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Introduction 
Two decades ago Bumb et al.'' suggested the trace chemistries of-fire hypothesis 

which says that chlorinated dioxins may occur in the combustion of most types of organic 
material due to the existence of trace chemical reactions occumng in fire. In the late 1980's 
De Fre and Rymen'' have shown in a pilot-scale experiment that trace quantities of dioxins 
are produced in a CH4 flame in the presence of HCI; Eklund et al.^' also detected dioxins 
when passing a CH4/HCI/O2 mixture through a flow reactor in the temperature range 400-
950°C. These experiments by De Fre and Rymen and Eklund et al. clearly demonstrated 
that there exist certain chemical reaction pathways by which dioxins can be formed from as 
simple molecules as CH4, HCI and O2. What these chemical reactions are and what their 
relation to the trace chemistries of fire hypothesis is will be discussed in this paper. 

Mechanism of T4CDD and T4CDF Fonnation in the CH4/HCI/O2 System 
A reaction mechanism for T4CDD and T4CDF fonnation in the CH4/HCI/O2 system at 

temperature above 700°C is postulated and displayed in the table of the following pages. 
The reaction mechanism starts with only three kinds of molecule (CH4, HCI and O2), and 
consists of gas-phase elementary reactions known in flame chemistry, and leads to the 
tricyclic T4CDD/F stmctures at the end. The mechanism can be considered to have four 
parts: major elementary steps of CH4 combustion (R1-R9), fonmation of chlorinated Ci to C4 
species (R10-R65), formation of the first aromatic ring (R66-R73), and T4CDD/F fonnation 
(R74-R91). 

Initiation for simplicity is shown to be brought about by the decomposition of CH4 
producing CH3 and H which reacts with O2 resulting in 0 and OH. More CH4 are attacked 
by free radicals and atoms in R3 and R4. Most of the methyl radicals produced are oxidized 
to CO2 following the pathway R5 to R9'''. Under combustion conditions HCI is not an 
irreversible sink for Cl atoms; generally Cl atoms can be produced through R10 and R11, 
and then take part in the free radical mechanisms^'^. Chlorinated Ci species including 
vinylchloride, dichloromethane, chlorofomi, cartDon tetrachloride and their radicals are 
formed by R12 to R24. Combination of nonchlorinated and chlorinated methyl radicals in 
R25 to R30 leads to ethane and mono- to tetra-chloroethane, the degradation products of 
which are ethene and ethyne having different degrees of chlorination following R31 to R48. 
Recombination of Ci and C2 radical species in R49 to R56 gives C3 radical species; 
recombination of C2 radical species in R57 to R65 gives C4 radical species. 
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Mechanism of T4CDD and T4CDF Formation in the CH4/HCI/O2 System 

Number 
R1 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R10 
R11 
R12 
R13 
R14 
R15 
R16 
R17 
R18 
R19 
R20 
R21 
R22 
R23 
R24 
R25 
R26 
R27 
R28 
R29 
R30 
R31 
R32 
R33 
R34 
R35 
R36 
R37 
R38 
R39 
R40 
R41 
R42 

Elementary reaction 
CH4-^CH3 + H 
H + O2 ^ OH + 0 
CH4 + OH -> CH3 + H2O 
CH4 + 0 -> CH3 + OH 
CH3 + 0 -> CH2O + H 
CH2O + OH -> CHO + H2O 
CH2O + 0 -> CHO + OH 
CHO->CO + H 
HCI + OH -> Cl + H2O 
HCI + 0 ->CI + OH 
CHa + CI^CHsCI 
CH3CI + OH ^ CH2CI + H2O 
CH3CI + 0 -> CH2CI + OH 
CH3CI + 01 ^ CH2CI + HCI 
CH2CI + Cl -> CH2CI2 
CH2CI2 + OH ^ GHCI2 + H2O 
CH2GI2 + 0 ^ CHCI2 + OH 
CH2CI2 + Cl ^> CHCI2 + HCI 
CHCI2 + Cl -^ CHCI3 
CHCIa + O H ^ C C b + HjO 
CHCI3 + 0 - > CCI3 + OH 
CHCl3 + CI^CCl3 + HCI 
CCI3 + Cl -> CCI4 
CH3 + CH3 -)• C2H6 
CH3 + CH2CI ̂ . C2H5CI 
CH3 + CHCI2 H> C2H4CI2 
CH2CI + CH2CI -^ C2H4CI2 
CH2CI + CHCI2 -> C2H3CI3 
CHCI2 + CHCI2 ->• C2H2CI4 
C2H6 + OH -> CzHs + H2O 
C2H8 + 0 ^ C2H5 + OH 
C2H6 + Cl -> C2H5 + HCI 
C2H3CI3 + OH -> C2H2CI3 + H2O 
C2H3CI3 + 0 -> C2H2CI3 + OH 
C2H3Cl3 + CI^>C2H2Cl3+HCI 
C2H2CI4 + OH -)• C2HCI4 + H2O 
C2H2Cl4 + 0->C2HCl4 + OH 
C2H2CI4 + Cl -> C2HCI4 + HCI 
C2H5 ^ C2H4 + H 
C2H2CI3 -> C2H2CI2 + Cl 
C2HCI4 -> C2HCI3 + Cl 

Reference 
4,5 
4,5 
4,5 
4,5 
4,5 
4,5 
4,5 
4,5 
5,6,7,8 
5,7,8 
5,6,9. 
5,6 
5,10 
5.6 
10.11,12 
6,10,12 
10,12 
10.11 
13 
6,14 
13,14 
6,11 
6,11 
4,5,14 
5,9 
10,14 
5,6,14 
10,11,14 
10,14 
4,5,6 
4,5 
5,6,9 
6 
a 
11 
a 
a 
11 
4,5 
11 
11 

ORGANOHALOGEN COMPOUNDS 
Vol. 31 (1997) 507 



Dioxin '97, Indianapolis, Indiana, USA 

Number 

R43 
R44 
R45 
R46 
R47 
R48 
R49 
R50 
R51 
R52 
R53 
R54 
R55 
R56 
R57 
R58 
R59 
R60 
R61 
R62 
R63 
R64 
R65 
R66 
R67 
R68 
R69 
R70 
R71 
R72 
R73 
R74 
R75 
R76 
R77 
R78 
R79 
R80 
R81 
R82 
R83 
R84 

Elementary reaction 

C2H4 + Cl -^ C2H3 + HCI 
C2H2CI2 + Cl ^ C2HCI2 + HCI 
C2HCI3 + Cl -» C2CI3 + HCI 
C2H3 -> C2H2 + H 
C2HCI2 -> C2HCI + Cl 

C2CI3 -> C2CI2 + Cl 
CH3 + C2H2 ^ C3H4 + H 
CHCI2 + C2HCI ^ C3H2CI2 + Cl 
CCI3 + C2HCI ^ C3HCI3 + Cl 
CCI3 + C2CI2 -> C3CI4 +CI 
C3H4 - ^ C3H3 + H 
C3H2CI2 ^ C3H2CI + Cl 
C3HCI3 - ^ C3HCI2 + Cl 
C3CI4 ̂  C3CI3 + Cl 
C2H2 + C2H3 -> C4H4 + H 
C2HCI + C2HCI2 -> C4H2CI2 + Cl 
C2HCI + C2CI3 ^ C4HCI3 + Cl 
C4H4 + Cl -» C4H3 + HCI 
C4H2CI2 + Cl ^ C4HCI2 + HCI 
C4HCI3 + Cl ^ C4CI3 + HCI 
C2H3 + C2H3 ^ C4HS + H 
C2HCI2 + C2HCI2 ^ C4H2CI3 + Cl 
C2HCI2 + C2CI3 -> C4HCI4 + Cl 
C2H2 + C4H3 -> (t)-
C2HCI + C4HCI2 -» (1)013 
C2H2 + C4H5 ^ (j) + H 
C2HCl + C4H2Cl3^(t)Cl3 + Cl 
C2HCI + C4HCl4^(t)Cl4 + CI 

C3H3+C3H3^()) 
C3H2CI + C3HCI2 -^ (t)Cl3 

C3H2CI + C3CI3->(t»Cl4 
(jiClj + 0 2 ^ 0(t>Cl3 + 0 
•()>Cl3+02^1,2-02<t>Cl2+Cl 
(t)Cl3 + 0 ^ . 0<|)Cl2 + Cl 
(|)Cl4 + 0 ^ 0(t)Cl3 + Cl 
•<)>Cl3 + (t)Cl4 -» (t>Cl3(|)Cl3 + Cl 
(t)Cl3(t)Cl3 + 0 ^ 2-0(|)Cl2<|)Cl3 + Cl 
2-0(f)Cl2<t.Cl3 -» C12H4OCI4 (T4CDF) -t- Cl 
0(t)Cl2 + (t)Cl4 -> (t)Cl20<j)Cl3 + Cl 
(l)Cl20(t)Cl3 - ^ C12H4OCI4 (T4CDF) + HCI 
0(j)Cl3 + (tiCU -> (t)Cl30(|)Cl3 + Cl 
(|)Cl30(j)Cl3 + 0 ^ 2-0(|)Cl20(|)Cl3 + Cl 

Reference 

5,6.9 
11,14 
11,13,14 
4,5 
14 

13,14,21 
22 
a 
a 
14" 
18,22 
a 
a 
20 
7,9', 14,22 
a 
a 
r , 14,22= 
a 
a 
17 
a 
a 
7,15", 17,22 
a 
7,9,15", 17 
a 
a 
18'',22 
a 
a 
ir,18,26'=,27 
2 r , 2 8 ' 
26 ' 
26 ' 
29,32' 
31 ' 
30 
30,33 
31 
30,33 
31 ' 
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Number Elementary reaction Reference 
R85 2-0(t)Cl20(t)Cl3 -^ C12H4O2CI4 (T4CDD) + Cl 30 
R86 0(t)Cl3 + 0(t)Cl3 ̂  2-0(t)Cl20(|)Cl3 + Cl 33 
R87 2-0(t)Cl20(j)Cl3 ^ C12H4O2CI4 (T4CDD) + Cl 30 
R88 0(t)Cl3 + C2HCI -^ C8H3OCI3 (chlorobenzofuran) + Cl 37^ 
R89 C8H3OCI3 + C4H2CI2 ̂  C12H4OCI4 (T4CDF) + HCI 
R90 1,2-02<t»Cl2 + C2HCÎ C8H302Cl3 (chlorobenzodioxin) 
R91 CsHjOjCIs + C4H2CI2 ̂  C12H4O2CI4 (T4CDD) + HCI 

a. In analogy to similar reactions for nonchlorinated hydrocarbons. All following points are 
refemng to, the original references: b. written as two elementary steps; c: Cl was H; d. 
written as three elementary steps; e. 1,4-quinone was suggested; f 0 was OH; g. the 
sequence of 0 and C2H2 addition is reversed. 

The reactions for the formation of the first aromatic ring are given in R66 to R73. 
/\romatics fonnation from small hydrocarbon fuels is an actively studied subject in 
combustion research; there are about 18 different routes or key steps suggested by 
researchers as summarized by Westmoreland et al.'^ Curtently the even number carbon 
route (R66, R68) and the odd number carton route (R71) are generally believed to be the 
main routes of aromatics formation. In methane combustion the odd number carbon route is 
likely to be more important than the even number cartDon route, since methane flames have 
an abundance of CH3 radicals which combine with C2H2 giving rise to C3H3 and hence lead 
to more CsHs formation in R71^'. R66, R68 and R71 have complex intermediates; diagrams 
showing the intermediates stmctures of R66 and R68 can be found in '̂ •'̂ ^O'̂ "̂)̂  and those 
forR71in^^'^'^. 

Chlorophenoxy radicals arise in R74, R76 and R77. Coupling of chlorobenzene, 
chlorophenyl or chlorophenoxy radicals and the subsequent displacement of Cl by 0 and 
ring closure lead to T4CDD/F stmctures shown in R78 to R87. Other routes of T4CDD/F 
formation in R88 to R91 are suggested by us. Since PAH growth in aliphatic fuel 
combustion generally involves the successive addition of C2 and C4 radical species to the 

7 "M TA 'XA-'V7\ 

first aromatic ring ' , PCDD/Fs could be formed in a similar manner involving also 0 
atoms. The product of R88, chlorobenzofuran, has been detected by Eklund et al.^ 

Discussion about the Mechanism 
Evidently for PCDD/F formation in aliphatic fuel combustion, the first aromatic ring must 

be produced at first, then PCDD/F may be formed from the aromatic compounds. In this 
respect the present mechanism is in agreement with all previous proposals. The feature of 
our mechanism is that it is more detailed and composed of elementary steps. Most of the 
molecule species in the mechanism such as chlorinated or nonchlorinated methane, 
ethane, ethene, ethyne, benzene, biphenyi and benzofuran have been reported by Eklund 
et a l . ' PCDD/Fs detected in CH4/HCI/O2 systems are very likely to be formed by such a 
mechanism. The main purpose of this work is to illustrate how PCDD/F stmctures can arise 
from small hydrocarbons, so it is not a comprehensive mechanism, some relevant 
elementary reactions are not induded here. Extension of the mechanism to other 
hydrocarbon fuels and PCDD/F isomers is feasible; heterogeneous elementary reactions 
should also be considered. It is known that gas-phase mechanism is not sufficient to 
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explain the PCDD/F fonnation levels in incinerators because PCDD/F formation in 
incinerators is catalyzed by metallic species. Gas-phase mechanism may, however, play a 
role in PCDD/F formation for other combustion systems such as gasoline-fueled engines 
and gasoil burners. 

Discussion about the Trace Chemistries of Fire Hypothesis 
Following the demonstration that PCDD/Fs are formed from CH4 flames in the 

presence of HCI, De Fre and Rymen^' suggested that "methane is the simplest hydrocarbon 
and has no C-C bonds; if methane can give the novo PCDD/F generation, any hydrocarbon 
is able to; ... it can be assumed that the de novo synthesis from flue gas and HCI is a 
general phenomenon for all hydrocarbons". These suggestions seem to be reasonable 
from combustion chemistry considerations. In tenns of the reaction mechanism presented in 
this paper, an essential argument is that PCDD/Fs can be formed starting from the 
recombination of methyl radicals in the presence of HCI and O2; in any practical combustion 
system methyl radicals and HCI are always present, therefore PCDD/F fonnation is 
expected to occur, albeit in extremely low yield, through certain chemical reactions such as 
those presented above. This is in agreement with the suggestion of the trace chemistries of 
fire hypothesis. The chemical mechanism of dioxin fonnation in this paper or similar papers 
by other researchers may be regarded as some of the trace chemistries of fire postulated 
by Bumb et al. At the time Bumb et al. made their proposal, the number of combustion 
sources known to emit trace quantities of dioxins was not very large. Nowadays dioxin 
emissions have been detected in almost all types of combustion systems owing to the 
improvement in sampling and analysis methods. Even for coal combustion which in the 
1960's was reported to be below the PCDD/F detection limits, recent measurements have 
detected dioxin emissions^^^'. On the basis of these extensive PCDD/F measurement data 
it is considered that the trace chemistries of fire hypothesis is verified by the present 
PCDD/F measurement data base as a whole. 

Summary 
A chemical mechanism for T4CDD/F formation in the CH4/HCI/O2 system is presented. 

The mechanism consists of elementary reactions and illustrates how the tricyclic PCDD/F 
stmctures can arise in aliphatic fuel combustion. The product channels of PCDD/F 
formation seem to exist in the combustion of any hydrocarbon fuel such that PCDD/F are 
ubiquitous byproducts of combustion as suggested by the trace chemistries of fire 
hypothesis. 
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