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Past research has suggested that the presence of
sulfur {S} in municipal waste combustors {MWCs) can
decrease the downstream formation of chlerinated
organic compounds, particularly polychlorinated dibenzo-
p-dioxins {PCDDs) and polychlorinated dibenzofurans
(PCDFs). Thus, co-firing a MWC with coal, because
of the S species from coal, may reduce PCDD and
PCDF emissions. Experiments were carried out o test
this hypothesis and to determine the role of S. Afield-
sampled MWC fly ash was injected into the EPA’s
pilot-scaie reactor, doped with hydrogen chioride {HCI).
The tests involved either natural gas or coal combus-
tion. Besides the combustion environment, MWC fly
ash injection temperature and sulfur-to-chlorine

ratio {S/Cl) were varied. Fue gas was sampled and
analyzed for PCDD and PCDF to determine in-flight
formation. In the natural-gas-fired reactor, when S
was added {as sulfur dioxide, 805), the PCDD and
PCDF formation decreased dramatically at S/Cl ratios
as low as 0.64, and with varying furnace conditions,
the inhibitory effect was consistent for S/CI ratios of
ahout 1. In tests with the coal-fired furnace, the

S inhibitory effect was again observed at $/Cl values
of 0.8 and 1.2, respectively, for the two coals tested.

S inhibition mechanisms were studied in a bench-scale
reactor. Results show thatthe depletion of molecular
chlorine (Ck), an active chlorinating agent, by S0,
through a gas-phase reaction appears to be a significant
inhibition mechanism in addition to previously reported
S0; deactivation of copper catalysts.

Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs} and polychlo-
rinated dibenzofurans (PCDFs), even in trace amounts, are
highly toxic. These compounds have been detected in the
emissions of municipal and hazardous waste combustors
on both the gaseous and particulate (fly ash) phases. Since
they are formed at lower temperatures (250—400 °C} and
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are chemically stable in general, a practical control strategy
for reducing their emissions is to minimize their formation
rather than to destroy or capture them after formation.

A number of studies have addressed PCDD and PCDF
formation. Underlaboratory conditions simulating a MWC
post-furnace environment, experiments with MWC fly ash
have shown substantial PCDD and PCDF formation (I). A
theoryhas been proposed (2} and tested (3) that shows that
formation occurs due to de novo synthesis from compounds
within the flue gas and fly ash. This synthesis involves the
Deacon process reaction

2HCL+ 1,0, + Cl, + H,0 {(R1}

which is catalytically driven by the copper (Cu} species
present in the fly ash. The Cl; produced subsequently
chlorinates the aromatic ring structures through substitu-
tion reactions. A PCDD and PCDF source of chlorine (Cl)
has been confirmed as Cl; (4), and the latter’s derivation
from primarily the Deacon process has been determined
(5). Itis suggested that the carbon source is derived from
unburnt particulate matter (1) reacting with O, and Cl; to
form PCDD and PCDF. An altemative theory suggests that
the carbon source is derived from high-temperature radical
reactions during combustion (6) that react at lower tem-
peratures to form PCDD and PCDF (7, 8). This theory
indicates the catalytic involvement of fly ash constituents
in forming biaryl structures from chloroorganic compounds
{7, 9. Thus, the catalytic properties of fly ash may be
responsible for both the Cl, production and the biaryl
synthesis. Concentrations of HCI (or Cla), organic precur-
sors, and possibly Cu catalytic sites {10) are important
parameters in PCDD and PCDF formation. )

In contrast to MWCs, only small amounts of PCDD and
PCDF were detected in the emissions from coal-fired
combustors despite the presence of Cl and organic ring
structures in hoth systems. Emissions sampling from a
combined coal/ mumicipal waste plant showed no detectable
tetrachlorinated dibenzodioxin (TCDD), nor were note-
worthy amounts found on coal fly ash (11). Co-firing of
coal with refuse-derived fuel (RDF)} also showed PCDD and
PCDF below detection levels, in spite of increased HCl levels
due to the RDF (12). However, laboratory studies of Mahle
and Whiting (13} produced chlorodioxins in tests with
bituminous coal.

A distinct difference between coal-fired utility power
plants and MWCs is the higher levels of S species, or the
$/Cl ratio, in the former. A typical $/Cl ratio in.a MWC is
about 0.2, which is an order of magnitude lower than that
found in coal combustion. Recent work by Lindbauer et
al. (14) has demonstrated that co-firing of coal in a municipal
solid waste {MSW) incinerator leads to appreciably lower
PCDD and PCDF levels. There are several possible mech-
anisms of interference by the S species:

{1) Griffin {2} suggested that the effect of S is to deplete
the Cl levels through the gas-phase reaction

Cl, + SO, + H,0 < 2HCl + S0, (R2)

thereby inhibiting the aromatic substitution reactions. Thus,
a higher S/Cl ratio can discourage the chlorination step.
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FIGURE 1. Schematic of the pilot-scale innovstive furnace reactor (IFR).

{2) The role of § is to reduce the catalytic activity of the
fly ash by reacting with the Cu-based Deacon catalyst in
the fly ash (e.g, Cu0) to form CuS0,. Gullett et al. {15)
have shown that, around the peak PCDD formation
temperature of about 350 °C, CuS0, is a less active catalyst
for the production of Cl; through the Deacon process as
well as for the biaryl synthesis step of PCDD formation.

(3) The presence of S0, sulfonates the phenolic PCDD
and PCDF precursors, preventing subsequent chlorination
and biaryl synthesis. However, there is little information
on this possible effect.

The possible difference in Cu concentrations between
the coal- and MSW-fired processes does not seem to explain
the difference in the PCDD and PCDF levels (15).

Thus, co-firing MWCs with coal would result in higher
5 levels, which may reduce PCDD and PCDF formation.
Published work on the effects of sulfur in reducing formation
is scarce. The importance of various § inhibition mech-
anisms, except for effects on fly ash catalytic activity (15),
is not clear. This work demonstrates, through pilot-scale
tests, that S species can reduce PCDD and PCDF yields
substantially. Further insight into the inhibition mecha-
nism is presented through bench-scale studies.

Experimental Procedures

The experimental systems used are (I) pilot-scale innovative
furnace reactor (IFR) and (2) bench-scale chiorinated
organics reactor {COR). These facilities are described briefly
below.

Innovative Furnace Reactor (IFR). A schematic of the
pilot-scale [FR setup is shown in Figure 1. The IFR is a
down-fired, refractory-lined cylindrical unit with a length
of about 3 m and an internal diarneter (i.d.) of 15.2 c¢m,
nominally rated at 29.3 kW. The last series of tests reported
in this work were conducted after an IFR upgrade, which
resulted ina20.3 cmi.d. and a 48.8 KW firing rate, following
replacement of refractories. The facility can be fired with
either a gaseous fuel or pulverized coal. Ports along the
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TABLE 1
Analysis of Coals Used (%)
IBC-108 Pittsburgh no. &

carbon 69.8 74.7
hydrogen 4.7 49
nitrogen 1.7 1.9
sulfur 1.1 2.6
chiorine 0.4 0.0
ash 1.5 7.5
oxygen 87 7.0
moisture 6.6 1.4
calorific value {k3/kg) 31425 31884

lengih of the IFR facilitate the addition of reactants and
sampling. The unique design of the furnace allows for
staging of combustion to simulate various applications,
including MSW combustion.

IFR tests involved either natural gas or coal. MWC
conditions were simulated by re-injecting a MWC fly ash
into the furnace and doping the furmace with HCl. S0; was
doped into the furnace at varying rates to represent the §
species from coal combustion. The coals used were an
Mlinois coal (IBC-109) and Pittsburgh no. 8 coal, injected
into the IFR burner in a pulverized form. The analyses of
the coals are given in Table 1. The MWC fly ash sample
was from an electrostatic precipitator hopper on a full-
scale mass-bumn facility at Quebec City, Canada (16), prior
to facility modifications for improved combustion, and
Table 2 shows the analysis of the as-received fly ash. This
fly ash was fed into the furnace by a K-Tron feeder at a
nominal rate of 100 g/h, intreduced through various IFR
ports, representing different injection temperatures.

Flue gas from the duct was sampled for organics (PCDD
and PCDF) using isokinetic sampling and EPA Modified
Method 5 (MM5) sampling protocols. The sampling trains
consisted of a quartz sampling probe, followed by a filter,
XADtrap, and impingers. The probe rinse, filters, and XAD



TABLE 2 a FURANACE
Analysis of Raw MWE Fly Ash Used (ng/y of Fly Nz, HzO, — Cl2, Oz, N2, SO2/N2
Ash) = I~
congener CBz CPh PCDD PCDF .
. . L.'
di 3 nm? nm nm TO HCI MONITCR
tri 25 nm nm nm N2
tetra 19 50 nd® 3.0
penta 15 100 nd 1.8 b
hexa 7 nm 1.2 1.0
hepta am am 17 0.9 POST-CuQ PRE-CuQ
octa nm nm 2.0 0.1 SO2/N2 FURNACE SO2/Nz
total 89 150 49 7.7 | —-
4 nm, not measured. * nd, none detacted, p—— I PROCESS GAS
CuQ SAMPLE (HGL 0z, Re)

were analyzed together for tetrta—octa-PCDD and -PCDF
congeners.

Furnace emissions were also sampled from the duct
section and then passed through heated sample lines to
continuous emission monitors (CEMs) to measure the
.concentrations of 8Q,, CO;, Oy, CO, and NO,. For some
tests, the HCl concentration in the furnace was determined
using the EPA Method 26 protocol.

IFR tests involved various phases, differing in the fuel
type, firing rate, flue gas, and duct conditions; these
parameters are summarized in Table 3. The reported PCDD
and PCDF yields represent in-flight formation, with fly ash
residence (imes in seconds. Note that these results
represent only one measurement, and hence their signifi-
cance is only qualitative,

Chlorinated Organics Reactor (COR). The COR facility
was used previpusly for S-inhibition studies on PCDD
formation (15), and its schematic is shown in Figure 2, The
COR is a concentric tube, quartz reactor inserted into the
horizontally mounted, single-zone, electric furnace. The
COR was used in this work for rnechanisim studies, and two
types of tests were performed. In both cases, the COR
process gas was 10% O in nitrogen [N}, and the reactor
outlet was connected to a TECO HCI analyzer to continu-
ously record the HCI concentration.

One set of tesis studied the homogeneous gas-phase
reaction between Cl; and SO,, and the COR schematic for
these tests is shown in Figure 2a. Cl; and 50, were added
to the process gas to yield inlet concentrations of 500 and
1000 ppm, respectively, resulting in a §/Cl (molar) ratio of
1. Part of the N; in the process gas was bubbled through
a water column to yield a H,O concentration of 3%. The
COR was operated under these conditions for about 3 h;
then the S0, was replaced by equivalent N, flow, and the
test continued for 1 h. During the entire experiment, the

TO HCI MONITOR
FIGURE 2. {a} Schematic of the chlorinated organics reactor {COR})
setup for studying gas-phase reaction between $0; and Cl. (b}
Schematic of the chlerinated organics reactor {COR) setup for
comparison of S0; catalyst poisoning versus gas-phase chlorine
depletion effects.

progress of the reaction was observed by continuously
monitoring the HCl concentration at the reactor exit.

The second set of COR tests used CuO to simulate MWC
fly ash catalytic properties. These COR iests were conducted
in pairs to examine the relative effects of 50; between
catalyst poisoning and depletion of gas-phase chlorine
species. As depicted in Figure 2b, about 1 g of the solid
sample was embedded in a quartz weol bed and placed
near the end of the inner tube of the reactor; HCI was
introduced from the right, into the inner tube, at 1000 ppm.
In one test, SO, entered along with HCl and, hence, passed
through the catalyst; in a companion test, SO, was
imroduced from the left, immediately after the catalyst.
The reaction was monitored over 4 h, and 50, at 1000 ppm
was introduced over a 60-min window during this period.
Again, the HC] concentration in the COR effluent stream
was continuously monitored. In these tests, the sample
was pretreated in an inert (10% O;) atmosphere at 460 °C
for 30 min. The test temperature was also 400 °C.

Sample Analysis. IFR samples were analyzed in the
EPA’s in-house facilities by high-resolution gas chroma-
tography/low-resolution mass spectrometry (HRGC/LRMS),
using a Hewlett-Packard 5890/5970 gas chromatography/
mass selective detector (GC/MSD). Details were reported
elsewhere {17). The results obtained were levels of each
tetra—octa-PCDD and -PCDF congener in the sample. In
addition to the PCDD and PCDF congeners, the raw fly ash
sarnples were also analyzed for chlorobenzenes (CBz) and
chlorophenols (CPh). Table 2 also includes these results.

TABLE 3
Summary of Pilot-Scale Test Conditions

flue gas parameters

sampling duct parameters

test firing flue gas at ash inj duct  avduct sampling res
phase fusl rate {Btwh)* STP (m¥min) % O (dry) % CO: {(dry) CO {ppm) % H.0 temp {°C} dia{cm} temp (°C} temp (°C} time* (s}
450
A natural gas 40 000 0.38 95 5.4 12 899 850 143 285 257 291
B  natural gas 63 000 0.47 6.2 7.4 14 12.0 390 14.3 381 275 0.60
C coal IBCT09 40 000 0.36 9.3 8.7 100 4.5 450 143 315 268 289
D ceoal Pittno.8 62000 0.39 5.1 135 60 45 385 10.8 305 247 1.17

2 ¢ ptu/h = 0.293 W. 2 Residence time in the horizantal duct only.
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AGURE 3. Total dioxin and furan yield in phase A IFR tests with
MWC fly ash injection {natural gas).

Results and Discussien

Natural Gas-Fired IFR. Two series of tests were performed
under natural gas-fired conditions. In each case, the
furnace was doped with a constant level of HCl; SO, was
injected at various rates to vary the 5/Cl ratio. In phase A
tests, the S/Cl ratio was varied at two MWC fly ash injection
temperatures, 850 and 450 °C, and the results are shown
in Figure 3 as total PCDD + PCDF yield. The SO, and HC|
concentrations indicated are furnace concentrations, un-
corrected for either H,O or O, and the yields are nanograms
of tetra—octa total per dry standard cubic meter of flue
gas. The figures clearly show the inhibitory effect of S: in
the presence of HC, the yield is high when no 50z is added
(8/C1 = 0) but decreases substantially for a 5/Cl ratio of
0.64; further increase in the $/Cl made little difference to
the reduced levels. The PCDD and PCDF tetra—octa
congener distributions (not shown) reveal that, for our
experimental conditions, a majority of these compounds
are present as PCDF congeners. Reduction due to S is not
congener-specific and appears to be distributed among all
the congener classes. It is important to note that the S/Cl
ratio at which the inhibitory 5 effect was ohserved in this
work is the lowest reported in literature and much lower
than the suggested value of 10 {2).

In addition to the S effects, the baseline test shown in
Figure 3 indicates that, even with no added HCl, PCDD and
PCDF yield is significant, especially at the lower MWC fly
ash injection temperature. This implies that, since the
PCDD and PCDF levels in the raw fly ash are relatively
small (Table 2), the chlorine precursors on the MWC fly ash
surface are in sufficient quantities to form PCDD and PCDF
in the natural gas combustion environment. As expected,
when HCl is added, the vield increases. These results also
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FIGURE 4. Total dioxin and furan yield in phase B IFR tests with
MWTE fly ash injection (natural gas).

support the previous finding that significant in-flight PCDD
and PCDF formation takes place within the short residence
times in the duct {17}.

Comnsidering the temperature effects, a higher MWC fly
ash injection temperature results in lower PCDD and PCDF
formation. This maybebecause in the presence of HCl the
Cu catalyst on the MWC fly ash may form chlorides; the
vapor pressure of copper chlorides is higher, and part of
the Cu species in the fly ash might have vaporized at higher
temperatures and recondensed downstrearn on the furmace
walls, prior to reaching the PCDD and PCDF formation
temperatures in the duct. This would resultin fewer catalyst
sites for PCDD and PCDF formation. The higher temper-
ature may also deactivate the CuQ catalytic sites due to
sintering (18). It is also possible that higher temperatures
may destroy organic precursors originally condensed on
the as-received fly ash surface. However, the contribution
of particle-bound crganics toward PCDD and PCDF for-
mation was found to be negligible compared to the effect
of gas-phase organics resulting from naturat gas combustion
{(19).

Phase B tests involve a different set of IFR conditions
compared to phase A, particulady the firing rate, duct
temperature, and residence time. The effect of § was
verified at a S/CI ratio of about 1, and the SO, injection
temperature was varied. The PCDD and PCDF yields,
shown in Figure 4, again demonstrate that the S inhibitory
effect i substantial, irrespective of the SO, injection
temperature, Thus, the mechanism of inhibition is not
due to high-temperature gas-phase reactions between S
species and organic precursors. Both phase A and phase
B tests under natural gas-fired conditions demonstrate that
inorganic S (as 80,) is responsible for reducing the PCDD
and PCDF formation.
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Coal-Fired IFR. Results from the coal-fired IFR sampling
are shown in Figure 5, and for comparison purposes, data
from phase A natural gas tests are also included in the
figure. The IBC-109 coal is a low-5, high-Cl coal; a coal
blank test (without MWC fly ash) resulted in a HCl
concentration of 163 ppm in the furnace. At this concen-
tration, amounts of PCDD and PCDF formed were almost
negligible. However, when the furnace was doped with
HCl to a concentration of about 1308 ppmn, some amounts
of PCDD and PCDF were formed even without MWC fly
ash. This implies that the coal combustion environment
contains organic precursors that can form PCDD and PCDF.

When MWC fly ash was injected into the ceal-fired
furnace doped with HCl (coal + MWTC fly ash -+ HCI), the
PCDD and PCDF levels actually increased compared to the
natural gas case (MWC fly ash + HCI) in spite of S present
ata 5/Cl ratio of about 0.4. Natural gas provides a cleaner
burn than coal, and the higher concentration of organic
precursors from coal combustion may offset the inhibitory
effect of 5. When the 5/Cl ratio was further increased to
0.8 by doping additional 502 (coal + MWC fly ash + HCl
+ 507), the PCDD and PCDF yield dropped dramatically.
As with natural gas tests, the PCDF congeners are in a
majority, and the S inhibitory effect is distributed among
all the congeners.

Phase D tests are with Pittsburgh no. 8 coal after
substantial modifications to the IFR. Results are shown in
Figure 6. Although there is no common set of conditions
to compare directly with the results of previous phases, the
PCDD and PCDF yields with the new IFR are substantially
less, possibly due to better burn quality and/or lack of metal
catalysts in the new refractory walls (19). However, the
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FIGURE 6. Total dioxin and furan yield in phase D IFR tests with
MW(C fly ash injection {Pittshurgh no, & coal).

results still indicate that at the higher 5/Cl ratio (1.15) the
PCDD and PCDF levels are much less.

These results clearly demonstrate the ability of § to
inhibit PCDD and PCDF formation. Frankenhaeuser et al.
(20) also observed a negative effect of SO in the co-
combustion of plastics with coal. Lindbaueretal (14) added
coal to aMSW incinerator and reported a dramatic decrease
in yield with SO; levels at S/Cl ratios between 1 and 5.
However, our work also shows that a coal combustion
environment, especially when combined with MWC condi-
tions, can in fact increase PCDD and PCDF yield if S/Cl
ratio is not sufficiently high. Therefore, choice of coal type
and MSW/coal firing ratio may be critical in achieving lower
PCDD and PCDF levels through coal co-firing.

Inhibition Mechanism Studies. It has beenshown that
a chlorinating agent in PCDD and PCDF production is Cl,
and HCl is relatively ineffective (4). Cl; is produced from
HCI through the Deacon process (reaction R1), and the
presence of SQ; can convert the Cl; back to HCI through
reactionR2. Equilibrium calculations were performed using
NASA's CET89 computer code (21) for the HCI-50,—0;—
H,0 system to evaluate the possibility of Cl, depletion by
50,. The results, however, showed that Cl; formation is
always thermodynamically favored, the CL/HC ratio
increases with decreasing temperature, and the results are
virtually independent of $O: concentration. A closer
analysis of the reaction equilibria shows that the combina-
tion of reactions R1 and R2 gives rise to

80, + 1,0, < S0, (R3)
Thermodynamically, any set of two reactions among R1,

R2, and R3 defines the system completely. For the typical
initial concentrations used in the calculations {HCl and
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FIGURE . Gas-phase reaction between Cl; and 50, {400 °C, 500 ppm
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$0, in ppm levels and 0; and H:0 in percent levels), O,
was in excess compared to HCl or 50,. Therefore, the
equilibria for R1 and R3 are independent of each other; the
equilibrium Cl; concentration depends only on R1 and that
of SO (or 503} depends only on B3, explaining the apparent
lack of $0. effect on the Cl; concentration inferred from
the thermodynamic equilibrium calculations for the HCl—
50,—-0,-H,0 systerm.

The Deacon reaction (R1}, although thermodynamically
favored, is known to occur only in the presence of catalysts.
Int our bench-scale COR tests, a mixture of 1000 ppm HCl
and 10% O, in N, was passed through the reactor at 400 °C,
and the flow yielded a gas-phase residence time of about
10 s in the reactor. Observation of the HCI monitor at the
reactor exit showed no decrease in HCl concentration,
verifying that reaction R} does not occur without the
catalyst. Thus, Cl; production from HCI does not appear
to be governed by the equilibrium thermodynamics of
reaction R1, and information on reaction kinetics is needed
for its determination.

Next, reaction R2 was considered separately, and equi-
librium was calculated from the free energy and enthalpy
data of the species involved {22}. Resulis show that, over
the entire temperature range, the Cl,—80; reaction is
strongly favored, and the amount of Cl; reacted was limited
only by the available SO,. To verify this finding, the progress
of reaction R2 was experimentally studied in the COR, under
the scheme shown in Figure 2a. Forthe reactortemperature
0f400 °C, the results are shown in Figure 7. The data clearly
show HCI formation in the presence of S0, in accordance
with reaction R2. This is consistent with the equilibrium
calculation for reaction R2, although the maximum Cl,
conversion or HC! concentration attained was less than
the theoretical value of neazly 100% conversion. The data
also show that, when 50; is replaced by N, the HCI
preduction drops sharply and approaches zero asymptoti-
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FIGURE 8. Comparison of SO; effects between gas-phase depletion
and catalyst inhibition mechanisms toward chlorine production (1
g of Cu0, 400 °C, 1000 ppm inlet HCI, 10% 03).

cally, probably due to a large dead volume in the reactor.
Nevertheless, the above discussions clearly demonstrate
that the presence of SO; reduces available Cl;. Since gas-
phase Cl, has been confirmed to be a major chlorinating
ageut in the PCDD and PCDF formation (4), Cl; depletion
by SO, through homogeneous gas-phase reaction is a
candidate mechanism for the inhibition of PCDD and PCDF
formation by 5.

Another mechanism of § inhibition has been shown to
be the poisoning of Cu catalysts by $O,, which can inhibit
(a) the biaryl synthesis of chiorinated precursors in the
PCDD production and (b} the preduction of Cl; via the
Deacon process in the temperature range 300—440 °G; the
occwrence of the former was established {15). Inthis work,
experiments were conducted to distinguish between the
two possible § effects in reducing the Cl, availability—
reduced Deacon process activity due to catalyst poisoning
versus depletion of Cl; {produced from the Deacon process)
through homogeneous gas-phase reaction (R2). The tests
were conducted in the COR under the scheme shown in
Figure 2b.

As described earlier under Experimental Procedures,
tests were conducted in pairs and for 400 “C sample
temperature. The results are shown in Figure 8. In both
these tests, over the eniire duration of the data, there is
significant conversion of HCl, while in tests without the
CuO sample, no HCl conversion was detected. Therefore,
the conversion of HCl is due to CuQ, suggesting Deacon
process activity (reaction R1) and Ck, formation. The SO,
effect is also noticeable in both the runs. The pre-CuO
case represemts SO, addition prior to the CuQ sample,
allowing for possible interference with the catalytic Cly
production as well as promoting the gas-phase reaction
with the Cl, produced; the post-CuQ case is when S0, was
added immediately after the sample, which can only deplete



HO! ORGANIC/CARBON
PRECURSORS
DEACON
PROCESS Ctz
CHLORINATION
CATALYST
SITES | - CHLORINATED
s AROMATICS
BIARYL
SYNTHESIS
PCDD & PCDF
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the Cl; produced, without affecting the Deacon process
activity. The shift in the overall HCI conversion profile
with post-CuO S0, clearly demonstrates Cl, depletion due
to the homogeneous gas-phase reaction (R2). The figure
also shows that both pre- and post-CuO effects are nearly
the same, suggesting that, for the studied experimental
conditions, gas-phase reaction with Cl, is more dominant
than catalyst poisoning. Although this comparison was
made only at 400 °C, this is the temperature at which the
Cu0 Deacon process activity is at its maximum, providing
perhaps a greater potential for catalyst poisoning by S.

Thus, our resulis show that the depletion of available
Cl, by SO, through homogeneous gas-phase reaction, noting
that Cl, is the chlorinating agent, is a likely mechanism of
S inhibition in PCDD and PCDF formation. Additional
evidence comes from pilot-scale results shown in Figure 4,
which show reduced PCDD and PCDF yield due to SO,
injection. The § inhibition is more pronounced for furnace
50; injection compared to end plate injection. With the
former, thereis more time forSQ; to react with Cl,, assuming
that some Cl; is present upstream of the MWC fly ash
injection location (end plate); although there is no added
Cusouwrce before the end plate, the reactor wall refractories
may contain metal catalysts deposited from over 10 years
of IFR operation (19).

A simple representation of the PCDD and PCDF forma-
tion steps at low temperatures is shown in Figure 9,
assuming that the in-flight formation is through a surface
condensation mechanism. Our results indicate that the
80; reduces the net Cl, production through gas-phase
reaction rather than poisoning of the Deacon catalyst. The
catalyst poisoning by 8 can still affect the PCDD and PCDF
biaryl synthesis step significantly, which was also proven
to be an inhibition mechanism by Gullett et al. (15). The
steps where § inhibition can occur are represented in the
figure by dotted lines. Based on the representation shown
in the figure, in processes where the overall PCDD and
PCDF vield is limited by the availability of either Cl; (not

HCI) and/or biaryl synthesis catalyst sites, the use of § can
be effective in reducing PCDD and PCDF emissions.
However, in MWCs, if § is introduced through coal co-
firing, it is irportant to observe good combustion practices;
otherwise increases in precursor concentration may offset
the inhibitory effects of S. It is likely that, because of its
Cl; depletion mechanism, § can also reduce the emissions
of other chlorinated species such as polychlorinated
biphenyls {PCBs) and polychlerinated phenols (PCPs).

This work does not address the possibility that the
presence of S can affect PCDD and PCDF formation by
sulfonating the phenolic precursors, preventing subsequent
chlorination and biaryl synthesis, ot by forming polychlo-
rodibenzothiophene (PCDT) and polychlorothianthrene
(PCTA), the 8 analogs of PCDD and PCDF (15).
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