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Abstract
Dioxins and furans are no doubt the most notorious class of organochlorine toxicants in the environmental system whose 
adverse effects are detrimental to public health with extreme negative economic impacts. Polychlorinated dibenzo-
p-dioxin and dibenzofurans and dioxin-like compounds such as the polychlorinated biphenyls, carbazoles are in the 
class of persistent organic pollutants—prioritized under the Stockholm convention as the “dirty dozens”, besides being 
listed as group 1 human carcinogens by the International Agency for Research on Cancer. Because of their recalcitrant 
nature in the environment, bioaccumulation in lipids of cells of animals and their general toxicities, this family of com-
pounds has received increased scientific interest in pollution and toxicology research. Accumulation of these toxicants 
in lipids of animals, and human exposure has been traced to animal products such as meat, eggs, milk and fish. Combus-
tion events, industrial and municipal waste incineration practices, open fires and some industrial activities especially 
those dealing with metallurgy are well-established sources of these environmental contaminants. The critical aspects of 
dioxins, furans and their analogues; notably their sources their mechanistic formation by precursor initiation, de novo 
pathways, how they manifest their toxicity by activation of aryl hydrocarbon receptor, detoxification of these chemicals 
from the environment and the analytical methods used to quantify and detect from environmental sample matrices has 
been explored in this work. This review also provides an in-depth examination of the toxic characteristic behaviour of 
dioxins and furans, polycyclic aromatic hydrocarbons as well as the emerging nitrogenated analogues of dioxins such 
as polychlorinated carbazole, and carbazole itself.
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1 Introduction

1.1  Background

Persistent organic pollutants (POPs) are conventionally 
referred to as hazardous organic contaminants considered 
resistant to metabolic, chemical, microbial and photolytic 
degradation procedures [46]. These recalcitrant pollutants 
are a historical problem in the environment; soil, water 
and air because of their long half-lives which range from 
decades to centuries [125]. Historically, polychlorinated 

dioxins and furans can be traced to the Vietnam War of 
1957–1971 in which a supposedly precursor of dioxin 
‘orange agent—herbicide’ was used during the war with 
the intention to wipe out food crops, and probably win 
the war through starvation of the Vietnamese soldiers 
[39]. There have been other unintentional cases that led to 
dioxin formation such as the chick edema disease of 1957 
and the North Eastern pharmaceutical and chemical com-
pany in Missouri which accidentally generated dioxins in 
the 1970s [39]. Conventionally, dioxins and furans mainly 
originate from chemical-combustion events, forest fires, 
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municipal waste incineration and metallurgy in addition 
to natural events including volcanic eruptions and pos-
sible lightning disasters, and are therefore inadvertently 
released to the environment as by-products of human and 
natural activities [95]. Their pollution effects impact nega-
tively on the environment, health and economy, and are 
well-known carcinogens as well as mutagens [46]. Due to 
their persistence in the natural environment, their toxic-
ity and bioaccumulation in biota, they pose an enormous 
risk to humans, animals and the general ecological sys-
tems [46]. They bio-accumulate in human fatty tissues and 
have therefore been widely associated with developmen-
tal, reproductive and hormonal adverse health effects in 
humans [95].

In the last few decades, the detection of halogenated 
heterocyclic chemicals and their associated nitrogen-
ated heterocylic analogues such as carbazoles as well 
as polyhalogenated carbazoles (PHCZs) have received 
increased mounting attention in environmental sample 
matrices from various ecosystems; water, indoor air, and 
foods [101]. This underscores what scientific findings have 
stated as notorious ‘super poisons’ distributed in the envi-
ronment. The toxicity of halogenated heterocyclic com-
pounds for example halogenated carbazoles to biota and 
humans have drawn a lot of interest [32]. It is important 
to note that halogenated carbazoles are structurally simi-
lar to polychlorinated dibenzo-p-dioxin and halogenated 
dibenzofurans; therefore they are believed to be extremely 
toxic because of their dioxin-like characteristic behaviour 
attributed to similarity in their molecular conformations 
[32]. Polyhalogenated carbazoles (PHCs) which has been 
established to be non-degradable in the soil [73] display 
toxicities similar to those of dioxins and furans and are 
precursors for carcinogenesis, developmental defects and 
lowered immunity in animals [92].

Heterocyclic compounds of the polycyclic heteroaro-
matic group are well known environmental pollutants 
that are discriminately abundant in the environment and 
whose source and environmental pathways are known 
to be mainly anthropogenic as well as from combustion 
activities [73, 86]. Nitrogenated aromatic heterocyclic 
compounds generally are components of crude oil and 
include carbazole and dibenzopyrroles among other het-
erocycles of toxicological significance [32]. These com-
pounds are remarkable environmental pollutants because 
they emit oxides of nitrogen (NOx) which have the ability 
to deplete the ozone layer in addition to causing acid rains 
[56]. In oil refinery practices, nitrogen containing hetero-
cyclic compounds is credited for reducing the efficiency 
of catalysts used in the thermal cracking process by poi-
soning action thus causing economic loses and possible 
hazard capabilities [19, 64]. Accordingly, these chemicals 
compromise the quality of the oil products, resulting to 

serious economic and environmental impacts [49, 98]. 
The emerging nitrogen-containing heterocyclic polycyclic 
aromatic compounds (N-PACs) which individually or in a 
mixture with PAH pollute soils, air and water [5, 63] display 
similar toxicological action as polyaromatic hydrocarbons 
(PAHs) [2]. N-PACs are suggested to form from the pyroly-
sis of lignocellulosic materials, sewage degradation, open 
fires, and natural events such as lightning [128] although 
some of these chemicals have been isolated from sewage 
sludge and fly ash [27].

Other environmental pollutants which are viewed as 
by-products of combustion and industrial activities, and 
are categorized as neither dioxins, dioxin-like nor furans 
include aliphatic and aromatic hydrocarbons, chlorine 
containing aromatics, some pesticides and herbicides 
applied in agricultural practices [97], nonetheless, dioxins 
and furan including their associated nitrogenated ana-
logues remain a novel group of notorious environmental 
toxins. Remarkably, dioxins and dioxin-like compounds 
may be polychlorinated aromatic chemicals which are well 
established carcinogens and mutagens widely reported 
to cause adverse damage to biological tissues which ulti-
mately result in oxidative stress, cancer, and cardio pulmo-
nary diseases of grave concern [62]. Synthesis of haloaro-
matic chemicals and incineration of chlorine containing 
organic materials are other important sources of dioxins 
[97]. Moreover, thermochemical processes yield PAHs [127] 
and oxy-PAHs [36] which are well known precursors for the 
synthesis of dioxins, dibenzofurans, and their attendant 
analogues of the nitrogenated type [135].

Because of the apparent toxicity of dioxins, the health 
problems they pose to humans, wildlife and marine life as 
a result of their bioaccumulation characteristics, efforts by 
many researchers has been directed towards elimination 
and degradation of these chemicals in polluted environ-
mental and biological systems [84]. The detoxification and 
degradation processes that have been widely accepted to 
free the environment from these toxins comprise photo-
degradation, thermal processes, dechlorination methods 
aided by metal catalysts, chemical interventions and the 
utilization of dioxin inhibitors using nitrogen and sulphur 
compounds in contaminated waste [61]. Nonetheless, due 
to the drawbacks of these physico-chemical processes, 
new novel methods have been applied; particularly the 
use of biological interventions such as the use of microbes 
to remove toxic and recalcitrant compounds from the 
environment [44] —this approach has been proven to be 
economically viable and effective in the reduction of lethal 
environmental pollutants of the polychlorinated dioxin 
type [9]. Microorganisms for instance bacteria degrade 
toxic pollutants such as dioxins to harmless metabolites 
and intermediates such as phenoxyphenol and possibly 
methane,  CO2, and water, although chlorinated volatiles 
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such as HCl cannot be ruled out [44]. The new emerging 
environmental pollutants classified as polyhalogenated 
carbazoles (PHCZs) are increasingly become ubiquitous in 
the environment and their remarkable similarities in chem-
ical structure and toxicity characteristics with the well-
known halogenated dioxins and furans have caused grave 
concern among public health authorities [32]. Because of 
the toxic nature of heterocyclic nitrogenated compounds 
classified as polyhalogenated carbazoles (PHCZs), dioxins 
and dioxin-like compounds, there has been an exponential 
rise in research in this area with a view to understanding 
the various mechanistic transformations that result to their 
formation. Of important interest are the various thermo-
chemical or combustion channels that precipitate their 
formation from biomass materials, forest fires or industrial 
wastes practices. Figure 1 gives examples of the most com-
mon congeners of chlorinated dioxins, furans and poly-
chlorinated carbazole considered detrimental to human 
health. The structures were modelled using Gaussian’09 
computational suite of programs.

Dioxins and furans are categorized into three 
groups; polychlorinated dibenzo-ρ-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs) and dioxin-like 

polychlorinated biphenyls (dl-PCBs) (cf. Figure 1). They 
generally comprise 75 polychlorodibenzo-p-dioxins 
(PCDDs) including the most potent 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin, TCDD, and 135 polychlorinated diben-
zofurans (PCDFs), which are structurally similar but only 
differ in the numbering and position of attachment of the 
chlorine atom in the dioxin—furan rings [20, 57]. Other 
polycyclic aromatic compounds which are equally con-
sidered dioxin-like include other congeners of the PCDDs, 
biphenyls PCBs, diphenylethers, and naphthalenes some 
of which have toxicities comparable to the most toxic 
polychlorinated dioxin, TCDD. Some researchers have 
also argued that chloro- and bromo versions of these 
compounds constitute dioxin-like analogues [15, 33, 112].

2  The major sources of dioxin 
and dioxin‑like compounds

Dioxins, furans and their chemically related analogues are 
released into the environment through natural sources 
such as volcanic eruptions and anthropogenic sources 
including municipal waste incineration, tobacco smoke, 

Fig. 1  Modelled structures of some selected polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofuran (PCDF) and poly-
chlorinated carbazole. The green atoms represent chlorine while the blue and red atoms are nitrogen and oxygen, respectively
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fly ash and industrial activities (Fig. 2) [9]. Presently, the 
sources of dioxins differ from the origins proposed some 
four decades ago because of the strict regulations imposed 
by government authorities—sources from industrial activi-
ties in particular have drastically diminished because of 
absolute adherence by states to the established regula-
tions aimed at minimizing emission of these human and 
environmental poisons [129]. It is also well reported in lit-
erature that the industrial or small scale synthesis of cer-
tain compounds such as chlorophenol based fungicides, 
polycyclic biphenyls (PCBs) and some herbicides generate 
PCDD/Fs as by-products [46].

Volcanic eruptions and forest fires also constitute the 
notorious non-anthropogenic sources of dioxins [75, 90]. 
Other sources that are associated with human activities for 
example burning include; pyrolysis of biomass materials 
and synthesis of some compounds which release dioxins 
to the natural environment as toxic by-products [42, 103]. 
Moreover, some additives used during the synthesis of 
these organic substances in turn introduce chlorinated 
materials into the combustion or industrial systems which 
favour dioxins formation and besides, transition metals 
in the synthetic materials do not only provide favour-
able temperatures for dioxin formation but also acts as 
catalysts for their formation [136]. Scientific surveys have 
revealed that the presence of salts of transition metal 
catalysts and chlorine in the combustion system or forest 
fires, or incineration atmospheres favours the formation 
of PCDD/Fs [79]. In order to reduce emission of dioxins 
into the environment from thermochemical processes for 
instance pyrolysis and combustion processes, it has been 
proposed that a combination of stringent measures would 

be fundamentally helpful; (1) incineration activities to be 
conducted at a temperature in excess 1000 °C (2) increas-
ing the pyrolytic contact time and the total pyrolysis time 
(3) use of flue gas filtration (4) employing well-designed 
modern incinerators [135]. In some countries such as 
the United States, emission of dioxins from burning of 
solid fuel, forest fires and medical waste incinerators has 
become increasingly difficult to control [111]. The most 
recent concern about the formation of these pollutants is 
the recycling of electronic wastes in poorly controlled con-
ditions, which ultimately favour the formation of PCDD/
Fs [40, 132].

Generally, the pyrolytic processes for the generation 
of dioxins are classified as either homogeneous and take 
place between 500 and 800 °C mainly in the gas-phase or 
heterogeneous occurring at a temperature window of 200 
and 400 °C, and comprise mainly gas–solid phase reactions 
[105]. PCDD/F precursors are proposed to form in the pyro-
lytic or combustion environment at temperatures above 
1000 °C, but formation of PCDD/Fs can be controlled by 
varying the residence time during the cooling of reaction 
products especially when cooling takes place between 250 
and 650 °C. The maximum temperature for the formation 
of PCDD/F has been estimated at about 300 °C [105].

2.1  Mechanistic formation of dioxins

Formation of dioxins is a proven complex reaction process 
involving multiple solid and gas phase reactions with diox-
ins formed alongside other combustion gases, fly ash and 
slag [67, 85]. Dioxins and furans are also considered as the 
products of incomplete or uncontrolled decomposition of 

Fig. 2  Major sources of dioxins in the environment adapted from Weber et al. [125]
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anthropogenic wastes, biomass degradation and wildfires; 
emission of chlorinated dioxins and chlorinated dibenzo-
furans from anthropogenic activities escalated by syn-
thetic substances and possible additives and the introduc-
tion of a transition metal catalyst such as copper or iron 
in presence of chlorinated materials into the system [94, 
103]. Combustion and environmental scientists have pro-
posed two mechanistic processes associated with the for-
mation of dioxins and furans during combustion, namely; 
the De novo synthesis which starts from macromolecular 
carbon or polycyclic aromatic hydrocarbons (PAHs) and 
the precursor synthesis which is initiated by an organic 
molecule similar to dioxins [113]. Transition metal species, 
specifically copper and iron, exert a strong catalytic effect 
on PCDD/PCDF formation via the two heterogeneous 
routes—De novo and precursor synthesis [1].

Both of these mechanistic channels proceed either 
simultaneously or independently [62]. Precursor synthe-
sis has, nonetheless, been found to be more predominant 
over the De novo mediated route at elevated tempera-
ture conditions [85]. However, at lower temperature, the 
de novo mechanism dominates [50]. Previous studies have 
also suggested that the formation of dioxins and dioxin-
like compounds from combustion events approaches a 
maximum at a temperature of about 300 °C while their pre-
cursors are formed at a temperature above 1000 °C [126]. 
Furthermore, cooling combustion products between 250 
and 650 °C significantly controls emission of dioxins into 
the atmosphere and subsequently to the biota environ-
ment [94]. According to the two mechanistic pathways, the 
formation of PCDD/Fs from thermal processes is favoured 
by a number of conditions [1, 109]: (1) the presence of a 
fixed carbon source, or fly ash to propagate the de novo 
synthesis in the post-combustion or cooling region; (2) 
availability of chlorine which precipitate the formation of 
chlorinated species during combustion, and after cooling 
of the exhaust gases (3) the presence of a transition metal 
such as copper and iron to catalyse the formation of diox-
ins and/or furans (4) appropriate temperature preferably 
between 473 and 873 K (5) favourable fuel in the cooling 
region which ideally should contain between 10 and 15% 
oxygen (6) precursor compounds specifically those con-
taining aromatic ring structures.

2.1.1  The De novo synthesis of dioxins and furans

The De novo synthesis is influenced by reaction tem-
perature, residence time and total pyrolysis time, carbon, 
chlorides and catalyst in fly-ash and gas-phase composi-
tion in which the evident association with chloroaromatic 
classes of compounds such as chlorophenols (CP), chlo-
robenzenes (CBz), polychlorinated biphenyls (PCB), and 
polycyclic aromatic hydrocarbons (PAH) is also considered 

[134]. In this mechanistic pathway, the formation of diox-
ins involves the chlorination of carbon via the transfer of 
chloride by  CuCl2 (cf. Scheme 1 and Fig. 3), followed by the 
oxidation of the chlorinated matrix at 250–450 °C [114, 
134]. This temperature range is lower than the oxidative 
temperature of pure carbon estimated at 550 °C—the 
lower temperature is achievable by using  CuCl2 as the 
catalyst [107, 108].

The oxidative process generally yields  CO2 and CO, with 
the evolution of trace quantities of aliphatic and aromatic 
compounds such as chlorobenzenes (CBz), chlorophenols 
(CP), PCDD/Fs [50, 134], however; in order to significantly 
lower the rate of production of PCDD/Fs in the De novo 
synthesis, the concentration of oxygen fuel should be 
lowered to less than 2% [106]. Several researchers have 
accepted the important role of  CuCl2 as a catalyst for chlo-
rine formation as shown by the Deacon’s reaction [122] 
expressed by Eq. 1. The chlorine formed reacts with carbo-
naceous matrix in the De novo synthesis [130].

The presence of elements, notably; chlorine, oxy-
gen, and copper is necessary for PCDD/F formation in 
the De novo synthesis, but contribution of combus-
tion gasses such as CO or  CO2 in the formation of poly-
chlorinated dibenzofuran (PCDF) by this mechanism is 
remarkably insignificant [1]. Besides the concentration 
of oxygen, the activity of fly ash also controls the rates 
of formation of PCDD/F, therefore, since the chlorine in 
this dioxin synthetic pathway originates from the chlo-
ride salt of a transition metal ordinarily found at the sur-
face of fly ash, the contribution of the concentration of 
chlorine in the combustion gaseous mixture is insignifi-
cant [71]. The numerous products generated from the De 
novo synthesis are in the following order of prominence 
CBz > CP > PCDFs > PCDDs > dl − PCB [41, 83, 134].

2.1.2  The precursor synthesis of dioxins and furans

Precursors are chemicals that initiate a reaction for 
instance in the formation of dioxins, furans and their asso-
ciated analogues and include chlorophenols (CP), chlo-
robenzenes (CBz), and polyaromatic hydrocarbons (PAHs) 
in addition to oxygenated compounds that are structurally 
similar to dioxins [76, 105]. These precursor compounds 
form dioxins through chlorination, condensation and 
oxidation processes [106]. The mechanistic formation of 
PCDDs and PCDFs are dissimilar (Schemes 2, 3) and this 
has proven that the content of PCDFs is usually in higher 
yields than that of PCDDs [113, 131].

Most combustion researchers have noted the impor-
tance of residual carbon in the synthesis of PCDD/Fs which 

(1)2HCl +
1

2
O2 → Cl2 + H2O
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interestingly show that the release of PCDD/Fs is directly 
proportional to the rate of consumption of carbon [54]. 
The formation of PCDDs is believed to be a sequential mul-
tistep reaction that proceeds by coupling of chlorophe-
nol—often a surface catalysed mechanism involving ring 
closure which proceeds via a catalytic process by an elec-
tron donor oxidant whose role is to enable the coupling 
of two benzene rings as shown in Scheme 2 [76, 105]. This 
mechanism also proposes the formation of polychlorod-
ibenzofurans (PCDFs) from the combustion chamber from 
where chlorine is released in form of HCl which ultimately 
reacts with products formed from incomplete combustion 

to generate dioxin precursor compounds (Scheme  3), 
notably chlorinated phenols and benzenes at a tempera-
ture of about 450 °C [131].

The mechanism shown in Scheme 3 explains that PCDD 
is formed via a heterogeneous reaction aided by hetero-
geneous catalysis [93]. This process is characterized by the 
following steps (a) creation of fly ash and incomplete com-
bustion products (b) formation of surface-active molecular 
precursors (c) complex organic radical reactions and (d) 
partial desorption of products [127]. Chlorinated phenols 
such as 2-monochlorophenol (2-MCP) and benzenoids 
(benzenes) at a temperature window of 200–450 °C then 

Scheme 1  The De novo and precursor synthesis of dioxins and furans Modified from Tuppurainen et al. [114]
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undergo both condensation and de-chlorination reac-
tion processes which are catalytically induced [76, 114]. 
Polychlorinated benzenes are suggested to form by either 
radical mechanisms or by the combination of chlorine and 
chlorobenzyl radicals [127]. Eventually, the addition of two 
chlorobenzyl radicals gives rise to polychlorinated biphe-
nyls, PCBs, which are possible precursors for the formation 
of PCDFs [71, 131].

The De novo mechanism suggests that there are struc-
tures similar to the dibenzo-p-dioxins and dibenzofurans 
in the residual carbon attached to the fly ash [127]. One 
major difference between the De novo mechanism and the 
pyrosynthesis mechanism is that the De novo mechanism 
leads preferentially to the formation of polychlorinated 
dibenzofurans (PCDDs) whereas the precursor pathway 
favours the formation of polychlorinated dioxins (PCDDs) 
[103]. Burning uniform fuel at elevated temperature at 
relatively enhanced residence time and at reduced chlo-
rinated-sulphur ratios are key to the lowering of PCDD/Fs 
formed [6, 60].

3  Toxicokinetics of dioxins

Dioxins find their way into animal and human biologi-
cal systems through ingested food or possible inhalation 
from polluted gas-phase regimes [16, 26]. Absorption 
of dioxins into the human body through ingested foods 
depends mainly on the carrier; for instance, dioxins in 
the soil environment are less absorbed than those in fish 

and other animal products such as eggs, milk and meat 
[9]. The pharmacokinetics of dioxins and its related ana-
logues largely depend on the species type, carrier, specific 
congener and the quantity ingested [124]. In all animals, 
2,3,7,8 substituted PCDD/Fs are not easily eliminated from 
tissues especially from the liver and fats [55, 123]. Dioxins 
which may be absorbed through the skin, find their way 
into the adipose tissue and ultimately into the liver from 
where they are slowly metabolized for elimination from 
the body [121]. It is on record in scientific research that 
the dermal absorption of dioxins depends on the type of 
the congener [9].

Evidently, dioxins are not easily metabolized and con-
sequently this makes their elimination or degradation 
extremely slow [97]. Nonetheless, dioxins are eliminated 
through faeces and negligibly via the kidneys in form of 
urine [104]. There is an enormous variation in the half-lives 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDDs) species, for 
instance, it has been documented that in rats, the half-
life of TCDD is 3 weeks while in humans; the half-life is 
reported to be 7 years, but again, half-lives of congeners 
in humans is age dependent with children having short 
half-lives of congeners compared to adults—this is attrib-
uted to the higher rate of metabolism and faecal excretion 
in children than in adults [48, 59]. There is also a signifi-
cantly huge individual disparity in elimination half-lives 
of congeners, for instance high concentrations of conge-
ners instigates a high release of enzymes responsible for 
metabolism thereby leading to a shortened half-life of the 
congener [69, 104]. Previous studies on the elimination 

Fig. 3  The De novo mecha-
nism of dioxin formation 
Adapted from Environment 
Australia [18]
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of dioxins have reported that maternal dioxin levels 
decrease during the lactation period by nearly 20% [119]. 
Furthermore, the concentration of dioxins and/or furans 
in the placenta almost equals those in the maternal body 
or those found in the breast milk in the region of pg/g 
fat content [121] and this therefore makes it possible for 
transfer of dioxin or dibenzofuran to the foetus which may 
actually be fatal [24].

Research on the elimination rates of dioxins and/or 
furans [70], have shown that elimination rates can be 
determined using a model developed by van der Molen 
et al. [117] which has been established to differ from the 
exponential model because it relies on the following 
assumptions; (1) body weight and intake rate entirely 
depend on age (2) elimination rate is dependent on 
body composition (3) background intake is a function of 
time and thus should be treated as an input. However, 
this model does not advocate for the subtraction of the 

background steady state concentration of dioxins from the 
observed concentration among the affected persons [70]. 
According to van der Molen et al. [117], body composi-
tion, body weight and intake rate vary with age and that 
elimination takes place from the liver at a rate that is pro-
portional to the actual concentration of dioxin in the liver, 
[

A1

]

 and liver weight, W1 , with elimination rate k . Thus the 
change in the total amount of dioxin in the human body,A , 
can be expressed by Eq. 2.

From the equation,a denotes age, tb is time of birth, the 
term F

(

a + tb
)

 corrects for historical changes in the intake 
rate whereas I(a) is the age dependent intake rate.

This model asserts that the human body is sub-divided 
into a total of six compartments, each with a given per-
centage of lipids which do not vary with age [70]. The lipid 

(2)
d

da
A
(

a;tb
)

= F
(

a + tb
)

I(a) − k
[

A1

](

a;tb
)

W1(a)

Scheme 2  Proposed homogeneous pathway for the formation of PCDF Adapted from Environment Australia [18]
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portion in each compartment influences the distribution of 
dioxins/furans over the human body in line with the assump-
tion that the quantity or concentration of these dioxins and 
furans is equal in all the compartments on the basis of lipid 
weight [117]. On this basis, Eq. 2 reduces to the Eq. 3, which 
illustrates that, the elimination of dioxins/furans from the 
body is a first order process with elimination rate kX(a) which 
is age dependent.

where X(a) is the amount of dioxins in the liver, which 
is age dependent and a fraction of the total amount of 
dioxins in the body and equals the ratio between the lipid 
weight of the liver, Wf,j and the total body lipid weight 
∑

j Wf,j [70].

(3)d

da
A
�

a;tb
�

= F
�

a + tb
�

I(a) − kX(a)A
�

a;tb
�

W1(a) = F
�

a + tb
�

I(a) − k
Wf,j(a)

∑

j Wf,j(a)
A
�

a;tb
�

4  The toxic equivalency factors (TEFS) 
and toxicity equivalence (TEQ) of dioxins

Based on the assumption that dioxins and their associ-
ated analogues exhibit similar mechanistic action and 
characteristics from various experimental studies, it is 
generally accepted that their individual toxicities are 
summative [118]. Accordingly, toxic equivalence factors 

(TEFs) are generally used to estimate the human risk of 
dioxins and dioxin-like chemicals using predominantly 
blood levels or other body fluids despite the fact these 
TEFs are derived based on intake doses in animal studies 
such as rodents [118]. From a toxicological perspective, 
dioxins, dibenzofurans and poly halogenated aromatic 
hydrocarbons such as polychlorinated biphenyls (PCBs) 

Scheme 3  Formation of PCDD from 2,4,6-trichlorophenol catalysed by fly ash Adapted from Tuppurainen et al. [114]
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occur as a complex mixtures in the environment causing 
adverse health concerns to humans and other vertebrates, 
and exhibit varied toxic indices among organisms [111]. 
Determination of the toxicity or the potency of a mixture 
of toxins is not done by summing up the concentrations 
or amounts of the components, however, as long as the 
amount of a compound is standardized to the toxicologi-
cally equivalent amount of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), components of a mixture with different 
potencies is usually totalled and the equivalent quantity 
is useful for regulatory measures [13, 126]. By use of their 
common mechanistic action, dioxin and dioxin-like com-
pounds, a toxicity ranking scheme has lately been used to 
assign toxic equivalence factor (TEF) to each molecule rela-
tive to the most toxic dioxin, TCDD [118]. The main reason 
for developing the toxic equivalent factors was to estimate 
the potential health effects of a particular dioxin congener 
or dioxin mixture [126]. A TEF enables comparative toxic-
ity analysis for a molecule whose toxicity information is 
unknown versus another molecule whose toxicity index 
and mechanism of toxicity is known [7]. For dioxins, the 
most toxic and prototype dioxin to which all the other 
dioxins are compared to is 2,3,7,8-TCDD [118].

In addition to their similarity in structure, dioxins and 
benzofurans have planar molecular conformations [38]. 
The similarity in molecular conformation explains their 
similarity in their toxic characteristics [116]. Toxic equiva-
lence factors (TEFs) are assigned to a compound based on 
the experimental data for a dioxin relative to TCDD [115], 
thus, the TEF assigned for TCDD is 1, and it is less than 1 
for all other analogues of TCDD. The TEF allows the com-
parative numerical analysis of a toxicity of a molecule in 
terms of an equivalent concentration of TCDD [37]. In this 
comparison, known TEFs values for the individual dioxins 
or dioxin-like components, and their concentrations in the 
mixture, can be exploited in the evaluation of total toxic 
equivalence (TEQ) for the mixture [111]. The TEQ is calcu-
lated as the sum of the individual products of the TEF and 
the concentration of each compound as expressed by Eq. 4 
[22, 96] and thus the concentration of each compound is 
multiplied by its toxic equivalence factor. The summation 
of the values obtained constitutes the total toxicity relative 
to the most toxic dioxin 2,3,7,8-TCDD [111].

4.1  Common molecular action of dioxins

Dioxins largely exercise their biochemical action such as 
toxicity on vertebrates via the activation of the aryl hydro-
carbon receptor, AhR [31, 47, 129], a ligand-activated basic 

(4)Total equivallent toxicity(TEQ) =

k
∑

n=1

Cn × TEFn

helix-loop-helix transcription factor and a member of the 
PER-ARNT-SIM (PAS) superfamily of transcription fac-
tors [31]. Dioxins bind specifically and firmly to the aryl 
hydrocarbon receptor (AhR) upon entry into the cell, lead-
ing to the excitation of numerous enzymes responsible 
for its detoxification or elimination from the body [20]. 
Although AhR is apparently a conserved protein found in 
vertebrates, other related proteins have been known in 
invertebrate species such as Caenorhabditis elegans and 
Drosophila species [34]. Further to its role as a transcrip-
tion factor, AhR plays critical roles in the regulation of the 
neural development, daily rhythmic functions, and ageing 
[8]. The AhR in its non-ligand bound state in the cell exist 
solely as cytosolic complex with chaperones which include 
the heat shock protein (Hsp) 90 and prostaglandin E syn-
thase 3 (p23), hepatitis B virus and X-associated protein 2 
(XAP2) [129]. The AhR originally believed to be involved 
in drug metabolism and mitigating carcinogenic effects 
has also been proven to participate in toxicological actions 
against environmental contaminants, including the most 
toxic dioxin congener, 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) and possible other dioxin-like chemicals [47].

In the cell, TCDD binds to AhR to form AhR-complex 
which translocates into the nucleus [20]. Here in, transcrip-
tion of genes occurs after AhR heterodimerizes with AhR 
nuclear translocator (ARNT) [8] leading to the production 
of the well-known protein; cytochrome P-450 (CYP) 1A 
[88]. There are several other enzymes whose expression is 
affected by exposure to dioxin and dioxin-like compounds 
some of which include; an aldehyde dehydrogenase and 
NADPH-quinone-oxidoreductase enzyme [88]. The AhR 
complex also affects the expression of other genes that 
influence basic cellular processes such as growth, differen-
tiation and programmed cell death [14, 88]. Additionally, 
in the nucleus, AhR releases the bound ligand before it 
heterodimerizes with another protein such as AhR nuclear 
translocator (ARNT) [111]. The resulting dimer readily 
binds to DNA [82]. When interaction of dioxins and AhR 
occur which also involves the retinoid system, the biologi-
cal action of dioxins will include retarded growth, prob-
lems associated with reproduction, and in some cases, 
developmental impairments [3, 77, 104]. These observed 
effects of dioxins are attributed to their participation in 
the metabolic steps of the retinoid activation and metab-
olism as well as in molecular interactions of the retinoid 
receptors and AhR in the transactivation system [77]. As a 
response to the activation by dioxins, the AhR signalling 
pathways regulates the expression levels of various genes 
by induction of the gene for a Phase I cytochrome P-450 
drug-metabolizing enzyme, CYP1A1 [20, 65, 81, 82], an 
enzyme involved in oxidation, reduction, and hydroxyla-
tion reaction processes [14, 88]. The initiation of changes 
in the expression of these genes begins with the ligand 
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binding to the AhR [88]. Generally, induced toxicity via 
the activation of AhR, prevents AhR from performing its 
functions, which importantly, includes the maintenance 
of homeostasis [47, 129].

5  Analytical methods for the determination 
of dioxins and furans

The analysis of dioxins can be done using either chemical 
and/or biochemical techniques also referred to as bioana-
lytical detection methods. The chemical instrumentation 
for analytical methods include the use of chromatographic 
techniques mainly gas chromatography (GC) and high 
performance liquid chromatography (HPLC) coupled with 
various detection methods including mass selective detec-
tor, MSD, electron capture detection, ECD, and photodiode 
array detector, PDA [80]. The widely acceptable and most 
useful biological methods are based on binding bioassays, 
biomarkers, cell and/or organ bioassays and in vivo bioas-
says or laboratory exposure [80]. Of these analytical tech-
niques, chemical instrumental analysis remains the most 
effective technique because polyhalogenated aromatic 
hydrocarbons (PHAHs) of interest can easily and effectively 
be separated and quantified; nonetheless, the limitations 
of any particular analytical tool for determining dioxins 
and furans can be overcome by using a combination of 
both chemical analytical methods and biological tech-
niques [80]. Bioanalytical methods have certain limitations 
[17, 35] which include; (1) possible lack of degree of reli-
ability (2) absence of cross-validation database for differ-
ent bioassays (3) limited inter laboratory cross-validation 
studies obtained from similar technology (4) absence of 
international and national scientific data for various com-
plex matrices (5) limited predictive battery from a toxico-
logical standpoint because of the necessity for in vivo—in 
vitro extrapolation and (6) lack of international accepted 
quality criteria for analysis.

5.1  Methods based on chemical analysis

In these methods, dioxin and dioxin-like compounds are 
separated and quantified by utilizing their physical prop-
erties not limited to molecular size, polarity, charge and 
redox potentials [88, 102]. The popularity of this method 
can be attributed to the structural conformations, the 
specificity of a particular congener of interest and the fact 
that chemical based methods enables calculation of toxic 
equivalence (TEQ) indices [88]. Despite its wide applica-
bility and general approval of the chemical instrumental 
analysis, these methods have limitations such as long 
analysis timelines, high-priced costs, and refined techni-
cal expertise in order to get accurate results, and lacks 

explanation on the biological potency and possible inter-
action of dioxin-like chemicals in a given matrix [110]. The 
cutting-edge method which has been employed in recent 
years for the separation and quantification of dioxins and 
dioxin-like compounds is the high resolution gas chroma-
tography (HRGC) hyphenated to the high resolution mass 
spectrometer (HRMS) [88]. Other techniques include HPLC 
coupled with supercritical fluid extraction (SFE) mainly for 
recoveries of PCBs and PCDDs, and have merits such as low 
solvent consumption and shortened extraction times [88].

5.2  Immunoassays

This technique employs the use of antibodies to detect 
a particular dioxin congener and the method is thought 
to be one of most robust in the detection of dioxins and 
its analogues [87]. Some of the conventionally used 
immunoassay are for instance, radioimmunoassay (RIA), 
Fluorescence immunoassay (FI), and the enzyme-linked 
immunoassay (ELISA) [20, 110]. ELISA methods are rapid 
in screening dioxins and/or furans, and dioxin-like chemi-
cals because this method utilizes the ability of particular 
anti-bodies of high specificity to select and reverse bind 
to a dioxin [110]. The ELISA kits contain binder molecules, 
labelled ligands, coated antigens, target analyte which can 
react to equilibrium so that the ligand molecules are ena-
bled to bind with an enzyme, a fluorescent molecule, and 
a radioactive tracer where the fraction of bound molecules 
forms the basis for their measurement [100, 110]. There-
fore, dioxin-AhR interaction is one of the probable inex-
pensive alternatives to numerous analytical techniques for 
detecting dioxin contamination in the biological environ-
ment [20].

5.3  In vivo biomarkers

This method is associated with the biological changes as a 
result of exposure to a specific contaminant in the environ-
ment, and mainly detects physiological and biochemical 
changes induced as a result of exposure to dioxins [110]. In 
this method, dioxin levels in body tissues are determined 
using biomarkers, mainly, DNA and enzymes [87]. Scientific 
surveys have established that there is a close relationship 
between exposure to a specific dioxin in the environment 
and in vivo biomarker response [35]. With regard to studies 
on exposure of dioxins to humans, fish and aquatic ani-
mals; the induction of cytochrome P450 1A gene (CYP1A) 
has been extensively used as a biomarker because the 
induction occurs as a result of binding of dioxin or furan 
to the AhR receptor [87]. These studies reported a strong 
correlation between toxicity of the dioxin congeners and 
induction of CYP1A [25, 51].
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5.4  Biochemical method involving the use of lower 
ranked synthetic peptides

Owing to the limitation of higher ranked peptides being 
unable to bind to dioxins, currently, short peptides is fast 
substituting immuno antibody method in the detection 
of dioxins in a given sample matrix [87]. Previous studies 
on biological analysis of dioxins have demonstrated that 
peptides can be used as sensors for low molecular weight 
compounds [88]. More recently, pentapeptide has been 
generally used in the assessment and detection of dioxins 
where the peptide head upon being screened by a fluo-
rescence microscope can detect dioxins with high level of 
sensitivity [102]. The interaction between dioxins and pep-
tides has been useful industrially in designing a peptide 
based material which is highly sorbent to the toxic dioxin, 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [88].

5.5  In vitro bioassay: DNA binding bioassays

This method of analysis is based on the ability of a dioxin 
to transform AhR receptor into a DNA binding form on 
the condition that the AhR receptor has suitable ligands 
[87]. The technique relies on electrophoretic mobility 
shift method which estimates the DNA binding and AhR 
transformation; to do this, the technique is based on the 
detection of AhR-DNA complexes that are formed and 
their mobility during electrophoresis [17]. Despite its 
high sensitivity, this technique has some serious limita-
tions [68, 110] which include (1) inability to differentiate 
between receptor antagonist and AhR agonist and which 
may result in false positive data (2) it may not detect syn-
ergistic effects of dioxins and furans in a given environ-
mental sample matrix (3) lack of quality control and thus 
unreliable results.

5.6  Sensor techniques

Lately, most researchers have opted for the sensor tech-
nique because it is easy, affordable and has the ability 
to provide unrivalled real time analysis [11, 21]. Biologi-
cal and physical techniques have been found to be the 
most promising, popular and applicable in the determi-
nation of dioxins in the environmental sample matrices 
across all food chains [21]. Even though physical sensors 
are reputed for their high sensitivity and specificity, they 
cannot detect the level of biological toxicity as expressed 
by toxic equivalency factor (TEF) and the toxicity equiva-
lence (TEQ) index [35]. Biosensor technology is used to 
determine the concentration of dioxin contamination in 
food products, and has also found its applicabilition in 
public health and medical care as well as in environmental 
monitoring and assessment [26]. Biosensors are reliable, 

accurate and deliver real time analysis; low energy cost, 
uses less chemical reagents, and minimizes waste produc-
tion [21].

Biosensors consist of two components; a biorecogni-
tion element also known as the biochemical receptor for 
recognizing the target contaminant and a transducer that 
converts the event into an electronic signal [120]. Immu-
nosensors show high sensitivity to dioxins and dioxin-like 
compounds and in order to detect dioxins in fly ash, immu-
nosensors use quartz crystal microbalance as a transducer 
and binds to TCDD derivatives at a lower detection limit 
of 1 part per trillion [53]. Some studies reported that the 
microorganism Pseudomonas sp. P2 can be used as a rec-
ognition element for optical detection [28]. Gavlasova 
et al. [28] reported that upon oxidizing the dioxins and 
dioxin-like compounds, the microorganism produces yel-
low meta ring-fission metabolites that can be measured 
through the absorption spectra by an optical transducer. 
This technique has successfully been used in the detec-
tion of PCB in soil samples. Nonetheless, a new sensor 
technique known as biomimetic based biosensors have 
been used, this technique uses a synthetic recognition ele-
ment that is designed to mimic the natural biochemical 
receptors such as antibodies and enzymes [120]. Another 
study, by Mascini et al. [66] determined dioxins and dioxin-
like compounds in food products using the biomimetic 
approach combined with quartz crystal microbalance 
piezoelectric transducer—in their study, they synthesized 
oligopeptides to mimic aryl hydrocarbon receptor binding 
sites and reported that the range of detection of TCDD, 
a dioxin mixture and PCBs was from 1 to 5 ppb and 1 to 
10 ppb, respectively.

6  Environmental degradation of dioxins, 
furans, and their related analogues

Dioxins and furans form a group of the most notorious 
environmental toxicants due to their stability towards 
physical, chemical and microbial degradation [48]. They 
are classified as persistent organic pollutants (POPs) for 
centuries and even beyond, and are therefore a threat 
to generations to come [52]. The toxicity of dioxins to 
humans, wildlife and ecological systems in general has 
been enhanced by their properties such as hydropho-
bicity and bioaccumulation [111]. Their hydrophobic-
ity makes them strongly adsorbed onto the surfaces 
of organic materials and soil components [93]. Several 
approaches have been explored to free PCDD/Fs from 
contaminated systems; some of these approaches 
include physical and chemical interventions [48]. Dioxins 
are reported to be quite inert to chemical degradation 
and this has made their removal from the environmental 
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sites an enormous challenge [52]. The use of dioxin 
inhibitors such as sulphur and nitrogen, dechlorination 
aided by metal catalysts, pyrolysis and photodegrada-
tion are some of the recently explored physicochemi-
cal remediation measures to detoxify the environment 
from dioxin and furan contamination [93]. The congener, 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), has been 
reported to be very sensitive to photochemical dechlo-
rination and is suggested to be destroyed within hours 
when exposed to direct sunlight [12]. Physicochemical 
methods of removing dioxins are not cost effect, besides, 
dioxins display inertness to chemical remediation such 
as the use of alkali metal hydroxide (KOH)/polyethylene 
glycol (APEG) [10]. Thermal remediation similarly has its 
limitations, for instance, it cannot be applied to most 
mediums especially those that do not readily undergo 
thermal degradation at reasonably high tempera-
tures > 600 °C [24].

The use of microorganism has lately been an attrac-
tive biological approach in dioxin and furan degradation 
because of factors such as economic feasibility, environ-
mental compatibility and flexibility, and the fact that 
microbial degradation cannot introduce other toxic sub-
stances to the environment but instead convert the toxi-
cants into  H2O,  CO2, and  CH4 [9, 10]. Studies on microbial 
detoxification of the environment from dioxins, that is, 
PCCD/Fs, non-chlorinated dibenzofurans have been 
used as a blueprint chemical strategy [9]. These stud-
ies have reported that highly substituted congeners of 
dibenzofurans and dibenzo-p-dioxins can be degraded 
by some bacteria strains such as Nocardioides aromati-
civorans, Terrabacter sp. strain DPO360 and Pseudomonas 
putida [111]. This clean-up of the environment by bacte-
rial degradation of PCDD/Fs involves both aerobic and 
anaerobic processes [12, 99]. It is important to note that 
the reaction products of these catabolic reactions can be 
mineralized further and directed into the biogeochemi-
cal cycle because incomplete degradation can result into 
the formation and accumulation of more toxic metabo-
lites that can be more toxic than their primary substrates 
[97].

Degradation of carbazole by Pseudomonas stutzeri 
has been found to be an important biosynthetic route to 
l-tryptophan where anthranilic acid is formed as an inter-
mediate metabolite [44, 99]. Jaiswal et al. [43] studied the 
degradation of dibenzofuran using Pseudomonas sp strain 
by angular deoxygenation route described in Scheme 4 
[99]. Other studies [58, 89] have also proposed the use 
of a combination of photolytic catalyst, mainly titanium 
dioxide 

(

TiO2

)

 with UV light to degrade dioxins and its ana-
logues in the soil environment by oxidizing the organic 
substances in the soil into water, carbon dioxide and pos-
sibly methane.

7  Nitrogenated analogues of dioxins, 
dibenzofurans and their comparative 
toxicity

Nitrogen containing analogues of dioxins and dibenzo-
furans display similarities in structure in which the NH 
group replaces oxygen in the dioxin of furan structure 
(Fig. 4). Some of these aromatic polycyclic compounds 
are for instance carbazoles including chlorinated and 
brominated versions and 9H-pyrido[3,4-b]indole [73]. 
However, halogenation of carbazole is a key subject in 
medicinal chemistry and materials science and for this 
reason they are starting materials for the synthesis of 
numerous bioactive molecules of pharmaceutical impor-
tance despite their well-known toxicological character-
istics [91].

These nitrogen containing heterocyclic compounds 
such as the mono- and polyhalogenated carbazoles 
(PHCZs) which are commonly known as nitrogenated 
dioxins are suggested to originate from either anthro-
pogenic or natural sources and have been reported to 
possess toxicities comparable to those of dioxin and 
furan compounds basically because of their structural 
similarities [92]. From a chemical standpoint, the tox-
icity of polyhalogenated carbazoles (PHCZs) has been 
attributed to their resemblance with polychlorinated 
dibenzo-p-dioxin and dibenzofuran, with very close 
correlation between their planar molecular conforma-
tion and dioxin-like toxicological characteristics [23]. 
Carbazole in particular has been reported in literature 
to be both carcinogenic and mutagenic [45]. However, 
because this class of compounds is treated as emerging 
toxicants, very limited information is available in litera-
ture concerning the mechanism by which these nitro-
genated dioxins manifest their toxicity. Nonetheless, 
recent studies on halogenated carbazoles have reported 
the potential to activate aryl hydrocarbon receptor (AhR) 
using in vitro cell assays, with the potency of these com-
pounds reported to be largely dependent on the degree 
and position of halogenation of the carbazole molecule 
[72, 92].

Although the N-homologues of dioxins may not have 
been listed as priority contaminants, it is reported that 
they have properties very similar to those of persistent 
organic pollutants (POPs) but of great concern is the fact 
that these dioxin and furan analogues are resistant to 
degradation in the soil, with carbazole and dibenzopyr-
role mainly found in crude oil being quite recalcitrant 
to elimination or degradation [99, 133]. However, some 
microorganism, especially certain bacterial strains of the 
Pseudomonas stutzeri type has been reported to degrade 
these nitrogenated compounds (carbazole) as a source 
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of carbon, nitrogen and energy [78]. In addition to the 
scarce literature on these nitrogenated analogues of 
dioxins and furans, the modes of environmental distri-
bution, pharmacokinetics and kinetics of their elimina-
tion are not well documented. A decade ago, however; 
detection of these toxins from industrial emissions in 
Germany points at industrial activities being a possible 
major source [29]. Burning of biomass and municipal 
waste incineration generate carbazole in abundance 
even though carbazole and benzocarbazoles remain the 
major N-containing compounds in petroleum, crude oil 
and coal [78, 133].

A new category of pollutants also referred to as 
nitrogen-containing polycyclic aromatic hydrocarbons 
(N-PAHs) or nitrogen containing-polycyclic aromatic com-
pounds (N-PACs), with N in the aromatic ring analogous to 
poly aromatic hydrocarbons (PAHs) are believed to form 
from the degradation of lignocellulosic materials and sew-
age sludge [99]. Research has demonstrated that these 

particular compounds; N-PAHs are individually toxic or in 
a mixture with PAHs are more toxic and with greater bio-
logical damage than their corresponding PAH analogues, 
with their toxicity increasing with increase in the number 
of aromatic rings [4].

Clearly, there has been significant interest in the toxicity 
studies of these compounds. Previous studies have shown 
that they have serious toxicological impacts on natural 
ecosystems and in humans because of their widespread 
nature in various environmental samples; lakes, seas and 
river sediments as well as in soil samples although in signif-
icantly varying quantities [73]. For instance, the concentra-
tions of 3-chlorocarbazole and 3,6-dichlorocarbazole were 
found to vary with soil depth, with a higher concentrations 
being recorded in the top humic layer of the soil contour 
[74]. Iodine containing versions of polyhalogenated carba-
zoles are rare in the environment and therefore generally 
uncommon in natural products and no known study has 
isolated iodinated carbazoles in the environment at least 

Scheme 4  Metabolic pathways for degradation of dibenzofuran by Pseudomonas sp. strain Modified from Jaiswal et al. [43]
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to date [30]. Nonetheless, recent studies have found that 
iodinated carbazoles are more reactive than chlorinated or 
brominated carbazoles, and probably more lethal to the 
biological environment [91].

8  Conclusions

Persistent organic pollutants are a historical problem in 
the environmental ecosystem because of their long half-
lives which range from decades to centuries, and thus 
have far reaching implications in human and environ-
mental health. Significant amount of monetary resources 
is applied to isolate these toxins from crude oil to prevent 
catalytic poisoning during oil refinery, and mopping up 
these unwanted chemicals from the natural environment; 
actions which result in negative economic impacts in gen-
eral. Understanding how these toxins are formed in indus-
tries and combustion events, including municipal waste 
incineration will assist in developing the state-of-the-art 
destruction mechanisms by use of suppressants such as 
sulphur, microbial procedures and photo-dissociation. 
Organo chlorinated dioxins and furans are unintentional 
by-products of industrial combustion systems, and indus-
trial processes ranging from cement production, phar-
maceutical process, tanning and metallurgical activities. 
The acute toxicity of dioxins on public and environmental 
health impacts explained in this review should sensitize 

environmental authorities and medical personnel to 
demand for an environment free of toxicants especially in 
developing countries. On the other hand, polyhalogenated 
carbazoles (PHCZs), an emerging class of environmental 
toxins has been given extensive treatment in this review. 
They have increasingly been detected in the environment, 
and established to be bio-accumulative, although their 
potential transformation in the environment is basically 
unknown. Various measurement techniques have been 
proposed to detect and quantify the persistent organic 
pollutants discussed in this work and concluded that a 
combination of both physical methods such as a high reso-
lution gas chromatograph hyphenated to a high resolution 
mass spectrometer and bioassay techniques such as the 
robust sensor technique is the best approach. The sensor 
technique is affordable, and provides real time results. 
This advancement in analytical measurement techniques 
has made biomonitoring and environmental assessment 
of dioxins and its associated analogues relatively easy for 
purposes of policy formulation and hazard regulations. 
The overall aim is to protect the environment and improve 
public health service delivery.
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