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Abstract

Flame chemistry in incineration systems involves the formation of many organic products of incomplete
combustion, including chlorinated species such as polychlorinated biphenyls (PCB), polychlorinated dibenzo-
p-dioxins (PCDD), and polychlorinated dibenzofurans (PCDF). Because the latter are of environmental concern,
a great deal of research has been expended on understanding their formation. There are two temperature window:
in which they can form: the “homogeneous” route between 500 and®@@hd the “heterogeneous” one at 200
to 400°C. Homogeneous reactions, which are the result of the pyrolytic rearrangement of chlorinated precursors,
such as chlorophenols and chlorobenzenes in the gas phase, have not been researched as extensively as the hi
erogeneous mechanism. Heterogeneous formation is a catalysed reaction, which takes place on the ash or soc
particles present in combustion systems. There are conflicting views regarding the relative amounts of PCDD/F
formed from precursors such as chlorophenols in comparison with the de novo process during commercial opera-
tions. The de novo reactions involve the oxidation and chlorination of any unburned carbon in the particulates. The
reaction pathways for de novo PCDD/F are based on preexisting 3-ring carbon skeletons; single-ring chlorinated
precursors are not intermediates. The formation process is driven by oxidation, and the rate is related to carbon
burnoff. Dechlorination and decomposition proceed at elevated temperatures. The reaction appears to take place
on the global (external) surface of the particles, but is determined by their carbon and chlorine contents. During de
novo formation, chlorine is an active agent, either as chloride in the solid phase or as atomic chlorine in the gas.
There is always a contribution from solid-phase chlorine, and gas-phase chlorine is active only at higher concen-
trations when the solid phase is depleted. An excess of chlorine appears to inhibit de novo formation. Different
mechanisms are postulated for PCDD and PCDF. Single- and multiring species chlorinate differently, along dif-
ferent paths. The single-ring compounds formed are comparatively loosely held, while the multiring species tend
to be strongly held. Much of the PCDD/F formed is retained on the solid surface and is unable tg equilibrate with
the gas phase under flue gas conditions. De novo catalysis is due mainly to copper, althoughiron and other metals
are active at lower rates. Copper catalyses the oxidation of carbon, as well as the chlefination and dechlorination
of organic products. In its two oxidation states it also acts as a “shuttle” for chlgririe between gas and solid. The
catalytic effect can be poisoned by sulfur or nitrogen compounds, such as suifur dioxide and urea. All the forma-
tion models proposed to date both for the homo- and heterogeneous routgs are inadequate, no doubt as a result o
the complexity of the processes. The homogeneous route needs more fundamental research, and as regards the c
novo route, more attention needs to be paid to the composition and nature of the ash’s surface, including particle
size and carbon/catalyst disposition.
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Nomenclature

Bz benzene
CFD computational fluid dynamics
CP chlorophenol

DCPDCDD/DCDF dichlorophenol/
dibenzop-dioxin/dibenzofuran

DD/DF dibenzop-dioxin/dibenzofuran

ESP electrostatic precipitator

FBC fluidised bed combustor

GCMS gas chromatograph/mass spectrometer

HxCDD/HXCDF hexachlorodibenzp-dioxin/
dibenzofuran

HCDD/HCDF heptachlorodibenzp-dioxin/
dibenzofuran

MCP/MCDD/MCDF monochlorophenol/
dibenzop-dioxin/dibenzofuran

MSW  municipal solid waste

OCDD/OCDF octachlorodibenzp-dioxin/
dibenzofuran

P phenol

PCHPCBz polychlorinated phenol/benzene

PCDDPCDF polychlorinated dibenzp-dioxin/
dibenzofuran

PeCPPeCDDPeCDF pentachlorophenol/
dibenzop-dioxin/dibenzofuran

TCPTCDD/TCDEF trichlorophenol/
dibenzoyp-dioxin/dibenzofuran

TeCHTeCDD'TeCDF tetrachlorophenol/

ISI iron and steel industry dibenzop-dioxin/dibenzofuran
I-TEF, I-TEQ International Toxicity Equivalence ~ USEPA United States Environmental Protection
Factor/Quotient Authority
1. Introduction 2 ]
. . AN ,

The combustion of carbonaceous fuels results in

the emission of the products of incomplete combus- 7 = 3

tion, which include PCDD and PCDF (dioxins). The c :

term dioxins is popularly used to describe a class
of chlorinated compounds, which is correctly known
as polychlorinated dibenzp-dioxins (PCDD) and

polychlorinated dibenzofurans (PCDF). The general
structures of the 75 dioxin (PCDD) compounds and
135 furans (PCDFs) are given in Fig. 1. Some of

these compounds are of environmental concern, as in

a recent USEPA review they are implicated in dam-
age to health [1], and 2378 TeCDD is classified as
a “probable” carcinogen. Uncertainty surrounds the
likely impact on humans, who are less susceptible to
its carcinogenic action than rats [2], but who may suf-
fer from endocrine disruption.

Various schemes for naming the compounds and
their precursors are in use. The system of abbrevi-
ation used here for both precursors and PCDD/F is
shown in the nomenclature, with the substitution po-
sitions designated as in Fig. 1. Toxicity is restricted
to some of the congeners with 4 chlorine atoms or
more in the molecule, with all having the 2378 posi-
tions occupied. As each is toxic to differing extents,
a PCDD/F analysis is reported as its toxicity, gener-
ally based on International Toxic Equivalents I-TEQ
(ngNm3 for a gas sample and ng4 for a solid).
The international toxicity equivalence factors (I-TEF)
of the 17 active congeners are given in Table 1, rel-
ative to a value of 1.0 for the most toxic, i.e., 2378
tetrachlorodibenzgs-dioxin (2378 TeCDD). The re-
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Fig. 1. Molecular structure of polychlorinated dibenzo-
p-dioxins (a) and dibenzofurans (b).

mainder of the congeners are considered inactive, i.e.,
I-TEQ = 0. The current emission limit in Europe for
municipal solid waste (MSW) incinerators is 0.1 ng
I-TEQN m~3. The ratio of total PCCD/F mass to the
mass of I-TEQ components ranged from 5 to 100 in
the emissions from 17 different municipal and med-
ical waste incinerators [3,4]. Shin et al. [5] give a
mean value of 12 for MSW emissions from Korean
incinerators. The figure depends on the distribution of



400

Table 1
International Toxicity Equivalence Factors (I-TEFs) for
PCDDs and PCDFs

CDD and CDF congeners I-TEF
2378 Tetrachlorodibenzp-dioxin 1
2378 Tetrachlorodibenzofuran .10
12378 Pentachlorodibenzofuran (P) .09
23478 Pentachlorodibenzofuran .50
12378 Pentachlorodibenza-dioxin 05-12
123478 Hexachlorodibenzofuran .10
123678 Hexachlorodibenzofuran .10
234678 Hexachlorodibenzofuran .10
123789 Hexachlorodibenzofuran .10
123478 Hexachlorodibenzp-dioxin 01
123678 Hexachlorodibenzp-dioxin 01
123789 Hexachlorodibenzp-dioxin 01
1234678 Heptachlorodibenzofuran .00
1234789 Heptachlorodibenzofuran .00
1234678 Heptachlorodibenzo-dioxins Q01
Octachlorodibenzofuran .001
Octachlorodibenzg-dioxin 0.001

2 The I-TEQ for 12378 pentachlorodibenzedioxin
was upgraded from 0.5 to 1 by the World Health Organi-
sation in 1997; equivalent to 2,3,7,8-TCDD.

congeners, which has been found to be relatively con-
stant for MSW emissions. There is a predominance of
furans over dioxins in these emissions, and the con-
centration of each group increases with the extent of
chlorination. OCDF and OCDD are the most common

congeners.

Using hierarchical cluster analysis, Fiedler et
al. [6] examined the congener distributions of 109
emission gases from MSW incinerators, hazardous
waste incinerators, and the iron and steel industry
(ISl). The MSW and hazardous waste incinerators
produce patterns that are indistinguishable. 23478-
PeCDF is the most significant toxic congener in
all three industries and contributes more than 30%
of the I-TEQ. Recently, coplanar polychlorinated
chlorobenzenes PCBs have been included into the
toxicity considerations, as they appear to produce
similar effects. Their I-TEFs are very low, except for
3344’5 pentachlorobiphenyl, which has been allo-
cated a value of 0.1 [7]. Also the bromo homologues
of PCDD/F have been found to form more easily than
the chloro derivatives, and bromine also appears to
accelerate the concurrent formation of chloro com-
pounds [8].
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ditions [9]. Extreme care and cleanliness is required
during sampling.

Originally, PCDD/F was thought to be totally of
anthropogenic origin, beginning with the industrial
revolution and associated with the large-scale use of
chlorine compounds. However PCDD/F occur natu-
rally and have been identified in Australian fluvial
sediments laid down as early as 1640 [10]. The de-
posits are considered to be the result of volcanic ac-
tivity or of bushfires in the surrounding countryside.
Jittner et al. [11] note other interesting natural occur-
rences. The estimated half-life of PCDD/F in natural
sediments is greater than 100 years [12]. Neverthe-
less, the major input of PCDD/F into the environment
is currently from industrial processes. PCDD/Fs are
formed during pulp paper manufacture when bleach-
ing is carried out with chlorine, and are by-products
in the manufacture of some pesticides. The other
principal source is combustion, such as waste incin-
eration, including medical waste [13], iron ore sin-
ter strands [14], electric arc furnaces using recycled
steel [15], metal industries [16], landfill fires [17], and
auto exhausts [18—20]. PCDD/Fs are not produced in
detectable levels in cement kilns, even when firing
chlorinated wastes. However, they can be released in
the precalcining region under normal operation [21].
The wastes containing PCDD/F from paper making
are discharged into the aqueous environment, while
the sink for combustion products is in the atmosphere.

The anthropogenic release to the environment is
estimated to have increased by 35 times between 1935
and 1970 [22], but recent figures suggest that these
emissions are now decreasing [23]. A global mass
balance shows an imbalance by a factor of 4 between
estimated release and measured deposition fluxes, in-
dicating that some sources are not accounted for [24].
The interaction of PCDD/F with the environment has
been summarised by Alcock and Jones [25]. The sta-
bility of PCDD/F generated by combustion and ad-
sorbed onto airborne particles has been studied in
25 n® outdoor chambers [26]. The PCDD/F formed
at high temperatures (760—-80Q) were more stable
to atmospheric photolysis than that formed at 350—
380°C. The lower chlorinated congeners were more
susceptible to decay, with TCDD having a half-life
of 0.4 h under summer conditions and 17 h in win-
ter. The equivalent times for OCDD ranged from 5 to
38 h. Similar half-lives under ambient conditions are

Because the concentrations present in flue gas are reported elsewhere [27].

so low, and the full range of “dioxin” compounds
must be quantified in order to establish an I-TEQ), the
analysis of PCDD/F is difficult and expensive. A ded-
icated GCMS system of high resolution is required,
and preliminary screening is carried out to remove in-
terferences. Even so, an accuracy of only 50% in an
individual sample can be expected under optimal con-

A comprehensive survey of the gaseous organic
emissions from incineration plants was carried out
in Germany [28]. About 250 individual compounds
were identified at concentrations above 50 ngT\?’m
representing 42% of the total organic carbon emitted.
The compounds included biphenyls, diphenyl ethers,
dibenzyl dioxin, and dibenzofuran. The remaining
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58% of the TOC consisted of unidentified aliphatic 500 - 800°C HC Cl,
hydrocarbons. PCDF
The PCDD/F content of raw MSW is variable and PCP

ranges from 6 to 50 ng I-TEQ per kg of waste [29]. In /
early incinerators the output PCDD/F exceeded that
fed in with the waste [30]. Recently a testing program ,
in Spain involving a material balance for PCDD/F o
CP / PCDD/F

CO/CO,

0O,

over a modern MSW incinerator showed that the sys-
tem is approximately neutral, i.e., outpuinput [31].
The analyses indicate that the PCDD/F in the feed C Cu C C CCICC C C C C CC'C C
material is destroyed and then more is formed during
processing. The bulk of the new PCDD/F is formed on
the ash in the low-temperature back end of the incin-
erator [32]. In a pilot-scale fluidised bed combustor
burning simulated MSW it was found that the ratio
of high-temperature~ 900°C) to low-temperature
(= 700°C) formation in the gas phase was dependent of reaction, the usual residence time of gas and solids
on the combustion zone’s temperature, but was gener- in the critical temperature ranges of 800 to 5D
ally ~0.25 [33]. (gas) and 400 to 20TC (solid) is of the order of sec-
This review addresses the formation of PCDD/F  gnds. The PCCD/F emissions in stack gases depend
in high-temperature processes such as municipal and strongly on the particle concentration, which is influ-
toxic waste combustion and metal processing. Pre- enced by the extent of gas cleaning [37]. In a thermal
vious reviews have been presented by Huang and system, the final result will be the difference between
Buekens [34] and Addink and Olie [35], who bothre-  the rates of formation and thermal destruction. Since
viewed formation in high-temperature processes. The the activation energies of the destruction reactions are
latter summarises the formation experiments carried higher than those of the formation reactions, the net
out in bench-top equipment up to 1995. Another by  4te of production has maxima at certain temperatures
McKay [36], focuses on environmental effects and  for poth the homo- and heterogeneous reactions.
the minimisation of emissions from MSW incinera- The apparatus used for investigations into PCDD/F
tion. The most recent review on formation chemistry  ormation includes operating incinerators, pilot-scale
(1998), by Tuppurainen et al. [30], examined the fol- oo stors, and bench-top reactors. A technique used
lowing aspects: (i) the influence of process parame- ., the |S| to simulate sinter strands is the pot test, in
ters, (ii) the reaction mechanism, (iii) the form of | 4ib o bed of ore and-4% coke is packed into a

r_eactlon control, i.e., klnetlc_or thermody.namlc, and container and then ignited from the top [38]. A stream
(iv) whether laboratory experiments can simulate full- of air is passed vertically upward through the bed so

ScalT |nC|L1_err?tgrs. The presednt paperﬁoncentrates %nthat a well-defined combustion zone moves down-
results which have appeared since that review, and ., through it. Results from all of these techniques

updates their conclusions. Figure 2 is a stylised de- | . b discussed in the course of this review.
piction of the paths by which chlorinated aromatic hy-

drocarbons form in combustion systems. The surfacg

Fig. 2. Diagrammatic representation of the pathways for
PCDD/F formation.

represents that of an ash particle and the arrows depi

both reaction and adsorption processes. The thickness

of the arrows represents the relative importance of the

pathways in relation to PCDD/F formation, as pro- A monograph by Choudry and Hutzinger [39] dis-

posed in this review. cusses the range of possible pathways. ta PCDD/F
from a chemist’s point of view. The formation path-
ways of PCDD/F were examined in terms of classical

2. The mechanism of PCDD/F formation in chemistry by Ballschmiter et al. [40]. They identified

thermal systems four principal pathways with the distribution of prod-
ucts dictated by steric requirements and the available

It is now apparent that trace quantities of PCDD/F precursors:

can be formed under appropriate conditions in flames

when carbon, hydrogen, and chlorine are present. For,/rthe cyclization of polychlorobiphenyls

mation may be either in the vapour phase (homoge- .27the cyclization of polychlorodiphenyl ethers

neous reaction), or on solid surfaces such as soot or .8’ the chlorination of dibenzofuran

ash particles (heterogeneous reaction). For both types 4 the dechlorination of OCDF.

¢ 2.1. Homogeneous (gas-phase) reactions
(500-800 °C)
D ssaeE
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All of these routes have been demonstrated in
practice, as will be discussed later in the text. The
probable reaction paths which produce either PCCD
or PCDF are summarised by Karasek [41]. In a sub-
sequent paper, Ballschmiter et al. [42] note that in
a flame the principal radicalsH, ‘OH, 'O, and
*OpH— readily extract an H m than a
Cl atom fr n aromatic ring. Hence highly chlo-
rinated benzenes and phenols are found in flue gases.
Inthe incinerator flue gases sampled by them, the sum
of 23 CP correlates (to a first approximation) with
the sum of Te to HCDF, while the sum of 26 CP
correlates with the sum of TeCDD to OCDD. They
therefore identify more detailed pathways to PCDD/F
via the formation of chlorobenzene radicals, and then
chlorophenols.

Reactions which form PCDD/F in the vapour
phase can involve suitable precursors at temperatures
above 500C (sometimes called pyrolytic formation
or slow combustion). The precursors may be ex-
isting compounds such as PCBzs or PCPs, or may
be formed by condensation from aliphatic hydrocar-
bons [43,44]. In general terms, it has been shown that
homogeneously formed PCCD/Fs are related to pre-
cursors. The PCDD/F concentrations in flue gas from
an MSW incinerator have been correlated with those
of various possible precursor compounds [45]. For
the furnace gases (exit temperattrd00°C) signifi-
cant correlations were foundQ( > 0.8) with HeCBz,
(PeCBz+ HeCBz) and PCP. No cross-products were
tested.

The concentration of PCDD/F in a flue gas stream
will be determined by a balance between formation
and destruction reactions [46]. The destruction reac-
tions may represent straight pyrolysis or involve catal-
ysed dechlorination and oxidation. Pyrolysis tests on
these types of compounds suggest that they should
be totally destroyed at temperatures above 00
but experimental results, e.g., from a pilot-scale FBC
burning simulated MSW [33], indicate that they will
persist at much higher temperatures. Procaccini et
al. [47] examined the chlorination of low concentra-
tions of benzene in a plug-flow reactor at cool-down
temperatures of 500 to 70C. Their results led them
to suggest that Ctadicals formed in a higher temper-
ature zone persist in superequilibrium concentrations
and attack trace level aromatics.

Weber and Hagenmaier [48] carried out gas-phase
pyrolysis reactions on chlorophenols above 3@0
and found that in the presence of oxygen both PCDD
and PCDF were formed. They concluded that the
first step is the formation of phenoxy radicals, which
can then dimerize at the H-substitutardho carbons.
The displaced H atoms move to the phenolic oxy-
gen. PCDDs are formed viartho-phenoxyphenyl
intermediates, and PCDFs via dihydroxybiphenyls.
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The formation rates depend on the temperature, the
substitution pattern of the chlorophenols, and the
oxygen concentration. The dechlorination of OCDD
by the hydrogen atom was studied theoretically by
Fueno et al. [49] using density-functional theory.
They found that the reaction was strongly exother-
mic (585 kJ moTl), but had a low activation en-
ergy (38 kJ moTl). The formation of as-complex

is favoured at temperatures below 600 K and chlorine
abstraction above 900 K.

High-temperature simulations in the laboratory
have focused on the reactions of PCPs. DD, DF,
and 1-MCDD were among the products formed by
the high-temperature pyrolysis (300 to 10TD) of 2
MCP in a flow reactor with a 2-s residence time [50].
Sidhu et al. [51] examined the formation of both
the chloro and bromo forms of dioxin in a quartz
flow reactor by means of the thermal decomposition
of 246TCP and 246TBP in dry air. The residence
time was 2 s, and the temperature range studied was
300 to 80C°C. Care was taken to minimise wall ef-
fects. They found with 246 TCP feed that a significant
amount of product was present, mostly as 1268 and
1379TeCDD. The maximum conversion was 0.05%
at 600°C, and diminished only slightly at a tempera-
ture of 80C°C, as shown by the experimental points
in Fig. 3. The brominated feed (246 TBP) exhibited
similar behaviour, but the conversion was00 times
higher than the chloro compound. The formation of
furans from the three monochlorophenol (MCP) iso-
mers under similar conditions has been studied by
Yang et al. [52]. Dichlorodibenzofurans (DCDF) were
the dominant furan product, with maximum forma-
tion rates at~600°C. The distribution of products
suggests that they form by thetho-ortho’ conden-
sation of the MCP to give-o’-dihydroxybiphenyl,

100
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Fig. 3. Gaseous PCDD concentrations formed homoge-
neously from TCP after 2 s at various temperaturdg. (
Experiment [51]; (—) model [51]; (- — —) model [186].
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which then loses H-O-H to form furans. Orbital cal-
culations indicate that steric considerations determine
the sites for subsequent chlorine substitution.

A similar set experiments was performed by Naka-
hata and Mulholland [53] in a flow reactor with a
residence time of 10 s, using a number of DCPs. Max-
imum formation of dioxins and furans occurred be-
tween 500 and 700C. Dioxins were formed by C-O
coupling wherortho chlorines were present, whereas
furans were formed by C—C coupling at unsubstituted
ortho sites. With mixed DCPs, the TeCDF yields were
greatest with phenoxy radicals having the least steric
hindrance for C—C coupling. In all cases the formation
of furan was favoured over dioxin from DCP contain-
ing oneortho Cl substituent. During combustion of
polypropylene coated with a film of polyvinylidene
chloride in a quartz flow reactor, it was found that
significant quantities of PCDF were formed when the
temperature of both the sample and the downstream
gas was maintained at 79Q [54]. After a 3-s gas
residence time, 800 ng of PCDF was formed per gram
of plastic burned, while PCDD formation was limited
to 2.2 ng ql. These amounts fell rapidly, when the
reactor temperatures were increased.

A quartz flow reactor was used by Luijk et al. [55]
with the purpose of investigating the precursor and
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in unchlorinated dibenzofuran (20 pg N), which

had formed at temperatures above 880 Most of
this product appeared unchanged at the exit of the
convection section. DCDF and DCBz form at low
combustion efficiencies and higher homologues under
good conditions. The primary formation of CDDs and
CDFs is through different mechanisms. The CDDs
are formed mainly from condensation of CPs, while
CDFs are formed from a low or nonchlorinated pre-
cursor, followed by further chlorination.

2.2. Heterogeneous (solid-phase) reactions
(200-400°C)

When suitably catalysed, PCDD/Fs also form on
solid surfaces at temperatures of 200 to 430 They
can form via two routes, either from precursors such
as chlorophenols and chlorobenzenes [35], or from
elemental carbon (the de novo reaction), see Fig. 2.
The precursor molecules adsorb on the surface and
react under the influence of metal catalysts to form
PCDD/F. The de novo reaction is defined by lino et
al. [59] as the breakdown reaction of a carbon matrix,
which may be residual in the ash, or soot. There is a
rough linear relationship between stack emissions of
PCDD/F from MSW incinerators and the concentra-

de novo reactions over catalysed carbon. Some teststion of flyash in the gas [60,61], indicating that the

were carried out in the empty reactor at 300 and
600°C to study the homogeneous condensation reac-
tion of 246 TCP. Very high ratios of PCDD to PCDF
were observed, with the main products being 1368
and 1379TeCDD. The appearance of the more highly
chlorinated dioxins (He and OCDD) is explained as
further chlorination of the 246TCP by HCI released
during the condensation of two of these molecules.
The increase in temperature from 300 to 8@pro-
duces only a 10-fold increase in rates, which may be
the result of wall effects, either catalysing the reaction
at the lower temperature or destroying the products at
the higher temperature.

The results from a test program on a mixed feed
under controlled conditions undertaken by Mark-
lund’s group at Umea university provide some of the
most comprehensive data available [56—68]. The tests
involved burning 5 kg hl of artificial MSW in a
pilot-scale fluidised bed. The flue gas was sampled
at 650°C at the exit of the bed freeboard before en-
try into a convection section, and then at 2Tafter

contribution from the solid phase predominates.

As with the homogeneous reaction, there is a good
correlation between PCDD/F and other chlorinated
products (and thus possible precursors). The con-
centrations of total PCBz in the flyashes from 11
MSW incinerators correlated with their PCDD/F con-
tents [60]. In the FB combustor at Umea burning
simulated MSW, the concentrations of PCDD/F and
PCBz on the flyash showed similar dependencies on
temperature and residence time [62]. The maximum
formation occurred at 340C and at the longest resi-
dence time (2.9 s). In a similar combustion situation,
the total concentration of DCBz was proportional to
the concentration of HCI [63].

The formation of chlorophenols during incinera-
tion, and their relationship to PCDD/F formation, was
studied by Tupperainen et al. in a 50-kW pilot-scale
incinerator [64]. During the combustion of doped fuel
oil and RDF pellets, both the gas- and solid-phase
flows were sampled. The distribution of PCPs in the
product was dominated by species chlorinated in the

passage through the convective cooler. The samples ortho-para positions under the influence of the OH

taken after the convector section contained 100 to
1000 times more PCBz, PCP, PCDD, and PCDF than
those before the convector, and a greater proportion
of higher chlorinated compounds. The concentration
of PCDF in the gas before the convection section was
110 ngN 3, with 45 ngNn1T3 of PCDD, which

is typical of larger incinerators. The gas was rich

group. The PCDD/F distribution was typical of incin-
erators, with a PCDD:PCDF ratio 6f0.3. The results
were analysed by partial least squares for statistical
correlation. Different correlations between PCPs and
PCDD/F were found for the gas and solid phases. In
the gas phase, PCDF correlates closely with all PCP
isomers, whereas on the solid the major correlations
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are with 2346TeCP and 23456PeCP. In particular, the
latter PCPs correlate with the Hx and HCDD/F con-
geners. The authors conclude [64] that the chlorophe-
nols are either precursors or are formed and controlled
by the same mechanisms and processes.

2.3. Theinteraction of PCDD/F with ash surfaces

The solids on which de novo reactions occur
in incinerators or on iron sinter strands have been
used to investigate heterogeneous reactions. How-
ever there has been remarkably little interest shown
by researchers into the nature of the solids used in the
experiments. Such properties as particle size distrib-
ution, surface area, and analyses for carbon, oxygen,
chlorine, and metals are often not reported. The car-
bon content of a MSW flyash from a well-operated
incinerator is usually in the range of 2 to 5% by mass.
Those ashes used by Milligan and Altwicker [65] to
measure oxidation kinetics contained 1.9, 2.0, and
7.4% carbon, and those by Hell et al. [66] 1.75
and 4.2%. The total organic carbon contents of two
MSW flyashes are reported as 2080 and 1830 ppm
or ugg-1 [67]. The organic chlorine content of one
MSW ash was found to be400 pg g2 [68]. The in-
organic constituents such as Si, Al, Mg, Ca, K, Na,
Mn, and Cr in a number of MSW ashes are listed by
Cains et al. [69].

A number of particle sizes for individual analy-
sis were screened by Stieglitz from a bulk sample
of MSW incinerator ash containing 4.2 wt% car-
bon [70]. The carbon content increased in the larger
particles, as given in Table 2, whereas chlorine is con-
centrated in the finer sizes. The carbon content of
sinter strand ash taken from a precipitator was of the
same magnitude for a comparable MSW ash particle
size range [71]; see Table 2. The high chlorine con-
centrations of the samples from all sources should be
noted. The PCDD/F contents of MSW ashes sampled
from gas-cleaning devices can vary greatly, from 20
to 11,000 ng gl of PCDD and 9 to 4400 ngdf of
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PCDF [28,72,73]. High concentrations are found with
smaller particle sizes and in devices with long resi-
dence times, e.g., electrostatic precipitators. The con-
gener distributions in typical MSW ash show increas-
ing concentrations of PCDD homologues as chlorine
substitution increases, but PCDF exhibits a peak in
the Pe to H groups.

The precipitator ash taken from a sinter strand
which was examined by Xhrouet et al. [71] contained
150 ng g ! of PCDD and 617 ngg! of PCDF, which
were equivalent to 1.7 and 15.1 ngjgof I-TEQ, re-
spectively. If a mean particle size of 40 um is taken for
this ash, the surface concentration is similar to that for
MSW ash (Table 2). The PCDD/F contents of ashes
from three fields of an electrostatic precipitator on a
sinter plant were examined by Buekens et al. [14].
The concentrations of PCDD in the sequential stages
ranged from 0.4 to 29 ngd, and of PCDF from 1 to
84 ngg 1. The dust obtained from steel-making elec-
tric arc furnaces (EAF) may contain between 0.03 and
2.63ng.TeQg L [15].

The concentrations of PCDD/F for screened MSW
fractions in Table 2 lie between 115 and 1217 ﬁég
The equivalent surface concentrations on an external
basis can be estimated using the specific surface area
S = 3/dp, wheredp is the mean particle diameter
in um and a density of 2000 kgTﬁ is assumed. On
this basis the surface concentrations were relatively
constant, lying between 12 and 30 pg#{70]. Sim-
ilar behaviour was found for PCBz and PCP.

In understanding the solid-phase reactions, it is
important to quantify the rates of mass transfer, i.e.,
adsorption and desorption between the gas phase and
the surface. The 17 toxic congeners have melting
points in the range 196 to 30& and boiling points
at atmospheric pressure between 438 and°&37
Their vapour pressures and the partition coefficients
between solid and vapour determine the partitioning
between the phases. Smolka and Schmidt [74] ex-
amined the partitioning of PCCD/F between gas and
solid phases at low temperature in the flue gas from

Table 2
Analyses of MSW and sinter flyashes
Sample Size range Elemental composition (mass%) PCDD/F
(Hm) c cl Cu Fe nggl pg n—2
MSW1 > 800 304 18 0.06 178 115 307
MSwW2 300-150 1% 45 011 279 170 125
MSW3 38-20 5 865 016 16 1217 12
MSw4 - 22 9.1 0.1 10 554 -
MSW5 - 11 45 - - - -
Iron 72.5% 33 9.5 - 499 667 45
sinter <40 um 2.7)2

Sources: MSW 1-3 [70], MSW 4 [134], MSW 5 [72], iron sinter [71].

2 As used in annealing tests after extraction.
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two MSW incinerators. High volatile, i.e., less chlori-
nated, congeners were adsorbed comparatively more
strongly than low volatile ones. In similar fashion it
was found that PCDD/F and PC biphenyls were less
strongly held on ambient aerosols than PAHs and PC
naphthalenes with similar vapour pressures [75].

Birat et al. [15] demonstrated that at low temper-
atures & 100°C) the congeners are physically con-
densed on the surface of EAF dust. Great affinity by
PCDD/F for the ash surface of ESP dust taken from an
iron ore sinter strand is reported by Wang et al. [76].
Matzing et al. [77] carried out equilibration tests be-
tween flyash entrained in a gas stream and HCDD
added as vapour. The residence time was 1.5 s and
the temperature ranged from 25 to &5 They re-
port findings similar to those of Birat et al. [15], with
the gas/particle partitioning at low temperatures cor-
responding to the sublimation equilibrium. At room
temperature 90% of the added HCDD was found in
the particulate phase, while at 136 the portion was
only 10%.

Matzing et al. found [77] that only about one-third
of the PCDD/F originally present on a flyash could
be removed by solvent extraction, leading them to
conclude that the strongly bound material may not va-
porise in their tests. It appears that significant amounts
of PCDD/F are held on the surface of flyash particles,
and do not participate in gas/solid partitioning. The
more volatile PCDD/F components, e.g., TeCDF, are
comparatively more strongly held (in relation to their
vapour pressure) than the heavier molecules such as
OCDF. The ratio of “bound” to free PCDF may be
as high as 50 for TeCDF, and 5 for OCDF. Follow-
ing some thermal tests on OCDF and OCDD ad-
sorbed onto flyash, Collina et al. [78] concluded that
some of this material is strongly held, and the re-
mainder is weakly held. An estimate of the energy of
adsorption indicates chemical bonding, even for the
weakly held material. The fraction of the latter ap-
proaches unity above 23, but no OCDD/F was
lost into the vapour phase during tests at tempera-
tures up to 350C. Hence they concluded that the
material was all reacted into decomposition products.
Tettamanti et al. [79] identified reversible adsorp-
tion/desorption reactions when the ash was heated in
the 50-300 C range under inert or oxidising gas. Irre-
versible exothermic reactions (carbon oxidation) ap-
peared in the 300 to 500 range under air. When
1234TeCDD was passed in the vapour phase with
air over incinerator flyash [80], extensive, irreversible
adsorption was found, with no breakdown to other
congeners. As a result of this and other data, Stan-
more concluded [70] that the extent of adsorption of
PCDD/F onto solid ash from the gas phase is likely to
be slight in incinerators.
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The reactions involving precursors will involve
their transport to the surface, coupled with various
reaction steps on the surface, and any subsequent
desorption of product. The activity of the surface is
probably modified by species such as oxygen, water
vapour, and sulfur dioxide. With the de novo reaction,
the active agents are oxygen [80] and chlorine sup-
plied from the solid itself and/or the gas phase [72]. It
has also been reported that water modifies the rate of
reaction [81,82]. Simulation experiments of PCDD/F
formation should have residence times of the order
of seconds, which necessitates the use of entrainment
conditions. Unfortunately this approach has rarely
been used. The bulk of the work has been done ei-
ther in operating combustors where it is impossible to
closely control conditions, or in fixed beds.

The continuous entrainment experiment of Gul-
lett et al. [72] provides a good data set on formation,
where the important variables were held at controlled
values. The ash from an incinerator was conveyed in
a gas flow through a reactor held at temperatures be-
tween 250 and 400C for periods of up to 5 s, with
cooling under a controlled temperature gradient. Me-
tered additions of oxygen, HCI, and chlorine were
supplied. The ash loading wasb g N m3. In their
experiment, Gullett et al. [72] found that the PCCD/F
in the vapour phase was negligible in comparison to
that extracted from the solid. Since the combustion
of natural gas provided the flue gas well upstream
from the point where flyash was added, the mecha-
nism did not involve precursors in the gas phase, and
negligible amounts of precursors were detected on the
ash.

Addink et al. [83] found that all PCDD/F formed
during annealing for 60 min at temperatures below
348°C remained held on the particles surface. Des-
orption then commenced at higher temperatures, and
at 398°C between 75 and 98% of the PCDD and 47
and 92% of the PCDF had been lost to the gas phase.
This represents higher temperatures for desorption
than reported elsewhere. However, their PCDD/Fs
were made from chlorophenol as precursor and the
product from this reaction appears to be less firmly
held than the de novo product. It has been proposed
that PCCD/F found in the vapour phase forms on the
flyash and then desorbs, but Stanmore argues that this
is unlikely, because of the magnitude of the parti-
tion coefficients [70], and the competition for active
sites with other adsorbents present at higher concen-
trations. One can conclude from the above and other
evidence that de novo product is more strongly held
than the precursor product, and a significant fraction
is unable to participate in partitioning with the gas
phase.
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mode under the same conditions. PeCP conversions as
high as 55% are reported [87]. Surprisingly, high con-
versions were also found without the addition of the
of PCDD/F on ash from MSW incinerators has been copper, which was interpreted as the catalytic effect
carried out in fixed beds, using both precursors and of the carbon. Dickson et al. concluded [87] that the
elemental carbon as the carbon source. The carbon precursor route dominates the formation of PCDD/F
may be either inherent unburned carbon or a mater- in incinerators.

ial such as activated carbon added to an ash, which As a simulation of processes in an incinerator,
has been treated to remove inherent carbon. The ashthese latter experiments can be criticised in several
is heated under an inert gas to the reaction tempera- aspects, in addition to the general limitations of an-
ture, and then either a precursor is passed as vapour nealing experiments. Abnormally high concentrations

through the bed of ash or oxygen is passed to pro- of PCP were fed to the system, and complete contact
mote de novo reactions. The tests are conducted over of the precursor with the bed occurred over many sec-

3. A survey of solid-phase formation

Most of the research on the solid-phase formation

periods of ¥4 to 4 h. Stieglitz, who carried out many
experiments of this kind, called the process “anneal-
ing.” For brevity, this name will be retained here.
Unfortunately, annealing experiments do not re-
produce conditions in a real furnace. First the ashes
are generally recovered from gas-cleaning devices
and will be “aged.” There is a large difference be-
tween the rates measured in annealing laboratory tests
and those measured in situ in furnaces, where res-
idence times are typically of the order of seconds.
These latter rates are measured when particulate sam-
ples are extracted directly from the gas stream in a
duct or a stack. The exception to this is flyash col-
lected in cleaning devices such as electrostatic pre-
cipitators and fabric filters, which may have residence
times up to 30 min. A further complication is the
possibility of a sampling artifact [84], when reaction

continues between the sample gas stream and the ash

deposit in the filter, as found with PAH. This possi-
bility has not been definitively investigated [85]. The
second difference is the absence of gas-phase chlo-
rine, which means that the reactions are driven by
oxygen-based reactions, with chlorine supplied from
the solid matrix. Any influence of a chlorine supply
from the gas phase is therefore eliminated. However,
it has frequently been demonstrated, e.g., [86], that
gas-phase chlorine (reported as HCI) has a significant
influence on rate.

Lower temperature processes require catalytic ac-
tion, which would implicate the contribution of non-
gaseous phases, i.e., flyash surfaces. A comparison of
the rates of formation by the precursor and de novo
routes was made by Dickson et al. [87] in an anneal-
ing type of experiment. A feed of PeCP vapour in
air was passed over a mixed bed of silica gel, anhy-
drous copper chloride, and powdered activated char-
coal. The carbon of the PeCP contairi‘@@e atoms,
so that any product from this source could be iden-
tified. No mixed13Cg12Cg molecules were detected
in the experiments, which indicate that the pathways
operated independently from one another. The forma-
tion rate from the PeCP precursor was of the order of
100 to 100,000 times faster than that by the de novo

onds. In addition, flyash should have been employed,
as it has been shown to be much more active for de
novo formation than synthetic mixtures of the type
used. This last criticism was accommodated when the
above experiment was repeated with 2346TeCP and
other chlorophenols, and a MSW flyash screened to
< 210 pm in size [88]. The Hx and HCDD/F in the
product were assumed to originate from the precursor,
and the remainder, which showed a similar pattern to
previous de novo product, was assumed to result from
the latter source. The precursor rate was up to 100
times faster than the de novo for 2346TeCP, but of the
same magnitude for other chlorophenols. When the
bed was diluted with inert glass beads, the result was
strongly dependent on the ratio of gas-phase precur-
sor to mass of flyash.

Although the formation rates from the two routes
were comparable in the tests of Altwicker and Mil-
ligan [88], the concentration of PCP feed in the gas
was far higher than found in incinerators. It is there-
fore unlikely that precursor formation is significant
in practice. Huang and Buekens point out [89] that
the ratio of PCCD to PCCF is always less than unity
for de novo synthesis, whereas precursor reactions
produce very little PCDF. From this and the finger-
print distribution of the congeners, they concluded
that most PCDD/Fs from incinerators are formed via
the de novo route. Addink et al. [90] came to a sim-
ilar conclusion as Dickson et al. [87] regarding the
dominance of the precursor route, but the question
is far from settled. In the light of their modeling re-
sults, Huang and Buekens [89] suggest that because
precursor concentrations are low, formation from pre-
cursors “plays no significant role in industrial incin-
eration processes.” Typical precursor concentrations
in a large MSW incinerator are 3 pg NTA for to-

tal chlorobenzenes, and 20 pg Nrénfor chlorophe-
nols [28]. The situations where the precursor rates
dominate may be where their concentrations are con-
siderably higher than those quoted above, e.g., in sys-
tems starved of air, and in the pilot scale incinerator
at Umea [91].
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Table 3
Summary of recent precursor experiments
Solid Catalyst Gaseous Temperature Comments Ref.

reactants ©)

MSW ashtt - 246 TCP, Q 250-400 TCP concn varied [98]
Flor, KCI CuCh 246 TCP, Q 250-400 MSW ash more reactive [98]
Flor, KCI CuCh 246 TCP, Q 250-400 Reaction order, kinetics, CO, £0  [66]
MSW asit - 2346 TeCP, © 250-400 Time and temperature varied [176]
MSW asht - 2346 TeCP, @ 250-400 Adsorption measured, model [93]
MSW asi? - 2346 TeCP, © 300 Comparison precursor: de novo [88]
SiOy, C CuCb PeCP, Q 250-350 Comparison precursor: de novo [87]
MSW asi CuCh Organic, @ + HCI 348 Relative reactivities of organics [90]
MSW ashtt - PeCP 312 Comparison of 6 ashes [69]
Borosilicate Cud CoHy, O, HCI 150-400 HxCBz predominant product [164]
Flor CuCh PAH, O, + 180 250 High yield from bipheny! structure [101]
MSW asi - 246 TCP, @ + H,O/HCI 150-500 BcinTCP [105]
Al,03, KCI CuCh Bz, O, 400 BcinBz [104]
SiOy CuCb DCPs 300-450 Major product 123468 HxCDD [99]
Sand - DCBz, DCP, ® 585-390 Spouted bed reactor [96]

In all cases the bulk of the gas feed was nitrogen. Flor is florisil, MgSiO

@ Indicates a flyash extracted to remove organics.
3.1. Formation from precursors

In their review of mechanisms, Tupperainen et
al. [30] proposed that the precursor route represents
the major pathway to heterogeneous PCDD/Fs. The
precursor reactions involving chlorophenols are ef-
fective between 200 and 40C, with a maximum
around 300C [92,93]. Gullett et al. found a maxi-
mum at 400 C when passing a mixture of 234, 235,
and 236TCP over metal catalysts [94]. The yields
were higher for the more highly chlorinated con-
geners. A summary of recent precursor experiments
is presented in Table 3.

For PCDD/F formed from precursors over fly-
ashes, Cains et al. [69] found that PCPs give only
dioxin products and not furans. They concluded that
PCDF forms via the condensation of unsubstituted
phenol molecules, followed by chlorination of the
dimer. Hell et al. [66] have reported tests with ei-
ther 246TCP or 2346TeCP vapour over two MSW

A combustion experiment involving the oxidation
of either 12DCBz or 24DCP in a fluidised bed was
carried out by Ghorishi and Altwicker [96]. The bed
was held at a fixed temperature, and the offgas was
cooled to 390C. The levels of PCDD/F produced
by the phenol were two orders of magnitude higher
than by the benzene. Although the concentration of
PCDD leaving the bed was much less than that of
PCDF with a feed of 12DCBz, both increased rapidly
(sixfold) in the cooling zone. The concentrations with
24DCP changed little. This should be compared with
the Umea pilot fluidised bed combustor, when oper-
ated on MSW with a with a 4-s residence time in
the cooling system. It was found [57] that in the flue
gas, the concentration of PCDF increased by a fac-
tor of ~30-fold during cooling from 650 to 21%C.
PCCD increased by 15-fold. The results show that
the distribution of congeners (i.e., the carbon skele-
tons) was relatively unchanged during cooling, and
that the most prominent reaction was the chlorination

flyashes, held at constant temperatures between 250 of preformed species.

and 400°C. The main products are the oxides of car-
bon, but a range of chlorinated organic products, such
as PCBz, and small amounts of PCDD/F were pro-
duced. With unchlorinated phenol as a precursor in
the reaction with oxygen and free chlorine in the gas
phase over CuG| the product PCDD contained little
PCDF and the yield was independent of HCI concen-
tration up to 100 ppm [90]. Between 100 and 200 ppm
of HCI, a rapid increase in rate appeared. When three
different commercial plastics were burned in a small
furnace using metal chlorides for the CI supply, the
quantity of PCDD/F formed depended on the number
of benzene rings present in the polymer [95].

Luijk et al. [55] studied both precursor and de
novo conditions over activated carbon and copper
chloride in a fixed bed, using nitrogen or air as the
gas. A preference fometa substitution on the car-
bon substrate was found. They claim that this pref-
erence reflects the formation of thermally stable pre-
cursors, such as 246 TCP, 2346TeCP, and PeCP, which
then condense to give mainly TeCDD and PeCDD
molecules exhibitingneta substitution. This mecha-
nism rules out formation by chlorination of the par-
ent DD. The DD units are partially chlorinated in
the matrix and then released when the surrounding
carbon structure is burned off under the influence of
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CuCb. In contrast, the reluctance of classical aro-
matic structures to chlorinate in thesta position was
demonstrated by Stieglitz et al. [97], who examined
the polychlorobenzenes, polychloronaphthalenes, and
polychlorobiphenyls formed under the same condi-
tions as PCDD/F. The substitution in trichloroben-
zenes showed a preference for theho-1,2,3 config-
uration, followed by thepara-1,2,4 and only a small
amount ofmeta-1,3,5. This may also be taken to in-
dicate that there are separate formation pathways for
the single ring and multi-ring compounds.

Similar experiments were performed by Addink et
al. [90] on MSW flyash at 348C using chloroben-
zenes, phenol, and larger aromatic molecules as pre-
cursors. Dihydroxyquinone gave a yield of PCDD/F
which was 400 times greater than that of phenol,
and 800 times greater than 1245TeCBz. PeCBz gave
a negligible conversion. The authors concluded that
quinine-type structures, and not chlorophenol or
chlorobenzene structures, are intermediates in the
formation of PCDD/F from carbon by the de novo
process. They doubt that the de novo reactions are
sufficiently rapid to contribute significantly to the
PCDD/F content of fugitive ash.

A study of the conversion of 246TCP in a gas
stream of 10% oxygen over two flyashes and a model
flyash (SiQ/MgO mixed with KCI and CuCl) was
carried out by Hell et al. [66,98]. Most of the precur-
sor was oxidised to CO and GQObut between 2 and
25% was converted to PCDD/F. There is an optimum
yield at ~300°C, caused by competing formation
and destruction reactions. Mulholland and Ryu [99]
found a maximum vyield at 375C when they reacted
mixed PCPs over silica doped with 0.5% CaCAll
the PCPs were chlorinated at the 26 positions and
formed PCDD (not PCDF) at high conversion after
1 h of operation. There was a strong effect on the
yield of the gas-flow rate, indicating mass-transfer
control. The chlorination of dibenzofuran (DF) by
disproportionation of CuGlfrom 200 to 400°C was
studied by Ryu et al. [100]. They found that such
chlorination was efficient in terms of copper usage,
with MCDF always the dominant product. The max-
imum conversion to MCDF was at 22& and as the
temperature was increased, the degree of chlorina-
tion increased. At 300C a maximum in the TeCDF
congeners appeared, dominated by 2378 substitution.
At higher temperatures broader distributions were ob-
served, probably due to the destruction of 2378 con-
geners.

The behaviour during 250C annealing-type tests
of PAHs with structures similar to DD and DF in the
presence of silica/MgO (Fluorosil) and Cy&H,O
was examined by Wilhelm et al. [101]. The con-
tribution of condensation products from PCBz and
PCP can be neglected. Large amounts of PCDF were
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formed from biphenyl, but no PCDD, leading to the
conclusion thatr-hydrogen atoms were involved. Un-
der the test conditions more than 72% of biphenyl was
converted to PCDF, with a maximum amount of Hx-
CDF produced. The result provides strong evidence
for the intramolecular formation of the ether bond
without further destruction of the reactant skeleton.
Ethane and acetylene are also possible precursors,
when passed over a silica/copper oxide bed in the
presence of HCI in air [102]. A maximum in PCDF
formation was found at 500C, and the congener pat-
terns were similar to those formed over flyash. Het-
erogeneous combustion of,Gliphatics at temper-
atures above 600C was postulated as the route to
chlorinated products. As a result of similar experi-
ments with acetylene over borosilicate/CpClaylor

et al. [43] proposed a condensation process which
accounts for isomer distribution and branching, des-
orption of the higher molecular weight products, and
regeneration of copper chloride catalyst.

The formation from anthracene and chloroan-
thracene was examined by Schoonenbaum and Olie
[103], and an optimum formation rate appeared at
~300°C. It was suggested that degradation prod-
ucts participate in the formation reactions. When
the source of the oxygen-forming ether linkages was
probed usingl802 atmospheres and model flyashes
doped with PAHs [104], very little incorporation of
gaseous oxygen was found, except for HCDF. Char-
coal in the mixture led to the inclusion of 30 to 40% of
the oxygen in the product coming from the gas, when
the PAH contained a carbonyl group. The authors
speculated that $0 and Si—-OH are other possible
solid-state sources of oxygen. Analysis of the ox-
ides of carbon evolved suggested different pathways
for the oxygen found in the gaseous and solid prod-
ucts. An increase 0f50% in PCDD/F was reported
when 30% of water vapour was added to the dry re-
action gas in a system reacting 246 TCP on flyash at
300°C [105]. The further addition of 500 ppm of HCI
gas suppressed the formation rate back to the value for
the dry gas.

The hypothesis that the congener patterns are con-
trolled by thermodynamic equilibrium was investi-
gated by Addink et al. [106]. The congener distribu-
tions from various annealing experiments were com-
pared to those predicted by a procedure, which min-
imised the Gibbs free energy of formation. Although
the distribution of isomers within homologues was
independent of reaction time, which suggests the at-
tainment of equilibrium, there was poor agreement
with the thermodynamic predictions. A discussion
of the thermodynamic implications of proposed re-
action mechanisms has been given by Tupperainen
et al. [30]. The formation of PCDD is theoretically
more favoured than PCDF, but the reverse is found in
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Table 4
Summary of recent de novo experiments
Solid Catalyst Gaseous Temperature Comments Ref.

reactants 1C)
Flor, KCI, C CucCh 0, 250-400 &2+ c13in solid [66]
MSW ashP C - O, + Hy0 300, 350 @2+ C13in solid [123]
Graphite CuCl/CuO ©+ HCI 400 Hx, HCDF fingerprints like MSW ash [109]
MSW asht - O, + HCI, Clp 235-375 Entrainment reactor, short times [72]
MSW asi - HCI, Ch 250-600 Entrainment, solid-phase Cl significant [111]
Al»(SiOg)3, C, KCI CuCh Oy 300 Annealing 1 to 30 min [114]
MSW ash, C CuCGl Inert, & 300 Oxygen accelerates formation [115]
Graphite MClI 2.5% G 300 MCIl = KCI, CaCh, FeCk, CuCh [116]
Al»03, C CuCb 0Oy 200-400 PCB product 3467 PCDD/F [117]
Flor, KCI, C CucCh 0, 250-400 @2+ 13, pCP, PCBz measured [92]
Carbon, MO FeGl 0y 275-325 MO= Al,03, Ca0, SiQ [125]
MSW ast-P - HCI, Ch 240-600 Entrainment reactor [137]
MSW asi - Oy + H20, 250-600 Entrainment reactor, [82]
CO, CO, Cly different routes to PCDD, PCDF

MSW asi? - Oy 300 Various hydrocarbon and Cl sources [134]
MSW asi? - Oy 250-550 NaCl active only if other Cl absent [135]
MSW asi CuCh 0, 300-350 37Cl used [136]
Carbon+ MO FeCh Oy 275-325 M= Ca, Al, Si, different carbon types [128]
MSW&Flor, C CuCp 02 +H0 250-400 13¢, different routes to PCDD, PCDF [140]

In all cases the bulk of the gas feed was nitrogen. Flor is florisil, MgSiO

@ Indicates a flyash extracted to remove organics.
b Indicates carbon removed.

practice. In a later paper [64], they suggest tréto-
ortho couplings should be favoured over oxygen-
ortho couplings, thus favouring furans. Also the elec-
tron configuration of furans may confer stability by
electron delocalisation, whereas the dioxin structure
does not. The Ullmann reaction, which is the biaryl
synthesis of chlorinated phenols, is likely at low tem-
peratures £300°C), only if they occur via a C—Cl
bond and not a C—H bond.

An analysis of the system’s energetics has demon-
strated the influence of the extent of chlorination on
the free energy of reaction [106]. The thermodynamic
study by Yuzawa et al. [107] predicted the equilib-
rium concentrations of the various congeners under
typical conditions, with no PCDD/F formation likely
above 360C. The influence of chlorine concentra-
tion on product distribution has also been considered
from a free energy point of view [108]. In general,
thermodynamic analysis yields little insight into the
reactions.

3.2. De novo formation of PCDD/F

The mechanism of the de novo reaction is quite
different from that responsible for formation from
precursors. Early work by Stieglitz et al. [97] demon-
strated the formation of other chlorinated organics
from elemental carbon (charcoal), such as polychlo-

than PCDD/F over the same periods of time, but the
other two products were present in lower amounts.
A summary of recent experiments in de novo forma-
tion is presented in Table 4.

lino et al. [109] found that the distribution of Hx-
CDF and HCDF congeners formed from graphite with
CuO and N/O>/HCI at 400°C for 2 h was similar to
that extracted from flyash taken from the precipitator
of an MSW incinerator. The fingerprint for PCDD/F
produced during incineration generally shows a max-
imum in the PCDD spectrum at the Hx and H homo-
logues, while the maximum concentration for PCDF
is located at the Te and Pe homologues. The distri-
butions of PCDD and PCDF among the homologues
produced after annealing for 2 h are given in Fig. 4
in terms of temperature of formation [110]. At higher
temperatures the dechlorination reaction favours the
production of lower homologues.

The entrainment experiment of Gullett et al. [72]
examined the variables: the concentrations of O
HCI, and Cp, temperature, quench rate, residence
time, and the injection of Ca(OH)as a sorbent. For-
mation rates of the same magnitude as found in oper-
ating incinerators were measured. It appears that the
PCCD/F formed was the result of the de novo mech-
anism and took place in the temperature range 400
to 250°C. Large amounts of PCDD/F were formed
in the absence of gaseous HCI onrhdicating that

rinated benzenes, naphthalenes, and biphenyls. Thesome of the 4.5% of chlorine in the solid was active

PCBz were formed in quantities 4 to 5 times greater

in the reaction. Over 80% of the products under these
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Fig. 4. Distribution of congener groups of PCDD and PCDF
after annealing MSW ash for 2 h at different tempera-
tures [110]. (a) PCDD, (b) PCDF.

conditions were furans. The most significant variables
were found to be quench rate and sorbent injection,
which reduced the concentrations of HCI and.Cl
The concentration of oxygen tended to influence the
distribution of congeners more than the total quan-
tity of PCDD/F formed. In a similar experiment by
this group [111], the parameters investigated were the
carbon content in the flyash, the reaction temperature
and time, and the gas-phase compositiorp(CIO,
COy, Hy0). The species CO and GQvere found
to have no influence on the products. Water vapour
slightly inhibited the formation PCDD/F, but signifi-
cantly shifted the PCDF homologue profile toward the
lower chlorinated congeners.

The mechanistic steps taking place during de novo
formation are postulated by Gullett et al. [94] as:

1. production of G} from a metal-catalysed reac-
tion of HCland O

2. chlorination of aromatic rings by &lthrough
substitution reactions

B.R. Sanmore / Combustion and Flame 136 (2004) 398427

3. formation of dual ring structures by a second
metal-catalysed reaction.

Subsequent work seemed to indicate that the
condensation of single-ring compounds is a minor
route to PCDD/F formation. Jay and Stieglitz pos-
tulated [112] that during de novo formation PCDD/F
forms from existing DF-type structures in the carbon
matrix. The formation of de novo PCDD/F will now
be considered in terms of reaction temperature/time
and the supply of the constituent elements, carbon,
chlorine, and oxygen, and finally particle size.

3.2.1. Temperature/time

There is a maximum in de novo formation of
PCDD/F as a function of temperature as depicted in
Fig. 4 during an experiment annealing MSW. The
position of the maximum varies with the solid sam-
ple and the experimental conditions. For MSW in an
entrainment reactor [111], the maximum amount of
PCDD was produced at 300—-40G, but most PCDF
was generated at 400 to 500. As the tempera-
ture increases, in most cases the ratio of PCDD to
PCDF decreases. With increasing temperature, the
fraction of less chlorinated homologues increases;
i.e., the more highly chlorinated PCDF congeners ap-
pear to have been dechlorinated. Most studies, e.g.,
[110,113], have reported a maximum formation rate
of PCDD/F between 300 and 353C, as demonstrated
in Fig. 4. Very little has been found above 400.

The only time-related data on PCDD/F formation
currently available over a period of the order of sec-
onds is from entrainment experiments, in which ash
was fed to a downflow furnace [72,111], but time was
not considered in detail. The influence of time was
studied for the ash deposited on the furnace wall; over
a period of 6 h the rate of formation fell continually.
In a complementary experiment, a slug of ash was fed
in 2 min and a gas-phase sample was subsequently
taken. This gave even higher rates, but still would not
simulate commercial furnace conditions. The shortest
time period recorded during annealing experiments is
60 s [114]. The yields in most annealing tests were
measured after comparatively long periods, for exam-
ple, [97], after reaching a plateau. Data from the early
stages are not recorded and extrapolation is impossi-
ble.

A steady increase in the amount of PCDD/F pro-
duced over times from 1 to 30 min was found during
an annealing experiment (aluminum silicate/activated
carbon/CuCJ/KCI) run at 300°C [114]. Significant
quantities were formed in the early stages (after 1 min
there werex 150 ng g X of PCDD and 300 ngg! of
PCDF), similar to rates in industrial incinerators. The
distribution of PCDD/F homologues, which remained
constant over the test period, was classed as simi-
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lar to that found from phenol precursors. The 1368
and 1379 isomers dominated the TeCDD, and 1236
and 1238 isomers the TeCDF. Since this is not typi-
cal of “thermal” formation, it was is concluded [114]
that chlorinated phenols play a key role as interme-
diates in the oxychlorination/degradation of carbon.
The amount of PCBs formed remained constant over
time, while PCPs and PCBzs steadily increased. Dur-
ing a similar annealing experiment on MSW flyash
at 300°C under extremely pure nitrogen [115], there
was a steady increase in all congeners over a period of
3 h. When 10% oxygen was added, all the rates were
an order of magnitude faster for about the first 10 min,
but then fell or barely increased up to 60 min. After
3 h the yields had again increased significantly.

The results indicate that short-term de novo for-
mation rates are extremely high, but fall with time
and are orders of magnitude lower after some hours.
This reflects a change in either the nature and reactiv-
ity of the carbon matrix or the inhibition of the metal
catalyst. It reinforces the conclusion that measure-
ments from annealing tests are generally unsuitable
for describing reactions on ash entrained in combus-
tion gases.

3.2.2. Carbon

During de novo annealing of flyash in air, the rate
of release of PCDD/F is proportional to the rate of car-
bon consumption [68,116]. The chlorine is supplied
from the solid. This is to be expected in the absence of
gas-phase chlorine as the reaction removing carbon,
and hence forming PCDD/F, will be driven by oxygen
availability. The amount of PCDD/F produced during
annealing at 300C was found to depend linearly on
carbon content up to 4% C in ash and then showed
no further increase [97]. A particular MSW ash was
modified to give samples with varying amounts of car-
bon and then oxidised in entrained flow [111]. The
three samples tested were as sampled (1.2% C), sol-
vent extracted (1.0%), and oxidised to remove both
organics and carbon (0.03%). There was an approxi-
mately linear correlation between the carbon content
and the extent of formation of PCDD/F. Most carbon
is lost as a mixture of CO and G@nd is not liberated
as organic carbon such as PCDD/F [66]; see Fig. 2.

Schoonenboom et al. [117] have proposed a two-
stage mechanism, whose first step is the chlorination
of the carbon surface. The second is the oxidative
decomposition of the chlorinated carbon to yield side-
by-side 3467 ometa-chlorinated PCDDs and PCDFs.
Since the chlorination is assumed to take place be-
fore the release of the PCDD/F product, the dominant
chlorine configuration is not 2378 as dictated by con-
siderations of electrophilic aromatic substitution, i.e.,
if there was a preference fortho andpara substitu-
tions. The group of Stieglitz [68,92,97,118-122] in-
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vestigated the mechanism of de novo formation by
a program of annealing experiments. In one case an
equimolar mixture of2C and13C (4%) with florisil

to simulate flyash was used [122], with KCI added
to provide chlorine and copper chloride as a catalyst.
The products contained comparable amounts of bi-
cyclic (dioxin) 12C and3C compounds, but far less
of mixed 12C/A3C compounds. Significantly greater
amounts of furans were found, but virtually no mixed
furan species were present. The yield of PeCBz in-
creased with time, but that of PeCP showed no trend.
Equal amounts o#2C and13C PeCBz and?C and

13C PeCP were formed. The authors concluded that
20 to 30% of the PCDDs are directly synthesised from
single-ring condensations, but PCDF must be released
directly from preformed multiring structures.

In a following paper, Hell et al. [92] found that the
12¢/A3¢ fraction in PCDD does not change with reac-
tion time. In addition, thé-2C/13C ratio in the other
chloro products, such as PCP and PCBz, appears in
the same ratio as in the carbon of the flyash. The work
was further extended [118], with similar conclusions
regarding the absence of mixédC/23C products.
The polychlorinated biphenyls formed are not pro-
duced from single-ring aromatics. They may act as
precursors for the formation of PCDF, but not PCDD.
The above results with tagged carbon and with tagged
oxygen (see later) indicated that de novo PCDD/F is
formed mostly from preexisting ring structures in the
carbon skeleton, and rarely by condensation of the
PCPs, which are simultaneously formed. One struc-
ture identified was the phenanthrene molecule, in
which the central ring is displaced from the axis, i.e.,
has the “armchair” configuration. This was confirmed
by lino et al. [59], who used high molecular weight
PAHSs as the carbon source in annealing experiments.
The frequency of formation of PCDD/F was propor-
tional to the number of phenanthrene skeletons at the
edges of the molecules. The 5-ring perylene structure
was also identified by Weber et al. [123] as a likely
source structure in the carbon matrix.

When graphite was used as the carbon source in
annealing experiments under 10% oxygen at 400
it was found [109] that the congener patterns were
similar to those produced in incinerators. The dis-
tributions for HeCDF and HCDF were similar for
three different tests: graphite5% CuCb; graphite+
CuO+ 500 ppm HCI; and straight flyash. Approx-
imately equal amounts of product were present in
the gas and solid phases, except when HCl| was
added. The type of carbon used influences the amount
of product: graphite< soot< carbonised glucose
charcoal [124]. The rates in similar experiments us-
ing three halides in mixtures of flyashcharcoaH-
CuSQ, + NaX were the same as for chlorine. If ex-
tra chlorine is available from the gas phase, the rate of
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PCDD/F formation may be enhanced, but can only be
released while the carbon matrix is being destroyed.
Experiments tracing the formation of CPs as a func-
tion of the carbon content of the feed to the microre-
actor produced only a weak correlation.

Ryan and Altwicker [125] tested five different car-
bons in oxygen-free annealing experiments catalysed
by ferrous chloride. The Feglacted as both a cat-
alyst and a chlorinating agent. Of the carbons, ac-
tivated carbon was the most reactive, but gave only
1.85 times more PCDD/F than graphitic carbon. The
two carbon blacks tested had bulk densities of 680
and 350 kg 3. They displayed different reactivities
when calculated on a mass basis, but similar values
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Cl for chlorination of the organic material, the (@i
residue is rechlorinated by gas-phase chlorine species.
The chlorination of organics may involve the release
of free chlorine by the Deacon reaction:

1
2HCI+ 502 — Clo + H»0.

The Deacon reaction, which is catalysed by metals
present in the surface of the flyash, is first order with
respect to HCI concentration, and exhibits a rate max-
imum at 400°C [128].

Elucidating the influence of chlorine concentra-
tion has led to great endeavours, and the form of chlo-
rine present during the formation of PCDD/F has been

on a carbon volume basis. As the spherule sizes of the investigated in a number of ways. In most attempts to
carbons were similar, this suggests that global surface study the reaction system, the concentration of Cl in
area is the significant variable. The influence of car- the solid fuel or the concentration of HCl in the gas
bon surface area on the products from annealing has phase has been the variable controlled and monitored.
been considered by Stieglitz et al. [121]. Although the The concentration of HCI in the gas phase was found
specific areas of the carbons tested ranged from 22 to be proportional to the quantity of chlorine added

to 1090 nf g1, as measured by the BET technique,

they had only a minor influence on the yield. Accord-

ingly, solid-solid reactions were considered to be the
rate-determining step, rather than the reaction of oxy-
gen with solid carbon. This has significance for any
attempt to model the reaction.

3.2.3. Chlorine

Chlorine may be supplied from a solid, e.g., by
the decomposition of a metal chloride, or by the chlo-
rinated products of incomplete combustion, or the
chlorine present in the gas phase. In the latter case,
chlorine exists as atomic Cl, molecularnCand HCI.
Gullett et al. [126] have discussed the effect of chlo-
rine in detail, and have concluded that atomic Cl is the
active species in the gas phase. Its concentration is
determined by the combustion conditions: extensive
formation of free Cl atoms from HCI and £is possi-
ble at high temperatures, and high concentrations may
remain at lower temperatures after rapid quenching,
because of kinetic constraints.

Copper acts not only as a catalyst but also as a
transmitter of heterogeneous chlorine. When present
in excess as Cuglwith MSW ash, it was able to
chlorinate activated carbon through to chlorinated
benzenes and PCDD/F at 300 [112]. In the solid
phase, the thermal decomposition of CpiGhs been
studied at temperatures from 300 to 4@[127]. At
300°C under inert conditions, no disproportionation
to CU and free chlorine was observed, but the addi-
tion of oxygen brought about the reduction of'Cu
to CU. At 400°C extensive disproportionation oc-
curred. This suggests that the copper acts not only as
a catalyst for condensation, dechlorination, etc., but
also as a shuttle for chlorine between the gas phase
and the solid carbonaceous material. After donating

(as PVC) to the feed of both a lab furnace [129] and
a 220 kg h'1 incinerator [63]. In the pilot incinera-
tor at Umed, no distinction was found [130] between
the types of chlorine, i.e., organic (PVC) or inorganic
(CaCh-6H-0) added to synthetic MSW. There was
no correlation between the amounts of PCDD/F and
PCBz formed and the chlorine content of the feed
until the chlorine content approached 1 wt%. A sim-
ilar result is reported elsewhere for a waste inciner-
ator [131]. On the other hand a clear correlation has
been found between the amount of PCDD/F and the
chloride content, when various plastics were burned
with PVC for 2 h in a pilot-scale combustor [132].
The Cl concentration in the exhaust gases ranged from
2 to 1800 mg N 3,

Under conditions where chlorine is freely avail-
able, the extra chlorine would mean that any 3-ring
phenanthrene structures released are more highly
chlorinated, and so more likely fall into the PCDD/F
category. Thus in conditions of low CI, the rate may
be controlled by oxygen availability, but under ex-
cess Cl it may be proportional to the concentration of
free chlorine. This is consistent with an apparent crit-
ical chlorine content in the fuel of 1 wt%, as found
by Wikstrém et al. [130]. Below this value, the chlo-
rine content had no influence on the level of PCDD/F
emissions, but above this value they rose. With the
combustion of the biomass materials wood, straw, hay
and triticale, which contain inherently low amounts of
chlorine, a general positive correlation between chlo-
rine and PCDD/F yield was apparent [133].

In their factorial experiment using flyash in an en-
trainment reactor, Gullett et al. [72] examined the in-
fluence of added HCI and &I They found that HCI
concentration was a significant variable, and increases
in HCI always led to more PCCDD. However, above
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330°C anincrease in HCI gave lower totals of (PCDD
+ PCDF). The concentration of addedoClvas a
less significant variable, but this result may reflect
the envelope of experimental conditions chosen. Dur-
ing 24 h tests in an operating MSW incinerator, HCI
concentration was controlled by adding dolomite to
the feed [86]. A linear relation between the amounts
of PCDD and PCDF formed and the concentration
of HCI was reported. Although the plot for PCDD
against HCI passed through the origin, that for PCDF
was steeper and showed an intercept (i.e., a posi-
tive amount of PCDF) at zero HCI. This is consistent
with the results in the entrainment reactor [72], where
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in Na37Cl. The transfer from admixed NaCl is poor,
but the addition of CuGlincreased the rate by acting
as a shuttle. When the CuQWas adsorbed into the
matrix by aqueous exchange and evaporation, even
higher rates of Cl incorporation into the carbon ma-
trix were found.

The action of HCI and Gl in similar molar
concentrations was studied during annealing exper-
iments [83]. Despite the far greater concentration
of molecular chlorine present when adding Cthe
amounts of PCDD/F formed were very similar. It was
concluded that the Deacon reaction is not a signifi-
cant player in the chlorination process. However, the

much furan was produced in the absence of gaseous fact that the product yields were unchanged suggests

chlorine.

The addition of 5 vol% of HCI to the moist air
stream in a version of the annealing experiment with
0.5 wt% CuC} led to a threefold decrease in PCDD/F
formation [55]. This is explained as the result of two
interfering processes: (i) accelerated destruction of
PCDDI/F, as indicated by a fall in the PCDD to PCDF
ratio, and (ii) increased chlorination of the carbon ma-
trix, which stabilises the carbon against burnoff. In the
sinter pot tests of Kasai et al. [38], various amounts
of chlorine were added in the form of PVC or sodium
chloride. It was found that the amounts of PCDD/F
formed were approximately proportional to the chlo-
rine added in either form, but with significant scatter
at high chlorine loadings (1.05 gé of mix). Kasai et
al. [38] also found that in a pot test the type of carbon
somewhat influences the PCDD/F content, but recy-
cled electrostatic precipitator dust produced massive
increases.

The influence of the form of chlorine added to a
MSW flyash from which PCDD/F had been removed
has been examined in a fixed bed reactor [134]. The
ash contained 2.0 wt% carbon and 9.1 wt% chlo-
rine; see Table 2. Various fuels such as newspa-
per, kerosene, polyethylene, and polypropylene were
used, with chlorine added either as PVC, NaCl ad-
sorbed onto clay, or as gaseous HCI. The results
showed that the flyash is an excellent accelerator
of the reactions with added chlorine in all forms,
i.e., inorganic, organic, or gaseous HCI. An anneal-
ing experiment under 10 vol% Owas carried out
by Addink et al. [135], in which NaCl was added
to MSW flyash from which the organics had been
extracted. Even with no added chlorine, significant
amounts of PCDD/F were formed from inherent Cl,
at a maximum rate of-1 ngg 1s~1 at 300-310°C.

The system did not respond to the addition of NaCl up
to 21% by weight, except when the soluble inorganic
chloride in the ash had been removed by washing.
The extent of incorporation of external chlorine into
PCDD/F was further examined by Addink and Al-
twicker [136], by means of thé’Cl isotope present

that some other process was rate limiting. This may
have been carbon, as the activated carbon used as the
carbon source was merely mixed with the flyash from
which the native carbon had been removed. Thus the
catalytic effects may have been minimal.

Recent experiments have indicated that elemental
chlorine is the main chlorinating agent [82,137]: ash
containing 6.3 wt% chlorine was reacted for 1 s un-
der entrainment conditions in a flow of nitrogen or
air [82], to which was added HCI or &l Formation
of PCDD/F occurred in a downstream section, which
cooled the flow from 650 to 240C. The addition of
Cl, greatly increased formation rates, whereas adding
HCI alone gave no significant increase over no gas-
phase chlorine. HCI in the presence of oxygen led to
more PCDD/F, probably due to a predicted rise in Cl
concentration. The more reactiv€l radical is not
present in sufficient concentrations to influence the
result. In a sequel to this entrained-flow work [111],
the role of chlorine speciation was targeted, namely
as Cb, HCI, or free atoms (radicals) of chlorine in
the gas phase, and as ash-bound chlorine. The results
confirmed that HCl is a poor chlorinating agent, but
that Ch increases the PCDD/F yield, especially in the
higher chlorinated homologues. A mixture of@Gnd
Clatoms did not increase the amount of product under
similar conditions. It was concluded that ash-bound
Cl was a sulfficient source for the observed formation
rates of de novo PCDD/F.

By a statistical analysis of the distribution of con-
geners in PCDF on a flyash, lino et al. [138] con-
cluded that the presence of less chlorinated congeners
was the result of the abstraction of chlorine from
higher congeners, i.e., that all congeners tended to be-
gin as OCDF.

3.2.4. Oxygen

Gaseous oxygen is required for the de novo re-
actions in order to initiate carbon gasification and
rearrangement, and to produce elemental chlorine.
Addink and Olie [139] investigated the influence of
oxygen concentration during annealing tests on acti-
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vated carbon and flyash. Zero oxygen does not result
in any de novo PCDD/F being produced. As €bn-
centration is varied from zero to 2 mol%, the rate of
PCDD/F formation was found to be roughly propor-
tional to the oxygen concentration, but it showed little
increase above 2%. Gullett et al. [72] found little in-
fluence of oxygen concentration on de novo formation
during short residence times with $Din the range
1.7 to 8.8 mol%. Ryan and Altwicker [125] found a
maximum conversion rate at 2% oxygen when using
activated carbon in the reaction mixture. This behav-
iour may be the result of the Deacon reaction, which
forms a plateau in HCI conversion at oxygen concen-
trations above 2 mol% [128].

In contrast, Vogg et al. [110] have reported a con-
tinual increase in PCDD/F product from flyash during
annealing tests in gases with increasing oxygen con-
tent up to 10%. The dependence was linear for PCDD
and to the half power for PCDF. The difference may
be due to chlorine availability, as the flyash used by
Addink and Olie [139] had been heat-treated to re-
move organics, a procedure which could also have
removed volatile chlorine. Alternatively, the limita-
tion at high Cl may be due to inhibition by the large
amounts of chlorine; see the section on catalysis. The
results of Vogg et al. [110] are indicative of the be-
haviour of the reaction carbon with)OThe order of
this reaction with respect to oxygen has been found to
be 0.54 for carbon burnoff from a flyash [65], which
is similar to the value of 0.5 found for petroleum coke
and 0.7 for a coal ash. After testing three flyashes with
180, in the gas, Wilhelm et al. [81] found that some
were better at incorporating thi$O than others, for
which the 160 oxygen came from the ash. Higher
chlorinated products contained lower amount$&&
and vice versa, but there was little isotopic variation
within the homologues. The PCDD contained higher
amounts of-80 than PCDF. They speculated [81] that
the Cu catalyst may transfer gaseous oxygen into the
hydrocarbon structures.

This work with isotopes was later extended [140],
and after 2 h at 300C an average 40% of the
PCDD/F products were found to have resulted from
the condensation of two 6-ring chlorinated com-
pounds formed by de novo synthesis. The fraction
fell with increased reaction time and with increase
in temperature. Little PCDF was formed fromz-C
precursors. Various reaction mechanisms, including
condensation between a mobile TeCP molecule and
one embedded in the carbon matrix, were postu-
lated to explain these results. Olie et al. [104] used
tagged oxygent80 in the reactant gas to establish
the source of the oxygen in PCDD/F products dur-
ing de novo reaction. They found that for furans (one
oxygen atom per molecule), the higher homologues
contained larger fractions df0. The occurrence of
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160 indicated that the oxygen was initially present in
the solid, either adsorbed or chemically incorporated.
With dioxins (2 oxygen atoms), the substitution pat-
tern was not regular. The amount B0 was higher
in the TeCDD fraction, and mixe#0160 products
were never more than 35 mass% of the total. Olie et
al. [104] concluded that the higher chlorinated com-
pounds incorporate gaseous oxygen, while the lower
ones use bonded oxygen to form PCDD/F. Dioxin-
like structures must have been present in the carbon
matrix and were released during oxidation, especially
in the case of the lower chlorinated homologues. Wil-
helm et al. [81] repeated these experiments and came
to similar conclusions.

The form of chlorine released during the pyrolysis
of PVC has been investigated by Kanters et al. [129].
Various amounts of PVC up to 5 wt% were added to
a simulated MSW containing 0.46% of Cl, and incin-
erated batchwise under air at 880. The quantity of
chlorophenols released into the gas remained virtu-
ally constant at 3.3 umgkg of dry waste at all levels
of PVC addition. The chlorine was lost as HCI at
82% recovery. This result implies that PVC will not
contribute precursors to PCDD/F formation, but will
make HCI available for de novo reaction. The pres-
ence of water vapour was found to enhance PCDD/F
formation, especially of the lower homologues, Pe
and Hx [110]. This was shown to be partly the result
of dechlorination of the higher homologues.

3.2.5. Particlesize

One variable which has attracted little attention
and needs further investigation is particle size. Dif-
ferences in PCDD/F concentrations on a mass basis
among particles of different size have been regularly
noted (e.g., [14,141]), but little appreciated. For ex-
ample, when a cyclone was added to the outlet of the
combustor section at Ume3, the ash taken from the cy-
clone was compared with that leaving the convection
section [131]. There was a slight difference in con-
gener distribution between them, but the total amount
of PCDD/F in the exit was almost the same, because it
was concentrated in the fines which had escaped from
the cyclone.

When the surface reactions on flyash were exam-
ined, attention has tended to focus on the carbon,
despite the fact that no correlation has been found be-
tween PCDD/F yield and carbon surface area [122].
For reasons outlined below, the global (external) sur-
face area appears to be a better basis for quantify-
ing reaction rates. Following an analysis of incin-
erator flyash, Fangmark et al. [142] concluded that
chlorinated organics tend to be concentrated on the
smaller particles. A similar result has been reported
by Ruokojarvi et al. [143], where the 1.6-um frac-
tion was disproportionately loaded. The distribution
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of PCDD/F with particle size in atmospheric dust
collected at four Japanese sites was examined by
Kurokawa et al. [144]. The maximum size collected
was~30 pum in aerodynamic diameter, and the small-
est 0.1 um. Particles less than 1.1 um contributed 50%
of the total PCDD/F, with an almost equivalent I-TEQ
proportion. The distribution of homologues changed
with size, with the fraction of less chlorinated con-
geners in the homologue groups increasing with in-
creasing particle size.

The use of external surface for reaction analysis
is consistent with the results for MSW ash of Matz-
ing et al. [77]; they found that the global area was
similar to the BET area, suggesting that the particles
had negligible porosity. Hinton and Lane [145] after
extensively characterising the ashes from 13 MSW
incinerators concluded that “comparing the electron
micrographs, mercury porosimetry and surface area
data suggests that the majority of the surface area is
found on the exposed surfaces of the flyash rather
than the internal pores.” In addition, Collina et al. [78]
deduced from the equilibrium loadings during their
OCDD adsorption tests onto flyash that only a few
percent of the BET area was present as active sites.
The area reported by them was in fact similar to the
global area of the particlegf < 200 um). The results
of Ryan and Altwicker [125] on two carbon blacks
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Fig. 5. Development of the value ¢f(the normalised PCDF
content) during annealing of 3 MSW flyash sizes [70].

produced PCDF concentrations, which were not re-
lated to surface area. Whehfor the concentration

of PCDF product was normalised only for the carbon

and CI contents (and not area), it was constant at ap-
proximately the same value for the three sizes. This
implies that the two reactants are active throughout
the whole particle, which may reflect a higher mo-

showed that the external surface area of the spherules bility for copper within the ash matrix at the higher

was the significant variable.

Two samples of MSW ash which were screened
into three particle sizes, namely800, —350+ 150,
and —38+ 20 pm, were found to have uniform sur-
face concentrations of PCBz, PCP, PCDD, and PCDF
for the three sizes [70]. This uniformity was found
despite the fact that the amount of carbon present,
which could act as an adsorbent, varied greatly (Ta-
ble 2). The annealing at 30C of these three size
fractions of MSW flyash above was traced on the
basis of PCDF content, normalised for the external
(global) surface area and the carbon and chlorine con-
tents by the empirical variable

_ 3[PCDRH
~ dp[CIICN

wheredp is the particle diameter (um) and [PCDF],
[C], and [CI] are the concentrations of PCDF, car-
bon, and chlorine, respectively. Figure 5 depicts the
change of¢ with time for PCDF content, with the
carbon content updated for burnout. The plots are
linear and roughly equivalent for the three particle

molpcprm—2[C]~1[Cl] 7L,

temperature. The constant valuegofndicates that a
dynamic equilibrium between the formation and the
destruction reactions was quickly achieved.

3.3. Destruction reactions on the solid phase

The effects of dechlorination and destruction of
PCDD/F on the surface of a particle must be consid-
ered. Vogg and Stieglitz [146] collected incinerator
flyash from an ESP and analysed it for PCDD/F. They
then simply heated it in air for 2 h at temperatures be-
tween 120 and 60%C and found that extra PCDD and
PCDF could be formed under certain conditions. At
200°C the concentrations were slightly less than the
nontreated ash, but at 30Q increases in concentra-
tion by factors of 10 to 15 were observed. At 40D
the values were far less than the original, while at
temperatures of 500 and 600 all the PCDD/F were
effectively destroyed. Similar work was done on ma-
terial adsorbed onto an alumina substrate [147], but
no kinetics were established in either program.

Following some experimental measurements of

sizes: this suggests that the carbon and chlorine act the decrease in PCDD/F on flyash following ther-
simply as reactants. The lines are straight because at mal treatment, an empirical relation in the form of
300°C the destruction reactions are less significant an exponential decay was developed by Lasagni et

than those of formation. A similar plot was found
for PCDD [70]. A different situation may apply at
350°C, as the equivalent test at this temperature [70]

al. [148]. Exponential parameters were developed for
the different congeners. Subsequently the destruc-
tion of the parent compounds biphenyl, DD, and DF
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on an activated carbon/silica substrate was studied etal. [97] varied carbon type and concentration, and a

under different atmospheres [149]. Another experi-
ment of this kind involved the destruction of OCDD
and OCDF on copper powder [150], but this con-
dition is unrealistic for incineration studies. Collina
et al. [78] measured the rates of thermal destruc-
tion of OCDF and OCDD when adsorbed onto a fly-

number of metals in experiments containing flyash or
Mg—AIl-SiOs/carbon/KCI/MCI at 300 C. Only cop-

per was found to be active; in fact Mg, Zn, Fe (ll),
Mn, Hg (Il), Cd, Ni, Sn (ll), and Pb (I) produced no
measurable PCDD/F. The authors varied the concen-
tration of copper from zero to 0.4 wt% and found a

ash. The furan homologues are more stable than the continual increase [97], although the homologue dis-

equivalent dioxins. Both dechlorination and destruc-
tion reactions were identified. Destruction became
more prominent at higher temperatures and was vir-
tually the only reaction at 300C. The presence of
water vapour accelerated the reaction by almost an
order of magnitude. The decomposition and dechlo-
rination reactions of 123478HxCDD adsorbed onto
flyash were examined at 218 and 248 by Addink

et al. [151]. These low temperatures were chosen to
avoid devolatilisation of the adsorbed material. When
HCl was present in the gas phase, chlorination rather
than dechlorination/decomposition was the dominant
reaction. A study of the dechlorination of both native
and adsorbed PCDD/F on flyash under pure nitrogen
at 340°C was undertaken by Stach et al. [152]. About
98% removal was achieved after 6 h. The extent of
decomposition was similar for the dioxins and furans,

tribution changed to favour the Hx and H groups at
the higher copper levels. In contrast, the addition of
0.07% of copper as CugPH,0 to a synthetic waste
of paper pulp, flour, and sawdust led to only a 30%
increase in PCDD/F formation [160]. Its main effect
was to increase the extent of chlorination. Gullett et
al. [94] found that copper is-10 times more active
than nickel, which is in turn 10 times more active than
iron.

Olie et al. [104] found that during annealing tests,
operation with an iron catalyst required higher tem-
peratures than copper to give equivalent production
rates of PCDD/F. In contrast, Halonen et al. [160]
found that iron was nearly as effective as copper in
a 32-kW pilot combustor. For each metal, the con-
version to PCDD/F under different combustion con-
ditions (poor/good) responded differently for gas and

except for the Te and Pe congeners, where greater sta-particles. Under poor conditions, particle concentra-

bility was exhibited by the dioxins.

The emission of PCDD/F is controlled in indus-
trial processes either by adsorption, e.g., with acti-
vated carbon, or by thermal destruction over a cat-
alyst. For example, a commercial catalyst pack of
platinum on Ti/SiO placed in the flue-gas duct of a
MSW incinerator was found to be effective in de-
stroying most of the PCDD/F [153]. PCDD/F cata-
lysts tend to be effective also for NOemoval [154].
The emission of PCDD/F from operating incinerators
is controlled by carbon addition [155,156]. The re-
action between the PCDD/F and the OH radical at
ambient temperature (297 K) was studied by Kwok
et al. [157], and kinetics for this temperature were es-
tablished for atmospheric modeling.

3.4. Catalysis

The inherent carbon in flyash is much more reac-
tive than carbon mixed with synthetic mixtures based
on silica, probably due to the intimate contact be-
tween the metallic catalysts distributed within the ash
and the carbon. The effect of the proximity of a cat-
alyst is illustrated by the work of Neeft et al. [158]
on the oxidation of carbon black. They found that
some metal-based catalysts were far more efficient
when ground with the carbon for extended periods,
than after simple mixing of the powders. A range of

tions rose while gas-phase concentrations fell.

In their annealing experiments at 276 with ac-
tivated carbon, Ryan and Altwicker [125] have re-
ported a linear increase in the yield of PCDD/F, when
the concentration of ferrous chloride was increased
from 1 to 21 wt%. The role of copper was investigated
by Luijk et al. [55] in flowing moist air with 5 mol%
HCI over activated carbon at 30C. Increasing the
concentration of CuGlfrom 0.1 to 0.5 wt% resulted
in a sharp drop in the yield of PCDD/F. The original
yield was only restored by adding 5 wt% CyCAs
before, an increase in catalyst loading tended to pro-
duce more highly chlorinated congeners. Copper as
CuCh was active [55] in the chlorination and conden-
sation of acetylene to HxCBz under HCI at tempera-
tures of 200 to 400C. An explanation for the rapid
fall in oxidation rate during de novo formation may be
the availability of catalyst. The carbon adjacent to a
catalyst particle is consumed, so that contact worsens
with burnout. The low Tammann temperature [161]
for copper salts suggests a high mobility for the metal
at low temperatures, but due to the dispersed nature
of the carbon, it may not all be easily accessible. In-
timate dispersion of the catalyst in carbon is essential
for high activity during the oxidation of carbon [158].

When ashes from MSW were sampled from the
precipitator hoppers of 13 small incinerators, the con-
centration of PCDD/F was found to correlate with the

metals has been examined in annealing tests to estab-copper contents [145]. No correlation was found with

lish relative activities (e.g., [94,97,159,160]). Stieglitz

the carbon content, mean particle size, or the BET sur-
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face area of the ashes. This is not surprising in view
of the diverse operating conditions in the incinera-
tors and variations in the properties of these wastes.
There was, however, a correlation between the copper
and the PCDD/F contents normalised for surface area
(ngm2).

There are many reports of a fall in the rate of
the reactions producing PCDD/F in the presence of
inhibitors such as sulfur and nitrogen compounds,
during laboratory tests. Addink et al. [162] tested
the nitrogen compounds EDTA (ethylenediamine
tetraacetic acid) and NTA (nitrilotriacetic acid), as
well as sodium sulfide in a laboratory furnace. Re-
ductions in PCDD/F of the order of 90% were readily
attained, and the ratio of PCDD/PCDF fell. Thermo-
dynamic control was indicated, as the same distri-
bution of isomers in the homologues was retained.
Similar tests with various organic amines added at
2 wt% concentration produced 99% removal [163].
The addition of 400 ppm of ammonia to a synthetic
flue gas during an annealing test was found to reduce
the amount of PCDD/F present by 85% [110]. Mix-
tures of amines have been used successfully at @00
in a pilot plant [165], and the amides of sulfuric acid
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is inactive. Matzing et al. [77] found that urea was
an effective inhibitor when added to a pilot-scale fur-
nace. Ruokojarvi et al. [143] performed similar tests
in a pilot furnace burning synthetic MSW, and found a
diminution in PCDD/F by three quarters when 1 wt%
urea was added. The same reduction was found across
all particle sizes, indicating a surface reaction. The
more highly chlorinated congeners suffered the great-
est reduction. When added as Ca(@Hjalcium in-
hibited the formation of PCDD/F during annealing
tests [46], but not when added as CafZOhe expla-
nation given is that the effect was due to an increase
in basicity, and not specifically to the calcium. Con-
trol of PCDD/F formation by adding calcium hydrox-
ide also occurred in the entrainment tests of Gullet et
al. [72].

3.5. Comments

The consensus of evidence on de novo forma-
tion supports the view that the rate of formation of
PCDD/F is proportional to the amount of carbon
present and to the rate of its oxidation. The surface
area of the carbon is not a significant variable. The

are also effective. The amines appear to deactivate the concentration of oxygen in the gas is important only

copper surface by forming nitrides. Inhibition is also
found in larger scale tests, such as with the 101’(@ h
pilot MSW incinerator [4], where sulfur-containing
fuel oil was used for a secondary flame. In a pilot-
scale combustor burning natural gas to which flyash
and HCl had been added, inhibition by sulfur occurred
at S/Cl ratios as low as 0.64 [165]. The tests showed
that the action of molecular chlorine is inhibited by
SO, in the gas phase, in addition to any effects S may
have on the copper catalyst.

Ruokojarvi et al. [166] found that the addition of
sulfur and nitrogen compounds to a pilot-scale plant
reduced the emissions of PCDD/F and chlorophe-
nols, but had little effect on the ratio of PCDD to
PCDF. The additives were particularly effective on
the particulates. They proposed that inhibition oc-
curs before precursors form on the surface. On a still
larger scale, the co-firing of bituminous coal contain-
ing sulfur in a commercial incinerator burning MSW
produced a significant decrease in PCDD/F emis-
sions, with memory effects due to adsorption on the
wall [167]. A similar result was found when lignite
containing 1.6 wt% sulfur was added to MSW [168].

Tupperainen et al. [30] have postulated some pos-
sible mechanisms for the inhibition of PCDD/F for-
mation by sulfur. With nitrogen compounds, PCDD/F
production is hindered on a particle’s surface during
the early steps of the formation chain [169]. Gullett
et al. [126] have suggested that SMay deplete Gl
levels by converting it to HCI. Alternatively, Cugl
may be preferentially converted to the sulfate, which

up to a value of 2 mol%, above which it has little
effect. Copper plays a central role not only as a cat-
alyst for the basic reactions, such as the oxidation of
carbon, the chlorination of the carbon matrix, and its
dechlorination, but it also acts as a source of chlo-
rine. In most ashes such as from MSW, the inherent
concentration of copper is not a rate-limiting feature,
in contrast to extraneous copper mechanically mixed
into a synthetic ash. For MSW ash at 3Wthe reac-
tions occur on the surface of the particles, but activity
in the interior may occur at higher temperatures.
There are two aspects of the heterogeneous for-
mation of PCDD/F requiring resolution. The first is
the relative importance of the precursor versus the
de novo route, and the second is the role of chlo-
rine in the de novo system. With regard to the for-
mer, the claim of Huang and Buekens [34] that de
novo is the dominant route in MSW incinerators was
based on two aspects: (i) the congener fingerprint of
the products and (ii) the result of modeling of the
conditions in an incinerator. Their model uses kinet-
ics derived from laboratory experiments by Milligan
and Altwicker with chlorophenols on MSW ash. Even
with a worst case scenario with a PCP concentra-
tion of 1000 ugNrrT3, the predicted PCDD level
is 1072 ugNn3, i.e., minimal. After a review of
thermal processes involving the incineration of MSW,
wood and other waste, boilers, and metals processing,
Everaert and Baeyens [170] come to the same con-
clusion. This conclusion was reinforced by the exper-
imental data of Hell et al. [98], and the model of Stan-
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more [171]. On the other hand, recent experiments by
Mulholland and Ryu [99] in a packed bed found ex-
tremely high rates of PCP conversion. In those exper-
iments, the conversion on a 1 g bed of 325-mesh par-
ticles was mass-transfer limited. It follows that the ac-
tual chemical kinetics were even faster, and hence un-
known. If the mass-transfer coefficient derived from
those experiments, namely>610~° ms™1, is as-
sumed to be the kinetic rate for 30-um ash particles
in the gas stream of a typical incinerator, the forma-
tion rate of PCDD/F is of the order of 0.1 ng§s 1,

i.e., negligible. The chemical kinetics would need to
be orders of magnitude faster for this route to become
significant.

Unraveling the role of chlorine in de novo chem-
istry is difficult, because chlorine is present in a num-
ber of forms, such as HCI, gland Cl in the gas
phase, or as inorganic or organic Cl in the solid, or
associated with the copper catalyst. It appears that
there is sufficient chlorine in most ashes, viz. 5 wt%,
to adequately account for de novo formation. When
gas-phase chlorine is active (ag¥;lit supplies Cl to
replace the depletion experienced by Gu@tfter it
has chlorinated the solid by disproportionation.

4. Thekineticsof the formation and destruction
of PCDD/F

Altwicker [172] has noted that the net formation
rates on the ash passing through the gas ducts of in-
cinerators are of the order of 150 to 15,0088 p/F
g~1s 1. If the ash concentration is a typical 0.5 g
Nm~3, this is equivalent to 75 to 7500 pgcp/E
Nm~3s1 In the furnace section (gas phase) of
MSW incinerators, Shin et al. [5] have reported val-
ues of the order of 6 ngcp/eNm—3s~1. Thus the
rates in the low-temperature section (homogeneous
reactions) are much higher than in the furnace sec-
tion (heterogeneous reaction). The emissions from an
iron sinter strand were quoted by Buekens et al. [14]
as 3-15 ngregN m~3, similar to levels during the
incineration of MSW. Unsteady state conditions in

combustion systems such as incinerators and steel fur-
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to the I-TEQ in the stack. Accordingly, interestin con-
trol techniques has focused on the solids. Now that
high-quality systems for particulate removal are uni-
versal in new industrial plants, the proportion of gas-
phase I-TEQ in emissions has risen, although the total
levels have fallen. Hence more attention is now being
given to gas-phase reactions.

At the exit of a combustor where temperatures
are 700°C or higher, it can be assumed that all the
PCDD/F are present in the gas phase. This follows
both because at this temperature they would favour
the vapour phase and because they are rapidly de-
stroyed above 400C on the ash’s surface. It was
found in a small two-stage combustor burning simu-
lated MSW, where the primary and secondary cham-
bers were run independently at temperatures of 700,
800, and 900C, that a strong maximum in PCDD/F
formation appeared when the primary chamber was
at 700°C and the secondary at 90Q [33]. The mea-
sured exit concentrations of PCDD/F from the high-
temperature furnace (boiler) sections of five commer-
cial MSW incinerators reported by Shin et al. [5]
ranged from 0.8 to 5.7 ngeqN m~—3. The values
reported at the furnace outlet by Sakai et al. [7] were
80 ngocpp/eN m—3, i.e., in the same range. Diiwel et
al. [13] found~400 pg of PCDD and 1000 pg PCDF
per ton of C as C@while incinerating MSW. For a
typical incinerator flue gas of 10 mol% GQthese
values are equivalent to 20 and 500agp/FN m—3
of flue gas, respectively. Most reported values are
therefore in the range 10 to 80 mgpp/EN m—3.
Such a restricted range may reflect the comparative
insensitivity of the reaction to temperatures above
700°C, as indicated by the experimental measure-
ments in Fig. 3.

A rough estimate of the rate of formation of
PCDD/F in the gas phase can be deduced from the
results of Sidhu et al. [51] shown in Fig. 3. As-
suming a simple first-order reaction, the formation
rate constant calculated from their experiments at
700-800°C is 01 x 103 s~1. With a concentra-
tion of chlorophenol in the feed of 20 pg NTA,
which is typical of that in an MSW incinerator [35],
this would produce 2 nscpp/eNm—3s~1. The lat-
ter figure agrees with the measured formation rates.

naces lead to enhanced emissions [15,173]. There is ghin et al. [5] have suggested a 5-s residence time

a memory effect after transients in an MSW incin-

for furnaces; this gives net formation rates of 0.15 to

erator, in that the high levels of PCCD/F persist for 1 o ng-TEQN m—3s~1 for their data, with a mean

many hours after the event. It has been postulated that of 05 n

carbonaceous deposits on the duct walls first trap and
then release these components.

4.1. High-temperature (homogeneous) reactions

After the discovery of solid-phase reactions in in-
cinerators, it was realised that they contributed most

g-tEqNm~3s71. Taking their value of
12 for the ratio of PCDD/F to I-TEQ, this gives
a PCDD/F equivalent of 6 pg:ppjeNm—3s71,
which is of the same order as estimated from Sidhu
et al's results [51]. The net formation rates in the
high-temperature section of the pilot-scale fluidised
bed at Umed burning MSW [58] were10 ngcpp
Nm~3s-1 of PCDD and 25 ngcpeNm—3s~1 of
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PCDF, i.e., in the same range as commercial inciner-
ators.

For the homogeneous situation, Shaub and Tsang
[174] have given an extremely high activation en-
ergy of 335 kJ mot? for the decomposition reaction.
Sidhu et al. [51] found these values adequate for sim-
ulating their experimental results, as shown in Fig. 3.
Much more work remains to be done in the field of
heterogeneous kinetics, as will be discussed in Sec-
tion 5 on modeling.

4.2. Low-temperature (heterogeneous) reactions

Important work on the adsorption and reaction of
a precursor has been carried out by Milligan [175] in
an isothermal fixed bed. Studies on the adsorption of
2346TeCP onto flyash have indicated a range activi-
ties for the sites. Thus, Altwicker [172] has postulated
the existence of “superactive” sites to explain the high
reactivities found in the short term. Hell et al. [66]
have measured the rate of formation of PCDD from
PCP adsorbed onto flyashes in batch experiments;
they found a first-order reaction, with rate constants at
300°C of the order of 104 s~1. Under similar condi-
tions in a bed of silica doped with CugMulholland
and Ryu [99] found a much higher rate constant for
mixed DCPs. Since this was a continuous reactor us-
ing gas-phase PCP, it is more realistic situation.

With precursors a first-order dependence on con-
centration has been reported by Cains et al. [69] and
Milligan and Altwicker [176]. However at low con-
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The carbons present in three flyash samples taken
from MSW precipitators were burned by Milligan
and Altwicker [65] in a stream of 10 mol% oxygen.
The oxidation rate fell only slightly over a time of
30 min, and after 1 min of burning at 30C was
0.00012 ggls=1. The activation energies for the
oxidation of carbon in the ashes from three separate
MSW incinerators were 142, 105, and 125 kJ mgl
respectively, whereas uncatalysed carbon normally
exhibits an activation energy 6f170 kJ mot 1 [178].

The fall in value can be ascribed to catalytic activ-
ity. At a temperature of 300C, there was an order
of magnitude difference between the oxidation rate of
one ash and the other two. The mean order of reaction
of oxygen with carbon was 0.54. Milligan and Al-
twicker [65] found that the activation energy fell with
time when burning activated carbon and carbon black
in similar tests, but this did not occur with any of the
carbon from MSW ash. The ashes were far more re-
active than a coal ash tested at the same time, and the
ratio of CG, to CO in the product gas was of the or-
der of 10 rather than 2. A similar increase in 00
ratio has been found during the catalysed combustion
of soot [179].

Stieglitz and co-workers [68,118] investigated the
reactivity of carbon in flyash during annealing exper-
iments. They found that Cfwas the main product,
released at a decreasing rate during carbon removal at
constant temperature. For the initial flyash, there was
one endothermic peak at350°C with an enthalpy
of reaction of 22.9 kikg!. A second endothermic

centrations of precursor, this has been questioned by peak appeared at a higher temperature after the sam-

Huang and Buekens [89] and Penner et al. [177],

who have all postulated a second-order dependence.

In contrast to the de novo reaction, oxygen has been
found to diminish the yield from precursors, probably
by adsorbing onto active sites [175]. After examining
the literature, Gullett et al. [72] concluded that there is
sufficient time in the downstream section of a MSW
incinerator for the formation de novo PCCD/F to oc-
cur; their entrainment experiments bear this out. The
formation rate in their equipment under typical fur-
nace conditions was 1200 pgpp/rg L s~ 1, which

is midrange in the values proposed by Altwicker [172]
for operating incinerators. Values of this order have
also been reported from waste in the pilot incinera-
tor at Umea [58]. On the other hand the rates of de
novo PCDD/F formation measured in annealing tests
were two orders of magnitude less, but were usually
measured after extended reaction times30 min).
They fall with time of reaction; for example, a syn-
thetic flyash held for 1 min at 300C formed PCDD/F
ata mean rate of 15 ngd s~ [114]. This figure had
fallen to less than 2 ngg' s~ after 30 min. It is pos-
sible that the rate in the first few seconds is much like
the rapid rates measured in situ.

ples had been annealed for more than 30 min. Stieglitz
and co-workers [68,118] found that carbon reactiv-
ity fell while annealing reactions proceeded, and their
measurements for some 2-h tests pointed to the pres-
ence of two rate periods [68]. Two exponential rate
expressions were fitted to the carbon burnout data, the
first giving an initial rapid rate, and the second a slow
burnoff. The oxidation rate calculated after 1 min of
reaction at 300C is dominated by the initial term
and equals 0.00014 gg s 1, which is very similar

to the almost-constant rate reported by Milligan and
Altwicker [65]. The fraction of gasified carbon be-
ing converted to PCDD and PCDD fell with increas-
ing temperature and was5 x 10~ for both species

at 300°C. This is equivalent to a formation rate of
PCDD/F of~1 ngg1s~1, which is far smaller than

de novo rates in incinerators. The annealed carbon
on which these rates were measured may not be rep-
resentative of the condition of newly formed carbon
in the ash leaving the high-temperatures regions of a
boiler. On cooling and storage, the adsorption of at-
mospheric oxygen may form stable complexes, which
inhibit further oxidation [179]. When one extrapolates
the annealing data (e.g., [68]) to very short periods



420

(seconds), the results indicate much higher reaction
rates than customarily reported.

The kinetics of formation of PCDD/F on a fly-
ash substrate at 30€ have been studied by Lasagni
et al. [148]. An exponential growth model was fit-
ted, and coefficients for the various congeners were
determined. This empirical approach has application
limited to the specific conditions of the test. The ki-
netics of destruction were similarly measured. Conesa
et al. [180] used differential thermal gravimetry to
study the oxidation of an activated carbon mixed with
either CuO or CuGl under an atmosphere contain-
ing HCI. The activation energy for the oxidation of
pure carbon was 158 kJ mot, typical of this mater-
ial, but fell to 121 kI mot? in the presence of Cugl
An intermediate value was found for CuO in the pres-
ence of HCI. A maximum for the rate of formation of
PCDD/F appeared at temperatures just below4D0
Lower values for the activation energy and the tem-
perature at which the rate is a maximum can be antic-
ipated when the copper is intimately mixed with the
carbon, as in flyash.

Despite numerous qualitative examinations of the
behaviour of PCDD/F under destruction conditions,
only a few kinetic studies have been performed. The
destruction of 123478HxCDD adsorbed onto flyash
was studied by Addink et al. [151]. An exponential
decay was apparent with half-lives 6f25 min at
the two temperatures tested. In similar tests Lasagni
et al. [148] also found an exponential decay of the
congener groups, with 80 to 90% of the material de-
stroyed in 100 min at 300C. Collina et al. [78] di-
vided the energetics of the reaction into the adsorp-
tion and reaction components. When allowance was
made for the energy of adsorption, the true activation
energy for the destruction of OCDD adsorbed onto
flyash was estimated to be 127 kJ nﬁ%] with a fre-
quency factor of 3 x 1012 s~1. Previously, values
of 157 kdmot'! and 17 x 10!! s71 had been re-
ported [181].

The rate constant for the decomposition of OCDD
at 300°C was 15 x 103 s71 in the presence of
water vapour [78], which should be compared with
a formation rate constant from PCP [77] ofxl
10~% s71. The latter rate relates to the concentration
of PCP in the gas phase, which is generally orders
of magnitude higher than the surface concentration
of PCDD/F. Thus at 300C the formation reaction
dominates over destruction. In view of the appar-
ent difference in bonding in Section 2.2 between ash
and product PCDD/F formed via the two heteroge-
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4.3. Comments

There is a paucity of experimental information
on reaction rates in the gas phase, and only one
feed material, i.e., 246 TCP has been adequately tri-
alled [51]. More effort needs to be expended in exam-
ining a range of heterogeneous reactions. From the
PCDD/F concentrations measured on ash sampled di-
rectly from flue gas, it can be inferred that newly
formed ash is much more reactive than ash which
has been recovered, stored, and used for annealing
tests. There is no doubt that the reactivity of ash to-
ward the precursor and de novo reactions decreases
markedly with time at elevated temperatures. In the
de novo case it has been shown that the carbon loses
reactivity [68], but this does not explain the large dif-
ference in rates. Entrainment experiments offer the
best technique for confirmation of high intrinsic for-
mation rates.

5. Modeingthe generation of PCDD/F in
thermal systems

The models developed so far have dealt only with
the total entity “dioxins”; I-TEQ values have not been
considered. However the environmental application
of dioxin emissions deals with I-TEQ values, so that
aratio of PCDD/F to I-TEQ must be invoked in order
to relate the two. Before examining detailed chemical
models of formation, two general approaches can be
noted. A global statistical approach to emissions from
incinerators of MSW has been presented by Chang
and Chen [182], who used genetic programming and
neural network modeling to process output data from
incinerators. The genetic program step was incorpo-
rated to identify the most likely formation pathways
for training the neural network. The authors offered
the approach as an efficient way of estimating emis-
sions from conventional incineration.

The technique of CFD has been applied to dioxin
modeling by Peche [183] as part of the MiniDIP
project, using Fluent to simulate gas flows and par-
ticle trajectories in a sinter bed. The input formation
rates were supplied on a mass basis as a function
of temperature, derived from experimental measure-
ments. The output indicated different concentrations
of PCDD/F for different particle sizes, due to their
different residence times in the various temperature
zones. CFD modeling of the combustion regime in
MSW furnaces has been undertaken by Hunsinger et

neous mechanisms, i.e., from adsorbed PCPs and thatal. [184] and by Gan et al. [185], but only the latter

formed de novo, it must remain uncertain whether
they also exhibit differences in the kinetics of destruc-
tion.

included the dioxin-forming reactions. The ultimate
application of the models discussed below should be
as input data for such CFD approaches.
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One of the major difficulties in producing work-  then to PCDD. The OH radical is taken to be the most
able models is the lack of experimental data produced active oxidising species under combustion conditions.
under controlled conditions, with which the models All the species may pyrolyse or oxidise to waste prod-
can be validated. In the gas phase only one reliable ucts in reactions (3), (13) and (8)—(11). The rate con-
set of measurements is available [51], and this con- stants for reactions (1) to (13) were estimated from the
cerns only one reactant, namely 246TCP. The ideal literature for similar reactions. The rates for reactions
(and presently unrealisable) model would incorpo- (2), (6), (8) and (10)—(12) are independent of temper-
rate every reactant and all processes. With respect to ature. The equations for the above mechanism were
heterogeneous reactions, most of the laboratory tests solved for various temperatures and reactant con-

carried out with solids, e.g., on incinerator flyash and
sinter plant ash, have been carried out over compara-
tively long periods. They therefore do not simulate the
conditions under which the ashes were formed, and
the applicability of the results to incinerator modeling
must be doubtful. Typical rates measured in incinera-

centrations (chlorinated phenols and fuel-derived or-
ganic molecules). The predicted concentrations of DD
were in order-of-magnitude agreement with contem-
porary measurements under incinerator conditions.
It has subsequently been shown by Khatchatryan et
al. [186,187] that the rates predicted by this gas-phase

tor furnaces are 10—1000 pgpp/rg L s~ 1, while in
laboratory tests it is 0.1-1 pgpp/eg s 1.

model were underpredicted for two reasons. First, the
possibility of radical-radical recombination was un-
derestimated, and secondly, the resonance stabilisa-
tion of the phenoxy radical was not recognised. As
a result of the latter, the rate of destruction of the
246TCP radical by oxygen was grossly overestimated

5.1. Homogeneous reactions

The first significant attempt at modeling the for-
mation of PCDD, by Shaub and Tsang [174] was by Schaub and Tsang.
addressed primarily to the gas phase. The model Sidhu et al. [51] employed the model of Shaub and
considers chlorophenol precursors and takes account Tsang [174], but decreased the activation energy for
of the combustion environment through temperature the condensation reaction (4) to fit their own experi-
and the concentrations of reactants. The intermedi- mental work. The result is depicted in Fig. 3, where
ate organic species reacting to give PCDD (desig- the agreement is only fair. However, the complex-
nated as D) were considered to be polychlorinated ity of the reactions makes this type of modeling very
phenols (P), polychlorinated phenoxy radical$)(P difficult. Babushok and Tsang [188] have considered

polychlorinated 2-phenoxyphenols (PD), and organic
fuel compounds R. Any unspecified product is des-
ignated as Pr. The reactions in which these species

a combustion sequence of localised mixing and re-
action, where free chlorine is produced in fuel-lean
systems, leading to the production of chlorinated phe-

participate were given as noxy radicals when mixed into a fuel-rich region. The

phenoxy radicals can then go on to produce dioxins.

P—P"+H (1) The kinetic scheme which they put forward for in-
P+ OH— P* + H,0 ) cinerator conditions predicts yields of PCDD/F of the
correct order of magnitude.
P*— Pr (3) The Shaub and Tsang approach [174] was mod-
P+ P* - PD+Cl 4 ified by Khatchatryan et al. [186,187] by taking ac-
count of new kinetic information on the stability of
PD— D +HCI ®) phenoxy radicals to produce an expanded (45 reac-
PD+ OH— D + H,0 (6) tion) and a core (12 reaction) model. The reaction
y scheme, which involves over 30 chlorinated species
P*+R—P+R ) including stable molecules, radicals, and interme-
P*4+OH— Pr (8) diates, proposes the OH radical as the most reac-
D Pr ©) tive centre. The expanded model when solved with
CHEMKIN gives a good simulation (see Fig. 3) of the
D+ OH— Pr (20) experimental results of Sidhu et al. [51] for the con-
P* 1+ 0, Pr (1) version of 246TCP to 1368TeCDD. The core model
does not perform quite as well.
R+ OH— R* +H,0 (12) Other more simple models have been developed
R— Pr (13) to incorporate into general models of a furnace. To

estimate the amounts of pollutant leaving an incinera-
This scheme assumes that the phenolic (single tor, Chagger et al. [189] have proposed a gas-phase

ring) precursors form radicals, which can condense system involving precursors, which react under the

to phenoxy (double ring with an oxygen linkage), and influence of ash-borne catalyst. The concentration of
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PCDD/F product was calculated as a function of pre- Altwicker [172] proceeded to extend the model to
cursor concentration, temperature, and oxygen con- include superactive sites, using a similar four-stage
centration. An unlikely outcome is that an increase in process. Although the fraction of active sites is con-
the concentration of ©@from 6 to 24 mol% produces  sidered constant for normal sites, the concentration of
a 10-fold increase in the production of PCDD/F. Stan- superactive sites diminished exponentially with time
more [171] has taken a formation to occur in a single due to accelerated destruction as well as formation.
step with an activation energy based on the condensa- The resulting simulation gave rates of the correct
tion step, coupled with thermal decomposition viaone magnitude~ 1000 ng g1 s~ over a period of a few
first-order reaction. The approach is unable to simu- seconds. In assuming a standard temperature-distance
late Sidhu’s data adequately, but does reproduce the profile for incinerators, Penner et al. [177] did not dis-
maximum at 900C found in a two-stage combus- tinguish between hetero- and homogeneous reactions.
tor [33]. Also it gives reasonable agreement with mea- In fact only surface reactions were included in their
surements in the Umea pilot-scale fluidised bed [56]. model. They then wrote rate expressions for an over-
The latter data represent a collection of PCDD/F com- all I-TEQ concentration in the gas and solid phases

pounds and not one pathway only. based on two intermediate variables. Q quantified the
rate of I-TEQ formation on the particles’ surface, and
5.2. Heterogeneous reactions P the rate of transfer of precursor from the surface

due to its adsorption, and the desorption of product

As noted earlier, the data used for validating het- I-TEQ. A number of extra variables had to be eval-
erogeneous models have often been derived from an- uated, including the extent of surface coverage, etc.
nealing tests lasting more than 30 min. However, the Penner et al. [177] fitted the reaction parameters to
passage of ash through the gas ducts of a combus- make the solution fit the formation rates measured ex-
tor often takes only seconds. Another criticism which  perimentally during 2 h of annealing flyash by Vogg
can be leveled against most existing models of het- and Stieglitz [146]. It was emphasized [177] that the
erogeneous formation is in the failure to take proper model fitted both short- and long-term experiments.
account of the nature of the ash’s surface, particularly A sensitivity study was carried out for some of the
with respect to particle size. Surface models are nec- inputs. Since the predicted I-TEQ output was propor-
essarily empirical in nature, because the mechanisms tional to the square of the precursor concentration, the
of adsorption and reaction are complex, and have not result is very sensitive to the information inputted.
been adequately elucidated. In a first attempt at mod-  Huang and Buekens [89] have developed a model
eling production involving the solid phase, Shaub and for the catalysed formation of dioxins from chlorophe-
Tsang extended their model [190] by considering the nols, by incorporating reversible adsorption from the
reactions to take place in the gas, and the product to gas phase, followed by reaction as follows,
subsequently adsorb onto the solid. This was clearly
inadequate, but the approach was developed by Al- P+ s« P9
twicker et al. [191] to consider surface coverage in 0
a four-step model comprising reaction, desorption, —~Pr
dechlorination, and decomposition. The dechlorina- PP+ p0 s D,
tion of species was accommodated by including the
species D', which is at a lower chlorination level than ~ Where s is the solid. They found that the kinetics

originally formed PCDDI/F. for each process were similar for three different pre-
cursors, 246TCP, 2346TeCP, and PeCP, using exper-
P+P°— DO imental data taken from different sources. The rate

was found to be proportional to the concentration of
precursor P at high concentrations, but to be second
D% D~ order at low concentrations. The model successfully
D0 _s pr predicted the low-temperature experimental data of
’ Milligan and Altwicker [176]. The output was found

where? represents an adsorbed species. This model to be sensitive to the number of active sites, which
fitted measurements made with a laboratory-scale flu- was assumed to be constant. However, Milligan and
idised bed burning synthetic MSW during a 60 min  Altwicker [93] reported that the number of occupied
test. It was also successful in predicting emissions be- sites falls as the temperature rises. This may partly
tween the secondary combustion chambers and the explain why significant formation is predicted at tem-
inlets to the air pollution control devices of two in-  peratures around 60 [89], which is not found
cinerators, when the surface coverage of active sites in practice. When likely concentrations of precursor
on the ash was suitably adjusted. in an incinerator are substituted into the model, the

D~ D
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predicted rates are so much smaller than those ex-
perimentally measured that Huang and Buekens con-
cluded [89] that formation from precursors is negligi-
ble in MSW incinerators.

Huang and Buekens [192] followed this with a
complementary model for de novo synthesis. This
scheme relies on a general oxidation reaction for car-
bon with adsorbed PCDD/F as by-products,

C+ 0y — CO+COy + Ar 4-D°
followed by

D~ D
or

D% Pr.

They fitted four empirical rate constants for the differ-
ent reactions by simulating some laboratory annealing
tests, using an order for the oxygen reaction of 0.52.
The kinetics were then successfully applied to pre-
dicting the performance of operating incinerators, but
only when the flyash was held for periods of 5 or
10 min. In this case the kinetics were not adequate
to explain reactions over short residence times.

The four alternative models of Gullett et al. [72]
are statistical fits to the data set from their de novo
entrainment experiments on MSW ash at low temper-
atures without precursors. The significant variables
in each model vary slightly, but the major ones are
the concentrations of £ HCI, Cl,, the tempera-
ture, residence time, quench rate, and the quantity
of Ca(OH) added. The predictive capacity of the
models was good, but the authors considered that the
model may apply only to the conditions used in their
tests.

Shin et al. [5] have carried out general process
modeling to simulate 10 incinerators burning Korean
MSW, concentrating on events in the low-temperature
end. They first examined experimental data and con-
cluded that there exists a maximum in the rate of
formation of PCCD/F in the region of 4GC. An em-
pirical fit of this rate data was utilised for the input
load to the gas-cleaning devices. They assumed that
the flue gas conditions at the beginning of PCCD/F
formation were identical for all incinerators, i.e., the
concentrations of dust, precursors, and chlorine. The
output concentrations of PCCD/F were determined
by formation during cooling and the subsequent ad-
sorption of the PCCD/F in the gas-cleaning system.
The temperature regime and the type of downstream
equipment, e.g., ESP, fabric filter and addition of acti-
vated carbon, determine the outcome. They claimed
an overall R2 correlation value of 0.987 between
measured and predicted TEQ emissions from the 10
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incinerators. A simple kinetic model for de novo for-
mation was developed by Matzing [193], involving
the following variables: the carbon and copper con-
tents of the ash, the surface area (BET) of the carbon,
and the concentrations of oxygen and water vapour
in the gas phase. Kinetic constants for the formation
and destruction of PCDD/F were estimated from vari-
ous annealing experiments. The model adequately de-
scribed other experimental annealing results, but was
inadequate for a cleaned flyash. In that case the tem-
perature dependence was not well described, and the
quantity of product was too low.

A model developed for the formation of both pre-
cursor and de novo dioxins has been based on the
global surface area of the particles [171]. This ap-
proach assumed that a similar mechanism applied
to both precursor and de novo routes, because of a
limit to the availability of reactant when the reac-
tion temperature rose. The rate of adsorption of gas-
phase species on a surface can be estimated from
kinetic theory [171,172], and applied both to precur-
sor transfer and to HCI in the de novo route. The
formation rate is determined by the reaction kinetics
at lower temperatures, but is controlled by the diffu-
sion rate of precursor at higher temperatures, typically
above 300C [91]. This accounts for the maxima in
PCDD/F product measured at around this tempera-
ture. The variables required for modeling are particle
size distribution and the concentration of precursor
in the gas phase. With de novo formation, the reac-
tion rate between carbon and chlorine dominates at
lower temperatures, but is limited by chlorine avail-
ability as the rate rises with temperature. Chlorine is
then assumed to be supplied to the reaction via shut-
tling between the gas-phase HCI and the solid. Once
again this leads to diffusional limitations &800°C.

For the de novo product to be predicted, the chlorine
content of the fuel and the concentration of HCl in the
gas are required.

A method for predicting the formation of PCDD/F
on the ash of MSW incinerators by following their
flow path has recently appeared [185]. Like Shin et
al. [5] and Méatzing [193], the authors assumed that all
ashes exhibit the same basic rates of formation with
respect to temperature, i.e., with a normal distribu-
tion peaking at~310°C. The other variables chosen
for inclusion were oxygen concentration, the carbon
and copper contents of the ash, and its loading in the
gas. A correlation for the removal of PCDD/F by ad-
dition of activated carbon was included. The model
successfully predicted the concentrations of PCDD/F
in the ash along the gas passages of two incinerators,
but was restricted to the incineration of MSW in mass
burn units.
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5.3. Comments

The aim of PCDD/F models should be to pro-
duce algorithms suitable for CFD simulations. Great
progress has been made recently in formulating mod-

els to describe homogeneous reactions, but these are

still too specific to be applicable to the complex reac-
tion network found in actual combustors. The empha-

sis on heterogeneous systems has produced a number

of models which are based on measurements from
laboratory tests. Some of them are limited to MSW
incinerators [5,185] and only one can be regarded as
universal [91]. All still require development and bet-
ter verification.

6. Recommendations for further work

Both the homogeneous and heterogeneous forma-
tion reactions need further investigation. More exper-
iments similar to those conducted in the gas phase
by Sidhu et al. [51] with precursors other than PCPs
are required to elucidate mechanisms, and to esti-
mate their kinetics. The formation of furans needs
more attention. Heterogeneous formation from pre-
cursors does not warrant further work, because the
route seems to be a minor source of PCDD/F in indus-
trial systems. The de novo route needs examination in
connection with the participation of the solid surface.
This should involve characterisation of the particle
properties, including the distribution of the inherent
carbon and the disposition of catalyst in relation to it.
The interaction between gaseous and solid chlorine
must be better understood. It is important to identify
the conditions under which chlorine, carbon and oxy-
gen can become limiting reactants. The relationship
between the rate of carbon consumption and the rate
of production of PCDD/F should be clarified.
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