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The Gist in English

As the high toxicity of dioxins became clear, the law concerning special measures
against dioxins was approved and promulgated in Japan in July 1999, and went into
effect in January 2000, setting a target of reducing total dioxins emissions by
approximately 90% of the 1997 level by fiscal 2002. Therefore, it is required to
immediately develop the technology to reduce dioxins in the exhaust gas of municipal
solid waste incinerators.

Dioxins reduction technologies include the improvement of the operating condition
of incinerators, the injection of inhibitors into flue gas, the separation of dioxins by
dust collectors, the adsorption of dioxins by adsorbents such as activated carbon, and
the decomposition of dioxins by oxidation catalysts.

In this paper, for the purpose of putting the dioxins adsorption technology into
practical use, primary factors influencing the adsorption rate of dioxins on to
adsorbent are elucidated. Using these results, the dioxins removal efficiencies of two
types of equipments, a bag filter with activated carbon injected into the inlet flue gas
and an adsorption tower filled with activated carbon, are estimated. Additionally, the
adsorption rate of dioxins on to various inorganic adsorbents and the regeneration
efficiency of activated carbon used for the removal of dioxins from flue gas are
examined.

In the second chapter, primary factors influencing the adsorption rate of dioxins on
to activated carbon are studied using a fixed bed column and 1,2,3,4-tetrachlorinated
dibenzo-p-dioxin (T4CDD). The effects of adsorption time, activated carbon weight,
inlet T4«CDD concentration, gas temperature, superficial gas velocity in a column, valid
particle diameter of activated carbon, and the concentration of co-existing gas
components (1,2,3-trichlorobenzene (T3CBz), hydrogen chloride (HCIl), and sulfur
dioxide (SO2)) are examined.

When the adsorbed amount of T4CDD does not affect its own adsorption rate, the
mass transfer model of T4«CDD shown in Eqs.(1), (2), and (3) can be used to explain the

T4+CDD removal efficiency. In the refered model, the mass transfer rate of T4CDD in a
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boundary film on activated carbon can be evaluated by the valid diameter calculated
from the pressure drop through the packed bed. The mass transfer rate of T4CDD in
the pores of activated carbon increases with increasing roughness of the surface of
activated carbon particles. The removal efficiency is not so much affected by the

existence of T3sCBz and SO: in the gas phase, but is improved by the existence of HCI.

(7 C Je o) (2)
0.3578—80'2/3Re'0'359 (3 Re 900) (3)

In the third chapter, for the purpose of searching for adsorbents that are effective in
the removal of dioxins from flue gas, the adsorption rate of T4CDD on to various
adsorbents is studied using a fixed bed column. The adsorbents used are four kinds of
activated charcoals, six kinds of activated carbons, a carbon residue made from vinyl
chloride resin, a carbon residue made from building lumber, ten kinds of inorganic
adsorbents, two kinds of fly ashes from two slagging incinerators containing unburned
carbon, and four kinds of fly ashes from two incinerators containing it.

With regard to carbonaceous adsorbents, the greater the surface area for pores of
2-50nm in diameter, the higher the T4CDD removal efficiency. Activated clay has the
highest T4CDD removal efficiency among the inorganic adsorbents. Diatomaceous
silica and slaked lime adsorb little T4«CDD. The removal efficiency of unburned carbon
in fly ash is almost equal to that of activated carbon.

For this reason, using the actual bag filter, the dioxins removal efficiency of the
activated clay, which has the highest T4CDD removal efficiency among the inorganic
adsorbents, is examined. Additionally, for the fly ash containing activated clay, the
application to the dechlorination process and the stabilization process with chelating
agent is studied in the lab test.

When the 60mg/m3Nx wet of the activated clay is injected into the inlet flue gas of the
bag filter at 180 , the dioxins concentration of the outlet flue gas is less than

0.01ng-TEQ/m3n, and the removal efficiency is more than 97%. Even the removal
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efficiency of gaseous dioxins is more than 88%, equal to that in the case of activated
carbon. But the activated clay adsorbs little chlorobenzenes, chlorophenols, and
mercury. And, it is verified that the dechlorination process and the stabilization
process with chelating agent can be applied on usual operating conditions for the fly
ash containing activated clay. As a result, activated clay can be used for the removal of
dioxins from flue gas as a substitute for activated carbon.

In the fourth chapter, using a fixed bed adsorption tower of the pilot plant, the
effects of adsorption time and activated carbon weight on the dioxins removal
efficiency are examined. Besides dioxins, those of other toxic substances are also
examined.

When the dioxins concentration of the inlet flue gas of the tower at 170 ranges
from 0.62 to 4.1ng-TEQ/m3n, the concentration of the outlet flue gas keeps less than
0.1ng-TEQ/m3x for 3,600h at space velocity 5,100h't. The removal efficiency of
chlorobenzenes, chlorophenols, and mercury is also sufficiently high, but that of HCI
and SOz is low. In the case of SOs, activated carbon weight increases remarkably due
to the adsorption of SOs.

In the fifth chapter, using the results in the second chapter and the fourth chapter,
the dioxins removal efficiencies of the bag filter with activated carbon injected into the
inlet flue gas and the adsorption tower filled with activated carbon are estimated
quantitatively, using Egs.(4) (the linear-isotherm system: Henry's law) and (5)
(modified from Eq.(1)).

B (4)

h——7 A — (5)

The calculations correspond with the experiment values. And, the adsorption
coefficient 3 value of activated carbon with a surface area of 181m2/g for pores of
2-50nm in diameter is estimated to be 610,000m3/kg at 170

In the sixth chapter, for the purpose of confirming the regeneration efficiency of
activated carbon used for the removal of dioxins from flue gas, the behavior of various

adsorbates on activated carbon and the adsorptive capacity of the regenerated
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activated carbon are investigated by repeated the exposure to flue gas and the thermal
treatment in a nitrogen atmosphere.

Adsorbed dioxins are not desorbed to the gas phase but decomposed on the activated
carbon by the thermal treatment at 400 in a nitrogen atmosphere. So it is verified
that dioxins do not accumulate into the activated carbon when the activated carbon is
repeatedly used for the adsorption test and the thermal treatment. Sulfur also does not
accumulate into the activated carbon, but mercury accumulates little by little, and
chlorine accumulates remarkably. The adsorptive capacity of the activated carbon for
dioxins and sulfur does not change during the repeated regeneration tests, but that for
mercury and chlorine tends to decrease due to their accumulation on the activated
carbon. As a result, by the thermal treatment at 400 in a nitrogen atmosphere,

activated carbon can be used repeatedly for the removal of dioxins from flue gas.

Key Words

dioxins, 1,2,3,4-tetrachlorinated dibenzo-p-dioxin, activated charcoal, activated carbon,
activated clay, adsorption, removal, flue gas, mass transfer, break through curve,

regeneration, desorption.
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Nomenclature in English

(n)

(n)

particle surface area per unit of packing volume [m2/m3]

value multiplied particle surface area per unit of packing volume by

roughness factor [m2/m3]
filtration area of all the filter cloths in a bag filter [m2]
particle surface area of a particle [m2/particle]
coefficient of hydrated water (]
amount of dioxins on fly ash [mg/h]
amount of dioxins in the inlet flue gas at a bag filter [mg/hl]
amount of dioxins in the outlet flue gas at a bag filter [mg/hl]
T4+CDD or dioxins concentration of the gas phase [ng/ms3]
each substance concentration of the inlet flue gas at the n-cycle
adsorption test [ng/m3, py g/m3]
imaginary T4CDD or dioxins concentration on activated carbon [ng/ms3]
inlet T4CDD or dioxins concentration [ng/m3]
outlet T4CDD or dioxins concentration [ng/m3]
T4+CDD concentration of an interface between activated carbon and the
gas phase [ng/m3]
molecular diffusion coefficient [m2/s]
intrapellet effective diffusion coefficient [m2/s]
Knudsen diffusion coefficient [m2/s]
surface diffusion coefficient [m2/s]
valid particle diameter [m]
gas flow rate [m3/s]
gas flow rate at the n-cycle adsorption test [m3/h]
activated carbon weight packed in a column kgl
activated carbon weight of a particle [kg/particle]
proportionality factor [-]
amount of injected T4+CDD [ngl
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increasing ratio of dioxins at a bag filter (]
overall coefficient of mass transfer [m/s]
film coefficient of mass transfer [m/s]

value multiplied intrapellet coefficient of mass transfer by roughness

factor [kg/(m2 s)]

' intrapellet coefficient of mass transfer [kg/(m2 s)]

i  molecular weight of i-substance [g/mol]
i molecular weight of j-substance [g/mol]
amount of dust on the filter cloths [kg/m?]

«,» amount of dust on the filter cloths of the i-pulse unit at t-time [kg/m2]
number of the pulse units [-]
degree to [-]
degree to [-]
total pressure [Pal

PAac

Sc
Sh
SV

(n)

BJH surface area for pores of 2-50nm in diameter of activated charcoal
and activated carbon [m2/g]

sum of adsorbent, filter aid, slaked lime and fly ash going into a bag

filter [kg/s]
amount of adsorbed T4+CDD or dioxins [ng/kgl
mean amount of adsorbed T4CDD or dioxins [ng/kgl
Reynolds number [-]
direction of mass transfer [m]
Schmidt number [-]
Sherwood number [-]
space velocity [h-1]
gas temperature (K]
time [s]

adsorption period at the n-cycle adsorption test [h]
superficial gas velocity [m/s]
filtration rate [m/min]
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mean filtration rate [m/min]

i filtration rate through the filter cloths of the i-pulse unit at t-time [m/min]
gas velocity [m/s]
particle velocity [m/s]
packing volume [m3]

(n) packing volume of the 1st packed bed at the n-cycle adsorption test [m3]
i molar volume at the normal boiling point of i-substance [cm3/mol]
i molar volume at the normal boiling point of j-substance [cm3/mol]
activated carbon volume of a particle [m3/particle]
T4+CDD or dioxins removal efficiency [%]
)  dioxins removal efficiency at t-time [%]

(t,1)

dioxins removal efficiency at the dust layers on the filter cloths of the

1-pulse unit at t-time [%]

(n) removal efficiency of activated carbon in the 1st packed bed at the

n-cycle adsorption test (%]

'(n) removal efficiency of activated carbon in the 1st packed bed at the

n-cycle adsorption test, that is modified by packing volume [%]

(n) removal efficiency of activated carbon in the 2nd packed bed at the

> > S > >

n-cycle adsorption test [%]
packing length [m]
coefficient of the dust load on a filter cloth [(m2/kg)115 (min/m)1-32/s]
adsorption coefficient [m3/kgl
adsorption coefficient of activated charcoal and activated carbon [m3/kg]
coefficient of  0.641 [(m/s)0-359]

) increasing amount of dust on the filter cloths of the i-pulse unit at

A t-time [kg/m2]
pressure drop at a column [Pal
pressure drop at a bag filter [kPal

(t) pressure drop at a bag filter at t-time [kPa]
pressure drop at the dust layer on a filter cloth [kPal
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pressure drop at a filter cloth

[kPa]

(n) increasing amount of adsorbate on activated carbon in the 1st

packed bed at the n-cycle adsorption test

[ng, p gl

(n)  increasing amount of adsorbate on activated carbon in the 2nd

packed bed at the n-cycle adsorption test
mean increasing amount of dioxins adsorbed at A t-time
minute time
minute packing length
tortuosity factor
void
porosity
resistance coefficient of a filter cloth
gas viscosity
packing density
gas density
particle density

roughness factor
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Fig.1-1 Dioxins structures
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TEQ )

1962 1971 1968
PCDFs PCBs ( ) 1976

1977 Olie 3 PCDDs/PCDFs
1979 Eiceman ¥ 1983 5)

Table 1-1 Toxic equivalency factors of dioxins

Name of compound | WHO-TEF (1998) International-TEF (1988)
PCDDs (2,3,7,8-TeCDD 1 1
1,2,3,7,8-PeCDD 1 0.5
1,2,3,4,7,8-HxCDD 0.1 0.1
1,2,3,6,7,8-HxCDD 0.1 0.1
1,2,3,7,8,9-HxCDD 0.1 0.1
1,2,3,4,6,7,8-HpCDD 0.01 0.01
OCDD 0.0001 0.001
PCDFs |2,3,7,8-TeCDF 0.1 0.1
1,2,3,7,8-PeCDF 0.05 0.05
2,3,4,7,8-PeCDF 0.5 0.5
1,2,3,4,7,8-HxCDF 0.1 0.1
1,2,3,6,7,8-HxCDF 0.1 0.1
1,2,3,7,8,9-HxCDF 0.1 0.1
2,3,4,6,7,8-HxCDF 0.1 0.1
1,2,3,4,6,7,8-HpCDF 0.01 0.01
1,2,3,4,7,8,9-HpCDF 0.01 0.01
OCDF 0.0001 0.001
Co-PCB:s (3,4,4',5-TeCB 0.0001
3,3',4,4-TeCB 0.0001
3,3',4,4',5-PeCB 0.1
3,3',4,4',5,5-HxCB 0.01
2,3,3',4,4'-PeCB 0.0001
2,3,4,4',5-PeCB 0.0005
2,3',4,4' 5-PeCB 0.0001
2'.3,4,4'5-PeCB 0.0001
2,3,3',4,4',5-HxCB 0.0005
2,3,3',4,4',5-HxCB 0.0005
2,3',4,4',5,5"HxCB 0.00001
2,3,3',4,4',5,5'-HpCB 0.0001
- : Undefined.
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PCDDs/PCDFs

1983 12 1984 5
100pg-TEQ/kg/day
1984
1985
1985 5
1990 12
( )
1995 11
1996 6
( TDI )10pg-TEQ/kg/day TDI
TDI 1996 6
1997 1
( ) 1997 8
1997 12
Table 1-2
TDI 1999 6
10pg-TEQ/kg/day 4pg-TEQ/kg/day 1999 7
1991

3 1999

23



PCB

Table 1-

8,135g-TEQ/year

2003

3

(JIS K 0311 : 1999)

2002

970g-TEQ/year 1997

1997
12
1997 7,680
90%
2002 944
87.4 88.4%

Table 1-2 Regulations for emission gas to dioxins

Type of specific facilities

in

Scale of
facilities

(Capacity of

cineration)

Standards for
new facility
[ng-TEQ/m®y dry]

Standards for existing facility
[ng-TEQ/m®y dry]
January, 2001  December, 2002-
-November, 2002

Waste incinerators

(Hearth area is more More than 4t/h 0.1
than 0.5m? or capacity |2t/h-4t/h 80 5
of incineration is more |Below 2t/h 10
than 50kg/h)
Electric steel-making furnaces 0.5 20 5
Sintering facilities for steel industry 0.1 2
Facilities for collecting zinc 1 40 10
Facilities for manufacturing aluminum 1 20 5

base alloy

Note : Regarding newly constructed waste incinerators (capacity is more than 200kg/h) and electric
steel-making furnaces to which the standards for controlling designated materials in the Air

Pollutions Control Law have already applied, emission standards in the above chart for a

new facility are applie

d.

24



200 600

de novo
precursor
6) de novo
de novo
7),8),9)
100 125 100p g/m3N
11)
200 600
Table 1-3 Dioxins emissions from various sources in Japan
Emission amount [g-TEQ/year]
Source
1997 1998 1999 2000 2001 2002
Releases to air
Municipal waste incinerators 5,000 1,550 1,350 1,019 812 370
Industrial waste incinerators 1,500 1,100 690 555 533 265
Small incinerators, etc. 700-1,153 700-1,153 517-848 544-675 342-454 112-135
Crematoriums 2.1-4.6 2.2-4.8 2.2-4.9 2.2-4.8 2.2-4.9 2.2-4.9
Industrial sources
Electric steel-making
228.5 139.9 141.5 131.1 95.3 94.8
furnaces

Sintering process for

. 135.0 113.8 101.3 69.8 65.0 51.1
steel-making

Facilities for collecting zinc 47.4 25.4 21.8 26.5 9.2 14.7

Aluminum alloy production

and aluminum scrap 30.7 28.8 23.0 22.2 19.6 16.2
melting process, ect.

Other industries 21.8 20.9 13.3 14.2 14.7 13.6
Cigarette smoke 0.1-0.2 0.1-0.2 0.1-0.2 0.1-0.2 0.1-0.2 0.1-0.2
Automobile exhaust 1.4 1.4 1.4 1.4 1.4 1.4

Releases into water 12.77 12.30 12.40 8.57 4.60 2.58
Total 7,680-8,135 3,695-4,151 2,874-3,208 2,394-2,528 1,899-2,014 944-970
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1.3.3

9:1
1.3.4
(1)
wt%
22)
(2)

Fig.1-2
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19)
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23) 220
210ng-TEQ/g 0.41

1.0ng-TEQ/m3n 0.0lng-TEQ/m3n

(3
Fig.1-3

0.99 3.0ng-TEQ/m3n

0.0lng-TEQ/m3N 24)
Bag filter

Outlet
—

Flue gas

Virgin >
activated carbon

——> Emission
Cycling tank

Virgin activated Cycling
carbon tank activated carbon

Fig.1-2 Bag filter with cyclic use of activated carbon
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1.3.5

25)

200
230

200

26)

Virgin activated carbon

RN
\ / —— OQutlet
4L AN

<
<€

>

Packing length

Flue gas ——

Scraper ———==—

> Old activated carbon

Fig.1-3 Adsorption tower filled with activated carbon



1,2,3,4-

T.CDD )
T4+CDD
BET
T4+CDD
T+CDD

T4+CDD
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27),28),29)

1,2,3,4- ( T4+CDD )

T4CDD
( SO2 ) (
HCI ) T4+CDD
T4+CDD
2.2.1
T4+CDD WELLINGTON T4+CDD 50p g/ml
T4CDD 600ng/ml T4CDD
T«CDD 1,2,3- ( T5CBz )
TsCBz 6.0mg/ml
T3CBz 99%
99% SOz HCI
Table 2-1 Table 2-2
AC1 No.28 AC2 AC4 AG-400X
AC3 No.184 AC1

0.090 0.105mm(AC11) 0.177 0.210mm(AC12) 0.350 0.420mm(AC13) 0.500

0.600mm(AC14) 1.19 2.38mm(AC15) AC2 1.19
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2.38mm(AC21) 3 5mm 3 7mm (AC22) 2
AC3 1.19 2.38mm(AC31) 6.2 7.0mm(AC32) AC4

1.19 2.38mm(AC41)

Table 2-1 0.600mm
1.19mm
p
Appendix p
BET Langmuir
2 50nm BJH
/ 2000

Table 2-1 Characteristics of each activated carbon made from coal (1)

Activated Sample Remark | Valid Diameter Packing Particle Particle Void

carbon No. particle range density density surface

No. diameter area
«C ) (p) Cp ) C ) (Ce)
[mm] [mm] [kg/m®] [kg/m?® [m*m®] [

AC11 Crushed 0.10 0.090-0.105 550 840 40,000 0.34
AC12 Crushed 0.19 0.177-0.210 550 810 21,000 0.32
AC1 AC13 Crushed 0.39 0.350-0.420 510 760 10,000 0.33
AC14 Crushed 0.55 0.500-0.600 520 820 6,900 0.37

AC15 Crushed 1.6 1.19-2.38 430 850 1,900 0.49
AC21 Crushed 1.7 1.19-2.38 410 820 1,800 0.50
ACZ AC22  Pellet 4.3 ¢ 3-5, 3-7 490 770 890 0.36
AC31 Crushed 1.6 1.19-2.38 420 830 1,900 0.50
AC3 AC32 Crushed 6.8 6.2-7.0 410 770 470 0.47
AC4 AC41 Crushed 1.6 1.19-2.38 500 980 1,900 0.49
Table 2-2 Characteristics of each activated carbon made from coal (2)
Activated| Ash BET Langmuir BJH surface area Pore volume
carbon | content surface area surface area for pores of for pores of
No. 2-50nm in diameter 2-50nm in diameter
[%] [m?%g] [m%g] [m*g] [em?¥/g]
AC1 11.5 909 1,164 246 0.285
AC2 7.5 1,116 1,442 311 0.213
AC3 9.1 772 987 181 0.208
AC4 5.9 888 1,138 269 0.176
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TsCBz SOg HCI TsCBz SOz HCI
Table 2-3
2.2.2
Fig.2-1 Table 2-4 Table 2-5
1 1
T+CDD
T+CDD 80% 1.7mm
Table 2-3 Pretreatment conditions for activated carbon named AC15
Purpose T5CBz adsorption SO, adsorption HCl adsorption
Gas temperature [ 1] 150 150 150
Space velocity [h] 540,000 2,700 2,700
Pretreatment time [h] 25 21 50
Gas concentration (N, balance)
H,0 [% wet] 20 20 20
0, [% dryl 21 16 16
T,CBz [mg/m®y dryl 1.7
SO, [ppm dryl 9,550
HCI [ppm dry] 12,500
Toluene [mg/m®y dryl 240 -
Absorbed amount  [mg/gl 7.0 (T3;CBz) 160 (SO,) 29 (HCD)
- : Non-addition.
T,CDD ( T3CBz) in toluene
e
i Evaporation tube :
) I
Air . .
5 i i
! SOz or HCI ' Thermostat
1 . 1
Water bath i Adsorption i
; column .
Humidity ; !
tube —._. ... ... 4._._. !
1O —

Pump Hydraulic
accumulator

Drain tank

Fig.2-1 Schematic diagram of the experimental apparatus
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Table 2-4 Gas conditions for the experiment (1)

Gas conditions Case 1 Case 2
Sample No. AC15 AC15 AC31 AC41
Gas temperature [ 1] 150 200 150 170 150 170
Gas flow rate [m3N/h wet] 0.60 0.60
Superficial gas
velocity in a [m/s] 8.8 9.9 8.8 9.2 8.8 9.3
column
Activated carbon
. gl 0.10-0.60 0.10-0.30
weight
Adsorption time [h] 2-16 2-16 3 3 2-16 3
Reynolds number [] 500 460 500 480 500 480
Gas concentration (N, balance)
H,0 [% wet] 20 20
0, [% dry] 21 21
T,CDD [ng/m®y dryl 32 170 1,200 170-180
Nonane [mg/m®y dryl | 0.46 2.4 17 2.4-2.6
Toluene [mg/m®y dryl 230-240 240-260
T,CBz [mg/m®y dry]
SO, [ppm dry]
HCl [ppm dry]
- ¢ Non-addition.
Table 2-5 Gas conditions for the experiment (2)
Gas conditions Case 3 Case 4 Case 5
Sample No. AC15 AC22 AC11-14 AC21 AC32 AC15
Gas temperature [ ] 150 170 150 170 170 150
Gas flow rate [m’¢/h wetl [0.30 1.2 060 1.2]0.50051 060 1.2 0.60
Superficial gas
velocity in a [m/s] 4.4 18 080 16| 7.4-7.5 9.2 1.6 8.8
column
Activated carbon
. [g] 0.05-0.30 2.0-3.0 0.01-0.04 0.10-0.20 3.0 0.08-0.20
weight
Adsorption time  [h] 2-16 3 3 3 3 3-16
Reynolds number [-] 250 1,000 110 230| 26-150 500 360 500
Gas concentration (N, balance)
H,0 [% wet] 20 20 20
0, [% dry] 21 21 21 19 19
T,CDD [ng/m’y dryl 170-190 190 83 | 200-220 170 87 160-180
Nonane [mg/m®y dryl | 2.5 2.7 2.7 1.2 3.0 2.5 1.3 2.3-2.6
Toluene [mg/m®y dryl | 250 270 270 120| 300 250 120 230-260
T3;CBz [mg/m®y dryl 1,700
SO, [ppm dry] 51
HCI [ppm dry] 55

- Non-addition.
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(AC22 AC32)
HC1
HC1 T+CDD

(HC1

T+CDD

T+CDD

HCI

6.1lmm

20.7mm

T+CDD

SOs2

60mm

7T0mm

T+CDD

32

Eq.(2-1)

Fig.2-2

100%

0.01 0.60g
TsCBz SOq2
TsCBz SOq2
HCl
)
T+CDD
60
SO2
150 200 T+CDD
1.7mm
(AC22 AC32)
T+CDD
T.CDD 1997
GCMS-QP1000EX
13C T+CDD
2.3.1 T4«CDD
T+CDD T+CDD
T4+CDD
100 —
T4+CDD 0.60g
T+CDD
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T4+CDD T+CDD

Fig.2-2
T+CDD 80%
T+CDD Fig.2-3 T+CDD
T+CDD
T+CDD T+CDD
T4+CDD T+CDD T+CDD Fig.2-4
T4+CDD T+CDD T+CDD T+CDD
T4+CDD 46p glg
T+CDD
Fig.2-5 T4+CDD
/
T+CDD T+.CDD
].OO T I T I T T
80 —
& °
=} L |
.2
& 601 4
o
— L 4
2 40- -
g
8 L 4
a | |
A 20
Q L 4
=
0 1 | 1 | 1 | 1
0 0.20 0.40 0.60 0.80

Activated carbon weight [g]

Fig.2-2 Relation between activated carbon weight and T4CDD removal efficiency

; Gas condition:Case 1, Adsorption time:4h, T4CDD:170ng/m3x dry
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T+CDD

TsCBz SOq2 HCl T+«CDD Fig.2-6
TsCBz TsCBz TsCBz
T+CDD SO2 TsCBz

gg 10 T I T I T I T I T

. e 150 4
= o 200

sk A

) -
=) L e i
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o] .
3 i |
g P

0 ~ 1 | 1 | 1 | 1 | 1
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Time [h]

Fig.2-3 Amount of T4CDD adsorbed to difference of gas temperature

; Gas condition:Case 2, Sample No.:AC15, Activated carbon weight:0.10g

30 50 T T T T I T T T T I T T T 100
: | Adsorption time 4h 4 N
= e Amount of adsorbed T+«CDD —
40+~ a T4«CDD removal efficiency —180 .,

A Adsorption time 16h 3
A - o Amount of adsorbed . 8
S 4 T:CDD 60 &
&= B T+«CDD removal ] &
3 A efficiency A i et
L ] :
s 20+ A —~40 3
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3t {1 ¢
© L _ a
= 10 20 A
3 - 0 1 <
= B
S O 1 1 1 | 1 1 1 1 | 1 1 1 1 0

< .

0 500 1000 1500

Inlet T+«CDD concentration [ng/m?’-dryl

Fig.2-4 Effect of inlet T4CDD concentration on amount of adsorbed T4+CDD and

T4+CDD removal efficiency; Gas condition:Case 1, Activated carbon weight:0.10g

37



T4+CDD HCl

T+CDD HCI
HCI HCI
T+CDD
150 TsCBz T4+CDD
30)
2.3.2 T+CDD
T+CDD
1 T4+CDD
2 T+CDD
T4+CDD
=
g (2-2)
P ( )
T+CDD
T4+CDD Eq.(2-3) 31)
100 T T T LB || T T T T TrrT || T T T T T 11T
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=} L |
2
& 601 4
3
& 40 / —
g A
A AC15
a 20 e 4.4m/s, A 8.8m/s,m 18m/s -
) AC22
& " o 0.80m/s, 1.6m/s T
0 1 1 1 11 11 II 1 1 1 1 111 II 1 1 1 11 1 11
10 103 10 10"

V/IF sl

Fig.2-5 Effect of superficial gas velocity in a column on T4+CDD removal efficiency

; Gas condition:Case 3, Adsorption time:4h(AC15) 3h(AC22)
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T4+CDD

Eq.(2-7)

9
0

T+CDD

T+CDD

=
— 0
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T+CDD

100 :

T+CDD

Eq.(2-4)

(2-3)
Eq.(2-2) Eq.(2-3)
(2-4)
(2-5)
A Eq.(2-6)
(2-6)
Eq.(2-4)
Eq.(2-6)

[%]

80
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T4CDD removal efficiency

40
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0

Pre-adsorbed substance None
Added substance None

TsCBz
TsCBz

SOz
SOz

HCl
HCl

None
HCl

Fig.2-6 Influence of T3CBz, SO2 and HCI on T4CDD removal efficiency

; Gas condition:Case 5, Activated carbon weight:0.20g, Adsorption time:4h
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In— ln(l —j — (2-7)
100

2.3.3 T4+CDD T4+CDD
Eq.(2-7) T4+CDD Fig.2-7
T+CDD
/ In(1 ) Eq.(2-7)

Fig.2-3 Fig.2-4 T4+CDD

Fig.2-4 T4+CDD T+,CDD
Eq.(2-7) T4+CDD
Eq.(2-7) T4+CDD
T4+CDD
2.3.4 T4«CDD
Petrovic and Thodos (1968) Eq.(2-8)
32) Eq.(2-8) Sc  Eq.(2-9) Eq.(2-9) Eq.(2-10)3%)
3.0 T I T I T
e 32ng/m’vdry
| A 170ng/m’wdry i
m 1200ng/m’x-dry
— 2.0 —
7o -
—
= [ ]
~ 1.0+ —
0 1 | 1 | 1
0 2.0 4.0 6.0
AV/F  [s/m]
Fig.2-7 Relation between /' and 1n(1 ); Gas condition:Case 1
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0.3578—80'2/3Re'°'359 (3 Re 900) (2-8)
Sc M (2-9)
P
0.044 %9 o
i j -
( '1/3 .1/3)2 (2-10)
1 ]
Eq.(2-5) Eq.(2-8) Eq.(2-11) Eq.(2-12)
1 (/ 0.641)‘1 g ) (2-11)
0.357 0599
: sc'2/3(p J (2-12)
€ u
Eq.(2-11) AC15 Fig.2-8
-0.641 Eq.(2-11)
B ) Table
2-6 (B ) AC15
T4+CDD Eq.(2-8) 150 20%
T4+CDD 1.2x 105m2/s
AC22 (B )

[s/m]

k'l

O 1 ] 1 ]

-0.641
u

Fig.2-8 Relation between and
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Eq.(2-10)

® )

2.3.5 T«CDD

) Table 2-7

AC15 AC31

T4CDD

2.3.6 T4«CDD

Eq.(2-8)

AC41

Eq.(2-8) Table 2-6
AC22 AC15
Eq.(2-7) Eq.(2-10)
Eq.(2-5) B
(B )
T.CDD
T,CDD

Table 2-6 T,CDD removal efficiency to difference of superficial gas in a column

Gas condition Case 3
Sample No. AC15 AC22
Valid particle diameter [mm] 1.6 4.3
Gas temperature [ ] 150 170
Superficial gas velocity in a column [m/s] 4.4 8.8 18 0.80 1.6
value [m/s] 0.23 0.30 0.52 0.054  0.068
value [m/s] 0.25 0.38 0.60 0.091 0.14
B ¢ value [m/s] 2.3 2.3 2.3 0.13 0.13
value calculated on the results of AC15  [m/s] 0.082 0.13
- : Non-calculation.
Table 2-7 T,CDD removal efficiency to difference of gas temperature
Gas condition Case 2
Sample No. AC15 AC31 AC41
Gas temperature ] 150 200 150 170 150 170
Superficial gas velocity in a column [m/s] 8.8 9.9 8.8 9.2 8.8 9.3
value m/s] | 0.30 0.41 | 0.33 0.36 | 0.34 0.38
value m/s] | 0.38 0.43 | 0.38 0.40 | 0.38 0.40
B ¢ value m/s] 2.3 8.9 2.2 3.9 2.7 5.9
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B ) Table 2-8
AC1 0.39mm B )
0.55mm B )
® ) 0.39mm
0.55mm
Fig.2-9  AC12 AC15 AC21 AC22 AC31
1.6 1.7mm AC15 AC21 AC31
AC12 AC15
AC22
AC31
® )
' Eq.(2-13)
Eq.(2-13) Eq.(2-5) Eq.(2-14)
® 1
'

AC2 AC3
B )
(B )
AC32
AC15
AC32
Eq.(2-15)
(0] 1
(2-13)
(2-14)
(2-15)

Table 2-8 T,CDD removal efficiency to difference of valid particle diameter of activated carbon

Gas condition Case 4
Sample No. AC11 AC12 AC13 AC14 AC15|AC21 AC22 AC31 AC32
Valid particle diameter [mm] [ 0.10 0.20 0.39 0.55 1.6 1.7 4.3 4.3 1.6 6.8
Gas temperature [ ] 150 170 170
Superficial gas
. m/sl | 760 74 75 75 88 | 92 080 16 | 92 1.6

velocity in a column

value [m/s] | 0.52 049 0.42 043 0.30 | 0.34 0.054 0.068| 0.36 0.074

value [m/s] | 1.4 1.1 0.86 067 0.38] 0.39 0.091 0.14 | 0.40 0.082
B o value [m/s] | 0.86 086 084 12 23 | 24 013 013 | 39 0.72
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i1) AC15

iii) AC21 iv) AC22

x E 1 '

v) AC31 vi) AC32

Fig.2-9 Photographs of activated carbon
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2.3.7 T4«CDD

Eq.(2-7) Table 2-9
TsCBz SO2
T.CDD T3CBz SO2
HCI1 1.3
T.CDD HC1 HCI1
HCI1
T+CDD
T+CDD

T+CDD T4+CDD

T4+CDD T4+CDD

T.CDD T.CDD

150 200 ® )
T4+CDD
T4+CDD TsCBz SO
HCl1
Table 2-9  value with or without T3;CBz, SO, or HCI
Gas condition Case 5
Gas temperature [ ] 150
Pre-adsorded substance None T5CBz SO, None HC1
Added substance None T5CBz SO, HC1 HC1
value [m/s] 0.30 0.31 0.32 0.39 0.40
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Appendix

AC15 AC21 AC31

60mm
39 p Eq.(2-17)
AC13 AC14
€ p
AC32
8.0mm 9.0mm 5
20.7mm

Eq.(2-17) Eq.(2-18)
AC22

Eq.(2-18)

A 150(1 &)

107mm

AC41 T+CDD

1.0mm 1.6mm 2.0mm

Re
A

Eq.(2-18)

120mm

70mm AC32
Eq.(2-16) £

Eq.(2-19) P

1.75(1 ep 2

83

46

6.1lmm
2.4mm 4
Re
Re
Eq.(2-16)
AC11 AC12

5.0mm 6.0mm 7.0mm

Eq.(2-17)

(2-16)

(2-17)

(2-18)

(2-19)



200 35)

36)

19)
20)

11)

BET
1,2,3,4- ( T4+CDD
)
T+CDD
T+CDD
T4+CDD
3.2.1
T4+CDD WELLINGTON T+CDD 50 g/ml 99%
T+CDD 600ng/ml
Table 3-1 Table 3-2
4  (ACH1 ACH4) 6 (ACA1 ACAS6)
1 (MA1) 1 (MA2) 10 (IA1 TA10)
2 (FA1 FA2) 4  (FA3 FA6)
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1.19 2.38mm

ACH1

ACHS3

Table 3-1 Characteristics of each adsorbent (1)

ZS ACH2

No.79A ACH4

Sample Remark Valid particle Packing density Particle density = Particle Void Ash
No. diameter surface area content
) ( p) (p) « ) (€)
[mml] [kg/m3] [kg/ m?] [m%*m?] [-] [%]
Activated charcoals
ACH1 Made from coal 1.7 610 1,200 1,700 0.51 13.0
ACH2 Made from coal 1.6 510 1,000 2,000 0.49 8.6
ACH3 Made from coal 1.6 550 1,100 1,900 0.49 8.3
ACH4 Made from coal 1.8 470 980 1,600 0.52 10.0
Activated carbons
ACA1 Made from coal 1.5 500 960 2,100 0.48 4.3
ACA2" Made from coal 1.6 420 830 1,900 0.50 9.1
ACA3" Made from coal 1.6 500 980 1,900 0.49 5.9
ACA4" Made from coal 1.6 430 850 1,900 0.49 11.5
ACA5 Made from coal 1.5 440 840 2,000 0.48 10.4
ACA6 Made from coconut
1.4 420 780 2,200 0.47 0.5
shell
Made adsorbents
MA1  Carbon residue
made from vinyl 1.9 270 570 1,500 0.54 44.2
chloride resin
MA2  Carbon residue
made from building 1.8 130 270 1,600 0.53 0.5
lumber
Inorganic adsorbents
IA1 Perlite 1.2-24 510
TA2 Diatomaceous silica 1.4 490 900 2,400 0.46
TA3  JIS special grade 1.6 870 1,700 1,900 0.49
slaked lime
1A4 Slaked lime with high 16 770 1,500 1,900 0.49
specific surface area
IA5 Natural zeolite 1.6 950 1,900 1,800 0.50
IA6 Synthetic zeolite 1.1 770 1,400 3,100 0.45
TIA7 Sepiolite 1.6 620 1,200 2,000 0.49
IA8 Bentonite 1.7 780 1,600 1,700 0.52
1A9 Acid clay 1.7 760 1,600 1,700 0.51
TA10  Activated clay 1.9 560 1,200 1,500 0.54
Fly ashes
FA1l Slagging incinerator-1 1.6 1,200 2,400 1,900 0.49
FA2 Slagging incinerator-2 1.6 830 1,600 1,900 0.49
FA3 Incinerator-1 1.6 680 1,300 1,900 0.49
FA4 Incinerator-2 1.5 950 1,800 2,000 0.48
FA5 Incinerator-3 1.5 950 1,800 2,000 0.48
FA6 Incinerator-4 1.5 950 1,800 2,000 0.48

“: ACAZ2 is the same activated carbon as AC31 on Table 2-1, ACA3 is the same activated carbon as AC41 on
Table 2-1, and ACA4 is the same activated carbon as AC15 on Table 2-1.

- : Non-measure.
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No.247

ACA1

R-2030

ACA2 No.184 ACA3 AG-400X ACA4
No.28 ACA5 7ZX-4 ACA6
Table 3-2 Characteristics of each adsorbent (2)
Sample Remark Surface area Pore volume Average Porosity
No. BET Langmuir BJH forB  forA" forB" pore diameter for A" for B’
for A* for A" for B
(e )
[m?gl [em®/g] [nm] [y m] [-]
Activated charcoals
ACH1 Made from coal 108 138 12 0.22 0.011 0.033 3.8 1.1 0.01 0.04
ACH2 Made from coal 269 346 142 0.131 3.7 0.13
ACH3 Made from coal 399 508 89 2.4 0117 0.113 5.2 0.44  0.13 0.12
ACH4 Made from coal 498 632 106 1.0 0.155 0.151 5.9 1.0 0.15 0.15
Activated carbons
ACA1 Made from coal 674 853 64 3.6 0.060 0.294 3.7 0.62 0.06 0.28
ACA2 Made from coal 772 987 181 3.3 0.208 0.131 4.6 0.37 0.17 0.11
ACA3 Made from coal 888 1,138 269 1.1 0.176  0.167 2.6 1.2 0.17 0.16
ACA4 Made from coal 909 1,164 246 4.0 0.285 0.156 4.6 0.37 0.24 0.13
ACA5 Made from coal 1,230 1,698 355 1.7 0.234 0.246 2.6 1.1 0.20 0.21
ACA6 Made from coconut
1,462 1,879 466 3.0 0.325 0.157 2.8 0.51 0.26 0.12
shell
Made adsorbents
MA1 Carbon residue
made from vinyl 4.8 6.8 2.0 0.005 9.8 0.00
chloride resin
MA2 Carbon residue
made from building 497 633 132 0.145 4.4 0.04
lumber
Inorganic adsorbents
IA1 Perlite 4.2 6.4 3.0 0.005 7.3
T1A2 Diatomaceous silica 33 45 22 0.064 11.5 0.06
IA3  JIS special grade 9.9 14 9.2 0.034 14.7 0.06
slaked lime
T1A4 Slaked lime with high m 6l 45 0.119 10.7 0.18
specific surface area
TIA5 Natural zeolite 20 27 16 0.047 11.7 0.09
I1A6 Synthetic zeolite 506 640 40 0.107 10.6 0.15
IA7 Sepiolite 285 367 143 0.339 9.5 0.41
IA8 Bentonite 94 123 88 0.183 8.3 0.30
T1A9 Acid clay 80 105 77 0.181 9.4 0.28
TA10 Activated clay 310 406 266 0.353 5.3 0.43
Fly ashes
FA1  Slagging incinerator-1 [ 0.76 1.0 0.44 0.001 11.6 0.00
FA2  Slagging incinerator-2 | 3.9 5.6 3.3 0.006 7.6 0.01
FA3  Incinerator-1 10 14 7.6 0.018 9.7 0.02
FA4  Incinerator-2 8.7 12 6.1 0.010 6.5 0.02
FA5  Incinerator-3 9.3 13 6.1 0.010 6.5 0.02
FA6  Incinerator-4 14 18 8.4 0.012 5.8 0.02

“: A shows pores of 2-50nm in diameter, B shows pores of 50-5,000nm in diameter.

- : Non-measure.
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G2C8/14 ACA1 ACA5 ACA®6

500 x 2
350 x 1 80% 20%
700 x 1
(10 )
10
JIS
13X-1420B SP
#0612 #251
20MPa
Table 3-3 4 3 (FA4 FA6)
FA3 0.350mm 0.500mm
2 0.2mm
100:0(FA4) 99:1(FA5) 96:4(FA6)
20MPa
Table 3-1 Table 3-2
p
Table 3-3 Composition of FA1-FA6

FA1 FA2 FA3 FA4 FA5 FA6
Si [wt%] 2.5 1.0 5.6 9.2 8.8 9.2
Al [wt%] 0.9 0.2 2.0 7.8 7.2 7.2
Na [wt%] 12.2 13.3 2.6 3.6 3.7 4.0
Mg [wt%] 0.8 0.1 1.0 2.7 2.5 2.6
K [wt%] 7.3 10.8 3.6 3.5 3.7 3.4
Ca [wt%] 5.4 4.6 26.3 12.8 11.9 11.7
Fe [wt%] 5.1 0.2 0.6 2.0 2.0 2.1
Unburned carbon [wt%] 0.01 0.08 0.52 1.90 2.52 4.18
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BET
Langmuir 2 50nm BJH
/
2000 50 5,000nm
€ P
3.2.2
Table 3-4
1 1
0.05 0.50¢g 6.1lmm 60mm
T4+CDD T4+CDD
60
T4+CDD T4+CDD
150 T4+CDD
Table 3-4 Gas conditions for the experiment
Gas temperature [ ] 150
Gas flow rate [m®y/h wetl 0.60
Superficial gas velocity in a column [m/s] 8.8
Adsorbent weight (] 0.05-0.50
Reynolds number [-] 430-580
Adsorption time
Using ACH4, ACA1, ACA3, ACA4, ACA6, MA1 (h] 2-16
Using ACH1-ACH3, ACA2, ACA5, MA2, TA1-IA10, FA1-FA6 (h] 3
Gas concentration (N, balance)
H,0 [% wet] 20
0, [% dryl 21
T,CDD [ng/m®y dry]l | 160-190
Nonane [mg/m®y dryl | 2.3-2.7
Toluene [mg/m®y dryl | 230-270
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/BET ]

/BET

3.3.2
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T+CDD

MA1

T+CDD

1997

32

T+CDD

BET 108 1,462m?2/g

BET

BET
Langmuir
BET
12 466m?/g
BET

2 50nm Fig.3-1

Fig.3-2

[ 2 50nm

[ 2 50nm
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Fig.3-3
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Eq.(3-1) T.CDD
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Fig.3-3
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Fig.3-1 Relation between BET surface area and pore volume for pores of 2-50nm
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Fig.3-3 Amount of adsorbed T4CDD and T4CDD removal efficiency of each

adsorbent; Adsorbent weight:0.10g
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Table 3-5

€
Table 3-5 T,CDD removal efficiency of each adsorbent
Sample Remark Weight value value value (B ¢ value
No. lg] (%] [m/s] [m/s] [m/s]
Activated charcoals
ACH1 Made from coal 0.10 16 0.16 0.36 0.29
ACH2 Made from coal 0.10 39 0.33 0.39 2.0
ACH3 Made from coal 0.10 35 0.32 0.38 2.0
ACH4 Made from coal 0.10 32 0.29 0.35 1.7
Activated carbons
ACA1 Made from coal 0.10 39 0.31 0.41 1.2
ACA2 Made from coal 0.10 44 0.33 0.38 2.2
ACA3 Made from coal 0.10 39 0.34 0.38 2.7
ACA4 Made from coal 0.10 40 0.30 0.38 2.3
ACA5 Made from coal 0.10 43 0.31 0.40 1.3
ACA6 Made from coconut shell 0.10 52 0.36 0.42 2.5

Made adsorbents

MA1 Carbon residue made from

0.10 17 0.087 0.33 0.12
vinyl chloride resin
MA2  Carbon residue made from
0.05 42 0.22 0.34 0.64
building lumber
Inorganic adsorbents
IA1 Perlite 0.10 0 0
T1A2 Diatomaceous silica 0.10 6.4 0.035 0.44 0.038
IA3 JIS special grade slaked lime 0.20 1.2 0.0073 0.39 0.0075
1A4 Slaked lime with high
0.20 0.93 0.0049 0.39 0.0049
specific surface area
IA5 Natural zeolite 0.25 28 0.18 0.38 0.34
1A6 Synthetic zeolite 0.10 6.6 0.045 0.48 0.050
TIA7 Sepiolite 0.15 24 0.15 0.39 0.24
IAS8 Bentonite 0.20 23 0.16 0.35 0.30
TA9 Acid clay 0.15 15 0.12 0.36 0.18
TA10 Activated clay 0.20 31 0.18 0.33 0.40
Fly ashes
FA1  Slagging incinerator-1 0.20 0.19 0.0015 0.39 0.0015
FA2 Slagging incinerator-2 0.20 2.4 0.013 0.39 0.014
FA3  Incinerator-1 0.20 8.1 0.039 0.39 0.043
FA4  Incinerator-2 0.20 13 0.083 0.40 0.10
FA5  Incinerator-3 0.20 16 0.11 0.40 0.14
FA6 Incinerator-4 0.20 31 0.23 0.40 0.52

- : Non-measure.

55



(1)

ACH1 MA1 BET 260m?2/g 2 50nm BJH
60m2/g 2 50nm 0.06cm3/g
T4+CDD
BET BJH ACH1
MA1 B ) T.CDD
B ) BET 2 50nm BJH 2
50nm 50 5,000nm
Figs.3-4 3-5 3-6 and 3-7
Figs.3-5 and 3-6 2 50nm BJH
B ) BET Figs.3-1 and 3-2
2 50nm BJH (B )
50 5,000nm ® )
® )
2 50nm BJH T4+CDD 1.3nm
x 1.0nmx 0.4nm 50nm
T+CDD 2 50nm
Knudsen
Eq.(3-6) 31)
€
37)
86—( AR R Z— (3-6)
ACH1 (B ) T CDD Table 3-2
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(2)

Table 3-5 T+CDD
3-0 T T T T I T T T T I T T T T
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BET surface area [m%g]

Fig.3-4 Relation between BET surface area and (B ) value
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Fig.3-5 Relation between BJH surface area for pores of 2-50nm in diameter and

® ) value
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0.4nm
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Fig.3-6 Relation between pore volume for pores of 2-50nm in diameter and

B ) value
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Fig.3-7 Relation between pore volume for pores of 50-5,000nm in diameter and

®

) value
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2
T4+CDD
T.CDD
(3)
® ) Fig.3-8
B ) 42mglg
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3.3.3
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Fig.3-8 Relation between unburned carbon content of fly ash and (B ) value

of it
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20% 4.4mm & 0.35 150

0.2m/s SV Fig.3-9
Eq.(3-3) Eq.(3-7)
B ) T4CDD
& 54 ) (3-7)
p
99% ACH1 SV 21,000h'1 ACA3
SV 23,000h'1 IA10 SV 21,000h1 ACA3
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Fig.3-9 Dioxins removal efficiency of typical three adsorbents as a function of

space velocity
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V2 F2000
10:90
( E1000 ) Table 3-6
3.4.2
Table 3-7
F2000
Table 3-6 Composition and characteristics of adsorbents
Activated clay Bag-Ace F2000 Bag-Ace E1000
Content
Activated clay [(wt%] 100 20 0
Activated carbon [wt%] 0 0 10
Diatomaceous silica [wt%] 0 80 90
Composition
Si [wt%] 40.0 40.3 35.9
Al [wt%] 2.4 2.3 1.9
Na [wt%] 0.1 0.2 0.3
Mg [wt%] 1.0 0.4 0.3
K [wt%] 0.4 0.3 0.6
Ca [wt%] 0.4 0.6 0.3
Fe [wt%l] 0.4 0.8 0.7
Activated carbon [wt%] 0 0 10
Average particle diameter (U ml 21 14 13
Packing density [kg/m®] 550-810 270-520 270-520
BET surface area [m%g] 292 62 105
Table 3-7 Operating conditions of the bag filter
Runl Run2 Run3 Run4
Adsorbent Bag-Ace F2000 Bag-Ace E1000
Gas temperature [ ] 180 180 180 180
Maximum pressure [kPal 0.98 1.27 0.98 0.98
Amount of adsorbent injected [mg /m3N wetl 53 55 39 a4

per unit of gas volume
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PCB (JIS K 0311 : 1999) 10,000

TEQ ) (WHO-TEF (1998))
3.4.3
(1

F2000

E1000
JIS R 9301 : 1999 JIS M 8801 : 1993
(2)
Fig.3-10
F2000 18g 100%  0.951n/min
400 1
( )  XAD-2

Electric furnace formed pipe

Ny

—) — -
Fly ash

XAD-2

Iced water bath
H,0 Toluene
Toluene : @ >
Hydraulic
accumulator

Fig.3-10 Schematic diagram of the experimental apparatus
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(3)

F2000 E1000
3.5.1
F2000 E1000
Table 3-8 Table 3-9
F2000
E1000 0.01ng-TEQ/m3N
97%
F2000
88% Run2 Runl
1.3
F2000
Runl Run?2
Run3 Run4
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17)

Eq.(3-8)

Table 3-9

Fig.3-11

Table 3-8

Table 3-8 Concentration and removal efficiency of each substance at the bag filter with
injected Bag-Ace F2000°

Runl Run2
Inlet Outlet Inlet Outlet
Gas temperature [ ] 184 176 184 177
Gas flow rate [mSN/h wet] 37,900 39,100 39,800 41,200
Amount of activated clay
injected per unit of gas [mg/ m3N wet] 58 55
volume
Gas concentration
H,0 [% wetl 31.5 30.4 35.3 35.4
0, [% dryl 11.2 11.7 11.0 11.7
Dust [g/m®y dry] 3.9 <0.002 1.7 <0.002
Dioxins [ng/m®y dryl 28 0.86 120 1.1
Gaseous dioxins [ng/m®y dry] 17 8.9
Dioxins adsorbed on 3
[ng/m°y dryl 11 110
fly ash
Dioxins (TEQ) [ng-TEQ/m®y dryl 0.51 0.0027 2.0 0.0054
Gaseous dioxins (TEQ)  [ng-TEQ/m®y dryl 0.31 0.16
Dioxins (TEQ) adsorbed g TEQm®, dryl | 0.20 18
on fly ash
Chlorobenzenes [y g/rnSN dryl 5.3 5.9 4.5 4.6
Chlorophenols [y g/rnSN dryl 9.0 5.5 12 8.2
Mercury [y g/mSN dryl 42 44 37 23
Removal efficiency
Dust [%] >99.9 >99.8
Dioxins (%] 97 99
Dioxins (TEQ) (%] 99 100
Chlorobenzenes [%] 0 0
Chlorophenols (%] 39 32
Mercury (%] 0 38
Increasing ratio of dioxins [] 6.4

at the bag filter

" The concentration except HyO and O, is the value modified at 0412%.

- : Non-measure.
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Table 3-9 Concentration and removal efficiency of each substance at the bag filter with
injected Bag-Ace E1000

Run3 Run4
Inlet Outlet Inlet Outlet

Gas temperature [ ] 180 173 185 176
Gas flow rate [mSN/h wet] 42,900 46,900 39,900 42,200
Amount of activated carbon

injected per unit of gas [mg/mBN wet] 32 34

volume
Gas concentration

H,0 [% wetl 31.8 25.9 31.6 34.0

O, [% dry] 9.0 10.8 10.2 10.9

Dust [g/m®y dry] 1.2 <0.001 1.2 <0.001

Dioxins [ng/m®y dry] 18 3.0 13 4.2

Dioxins (TEQ) [ng-TEQ/m®y dryl 0.30 0.0053 0.15 0.0051

Mercury [y g/mSN dryl 11 <4.0 26 <4.0
Removal efficiency

Dust [%] >99.9 >99.9

Dioxins (%] 83 68

Dioxins (TEQ) (%] 98 97

Mercury [%] > 61 > 83
Increasing ratio of dioxins

at the bag filter L] 23

" The concentration except HyO and O, is the value modified at 0412%.

- : Non-measure.

— 100 T T T T I LD ‘ T T I T T T a_, T T T T
= ‘. o ° ° .

. i
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g i
g 9 i
i i

) i
i L i
>
) L i
g 8o -
;‘ - -
wn
£t -
& = e Activated carbon -
5‘ L o Activated clay ]

70 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 50 100 150 200

Amount of injected adsorbent [mg/m’v-wet]

Fig.3-11 Relation between amount of injected adsorbent and dioxins removal

efficiency by the bag filter with injected adsorbent

65



F2000 6.4
E1000 23 175
30)
38)
3.5.2
(1)
F2000 E1000
Table 3-10 E1000
E1000
F2000 E1000
Table 3-11
Table 3-10 Composition of the fly ash containing each adsorbent
Bag-Ace F2000 Bag-Ace E1000

Si [ 6.1 6.8
Al [ 3.0 3.3
Na [ 3.1 3.6
Mg [ 1.0 1.2
K [ 3.4 4.0
Ca [ 29.5 30.2
Fe [ 1.3 1.5
P [ 3,700 4,700
Pb [ 3,090 4,180
Zn [ 9,180 7,460
Cu [ 757 718
Hg [ 3.8 21.6
Cl [ 21.1 18.1
S [ 1.5 1.6
Unburned carbon [ 0.23 1.30
Dioxins [ 40
Dioxins (TEQ) [ 0.80

- : Non-measure.
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F2000
F2000
2%
Si02/Ca0
(2)
1g
(3)
F2000

E1000
1%

47 51

F2000 E1000

Table 3-12

0.0054 ng-TEQ/g

F2000

E1000

Table 3-11 Characteristics of the fly ash containing each adsorbent

Bag-Ace F2000 Bag-Ace E1000
Angle of repose [] 34 55
Melting temperature
Softening point [ ] 1,230 1,210
Melting point [ ] 1,460 1,400
Fluidity point [ ] 1,480 1,450
Si04/CaO ratio [-] 0.32 0.34

Table 3-12 Behavior of dioxins on the fly ash containing Bag-Ace F2000 on the

thermal treatment

Before the thermal treatment

On fly ash Dioixns [ng/gl 40
Dioixns (TEQ) [ng-TEQ/g] 0.80
After the thermal treatment
On fly ash Dioixns [ng/gl 0.50
Dioixns (TEQ) [ng-TEQ/g] 0.0054
To gas phase Dioixns [ng/g] 0.86
Dioixns (TEQ) [ng-TEQ/g] 0.00051
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Table 3-13

13
E1000
F2000 E1000
Table 3-14
F2000 E1000
3wt%
13 0.3mg/l
F2000
4 6 1
1 10 2

Table 3-13 Results of the leaching test of the fly ash containing each adsorbent

Bag-Ace F2000 Bag-Ace E1000
pH (at 20 ) [-] 12.2 12.3
Pb [mg/1] 33.9 47.9
Ccr® [mg/1] <0.02 <0.02
Cd [mg/1] <0.001 <0.001
As [mg/1] <0.005 < 0.005
Total Hg [mg/1] < 0.0005 0.018

Table 3-14 Results of the Pb leaching stabilization test of the fly ash containing
each adsorbent with chelating agent

Bag-Ace F2000 Bag-Ace E1000
pH (at 20-21 ) Pb pH (at 20-21 ) Pb
[-] [mg/] [-] [mg/l]
Addition ratio
Owt% 12.2 33.9 12.3 47.9
1wt% 12.3 13.0 12.7 32.0
2wt% 12.5 0.09 12.6 3.7
3wt% 12.5 0.03 12.6 0.03
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T4+CDD

T.+CDD 2 50nm
T.CDD
T4+CDD
T+CDD

[ / ]

180 60mg/m3Nn wet
0.01lng-TEQ/m3N

97% 88%

180
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4.2.1

17) 25)
0.1ng-TEQ/m3n
39),40)
SV 10,000h!
SV 10,000h
No.184 Table 4-1
Fig.4-1 Table 4-2
Table 4-1 Characteristics of activated carbon”

Valid particle diameter [mm] 6.8
Diameter range [mm] 6.2-7.0
Packing density [kg/m?] 470
Particle density [kg/m3] 720
Particle surface area [m?/m?] 570
Void [-] 0.35
BET surface area [m?%/g] 772
Langmuir surface area [m?/ gl 987
BJH surface area for pores of 2-50nm in diameter [mz/g] 181
Pore volume for pores of 2-50nm in diameter [cmg/g] 0.208

" : This activated carbon is the same as AC32 on Table 2-1.
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10mg/m3n 100y m

Table 4-3
Wet scrubber Reheater X > Stack
N4

1st bed

2nd bed

srdbed | Activated carbon

bed

athbed |

5th bed

6th bed

Pitot tube Valve

| Dq g 2 Blower

Fig.4-1 Schematic diagram of the experimental apparatus

Table 4-2 Gas conditions for the experiment

Gas temperature [ ] 170
Gas flow rate [mSN/h wet] 11

Superficial gas velocity in a tower [m/s] 0.55
Space velocity of the outlet of activated carbon bed (h] 2,600
Adsorption period [h] 3,600

Table 4-3 Composition of the inlet flue gas of activated carbon bed’

H,0 [% wet] 22
0, [% dryl 10.7-12.6
Dioxins [ng/m®y dryl 42-290
Dioxins (TEQ) [ng-TEQ/m®y dry] 0.62-4.1
Chlorobenzenes [u g/m3N dry] 2.7-45
Chlorophenols [u g/m3N dry] 0.36-6.7
Mercury [u g/m3N dryl 4.3-40
SO, [ppm dryl 14
HCI [ppm dryl 25

" : The concentration except HyO and O, is the value modified at 0412%.
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4.3.1

Fig.4-2
0.62 4.1ng-TEQ/m3n SV 5,100h! 3
3,600 0.1ng-TEQ/m3n
SV Fig.4-3 SV
21,000h1 99%
SV 3,600 SV 15,000h't 97%
Fig.4-4
1 2
1
SV 15,000h'! 1 97%
4.3.2
SV 5,100h!
’_ZL 103 E T T T T I ].O1
b i g
X E
= ke
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Fig.4-2 Dioxins and dioxins(TEQ) concentration of the inlet flue gas of the 1st bed

and the outlet flue gas of the 3rd bed
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Fig.4-5

Figs.4-6 and 4-7

2.7 454 g/mdN 0.36 6.7
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Fig.4-3 Removal efficiency of dioxins and dioxins(TEQ) after 22h and 3,600h
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Fig.4-4 Amount of dioxins adsorbed on each packed bed
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Fig.4-5 Removal efficiency of chlorobenzenes and chlorophenols at space velocity
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Fig.4-6 Amount of chlorobenzenes adsorbed on each packed bed
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4.3.3

SV 5,100h! Fig.4-8
4.3 40y g/m3N SV 5,100h! 770 1y g/m3N
77% 3,600
60%
Fig.4-9 770
1 2 4 3,600
3 6
4.3.4 SOq2
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Fig.4-7 Amount of chlorophenols adsorbed on each packed bed
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Fig.4-8 Mercury removal efficiency at space velocity 5,100h!
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Fig.4-9 Amount of mercury adsorbed on each packed bed
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41)

SO2 1/202 SOs

SOz H20 H2S04

Eq.(4-1)

1.25

H2S04 H20 H2S0s4 H20
—_— 400 T T T T I T T T T I T T T T I T T
% e lstbed
=) A 2nd bed
— m  3rdbed
300+ v 4th bed
5th bed
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Amount of adsorbed SOz2
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P
e
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1 I 1
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Fig.4-10 Amount of SOz adsorbed on each packed bed

600

[g]

Activated carbon weight

!
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[mg/g]

l
100 200
Amount of adsorbed SO:2

(4-1)

Fig.4-11 Relation between amount of adsorbed SOz and activated carbon weight

on each packed bed
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4.3.5 HCI

HCI 25ppm SV 2,600h! HCI
1,780 20%
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Fig.4-12 Amount of HCI] adsorbed on each packed bed
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Fig.4-13 Amount of dioxins, chlorobenzenes, chlorophenols, mercury, SO2 and

HCI adsorbed on each packed bed, and dioxins(TEQ) concentration of the inlet

and outlet flue gas of each packed bed
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T4+CDD

5.2.1
Eq.(5-1)

B (5-1)
5.2.2

T+CDD
A A
Eq.(5-2) Eq.(5-3) Eq.(5-4)
B )
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5.3.1

Eq.(5-4) A

Eq.(5-5)

Eq.(5-7)

Eq.(5-9) 32)

1.2x 10°5m?2/s

0.357—Sc??Re®® (3 Re 900)
€

0.044 19 o

i J

( i1/3 j1/3)2

83

Eq.(5-8)

(5-2)

(5-3)

(5-4)

Eq.(5-6)

At

(5-5)

(5-6)

(5-7)

150 20%

Eq.(5-10)

(5-8)

(5-9)

(5-10)



5.3.2
(1)

At 1
A 4mm Egs.(5-4) (5-5) (5-6) and (5-7)

B B 610,000m?3kg

Table 5-1

Table 5-1 Experimental conditions on the adsorption tower filled with activated carbon of the
fourth chapter’

Characteristics of activated carbon
Valid particle diameter [mm] 6.8
Packing density [kg/m®] 470
Particle density [kg/m®] 720
Particle surface area [m%m®] 570
Void [-] 0.35
BET surface area [m%g] 772
Langmuir surface area [m%g] 987
BJH surface area for pores of 2-50nm in diameter [m%g] 181
Pore volume for pores of 2-50nm in diameter [em®/g] 0.208
(¢] ) value [m/s] 0.72
B value [m®/kgl 610,000

Gas conditions for the experiment
Gas temperature [ ] 170
Superficial gas velocity in the tower [m/s] 0.55
Space velocity of the outlet of activated carbon bed  [h™] 2,600
Adsorption period [h] 770 1,780 3,600
Inlet gaseous dioxins concentration
(The mean concentration during each adsorption [ng/m’y dry] 11 34 35

period)

" This activated carbon is the same as AC32 on Table 2-1.
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(2)

Okajima et al.
1,250m2/g

80,000m3/kg 640,000m3/kg

Table 5-1

B Eq.(5-11)
2,3,7,8-

1.4nmx 1.0nmx 0.4nm

PA
610000 ——AC
B ac a1

3.0

987m?/g

40)

Fig.5-1
Langmuir 260m2/g
150
Langmuir
B 610,000m3/kg

2 50nm BJH

1.4nmx 0.7nmx 0.4nm

50nm

(5-11)

b g/gl

2.0

Amount of adsorbed dioxins

<=
o
D~
o~

1
0

Experiment 7
Calculation 1

3600h

. | -
=23 =383 =23
S 0 O S 0 O S 0 O
>~ I~ © >~ o~ © >~ o~ ©
~ = M -~ — ™M -~ — ™M
2nd 3rd 4th
Packed bed number [-]

Fig.5-1 Experimental values and calculated values of amount of dioxins adsorbed

on each packed bed
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5.3.3

(1)
130mm 960mm 9
Table 5-2 20%
( 11y m)
( 22y m)
(2)
A BF
A A
A M
A BF Eq.(5-12)
A g A A 10% @ ho™
(3)
170 A Fig.5-2 A
( 5.27x 106
170 A Runl
1.15 a Table 5-2

170

( 10y m)

(5-12)

1.32

Fig.5-3

Table 5-2 Operating conditions to examine characteristics of the bag filter

Gas conditions

Gas temperature [ ] 170
Filtration rate [m/min] 0.60-1.5
Component gases Air 80% , H,O 20%

Mixing ratio Run1 Run2 Run3 Run4
Activated carbon 1 1 1 1
Diatomaceous silica 0 1 0 1
Activated clay 0 0 1 1

o value [(m%kg)""® (min/m)“*¥/s] | 1.46x 10® 1.15x 10° 9.60x 10" 9.86x 10’
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9.60x 107 14.6x 107 Fig.5-3 Eq.(5-12)
(4)
A Eq.(5-13) Kozeny-Carman Eq.(5-12)
0-30 T T T T I T T T T I T T T T I T T T T
— 0.20r- i
Q_‘ - 4
= L |
o L |
< 0.10f —
0 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
0 0.50 1.00 1.50 2.00
ur [m/min]
Fig.5-2 Relation between and A
1.5 T T T I T ' T I T T I T l- T I T T
- A - v .
L ° _
L A n i
L L - v _
A
— 1.0 —
& L A v 1
=4 L v _
A
o L A ¥ Experiment _
e 1.5m/min
< 0.5 A v A 1.0m/min ]
i A v m  0.67m/min
r A v 0.60m/min ]
- Calculation to each -
L filtration rate .
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 0.20 0.40 0.60 0.80 1.00
mo [kg/m?]
Fig.5-3 Relation between and A on each filtration rate

; Run1(Activated carbon 100%)
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1.15 1.32 Eq.(5-13) £

A 0.003(1 ) (5-13)
b
Eq.(5-13) £ 0.34 » 0.01 1.0kg/m? 0.4 4.3m/min
Runl Run4 20 30y m
2
25U m
5.3.4
(1)
3 At
1 Eqgs.(5-4) (5-5) (5-6) and (5-7)
Table 5-3
Fig.5-4 Case Case
Case 3
A 0.1 13nm
1
( )
2
( )
3
( )
Eq.(5-14) 1 2 Sh
Eq.(5-15)49 3 Sh  Eq.(5-16)49
Eq.(5-17) 45) Eqs.(5-16) and
(5-17) 3
Re Eq.(5-9)
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Eqgs.(5-14) and (5-16)

Sh— (5-14)
Sh 2 0.6Re*’Sc"” (5-15)
Sh 2 1.1Re”®Sc’® (3 Re 10000) (5-16)
0.3 0.5
(1 0.0637 "p ) (5-17)
20 36m/s 0.4 84mm p 1050 1810kg/m®)
Table 5-3 Operating conditions of the bag filter with injected adsorbent”
Case Case
Activated | Activated
carbon | charcoal
Characteristics of adsorbent
Valid particle diameter [mm] 0.025 0.025
Packing density [kg/m®] 650 710
Particle density (kg/m?] 980 1,100
Particle surface area [m*m?] 160,000 | 160,000
Void [] 0.34 0.34
BET surface area [m%g] 888 399
BJH surface area for pores of 2-50nm in diameter [m%g] 269 89
B ) value [m/s] 2.2 1.5
B value [m®/kg] 910,000 | 300,000
Gas conditions
Gas temperature [ ] 170
Gas flow rate [m h wet] 80,000
Gas velocity in the upstream duct to the bag filter [m/s] 13
Mean gas velocity before filtration in the bag filter [m/s] 0.91
Mean filtration rate [m/min] 0.84
Residence time in the upstream duct to the bag filter [s]
Residence time before filtration in the bag filter [s]

Component gases

Air 80% , H,O 20%

Inlet gaseous dioxins concentration [ng/m®y dryl 100

Reynolds number [-] <1
Amount of adsorbent injected per unit of gas volume [mg/msN wet] 0-200
Amount of filter aid injected per unit of gas volume [mg/m3N wet] 150
Amount of slaked lime injected per unit of gas volume [g/m®y wet] 0.97
Inlet fly ash concentration [g/m®y dryl 2.0
Maximum pressure [kPal 0.98
Number of the pulse units [-] 37
a value used in Eq.(5-18) [(m*kg)""* (min/m)"**/s] 9.86x 10"

“: Activated carbon used in Case
is the same as ACH3 on Table 3-1.
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3 A Br Eqs.(5-18) (5-19)
(5-20) and (5-21) Eq.(5-18)
A BF Eq.(5-19)
A BF Eq.(5-20) At
Eq.(5-21)
Eqs.(5-4) (5-5) (5-6) and (5-7)
Eq.(5-22)
Aoy 107 @ )b W) G ) (5-18)
Y W (5-19)
i1
s ey & —2L G (5-20)
(b4 t,1) I(;+AtA (t,i)d G 1 ) (5-21)
o () ,Zl (i) () (5-22)
Bag filter
Maximum pressure:0.98kPa NG
a value used in Eq.(5-18) 1 2 3 —

19.86x 107(m2/kg)™’» (min/m)!3%/s

Gas temperature:170 Filtration rate:0.84m/min

Gas flow rate:80,000m3n/h wet

Air 80% , H20 20% Residence
Gaseous dioxins:100ng/m3x dry | time:2s

Fly ash:2.0g/m3x dry :

A

Gas velocity:13m/s

AN

Gas velocity

35 36 37

:0.91m/s

/

Adsorbent:0-200mg/m3y wet i

Residence time:5s

Filter aid:150mg/m3x wet <
Slaked lime:0.97g/m3n wet

Fig.5-4 Schematic diagram of the operating conditions of the bag filter with

injected adsorbent
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(2)
Fig.5-5 Case 3
A BF Fig.5-6
A Br 0.98kPa 37
Case 2
3
Fig.5-7 17
1.25
1.00
0.75 E
&b
=
0.50 ¢
g
0.25
—10
t+30
Fig.5-5 and of a pulse unit in the bag filter with injected adsorbent

; Amount of injected adsorbent:50mg/m3n wet
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50mg/m3n wet 95%

9:1 90%
50mg/m3N wet

99%

2
200mg/m3N wet 20% 3
3
Case 3
Fig.5-7
Case Case B
B

100

[%]

8
[kPa]

[0}
o
A Per

Pulse Pulse Pulse Pulse Pulse Pulse:

- —— Dioxins removal efficiency -

Dioxins removal efficiency

- TTT== A PBF 4
70 1 1 1 1 ] 1 1 1 1 0. 7
t t+1 t+2
Time [h]

Fig.5-6 Gaseous dioxins removal efficiency by the bag filter with injected activated

carbon and A Br; Case , Amount of injected activated carbon:50mg/m3n wet
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5.3.5
(1)

SV 930h!
Eqs.(5-4) (5-5) (5-6) and (5-7)
SV 7,430h't SV 3,720h'! SV 1,860h!
Table 5-4
Case Case

Case

At 1 A

Case

-

[%]

200

> 80/ _
1 I

g L -
Q2 !
= 60| _
~ !

ERE _
S 40R _
5|

) ! -
= 1

2 1

£ 20 _
M o :
S R — _
Q —————————————————————————————————————

0 e L I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
° 50 100 5
Amount of injected adsorbent [mg/m’x-wet]

Experiment

o Gaseous dioxins and dioxins adsorbed on fly ash from the

1st process to the 3rd process

Calculation
Case (Activated carbon)

the 1st process to the 3rd process

Gaseous dioxins and dioxins adsorbed on fly ash from

————— Gaseous dioxins from the 1st process to the 3rd process
-------- - Gaseous dioxins from the 1st process to the 2nd process

Case (Activated charcoal)

--------- Gaseous dioxins and dioxins adsorbed on fly ash from

the 1st process to the 3rd process

4mm

Case

Fig.5-7 Relation between amount of injected adsorbent and dioxins removal

efficiency by the bag filter with injected adsorbent
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B 150 150

B 170
(2)
Case SV Fig.5-8 SAY
Fig.5-9 0.1%
SV 3,720h! 16,900 47,000ng/g

Case Case

Fig.5-10

Case Case B Case

Table 5-4 Operating conditions of the adsorption tower filled with adsorbent”

Case Case Case Case
Activated carbon Activated
charcoal
Characteristics of adsorbent
Valid particle diameter [mm] 2.0 4.4 8.0 4.4
Packing density [kg/m”] 640 640 640 700
Particle density [kg/mg] 980 980 980 1,100
Particle surface area [m*m?] 2,000 890 490 890
Void [-] 0.35 0.35 0.35 0.35
BET surface area [m*g] 888 888 888 399
BJH surface area for pores of [m?g] 269 269 269 39
2-50nm in diameter
B ) value [m/s] 0.15 0.15 0.15 0.11
B wvalue [m%/kgl 910,000 910,000 910,000 | 300,000
Gas conditions

Gas temperature [ ] 150
Superficial gas velocity in the tower [m/s] 0.20
Packing length [m] 0.50
Space velocity (b 930
Component gases Air 80% , H,0 20%
Inlet gaseous dioxins concentration [ng/mSN dry] 100
Pressure drop at the tower [kPal 1.03 0.26 0.10 0.26
Reynolds number [-] 14 31 57 31

" : Activated carbon used in Case -Case is the same as AC41 on Table 2-1, activated
charcoal used in Case  is the same as ACH3 on Table 3-1.
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B Table 5-4 Eq.(5-23)

34)
100 T T I T T I T T T T I T T
X A SV 3720h" SV 1860h" SV 930h" |
., 99| .
[$)
= L ]
2
o 98| i
5}
T; - -
o 971 _
g
g - ]
wn
£ 96 -
[
S i 1
A
95 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 50000 100000 150000 200000

Time [h]

Fig.5-8 Dioxins removal efficiency at each point in the adsorption tower filled

with activated carbon; Case

50 T T T T T T T T T T T T T T T T T T T

b g/gl

40

SV

30

20

SV 1860h)
10+ —

Amount of adsorbed dioxins

1 1 1 I 1 1 1 1
0 50000 100000 150000 200000
Time [h]

Fig.5-9 Amount of dioxins adsorbed at each point in the adsorption tower filled

with activated carbon; Case
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A 15001 &) 1.75(1 ep 2

5 =5 (5-23)
T4+CDD
170 2 50nm BJH 181m?2/g B

610,000m3/kg

100 —

[%]

99

98

97

96

Dioxins removal efficiency

L 1 1 | |

95— L L
0 100000 200000

Time [h]

300000

Fig.5-10 Dioxins removal efficiency at the outlet of the adsorption tower filled

with adsorbent
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3ng-TEQ/g

400
46),47),48)

10
6.2.1
(1)

Table 6-1
No.28(Sample ) WELLINGTON 1,2,3,4-
( 1,2,3,4-T+CDD ) 1,3,6,8-

( 1,3,6,8-T+CDD )
1,3,6,8-T+CDD 50y g/ml
1,2,3,4-T4CDD 1,3,6,8-T4CDD 40p g

97

1,2,3,4-T4+CDD

3

100ml



20g n-
n-
150 3 n- 30mg/g
1g 1,2,3,4-T+CDD 1,700ng 1,3,6,8-T+CDD 1,800ng
4,200
(Sample ) Table 6-1
Fig.6-1 Table 6-2
1g
4g
Table 6-1 Characteristics of activated carbon”
Sample Sample Sample
Characteristics of activated carbon (Virgin)
Valid particle diameter [mm] 1.6 6.8 4.3
Diameter range [mm] 1.19-2.38 6.2-7.0 ¢ 3-5, 3-7
Packing density [kg/m®] 430 410 490
BET surface area [m?g] 909 772 1,116
Pore volume for pores of lem/g] 0551 0.399 0.701
1-50nm in diameter
Ash content [wt%] 11.5 9.1 7.5
Content of activated carbon Virgin Virgin  Used for 4,200h Virgin
Dioxins [ng/gl ND ND 6,300 ND
Dioxins (TEQ) [ng-TEQ/g]l| <0.0016 | <0.0016 120 <0.0016
Chlorobenzenes b g/gl ND 96
Chlorophenols b g/gl ND 20
Mercury b g/gl <0.2 74 <0.1
Sulfur [me/gl 3.5 187 2.6
Chlorine [mg/gl 0.4 1.3 0.4
Composition of ash (Virgin)
Si [wt%] 47.0 46.9 24.9
Al [wt%] 16.4 16.8 17.1
Na [wt%] 0.9 1.4 2.9
Mg [wt%l 1.1 1.1 3.4
K [wt%] 1.4 0.5 1.5
Ca [wt%] 11.2 9.8 12.5
Fe [wt%] 12.4 11.0 30.0
" Sample is the same activated carbon as AC15 on Table 2-1, Sample is the same activated

carbon as AC32 on Table 2-1, and Sample

ND : Not detectable.

- Non-measure.

98
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1 1
(2)
Table 6-1
AG-400X(Sample )
Fig.6-2 Table 6-3
10mg/m3N
Table 4-3 107mm
Gas flow meter
= :
: 1 Thermostat
! I
No | |
1
; ! Activated carbon
: ! bed
! 1
i i
! I
[ B
—
Iced water bath
Toluene
Fig.6-1 Schematic diagram of the thermal treatment apparatus
Table 6-2 Gas conditions for the thermal treatment
Sample Sample Sample
Component gas N 100% N 100% N 100%
Gas temperature [ ] 350-400 200-400 400
Superficial gas velocity in a column [m/s] 0-0.28 0.010-0.015  0.008-0.014
Space velocity [h] 0-13,500 800 82-91
Treatment time [h] 0.5-2 6 6
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240mm 2 2mm
1 250¢g 2
2
1 250g
170
1m3N 14 22mg
Fig.6-1 Table 6-2
1 400 x 6
1
Wet scrubber Reheater x > Stack
\ 2
Bag filter
Ist bed | Activated carbon
bed
2nd bed
Pitot tube Valve
| Dq g 2 Blower
Fig.6-2 Schematic diagram of the adsorption test apparatus
Table 6-3 Flue gas conditions for the adsorption test
Cycle I1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Adsorption period  [h] 160 159 159 158 160 158 159 157 156 161
Superficial gas [m/s] 33 32 33 33 32 34 32 34 34 3.3
velocity in a tower
Gas flow rate [m /h wet] [ 65 64 65 65 63 68 64 68 68 65
Space velocity [x 10 h'] 129 133 144 152 151 172 174 189 196 201
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6.2.2

3 6g 2 20g
1,2,3,4-T«CDD 1,3,6,8-T4+CDD

1,3,6,8-T4+CDD

1,2,3,4-T4«CDD 1,3,6,8-T4«CDD 1997

32
1,2,3,4-T+.CDD 1,3,6,8-T4.CDD
GCMS-QP1000EX
10,000 4 8
( PCDDs )
( PCDFs ) ( TEQ
) (International-TEF (1988))
1 1
2 Eq.(6-1) Eq.(6-1)
1,2,3,4-T+CDD 1,2,3,4-T4+CDD
Eq.(6-1) Appendix
A (n)
(n) 100 s (o) (n 1 10) (6-1)




6.3.1

Fig.6-3

1,2,3,4-T+CDD

6 54%

0.5

400
Table 6-4

400

[%]

Decrease ratio

1,2,3,4-T4+CDD 1,3,6,8-T4CDD
SV Fig.6-4
1,3,6,8-T4CDD
350
370 6 91% 400
99%
400 SV 98%
0.5 SV 1,100h? 1,3,6,8-T+CDD
0.03% 1,3,6,8-T4+CDD
100 —O '— T T T T T T
80 -
60 -
o —&
[m] i
40 -
1,2,3,4-T4«CDD |
20 e 400 ,A 370 ,m 350 .
1,3,6,8-T«CDD
o 400 , 370 ,0 350 1
O 1 ] 1 ] 1 ] 1 ] 1
0 2 4 6 8 10
Time [h]

Fig.6-3 Effect of treatment time on 1,2,3,4-T4CDD and 1,3,6,8-T4CDD decrease

ratio; Sample

, Space velocity:1,100h™!
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Fig.6-5
Fig.6-6
TEQ 370  92% 400  98%
1,2,3,4-T«CDD  1,3,6,8-T«CDD

PCDDs PCDFs

380 94%
400 Table 6-4
TEQ 0.08% 1,3,6,8-T+CDD
400
Rordorf and Marti (1985) 700 800
49) Fig.6-4
400
100(\}—ﬁ T T T I T T T T I T T Iul
! :
90+ —
=t - -
~
cﬁ - -
o
2 L i
z L i
£ 80F .
a " 1,2,3,4°T«CDD 7
- m 2h b
+ 1,3,6,8-T«CDD g
L o 0.5h, 1h,0 2h -
70 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 5000 10000 15000

Space velocity [h]

Fig.6-4 Effect of space velocity on 1,2,3,4-T+CDD and 1,3,6,8-T4CDD decrease

ratio; Sample , Temperature:400

Table 6-4 Desorption ratio of each substance on activated carbon by the thermal treatment

Sample Sample
Substance 1,3,6,8-T,CDD | Dioxins Dioxins (TEQ) Chlorobenzenes Chlorophenols
Desorption ratio  [%] 0.03 0.08 0.08 1.7 0.08

" : Ratio to initial amount of each substance on activated carbon.
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100

T T T T I T T T T I T T T - T T T T
. e Dioxins e //8 ; ]
o Dioxins(TEQ) / A
—, 80+ A Mercury / _
X m  Sulfur /
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.2 60 -
R
<
< L 4
@
g 40 -
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100 00 500

Temperature [ |

Fig.6-5 Decrease ratio of each substance on activated carbon as a function of gas

temperature; Sample
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Fig.6-6 Decrease ratio of dioxins homologue on activated carbon by the thermal

treatment; Sample
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400 99%

Table 6-4
1.7% 0.08%
Fig.6-5 300 400
357
200 300
Eq.(6-2) 41) 290
338
SOz 1/202 SOs
SOs H20 H2S0q4
H2S04 H20 H2S04 H20 (6-2)
400 68%
400
400 6
6.3.2
(1)
Fig.6-7 TEQ Fig.6-8
Eq.(6-1) Fig.6-9 1
Eq.(6-3)
Fig.6-9 - 4 5 7 8
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1n(1 1;)?] ln(l 1(5?]—(31)) ( 1 10 (6-3)

35 150ng/g
0.54 1.9ng-TEQ/g

95% 10
(2)
Fig.6-10
Eq.(6-1) Eq.(6-3)
Fig.6-11
6
10 ———— | W ——— e 3 100

b | i
= =
=1 L i Ko
+ B 7 9
Q +
g b 450 &
=) [
o 7]
3] - 1 <

)
g | A
A

0 ] ] ] 0

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Cycle

o Dioxins content after the adsorption test
e Dioxins content after the thermal treatment
A Dioxins decrease ratio by the thermal treatment

Fig.6-7 Behavior of dioxins at each cycle of the adsorption test-the thermal

treatment; Sample
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Fig.6-8 Behavior of dioxins(TEQ) at each cycle of the adsorption test-the thermal

O
[ ]

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Cycle

Dioxins(TEQ) content after the adsorption test
Dioxins(TEQ) content after the thermal treatment

A Dioxins(TEQ) decrease ratio by the thermal treatment

treatment; Sample
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80+ -
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E | i
=
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E
" x1'(n)
20 o Dioxins, Dioxins(TEQ) .
xi(n)
" e Dioxins, A Dioxins(TEQ) i
0 | | | | | | | | | |

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Cycle

Fig.6-9 Removal efficiency of dioxins and dioxins(TEQ) of the regenerated
activated carbon at each cycle of the adsorption test-the thermal treatment

; Sample
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o  Mercury content after the adsorption test
e Mercury content after the thermal treatment
A Mercury decrease ratio by the thermal treatment

Fig.6-10 Behavior of mercury at each cycle of the adsorption test-the thermal

treatment; Sample
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Fig.6-11 Mercury removal efficiency of the regenerated activated carbon at each

cycle of the adsorption test-the thermal treatment; Sample
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(3)
Fig.6-12
1 Fig.6-12 10mg/g
2 10mg/g
1
20 | —A | | | 4 100
cll -
o0 X
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L _ 9
+~ 2
g
3 10+ 150 &
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o | i w0
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s 18
=i L i A
»n
F Virginlevel® € T &
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1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Cycle

o  Sulfur content after the adsorption test
e  Sulfur content after the thermal treatment
A Sulfur decrease ratio by the thermal treatment

Fig.6-12 Behavior of sulfur at each cycle of the adsorption test-the thermal

treatment; Sample
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41)
(4)
Fig.6-13
(5)
Fig.6-14
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o Chlorine content after the adsorption test
e Chlorine content after the thermal treatment
A Chlorine decrease ratio by the thermal treatment

Fig.6-13 Behavior of chlorine at each cycle of the adsorption test-the thermal

treatment; Sample
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