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Chapter 1  Introduction 

 

1.1  The importance of low rank coal use 

Fossil resources are mainly used to produce energy. However, with more 

and more demand of energy, reserves of fossil resources rapidly reduce. It 

has already become a global problem in these years which we call “Energy 

shortage”. 

Table1.1 shows the recoverable reserves and production for the main fossil 

resources [1]. The Reserves-to-production ratio (RPR or R/P) is the 

remaining amount of a non-renewable resource, expressed in time. While 

applicable to all natural resources, the RPR is most commonly applied 

to fossil fuels. The RPRs for oil, natural gas and coal are shown in Figure 1.1 

[1]. From this figure, it can be seen that the RPRs of oil and natural gas are 

56 years and 59.6 years, respectively. As the reserve of coal is the most 

abundant, the use of coal has attracted attention in recent years. 

Coal can be divided into high rank coal and low rank coal according to coal 

quality. High rank coal includes bituminous coal and anthracite which are 

the main raw materials for power generation and iron making. This is 

because not only the high rank coal has characteristics of high heating value, 

high carbon content, low moisture content, and low ash content, but also a 

part of high rank coal has high caking property. 

The low rank coal includes brown coal and sub-bituminous coal. Compared 

with the high rank coal, the low rank coal has characteristics of low heating 

value, low carbon content, high moisture content, and high ash content. This 

is a reason why it is difficult to use the low rank coal. However, the reserve of 

high rank coal is lower than that of low rank coal by the end of 2011 (see 

Table 1.2). Therefore, the low rank coal must be used in the future, and, a lot 

of researches on the effective utilization of low rank coal, such as pyrolysis 

[2]—[4], upgrading of low rank coal [5]—[7], co-combustion with different low 

rank coal [8]—[10] and gasification, have been carried out in these years. 
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Table 1.1 Recoverable reserves and production for the main fossil resource 

by the end of 2011 [1] 

 

 Oil 

(106 t) 

Natural gas 

(109 m3) 

Coal 

(106 t) 

Recoverable reserves  223,454  209,743  891,530  

Production  3,973  3,518  7,520  

 

  

Figure 1.1  Reserves-to-production ratio for the main fossil resources by the 

end of 2011 [1]. 

 

Table 1.2  World’s proved recoverable reserves by the end of 2011 [1] 

High rank coal  

(106 t) 

Low rank coal  

(106 t) 

Bituminous coal and Anthracite  Sub-bituminous coal  Brown coal  

403,199  287,332  201,000  
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1.2  New coal power generation technology 

  Currently, the main power generation technology using coal is coal-fired 

power generation. In the coal-fired power generation, bituminous coal with a 

high heating value is the main raw material. Thermal energy generated by 

the combustion of bituminous coal is used to operate the steam turbine to 

produce electricity (shown in Figure 1.2(a)) [11]. However, with the rapid 

decrease in high rank coal reserves, low rank coal gradually becomes the 

main resource. In order to obtain the same amount of energy as high rank 

coal, a larger amount of low rank coal has to be used. Therefore, in the 

combustion of low rank coal, larger amounts of CO2, which is considered to 

be the cause of global warming, and harmful gases such as SOx and NOx are 

released. On the other hand, in the power generation using the current 

steam turbine, the steam condition is limited to 600℃ and 24.5MPa, so the 

thermal efficiency has not reached 45%. In conclusion, it is not preferable to 

use the low rank coal in the present thermal power plant. 

  Compared with the coal-fired power generation technology, LNG-thermal 

power generation technology is known to have a high efficiency. This is 

because the LNG-thermal power generation is performed by combining the 

steam turbine and a gas turbine. Both IGCC (Integrated coal Gasification 

Combined Cycle) and IGFC (Integrated coal Gasification Fuel cell Combined 

Cycle) are considered to generate electricity with coal at the same efficiency 

as LNG. At present, IGCC is in the practical stage. For example, the 

transmission end efficiency for 1200℃ class IGCC in Nacoso city reached 

42% in 2010, which was almost the same level as the present coal-fired 

power plant [12]. Moreover, the transmission end efficiency of the IGCC is 

scheduled to exceed that of coal-fired power generation in 2030 [12]. On the 

other hand, the IGFC is still in the development stage. 

  Figure 1.2(b) shows the IGCC process. From this figure, it is seen that 

gasification is the first step in this process. Therefore, how to increase 

gasification efficiency is important in this process. On the other hand, some 

researchers reported that low rank coal is more suitable for gasification than 

high rank coal [13—14]. It is believed that this is because a large amount of 
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oxygen-containing groups in the low rank coal helps to form a char structure 

that is easily gasified [13].  

 

 

Figure 1.2  Schematic illustration of (a) present coal-fired power 

generation and (b) IGCC [11] 
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1.3  Coal pyrolysis and gasification 

1.3.1  Coal pyrolysis 

  In general, coal pyrolysis refers to a thermochemical decomposition at high 

temperature in an inert atmosphere. In pyrolysis, cleavage of chemical bonds 

occurs basically. 

 

Figure 1.3  A simple diagram of coal pyrolysis process [15] 

 

  As shown in Figure 1.3, pyrolysis can be regarded as a two-step process. 

When the temperature increases to a certain degree, some weak chemical 

bonds in coal are broken. This reaction is usually called a primary pyrolysis. 

In this stage, coal is broken down into many smaller fragments.  

In higher temperature, the products after the primary pyrolysis react to 

produce various compounds. This stage is usually referred to as a secondary 

pyrolysis. Main secondary pyrolysis is shown below. 

 Cracking of small coal fragments 

Small coal fragment → Light gas species 

 Hydrogenation reaction of small coal fragments 

Small coal fragment + H･ → Tar 

 Condensation reaction between macromolecular fragments 

          Macromolecular fragment + Macromolecular fragment → Char 

+ Gas (CO, H2, etc) 
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1.3.2  Coal gasification 

  Coal gasification is a reaction of coal and gasifying agent at specific 

temperatures and pressures. Fuel gases such as CO, H2, and CH4 can be 

obtained by coal gasification. Since coal pyrolysis occurs before coal 

gasification, coal gasification process is substantially regarded as char 

gasification. A theory of oxygen exchange between gasifying agent and char 

is usually used to explain the gasification mechanism. When H2O is used as 

the gasifying agent, the gasification mechanism of char is proposed as 

follows [13], 

    Cf + H2O → Cf(O) + H2 ,    (1.1) 

    Cf(O) →CO ,               (1.2) 

    CO + H2O → H2 + CO2 ,    (1.3) 

where Cf represents carbon in char which H2O is easy to adsorb, Cf(O) 

represents an intermediate composed of carbon and oxygen produced as a 

result of H2O adsorption. Reactivity of gasification is known to be affected by 

many factors such as ash composition, ash content, pyrolysis conditions and 

so on [16—19]. For example, coal contains ash, such as Na, K, Ca, which can 

promote gasification. Additionally, the pyrolysis temperature, pyrolysis rate 

and holding time during coal pyrolysis can lead to different char reactivity 

[18—19]. Gasification reactivity of char can also be changed by the addition of 

catalyst. 
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1.4  Catalyst for gasification 

1.4.1  Overview for gasification catalyst 

  A lot of studies on gasification catalysts have been carried out so far [20—

25]. For example, it has long been known that Na and K are excellent 

catalysts for char gasification. Suzuki et al. [20] previously reported the 

gasification mechanism by Na and K catalysts. 

      2M + H2O →  M2(O) + H2 ,     (1.4) 

      M2(O) + Cf  → 2M + Cf(O) ,     (1.5) 

where M represents Na or K catalyst. It is also known that iron group metals 

such as Fe and Ni promote gasification to some extent, and the gasification 

mechanism by them is reported as follows [23－24], 

      M + H2O → M(O) + H2 ,        (1.6) 

M(O) + Cf →M+ Cf(O) ,         (1.7) 

where M represents Fe and Ni catalysts. Ca also could be explained as the 

same mechanism [25]. 

  Among these catalysts, there is a possibility that iron catalyst can be used 

in the actual gasification process [26]. This is because the iron catalyst has 

some advantages not found in other catalysts. Firstly, the iron catalyst is a 

much cheaper than other catalysts. This makes it possible to use the catalyst 

in a large-scale process. Secondly, the iron catalyst has a low toxicity. That 

is, the iron catalyst has little influence on the environment and health. From 

these reasons, there are many studies on the effect of iron catalyst on the 

pyrolysis and gasification of coal.  

 

1.4.2  Effects of iron catalyst on pyrolysis and gasification of coal 

Some researchers reported that metal oxides containing iron oxides have 

an effect on the decomposition of tar [27—28]. 

Yu et al. reported that Fe3+ is coordinated to a range of oxygen-containing 

groups such as —OH- and －COO-, and this reaction offered solid carbon 

deposits (soot) on the char by polymerizing the tar precursors, resulting in 
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the char yield increases [29]. Therefore, one of the effects of Fe catalyst on 

coal pyrolysis is the decrease in tar yield and the increase in char yield. 

On the other hand, Qi et al. indicated that the iron catalyst could change 

carbon crystalline structure and help to suppress the tendency of coal to 

graphitize during the coal pyrolysis process [30], some researchers using 

Raman spectroscopy reported that partially large polyaromatic ring 

structures converted to amorphous carbon structures by the addition of iron 

catalyst [30—32].  

  In the case of metallic iron catalyst, it is reported that the coal gasification 

proceeds as the above-mentioned equations (1.6) and (1.7) [30]. 

On the other hand, Fe3O4 and FeOOH catalysts, the coal gasification 

mechanism is proposed as follows [34], 

    FexOy + H2O → FexOy(O) + H2,     (1.8) 

    FexOy(O) + Cf→ Cf(O) + FexOy,      (1.9) 

    Cf(O) → CO.                     (1.10) 

  From the reactions, it could be known that iron catalyst could react with 

both gasifying agent and carbon. And these reactions occurred more easily 

than the direct reaction of carbon and H2O. Therefore, the use of iron 

catalyst could promote gasification. 
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1.5  Co-gasification of sub-bituminous coal and woody biomass with iron 

catalyst 

  Many studies on co-gasification between different fuels were carried out in 

these years [35-47]. For example, steam co-gasification of biochar (from corn 

stalk) and coal char (three different ranks of coal) was conducted, and the 

interactions between biochar and coal char were investigated by Ding et al. 

[35]. They reported that the experimental rate of carbon conversion for coal 

char 50/biochar 50 (the blended sample of low rank coal char and biochar at 

the mass ratio of 50 wt%) was higher than the rate calculated from the 

individual gasification. Therefore, a synergistic effect existed during 

co-gasification. On the other hand, co-gasification of petroleum coke and 

biomass was carried out by Wei et al [36]. A similar result to Ding et al.’s 

study was observed in their study, and they also reported that synergetic 

effect during co-gasification was related to active AAEM (alkali metal and 

alkaline earth metal) transfer between biomass and coal [36 — 37]. 

Co-pyrolysis/gasification of biomass (two types) and sub-bituminous coal was 

carried out by Krerkkaiwan et al. [38]. In their study, the synergetic effect 

was explained as the transferring of active OH and H radicals from the 

biomass to the coal in pyrolysis as well as the catalytic effect of potassium 

(K) from the biomass in gasification. 

  In previous study [48], Adaro sub-bituminous coal from Indonesia with 

impregnated iron catalyst was gasified with steam at 800℃. Even when the 

iron catalyst was loaded, the char gasification rate remained almost 

unchanged. On the other hand, in a previous study on the steam gasification 

of woody biomass (Japanese cedar) at 800 ℃ , it was reported that 

impregnated FeCl2 increased the amount of hydrogen evolution by 60% 

during 60 min compared to the case of the steam gasification of woody 

biomass without catalyst [49]. This was considered to be due to the presence 

of highly active iron species on the biochar. If this iron catalyst with high 

activity on biochar can be used for steam gasification of Adaro coal, an 

increase in gasification rate of Adaro coal is expected. Xiao et al. [50] ever 

reported a co-gasification of Ni-loaded brown coal char and waste wood 

biomass. With the addition of Ni-loaded brown coal char, the gas yields of H2 
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and CO increased dramatically, and the total gas yield was 3.1 times larger 

than that for non-catalyst. 

   

1.6  Purpose and composition of doctoral thesis  

This doctoral thesis discussed the development of effective utilization 

technology of low rank coal and woody biomass. The steam gasification is the 

most practical process because both low rank coal and woody biomass can be 

converted to clean energy gases, such as H2 and CO. In this thesis, the 

objective is to improve the gasification efficiency of low rank coal and woody 

biomass. 

  This thesis is composed of 5 chapters.  

In the second chapter, the co-gasification of Fe-loaded biochar (pyrolysate 

of Fe-loaded Japanese cedar) and Indonesian Adaro sub-bituminous coal was 

carried out at 800℃ for 60 min. The main purpose was to examine the 

effectiveness of an iron catalyst loaded on biochar for hydrogen (H2) 

evolution. It was shown that the H2 evolution for a mixed sample of 

Fe-loaded biochar (20 wt%) and Adaro sub-bituminous coal increased by 20% 

compared with that for the Adaro coal with the same amount of iron catalyst 

and was approximately 1.5 times larger than that for the Adaro coal without 

the iron catalyst. This increase in the H2 evolution during co-gasification was 

explained by the chemical form and crystallite size of the iron catalyst. 

In the third chapter, Fe-loaded biochar was added to Adaro coal or coal 

char for steam gasification in a fixed-type reactor. The purpose was to 

determine the optimal content of added Fe-loaded biochar for steam 

co-gasification in this system and the best time to add it. The amount of 

hydrogen evolution observed for the mixture of Fe-loaded biochar and Adaro 

coal at 800 ºC for 60 min was much higher than that observed for the mixture 

of iron-loaded biochar and coal char. The optimal ratio of Fe-loaded Japanese 

cedar biochar to Indonesian Adaro sub-bituminous coal char was determined 
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to be 1:1 by weight. X-ray diffraction patterns of the different mixtures after 

pyrolysis revealed that the iron catalyst contained in the iron-loaded biochar 

may affect the pyrolysis of Adaro coal. The mechanism by which the iron 

catalyst in Fe-loaded biochar promoted the co-gasification reactivity was also 

discussed. 

In the fourth chapter, the steam gasification of Adaro coal and Japanese 

cedar mixed in a 1:1 weight ratio with the physical addition of 10 wt% Fe2O3 

in 50 vol% H2O at ambient atmospheric pressure and 800℃ for 60 min was 

investigated. The objective was to examine the effectiveness of an iron 

catalyst on the co-gasification between Adaro coal and Japanese cedar. The 

study demonstrated that the H2 evolution for co-gasification without a Fe 

catalyst was 100 mmol/g-char. However, the H2 evolution for co-gasification 

with the addition of Fe2O3 was 152 mmol/g-char. The increase in the 

co-gasification for H2 evolution was based on a change of the char structure 

during pyrolysis and gasification. 

In the last chapter, the conclusions obtained in this study are summarized. 

Furthermore, based on the obtained findings, a guideline to the effective use 

of low rank coal and biomass is proposed. 
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Chapter 2 Effect of iron-loaded biochar on steam gasification of 

sub-bituminous coal  

 

2.1  Introduction 

In my previous study, the iron catalyst was loaded with impregnation 

method on Indonesian Adaro sub-bituminous coal (AD) and the effect of 

iron on the steam gasification was examined. However, the iron catalyst 

did not show a positive catalytic activity unlike the steam gasification of 

iron-loaded brown coal [51-53]. This is because the number of 

cation-exchangeable functional groups such as carboxyl groups in AD coal 

is quite lower than those in brown coal, resulting in a low dispersion of iron 

catalyst on AD coal. On the other hand, in the previous study by Murakami 

et al. [54], it was shown that the impregnated iron catalyst considerably 

enhanced the amount of hydrogen evolution during steam gasification of 

Japanese cedar. This was considered to be because the cementite (Fe3C) 

produced during the pyrolysis of iron-loaded biomass was very active for 

steam gasification. 

 Other researches have shown that the co-gasification of low rank coal 

and biomass is effective for promoting the amount of hydrogen evolution. 

For example, Howaniec et al. [55] reported that synergetic effect in the 

co-gasification tests of hard coal and biomass, when compared to the tests 

of coal and biomass gasification at all tested temperatures, and synergetic 

effect was attributed to the catalytic effect of K2O present in blend ash. 

Jeong et al. [56] pointed out that the synergetic effect of co-gasification of 

coal char and biomass char increased with an increase in the amount of 

biomass and the reaction temperature. From above researches, it is found 

that the addition of biomass is very effective for the gasification of coal. 

This would be because the biomass has a large amount of alkali metal [57—

59]. For example, Zhang et al. [57] showed that biomass ashes played an 

important role in catalyzing the gasification reaction of coal char and 

K-rich biomass had the best synergetic effect. Similar results were 

reported by Howaniec et al. [59] and Wei et al. [60]. Therefore, synergetic 

effect during co-gasification could be regarded as the interaction between 

the AAEM (alkali metal and alkaline earth metal) in the ash of biomass 

and coal. 
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In this chapter, the mixtures of iron-loaded biochar (pyrolysate of 

iron-loaded biomass) and AD coal in a weight ratio of 1:10 and 1:5 were 

prepared and were gasified with steam at 800℃  in a fixed-bed type 

reactor. The purpose of this study is to discuss the effect of iron-loaded 

biochar on the steam gasification of AD coal. 

 

2.2  Experimental 

2.2.1  Samples 

AD was ground into powder in a mortar. AD particles used in the 

gasification experiment were allowed to pass through a 250 μm sieve but 

not through a 150 μm sieve. Japanese cedar (SG) was used as woody 

biomass, which was cut into small pieces in a blender and then ground into 

powder in a mortar. SG particles were made to pass through a 250 μm 

sieve. The proximate and ultimate analyses for AD and SG are shown in 

Tables 2.1 and 2.2, respectively. All samples were dried at 110 °C for 1 h 

prior to use. The ash content was calculated from the residual amount 

when 1 g of AD or SG was calcined at 815 °C for 1 h in air. The amount of 

volatile matter (VM) was determined from the weight change before and 

after dry distillation at 900 °C for 7 min. The fixed carbon content (FC) was 

obtained by subtracting the ash content (wt%) and VM content (wt%) from 

100 wt%. Carbon, hydrogen, and oxygen contents were measured using a 

Yanaco HCN corder MT-700HCN, and the sulfur content was analyzed 

using a Perkin Elmer 2400II CHNS/O elemental analyzer. 

 

Table 2.1  Proximate and ultimate analyses of AD 

 

 

 

 

 

Table 2.2  Proximate and ultimate analyses of SG 

Prox. Analysis 

wt% (dry) 

Ultimate Analysis 

wt% (daf) 

Ash VM FC C H N O(diff) 

0.9 78.4 20.7 46.9 5.8 0.1 46.2 

 

Prox. Analysis    

wt% (dry)    

Ultimate Analysis 

wt% (daf) 

Ash VM FC C H N S O(diff.) 

2.5 46.7 50.8 67.8 5.1 0.44 0.14 26.5 
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Demineralization was carried out to determine the effect of ash such as 

alkali metals and alkaline earth metals in the biomass on the steam 

gasification. A weighed amount of SG (5 g) was immersed in 200 mL of 3 

mol/L HCl for 10 h with stirring. After filtration, washing with water, and 

drying at 110 °C for 12 h, demineralized woody biomass (Dem-SG) was 

obtained. Moreover, the concentrations of Na, K, and Ca in the filtrate 

were measured by ICP (Seiko Instruments, SPS5510). 

 

2.2.2  Iron catalyst loading 

An impregnation method was used to deposit the iron salt on the surface 

of AD and SG as shown in Figure 2.1. A weighed amount of AD (10 g), SG 

(10 g), or Dem-SG (10 g) was immersed in 200 mL of aqueous solution 

containing FeCl2, and the suspension was stirred at 40 °C for 1 h under 

vacuum using a rotary evaporator. Then, the water was evaporated at 

60 °C for 1 h. The impregnated samples were dried at 110 °C for 12 h prior 

to use. Iron catalyst loadings were determined by ICP. The prepared 

samples were 3.2Fe-AD, 6.7Fe-AD, 6.8Fe-SG, and 8.1Fe-Dem-SG; the 

numerical value in the sample name represents the iron loading (wt%). 

 

 

Figure 2.1  Procedure of impregnation method 
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2.2.3  Preparation of mixed samples of iron-loaded biochar and AD 

The iron-loaded biochars were produced from 6.8Fe-SG and 

8.1Fe-Dem-SG samples. The samples (0.5 g) were heated from room 

temperature to 800 °C at the rate of 300°C/min, under helium flow (140 

mL/min), and were held at this temperature for 10 min. After cooling to 

room temperature, the iron-loaded biochars were preserved in 

nitrogen-purged polyethylene bags. These samples were designated as 

6.8Fe-SGchar and 8.1Fe-Dem-SGchar, respectively. The iron content in 

6.8Fe-SGchar and 8.1Fe-Dem-SG was concentrated to 23 wt% and 27 wt%, 

respectively, because the weight of these samples decreased to 

approximately 30 wt% after pyrolysis. 

The four samples shown in Table 2.3 were prepared by mixing 0.5 g of 

AD with 0.05 g or 0.1 g of the iron-loaded biochars. The samples were well 

mixed by grinding in a mortar for at least 3 min. The numerical value in 

the sample name represents the calculated iron loading (wt%) in the mixed 

sample on the basis of total weight. 

 

Table 2.3  Samples prepared by mixing AD with iron-loaded biochar 

Sample AD 6.8Fe-SGchar 8.1Fe-Dem-SGchar 

1.8Fe-SG/AD 0.5g 0.05 g ― 

3.5Fe-SG/AD 0.5 g 0.1 g ― 

2.5Fe-Dem-SG/AD 0.5 g ― 0.05 g 

4.1Fe-Dem-SG/AD 0.5 g ― 0.1 g 
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2.2.4  Pyrolysis and gasification

Figure 2.2 shows the fixed-bed reactor that was used for pyrolysis and 

gasification. At first, the sample (0.5 g for the non-mixed samples, 0.55 g or 

0.6 g for the mixed samples) was heated from room temperature to 800 °C 

at a heating rate of 300 °C/min under a He flow of 140 mL/min in the 

vertical fixed-bed-type reactor and held for 10 min. The sample was taken 

from the reactor after cooling to room temperature. The char yield after 

pyrolysis was calculated by the following equation: 

   Char  
WChar

 sample
                                    (   ) 

where YChar is the yield of char [wt%], WChar is the weight of the residue 

after pyrolysis [g (ash and catalyst free)], and Wsample is the weight of the 

sample before pyrolysis [g (ash and catalyst free)]. 

The steam gasification was performed at 800 °C for 60 min by 

introducing 50 vol% of steam/He into the reactor immediately after the 

pyrolysis of samples. The amount of steam was controlled by changing the 

temperature of the steam generator. The gases (H2, CO, CO2, CH4, C2H4, 

and C2H6) produced during steam gasification were determined by on-line 

Micro GC (Agilent MicroGC 3000A). The gas evolution rate was calculated 

using the following formula: 

R=  
 vol   

       char
 ,                          (2.2) 

where R is the gas evolution rate [mmol/g－char· min]; L is the total gas 

flow rate [mL/min], which was measured by a flow meter every 10 min; 

mchar is the weight of char [g], which was measured after pyrolysis; Vvol% is 

the volume fraction of each produced gas measured by MicroGC. The 

carbon conversion was calculated using the following equation: 

XCarbon = 
 gas

  Char
 × 100 ,                       (2.3) 

where XCarbon is the carbon conversion [mol%]; Cgas is the molar content of 

carbon in the total gas [mol (ash and catalyst free)], which is the sum of the 

molar content of all the gases containing carbon, i.e., Cgas = CCO + CCO2 + 

CCH4 + 2CC2H4 + 2CC2H6. In addition, CChar is the molar content of carbon 

originally contained in the pyrolyzed char (mol), which was assumed to be 

100% carbon. 
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1. Carrier gas, 2. Steam generator, 3. Ribbon heater, 4. Electric furnace, 5. 

Thermocouple, 6. Sample, 7. Quartz wool, 8. Tar trap, 9. Dehydrating 

agent, 10. Micro GC, 11. Temperature controller 

Figure 2.2  Fixed-bed reactor for pyrolysis and steam gasification 

 

2.2.5  Characterization of the pyrolyzed char and gasified residue 

The chemical form of the Fe catalyst after pyrolysis and gasification was 

evaluated by X-ray powder diffraction (XRD; Rigaku, Ultima IV) with 

Ni-filtered CuKα radiation. The crystallite size of the iron catalyst was 

calculated using the Scherrer equation. 

  
K 

 cos  
                                       (   ) 

where L is the crystallite size [Å],   is the wavelength [Å],   is the peak 

width at half the maximum intensity, K is equal to 0.9, and   is the 

diffraction angle [°].
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2.3  Results and discussion 

2.3.1  Effect of iron-loaded biochar on the gasification of AD 

Figure 2.3 shows the H2, CO, and CO2 gas evolution rates for AD, 

3.2Fe-AD, 1.8Fe-SG/AD, and 3.5Fe-SG/AD during steam gasification at 

800 °C. Based on the data shown in Figure 2.3, it was determined that all 

of the gas evolution rates reached a maximum at approximately 5 min and 

decreased gradually with increasing reaction time thereafter. Moreover, it 

was observed that the gas evolution rate increased with the addition of iron 

catalysts. In particular, 1.8Fe-SG/AD and 3.5Fe-SG/AD showed a higher 

hydrogen evolution rate than AD over the course of the entire reaction. In 

the case of 3.2Fe-AD, in contrast, the promotion of hydrogen evolution was 

limited to the initial 40 min, and the hydrogen evolution rate was almost 

the same as that of AD after 40 min. The CO and CO2 evolution profiles 

were similar to the hydrogen evolution profile. 
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Figure 2.3 (a) H2, (b) CO, and (c) CO2 gas evolution profiles for AD, 

3.2Fe-AD, 1.8Fe-SG/AD, and 3.5Fe-SG/AD during steam gasification at 

800 °C 
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Table 2.4 shows the amounts of H2, CO, CO2, and CH4 evolution of 

various samples during steam gasification at 800°C for 60min. In the 

steam gasification of carbonaceous materials  the following reactions are 

known to take place simultaneously [61]: 

      C + H2O → H2 + CO  ，  (2.5) 

      CO + H2O → H2 + CO2 ， (2.6) 

      C + CO2 → 2CO ,         (2.7) 

      2CO + 2H2 → CH4 + CO2 , (2.8) 

      C + 2H2 → CH4 .          (2.9) 

Encinar et al. [61] described that the main reaction is only reactions (2.5) 

and (2.6) under an atmospheric pressure at 600–800°C among these 

reactions, because reaction (2.7) requires high temperature and reactions 

(2.8) and (2.9) require high pressure. From the results that only H2, CO, 

and CO2 were produced (Table 2.4), reactions (2.5) and (2.6) were 

considered to take place mainly in this experiment. As char is considered 

as 100% carbon in the study for gasification, 1 g-char could be regarded as 

83.3 mmol carbon. When the char is converted to CO2, the H2 could reach 

the maximum of 166.6 mmol. 

 

Table 2.4  Amount of H2 , CO and CO2 evolution and carbon conversion 

after gasification (800 °C, 60 min) of samples 

 

 H2  CO  CO2  Carbon 

Sample evolution evolution evolution conversion 

 (mmol/g-char) (mmol/g-char) (mmol/g-char) (mol%) 

AD 87 5.8 34 48 

3.2Fe-AD 100 5.7 38 54 

6.7Fe-AD 107 6.0 39 59 

1.8Fe-SG/AD 107 7.1 43 62 

3.5Fe-SG/AD 120 7.5 48 67 

2.5Fe-Dem-SG/AD 97 5.9 36 52 

4.1Fe-Dem-SG/AD 104 5.1 43 58 

6.8Fe-SG 113 6.5 50 69 
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The relationship between carbon conversion and gas evolution of H2, CO 

and CO2 is shown in Figure 2.4. 

 

 
Figure 2.4  The relationship of gas evolution (H2, CO and CO2) and carbon 

conversion  

 

From this figure, it could be seen that the relationship between carbon 

conversion and gas evolution is linear. This result indicated that the 

mechanism of gasification did not change independent of the presence of 

iron catalyst. 
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2.3.2  Comparison between the amount of hydrogen evolution calculated 

by individual gasification and that measured by co-gasification 

A comparison between the amount of hydrogen evolution calculated by 

individual gasification and that measured by co-gasification was made 

(Figure 2.5). The amount of hydrogen evolution for 0.5 g AD + 0.05 g 

iron-loaded biochar shown in Figure 2.5 was calculated as follows. The 

amount of hydrogen evolved from 0.5 g of AD was calculated as 87 

mmol/g-char × (0.5 g × 48 %) = 20.88 mmol, since the char yield was 48 

wt%. The calculated amount of hydrogen evolution for 0.05 g of iron-loaded 

biochar was 113 mmol/g-char × (0.05 g-char — (0.01 g iron)) = 4.52 mmol. 

Accordingly, the amount of hydrogen evolved from 0.5 g AD + 0.05 g 

iron-loaded biochar was 25.4 mmol (20.88 + 4.52 mmol). Similarly, the 

amount of hydrogen evolution for 0.5 g AD + 0.1 g iron-loaded biochar (0.02 

g iron) was 29.9 mmol. In contrast, the amount of hydrogen evolution for 

the case of Fe-SG/AD was approximately 8.5 mmol higher than the sum of 

the amount of hydrogen evolution for the individual gasification (0.5 g AD 

+ 0.1 g iron-loaded biochar). For example, the amount of hydrogen 

evolution for 3.5Fe-SG/AD was 120 mmol/g-char × (0.58 g × 55 %) = 38.3 

mmol, since the char yield after pyrolysis was 55 wt%. The same tendency 

was also seen in the case of 1.8 Fe-SG/AD. These results suggest that the 

Fe catalyst loaded onto biochar promoted the gasification of AD as well as 

SG. 
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Figure 2.5  Comparison between the amount of hydrogen evolution 

calculated from individual gasification and measured by co-gasification 
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2.3.3  Effect of biomass ash on the gasification of AD 

Figure 2.6 shows the hydrogen evolution profiles for samples with and 

without demineralization. Through demineralization, approximately 0.09 

wt% Ca, 0.07 wt% K, and 0.03 wt% Na were removed from SG. Then after 

burned with Muffle furnace at 800℃ for 1 h. There remained 56% ash in 

Dem-SG after demineralization. 

In the initial stage of gasification up to 10 min, the hydrogen evolution 

rates for 2.5Fe-Dem-SG/AD and 4.1Fe-Dem-SG/AD were almost the same 

as those of 1.8Fe-SG/AD and 3.5Fe-SG/AD, respectively. However, with 

increasing reaction time thereafter, the hydrogen evolution rate decreased 

and approached the hydrogen evolution rate for AD, unlike in the case of 

1.8Fe-SG/AD and 3.5Fe-SG/AD. 

From the amount of hydrogen evolution for 2.5Fe-Dem-SG/AD and 

4.1Fe-Dem-SG/AD (Figure 2.5), it was found that the amounts of hydrogen 

evolution for the demineralized samples were higher than those calculated 

by the individual gasification but were smaller than those for the samples 

without demineralization. This suggests that the ash (alkali metal and 

alkaline metal) in SG samples plays an important role as a promoter. 

 

 

Figure 2.6 Hydrogen evolution rates for the samples with and without 

demineralization 
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2.3.4  Relationship between specific rate and carbon conversion 

Specific rate was employed to investigate the change of carbon 

conversion to the residual amount of carbon. The specific rates were 

calculated as the following equation: 

            Rs = 
  

   
                                (2.10) 

where Rs represents the specific rate [1/h], Rc represents the rate of carbon 

conversion [mol%/h], and Wsc represents the amount of residual carbon in 

the char [mol%]. 

Figure 2.7 shows the relationship between specific rate and carbon 

conversion. Compared 1.8Fe-SG/AD with 3.5Fe-SG/AD, it was observed 

that the specific rate increased with increasing in the amount of iron 

catalyst used. For 3.2Fe-AD, the specific rates decreased gradually with 

increasing carbon conversion, indicating that the activity of the iron 

catalyst decreased during the steam gasification. On the contrary, there 

was no obvious decrease in the activity of the iron catalyst in 1.8Fe-SG/AD 

and 3.5Fe-SG/AD. Demineralization (4.1Fe-Dem-SG/AD and 

2.5Fe-Dem-SG/AD) caused the specific rates to decrease with increasing 

carbon conversion. From these results, it was concluded that the ash 

(alkali metal and alkaline metal) in SG samples had the effect of 

maintaining the iron catalyst activity. Compared with the findings from 

Asami and Ohtuska [53], it was found that the decrease in the specific rate 

for 3.2Fe-AD was similar to that for the pure iron catalyst used with LY 

brown coal. Observed increases in the late stage of 3.5Fe-SG/AD were 

similar to that of Fe–Ca catalyst, although the increases were not as 

obvious as those of the Fe–Ca catalyst because the Japanese cedar did not 

have a high content of AAEMs (alkali metal and alkaline earth metal) 

[62-63]. However, it could also be considered that the biochar ash 

unquestionably had a promotion effect. Therefore, it is necessary to discuss 

the differences between the iron catalysts on AD and SG/AD. 
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Figure 2.7  Relationship between specific rate and carbon conversion 
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2.3.5  Change of activation energy with addition of Fe-SGchar 

  Activation energy is defined as the minimum energy required to start a 

chemical reaction. And it could be calculated by Arrhenius equation: 

                

               k = Ae-Ea/(RT),         (2.11) 

 

where A is the frequency factor for the reaction, R (8.314 JK-1・mol-1) is the 

universal gas constant, T (K) is the absolute temperature (973K～1123K), 

and k is the reaction rate constant. Ea (kJ/mol) is the activation energy for 

the reaction 2.5 and 2.6.  

  Taking the logarithm of both sides, the equation (2.11) is transformed 

as follows. 

 

            lnk = -(Ea/R)(1/T) + lnA,     (2.12) 

 

Combined reaction 2.5 and 2.6, the reaction for steam gasification in our 

experiment could be easily shown as below. 

            

               C + 2H2O → CO2 + 2H2 .   (2.13) 

 

  Therefore, reaction rate could be reacted as equation (2.14): 

  

r = k [c][H2O]2,      (2.14) 

 

Then the equation (2.14) could be transformed as below. 

 

                  
 

   
  [H2O]2 ,            (2.15) 

In the experiment, steam is overused, and it won’t affect the concentration. 

Therefore, Rs was used as k in the chapter. And equation (2.12) could be 

transformed as below, 

 

               lnRs = -(Ea/R)(1/T) + lnA.   (2.16) 

 

Arrhenius plot was made according to equation (2.16), where (1/T) was 

used as cross-rod, lnRs was used as direct-axis and was shown as Figure 

2.8. 
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Figure 2.8  Arrhenius plot of iron-loaded sample in steam gasification 

when carbon conversion is 10 mol%. 

   

  Linear relationship between lnk and 1/T for AD, 3.2Fe-AD and 

3.5Fe-SG/AD could be seen in Figure 2.8. 
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Table 2.5  Activate energy (Ea) and frequency factor A in steam 

gasification 

X = 10 mol% 

Sample Ea, kJ/mol  A 

AD 182 6.7×108 

3.2Fe-AD 176 2.8×108 

3.5Fe-SG/AD 164 1.03×108 

 

Table 2.5 shows the Activate energy (Ea) and frequency factor A in 

steam gasification when the carbon conversion is 10 mol%. From the table, 

Ea(3.2Fe-AD) was just a little smaller than Ea(AD), however, 

Ea(3.5Fe-SG/AD) was much smaller than Ea(AD), Fe-SGchar addition 

decreased about 20 kJ/mol activate energy compared to AD. This expressed 

that Fe-SGchar addition indeed promoted AD steam gasification and the 

promotion was better than iron loaded coal. 

 

  Based on equation (2.15), reaction rate could be expressed as 

 

For AD:  r = 6.7×108 exp (—1.82×105/RT) [c][H2O]2, (2.17) 

For 3.2 Fe-AD:  r = 2.8×108 exp (—1.76×105/RT) [c][H2O]2, (2.18) 

For3.5 Fe-SG/AD:  r = 1.34×108 exp (—1.64×105/RT) [c][H2O]2, (2.19) 
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2.3.6  Chemical form and crystallite size of Fe catalyst after pyrolysis and 

gasification of AD and SG 

 

 

Figure 2.9  XRD patterns after the pyrolysis of 6.7Fe-AD, 6.8Fe-SG, and 

3.5Fe-SG/AD 

 

Figure 2.9 shows the XRD patterns of char after pyrolysis of 6.7Fe-AD, 

6.8Fe-SG, and 3.5Fe-SG/AD. It was found that the major chemical form of 

iron species for all of the samples was α-Fe. In addition, a small amount of 

austenite (Fe–C) was present in 6.7Fe-AD and 3.5Fe-SG/AD. Interestingly, 

the diffraction peaks attributed to cementite (Fe3C) were observed in the 

XRD pattern of 6.8Fe-SG because the tar evolved during the pyrolysis of 

6.8Fe-SG (the char yield was approximately 30 wt%), which was much 

higher than that of SG without iron catalyst (the char yield was only 17 

wt%), reacted with the iron catalyst. Accordingly, there was a possibility 

that cementite was also present on 3.5Fe-SG/AD after pyrolysis. However, 

cementite did not appear in the XRD pattern for 6.7Fe-AD. 
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Figures 2.10 and 2.11 show the XRD patterns of char for 3.2Fe-AD and 

3.5Fe-SG/AD during steam gasification, respectively. The value in the 

bracket shows the carbon conversion after gasification. 

 

 

Figure 2.10  XRD patterns for 3.2Fe-AD during steam gasification 
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In the case of 3.2Fe-AD, the iron species changed to magnetite (Fe3O4) 

after 10 min of steam gasification. In contrast, the XRD patterns of char for 

3.5Fe-SG/AD were significantly different from those for 3.2Fe-AD. The iron 

species in the 3.5Fe-SG/AD existed as α-Fe, Fe3C, and Fe2C as well as 

Fe3O4 in the first 30 min of steam gasification. It is well-known that 

metallic iron has higher activity for steam gasification than do other iron 

types [64][65].  

     

 

 

Figure 2.11  XRD patterns for 3.5Fe-SG/AD during steam gasification 

 

Akita University



 

33 

 

Figure 2.6 demonstrated that 3.5Fe-SG/AD showed higher reactivity for 

steam gasification because the metallic iron species (α-Fe) existed 

throughout the first 30 min of steam gasification. For further clarification, 

XRD measurement of the char for 4.1Fe-Dem-SG/AD after steam 

gasification was carried out (Figure 2.12). 

 

Figure 2.12  XRD patterns for 4.1Fe-Dem-SG/AD during steam 

gasification 

 

In the first 30 min of steam gasification, the chemical forms of most iron 

species for 4.1Fe-Dem-SG/AD were Fe3O4, unlike those of 3.5Fe-SG/AD. 

Based on these results, it was believed that the ash, such as sodium, 

potassium, and calcium, in the biochar suppressed the oxidation of the iron 

catalysts. Pour et al. [64] reported that the addition of a very small amount 
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of co-existing calcium and magnesium (approximately 2 mol%) to iron 

could improve the reduction during the reduction reaction. In contrast, for 

co-gasification of AD and biochar without iron catalysts, the amount of 

hydrogen evolution (90 mmol/g-char) was just slightly larger than the 

hydrogen evolution in the gasification of AD (87 mmol/g-char, Table 2.5), 

suggesting that the ash, such as sodium, potassium, and calcium, did not 

promote the gasification of AD primarily because of the presence of only a 

small amount of ash in biochar. Accordingly, the oxidation suppression of 

iron species by the ash in the biochar was considered to be one of the 

reasons the activity of the iron catalysts did not greatly decrease.  

 

Table 2.6  Change in crystallite diameter (nm) of Fe3O4 for 3.2Fe-AD and 

3.5Fe-SG/AD 

 10 

min 

20 

min 

30 

min 

40 

min  

50 

min 

60 

min 

3.2Fe-AD 49 50 53 49 52 57 

3.5Fe-SG/AD 43 47 42 42 44 47 

4.1Fe-Dem-SG/AD 40 ― 48 ― ― 61 

 

Table 2.6 shows the change in the crystallite size of iron species for 

3.2Fe-AD and 3.5Fe-SG/AD during steam gasification. The crystallite sizes 

of Fe3O4 for 3.5Fe-SG/AD were slightly lower than those for 3.2Fe-AD (i.e., 

aggregation was more difficult for the iron species on the biochar). Pour et 

al. [66] have also reported that the co-existing calcium and magnesium 

suppressed aggregation of the iron species. As the crystallite sizes of Fe3O4 

for 4.1Fe-Dem-SG/AD was almost the same as those for 3.2Fe-AD (Table 

2.6), we supposed that the Ca, K and Na present in the biochar had the 

effect of suppressing the aggregation of iron species. Asami and Ohtuska 

[53] reported that the char conversion in the steam gasification of LY 

brown coal at 750 ℃ increased significantly from 30% to approximately 

65% with addition of iron catalyst. Observed differences between this study 

and their report were attributed to LY coal having a higher number of 

cation-exchangeable functional groups, such as carboxyl groups, compared 
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to AD, resulting in a higher dispersion of iron catalyst on LY coal. Asami 

and Ohtuska also showed that the co-existence of Ca suppressed 

aggregation of the iron catalyst, such that the char conversion increased 

from 30% to 90%. As such, char conversion during steam gasification was 

considered to be related to the dispersion of iron catalyst. As described 

above, it was considered that the alkali and alkaline earth metals in the 

biochar play important roles in suppressing the oxidation and aggregation 

of iron species. 
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Finally, how the iron catalyst on the biochar promoted the gasification of 

AD was evaluated. The steam gasification using the iron-loaded biochar 

and AD separately was performed. Specifically, the samples were packed 

in the following order: 6.8Fe-SG (0.1 g), quartz wool, and AD (shown in 

Figure 2.13). This order was utilized to ensure there was no direct contact 

between the two samples. As a result, the amount of hydrogen evolved in 

this experiment, approximately 33 mmol, was just slightly higher than the 

sum of the hydrogen evolution in the individual gasification (31 mmol, 

Figure 2.4). This result indicates that mixing the iron-loaded biochar and 

AD directly was very important to obtain the synergetic effect. 

 

    Figure 2.13  The packed sample in the separated gasification. 
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As above all, the mechanism for the effect of Fe-SGchar on AD could be 

shown as the figure below. That is, the AAEM in biomass maybe interact 

with Fe catalyst first. This iron catalyst will be kept as the reduced and the 

fine dispersed state. This may be one reason why synergetic effect 

appeared during co-gasification. 

 

 

 

Figure 2.14  The mechanism for the effect of Fe-SGchar on AD 
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2.4  Conclusions

In this study, mixtures of iron-loaded biochar (pyrolysate of iron-loaded 

biomass) and AD with weight ratios of 1:10 and 1:5 were gasified with 

steam at 800 ℃ for 60 min in a fixed-bed type reactor. The conclusions are 

as follows: 

(1) The H2 production increased by approximately 20 mol% owing to the 

addition of iron-loaded biochar (20 wt%) to AD. 

(2) The specific rates decreased gradually with increasing carbon 

conversion for AD and 3.2Fe-AD. On the contrary, there was no obvious 

decrease in the activity of iron catalyst in 1.8Fe-SG/AD and 3.5Fe-SG/AD. 

(3) The XRD patterns of char for 3.5Fe-SG/AD were significantly 

different from those for 3.2Fe-AD. The metallic iron species (α-Fe) existed 

for the first 30 min of steam gasification for 3.5Fe-SG/AD. In the case of 

3.2Fe-AD, the iron species changed to magnetite (Fe3O4) after 10 min of 

steam gasification. The crystallite sizes of Fe3O4 for 3.5Fe-SG/AD were 

slightly smaller than those for 3.2Fe-AD.
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Chapter 3 Optimization of mixing conditions of subbituminous 

coal and iron-loaded biochar for co-gasification  

 

3.1  Introduction 

In Chapter 2, an iron-loaded biochar (produced by the pyrolysis of 7 wt% 

iron-loaded Japanese cedar [SG] at 800 °C) was mixed with Indonesian 

sub-bituminous coal at 20 wt%, and then, the mixed sample was gasified 

with steam at 800 °C for 60 min. The hydrogen evolution from this system 

was observed to increase by 20% compared to that observed for the steam 

gasification of coal alone in the presence of the same amount of iron 

catalyst. It was also demonstrated that the small amount of alkali and 

alkaline earth metals contained in the biomass ash maintained the iron 

catalyst in an active state, even in the late stages of gasification; however, 

in the absence of an iron catalyst, these elements did not promote the 

gasification of coal to the same degree [67]. There are still two problems to 

be solved. First, when the iron-loaded biochar should be added must be 

determined. Specifically, the question of whether the iron-loaded biochar 

should be mixed with the coal (i.e., before pyrolysis) or coal char (i.e., after 

pyrolysis) to obtain higher gasification efficiency must be resolved. Second, 

the mixing ratio of iron-loaded biochar and coal/coal char is believed to 

strongly affect the co-gasification efficiency [68‒70]. In Chapter 2, only two 

mixed samples—10 wt% and 20 wt% iron-loaded biochar in coal—were 

gasified with steam. Therefore, the optimum mixing ratio needed to 

maximize the gasification efficiency in the co-gasification of iron-loaded 

biochar and coal/coal char remains to be identified [67].  

  The purpose of this chapter is to determine the optimum time for the 

addition of the iron-loaded biochar and the optimum mixing ratio of 

iron-loaded biochar to coal/coal char for co-gasification. 

  

Akita University



 

40 

 

3.2  Experimental 

3.2.1  Preparation of mixed samples of iron-loaded biochar and AD 

The iron-loaded biochar was produced from 7Fe-SG. The samples (0.5 g) 

were heated from room temperature to 800 °C at a rate of 300 °C/min 

under flowing He gas (140 mL/min) and held at this temperature for 10 

min. After cooling to room temperature, the iron-loaded biochars were 

preserved in nitrogen-purged polyethylene bags. These samples were 

designated as 7Fe-SGchar. The iron content in the 7Fe-SGchar was 

concentrated to 23 wt% because the sample weight decreased to 

approximately 30 wt% after pyrolysis.  

  The prepared iron-loaded biochar was added to AD at ratios of 1:10 to 

10:10 and were named as follows: Fe-SGchar/AD (1:10) to Fe-SGchar/AD 

(10:10), respectively. To determine the effectiveness of iron-loaded biochar 

for co-gasification, the iron-loaded biochar was also added to ADchar.  

ADchar was prepared by pyrolysis at 800℃ for 10 min. Because the yield 

of ADchar was roughly 50 wt%, the ratio of iron-loaded biochar to ADchar 

ranged from 1:5 to 10:5 to maintain the iron and carbon contents of 

Fe-SGchar/AD. These samples were named as follows: Fe-SGchar/ADchar 

(1:5) to Fe-SGchar/ADchar (10:5), respectively. 

  Iron content in the mixed samples was shown in Table 3.1 and Table 3.2.  

 

Table 3.1 Fe content in Fe-SGchar/AD with different Fe-SGchar mixing 

ratio 

Mixing ratio  1:10 2:10 4:10 5:10 6:10 10:10 

Fe/(SGchar+AD) 

(wt%)  
1.8 3.5 6.1 7.1 8.1 11.1 

 

Table 3.2 Fe content in Fe-SGchar/ADchar with different Fe-SGchar 

mixing ratio 

Mixing ratio  1:5 2:5 4:5 5:5 6:5 10:5 

Fe/(SGchar+ADchar) 

(wt%)  
3.4 6.1 9.8 11.1 12.2 15.4 
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3.2.2  Pyrolysis and gasification 

   The same fixed-bed reactor in chapter 2 was used in this chapter. 

Initially, approximately 0.5 g of Fe-SGchar/AD or 0.25 g ~ 0.3 g of 

Fe-SGchar/ADchar (Fe-SGchar/ADchar was placed in the reactor so that 

the sample weight after pyrolysis was the same as Fe-SGchar/AD) was 

placed on quartz wool in the middle of the vertical fixed-bed-type reactor. 

The sample was heated from room temperature to 800 °C at a heating rate 

of 300 °C/min under flowing He gas (140 mL/min). The Fe-SGchar/AD was 

held at 800 °C for 10 min to remove any volatile components. Because 

Fe-SGchar/ADchar contains little volatile contents, this sample was heated 

to 800 °C but was not held at that temperature. After cooling to room 

temperature, the samples were removed from the reactor. The char yield 

after pyrolysis was calculated with the equation 2.1. 

  Steam gasification was performed at 800 °C for 60 min by introducing 50 

vol% of steam/He into the reactor immediately after the pyrolysis of the 

samples. The amount of steam was controlled by setting the temperature of 

the steam generator at 87 °C. The gasses (i.e., H2, CO, CO2, CH4, C2H4, and 

C2H6) produced during steam gasification were determined by an online 

MicroGC instrument (Agilent Technologies MicroGC 3000A). The gas 

evolution rate was calculated using the equation 2.2. The carbon 

conversion was calculated using the equation 2.3. 

The chemical form of the iron catalyst during pyrolysis and gasification 

was evaluated by X-ray powder diffraction (XRD; Rigaku, Ultima IV) with 

Ni-filtered CuKα radiation. The crystallite size of the iron catalyst was 

calculated using the Scherrer equation 2.4. 
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3.3  Results and Discussion 

3.3.1  Effect of iron-loaded biochar on the gasification of AD 

Figure 3.1 shows the hydrogen evolution rates of Fe-SGchar/AD 

(1:10‒10:10) and Fe-SGchar/ADchar (1:5‒10:5) during steam gasification at 

800 ºC. Here, the results of Fe-SGchar/AD (x:10) are compared with those 

of Fe-SGchar/ADchar (x:5), where x ranged from 1 to 10. As described 

above, this variation occurred because the weight of AD decreased to 

approximately 50 wt% after pyrolysis at 800 °C for 10 min. Based on the 

data shown in Figure 3.1, it was determined that the hydrogen evolution 

rates were maximized at approximately 5 min and subsequently decreased 

gradually with increasing reaction time for all samples. Fe-SGchar/AD 

exhibited a higher hydrogen evolution rate than Fe-SGchar/ADchar for all 

ratios of Fe-SGchar addition. 

Table 3.3 shows the amounts of hydrogen evolution and carbon conversion 

for Fe-SGchar/AD (1:10～10:10) and Fe-SGchar/ADchar (1:5～10:5) during 

steam gasification at 800 ℃ for 60 min. From Table 3.1, it can be seen 

that both the carbon conversion and the amount of hydrogen evolution of 

Fe-SGchar/AD were always higher than those of Fe-SGchar/ADchar. Table 

3.1 also presents the amount of hydrogen evolution calculated using the 

following equation (A (sum)): 

 

A(sum)= 
 (         )  (         )  (      )  (      )

 (         )  (      )
 ,  (3.1) 

 

where A(Fe-SGchar) [mmol/g-char] and A(ADchar) [mmol/g-char] are the 

amounts of hydrogen evolution observed for Fe-SGchar alone and ADchar 

alone, respectively; and m(Fe-SGchar) [g, dacf] and m(ADchar) [g, dacf] are 

the weights of Fe-SGchar and ADchar, respectively. In this calculation, 

these weights (i.e., m(ADchar) and m(Fe-SGchar)) were set to be equal to 

those used for co-gasification. Similar to Chapter 2, the amount of 

hydrogen evolution during steam co-gasification was higher than the sum 

of the amounts of hydrogen evolution produced by the individual 

gasification of Fe-SGchar and ADchar (A(Sum)) in all cases. The last 

column in Table 3.1 presents the incremental amounts of hydrogen 

evolution between the co-gasification and individual gasification 

determined using the following equation: 
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Increment (%) = 
 (               )  (   )

 (   )
×100  ,           (3.2) 

 

where A(co-gasification) is the amount of hydrogen evolution during steam 

co-gasification, which is shown in Table 3.1. Based on these results, the 

increments for Fe-SGchar/AD (14‒29%) were higher than those for 

Fe-SGchar/ADchar (2‒13%).  

 

Figure 3.1  The H2 evolution rate for Fe-SGchar/AD and 

Fe-SGchar/ADchar in different ratios   
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Table 3.1 Carbon conversion and amount of hydrogen evolution  

 

  

 Carbon 

conversion 

(mol%) 

Amount of hydrogen evolution 

Co-gasification

（mmol/g-char） 

Sum

（mmol/g-char） 

Increment

（％） 

Fe-SGchar/AD(1:10) 61 107 

91 

17.5 

Fe-SGchar/ADchar(1:5) 49 93 2.2 

Fe-SGchar/AD(2:10) 63 113 

94 

20.2 

Fe-SGchar/ADchar(2:5) 51 98 4.3 

Fe-SGchar/AD(4:10) 65 124 

97 

27.8 

Fe-SGchar/ADchar(4:5) 58 107 10.3 

Fe-SGchar/AD(5:10) 71 126 

98 

28.5 

Fe-SGchar/ADchar(5:5) 59 110 12.2 

Fe-SGchar/AD(6:10) 65 121 

99 

22.2 

Fe-SGchar/ADchar(6:5) 55 106 4.1 

Fe-SGchar/AD(10:10) 63 119 

104 

14.4 

Fe-SGchar/ADchar(10:5) 56 107 2.9 
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3.3.2  Influence of addition ratio of Fe-SGchar 

From Table 3.1, it can be seen that as the amount of Fe-SGchar added 

increased, both the carbon conversion and the amount of hydrogen 

evolution initially increased and subsequently decreased. More specifically, 

in the steam gasification of Fe-SGchar/AD at 800 °C for 60 min, the carbon 

conversion was maximized (71 mol%) when the mixing ratio was 5:10. In 

contrast, for Fe-SGchar/ADchar, the carbon conversion was maximized (59 

mol%) when the mixing ratio was 5:5. Similar to the carbon conversion, the 

maximum amounts of hydrogen evolution for Fe-SGchar/AD and 

Fe-SGchar/ADchar—126 and 110 mmol/g-char, respectively—when the 

mixing ratios of Fe-SGchar to AD and to ADchar were 5:10 and 5:5 by 

weight, respectively. Because the weight of AD decreased to approximately 

50 wt% during pyrolysis at 800 ℃ for 10 min, as described above, the 

weight ratio of 5:10 was considered to result in the highest hydrogen 

evolution for the mixture of Fe-SGchar/AD. The reason will be discussed 

though XRD analysis of iron catalyst. 

On the other hand, the relationship between carbon conversion and gas 

evolution was also discussed and shown in Figure 3.2. It could be seen that 

the relationship between carbon conversion and gas evolution is linear. 

This showed that the mechanism of gasification is not different between 

Fe-SGchar/AD and Fe-SGchar/ADchar. 

 

 

Figure 3.2  Relationship between carbon conversion and gas evolution 
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3.3.3  Influence of Fe-SGchar on specific rate 

Figure 3.3 shows the relationship between the specific rate and carbon 

conversion. The specific rate, Rs [1/h], was employed to investigate the 

change in the carbon conversion relative to the residual amount of carbon 

and was calculated using the equation 2.5.  

 

 

Figure 3.3  The relationship between specific rate and carbon conversion 

 

From Figure 3.3, below approximately 10% of carbon conversion, the 

difference between Fe-SGchar/AD and Fe-SGchar/ADchar for the specific 

rate was small, whereas above 10%, the specific rates for Fe-SGchar/AD 
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were larger than those for Fe-SGchar/ADchar. Thus, the reactivity 

obtained by mixing Fe-SGchar and AD was always greater than that 

achieved by mixing Fe-SGchar and ADchar. 

 

3.3.4  Change in the form of iron during pyrolysis and steam gasification 

Based on the carbon conversion and hydrogen evolution data, the 

optimal time for the addition of iron-loaded biochar was determined to be 

before the pyrolysis of AD, and the optimal mixing ratio of Fe-SGchar was 

determined to be 1:1 by weight. Thus, two questions remained to be 

answered: (1) Why is the reactivity for the gasification of Fe-SGchar/AD 

higher than that of Fe-SGchar/ADchar? (2) Why does the mixing ratio of 

1:1 exert the best effect on steam co-gasification? To answer these 

questions, we investigated the changes of the form of iron during pyrolysis 

and steam gasification. 

Figures 3.4 and 3.5 present the XRD patterns of Fe-SGchar/ADchar (5:5) 

and Fe-SGchar/AD (5:10), respectively, pyrolyzed under various conditions. 

For Fe-SGchar/ADchar (5:5) (Figure 3.4), almost no changes in the form of 

the iron catalyst (α-Fe and Fe3C) occur during pyrolysis. In contrast, after 

the pyrolysis of Fe-SGchar/AD (5:10) at 450°C  α-Fe had disappeared 

completely, and most of the iron species were present as Fe3C (Figure 3.5). 

These results are attributable to the reaction of α-Fe with the volatile 

matter evolved from AD to produce Fe3C. The iron forms differed between 

Fe-AD and Fe-SGchar/AD (5:10) (Figure 3.5) because of the presence of 

alkali and alkaline earth metals in Fe-SGchar. Martin et al. demonstrated 

that Ca-Fe catalyst produced more hydrogen from steam than pure Fe 

catalyst [71]. Moreover, Fe3C has been reported to form readily via the 

reaction of the highly dispersed α-Fe with carbon [72]. In fact, the 

crystallite size of α-Fe on Fe-SG (26 nm) was much smaller than that on 

Fe-AD (45 nm). As shown in Figure 3.6, Fe3C decomposed to form α-Fe 

above 700 °C. This change in the iron form is believed to occur via the 

following equation 2.6, which was reported by Li [73]: 

 

Fe3C→3Fe+C .                                (3.6) 

 

The carbon formed according to this equation might be very unstable. 

Accordingly, because of its high reactivity, this carbon should be easily 

gasified with steam in the early stages of gasification, thereby increasing 

the hydrogen evolution rate in the early stages of gasification of 
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Fe-SGchar/AD (5:10) relative to that observed for Fe-SGchar/ADchar (5:5), 

as shown in Figure 3.3 (c), (d), and (e). In contrast, because of the 

availability of insufficient amounts of the catalyst or carbon from volatile 

matter, little Fe3C could be generated; thus, the increases of Fe-SGchar/AD 

(1:10), Fe-SGchar/AD (2:10), and Fe-SGchar/AD (10:10) were not obvious 

(Figure 3.3 (a), (b), and (f)). 

 

Figure 3.4  The XRD patterns of Fe-SGchar/AD with temperature rising 

in the processing of pyrolysis  
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Figure 3.5 The XRD patterns of Fe-SGchar/ADchar with temperature 

rising in the processing of pyrolysis 
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Figure 3.6 shows the XRD patterns of Fe-SGchar/AD and 

Fe-SGchar/ADchar in and after gasification. From Figure 3.6 (b), (d) and 

(f), α -Fe and Fe3C could be seen after 5 min gasification of 

Fe-SGchar/ADchar (2:5~10:5), and the oxidation of the iron catalyst was 

slower than that observed in 3.2Fe-AD (Figure 2.9). The alkali metals in 

Fe-SGchar have been reported to prevent the oxidation of the iron catalyst 

to some extent [67, 73]. Therefore, the activity of the iron catalyst in 

Fe-SGchar/ADchar was considered to be high, even in the later stages of 

gasification, relative to that of 3.2Fe-AD. 

  Furthermore, the iron catalyst in Fe-SGchar/AD remained in its reduced 

form longer than that in Fe-SGchar/ADchar. Fe-SGchar/AD and 

Fe-SGchar/ADchar differ in terms of whether Fe-SGchar exists during the 

pyrolysis of AD or not. Qi [74] reported that iron atoms could be inserted 

between the layers of hexagonal carbon planes produced during the 

pyrolysis of coal. In this study, the iron catalyst on the Fe-SGchar may 

have moved to the AD surface during pyrolysis. In contrast, when the 

mixture of Fe-SGchar and ADchar was gasified, the effect of the iron 

catalyst on the steam gasification of ADchar was considered to be small 

because the ADchar consists of carbons with low reactivity. Zhang [75] 

reported that alkali metals could move from biomass to the coal surface 

and weaken C-C bonds of coal char during pyrolysis. This is one reason 

why the reactivity of AD did not decrease. Therefore, Fe-SGchar/AD was 

believed to be more reactive than Fe-SGchar/ADchar because of the 

interactions between carbons and iron/alkali metals during the pyrolysis of 

the coal. 

  In addition, in this chapter, the highest amount of hydrogen evolution 

and the maximum char conversion were observed when the Fe-SGchar was 

mixed with AD or ADchar in weight ratios of 1:2 or 1:1, respectively. 

Because the iron catalyst and alkali and alkaline earth metals exert a 

promoting effect on gasification, the hydrogen evolution increases as the 

amount of Fe-SGchar added increases. However, there is one problem to be 

solved: Why did the amount of hydrogen evolution decrease when a large 

amount of Fe-SGchar was added? In fact, similar results have been 

observed previously. For example, Che et al. [76] reported that a mixing 

ratio of 1:1 resulted in the highest synergy during the steam gasification of 

a mixture of pine sawdust and lignite in air atmosphere at from 800 ℃ to 

950 ℃. Additionally, Yan et al. [77] obtained similar results for the air and 

steam co-gasification of two types of woody biomass with brown coal at 
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temperatures ranging from 700 ℃ to 900 ℃. These authors attributed 

their results to the very low melting temperature of biomass ash: As a 

result, a large amount of biomass ash would cover the surface of the coal 

char, thereby blocking the pores of the coal char and limiting the contact 

between the coal char and the gasification agent. Although the biomass 

used in this gasification generated less ash, as the amount of biomass 

increased and the amount of ADchar decreased, a similar interaction 

between Fe-SGchar and ADchar may have occurred in this experiment. Qi 

[74] also investigated the relationship between iron loading and 

gasification reactivity and reported that a limit for the iron-loading amount 

exists and that, when this limit is exceeded, the gasification reactivity 

actually decreases. This experiment may have been affected by a similar 

phenomenon because the addition of large amounts of Fe-SGchar resulted 

in high iron-loading for AD. This may reasonably explain the decreased 

hydrogen evolution observed when large amounts of Fe-SGchar were 

added. 

 

 

 

 

 

Akita University



 

52 

 

 

 

Figure 3.6  The XRD patterns of Fe-SGchar/AD and Fe-SGchar/ADchar in 

and after gasification. (a) Fe-SGchar/AD(2:10); (b) Fe-SGchar/ADchar(2:5); 

(c) Fe-SGchar/AD(5:10); (d) Fe-SGchar/ADchar(5:5);   

(e) Fe-SGchar/AD(10:10);  (f) Fe-SGchar/ADchar(10:5) 
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As above all, Fe-SGchar/AD and Fe-SGchar/ADchar produced different 

hydrogen evolution for the same gasification time. The mechanism was 

shown as below in Figure 3.9. The carbon of coal could be divided into 

volatile matter (VM) carbon and fixed carbon. During pyrolysis, tar and 

light gas usually formed by VM carbon in primary pyrolysis. Char usually 

formed by fixed carbon in the pyrolysis during high temperature. In the 

case of Fe-SGchar/AD, Fe-SGchar stabilized some VM carbon of AD coal so 

that formed new fixed carbon. This changed char reactivity. Then AAEM in 

SG has an effect to keep activity of Fe catalyst. The two factors promoted 

AD gasification much more. On the other hand, in the case of 

Fe-SGchar/ADchar, Fe-SGchar could not take effect during the pyrolysis. 

Fe-SGchar and AAEM in SG could only take effect during the gasification 

so that the carbon conversion and hydrogen evolution for 

Fe-SGchar/ADchar were much smaller than that in Fe-SGchar/AD. 

 

 

 

Figure 3.9 The mechanism of promotion for Fe-SGchar/AD and 

Fe-SGchar/ADchar 
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3.4  Conclusion 

In this chapter, mixtures of iron-loaded biochar (the pyrolysate of 

iron-loaded biomass) and AD coal/ADchar with different weight ratios were 

gasified with steam at 800 ºC in a fixed-bed-type reactor. The conclusions 

obtained from this work are as follows: 

(1) The optimal time to add iron-loaded biochar in this co-gasification 

system is before the pyrolysis of AD, and the optimal ratio for the addition 

of Fe-SGchar to ADchar is 1:1 by weight. 

(2) Based on the relationships between the specific rate and carbon 

conversion obtained, the specific rate of Fe-SGchar/AD was always higher 

than that of Fe-SGchar/ADchar. 

(3) According to the XRD patterns of chars pyrolyzed at various 

temperatures  a transition between α-Fe and Fe3C occurred in 

Fe-SGchar/AD but not in Fe-SGchar/ADchar and produced a large amount 

of highly reactive carbons. Additionally, the XRD patterns of chars gasified 

at 800 ℃  for various times revealed that the iron catalyst can be 

maintained in its reduced form on both Fe-SGchar/AD and 

Fe-SGchar/ADchar for a longer time than that on Fe-AD. Finally, the 

oxidation of Fe-SGchar/AD was delayed compared to that of 

Fe-SGchar/ADchar in the presence of the same amount of iron catalyst. 
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Chapter 4 Effect of physical mixing of coal, biomass and Fe 

catalyst on the gasification  

 

4.1  Introduction 

  In this chapter, the co-gasification of woody biomass and low rank coal 

was also investigated. In Chapter 2 and Chapter 3, the iron-loaded biochar 

(the product of iron-loaded Japanese cedar after pyrolysis) was used as an 

additive to AD coal or ADchar. In Chapter 2, the effectiveness for the 

co-gasification of iron-loaded biochar and AD coal was proved [67]. In 

Chapter 3, the best mixing condition of iron-loaded biochar for the 

co-gasification was investigated [79]. However, in this method, the 

iron-loaded biochar must be initially prepared. From a practical 

application, an easy and low cost operation is preferable. Thus, 

development of a co-gasification process with an easier operation in a 

coal/woody biomass is necessary. 

  In this chapter, the co-gasification of biomass and AD coal with physical 

mixing of an iron catalyst was investigated. Because there are a limited 

number of studies on catalytic co-gasification, the effect of an iron catalyst 

addition on the change in the interaction between biomass and AD is 

unknown. In this chapter, the effect of physically-mixed iron catalyst on 

the co-gasification of biomass and AD coal was discussed. 
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4.2  Experimental 

4.2.1  Samples 

Indonesian Adaro sub-bituminous coal (AD) and Japanese cedar (SG) 

were used as coal and biomass samples, respectively. The particle size, 

the proximate, and the ultimate analyses were identical to Chapter 2 [67]. 

A commercial Fe2O3 (α-Fe2O3 with 8μm in average) was used as an iron 

catalyst.  

 

4.2.2  Preparation of mixed samples and iron catalyst loading 

SG and AD were mixed in a mortar with a weight ratio of 3:1, 1:1 and 

1:3. After mixed, the samples were labeled (3SG + AD), (SG+AD) and (SG + 

3AD). 

A physical mixing method was used for iron catalyst loading. To 

maintain a weight fraction of 10% loading, an applicable amount of iron 

species was added into AD, SG, and the mixed samples. The samples were 

mixed thoroughly in the mortar for at least 3 min. These samples were 

then labeled Fe2O3-SG, Fe2O3-AD, Fe2O3-(3SG + AD), Fe2O3-(SG+AD) and 

Fe2O3-(SG + 3AD).  

For the purpose of a comparative experiment, 10 wt% of Fe2O3 with 

impregnated-(SG+AD) was prepared. This sample name is shown as 

Fe2O3-(SG+AD) (I). The procedure of impregnation method was shown as 

below.  

 

 

 

Figure 4.1  The procedure of impregnation method 
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As Fe2O3 could not be soluble in H2O, so ethanol was used as solvent in 

this impregnation method. The impregnation method was almost the same 

as Chapter 2. Because the difference is that ethanol was easy to evaporate, 

the evaporating condition was set at 40℃  for 1 h. Fe content was 

measured using TG. As a result, Fe loading was 12.8 wt%. 

 

4.2.3  Pyrolysis and steam gasification 

  Procedure of pyrolysis and gasification was the same as Chapter 2. Char 

yield, carbon conversion and gas evolution were calculated according to 

Equations (2.1), (2.2) and (2.3), respectively. 

  TG was used to study the weight change during pyrolysis from 25℃ to 

800℃ in N2 with a heating rate of 90℃/min.  

 

4.2.4  Characterization of the pyrolyzed char and gasified residue 

The form of iron catalyst after pyrolysis and steam gasification was 

measured by XRD. The measurement conditions were identical to Chapter 

2 [67]. 
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4.3  Result and discussion 

4.3.1  Weight change of weight for AD and (SG+AD) during pyrolysis 

  Figure 4.2 shows the difference between AD and (SG+AD) during 

pyrolysis. It could be seen that char weight of (SG + AD) was smaller than 

that of AD, that is, SG addition results in large loss of char.  

 

Figure 4.2  TG profiles for AD and (SG +AD) during pyrolysis 
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As shown in Chapter 1.4, the pyrolysis could be divided into two stages; 

the first stage was mainly cracking reaction. In this stage, small fragments 

and H radical were produced by the cracking of coal and biomass. In the 

second stage, condensation was the main reaction. Amount of H radical is 

considered to be related to tar amount. This is because tar is formed by 

reaction of H radicals and small fragments. Therefore, the weight loss for 

(SG+AD) was larger than that for AD because a large amount of H radical 

for SG is believed to be generated. 

 

  

Figure 4.3  A simple for pyrolysis without catalyst. 
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4.3.2  Comparison of hydrogen evolution for gasification with and without 

Fe catalyst 

Figure 4.4 shows the hydrogen evolution profiles for (SG+AD) and AD. 

From this figure, the hydrogen evolution of (SG+AD) was seen to be higher 

than that of AD for steam gasification. This shows that SG addition 

promotes the AD steam gasification. 

 

 

Figure 4.4  The hydrogen evolution profiles for (SG + AD) and AD 
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Figure 4.5 shows the hydrogen evolution profiles after Fe2O3 addition. 

Compared Fe2O3-AD with AD, a large difference in hydrogen evolution 

profile was not seen. Different from Fe2O3-AD, Fe2O3-(SG+AD) produced 

much more hydrogen for the same gasification time. This showed that 

co-existing of SG and Fe2O3 largely promoted AD gasification. There may 

be an interaction among AD, SG and Fe2O3 in pyrolysis and gasification. 

 

 

 

Figure 4.5  Comparison of the effect of Fe catalyst on (a) hydrogen 

evolution rate for AD and (SG + AD) ; (b) hydrogen amount for AD and (SG 

+ AD) for 30 min gasification. 
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4.3.3  Comparison between impregnation method and physical mixing 

method 

Comparison of gas evolution rate between Fe2O3-(SG+AD) (I) and 

Fe2O3-(SG+AD) was shown in Figure 4.6. From this figure, the gas 

evolution rate of Fe2O3-(SG+AD) was not smaller than Fe2O3-(SG+AD)(I). 

Especially, Fe2O3-(SG+AD) was slightly higher than Fe2O3-(SG+AD)(I) in 

the first stage of gasification. This also showed that the physical mixing 

method could be applied to co-gasification. 
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Figure 4.6  Gas evolution rate during gasification for Fe2O3-(SG + AD)(I) 

and Fe2O3-(SG + AD). (a) H2, (b)CO, (c)CO2 . 

 

4.3.4  Interaction between SG and AD in non-catalyst co-gasification and 

catalytic co-gasification 

The measured amount of hydrogen evolution was compared with the 

amount of hydrogen evolution calculated from the individual gasification. 

The measured amount of hydrogen evolution should be equal to the 

calculated amount of hydrogen evolution if there is no interaction between 

biomass and coal during co-gasification. If the measured amount of 

hydrogen evolution is larger than the calculated one, it could be described 

that there is an interaction between biomass and coal. 

Equation 4.1 was used to calculate the without a catalyst on the 

assumption that there is no interaction between biomass and coal. 
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where A (AD) is the amount of hydrogen evolution for 1 g of ADchar; A (SG) 

is the amount of hydrogen evolution for 1 g of SGchar; and M(ADchar) and 

M(SGchar) are weights of ADchar and SGchar, respectively. 

  For co-gasification with Fe2O3 Equation 4.2 was used. 
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where A (FeAD) is the amount of hydrogen evolution for 1 g of 

Fe2O3-ADchar; A (FeSG) is the amount of hydrogen evolution for 1 g of 

Fe2O3-SGchar; and M(FeADchar) and M(FeSGchar) are weights of 

Fe2O3-ADchar and Fe2O3-SGchar, respectively.  

 

 

Figure 4.7 Comparison of the measured amount and calculated amount of 

hydrogen evolution for co-gasification (a) without Fe2O3, (b) with Fe2O3 

 

Figure 4.7 shows the comparison of the measured amount and calculated 

amount of hydrogen evolution for co-gasification. For co-gasification 

without catalyst, the measured amount of (SG+AD) is 100 mmol/g-char 

and the calculated amount is 85 mmol/g-char. Therefore, the interaction 

between biomass and coal results in 15 mmol/g-char increase of H2.  

  For Fe2O3-(SG+AD) the measured amount of hydrogen evolution is 152 
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mmol/g-char and the calculated amount is 121 mmol/g-char. Therefore, the 

interaction among SG, AD and Fe2O3 results in 31 mmol/g-char increase of 

H2, which is significantly higher than that of (SG+AD). This indicated that 

Fe2O3 addition to mixture of SG and AD promotes the gasification further. 

 

4.3.5  Effect of iron catalyst on reactivity of char for co-gasification 

 

Figure 4.8  Specific rate for mixed samples with and without Fe2O3 

 

Figure 4.8 shows the relationship between specific rate and carbon 

conversion for comparing Fe2O3-(SG+AD) and (SG+AD). As illustrated in 

Figure 4.8, the specific rate of (SG+AD) without iron catalyst is nearly 

constant during the gasification. The specific rate of Fe2O3-(SG+AD) 

increased with increasing carbon conversion. This indicates that the 

reactivity of Fe2O3-(SG+AD) is very high in the whole gasification. 
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4.3.6  Change of weight during pyrolysis by Fe2O3 addition 

 

 

Figure 4.9  The difference in weight change during pyrolysis between 

samples with and without Fe2O3 (a) AD and Fe2O3-AD, (b) (SG+AD) and 

Fe2O3-(SG+AD). 

 

Figure 4.9 shows the difference in weight change during pyrolysis 

between samples with and without Fe2O3. In all samples, the weight of 

char for the Fe2O3 mixed samples at 800℃ were higher than the samples 

without Fe2O3. However, a difference in reaction temperature was noted; 

for Fe2O3-AD and AD, the change began at 480℃; for Fe2O3-(SG+AD) and 
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(SG+AD), the change began at approximately 250℃. Therefore, the Fe 

catalyst became effective at a lower temperature in Fe2O3-(SG+AD). Tar 

formation occurred between 250～500℃, and tar may have been produced 

by the release of the small fragments in the coal or biomass with hydrogen 

radicals [80-84]. Fe2O3 could react with hydrogen radicals [85].  

                 3Fe2O3 + 2 H・→ 2Fe3O4 + H2O 

This is probably the reason why Fe2O3 in Fe2O3-(SG+AD) could be 

reduced at this temperature range. For Fe2O3-AD and AD, there is little 

difference before 500℃ during pyrolysis. On the other hand, the weight 

loss before 500℃ for Fe2O3-(SG+AD) is lower than that of (SG+AD). This 

indicates that part of tar from SG maybe incorporated into char by Fe2O3 

addition. This result is similar with the study of Cahyono et al. [86]. 

Figure 4.10 shows the XRD patterns of Fe2O3-loaded samples during 

pyrolysis.  

 

Figure 4.10  XRD patterns of Fe2O3 -loaded sample during pyrolysis.  

(a) Fe2O3-AD, (b) Fe2O3-(SG+AD) 

 

Compared Fe2O3-AD with Fe2O3-(SG+AD), SG addition significantly 

changed reduction rate of iron species. The significant difference between 

Fe2O3-AD and Fe2O3-(SG+AD) was seen at 500℃ . For Fe2O3-AD, Fe 

catalyst did not change and remained as Fe2O3 at 500℃. However, for 

Fe2O3-(SG+AD), Fe catalyst has changed from Fe2O3 to Fe3O4 at 500℃. 
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This indicates that SG produces a lot of H radicals, which reacts with 

Fe2O3. From Figure 4.3, it could be known that tar is formed by the 

reaction of small fragment and H radicals. Therefore, a change from SG 

after Fe2O3 addition resulted in the change of AD during pyrolysis. 

Figure 4.11 shows the mechanism of promotion for Fe catalyst. Without 

adding Fe2O3, SG addition offered a large amount of radicals, reacting with 

active fragments, producing much tar and light gas species (From TG 

result in Figure 4.2).  After adding Fe2O3, a part of H radicals offered by 

SG reacted with Fe2O3, but not with fragments (XRD result in Figure 4.10). 

This made some active fragments which originally would form tar 

transformed into char (TG result in Figure 4.9). It is considered to be an 

important reason why char of Fe2O3-(SG+AD) showed a good reactivity.  

 

 

Figure 4.11  A simple diagram for pyrolysis with and without Fe2O3 
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4.3.7  XRD patterns for Fe2O3-AD and Fe2O3-(SG+AD) during gasification 

Figure 4.12 shows that the Fe catalyst changed from a reduced state 

(α-Fe) to Fe3O4 (oxidation state) for Fe loaded samples. This directly 

corresponded to the change Yu et al. [87] reported.  

In the case of gasification by steam without catalyst, 

         C + H2O → CO + H2.                                 (4.5) 

In the case of gasification by steam with Fe catalyst, 

Fe + H2O → Fe(O) + H2 ,                              (4.6) 

Fe(O) + C → C(O) + Fe .                               (4.7) 

In the case of gasification by steam with FenOm, 

         FenOm + H2O → FenOm(O) + H2 ,                       (4.8) 

         FenOm(O) + C → C(O) + FenOm ,                        (4.9) 

         C(O) → CO.                                          (4.10) 

Therefore, the Fe catalyst acted as an oxygen transfer agent in steam 

gasification as described by Yu et al. [87].  

 

Figure 4.12  XRD patterns during gasification of Fe2O3-AD and 

Fe2O3-(SG+AD) 

 

 From Figure 4.12, Fe catalyst remained as FeO in Fe2O3-(SG+AD) after 

5 min, different from the form of Fe3O4 in Fe2O3-AD. In the chapter 2 and 

chapter 3, ash of biomass suppressed oxidation of iron species. Therefore, 

FeO production was probably related to the AAEMs in biomass ash, also 

considered as a reason why Fe2O3-(SG+AD) had a much faster hydrogen 

(a)                   
(b)    
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evolution rate. 

Carbon conversion during gasification is also shown in Figure 4.12. 

Carbon conversion for Fe2O3-AD was 5% after 5 min gasification and 38% 

after 30 min gasification; Carbon conversion for Fe2O3-(SG+AD) was 6% 

after 5 min gasification and 70% after 30 min gasification. This also 

expressed that SG addition largely changed the effect of Fe catalyst.  

 

4.3.8  Influence of biomass mixing ratio on the co-gasification  

 

 

 

 

Figure 4.13  The gas evolution rate for (a) Fe2O3-( 3SG+AD) and (b) 

Fe2O3-(SG+AD)  
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Figure 4.13  The hydrogen evolution rate for (c) Fe2O3-(SG+3AD)  

  Biomass ratio is usually regarded as an important factor which affects 

co-gasification [88-92]. It is also discussed in this part. 

Figure 4.13 shows the hydrogen evolution rate for Fe2O3-(SG+3AD), 

Fe2O3-(SG+AD) and Fe2O3-(3SG+AD). From this figure, it could be seen 

that the hydrogen evolution rate increases with increasing SG ratio. 

  Figure 4.14 shows the relationship between carbon conversion and 

specific rate. It could be seen that the specific rate increase with increasing 

SG ratio for both Fe2O3-Sample and Fe2O3-Sample (I). This is because 

Fe2O3-SG has a higher activity than Fe2O3-AD. Without Fe catalyst, there 

is no big difference by biomass ratio. 
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Figure 4.14  Relationship between carbon conversion and specific rate 

(a) the case of Fe2O3-(3SG+AD), (b)the case of Fe2O3-(SG+AD), (c) the case 

of Fe2O3-(3AD + SG) 

 

  Table 4.1 shows the specific rate when carbon conversion reached 50 %. 

With the data, the relationship between reactivity index and biochar ratio 

was compared in Figure 4.15. From the figure, it could be seen that both 

Fe2O3-sample and Fe2O3-sample(I) showed higher Rs than the calculation. 

However, with an increasing of biochar ratio, Rs increased firstly and 
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decreased gradually. This may be because reactivity is limited by iron 

loadings [78]. Size of iron particle rises with the increase of catalyst 

loading, which lead to the reduction of catalytic effect on char. 

 

Table 4.1  The specific rate when carbon conversion reached 50 % 

 Fe2O3- 

(SG+3AD)(P) 

Fe2O3- 

(SG+3AD)(I) 

Fe2O3- 

(SG+AD)(P) 

Fe2O3- 

(SG+AD)(I) 

Fe2O3- 

(3SG+AD)(P) 

Fe2O3- 

(3SG+AD)(I) 

Rs 1.5 2 2.8 3 4.34 4.13 

 

 

Figure 4.15  The relationship between reactivity index and biochar ratio 
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4.4  Conclusion 

This study conducted steam gasification of Indonesian Adaro coal (AD) 

and Japanese cedar (SG) at a ratio of 1:1 with the physical addition of a 

weight ratio of 10% Fe2O3 in a volume ratio of 50% H2O at 800℃ for 1 h. 

The conclusions are as follows: 

1. Without Fe catalyst, SG addition could promote AD gasification 

slightly. 

2. Physical mixing with Fe2O3 hardly promoted AD gasification, but 

largely promoted the gasification of (SG+AD). 

3. During pyrolysis, there is an interaction among SG, AD and Fe2O3, 

forming char with difference in structure. This may be the reason why 

co-gasification with Fe2O3 could produce more hydrogen.  
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Chapter 5 Conclusion 

 

5.1  Conclusion 

This doctoral thesis discussed the co-gasification of Fe-SGchar and AD 

coal, co-gasification of Fe-SGchar and ADchar, and also the co-gasification 

of Fe-SG and AD. Though the different co-gasification, we discussed the 

effect of Fe-SGchar (chapter 2), the best mixing timing and ratio of 

Fe-SGchar addition (chapter 3), effect of physical mixing of Fe catalyst 

(chapter 4). The conclusions are shown below: 

 

In Chapter 2, mixtures of iron-loaded biochar (pyrolysate of iron-loaded 

biomass) and AD with weight ratios of 1:10 and 1:5 were gasified with 

steam at 800 °C in a fixed-bed-type reactor. The conclusions are as follows: 

(1) The H2 production increased by approximately 20 mol% owing to the 

addition of iron-loaded biochar (20 wt%) to AD. 

(2) The specific rates decreased gradually with increasing carbon 

conversion for AD and 3.2Fe-AD. On the contrary, there was no obvious 

decrease in the activity of iron catalyst in 1.8Fe-SG/AD and 3.5Fe-SG/AD. 

(3) The XRD patterns of char for 3.5Fe-SG/AD were significantly different 

from those for 3.2Fe-AD. The metallic iron species (α-Fe) existed for the 

first 30 min of steam gasification for 3.5Fe-SG/AD. In the case of 3.2Fe-AD, 

the iron species changed to magnetite (Fe3O4) after 10 min of steam 

gasification. The crystallite sizes of Fe3O4 for 3.5Fe-SG/AD were slightly 

smaller than those for 3.2Fe-AD. 

(4) The ash in SG samples had the effect of maintaining the iron catalyst 

activity. 

 

In Chapter 3, mixtures of iron-loaded biochar (the pyrolysate of 

iron-loaded biomass) and AD coal/ADchar with different weight ratios were 

gasified with steam at 800 ºC in a fixed-bed-type reactor. The conclusions 

obtained from this work are as follows: 

(1) The optimal time to add iron-loaded biochar in this co-gasification 

system is before the pyrolysis of AD, and the optimal ratio for the addition 

of Fe-SGchar to ADchar is 1:1 by weight. 

(2) Based on the relationships between the specific rate and carbon 

conversion obtained, the specific rate of Fe-SGchar/AD was always higher 

than that of Fe-SGchar/ADchar. 
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(3) According to the XRD patterns of chars pyrolyzed at various 

temperatures  a transition between α-Fe and Fe3C occurred in 

Fe-SGchar/AD but not in Fe-SGchar/ADchar and produced a large amount 

of highly reactive carbons. Additionally, the XRD patterns of chars gasified 

at 800 °C for various times revealed that the iron catalyst can be 

maintained in its reduced form on both Fe-SGchar/AD and 

Fe-SGchar/ADchar for a longer time than that on Fe-AD. Finally, the 

oxidation of Fe-SGchar/AD was delayed compared to that of 

Fe-SGchar/ADchar in the presence of the same amount of iron catalyst. 

 

In Chapter 4, steam gasification of Indonesian Adaro coal (AD) and 

Japanese cedar (SG) at a ratio of 1:1 with the physical addition of a weight 

ratio of 10% Fe2O3 was conducted in a volume ratio of 50% H2O at 800℃ 

for 1 h. The conclusions are as follows: 

(1) Without Fe catalyst, SG addition could promote AD gasification 

slightly. 

(2) Physical mixing with Fe2O3 hardly promoted AD gasification, but 

largely promoted the gasification of (SG + AD). 

(3) During pyrolysis, there is an interaction among SG, AD and Fe2O3, 

forming char with difference in structure. This may be the reason why 

co-gasification with Fe2O3 could produce more hydrogen.  
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5.2  Future outlook 

   Our results are considered to be able to be applied to IGCC process. The 

main conclusion of our results is that existence of biomass helps to keep 

high activity of Fe catalyst. 

 

 

 

 

Figure 5.1 shows the comparison between present IGCC process and 

considered process. In the present IGCC process, coal is only used, so the 

efficiency is related to the coal reactivity. If the coal with low reactivity is 

used, the efficiency will be largely affected. In the considered IGCC 

process, Fe catalyst will be added together with coal and biomass. In the 

pyrolysis stage, Fe catalyst stabilizes some active fragments from biomass 

to form char, increases char amount and reactivity. In the gasification 

stage, AAEMs in biomass ash could keep high activity of Fe catalyst. 

Therefore, using our results is considered to be able to make some coal with 

low reactivity usable in practical process. 

  

    (a) Present IGCC process           (b) Considered IGCC process 

Figure 5.1 Comparison between present IGCC process and considered 

method 
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