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INTRODUCTION

Since the introduction of Regulation No. 
166/2006 by the European Union on pollutant re-
lease and transfer, coking plants are required to 
keep a record of the data that illustrate the input 
and transport of pollutants in the environment. 
The introduction of this directive imposed an ob-
ligation to create National Pollutant Release and 
Transport Registers on the Member States territo-
ries, which will become part of the European Pol-
lutant Release and Transport Register (E-PRTR). 
According to this act, the limits of individual 
pollutants concentrations formed during the cok-

ing process have been fixed. These include: CH4, 
CO, CO2, NH4, NMVOC (non-methane volatile 
organic compounds), NOx, SOx, heavy metals 
and their compounds (As, Cd, Cr, Cu, Hg, Ni, 
Pb, Zn), PCDDs (polychlorinated dibenzo-p-di-
oxins) and PCDFs (polychlorinated dibenzofu-
rans), anthracene, benzene, naphthalene, PAHs 
(polycyclic aromatic hydrocarbons), HCN and 
PM10 (particulate matter, fraction below 10 µm) 
[Regulation EC 2006].

Coking plants are usually divided into four 
main production units, which comprise the coal 
yard, coke ovens, by-product plant and coke sort-
ing and handling. The main and key unit of coke 
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production is a battery of coke ovens [Sobolewski 
2005]. The emission of compounds as defined by 
EU regulation can occur in each of these units.

Transport of air pollutants into the environ-
ment from pyrolysis of coal may occur by [Sobo-
lewski 2010]:
a)	stack emission (underfiring system),
b)	fugitive emission from coke oven battery 

(COB) point sources (oven doors, charging 
lids, coal charging, coke pushing),

c)	emission from coke quenching process.

Table 1 presents the sources of emission at 
coking plant depending on the type of pollution 
[Sobolewski 2010]. Hence, one potential source 
of PCDDs and PCDFs is COB, which consists in 
an underfiring system, besides coal tower, battery 
equipment and quenching tower [Sobolewski 
2005]. Typical ranges of PCDDs/PCDFs emis-
sions factors at coking plants are generally very 
low and vary depending on the source: the lowest 
ones are for charging lids (< 4 ng I-TEQ/Mgcoke, 
while the highest ones are observed at underfiring 
system, quenching tower and oven doors (< 20, < 
20 and < 35 ng I-TEQ/Mgcoke, respectively) [Hein 
2009]. No influence of the type of underfiring gas 
(coke oven gas/ mixed gas) could be examined 
with regard to the PCDDs/PCDFs emissions from 
underfiring system. It is to assume that the level of 
PCDDs/PCDFs emissions at the quenching tower 
is influenced by the completeness of carbonisa-

Table 1 Air pollutants at coking plant depending on 
the source [Sobolewski 2005]

Coal yard Coke 
ovens

By-
product 

plant

Coke sorting 
and handling

TSP + + + +
PM10 + + + +
NOx + + + -
SOx + + + -
PAH + + + -
CH4 + + + -
CO + + + -
CO2 + + + -

heavy 
metals - + + +

benzene - + - -
H2S - + + -

PCDD + 
PCDF - + - -

NMVOC - + - -
NH3 - + - -
HCN - + - -

tion of coal charge. It is necessary to mention that 
the provided values have not been updated since 
at least 10 years and come from a single German 
installation.

In accordance with the EU Regulation No. 
166/2006, in the case of exceeding the concentra-
tion of a pollutant at coking plant, it is required 
to notify the institutions responsible for environ-
mental protection established in the EU countries. 

AIM OF THE WORK

The aim of this work is an attempt to deter-
mine the level of emission of PCDDs/PCDFs 
from the COB underfiring system and to con-
front the obtained results with the calculations 
based on the mass balance of chlorine in the cok-
ing process and reactions of both chlorophenols 
formation and PCDDs and PCDFs formation 
from mono- and polychlorophenols. In addition, 
the work is also of cognitional character, since 
there were no such measurements at Polish cok-
ing plants so far. These measurements should be 
considered as preliminary or identification ones, 
because their main objective was to verify if 
there is any PCDDs/PCDFs emission from COB 
– and if so, how big is it – rather than to evaluate 
their unambiguous level.

CHARACTERSTICS OF PCDDS AND 
PCDFS 

In literature, polychlorinated dibenzodiox-
ins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs) are often referred to by means of a joint, 
imprecise name of dioxins and furans. These 
compounds are members of chlorinated aromat-
ic compounds [Alcock & Jones 1996, Brzuzy 
& Hites 1996, Fiedler 1993]. Figure 1 presents 
the structure of dibenzodioxin and dibenzofu-
ran detailing the position that can be occupied 
by a chlorine atom.

From Figure 1 it follows that dibenzodioxin 
and dibenzofuran molecules contain eight po-
sitions, where hydrogen atoms may be substi-
tuted with chlorine atoms. Accordingly, there 
are 75 congeners of PCDDs and 135 congeners 
of PCDFs. Table 2 lists all the congeners with a 
given number of chlorine atoms.

In general, the source of dioxin formation can 
be divided into anthropogenic and natural. Natural 
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sources mainly include the formation processes 
of crude oil, natural gas, oil shale, as well as for-
est fires and the activity of microorganisms [Al-
cock & Jones 1996, Brzuzy & Hites 1996, Fiedler 
1993]. The anthropogenic sources mainly include 
municipal waste incineration plants, steel plants, 
cement kilns (not burning hazardous waste), bio-
mass combustion, incineration of medical waste, 
secondary copper smelting and cars consuming 
leaded and unleaded fuel [Alcock & Jones 1996]. 
Dioxins may be also formed during chemical, 
thermal, photochemical and enzymatic reactions. 
It is understood that polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans are 
formed in each thermal process, if the combus-
tion environment is organic matter and chlorine 
is present. The ways of formation and emission of 
dioxins in the combustion process are as follows 
[Brzuzy & Hites 1996, Jones et al. 1994]:
•• burned material contains dioxins, however, as 

a result of low temperature combustion they 
did not decompose,

•• gas phase synthesis (temperatures above 
500 °C) from organic precursors, such as 
mono- and polychlorinated phenols,

•• catalytic synthesis on dust surface; the cata-
lysts for this reaction are metal particles con-
tained in the dust, including copper, iron, 

nickel and zinc; chloroorganic derivatives also 
constitute the precursors to the formation of 
dioxins ,

•• as a result of de novo synthesis (temperature 
250–700 oC), the precursors of which include 
organic radicals, carbon black and chlorine,

•• as a result of the reaction with polycyclic aro-
matic hydrocarbons (PAHs); the reaction also 
proceeds on the surface of dust particles and 
is catalysed by metals in the dust (temperature 
250–400 oC).

Figures 2 and 3 show the possible mechanisms 
of PCDDs and PCDFs formation [Wielgosiński 
2009, Ryu 2008]. PCDDs and PCDFs are col-
orless, solid bodies with wide range of melting 
points [Alcock & Jones 1996, Brzuzy & Hites 
1996]. Generally, it can be assumed that the 
value of the melting point increases along with 
the number of chlorine atoms in the molecule of 
a xenobiotic. PCDDs and PCDFs are also char-
acterized by low vapor pressures, high boiling 
points, high thermal stabilities and the lack of re-
sistance to ultraviolet radiation. According to the 
principle similia similibus solventur dioxins ex-
hibit the greatest solubility in o-dichlorobenzene 
(of the order of 1.4 g/l), and the lowest in water 
(only a few micrograms per liter). They are also 
characterized by high solubility in lipids, which 
is a cause of accumulation in human tissues 
[Wielgosiński 2009, Ryu 2008, Griffin 1986, Gro-
chowalski & Lasa 1989]. Thanks to these proper-
ties, they have been recognized as the compounds 
that are particularly dangerous to the human 
health. The 2,3,7,8-tetrachlorodibenzo-p-dioxin 
and 1,2,3,7,8-pentachlorodibenzo-p-dioxin have 
specific properties in this manner and the value 
of the toxicity equivalent factor (TEF) is 1. The 
toxic effects of PCDDs PCDFs cause disorders of 
the immune system, which leads to reduction of 
reproductive capacity. Although they do not have 
direct carcinogenic effects, they have been recog-
nized by the International Agency for Research 
on Cancer (IARC) in Lyon as a group A carcino-

Fig. 1 Structure of a) dibenzodioxin, b) dibenzofuran with numeration of carbon atoms. 

Table 2 Number of possible PCDDs and PCDFs 
congeners [Brzuzy & Hites 1996].

Number of halogens 
number

Number of isomers
PCDDs PCDFs

1 2 4
2 10 16
3 14 28
4 22 38
5 14 28
6 10 16
7 2 4
8 1 1

Total 75 135
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gen. The carried out studies also confirmed the 
harmful effect of PCDDs and PCDFs on DNA. 
Teratogenic and allergic effects were also proven. 

According to the information provided in 
the regulation approved by the BREF document 
[BREF 2013], the threshold level of PCDDs/
PCDFs for coke oven underfiring is 0.001 ng 
I-TEQ/Nm3 [Alcock & Jones 1996, Brzuzy & 
Hites 1996, Grochowalski & Lasa 1989]. In the 
assessment of the toxicity of exhaust gases, the 
so called toxic equivalency (TEQ) is calculated, 
which is a standardised parameter. For this pur-
pose, the toxic equivalency factor (TEF) is used. 
Numerical values of TEF are within the range 
of 0.001–1 and determine the relative toxicity 
of each of PCDD and PCDF congeners in rela-
tion to the most toxic 2,3,7,8-tetrachlorodibenzo-
p-dioxin (2,3,7,8-TCDD), for which TEQ = 1. 

Using the value of TEQ, one may determine the 
potential toxicity of exhaust gases in relation to 
PCDDs and PCDFs and compare it with limit val-
ues. TEQ is calculated from equation (1):

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑(mi × TEFi)
𝑖𝑖=17

𝑖𝑖=1
 (1)

where:	 mi – mass of single congener, 
	 TEFi – factor equivalent to toxicity for i 

PCDDs/PCDFs congener in relations to 
congener 2,3,7,8-TCDD. 

The values of TEF factor for particular PCDDs 
and PCDFs congeners are different (Table 3) 
[Brzuzy & Hites 1996, Wielgosiński 2008].

Polychlorinated dibenzo-p-dioxins and poly-
chlorinated dibenzofurans may be discharged 

Fig. 2. Mechanisms of PCDDs and PCDFs formation [Ryu 2008]
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Fig. 3. The mechanism of PCDDs formation by condensation – Smiles rearrangement of with compound of diox-
aspiro type and creation of dibenzodioxin [Wielgosiński 2009] 

Table 3. Values of TEF factor for particular PCDDs and PCDFs congeners [Brzuzy & Hites 1996, 
Wielgosiński 2008]

PCDDs congeners TEF PCDFs congeners TEF

2,3,7,8-TCDD 1 2,3,7,8-TCDF 0.1

1,2,3,7,8-P5CDD 1 2,3,4,7,8-P5CDF 0.5

1,2,3,4,7,8-H6CDD 0.1 1,2,3,7,8-P5CDF 0.05

1,2,3,6,7,8- H6CDD 0.1 1,2,3,4,7,8-H6CDF 0.1

1,2,3,7,8,9- H6CDD 0.1 1,2,3,6,7,8-H6CDF 0.1

1,2,3,4,6,7,8-H7CDD 0.01 1,2,3,7,8,9-H6CDF 0.1

1,2,3,4,6,7,8,9-H8CDD (OCDD) 0.0001 2,3,4,6,7,8-H6CDF 0.1

1,2,3,4,6,7,8-H7CDF 0.01

1,2,3,4,7,8,9-H7CDF 0.01

1,2,3,4,6,7,8,9-H8CDF (OCDF) 0.0001
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by stack emission (battery underfiring system 
[Sobolewski 2005]) during coal pyrolysis in 
COB, while their presence in fugitive emission is 
usually ignored. 

MEASUREMENTS OF PCDDS/PCDFS 
CONCENTRATIONS FROM UNDERFIRING 
SYSTEM OF COB 

Experimental approach was based on the 
measurement of PCDDs/PCDFs concentration 
from waste gases in underfiring system of 2 se-
lected COBs located in one of the Polish coking 
plants: an old one, 1 year before shutting down 
(COB-O) and a new one, 5 years after start-up 
(COB-N). There were three 8-hour consecutive 
sampling of exhaust gases directly from: 
•• the stack at a height of 43 m, where there was 

located service platform with the access to 
sampling sockets (COB-N),

•• the waste-gas flue, with sampling sockets lo-
cated in the shed next to battery (COB-O).

The measurements were carried out accord-
ing to the Polish standard [BS EN 1948–1:2006]. 
Zambelli sampling system was used on the sam-
pling site (Fig. 4). Before the start of sampling 
and afterwards, the reference PCDDs and PCDFs 
were introduced, which were labelled with 13C. 
This action was intended to determine the size of 
the analyte loss. 

Table 4 presents the sampling conditions, 
whereas the measured concentrations and calcu-

lated emission factors of PCDDs and PCDFs are 
presented in Table 5.

DISCUSSION

The obtained results show trace quantities 
of PCDDs and PCDFs originating from under-
firing system of COB. The obtained values are 
significantly lower than those in the literature 

Fig. 4. PCDDs/PCDFs sampling site on COB-N stack 
(at the height of 43 m)

Table 4. PCDDs/PCDFs sampling conditions from 2 COB underfiring systems

Parameter Unit COB-O COB-N
Average waste-gas velocity m/s 6.3 2.4
Average waste-gas temperature OC 222.4 230.5
Gas flue diameter m 3.3 4.5
O2 content in waste-gas % 12.6 8.7
Sampling location - waste-gas flue (to stack) stack

Table 5. Measured PCDD/PCDF concentrations in the battery chimnez and the calculated emission factor

Parameter Unit COB-O COB-N Reference data

Concentration ng I-TEQ/Nm3 0.0018 0.0006 0.1 [BREF 2013] 
<0.01 [Hein 2009]

Calculated emission factor* ng I-TEQ/Mgcoke 1.70 0.53 12 [Sobolewski 2010]
1–20 [Hein 2009]

Calculated annual emission* mg I-TEQ/year 1.28 0.40 100 [Regulation EC 2006]
2636 (for coke production) [Report 2005]

* Assuming production capacity of 750000 Mg/year.
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[Report 2005, Regulation EC 2006, Hein 2009, 
Sobolewski 2010, BREF 2013]. The average con-
centration values of PCDDs/PCDFs for COB-O 
are almost twice higher than reported in [BREF 
2013], but for COB-N, they are halved. At the 
same time, emission factors and annual emis-
sions are far below the maximal values reported 
in literature. The obtained results can therefore 
be regarded as a preliminary confirmation of the 
fact that the underfiring system of COB produces 
traces of PCDDs/PCDFs. Even if one assumes 
annual coke production of one coking plant at the 
level of 3.5 mln tons, it gives 2–6 mg I-TEQ/year, 
which is far below 100 mg I-TEQ/year included 
in [Regulation EC 2006].

Assuming that during the coal coking process 
PCDDs and PCDFs are formed exclusively from 
mono- and polychlorinated phenols or other pre-
cursors, the approximate value of the emission 
according to [Brzuzy & Hites 1996] was calcu-
lated using the stoichiometry of the reaction. The 
calculations were based on the chlorine balance 

during coal pyrolysis in COB (Fig. 5) [Świetlik 
2000, Karcz 2002, Koszorek & Mianowski 1999].

Chlorine is introduced into the coking process 
with a coal blend. It may occur in both the inorgan-
ic and organic form, in which the chlorine ions are 
associated with carbon by strong covalent bonds 
or weak physical forces [Świetlik 2000, Karcz 
2002, Koszorek & Mianowski 1999, Strugała 
1998]. The next element is the yield of chloro-
phenols formation. Table 6 shows exemplary sub-
strates, products and yields of such reactions.

Another issue is the yield of PCDDs/PCDFs 
formation from mono- and polychlorinated phe-
nols. In the calculations, 1.53%, 3.39% and 
0.68% yield from dichlorophenol, trichlorophe-
nol and tetrachlorophenol – respectively – was 
assumed, according to [Ryu 2008]. Table 7 pres-
ents the obtained results, which are based on the 
balance of chlorine during the coal pyrolysis, as 
well as reactions of chlorophenols and PCDDs/
PCDFs formation.

Fig. 5. The balance of chlorine at various stages of the process of coal pyrolysis in COB
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RESULTS

The carried out measurements of PCDDs/
PCDFs concentrations in exhaust gases of COB 
underfiring system clearly indicate that the sys-
tem is not a significant source of emission of 
these xenobiotics. Our findings suggest that the 
efficiency of the formation of hazardous xeno-
biotics under the industrial conditions is slight-

ly lower than it has been shown in laboratory 
methods [Ryu 2008].

As it was proven by the carried out calcula-
tions, mono- and polychlorophenols constitute 
precursors of PCDDs/PCDFs formation. Using 
the yield of the various stages of the synthesis of 
these xenobiotics [Ryu 2008, Koini 2011, Saper 
& Snider 2014, Mahajan et al. 2012, Kashparova 
et al. 2004, Bhatkhande et al. 2002, Kajigaeshi 

Table 6. Substrates, products and yields of chlorophenols formation reactions

Substrate Product Yield, % Reference

85 [Koini et al. 2011]

91 [Saper & Snider 2014]

93 [Mahajan et al. 2012]

91 [Kashparova et al. 2004]

87 [Bhatkhande et al. 2002]

85 [Strugała 1998]

Table 7. Calculated PCDDs/PCDFs emission factor

Substrate dichlorophenol trichlorophenol tetrachlorophenol
Yield of PCDDs/ PCDFs formation, % 1.53 3.39 0.68
Calculated emission factor assuming coke 
procuction capacity of 750000 Mg/y, ng TEQ/Mgcoke

0.352 0.521 0.793
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et al. 1990] and presented chlorine balance at 
various stages of pyrolysis, the validity of the 
calculations was confirmed. The measured con-
centrations of PCDDs/PCDFs are closely related 
with the calculated values. Therefore, a compre-
hensive characterization of the PCDDs/PCDFs 
formation during coal coking should consider the 
formation mechanisms of these xenobiotics from 
mono- and polychlorophenols, as well as the in-
fluence of process parameters on the synthesis.
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