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{Abstract>
Basic and Applied Research for Supercritical Fluids

Kiyoshi IDOGAWA and Akiyoshi SASAKI

Supercritical fluids are receiving a great deal of attention as a solvent bearing specific properties. The
properties and applied technologies of supercritical fluids were desscribed in this paper.
Key Words: Supercritical fluid, Extraction, Decomposition, Crystallization, Recycle, waste treatment, Kolbe-
Schmitt reaction, Wood, Cellose

Combustion and Emission Characteristics
of a Thai Lignite with a Bubbling Fluidized Bed

W. WISUT, O.]. SUAREZ, Hideo HOSODA and Toshimasa HIRAMA

The characteristics of cmﬁbustion and emissions of NOy, N,O and SO, in a Thai lignite were investigated with
a bench-scale fluidized bed combustor having an inner diameter of 0.16m and a height of 3m. In the experiments,
bed temperature and fluidizing gas velocity were respectively kept at 1070 to 1120K and Im/s. Silica sand
particles were employed as a fluidized medium and Thai limestone was also used as an absorbent in the experi-
ments of in-situ SO2 removal.

Combustion efficiency measured was high enough, higher than 99%, at the above bed temperature range.
Total conversion of fuel-N into NOy and N,O was almost constant at different bed temperatures, but individual
emission levels were affected by bed temperature, NOy, emission increased while N,O emission decreased with
increase-in bed temperature. Two-stage combustion, staging air feed for combustion, was highly effective for NOy
reduction but less effective for N,O reduction, and the optimum value of the ratio of primary/total air was found
to be approximately 0.8 for minimizing NOy emission. Limestone addition into the combustor at Ca/S molar
ratios equal to or higher than 2 made it possible to remove over 90% of SO, formed, though two-stage combustion
and decreased concentration of in-bed oxygen brought about a decrease in SO, removal efficiency. Consequently,
it is concluded from the results that lignite can be burnt at fairly low levels of NOy, N,O and SO, emissions when
limestone is added into fluidized bed combustor, under a two-stage combustion scheme.

Key words: Thai lignite, Fluidized bed combustion, Nitrogen oxides, De-SOx



Continuous Calcination of Scallop Shell with a Fluidized Bed

Hideo HOSODA, Katsuyoshi SHIMOKAWA, Yoshie TAKAHASHI,
Yutaka YOSHIDA, Masami TSUNEKAWA and Toshimasa HIRAMA

Although scallop is one of the major products in fishery around Hokkaidoisland, the treatment of waste scallop
shell has been becoming an important subject from the environmental point of view because of a limitation of the
space for reclamation and an exhalation of bad smelling. Utilization of theshell in industries as a calcium source
is most desirable in solving the above problems.

In the present paper, calcination of scallop shell to produce quick limewas examined using an experimental
fluidized bed reactor having a 0.16m inner diameter. Sieving the crushed shell to a maximum size of 3mm brought
about a smooth fluidization state and steady operation of the calciner. For the products withdrawn from the
bottom of the fluidized bed calciner, a high calcination ratio has attained as high as over 99% at a calcination
temperature of 850°C and a mean residence time in the calciner of 80 minutes. A reactivity and performance of
sulfur dioxide absorption of the quick lime from the shell were measured and the results were compared with those
valuesof quick lime from limestone. An excellent performance of sulfur dioxide adsorption has found for the
quick lime from the shell, and this is obviously caused by a bigger mean size of the pores formed by calcination.

Key words: scallop shell, waste material, fluidized bed calcination, quick lime, sulfur dioxide absorption

Extraction Test of Metals in Activated Carbon from
Scrap Tires

Tshio OGATA, Sougo SAYAMA, Munehiro YAMAGUTI,
Hidehiko INOUE, Yoshiyuki OKA and Kinya IWAMOTO

Four kind of a activated carbon were used for testing materials. The relation between the production
process of activated carbon and the extraction of metallic elements (especially Zn) was investgated refering to the
drinking waterstandard for the production of the clean activated carbon. As a result, many kindof heavy metal
elements were detected, among them Zn, Pb, Cd, As cleared the value of drinking water standard. The Xray
diffraction test revield that the chemical state of Zn was ZnS, and no difference in four testing samples.

Key Words:Scrap Tires, activated carbon, metallic elements, extraction, Xray
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Combustion and Emission Characteristics
of a Thai Lignite with a Bubbling Fluidized Bed

(Key Words: Thai lignite, Fluidized bed combustion, Nitrogen oxides, De-SOx)

Weera WISUT*, Oscar J. SUAREZ*?, Hideo HOSODA*? and Toshimasa HIRAMA™*?

1. INTRODUCTION

Fluidized bed combustion (FBC) has recently
become popular as a technology whose advan-
tages include control of gaseous emissions and
utilization of many kinds of fuel such as waste
oil, household and industrial wastes and fossil
fuels including low-grade lignite. One reason for
its low emission of nitrogen oxides, NOy, is its
low combustion temperature (usually 1000 to
1200K). In addition, in this temperature range,
sulfur dioxide (SO,) formed by combustion can be
captured in the combustor by introducing lime-
stone or dolomite as fluidizing media.

Although Thai lignite, which usually has a
high sulfur content, has already been used as a
fuel for electric power generation in Thailand,
one of the greatest difficulties is controlling sul-
fur dioxide emission from the power plants by
means of pulverized lignite-combustion technol-
ogy. Emission reduction of NOx and N,O
(nitrous oxide) is also becoming a subject for
pollution control both regionally and globally,
such as acid rain and ozone destruction. FBC of
Thai lignite, thus, can be expected to reduce SO,
emissions while maintaining low NOx and N,O
emissions and high-combustion performance.

The objectives of this research work are to
clarify the characteristics of combustion and
emissions of NOy and N,O in Thai lignite com-
bustion with a bench-scale bubbling fluidized bed.
Furthermore, methods for simultaneous control
of SO,, NOy and N,O were examined by the
addition of limestone into the combustor and
two-stage combustion scheme.

2. EXPERIMENTAL

2.1 Apparatus and Procedure

% 1 Mine Engineering Division, Thailond Electricity
Generating Authority of Thailand

% 2 Department of Rheology, PSL Profesionales, Ltd,
Colombia.

% 3 Division of Energy and Resources

Figure 1 shows the schematic diagram of the
experimental system of the bubbling fluidized
bed combustor (BFBC) used. It consisted of a
bubbling fluidized bed, gas blower, water pump,
automatic temperature controlling system with
an immersed water tube, screw feeder with a
hopper, two cyclones and gas analyzers. The
fluidized bed was made of a stainless steel col-
umn with an inner diameter of 0.158m and a
height of 3m. It was wound by electric heaters
for start-up and insulated by ceramic fiber sheets.
The gas distributor had 4mm i.d. bubble-caps on
a triangular pitch of 26mm with four 1.8mm-
diameter holes on each cap. At the center of the
gas distributor a tube with a 27.6mm inner diame-
ter (i. d.) was connected across the plenum cham-
ber to discharge coarse ash accumulated in the
bed. In case of two-stage combustion experi-
ments, secondary air was horizontally injected
into the freeboard of the combustor through a 27.
6mm 1i. d. tube 1.1m above the gas distributor.

analyzers

TS

flue gas

cyclones

gas chromatograph B_FBC

fine ash

lignite or

secondary air lignite / limestone

controller

air primary air

% E z water
_——l —<—

steam# coarse ash

TP : thermocouple & pressure tap

Figure 1 Schematic diagram of the experimental
system of bubbling fluidized bed com-
bustor (BFBC, 0.158m-id. and 3m-
height)
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Silica sand particles used as fluidized
medium were initially charged into the fluidized
bed and were preheated to approximately 700K
by the electric heaters, then lignite or a lignite-
limestone mixture and air were fed into the bed.
After ignition of the lignite, bed temperature was
controlled by the adjustment of the flow rate of
cooling water into the immersed water tube.
The control temperature was detected by a ther-
mocouple located 0.15m above the gas distribu-
tor. Axial temperature and pressure profiles at
12 different heights in the combustor were also
measured and recorded. To keep the height of
fluidized bed at a suitable level, pressure drops in
the bed were usually kept between 230 and
250mm (aq.) by discharging accumulated coarse
ash. The mixture of entrained fine ash and
un-burnt char particles was collected by two-
cyclones and was weighed and analyzed to deter-
mine combustion efficiency. Residual oxygen
concentration in flue gas was manually
controlled by the adjustment of the lignite feed
rate, while remaining a constant air feed rate.

2.2 Gas Sampling and Analyses
Measurements of relevant gaseous emissions
were conducted by use of analyzers and sampling
mode listed in Table 1. Continuous gas sam-
pling for the analysis of each component was
conducted with a suction pump through a dust
filter downstream of cyclones. For intermittent
analysis, gas sample was sucked through a de-
humidifier packed with high-purity silica fibers
and calcium chloride particles and an imperme-
able bag was used to store gas samples. Oxygen
concentration in flue gas was analyzed continu-
ously with a magnetic-sensor analyzer, NOx and
SO, concentrations in flue gas were analyzed
continuously with a chemiluminescence gas anal-
yzer and an infrared gas analyzer, respectively,
and N,O concentration in flue gas was analyzed
continuously with an infrared gas analyzer.
Oxygen, CO,, CO, H, and N, concentrations in

flue gas were also analyzed intermittently with a
gas chromatograph.

2.3 Materials Used

Thai lignite and Thai limestone from the
Mae Moh Mine were employed as fuel and SO,
absorbent, respectively. They were crushed to
sizes smaller than 5mm for the lignite and smal-
ler than 2mm for the limestone. Silica sand with
a median particle size of 0.42mm (JIS-5) was used
as a fluidized medium, which was initially char-
ged in all experiments. Particle size distribu-
tions of those materials are shown in Figure 2.

Table 2 indicates the results of proximate
and ultimate analyses of the lignite and its heat-
ing value. Since the proximate analysis was
based on an “as received sample”, moisture con-
tent of the lignite was rather low. However, its
sulfur content was high and the value correspond-
ed to 6.49 at a dry ash-free basis. CaO content
of the limestone used was 54.9wt. 9%, which was
determined by measuring the difference in weight
losses after being dried at 380K and calcined at
1120K.

2.4 Experimental Conditions

Combustion experiments were carried out in
two different modes, single-stage and two-stage
combustion. Under both combustion modes, a
series of experiments was performed with or
without addition of limestone. Table 3 shows
the ranges of experimental conditions employed.
The total rate of air flow includes not only
primary and secondary air, but also air fed for
the lignite feed through an inclined tube con-
nected between the screw feeder and the combus-
tor. The air for the lignite feed was included as
part of the primary air and fluidizing gas velocity
was calculated based on the total gas flow rate.
Ca/S molar ratio was determined on the basis of
Ca contained solely in the limestone fed and S in
the lignite fed. For each experiment with lime-
stone addition, both lignite and limestone were

Table 1 Gas analyzers used and sampling mode

Gas Sampling mode
Oz continuous
NOx continuous
N20 continuous
Hz, CO, Oz, N2, CO2 intermittent
SO2 continuous

Analyzer and model

magnetic force sensor (Horiba MPs-510s)
chemiluminescence (Shimadzu NOA-7000)
infrared (Horiba VIA-510)

gas chromatograph (Shimadzu GC-20B-1)
infrared (Shimadzu IRA-107)
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100 T T T T Table 2 Proximate and ultimate analyses of Thai
lignite (from Mae Moh Mine)
R A = silica sand . .
s O eclmesore [ [/ J 1 Prodmateanalysis W) .
o < = lignite moisture 21.6
N ash 35.9
o 60 B volatile matter 31.7
% fixed carbon 10.8
C
; 404 | Ultimate analysis (dry basis, wt.%)
- o] 28.6
3 H 2.9
g 20 - - 0 17.4
3 N 1.2
S 3.4
0 | | Lt | | ash 46.5
10 1 09 . 1000 High heating value (as received, kcal/kg) 2370
particle size, (A m
Figure 2 Size distribution of lignite, limestone and
silica sand
Table 3 Experimental conditions
single-stage combustion two-stage combustion
total air flow rate, m®h 18 18
fluidizing gas velocity, m/s 1 1
fluidized bed height, Lb, m 0.35t0 0.5 0.35t0 0.5
bed temperature, Tb, K 1070, 1100, 1120 1120
oxygen concentration in flue gas, % 2to5 4
ratio of primary/total air flow rate, - 1 1t0 0.6
Ca/S molar ratio, - 0,1.5,2,3 0,15,2,3
bed material (initially charged) silica sand silica sand
premixed with a V-shape mixer at a prescribed
Ca/S molar ratio value.
3. RESULTS AND DISCUSSION o 0
T T T o\o
. . o efficienc o
3.1 Combustion without Limestone Addition < oo A A y - . 5
3.1.1 Combustion efficiency and unburned ; e S
carbon content in carryover % Co. = 4% 3
. - . 5 98} 16 £
Here, combustion efficiency was defined as %—3_) from secondary cyclone [~ £
follows : c - h g £
combustion efficiency =100{1—(Qz +Q.)/Q:} , % g o7t Y 14 G
where, -é ‘ . g
Q, : heating value of gaseous combustibles g 96| rom primary cycione F’ 1o 9
exhausted, kcal/h L e —® £
Q. : heating value of carbon discharged with 95 L L ! L ! L 0 3
1060 1080 1100 1120

ash, kcal/h
Q, : heating value of lignite fed, kcal/h.
Figure 3 shows the measured value of combus-
tion efficiency and combustible content in carry-
over ash as a function of bed temperature at a
constant residual oxygen concentration in flue
gas of 4%. These experiments were conducted

bed temperature, Tb, K

Figure 3 Combustion efficiency and combustible
content in carryover as a function of bed
temperature, T, under single-stage
combustion
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under a single-stage combustion scheme. The
values of combustion efficiency are usually
higher than 999% and combustible contents in
carryover ash are as low as less than 5%. In
addition, both values are almost independent of
the bed temperature, which ranged from 1070 to
1120K. In these conditions, CO and H, are not
detected by gas chromatograph analysis (see
Figure 5). Although the results are not shown
here, it has also confirmed that combustion effi-
ciencies under a two-stage combustion scheme
are almost the same level as the above. In addi-
tion, problems such as difficulty of temperature
control and ash agglomeration were not found
during the experiments. It is, thus, concluded
from the results that the lignite is easy to burn
almost completely in BEBC.
3.1.2 NO. and N:0 emissions

Figure 4 shows the effect of bed temperature
on NOy and N,O emissions and their conversions
from fuel nitrogen (fuel-N) in the lignite under a
single-stage combustion scheme. When all of
the fuel-N is converted into NOy or N,O without
their formation from the nitrogen in air [1], NOy
or N,O concentration in flue gas at 4% residual
oxygen is found to be 5400ppm or 2700ppm,
respectively. It is seen from the figure that NO,
emission increases from 190 to 270ppm and N,O
emission decreases from 150 to 120ppm when bed
temperature is changed from 1070 to 1120K [2].
As a result, total fuel-N conversion is maintained
at approximately 109, almost independent of bed
temperature [2]. The decrease of N,O concen-
tration with the increase in bed temperature is
thought to be due to an accelerated thermal
decomposition of N,O formed [3] in the freeboar-
d, as confirmed in previous works on coal com-
bustion [4].

Figure 5 shows the influence of residual
oxygen concentration in flue gas on NO,, N,O,
CO and H; emissions. NOy concentration in flue
gas decreases, while only a little change in N,O
concentration is observed when oxygen concen-
tration decreases from 5 to 2%. Since CO and
H, are detected at lower than 3% of residual
oxygen, the oxygen concentration should usually
be maintained at 3% or higher in commercial
operation. In the present experiments, thus, 4%
residual oxygen concentration in flue gas was
chosen as a standard condition for comparison
and evaluation of emission characteristics.

The effectiveness of two-stage combustion
was examined to reduce NO, emission, in particu-

lar, because of its high levels in single-stage
combustion. The results for NO,, N,O and CO
emissions are shown in Figure 6 as a function of
ratio of primary/total air. Both NO, and N,O
concentrations decrease with reduction of the
ratio of primary/total air from 1.0 to 0.8. When
the ratio is reduced beyond 0.7 or 0.75, however,
NO, and N,O concentrations increase gradually
[4]. This indicates the existence of an optimum
value of the ratio of primary/total air in two-
stage combustion, as previously known [2, 4].
In the present system, the optimum ratio of pri-
mary/total air is approximately 0.8, and NO, and
N,O concentrations are reduced to as low as
approximately 100ppm.
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fuel-N conversion to NOx, %
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Figure 4 Effect of bed temperature on Nox and
N:O concentrations and their conver-
sion from fuel-N under single-stage
combustion
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Figure 5 NO,, N.O, CO and H: concentrations in
flue gas as a function of residual oxygen
concentration, Co., under single-stage
combustion
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T T T T T T I T 0.5

300 Tp=1120K
COz =4%

200

CO concentration in flue gas, %

NOx or N2O concentration in flue gas, ppm

100 ¢
| N
0 1 h 1 L L h 0
0.6 0.7 0.8 0.9 1

primary/total air flow rate, -

Figure 6 Effect of the ratio of primary/total air
flow rate on NO,, N.O and CO concen-
trations in flue gas under two-stage

combustion
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Figure 7 Temperature profiles in combustor as a
function of the ratio of primary/total air
flow rate under two-stage combustion

As can be seen from the figure, on the other
hand, CO formation is observed in two-stage
combustion. This unexpected behavior could be
due to temperature profiles in the freeboard, as
shown in Figure 7. Because heat loss from the
outside wall of the combustor is relatively high
due to its small size, temperature decreases
sharply with height increase and it is believed to
cause incomplete burning of CO, formed in the
primary combustion zone (& and A). On the
other hand, further decreases in the ratio of
primary/total air to 0.7 or less might cause fur-
ther formation of gaseous combustibles such as
H,, CH, and CO in the primary combustion zone.
This is thought to cause their reburning in the
secondary combustion zone, as indicated by tem-

perature increases in the upper part of the
freeboard (see Figure 7) and decreases in CO
concentration (see Figure 6). Decreasing N,O
concentration at the ratio of 0.6 (see Figure 6) can
also be explained by the increase in the rate of
thermal decomposition [3], which resulted in
increase in the freeboard temperature (see Figure
7). It is, thus, concluded from the above that
much lower levels of CO and N,O emissions than
those in the present system can be expected in
larger commercial BFBCs, because temperature
decreases in the freeboard area would usually be
negligible in a large plant.

3.2 Combustion with Limestone Addition

Although the results were not shown in the
previous section, SO, concentration in flue gas
was as high as approximately 3400ppm at a
residual oxygen concentration of 49, indepen-
dent of bed temperature. This suggests the
importance of SO, reduction in Thai lignite com-
bustion. However, the measured concentration
of SO, was much lower than the estimated value
(approximately 5400ppm), based on the results of
ultimate analysis as listed in Table 2. This
difference was thought to be caused by ash
contained in the lignite functioning as a SO,
absorbent.

3.2.1 SOz removal efficiency and NO: and
N:20 emissions under single-stage
combustion scheme

In this study, SO, removal efficiency was
defined as follows;

7750, =100(1 —Cs0,/Cs02,)
where,

Nso, =S0O, removal efficiency, %
Cso, =measured SO, concentration with
limestone addition, ppm
Cso0,, =measured SO, concentration with-
out limestone addition, ppm.
In Figure 8, the effects of bed temperature on
S0, removal efficiency and NOy and N,O emis-
sions are shown as a parameter of the Ca/S
molar ratio. Evidently SO, removal efficiency
becomes constant at bed temperature higher than
1100K. Tt can also be seen from the figure that
an increased Ca/S molar ratio causes not only
increased SO, removal efficiency, but also in-
creased NO, emission and decreased N,O emis-
sion due to its catalytic effects on NOx formation
[5] and N,O reduction [6].
Figures 9 and 10 respectively summarize the
effects of residual oxygen concentration and
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Figure 10 Effect of Ca/S molar ratio on NO, and
N:O concentrations and SO. removal
efficiency under single-stage combus-
tion

Ca/S molar ratio on NOy and N,O emissions and
SO, removal efficiency. Decreased oxygen con-
centrations are undesirable for SO, removal (see
Figure 9), because oxygen is needed for the reac-
tion of SO, absorption by CaO (Ca0+S0,+(1/2)
0, — CaS0,). Furthermore, a Ca/S molar ratio
of 2 is at least needed to maintain SO, removal
efficiency above 909, though an increase in NOy
emission due to limestone addition is unavoidable
(see Figure 10).

3.2.2 S0: removal efficiency and NO. and
N:0 emissions under two-stage com-
bustion scheme

The effects of the ratio of primary/total air
were first examined at a constant Ca/S molar
ratio of 1.5. The results are shown in Figure 11.
Similar to the result presented in Figure 6, NOy
and N,O concentrations are minimal approxi-
mately 90 and 75ppm, respectively, at the ratio of
primary/total air of approximately 0.8, while SO,
removal efficiency decreases with reduction of
the ratio. Thus, in order to minimize all SO,,
NO; and N,O emissions simultaneously in the
system, optimum ratio of primary/total air
would be between 0.8 and 0.85.

Finally, the effects of the Ca/S molar ratio
on emissions are examined under a constant ratio
of primary/total air (0.85), and the results are
shown in Figure 12. Although an increased Ca/
S molar ratio causes increased NOy emissions, as
already confirmed in the single-stage combustion
(see Figure 10), the increment of NO, emission is
insignificant. Consequently, it is possible to

i T T T T T T T T 100
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$ 300f K
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£ &
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® o
= - g
§ 100k 8
% N20 oo 8
Pz r 2]
2

x 0 ! ! 1 1 1 1 1 1 10
g os 0.7 0.8 0.9 1

primary/total air flow rate, -

Figure 11 Effect of the ratio of primary/total air
flow rate on NO« and N.O concentra-
tions in flue gas and SO. removal effi-
ciency under two-stage combustion
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attain high SO, removal efficiency (higher than
929) while realizing low levels of NOy and N,O
concentrations (approximately 100ppm), if the
Ca/S molar ratio is maintained at equal to or
higher than 2.

4. CONCLUSIONS

For Thai lignite, combustion and emission
characteristics of NO, and N,O as well as tech-
nology to control NO,, N,O and SO, emissions
were examined using a bench-scale fluidized bed
combustor. Thai limestone was also used as an
SO, absorbent. The following points are noted
within the present experimental conditions:

1) Combustion efficiency is higher than 999 and
independent of bed temperatures ranging
from 1070 to 1120K;

9) Total fuel-id conversion is almost constant,
while NO, emission increases and N,O emis-
sion decreases with increase in bed tempera-
ture;

3) Two-stage combustion is highly effective in

reducing NO, emission, and the optimum ratio
of primary/total air for NOy reduction is
approximately 0.8;

4) Limestone fed into the combustor makes it
possible to remove SO, in the combustor,
although it causes increased NOy emission
and a small N,O decrease;

5) Under two-stage combustion at a ratio of
primary/total air of 0.85 and a Ca/S molar
ratio of 2 or higher, lignite can be burnt with
low NO, and N,O emissions (around 100ppm),
while simultaneously maintaining SO,
removal efficiency of higher than 929%.
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Table 1 Results of Analyses of Maw Shell Used
and Products Calcined (by ICP*)

raw shell hinge calcined calcined
shel 1™ linestone™*

Ca0 (wt.%) 52.59 19.96 87.08 90. 40
Pb03 0.90 0. 34 1.87 1.68
Mg0 0.15% 0.12 0.54 0.176
Naz0 0.01 0.05 0.49 0.03
Al203 0.28 0.11 0.73 0.176
Bal 0.11 0.04 0.59 0.16
Si0z 0.16 0.06 0.02 0.03
K20 0.03 0.02 0.19 0.38
P4010 0.02 0.02 0.84 0. 54
Sb20¢ 0.02 0.01 0.09 0.06
Co0 0.02 tr 0.06 0.03
Fe20s 0.05 <0.02 < 0.03
MnO 7 <0.02 < 0.02
TiOz <0.02 < 0.02
sub total 54.44 20.173 92.56 94.90
Ig. loss 44. 47 78.68 5.87 5.12
total 98.93 99. 41 98.43 100.02

f’b‘_a_fter calcination in a furnace at 860°C and 2h
#*calcined in fluidized bed at 850°C and 1.%h
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Fig. 5 Particle Size Distributions of Crushed Raw
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Fig. 6 An Example of Temperature and Pressure
Distributions in the Fluidized Bed Calciner
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Table 2 Summary of Experimental Condition and
Results

No. Te ug Fo M 6 Yq Yz NOx
°C m/s kg/h kg h kg/h kg/h  ppm

1 800 .21 8.6 3.8 1.5 2.4 1.25 70

Te: bed temperature, uo: gas velocity, Fs: feed rate,
M: solid holdup in the bed, & : mean residence time,

Y1: product through bed bottom, Y2: product through

cyclones, NO:: NO: concentration in flue gas,

8%: experiment for limestone
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Fig. 7 Relation among the Caleination Ratio, Cal-
cination (Bed) Temperature, and Mean
Residence Time, for Calcined Products
Withdrawn from the Bed Bottom
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Products Recovered through Cyclones
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Fig. 9 Comparison of Reactivity of Products (by
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Table 3 Specific Surface Area by BET (m?/g)

calcined shell in fluidized bed (850°C-1.5h) 0.85
calcined shell in a furnace (850°C-1h) 0.8
calcined limestone in fluidized bed (850°C-1.5h) 13.20
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Fig. 1 Performance of Sulfur Dioxide Absorption
Measured by a Thermobalance
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Fig.12 Photographs by Scanning Electron Micro-
scope (SEM) of (a) Calcined Shell and (b)
Sample after SO > Absorption
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REBRGIRITPES T2 & ) R R, ARV ) I —%H
W2iEER (<32mesh) D2 SEEOREF RS F3E
i2F &7z,

CORFICL S EBETRERERIZA (F+—) »&
LS, #MWTB, CEEREN &% 512tw B4

L, RIKL72DdsmKkE%n b, £725) FREEDBE
T LIHTTEREDRERZ RN T 2 S HEIT DWW T C (11007C)
PREEREE DA TKE 2 fld 4 BB E D RER
Rohehr -7z,

3.4 X#EEHR

EHEROBAS (BIK) % B& U7 Eh s 2%
ZHH/EITBEWT, 74 PRETETHEMLZ Zn0 (i
TEARERIF 5 wt %) 12 & BIEMESR Y ICERE T 2 LD
REGHPEETH 5 LEZ SNXEEEIFTEAIZEL 72,
HerofbAime LT ©ZnO0 @ZnS 3 Zn-0-S-C
R EHFELLNEY, XERTOHERICLE A —K
V(777740 BIXOInS HBEINDATH -
72o XEEEPLABE, 75774 b, ZnS k=i
L U 72 R RO F R0 E & & 5, 72500C T
HEL72F »—HIZ L3 TIC ZnS EEE S Zn0 1355
N - 72

B2R HERIKRGDOHTE
Element A B C D
ppm % ppm % ppm % ppm %

Cu 0.93 0.24 0.4 0.11 .71 0.23 .51 0.27
Ni <0. 1 0.13 0.03 0.25 0.03 0.31 0.06
Cr 0.1 0.1 <{.1 011 0.02
In  121.9  30.94 63.6 13.85 168.37 23.06 15.92  2.87
Fe 16.4 4.16 31.5 8. 17 19.06 2.6l 24.81 4.48
Pb 0.43 0.11 0.55 0.12 2.29  0.31 2.11 0.38
Cd <0.1 0.1 <0.1 0.1
Si 38.5 9.77 73.7 16.1 65.98 9.04 97.44 17.58
Mn <0.1 0.36  0.08 0.65 0.09 0.31 0.06
P 2.63  0.67 1.93  0.42 3.54  0.48 6.49 117
Mo <0.1 <0.1 <0.1 0.1
Ti 1.04 0.26 2.97  0.65 3.06 0.42 5.72 1.03
Al 9.12 2.3l 21. 1 4.59 18.31  2.51 33.28 6.0l
Co 1.59 0.4l 1.52 0.33 1.65 0.2 2.81  0.51
Ca 17.4 4.42 35.3 7.69 50.05 6.85 52.83 9.53
Mg 2.57 0.65 4.31 0.94 78.78 10.79 1.7 2.11
Ba 0.1 0.1 0.41 0.06 0.46 0.08
Sb <0.1 <0. 1 0.42 0.06 0.33 0.06
Na 1.89 0.48 3.14  0.68 5.08 0.70 719 1.30
K 5.79  1.47 8.79  1.92 6.47 0.89 19.05 3.44
As 0.27 0.04 0.31 0.06
Hg <0.5 |

Total(%) 95. 89 55. 68 58. 38 51. 01

RG> 8& 39. dmg 45. 99mg 73. 02ng 55. 42mg
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EIR BERIER

Product A(Char) B(800°C)  €(1100°C) D(de-ash)

Surface Area BET(m¥/g) 54 181 198 581
lodine Number(mg/g). 63 205 309 475
Apprent Density(g/cc) 0.39 0.39 0.48 0.36

120

3.5 XPS -
XFREHT 2] 56 & XERETFHE XPS) zHIZEL

Teo EHL2EEIEE-7 V4 b 2 XAMBWWEITH 5,

EZRBOWERERIIRDOEY TH 5,

1) ok 0, SHBEINL

(2) @eHiCEALTIE, BBA, B, CltoWwTIEAES
Na», DTRBEING,r T2, ‘

(3) XPS DBIZERERS 5 ITHEADFE AR OWTORM
Re/LIEITELI»-72,

R LICEEE D XPS, B ESCA3200%! % A v FHiERR

IT> CHH, Fid & FIZRBLHERLPELNL D -

720

Extraction rate, %

4. BHRER

B4, 5RITRLEKGOMMFESHII22ILRKICHT S wn b si AL o

LT, ZHIIKRERDKESLHE (P 7 F55H) D TH e e T

R HEBAERDVITEWHIEENL, FN5IIFAME 1 E EEREFEOMRIC L 5T ERS DK (pHT)
#erh 1 R RHE- (1) DB T 25H H A5, He, Ph, [

Cr, Cd, As, (2)/K#E/AKD»HTNEMERICEEY 23HE
"5, Cu, Fe, Mn, Zn, Na, Ca, Mg%, 2.pudisRE 120
HE» S Al 3. EMEHES S Ni, Sb, B, Mo TH %,
ZoERIcEEN LRI P, Ti, Co, Ba, SiTH %,

4.1. Kk (pHT) I2&3EH

A AR 2R IV EIRTF + —B LONEER 4
bbb o EHOTR ORI 2 4T - 72, BEEEH0E 2 E
—H— 2B Lilk400me 2 1E X, 58 55 & UVKER(LT b Y
v A T105 M pH 7 1278414, 2050183 L &R £500me &
¥ 2,No 5 CHHET 2 MDD IFHI0me & 35 TR Y #
Sy = L ICP—AES TER L7z, i, K50
SFHE (B 2F) #100& L, #RoRgE (B 1R »
LEFE L7z, ZOREREE4RIRLEZ, WONORE
DY HILEE L Zn, Pb, Ca, Na, K, Mg, Si % & lppm
L 0/NE < DEKITIE Ca, Mg, Na, K, Si2K%0.1 ° 5 c 5
ppm LI FT# 572, Zn, Pb, ,Cd, As 2D\ TIZCHE} o Mg Na K
7 Zn DIk, TEHEBSRE R & TE - T 5, 7KE7K R e ==
ONEIHHED & DI TIE Cu & NA, K, Ca, Mg i34 _
AT LREMELRL LT 5, ZEMBOESRE ®I1R EEEEOMRIC & 2 ERTRRS 0K (pHT)
EOWTIRE b CHHTRAPLETH S, ' il ' :

Extraction rate, %
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Fa4x Kk (pH?) 12 & S HERERTER SO
A B C D
Element ppm % ppm % ppm % ppm %
Cu  <0.05 {005 <0.05 0. 05
Ni <0. 05 0. 05 <0. 05 0. 05
Cr <0.05 0. 05 0.12 <0. 05
In 45.47 8.54 16. 42 3. 84 52.83 8. 42 0.11 0.57
Fe <0. 05 <0.05 <0. 05 0.05
Pb 4.12 >100 2.50  67.53 3.57 41.86 1.53  41.29
Cd <0. 05 <0.05 <0. 05 <0.05
As 0.12 0.79 0.11 0.11
Si 0.28 0.23 0.53 0. 11 3.21 1. 33 1.79 l. 14
Mn 0. 05 0.13 5. 37 0.27 11.15 0.08
P 0.45 3.65 0.08 0. 14 1. 06 0.05
Mo <0.05 0. 05 0. 05 0.05
Ti <0. 05 <0.05 <0. 05 <0.05
Al 0.86 2.16 0.55 0.39 0.47 0.69 0.28 0.57
Co 0.68 9.78 3.38 6. 69 1.03  17.84 0.16 3.24
Ca 154. 39 +100 79.47  33.47 93.35  50.35 33.61  36.23
Mg 1. 13 10. 06 3.50 12.08 113.28  38.67 2.67 12.99
Ba 0.62 0. 47 0.46 0.21 26.00
Sb 0.14 0.08 0.13 8.31 0.07
Na 4.97  67.20 3.50  16.58 6.23 32.93 318 2518
K 4.53 17.90 8.21 13.89 8. 74 36.27 20.46 61.16
B <0. 05 0.08 0.25 0.09
Hg <0. 05 <0.05 <0. 05 0. 05

ENLDERELZEL, 2D 75 7I2R L7, 2 B
B, BEHES10% L ED b DEEMIZI00% & L7z,
CDORERP L5, B EIZA (F+—), B (800C), C

(1100°C) IFTIEHENEIIC H HFRREMEEAR 511
%, IWHIBENKE W Zn, Pb, Ca, Na, K, Mg »E
RICR->TA2 & Ph 2R E BREOEH SRS\ RLIEL,
Ca, Na, Pb TIZA (Fv—) DIEREIELREL,
Zn, K, Mg (3C (1100) B TR I K E WV, 21 5HDHK
TEIRE & OBMRITBAI T3 <, BERP TORER,
AR 8 { MBS 2 L H 2 b5, —H D (de-ash)
IE—EBKLHE 2 ZITTWd720, EHEBEICBWTA,
B, CELOERMEITIIRITERDBEIZE DT,

4.2. 1#E (IN) o4& 3
RIS IIERE 1, 2, 5, 10%/Kiad % A\, Hiensr
DR L BV LIRS 21T - 72, FOsEEIamReE 1

%I BT LHRRENRIEO SN EHRE LT 5,
AR TOEH BRSPS 18, 1 N-1ERE(3.6%)
# v, AR EEN0 g 2 IN-IEEE200me s T 1 BERTIR A
Hit%, No5C JE#K CIRT 88, = DfFik% ICP—AES
ik & Lo, EHERIKEROBA L FkkIckD 72,
FOFEREFESIRITR LI, TREHRBIZOWTE 3,
4 IXNTR L7z, RIEMDEE LR, BHRIBEENE B
&\ Zn, Pb, Fe, Al Si, Ca, Mg, Na, K, PoxXx
IZfR->THA 5B X Zn, Pb, Al, Fe, Na, Si lZIB#&E¥l 05
HIE <, Mg, K, P TIZAREL Ca ClRCEE» R DK
»o7z, £727Zn, Pb, Ca TAREI» B KE <, Fe,
Al, Si, Mg, Na, K, P Tz CRE»HRKT -7,

COFRERIZE B EHMUTCRBICIEEEIKEL, B
HET DI WREREZBL LW 50, HROTETHD
WEARIZZ £ %), BEMEWITE L EOEERBTO
TR & DBED R VETH b,
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Extraction rate, %
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120

Cu

A

BiFE EHE ON) 2k 2EMREETE RSO
A c D
Element  ppm % ppm % ppm % ppm %
Cu 0.13  1.28 0.69  8.39 2.51 115.79 0.52 T.74
Ni 0.23 0.78 35.76 .16 49.84 0.55 40.32
cr 0. 09 0.17 0.67 0.39
In 71521  53.73  480.36 45.02  835.25 53.28  38.33 54.84
Fe  53.89  30.02 148.20 23.51  167.70 94.50  427.17  >100
Pb 6.79 >100 7.88  85.20 18.66  87.52 5.48  59.00
cd 0.14 0.10 0.13 0.19
As 0.53 0.76 1.31  52.09 0.92 67.65
Si 26.45  6.29  65.90  5.32  273.30 44.49  172.78  40.32
Mn 0. 48 .43 23.62 5.38  88.94 3.62 100
P 15.13 52. 66 26.84 82.74 41.52 >100 23.87 83.78
Mo 0.15 0.15 0. 32 0.18
Ti 0.88  7.78 .69  3.39 2.84 9.9 3.30 13.21
Al 38.92 39. 06 49.95 14.08 112.10  65.76 61.64 42.19
Co 3.05 17.57  I1T.14 67.05  14.11 97.78 6.72  54.44
Ca  192.20 10111  339.20 57.17  382.50 82.09  238.52 102.73
Mg 1.20 25.72 25.09  34.63 T772.50 105.32 30.90 60.16
Ba 0.84 1. 69 2.57 1.24
sb L1l 0.84 165 42.21 0.45  30.98
Na 10. 79 52.26 18.56  35. 17 36.14  76.37 21.09  66.81
K 13.95 22.05 41.27  27.93 27.55 45.716 69. 25 82. 80
B 0.33 0.47 [.88 0.62
Hg 0. 34 1. 05 1. 07 .0.05
120
100 F he
™o - 7
\\\ N \/7/1
o N
iv" 80 - o /
g 60 // *
o Y
i - /
y
40 ,
20
B C D I
Ni 2Zn Fe Pb Si Mn Ti Al Co o L L —
W B o ke e X —— A B c P
IR RO L ST RSO (IN) . o
%4 EIERIEOMEIC & 2 TR DR (IN)

b
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K2 DFES A vhr b BHE L 2 E MR 0 3R

5. % B

WIE7 0 2ADEL 5 ABOEERE v, #BtEK
DEHBHBREIT - 12, FRICHSFFOERICE L TUTD
%g}g%i?/) f:o

5.1 ZnOXEERR

Zn0 &£ LTTAHRMING Zn i3 T o550 F FIcH
DaAEN, MBREER L LTOEE 2259, 24955
500C TR L TR 67z F » — D X BRI o5 R, B
7 7Zn0 E— 7 3MER CE L o 128, ZnS IIFER S L5,
L LR T — 8 —DFRA» 5 Zn0 13IESLE & LTHEE
THIESHRHEINE, Liad 5T, ZnO 5 ZnS ~D
BIGIEF » —BWEBRBETIZIZRT L, BE7 a2 Tl
EXEL 5T ZnS ~DBEALIEH ) w2 2R
Twd, EHEEICHT 2IEMREIR ZInS# Zn0 1D K&
WD, I, BIXKE D Zn DHIEEIZA, B, CRE
EBITIFHLEERLTEBY, 22 &iiB, CEETIZ
InS OB HEN W L E—HT 2, 45D Zn
DILAIREE IARBITITIIE S v 2 B,

5.2 BEoEXrBEH

R 6 13, BUETRICERILIE § 2 A1 L THRIE R I
FRALTR L 7205 & I 3B e B, Thbb L
NEBEBTHEETLEHRELTWD, HFELDIT-72KEA
H, EEMBORBERICLISEA, B, CH3HED
In EHERICIIRIGE 2B R R 5 T RIERIOBLIK OB
AR N o2, FF0EMEIIKE
FAB ARG R E B HESOppm LI F19 2 HEFR/THOT
?)')fco

6. EbYIZ

HRFEE S SORE 7T v 20 R 2 4 BB O R
R E LT, RERDKEREEEL S Laby, L)
7N =R EEROBIEEHM L LT, EHEROES
BRI ORBITR FRICHRD) B L OBMRIC
DVTHBREIT»72, ZOR, ERREPHOE DE

TR yiEH 3L/, £72Zn, Pb, Cd, AsizowTiz
INERRAREM R EREENTH 72, 7 4 ¥HD Zn
(32 ZnS b VBEHIN 5, U EDOHERD L RE
DAL LT EDOMDERRBI KR 20, 35612, &
CBIRZEIZBI T 2RSS BEEN 2,

E

AEEED L IzH20), THES, HEREEOBE
T LT Rriw i YRR R AR TEEL 5
N XHRENT 24T - TF & - 72 [ HEE 8, XPS %
Ao TT S > 2 RERHFAMEER, TTLUETBERC
D& EHmLETET,

2EXH

1) %%, WH, i, FE AR, B ERERE DM
BIZLBFES A4 v o8l LioEERoMIK, ALk
BTSN ERT#ke, #63%, 26(1994)

2) A.A.Merchant, M. A. Petrich: Pyrolysis of
Scrap TireS and Conversion of Char to Activated
Carbon, AlChe, 39, (8), 1370 (1993)

3) C.Giavarini: Active Carbon from Scrap Tyres,
Fuel, 64, 1331 (1985)

4) #HE, ¥, &8, =H I ESATERRETAIE
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