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This research uses experimental data and a statistical
approach to determine the effect of combustion- and
sorbent-injection-related parameters on the mechanism
of polychlorinated dibenzo-p-dioxin and polychlorinated
dibenzofuran (PCDD and PCDF, respectively) formation
and prevention in waste combustors. The operation of a
pilot-scale combustor was varied to effect different regimes
of oxygen (O2), hydrogen chloride (HC]), and chlorine (Cly)
concentration; temperature; residence time; quench rate;
and sorbent injection. The fly ash loading of a municipal
waste combustor was simulated by postcombustion in-
jection of fly ash collected from a full-scale facility.
Downstream sampling and analysis indicated significant
PCDD and PCDF formation, beyond concentrations on
the preinjected fly ash, at rates conducive to explaining
formation in full-scale facilities at particle/gas residence
times <5 5. Stepwise regression analyses determined the
predictive parameters for four models of PCDD, PCDF,
the total of PCDD and PCDF yield, and the partitioning
between PCDD and total yield. Substantial prevention
of PCDD and PCDF formation can be brought about with
upstream sorbent injection for HCl and Cl; reduction,
control of excess air, and increased quench rate.

Introduction

Overview. Inrecentyearsthefocus on polychlorinated
dibenzo-p-dioxin (PCDD) and polychlorinated dibenzo-
furan (PCDF) formation in municipal waste combustion
(MWOC) facilities has shifted from incomplete destruction
of the feed to a low temperature, downstream mechanism
of formation on the surface of fly ash. This shift was
brought about in large part by theoretical analyses (1, 2)
of PCDD and PCDF formation models at combustion
temperatures and is supported now by numerous results
from field sampling programs (3-5) in which PCDD and
PCDF concentrations were greater in downstream duct
flue gas than in the immediate postfurnace gases. Lab-
oratory research simulating postfurnace temperature and
gas conditions of MWCs (for example, refs 6-14) has
additionally implicated the role of fly ash in promoting
downstream PCDD and PCDF formation.

Organics Source. A theory has been proposed (15)
for de novo synthesis of PCDD and PCDF from chemically
unrelated organic carbon sources and inorganic chlorine
(C1) compounds in the presence of a metal catalyst.
Experimental evidence has shown that particle-bound
carbon (C) on the fly ash reacts with oxygen (O,), water
(H70), and inorganic chlorides via a copper [Cu(I)]
catalyzed reaction to form aromatic structures including
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chlorinated organics, PCDD, and PCDF (16). An alter-
native theory proposes that fly ash constituents are
involved in heterogeneous catalytic reactions to form biaryl
structures, including PCDD and PCDF, from chloro-
organic precursors (6, 17). Comparative testing of the two
theories found that PCDD yields from pentachiorophenol
precursors were 2-4 orders of magnitude greater than those
from the de novo synthesis of combined particulate C,
inorganic chlorides, and a Cu catalyst (18, 19). None-
theless, the difficulties in establishing independent control
of the parameters of interest in the field coupled with
difficulties in simulating combustion conditions in the
laboratory suggest that both theories may be valid, each
offering plausible mechaniams for formation of PCDD and
PCDF in MWCs.

Chlorine Source. A source of Cl for the organic
precursors may be provided through the metal (M)
catalyzed Deacon reaction (20):

M
2HCI + 1/20, = CL, + H,0 M

This was implicated by Griffin (21) and demonstrated by
others (14, 22).

Equilibrium analyses (23) indicate favorable formation
of Cl; over that of HCI as temperatures drop below ~200
°C for an oxygen-rich (O), hydrogen-lean (H) system.
Concentrations of Cl; of =50 ppmv may be typical for a
MWC (21), although sampling dats are scarce.

The ability of Cl; to readily chlorinate aromatics has
been shown in the presence (24) and absence of fly ash
(25) and likely occurs via a substitution reaction (26).
Research (7, 9) has shown that unchlorinated dibenzo-
dioxin and 1,2,3,4-TCDD can be readily chlorinated by
HCI at temperatures ranging up to 250 °C if they are
adsorbed on fly ash. Similarly, HCI readily reacts with
toluene in the presence of a fly ash catalyst to form
chlorinated biphenyl, PCDD, and PCDF (27). Experi-
ments with both HCl and Cl; sources without fly ash
surfaces indicate that chlorination of phenol is over 4 orders
of magnitude greater with Cl; than with HC] (25).

Effect of Oxygen. There is consensus in the literature
among the laboratory-, pilot-, and field-scale researchers
that formation of PCDD and PCDF is dependent upon O,
concentration. Researchers (11) have found that increas-
ing concentrations of O; from 0 to 10% resulted in the
greater production of PCDD and PCDF (fly ash tests, 300
°C,2h). Others (28) demonstrated that an increased air
to fuel ratio (0.8-1.2) led to higher levels of PCDD and
PCDF during fluidized combustion of mode! waste ma-
terials. The effect of Oz on the Deacon reaction is thought
to produce Cly, leading to organochlorine formation and

Erdenn ©al Parkaa! Vit AS Ll. ¢ <AMRA  aAw



then PCDD and PCDF (14). This dependency of Cl;,
formation from HCI through eq 1 has been shown on the
bench-scale to be linearly dependent on O; concentration
up to 3%, after which conversion remains constant to 10%
(29). In experiments with C as the organic source (18),
PCDD yields increased with O; supply, reflecting the
dependency of the Deacon reaction and phenol formation
(an intermediate in production of PCDD and PCDF) on
O, concentration. Experiments with pentachlorophenol
(PCP) as the organic source showed contradictory trends:
direct formation of octachlorodioxin from the condensation
of two PCP molecules was found to be independent of the
presence of O, in one case (18), while fly ash experiments
(300 °C) with PCP and tetrachlorobenzene showed that
the presence of O; led to a greater yield of PCDD and
PCDF and a product distribution shifted toward higher
chlorinated species than tests with nitrogen (N.) alone
(30). Others (8) have found that the absence of O;
promotes decomposition of PCDD and PCDF via a
dechlorination/hydrogenation reaction (14).

Temperature. Isothermal, fixed bed, bench-scale
experiments (12) with MWC fly ash plugs have shown
that maximum PCDD and PCDF formation occurs around
temperatures of 300 °C with an effective range of 250400
°C (11). Experiments with nonfly ash PCDD and PCDF
precursors (phenol, Cl;, 0, and CuO catalyst) have shown
maximum formation temperatures around 400 °C (31, 22)
while pentachlorophenol experiments suggest maximums
around 250-300 °C (19).

Quench Rate. To our knowledge, only limited exper-
iments on the effect of varying quench rate upon PCDD
and PCDF yield have been reported. These small pilot-
scale, fluidized-bed results (32) suggested that higher
quench rates formed less PCDD and PCDF.

Residence Time. Scant information is available con-
cerning residence time effects and, hence, the rate of PCDD
and PCDF formation. This is due to reliance (primarily)
upon fixed bed isothermal experiments of long duration
(minutes to hours) that collect cumulative PCDD and
PCDF yield data. Theoretical work (33) has shown that,
despite diffusive transport limitations of gaseous precur-
sors and evidence (with PCP) for incomplete precursor
conversions (17), field PCDD and PCDF concentrations
could be explained by the reaction between gaseous
precursors and in-flight fly ash particles under reasonable
temperature/time constraints. Laboratory rate data are
only beginning to support this mechanism. Tests with a
PCP precursor showed that the maximurmn rate of observed
PCDD and PCDF formation based on sampling time, not
gas/solid contact time, is 147 ng (g of fly ash)-! s-1 (19),
sufficient to explain all but the higher field-sampled
concentrations (34). If this maximum observed reaction
rate measurement is a valid approximation of the rate-
Jimiting step in PCDD and PCDF formation, then field
concentrations donot have to be explained by a mechanism
involving the reaction of surface-bound particles with
eventual reentrainment and/or volatilization (34). This
has significant implications for control devices and duct
walls where deposited particle residence times significantly
exceed those of in-flight particles.

Sorbent Work. Sorbents, most typically Ca(OH),, are
often used for control of hydrochloric acid gases in MWCas.
Recently, attention has focused on the ability of sorbents
to remove PCDD and PCDF. Carlsson (35) reported a
comparison of PCDD and PCDF emissions after various

air pollution control processes including dry scrubbers with
fabric filter (>98% removal), spray dryers with electro-
static precipitators (ESPs) (74-97 % removal), ESPs with
condensation scrubbers (62% removal), and ESPs with
adiabatic scrubbers (89% removal). These PCDD and
PCDF emission reductions are likely due to an adsorption
mechanism on the sorbent surface followed by collection
of the sorbent particles in a particulate control device.
This is supported by scrubber results (36) that show
typically =50% PCDD and PCDF removal prior to a fabric
filter, increasing to >99.8% after the fabric filter.

The effect of dolomitic limestone (CaCO3;-MgCOQj3)
addition to a fluidized bed waste combustor led to PCDD
and PCDF yield reductions in proportion to the decline
in HC] concentration (37). Similar results can be inferred
from data (38) in pilot plant work. These apparent effects
are difficult to document conclusively due to the many
uncontrollable variables involved in field trials. Indeed,
other researchers (39) were unable to correlate the MWC
emissions of PCDD and PCDF with HCI concentration.
Laboratory and pilot-scale data are alao lacking. While
laboratory investigations of reaction kinetics (40, 41) and
field results (42-45) indicate rapid and extensive reduc-
tions in HCl concentrations by sorbent addition, no effort
has been made to link HCI reductions with PCDD and
PCDF yield decreases at the laboratory or pilot scale.
Although a role for HC] and metal chlorides in the PCDD
and PCDF formation mechanism appears clear, it is less
clear whether the formation of trace amounts of PCDD
and PCDF is related to HCI concentration. It is possible
that the formation of PCDD and PCDF in downstream
regions of MWCs is essentially a zero-order process in
HCI concentration and that some other mechanistic step
is rate limiting.

Summary. Extensive characterization of the mecha-
nism of PCDD and PCDF formation is made difficult by
the inability to accurately simulate the combustion/fly
ash environment and to control the experimental param-
eters that effect PCDD and PCDF formation. Several
groups have done correlative analyses on pilot-scale data,
attempting to determine the important parameters that
effect downstream PCDD and PCDF formation (32, 46—
49). Their work has determined some preliminary asso-
ciations; in most cases, the conclusions were limited by
the ability to control furnace parameters and make
meaningful determinations. Intheresearchreported here,
controlled variation of mechanistic parametersat the pilot-
scale allows verification of bench-scale findings, while
realistically simulating the combustion gas composition,
the gas/particle dynamics, the condensed compounds
expected on the fly ash, the in situ catalytic action, and
the relevant temperature regimes of a full scale MWC. A
statistical analysis of the results from varying these
parameters enables mechanistic determinations that will
recommend ways of preventing or reducing the formation
of PCDD and PCDF compounds.

Experimental Section

Furnace. Tests were run on a pilot-scale 14.7-kW
(63 000 Btu/h), refractory-lined, down-fired cylindrical
furnace fired with natural gas (Figure 1). The furnace,
termed the “Innovative Furnace Reactor” (IFR), has an
inner diameter of 15.2 cm and an overall vertical length
of about4m. View and injection/probe ports traverse the
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Figure 1. Innovative fumnacse reactor and samphing focations.

length of the furnace for testing flexibility. The furnace
is used to simulate the gaseous combustion environment
and quench rate conditions anticipated in MWCs. This
is accomplished by doping the fuel with pollutants found
in waste combustion, such as HCl. The furnace was
operated under nominal conditions with tangential and
axial air totaling 0.42 m* min STP, including an excess air
of 50%.

Experimental Conditions. The flue gas particulate
loading of a MWC was simulated by injecting fly ash into
the IFR elbow (see Figure 1) from which it passes through
the horizontal duct section. Sampling ports are located
at the 1.5-m and the 3-m axial locations in the horizontal
duct. These sampling ports allow simulation of ~2 and
=~4 8 gas-phase residence times. EPA Modified Method
5 (MMS5) sampling trains were installed at each of these
sampling locations so as to allow simultaneous sampling
at two different residence times for each test. The MWC
fly ash sample used for all of the tests was from an ESP
hopper on a full-scale (225 Mg/day), mass-burn facility at
Quebec City, Canada, prior to facility modifications for
improved combustion (4). The as-received fly ash was
injected through a nozzle with 310 kPa (45 psi) N; at 28.3
L/min STP using a calibrated K-Tron feeder at a rate of
100g/h. This feed rate produced particulate loadings that
were representative of those found in conventional mass-
burn MWCs upstream of particulate control devices
(=5000 mg/m3), in addition to producing enough samples
for the PCDD and PCDF analytical procedures. Between
runs, the horizontal duct section was blown out with high-
pressure air to minimize any potential run interactions.
The as-received fly ash chemical analysis is shown in Table
1. The fly ash was also analyzed for PCDD and PCDF
precursors, such as chlorobenzenes, chlorophenols, and
polycyclic aromatic hydrocarbons, but the analytical
results consistently showed concentrations below detection
limits (200 ng/g). Noextractions or treatments were done
on the fly ash prior to injection. Since the characteristics
of the fly ash are likely significant in determining PCDD
and PCDF yields, our work used a single source in order
toisolate the effects of combustion and sorbent parameters.

Table 1. Raw Fly Ash Anaslysis

PCDD PCDF
injectad sample ng/g ng/Nm?* ng/g ng/Nm?
FAl 54.225 270.32 20.799 103.68
FA2 39.493 196.88 16.159 80.56
FA3 38.402 191.44 8.827 4.0
FA4 45.822 228.43 20.625 102.82
FAS 19.506 97.24 8.975 44.74

Ultimate Analysisb
moisture, % 1.36
carbon, % 1.08
hydrogen, % <0.5
Kjeldah! nitrogen, % 0.0094
sulfur, % 3.20
total halogens (calculated as chlorine), % 4.50
ash, % 94.11
Proximate Analysis
moisture, % 1.36
volatile matter, % 3.91
ash, % 94.11
fixed carbon, % 0.62

¢ Based on fly ash mass feedrate and innovative furnace reactor
(IFR) duct flow rate. * Total may not add to 100% due to analytical
methods used for different elements.

Table 2. Test Conditions

Tpyer QUENCH [0z [HCI] [Cld [Ca(OH)al
run®  (°C) (°C/s) tg(® (%) (ppm) (ppm) (g/min)

1 3339 34.7 187 6.7 0 0 0

2 3339 34.7 3.74 6.7 0 0 0
3 3422 34.4 193 5.95 0 0 0

5 371 38.9 1.87 5.5 0 0 0

6 3481 36.5 179 69 0 0 0

7 2961 21.7 211 5.65 0 0 0

8 2961 21.7 4.23 5.56 0 0 0
10 2975 31.0 19 1736 0 0 0
12 321.7 34.7 244 185 0 0 0
14 363.1 41.0 167 178 0 0 0
16 298.6 324 177 853 100 0 0
17 306.9 3L5 17 881 1000 0 0
18 3111 36.1 1.72 862 0 30 0
19 3128 328 1.71 862 0 300 0
20 3081 31.8 1.86 7.57 1000 0 284
21 338.6 35.7 1.6 897 0 0 0
22 3536 21.5 46 207 0 0 284
23 3294 16.9 151 3.54 1000 300 284
24 352.8 23.3 191 5.77 0 300 284
25 3758 23.5 45 173 1000 300 0
2 2361 31.7 208 17.82 0 0 0
27 350.8 40.4 226 2.52 0 0 0

° Breaks in the numerical sequence result from runs with sampling
or analytical problemsa. Missing runs were repeated for completeness
of the test matrix. ¥ Indicates run performed at Tyt = 205 °C.

The test matrix was designed to explore the extreme
and central parameter values with a view toward applying
a second order response surface methodology. Various
IFR operating parameters were changed to assess the effect
of different combustion and sorbent injection parameters
upon downstream PCDD and PCDF formation (the test
conditions are listed in Table 2). The temperature of fly
ash injection, T'ny, at the elbow was varied from 200 to 400
°Cby inserting a refractory-embedded cooling coil section
upstream of the injection location. The residence time of
the fly ash in the duct, tg, was varied by sampling at
different axial locations within the duct and changing
volumetric flowrates. The value of tg was calculated from
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the duct volume and flow rate between Tny and point of
sampling. Flow rate variation was caused solely by
changing the duct temperature, Tpycr, defined as the
average of Ty and Tour (the latter being the duct exit
temperature). This difference between Ty and Toyralso
was altered and, when divided by the nominal duct transit
time (4 s), resulted in varying quench rates, denoted as
QUENCH. The temperature of the particulate filter,
Tyt was 205 °C with one run at 120 °C. Clearly, some
of these parameters are interrelated, yet all were considered
for their mechanistic implications. Forexample, tworuns
may have had the same tg and QUENCH, yet different
values of Ty, The oxygen concentration in the duct region,
[O,], was altered by replacing combustion air with N,.
The HCl and Cl; concentrations ([HCI] and {Cl;], re-
spectively) were varied by doping the furnace with
premixed cylinder gas. Insome tests,sorbent was injected
into the IFR at >800 °C at a rate, termed [Ca(OH);], of
2.84 g/min. The Ca/Cl stoichiometry was 1.8/1 at 1000
ppm HCL The sorbent was Ca(OH); (Dso = 4 pm),
commercially available from Tenn Luttrell Co. (Luttrell,
TN).

Emissions Sampling. Furnace emissions were sam-
pled in the downstream duct section of the IFR and passed
through heated sample lines to continuous emission
monritors (CEMs). PCDD and PCDF data are reported
in “as-sampled” O, and H;0 concentrations. All non-
PCDD and non-PCDF gas emission results were corrected
to 0% Oz levels. Gases analyzed for COy, Oy, and CO were
first passed through a gas dryer and an anhydrous CaSO,
desiccant. All of the above on-line CEMs were zeroed and
spanned with gases of known concentration both before

.and after each daily trial. The downstream Cl concen-
tration was determined by passing a slipstream of the
furnace gas through four Na;COz/NaHCOsfilled im-
pingers in an ice bath and by quantifying the impinger
catch for Cl- with ion chromatography.

PCDD and PCDF were sampled at the labeled sampling
ports (Figure 1) using isokinetic sampling protocols and
EPA MMS5 sampling trains. These trains consisted of a
quartz sampling probe, followed by a filter, XAD trap,
and impingers. The probe rinse, filters, and XAD were
analyzed separately, and the results were combined to give
a single value for the sampling trains. The water in the
impingers was not analyzed.

Sample Analysis. MM5 samples were analyzed by
high-resolution gas chromatography/low-resolution mass
spectrometry (HRGC/LRMS), using a Hewlett-Packard
5890/5970 gas chromatography/mass selective detector
(GC/MSD) system and methods that are slight adaptations
of EPA Method 23 (50) and RCRA Method 8280 (51).
Isotopically labeled internal standards for each congener
class were incorporated during the extraction and cleanup
phases of the analytical procedures to enhance analytical
accuracy. For the GC/MSD analyses, the procedures
differed from RCRA Method 8280 only in the number of
labeled congeners used to calculate recoveries; i.e., con-
geners containing the 2,3,7,8 substitution positions were
avoided as an additional safety precaution. An internal
standard was used that consisted of a !3C,s-labeled
congener from each tetra-—octa-PCDD and -PCDF (except
for octa-CDF). TherecoverystandardC,;-labeled TCDD
was added before injection on the GC. The recovery had
to be within 40-120 % to be acceptable.
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Table 3. Total PCDD and PCDF Concentrations®

measured predicted measured predictad

[PCDD) [PCDD) [PCDF] [PCDF]

run® (ng/Nm?) (ng/Nmh (ng/Nm?) (ng/Nm?
1 708.87 859 4330.55 3139
2 708.74 859 4574.82 4636
3 871.47 846 50717.91 3902
5 423.53 347 2834.33 3652
6 379.08 593 2322.44 2864
7 1086.19 1170 6578.74 6714
8 1292.32 1170 ' 12508.93 12377
10 1301.79 1033 1278.48 2563
12 4378 81 296.23 413
14 178.61 53 932.07 1364
16 1067.38 1092 2246.63 1729
17 3266.82 3265 8568.27 6787
18 380.03 382 2342.17 2617
19 1863.14 1863 6207.39 5024
20 279.20 282 680.40 535
21 301.63 275 1151.08 726
292 318.05 318 2592.24 2699
23 300.07 298 1932.17 1951
24 214.45 215 1420.28 1459
25 265.33 265 3193.88 3170
26 55.46 104 9.26 -24
27 447.68 379 1324.93 1078

< Based on total of MMS5 train (filter, XAD, probe rinse). * Breaks
in the numerical sequence result from runs with sampling or analytical
problems.

Statistical Procedures. The data were initially an-
alyzed using a stepwise regression approach [the STEP-
WISE option in SAS (52) procedure REG] in order to
make a tentative decision of the number and identities of
the required predictors. The available predictor set
consisted of a total of 54 potential predictors including
the primary measured parameters [O;), [HCI], [Cl.],
Toucr, Tin, Tour, Trit, QUENCH, tg, and [Ca(OH);) as
well as derived parameters consisting of squares, loga-
rithms, and pairwise products of most of the above. Once
a tentative model was attained in this way, then the MAXR
option was used to attempt switches among the tentative
predictors while looking for an improvement in fit (higher
model R?) within the constraint of maintaining a constant
number of predictors. The ultimate criterion for choosing
a final model was that all predictors in the model are
significant and no other predictor can be added from the
excluded list of predictors which attains significance when
added to the model. A significance level of p < 0.01,
indicating the probability level that the partial effect of
a predictor is significantly different from zero, was chosen
as the acceptance criterion. Even though confidence belts
reflect statistical precision and were always available,
corresponding to the models developed here, we have
plotted only those where their addition did not excessively
garble the figure's representation of the data.

Results

Table 3 presents the composite yields of tetra- through
octa-PCDD and tetra- through octa-PCDF for 22 test runs
on the IFR. These yields are calculated from the sum of
collected PCDD and PCDF divided by the sampled gas
volume. The XAD reported comparatively insignificant
PCDD and PCDF yields when compared tothe probe catch
and filter rinse. Stepwise variable selection, as described
above, was used to obtain four optimal empirical models
using the parameter units indicated under Nomenclature
for predicting yields (in ng/m?®) of PCDD, PCDF, the sum



Table 4. Mode! Predictors

A standard
predictor coefficient error

Section a: [PCDD)
intercept -185273.2 21400
In(O4 concn) 2816.034051 413
HCIl concn 2.525589 0.162
Cl; conen 6.927086 0.886
Ca(OH), feed rate -8503.952063 644
duct temp -117.401381 14.3
In(duct temp) 38526.234 4490
0O X duct temp -1.740426 0.273
duct temp X Ca(OH), feed rate 24.299239 194
In(1 + Cl; concn) X res time -97.011062 16.2
HCl x Cl, —0.00430158 0.000881
In(1 + C12 concn) X Ca(OH); feed rate  -104.414263 16.0
R3 0.9810
MSE 2.22 % 104
Pmax =<0.0006

Section b: [PCDF]
intercept -59138.697 11300
O; concn -2341.91451 366
In(04 concn0 11022.5818 1660
HC} conen 80.537620 8.57
res time 5797.868204 405
In(duct temp) 9551.920900 1960
duct temp X Ca(OH)y feed rate -8.772597 0.770
In(1 + Cl; concn) 681.246152 113.4
quench rate X res time -144,007661 16.4
duct temp X HCl concn -0.243753 0.0263
R3 0.9630
MSE 5.22 x 10
Pmax =<0.0004

Section ¢ {PCDD + PCDF}

intercept -161539.1 17800
In(O concn) 11446.207 1800
HC! concn 110.537338 8.70
res time 6840.432321 406
In(duct temp) 27304.017 2990
04 X duct temp -7.204521 120
duct temp X Ca(OH); feed rate -12.510546 0.783
quench rate X res time -178.673081 16.3
duct temp X HCI concn -0.335211 0.0267
In(1 + Cly concn)? 159.168549 209
R3 0.9728
MSE 5.29 x 108
Pmax =<0.0001

Section &: Logit(¢)
intercept ~13.410308 1.78
Oy concn 2.850760 0.251
Oy X duct temp -8.1789985 X 102 0.000776
quench rate X In(1 + Cly concn) —0.014785 0.00238
In(1 + HC} concn) X res time -0.043637 0.00964
O3 conen X res time -0.043978 0.0150
duct temp X Cl; conen 2.42699 X 108 412 % 10
duct inlet T 0.029135 0.00441
R 0.9499
MSE 0.06469
Pax <0.0005*

¢ p = 0.0110 for O concn X res time.

of PCDD and PCDF, and the logit of PCDD, termed
[PCDD), [PCDF], [PCDD + PCDF], and logit(¢), re-
spectively. Logit () is defined by

y = logitte) = log, [ 12— @

where ¢ = [PCDD1/[PCDD + PCDF], representing the
partition coefficient between [PCDD] and [PCDF]. Use
of the logit transform enables statistical analysis while
numerically constraining ¢ to {0,1]. Foreachmodel, Table
4 lists an estimated regression coefficient for each sig-
nificant predictor in the model and its standard error. A
response can be predicted by forming the appropriate

Table 5. Contributions of Parameters

semipartial
parameter correlation

Section a: [PCDD)
oxygen concn 0.0914
HCl conen 0.4931
Cl; conen 0.2510
Ca(OH), feed rate 0.5670
duct temp 0.3902
res time 0.0679

Section b: [PCDF]
oXygen concn 0.2400
HCl concn 0.2850
Cl; conen 0.1113
Ca(OH); feed rate 0.4966
duct temp 0.4989
res time 0.7164
quench rate 0.2390

Section ¢ [PCDC + PCDF]

OXygen concn 0.0923
HCl concn 0.3799
Cl; concn 0.1312
Ca(OH); feed rate 0.5774
duct temp 0.6139
res time 0.6990
quench rate 0.2710

Section d: Logit(y)
OXygen concn 0.5822
HCl conen 0.0733
Clz conen 0.1391
duct temp 0.3998
res time 0.1095
quench rate 0.1376
inlet temp 0.1561

weighted linear combination of the predictors, using the
regression weights as shown, and then adding the indicated
intercept. ¢ can be calculated from logit(y) by performing
the inverse transform

¢ =[1+ exp(-»]"* 3

All retained predictors were quite significant (p < 0.0007,
with the exception of [O:1tg in the logit model), while R?
2 0.950 indicated that a major fraction of the variation of
each of the responses was explained by variation of its
associated predictor set. Table 5 summarizes the primary
predictors required for each of the models and lists their
semipartial correlations, R%gp, a8 a means of quantifying
their relative importance. The R%gp(P,...) values represent
the fraction of the variance of the response variable (such
as [PCDD])) attributable to variation in a particular
parameter, P [through all predictors containing P in its
various forms, denoted by (P, ...)], while holding all of the
other parameters constant (52). As such, their values are
somewhat dependent on the range over which the specific
parameter is varied; for example, variation of tg from 1.00
to 1.01 s is unlikely to have a strong effect on yield and
therefore would probably result in a low value of R%p(tg,
..). We chose to vary the range of each parameter over
reasonably expected field values. In this manner, our
derived values of R?sp should adequately reflect actual
mechanistic importance.

The predictor sets for [PCDD] and [PCDF] showed
four correspondences among 11 and 9 predictors, respec-
tively, and greater correspondence with the set that
determines [PCDD + PCDF]. However, a relatively
distinct predictor set determined composition. Only one
correspondence was found with the predictor set which
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Table 6. Ability of Models To Predict Other Response
Variables

[PCDD] [PCDF] [PCDD + PCDF} logit(e)

[PCDD} 0.9807  0.6518 0.7468 0.7995
[PCDF] 0.7499  0.9628 0.9624 0.7871
[PCDD + PCDF] 0.7732  0.9563 0.9727 0.7594
logit{e) 0.2450  0.5267 0.4549 0.9501

determined logit(¢) and those of all three other models.
The distinction between the yield and composition models
is emphasized further by Table 6 which lists R? when each
of the selected models is used to predict the other three
response variables. Yield models for [PCDD], [PCDF],
or [PCDD + PCDF] predicted the partition coefficient or
logit(¢) reasonably well (i.e., RZ ~ 0.8), but the optimal
mode] for logit(¢) composition was a very poor predictor
of the three yield models.

The ability of the models to predict the actual results
is shown in Table 3. The high level of agreement between
actual and predicted values demonstrates the models’
predictive capabilities. Table 4 also reports mean squared
error (MSE) as an estimate of replication variance. The
square root of MSE estimates the standard deviation of
an individual observation.

Model Sensitivity Analyses

The predictors from the four models can be used to
determine the influence of each parameter in predicting
yield through examination of

dlyield]/d(parameter) 4)

This will indicate the extent to which that rate is affected
by variation and interaction of the test parameters within
the tested range. The following discussion examines the
experimental parameters [0,], [HCI], [Clz], Touct, T,
Tour, Trwt, QUENCH, tg, and [Ca(OH);] in this manner.
For illustrative purposes, this analysis is fully developed
for the [O,) parameter. Subsequent discussions on other
parameters will focus on only the most significant pre-
dictors, as reflected by higher values of R%p (from Table
5).

Oxygen Concentration. [PCDD + PCDF] is de-
scribed by two Ogrelated predictors, In [O;] and the
interactive term of [Oz] Tpucr (Table 4 section ¢). How-
ever, even the combined effect of these two predictors has
a low R2gp(0y, ...} (0.0923, Table 5, section ¢), indicating
that the effect of [O2) in explaining [PCDD + PCDF]
variation under our test conditions is minimal and can be
better explained by other experimental parameters.
Nonetheless, Table 4, section ¢ can be used to explain the
effect of [Oz] on [PCDD + PCDF] yield. The rate of
[PCDD + PCDF] change with respect to changes in [02]
can be described by the partial derivative of the appro-
priate weighted linear combination of the predictors. Since

[PCDD + PCDF] = 11445.2 In[0,] ~ 7.3[0,) Tpycr +
f(THCI), [Ca(OH),), tg, QUENCH, [CL,)) (5)
the partial derivative is
d[PCDD + PCDF] _ 11445.2
a[0,] T [0,
implying that [PCDD + PCDF] will increase with increases
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Figure 2. Effect of [O;] on [PCDD + PCOF] at two vakues of Touer
([HC1} = 500 ppm, [CL,] = 30 ppm, [Ca(OH)] = 0 g/min, & = 1.7
s, QUENCH = 24 °C/s).
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Figure 3. Effect of Touer and [0,) on 3[PCDD)/9[0Q;]. The dashed
fine indicates where d[PCDD]/3[0,] = G.

in [Og) if and only if eq 6 is greater than zero, or when

114452 _ 1570 .

Where strict equality holds, changes in [O5] will have no
effect upon [PCDD + PCDF] yield (this is the region of
maximum [PCDD + PCDF]). Figure 2 shows this
interactive effect of [O2] and Tpucr on [PCDD + PCDF]
at Tpycr values of 252 and 379 °C with other parameters
set at typical values. Clearly, there is a dividing line in
the [O7) Thucr plane at which further increases in [O4)
result in reductions of [PCDD + PCDF]. As seen in the
figure, this occurs at intermediate values of [Os].

The effect of [O2] on predicting [PCDD] is not
particularly significant. Table 5, section a shows R2gp(O-,
...) to be 0.0914. As above, it is described by In [O4] and
[O21Tpucr predictors. Evaluation of é[PCDD]/6{04]
indicates that as long as

2816.03 1620

this rate will be positive, meaning that increases in [Oa]
will result in increased [PCDD]. Otherwise, increases in
[O2] will result in decreased [PCDD]. The [O,] corre-
sponding to the maximum [PCDD] decreases with in-
creasing Tpucr. These results are graphically displayed
in Figures 3 and 4. For example, operating conditions at
point A are in a region in which increases in [Oy] will
result in increased [PCDD). Changing operating condi-

[0,] <

[0,] < ®
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Figure 4. Effect of [O,] on [PCDD] at three vakies of Toucr ([HCH]
= 500 ppm, [Ch] = 30 ppm, [Ca(OH);] = 0 g/min, { = 1.7 s, QUENCH
= 24 °C/s).
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Figure 5. Effect of [O,] on [PCDF] at three values of [Ch,] ([HCI]
= 500 ppm, [Ca(OH),] = 0 g/min, & = 1.7 5, QUENCH = 24 °C/s).
The shaded arsa represents the 85 % confidence interval.
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tions from point A to point B will result in decreased
sensitivity of [PCDD] with respect to changes in [O2],
although the rate of [PCDD] per change in [Q,] will still
be positive. Changes from point C to points D or E have
no effect on the rate of [PCDD] formation with changes
in [O4], A[PCDD]/3[02], although the second derivative
of the yield equation indicates that this domain is in the
region of maximum [PCDD] yield for that particular
Tpucr. Point F is in a region in which increased [O2] will
result in decreased [PCDD] yield, and moving from point
F to point G will further increase the rate at which higher
[O4] results in declining [PCDD].

[PCDF] yield is determined by two O, predictors.
Although [O,] is a more significant predictor than in the
above two models [R2gp(0y, ...) is 0.2400, Table 5, section
b], four other parameters have astronger predictive effect
on [PCDF]. [PCDF] increased with increasing [O;] ata
rate -2341.91 + 11022.58/[0:] ng m~® %! s0 long as [O;]
< 11022.58/2341.91 = 4.7%, and decreased thereafter.

Figure 5 shows the effect of [0g] and [Cly] on [PCDF]
formation. Note that for any [0g], 3[PCDF]/8[0:] is not
affected by [Cl2] (the curves are all parallel). Maximum
[PCDF] occurs at 4.7% [0O:], and any increases in [Cly]
result in greater [PCDF). The shaded area indicates the
95% confidence interval for the [Cly] = 0 ppm case.

Logit(¢) increased with increasing [O-] at a rate [2.8508
. ~0.008180 Tpucr — 0.04398 tg] logit units/% so long as
the term in square brackets is positive; i.e., for low Tpucr
and/or short tg. This result is illustrated by Figure 6.
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Figure 8. Effect of [0;] on ¢ at two values of Toyer ([HCI] = 500
ppm, [Ciz] = 30 ppm, [Ca(OH)] = 0 g/min, & = 1.7 3, QUENCH =
24 °C/s).

QUENCH =18.1°Cls _ .-

%’
+H44
T

3 _ __QUENCH=383°Cls _
8000 :F
3 QUENCH =40.3°C/s
1.5 2.0 2.5 3.0 3.5 4.0
tg (s)
Figure 7. Etfect of & on [PCDD + PCDF] at three values of QUENCH

([HCI] = 500 ppm, [Ck] = 30 ppm, [Ca(OH),] = 0 g/min, [0] =
8%, Toucr = 298 °C).
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Clearly, there is a dividing line in the T'pyctég plane beyond
which the logit(y) decreases with increasing [O,].

The high R2gp(0, ...) for logit(¢) (0.5822, Table 5, section
d) indicates that O, is a strong parameter in determining
whether formation of PCDD or formation of PCDF is
favored. Increases in [0s] will favor PCDD formation
over PCDF, although higher Tpycr and tg will temper
this effect. Since the toxic equivalency of PCDD isomers
is 1-10 times that of PCDF isomers (53), operational
measures to decrease logit(¢) may reduce health and
environmental risks.

Quench Rate. All four models do not indicate
QUENCH as a very significant parameter in describing
yield (as seen in Table 5), although QUENCH is more
significant than [Og]. Indeed, QUENCH is never a
significant predictor for [PCDD]. Determination of partial
derivatives of yield with respect to QUENCH (as for [O2]
above) shows that, for all three other models, the effect
of QUENCH is such that increases in QUENCH always
decrease yield. This effect becomes more dramatic as tg
increases for [PCDD + PCDF] and [PCDF], as can be
seen for the former in Figure 7.

Residence Time. tg is a predictor for all four models;
however, its overall effect is most significant in describing
[PCDD + PCDF] [R2spl{tg, ...) = 0.6990, Table 5, section
c] and [PCDF] [R%gp(tR, -..) = 0.7164, Table 5, section b].
Indeed, R%p(tg, ...) is the single most significant parameter
in these two models. {PCDD + PCDF]/dtg increased as
long as QUENCH < 38 °C/s (101 °F/s), a8 shown in Figure
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Figure §. Effect of Toycr on [PCDD + PCDF] at three values of [HCI]
([Cl] = 30 ppm, [Ca(OH),] = 0 g/min, [0,] = 6%, & = 1.7 s,
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7. Greater values of QUENCH resulted in decreased
formation of [PCDD + PCDF]. Increasesin tg lower the
PCDD fraction, as shown in Figure 8 by declining values
of patlonger times. Variation of QUENCH has a relatively
minor affect upon ¢.

Duet Temperature. Tpycr is a significant predictor
for all four models, although it is most significant in
describing [PCDD + PCDF] [R2sp(tR, ...) = 0.6139, Table
5, section ¢] and [PCDF] [R2sp(tR, ...) = 0.4989, Table 5,
section b).

[PCDD + PCDF] is described by four predictors
containing Tpyct- The rate d[PCDD + PCDF)/dTpucr
will decrease as Tpycr gets higher (as seen by the barely
discernible drop in slopes of the three curves on Figure 9)
and will decline more rapidly with increases in [O,], [Ca-
(OH),], and [HCI]. A sufficiently high value of [Q5], [Ca-
(OH)3l, or [HCI] will make 3[PCDD + PCDF)/dTpucr
become negative, resulting in declining [PCDD + PCDF].
This is shown in Figure 9 with increasing values of [HCI]
up to 500 ppm.

The term d[PCDF]/8Tpucr is likewise decreased by
increasing Tpyct, [Ca(OH):l, and [HCI] while a{PCDD)/
dTpucr decreases by increasing Tpycr or increasing [0z,
but increases with increasing [Ca(OH)l.

The logit(¢) model is always negatively affected by
increasesin Tpycr. Higher values of Tpycr will therefore
decrease the [PCDD] compared to [PCDF].

Effect of HCI Concentration. [HC]] is a significant
parameter, being included in predictors for all four models.
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Figure 10. Effect of [Cl,] on [PCOF] at two values of [Ca(OH),] and
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3.4 s, QUENCH = 28 °C/s).

It is most significant in describing [PCDD] [R%p(HC], ...)
= 0.4931] and [PCDD + PCDF] [R%p(HC], ...) = 0.3799]
in Table 5, sections a and ¢, respectively, while less
significant in explaining logit(¢) [R%sp(HC], ...) = 0.0733].

The effect of increases in [HC]] is to increase 3[PCDD
+ PCDF)/3[HCI) at a rate of [110.5 - 0.3352 Tpycr) ng
m-3ppm-L. Thus, aslong as Tpycris less than 330°C (626
F), our results show increased [PCDD + PCDF] with
increases in [HCI]. Above this temperature, increases in
[HC1] will result in lower [PCDD + PCDF]. This isshown
on Figure 9 by the cross-over of the concentration plots.

Increases in [HCI] always led to increases in [PCDD],
within the range of our data and model. This should hold
for [Cly} < 100 ppm, which should always be the case in
field operations.

Effect of Cl; Concentration. [Cly] is a significant
predictor for all four models, although it appears to have
less of an influence (lower R%p) than [HCI] except for
logit(¢). Note, however, that this may only reflect the
envelope of experimental conditions chosen. Four Cl-
related predictors are included in the [PCDD] model,
which reports the highest R%p(Cly, ...) of the four models,
or 0.2510 (Table 5, section a). Increasesin tg, [HCl], and
[Ca(OH);] will lower the rate at which [PCDD]/3[Cls]
increases with increasing [Clg). It is also worth noting
that [PCDF)/d[Cl;] is always nonnegative; increases in
[Cl;] always produce higher [PCDF], albeit at a declining
rate. The combined effects of tg, [Clz], and [Ca(OH)2] on
[PCDF] are shown in Figure 10. Increased [PCDF] is
observed with increasing [Cl;] and tg while the addition
of Ca(OH); sorbents showed significant decreases.

Effect of Ca(OH);. The presence of Ca(OH); is one
of the most important parameters in describing [PCDD],
[PCDF], and [PCDD + PCDF] as indicated by their R%gp-
[Ca(OH)s, ...] (0.5670, 0.4966, and 0.5774, respectively).
Interestingly, [Ca(OH)2] is not included as a predictor for
describing the partition between PCDD and PCDF.

The effect of sorbent addition is seen collectively in
Figures 10-12 along with concurrent effects of other
selected parameters. Figure 11 shows that addition of
Ca(OH); sorbent significantly reduces [PCDD + PCDF]
yield at all values of Tpycr. On the basis of our choice of
parameters in Figure 11, when Tpycr > 315 °C, the
addition of Ca(OH); reduces the yield to zero. Since &
{PCDD + PCDF1/6[Ca(OH)3] « — Tpucr (see Table 4,
section ¢) and Tpycr is never negative, the addition of
Ca(OH); will always decrease [PCDD + PCDF). The
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incremental effect of sorbent addition at two values of
Tpuycr is shown in Figure 12.

The model for [PCDD] is more complicated. In the
absence of Cl;, [PCDD] decreases everywhere with the
addition of Ca(OH); except when Tpycr is 2350 °C (662
F). If [Cl] is nonzero (as in most realistic cases), this
minimum temperature will increase.

The effect of [Ca(OH)2] on [PCDF}) is the same as with
[PCDD + PCDF]. Addition of Ca(OH); will always lead
toreduction in [PCDF] since Tpycris always non-negative.

The model logit(¢) is not described by any predictor
terms containing [Ca(OH)2l.

Other Parameters. Additional parameters of Ty,
Tour, and Tt were considered. Of these parameters,
only Ty met the predictor criterion. The model for logit-
(¢) has Ty as a predictor, although R%gp(Ty, -.-) is low.
The lack of significance of Trn.7 suggests that there is no
significant difference between yields from sampling filters
at 205 °C versus 120 °C. This resolves a concern that
yields are artificially high due to further reaction on the
205 °C filter.

Discussion

Significant increases in [PCDD] and [PCDF] (over 2
orders of magnitude) can be found in comparing the initial,
raw fly ash concentrations in Table 1 with that of the
tested fly ash in Table 3. This indicates that PCDD and
PCDF formation occur at low Tpycr [<376 °C (708.5 F))
and short tg (<4.6 8), validating long-standing findings of

postfurnace, downstream PCDD and PCDF formation. It
also suggests that collected ESP fly ash is still active for
formation and that sufficient organic precursors are
present (either on the fly ash or in the natural gas
combustion products) to form PCDD and PCDF. Tests
without the addition of Cl as HCI or Cl; also show large
increases in PCDD and PCDF, indicating that sufficient
Cl precursors are also present on the fly ash to produce
PCDD and PCDF. These findings are consistent with
both the chloro-organic percursor (6, 17) and de novo (15)
hypotheses.

The volumetric concentrations of sampled PCDD and
PCDF are, in many cases, several times higher than those
obtained from field sampling trials on MWCs prior to flue
gas cleaning equipment and without “good combustion
practices™ (GCPs). The facility from which the fly ash
used in these tests was obtained had PCDD + PCDF levels
up to 4000 ng/Nm3 prior to GCP facility modifications
(4). GCPs typically include appropriate temperature
control, air rates and distribution, and boiler structure
modifications to improve mixing (54). The higher con-
centrations sometimes found in our work are likely due to
any number of factors inherent in our simulation of a
MWC. These might include a higher percentage of
condensed organics on our collected fly ash than is
representative of in situ fly ash.

The time rate of PCDD and PCDF formation reached
a maximum of 1160 ng (g of fly ash)! s! in run 17. This
rate is apparently the highest value reported to date from
an experimental system. Rate results from bench-top,
fixed bed reactors have been typically more than 2 orders
of magnitude less with the exception of recent results with
a PCP precursor [147 ng (g of fly ash)-1 g7}, (19)]. Even
this recent result requires a mechanism including particle
deposition for sufficient residence time, reaction, and
subsequent reentrainment or desorption to explain some
field-observed (34) PCDD and PCDF concentrations. The
rate of PCDD and PCDF formation observed in our work
suggests that in-flight formation alone is sufficiently rapid
to explain concentrations observed in field-scale opera-
tions.

The effect of [O2] over the range of our experiments
was minimal except in determining the partition coefficient
between [PCDD] and [PCDF]. [0:] had a high value of
R23p(0o, ...) (0.5822) for logit(y) and, as such, is the most
influential parameter in determining the partitioning
between PCDD and PCDF. Increasesin [O;] will lead to
greater fractions of the yield as PCDD, az shown on Figure
6,if Tpycris sufficientlylow. High values of Tpycr always
lead to low values of logit(¢) while lower Tpucr requires
low [Q2] (<5%) to achieve comparable values of ¢ (Figure
6). Ingeneral, [O] values at the extremes (<3% or >7%)
of the range of our operating conditions tended to produce
lower [PCDD + PCDF] (Figure 2). This may reflect a
combination of two phenomena: (1) as [O:] increases, the
production of [Cl;] via eq 1 may wane as [HCI] or catalyst
reactivity becomes limiting (as in ref 29) and (2) at low
[02],adechlorination/hydrogenation reaction might occur
us.

Increases in fly ash tg have a significant effect upon
[PCDF] and [PCDD + PCDF] (the latter iz shown in
Figure 7) as long as QUENCH is less than 40 and 38 °C/s,
respectively. At values of QUENCH approaching or
exceeding these values, additional residence time does not
have a particularly significant impact upon yields. Slow
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flue gas cooling is a condition favorable to [PCDF]
formation, in apparent agreement with others’ results (32).
Higher values of QUENCH result in decreased formation
as seen in Figure 7 where [PCDD + PCDF] drops
dramatically as QUENCH is increased from 18 to 38 °C/s.
The dependence of [PCDD + PCDF] on QUENCH at a
given tg suggests that yields are related to the amount of
time that the reactants remain in an optimal temperature
region.

The partial effect of additional HCI and Cl; (varying
HC and C]; while holding constant all other parameters)
is, within statistical limits, always to increase dramatically
the levels of PCDD and PCDF from those of undoped
baseline runs. Thus, both on-particle Cl and gaseous Cl
lead to increased yields, although the yield from the latter
is generally over twice that of the former. Earlier work
(25) showed that Cl, was more apt to chlorinate organic
precursors than HC1. Qur model results suggest that this
is true as long as [Cl;] is within the expected field values
and Tpycr is above =270 °C. Figure 13 compares [PCDD
+ PCDF] from equimolar Cl values of [HCl] and [Cls].
[PCDD + PCDF] is much higher from Cl; than HCI,
supporting our earlier findings.

The relative inability of [HCI] to affect [PCDD + PCDF]
at Tpyct 2 330 °C in the presence of 30 ppm [Cl:] (Figure
9) suggests that formation at the higher temperatures is
limited by another step in the mechanism or proceeds by
& different mechanism, perhaps reaction with Cl present
on the injected fly ash.

[Ca(OH),] was the most influential parameter in
determining the sampled values of [PCDD], [PCDF}, and
[PCDD + PCDF], although it had no effect upon
determining the partitioning between PCDD and PCDF,
as reflected by ¢. Injection of Ca(OH); sorbent at a
temperature >800 °C significantly reduced [PCDD +
PCDF] (see Figure 14). This is true even during the
“baseline” runs when no additional Cl source was added.
The presence of Ca(OH), reduces the yields expected from
formation on particle surfaces where the only source of Cl
is that which is found on the fly ash feed. These results
also show that Ca(OH); interferes with formation on the
particle itself, reducing PCDD and PCDF yields beyond
those expected from gaseous HClremoval alone. At Tpucr
> =280 °C (all but run 26), the presence of Ca(OH); has
an inhibitory effect upon [PCDD + PCDF] beyond that
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Figure 14. Effect of [HCI] on [PCOD + PCOF] with and without [Ca-

{OH),] (O, = 8%, Cl, = 20 ppm, Ca(OH), = 0 and 2.84 g/min, &=
1.7 s, Toer = 315 °C, QUENCH = 24 °C/s).

attributable to reduction in gas-phase [HCl] alone (in-
jection of 2.84 g/min typically drops [HCl] =70%).
{PCDD + PCDF] with {Ca(OH);] = 2.84 g/min is much
lower than for the equivalent [HC]] (300 ppm) with no
added [Ca(OH)3].

Table 5 suggests that, after [Ca(OH)s], Tpucr is the
most significant parameter in describing [PCDD], [PCDF],
and [PCDD + PCDF]. Inaddition, after [Os], TpycT also
is the second most significant parameter in describing logit-
(¢). The results suggest that, in general, under normal
operating conditions lower values of [PCDD], [PCDF],
and [PCDD + PCDF] are found at higher values of Tpycr,
=>350°C. This may, however, be somewhat of an artifact
from the manner in which the samples were collected.
The runs with high Tpycr were in part due to their
association with high values of Tour, thelatter being within
the commonly cited temperature region of PCDD and
PCDF formation (300400 °C). Thus, these samples may
still have been undergoing appreciable reaction at the point
(temperature) of sampling, resulting in lower amounts of
collected PCDD and PCDF and, therefore, in being
associated with higher values of Tpycr. This phenomenon
combines with [HCI] in Figure 9 to show lower [PCDD +
PCDF] values at higher [HC]]. These results suggest that
the formation mechanism shifts with temperature. For
instance, surface-bound Cl on fly ash may be more active
at higher temperatures, while gaseous HCl does not play
a significant role until lower temperatures are reached.

The partition coefficient, ¢, is least affected by param-
eters related to Cl composition ({(HCI]}, [Cla], [Ca(OH).1)
but is rather almost solely affected by the parameters
Tpucrand [0s]. Figure6 shows that lower [O2] and higher
Tpucrt result in lower values of ¢, meaning less [PCDD]
in relation to [PCDF). This suggests that formation of
PCDD versus PCDF requires higher amounts of O, and
lower temperatures. The role of O; in PCDD formation
from particulate carbon has been noted eatlier (18) and
is likely due to the O dependency of both the Deacon
reaction (eq 1) and the phenol (a PCDD precursor)
formation.

Conclusions

In-flight formation of PCDD and PCDF to levels
representative of those observed in field sampling trials
has been observed by reinjection of MWC fly ash and
downstream sampling in a pilot-scale combustor. For-
mation of PCDD and PCDF to field-representative levels



can be explained sufficiently by a mechanism that involves
reaction on an entrained particle at residence times less
than 5 s.

System parameters that significantly affect the PCDD:
PCDF partitioning include [O2] and Tpycr. This suggests
that measures could be taken to control this partitioning,
rather than the total yield of PCDD and PCDF, to effect
the greatest reduction in health and environmental
toxicity.

Combustion modifications that lead to changes in the
operating characteristics of the duct environment can
result in reduced PCDD and PCDF formation. At high
values of QUENCH, t5 has little influence on yields. The
converse is true at lower values of QUENCH, implying
that more rapid quenchrates in the duct system will result
in lower PCDD and PCDF yields. In a related manner,
higher average duct temperatures result in less formation
of PCDD and PCDF. While [O;] did not have a strong
correlation with levels of PCDD or PCDF formation,
variation of excess air still has an effect on yields; its
significance was most prominent in explaining the par-
titioning between PCDD and PCDF. Intermediate levels
of [02] (=4-7 %) tend to produce larger PCDD and PCDF
yields than the extremes.

The presence of high temperature (>800 °C) Ca(OH),
sorbent injection has a significantrole in preventing PCDD
and PCDF formation. The resultant reductions in the
HCl or Cl; concentrations, especially at lower values of
Toucr, significantly decrease the formation of PCDD and
PCDF. Sorbent addition, even in the absence of added
gaseous C) species, reduces PCDD and PCDF yields,
implying suppression of a mechanism involving particle-
bound Cl.

The effect of combustor operating parameters on PCDD
and PCDF yield during waste combustion is interactive,
resulting in complicated interrelationships. This under-
scores the difficulties in drawing mechanistic conclusions
from parametrically uncontrollable field tests. Despite
their complexity, these pilot-scale results can be used to
begin to understand the effect of sorbent injection and
combustion operating conditions upon PCDD and PCDF
yields and suggest the means for minimizing the potential
for downstream formation of PCDD and PCDF.

Nomenclature

logit(e) [PCDD] fraction of total yield, defined
ineq2

Dy median particle diameter, pum

QUENCH temperature quench rate, °C/s

R? m(idel coefficient of determination, unit-
ess

Rgp(P, ...) semipartial correlation of the model set
of predictors including parameter P,
unitless

Touer temperature of the duct, °C

Tyt temperature of the particulate filter, °C

Ty tet::gerature at fly ash injection point,

Tour temperature at sampling point, °C

tr gas- and particle-phase residence time, 8

[Ca(OH)41 concentration of Ca(OH),, g/min

[Cly] concentration of Cl, ppmv

[HCh concentration of HCl, ppmv

[Os] concentration of Os, %

(PCDD + PCDF] totals yield of [PCDD] and [PCDF], ng/
m

[PCDD] yield of [PCDD], ng/m3

[PCDF] yield of [PCDF], ng/m3

) [PCDD)/[PCDD + PCDF], unitless
y logit(y), defined in eq 2
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