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ABSTRACT

Au experimental study was conducted to investigate the effects of residual soot and copper combus-
tor deposits on the formation of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated diben-
zofurans (PCDFs) during the combustion of a chlorinated waste. In a bench-scale setup, distillate fuel
oil doped with copper compounds was fired under sooting conditions in a quartz reactor heated by a
Linberg furnace to 900°C. Soot- and copper-containing aerosols were carried by the hot flue gas and
deposited on a separate guartz “deposition” tube connected to the exit of the quartz reactor. Selected
experiments were also conducted to deposit either soot or copper on separate quartz deposition tubes.
In a separate setup, 1,6-dichlorohexane was injected into a natural-gas-fired furnace reactor to pro-
duce a flue gas that contained 6.2% oxygen, 8.6% carbon dioxide, 10-50 ppm carbon monoxide, and
500 ppm hydrogen chloride. The deposition tubes were separately attached to the furnace reactor and
a flue gas slip stream was passed through the tubes into a PCDD/F sampling train. The deposition
tubes were maintained at 320°C by an electrical heating tape. Sulfur dioxide (§0,) was injected near
the flame zone of the furnace reactor in selected experiments. High levels of PCDD/Fs were measured
at the exit of the deposition tubes containing both soot and copper deposits, No PCDD/Fs were found
during experiments using a tube with only soot deposits, and trace amounts of PCDD/Fs were found
with a deposition tube containing only copper deposits. Repeated experiments with the same deposi-
tion tube containing soot and copper deposits resulted in reductions in the amount of PCDD/Fs formed,
indicating decreased formation with time. Significantly lower PCDD/F emissions were measured from
the experiments with SO, injection, indicating that SO, is effective in suppressing PCDD/F formation
reactions. It was also found that a deposition tube previously exposed to flue gases from 1,6-dichloro-
hexane incineration exhibited residual PCDD/F formation reactions when exposed to flue gases from
the combustion of natural gas. The results demonstrate that the combustor deposits containing cop-
per and soot can cause “memory effects” that can play an important role in the emissions of PCDD/Fs
from commercial incinerators.

Key words: Chlorinated waste incineration; dioxin emissions; soot and copper deposits; wall effects;
memory effects
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INTRODUCTION .

Powcuuoammm DIBENZO-P-DIOXINS (PCDDs) and
polychlorinated dibenzofurans (PCDFs), collectively
known as dioxins, are of concern because of their per-
sistence and wide distribution in the environment, and
the high toxicity of some individual compounds. The
emission of PCDD/Fs from waste incineration has been
considered the major anthropogenic source of PCDD/Fs
(U.S. EPA, 1994). However, there is a major imbalance
between the atmospheric deposition of PCDD/Fs and
known emission sources that is significantly atiributed to
poor characterization of PCDD/F sources {Brzuzy and
Hites, 1996). PCDD/F emission sources are difficult to
characterize as there are many interacting variables, such
as the composition of the material combusted, the design
and operating conditions of the combustion process, and
the design and operating condition of flue gas cleaning
equipment—all of which influence PCDD/F emissions
(Miles et al., 1987). A complex interaction of surface-in-
duced catalysis, aromatic ring formation, and chlorina-
tion countered by destruction and dechlorination reac-
tions occurring in the postcombustion region from
components of unburned organics, chlorine, and catalysts
can tesult in dioxin formation {Addink and Olie, 1995).

Research would improve the characterization of a wide.

variety of PCDD/F emission sources, which constitutes
an important component in developing strategies for con-
trolling and reducing their emissions.

With the exception of municipal solid waste (MSW)
combustion, little-is known about the PCDD/F emission
characteristics of other sources. Results of characteriza-
tion studies on MSW combustion in the field indicate that
the emissions are strongly associated with high entrain-
ment and carryover of fly ash into the cooler regions of
the combustor, including particulate capturing devices

_such as baghouses and electrostatic precipitators, with fly
ash playing a critical role in providing the catalytic sur-
faces and/or sources of unburned organics required for
PCDD/F formation (Kilgroe, 1996). However, in arecent
study of characterizing PIC (products of incomplete com-
bustion) emissions from incineration of chloroftuorocar-
bons (CFCs) using a bench-scale combustor that had been
used for incineration of wastes containing many differ-
ent metals including copper, high PCDD/F emissions
were observed from CFC incineration that generated no
fly ash (Hassel, 1991). Follow-up tests confirmed that
PCDD/F emissions increased significantly when CFC
was incinerated in a combustor that had been fired with
a copper-containing fuel prior to CFC incineration (Lee
et al., 1996). Significantly lower PCDD/F emissions ob-
served from repeated experiments using a pilot scale
combustor after refractory replacement, compared to
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those measuted from the original unit under similar op-
erating conditions, suggest that recent facility history has
an effect on PCDD/F emissions (Gullett and Raghunathan,
1997). The “memory™ effect, i.e., that wall deposits ac-
cumulated on the cooler regions of the combustor play a
role in promoting diexin formation, has been suspected
of causing PCDD/F emissions from many field units.

A study of the combined effect of combustor deposits
containing both soot and trace levels of copper on
PCDD/F formation during chiorinated waste incineration
is reported in this work. A strong promotional effect, sim-
ilar to that observed from CECs, for chlorinated wastes
in general will have a significant implication, as large
quantities of chlorinated wastes are disposed of by in-
cineration. Commercial incineration facilities are used for
treating a wide variety of industrial wastes that often con-
tain metals. Trace levels of copper may be deposited on
cooler regions of the combustor when a waste contain-
ing copper is incinerated, and soot is the most common
deposit found in combustion systems. The strong cat-
aiytic effect of copper on dioxin formation is well docu-
mented {Hagenmaier et al., 1987; Stieglitz et al., 1989a;
Gullett e1 al., 1990), and soot has also been implicated in
dioxin formation (Stieglitz et al., 1989a,b). Sulfur diox-
ide {801} has been shown to inhibit PCDD/F formation
in MSW combustion applications (Raghunathan and Gil-
lett, 1996). Research is needed to better understand the
role of combustion-generated wall deposits on t;hc
PCDD/F emissions from chlorinated waste incineratipn
and 1o inhibit their formation. :

In this work, copper and soot aerosols, generated by
firing a copper-containing fuel under fuel-rich conditions
in a bench-scale combustion unit, were passed to and de-
posited on the inner surface of a clean quanz tube cdn-
nected 1o the unit. Incineration experiments on a sur}o—
gate chlorinated waste were conducted using a pilot scale
combustor. A slip stream of the flue gas produced from
the surrogate waste incineration was passed to the qualtz
tube deposited with soot and copper previously, and
PCDD/Fs were sampled at the end of the tube under con-
trolied residence time and temperature conditions. Tests
were conducted to evaluate the effects of soot (produced
by oil or natural gas firing) and copper (inorganic and pr-
ganic), and the presence of SO, in suppressing PCDD/F
formation promoted by the wall deposits. Overall results
have been presented elsewhere (Raghunathan, et al., 197;?},
and detailed discussions are presented in this paper.

EXPERIMENTAL

The experiments conducted in this study involved two
separate steps: (1) a deposit generation step in which soot,
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copper, or a combination of soot and copper from a small
quartz laboratory reactor was deposited on the interior of
a ¢lean quartz tube; and (2) a formation step in which
flue gas from a pilot scale combustor was passed through
each of the deposition tubes and collected in 2 PCDD/F
sampling train for subsequent analysis.

Preparation of Tube Depasits

The deposit generation system (Fig. 1) consists of a
quartz reactor constucted of two concentric tubes, 1 m in
length. The inside diameters (ID) of the outer and inner
tubes are 25 and 5 mm, respectively. The reactor is con-
tained in a Linberg electrical fumace and maintained at
900°C. Air is introduced in one end of the outer tube and
is preheated as it flows through the Linberg fumace. De-
posit substances are introduced into the entrance of the
inner tube where it mixes and reacts with the preheated
air as it passes through the Linberg furnace in a direction
opposite to the outer air flow. In the deposition step, a
clean quartz tube (150 cm in length and 25 mm ID) was
cannected to the exit of the reactor. The tube was wrapped
with electric heating tape and maintained at 120°C to pre-
vent moisture condensation. The deposition step for each
test was carried out for about 45 min, and a thin layer of
the deposition substance was coated on the inside of each
of the deposition tubes.

Baseline tube deposits were prepared by injecting an
aqueous solution of Cu(NQOs); into the reactor maintained
at a temperature of 900°C. Thermodynamic equilibrium
calculations predict that the Cu(NOj3); will be decom-

. posed and converted to oxides of copper that can be de-
posited on the walls of the downstream deposition tubc.
A suspension containing Cu»Q powder in no. 2 fuel oil
was prepared for the first series of combustion deposi-

Atomizing Nitrogen

Fumace

tion tests. The Cuz0O/fuel oil mixture was stirred contin-
uously to keep the particles in suspension. The mixiure
was metered by a peristaltic pump, sprayed with the aid
of nitrogen, and injected into the inner tube of the reac-
tor at a rate of 0.8 ml/min. During deposition the burner
was run under fuel-rich combustion conditions with and
without the addition of Cu;0.

A third deposition method was used with the combus-
tion of natural gas. In this method, CH;OH was used as
a suspension agent for CuQ. CH3;OH was used for the
suspension agent because the combustion of CH;OH does
not generally produce soot. Natural gas was used as the
sooting fuel. CuO was used instead of CusO because it
forms a better suspension in CH3OH. The natural gas was
introduced through the annular space formed by an ad-
ditional outer concentric tube placed around the CH;OH
atomizer. The fourth method used to generate deposits
was 1o burn a solution of CuNph, an erganic copper com-
pound, in no. 2 fuel oil. The solution was prepared by
dissolving CuNph (8%. copper by weight) in no. 2 fuel
oil to make up a solution containing 0.5% copper by
weight. During the deposition step the solution was in-
jected into the reactor at a rate of 0.8 ml/min for 45 min.

PCDDIF Formation Experiments

The formation portion of the experiments was con-
ducted with EPA’s pilot scale innovative furnace reactor
(IFR). The IFR, shown in Figure 2, is a down-fired, re-
fractory-lined, cylindrical unit that is 3 ml long with an
ID of 20.3 cm. |t can be fired with natural gas, fuel oil,
or coal at a nominal capacity of 49 kW. A detailed de-
scription of the facility can be found elsewhere (Raghu-
nathan and Gullett, 1996). For this study the [FR was
fired with natural gas at a consiant firing rate of 29 kW.
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FIG. 1. Experimental setup for conducting the deposition experiments.
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FIG. 2. Experimental setup for conducting the PCDD/PCDF formation experiments.

During tests simulating the combustion of chlorinated
wastes, 1,6-dichlorohexane (DCH) was injected into the
IFR just below the burner. The rate of DCH injection,
1.0 mi/min, was controlled by a Perkin-Elmer Series 10
liquid chromatography pump to provide a hydrogen chlo-
ride (HCl1) concentration of 500 ppmv in the flue gas.
Twa test were conducted to study the effect of SO, in in-
hibiting PCDD/F formation. During these tests gaseous
S0, was injected near the burner at a rate needed to yield
SQ; flue gas concentrations of 600 ppmv.

During each of the formation tests, a deposit-coated
tube was connected to the last port in the vertical section
of the IFR and a slip stream was drawn through the tube
port in a PCDD/P sampling train (see Fig. 2). The tem-
perature at the last port is approximately 600°C. The tube
was maintained at 320°C by a temperature controlled
electrical heating element. An EPA Method 23 (1991)
train was connected to the end of the tube for PCDD/F
sampling. The flue gas was monitored during each test
for oxygen (0,), carbon dioxide (CQy), and ecarbon
monoxide (CO) concentrations using continuous emis-
sion monitors (CEMSs). Input flows of natural gas, com-
bustion air, and SO, were monitored using rotameters.

At the beginning of each formation test involving DCH
injection, the IFR was fired with natural gas only,
whereas the tube coated with deposits was connected to
the IFR and flushed with the chlorine-free flue gas for
about 1 h. Then, the flue gas flow through the tube was
shut off and DCH was introduced into the [FR. After 45
min of DCH injection, the IFR slip stream was allowed
to pass through the tube into the Method 23 sampling
train. Sampling runs were typically 1 h in duration. The
residence time of slip stream flue gas in the tube was ap-
proximately 2 s.

The collected PCDD/F samples were analyzed by

high-resolution gas chromatography/low-resolution mass
spectrometry (HRGC/LRMS) using a modification of
EPA Method 23 (1991). This modified method differs
from the Method 23 in that LRMS is used instead of high-
resolution MS, and only the total amount of each ho!
molog group is reported. In addition, the samples were
analyzed for the mono- to tri-congeners as well as the
teira through octa congeners that are specified in Method
23. Selected isotopically labeled internal standards were
used to aid in quantification of each of the homolog
groups. The mono- to tri-congeners were included in t i
analyses to provide interprefative information to PCDD/F
formation mechanisms. '

RESULTS AND DISCUSSION

The deposition and IFR test conditions for each of the
PCDD/F formation tests are summarized in Table I.
Good combustion conditions were achieved during all the
iests as indicaied by the low CO emissions, which ranged
betwen 9 and 41 ppmv. Results of PCDD/F analyses far
each of the formation tests are presented in Table 2. It
should be noted that some of the PCDD/F congener con-
centrations were over the calibration range of the ana-
lytical method; therefore the values reported are consid-

ered semiquantitative, but they are sufficient for

comparison between different tests. The data in Table 2
include values for: total tetra- to octa- PCDD; total tetra-
to octa-PCDF: the sum of total tetra- to octa-PCDD and
PCDF; total mono- to octa-PCDD; total mono- to octa-
PCDF; and the sum of total mono- to octa-PCDD and
PEDF. In general, the mono- to tri-congeners accounted
for a small fraction of the total PCDIY and PCDF yields.
Unless otherwise noted, numerical values used in de-
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scribing the formation experiments will refer to the val-
ues for the total of the mono- to octacongeners:

The term not detected (ND) is used in Tests 1-3.to de-
scribe test results where the PCDDs, PCDFs, or PCDD/Fs
were below instrument detection limits (i.e., with a sig-
nal-to-noise ratio <<2.5). Sample-specific method detec-
tion limits were not determined. Estimated total PCDD/F
concentrations at the detection limit were determined
based on a theoretical instmment detection limit for a sin-
gle isomer in each congener. These estimated concenta-
tions were at least several orders of magnitude below
those concentrations presented in Tests 4-12. Numerical
values are not presented for tests where PCDD/Fs were
not detected. According to Method 23, nondetects are re-
ported as zeroes.

Test | was performed with a clean quartz tube with-
out deposits. A quartz tube with only copper deposits
from the thermal decomposition of Cu{NO3); was used
for Test 2. (A thin layer of dark red deposit, presumably
copper oxides, was found on the inner surface of the
quartz tube after the deposition step.) A quartz tube with
soot deposits from the combustion of no. 2 fuel oil was
used for Test 3 (no copper corhpound was added to the
fuel oil). The results, shown in Table 2, indicate that a
clean tube (Test 1} or a tube coated with soot alone (Test
3) produced no PCDD/Fs when flue gas generated from
DCH incineration was passed through the tube. The tube
coated with copper alone (Test 2) produced no PCDDs
and only negligible quantities of PCDFs (5 ng/dem total
PCDFs). A preliminary test was conducted prior to Test
1 to sample for PCDD/Fs at the same port where a slip
stream of the flue gas generated from the IFR was di-
verted to the quaniz tube, The test was conducted with-
out a quartz tube connecting to the IFR, and under the
combustion conditions and DCH feed rate identical to
those of other tests conducted later. PCDD/Fs were not
detected in the test, confirming that no PCDD/Fs were
formed in the flue gas before it entered the guartz tube
at about 600°C,

Tests 4 and 5 were conducted with quartz tubes con-
taining deposits from the sooting combustion of oil-con-
taining suspensions of Cuy(O particles. Both tests pgave
relatively high levels of PCDD/F formation: 6700 ng/dcm
in Test 4 and 21,000 ng/dem in Test 5. While neither soot
nor copper prometed dioxin formation by itself, they ex-
hibited significant activity when they weré both present.
The greater amounts of PCDD/Fs formed during Test 5
may have resulted from increased copper in the soot de-
posits, increased levels of chlorine in the flue gas, or hoth.

The congener distnibutions of the PCDD/Fs obtained
in Tests 4 and 5 are shown in Figures 3 and 4, respec-
tively. The effect of increased copper and/or chlorine lev-
els was to shift the congener distribution to the more chlo-

rinated species. For Test 4, the PCDD and PCDF distri-
bution peaks corresponded with the HxCDD and TrCDF
congeners, respectively. For Test 5, the PCDD distribu-~
tion peak corresponded with the OCDD congener and the
PCDF peakat the HpCDF congener. Figures 3 and 4 also
show that Test 5 produced relatively more PCDDs to
PCDFs than Test 4. The ratios of the total PCDD 1o PCDF
congeners increased from about 1:5 in Test 4 to about
1:2 in Test 5. The deposits and chlorine levels in Test 5
not only produced more total PCDD/Fs; they resulted in
a higher degree of chlorination and increased the forma-
tion of PCDDs relative to PCDFs. It should be noted that
the low-resolution mass spectrometer employed for this
study was not capable of resolving individual isomers
within a congener group. Therefore comparison on iso-
meric pattern of the PCDD/F samples generated from dif-
ferent tests cannot be made.

A second series of formation tests (Tests 6-9) were
performed using a quartz tube with deposits from the
sooting combustion of a suspension of CuQ in CH;0H
and natural gas. Results of the initial test (Test 6) indi-
cated higher levels of PCDD/F formation (48,000
ng/dcr) than previous tests (see Table 2). Although the
exact causes of the higher formation rate are unknown,
there are several probable causes. The use of higher
amounts of copper in the depositien step may have pro-
vided a greater number of active sites for PCDD/F for-
mation.

The PCDD/F formation is much higher in this series
of tests, which used a fube with more copper injection
(2.33 g), than that from Test 5 (21,000 ng/dcm) using a
tube with less copper injected (1.79 g). The use of CuO
in CH;OH suspension in this series of tests is also sus-
pected 1o increase catalytic PCDD/F fermation. CH;0H
is less viscous compared to No. 2 oil. Belter atomization
and finer droplets were produced from the injection of
CuO in CH30H suspension compared to that from the
Cu;0/no. 2 oil method used during the tube deposition
step. The dispersion of finer copper species on the tube
surfaces resulting from improved atomization during the
deposition step may have enhanced the catalytic activity
of the deposiled copper species leading to more PCDD/F
emissions during the formation step.

The PCDD/F analysis results from Test 6 were ob-
tained 13 days after the incineration test was completed
due to the time-consuming PCDD/F analyses. After the
high PCDIDY/F formation results were confirmed, the re-
maining three tests in the series (Tests 7-9) were per-
formed consecutively, using the same tube that had been
used in Test 6, on the same day. Test 7 was performed
without.DCH injection; flue gas produced from natiral
gas combustion was passed through the tube that had been
used in Test 6 and stored in a cabinet since the test was
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completed. Test 8 was performed after Test 7 was com-
pleted, with DCH incineration resumed at a feed rate (1.0
ml/min) to produce 500 ppmv HCl in the flue gas. For
the last test (Test 9), SO, was injected into the IFR at a
rate to produce 600 ppmv SO, in the flue gas during the
DCH incineration.

Much lower levels of PCDD/Fs (1200 ng/dcm} were
formed in Test 7 when input of chlorine into the [FR was
stopped. However, the significant levels of PCDD/F,
PCDFs in particular, measured in Test 7 indicate that
there was still residual activity from previous tests for
PCDD/F formation. It is possible that prior exposure of
the tube deposited with trace levels of a copper species
to chlorine during Test 6 led to the formation of copper
chlorides, which remained as the source of chlorine for
PCDD/F formation during the subsequent test (Test 7).
The PCDD/F congener distribution pattemns for Tests 6
and 7 are shown in Figures 5 and 6, respectively. Com-
parison of the two figures shows a shift to the less chlo-
rinated species when the input of chlorine was stopped.
Once the injection of DCH was resumed in Test 8, the
levels of PCDD/F were restored to a certain extent
(13,700 ngfdcm), although they are stifl far from com-
parable to those high levels (48,000 ng/dcm) observed
for the initial test (Test 6). The lower PCDD/F formation
observed in Test 8 may possibly be due to the fact that
reactivity of the soot/copper deposits decays gradually

TaeLE L.
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with reaction time. The PCDD/F congener distribution
pattemn for Test 8 is shown in Figure 7; it also shows &
shift to the less chlorinated species when compared to
those shown (Fig. 5) for the initial test (Test 6).

The injection of SO, during the incineration of DCH
in Test 9 at a sulfur-to-chlorine ratio of 1.2 reducds
PCDD/F emissions (4500 ng/dcm) significantly. The
congener distribution pattern for Test ¢ is shown in Fig-
ure 8. The ratios of PCDD to PCDF congeners decrease
significantly from about 1:3 for the previous three tesis
to about }:5 for Test @ when 80, was injected. The re-
ductions in total PCOD/F yields are 78% and 63%, re-
spectively, from Tests 8 to 9. It appears that SO, inje¢-
tion has a sironger inhibition effect on the formation &f
PCDD than that of PCDF. Similar reduction in PCDD/F
emissions from SO, injection has been observed for
MSW combustion applications (Raghunathan and Gul-
Iett, 1996). An attempt was made to conduct an additional
DCH incineration test without SO» injection subsequeht
to Test 9 in order to examine whether the inhibition ef-
fect of $0; on PCDDYF formation still remained with the
deposited tube once it had been exposed to SO;. The re-
coveries of intemal standards required for the PCDDJF
analyses failed to achieve the acceptable levels specified
by Method 23, and results for this test are therefore not
reporied.

The last series of tests (Tests 10—12) were conducted

SuMMARY OF TEST CONDITIONS FOR DEPOSITION AND FORMATION EXPERIMENTS

1 6-Dichlorohexane incineration conditions

Flue gas composition

Cu Chiorine S0, :

Quariz tbe deposits injected® inpur® inputd a; €0, Cco
Test no. deposition method* {g) {ppmv) {ppmv)  (voi % dry)  (vol % dry)  (ppmv dry)

I
1 MNone (clean tube) 0 500 0 0.4 8.5 1
2 Aqueous Cu(NQj3); solution 1.02 500 1] 6.4 85 11
3 Qil sooting (no copper) 0 500 0 6.1 8.6 9
4 Cu,0 suspension, oil sooting .96 500 0 6.2 8.5 40
5 Cu,0 suspension, oil sooting 1.79 1600 0 6.1 8.6 16
6 CuQ in methanol, NG sooting 2.53 500 0 6.2 8.5 40

7 CuQ in methanol, NG sooting 2.53 0 0 6.3 835 21
8 CuQ in methanol, NG sooting 253 500 4] 6.4 8.5 21
9 CuQ in methanol, NG sooting 2.53 500 600 6.4 84 41

10 Copper naphthenate, oil sooting 0.21 500 0 6.2 8.6 26 .
11 Copper naphthenate, oil sooting 0.21 500 0 6.2 8.6 26
12 Copper naphthenate, oil sooting 0.21 500 600 6.2 8.6 26

2411 oil soots generated with no. 2 fuel oil; NG, natural gas.

YTotal amount of copper injected during deposition step.

°HCl concentration in the IFR flue gas as calculated from the 1
for 1000 ppmv HC1).

dMeasured as the SO, concentration in the IFR flue gas.

,6-dichlorohexane input { 1.0 ml/min for 500 ppmv HCL, 2.0 ml/min
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TaBLE 2. PCDD anp PCDF RESULTS FrOM FORMATION EXPERIMENTS (NG/DCM)

Test PCDD PCDF PCDDIPCDF PCDD PCDF PCDDIPCDF
no. tetra-octa tetra-ocia tetra-octa mono-octa mono-ocia mono-octa
1 ND2 ND ND ND ND ND
2 ND 5 5 ND 5 5
3 ND NDP ND ND ND ND
4 1,100 3,300 4,400 1,160 5,500 - 6,700
5 6,000 13,200 19,200 6,000 14,900 21,000
6 11,400 34,900 46,300 11,400 36,500 48,000
7 300 800 1,100 300 900 1,200
8 3,600 9,500 13,100 3,600 10,200 13,700
9 8OO 3,600 4,400 800 3,700 4,500
10 34,100 98,700 132,800 34,500 120,300 155,000
11 23,300 82,400 105,700 23,400 91,200 115,000
12 4800 10,800 15,600 4,800 12,700 17,500

"ND, not detected.

using a tube that was coated with deposits generated by  for preparing the deposits used for this series of tests. Ini-
buming a solution of copper(Il) naphthanate (CuNph} tial tests using a quartz tube coated with deposits gener-
dissolved in no. 2 oil under sooting conditions. CuNph,  ated by the CuNph/no. 2 eil selution with I g of the to-
an organometallic compound completely soluble inno. 2 tal amount of copper injected produced such high
oil, produced a spray in the quartz bumer much better PCDD/F levels that they exceeded the calibration ranges
than those produced either by Cu,O/no. 2 oil suspension  of the GC/MS used for PCDD/F analyses. Another quartz

or CuQ in CH;OH suspension used in the previous tests.  tube prepared with less copper injected (0.21 g) was used
A significantly smaller amount of copper was injected  for the tests.

1600 - NI Not Detected

3200
2800
2400
2000 -

1600 4 PCDFs

Concentration {ng/dcm)

1200

800

Congener

FIG. 3. Distribution of PCDD/PCDF congeners from test 4 (0.96 g Cu as CuyO in no. 2 fuel oil, 500 ppmv HCI from 1,6-
dichlorohexane incineration).
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NI Not Detected

1600

1200 7

Concentration (ng/dcm)

800

400 1

: [
Congener |

FIG.4. Distribution of PCDD/PCDF congeners from test 5 (1.79 g Cu as Cuz0 in no. 2 fuel oil, 1000 ppmyv HCI from I!.6-
dichiorohexane inicineration). :
[
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FIG. §. Distribution of PCDD/PCDF congeners from test 6 (2.53 & Cu a3 CuC in methanol, 500 ppmv HC! from 1,6-dichloro-
hexane incineration).
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Concentration (ng/dem)

300 4

250 1

200

150 7

NI¥: Not Detected

Congener

e

HXCLE

HpCDE
OCDE [

FIG. 6. Distribution of PCDD/PCDF congeners from test 7 (2.53 g Cu as CuOQ in methanol, 0 ppmv HCI from natural gas com-

bustion).

Concentration (ng/dem)

3000

2500 1]

2000

1500
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FIG. 7. Distribution of PCDD/PCDF congeners from test 8 (2.53 g Cu as-CuO in methanol, 500 ppmv HCI from [,6-dichloro-

hexane incineration).
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FIG.8. Distribution of PCDD/PCDF congeners from test 9 (2.53 g Cu as CuQ in methanof, 500 ppmv HC! from 1.6-dichldro-
hexane incineration, 600 ppmv SO; injection). ,
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FIG.9. Distribution of PCDD/PCDF congeners from test 10 (0.21 g Cu as copper (II) naphthanate in no, 2 fuel oil, 500 ppmv
HCl from 1,6-dichlorohexane incineration). '
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The levels of PCDLY/F (155,000 ng/dcm) measured for
the first test (Test 10) in this series are much higher than
those found in the previous series of tests, It appears that
the soot/copper deposits generated by the CuNph/no. 2
oil solution have the highest reactivity for PCDD/F for-
mation compared to those produced by CuO/no. 2 oil
suspension and CuQ in CH;OH suspension. It is possi-
ble that the combustion of an organometailic copper com-
pound soluble in the fuel produces very fine copper ox-
ide particles that are deopsited on the quartz tube as the
flue pas passed through the tube. The catalytic reactivity
of these deposits is expected to be significantly enhanced
due to the higher surface areas provided by the finer par-
ticles and better dispersion of the copper in the fine par-
ticulate deposits.

A test (Test 11) was repeated immediately after Test
10 was completed in order to assess the reduction in
PCDD/F formation as a result of decay in the reactivity
of the deposits with reaction time. Significantly lower
levels of PCDD/F (115,000 ng/dcm) were measured in
Test 11 compared to those measured in Test 10, indicat-
ing that the reduction in reactivity of the deposits with
reaction time is substantial. The reductions in total
PCDD/F vields are 33% and 24%, respectively, from
Tests {0 and 11. Another test (Test 12), with experimental
conditions similar to those for the two previous tests, was
repeated after Test 1] was completed. SO, was injected
at a level of 600 ppmv in the flue gas for this test, The

PCDD/F were reduced to significantly lower levels
(17,500 ng/dcmn) as a resolt of SO, injection. The reduc-
tions in total PCDD/F yields are 80% and 86%, respec-
tively. The reductions are slightly higher than those also
caused by SO, injection measured in Tests & and 9. It ap-
pears that injection of SO has a stronger inhibition ef-
fect in PCDDYF formation on the soot/copper deposits
produced by the CuNph/no. 2 oil solution, which have
higher reactivity. Although it is expected that the decrease
in PCDD/F formation may be due to repeated testing with
the same tube as its recativity for PCDD/F formation de-
cays with reaction time, it appears that the reduction in
PCDD/F formation due to SO; injection is the predomi-
nant factor as suggested by its significantly higher re-
duction in PCDD/F yields compared to that caused by
the decrease in reactivity with reaction time.

The congener distributions measured during Tests
10-12 are shown in Figures 9-11, respectively. The dis-
tributions of PCDD congeners are quite similar for these
tests. Relatively smail quantities of tri- and tetra-con-
geners were formed; PCDD formation increased rapidly
with the extent of chlorination and reached a maximum
at the hepta-congener. The change in PCDF congener dis-
tribution pattern is noticeable from Tests 10 to 11. Com-
parison of Figures 9 and 10 indicates that the decay in
reactivity of the deposits reduces the formation of the tri-
and tetra-PCDF congeners in greater proportions relative
o other congeners. However, injection of SO, causes

28000 7
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FIG. 10. Distribution of PCDD/PCDF congeners from test 11 {0.21 g Cu as copper (I} naphthanate in no. 2 fuel oil, 500 ppmv

HCI from |,6-dichlorohexane incineration).
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very littie change in PCDF congener distribution when
comparing Figures 10 and 11. The ratios of PCDD to
PCDF congeners measured in Tests 10 and 11 are about
1:3.5-3.9, and the ratios increase to about 1:2.6 in Test
12, '

Most of the research on dioxin formation mechanisms
has been concentrated on the heterogeneous catalytic re-
actions occurring in the postcombustion region through
two possible pathways: de novo synthesis which involved
particulate carbon, and catalytic condensation reactions
of gaseous organic precursor compounds {Addink and
Olie, 1995). Froese and Hutzinger (1996) suggested that
the precursor route is accountable for the high PCDD/F
formation rates (1-2 § residence time) observed for some
combustion systems prior to, or without, the particulate
collection equipment. The de novo synthesis, proposed
by Vogg and Steglitz (1986), involves the slow direct
chlorination and oxidative breakdown of the aromatic
ring structures in the carbon matrix of the particuiate car-
bon, which accounted for the long residence times (530
min) required for PCDD/F formation observed in partic-
ulate collection equipment. The observed high PCDD/F
formation that occurred in short residence times (2 s) in
the present study seems (o suggest that the strong mem-
ory effect of soot and copper deposits on PCDD/F for-
mation proceeds possibly through the precursor route.
The de novo route is also possible, as the gas residence

3500
NLx Mot Detecied
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Concentration (ng/dem)

500 1

Congéner

FIG. 1.
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time is short (2 s); however, the high PCDD/F yields were
formed over a sampling period of about 60 min by pass-
ing a chlorine-containing flue gas over the reactive der
posits. High yields of PCDD/F formation are also possi-
ble through the de novo route when the flue gas serves
as the chiorine source and the deposits provide both the
organics and the catalyst needed for the synthesis. Both
the de novo synthesis and the precursor routes involve
surface-mediated catalytic reactions that occur over a
solid surface with the presence of a catalyst, and fly ash
and copper compounds are the most extensively studied
surface materials and catalysts, respectively (Addink and
Olie, 1993). ;
The strong promotional effect on PCDD/F emissions
was observed only on the tubes deposited with both soot
and copper; no such effect was observed with either:a
soot or copper deposit alone in the present study. In the
initial CFC study, an old bench-scale combustor that had
been used for testing metal-containing wastes was uséd
to burn CFCs. This combustor generated total PCDD{F
emissions as high as 23,800 ng/dem (Hassel, 1991),
which are close 1o the levels measured in the present
study. Soot deposit was also found in that combustion
unit prior to the CFC tests. Much iower, but still signif-
icant, levels of total PCDD/F emissions (up to about 500
ngfdem) were measured in the follow-up study when 2
CFC was incinerated in the same combustor that had been

Distribution of PCDD/PCDF congeners from test 12 (0.21 g Cu as copper (IT) naphihanate in no. 2 fuel cil, 500 ppmy

HCI from 1.6-dichlorohexane incineration, 600 ppmv S0; injection).
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fired with a copper-containing fuel prior to CFC incin-
eration (Lee et al., 1996). The combustor had not been
used since the completion of the initial CFC study in Sep-
tember 1991, and the refractory of the combustor was re-
placed in August 1994 prior to the folow-up CFC study.
The much lower levels of PCDD/F emissions observed
from the follow-up CFC study compared to those ob-
served in the initial study could be due to very little soot
deposit present in the combustor with the newly replaced
refractory. A lowering of PCDD/F emissions resulting
from refractory replacement has been reported (Gullett
and Raghunathan, 1997). All of these observations sug-
gest that soot is important 1o the observed memory effect
on PCDD/F emissions from combustor deposits. It is not
known as to whether the role soot plays to promote
PCDD/F formation in the combined soot and copper de-
posits is purely catalytic and/or if it also serves as the
source of the aromatic precursors necessary for subse-
quent PCDD/F formation. Further research could help
identify the role soot deposit plays in PCDD/F formation.
Soot is the most commonly found deposit on all com-
bustion systems, and it is very important to understand
its influence on promoting PCDD/F formation.

CONCLUSIONS

A strong promotional effect on PCDD/F emissions
from chlorinated waste incineration has been observed
resulting from soot and copper deposited together prior
10 the waste incineration. Such effect has not been ob-
served on either soot or copper deposit alone. Copper de-
posits formed by passing either an organic or inorganic
copper compound through the combustion environment
can produce the memory effect 10 promote PCDD/F emis-
sions in the presence of soot, The chlorinated waste in-
cineration system “remembers” the presence of soot and
copper deposits by producing high-dioxin emissions,
once they are deposited in the system. The soot and cop-
per deposits formed by buming an oil-soluble
organometallic copper compound in no. 2 oil under soot-
ing conditions exhibited the strongest combined promo-
tional effect. The promotional effect decays gradually
with time. It was also observed that that soot and copper
deposits are capable of retaining chlorine during chlori-
nated waste incineration, which served as the source of
chiorine to form PCDD/Fs later when the input of chlo-
rinate waste into the combustor stops. Injection of SO,
is very effective to suppress the combined promotional
effect of soot and copper deposits. The soot deposit,
formed by combustion of either gaseous or liquid fuel ap-
pears to be very important to the memory effect observed,
It is unclear as to whether the role of soot in the mem-

ory effect is purely catalytic and/or if it also serves as the
source of organic precursors needed for PCDD/F forma-
tion. Further research would help elucidate the role of
soot in the memory effect.

GLOSSARY

CuNph Copper (IT) naphthanate
DCDD Dichlorodibenzodioxin
DCDF Dichiorodibenzofuran
DCH 1,6-dichlorohexane
HpCDD Heptachlorodibenzodioxin
HpCDF Heptachlorodibenzofuran
HxCDD Hexachlorodibenzodioxin
HxCDF Hexachlorodibenzofuran
IFR Innovative furnace reactor
MCDD Monochlorodibenzodioxin
MCDF Monochlorodibenzofuran
OCDD Octachlorodibenzodioxin
OCDF Octachloredibenzofuran
PCDDs Polychlorinated dibenzo-p-dioxins
PCDD/Fs Polychlorinated dibenzo-p-dioxins and

polychlorinated dibenzofurans
PCDFs Polychiorinated dibenzofurans
PeCDD Pentachlorodibenzodioxin
PeCDF Pentachlorodibenzofuran
TCDD Tetrachlorodibenzodioxin
TCDF Tetrachiorodibenzofuran
TrCDD Trichlorodibenzodioxin
TeCDF Trichlorodibenzofuran
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