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Polybrominated dibenzo-p-dioxins and furans (PBDD/Fs) are emerging persistent organic pollutants (POPs) that
have similar or higher toxicities than the notorious dioxins. Toxicities, formation mechanisms, and environ
mental fates of PBDD/Fs are lacking because accurate quantification, especially of higher brominated congeners,
is challenging. PBDD/F analysis is difficult because of photolysis and thermal degradation and interference from
polybrominated diphenyl ethers. Here, literatures on PBDD/F analysis and environmental occurrences are
reviewed to improve our understanding of PBDD/F environmental pollution and human exposure levels.
Although PBDD/Fs behave similarly to dioxins, different congener profiles between PBDD/Fs and dioxins in the
environment indicates their different sources and formation mechanisms. Herein, potential sources and forma
tion mechanisms of PBDD/Fs were critically discussed, and current knowledge gaps and future directions for
PBDD/F research are highlighted. An understanding of PBDD/F formation pathways will allow for development
of synergistic control strategies for PBDD/Fs, dioxins, and other dioxin-like POPs.
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1. Introduction
Unintentional production of persistent organic pollutants (POPs)
during thermal-related processes has attracted widespread concern
because of the toxicities of these compounds to humans and the
ecological environment. Typical unintentionally produced POPs such as
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and
polychlorinated biphenyl (PCBs) are listed in the Stockholm Convention
and their emission characteristics and formation mechanisms in
thermal-related industries have been studied systematically (Hu et al.,
2013; Jiang et al., 2015; Liu et al., 2015a; Liu et al., 2016a; Liu et al.,
2013a; Wang et al., 2016; Yang et al., 2019a). However, the chemicals
listed in the convention are limited because they are only representative
of a number of unintentionally produced POPs, which means that the
Stockholm Convention list should be constantly updated. Some other
unintentionally produced POPs also have aromatic receptor-mediated
toxicity and exhibit similar toxicity to the PCDD/Fs (Behnisch et al.,
2001a; Hong et al., 2016; Hornung et al., 1996). Concern about these

dioxin-like POPs, such as polybrominated dibenzo-p-dioxins and di
benzofurans (PBDD/Fs) and chlorinated and brominated polycyclic ar
omatic hydrocarbons (PXDD/Fs), has increased in recent years.
Because they are structural analogues with all the chlorine atoms
substituted by bromine atoms, PBDD/Fs have similar physicochemical
properties and biotoxicity to PCDD/Fs (Scheme 1). The half-life of
2,3,7,8-tetrabromodibenzo furan (TeBDF) is reportedly longer than that
of 2,3,7,8-tetrachlorinated dibenzofuran in rats because of steric hin
drance from the bromine atom (Birnbaum, 2003). PBDD/Fs have higher
molecular weights and lower vapor pressures than PCDD/Fs because of
the higher molecular weight of the bromine atom compared with the
chlorine atom and the lower bond energy of the carbon–bromine bond
compared with the carbon–chlorine bond (Hagberg, 2009). Analysis of
trace levels of PBDD/Fs in complex matrices is challenging because
PBDD/Fs are relatively sensitive towards photolysis and thermal
degradation (Ebert, 2003; Hagberg et al., 2006). In addition, for accu
rate qualification and quantification of PBDD/Fs, the detection limit
needs to be lower than picogram levels. Hence, the limited studies on
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PBDD/F analysis have typically used high-resolution gas chromatog
raphy combined with high-resolution mass spectroscopy (HRGC/
HRMS). Because more highly brominated dibenzo-p-dioxins and di
benzofurans degrade easily compared with the lower brominated ones,
the pretreatment and analysis conditions, and the chromatographic
column should be optimized for accurate analysis. Although there are
standardized analysis methods for PCDD/Fs, such as EPA Method 1613b
and Method 23 published by the US Environmental Protection Agency
(EPA), there is presently no unified method for PBDD/Fs analysis. Here,
we review analysis methods for PBDD/Fs reported in recent studies to
establish a reference for PBDD/F analysis.
There are three dominant sources of PBDD/F emissions that
contribute to the presence of PBDD/Fs in the environment. These
sources are commercial polybrominated diphenyl ethers (PBDE) mix
tures, photolytic and thermal degradation of brominated flame re
tardants (BFRs), and unintentional production by industrial thermal
processes. Thermal disposal of waste electronics reportedly emits PBDD/
Fs at levels up to 50–500 times those of PCDD/Fs (Duan et al., 2011; Wu
et al., 2020) because of the presence of sufficient bromine in the waste.
The released concentrations of dioxin-related pollutants from open
burning of e-waste are in the order of PBDFs > PCDFs > PXDFs (Tue
et al., 2016). The industry recommends disposing of BFR-containing
plastics from electronics in metal smelters, and tens of thousands of
tons of electronics are reportedly treated in this way each year (Wu
et al., 2020). However, there are currently no limits on PBDD/Fs emis
sions from metal smelters anywhere in the world. Information on the
occurrences of PBDD/Fs in the environment is relatively scare compared
with that for PCDD/Fs, even though BFR-containing materials are used
extensively and contribute to the ubiquitous existence of PBDD/Fs in the
environment. PBDD/Fs have been determined and identified in com
mercial PBDEs. Global annual emissions of PBDFs in 2001 were calcu
lated to be 2300 kg from the production and use of PBDE mixtures
(Hanari et al., 2006). PBDD/Fs are also found in flue gas and fly ash from
various industrial processes such as waste incineration (Schüler and
Jager, 2004; Tue et al., 2016), metallurgy (Drage et al., 2014; Wang
et al., 2016), and cement kiln co-processing of solid waste (Yang et al.,
2019b). They have also been detected in environmental matrices such as
soils, and the atmosphere around e-waste dismantling and open burning
sites (Ma et al., 2009; Barontini et al., 2005). In addition they have been
detected in biological samples such as breast milk, blood, and adipose
tissues (Choi et al., 2003b; Mwangi et al., 2016). Clarification of the
pollution levels and distribution characteristics is important for under
standing the current pollution status and providing traceability for
PBDD/Fs in the environment. A systematic summary of the congener
profiles and distribution patterns of PBDD/Fs in different matrices can
provide important information for their source apportionment, trans
formation, and environmental fate.
Herein, analysis methods for PBDD/Fs in complex matrices are
reviewed to provide useful information for their better analysis. We
details emission levels of PBDD/Fs produced from various sources,
which is essential information for establishing an emission inventory of
PBDD/Fs on a national or global scale. Congener profiles of PBDD/Fs in
matrices from various sources and their distribution patterns in the
environment are summarized, and these could be used as fingerprints for
source apportionment. The formation mechanisms of PBDD/Fs are also
reviewed. An improved understanding of the formation pathways of

PBDD/Fs would allow for development of a synergistic control method
for PBDD/Fs, PCDD/Fs, and other dioxin-like POPs. This review im
proves our awareness of PBDD/Fs, which are emerging contaminants
with similar toxicity to PCDD/Fs that can be unintentionally produced
along with PCDD/Fs during various thermal processes.
2. Physiochemical properties and toxicities of PBDD/Fs
PBDD/Fs are PCDD/F analogues with chlorine atoms substituted
with bromine atoms. Little is known about the toxicological effects of
PBDD/Fs. Although chlorinated analogues have been studied for several
decades, brominated analogues have only been studied for a much
shorter period. PBDD/Fs have been identified as potentially toxic pol
lutants in the environment (D’Silva et al., 2004). They have low
chemical transformation and biological degradation rates, and are
lipophilic and persistent. There are 75 PBDD isomers and 135 PBDF
isomers (Table 1), and these numbers of isomers are in accordance with
those of PCDDs and PCDFs. PBDD/Fs are structurally similar to PCDD/Fs
but exhibit somewhat different properties because the bromine atom is
larger and has a higher molecular weight than the chlorine atom. The
PBDD/F congeners have boiling points in the range of 300 ◦ C–500 ◦ C,
and are barely soluble in water (Fiedler and Schramm, 1990). Conse
quently, PBDD/Fs have higher molecular weights, higher organic carbon
adsorption constants (logKoc = 4.1–6.8), and lower vapor pressures and
water solubilities than PCDD/Fs (Rordorf et al., 1990). Therefore, dur
ing thermal processes, PBDD/Fs can attach more easily than PCDD/Fs to
particles. This means that air pollution control devices that can filter out
pollutants in fly ash are more effective for the removal of PBDD/Fs than
PCDD/Fs from stack gas. One previous study found PBDD/F emission
factors in fly ash and stack gas of 226.9 ng/kg waste and 0.690 ng/kg
waste, respectively (Wang et al., 2010a). PBDD/Fs can bioaccumulate in
the environment like the chlorinated congeners but they are less
persistent and more sensitive towards UV degradation because the C–Br
bond is weaker than that of C–Cl (Scheme 1) (Birnbaum, 2003).
The structural similarities of PBDD/Fs (Scheme 1) to PCDD/Fs
contribute to their dioxin-like physicochemical properties, environ
mental behaviour, and biological toxicity, and make them logical sub
jects for toxicological investigations (Table 2). International toxic
equivalency factors (TEF) of PCDD/F congeners were proposed early in
1989 by the North Atlantic Treaty Organization, and these factors were
updated more recently by the World Health Organization (Van den Berg
M et al., 1998). Seventeen PCDD/F congeners with 2,3,7,8-chlorine
substitution, especially 2,3,7,8-tetra-chlorinated congeners (TeCDD),
Table 1
Number of isomers of PCDD/Fs, PBDD/Fs and PXDD/Fs.
Number of halogen

PCDDs

PCDFs

PBDDs

PBDFs

PXDDs

PXDFs

1
2
3
4
5
6
7
8
Total isomers

2
10
14
22
14
10
2
1
75

4
16
28
38
28
16
4
1
135

2
10
14
22
14
10
2
1
75

4
16
28
38
28
16
4
1
135

0
14
84
254
420
452
252
74
1550

0
28
168
496
840
880
504
134
3050

Bond
Cl-Cl
Br-Br
C6H5-Cl
C6H5-Br
Scheme 1. PBDD/Fs structures and bond energy.
2

Bond energy
(kg/mol)
242.9
193.9
397.5
334.7
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Table 2
The TEFs of PCDD/Fs congeners and relative potency of PBDD/Fs congeners to 2,3,7,8-TCDD.
PCDD/F congeners

ITEFs

WHO-TEFs
(2005)

PBDD/F congeners

AHHa

ERODa

AhR
bindingb

DRCALUXc

MicroERODc

Trout early life stage mortality
(TEF)d

2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,4,6,7,8HpCDD
OCDD
2,3,7,8-TCDF
2,3,4,7,8-PeCDF
1,2,3,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,7,8,9-HxCDF
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF

1
0.5
0.1
0.1
0.1
0.01

1
1
0.1
0.1
0.1
0.01

2,3,7,8-TCDD
2,7/2,8-DiBDD
2,3,7-TrBDD
2,3,7,8-TBDD
2,4,6,8-TBDD
1,3,7,8-TBDD

1
<0.01
0.02
0.14
0.01
<0.01

1
<0.01
0.02
0.35
<0.01
<0.01

1
0.07
0.86
0.67
0.01
0.50

1
–
–
0.54
–
–

1
–
–
0.65
–
–

1
–
0.02
1.14 ~ 2.54
–
0.01

0.001
0.1
0.5
0.05
0.1
0.1
0.1
0.1

0.0003
0.1
0.3
0.03
0.1
0.1
0.1
0.1

0.12
0.02
–
–
–
–
–

0.12
<0.01
–
–
–
–
–

0.15
0.06
–
–
–
–
–

0.49
–
<0.01
0.49
0.41
0.09
0.02
0.002

0.30
–
–
0.62
–
0.21
–

0.08 ~ 0.14
–
0.01
0.25
0.04
0.07
<0.01

1,2,3,4,6,7,8HpCDF
1,2,3,4,7,8,9HpCDF
OCDF

0.01

0.01

1,2,3,7,8-PeBDD
1,2,4,7,8-PeBDD
1,2,3,4,7,8-HxBDD
2,3,7,8-TBDF
1,2,3,7,8-PeBDF
2,3,4,7,8-PeBDF
1,2,3,4,7,8-HxBDF
1,2,3,4,6,7,8HpBDF

0.01

0.01

0.001

0.0003

a

: The effects of structure relative to TCDD on in vitro enzymatic activity in rat heaptoma cells. Relative potency values were calculated from Mason et al., (Mason
et al., 1987b), by comparing AHH induction and EROD induction values to TCDD (7.60 × 10− 11 and 8.00 × 10− 11, respectively).
b
: The effects of structure on in vitro rat hepatic Ah receptor binding relative to TCDD. Relative potency values calculated from Mason et al., (Mason et al., 1987b) by
comparing the EC50 value for each chemical to TCDD (EC50 = 1.0 × 10− 9 M).
c
: Relative AhR binding potencies of selected brominated dioxins and furans compared with TCDD as reported by Behnisch et al., (Behnisch et al., 2001b) using DRCALUX and EROD analysis.
d
: Relative potencies of selected brominated and mixed bromo/chloro dioxins and furans as compared with TCDD in rainbow trout (Hornung et al., 1996b).

have quantitative toxic effects (Table 2). The toxic effects on humans
attributed to PBDD/Fs have not been clearly described yet. However,
considering the similar properties of PBDD/Fs and PCDD/Fs, it is
reasonable to predict that brominated compounds will have similar toxic
effects in humans, such as dermal, hepatic, and gastrointestinal toxic
ities, to their chlorinated congeners (Mennear and Lee, 1994). Even
though the TEFs of PBDD/F congeners are not yet universally unified, in
vivo (e.g., in rats) and in vitro (e.g., using rat hepatoma cells) animal
experiments have shown that brominated and brominated/chlorinated
dibenzo-p-dioxins can induce hepatic enzymes, aryl hydrocarbon hy
droxylase (AHH), ethoxyresorufin O-deethylase (EROD), and dioxinresponsive-chemically activate luciferase gene expression (CALUX) in
bioassays (Behnisch, 2003; Behnisch et al., 2001a; Jogsten et al., 2010;
Mason et al., 1987; Mennear and Lee, 1994). The relative abilities of
PBDD/F congeners to induce AHH, EROD, and dioxin-responsiveCALUX in vitro have been compared with that of 2,3,7,8-TeCDD. The
results of an in vivo experiment demonstrated that when using tissue
doses as the matric, tetra-BDD (TeBDD) appears even more potent in
regard to CYP1A enzymatic induction than tetrachlorinated dibenzo-pdioxin (TeCDD) in the liver and equipotent in skin (Birnbaum, 2003).
TeBDD/Fs reportedly act as reproductive toxins in mice. The relative
potency factors of PBDD/F congeners are summarized in Table 2 ac
cording to their biological and toxicity responses from in vivo and in
vitro tests (Birnbaum et al., 2003; Greim 1997; Mason et al., 1987). The
most active compounds with high potency factors are substituted only in
the lateral 2, 3, 7, and 8 positions. According to a previous study, the
responses of 2,3,7,8-TeBDD, 1,2,3,7,8-pentabrominated dibenzo-pdioxin, 2,3,7,8-TeBDF, and 1,2,3,7,8-TeBDF are more significant than
those of other congeners with bromine addition in non-lateral positions
(Mason et al., 1987). Multiplying the concentration of each potentially
toxic congener by its potency factor gives the 2,3,7,8-TeCDD equivalent
concentration of the congener, which can be used to estimate the po
tential toxicity of the investigated sample.

3. Analysis of PBDD/Fs
3.1. Chemical analytical methods for PBDD/Fs
Compared with PCDD/Fs, little is known about the occurrences,
levels, and characteristics of PBDD/Fs in various environmental
matrices or their emission sources. This is because they are present at
trace levels in the environment and a method with a low detection limit
is required for their detection. To date, no standard analytical methods
have been developed for PBDD/Fs and few studies have reported on the
accurate qualification and quantification of PBDD/Fs. Here, we review
existing methods for the analysis of PBDD/Fs in various matrices. The
methods for PBDD/Fs are similar to those for PCDD/Fs, and are mainly
modifications of US EPA Method 1613, US EPA Method 23, and Euro
pean Union Method 1948 for PCDD/Fs. Sample extraction, purification,
and chromatographic separation methods, and labelled standards are
discussed below and summarized in Table 3.
3.1.1. Purification methods for PBDD/Fs
The main extraction methods of PBDD/Fs in different media are
Soxhlet extraction, accelerated solvent extraction (ASE), and liquid
–liquid extraction (Ashizuka et al., 2005; Hayakawa et al., 2004; Hui-Ru
et al., 2008; Jogsten et al., 2010; Terauchi et al., 2009; Wang et al.,
2010c). Soxhlet extraction is commonly used for the extraction of
dioxin-like compounds. Toluene and dichloromethane are typical
extraction solvents for this method. The proportions of toluene and
dichloromethane are optimized according to the thermal and light sta
bilities of the target compounds. Because of the thermal instability of
PBDD/Fs, especially decabromodiphenyl ether (DBDE), a solvent with a
low boiling point, such as dichloromethane or acetone, is usually used as
the extraction solvent. In some studies, a two-step extraction method has
been adopted using methylene chloride, which has a low boiling point,
for extraction of brominated congeners in the first step, and toluene for
PCDD/F extraction in the second step (Wyrzykowska et al., 2009).
Importantly, the extraction and purification pretreatment processes
should be conducted with a filter to remove UV light because of possible
3
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Table 3
Analytical methodologies for PBDD/F analysis in various matrices.
Matrices

Extraction

Purification (congener
number)

Analysis

Internal
standards

Air

Soxhlet
(toluene)

Three columns (12):
1. acid silica gel
column,
2. alumina column,
3. active carbon
column
Three columns (8):
1. acid silica gel,
2. multi-layer silica gel
column,
3. florisil column
Two columns (6):
1. multilayer silica
column with copper
chips
2. activated carbon
column
Three columns (7):
1. multilayer silica
column,
2. florisil column,
3. active carbon
column
Two columns (14):
1. acid silica gel
2. active carbondispersed silica gel

HRGC/HRMS
Rtx-5MS (30 m, 0.25 mm,
0.25 μm)

13

C12PBDD/Fs

(Wang et al., 2008;
Wang et al., 2010c)

HRGC/HRMS
DB-5MS (30 m, 0.25 mm,
0.10 μm)

13

HRGC/HRMS

13

(Hayakawa et al.,
2004; Hui-Ru et al.,
2008; Li et al., 2007;
Mandalakis et al.,
2008)
(Terauchi et al., 2009)

HRGC/HRMS
DB5-HT (30 m, 0.25 mm,
0.10 μm)

13

HRGC/HRMS
DB5-HT column (15 m,
0.25 mm, 0.10 μm)

13

Three columns (10):
1. concentrated sulfuric
acid silica gel
2. multilayer silica gel
3. activated carbonimpregnated silica gel
reversible cartridge
Three columns (11):
1. multilayer silica
column,
2. sulfuric acid cleanup,
3. silica gelimpregnated carbon
Two columns (11):
1. multilayer silica,
2. activated carbon
column
Three columns (7):
1. silica gel column;
2. florisil column;
3. active carbon
column.
Three columns (9):
1. sulfuric acid
treatment,
2. multilayer silica
column,
3. active carbon
column
Three columns (7):
1. multilayer acidified
silica gel column
2. Florisil column
3. active carbon
column
Three columns (4):
1. sulfuric acid silica gel
column
2. aluminum foil
column
3. florisil column
Three columns (11):
1. multilayer silica
column,
2. alumina oxide

HRGC/HRMS
DB-17HT (30 m, 0.25 mm,
0.15 μm) for tetrahexaBDD/Fs; DB-5 ms (15
m, 0.25 mm, 0.1 μm) for
hepta-octa BDD/Fs

Soxhlet
(toluene)

Sediment

Soxhlet
(toluene)

Soxhlet
(toluene)

Soils

ASE
(toluene)

high-speed solvent
extractor
(hexane/acetone
mixture and toluene,
respectively)
Soxhlet
(dichloromethane:
hexane 3:1)

Fish

Sequential extraction
(acetone: n-hexane
2.5:1)
ASE
(n-hexane)

Eggs

ASE
(dichloromethane)

ASE
(methanol: toluene
7:3)

Human adipose tissues

Soxhlet
(dichloromethane)

extracted with hexane/
dichloromethane (1:1)

Limit of detection

C12PBDD/Fs

C12PCDD/Fs

–

C12PBDD/Fs

C12PBDD/Fs
(EDF5409; CIL,
USA)
13
C12PBDD/Fs
(EDF5408; CIL,
USA)

References

(Choi et al., 2003a)

0.022–0.6 pg/g

(Xu et al., 2017)

–

(Tue et al., 2019)

HRGC/HRMS
Rxi-5MS (15 m, 0.25 mm,
0.25 µm)

13

C12PBDD/Fs
(EDF5059; CIL,
USA)

(Ma et al., 2009)

HRGC/HRMS,
SP-2331 (60 m, 0.25 mm,
0.20 μm)

13

(Haglund et al., 2007)

HRGC/HRMS
DB-5 (30 m, 0.25 mm, 0.1
μm)

13

C12PBDD/Fs

0.01–0.05 pg/g

(Ashizuka et al., 2005)

HRGC/HRMS
DB-5MS (30 m, 0.25 mm,
0.10 μm)

13

C12PBDD/Fs

2–100 pg/g

(Watanabe et al.,
2004)

HRGC/HRMS
RTX 1614 (30 m, 0.25 mm,
0.1 μm)

13

C12PBDD/Fs

0.01–1.42 pg/g

(Pajurek et al., 2019)

HRGC/HRMS
DB5-HT (15 m, 0.25 mm,
0.1 µm)

13

C12PBDD/Fs

0.5–1.3 pg/g

(Choi et al., 2003b)

HRGC/HRMS
DB-1 (15 m, 0.25 mm, 0.1
μm) column for higher
substituted PBDD/Fs; BP-1

13

0.02–0.21 pg/g

(Jogsten et al., 2010)

C12TCDD

C12PBDD/Fs

(continued on next page)
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Table 3 (continued )
Matrices

Commercial
polybrominated
diphenyl ether
mixtures

Extraction

Toluene dissolution

dissolved in n-hexane
(or toluene)
Toluene dissolution

pyrolysis of deca-BDE,
polyethylene and
metal blends

Soxhlet
(toluene)

Stack gas

Soxhlet
(Methylene chloride
and toluene)

Soxhlet
(toluene)

Soxhlet
(toluene)

digestion
with HCl and Soxhlet
(toluene)
fly ash

Soxhlet
(toluene)

Purification (congener
number)

Analysis

column,
3. active carbon
column
One column (12):
1. florisil column

(25 m, 0.22 mm, 0.1 μm)
column for mono- to
penta- BDD/Fs
HRGC/HRMS
DB-5 (30 m, 0.25 mm,
0.10 μm)

One column (10):
1. graphite carbon
column
One column (12):
1. multilayer silica gel
(containing 44%
sulfuric acid silica gel)
Three columns (8):
1. acid silica gel column
2. multilayer silica gel
column
3. Florisil column

HRGC/HRMS
DB-5 (15 m, 0.25 mm,
0.10 μm)
HRGC/HRMS
TG-5MS (30 m, 0.25 mm,
0.25 μm)

Three columns (15):
1. multilayer silica
column,
2. basic alumina
column
3. carbon column
Three columns (7):
1. acid silica column,
2. acid alumina
column,
3. active carbon
column
Two columns (14):
1. multilayer silica gel
column (44% sulfuric
acid silica gel and 33%
sodium hydroxide silica
gel)
2. basic alumina
column
Three columns (14):
1. silica gel column
2. alumina column
3. active carbon
column
Two columns:
1. multilayer silica
column,
2. aluminum oxide
column
Three columns (12):
1. acid silica column,
2. alumina column,
3. activated carbon
column
Two columns (10):
1. multilayer silica gel
column (44% sulfuric
acid silica gel and 33%
sodium hydroxide silica
gel)
2. basic alumina
column

Internal
standards

Limit of detection

References

13

C12PBDD/Fs
(EDF5071; CIL,
USA)
13
C12PBDD/Fs

30 pg/g for hexa- and
hepta- BDDs

(Ren et al., 2011)

100–200 ng/g for PBDD/
Fs

(Hanari et al., 2006)

13

1 ng/mL for Br4DD/Fs,
2 ng/mL for Br5DD/Fs, 10
ng/mL for Br6-DD/Fs,
200 ng/mL for Br8DD/Fs
0.20 pg/sample for TBDF,
0.27 pg/sample for TBDD,
0.46 pg/sample for
PeBDF, 1.0 pg/sample for
PeBDD and 1.6 pg/sample
for HxBDD/Fs
–

(Ren et al., 2017)

C12PBDD/Fs

HRGC/HRMS
DB-5 (30 m, 0.25 mm, 0.1
μm)

13

HRGC/HRMS
HP-5 (15 m, 0.25 mm,
0.25 μm)

13

HRGC/HRMS
Rtx-5MS (30 m, 0.25 mm,
0.25 μm)

13

HRGC/HRMS
DB-5 MS
(30 m × 0.25 mm, 0.1 μm)

13

HRGC/HRMS
DB-5 MS
(15 m × 0.25 mm, 0.1 μm)

13

GC/MS
Ultra 2 (12.5 m, 0.20 mm,
0.33 μm)

C12PBDD/Fs
(EDF5071; CIL,
USA)
C12PBDD/Fs
(EDF5059; CIL,
USA)
C12PBDD/Fs

C12PBDD/Fs
(EDF5408; CIL,
USA)

C12PBDD/Fs
(EDF5409; CIL,
USA)
13
C12PBDD/Fs

HRGC/HRMS
Rtx-5MS (30 m, 0.25 mm,
0.25 μm)

13

HRGC/HRMS
DB-5 MS
(15 m × 0.25 mm, 0.1 μm)

13

photolytic debromination of highly brominated congeners under UV
irradiation during Soxhlet extraction. In addition, copper, which is
commonly added to samples to remove sulphurous impurities, can lead
to copper-catalysed dehalogenation of dioxin-like compounds and
cyclization of diphenyl ethers, and subsequently contribute to DeBDE
degradation to produce BDEs and PBDFs with lower levels of haloge
nation (Wyrzykowska et al., 2009). Soxhlet extraction for over 24 h at
high temperature (about 110 ◦ C) may, to some extent, promote these

(Wyrzykowska et al.,
2009)

(Wang and
Chang-Chien, 2007)

0.03–1.23 pg/Nm3

(Song et al., 2019)

–

(Conesa et al., 2016)

(Schwind et al., 1988)

C12PBDD/Fs

C12PBDD/Fs
(EDF5408; CIL,
USA)

(Mei et al., 2017)

(Wang et al., 2010d)

–

(Yang et al., 2019b)

reactions (Takahashi et al., 2006). Compared with time-consuming
Soxhlet extraction, ASE is more efficient and the sample extraction
time can be shortened to less than half hour.
Purification of samples with complex matrices is important for trace
analysis of POPs containing many congeners to obtain good resolution
and sensitivity. Different purification methods have been used for
PBDD/F analysis with two or three chromatography columns. First,
extracts are submitted to a clean-up step using an acidic silica gel
5
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column, an alumina column, or a multilayer silica gel column (Hagberg
et al., 2009; Xu et al., 2013). Removal of the clean-up column may
introduce interferences in PBDD/F quantification, which can cause
overlap with chromatographic peaks of 13C-labelled standards. The use
of only an acidic silica gel column or alumina column is not suitable for
the separation of PBDEs and PBDD/Fs. In PBDD/F analysis, purification
is vital to separate PBDD/Fs from PBDEs and preventing interference
among similar fragments. An activated carbon-impregnated silica gel
column or Florisil column is used for the separation of PBDEs and PBDD/
Fs. One study reported that an activated carbon column and elution with
15 mL of ethyl acetate resulted in a PBDE content of <20% in the toluene
fraction containing PBDD/Fs (Ebert et al., 1999). The recovery rates of
PBDD/Fs were above 60% and met requirements for accurate analysis.
When using a Florisil column (containing 1% water) as the adsorption
phase, almost complete separation of PBDEs from PBDD/Fs was
observed. Some studies have compared the separation effects of the
above methods. The results showed that when an alumina column was
used for a third clean-up step, the PBDEs content in the eluent was >46%
when n-hexane and dichloromethane were used for elution and >82%
when n-heptane and ethyl acetate were used for elution. However, the
content decreased to < 7% when an activated carbon column was used
instead of the alumina column, and < 0.5% with a Florisil column
(containing 1% water) (Ebert et al., 1999). Choi et al., found that both
PBDE and PBDD/F fractions suffered from significant matrix interfer
ence when a Florisil column was used in the third purification step for
soils from industrial areas (Choi et al., 2003a). Therefore, for some
complex matrices containing high concentrations of PBDEs, Florisil and
activated carbon columns are used in succession for complete separation
(Table 3).

efficiency for more highly brominated compounds. Table 4 shows the
qualitative and quantitative ions for PBDD/F analysis. The chromato
grams of 2,3,7,8-TeBDDs and the total ion chromatogram of PBDD/F
congeners in stack gas samples are shown in Fig. 1.
Isotope dilution HRGC/HRMS with an electron ionization source is
usually used for analysis of trace levels of PBDD/Fs in environmental
matrices. Selected ion monitoring (SIM) mode can be used to achieve
high sensitivity. The limit of detection is usually around a few picograms
per gram (shown in Table 3), except for some matrices that contain
PBDEs at high concentrations of up to several hundred nanograms per
gram, such as soils from e-waste areas and commercial PBDE mixtures
(Hanari et al., 2006; Mei et al., 2017). The identities of PBDD/Fs are
commonly confirmed by comparing their retention times with those of
internal standards and using isotope ratios (within ± 15%). Fig. 1a
shows the retention times of 2,3,7,8-TeBDD and 13C-labelled 2,3,7,8TeBDD. Currently, there are few 13C12-labelled internal standard mix
tures available, and those that are available, are mainly manufactured
by Cambridge Isotope Laboratories, Inc. Standard solutions should be
protected from UV light because they are light sensitive, especially the
brominated furans and more highly brominated congeners (Neupert
et al., 1988). In addition, more highly brominated PBDD/Fs have higher
detection limits than PCDD/Fs. Fragments in a higher mass-to-charge
ratio range (m/z 484–815) are monitored for PBDD/Fs than PCDD/Fs
(m/z 306–460) (Fromme et al., 2016). Perfluorokerosene is used as mass
calibration. However, the reference ions intensities for m/z above 600
are below 1%. Therefore, for some complex matrices such as human
plasma, peaks of target PBDD/F congeners are difficult to distinguish
from the baseline. In one study, insufficient resolution made it difficult
Table 4
Qualitative and quantitative ions of PBDD/Fs.

3.1.2. Gas chromatography-mass spectrometry conditions for PBDD/F
analysis
Splitless injection is always used for PBDD/F analysis at trace levels.
Degradation of PBDD/Fs, especially highly brominated congeners, can
occur if the sample is exposed to a high temperature for a long time
during separation in the gas chromatography (GC) column. Therefore,
capillary columns with thin films (0.1 μm) are usually used so that a
lower temperature can be applied, which can prevent degradation
during separation. The GC columns are typically shorter (e.g., 15 m or
30 m) than those used for PCDD/Fs, so that the retention time can be
reduced while achieving sufficient resolution of the target PBDD/F
congeners. A shorter column can reduce the degradation of more highly
brominated congeners but have lower separation efficiency. Some
studies have combined a longer column (e.g., 30 m or 60 m) for good
separation of less brominated congeners with low thermal sensitivity
and a short column (e.g., 15 m) for determination of more highly
brominated congeners to prevent degradation (Wyrzykowska et al.,
2009). Columns from different manufacturers have been used, including
DB-5MS, Rtx-5MS, DB-17HT, Rxi-5MS, SP-2331, RTX 1614, DB-1, and
HP-5 columns. A comparison of the separation effects of different col
umns for brominated congeners showed that there were no significant
differences among different columns for less brominated congeners
(Bjorklund et al., 2004); however, differences were observed among the
columns for more highly brominated congeners. Significant degradation
of deca-brominated congeners occurred when a HP-1 column was used
(Bjorklund et al., 2004). The lowest discrimination and highest precision
were obtained with a DB-5MS column (Bjorklund et al., 2004). There
fore, DB-5MS is the most commonly used column, accounting for 63% of
all the studies shown in Table 3.
For sample injection, the splitless method is commonly used with an
inlet temperature ranging from 240 ◦ C to 300 ◦ C. The use of a cold oncolumn injector with samples dissolved in a solvent and introduced
directly to the column could eliminate thermal degradation and
discrimination. An on-column injector is used as the reference for in
jection techniques (Bjorklund et al., 2004). In our previous studies, we
used a pulsed spitless injection, which greatly improved the separation
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Fig. 1. Qualitative analysis of PBDD/Fs (a) and the total ion chromatogram of PBDD/Fs in stack gas samples (b).

to distinguish 13C-labelled Octa-BDF from the native Octa-BDD (Fromme
et al., 2016).
In summary, the pretreatment processes of environmental matrices
for PBDD/F analysis should be conducted with shielding from UV light
because of possible photolytic debromination of highly brominated
congeners under UV irradiation. Separation of PBDEs and PBDD/Fs is
critical for the purification efficiency. An activated carbon-impregnated
silica gel column or Florisil column is used for separation of PBDEs and
PBDD/Fs. In addition, PBDD/F congeners of different numbers of
bromine substitution may need chromatographic separation by columns
of different lengths because of their different properties. A shorter col
umn should be used for separation of highly brominated congeners to
reduce degradation on the column. Isotope dilution HRGC/HRMS is
suggested for PBDD/Fs analysis in environmental matrices because of
their trace levels. Currently, some challenges remain for PBDD/Fs. For
complex matrices such as fly ash, stack gas, and some biological samples,
the purification and separation methods for highly brominated PBDEs
and their 13C-labelled congeners need to be improved. Commercial
13
C12-labelled PBDD/Fs are limited, and accurate qualification and
quantification of the congeners without their corresponding 13C12labelled standards is difficult.

and are comparable in effect to PCDD/Fs (CALUX-TEQs: 8.1%–29%)
(Suzuki et al., 2010; Tue et al., 2010). There is a linear correlation be
tween TEQ responses and the responses from most bioanalyses and
chemical analyses (Schramm et al., 2001). The results from bioanalyses
for dioxin-like pollutants can reflect the integrated activities of various
congeners and their possible interactions in complex chemical mixtures;
therefore, bioanalyses and chemical analyses should be combined to
assess emissions of dioxin-like pollutants. In addition, unknown toxi
cants can be discovered. The toxicities of waste incinerator-related
samples by chemical analysis and bioassays were compared previously
(Behnisch et al., 2001b). Without any exceptions, the bioassay-TEQs
were higher than those obtained by chemical analysis, indicating par
tial evaluation of TEQs by chemical analysis (Behnisch et al., 2002).
4. Sources of and formations of PBDD/Fs
4.1. Sources of PBDD/Fs
4.1.1. PBDD/Fs from chemical industries as impurities in commercial BFRs
PBDD/Fs occur as impurities in commercial BFRs and can also be
produced during thermal processes involving these chemicals. There is
currently much concern about the occurrences of PBDD/Fs during
manufacture, use, and disposal of BFRs (D’Silva et al., 2004). Com
mercial compounds that are PBDD/Fs sources include PBDEs, PBBs,
polybromophenols, tetrabromobisphenol A, and other brominated
compounds (Hanari et al., 2006; Ren et al., 2011; Ren et al., 2017).
PBDD/Fs are impurities in commercial DBDE (Ren et al., 2011). The
concentrations of twelve 2,3,7,8- substituted tetra- to octa- BDD/Fs in
commercial deca-BDEs were found to be 7.53 µg and their emissions
could be roughly estimated at 0.43 t worldwide according to the global
production of commercial DBDE in 2001. PBDDs have not been detected
at levels above the limit of detection. PBDF congener profiles vary with
the bromination degree of the commercial PBDE mixture. Octa-BDF is
the prevailing congener in commercial DBDE, followed by 1,2,3,4,6,7,8HeptaBDF, which is thought to arise from DBDE or nonabrominated
diphenyl ether via intramolecular elimination of HBr/Br2 (Ren et al.,
2011; Zhan et al., 2019).

3.2. Bioanalytical detection methods
GC-mass spectrometry can accurately determinate a wide range of
chemicals with high sensitivity and selectivity. The health risk of a
chemical can be evaluated by calculating its toxic equivalents (TEQ),
which is an additive model of potency (Behnisch et al., 2001a). The
potency values of TEFs are obtained from dose–response curves. How
ever, TEQs obtained by chemical analysis only show individual re
sponses of specific congeners. Biochemical analysis can be used to
complement instrumental analysis.
When using bioassays to determine dioxin toxicity, a common
mechanism has been proposed for all primary biological effects that
involves binding with the aryl hydrocarbon receptor (AhR). Good cor
relations have been found between AhR-mediated biological effects and
dioxin-like toxic effects. After binding of the dioxin-like chemical to the
AhR, it translocates to the nucleus of the cell and induces transcription
and expression of many genes. CYP1A1 is one of the first proteins to be
expressed after exposure to TeCDD and related compounds. In bioassays,
the dioxin-like activity of a complex mixture is expressed as the
bioassay-TEQ (e.g., CYP1A1-TEQ or CALUX-TEQ) (Schramm et al.,
2001). Bioassay-TEQs are determined by comparing the induction of
biological activity (e.g., CYP1A1 or EROD activity) caused by the
investigated sample with that caused by an authentic TeCDD standard.
PBDFs are reportedly a major contributor to CALUX-TEQs (4.2%–22%),

4.1.2. PBDD/Fs from disposal of e-waste and plastics containing BFRs
It is widely recognized that unintentional emission from thermal
processes, especially incineration of e-waste containing PBDEs, is the
principle source of PBDD/Fs, and this can be attributed to the structural
similarities between PBDEs and PBDD/Fs (Table 5). Among the multiple
types of e-waste, cathode ray tube monitors, printed circuit boards, and
flame retardant polymers used in electronic housing are more prone to
produce PBDD/Fs during recycling processes, such as dismantling,
7
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Table 5
Sources and characteristics of PBDD/Fs from various sources.
Matrices

Congeners

Levels of PBDD/Fs

Average
concentration

Major congeners of
high concentration

Main sources or influencing
factors

References

Air from vehicle parking
areas

8 2,3,7,8PBDD/Fs

0.0734–3.35 pg/m3

1.68 pg/m3

PBDE-treated auto parts, auto
exhaust, photolysis of BFRs, et al.

(Li et al., 2016)

Air in suburban area in
China

13 2,3,7,8PBDD/Fs

1.17–2.42 pg/m3
(0.042–0.11 pgTEQ/ m3)

No specific sources.

(Zhang et al.,
2015)

Air from rural, urban,
industrial and science
park area in Taiwan,
China

7 2,3,7,8PBDD/Fs

–

1,2,3,7,8-PeBDF,
2,3,4,7,8-PeBDF,
2,3,7,8-TBDF
1,2,3,4,6,7,8-HpBDD/
F,
OBDD/F
PBDFs

Metallurgical facilities
responsible for PBDD/Fs in the
industrial areas;
PBDEs in the electrical and
electronics industries response
for PBDD/Fs in the science park.
(MSWI are dominated by PBDDs
and industrial waste incineration
are dominated by PBDFs).

(Wang et al.,
2008)

Air in e-waste recycling
area in China

–

2,3,4,7,8-PeBDF,
1,2,3,4,6,7,8-HpBDF,
1,2,3,4,7,8-HxBDF

E-waste recycling.

(Zhang et al.,
2012)

Lower brominated
congeners including
2,3,7,8-TBDF,
2,3,4,7,8-PeBDF and
1,2,3,7,8-PeBDF
1,2,3,7,8-PeBDF,
1,2,3,4,7,8HpBDF2,3,7,8-TeBDF

BFRs in electrical and electronic
equipment and the heating and
roasting recycling process.

(Li et al., 2007)

Uncontrolled burning of BFRcontaining wastes.

(Pajurek et al.,
2019)

Air around electronic
waste dismantling area

Chicken eggs

7 2,3,7,8PBDD/Fs

Lichen in the Antarctic
coastal environment
Soil in the Antarctic
coastal environment
Ornithogenic soil in the
Antarctic coastal
environment
Farmland soils in e-waste
recycling area in China
Soils in open burning
areas of e-waste site in
Ghana
Soils from open burning
of e-waste in Ghana
Soils in dismantling area
of e-waste site in
Ghana
Sediment from the east
river in China

13 2,3,7,8PBDD/Fs
Tetra-octa
BDD/Fs

Commercial 1,2-bis
(2,4,6-tribromo-phenoxy)ethane (BTBPE)
and 2,4,6-tribromo
phenol (TBP)
Commercial
polybrominated
diphenyl ether
mixtures

Rural areas 11
fg/Nm3 (2.7 fg ITEQ/Nm3)
Urban areas 24
fg/Nm3 (6.4 fg ITEQ/Nm3)
Industrial areas
46 fg/Nm3 (12 fg
I-TEQ/Nm3)
Science park 95
fg/Nm3 (31 fg ITEQ/Nm3)

(0.05–0.57 pg TEQ/g)

0.15 pg TEQ/g

5.7–13.3 pg/g
(0.0135–0.0242 pg TEQ/
g)
0.248–2.62 pg/g
(0.00703–0.0152 pg
TEQ/g)
0.772–1.61 pg/g
(0.00772–0.00988 pg
TEQ/g)
2.5–17 pg TEQ/g

11.7 pg/g
(0.0192 pg TEQ/
g)
1.43 pg/g
(0.0111 pg TEQ/
g)
1.19 pg/g
(0.0088 pg TEQ/
g)
7.4 pg TEQ/g

0.011–0.86 pg/g
(73–3000 pg TEQ/g)

1,2,3,4,6,7,8-HpBDF,
OBDF
Tetra-hepta PBDFs

E-waste recycling facility as the
point source.
Combustion of wires and circuit
boards containing BFRs.

(Xu et al., 2017)

Tetra-hexa BDFs

Combustion and PBDEcontaining plastics.

(Tue et al.,
2016)

Crude thermal processes and
cross-contamination from the
open burning areas.
Municipal solid waste
incinerators and industrial waste
incinerators.
Atmospheric deposition.

(Tue et al.,
2019)

83.1–3804 ng/g
(0.35–16.7 pg TEQ/g)

Tetra-octa
BDD/Fs

22380–1006200 pg/g
(127–5200 pg TEQ/g)

Tetra-hepta PBDFs

8 2,3,7,8PBDD/Fs

0.32–110 pg/g
(0.087–18 pg TEQ/g)

2,3,4,7,8-PeBDF

0.16 to 1.6 pg
TEQ g− 1dw

2,3,7,8-TBDF,
1,2,3,7,8-PeBDF,
2,3,4,7,8-PeBDF
1,2,3,4,6,7,8-HpBDF
and BDE209
OBDF, 1,2,3,4,6,7,8HpBDF

Mono–Octa
BDD/Fs
12 2,3,7,8substituted
tetra- to octaBDD/Fs
12 2,3,7,8substituted
tetra- to octaBDD/Fs

12.9–66.1 pg/g

tetra- to octaBDD/Fs

257–49605 ng/g

931.4 ng/g
(3.3 ng TEQ/g)

(Mwangi et al.,
2016)

Tetra-octa
BDD/Fs

Surface sediment in
Taihu Lake in China
Sediment core from
Tokyo bay, Japan
Commercial deca-BDE

3.54–155 pg/m3
(0.18 pg TEQ/m3 in
winter and 0.22 pg TEQ/
m3 in summer)
8.12–461 pg/m3
(1.62–104 pg TEQ/m3)

–

3.4–13.6 μg/g

7.53 μg/g (39 ng
TEQ/g)

–

4000 ng/g (40 ng
TEQ/g) in
commercial
BTBPE;
1.06 ng/g (0.037
ng TEQ/g) in
2,4,6-TBP
14829 ng/g in
OctaBDE;
40194 ng/g in
decaBDE

Technical PBDE formulations.
PBDD/Fs are impurities in
commercial decaBDE mixtures
produced by manufacturers.

(Tue et al.,
2019)

(Ren et al.,
2009)
(Zhou et al.,
2012)
(Goto et al.,
2017)
(Ren et al.,
2011)

1,3,6,8-TeBDD,
1,3,7,9- TeBDD and
2,3,7,8-TeBDF

TeBDDs and OH-pentaBDEs were
formed as by-products from
2,4,6-TBP during BTBPE
synthesis.

(Ren et al.,
2017)

Hexa-octa BDFs

PBDFs can be formed during the
production of commercial PBDE.
PBDFs were calculated to be
2300 kg on the basis of the

(Hanari et al.,
2006)

(continued on next page)
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Table 5 (continued )
Matrices

Congeners

Levels of PBDD/Fs

Stack gas from municipal
solid waste
incineration
Stack gas from industrial
waste incineration

7 2,3,7,8PBDD/Fs

0.45–5.46 pg/Nm3
(0.12–1.79 pg TEQ/Nm3)

7 2,3,7,8PBDD/Fs

4.5–77.3 pg/Nm3
(1.11–4.21 pg TEQ/Nm3)

Incineration of waste
printed circuit board

12 2,3,4,8substituted
tetra- to octaBDD/Fs

19.0, 160, and 0.057 ng
TEQ/g at 325 ◦ C in solid,
liquid, and gaseous
fractions

Stack gas from waste
incineration and
metallurgical plants

14 tetra- to
octa- BDD/Fs

0.17–4.13 ng/Nm3
(4.8–81.9 pg TEQ/Nm3)

Stack gas from cement
kiln

14 tetra- to
octa- BDD/Fs

1.83–6.45 pg /Nm3
(0.01–0.44 pg TEQ/Nm3)

Average
concentration

Major congeners of
high concentration

2.28 pg/Nm3
(0.56 pg TEQ/
Nm3)
18.2 pg/Nm3
(4.17 pg TEQ/
Nm3)

1,2,3,4/6,7,8-HxBDD,
2,3,4,7,8PeBDF2,3,7,8-TeBDF
2,3,7,8-TeBDF,
1,2,3,7,8-PeBDF,
2,3,4,7,8-PeBDF
PBDF
(higher brominated
BDFs at low
temperatures; lower
brominated BDFs at
higher temperatures)
1,2,3,4,6,7,8-HpBDF

3.45 pg/Nm3
(0.134 pg TEQ//
Nm3)

OBDF

Flame-retarded highimpact polystyrene
under thermal stress

5450 ng/g

OBDF and
1,2,3,4,6,7,8-HpBDF

Thermal treatment of
simulated polystyrene
(PS) foam

0.8–14.3 ng/g (nitrogen)
and 1.2–187 ng/g(air)

1,2,3,7,8-PeBDF and
2,3,7,8-TBDF

0.032–0.22 ng/g

HpBDF

Fly ash from cement kiln
co-processing solid
waste in China

10 2,3,7,8substituted
BDD/Fs

mechanical recycling, thermal processes or thermal stress, chemical
separation and extraction, and disposal of residues by combustion or in
landfill (Duan et al., 2011; Weber, 2003). Three commercial PBDE
products containing penta-, octa-, and deca-brominated compounds are
manufactured for use in a range of applications (D’Silva et al., 2004).
DBDE is widely used in most materials present in electronics. It is the
primary PBDE in TV casings, and one study found it accounted for 67%
of the total PBDE concentration (900 μg/g) (Ortuno et al., 2015). By
comparison, the 2,3,7,8-PBDD/Fs content of the TV casing was 5.5 μg/g,
with furans accounting for more than 98% of the total 2,3,7,8-PBDD/Fs
content. In another study, the TEQ of PBDD/Fs in flue gases generated
during thermal stressing of TV casings at 250 ◦ C (0.04 ng TEQ/g) was
about 10 times that in untreated samples (0.003 ng TEQ/g), which
confirmed that PBDEs act as precursors of PBDFs. PBDDs were not
formed at appreciable concentrations from PBDEs during the thermal
treatment. The most prevalent congeners in the original TV casing were
Octa-BDF and 1,2,3,4,6,7,8-Hepta-BDF. A shift towards less brominated
congeners occurred after thermal stressing at 250 ◦ C (Ortuno et al.,
2015). PBDD/F production from incineration of waste printed circuit
boards has been investigated because printed circuit boards are a com
mon component of electronics (Duan et al., 2011; Li et al., 2010). The
total PBDD/Fs concentration was 4.3 μg/g (16 000 ng TEQ/kg) in an
unheated printed circuit board and reached higher concentrations at
325 ◦ C. The contents of twelve 2,3,7,8-substituted PBDD/Fs congeners
from three outputs were highest at 325 ◦ C, with values of 19 000, 16
000, and 57 ng TEQ/kg in the solid, liquid, and gaseous fractions,
respectively. For untreated printed circuit board samples, the two con
geners 1,2,3,4,7,8,9-Hexa-BDF and 1,2,3,4,6,7,8-Hepta-BDF were the

Main sources or influencing
factors
production of PBDE mixtures in
2001.
–

–

Incineration of electronic scrap
and of materials containing BFRs.

composition of feedstock and
APCDs were identifified as the
main factors influencing the
formation and emission of PBDD/
Fs.
No available of bromine exist,
therefore this rather low value is
expected. The only materials that
might contain a slight amount of
bromine are automotive shredder
residue or perhaps sewage.
The formation of new PBDD/Fs
was also detected in the gas phase
when the plastic was heated to
200 ◦ C or 250 ◦ C, with higher
yields of furans than dioxins.
the temperature, metal content,
and type of atmosphere are the
key factors in the formation of
congeners and PBDD/Fs during
thermal processes.
Raw materials.

References

(Wang and
Chang-Chien,
2007)
(Wang and
Chang-Chien,
2007)
(Duan et al.,
2011)

(Song et al.,
2019)

(Conesa et al.,
2016)

(Ortuño et al.,
2015)

(Wang et al.,
2018b)

(Yang et al.,
2019b)

dominant contributors to the total TEQ concentration, accounting for
34% and 55% of the total TEQ concentration, respectively. When the
temperature increased, the TEQ contents of 1,2,3,4,7,8,9-Hepta-BDF
and 1,2,3,4,6,7,8-Hepta-BDF decreased, while the TEQ contents of
2,3,7,8-Tetar-BDF and 2,3,7,8-TeBDD increased (Duan et al., 2011). The
congener characteristics of printed circuit boards after thermal treat
ment were similar to those of TV casings. It can be concluded that PBDF
formation is considerably higher than that of PBDDs during the thermal
treatment of BFRs (Luijk and Govers, 1992). Less brominated congeners
can be formed by thermal degradation (Duan et al., 2011; Ma et al.,
2009). It is widely recognized that the following three processes occur
during the pyrolysis recycling of printed circuit boards: generation and
release of H2O and CO2 (<207 ◦ C); decomposition of the fire retardant,
which can release HBr and brominated aromatics (270 ◦ C–370 ◦ C); and
decomposition of the phenol resin and char formation (370 ◦ C) (Li et al.,
2010). Thermogravimetric analysis has shown that thermal degradation
of printed circuit boards mainly occurs at 280 ◦ C–350 ◦ C (Barontini
et al., 2005).
4.1.3. PBDD/Fs from waste incinerators and metallurgical plants
With the widespread use of BFRs in commodities and products,
bromine sources are abundant in raw materials for waste incineration
(D’Silva et al., 2004). PBDEs have been found at concentrations of
245–67450 ng/g in scrap raw materials used in secondary aluminium
smelters. Waste incineration and metallurgical processes, including
secondary metal smelting and arc furnace steelmaking, are important
anthropogenic sources of dioxins (Table 5) (Liu et al., 2015b; Liu et al.,
2016b; Weber, 2003). Although less data are available on PBDD/Fs
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formation during waste incineration and metallurgical process than for
PCDD/Fs, pilot studies have demonstrated that PBDD/Fs are formed
during these thermal processes (Gullett et al., 2010; Song et al., 2019;
Wang et al., 2010a,d; Wyrzykowska et al., 2011). PBDD/F concentra
tions are lower than those of PCDD/Fs in emissions from municipal
waste incineration (PBDD/Fs: 170–200 pg/Nm3), electric arc furnaces
(148 pg/Nm3), and iron and steel sintering (PBDD/Fs: 287–312 pg/
Nm3), which have PBDD/F to PCDD/F concentration ratios of
0.36–0.42, 0.1, and 0.17, respectively (Drage et al., 2014; Wang et al.,
2010b). Conversely, PBDD/F concentrations are 1.14–9.47 times those
of PCDD/Fs in emissions from hazardous waste incineration (PBDD/Fs:
944–4.13 × 103 pg/Nm3), cement kilns co-processing municipal waste
(PBDD/Fs: 665–791 pg/Nm3), and secondary copper smelting (PBDD/
Fs: 814–923 pg/Nm3) (Song et al., 2019). The higher emissions of
PBDD/Fs during those processes including hazardous waste incinera
tion, cement kilns and secondary copper smelting process may be
contributed by the co-processed BFR-containing plastics from
electronics.
Less chlorinated PCDD/F congeners, including 2,3,7,8-TeCDF,
1,2,3,7,8-PeCDF, and 2,3,4,7,8-PeCDF, are dominant in the stack gases
from metallurgical plants. PBDD/F congener profiles are quite different
to those of PCDD/F congeners. The dominant congeners in emissions
from all waste incineration and metallurgical industry facilities are more
highly brominated congeners, such as 1,2,3,4,6,7,8-Hepta-BDF, which
accounts for 63.3%–89.7% of the sum of 14 PBDD/Fs, followed by
1,2,3,4,7,8-Hexa-BDF and Octa-BDF (Wang et al., 2010b; Wu et al.,
2014). The large proportion of highly brominated PBDF congeners is
mainly attributed to thermal desorption of feed scrap. The PBDF/PBDD
ratios are much higher than 1 (Song et al., 2019; Tu et al., 2011; Wang
et al., 2010d). PBDFs are formed through elimination of Br2 and HBr
from PBDEs and a subsequent ring-closure reaction (Weber 2003).
Phenolic compounds associated with PBDDs play only a minor role
(Wang et al., 2010b). In addition, the PBDF/PBDD ratios (10.2–1192)
differ greatly between various facilities (Song et al., 2019), which in
dicates that different formation mechanisms and pathways occur in
these facilities because they use different feed waste and raw materials.
In addition to stack gas emissions, municipal solid waste incinerators
can release pollutants to the environment through bottom residues and
fly ash. Pollutants such as PCDDFs are not present at high levels in
bottom residues but are dominant in fly ash (Wang et al., 2010a).
Therefore, bottom residues are usually collected for landfill or reutili
zation, and fly ash is usually disposed of as a hazardous material.
However, unlike PCDD/Fs, PBDD/Fs and PBDEs are present at much
higher levels in bottom ash (8.11–52.2 pg TEQ/g) than in fly ash, which
indicates that the PBDD/Fs and PBDEs in the feed waste are not
completely destroyed (Wang et al., 2010a). PBDD/Fs content in the
bottom ash of a municipal waste incinerator was estimated to be 1648
pg/g, and its presence was mainly related to the BFR content in the feed
material (Wang et al., 2010d). More highly brominated congeners are
dominant in bottom ash because of their low vapor pressures and low
mobilities. The PBDEs and PBDD/Fs in bottom residues can be released
into the environment when the residues are disposed of in landfill.
Therefore, considering the high contents of PBDD/Fs and PBDEs in
bottom residues, the disposal methods currently used for these residues
need to be assessed, especially for the incineration of e-waste containing
BFRs.
Generally, commercial production of BFRs and heat treatment of
BFR-containing waste, such as e-waste and plastics, are the dominant
sources of PBDD/Fs. PBDFs are the dominant species produced by these
processes because they are preferentially formed from PBDEs over other
compounds. Production of PBDDs is minor compared with that of PBDFs
during these processes. The dominance of PBDFs from these primary
sources may contribute to their high occurrences in the environment.

4.2. Formations of PBDD/Fs
4.2.1. Factors influencing PBDD/F formation from various sources
The presence of a precursor, such as PBDE, is a prerequisite for
PBDD/F formation. In addition, several other factors affect the thermal
decomposition rates of BFRs and can also influence PBDD/F formation.
The dominant factors are the residence time, the existence and chemical
forms of metal or metallic compound species, the bromine input, the
oxygen content, and the treatment temperature (Altarawneh et al.,
2019).
PBDEs can form PBDD/Fs during combustion and pyrolysis processes
through a combination of a condensed phase and a gas phase mechanism
(Altarawneh and Dlugogorski, 2013; Luijk and Govers 1992; Ortuno
et al., 2015). Formation of PBDD/Fs is greatly influenced by the pres
ence of oxygen and the temperature (Luijk and Govers, 1992). In an
oxygen-containing atmosphere, the PBDFs yield increases with addi
tional gas-phase oxidation of PBDEs (Luijk and Govers, 1992).
Increasing emission factors of PBDD/Fs are also observed with poor
combustion quality (i.e., high CO/CO2 ratio) and smouldering com
bustion predominated (Gullett et al., 2010). Temperature plays an
important role in dioxin formation during thermal processes. Research
has shown that the yield of PBDF greatly increases during heating of a
polymer matrix (Wang et al., 2016), and the optimum temperature for
PBDF formation is 400 ◦ C–600 ◦ C (Mei et al., 2017; Wang et al., 2016).
The maximum PBDD/F concentrations determined at 600 ◦ C from a
polymer matrix sample were about 160 times those of PBDD/Fs pro
duced at 200 ◦ C under air (Wang et al., 2018b). Pure deca-BDE showed
the maximum PBDF formation at 600 ◦ C–700 ◦ C in a gas phase process
(Striebich et al., 1991). Other research has shown that the higher tem
perature of 1200 ◦ C did reduce the total PBDD/F contents in bottom
ashes by approximately 50% when compared with the temperature at
850 ◦ C (Lai et al., 2007). Furthermore, the faster drop the in the tem
perature to 300 ◦ C when a fire is extinguished during firefighting, the
lower the levels of PBDD/Fs produced (Bjurlid et al., 2017). Therefore,
the formation of PBDD/Fs during pyrolysis can be weakened by con
trolling the combustion conditions. Under incomplete and uncontrolled
incineration conditions, such as those that occur during accidental fires
in residences, large quantities of PBDD/Fs can form. Conversely,
controlled conditions for incineration of BFR-containing compounds,
such as those found in municipal waste incinerators, do not increase the
risk of PBDD/F formation (Ebert 2003).
E-waste contains various metals and metallic compounds, which
contribute to high PBDD/F yields in open combustion and thermal
treatment processes (Wang and Xu, 2014; Duan et al., 2011; Mei et al.,
2017). Metals and metal oxides can speed up the radical depolymer
ization process by catalysing the elimination of bromine in condensation
steps, which accelerates the formation of PBDD/Fs. The catalysis effects
of different metals for PBDD/Fs are in the following order: Ni < Zn < Fe
< Cu (Mei et al., 2017; Wang et al., 2018b). The compounds CuCl, CuCl2,
and FeCl2 reportedly have weaker catalysis effects than Cu2O, CuO,
Fe2O3, and CuSO4 (Wang et al., 2018b). PBDD/Fs are formed in lower
yields from matrices that contain brominated compounds than those
that contain metal oxides (Lai et al., 2007). The presence of chloride
during municipal waste incineration reportedly does not increase the
yield of PBDD/Fs (Hatanaka et al., 2005). However, the presence of
trace bromine in a rotary kiln incinerator simulator could increase
PCDD/F emissions (Lemieux and Ryan 1998; Wang et al., 2018b).
Enhanced formation of PCDD/Fs can be explained by small amounts of
bromine radicals acting as scavengers for hydrogen radicals. With fewer
hydrogen radicals, more Cl2 will form and PCDD/F formation will be
promoted. Further work is required to clarify the details for the PBDD/F
formation mechanisms by different metals and metallic compounds. In
future, to efficiently reduce PBDD/F formation, recycling metals and
metallic compounds in e-wastes should be considered before thermal
disposal.
Addition of calcium oxide (CaO) can inhibit PBDD/F synthesis by
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more than 90%. It is possible that neutralization occurs between CaO
and HBr to form CaBr2 as a solid-phase product, and further prevent the
acid gases including HBr and HCl from equipment erosion (Lai et al.,
2007). Therefore, the addition of CaO can curb PBDD/F and PCDD/F
emissions during thermal processes. The reactions between CaO and HBr
and HCl are shown in Eqs. (1) and (2). CaBr2, the solid-phase product,
has low volatility and collects in the bottom ash (Lai et al., 2007).
CaO + 2HBr → CaBr2 + H2O

(1)

CaO + 2HCl → CaCl2 + H2O

(2)

2015b; Liu and Zheng, 2013). This indicates that there are different
dominant mechanisms of PCDD/F formation for these industrial sources.
Therefore, the congener profiles can act as specific fingerprints for
emission source tracing of PCDD/Fs in the environment (Liu et al.,
2013b). By contrast, the congener characteristics of PBDD/Fs from
various sources are relatively consistent, and more highly brominated
PBDFs are dominant. PBDF concentrations are about one or two orders
of magnitude higher than those of PBDDs in most cases, and can be used
as a signature for de novo synthesis of PBDD/Fs (Altarawneh et al.,
2019). Sources for PBDD/F emissions have been identified, and they
mainly arise from processes using BFRs. The following three dominant
mechanisms are recognized as contributing to PBDD/F formation from
BFR-containing sources: transformation of BFRs to PBDD/Fs, homoge
neous or catalyst-assisted coupling of bromophenol or bromobenzene,
and de novo synthesis during thermal processes. Congener patterns of
PBDEs and PBDD/Fs are strongly correlated, indicating that PBDEs

4.2.2. Molecular formation mechanisms of PBDD/Fs
The congener profiles of PCDD/Fs emitted from various sources, such
as waste incineration and metallurgy, are quite different (Liu et al.,
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Fig. 2. General pathways and the kinetic calculation for PBDD/Fs formation from (a) PBDEs, (b) decabromodiphenyl ethane (DEBDE) and (c) tetrabromobisphenol A
(TBBPA) (Altarawneh and Dlugogorski, 2013; Ebert, 2003; Liu et al., 2016c).
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function as direct and important precursor of PBDD/Fs, even during de
novo synthesis (Altarawneh et al., 2019). In the presence of PBDEs,
brominated phenols and other BFRs as common sources for bromine in
waste, precursor transformation is thought to prevail over de novo
synthesis. De novo synthesis can occur under efficient combustion
conditions when BFRs can decompose (Ortuno et al., 2014). The pre
cursor pathway is more prevalent for PBDD/Fs formation than de novo
pathways. In this review, we critically discuss the PBDD/F formation
pathways from BFRs, especially from PBDEs, which are consider the
dominant source of PBDD/Fs in the environment.

during formation of the C–C bond.
Because of its stability, DBDPE was introduced as alternative to
commercial DBDE in the early 1990s, and it currently accounts for 83%
of the BFRs in e-waste and plastics (Liu et al., 2016c; Liu et al., 2013c).
DBDPE decomposes at temperatures between 400 and 600 ◦ C, and at
lower temperatures, it volatilizes. At high temperatures, debromination
and depolymerization are the primary reactions, and these produce
polybrominated biphenyl compounds and highly reactive Br radicals
(Fig. 2). Monoaromatic brominated compounds are dominant products
in the pyrolysis of DBDPE. For TBBPA contained in plastics, the
following two reaction pathways are thought to occur under pyrolysis
conditions (Fig. 2): (1) like with DBDPE, debromination of TBBPA could
occur to produce many bromine radicals; and (2) bromophenoxy radi
cals, which are important precursors and can dimerize to form PBDD/Fs,
could form (Liu et al., 2016c). Debromination reactions play important
roles in the transformation of BFR precursors, such as DBDEs, DBDPEs,
and TBBPA (Fig. 2). These reactions are generally observed during
thermal degradation of polybrominated aromatics at temperatures
above 500 ◦ C (Luijk and Govers, 1992).

4.2.2.1. PBDD/Fs from thermal and photolytic chemical reactions of
BRFs. The main contributor to the PBDD/Fs emissions is disposal of ewaste containing BFRs, such as tetrabromobisphenol (TBBPA) deca
bromodiphenyl ethane (DBDPE), and PBDEs (Lai et al., 2011). Trans
formation of PBDEs, the most commonly used BFRs (Alaee, 2003),
involves loss of an ortho bromine or hydrogen atom. The subsequent
ring-closure reaction is considered to be the most accessible for the
production of PBDFs via low reaction barriers (Altarawneh and Dlugo
gorski, 2013). Fig. 2 depicts generic pathways for PBDD/F formation
during PBDE-related thermal processes (Ebert, 2003), including oxida
tion and isomerization of PBDEs, and decomposition of PBDEs to form
bromophenol and bromobenzene. Altarawneh et al., presented a
detailed kinetic investigation that explains the high yields of PBDFs from
PBDEs (Fig. 2) (Altarawneh and Dlugogorski, 2013). The formation
pathways of 4-MCDF and dibenzofuran from the radical intermediate
(M1) are initiated from the loss of an ortho Br atom from 2,2′ -DBDE.
Ring-closure reactions of the M1 intermediate can occur and subse
quently produce PBDFs. An exoergic reaction for simultaneous attach
ment of the radical site in M1 and departure of the bromine atom occurs
and produces a DF molecule via a modest reaction barrier of 14.6 kcal/
mol. Alternatively, M2 can form by combining a radical site on one
phenyl with the ortho-carbon atom on the other phenyl with a reaction
barrier of 10.5 kcal/mol (Altarawneh and Dlugogorski, 2013). The
prerequisite to form PBDFs from PBDEs is widely recognized to be the
loss of an ortho atom (Scheme 2), regardless of the degree or pattern of
bromination on either of the two phenyl rings (Altarawneh and Dlugo
gorski, 2013; Weber, 2003). The formation and degradation pathways of
PBDFs from UV photolysis of PBDEs are quite similar to that during
thermal disposal processes (Wang et al., 2018a). PBDE congeners do not
generate PBDFs without an ortho-bromine substituent, but instead are
dibrominated to diphenyl ether and then converted to dibenzofuran.
According to computational results, the bromination degree has a minor
influence on the activation energy of the ring closure reaction (Altar
awneh and Dlugogorski, 2013; Liu et al., 2016c), while all PBDE con
geners form PBDD/Fs at comparable rates. However, experimental
observations seem to contradict the computational results. Higher yields
of PBDFs from less brominated PBDEs are obtained because of the
energetically favourable elimination of HBr in less brominated PBDEs
(Weber, 2003). The PBDFs yield from photolysis of PBDEs with one
ortho-bromine substituent is much higher than that from PBDEs with
two ortho-bromine substituents (Wang et al., 2018a). This could be
explained by steric crowding from the bromine atoms, which have large
van der Waals radii of 1.901 Å, in the more highly brominated PBDEs

4.2.2.2. PBDD/Fs from thermal chemical reactions of bromophenol or
bromobenzene. PBDFs are the dominant emissions from most thermal
processes that involve the pyrolysis and oxidation of BFRs, such as
PBDEs and TBBPA. The production of PBDFs from thermal sources
contributes to their common presence in the environment. However,
PBDDs are also produced by thermal processes, albeit at much lower
levels than PBDFs (Na et al., 2007). PBDDs principally originate from the
homogenous or catalyst-mediated coupling of bromophenols, which are
the primary products of TBBPA, PBDEs, and DBDPE (Liu et al., 2016c).
Researches has shown that tribromophenol concentrations contribute
53% of the total of all decomposition products of TBBPA (Altarawneh
et al., 2019; Balabanovich et al., 2004). Altarawneh et al., summarized
studies on thermal decomposition and combustion of bromophenols,
with an emphasis on the emission profiles of PBDD/Fs (Altarawneh
et al., 2019). Their results showed that PBDDs were the dominant
products from dimerization of brominated phenoxy radicals. Therefore,
PBDDs in the environment could be used as an indicator for bromo
phenols and to identify the sources of PBDD/Fs in the environment.
Theoretical studies have shown that the reaction and activation en
ergies for PBDD/Fs formation from bromophenols are quite similar to
those for PCDD/Fs formation from chlorophenols (Yang et al., 2017a).
Halogenated phenoxy radicals are the dominant intermediates during
the formation of both PCDD/Fs and PBDD/Fs. Formation of halogenated
phenoxy radicals is the initial step for PBDD/F formations (Fig. 3) (Sidhu
et al., 1995; Yu et al., 2011). As a result, when 2-monobromophenol is
used as a precursor, the PBDDs yield from oxidation is about four times
higher than that from pyrolysis because the brominated phenoxy radical
level increases at lower temperatures under oxidative conditions (Evans
and Dellinger, 2005). Under pyrolytic conditions, brominated phenoxy
radicals decompose easily and the PBDD yields decrease. Under pyrol
ysis or oxidation conditions, brominated phenoxy radicals can be readily
formed from bromophenol through hydrogen abstraction by low-energy
pathways (Fig. 3) (Yu et al., 2011). Possible PBDD formation pathways
from 2-bromophenol have been proposed (Yu et al., 2011). The first step

+H

.

-HBr
Scheme 2. Loss of ortho H/Br substituents from PBDEs initiates their transformation to PBDFs (Altarawneh and Dlugogorski, 2013; Altarawneh et al., 2019).
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Fig. 3. Formation routes of PBDFs from bromophenol (Yu et al., 2011).

in PBDDs formation is oxygen–carbon coupling, which is barrierless and
exothermic. The subsequent bromine or hydrogen abstraction is also
exothermic with a low energy barrier. The ring closure and intra-annular
elimination of bromine or hydrogen are the rate determining steps for
PBDD formation because they have high energy barriers and are strongly
endothermic. Furthermore, the intra-annular elimination of bromine is
much less endothermic than that of chlorine and it occurs more readily
because the C–Br bond is weaker than the C–Cl bond. In contrast to
bromophenol, bromobenzene has been identified as a precursor of
PBDFs and PBDEs (Altarawneh et al., 2019). Abstraction of an aromatic
hydrogen/bromine atom may occur to form a bromophenyl radical,
followed by addition of an oxygen molecule to the radical site. Bromo
phenoxy radicals can form by fission of the peroxyl bond (Altarawneh
et al., 2019). Coupling of bromophenoxy radicals with the bromo
benzene molecule predominantly forms PBDFs and PBDEs rather than
PBDDs. The halogenated phenoxy radical or phenyl radicals have been
identified as important intermediates for the formation of PCDD/Fs and
PBDD/Fs (Yang et al., 2017a). These metal particle-mediated organic
radicals are also pollutants of concern from thermal sources, which
means they are defined as environmentally persistent free radicals, and
have been detected in the soils and atmospheric particles (Yang et al.,
2017b). Consequently, synergistic control of organic radicals and POPs
should be considered in future.

trends (Jogsten et al., 2010; Venkatesan and Halden, 2014). Because
PBDD/Fs can be formed during the manufacture of BFRs in thermal
processes and are present as impurities in technical PBDE mixtures, the
levels of PBDD/Fs in the environment have increased in line with
increased production, use, and disposal of BFRs. In addition, disposal of
e-waste containing large quantities of BFRs can sharply increase PBDD/F
concentrations in the surrounding environment (Weber, 2003). Fig. 4a
shows the PBDD/F pollution levels in soils and sediments in various
countries, with a focus on tetra- to octa-BDD/F congeners. Concentra
tions in soils in e-waste dismantling areas are several orders of magni
tude higher than those in urban or farmland areas. The highest PBDD/F
concentrations (83–3804 ng/g) have been found in soils from e-waste
open burning areas in Ghana. Compared with other areas in Ghana,
these concentrations are about one order of magnitude higher than those
in soils from e-waste areas with no open burning (6.6–83 ng/g), and
about four orders of magnitude higher than those in soils from areas
with no e-waste processing (0.015–0.11 ng/g) (Fig. 4a) (Tue et al.,
2016). These results highlight the undesirable impacts of open burning
for the disposal of e-waste. Research has shown that the average con
centrations (72–1000 ng/g) of PBDD/Fs in soils from different e-waste
facilities are similar (Ma et al., 2009; Tue et al., 2019), and are higher
than the concentrations (7–558 pg/g) in samples from areas with fewer
BFRs-related activities, such as farmland soils and marine sediments
(Goto et al., 2017; Terauchi et al., 2009; Xu et al., 2017).
It is a common observation in environmental samples that PBDFs are
dominant compared with PBDDs. It is also widely recognized that PBDFs
can form from PBDEs under thermal or photolytic conditions, and that
PBDDs originate from other precursors such as bromobenzene and
bromophenol under high temperatures (Duan et al., 2011). PBDFs
reportedly account for 88% of the total PBDD/F content in soils from ewaste open burning areas, and strong correlations have been found
between the concentrations of PBDFs and PBDEs (Tue et al., 2019),
which indicates that PBDFs are formed from PBDEs (Tue et al., 2016).
Br10DE apparently has the highest concentration among the PBDEs in ewaste (Hanari et al., 2006); therefore, its direct degradation product,
Br8DF, should be dominant. However, in actuality, higher proportions of
less brominated homologues, especially Br5- (29%–35%) and Br4DFs
(27%–32%), have been detected in soil samples surrounding e-waste

5. Occurrences of PBDD/Fs in environmental and biological
samples
Data on the occurrence of PBDD/Fs in environmental and biological
samples is limited because of their difficulties on accurate analysis,
compared with that of PCDD/Fs of mature standardized method. Cur
rent literatures on PBDD/Fs showed their transportability in environ
mental media, including atmospheric particles, soils, sediments, and
even in marine food (Ma et al., 2009; Ren et al., 2011; Ren et al., 2017;
Mei et al., 2017).
5.1. PBDD/F occurrences in soils and sediments
Levels of PBDD/Fs in environmental matrices have shown increasing
13
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Fig. 4. PBDD/F concentrations in soil (a), air (b) and biological samples (c) from different sources.

open burning areas (Tue et al., 2019). An evaluation of emissions of
PBDD/Fs from the incineration of scrap printed-circuit boards on a
laboratory scale showed that Hexa-BDF and Hepta-BDF were dominant,
and that no PBDDs were generated (Duan et al., 2011). These result are
consistent with PBDD/F distribution patterns in PBDE formulations, and
with the emissions from PBDE-containing e-waste (Duan et al., 2011).
This phenomenon can be explained by the extensive debromination of
more highly brominated PBDFs by UV light or thermal processes.
Therefore, the congener distribution characteristics of PBDD/Fs can
indicate their potential sources in environmental matrices because
PBDDs mainly originate from the dimerization of precursors such as
bromophenols and bromobenzene during thermal processes and PBDFs
arise from thermal chemical or photochemical reactions of PBDEs in ewaste. Recently, a PBDD/F concentration increase in sediments in Tokyo
Bay was attributed to the emergence of anthropogenic PBDFs (Goto
et al., 2017), suggesting increased usage of technical PBDE formulations.
Considering the reserves of PBDEs in electronic equipment, it is
reasonable to predict continual release of PBDFs to the environment in
the future.

1,2,3,7,8-Penta-BDF are dominant in air samples, and contribute 55%–
96% of the total 2,3,7,8-PBDD/Fs, which can be attributed to their
relatively higher volatilities compared with more highly brominated
compounds and faster photolytic debromination reactions (Li et al.,
2007). Hepta- and octa-BDD/Fs have not been detected in air samples
(Hayakawa et al., 2004).
The partitioning of semivolatile compounds in the particle phase in
air is an important factor for their transport and final fate in the envi
ronment. With regard to halogenated dioxins, it is known that the par
ticle phase fraction increases with increasing halogen substitution
(Hayakawa et al., 2004; Lohmann and Jones, 1998). The vapor pressures
of PBDD/Fs are reportedly lower than those of PCDD/Fs with the same
halogen number. Therefore, PBDD/Fs tend to accumulate in the particle
phase in air, which is in accordance with results showing that the frac
tion retained by quartz fibre filters is higher for PBDD/Fs than for PCDD/
Fs with the same halogen number (Hayakawa et al., 2004). The con
centrations of the halogenated dioxins increase with decreasing particle
size, and about 80% of the total halogenated dioxins are present in
particulate matter with a diameter of 2.5 µm or less (Zhang et al., 2015).
Atmospheric PBDD/F concentrations in winter are reportedly higher
than those in summer, and the congener profiles of PBDDs and PBDFs in
summer and winter are quite different (Li et al., 2007; Zhou et al., 2014).
More highly brominated PBDD congeners such as 1,2,3,7,8,9-Hexa-BDD
can only be detected in winter, which suggests they originate from home
heating by coal burning. Lower brominated congeners such as 2,3,7,8TeBDD/Fs and 1,2,3,7,8-PeBDD/Fs are dominant in summer (Li et al.,
2011). For particle-associated PBDD/Fs in air, photolysis and wet/dry
deposition are important loss processes (Li et al., 2007). Higher tem
peratures and higher rainfall in summer accelerate the pyrolysis and
deposition of PBDD/Fs, contributing to lower PBDD/F concentrations in
summer than in winter.

5.2. PBDD/F occurrences in air
Because of their low vapor pressures and high organic carbon
adsorption constants, PBDD/Fs are thought to occur at very low con
centrations in air compared with PCDD/Fs. Therefore, PBDD/Fs are not
always included in target lists for monitoring programs, and published
data on PBDD/F occurrences in air are scarce. One study found similar
PBDD/F concentrations in air samples from different areas, at levels of
several pg/m3 (Fig. 4b), except for in air from an e-waste area. The
highest reported PBDD/F concentrations in air are for e-waste disposal
areas (Li et al., 2007), which have average values about 30 times those in
urban areas in Japan (Hayakawa et al., 2004), and vehicle parking areas
(Li et al., 2016; Mandalakis et al., 2008). 2,3,7,8-TeBDF concentrations
can reach up to 215 pg/m3 in e-waste areas (Li et al., 2007) because of
the contribution of thermal transformation of BFRs in the e-waste. The
activities of dioxin-like compounds in indoor dust in Japan have been
evaluated using in vitro bioassays, and results have shown that bromi
nated dibenzofurans are important. Further analysis of PCDFs in indoor
dust is required to assess the risks associated with exposure to chemicals
via indoor dust (Suzuki et al., 2010).
There is little information available about congener and homologue
profiles for PBDD/Fs. As in environmental matrices from BFR-related
areas, such as soil samples and in the technical PBDE formulations,
PBDFs are more dominant than PBDDs in air (Hayakawa et al., 2004;
Wang et al., 2008). The mass fractions of PBDFs in samples from urban,
rural, industrial, and science park areas reportedly range from 71% to
90% (Wang et al., 2008). 2,3,7,8-TeBDF, 2,3,4,7,8-Penta-BDF, and

5.3. PBDD/F occurrences in biological samples
Although PBDD/Fs are increasingly detected in environment
matrices because of the rising production and use of BFRs, far less is
known about PBDD/Fs in biological samples, such as food and human
blood, compared with their chlorinated analogues. Few studies have
investigated PBDD/Fs in biological matrices. The concentrations of
PBDD/Fs reportedly range from 0.02 to 0.57 pg/g lipid in fish liver and
chicken eggs (Fig. 4(c)). Considering the universal dioxin mechanism of
biological action and the toxic effects of PBDD/Fs, we can predict that
the presence of PBDD/Fs in food will increase the total dioxin body
burden (Pajurek et al., 2019). PBDD/Fs have been detected in human
adipose tissue samples and breast milk samples at levels ranging from
0.05 to 12.15 pg/g lipid (Bruce-Vanderpuije et al., 2019; Choi et al.,
2003b; Ericson Jogsten et al., 2010; Fromme et al., 2016). Because of the
14
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complexity of plasma samples, the limit of detection for PBDD/Fs in
plasma is relatively high (20 pg/g lipid), which has contributed to the
scarcity of available data on PBDD/Fs in human plasma. Brominated
dioxins reportedly account for up to 15% of the total dioxin TEQ of
chlorinated dioxins and furans in human adipose tissue (Ericson Jogsten
et al., 2010), and 12% of the total dioxin TEQ in breast milk (Pajurek
et al., 2019). In edible fish samples, PBDFs are detected more frequently
than PBDDs, and no penta- or hexa-brominated species have been
detected (Zacs et al., 2013). In sera from pregnant women, 2,3,7,8TeBDF and 1,2,3,4,6,7,8-Hepta-BDD are the dominant species (BruceVanderpuije et al., 2019). 2,3,7,8-TeBDD/Fs have been found in the
general Japanese population (Choi et al., 2003b). Potential sources of
these congeners include combustion processes such as biofuel burning
and vehicular emissions (Bruce-Vanderpuije et al., 2019). An analysis of
serum samples from firefighters in California, USA revealed the presence
of 2,3,7,8-TeBDD/Fs, and 2,3,4,7,8- and 1,2,3,7,8-Penta-BDFs. The
highest estimated concentrations of 2,3,4,7,8- and 1,2,3,7,8-Penta-BDFs
were 996 and 922 pg/g lipid, respectively (Shaw et al., 2013). Research
has indicated that PBDD/Fs in human sera are also potentially linked to
the surroundings of an individual’s residence (Bruce-Vanderpuije et al.,
2019).
The low, and in some cases undetected, concentrations of PBDD/Fs
in urban residents’ adipose tissue, breast milk, and blood indicate that
PBDD/Fs currently have minor effects on humans. However, the con
centrations of PBDD/Fs in samples from workers in e-waste dismantling
areas and plastic and textile industries using BFRs are several orders of
magnitude higher than those in urban residents. In these environments,
PBDD/Fs could cause occupational health issues.

4.

5.

6.

7.

6. Conclusions and perspectives
The sources, toxicities, formation mechanisms, and environmental
fates of PCDD/Fs, as typical POPs, have been investigated extensively.
Because chlorine and bromine have similar chemical properties, PBDD/
Fs and PCDD/Fs behave similarly in the environment and PBDD/Fs can
have similar or even higher toxicities than PCDD/Fs. However, current
understanding of the sources, toxicities, formation mechanisms, and
environmental fates of PBDD/Fs is lacking. Previous studies and estab
lished standards for PCDD/F analysis and control can act as a guide for
PBDD/Fs. In this review, we detail the current available literatures on
PBDD/Fs analysis, primary sources, occurrences, dominant formation
mechanisms, and influencing factors to help improve this understand
ing. Several insights can provide enlightening and practical directions
for further research to improve the understanding and control of PBDD/
Fs in the environment.

emissions are overwhelmingly dependent on the production and
application of BFRs such as PBDEs and PBBs. An inventory of BFRs
will be beneficial for the establishment of a PBDD/F inventory,
which is a crucial step toward reduction or elimination of PBDD/F
contamination worldwide.
Limit value need to be set for better control of PBDD/F emissions
from thermal processes used for the disposal of e-waste containing
BFRs. There are currently no limits on PBDD/F emissions anywhere
in the world, which also result in non-unified standards for PBDD/F
emission risk assessment.
Open burning of BFR-containing e-waste should be constrained to
reduce the concentrations of PBDD/Fs in the environment, as the
commercial production of BFRs and heat treatment of BFRcontaining wastes are the most dominant sources of PBDD/Fs. In
addition, PBDD/Fs have higher molecular weights and lower vapor
pressures than PCDD/Fs. Consequently, they can attach more easily
than PCDD/Fs to particles, which means that air pollution control
devices that can filter out pollutants in fly ash are more effective for
removal of PBDD/Fs than PCDD/Fs from stack gas. Therefore,
removal of PBDD/Fs should be implemented before landfilling and
reutilization of fly ash or bottom residue.
Further studies on PBDD/F formation mechanisms are needed,
especially in the post-combustion zone and during thermal processes.
Organic free radicals play pivotal roles in PBDD/F formation during
thermal processes. However, the free radical intermediates involved
in PBDD/F formation have not been identified. Therefore, electron
paramagnetic resonance experiments are required to identify free
radical intermediates and understand PBDD/F formation in detail.
Reaction and activation energies for PBDD/Fs formation from bro
mophenols are quite similar to those for PCDD/Fs formation from
chlorophenols. Therefore, formations of these UP-POPs during
thermal-related processes need to be integrated studied. Conse
quently, synergistic control of organic radicals and POPs should be
considered in future.
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1. Accurate analytical methods for PBDD/Fs are required. Because of
interference from PBDEs, a lack of commercial mass-labelled internal
standards, and the thermal and photolytic sensitivity properties of
higher brominated congeners, analysis of PBDD/Fs is challenging.
Therefore, it is crucial to avoid interference from PBDEs and degra
dation of more highly brominated PBDD/F congeners for accurate
determination of PBDD/Fs. In addition, shielding from light is rec
ommended for maintaining the original distributions of more highly
brominated PBDD/Fs. Furthermore, bioanalysis for dioxin-like pol
lutants can reflect the integrated activities of various congeners and
their possible interactions in complex chemical mixtures. Therefore,
bioanalyses and chemical analyses should be combined to assess
emissions of dioxin-like pollutants.
2. The TEFs of PBDD/F congeners are not yet universally unified.
Therefore, the toxic effects of PBDD/Fs on humans remain unclear.
In vivo and in vitro experiments should be further studied to unify
the TEFs of PBDD/F congeners.
3. An inventory of BFRs should be established. PBDD/Fs occur as im
purities in commercial BFRs and can also be produced during ther
mal processes involving these chemicals. Therefore, PBDD/F
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