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ABSTRACT

The heavy oil fly ash (HOFA) generated from the oil-thermal power plants is usually disposed by landfill.
However, HOFA contains a large amount of unburned carbon and heavy metal components, so that HOFA
disposed as industrial waste was more costly than general waste. The steam gasification, which is expected to
generate flammable gas, has attracted attention as an effective method of utilizing HOFA. When the steam
gasification of HOFA at 700-800°C was performed, H,, CO and CO; were produced, and the amount of H,
evolution was the largest among these evolution gases. Furthermore, the amount of H» evolution increased with
increasing ash content in HOFA. In particular, the amount of H> evolution with HOFA of 20 wt% ash contents
was 179 mmol/g-char at 800°C for 60 min. From XRD pattern of HOFA, iron oxide and nickel oxide were reduced
before steam gasification. The amount of H, evolution increased with increasing Fe and Ni contents in HOFA,
suggesting that Fe and Ni species act as catalysts.

INTRODUCTION

The ratio of thermal power plants in Japan accounts for about 80% of the total electric energy, and fossil fuels
such as coal, petroleum (heavy oil), and natural gas are mainly used for power generation. Fly ash is generated by
burning the coal and petroleum and collected in filter bags. In particular, the amount of heavy oil fly ash (HOFA)
generation exceeds 100 tons in a month at a 350,000 kW oil-fired power plant [1], and these HOFA generated are
usually landfilled. Since HOFA, which contains heavy metal components, was discarded as industrial waste, a
landfill place for HOFA was required [1]. However, the industrial waste disposal is more costly than general waste
one, so that it is necessary to utilize effectively or reuse HOFA. In previous studies, one of the effective utilization
is to recovery heavy metal components such as Ni and V from HOFA [2-4]. However, many extraction/ separation
steps are required to separate heavy metal components. Also, in order to investigate whether HOFA containing a
large amount of unburned carbon is able to use as fuel, some researches have already been conducted regarding
to combustion behavior of HOFA alone or mixtures of HOFA with waste plastic and sewage sludge [1,5,6]. The
combustibility of HOFA, which is low (calorific value 25-30 kJ/g, activation energy:160-185 kJ/mol), was not
significantly improved even when mixed with combustible plastic or sludge.

It was considered that flammable gas (Hz, CO) can be obtained by steam gasification at low temperature using
HOFA containing a large amount of unburned carbon and heavy metal components. Heavy metals such as Fe and
Ni, alkali metals such as Na and K, and alkaline earth metals such as Ca, are known to be highly effective as
catalysts for steam gasification [7-10]. Yang et al. [11] are investigating the gas evolution behavior with iron ore
added as a catalyst to bituminous coal. When the mixture ratio of iron ore and the gasification temperature (600-
1000 °C) are changed, it is reported that the amount of H, and CO evolution increased with increasing the iron ore
/ coal ratio at 800°C. A previous study of authors [12] also found that impregnation to Adaro subbituminous coal
with FeCl, increased the amount of H; evolution.

As a matter of fact, since many heavy metal components, such as iron oxide and nickel oxide, are present in
HOFA, these components are expected to act as catalysts for enhancement of steam gasification at a lower
temperature. However, there have been no research reports on steam gasification of HOFA. In this study, the
steam gasification of HOFA with different heavy metal contents is performed, and the effect of heavy metal
components and quantity in HOFA on the amount of gas evolution is investigated.
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Materials

HOFA with a particle size of 1-200 um was provided by the Akita Thermal Power Station of Tohoku Electric
Power Co., Inc. HOFA samples were used after drying at 110 °C for 2 days. The ash content was measured by
following the procedure with reference to JIS M 8812 [13]. The dried HOFA 1 g was added in an alumina sintered
dish (30 x 50 x 10 mm), heated to 815 °C for 60 min using an electric furnace (SHIROTA SUPER100T), and
maintained at the same temperature for 2 h. After heating, it was cooled for 10 min on a stainless steel plate and
for 15 min in a desiccator, and the sample after cooling was defined as ash. Also, the dried HOFA 1g was heated
at 900 °C for 7 min into a platinum crucible. After that, it was cooled by the same method as above, and the weight
loss of the sample was taken as the volatile matter. The fixed carbon was obtained by subtracting the ash and
volatile matter from 100 wt%. Table 1 shows the proximate analysis and ultimate analysis of various HOFA, and
the ash content in HOFA is HOFA-1 < HOFA-2 < HOFA-3.

Table 1. Proximate and ultimate analysis of HOFA
Proximate analysis Ultimate analysis

wt% (dry) wt% (daf)
Sample Ash V.M. F.C. C H N (0]
HOFA-1 10.6 17.4 72.0 72.1 0.8 3.5 23.6
HOFA-2 15.8 17.2 67.1 75.0 0.7 2.2 22.1
HOFA-3 20.1 40.5 394 50.0 1.5 5.5 43.0

Table 2 shows the ash composition in HOFA obtained by X-ray fluorescence (XRF) analysis (Shimadzu, XRF-
1700 4kW). For XRF analysis, the ash obtained by burning HOFA at 900 °C for 2 h was pelletized at a pressure
of 28 tons. And, the ash composition of HOFA shown in Table 2 were calculated by multiplying the ratio of ash
content.

Table 2. Ash composition of HOFA by XRF [wt. %, dry]

Metal oxide HOFA-1 HOFA-2 HOFA-3
Fe,0; 1.19 4.23 10.8
Si0O, 2.52 2.69 1.40
ALO; 1.96 2.29 1.17
SO; 1.24 1.78 1.85
NiO 1.31 1.58 1.82
Na,O 0.57 1.06 0.93
CaO 0.76 0.82 0.64
V205 0.39 0.41 0.51
K>O 0.11 0.24 0.22
MgO 0.14 0.19 0.17
C020; 0.09 0.10 0.13
P20s 0.10 0.09 0.09
TiO, 0.06 0.07 0.06
ZnO 0.04 0.06 0.13
BaO 0.04 0.05 0.07
La,0Os 0.07 0.05 0.01
MnO 0.02 0.03 0.06
CuO 0.01 0.02 0.03
SrO 0.01 0.01 0.01
Total 10.63 15.77 20.10

Demineralization of HOFA

HOFA was demineralized in order to investigate the effect of ash in HOFA on gasification. HOFA (10 g) was
added to 12 M of hydrochloric acid (150 mL) in a beaker, and HOFA suspension was stirred using a hot stirrer at
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450 rpm and 30 °C for 24 h. Afterward, the suspension was washed with distilled water until the filtrate became
neutral during suction filtration, and the filtration residue was dried at 110 °C for one day. The metal morphology
in demineralized HOFA (DHOFA) was evaluated by X-ray diffraction (XRD) analysis (Rigaku, Ultima IV). The
measurement conditions for XRD analysis were set to a scanning from 10° to 80° at intervals of 0.02° and a
scanning rate of 10°/min, and the measurement were performed using CuKa radiation at 40 kV and 40 mA.

Pyrolysis and steam gasification

Pyrolysis and steam gasification were performed using the fixed bed reactor shown in Fig.1. Quartz wool of 0.2
g and HOFA of 0.5 g were inserted into a quartz reaction tube (¢17 mm). At this time, the height of HOFA layer
was 9 mm. Argon (Ar) gas as a carrier was flowed at 140 mL/min for 30 min to purge air in the reaction tube.

The HOFA was heated to 700, 750, and 800°C using a ceramic tube furnace (Asahi-rika, ARF-40K). After heating
up to the predetermined temperature, HOFA was pyrolyzed for 10 min while flowing Ar gas and HOFA char was
obtained. After pyrolysis for 10 min, Ar gas was flowed to the steam generator set at 87°C, and the steam
gasification was carried out for 60 min while flowing 60 vol% of steam in HOFA layer. After steam gasification,
the steam flow was switched to Ar flow for 10 min at the same temperature. Then, the sample was cooled to room
temperature. The gaseous component generated during steam gasification was collected by Vo = 0.5 mL every 6
min and analyzed by on-line gas chromatograph (GC) (Shimadzu, GC2014), and the gas flow rate was measured
by a soap-film flow meter (HORIBA STEC, VP-3U). HOFA samples after pyrolysis and steam gasification were
analyzed by XRD under the same conditions as in section 2.2.

(1)Circulating thermostat
(2)Steam generator
(3)Cock

(4)Ribbon heater
(5)Reactor

(6)Electric furnace
(7)Thermocouple
(8)Temperature controller
(9)Sample

(10) Quartz wool

(11) Water trap

(12) Cold trap

(13) Dehydrating agent
(14) Soap film flow meter
(15) Gas chromatograph

Fig. 1. Fixed-bed reactor for pyrolysis and steam gasification

In addition, the sample weight after pyrolysis was measured, and the yield of HOFA char (Ycnar [Wt%]) based on
dry and ash free was calculated with Eq. (1).
_ WChar B (VVS X XAsh)

Y. =
Char = Ty, — (W X Xagh)

X100 (1)

Where Wenar is the weight of char after pyrolysis [g], W5 is the weight of HOFA sample before pyrolysis [g], and
Xash 1s the ratio of ash [-]. Furthermore, as shown in Eq. (2), the carbon content in evolution gas by steam
gasification is divided by the carbon content present in the char before steam gasification, and the carbon
conversion, Xcaron [M01%], is obtained as follows:

Cq
Xcarbon = C = 2
(WX Xags)
Wehar — Ash
Cchar = = A : : 3
w

where Caas is the molar content of carbon amount in evolution gases such as CO and CO, [mol], and Ccparis the
molar content of carbon originally contained in the HOFA char [mol], 4, is atomic weight of carbon [g/mol]. In
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this study, it is assumed that the residue obtained by subtracting the ash content from Wcnar is composed of only
carbon. The specific rate was calculated to investigate the change in carbon conversion against the residual
carbon in HOFA char, and is defined as follows:

_ RCarbon
Rspy=———

4)

-
WRChar

where Rcarvon 1S the carbon conversion rate [mol%/h], and Wrcnar is the amount of residual carbon in HOFA char
[mol%]. Arrhenius plot shown in Fig.2 can be obtained by plotting Rs;, at the carbon conversion of 5 mol% against
the reciprocal of temperature. The activation energy during the steam gasification reaction was calculated from
Eq. (5) from the slope of the straight line as follows:

Eq
Rgp, = Aexp (— ﬁ) )

where 4 is the frequency factor [1/s], E, is the activation energy [kJ/mol], R is the gas constant [kJ/(mol-K)] and
T is the absolute temperature [K].

SOO‘DC TSO‘DC TOO‘DC
0
Arrhenius plot
05 ... (HOFA-2)
— -1 -
’5, 15 »
25 + e
B . |
0.9 095 1 1.05
1000/T [K]
Fig. 2. Arrhenius plot with HOFA-2
RESULTS AND DISCUSSION

Chemical from of HOFA before and after pyrolysis

Fig.3 shows the XRD patterns of HOFA and HOFA char after pyrolysis at 800°C. Iron oxide (Fe;O4) peaks were
observed in all HOFA samples before pyrolysis, while the peak intensity of Fe;O4 decreased and the peaks
attributed to a-Fe and Fes;C appeared after pyrolysis at 800°C. Also, nickel oxide was not detected in the XRD
pattern before pyrolysis, but peaks attributed to Ni appeared after pyrolysis at 800°C. This is because nickel oxide
before pyrolysis is finely dispersed in HOFA. These results indicate that iron oxide and nickel oxide in HOFA
were reduced during pyrolysis. Here, the ash contents shown in Table 1 are recalculated assuming that iron oxide
and nickel oxide have been reduced in the pyrolyzed HOFA char, and the results are shown in Table 3.

Table 4 shows the char yield calculated using the ash content after pyrolysis in Table 3. From Table 4, the char
yield after pyrolysis decreased for all HOFA samples, and HOFA-3 char especially decreased down to about 50
wt%. Also, the char yield tends to decrease slightly with increasing pyrolysis temperature. As shown in Fig.3 of
XRD patterns, it was found that not only the metal oxide was reduced, but also the peaks of ammonium sulfate
disappeared, indicating that a part of decreasing in char weight is due to the thermal decomposition of the
ammonium sulfate contained in the HOFA.
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Fig. 3. XRD patterns for (a) HOFA-1, (b) HOFA-2 and (¢c) HOFA-3 before and after pyrolysis
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Table 3. Fly ash ratio in HOFA before and after pyrolysis [%, dry]

Sample Before pyrolysis After pyrolysis

HOFA-1 10.6 10.0

HOFA-2 15.8 14.2

HOFA-3 20.1 16.5

Table 4. Char yield for HOFA after pyrolysis at different temperature [%, daf]
Sample 700°C 750°C 800°C

HOFA-1 78 78 77
HOFA-2 83 81 80
HOFA-3 55 50 49

Evolution gases and carbon conversion by steam gasification

The gas evolution rate at different temperature of steam gasification was shown in Fig.4. Also, Fig.5 shows the
relationship between the steam gasification temperature and the carbon conversion. The steam gasification of
HOFA produced Ha, CO and CO,. Additionally, as the gasification temperature increased, all gas evolution rates
and the carbon conversion increased regardless of the type of HOFA.

Table 5 shows the amount of evolution gas per 1 g of HOFA char and the carbon conversion. As shown in Table
5, there was a tendency for the amount of H; evolution to increase with increasing the carbon conversion. Using
HOFA-1, the amount of H; evolution was the largest among the evolution gases, and the amount of CO evolution
was as large as the amount of CO, evolution. In the case of HOFA-2 and HOFA-3, the amount of evolution gas
increased in the order of CO < CO; < Ha. On the other hand, when the ash content in HOFA increased, the amount
of CO evolution decreased and the amounts of H, and CO, evolution increased, suggesting that the ash content in
HOFA affects the evolution of these gases. In addition, the amount of evolution gases after 60 min of steam
gasification for all HOFA samples had the relationship as shown in Eq. (6).

(Amount of H, [mol]) = (Amount of CO [mol]) + (Amount of CO, [mol]) x 2 (6)

This relationship was also seen when the steam gasification of Adaro subbituminous coal was carried out [9,12].
The main reactions in steam gasification are shown as follows [14-16].

C+H;0 < H,+CO @)
CO + H,0 < H, + CO» (8)
C+CO2 < 2CO 9)
2CO + 2H; «» CH4+ CO; (10)
C+2H; « CH,4 (11

According to Encinar et al. [14], the steam gasification reaction (7) and the water gas shift reaction (8) are
dominant under atmospheric pressure at 600-800°C, while the reaction (9) tends to occur at high temperature and
the reactions (10) and (11) occur under the condition of high pressure. However, the steam gasification in this
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study was carried out under atmospheric pressure at 700-800°C and the CH4 was hardly produced, indicating that
the main reactions are (7) and (8). Furthermore, it can be seen that the reaction of (8) is easy to occur in HOFA-2
and HOFA-3 because the amount of CO, evolution was larger than that of CO evolution. Therefore, the increase
of ash content in HOFA promotes the water gas shift reaction by steam gasification.

IO VRN X, =100 wt% RIS v, =142 wt% RUOUEN X, =16.5 wt%

4.5

(2) HOFA-1, 700°C (d) HOFA-2, 700°C (g) HOFA-3, 700°C
4 L
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Fig. 4. Gas evolution profiles for HOFA during steam gasification at 700, 750, 800°C

Effect of ash in HOFA on steam gasification

In order to investigate the relationship between the ash content and the gaseous evolution, the chemical form of
ash in HOFA samples before and after steam gasification at 800°C was analyzed by XRD, and XRD patterns are
shown in Fig.6. In all HOFA samples, o-Fe observed after pyrolysis at 800°C disappeared after steam gasification
for 60 min, and Fe3O4 appeared instead. The peak intensity of Fe3O4 increased with increasing the amount of iron
oxide contained in HOFA. Additionally, the peak of Ni was confirmed even after 60 min of steam gasification,
but its peak intensity became smaller than that after pyrolysis. Hence, this indicates that a-Fe and Ni reduced after
pyrolysis were oxidized during steam gasification. Here, Fig.7 shows the dependence of the iron oxide and nickel
oxide contents in HOFA on the carbon conversion. As the content of iron oxide and nickel oxide increased
(HOFA-1 < HOFA-2 < HOFA-3), the carbon conversion also increased. As described above, the amount of H
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increased with increasing the carbon conversion (Table 5). Therefore, it is also suggested that HOFA, which is
rich in iron oxide and nickel oxide, enhance the gasification reaction, and a-Fe and Ni promote the water gas shift
reaction (8) rather than the steam gasification reaction of (7).

90

80 |
70 F
60
50 |
40 |
30 |
20 —~HOFA-1

0 - —&-HOFA-2
—0-HOFA-3

Carbon conversion (mol%)

0 1 1
650 700 750 800 850
Temperature (°C)
Fig. 5. Relationship between temperature and carbon conversion after gasification of HOFA for 60 min

Table 5. Amount of gas evolution and carbon conversion with HOFA after gasification at 700, 750 and 800°C for 60 min

Amount of Amount of Amount of Carbon
H; evolution CO evolution CO; evolution conversion
Sample mmol/g-char (daf) mmol/g-char (daf) mmol/g-char (daf) mol%
HOFA-1 700 °C 14 2.1 4.6 18
750 °C 31 6.0 9.9 22
__________________ 800°C .83 2T 22 A
HOFA-2 700 °C 16 1.1 6.1 24
750 °C 37 3.2 14 31
__________________ 800°C_ 8 12 3 50
HOFA-3 700 °C 41 1.1 18 42
750 °C 96 4.5 39 56
800 °C 179 11 76 82

oFe;0; eo-Fe oFe;C o Si0, e Ni

(ﬂ:) HOFA-1 (b) HOFA-2 (C) HOFA-3
— *
: ‘ ° After pyrolysis
E After gastfication
|

PR g —FNF 2 oo | pedk ® of %
. 2 &
10 20 30 40 5 60 70 810 20 30 40 S0 60 70 8 20 30 40 50 60 70 S0
20, 26(%) 2609)
Fig. 6. XRD patterns of HOFA char after pyrolysis and HOFA residue after steam gasification at 800°C
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Fig. 7 Dependence of (a) Fe:0; and (b) NiO content on carbon conversion after steam gasification of HOFA-3 for 60
min

Fig.8 shows the relationship between the specific rate and carbon conversion at different temperature. As the
carbon conversion increased, the specific rates also increased. This increasing tendency of specific rates appeared
remarkably at 800°C. In particular, the specific rate for HOFA-3 at 800°C increased dramatically from around 10
mol% of carbon conversion. This indicates that the amount of evolution gas increased even though the carbon
content in HOFA char decreased with the progress of steam gasification.

L« | @HOFA-L (b) HOFA-2 (c) HOFA-3 4
B /
~ 2 i i i
_'—1 -— o
=15 - - i
E o 4 e
1 .- — - -800°C L un — - -800°C L/ " 800°C
S e 750°C e 750°C frmmmmmm=" A e /e
05 L~ - L i i —700°C
5 == . . ‘ — . . . = i .
0 20 40 60 80 100 0 20 40 60 80 100 O 20 40 60 80 100
Carbon convertion (mol%s) Carbon convertion (mol%) Carbon convertion (mol%)

Fig. 8. Profiles for the specific gasification rates of (a) HOFA-1, (b) HOFA-2, (c) HOFA-3 at 700, 750 and 800°C

In order to investigate the relationship between the chemical form of metal components in HOFA and the rate of
gas evolution at the different gasification temperatures, Fig.9 shows the change in XRD patterns of HOFA-3,
which has the largest ash content, after steam gasification. The XRD pattern, in which only Fe;O4 peak appeared
after pyrolysis, did not change during steam gasification at 700°C. While a-Fe and Fe;C were observed after
pyrolysis at 750°C, these peaks disappeared with progress of steam gasification and Fe;O4 was observed instead.
Also, Ni peak appeared after steam gasification for 12 min. After pyrolysis at 800°C, sharp peaks of a-Fe, Fe;C
and Ni were observed, but Fe;O,4 appeared after 6 min. Although the peak intensity of Ni became small slightly,
Ni in HOFA remained even after steam gasification for 60 min. It is already known that H, evolution during steam
gasification of lignite was promoted by the presence of a-Fe [17,18], and the water-gas shift reaction with Ni-
based catalysts was enhanced by suppressing tar cracking [19-22]. Therefore, it is considered that the metal
catalyst such as a-Fe and Ni has effectiveness for improving the gasification reaction. As shown in Fig.9, the Fe
and Ni species were not reduced to o-Fe and Ni at 700°C, so that the gasification reaction hardly proceeded (Fig.8).
On the other hand, at 750°C and 800°C, the gasification reaction is rapidly accelerated because a-Fe produced
after pyrolysis is present in HOFA. Furthermore, since Ni keeps to exist in HOFA during steam gasification, the
gasification reaction promoted even if the carbon content decreased.
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The activation energy, which was calculated at a carbon conversion of 5 mol%, for HOFA-1, HOFA-2 and HOFA-
3 was 168, 163 and 113 kJ/mol, respectively, and the activation energy for HOFA-3 was the lowest. From this
result, it is suggested that the reactivity of HOFA-3 was the highest. Hence, the reduced o-Fe and Ni maintained
the catalytic activity for 60 min of steam gasification and promoted the reaction between steam and carbon in
HOFA.

Fe;0; eo-Fe oFe;C eNi

(a) HOFA-3, 700°C (b) HOFA-3, 750°C (c) HOFA-3, 800°C
After P}TUI,"iiS After pyrolysis ‘. After pyrolysis
o (0 mim) (0 min) (0 min)
L o0 9 [l ¢ =] [
[ ]
) < .
Lo $ & bmin o ¢ & G e © % 4un
~ —— J y A, <>
=
= <
Bl o Q0 € 00 Q 12mn o <><i> % ¢ ¢ 12min P o0 S 12ma
5 <
= & ‘ o ‘
Lo el ¢ o¢¢ !m L e oo ¢ lBmn % o
o 18 min
o
o o o ¢ 60 o g o : J 5 ‘
L 8. o9 min 2 (A e ©¢ ¢ 60mn o ) e 0% O Gomn

10 20 30 40 50 60 70 8 10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80
26 () 26 (%) 26 (%)
Fig. 9. XRD patterns residue for HOFA-3 after steam gasification at (a)700, (b)750, (c)800°C

To examine whether a-Fe and Ni in HOFA is effective as a catalyst during the gasification reaction, the steam
gasification was performed using demineralized HOFA, i.e. DHOFA-1, DHOFA-2 and DHOFA-3. The color of
filtrate after demineralization was turned yellow-green, and the peak of Fe;O4 disappeared from the XRD pattern
shown in Fig.10, indicating that iron oxide and nickel oxides were removed from HOFA. In addition, the ash
content of DHOFA-1, DHOFA-2 and DHOFA-3 are 4.6, 5.2 and 3.6 wt%, which are similar to the sum of the
contents of SiO, and Al,O3 (3-5 wt%). After pyrolysis at 800°C, the char yield of DHOFA-1, DHOFA-2 and
DHOFA-3 were 93, 89 and 91 wt%. The volatile matter decreased by elution of ammonium sulfate in water, so
that the char yields before and after demineralization were very different. From the XRD patterns as shown in
Fig.10, it was found that not only the peak of Fe;O4 but also the peak of ammonium sulfate disappeared after
demineralization. Also, Table 6 shows the amount of evolution gas and the carbon conversion for demineralized
HOFA at 800°C. Compared to the results for HOFA without demineralization treatment (Table 5), the amount of
evolution gas and the carbon conversion were significantly decreased. Furthermore, the water-gas shift reaction
was suppressed because the amount of CO evolution increased, while the amount of CO, evolution tended to
decreased. It is presumed that the steam gasification using DHOFA is difficult to occur at 800°C due to lack of
the heavy metal component for working as a catalyst. In conclusion, the reduced heavy metal components such
as a-Fe and Ni affect the evolution of flammable gas during steam gasification, suggesting that HOFA containing
a large amount of iron oxide and nickel oxide is suitable to generate in the evolution of flammable gas.
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Fig. 10. XRD patterns for (a) HOFA-1, (b) HOFA-2, (c) HOFA-3 before and after decalcification

Table 6. Amount of gas evolution and carbon conversion for DHOFA after steam gasification at 800°C for 60 min

Sample Amount of Amount of Amount of Carbon
H; evolution CO evolution CO; evolution conversion
mmol/g-char(daf) mmol/g-char(daf) mmol/g-char(daf) mol%
DHOFA-1 25 10 53 14
DHOFA-2 16 6.1 33 13
DHOFA-3 22 7.7 5.1 13
CONCLUSION

In order to utilize HOFA effectively, the steam gasification of HOFA at 700-800°C was performed, and the effect
of heavy metal components in HOFA on the amount of gas evolution was investigated. H», CO and CO, gases
were generated by steam gasification of HOFA, so that the amount of H, evolution was the largest among the
evolution gases. As the gasification temperature and the amount of ash content in HOFA increased, the water gas
shift reaction was promoted, and the amount H, evolution increased. XRD analysis of HOFA before and after
gasification was carried out to consider the effective metal species for gasification reaction. It was found that iron
oxide and nickel oxide remained in HOFA after HOF A was pyrolyzed at 700°C, but these oxides were reduced to
a-Fe and Ni by pyrolysis at 750°C and 800°C. The a-Fe was oxidized with progressing gasification, and Ni existed
in the HOFA even after steam gasification for 60 min. Also, the amount of H; evolution increases with increasing
Fe and Ni contents in HOFA, suggesting that Fe and Ni species have an effect as a catalyst for promoting the
gasification reaction.
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