was developed earlier as reported by Novak et al. [191]. A
sensitive analytical method that is simple, reliable, which re-
quires small amounts of serum [192, 230], is in high demand
owing to the impending undesirable impacts of PBDEs on
humans, particularly neonates and children. Most of the re-
ported techniques that have attained adequate detection limits
and precision require between 2 and 5mL of serum [231, 232]
, except the method developed by Yin et al. in which 0.5 mL
of serum was utilized [233]. However, it has to be considered
that this technique was appropriate for the analysis of degrees
of PBDEs in North America, which are about ten times aver-
agely higher than those experimented in the European coun-
tries. ICP-MS was found to be an extremely sensitive and
selective detector in this case. Consequently, attainment of
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acceptable limits of detection (LODs) for the target PBDE
congeners using only 1 mL of serum was found possible with
the technique.

Gas chromatography-mass spectrometry and gas
chromatography-mass spectrometry/mass spectrom-
etry (GC-MS AND GC-MS2)

The generally utilized technique for the determination of
PBDEs is GC–MS [198, 234, 235]. The trendiest ionization
mode for investigating these compounds by low-resolution
MS in negative chemical ionization (NCI). This method gives
advanced sensitivity to electron ionization (EI), but the selec-
tivity is lesser, given that it monitors only bromine ions.
Moreover, since isotope dilution cannot be applied, less accu-
racy in quantification is acquired. GC–HRMS in EI mode is
generally a selective and sensitive technique for investigating
these compounds [236–239], and the USEPA suggests it for
the investigation of PBDEs [178]. However, given that this
technique is moderately costly and needs an experienced per-
son and weighty maintenance to make specific appropriate
performance, then low resolution-mass spectrometry would
be ideal. GC coupled to ion trap-mass spectrometry working
in tandem mode (GC–ITMS–MS) has proven to be an eco-
nomical, quick, and consistent substitute to HRMS for the
investigation of PBDEs in biological and environmental ma-
trices as reported by [225]. Conventionally, MS is used as GC
detectors for PBDEs. Electron capture negative ionization
(ECNI) and electron ionization (EI) are the standard ionization
techniques in GC-MS for the measurement of PBDEs. ECNI
depends on the attachment of electrons to the electrophilic
molecule, while EI formed ions based on several brominated
atoms in the molecule. The mass spectrum dominated by ions
for higher and lower brominated BDEs is (M-Br)+ and [M]+,

respectively [240].
GC-MS has the advantage of providing fine chromato-

graphic resolution for PBDE congeners. Other significant ben-
efits include its excellent sensitivity, particularly when ECNI
is used, although the monitored ions are merely bromine ions,
making GC/ECNI-MS substandard. Also, EI is more specific
with the formation of [M]+ and [M-Br2]

+ ions, though less
sensitive, particularly for highly brominated PBDEs [200].
Furthermore, highly brominated PBDE degrade thermally
[241].

Liquid chromatography-mass spectrometry and liquid
chromatography-mass spectrometry/mass spectrom-
etry (LC-MS and LC-MS2)

Using LC-MS with atmospheric pressure photo-ionization
(APPI) is preferred over GC-MS because it gives exceptional
sensitivity and specificity, allowing discrimination of signals,
which could not be fixed on a triple quadrupole used as a

reference. It also provides essential information for identifying
these compounds together with specific ionization patterns,
capable of monitoring parent compounds and detecting the
key known PBDEs metabolites, namely hydroxylated
PBDEs. This technique was developed by Marteau et al.
[242], which allows the concurrent detection and identifying
of PBDEs and their metabolites with distinct prominence on
the bioactive OH-PBDEs for the first time. Other advantages
of liquid-phase separation of the liquid chromatography with
negative ion atmospheric pressure photo-ionization tandem
mass spectrometry (LC/NI-APPI/MS/MS) method include
the absence of thermal degradation higher PBDEs, particular-
ly BDE-209, low detection limit, and congener specificity
using select MRM transition [189].

Environmental remediation actions

Soil remediation of PBDE contaminated soil was done using
Ni/Fe bimetallic properties, which could degrade BDE
−209 at the efficiency of 72% [243]. The degradation in-
creased with an increase in nano Ni/Fe particles [244]. Also,
Wu et al. [245] achieved remediation using biochar Ni/Fe,
which can reduce the uptake and translocation of PBDEs from
the soil into Brassica chinensis, especially for lower bromi-
nated PBDEs. Synthesized nanoscale zerovalent iron also
gave 90% removal of BDE −209 at 40 min favorable at acidic
conditions [246]. Furthermore, BDE-209 and BDE-3 were
adsorbed and degraded using microscale zerovalent Iron.
About 10–20% and 15–30% of BDE-209 and BDE-3 respec-
tively were adsorbed while 70% and 60% of BDE-209 and
BDE-3 respectively were degraded [247].

Extraction techniques

Table 1 articulates the profile of several techniques for the
extraction and analysis of PBDEs in various matrices in sev-
eral studies. Generally, the soxhlet apparatus is widely used
for sediment and soil because of its low cost and simplicity of
application [190, 222], and few times USE employed.
However, it gives lower extraction recoveries than soxhlet
[198]. For sewage sludge, fish, and human serum, UAE is
generally engaged, though with lower recoveries [198].
Also, SPE and SPME are used for water extraction. These
have replaced LLE because they require less volume of sol-
vent [198]. GC-MS/MS was employed to quantify fish and
animal tissues because it provides a fine revolution with
PBDEs congeners [228], while GC-ECD is used for water
samples [226], though it has low selectivity. GC-ICP-MS is
employed for human serum because it is simple, reliable, and
sensitive and requires only 1 mL of human serum [192, 230]).
It is observed from the table that BDE 28, 47, 99, 100, 153,
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154, 183 are frequently detected, as they predominate in hu-
man tissue [248, 249]. BDE 209 was not often detected as it
might have been broken down into smaller congeners [249]. A
high concentration of these congeners was detected in humans
showing the bioaccumulation of PBDEs in humans. BDE 28,
99, 209 were detected in high amount in human samples with
human semen at the range of 2.25–8.28 pg/g ww, while BDE
100 and 183 were observed to be higher in sediment and soil
at 0.89–824 ng/g ww, but low in human samples. BDE 153
and 154 were detected in most matrices at 0.317–210 ng/g
ww.

Conclusion

The fact that PBDEs can travel over a long distance and be
detected at non-point sources is threatening, given the health
implication associated with exposure to PBDEs. They can be
inhaled via air and incorporated in the food chain, naturally
produced and influenced by human activities daily. Thus this
calls for great concern. Several PBDE congeners have been
banned, but they are still detected in various matrices, despite
their probable hazards and endocrine disruption potentials.
They are tenacious in the environment, having a long half-life,
and bioaccumulate in the food chain. SE remains the widely
employed technique for extracting PBDEs from solid mate-
rials because of the ease of their application, though UAE
allows for simultaneous extraction from several samples.
SPE is best for liquid samples like water and human samples,
with hexane being the best solvent for recovery.
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