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Abstract

A set of empirical models which accounts for the formation of gas phase polychlorinated
dibenzo-p-dioxins and furans (PCDD and PCDF), and solid phase PCDD/F by the de novo
mechanism is described. In each case, competing formation and destruction reactions are
considered to operate. The effect of the time-temperature history on their formation is then
examined. At high temperatures, steady-state is reached in fractions of a second, resulting in
the observed low product concentrations. Rapid cooling as found in furnaces produces higher
PCDD/F nett formation rates than slower cooling over the same temperature range, but with
less overall yield. In addition, a cooling process will result in more PCDD/F production than
heating at the same rate. Thus the conventionally-regarded temperature “windows” for
formation are misleading, as in practical conditions PCDD/F are produced at higher
temperatures. Simulations carried out of a pilot scale municipal solid waste (MSW) incinerator,
a commercial fluidised bed boiler burning wood as a fuel, and of the laboratory scale thermal
“annealing” of particulates taken from iron ore sintering off-gases illustrate the effects. There
is sufficient promise in the approach to suggest that better characterisation of particulates
will lead to acceptable predictions.
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1. Introduction

The question of dioxin emissions to the atmosphere from combustion processes was a burning
guestion (!) in the early years of this century, and the technical literature contains a plethora of
submissions. This interest has been displaced recently by other compounds, such that the last
review of the chemistry involved appears to be Altarawneh et al [1]. Nevertheless, the material is a
regulated emission, and any advance in estimating its formation in thermal processes would be of
use to practitioners in the field.

The most common process studied is municipal solid waste MSW combustion, which is
widespread in application and contributes significantly to local emission loads. The detection of
polychlorinated dibenzo-p-dioxins and furans PCDD/F in MSW flue-gases in the 1980s sparked a
flurry of research, which identified its generation from polyaromatic hydrocarbons (PAH) and
chlorinated precursors in the gas phase, and formation on carbonaceous particulates. The copper
present in MSW was found to be an excellent promoter/catalyst for the latter reaction.

From the observed isomer patterns, it is clear that a combination of chlorination and
dechlorination reactions is the dominant formation mechanism for PCDF, whereas condensation
reactions of phenolic precursors appear to be responsible for PCDD formation [2]. The complexity
of the processes involved means that a wide range of variables must be considered. Those chosen
as significant by some authors are neglected by others. Many of the models contain empiricisms
which have been adopted in order to fit simplified expressions to a complex network of compounds
and reactions.

Initial homogeneous gas-phase investigations were begun by Shaub and Tsang [3, 4], with the
governing rate given by an expression of the form k =275 (T/973)1/2 exp (- 11,500/RT) s. This was
followed up by a routine to estimate their formation from chlorinated gas-phase precursors [5].
Subsequently, the realisation that the majority of PCDD/F type material is present on the MSW
flyash led to concentration on that pathway, and the de novo process involving elemental carbon
was identified. A much-quoted experimental investigation into the gas phase system was carried
out by [6], and there was evidence that copper-containing particle act as catalyst in gas-phase
reactions [7]. Work on PCDD/F formation still appears at irregular intervals.

The standard method of establishing rates of formation for the de novo process is the isothermal
“annealing’ experiment, in which a small sample of the particulate of interest is exposed to elevated
temperatures under an oxidising gas stream for a set period. The required carbon and chlorine may
be inherent or externally added, as well as copper. A variation of this technique used to study
precursor formation involves the addition of chlorophenols and/or chlorobenzenes to the gas such
that they are adsorbed and react on the surface e.g. Milligan and Altwicker [8]. As will be shown
later, this technique can give misleading results in non-isothermal conditions.

A number of kinetic models of varying scope describing the rate of formation of PCDD/F in MSW
combustion systems appeared in the period 1990-2005. The work of Shaub and Tsang was
incorporated into a kinetic model involving flyash by Penner et al [9]. Gas-phase precursors
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adsorb/desorb at the ash surface while reacting to form dioxins. Altwicker [10] also concentrated
on a precursor route by incorporating a Freundlich adsorption isotherm with a Langmuir-
Hinshelwood reaction sequence. His de novo model consists of reaction, desorption, dechlorination,
and decomposition steps with assumed Arrhenius pre-exponentials and activation energies.

In gas-phase systems, Babushok and Tsang [11] focus on the production of free chlorine with
subsequent mixing leading to chlorine atoms as the main reactive radicals. High concentrations of
chlorinated phenoxy radicals can be formed, giving polychlorinated phenol, polychlorinated
phenoxy radicals, polychlorinated 2-phenoxyphenols, and PCDD. CHEMKIN modelling was
employed by Katchatryan et al [12] with a system of 45 reactions to account for the major features
in the homogeneous formation of dioxins from the oxidation of 2,4,6-trichlorophenol.

Gullett et al [13] employed a stepwise regression analysis to determine the predictive parameters
for four models of PCDD, PCDF, the total of PCDD and PCDF yield, and the partitioning between
PCDD and total yield on MSW ash passing through a laboratory drop-tube furnace. The variables,
which included temperature, quench rate, residence time, oxygen concentration, and chlorine
speciation produced a reliable predictive outcome.

The early attempts to globally describe waste-to-energy plants burning MSW include an
empirically-derived, Gaussian model for a bell-shape reaction rate profile with temperature [14],
and a neural network approach [15]. The dynamics of furnace processes were modelled under PSR
conditions (Perfectly Stirred Reactor) by Chagger et al [16], who demonstrated that the formation
of chlorinated compounds during the quenching process was thermodynamically favoured.

Huang and Buekens [17] set up a kinetic model for PCDD formation from gaseous chlorophenols
on flyash using a Langmuir-Hinshelwood scheme which included adsorption, desorption,
decomposition and reaction stages. Kinetic parameters for all four processes were derived from
experimental data. At high chlorophenol concentrations, the rate is first order, but reverts to second
order at low values. They complemented this with a similar model for the de novo system [18],
where only three steps are incorporated, namely formation from carbon during its gasification,
dioxin/furan devolatilization from the solid and its thermal destruction. The rate is first order with
respect to carbon and half order with oxygen concentration.

A similar approach for the de novo process by Matzing [19] also links the rate to carbon
combustion, modified by the oxygen and moisture content of the gases. The method of Gan et al
[20] also focusses on the de novo route, which is assumed to dominate the generation of PCDD/F in
MSW furnaces. Temperature is tracked with a computational fluid dynamics CFD model, while the
carbon and copper contents of the solid and oxygen in the gas phase were the variables employed.
A more fundamental model by Grandesso et al [21] is limited to the specific conditions of high
carbon particulates.

This author constructed the simple approach outlined below [22-25] in an attempt to provide a
method of predicting the likely PCDD/F emissions from operating plants c.f. Shin et al [14]. Although
the results gave realistic levels of dioxins in the systems tested, some aspects are now recognised
as inadequate.

As research proceeds and the formation processes are better understood, empiricisms can be
refined or removed. In contrast, rather than providing a mathematical description of the various
routes of formation in thermal processes, the aim of the present paper is to offer a simplified overall
method of estimating emissions. The method, which is directed towards plant operators, is purely
empirical, but has been developed from observations of PCDD/F formation. Calculation of PCDD/F
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emissions in a thermal system therefore requires the numerical integration with time of only two
equations, so that the execution is suitable for EXCEL or another simple spreadsheet.

The bulk of the models apply to MSW incinerators and are thus of limited application. The
approach previously developed by the author [22, 25] covers both gas and solid phase formation
from precursors and the de novo reaction, and attempts to cover a broader range of thermal
processes. This set of models has now been further refined and consolidated, and is applied here
under different combustion situations.

2. Description of the Model

The present approach proposes that the net quantity of PCDD/F present is determined by a
competition between formation and destruction reactions. In reality a complex network of reactions
is present e.g. lino et al [26], including formation, further chlorination, desorption, dechlorination
and decomposition. As mass transfer effects are unlikely [27], all the equations employed are of
Arrhenius form, as given by Eq. (1):

dProduct

_ E a b c
ot _ g exp [—7] (X, 19[X,1P [Xs] (1)

Here A is the pre-exponential factor, E is a form of activation energy and Xi, X2 and X3 are the
concentrations of reactants. A summary of the values used for the different reactions outlined
below is given in Table 1.

Table 1 Values used in Equation (1).

Eq’n Product A E X1 X2 X3 Detail

* S-l K * * *
Gas phase
1A PCCD? 8.5x10° 12,500 PCP3 - Formation
1B PCDF ! 3 x 1086 12,500 PCP3 PCBz3® - Formation

; a=0.5 b=0.5
1C 5x10*% 30,000 PCDD/F3? - Destruction
Precursor
1D PCDD ? 13 10,500 PCP3 - Formation
1E ; 2.5x10> 25,000 PCDD* - - Destruction
De novo
1F PCDD/F2 3.0x10°> 12,000 C> Ccl> 0;° Formation

a=1 b=1 c=0.6

1G - 2.8x10*® 30,000 PCDD/F* - - Destruction

* Units: 1. nmol m3s%; 2. nmol m2s%; 3. umol m3; 4. pmol m?; 5. Mass %

The equations were integrated numerically. The increase in concentration of PCDD over time At
at any temperature due to the formation reaction is

ACi = 1 [Creactant(s)]At nmol m~3 or nmol m~2

Page 4/17



Adv Environ Eng Res 2021; 2(2), doi:10.21926/aeer.2102013

where Cis concentration and rf is the relative Arrhenius expression (see Table 1):
r; = Agexp (—E¢/T)s™ !
The new concentration or nett value as a result of the iw iteration is
Ciz1 = (G + AG) (1 - rq At) nmolm™3 or nmol m~2

where rq is the expression for the destruction reaction similar to r¢ (Table 1).

The result is sensitive to integration step size At at higher temperatures, where the formation
and destruction rates are almost equal and changing rapidly. From the expression for Cis1, the first
formation step can only occur when At < 1/rq. Therefore, using microsecond increments, nett
formation could result at any temperature, including those above what is usually considered active
(e.g. 1400 K for dioxins), but the nett amount of PCDD/F formed plateaus quickly, and is negligible.
Decreasing the step size at elevated temperatures to the order of one millisecond avoids any
instability. At lower temperatures a step size up to 0.1 seconds can be satisfactory. Nett values
which were negative were replaced by zero.

2.1 Gas Phase PCDD/F

The PCDD/Fs in any original fuel are destroyed in combustion [28], so that the material found in
flue gases has resulted from post-combustion processes. It is assumed that PCDD forms from
multichlorinated phenols (PCP) of any degree of chlorination other than mono [29], and PCDF from
PCP and polychlorinated benzenes (PCBz). This is a gross simplification, as many pathways have
been identified e.g. Oh et al [30]. They observe that the pathways to PCDD and PCDF generally differ,
with the dioxins formed by condensation of chlorophenols, while the furans tend to be formed via
PCBzs, PAHs, and chlorinated naphthalenes. On flyash, any PCBz formed contributes to PCDF, but
not to PCDD [31]. Furans result directly from preformed biphenyl structures [32]. The approach
outlined here relies on the assumption that the amount precursor materials of all kinds will be
comparable i.e. high concentration of PCPs will be accompanied by high amounts of the alternatives.

PCDD is assumed to form according to Equation (1A), which is first order in respect to PCP [29,
33]. The competing destruction reaction is described by another Arrhenius equation with a higher
activation energy, Equation (1C), so that as temperature rises, this reaction comes to dominate the
formation reactions. Collina et al [34] report that the decomposition reaction is of the first order
with respect to the reactant adsorbed physically, while the dechlorination reaction involved first-
order series reactions.

The two formation reactions and the destruction reaction are numerically integrated
simultaneously over the time period during which the gases are in the appropriate temperature
regime, while continually adjusting the temperature. The routine assumes that the concentrations
of chlorophenols and chlorobenzenes remain unchanged during this period.

A process for determining Arrhenius parameters is to consider the temperature extremes, which
is adequate given the assumptions involved. Activation energies for formation are controlling at
lower temperatures where the destruction reactions are negligible, and conversely the destruction
reaction dominates at higher temperatures. The pre-exponential factors can then be fitted by
iteration. The experimental data from Sidhu et al [6], where 2,3,6 trichlorophenol in air was passed
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through a heated quartz reactor with a 2 second residence time was used. From this data, it was
estimated that respective values of E should be 104 k) mol™* and 250 kJ mol™. The values of A were
then fitted, see Table 1.

PCDF on the other hand appears to be formed via a variety of pathways, and is better fitted by a
reaction involving both PCP and polychlorinated benzenes (PCBz). The activation energy found for
PCDD was retained, whereas the order of reaction for each was set at 0.5 to preserve parity between
the two species, Equation (1B). Some average concentrations of PCP / PCBz in the flue gases of two
MSW furnaces are roughly identical [30] at 13 / 18 and 36 / 39 pug Sm™3. Other values are 20 / 3.1 pg
Sm3 respectively [35], or 1.2 / 2.0 ug Sm™ [36].

Although in many combustion systems the concentrations of PCP and PCBz in the fluegas are
unknown, estimates can be made by reconciling experimental data. The concentrations of the
chlorobenzenes can be of the same order as those of chlorophenols [30], or somewhat lower [35].
The PCPs and PCBzs formed from MSW are concentrated in the Cls congeners [2, 28], such that their
mean molecular masses were taken as 200 and 180 respectively.

During the combustion of MSW under controlled conditions, the mass of PCP present in the
fluegas is roughly proportional to the oxygen concentration [29]. The situation with chlorine is more
complex. Investigations by Wang et al [37] and Kanters et al[28] led to the approximation

[PCP] = 0.01[0,][C]] pmolSm™3 0 < [Cl] < 0.7 % 2)
[PCP] = 0.007 [0,] umol Sm™~3 [C]] > 0.7 %; 0 < [0,] < 15 (3)

where [0;] is the oxygen concentration as mass % in the combustion gas.

A consequence of this type of formulation is the response of the system to the nature of the
time-temperature profile. If the temperature experienced by the reactants is constant, at low
temperatures the formation rate exceeds the destruction rate, such that the concentration of
PCDD/F increases indefinitely (subject to the availability of reactants). As time passes, the build-up
of product continues to suffer decomposition, which results in a steady-state situation i.e. the
concentration of PCDD/F no longer increases. An example of this effect is evident in Figure 1 for
simulation of the experiment of Sidhu et al [6], where any experimental results are shown as a short
line on the right-hand side. At higher temperatures steady-state is rapidly achieved: at 800°C the
system achieves equilibrium after only 0.019 s in a total residence time of 2 seconds. This type of
measured data is therefore not of instantaneous rates, but the product after a set time at specific
conditions.
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Figure 1 Simulation of gas phase dioxin formation from trichlorophenol.

A further complexity arises when the system is not isothermal, such as in the cooling of
combustion gases leaving a furnace and passing through downstream equipment. If the
temperature of a parcel of gas transporting ash is falling, the residual PCDD/F formed at higher
temperatures experiences a lower rate of destruction than found in an isothermal system. With
decreasing temperature, its concentration will increase at a faster rate. On the other hand, a rising
temperature will tend to destroy more of this material, leading to a difference between the two
configurations.

In a MSW furnace for example, rapid cooling is desirable. The effect is illustrated in Figure 2 for
the T3CP initial experimental conditions of Sidhu. At a cooling rate of 250°C per second i.e. “rapid
cool”, the nett instantaneous rates of formation are higher at the top end temperatures than the
original Sidhu data shown in Figure 1, with a maximum rate found at 650 rather than 600°C. For
“rapid heat” at 250°C s}, the result is similar to “rapid cool” at low temperatures, but any formation
stops abruptly around 660°C. The effects are intensified under “slow” conditions of 25°C per second,
Figure 2. The usually quoted temperature “windows” are misleading.
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Figure 2 The effect of non-isothermal conditions on gas phase PCDD formation.

The lower rates experienced under slow cooling will not compensate for the extended period at
elevated temperatures which the gases will experience. As the temperature falls from 850 to 400°C,
the “rapid” process in Figure 2 takes 1.8 s and forms 0.123 umol Sm= of PCDD/F, while the “slow”
process takes 18 s and forms 0.438 pumol Sm™3. The instantaneous generation rate (nett change)
follows the left-hand (low temperature) arm of the nest of curves unless the destruction rate is
significant.

2.2 Surface Formation on the Solid Ash

The surface of particulates is active in the formation of PCDD/F, affording sites for the
adsorption/reaction of gas-phase molecules (precursor mode), and also allowing oxygen to attack
native carbon to form organics such as PAH, PCP, PCBz and PCDD/F, the de novo reaction [38]. There
appears to be a significant exchange of such compounds between the gaseous and solid phases.
Much of the chlorocompounds found in the gas phase may originally have been formed on the
particulates present, and subsequently devolatilised [39].

The BET surface area for carbon does not correlate with PCDD/F formation [40]. The use of
external surface for analysis is also consistent with the results for MSW ash of Matzing et al [39],
who found that the global area was similar to the BET area, suggesting that the particles had
negligible porosity, and only a few percent of the BET area was present as active sites [34].

In order to convert the results from a surface to a mass basis (ng g's'), the molecular mass of
the PCDD/F and the specific surface area of the ash particles must be known. The average molecular
mass of the product PCDD/F (Mpcpp/e) can be taken as that of the hexachloro congenersi.e. ~380 g
mol™* and surface area can be calculated for spherical particles by

Ay =— ng_l 4)
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where d; is the mean particle diameter (um) and the ash density is assumed to be 2000 kg m™3. Then
the mass rate is

dpcpp/F _q
d—t: RpettMpcpp/rAs N8 Is71 (5)

The mass results can be converted to I-TEQ by dividing the calculated value by ¢, the ratio of the
PCDD/F to the I-TEQ in the sample:

PCDD/F
[I - TEQ] = % ng_teq & s (6)

The value of @ is the inverse of the effective toxicity factor for the sample. It is typically between
50 and 100, i.e. the effective toxicity factor lies between 0.02 and 0.01.

2.2.1 Precursor PCDD/F

The rate of formation is limited by the availability of precursor molecules in the gas phase, by
their adsorption onto the solid surface, and by the need to react with a neighbour [17, 41]. To
estimate formation rates, the work of Altwicker [10] with MSW flyash was used, affording the
parameters for Equations (1D) and 1(E) of Table 1. No data suitable for estimating furan formation
was found.

2.2.2 De Novo PCDD/F

A similar surface approach is used for the de novo reaction, with competition between formation
and destruction, furnishing Equations (1F) and (1G). A solid-state reaction between carbon, oxygen
and chlorine occurs during formation, with the rate of PCDD/F production determined by the rate
of carbon oxidation [38]. This can be taken as constant with time, as was found during the annealing
of four different MSW flyashes for 30 min at 300°C [42]. The order of reaction of carbon with respect
to oxygen below 900°C is variable [43], but generally falls between 0.6 and unity. A value found for
MSW ash is 0.54 [42], so that 0.6 was assumed.

Since the carbon [C] and chlorine contents [CI] in the ash are of the first order with respect to
PCDD/F product [24], these two elements as well as oxygen are taken as reactants. Some 30 minute
annealing trials carried out by Altwicker on two MSW ashes with different carbon contents were
the experimental bases for parameter fitting. While the chlorine contents of the two samples are
not available, the values listed in the literature for MSW flyash range from 0.9 to 15% [44, 45]. The
concentrations used for the two fly ashes were arbitrarily set at 3 and 4 % respectively to fit the
simulation.

Figure 3 depicts the results of the modelling, and the derived values are given as Equations (1F)
and (1G) in Table 1. The oxygen concentration present when deriving (1F) was 10% by volume (which
is almost the same by mass in flue-gases). The result can be converted into an I-TEQ mass basis using
Equations (4), (5) and (6).
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Figure 3 Simulation of de novo PCDD/F formation on MSW flyash.

Flyash is especially active in promoting PCDD/F formation, for two reasons — the small particle
size, and the enrichment of chlorine [46]. It has been shown the reactions are concentrated on the
particle surface i.e. the surface concentrations on MSW ash of dioxins/furans (ng m2) are constant
for all particle sizes under similar conditions of formation [24].

Wikstrom et al [47] concluded that ash-based chlorine was the dominant source under all
conditions, and added chloride acted as a chlorinating agent only when no alternative chlorine was
available [48]. Metals in the ash are known to be active in promoting the reactions, either by
shuttling gaseous chlorine to the organic species as with copper [49], or by catalysis:

2CuCl, + R —H—>2 CuCl + R — Cl + HCl

The influence of copper in the ash was examined and found to promote the rate linearly with
concentration [49]. Iron is active, but at a lower effectiveness [50, 51]. Water vapour also actively
promotes PCDD/F formation on flyash [52]. In practical combustion situations, there is sufficient
water to fully facilitate this process.

Another consideration for particulate formation is the action of sulphur in the system, which
appears to inhibit the catalytic action of copper and other metals. The rate of de novo PCDD/F
formation should be adjusted by a coefficient equal to exp (- 0.0038 Cso2), where the sulphur dioxide
concentration is in mg Sm3[22].

The presence of metals in the ash catalyses the reaction via the rate of carbon oxidation [42], so
that the type of metals in the source material will influence the result. In order to carry out a
prediction, the nature of the parent fuel or a metal analysis would be helpful. Copper is by far the
most active of the metals [53].

3. Application of the Model

Simulations involving the three completely different systems are now described.
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3.1 Pilot Scale Fluidised Bed MSW Incinerator

The 5 kW pilot scale incinerator at Umea University in Sweden burns simulated MSW in a
bubbling fluidised bed. There is a gas residence time in the bed/freeboard section of about 4 s at a
temperature of 850°C, falling over 4.5 s to 270°C. The experimental data for the conditions
examined here (Run 6 of [29]) include only the gas-phase results.

A simulation of the total system was carried out, using the measured concentrations of PCP.
Figure 4 presents the results of the simulation, which includes the homogeneous and de novo
mechanisms of PCDD/F formation, although measured results for the de novo route are unavailable.
The concentrations of chlorophenols and chlorobenzenes in the gas phase were so low that
precursor formation on the ash was negligible. PCDD and PCDF begin to appear in the gas phase of
the bed around 720°C and plateau around 480°C. The final concentrations are below those
measured.
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Figure 4 Simulation PCDD/F formation in the Umea furnace burning MSW.

The de novo estimation used 2% carbon and 1.9% chlorine, while SO, concentration decreased
de novo PCDD/F formation by 29%. The high particulates burden of 850 mg Sm™ and an assumed
100 micron mean particulate size led to 0.38 ngl-TEQ g on the ash.

The de novo results for Run 6 were obtained at a cooling rate of 120°C per second from 600 to
360°C, followed by 70°C per second below that temperature. They are superimposed on data of
Figure 3, although the values for PCDD/F vyield are arbitrary. The peak rate takes place at 450°C
rather than at 325°C. As in gas-phase processes, the generation curve lies at temperatures well
above the “window” from which the kinetic parameters were derived. The upper-end discontinuity
is due to the initial integration time step.
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3.2 Commercial Fluidised Bed Wood-Fired Boiler

Some emission data from a commercial bubbling fluidised bed boiler of nominal 70 MW capacity
operated at a paper factory were obtained during commissioning tests (Casauria [54]). The fuel was
a mixture of plantation off-cuts and recovered timber, which contained about 0.015 % of chlorine
on a dry mass basis, and the resulting bottom ash 0.15%. It was necessary to estimate the flyash
chlorine concentration, which was taken as 0.75%.

The time-temperature and results are presented in Figure 5. Equation (2) was used to estimate
the PCP, and PCBz was assumed to be the same. The flyash was 8.8 mg Sm3 in the gas, with carbon
assumed to be 2%, and the mean particle size for wood-based flyash estimated from Lanzersdorfer
was 4.3 um. The de novo mechanism overwhelms the gas-phase emissions. The measured limit of
detection values (LoD and half LoD) are also shown as short lines on the right-hand side.
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Figure 5 Simulation of PCDD/F formation in a wood-fired BFB furnace.
3.3 Iron Ore Sinter Strand Particulates

A flyash from iron ore sinter operations was annealed under air to establish its propensity to
form PCDD/F [18]. A carbon content of 2.7% and chlorine of 9.55 % were supplied; as 73% of the
sample was less than 40 microns in size, the mean size was set at 20 um. Equation (1F) predicted
rates one to two orders of magnitude faster than the sinter ash, so the parameters were adjusted
to fit, reflecting the predominance of iron. The activation energy for formation was increased,
whereas that for destruction was reduced.

The result is Figure 6, where concentration (ng g!) is plotted against annealing time (min),
together with experimental values. At the low temperature of 250°C, the plot is almost linear, as
the destruction rates are negligible. At higher temperatures, the rates are higher but curvature
appears as the rate of destruction on the surface rivals that of formation. Finally, around 325°C a
maximum appears around 150 min; but is less than the maxima which would be reached at lower
temperatures.
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Figure 6 Simulation of de novo PCDD/F formation in iron sinter flyash.

At 350°C the trend in observed experimental behaviour is disturbed such that a plateau is not
reached even after 2 hours. The higher temperatures evidently allow reaction to proceed inside the
particle, possibly because the Tammann temperature of either chloride of any copper present is
exceeded [24]. All the results except those for 350 and 400°C closely follow the trends and values
measured experimentally.

4. Conclusions

Use of a two-process model for PCDD/F (formation /destruction) produces acceptable
agreement during the simulation of three different thermal systems. The rapid cooling of flue-gases
indicates that the maximum rate of PCDD/F formation in furnaces occurs at higher temperatures
than found in isothermal laboratory tests. Better accuracy in prediction will be afforded when
similar operations are considered viz MSW, biomass, iron sinter, etc. The precursor ash pathway is
negligible under most conditions. There is a need for better characterisation of the ash, to include
carbon, chlorine and copper concentrations, as well as particle size distribution.
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