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Introduction

Dioxin is the general term for polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) shown in Fig. 1. They are
highly toxic compounds even in trace amounts, and
detected in combustion sources such as municipal
waste incinerators and in bleaching processes of pulp
mills. A recent EPA study has concluded that up to
50% of the known dioxin sources in the environment
may be derived from municipal waste incinerators
(Hileman et al., 1994).

Several techniques have been proposed for the
decomposition of chemically stable dioxins: (1)
combustion with melting treatment of fly ash, (2)
dechlorinating thermal decomposition in atmosphere
with a low concentration of oxygen, (3) photo
decomposition with sun light or ultraviolet irradia-
tion, and (4) decomposition with microorganisms.
The main requirement for disposal techniques is that
they are, safe simple and rapid. Each technique has
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Fig. 1 Molecular structures of dioxins

some drawbacks in industrial use. For melting
treatment (Hirth ez al., 1989), much energy is required
to maintain a high temperature of more than 1500 K
and volatile heavy metals such as mercury have to be
recovered with a condensation process. For the
second method (Hagenmaier et al., 1987), the reverse
reaction of the reproduction of the dioxins occurs
when the oxygen concentration increases. For the
third (Esposito et al., 1980) and fourth (Matsumura e?
al., 1983) methods, the reaction is very slow and it is
difficult to decompose the dioxins completely.

Waste treatment using supercritical water,
which exists as a phase above the critical temperature
(647.3 K) and critical pressure (22.12 MPa), has been
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investigated for ten years. This technique has
advantages to decompose hazardous wastes: (1) both
water and the oxidizer are clean and safe materials,
and (2) powerful decomposition properties are
realized for toxic organics. The method has been
applied to the decomposition of dioxins in a pulp mill
sludge and more than 99% of the dioxins were
decomposed under the conditions that the temper-
ature was above 773 K, the pressure was around
25 MPa and the reaction time was less than 10 min
(Modell et al., 1992; Swallow and Killilea, 1992;
Blaney et al., 1995).

In this study, we tried to decompose the dioxins
in a fly ash using supercritical water and an oxidizer.
The first objective is to compare the decomposition
efficiency of the dioxins in the fly ash with that in the
pulp mill sludge, because the distribution pattern of
the dioxin isomers in the fly ash (called “incineration
pattern”) is quite different from that in the pulp mill
sludge (“pulp bleaching pattern™) (Hiraoka, 1993a),
that is, the former has many kinds of dioxin isomers
and the latter contains relatively high concentrations
of tetrachlorodibenzofuran and tetrachlorodibenzo-
p-dioxin, The second objective 1s to check the
possibility of the decomposition of dioxins at around
673 K because a conventional stainless steel can be
used as a construction material for the decomposition
reactor in a very dilute aqueous region of hydrogen
chloride. Thethird objective is to examine what kind
of oxidizer is suitable for rapid and complete
decomposition of the dioxins.

1. Experimental

A batch-type reactor made of 316 stainless steel,
and with an inner volume of 20 cm®, was used for
decomposition of the dioxins found in fly ash
discharged from a municipal waste incinerator. The
experimental apparatus is shown in Fig. 2. The
reactor (B) was immersed into a molten salt bath (A)
filled with sodium nitrite. The whole reactor was
kept in the molten salt except for the stop valve (C) to
avoid the partial condensation of water. The reac-
tion temperature was considered to be equal to the
temperature of the molten salt bath, which was
measured with a K-type thermocouple (D) inserted
into the molten salt bath. The reaction pressure was
calculated from the pv T relation of pure water (Japan
Society of Mechanical Engineers, 1994), where the
supercritical water was considered to be a pure
component because only trace amounts of organic
compounds were dissolved in the supercritical water,
and the molar volume of water v was determined from
the charged amount of water and the inner volume of
the reactor. The reaction time “zero™ was defined to
be the time when the temperature of the reactor
reached a given reaction temperature. It took about
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Fig. 2 Apparatus [or decomposition of dioxins

5 min to increase the temperature of the reactor from
the room temperature to 673 K.

2 g of {ly ash and about 7.4 g of water, which was
adjusted so that the reaction pressure would be
30 MPa, were charged into the reactor and an oxidizer
such as an air, oxygen gas or hydrogen peroxide was
added into the reactor. Then the reactor was
immersed into the molten salt bath maintained at
reaction temperature.  After keeping the reactor at
the reaction temperature for a given time interval, the
reactor was taken out of the molten salt bath and
cooled in water quickly to stop the reaction as soon as
possible. The reactor was subsequently opened and
the fly ash and water were taken from the reactor.

The dioxins were analyzed by Sumika Chemical
Analysis Service Co., Ltd. according to the method of
Japan Waste Research Foundation (Hiraoka, 1993b).
The sample was a slurry of the fly ash and water. At
first, the slurry was separated into the liquid and solid
components. Prior to the analysis, both samples
were treated with hydrochloric acid, extracted with
toluene, mixed together, treated with sulfuric acid,
cleaned up with a column chromatograph, and con-
centrated. Then the dioxins in the sample were
analyzed using a GC/MS with a high sensitivity.
The column arrangements are presented in Table 1.
The analytical error of the dioxins was within £5%
and, as a result, the maximum error of the total
decomposition yield in Table 2 was 0.2%.

The oxygen gas was provided by Iwatani
Industries Co, Ltd. and its purity was more than
99.9%. The hydrogen peroxide aqueous solution
was supplied by Santoku Chemical Industries, Ltd.
and the impurities, except for water, were less than
0.19. Water, which was deionized, distilled and
deaired with nitrogen gas, was used in all experiments.
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Table 1 Column arrangements of GC/MS systems

1. PCDDs and PCDFs substituted by 4 - 6 chlorine atoms
* Column: SP-2331 fused silica column (60 m<0.25 mmID)
* Column temp.: 373 K (1 min.)-473 K (30 K/min.) - 523 K (3 K/min. and hold)

* Carrier gas: He

2. PCDDs and PCDFs substituted by 7 - 8 chlorine atoms
* Column: DB-5 cross-linked phenyl methyl silicone
* Column temp.: 373 K (1 min.)-493 K (30 K/min.) - 573 K (5 K/min. and hold)

¢ Carrier gas: He

Table 2 Decomposition of dioxins with supercritical water + oxidizer

Charged fly ash R-1 R-2 R-3 R4
T [K] — 673 673 673 673
p [MPa] — 30 30 30 30
Time [min.] — 15 30 30 30
Charged fly ash (2] — 2.00 2.00 2.00 2.00
Charged water [g] — 7.57 7.33 7.54 7.30
Oxidizer [ng/g] — 0.1 MPa Air 0.1 MPa Air 0.5 MPa O, 0.02%H20-
T4«CDD [ng/g] 2.0 1.1 1.2 0.27 0.035
PsCDD [ng/g] 5.9 0.26 0.25 0.79 0
HsCDD [ng/g] 12.1 0.07 0.12 0.10 0.18
H,CDD [ng/g] 34 0.075 0.035 0.15 0
0s:CDD [ng/g] 38 0.05 0.085 0.04 0.025
Total PCDD [ng/g] 92 1.55 1.69 1.41 0.24
Decomp. yield [%] — 98.3 98.2 98.5 99.7
T4CDF [ng/g] 5.5 3.15 2.64 0.79 0.20
PsCDF [ng/g] 8.7 1.00 0.29 0.30 0.02
HsCDF [ng/g] 2.8 0.24 0.20 0.28 0.095
H-,CDF [ng/g] 38 0.025 0 0.05 0
OgCDF [ng/g] 37 0.02 0.015 0 0.005
Total PCDF [ng/g] 92 443 3.14 1.42 0.32
Decomp. yield [%] — 95.2 96.6 98.5 99.7
Sum of PCDD+ PCDF [ng/g] 184 5.98 4.83 2.83 0.56
Total decomp. yield [%] — 96.8 97.4 98.5 99.7

. Residue of PCDD + PCDF
Total decomp. yield [%]=|1— X100

T4CDD =tetrachlorodibenzo-p-dioxin
PsCDD = pentachlorodibenzo-p-dioxin
H¢CDD = hexachlorodibenzo-p-dioxin
H7CDD = heptachlorodibenzo-p-dioxin
03CDD = octachlorodibenzo-p-dioxin

2. Results and Discussion

The dioxins were decomposed with supercritical
water and an oxidizer such as air, pure oxygen gas or
hydrogen peroxide. The total concentration of the
dioxins in the fly ash was 184 ppb. The concen-
tration of each compound is presented in the first
column of Table 2. The stoichiometric mass of the
oxygen was calculated to be 0.28pug from the
analytical results of the dioxins to be decomposed.
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Charged PCDD + PCDF

T+CDF = tetrachlorodibenzofuran
PsCDF = pentachlorodibenzofuran
H¢CDF = hexachlorodibenzofuran
H;CDF = heptachlorodibenzofuran
O3CDF = octachlorodibenzofuran

The experimental results for the decomposition are
also presented in Table 2. Air was used as the
oxidizer in R-1 and 2; pure oxygen gas in R-3; and
hydrogen peroxide in R4. ’

In R-1 and 2, the charged air corresponded with
about 10,000 times the stoichiometric oxygen neces-
sary to decompose the dioxins in the fly ash
completely. We could decompose around 97% of the
dioxins. Thedecomposition yield of PCDD is a little
higher than that of PCDF and the chlorinated
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compounds with more chlorine atoms are decom-
posed more easily with the supercritical water
oxidation technique. When the reaction time was
increased from 15 to 30 min, the decomposition yield
increased a little.

Oxidizers stronger than the air are required to
achieve complete decomposition of the dioxins.
Pure oxygen gas (0.5 MPa) is used in R-3 to promote
the oxidative decomposition of the dioxins. An
improvement of total decomposition yield from 97.4%,
to 98.5% is obtained. The reason for higher decom-
position yield is that the T4CDD and T4CDF are
decomposed more and the decomposition yield of the
PCDF increases from 96.6 to 98.5%.

Next the hydrogen peroxide, which is the
strongest oxidizer in this work, was added into the
supercritical water in R-4. This oxidizer has no
adverse environmental effects because it decomposes
to water and oxygen. It also produces a nascent
oxygen which is very reactive and oxidizes organic
compounds rapidly. In R-4, we added about 2,500
times the oxygen theoretically required stoichiometri-
cally. Judging from the experimental results, super-
critical water with hydrogen peroxide is a powerful
solvent to decompose the dioxins.

Conclusion

The dioxins in the fly ash were decomposed
almost completely using the supercritical water
oxidation technique under the conditions in which the
reaction temperature, pressure and time were 673 K,
30 MPa and 30 min, respectively. The reaction
temperature was lower, the reaction pressure was a
little higher and the reaction time was longer,
comparing with the previous work on the treatment of
dioxins in pulp mill sludge. The reaction temper-
ature in this study is low enough to use a conventional
stainless steel as the construction material of the
reactor. The effect of the oxidizers becomes stronger

VOL. 30 NO. 4 1997

in the order, air, pure oxygen gas, and hydrogen
peroxide. The maximum decomposition yield of the
dioxins is 99.7% when using supercritical water
+0.02 wt% hydrogen peroxide.

Nomenclature

2 = pressure [MPa]
PCDD = polychlorinated dibenzo-p-dioxin

PCDF = polychlorinated dibenzofuran

T = temperature [X]
v = molar volume [m?/mol]
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