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ABSTRACT:  Catalytic formation of dioxins and furans is investigated thearerically based upon 1he
incincrator observations and the laboratory data. The rates at which they form are different
under laboratory and incinerator conditions. We have tricd 10 resolve these discrepancies using a
unificd theory model.

INTRODUCTION:  Formation of polychlorinated dioxins and furans (PCDD/F) during incineration of
municipal wastc is of public concem and this topic is under investigation at several leading
rescarch centers.  Somc pathways leading to their formation have been proposed, but quantitative
data is still lacking. In a previous paper {(Altwicker, et al. 1990), a globai hclerogencous
mechanism was proposed based upon the data available from incinerators, iec..

REACTION: Ps +Pg - Dg X1 =50x 108 VT Exp(-20.800/RT)
DESORPTION: Ds - Dg k2 = 1013 Rxp(-53.400/RT)
DECHL.ORINATION: Ds - D¢ K3 = 105 Exp(-15,000/RT)
DECOMPOSITION: Ds -+ De k4 = 1013 Exp(-37.500/RT)

The rate constants for desorption, dechlorination and decomposition were obtained
empirically by maiching with corresponding literawre values (Dickson. ¢t al.. 1986 and Eiceman
and Rghei, 1985).  The activation cnergy for the first reaction was obtained by matching the
obscrved (emperaiure at which maximumn PCDD formation occurs (about 300°C). This leaves the
pre-cxponeatial factor of the first reaction as a free parameter.  Theoretical calculations indicated
that the empirically fiued valuc is ncar the upper limit (S.0E(8)) (Zhdauov, 1988). The other
important paramcters arc the particle diameter (Dp). particle loading (Np), surface coverage (8)
and average molecular weight of the precursor molecule which are assumed © be constant n this
analysis.  Sensitivity of this model to all paramcters and empirically obtained pre-exponentials
and acfivation cnergics is studicd numerically and rationalized analytically,. Due 10 space
limitation, only the sensitivity of the modcl to the pre-exponential of the reaclion siep and the
significance of the extent of the desorption are discussed.

SENSITIVITY OF THE MODEL TO kj: Figure | shows thc predicted surface and total dioxin
concentration in the stack, Dy = Dg + (Np)our Ds, gas as the pre-exponential of k) s Dy as well as Dy
concentrations do not change with an increase in k] above 109, close to the valuc used in our
previous calculations.  However, decreasing it influences the predicted values sigaificantly.

SENSITIVITY OF THE MODEL TQ THE EXTENT OF DESORPTION: Since the rate constant for the rexction
step remains constant and the two solid phase and gas phasc conceniralions remain consiani, the
tolal amount of dioxin gencraicd should be constani. Mowever, the pariitioning changes. We can
fit this partitioning ratio 1o an incincrator partitioning factor we calculated (Kondusi, 1989). The
partitioning will have some cflcct on the toial dioxin leaving the ESP because the gas leaving the
ESP has a fixed particle loading. The asymplotics of k2 lcads © two limiting situations:
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p] Lude Desorption  The k2 is very small, i.c,, k] >> k2. The k3 and kg4 arc small
whmpared 0ok based on the cstimation of rale constants al 300°C.  Under these canditions,

Ds/Dg = 281 10°5 and Dy = 483 ng/ind

b Significant Desorption:  The k2 is very large, b.e., k) << k2. The analysis under these
conditions  yiclded
Dsurface/Dgas = 3.8 1 1046 and 1)y = 750 ng/m3

In calculaung Dp. 2 oullet pamicle loading of 0.058 1;m/m3 is used which is an average value
visened s iacinerators.  The D;IDE ralio sceris 10 be very senmsitive 1o the k2/k] ratio. Morcover,
large desorpticn also yields large total dioxin in the stack. When desorption is small, most of the
dicun seules in the ESP. On the contrary, when k2 is small, due 1o high concentration of dioxin on
the surface. the Dy 1s wery sensitive to the outler particle loading in the gas stream leaving the ESP,
The shift in desorplion itselfl can explain an order of magnitude difference warranting a thorough
study of this aspect. .

However, the controversy beiween the \aboratory and the incineralor dara sl prevails.
Faere exisis several orders of magnitude difference in the formation rates under incinerator
~ondiiens and the laboratory conditions.  An unified theory is required to explain the differences
between these data sets. We introduce a layer type solution to unify incincrator and faboratory
xincuc  observalions

UNIFIED THEQRY, LAYER TYPE BEHAVIOR: | is proposed that there exist two different time scales
' othe lanctics of PCDD/E formation; they are

bast Time.Scale  Here. probably the time interval of the 0(10-3 - 10! sce) dioxin
twrmatien akes place, beyond this formation reaction s quenched.  This involves scaling the real
nme, Lok 4 parameter, ¢, which could be a funclion of the fraction of the number of vacant sitey
available for reaction.  The Hly ash formed in the combustion region is fresh and in the hotter
fcgions temains so.  As the My ash particles enter the colder regions (the air pollulion control
cquipment] they rapidly equilibrate with gas-phase precursor molecules (assuming fast
sdserplion raics) and reaction iakes place very quickly. Thus a steep increase in dioxin
conzentraion is ohserved in the boundary layer. If we also assume that the desorption of dioxin
rielecules 15 neghigible, the number of available sites will be small after this initial time period
heace making the parametcr £ small.  This situation can be expressed mathematically as

a4V rangr
ds = fik1.Ps.Pg)
where 3 = wr. ¢ = F ({fraction of aclive siles available, surface structure)

Slow Time Scale In the fast ume scaic. the rates of decomposition, dechlorination and
d3saplien are wery stow and have instgnificant mfuence on the global rate of furmation. Asx
hme increases, these processes will tend to dominant, Mathematically

dy
TR L k2 v k3 4 ke Youter = Youter = Expl-C*k2 +k3 + kq)*1}
Theoreucally, ap analytical and smooth solution can be obtained by matching these two solutions
Youter and Yyaner al the outer limit of the boundary layer (as Ve = o and t — 0). The exact details
of the model are under development.  This solulion can explain both the incincrator and the
latoratory rates  The incincrator data falls into the former catcgory and the laboratory falls in
ite lawter category. Represcntative laboratory data and incincrator data are plotted in Figure 2
demonstrating the uscfulness of this theory,  This theory can potentially cxplain both catalytic
and nhabilory  effects

Mew laboratory data using selected gas phase precursors and calculations on the effect of
rernclc size are an progress
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NOMENCLATURE

C = constant of inlegration

De = dcchlorinated surface dioxin molecule (ng/g)

D¢ = decoposed surface dioxin molecule (ng/g)

Dg = gas phase diazin molecule (nglm-")

Dp = particle diameter

Dy = surface dioxin molecule (ng/g)

D¢ = total dioxin concentration (ng/m3)

K1.K2.K3.K4 = ratc consiants

Np = number pasticles in the gas stream (g/m3)

Pg = gas phase precursor molecule (moleculesfemd)

Py = surface precursor molecule (moleculeslcm3)

1 = lime

T = lemperalure

Yinner.Youter = concentration solutions in their respective regions

Greck  Symbols

0 = surface coverage of precursor molecules

¢ = small parameter, a function of sites available

T = lime scale, 1/e
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Figure i: EFFSCT OF THE PRE- Emmﬂl- l.( O IHE —’
PREDICTED D(OXIN CONCENTRA’
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