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Formation of PCDD/PCDF — An Overview 1

1 INTRODUCTION

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/PCDF) have
never been produced intentionaly but are unwanted byproducts of many chemicd indudtrid
processes and of al combugtion processes. Enzymatic reactions that dimerize chlorophenols
to PCDD/PCDF, e.g., during composting or in sewage dudge, represent a biologica source,
However, in comparison to the chemica-indugtriad and combustion processes, biologica
formation seems to be negligible. In addition to the above mentioned primary sources, where
PCDD/PCDF are formed in a process, PCDD/PCDF can be releases from so-called secondary
sources (= reservairs), e.g., landfills, sewage dudge, contaminate sediments, etc., where once
formed in another process the contaminants re-enter the environment with or without human
activity.

In indudridized countries, primary sources in the past of contamination of the environment
with PCDD/PCDF were due to the production and use of chloroorganic chemicds, including
the pulp and paper industry (through bleaching with chlorine gas). Once PCDD/PCDF were
detected in emissons of municipd solid waste incinerators (MSWIs) (Olie et al. 1977), they
became a key isue in the discusson of sudtainable waste management and with time they
became a management tool for any thermd process. A recent compilation of existing dioxin
emisson inventories (UNEP 1999) has shown that less than two dozens of countries have
knowledge about the dioxin emisson in their country. However, the compilation has aso
shown that the incineration of municipd, hazardous and medicd wadte is not dways the
sector with the highest dioxin emissons. Processes of the ferrous and the non-ferrous meta
industries can be mgor emitters of PCDD/PCDF as well as the power generating sector, the
manufecture of minera products (especidly when these plants ae used for the co-
combustion of hazardous waste) and others (NATO/CCMS 1991, Fedler and Hutzinger
1996).

Since the firg dioxin emissons have been identified and a any time when a “new” source
has been discovered, attempts were started to reduce the emissons of these unwanted
byproducts. In generd, there are two agpproaches for release reduction: primary measures,
which prevent the formation of PCDD/PCDF and secondary measures, which will remove
and/or destroy PCDD/PCDF formed within a process or facility, to avoid rdease into the
environment.  The successful application of any of these two approaches requires
understanding of the physcd and chemica processes, which take place in any plant or
process under investigation.

This paper briefly summarizes basc and mgor findings in the formation and options for the
prevention of formation of PCDD/PCDF and/or their abatement *.

Major parts of Chapters 1,2, and 4 are excerpts from: Literature Survey by Heidelore Fiedler
(UNEP Chemicals, Geneva) and Hermann O. Nordsieck (BIfA GmbH, Augsburg). Work Package
2.2.2 in Research Project: MINIDIP - Minimizetion of Dioxins in Therma and Indudria
Processes. Mechanism, Monitoring, Abatement. Commisson of the European Community,
November 2001, ENV4 - CT97 — 0587
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2 Formation of PCDD/PCDF — An Overview

2 COMBUSTION AND OTHER HIGH-TEMPERATURE PROCESSES

Polychlorinated  dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/PCDF) are
formed in trace quantities in combustion processes via two primary mechanians (Gullett et
al. 2001):

1- The so-cdled de novo synthess in which PCDD/PCDF are formed from non-extractable
cabon (C) dructures that are badcdly dissmilar to the find product (PCDD/PCDF)
(Stieglitz and VVogg 1987); and

2- Precursor formation/reactions (Dickson and Karasek 1987, Froese and Hutzinger 1996)
via ayl dructures derived from ether incomplete aromatic oxidation or cydclization of
hydrocarbon fragments.

More tan twenty years of dioxin research has resulted in a multitude of papers deding with
parameters influencing the formation and/or the destruction of PCDD and PCDF. Today it is
far to sy that despite dl progress made in this fiedd that THE formation mechaniam is ill to
be discovered.  Further, aso there is 4ill controversa discusson on mechanisms or
conditions, which are dominating in the formation of PCDD/PCDF. Despite this somewhat
unsatisfectory  dtuaion, chemids have long known that chemicas react dong a limited
number of dementary mechanisms. These basc mechaniams dso aply to the formation of
by-products such as polychlorinated dibenzo-p-dioxins and dibenzofurans and  high
temperature processes as the incineration of dl types of wastes, the generation of energy and
heat from fossl and biomass fues, the generation of metds and minerd products from
natura resources or the recycing of ferrous and non.-ferrous metads from secondary
resources.

2.1 ParametersInfluencing Dioxin Formation

Basc chemidry books will show that very few if any, organic chemicd present in any
feedstock will survive direct contact with the flame. The principle reaionship between the
gability of an organic chemicd, temperature and resdence time is shown in Figure 1. As a
generd rule, it can be seen that thermaly less stable compounds are dedtroyed a
temperatures between 500 and 600 °C whereas thermaly stable compounds, such as PCDD,
PCDF or PCB require temperatures well above 800 °C to be destroyed.
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Fgure 1. Thermd gability of organic chemicds (taken from Hartenstein 2003)

2.2 ZoneMode

Thus, the mgority of the pollutants emitted via the stack from any thermd process must
originate  from chemisry occurring outdde the flame  Ddlinger and Taylor (1998)
edtablished a “Zone Modd” for combustors to classify types of reactions typica for each
zone. The man charecteridtics of the Zone Modd are summarized in Table 1. This Zone
Modd assumes that within each Zone the mechanisms of formation and destruction ae
relaively consstent. Zone 1, the pre-flame zone, occurs at the front end of the device and is
characterized by a wide range of temperatures, short residence times and low excess ar
conditions. Because it occurs a the front end, this zone is not consdered to be directly
responsible for a very large fraction of emissons. Instead, it creates new reactants that react
in further downdream zones. The reactants formed are generated via severd low energy
pahways. Zone 2, the flame zone, has high temperaures a which virtudly dl organic
compounds present in the feed will undergo complete converson to its mogt
thermodynamicaly dable end-products, preferentidly carbon dioxide (COp), water (H20),
nitrogen oxides (NOy), etc. Although the flame zone does not generate Sgnificant organic
precursors nor pollutants, it generates inorganic compounds such as NOy and/or HCI, which
in subsequent zones can be very important reactants.  Further, within the flame zone flow-
paths of very poor fud/ar mixing to circumvent the hot flame can occur, which prevent
complete dedtruction of organic molecules. The high-temperature zone 3 is a chemistry-rich
zone, where many types of high-energy unimolecular and bimolecudr radica-molecule
reactions occur. It is characterized by temperatures from around 600 to 1100 °C, residence
times of a few seconds and both, oxygenrich and oxygen-deficient regions. Experiments
indicate that the mgority of the pollutant formation in this zone takes place in the oxygen
depleted pockets or poor waste-ar mixing regions. It is within this zone that mogt of the
polycyclic aromatic hydrocarbons (PAH), heteroatom-containing polynuclear aomatics
(PNA) and some higher molecular weight chlorinated hydrocarbons (CHC) are formed via
radica-molecule, molecule growth pathways. Zone 4, the quench zone lies outsde the
combugtion chamber; it is characterized by ether rapid or graduad quenching of the gas
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4 Formation of PCDD/PCDF — An Overview

temperature. Residence times vary greatly, but can be as long as 10s.  Oxygen conditions
dso vay grealy from Oo-deficient conditions (due to combugion in upstream regions) to
very O,-rich conditions if ar-in leskages occur. The quench zones have not be sudied in
much detail but especidly laboratory experiments and pollutant's mass baance consderations
grongly indicate that a large fraction of dl types of combustion byproducts leaving the stack
ae formed in this zone. Zone 5, the surface-catalyss zone exids a lagdy the same
longitudind point in the flue gas path as zone 4. However, zone 5 is fundamentdly different
from the other four zones as now, the effects on surfaces have to be considered. Reaction
times can be he same as for zore 4 for entrained particles but can dso last for severd hours
on deposited particles before re-entranment occurs.  The reaction times can be even longer if
fixed surfaces are being involved in the reactions. As for the importance of the temperature:
below 200°C, there is not sufficient energy for activation of chemisorption and above
600 °C, most reactants will be desorbed. Whereas the formation of PCDD/PCDF in this zone
has recaived quite high attention, the formation of other lipophilic pollutants tas attracted less
attention athough their formation can be assumed. Mogt of the reactions taking place under
these conditions, such as de novo synthess of smple and more complex CHC, patid
oxidation of hydrocarbons and CHC to form carbonyls, acohals, organic acids, epoxides, etc.
and nitration reactions to form a wide range of nitrogen-containing products. Most of these
reactions will require the presence of a trandtion metd cadys in addition to an adsorption
gte.

Table1: Dominant mechanisms of formation and destruction
No. Zone Reaction Conditions Decompostion Formation
Mechanisms Mechaniams
1 Pre-flane T =200-1000 °C Mechaniam 1 Mechanism 1
t<<ls mechaniam 2 mechanism 2
[O2] 50 % excessair mechaniam 3 mechanism 3
2 Hame T =1000-1800 °C Mechanism 3 Mechanism 2
t<<0.01s mechaniam 2 mechanism 1
[O2] 50 % excessair mechanism 1 mechanism 3
3 High- Temperature T =600-1100 °C Mechanism 1 Mechanian 3
Thermd tt=1-10s mechaniam 2 mechanism 2
[O,] =50-100 % excess air mechanian 3 mechanism 1
4 Gas Quench T =80-600 °C Mechanism 1 Mechanism 3
t- 10s mechaniam 2
[O2] =3-9%
5 Surface Catdysis T =200-600 °C Mechanism 4 Mechanism 4
t;<- 10 sto 10 min
[O2] =3-9%
Decomposition M echanisms Formation Mechanisms
1. Concerted molecular diminaion 1. Concerted molecular dimination
2. Bondfisson 2. Complex radical-molecule pathways
3. Bimolecular radica attack 3. Recombination and association mechanisms
4. Surface-catalyzed decomposition 4. Surface-catdyzed synthesis

The reaction pathways that are believed to occur in combustion processes are listed in Table
1. there are four destruction mechanisms of principa organic hazardous compounds (POHC)
and four mechanisms to generate products of incomplete combugtion (PIC) (Ddlinger and
Taylor 1998). The sequence of the mechaniams listed prioritizes the different mechaniams
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Formation of PCDD/PCDF — An Overview 5

according to the five principa zones.

2.2.1 Decomposition Mechanism 1 - Concerted Molecular Elimination
Reactions

Concerted molecular eiminaion to form gable products is a unimolecular reaction and only
involves the parent compound. In these reactions, the formation of PICs from a POHC is
dependent only upon time, temperature and the Arrhenius parameters of the reaction. An
exanples of a 4-center process is the decompostion of pentachloroethane to
tetrachloroethylene and HCI (where a fragile POHC is trandformed into a thermdly sable
PIC. The decompostion of diethyl phthaate to phthdic acid and ethylene is an example of a
6-center reaction and should demondrate that phthalates should not survive the conditions in
an incinerator. These reactions normaly have moderate activation energies, what means that
normally temperatures below 700 °C and a gas resdence times of 2.0 s are sufficient.

2.2.2 Decomposition Mechanism 2 — Bond Fission

Carbon-chlorine ruption is an example of bond fisson, e.g. decompostion of carbon
tetrachloride at temperatures of 700-800 °C. Bond fisson is a dgnificant mechanism only if
the bond dissociation energy is higher than 85 kca/mole. Asagenerd rule it was found that

1. C-Br bonds are wedker than C-Cl bonds, which are weaker than C-H bonds in
homologous molecules,

2. Increasing haogen subdtitution generdly decreases the strength of the C-CI(Br), GH and
C-C bonds,

3. When resonance-stabilized radicals are formed, bond strengths are drastically lowered.

2.2.3 Decomposition Mechanism 3 and PIC Formation Mechanism 2 —
Bimolecular Radica-Molecule Reactions

Once destruction of the parent POHC has occurred and reactive radicas are formed, radical-
molecule reections will usudly be the dominant pathway for POHC destruction and PIC
formation.  Hydroxyl radicd ae the dominant resctive species under most practica
goichiometric and oxidative conditions, while oxygen atoms (O) and hydrogen atoms (H) are
the dominant reective species under very fud-leen and very fud-rich conditions, respectively.
Highly haogenated wastes can result in the generation of reective hdogen aoms eqg. F-,
Cl-,Br-,andl-.

2.2.4 Decomposition Mechanism 4 - PIC Formation Mechanism 4 — Surface-
Catayzed Reactions

These reactions have been intensvely studied because of ther implication in the formation of
PCDD/PCDF. Studies of surface catdysis have shown that there may be more than one route
of formationthat include different roles for the surface. The proposed roles are:
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6 Formation of PCDD/PCDF — An Overview

=

A caayst for condensation reactions of molecular, chlorinated PCDD/PCDF precursors.
chlorinated hydrocarbons such as chlorophenols and chlorobenzenes are absorbed onto
the surface where they undergo condensation reactions to form primarily PCDD and less
amounts of PCDF.

2. A source of carbon as a reagent = de novo pathway: molecular oxygen and HCI react with
the carbon in the flyash to form PCDD/PCDF in a complex series of steps;

3. A catays andlor medigtive agent for chlorination of hydrocarbons trangtion metas
catdyze the chlorination of smple or more complex hydrocarbons that then act as a
precursor for the formation of PCDD/PCDF

The dudism of surface-catalyzed oxidation has to be congdered: metds can catayticaly
dechlorinate and oxidize organics a high temperatures as well as catdyticaly chlorinate
organics a lower temperatures. The breskpoint between formation of PCDD/PCDF and its
destruction will depend upon on the type of meta present, the nature of the Ste, the chlorine
concentration, and the concentration of oxidizers such as O, and even NO.

2.3 Basic Consideration

The processes by which PCDD/PCDF ae formed during incineration are not completely
understood nor agreed upon. Mogt information about formation of PCDD/PCDF during cont
bustion processes have been obtained from laboratory experiments, pilot-scde systems, and
municipa waste incinerators (MSWI). Three posshilities were proposed to explain the pres
ence of dioxins and furansin incinerator emissons (Hutzinger et al. 1985):

(1) PCDD/PCDF ae dready present in the incoming feed - eg. esimates for municipd
solid waste are 650 ng FTEQ/kg waste- and are incompletely destroyed or transformed
during combustion.

(2) PCDD/PCDF are produced from related chlorinated precursors (= pre-dioxins) such as
polychlorinated biphenyls (PCB), chlorinated phenols and chlorinated benzenes.

(3) PCDD/PCDF are formed via de novo synthess from chemicaly unrelated compounds
such as polyvinyl chloride (PVC) and other chlorocarbons or are formed by burning non
chlorinated organic matter such as polysyrene, cdlulose, lignin, cod, and paticulate
carbon in the presence of chlorine donors.

These badc findings led to the establishment of the "Trace Chemidries of Fires' (Bumb et al.
1980) and later on it was verified in a variety of therma processes that PCDD/PCDF were
present in Al emissons - flue gases, bottom ashes, fly ashes, scrubber water.  Although dl
three of the above mentioned posshbilities can occur in large scale operations, recent results
showed that options (2) and (3) dominate over option (1). The smdler probability as
indicated in option (1) is due to the fact that with today's combustion and flue gas cleaning
technologies and due to thermodynamic reasons, PCDD/PCDF are destroyed when
incinerated at temperatures above 800 °C and sufficient resdence times (e.g. 2 s as required
in MSWI combustion). Today there is an agreement that the most important pathway for
formation of PCDD/PCDF is when the flue gases are trangported down the cooling zone at
temperatures between 250 and 450 °C (Hutzinger et al. 1985, Bumb et al. 1980, Hutzinger
and Fedler 1993). Both, fly ash with its congtituents - organic carbon, chlorides of dkai and
eath dkadi metds med activators, and catdyss (Stieglitz et al. 1989) - and dioxinfuran
precursors in the gas phase play a role in the formation mechanism of PCDD/PCDF. In
addition, parameters such as oxygen, water vapor, and temperature have to be taken into
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Formation of PCDD/PCDF — An Overview 7

account. In MSW-incinerators the preferred location to generate PCDD/PCDF  are
economizer and equipment for dedudting, esp. eectrodtatic precipitators (Vogg 1991, 1993,
1995).

Although much research was peformed to dudy the formation of PCDD/PCDF in
combusgtion processes, there is gill no dear evidence, which mechanism is dominaing and
which parameters are important.  There is some evidence that both, homogeneous reactions in
the gas phase and heterogeneous reactions on surfaces of particles play a role to form these
thermodynamically stable compounds (Hutzinger and Fiedler 1988, NATO/CCMS 1991). In
addition, there are severd indications that the mechanisms to generate PCDD/PCDF in the
gas phase and in the paticle phase are different. Within the following sections, some key-
parameters are briefly summarized which have been identified to influence the formation of
PCDD/PCDF in combustion processes.

2.3.1 Role of Temperature

Some early experiments were performed a high temperatures, when e.g. Rubey et al. (1985)
dudied the theemd dability of PCB and the formation of PCDF. The experiments clearly
showed PCB (here: 2,3,4,4,5-pentachlorobiphenyl = 2,3,4,4',5-CB) are stable up to tempera-
tures around 700 °C. With increasing temperatures, there is a decrease in the PCB concentra-
tion and an increase in PCDF formation. Preferentidly, lower chlorinated PCDF (CLDF)
were formed with a maximum a about 750 °C. Further increase of the temperatures results
in destruction of the newly formed PCDF.

Experiments to study the temperature dependence typicaly range from 180-550 °C and the
formation of PCDD/PCDF in the heterogeneous phase a long residence times was evaluated.

In 1986/85 usng hesated fly ash in a dream of ar, Vogg and Stieglitz determined an optimum
window for the de novo formation of PCDD/PCDF a temperatures 280-320 °C (Fgure 2)
(Vogg and Stieglitz 1986, Stieglitz et al. 1989, Vogg 1991). In subsequent experiments,
Schwarz et al. found a second maximum around 400 °C for especidly PCDF; for the PCDD

the maximum was less pronounced (Figure 3) (Schwarz et al. 1990). As can be seen from
Figure 3, PCDD were less dstable than PCDF at higher temperatures. Such results are
confirmed from large-scale operations, e.g. municipa waste incinerators, where more PCDF
are present than PCDD.
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8 Formation of PCDD/PCDF — An Overview
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Figure 3: Temperature dependence of PCDD/PCDF formation (2 h annedling time)
(Schwarz et al. 1990)

2.3.2 Role of Temperature and Residence Time

For gas-phase reactions, Figure 1 dso clearly shows that temperature is not the single
limiting factor and the combination of two, e.g., temperature and resdence, is an important
parameter for determining the efficiency of how organic substances are being destroyed. As
a generd rule higher temperatures need shorter resdence times of the gaseous molecules.
As a consequence: it is up to the engineers to decide how to build and operate a plant.
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Formation of PCDD/PCDF — An Overview 9

2.3.3 Role of Precursors

Karasek and Dickson (1987) were the first to show that pentachlorophenol (PCP) serves as a
precursor to PCDD when condensed over fly ash. From thelr experiments in a temperature
range from 250 to 350 °C, the authors concluded that metdlic condituents in the fly ash act
as cadyss for the formation of PCDD. In more recent works, Milligan and Altwicker
(1996a, 1996b) found that gas-phase 2,3,4,6-tetrachlorophenol was the most efficient
precursor in PCDD formation. In addition, the newly formed PCDD were found desorbed in
the gas phase and not adsorbed on fly ash. The measured conversons of chlorophenols to
PCDD were in agreement with a mode suggesting that two adjacent adsorbed precursor
molecules dimerize to the product.

2.3.4 Role of Sulfur/Chlorine Ratio

In 1986, Griffin established a hypothesis to explain the formation of PCDD/PCDF as a result
of the sulfur-to-chlorine ratio in the feed Griffin (1986). It is wdl known that combugtion of
fossl fuds like cod generates much less PCDD/PCDF than combugtion of municipd solid
wade. The hypothess dates that in cod there is a sulfur-to-chlorine ratio of 5/1 whereas in
municipa wadte the ratio SCl is 1/3. The later ratio dlows to form molecular chlorine
according to the Deacon process catdyticaly driven by metds e.g. copper. The molecular
chlorine is conddered to be responsble for the de novo dioxin formation according to the
following equation (1):

CuCl, + %0, ® CuO + Cl,
CuO + 2HCl ® CuCl, + HO0

2 HCl + %0, ® H0 + Cl )

However, in fossl fud with a surplus of sulfur over chlorine, molecular chlorine (Ch) will be
"captured” according to equation (2) and formation of chlorinated aromatics does occur. In
cases of foss| fuels, such as cod, crude oil, and gas, reaction (2) dominates over reaction (1).

Cl,b + SO, + HHO ® SO; + 2 HCI 2).
Smilar S-to-Cl ratios asin cod are found in wood and sewage dudge.

In addition to the above mentioned theoreticdl consderations and observaions from large
scae operations, Lindbauer et al. (1992) found lower PCDD/PCDF concentrations when
high-sulfur cod was added to the fue. Recent results from Raghunathan and Gullett (1996)
showed that in the presence of HCl rdativdy much PCDD/PCDF were formed; however
upon addition of SO, the formation rate of PCDD/PCDF decreased. The authors determined
a critical S/Cl rétio of 0.64. Further increase of S did not result in less dioxins and furans. As
no congener- or homologue-specific corrdation for the inhibition of dioxin formation could
be egtablished, the authors concluded that the depletion of molecular chlorine Ch, the active
chlorinating agent, by SO, through a gas-phase reaction appears to dominate over the deacti-
vaion of the copper cadyss in fly ash (= inhibition mechanism) as previoudy reported
(Griffin 1986).
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10 Formation of PCDD/PCDF — An Overview

2.3.5 Role of Chlorine Species

The influence of the chlorine species can be summarized that chlorination of aromatic com:
pounds readily occur in the presence of Ch. Such substitution reactions do occur in the pres-
ence of fly ash (heterogeneous phase, probably surface-catayzed) as well as in the gas phase
(homogeneous phase). At temperatures up to 250 °C, HCl does chlorinate chlorine-free
dibenzodioxin, 1,2,3,4-Cl,DD or toluene when adsorbed to fly ash. Without fly ash, Ch, was
4-times more efficent than HCl in chloringting these compounds (Gullett et al. 1994).
Gaseous chlorine (Ch) was found to be the most efficient chlorinating agent (Gullett et al.
1990).

2.3.6 Role of Oxygen

From laboratory, pilot-scde, and large scde experiments it was concluded that increasing
oxygen concentrations from 0 to 10% resulted in increasing formation of PCDD/PCDF. The
O, content pushes the Deacon reaction towards Ch-production and subsequently to formation
of organochlorine compounds (Vogg et al. 1987). Under pyrolytic conditions (oxygen
deficiency), dechlorination of PCDD/PCDF occurs at temperatures above 300 °C.

2.3.7 Role of Metds

When teding the efficiency of metds to catdyze formation of PCDD/PCDF, copper was
found to be the mogt efficient compound (Stieglitz et al. 1989).

Recent dudies have shown that smal hydrocarbons such as acetylene and ethylene are
readily chlorinated in the presence of cupric chloride or cupric oxide and HCl (Froese and
Hutzinger 1993, 1996). The mechanism to reduce Cu(ll) to Cu(l) and the oxychlorination of
the newly formed Cu(l)Cl to reconvert to Cu(ll)Ch completes the cadytic cyce. The
mechanism is very smilar to the copper catdyzed Deacon reaction that converts HCl into
Cl,. With acetylene, however, the reaction is accderated as the activation energy for the
formation of Cu(l)Cl is reduced.

2.3.8 Role of Deposits and Other Parameters

Resaults from Kanters and Louw (1996) showed that in the absence of fly ash, deposts in the
cooler ends of a municipal solid waste incinerator favor the formation of PCDD/PCDF and
other PICs (products of incomplete combustion). The authors showed that cataytic processes
caused by conditioned wals played an important role in the formation of PCDD/PCDF via
oxychlorination at temperatures above 600 °C.

To complete this survey, some additional parameters should be mentioned that were reported
to favor the formaion of PCDD/PCDF in combustion processes. However, quantitative
information is not avaldble From MSWI incinerdion it is known tha humidity in the feed
leeds to poorer combustion conditions resulting in a poorer burnout and higher
concentrations of organic carbon in the fly ashes, thus favoring PCDD/PCDF formation.
High copper concentrations in fly ashes generate higher PCDD/PCDF levels. An interesting
finding is that the HCl concentration in the raw gases seems to be less important for the
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formation of dioxins and furans than the content of inorganic chlorine in the fly ashes (Vogg
1991, 1993, 1995). Whereas the chlorine concentration in the gas phase is a reult of the
chlorine in the input, a saturation of the fly ashes seems to occur a reldively low chlorine
concentrations; in other wordss Once a sauration with Cl is reached on the fly ashes
(occurring a relatively low chlorine input), formation of PCDD/PCDF occurs. As a result,
high chlorine levels in the input do not increese the PCDD/PCDF concentrations in the
emissons as the Cl concentrations on the fly ashes are independent on the chlorine in the
feed Mog findings obtained in MSWI combustion can be transferred to other thermd
processes.
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3 WET-CHEMICAL PROCESSES

Higoricdly, the firsd observations of contamination with PCDD and PCDF were from the
manufacture of chlorinated phenols and thelr derivatives. In particular, pesticides such as
2,4,5-trichlorophenoxyacetic  acid (24,5 T) and pentachlorophenol (PCP) were highly
contaminated with PCDD and PCDF. High PCDF contamination was aso found in
polychlorinated biphenyls (PCB).

PCDD and PCDF can be formed in chemical processes where chlorine is involved. The
following processes have been identified as sources of PCDD and PCDF with a decreasing
probability of generating PCDD/PCDF from top to bottom:

Manufacture of chlorinated phenols and their derivatives,
Manufacture of chlorinated aromatics and their derivatives,
Manufacture of chlorinated diphatic chemicals,

Manufacture of chlorinated catalysts and inorganic chemicas.

For some of the processes the formation of PCDD and PCDF is implicit from the
manufacturing process, e.g., through direct chlorination (with chlorine gas) of phenols (in the
presence of a metal catayst) or through condensation of chlorophenatess PCDD/PCDF
contamination in chemicas that do not contan oxygen a the arométic ring seems to result
from purification processes such as didillation processes during synthess or  dkdine
extraction.

The production of chlorine from akai sdts or brine utilizing graphite anodes has been shown
to result in high contamination of the resdues manly by PCDF with lower concentrations of
PCDD. Contamination in the nmg TEQ/kg range has been reported in eectrode dudges. For
chemicd manufacturing processes, the generation of PCDD and PCDF is favored if one or
severd of the conditions below apply:

High temperatures (>150 °C)
Alkdine conditions (especidly during purification)
UV radiation or other radica dtarters.

An example of a high-temperature process is the accident in Seveso: On July 20, 1976, a
runaway exothermic process started in the reaction batch of a 2,4,5-trichlorophenal synthesis
process a the ICMESA plant & Meda, Italy. The temperature in the reaction vessd rose far
above 200 °C, thereby producing a large amount of 2,3,7,8-TCDD (tetrachlorodibenzo-p-
dioxin, 2,3,7,8-Cl,DD). Other reaults indicate that the criticad temperature range darts a
about 150 °C.

An example for the PCDD/PCDF formation potentiad under akaline conditions present
mechanidtic sudies on the formation of PCDD/PCDF from short-chain chloro-diphatic
compounds. When trichloroethene (C;HCl3) is exposed to sodium hydroxide (NaOH)
dichloroacetylene (C,Cly) is being formed, which seems to be a key intermediate in the
formation of PCDD/PCDF (NATO/CCMS, 1991).
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Hydroxy radica donors such as Fenton's reagent (FeSO4/H.SO4/H»O2) hydroxylate chloro-
aomatic compounds such as chlorobenzenes and chlorinated biphenyls.  Findly, metd
chlorides frequently used as catdysts in chemical synthess processes may contain arometic
chlorinated compounds (e.g., tetrachlorobenzene, pentachlorobenzene, hexachlorobenzene,
octachlorostyrene, etc.) and thus precursors of PCDD/PCDF (NATO/CCMS 1991).

In pulp and paper, the presence of PCDD/PCDF results from the bleaching of wood (or other
materids) with chlorine (gas) and/or chlorine derivatives. Reducing the concentration of
chlorine in the bleaching process by adding incrementa charges of chlorine has reduced the
amount of PCDD/PCDF formed. To split the addition of chlorine has reduced the formation
of unwanted byproducts including PCDD/PCDF. The use of chlorine dioxide (ClO3) in ECF
(dementa chlorine-free) bleaching step(s) has condderable reduced the concentration of
PCDD/PCDF in the find products (pulp, paper), in the effluents, and the dudges. The
presence of PCDD/PCDF in ECF bleaching may be due to impurities of Cb in the CIO2
(Fiedler et al. 1990).
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4 DETAILED QUESTIONS

The topics addressed in the sections below are very heterogeneous, they address very differ-
ent items, some of a very generd nature, others very detailled and specific. Also the answers
should be carefully consdered and the nature of the recipient should be taken into account.
There is a large difference in the needs of, e.g., a paty to a convention that has to fulfil
reporting obligations by presenting its nationd emission inventory; a researcher who is inter-
ested in evaluding the latest detall in a possble chemica mechanism, an engineer with a task
to find a technica or technologicd solution for a plant, a Satistician to play with data and
numbers and perhaps not much relevance to practica gpplication or implementation.  Findly,
financid, technologicd, and occasondly geographicd, socid or ethicd condrants may
build up barriers higher than any scientific solution can imagine.

4.1 Inventories(National and Worldwide) and Data Branch Specific Data
Together with Their Fingerprint

Presently, there exist about 20 national inventories, which report release of PCDD and PCDF
into ar. A few inventories address release to others vectors, such as water, land or with
products and resdues (UNEP 1999 and updated). Of the exigting inventories, nearly dl are
from developed Northern hemisphere countriess. Since that date, only two more inventory
have been completed and published, namely for New Zealand (NZ 2000) and for Hong Kong
SAR as a part of the People's Republic of China. The EU dioxin inventory has been updated
in 2001 (EU, 2001).

Exising PCDD/PCDF inventories are not satisfactory as there is no harmonized methodology
to compile inventories. Consequently, the exising inventories are neither complete nor com-
paable.  Not dl inventories consder al known sources, some examine only indudrid
sources and some are limited to a small subset of sources, there is no consstent means of
handling and presenting data and some are out of date. This has led to the Stuation in which
some inventories do not address potentidly important sources of PCDD/PCDF, perhaps
because there was insufficient information on a naiond bads, leading to the mideading con
cluson that these sources are not significant and hindering the development of effective con
trols.

In dl inventories annua releases are reported on a TEQ basis. However, presently, there are
three TEF schemes gpplied in nationd inventory reporting: Nordic (one country; Sweden in
its report; the other Nordic countries — Norway and Finland — do not specify but it can be
assumed that they used the N-TEF scheme as wel), WHO-TEF (one country - Japan since
1999) and I-TEF (presently ill the mgority of countries). The coming POPs Convention,
however, will base dioxin and furan emisson rdesse inventories on the WHO-TEFs — and
include the 13 coplanar and mono-ortho subgtituted PCB. lon the other hand, the UN-ECE
Convention, where are EU countries are sgnatories, utilizes the |-TEF scheme  This will
cause a conflict in reporting requirements to governments.  No country spends any effort to
report or to collect informatiion on non-2,3,7,8-substituted congeners. Once again, the
edimates have an unknown uncertainty anyhow: there is an uncetanty on the
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aopropriateness of the emisson factors applied and there may be an even higher uncertainty
towards the activity rate in the country under consideration.

In the UK, there is an attempt to establish congener-specific emisson data  The presentation
given a DIOXIN'2000 by Alcock et al. (2000) left many open questions and such approach
does not seem to beredlidtic.

Fortunatdy, the base for the US dioxin inventory is accessble as a EPA-report (US-EPA,
1997). Although coverage is not complete, emisson paiterns of various industria processes
are reported. An update has been published in recently (US-EPA, 2001).

One mgor drawback in inventory reporting is that many industridized countries use a mix of
nationa measured PCDD/PCDF data and emission factors from the literature.  As these emis-
gon factors are given on an I-TEQ bass only, there is no chance for fingerprinting. And
where is the need for fingerprinting in the inventories?

The am of inventory making should be to have more countries reporting — dso within EU
Member States— and inventories should cover al known sources quantified on a TEQ-basis.

Guidance to edtablish dioxin and furan inventories were established by UNEP (2001) and
UN-ECE (United Nations Economic Commission for Europe, EMEP/CORINAIR 2001).

4.2 Congener Profile and Toxic Congener Presentation M ethods, PCA,
HCA

Multivariste techniques have been used for the evauaion of quantitative Structure-activity
relaionships (QSARs) and in toxicology to rank PCDD/PCDF congeners according to their
toxic potency. The literature that was evaluated for this report does not address toxicologica
questions but deds with pattern recognition related to source recognition.  Hierarchica
duster andysis (HCA) and/or principd component andyds (PCA) ae mathematicd tools
that have been gpplied for evaluation of PCDD/PCDF. Such methods are easy to apply as the
dioxin and furan anadyss generdly provides results in terms of 10 groups of homologues, 17
2,3,7,8-subgtituted congeners or as TEQ vadue, which is derived from the masses of the 17
2,3,7,8-substituted PCDD/PCDF congeners in relation to ther toxicity factors. Therefore,
each data set conssts of severa numbers, which can be placed into relation to each other or
to a common denominator such as SPCDD/PCDF, TEQ, or others. In these ways, HCA and
PCA have been used, e.g., to compare sediment and soil samples with potentia sources of
rdeese such as pulp mills, polychlorinated biphenyls (PCB) run-off or applicatiion of
pentachlorophenol (PCP) in the timber industry (Fiedler et al. 1997). In this case like in
others as wdl, where limited dataset were applied, both methods were able to distinguish
between different matrices with known PCDD/PCDF contamination (e.g., PCP, PCB, kraft
pup mill efluents) or other sources of environmenta contamination (Wenning et al. 1993).
In some ingtances, a specific PCDD/PCDF source could be corrdated to an environmental
sample, e.g., the pattern of a U.S. brand of pentachlorophenate — and not he European brand -
was found in sediment samples. Other common gpplications of relate soil or vegetation
samples to combustion sources, e.g., Schuhmacher et al. (1998), Grundy et al. (1997).
Kjeller (2000) summarized the results of large datasets for source, spatiad and tempord
vaidion.

Ealy applications use PCA to sudy the formation pattern of PCDD and PCDF in for
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example co-combustion of mixed waste plagtics with cod (Ruuskanen et al. 1994). Later
Gullet et al. (1998) evauated the effects of combustion combugtion parameters on the
homologue profiles of PCDD/PCDF in pilot plants to smulate municipd solid waste
incineration and co-combustion of cod. With multivariate andyss, 83 % of the variation of
the profiles could be described and the operating parameters were found to have significant
influence of the homologue profiles.

Despite these successful gpplications published in the scientific literature (and there are many
more), there are some caveats to condder. The advantage of these multivariate methods
should be used if there is good and valid data However, PCA or HCA should not be used as
the ultimate tools; they should not be over-engineered and over-interpreted.

When working with large datasets, the use of these methods looses its vaue as the samples
will be spread al over the sheet. Difficulties dso arise when the data have been generated by
different laboratories with different performances towards sendtivity or sdectivity.  Also in
different years, patterns may differ.

For low concentrations, the methods loose vaue: for example: if there is a low contaminated
soil, which indicates a specid pollution source, e.g., due to evaporation. Although the optica
inspection may give evidence that a source exists, e.g., PCP-contaminated former timber Ste,
“Kiesdrot”, etc., the contamination may not be high enough to sand a “hard” mathematica
evauation and to dominate the overdl pattern or profile.

It should aso be taken in mind that PCAs with their complex set-up are hard to understand by
laymen.

4.3 Gas Phase Condensation, Oxidation and (De-) Chlorination
Reactions

When addressing formation pathways of PCDD and PCDF it should be taken in mind that
most of these studies were performed at laboratory scale under well-controlled conditions to
test a cetan hypothess. In full-scade operation and under routine conditions, these results
should be put into perspective as the combustiion conditions may be different and more
complex reactions may take place due to less well-defined input materids, less dable
experimental  conditions, much longer operationd times, and less wel-maintained equipment.
In red life, ageing of equipment, interferences by humans, mode of operation €.g., partia or
full load) etc. may play role and result in the formation of unwanted byproducts such as
PCDD/PCDF.

About 20 years of studying PCDD/PCDF formation mechanisms in combustion processes

have proven the complexity of chemicad reection mechanigms involved. In terms of

mcreasmg complexity the following mechanisms have been identified (e.g., Métzing 2001):
Homogeneous gas-phase reactions of appropriate precursors,

- Heterogeneous oxidation of carbon with PCDD/PCDF being formed as by-products even
in the absence of organic precursors (de novo synthess);

- Heterogeneous reactions of gaseous precursors at (particulate) surfaces,

- Heterogeneous and/or condensed phase reactions of particulate precursors,

- Heterogeneous and/or condensed-phase reactions of both gasphase and particle
precursors.
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Another further complication in the investigation of PCDD/PCDF formation mechanisms and
the raive importance of gas-phase vs. heterogeneous reactions or precursor mechanism vs.
de novo synthess is given by the fact that there is an inherent dudism of formation and
destruction of PCDD/PCDF, which occurs in the same temperaiure range and especidly
under red conditions in full-scde operation.  The dudidic principle of formation and
degtruction is shown in Figure 4.

Destruction

i = "-.... PCDD/PCOF formation

||
300 °C Temperature

Figure 4: The dudidtic principle of formation and destruction of PCDD/PCDF (taken
from Hartenstein 2003)

Shaub and Tsang (1983) developed a smple 13-step gas-phase reaction mechanism and a
sepaate  heterogeneous  catdytic modd  of  dioxinffuran  formation to explan the
concentrations of PCDD/PCDF found in the emissons of waste incinerators.  They
concluded that heterogeneous rates were much larger than homogeneous rates and that more
rapid heterogeneous rates were necessary to account for the presence of the observed
concentrations.  Sidhu et al. (1995) found in their experiments with 2,4,6-trichlorophenol as
precursor that the kinetic rates used in the gas-phase dioxin model by Shaub and Tsang were
underestimated. These findings were confirmed by Huang and Buekens (1999). Findly,
Grotheer and Louw (1996) verified in ther dudy that homogeneous rates in the reaction
mechanism proposed by Shaub and Tsang were indeed correct and that their experiments and
those by Sdhu et al. could be interpreted in terms of a different gas-phase mode
incorporating phenoxy radica recombination as the key step in dioxin formation. Thus, none
of the studies conducted have considered a detailed kinetic modd with incorporation of
reversble chemistry and must be conddered preliminary. An assessment of present Sate-of-
knowledge suggests that heterogeneous processes account for at least 2/3 of the PCDD/PCDF
emissons from wade incinerators (US-EPA, 1998). Additional studies are needed to obtain
more insight into these processes.

Correlations between chlorobenzenes and chlorophenols present as precursors in many
combustion processes and concentrations of PCDD/PCDF in the emissons of waste
incinerators have been studied. Although these two classes of precursors for PCDD and
PCDF have been identified unambiguoudy, the reevant mechanisms tha lead to the
formation of these precursors are unknown (Kaune et al. 1998, Blumenstock et al. 1999).

Froese and Hutzinger (1993, 1996) demondtrated that PCDD/PCDF (and chlorobenzenes,
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chlorinated phenols) can be formed from short-chain hydrocarbons such as acetylene,
gthylene, or ethane, when exposed to an HClar mixture over various SO,/metd oxide
aurfaces. Although these experiments indicated a prominent role of surface-catalyzed
reections in formation of PCDD/PCDF, product yields were grestest at elevated temperatures
(round 873 K) where homogeneous gas-phase reactions aso occur. Furthermore, neither a
plausble overadl mechanism nor a detalled surface modd was deduced from these empiricd
studies. Thus, key issues such as how these molecules adsorb on the catayst, when and how
chlorination occurs, how molecular growth proceeds, and why the products desorb from the
surface remain unresolved.

Surface catalyzed molecular growth reactions form PCDD/PCDF. Two mgor pathways have
been identified for the formation of PCDD/PCDF. precursor, e.g., chlorophenols, and de novo
gynthess whereby under the term “de novao” pathway dl those reactions are considered where
the formation of PCDD/PCDF originates from dementary carbon. In this reaction the
specific formation pathway is not specified. In the other, the precursor pathway, formation of
PCDD/PCDF starts from chlorinated benzenes or chlorinated phenols. These precursors may
be present in sufficent quantities in the incoming feed, e.g., in waste incinerators but may not
be present in such amounts in other therma processes that emit high concentrations of
PCDD/PCDF. Detailed mechanisms had been proposed by Born et al. (1989, 1993) where
PCDD formation occurs by phenoxy radicad addition and Cl dimination a an ortho carbon of
the phenol by forming an o-phenoxyphenol intermediate.  Ancther formation route may
involve a phenoxy radicd-radicd combination by oxygencarbon coupling to produce the
keto tautomer pf the phenoxyphenol. The radica-radica mechanism seems to be favored at
lower temperatures. In both cases, the resonance-stabilized phenoxy-phenoxy radica is
formed, followed by ring condensation ether via 6-ring closure a another Cl-substituted
ortho-carbon or via a 5-ring closure; the loss of a second Cl completes the formation of
PCDD. Whereas the 6-ring pathway forms only one isomer (1,6), the 5-ring pathway
produces a pair of isomers (1,6 and 1,9, Sidhu et al. 1995). The formation of PCDF follows a
different mechanism whereby ortho-ortho coupling of phenoxy radica a unsubdtituted Stes
form an 0,0'-dihydroxybiphenyl intermediate via its keto-tautomer (Weber and Hagenmaier
1998); eimination of H,O results in the PCDF.

The temperature dependence (300-900 °C) of the gas-phase formation of dichlorodibenzo-p-
dioxin and dichlorodibenzofuran from 2,6-dichlorphenol and 3-chlorophenol has been studied
in a flow reactor under pyrolytic, oxidative, and cataytic reaction conditions (Nakahata and
Mulholland, 2000). The results show that a high temperatures the didtributions of 1,6-
DCDD and 1,9-DCDD from 2,6-dichlorophenol and 1,7-, 3,7-, and 1,9-DCDF from 3-
chlorophenol were dmilar to the thermodynamicdly cdculated digributions. However a
low temperatures, the preferred formation of 1,6-DCDD and 1,7-DCDF demonstrated kinetic
control. In the case of PCDD formation the results at lower temperatures are consistent with
lower trandtion state barriers for 1,6-DCDD via dther a five-member ring closure pathway
adone that produces both isomers or a lower activation energy Sx-member ring intermediate
pathway that produces exclusvely the 1,6-DCDD. In the case of 1,6-DCDF formation, the
results suggest that dteric factors associated with geometries of phenoxy radica ortho-ortho
carbon coupling play an important role in determining the digtribution of DCDF isomers,
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4.4 Metal and Particulate Catalyst Oxidative Carbon Breakdown,
Condensation and (De-)Chlorination Reactions

The de novo formation mechaniam has been sudied in laboratory fixed-bed experiments only
(Mézing 2001). The studies were carried out under well-controlled conditions to study the
potentid of PCDD/PCDF formation as a function of the inherent surface-catayzing actions
of the fly ashes or solid organic carbon in relaion to parameters such as temperature, chloride
or copper concentrations. The basic result of dl these sudies is that PCDD/PCDF formation
via the de novo mechanism just requires eementa carbon, gaseous oxygen and particulate
chloride mixed together in a certain, quite narrow temperature range. Other gaseous or
particulate substances may affect the amount or the rate of PCDD/PCDF formed but there is
no genera agreement about the importance of certain ingredients. However, it should be
noted that the presence of copper has been recognized necessary for the formation of
PCDD/PCDF aswell.

4.5 Inhibition of Dioxin Formation by M eans of inter alia Sulphur and
Nitrogen Compounds

Addition of chemicas to prevent formation of PCDD/PCDF in incineration processes is a
primary measure to reduce dioxin emissons from such processes. Experiments on a labora
tory, pilot plant and full-scale bass have shown that nitrogen and sulfur containing chemicals
are suitable inhibitors (Dickson et al. 1989, Addink et al. 1996). Filot plant test have been
performed (eg. Lenoir, 1989). Few full scade gpplications are known, especidly in Japan
studies are on-going. In Europe dmost no goplication exists as the methods are not efficient
enough to guarantee emissions securely below 0.1 ng I- TEQ/mg.

Ruokojarvi et al. (2001) studied the effect of urea as an inhibitor for reducing PCDD/PCDF
concentrations in flue gases in a pilot scde plant. Tota PCDD/PCDF concentrations
decreased by up to 74%, the decrease being grestest for the highly (octa-)chlorinated
congeners. Urea was added at a level of 1% of the feed; the inhibition seemed to be
independert of the fly ash particle Size digtribution.

Tuppurainen e a. (1998) reviewed mechanisms of inhibition of PCDD/PCDF formation and
the destruction of these compounds. The role of the so-caled Deacon reaction has been well-
established where the presence of sulphur in the feed materid tha enters a combustion plant
will reduce the formation of PCDD/PCDF: in the presence of sulphur, the active agent (Ch)
will be converted to HCl that is less likedy to undergo aromatic subgtitution reactions to
produce PCDD/PCDF or their precursors. The second possible role of the sulphur is to react
with the Deacon catayss, e.g., CuO to ater ther ability to produce Ch; in other words to
toxify the cadys. A third posshility will be that sulphur may sulphonate phenalic
precursors, thus preventing chlorination by the Ullman reactions, or perhaps by forming the
sulphur  andlogues of PCDD/PCDF, the dibenzothianthrenes and dibenzothiophenes,

respectively.

Inhibitors injected into the combustion chamber or after the combustion chamber are strongly
absorbed and react with active dtes on the catdytic fly ash surface to form sable, inactive
complexes with metdlic compounds, thereby reducing or diminaing the cataytic activity of
the metds or their oxides All molecules containing a lone eectron pair, .e.g., molecules
containing nitrogen or sulphur, are suitable to form sable complexes with copper, iron, and
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other trandtion metas. Also, dkaine chemicds can suppress PCDD/PCDF formation. The
addition of limegtone or cacium oxides prevents HCl decompostion and ammonia behaves
amilarly.  The introduction of a suitable catdyst inhibitor should decresse the yidd and
change the didribution of PCDD formed on the fly ash. The addition of catadyst inhibitors
containing amino- and hydroxy-functionad groups to the fly ash surface grealy inhibited the
cadytic activity of the fly ash. The best results have been obtaned with organic amines
(Lippert et al., 1991), eg., ethanolamines, such as 2-aminoethanol and triethenolamine
(Dickson et al. 1989), which have been used to block actives dtes, probably through
formation of copper nitrides.

4.6 Chemical and Catalytic Oxidation and Dechlorination of Dioxins

Catdytic oxidation, which results in the destruction of PCDD/PCDF b CO,, H,O and HCI in
the flue gas are proven technologies to enable stack gas concentrations below 0.1 ng
[I-TEQ/NmE.  Weber et al. (1999) studied the decomposition of PCDD/PCDF with two
commerdadly avalable V,05-WO3/TiO,-based catdysts.  TiOz-based V,05-WO3 catdydts
origindly have been designed for the remova of nitrogen oxides (NOy) by sdective cataytic
reduction (SCR) but it has been shown tha they are very effective in the decompostion of
PCDD/PCDF at the same temperatures as are used for the DeNOy reaction. In the last years,
the commercid SCR cataysts have been optimized for the combined dioxin/NOx cestruction.
This was achieved mainly by increesng the oxidation potentia of the catayss by a higher
vanadium content. In their ssudy Weber et al. utilized a smplified testing procedures for the
laboratory study of the catadytic destruction of chlorinated polycyclic aromatic compounds on
commercid TiO;-based V,05-WO3 catdysts in the temperature range 150-250 °C.

The results showed that both cataysts decompose these polycyclic aromatic molecules in the
examined temperature range 150-310°C with an efficdency of more than 95%, the
PCDD/PCDF (1,3,6,8-Cl,DD, 1,3,7,9-Cl,DD, 2,4,8-CIsDF) even to an extent of more than
98 %. However in the experiments carried out at 150 °C, 59-75 % of the PCDD/PCDF were
found unchanged on the cadyds, while a 190°C less than 7% of the unchanged
PCDD/PCDF were found on the catalysts after the experiments. Therefore, at temperatures
below about 200 °C, polychlorinated aromatic compounds remain adsorbed on the catayst
for severad minutes without being oxidized. At temperatures below 200 °C, the oxidizing
potentid of V,0s5-WO3 is obvioudy not sufficient to decompose polychlorinated arométic
compounds effectively.

Most of these aspects are relevant in the heterogeneous phase and are addressed in chapter 5.
On a technica scde cataytic oxidetion is commonly goplied in ar pollution control systems
where catalysts to destroy PCDD/PCDF are used. On a technical scde, dechlorination under
oxygendeficient conditions are applied, e.g. in the Hagenmaier Trommd.

The therma dechlorination process was origindly developed by Hagenmaier et al. (1987).
According to this hypothess PCDD/PCDF in flyash will bresk down under the following
conditions:

- Oxygen deficient atmosphere
- Temperature: 250-400 °C
- Retention time: approx. 1 hour;
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- Discharge temperature of treated flyash: <60 °C.

The sysem (= Hagenmaer Trommé) is in full-scale operation a some German MSWI and n
Japan. A pilot test plant in Japan has been described by Ishida et al. (1998). They used a
reactor with a capacity of 500 kg/h; the reaction temperature stayed at 300-400 °C for 1-3
hours whereby the ash inlet and outlet temperatures were about 60 °C. N2 gas was used to
mantan O»-deficient conditions. The results showed that PCDD/PCDF decompostion in the
fly ash increases with increasng temperaure of the fly ash. Optima conditions were around
350 °C ash temperature and a residence time of 1 hour where 99 % of the PCDD/PCDF were
destroyed.

4.7 Dioxin Reduction by Process-Related M easur es, | nfluence of
Oxidising/Reducing Conditions, Oxygen Level, Residence Time,
Macro- and Micro-scale Mixing, etc.

Dioxin reduction darts with primary measures such as prevention. Therefore, when consd-
ering to build a new plant or sart a process careful thoughts should be spend what to achieve
and how to achieve. Condderations should be given to different technologies that achieve
the same goal but do not release PCDD/PCDF (or other pollutants).

Also condderdions, which are not dioxin-rdated may play an important role such as low
wade technologies, energy efficiency, effluent-free processes (moving to closed circles),
gndl dsack volumes, etc. Many of these measures will result in lower PCDD/PCDF emis-
sions adthough none of them is directly connected to PCDD/PCDF formation mechanisms.

Large plants may behave differently from smal plants and laboratory experiments.  And
badly managed plants will have higher emissons than wel-operated plants of the same type.
For a large plant, it must be secured that operation from a permit point of view is guaranteed
securdly. Thus, very often primary measures such as pre-sorting of feed materidgespecidly
in processes other than wagte incineraion), charging, geometry, etc. are accompanied by end-
of-pipe technology to keep emissons safdy below any legd limit vaue.

Especidly in routine processes and in plants of al szes, very basic requirements gpply and
have the large positive impacts. Such common place issues are:
- Ensure adequate operation and maintenance of the equipment at al times

Keep al equipment in good working order and as designed operating conditions

Train personnd with respect to understanding the implications of operating procedures

Closdly monitor and control the process

Modify the existing equipment

Avoid spills and accidentd releases
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4.8 Partition of Dioxins between the Gas and the Solid Phase, Vapour
Pressure, Adsorption I sotherms, Diffusion Characteristics,
Thermodynamic Data

This is a theoreticd item with a practicd gpplication when desgning and dimensoning
equipment, e.g., for flue gas cleaning after therma processes. For some compounds, e.g.,
less hydrophobic chemicds, the partition between particle and water phase may play arole.

Partition depends on severd physcd and chemicd parameters and will vary case by case
according to the environment and the chemica compound. For example, a particle-loaden
environment will have more PCDD/PCDF adsorbed than a particle-free environment when
the same congener will be forced more into the gas-phase than in the first case. Modders call
this fugacity. In any case and from a practicd point of view, too much differentiation is not
needed as no plant manager will run his equipment a the borderline to non-compliance.
Therefore, order of magnitude estimates'numbers will be sufficient.

The practicd and andytica needs to differentiate between particle and gaseous phases hardly
exis a present as in present regulations, the totd of the PCDD/PCDF emissons are limited.
In most regulations, the emissions of PCDD/PCDF must be expressed as toxic equivaents.
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