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NOMENCLATURE 
 

αcg = Contribution rate of catalytic gasification to overall gasification [%] 

β = Rate of volatilization of K species from gasifying char at t [-] 

Ccat = Concentration of K catalyst in gasifying char at t [mol-K/kg-daf-char] 

CCn = Concentration of catalyst Cn [–] 

CC1prec = Concentration of precursor of catalyst C1 [–] 

ICA-1 = Initial catalytic activity at the beginning of gasification [min-1] 

ICA-2 = Potential catalytic activity at the beginning of gasification [min-1] 

ICD-1 = Initial rate of catalyst deactivation [min-1] 

ICD-2 = Overall rate of catalyst deactivation [min-1] 

k’C = The rate of catalytic gasification per amount of catalyst [min-1] 

k'cat = The rate of catalytic gasification per amount of K catalyst in gasifying char [kg-

daf-char/(min∙mol-K)] 

kcat = Rate constant for catalytic gasification [min-1] 

kCn = Rate of catalytic gasification defined by k’C.mCn [min-1] 

kC1prec = Rate constant for transformation of C1 precursor to C1 [min-1] 

kloss-n = Rate constant for loss of Cn [min-1] 

knc = Rate constant for non-catalytic gasification [min-1] 

mcat = Amount of K catalyst [mol-K] 

m’cat = Amount of K catalyst per initial mass of char at t [mol-K/kg-daf-char] 

mCn = Amount of catalyst Cn [–] 

mC1prec = Amount of precursor of catalyst C1 [–] 

mchar = The mass of char at t [kg-daf-basis] 

t = Time from the initiation of gasification [min] 

T = Gasification temperature [°C] 

X = Mass-based conversion of char by gasification [–] 
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Chapter 1 

General Introduction 
 

 

1.1 Background 

At present, more than 85% of the world’s primary energy demand is provided by fossil 

fuels such as coal, oil, and natural gas. [1,2] This shows today’s challenges regarding energy 

supply security and environmental conservation. In order to do transition to a long-term 

sustainable energy mix in the future, it is inevitable to implement more environmental-benign 

utilization methods of conventional fuels until renewable resources are capable of meeting our 

energy needs. Therefore, any improvement in the conversion efficiency of carbon resources, 

even if it is small, has a significant impact on resource reserve and CO2 reduction. 

Some studies reported that coal has the highest reserves-to-production ratio (R/P) among 

the conventional carbon resources, which means that coal reserves can contribute longer for 

supplying energy for us. [1,2] In 2018, more than 7.7 billion tons of coal had been produced to 

fulfill 22% of the world’s energy consumption. [1,2] This was not only because of the 

competitive price of coal but also the availability of coal reserves/resources in almost every 

country worldwide, enabling energy access for the whole world. Despite those benefits, coal 

seems to have been marked out as an undesirable fuel in recent years. One of the reasons is that 

the major current consumption way for coal is combustion, by which power and steam are 

generated. The conventional combustion technology burns coal with air/oxygen by following 

Equation 1, at high operating temperatures (1300–1700°C) that causes a substantial loss of 

chemical energy and high CO2 emission. [3,4] This situation is getting worse when inferior 

coal, i.e., lignite, is used. In this context, it is therefore essential to develop a technology aiming 

to make coal conversion more efficient and less polluting. 

C(s) + O2(g) = CO2(g)                ΔH298 = –394 KJ/mol (1) 

Gasification has been studied for centuries yet has returned drawing attention in academic 

and industrial fields in recent decades due to its potential to reduce carbon emission. Figure 

1.1 shows the concept of a polygeneration gasification system with the flexibility of using 

multiple feedstocks and generating multiple products. [4,5] Steam/CO2 gasification, which 

employs endothermic reactions (see Equations 2 and 3) and low-operating-temperatures (< 
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1000°C), is recognized as a promising conversion technology that can be used to minimize 

greenhouse gas (GHG) emissions from continued fossil fuel usage. [4,6,7] This technology, 

coupled with solid oxide fuel cell (SOFC) as a heat provider, becomes an excellent option for 

realizing carbon-neutral co-production process, in which CO2 is recycled into the system. 

[4,8,9] Moreover, the use of CO2 instead of steam as a gasifying agent reduces heat 

consumption (see Equation 4) and thus improves the overall thermal efficiency. 

C(s) + CO2(g) = 2 CO(g)           ΔH298 = +172 KJ/mol (2) 

C(s) + H2O(g) = CO(g) + H2(g)   ΔH298 = +131 KJ/mol (3) 

H2O(l) = H2O(g)                       ΔHvap,373 = +41 KJ/mol (4) 

The usage of lignite as feedstock adds another advantage, an abundance of inherent 

catalyst species that bond to carboxyl groups. These species are capable to enhance the rate of 

char gasification, which commonly controls the overall rate of the lignite-to-syngas conversion. 

However, it is not an easy task to describe the kinetics and reveal the mechanism of CO2 

gasification of lignite char. Many factors influence the kinetics of char gasification such as char 

properties, metallic species content, and operating conditions i.e., temperature and pressure. 

Therefore, it was thus necessary to comprehensively understand the complex properties of 

organic and inorganic matrices of lignite, and also the interaction between them in order to 

design and optimization of a gasifier. Here, some related aspects are discussed to understand 

the nature of CO2 gasification of lignite char. 

1.2 Thermochemical Conversion of Coal 

There are several methods to convert coal into energy and chemicals by applying heat 

and controlling reactant gas. In this study, the main focus is given to pyrolysis and gasification. 

 

1.2.1 Pyrolysis 

Pyrolysis, also known as devolatilization, is the first stage (after drying) of 

thermochemical process for coal conversion, and it is performed by heating solid fuel at 300–

600°C in the absence of oxygen. [10,11] During the heating, solid and gaseous products, i.e., 

char and volatiles, respectively, are formed in proportions that largely depend on the nature of 

carbon material used and the operating parameters such as heating rate, holding temperature, 

and gas atmosphere. The volatiles consists mainly of low molecular weight gases (CO, CO2, 

H2), light hydrocarbon gases (C1–C5), and tar, which is organic compounds having > 6 carbon 

atoms per molecule. The char then can be directly used as fuels or further processed into syngas 
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via gasification, while the volatile is normally reformed to produce some functional chemicals. 

The presence of alkali and alkaline earth metallic (AAEM) species inhibits the release of the 

larger aromatic ring systems during the pyrolysis, and thus increases the yield of char. [11–13] 

However, a portion of these species underwent volatilization, leaving the char matrix and thus 

reducing the effective amount of catalyst for gasification. [13,14] 

 

1.2.2 Gasification 

Gasification is a process by which carbonaceous solid fuel such as lignite and biomass is 

heated with a limited amount of oxygen in the form of air, pure O2, steam or CO2 to form 

syngas (mainly H2, CO, and CH4) that can be used for co-production of power, fuels, and 

chemicals. [15–19]. The syngas, which its composition is mainly influenced by the temperature 

and gasifying agent, later undergoes further downstream processing, including gas cleaning 

before converted into a final product. [20] In the case that CO2 is used as a gasifying agent, it 

can be more cost-effective than conventional carbon capture technologies. [7] Thus, the 

Boudouard reaction in Equation 2 might be an attractive option not only for CO2 sequestration 

but also for its utilization.  

The application of current gasification technology such as integrated coal gasification 

combined cycle (IGCC) or even Advanced-IGCC (A-IGCC) is generally considered as the 

most proper way to utilize low-rank coal for power production. [3] A-IGCC is promising a 

high net thermal efficiency by applying the recuperation of heat and reduction of oxygen 

production energy. [3] In A-IGCC, the required heat for the endothermic reactions, i.e., those 

in Equations 2 and 3, in the coal gasifier are supplied from gas turbine exhaust. In other words, 

thermal energy in the exhaust is converted to chemical energy. This promotes autothermal 

gasification that is supported by additional steam instead of gasification by partial oxidation 

alone, enabling reduction in exergy loss. The presence of catalyst species can further reduce 

the activation energy of the process and thus improve the thermal efficiency. 

1.3 Roles of Metallic Species during Char Gasification 

It is well renowned that inherent as well as externally loaded alkali and alkaline earth 

metals (AAEM) and transition metals influence the reactivity of char, especially those 

produced from low-rank coal. The following sections describe the catalysis and behavior of 

those metallic species during char gasification. 
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1.3.1 Alkali metals 

Kapteijn et al. [21] observed the catalytic activity of alkali metals during CO2 

gasification of carbon, and it increases with the atomic weight from lithium (Li) to cesium (Cs). 

Considers a trade-off between activity and relative abundance in coal (or cost for its addition), 

the compounds of sodium (Na) and potassium (K) have been regarded as promising catalysts 

for industrial application, and thus studied extensively. The water-soluble forms of Na such as 

NaCl, NaOH, and Na2CO3 are widely used as the catalyst for gasification, while K2CO3 and 

KOH are the most commonly-used K precursors. [22] Figure 1.2 shows a typical example of 

the change in the rate of gasification, dX/dt, along char conversion, X, for Na and K-catalyzed 

gasification of carbon. [23] The dX/dt of these chars changed via a maximum in the course of 

gasification, suggesting either of the presence of optimum sizes of clusters/particles of alkali 

catalyst or the change in quality/activity of the catalyst. [24,25] Alkali metals have a propensity 

to be well dispersed in carbon matrix of char at an atomic scale at a lower concentration but to 

form more active nanoparticles/clusters as the concentration increases. [25] However, there 

have been no or, if any, very few trials to describe experimentally the catalytic mechanism of 

alkali metals and explain clearly the trend mentioned above. 

One drawback of applying alkali metals-catalyzed gasification is the volatility of these 

species from pyrolyzing and gasifying char. [13,14,26,27] For example, the melting 

temperatures for Na2CO3 and K2CO3 are ~850 and ~890°C, respectively, which are in the 

range of typical temperature for gasification. These species also react with aluminosilicate 

minerals, losing its original activity during gasification. [28,29] It is thus important to remove 

mineral matters before analyzing the catalysis of alkali metal species during the gasification. 

 

1.3.2 Alkaline earth metals 

Although the activities of alkaline earth metallic species are not as high as those of alkali 

species, [30,31] its abundance in many coal samples [32,33] and its resistance to vaporization 

[13,34] sometimes made these species become the major catalyst for char gasification. As with 

alkali metals, the catalytic activity of alkaline-earth metals increases with increasing atomic 

weight. The carbonate of calcium (Ca) was found to be less active than those of barium (Ba) 

and strontium (Sr), while that of magnesium (Mg) had only slight effect on the kinetics. [35] 

Despite the higher activity of Sr and Ba, only a few studies using them as gasification catalysts, 

likely due to the higher natural abundance of Ca in coal. Many studies found that the catalytic 

activities of doped calcium species such as CaCO3 and CaO depend on its dispersion in char 

matrix, [36,37], and therefore, an ion-exchange method is commonly applied to load these 
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types of catalysts. [5,38] As reported previously, the activity of Ca increased linearly with Ca 

content up to a loading saturation level (LSL). [36,39] Even though the rate of Ca-catalyzed 

gasification is initially high, but it slowly decreases with the progress of char conversion due 

to deactivation via sintering/agglomeration (see Figure 1.2). Recent studies also reported that 

the gasification of char from the coal that doped with a combination of alkali and alkaline earth 

metal catalyst species performs better than that from metal-loaded coal due to synergistic 

effects of these catalysts. [40–43] 

 

1.3.3 Transition metals  

Gasification is typically conducted under the catalysis of AAEM species, but some 

transition metals such as iron (Fe), cobalt (Co), and nickel (Ni) also showed promising 

performances. [44,45] These species are sometimes found naturally in coal or obtained 

inexpensively as a waste catalyst from a number of chemical processes such as Fischer-Tropsch 

synthesis. Figueiredo et al. [46] investigated the CO2 reactivities of various activated carbons 

that were impregnated with Ni, Co, and Fe. They found that Ni and Co were better catalysts 

than iron, but in all cases, high conversions could not be achieved due to catalyst deactivation. 

The activities of Ni and Fe species are more sensitive to the initial surface area than those of 

alkali species, but these catalysts do not deactivate with aluminosilicates as alkali catalyst 

species do. However, previous studies showed that the activities of the heavy metal species 

during the steam gasification are lower than those of AAEM species. [47–49] This suggested 

that the heavy metals might be better to be used as catalyst in downstream processes such as 

tar reforming. [50] 

1.4 Kinetic Analysis of Char Gasification 

The development of kinetic models to describe the profiles of char conversion, which is 

the rate-determining step in coal gasification, is essentially important for enhancing the 

performance of a gasifier. However, proposing a universal model that can be applied for 

different coal types and various operation conditions remains a challenging subject due to the 

problematic complexity of char gasification reactions. Many previous researchers applied 

Langmuir-Hinshelwood (L-H) mechanism to explain the effects of temperature and 

total/partial pressure in reactor on the char reactivity, [51–53] while others made theoretical 

models based on the geometry of char particles and its change during the gasification such as 

random pore model (RPM), shrinking core model (SCM), and volumetric model (VM). On the 
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other hand, several authors proposed parallel reaction model (PRM) to describe the dynamic 

change in catalytic char gasification by considering not only the inherent char reactivity but 

also the composition of metallic species in coal/char. 

 

1.4.1 Volumetric model 

Volumetric model (VM) assumes that the reaction between the gasifying agents and the 

char particles takes place at all active sites, which uniformly distributed in the non-porous part 

and on the pore surface of char particles. The overall rate of gasification is assumed steady in 

the course of gasification. The rate follows first-order kinetics, and it is given by: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  𝑘𝑘VM(1 − 𝑋𝑋) (5) 

Different previous studies successfully applied this first-order kinetics to explain the 

gasification of chars from acid-washed biomass/lignites. [24,32,54] This model, however, has 

a difficulty to explain a maximum dX/dt, which usually occurs for the non-catalytic gasification 

of chars originated from coal ranked higher than or equivalent to sub-bituminous, [55–57] and 

that for the gasification of lignite char, in which contains an abundance of metallic species. 

[32,58,59] 

 

1.4.2 Shrinking core model 

In contrast to the VM, the shrinking core model (SCM) considers that the gasifying 

agents only react either on the surface of char particles or within the pores close to the outer 

particle surface. The SCM assumes that a char particle is an aggregation of smaller grains, each 

of which is in a uniform size. The reaction proceeds from the grain surface to the interface of 

the shrinking char, unreacted core through a layer of ash and/or catalyst, and moves toward the 

center of the char particle.  The general equation of SCM is expressed as follows: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  𝑘𝑘SCM(1 − 𝑋𝑋)𝑛𝑛 (6) 

kSCM is the reaction rate constant, which related to the initial char properties (surface area 

and porosity), while n is the shape factor. By assuming the grain shape is a sphere, the exponent 

n in Equation 6 has the value of 2/3. The SCM enables to predict the rate of gasification of char 

from sub-bituminous coal that shown decreasing in the char reactivity with the progress of its 

conversion. [60] However, the main assumption of SCM, the dependency of the kinetics of 

char conversion on the surface area of char, is not valid for the non-catalytic gasification of 

chars from lignite/biomass.  Kudo et al. [58] investigated the steam gasification of acid-washed 

chars from various types of biomass and lignite. They confirmed that the specific surface area 
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of chars increased with the conversion, while the specific rates of reaction were steady during 

the gasification. 

 

1.4.3 Random pore model 

Random pore model (RPM) is one of the most widely used structural models to fit the 

kinetic profiles of char gasification. [61,62] The model is developed for a gas-solid reaction by 

assuming that the internal surfaces of porous char particles serve as the reaction interfaces. [61] 

All pores are assumed in a cylindrical shape, and it grows and coalesces as the conversion 

proceeds. The rate of char conversion is expressed as: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  𝑘𝑘RPM(1 − 𝑋𝑋)�1 − 𝜓𝜓 ln(1 − 𝑋𝑋) (7) 

𝜓𝜓 =  4𝜋𝜋𝜋𝜋(1−𝜀𝜀) 
𝑆𝑆2

 (8) 

where kRPM is the reaction rate constant and ψ is the structural parameter, obtained from the 

morphology of coal particle (L; pore length, S; specific pore surface area, ε; solid porosity) or 

that from the reaction rate measurements. [63,64] The advantage of RPM over VM and SCM 

is the ability to predict the rate of char gasification with the maximal dX/dt in the range of char 

conversion, X, of 0–0.393. [23,62] However, the RPM failed to fit the reactivity profiles of 

lignite/biomass chars or alkali metals catalyzed chars, in which appears a maximum reactivity 

in high conversion range. [23,65–67] Zhang et al. [65] modified the RPM by introducing two 

empirical parameters to describe specific catalytic effects of K and Ca on the CO2 gasification 

of coal char. The modified RPM was found to be capable of describing the measured kinetics 

well over the entire range of X. They also found that both empirical parameters have a good 

correlation with the contents of metallic species in char. This strongly suggested that the 

kinetics models should be developed not only by considering the geometry or property of char, 

but also by the catalysis of metallic species. 

 

1.4.4 Parallel reaction model 

The concept of simultaneous reactions of char with gasifying agents in the absence and 

presence of catalyst, which is hereafter termed non-catalytic gasification and catalytic 

gasification, respectively, has been known for long. [47,68] However, the first attempt to 

generalize the mathematical expression of the parallel reaction model (PRM) was conducted 

by Bayarsaikhan et al. [69] They investigated the steam gasification of nascent char from rapid 

or slow pyrolysis of a Victorian brown coal at 800–900°C in a fixed-bed reactor. They found 

that the rate of the gasification of char from the raw coal at X > 0.8 was similar to that from the 



8 

acid-washed coal, which follows first-order kinetics. The rate of non-catalytic gasification was 

defined as: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  𝑘𝑘nc(1 − 𝑋𝑋) (9) 

knc is the rate constant of the non-catalytic gasification and it was barely influenced by 

operating parameters such as total pressure in the reactor, heating rate for the pyrolysis, and 

even period of isothermal heating before the gasification. Recent studies confirmed the 

applicability of Equation 9 to describe the kinetics of gasification of chars from acid-washed 

lignite/biomass and also reported that knc is only slightly affected by the coal/biomass type. 

[32,58,70]  

Bayarsaikhan et al. [69] also found that the difference in the kinetics of char from raw 

coal and that from acid-washed coal is mainly due to the catalysis of inherent AAEM species. 

They then proposed some equations to describe the kinetics of catalytic gasification. As 

confirmed in previous studies, AAEM species are highly dispersed in/on the carbonaceous 

matrix of the raw char. [71–73] It was thus reasonable to assume that the rate of the catalytic 

gasification is a function of the amount of the active AAEM species, while independent of the 

amount of char. In other words, the rate of the catalytic gasification obeys zeroth-order with 

respect to the unconverted fraction of char. 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = 𝑘𝑘cg (10) 

kcg, which is the rate constant for catalytic gasification, is assumed to be proportional to 

the amount of active catalyst species, i.e., AAEM species, remaining in/on the gasifying char. 

𝑘𝑘cg  =  𝑘𝑘′cg𝐶𝐶cat  (11) 

where k’cg and Ccat are the rate constant for catalytic gasification per unit amount of active 

catalyst species and the amount of active catalyst species, respectively. The amount of the 

active catalyst decreases during the gasification due to deactivation. Sams et al. [29] 

investigated the kinetics of catalyst loss during CO2 gasification of carbon. Their result showed 

that the significant fraction of the potassium catalyst was lost by vaporization. They defined 

the rate of vaporization obeying first-order expression. Then, Equation 10 is modified to 

𝑘𝑘cg  =  𝑘𝑘′cg𝐶𝐶cat  =  𝑘𝑘′cg𝐶𝐶cat,0 exp(−𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡)  =  𝑘𝑘′cg,0 exp(−𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡)  (12) 

Ccat,0 and kcg,0 are Ccat and kcg at t = 0, respectively, while kloss is overall rate constant for 

the loss of active catalyst species not only due to volatilization but also due to intraparticle 

deactivation. Equation 9 is combined with Equations 10–12 to give the total rate of the non-

catalytic gasification and catalytic one. 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  𝑘𝑘nc(1 − 𝑋𝑋) +  𝑘𝑘cg  =   𝑘𝑘nc(1− 𝑋𝑋) +  𝑘𝑘′cg,0 exp(−𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡) (13) 

Equation 13 represents the progress of non-catalytic and catalytic gasification in parallel. 

This model successfully described the changes with time of char conversion during steam 

gasification of chars not only from Victorian brown coals but also that from Indonesian sub-

bituminous coals, under various operating conditions. [69,74] Kajita, et al. [24] then studied 

the steam gasification of biochars and applied Equation 13 to analyze its kinetics. They 

confirmed that the non-catalytic and K-catalyzed gasification occurred in parallel, and the 

kinetics of each type of gasification was quantitatively described based on the L-H mechanism. 

A further study, conducted by Kim et al. [5], revealed the dependency of the rate of Ca-

catalyzed gasification on the concentration of Ca in lignite char (CCa). They investigated the 

kinetics of steam gasification of lignite char with different combinations of CCa, temperature, 

and partial pressures of H2 and steam. They described successfully the kinetics of 41 sets of 

gasification experiments by employing two types of Ca-catalysts with different features, in 

other words, modifying Equation 13. They then found the optimum initial CCa in the char to 

minimize the time required for 99% char conversion. 

Moreover, recent studies on the CO2 gasification of lignite/biomass chars further 

enriching the application of the PRM. Byambajav et al. [32] and Zahara et al. [70] successfully 

describe the measured kinetics of gasification of chars from raw/acid-washed lignite and 

biomass, respectively, over a range of char conversion, 0−0.999, by employing the PRM, 

together with the presence of three to four types of catalysts having different activities and 

deactivation characteristics, and a type of precursor. They found that the catalysis of AAEM 

and Fe species is responsible for the overall catalytic activity. They also proposed the 

mechanism of catalyst deactivation by analyzing the metallic species composition in char. 

1.5 Objective of This Study 

The potential use of lignite to produce energy and chemicals is an important subject to 

explore. The conversion of lignite to syngas via gasification, in which steam/CO2 is employed 

as a gasifying agent, offers some advantages such as high thermal efficiency and low carbon 

emission. To further promote the efficiency of a gasifier, the reaction mechanism during the 

gasification need to be understood well, generally by applying a kinetic model, so that the rate 

of char conversion can be maintained optimally. However, the development of the conventional 

kinetic models is mostly based on the assumption that the change in char reactivity is only 

caused by that in char structure. These models described well the kinetics of gasification of 
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highly ordered carbonaceous materials but failed to explain changes in the char reactivity of 

lignite and biomass, which contain inherent catalyst species. Recent studies also found the 

correlations of the rate of catalytic gasification with the metallic species composition. It was 

thus suggested that the kinetics model should take into account not only the char properties but 

also the catalysis of metallic species. Thus, the application of the parallel reaction model, which 

assumed the progress in parallel of catalytic and non-catalytic gasification, seems to be more 

reasonable to describe quantitatively the kinetics of gasification of lignite char. It is also noted 

from the review that there have been no trials to explain the differences in catalytic behavior 

between inherent and extraneous metallic species during CO2 gasification of lignite char. 

Moreover, while the use of composite catalysts from AAEM species becomes a popular subject 

recently, very few studies made a focal point to understand the interaction mechanism of these 

species. Therefore, the focuses of this thesis is to understand the kinetics and mechanism of 

CO2 gasification of lignite char under the catalysis of inherent metallic species (Chapter 2), 

and also that of extraneous (i.e., intentionally added) metallic species (Chapter 3) using the 

parallel kinetic model, striving for a quantitative description of the overall rate of gasification, 

as a function of char conversion (X) over the entire range of X. The initial catalytic activity and 

the rate of catalyst deactivation of these types of metallic species are also compared and 

discussed (Chapter 3). This thesis also aimed to explain the kinetics of the K-catalyzed CO2 

gasification by proposing a new way to evaluate the catalytic activity of K and its change during 

the gasification (Chapter 4). 

1.6 Outline of This Study 

This thesis contains 5 chapters. Chapter 1 describes the current energy balance and 

relevant efforts to improve the conversion efficiency of fossil fuels. This chapter also 

comprehensively reviews the characteristics of alkali and alkaline earth metals (AAEM) and 

transitional metals that inherently abundance in lignite, making it a desirable feedstock for 

gasification. The features and basic assumptions of commonly used kinetic models are also 

discussed in order to find a proper model that able to describe the gasification of lignite char. 

Chapter 2 discusses the results of the CO2 gasification of lignite chars at 900°C. The 

twenty chars, which having different contents/chemical types of inherent metallic species, were 

prepared by multistage washing of two-parent lignites and subsequent pyrolysis. The time-

dependent changes in char conversion up to 0.999 for all the chars are quantitatively described 

by a kinetic model that assumed the progress of non-catalytic and catalytic gasification in 
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parallel, and employed multicatalytic species with different initial activities and deactivation 

kinetics. A single piecewise linear function, which followed a nucleation-growth mechanism 

of catalysts, showed the relationship between the total concentration of Na, K, Ca, and Fe and 

the initial total catalytic activity (ICA-2) for the chars. The overall rate of catalyst deactivation 

(ICD-2) was given by a single linear function of ICA-2 and a factor for the composition of 

metallic species. This function was also applicable to previously reported ICA-2/ICD-2 

relationships for chars from lignite and biomass, showing fast deactivation of Fe catalyst and 

an important role of Mg in the promotion of catalyst deactivation. 

Chapter 3 discusses the results of the investigation on the interaction mechanisms of Ca 

with Mg or K during catalytic CO2 gasification of lignite char. Two demineralized lignites, 

prepared by multi-stage removal of inherent inorganic species, were loaded with varying 

amounts of Ca, Mg, and K, separately or jointly, by ion exchange, then pyrolyzed and 

subsequently gasified at 900°C. The measured kinetics of the gasification of chars with 

different contents of metallic species was described quantitatively over a range of char 

conversion, 0−0.999, by the model that employed the progress of non-catalytic gasification and 

catalytic gasification in parallel, together with the presence of multicatalytic components with 

different characteristics. For Ca-catalyzed gasification, its initial rate was correlated well and 

linearly with the Ca concentration in char (0.14– 1.33 wt%-daf-char). When bi-metal catalysts 

were used, the kinetic analysis revealed that the Mg/MgO deactivated a portion of the most 

active Ca catalyst prior to and during the gasification. In contrast, the K showed synergistic 

performances with Ca. Its overall catalytic activity was similar to Ca on an equal mol basis, 

but its deactivation rate was much lower. It was also found that the catalytic performance of 

the extraneous metallic species was lower than that of inherent metallic species.  

Chapter 4 discussed the results of the investigation of the change in catalytic activity of 

K with the char conversion during CO2 gasification of lignite char at 800–900°C. Several 

physical and chemical properties of char that potentially influence the catalytic activity were 

examined. The char samples were prepared from an Indonesian lignite by a sequence of 

complete removal of inherent metallic species and mineral matter, K-loading by ion-exchange, 

and pyrolysis. The catalytic activity of K (k’cat) was defined as the rate of catalytic gasification 

(after elimination of the rate of non-catalytic gasification and that of K volatilization from total 

mass release rate from char) per amount of K retained by the gasifying char. k’cat increased by 

a factor of 5–20 with X over its range up to 0.98–0.99, depending on the initial K concentration 

in the char (mcat,0) ranging 0.16–1.4 wt%-daf. Such significant increase in k’cat was due to 

change in not the intrinsic reactivity of char but its porous nature, i.e., the size and volume of 
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pores that retained the K catalyst. At X < 0.4, the entire portion of K catalyst was confined in 

micropores (width < 2.0 nm) having relatively small k’cat, although it increased gradually. At 

X > 0.4, the gasification created greater mesopores (width > 2.0 nm), providing spaces for 

growth in the size of the K catalyst and allowing promotion of its activity. However, for low 

mcat,0, its major portion continued to stay in micropores with a limited increase in k’cat. 

Chapter 5 provides a summary with general conclusions, perspectives, and 

recommendations based on the findings in preceding chapters. 
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Figure 1.1. Scheme of polygeneration gasification system coupled with SOFC. [4,9] 

 

 

 

 

 

 

Figure 1.2. The rate of steam gasification of the original and AAEM-loaded activated carbon. 

[23] 
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Chapter 2 

Quantitative Description of Catalysis of Inherent Metallic Species in 

Lignite Chars during CO2 Gasification 
 

 

2.1 Introduction 

Gasification of lignite is a platform for the production of power, fuels, and chemicals, or 

their co-production. [1,2] Its efficiency, in terms of chemical energy recovery, is maximized 

by maximizing the utilization of endothermic gasifying agents such as steam and CO2. [3–5] 

The advantage of CO2 over steam is the omission of heat for vaporization, while the 

disadvantage is the lower reactivity. Inherent catalyst species with sufficient content neutralize 

the disadvantage. Many Indonesian lignites are rich in alkali and alkaline earth metallic species 

(Na and/or Ca) and also a transition metal (Fe), major portions of which are in the form of 

organically-bound cations. [6,7] 

The quantitative description of the char gasification kinetics, which is the rate-

determining step of the lignite-to-syngas conversion, is vital for the design and optimization of 

a gasifier. Previous studies have recently developed a kinetic model that assumes parallel 

progress of non-catalytic gasification and catalytic gasification of char, along with catalyst 

generation and deactivation. [8,9] This model has been applied successfully to describing the 

kinetics of steam and CO2 gasification over entire ranges of char conversion up to 0.999 or 

even higher for chars from various types of lignites or biomass. [8–10] It has been demonstrated 

that inherent Na, K, Ca, and Fe species play important catalytic roles, and moreover, strongly 

suggested that different catalytic species undergo deactivation at different rates while 

interacting with one another. On the other hand, participation of Mg species in catalysis and 

catalyst activation/deactivation has been left unknown. [9,10]  

To better understand the catalysis of metallic species, it is effective to prepare a sufficient 

number of char samples that contain metallic species at various concentrations. There are three 

different approaches to achieve this purpose. One is to remove metallic species from original 

lignite by leaching with aqueous solutions of strong acids such as HCl and HF, and then dope 

fresh metallic species as catalyst precursor. [11–15] However, this approach may not well 

represent the original mode of occurrence of the target metallic species present inherently in 
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the original lignite. Another approach is to employ a wide range of original lignites with or 

without acid washing. [9,16,17] The third approach is to sequentially remove metallic species 

by washing with increasingly aggressive acids or ion-exchanging reagents, i.e., water, 

ammonium acetate (NH4OAc), HCl, and then HF. This approach is useful in chemical 

fractionation analysis. [18,19] Preparation of a variety of samples from a parent lignite ensures 

the intrinsic reactivities of resulting chars are fixed. More importantly, such sequentially 

washed lignite samples contain inherent metallic species with different concentrations and/or 

chemical types such as water-soluble, ion-exchangeable, acid-soluble and acid-insoluble. [20–

24] 

The present authors investigated CO2 gasification of chars from two series of original 

and sequentially washed Indonesian lignites that were prepared by removing the inherent 

metallic species sequentially with deionized water, NH4OAc, HCl, and HF at various 

concentrations. This study reports that the catalytic/non-catalytic parallel reaction model 

successfully describes the kinetics of gasification of 20 lignite chars over a wide range of 

concentrations/forms of metallic catalyst species. It is also reported that the initial activity and 

subsequent deactivation of catalyst can be described by functions of the composition of metallic 

species. 

2.2 Experimental 

2.2.1 Lignite samples and sequential washing 

Two Indonesian lignites, A and B, were used as the starting samples. These were dried 

partially at room temperature, pulverized to particle sizes smaller than 106 μm, and then dried 

at 60°C under vacuum until the moisture content decreased to ca. 5 wt%. The samples were 

further pulverized by ball milling for 10 h in a pot mill. Zirconia balls (diameter: 9.5–10 mm) 

were used for the milling. It was confirmed that the ball milling reduced the particle sizes to < 

10 μm (see Appendix 1). The finely pulverized lignites A and B, which are hereafter referred 

to as A0 and B0, respectively, were subjected to the sequential washing. Table 2.1 shows the 

properties of A and B. 

A flow chart of the sequential washing is presented in Figure 2.1. Briefly, ca. 6 g of A0 

or B0 was washed with 0.12 L of deionized water (resistivity ≥18.2 MΩ cm) in a plastic beaker. 

The lignite/water slurry was heated at 65°C for 24 h while stirred continuously. The washed 

lignite was separated from the water by vacuum filtration and then washed with other 1–3 L of 

deionized water repeatedly until no chlorine ion was detected in the filtrate. A portion (ca. 1 g) 
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of the water-washed lignite (A1 or B1) was vacuum-dried at 60°C, while the other (ca. 5 g) 

was washed with 0.1 L of 1 M NH4OAc aq. A portion of the NH4OAc aq.-washed lignite (A2 

or B2) was washed sequentially with 3M HCl aq. for recovering A3 or B3, with 3 M HF aq. 

for A4 or B4, and then with 6 M HCl aq. for A5 or B5. A2 and B2 were also subjected to 

washing with 1 M NH4OAc aq. once or twice for preparing A2-2/B2-2 or A2-3/B2-3, 

respectively. Such repeated washing was performed to remove ion-exchanged metallic species. 

A2 and B2 were also washed with 0.01 M HCl aq. or with 0.1 M HCl aq. for A2-H2/B2-H2 or 

A2-H1/B2-H1, respectively, to investigate the effect of pH of acidic solution on the removal 

of metallic species. For each washing, the ratios of solution volume to dry lignite mass were 

fixed at 20 ml/g, and the washing temperature and time were systematically at 65°C and 24 h, 

respectively. 10 samples were thus prepared from each lignite. Table 2.2 shows the ash 

contents of the samples. 

 

2.2.2 Quantification of metallic species 

The contents of K, Na, Mg, Ca, and Fe in the individual samples were measured referring 

to previous reports. [25–27] In brief, each sample was ashed carefully and completely by 

heating in the air with a rate, holding temperature and holding time of 1 °C/min, 620°C, and 

60 min, respectively. The lignite mass subjected to the ashing was 37±4 and 370±40 mg for 

A0–A2/B0–B2 and the others, respectively. The resulting ash was digested in an equivolume 

mixture of 1 M HF and 1 M HNO3 at 60°C for 16 h. The acids and water were then evaporated 

at 120°C. The residue was dissolved in 4 mM aqueous solution of methanesulfonic acid, and 

analyzed by ion chromatography for K, Na, Mg, and Ca or by inductively coupled plasma-

optical emission spectroscopy for Fe. Details of the analysis were reported elsewhere. [10] 

 

2.2.3 Pyrolysis and gasification 

Char samples were prepared from the individual lignite samples in a general way. [28,29] 

The fixed bed of lignite (0.5–1 g) was set in a horizontal quartz tube reactor, heated in an 

atmospheric flow of N2 (purity; > 99.999 vol%, flow rate; 300 mL/min) at 30 °C/min to 600°C 

with a holding time of 15 min. The char from the pyrolysis was heated at a rate of 30 °C/min 

to 900°C and then gasified in a thermogravimetric analyzer (TGA; Hitachi Hi-Tech Science, 

model SII TGA/DTA 7200) with the total gas flow rate of 700 mL/min (50 vol% CO2/N2 flow). 

Details of the procedure for the gasification were reported previously. [9,10] The initial mass 

of char was a critical factor for eliminating the effects of heat and mass transfer, and its effect 

on the kinetics of gasification was examined preliminarily. Results are reported in Appendix 
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2. In summary, it was necessary to choose the initial mass as small as 1 mg for the chars from 

A0–A2 and B0–B2, which underwent fast gasification. Since the reactivities of the chars from 

A3–A5 and B3–B5 are much lower, the initial mass of these chars was 1–2 mg in order to 

obtain a reasonable DTG curve. Reproducibility of the above gasification conditions, which 

had been confirmed previously for steam and CO2 gasification, [9,30] was successfully 

examined in the preliminary experiments. 

 

2.2.4 X-ray diffractometry 

Inorganic species in A0 and B0 chars with mass-based char conversions of 0%, 80%, and 

100% were characterized by X-ray diffractometry (XRD). It was performed on a powder X-

ray diffractometer (Rigaku, model TTRIII) applying Cu Kα radiation, a 50 kV tube voltage, a 

300 mA tube current, and a scan rate of 0.5 °/min over a 2θ range of 15–65°. Specific 

compounds were identified by a general method, referring to International Centre for 

Diffraction Data. The char/ash samples were prepared by collecting the residue from several 

gasification experiments in TGA under the same condition. 

 

2.2.5 Kinetic analysis 

The kinetics of char gasification was analyzed by a model that has been developed by the 

present authors. [8-10] This model assumes progress of non-catalytic and catalytic gasification 

in parallel. The following equation describes the overall rate of gasification as a function of 

char conversion on the basis of the mass of carbonaceous portion, X.  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = 𝑘𝑘nc(1 − 𝑋𝑋) + 𝑘𝑘c (1) 

knc and kc are the rate constants for the non-catalytic and catalytic gasification, 

respectively, which obey first-order and zeroth-order kinetics with respect to the unconverted 

fraction of char. [8,26,27,31–33] The model also assumes the followings. 

• The initial activity and rate of deactivation of the catalyst(s) distribute over wide ranges 

that are described quantitatively in a discrete manner by lumping various catalysts into 

four types (Cn; n = 1 – 4). This number is necessary to describe the dX/dt vs X for all the 

chars and over the entire ranges of X as shown later. However, Cn does not represent any 

specific elements (i.e., K, Na, Ca, and Fe) individually. 

• The presence of precursor (C1prec) that is transformed into C1. 
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The following equations, Equations 2–7, are details of Equation 1 and definitions of 

amounts (mCn) and concentrations of the catalysts (CCn) and C1 precursor (CC1prec). More 

details of the model and kinetic equations were reported elsewhere. [9,10] 

𝑘𝑘c = ∑ 𝑘𝑘C𝑛𝑛𝑛𝑛  (2) 

𝑘𝑘C𝑛𝑛 = 𝑘𝑘′C𝑚𝑚C𝑛𝑛 (3) 

At t = 0, kCn = kCn,0 = k'CmCn,0, where k’C is a rate of constant that defined to be common 

among C1–C4, and Σn mCn + mC1prec = Σn mCn,0 + mC1prec,0 = 1. The dynamic concentration of 

catalysts during char gasification is defined by: 
𝑑𝑑𝑚𝑚C1,prec

𝑑𝑑𝑑𝑑
=  −𝑘𝑘C1prec𝐶𝐶C1prec (4) 

𝑑𝑑𝑚𝑚C1
𝑑𝑑𝑑𝑑

=  𝑘𝑘C1prec𝐶𝐶C1prec −  𝑘𝑘loss-1𝐶𝐶C1 (5) 

𝑑𝑑𝑚𝑚C𝑛𝑛
𝑑𝑑𝑑𝑑

=  − 𝑘𝑘loss-n𝐶𝐶C𝑛𝑛   (n = 2–4) (6) 

𝐶𝐶C1prec =  𝑚𝑚C1prec

1 − 𝑋𝑋
 and 𝐶𝐶C1 =  𝑚𝑚C1

1 − 𝑋𝑋
 (7) 

From the above equations, the following parameters for the overall initial catalytic 

activity and the overall initial rate of catalyst deactivation are derived. 

ICA-1 =  ∑ 𝑘𝑘C𝑛𝑛,0𝑛𝑛 = ∑ 𝑘𝑘′C𝑛𝑛𝑚𝑚C𝑛𝑛,0𝑛𝑛  (8) 

ICA-2 = ∑ 𝑘𝑘C𝑛𝑛,0𝑛𝑛 + 𝑘𝑘′C𝑚𝑚C1prec,0 = 𝑘𝑘′C (9) 

ICD-1 = ∑ 𝑘𝑘loss-n,0𝑛𝑛 𝐶𝐶C𝑛𝑛,0 (10) 

ICD-2 = 𝑘𝑘loss-1,0�𝐶𝐶C1,0 + 𝐶𝐶C1prec,0� + ∑ 𝑘𝑘loss-n,0𝑛𝑛 𝐶𝐶C𝑛𝑛,0 (11) 

ICA-1 represents the overall catalytic activity at t = 0, while ICA-2 involves the potential 

activity of C1. ICD-1 and ICD-2 are the overall rates of catalyst deactivation at t = 0, 

corresponding to ICA-1 and ICA-2, respectively. It is believed that the char contains various 

types of catalysts of that initial activity and deactivation kinetics distribute continuously over 

a wide range. The present kinetic model represents such continuous distribution by a discrete 

one. [9,10] Details of the method for optimizing the kinetic parameters were reported elsewhere. 

[9,10] 

2.3 Results and Discussion 

2.3.1 Occurrence of inherent metallic species 

Table 2.2 presents the ash contents of the lignite samples. The ash contents of the lignites 

A and B decrease in manners similar to each other. Taking the An series as an example, the 

difference between A0 and A1 and that between A1 and A2 were arisen from water-soluble 

salts and ion-exchangeable (organically bound) cations, respectively. It was suspected that the 
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organically-bound cations had not been exchanged by NH4
+ ions completely. [34] A2 and B2 

were then washed repeatedly with fresh 1 M NH4OAc aq. according to a report by Matsuoka 

et al. [34] However, the ash content was decreased only slightly by the second and third 

washings. The A2–A3 difference is normally attributed to metallic species in forms of oxides, 

carbonates, sulfates, and/or sulfides. [35–37] However, as mentioned later, it was suspected 

that a limited portion of the organically-bound cations was removed with 1 M NH4OAc aq. 

even by the repeated washing. It was believed that the A3 and A4 difference was due to silica, 

alumina, and aluminosilicates that were insoluble in HCl aq. but soluble in HF aq. The ash 

content of A5 was very low but not zero. The washing with 6 M HCl aq. left trace amount of 

ash-forming species, which were probably encapsulated in the organic matrix and therefore 

inaccessible to the aqueous media. [20,36] 

Figure 2.2 displays the cumulative concentrations of five metallic species (Na, K, Mg, 

Ca, and Fe) in the original lignites that were leached at different stages. The cumulative 

concentrations of all the five metallic species agree well with those in the original lignites as 

determined by a sequence of ashing, its dissolution in HNO3/HF aq. and ion-chromatography 

analysis. These data demonstrate that the sequential leaching and analysis were performed with 

sufficiently high accuracy. 

Figure 2.2 also shows five important features that are reported below. First, both lignites 

contained very little amounts of Na and K. These consisted mainly of water- and NH4OAc-

solubles, in other words, salts (chlorides), and organically-bound cations. Second, Mg and Ca 

were much more abundant than Na and K and also mostly in the form of either water-soluble 

salts, organically-bound cations or 3 M HCl aq.-soluble. It was believed that water-soluble Mg 

and Ca species originated from those dissolved in the inherent pore water. [37–39] Third, major 

portions of Ca species were NH4OAc aq.-insoluble but 3 M HCl aq.-soluble. Matsuoka et al. 

reported that even repeated leaching with NH4OAc aq. could not remove Ca from lignite 

completely, while it removed a portion of Ca species in the form of minerals such as calcite. 

[34] It was thus suspected that more or less amount of organically-bound Ca remained in A2 

and B2. As reported in the above, A2 and B2 were washed with 1 M NH4OAc aq. repeatedly, 

but, additional leaching of Ca was insignificant (see Appendix 3). Then, A2 and B2 were 

washed with 0.01 M HCl aq. (pH ≈ 2) and 0.1 M HCl aq. (pH ≈ 1). The Ca-leaching ability of 

the 0.01 M HCl aq. was equivalent to that of the 1 M NH4OAc aq. (see Appendix 3). On the 

other hand, the washing with the 0.1 M HCl aq. removed a major portion (ca. 80%) of NH4OAc 

aq.-insoluble/3 M HCl aq.-soluble Ca (see Appendix 3). According to general knowledge, [35–

37] these results are explained by that substantial portions of Ca in the lignites A and B were 
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in chemical forms of oxides, carbonates, sulfates, and/or sulfides. These minerals normally 

exist as particulate matter with insignificant catalytic activity. It was, therefore, suggested that 

a major portion of the 0.01 M HCl aq.-insoluble/0.1 M HCl aq.-soluble Ca was organically-

bound. As reported later, this suggestion was consistent with the significant differences in the 

catalytic activity between A2-H2 and A2-H1 chars and also B2-H2 and B2-H1 chars. Fourth, 

the lignites A and B were much different from each other regarding Fe content. The lignite A 

contained Fe with a content of 1,150 ppm-wt on a dry lignite basis, a major portion of which 

was NH4OAc aq.-insoluble but 3 M HCl aq.-soluble. On the other hand, the Fe content in the 

lignite B was negligibly small. Fifth, the sequential washing with 3 M HF aq. and 6 M HCl aq. 

removed almost entire portions of metallic species from the lignites A and B, leaving trace 

amounts of Na, K, Mg, Ca and Fe at total concentrations of 99 and 96 ppm-wt, respectively. 

As reported above, the sequential washing enabled to prepare a range of samples with 

various compositions of ‘remaining’ inherent metallic species. For expedience, A0–A2 and 

B0–B2 samples were classified into H group while the others into L group according to the 

metallic species concentration and the char reactivity with CO2, as shown later. 

Figure 2.3 shows the char yields from the individual lignite samples on a dry-and-ash-

free (daf) basis. The pyrolysis of the L-group lignites gave char yields systematically lower by 

1–3 wt%-daf than those from the H-group lignites, which was more than the experimental error 

within ± 0.1 wt% daf that preliminary examined. [9] This trend was explained by the removal 

of organically-bound cations, which played a role of chemical cross-links and also a catalytic 

role of cross-linking during pyrolysis, causing the char yield increase. [8,40,41] It is also known 

that mineral particles have no significant catalytic effects on the char yield. This suggested that 

a substantial portion of the NH4OAc aq.-insoluble/3 M HCl aq.-soluble metallic species were 

organically-bound cations, although a main reason for ‘NH4OAc aq.-insoluble’ was unknown. 

 

2.3.2 Overview of characteristics of char gasification 

Figure 2.4 presents the relationship between the rate of gasification, dX/dt, and X. The 

initial dX/dt for the H-group chars and L-group chars are differing by 1–2 orders of magnitude 

reflecting that the chars from H-group lignites underwent faster gasification than that from L-

group chars. It was thus clear that the inherent metallic species played catalytic roles in the 

gasification. In addition, the dX/dt for the A5 and B5 chars are lower than those for any other 

chars over the entire range of X. It was difficult to exactly determine the rate of non-catalytic 

gasification experimentally, because the removal of metallic species was nearly but not fully 

complete. It was, however, reasonable to approximate the rate by that for the gasification of 
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the A5 and B5 chars which had the lowest contents of metallic species. In fact, the initial 

dX/dt’s for the A5 and B5 chars are as small as 1% of those for the A0 and B0 chars, 

respectively. Estimation of the rate of non-catalytic gasification will be discussed later.  

It is seen in Figures 2.4 that the dX/dt’s for the L group chars are in the order of A5 < 

A4 < A3 and B5 < B4 < B3. Those chars had very low contents of metallic species, as shown 

in Appendix 3. However, such a trace amount of remaining metallic species had catalysis in 

the gasification. It is also noted that the dX/dt’s for the A3–A4 and B3–B4 chars change via 

maxima. Increases in dX/dt are primarily due to the overall catalytic activity and also 

interpreted by the present kinetic model as a transformation of the C1 precursor to C1 catalyst. 

On the other hand, the dX/dt’s for the A0–A2 and B0–B2 chars decrease monotonously with 

X. This trend is explained by the absence of the C1 precursor, or otherwise, the overall rate of 

catalyst deactivation was greater than that of the C1 catalyst generation. 

 

2.3.3 Definition of rate of non-catalytic gasification 

As shown in Figure 2.2, the sequential leaching finally reduced the total concentration 

of metallic species in A5 and B5 to < 100 ppm-wt-dry lignite. In consideration of difficulty in 

further removal of the metallic species, it was necessary to reasonably define the rate of non-

catalytic gasification. Recent studies on steam gasification and CO2 gasification of char 

strongly suggested that non-catalytic gasification of chars from lignite and biomass, i.e., that 

in the absence of metallic species follows first-order kinetics with respect to unconverted 

fraction of char. [9,10,27]  

Figure 2.5 exhibits profiles of dX/dt vs X and specific rate of char conversion vs X for 

the gasification of the A5 and B5 chars. The specific rate, rsp, is defined by 

 rsp =(dX/dt)/(1 – X) (12) 

As seen in the graphs (a1) and (b1), neither of the gasification of A5 char nor that of B5 

char followed first-order kinetics. It rather seemed that the dX/dt as a convex function of X, 

was contributed by the catalytic gasification. It is also seen in the graphs (a2) and (b2) that rsp 

increases steeply at X > 0.8 and X > 0.7, respectively. These trends are attributed to the catalysis 

of metallic species that remained in A5 and B5 chars, and interpreted as follows. 

• The residual metallic species were dispersed in the char matrix at an atomic or similar 

scale (as cations chemically and directly bonded to the carbonaceous structure of char), 

and therefore, had insignificant catalysis. 
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• The progress of gasification increased the concentration of those metallic species, and 

finally beyond a ‘loading saturation level (LSL)’ inducing the formation of clusters or 

nano-sized particles that had catalysis. [42]  

Based on the above discussion, it was then assumed that the non-catalytic gasification 

occurred with knc = 0.0035 min-1 for both A5 and B5 chars, because it was certain that knc was 

equivalent to the initial dX/dt, or otherwise, smaller. 

 

2.3.4 Results of kinetic analysis 

Figure 2.6 shows measured and calculated (1–X) vs t profiles for the gasification of all 

the chars (except A5 and B5). The kinetic model describes the time-dependent changes in the 

char conversion quantitatively over its range up to 0.999 by optimization of the kinetic 

parameters. The optimized kinetic parameters and dX/dt vs X profiles (measured and 

calculated) are presented in Table 2.3 and Figure 2.7, respectively. It is seen in Figures 2.6 

that the chars from H-group lignites underwent very fast gasification, and the char conversion 

was completed within 11 min and 6 min for the lignites A and B, respectively. On the other 

hand, the L-group chars were gasified very slowly. It took 200–500 min to complete the 

conversion. In addition, the gasification rate of A2 and B2 chars are considerably higher than 

those of A2-H1 and B2-H1 chars, respectively. The difference indicates that the 1 M NH4OAc-

insoluble and 1 M HCl-soluble metallic species shown catalytic activity and thus are 

categorized as the organically-bound catalyst.  

Figure 2.8 shows the distribution of the initial catalytic activity (ICA-2), in other words, 

the initial-activity-based abundances of the catalytic components. The assumption of four 

catalytic components (i.e., C1–C4) together with C1prec was necessary for drawing (1–X) vs t 

curves over the range of X up to 0.999 for the A0–A2 and B0–B2 chars. On the other hand, 

assuming only C1, C2, and C1prec were sufficient for the A3–A4 and B3–B4 chars. It is seen 

that C1 and C2 accounted for the major portion of the initial catalytic activity that is given by 

ICA-2. C3 and C4 were minor components, but necessary for describing the time-dependent 

change in the char conversion at X > 0.9. 

Figure 2.9 presents the normalized initial composition of catalysts, showing two features 

of C1prec. First, C1prec accounts for only 0.5–10% of ICA-2 for the H-group A chars (A2-2, 

A2-3, A2-H2, and A2-H1), and also 0.6–14% for the H-group B chars. Second, on the other 

hand, C1prec accounts for 81–83% and 80–92% for the L-group A and B chars, respectively. 

The kinetic model recognizes that C1prec consists of metallic species that are dispersed in the 

carbon matrix of char at an atomic or similar scale, having insignificant catalytic activity. [43] 
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For a discussion of the variety of CC1prec, its activity-based concentration (k’CCC1prec) is plotted 

against the total concentration of metallic species (ΣCM,0) in Figure 2.10(a). k’CCC1prec 

increases through the maximum at ΣCM,0 = 0.1–0.3 mol/kg-daf-char. This trend is explained 

by a concept shown in Figure 2.10(b). The carbon matrix of char has an ability to ‘dissolve’ 

metallic species dispersing those at an atomic or similar scale. When ΣCM,0 is sufficiently low 

(Region I), the entire portion of the metallic species is dissolved, and then its concentration (C) 

increases linearly with ΣCM,0. In Region II, a further increase in ΣCM,0 causes the metallic 

species undergo super-saturation and then precipitation, in other words, transformation into 

catalyst. This event is often called nucleation. The formed catalyst grows in size by 

incorporating the precursor as well as by agglomeration and coalescence. The progress of such 

catalyst growth may cause C decrease below the solubility (Region III). It is believed that the 

decrease in k’CCC1prec at higher ΣCM,0 is due to the incorporation of precursor into the 

performed catalyst during the pyrolysis. Although it is difficult to define the solubility of 

metallic species experimentally, it is estimated to be in the region indicated by the gray-colored 

belt in Figure 2.10(a). Thus, the trends seen in Figure 2.10(a) are explained qualitatively by a 

generally known sequence of saturation (or super-saturation) of dissolved metallic species, 

nucleation (precipitation) and particles growth. An indication of the catalyst growth during 

gasification had been shown by Kim et al. [8] They performed steam gasification of Ca-loaded 

lignite char with the initial Ca concentration of 4.1 g-Ca/100 g-char at different conversion 

level and then characterized the resulting chars with energy dispersive X-ray spectrometry. 

They observed the increase in particle sizes of Ca-rich phase with the progress of gasification 

and corresponding deactivation of Type-1 catalyst (the one contributed to rapid char conversion 

in the early stage of gasification). It is believed that such a mechanism was followed by the 

present inherent catalyst, which mainly consisted of Ca species. 

Figure 2.11 gives calculated contribution of catalytic gasification, αcg, to the overall rate 

of char gasification, i.e., dX/dt. For the H-group chars, αcg is 98–100% over the entire range of 

X. This demonstrates how the catalytic gasification was important in the gasification of the A 

and B chars of the H group. On the other hand, for the L-group chars, αcg’s are quite small at 

the early stage (e.g., X < 21% for A3 char, and X < 11% for A4 char), but increase finally to 

90% or even greater with the progress of gasification. Such a significant increase is explained 

by the transformation of C1prec into C1 catalyst. 
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2.3.5 Further analysis of ICA-2 

Toward quantitative understanding of ICA-2, its relationship with the metallic species 

content is discussed. Figure 2.12 plots ICA-2’s for all the A and B chars (except A5 and B5) 

against the total concentration of Na, K, Ca, and Fe in the chars (see Appendix 3). Mg was not 

involved in the candidates of the inherent catalyst from the following three reasons. First, some 

previous studies investigated catalysis of organically bound Mg in steam gasification of char, 

but found no or insignificant activity. [44–46] Second, catalysis of Mg seemed to be 

implausible from a thermodynamic point of view. A table in Appendix 4 lists chemical 

reactions involving carbon (C), CO2, CO and metallic species (metal, oxides, and carbonates) 

together with Gibb’s free energies (∆G’s) at 900°C. ∆G’s of carbonation of MgO and further 

reduction by C are both greatly positive, indicating the difficulty of both carbonate-oxide and 

oxide-metal cycles. On the other hand, for Ca, carbonate-oxide cycles seem to be possible. It 

is also suggested for Na and K that the carbonates were the major species under the present 

experimental conditions. Third, the correlation factor (r2) for Figure 2.12(a), 0.95, was greatly 

reduced by involving the Mg concentration in ΣCM,0. 

As indicated by Line A, ICA-2 is a linear function of ΣCM,0 = CNa,0 + CK,0 + CCa,0 + CFe,0 

with a correlation factor (r2) of 0.95, which is common between the A and B chars. This is 

consistent with catalysis of Na, K, Ca, and Fe. Trial-and-error was made for further 

improvement of r2, and it was found that weighting the Fe concentration by a factor of 1.8 

maximized r2 at 0.965 as indicated by Line A’, leaving the factors for Na, K, and Ca at 1.0. 

Varying the factor for either of these three species brought about negligible improvement of r2. 

It was difficult to evidence the higher initial activity of Fe (per molar concentration) than the 

other three. 

Haga et al. [47] investigated catalysis of single, binary and ternary metallic species (Na, 

Ca, and/or Fe) on steam-hydrogen and CO2 gasification of activated carbon. They found 

positive synergistic effects of co-existence of two or three metallic species on the catalytic 

activity. For example, the activity of Ca/Fe catalysts was greater than that calculated by 

assuming additivity of the activities of Ca and Fe single catalysts by a factor of about two. 

Similar synergistic effects were found for Na/Fe and Na/Ca binary systems. Such synergistic 

effects were likely to occur under the present conditions. Although examination of such effects 

was difficult due to difficulty in controlling the composition of metallic species, it was 

reasonable that ΣCM,0 and ΣC’M,0 already involved positive synergistic effects among the four 

metallic species, as a result. 



28 

It is also noted in Figure 2.12 that the catalyst activity on a molar basis, which is 

evaluated by ∆(ICA-2)/∆(ΣCM,0), is much greater at lower ΣCM,0 (up to 0.023 mol/kg-daf-char) 

than at higher ΣCM,0. ICA-2 is thus presented by a piecewise linear function of ΣCM,0, which 

is divided into three regimes; Regime I (ΣCM,0 < 0.008 mol/kg-daf-char), Regime II (0.008–

0.023) and Regime III (0.023–0.37). This particular type of function is explained reasonably 

by a nucleation-growth mechanism that is already mentioned. The piecewise linear function of 

ΣC’M,0 is schematically shown in Figure 2.13. 

Regime I 

• The catalyst concentration is extremely low. 

• The major portion of metallic species is present as C1prec with little or no catalytic 

activity. 

Regime II 

• C1prec has been transformed into C1 near completely. 

• The catalyst consisted of highly active clusters (but, their sizes are unknown). 

Regime III 

• The catalyst has already undergone growth in size and to nano-sized particles consuming 

clusters by their coalescence. 

• No significant change occurs in the size of catalytic particles. 

Choi et al. [48] investigated the effect of SiO2 on the catalytic activity of inherent 

metallic species in a lignite char. They claimed that the inherent metallic species (Na, Ca, and 

Fe) underwent deactivation during the pyrolysis by irreversible reactions with SiO2, while such 

reactions were not important during the subsequent CO2 gasification of the resulting char. [48] 

Byambajav et al. [9] and Zahara et al. [10] analyzed the kinetics of CO2 gasification of chars 

from lignites and sugarcane bagasses, respectively, by the same kinetic model as employed in 

the present study. Their results strongly suggested partial deactivation of inherent metallic 

species during the pyrolysis but not during the subsequent gasification. It was thus likely under 

the present conditions that more or less portions of Na, K, Ca, and Fe species reacted with SiO2 

during the pyrolysis. To examine this suggestion, the relationship between ICA-2 and ΣCM,0 = 

CNa,0 + CK,0 + CCa,0 + CFe,0 for the CO2 gasification of chars from the Indonesian lignites 

(present work), Mongolian lignites, [9] and sugarcane bagasses [10] are compared in Figure 

2.14. ICA-2 for the A and B chars is clearly greater than those for the chars from the Mongolian 

lignites (MLs) and sugarcane bagasses (SCBs). [9,10] The chars from MLs and SCBs contained 

SiO2 and Al2O3 with total contents of 6–43 and 12–23 wt%-daf-char, respectively. These were 
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much more than those in the present chars ranging 1.0–3.5 wt%-daf-char. For the chars from 

MLs and SCBs, it was believed that SiO2 and Al2O3 reacted with Na, K, Ca, and Fe to more 

or less extent during the pyrolysis and deactivated these metallic species. It was therefore 

necessary to consider the negative effects of the abundance of SiO2 and Al2O3 in order to 

achieve a linear correlation between ICA-2 and ΣCM,0. [9,10] On the other hand, in the present 

study, such consideration was not necessary, which is supported by the highly linear 

relationship between ICA-2 and ΣC’M,0 in Figure 2.12. 

 

2.3.6 Analysis of ICD-2 

Figure 2.15 plots the overall rate constant for catalyst deactivation (ICD-2) with ICA-2 

for the A and B chars. According to previous findings, a linear relationship was confirmed 

between these two kinetic parameters. [8–10,26,31] It is clear for each series of chars that more 

active catalyst underwent more rapid deactivation. This trend is in broad agreement with the 

previous studies. [8–10,26,31] It is, however, noted that ICD-2 increases with ICA-2 in non-

linear manners, and also that ICD-2’s for the A and B chars are clearly different functions of 

ICA-2. 

Zahara et al. [10] investigated the relationship between ICD-2 and ICA-2 for 12 types of 

chars from 6 pairs of original and water-washed sugarcane bagasses, and proposed the 

following functions. 

ICD-2 = ICA-2
knc

𝐹𝐹 (13) 

𝐹𝐹 = 𝑓𝑓Na𝐶𝐶Na+𝑓𝑓K𝐶𝐶K+𝑓𝑓Ca𝐶𝐶Ca+𝑓𝑓Fe𝐶𝐶Fe
𝐶𝐶Na+𝐶𝐶K+𝐶𝐶Ca+𝐶𝐶Fe

 (14) 

They successfully found a single and linear relationship between ICD-2 and (ICA-

2/knc)·F by assuming fNa = fK = fCa = 1 and fFe = 5.1, for example. These combinations of fM 

(M = Na, K, Ca or Fe) suggested a faster deactivation of Fe catalyst than the others, or otherwise, 

promotion of deactivation of K, Na, and Ca by their interaction with Fe catalyst. Following the 

report by Zahara et al. [10], the present authors introduced the following function of ICA-2. 

ICD-2 = ICA-2·F (15) 

𝐹𝐹 = 𝑓𝑓Na𝐶𝐶Na+𝑓𝑓K𝐶𝐶K+𝑓𝑓Ca𝐶𝐶Ca+𝑓𝑓Fe𝐶𝐶Fe+ 𝑓𝑓Mg𝐶𝐶Mg

𝐶𝐶Na+𝐶𝐶K+𝐶𝐶Ca+𝐶𝐶Fe+ 𝐶𝐶Mg
 (16) 

The right side of Equation 15 does not involve knc, because there was no necessity. That 

of Equation 16 involves the concentration of Mg and its coefficient, CMg and fMg, respectively, 

in the right side. In the preliminary examination, Equation 14 was applied to the correlation of 

ICD-2 with ICA-2, but it was not successful. This result is shown in Figure 2.16(a). It was 
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then found that the introduction of CMg and fMg made dramatic improvement of the linearity of 

ICD-2 and (ICA-2·F) relationship, as shown in Figure 2.16(b). The optimized fFe and fMg were 

3.5 and 4.9, respectively. This suggested that Mg had no or insignificant catalytic activity, but 

played a role of promoting deactivation of Na, K, Ca, and/or Fe catalysts. The promotion of 

catalyst deactivation by Mg species is discussed later. 

Equations 15 and 16 were also applied to the analysis of ICD-2 and ICA-2 reported by 

Byambajav et al. [9] and Zahara et al. [10] The contents of Na, K, Ca, Mg, and Fe in the initial 

chars were available. The results are shown in Figure 2.17. ICD-2 plots for Mongolian lignites 

[9] and those for Indonesian sugarcane bagasses [10] are on the same straight line in Figure 

2.16 or around it. Thus, within the range of the present study and the two previous studies, 

Equations 15 and 16 are applicable to the quantitative description of ICD-2 as a function of 

ICA-2 and composition of metallic species including not only Na, K, Ca, and Fe but also Mg. 

 

2.3.7 Further discussion on the effect of composition of metallic species on catalyst 

deactivation 

It is known that Fe catalyst undergoes more rapid deactivation during char gasification 

than Na, K, and Ca. [10,49] In this section, the main focus of the discussion is on the role of 

Mg species. From a thermodynamic point of view, both MgO and CaO can react with SiO2 

and be converted into silicates such as CaSiO3 and MgSiO3. These silicates can be further 

converted into composite oxides such as Ca2SiO4, Mg2SiO4, CaMgSiO4, and Ca2MgSi2O7. 

Then, in the presence of SiO2, Mg oxides and silicates could provide more pathways to 

deactivate CaO. In fact, XRD of the ash from both A0 and B0 detected CaMgSiO4 as well as 

CaO/CaCO3 and MgO (see Appendix 5). However, as strongly suggested by recent studies by 

Byambajav et al. [9] and Zahara et al. [10], and then demonstrated by Choi et al. [48], such 

silicates formation was not important during the CO2 gasification of char, probably due to 

sufficiently fast catalytic carbonate-oxide cycles of Ca.  

Matsukata et al. [50] investigated catalytic and physical properties of Ca2+-doped MgO. 

They prepared Ca2+-doped MgO from calcium nitrate and basic magnesium carbonate as a 

catalyst for 1-C4H8 isomerization and also reverse water-gas shift reaction. They found that 

the doped Ca promoted the basicity of MgO while it was not transformed into CaCO3. It was 

also found that Ca of another type of Ca2+-doped MgO was in the form of CaO or CaCO3 on 

the surface of MgO. Their results showed that the formation of CaCO3, which is essential for 

the carbonate-oxide cycle, could be inhibited by chemical interaction with MgO. It was likely 

that nano-sized CaO had contact and interacted with MgO, losing its original catalytic activity. 
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The experimental demonstration of the inhibition of the carbonate-oxide cycles of Ca by Mg 

is discussed in Chapter 3. 

Another possibility is that the promotion of growth in the size of CaO/CaCO3 particles 

by their interaction with those of MgO. Alarcón et al. [51] investigated CaO/MgO composite 

catalysts for the steam reforming of naphthalene. They reported a slightly negative synergistic 

effect of CaO/MgO blending (when CaO was more abundant than MgO) on the surface of the 

composite particles. Such a negative effect could be promoted if MgO phase inhibited the 

contact between CaO phase and gasifying carbon matrix. It was, however, difficult to examine 

the formation of MgO/CaO composite particles as well as their sizes by transmission electron 

microscopy. Thus, the same as above, the examination of the effects of MgO/CaO interaction 

is discussed in Chapter 3. 

2.4 Conclusion 

The study investigated the kinetics of CO2 gasification of the twenty chars with different 

composition of inherent metallic species which were prepared from two types of lignites. The 

following conclusions have been drawn from the kinetic analysis: (1) Time-dependent changes 

in the char conversion up to 0.999 were described quantitatively for all the 20 chars by the 

kinetic model that assumed the progress of non-catalytic and catalytic gasification in parallel 

and also multi-catalytic components. (2) The initial and overall catalytic activity, ICA-2, was 

a single piecewise linear function of the total concentration of Na, K, Ca, and Fe obeying a 

nucleation-growth mechanism that governed catalyst formation and deactivation. (3) The 

initial and overall rate of catalyst deactivation was described well by a single function of ICA-

2 and the compositional factor; 

F = (fNaCNa + fKCK + fMgCMg + fCaCCa + fFeCFe)/(CNa + CK + CMg + CCa + CFe). 

The optimized F showed fast deactivation of Fe catalyst and also a role of Mg species to 

promote the catalyst deactivation. This function, allowed to have some variety of fM (M = Mg 

and/or Fe), successfully enabled to show the present ICD-2’s and previously reported ICD-2’s 

as the same function of (ICA-2)·F. 
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Table 2.1. Ultimate analysis of original lignites. 

 
 

 

 

 

 

 

Table 2.2. Ash contents of lignite samples. 

 
 

 

 

 

 

 

 

 

 

Lignite C H N O+S*
A 70.3 5.0 0.8 24.0 2.6
B 67.5 4.5 1.1 26.9 5.0

*calculated by difference

Ultimate analysis (wt%, daf) Ash content 
(wt%, db)

ID Ash content, wt% dry ID Ash content, wt% dry
none A0 2.6 B0 5.0
deionized water A1 2.6 B1 4.7
1 M NH4OAc aq. A2 2.1 B2 4.4

1 M NH4OAc aq. A2-2 1.9 B2-2 3.8
1 M NH4OAc aq. A2-3 1.8 B2-3 3.6
0.01 M HCl aq. A2-H2 2.0 B2-H2 3.9
0.1 M HCl aq. A2-H1 1.1 B2-H1 2.6

3 M HCl aq. A3 0.8 B3 1.2
3 M HF aq. A4 0.1 B4 0.1
6 M HCl aq. A5 0.1 B5 0.1

Washing agent
Lignite A Lignite B
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Table 2.3. Lists of optimized kinetic parameters. 

 

Sample ID A0 A1 A2 A2-2 A2-3

k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 3.6 x 10-1 3.3 x 10-1 3.0 x 10-1 2.3 x 10-1 2.3 x 10-1

ICA-2, min-1 3.6 x 10-1 3.3 x 10-1 3.1 x 10-1 2.6 x 10-1 2.5 x 10-1

ICD-1, min-1 2.5 x 10-2 2.1 x 10-1 2.0 x 10-1 1.1 x 10-1 1.1 x 10-1

ICD-2, min-1 2.5 x 10-1 2.1 x 10-1 2.1 x 10-1 1.3 x 10-1 1.3 x 10-1

C C1prec , - 4.5 x 10-3 2.2 x 10-2 5.0 x 10-2 1.0 x 10-1 9.0 x 10-2

C C1,0 , - 5.4 x 10-1 5.8 x 10-1 6.7 x 10-1 4.3 x 10-1 4.3 x 10-1

C C2,0 , - 3.1 x 10-1 2.4 x 10-1 1.7 x 10-1 3.8 x 10-1 3.9 x 10-1

C C3,0 , - 1.3 x 10-1 1.5 x 10-1 8.9 x 10-2 9.1 x 10-2 9.4 x 10-2

C C4,0 , - 2.1 x 10-2 1.2 x 10-2 2.0 x 10-2 1.1 x 10-3 7.0 x 10-4

k C1prec  , min-1 1.2 x 10-2 6.0 x 10-1 2.00 2.10 2.10

k C1,0  , min-1 1.9 x 10-1 1.9 x 10-1 2.1 x 10-1 1.1 x 10-1 1.1 x 10-1

k C2,0  , min-1 1.1 x 10-1 7.9 x 10-2 5.3 x 10-2 9.9 x 10-2 9.9 x 10-2

k C3,0  , min-1 4.5 x 10-2 5.1 x 10-2 2.8 x 10-2 2.4 x 10-2 2.4 x 10-2

k C4,0  , min-1 7.5 x 10-3 4.1 x 10-3 6.3 x 10-3 2.8 x 10-4 1.8 x 10-4

k loss-1  , min-1 3.8 x 10-1 3.2 x 10-1 2.9 x 10-1 2.1 x 10-1 2.2 x 10-1

k loss-2  , min-1 1.3 x 10-1 9.2 x 10-2 3.7 x 10-2 4.4 x 10-2 4.7 x 10-2

k loss-3  , min-1 1.1 x 10-2 1.2 x 10-2 1.2x 10-2 5.8 x 10-3 5.8 x 10-3

k loss-4  , min-1 1.4 x 10-4 2.0 x 10-3 7.0 x 10-4 1.0 x 10-4 1.0 x 10-4

Sample ID A2-H2 A2-H1 A3 A4 A5

k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 2.7 x 10-1 1.1 x 10-1 9.0 x 10-4 4.3 x 10-4

ICA-2, min-1 2.9 x 10-1 1.2 x 10-1 4.8 x 10-3 2.5 x 10-3

ICD-1, min-1 1.3 x 10-1 4.0 x 10-2 1.4 x 10-4 2.4 x 10-5

ICD-2, min-1 1.5 x 10-1 4.4 x 10-2 1.8 x 10-3 7.5 x 10-4

C C1prec , - 7.0 x 10-2 7.5 x 10-2 8.1 x 10-1 8.3 x 10-1

C C1,0 , - 5.3 x 10-1 6.3 x 10-1 6.0 x 10-2

C C2,0 , - 2.9 x 10-1 2.0 x 10-1 1.3 x 10-1 1.8 x 10-1

C C3,0 , - 1.1 x 10-1 8.3 x 10-2

C C4,0 , - 1.2 x 10-3 8.5 x 10-3

k C1prec  , min-1 1.40 1.10 2.1 x 10-2 2.4 x 10-2

k C1,0  , min-1 1.6 x 10-1 7.7 x 10-2 2.9 x 10-4

k C2,0  , min-1 8.5 x 10-2 2.4 x 10-2 6.2 x 10-4 4.3 x 10-4

k C3,0  , min-1 3.1 x 10-2 1.0 x 10-2

k C4,0  , min-1 3.5 x 10-4 1.0 x 10-3

k loss-1  , min-1 2.2 x 10-1 5.8 x 10-2 2.1 x 10-3 8.8 x 10-4

k loss-2  , min-1 4.9 x 10-2 1.4 x 10-2 1.5 x 10-4 1.4 x 10-4

k loss-3  , min-1 7.7 x 10-3 3.8 x 10-3

k loss-4  , min-1 1.0 x 10-4 5.0 x 10-5
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Table 2.3. Lists of optimized kinetic parameters. (cont.) 

 

Sample ID B0 B1 B2 B2-2 B2-3

k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 4.8 x 10-1 4.5 x 10-1 3.8 x 10-1 3.2 x 10-1 3.1 x 10-1

ICA-2, min-1 4.8 x 10-1 4.8 x 10-1 4.2 x 10-1 3.6 x 10-1 3.4 x 10-1

ICD-1, min-1 2.3 x 10-2 1.8 x 10-1 1.4 x 10-1 9.2 x 10-2 9.8 x 10-2

ICD-2, min-1 2.3 x 10-1 1.9 x 10-1 1.5 x 10-1 1.0 x 10-1 1.1 x 10-1

C C1prec , - 6.0 x 10-3 6.4 x 10-2 8.0 x 10-2 1.0 x 10-1 9.2 x 10-2

C C1,0 , - 6.6 x 10-1 7.5 x 10-1 6.9 x 10-1 7.8 x 10-1 7.5 x 10-1

C C2,0 , - 2.9 x 10-1 1.3 x 10-1 1.4 x 10-1 6.5 x 10-2 8.5 x 10-2

C C3,0 , - 3.7 x 10-2 5.5 x 10-2 8.3 x 10-2 5.1 x 10-2 6.7 x 10-2

C C4,0 , - 9.1 x 10-3 3.0 x 10-3 1.0 x 10-2 9.0 x 10-4 5.8 x 10-3

k C1prec  , min-1 7.0 x 10-1 2.00 1.90 8.0 x 10-1 1.00

k C1,0  , min-1 3.2 x 10-1 3.6 x 10-1 2.9 x 10-1 2.8 x 10-1 2.6 x 10-1

k C2,0  , min-1 1.4 x 10-1 6.3 x 10-2 5.8 x 10-2 2.3 x 10-2 2.9 x 10-2

k C3,0  , min-1 1.8 x 10-2 2.6 x 10-2 3.5 x 10-2 1.8 x 10-2 2.3 x 10-2

k C4,0  , min-1 4.4 x 10-3 1.4 x 10-3 4.2 x 10-4 3.2 x 10-4 2.0 x 10-3

k loss-1  , min-1 3.3 x 10-1 2.3 x 10-1 1.9 x 10-1 1.2 x 10-1 1.3 x 10-1

k loss-2  , min-1 5.3 x 10-2 4.0 x 10-2 5.9 x 10-2 1.8 x 10-2 2.9 x 10-2

k loss-3  , min-1 5.1 x 10-3 8.0 x 10-3 1.2 x 10-2 6.4 x 10-3 9.2 x 10-3

k loss-4  , min-1 5.6 x 10-3 7.0 x 10-3 2.0 x 10-3 2.0 x 10-2 1.0 x 10-5

Sample ID B2-H2 B2-H1 B3 B4 B5

k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 3.6 x 10-1 1.4 x 10-1 9.1 x 10-4 1.6 x 10-4

ICA-2, min-1 3.9 x 10-1 1.6 x 10-1 4.6 x 10-3 1.9 x 10-3

ICD-1, min-1 1.2 x 10-1 5.0 x 10-2 2.4 x 10-4 4.2 x 10-8

ICD-2, min-1 1.3 x 10-1 6.0 x 10-2 1.7 x 10-3 5.3 x 10-4

C C1prec , - 8.0 x 10-2 1.4 x 10-1 8.0 x 10-1 9.2 x 10-1

C C1,0 , - 6.8 x 10-1 6.6 x 10-1 1.2 x 10-1

C C2,0 , - 1.8 x 10-2 1.2 x 10-1 7.8 x 10-2 8.4 x 10-2

C C3,0 , - 5.3 x 10-2 7.4 x 10-2

C C4,0 , - 5.6 x 10-3 9.7 x 10-3

k C1prec  , min-1 2.00 1.00 1.3 x 10-2 1.2 x 10-1

k C1,0  , min-1 2.7 x 10-1 1.1 x 10-1 5.6 x 10-4

k C2,0  , min-1 7.0 x 10-2 1.9 x 10-2 3.5 x 10-4 1.6 x 10-4

k C3,0  , min-1 2.1 x 10-2 1.2 x 10-2

k C4,0  , min-1 2.2 x 10-3 1.5 x 10-3

k loss-1  , min-1 1.6 x 10-1 7.2 x 10-2 1.9 x 10-3 5.8 x 10-4

k loss-2  , min-1 4.0 x 10-2 2.4 x 10-2 7.8 x 10-5 5.0 x 10-7

k loss-3  , min-1 1.1 x 10-2 4.0 x 10-3

k loss-4  , min-1 1.0 x 10-5 6.0 x 10-4
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Figure 2.1. Flow diagram of sequential washing. 

 

 

A0 – B0

A1 – B1

A2 – B2

A3 – B3

deionized water

1 M NH4OAc aq.

3 M HCl aq.

A2-H1 – B2-H1

A2-2 – B2-2

A4 – B4

A5 – B5

3 M HF aq.

6 M HCl aq.

A2-3 – B2-3

1 M NH4OAc aq.

1 M NH4OAc aq.

A2-H2 – B2-H2

0.1 M HCl aq.

0.01 M HCl aq.
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Figure 2.2. Cumulative concentration of metallic species in lignites. 
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Figure 2.3. Char yields from the pyrolysis of lignites. 

 

 

 

 

 

 

Figure 2.4. dX/dt profiles for the individual chars. dX/dt indicated at the left vertical axis for 

the gasification of chars from A0–A2 and B0–B2 (H group chars), while at the right for those 

from A3–A5 and B3–B5 (L group chars). 
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Figure 2.5. (a1) and (b1): dX/dt vs X profiles for A5 and B5 chars, respectively. (a2) and (b2): 

specific rates of gasification, rsp = dX/dt/(1–X) as a function of X for A5 and B5 chars, 

respectively. The red-colored straight lines are drawn for indicating dX/dt or rsp of first-order 

kinetics with knc = 0.0035 min-1. 
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Figure 2.6. Measured and calculated 1–X vs t profiles for the gasification of A0–A4 chars (left 

side) and B0-B4 chars (right side). (1–X)’s are shown in logarithmic scales. 
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Figure 2.7. Measured and calculated changes in dX/dt with X for gasification of chars from 

original and washed lignites. The blue-colored broken lines were drawn for A3, A4, B3 and B4 

to show dX/dt for the non-catalytic gasification with knc = 0.0035 min-1. 
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Figure 2.8. The initial activities (kCn,0; n = 1–4) and potential activity of C1 precursor  

(k’CCC1prec,0). The cumulative total of kCn,0 (i.e., ΣkCn,0) and k’CCC1prec,0 equals to ICA-2. 

 

 

 

 

 

 

Figure 2.9. Normalized abundances of C1–C4 catalysts and C1prec at t = 0. 
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Figure 2.10. (a)  Plot of k’CCC1prec against total concentration of metallic species (Na, K, Mg, 

Ca, and Fe) at t = 0. (b) Schematic expression of the relationship between catalyst precursor 

concentration and the total concentration of metallic species. 

 

 

 

 

 

 

Figure 2.11. Contribution rate of catalytic gasification, αcg, to overall rate of gasification, dX/dt 

as a function of X. 
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Figure 2.12. (a) ICA-2 as a function of ΣCM,0 = CNa,0 + CK,0 + CCa,0 + CFe,0 (b) ICA-2 as a 

function of ΣC’M,0 = CNa,0 + CK,0 + CCa,0 + 1.8CFe,0. CM,0 means the concentration of M in the 

char at t = 0. Straight lines A and A’ are derived from the method of least squares for the A and 

B chars except the L-group chars. Lines B and B’ are drawn by connecting the plots for A2-

H1 and A3 or B2-H1 and B3. 

 

 

 

 

 

 

Figure 2.13. Schematic expression of relationship between ICA-2 and ΣCM,0. 
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Figure 2.14. Relationships between ICA-2 and ΣCM,0 = CNa,0 + CK,0 + CCa,0 + CFe,0 for present 

and previous works on CO2 gasification of chars from Mongolian lignites (ref. 8) and 

sugarcane bagasses (ref. 9). ΣCM,0 is defined as the total content of Na, K, Ca and Fe in the 

unit of mol/kg-daf-char. 

 

 

 

 

 

 

Figure 2.15. Relationship between ICD-2 and ICA-2. 
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Figure 2.16. ICD-2 as a function of ICA-2. (a) Application of Eq.14 and optimization of fFe 

with fNa, fK and fCa fixed at 1. (b) Application of Eq.16 and optimization of fFe and fMg with 

fNa, fK and fCa fixed at 1. 

 

 

 

 

 

 

Figure 2.17. ICD-2 correlation with ICA-2 for present and previous studies. Parameters fM’s 

are as follows: Sugarcane bagasses (ref. 9; fNa = fK = fCa = 1.0, fMg = 3.5, fFe = 4.9), Lignites 

(Group 1) (ref. 8; fNa = fK = fCa = 1.0, fMg = 3.2, fFe = 1.6), Lignites (Group 2) (ref. 8; fNa = fK 

= fCa = 1.0, fMg = 5.0, fFe = 7.4). The solid line drawn in the figure represents the function, 

(ICD-2) = 0.258F (ICA-2) of that parameters were optimized for the A and B chars in the 

present study. 
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Chapter 3 

Kinetics and Mechanism of the Interactions between Ca and Mg/K during 

CO2 Gasification of Lignite Char 
 

 

3.1 Introduction 

Gasification is a promising method for converting carbonaceous solid feedstock such as 

lignite and biomass into syngas that is further processed into fuels or chemicals. [1,2] In the 

case that CO2 is used as gasification medium, it can be more energy-efficient than conventional 

gasifying agents such O2 and steam due to its endothermic reaction with the nascent char, 

produced by in situ pyrolysis of lignite, and its elimination of extra heat for producing water 

vapor. On the other hand, the CO2-carbon reaction generally controls the overall rate of char 

conversion, and it is therefore conducted under the catalysis of metallic species to promote the 

gasification kinetics.  

Alkali and alkaline earth metallic (AAEM) species are widely used as catalysts in 

gasification due to their catalytic activity, inherently abundance, and low cost. [3–5] In 

particular, Ca and K species have attracted considerable interest, not only as an individual 

catalyst, [6–8] but also as composite catalysts. [9–13] Ca is well known as a highly active 

catalyst, although its activity decreases with the progress of char conversion, mainly due to 

particle growth. [5,6,14] In contrast, the catalytic activity of K continuously increases as the 

gasification proceeds unless volatilization or deactivation by reacting with silica/alumina 

occurs. [15–18] It is expected that the presence of Ca and K catalysts in lignite char offers an 

excellent feedstock for gasification. On the other hand, the effects of co-existence of Mg and 

Ca species, which are commonly found in Indonesian lignites, on the catalyst 

activation/deactivation also need to be confirmed. [19,20] 

A quantitative description of the overall rate of gasification as a function of char 

conversion is therefore important to examine the interactions of these species and determine 

the roles of each species during the gasification. Recent studies reported the synergistic effects 

between Ca and K catalysts by evaluating the time to achieve 50% char conversion, t0.5, or the 

average rate of gasification. [9–11,13] However, such parameters do not consider changes in 

char reactivity along char conversion. Other previous studies also recognized that the 
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conventional kinetic models are not satisfactory for describing the rate of catalytic gasification, 

in which catalysts play significant roles in char gasification. [21,22] The catalytic activity of 

metallic species should be fairly compared by monitoring the measured rate of gasification 

over the entire range of its conversion and considering its abundance as a factor responsible for 

the kinetics of char gasification. A parallel reaction model (PRM), which is based on an 

assumption of parallel progress of non-catalytic gasification and catalytic gasification together 

with catalyst activation/deactivation, has been developed recently to overcome the limitations 

of the previous models and provide information on effects of metallic species composition on 

the rate of catalytic gasification. [6,23] Previous studies revealed that the PRM was able to 

describe the kinetics of CO2 and steam gasification over the entire range of char conversion up 

to 0.999 for chars from various types of lignites or biomass with different concentrations of 

inherent metallic species. [6, 23–28] However, the applicability of the PRM to describe the 

interaction behavior of doped metallic species during CO2 gasification has not been 

demonstrated. In order to improve the versatility of the PRM, it is necessary to examine the 

catalysis of a single and bi-metallic species that presence in char by employing the PRM. 

The present authors have been studying the effects of Ca interactions with Mg or K on 

the kinetics of Ca-catalyzed gasification. First, the demineralized and metal(s)-loaded lignites 

were pyrolyzed and in-situ gasified with CO2 at 900°C. Second, the measured rate of char 

conversion was quantitatively described by the model. Finally, based on the optimized kinetic 

parameters, the relationships between catalytic activity/deactivation rate and the 

concentration(s) of a single or bi-metallic species in char were scrutinized to reveal the 

interaction mechanism. This paper also compared the performance of extraneous catalyst 

species in this study and that of previously reported inherent catalyst species. 

3.2 Experimental 

3.2.1 Sample preparation 

Two Indonesian lignites, A and B, were slowly air-dried at ambient temperature, 

pulverized and sieved to particle sizes smaller than 106 μm, then dried in a vacuum oven at 

60°C for 24 h. The lignites were further pulverized in a pot mill for 10 h for reducing its particle 

sizes to < 10 μm (see Appendix 1). To eliminate the influence of inherent metallic species and 

mineral matter on catalytic gasification, the fine lignites were demineralized by washing with 

aqueous solutions of hydrogen chloride and hydrogen fluoride. Details of the procedure were 

displayed in Appendix 6. The demineralized A and B are hereafter referred to as DA and DB, 
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respectively. DA and DB are respectively identical to A5 and B5, which were mentioned in 

Chapter 2. Table 3.1 shows the properties of the original and demineralized lignites. As shown 

in Table 3.1, the sequential acid washing successfully removed more than 99% (w/w) of the 

inherent metallic species from A and B. DA and DB were also mixed with 10 wt% SiO2 

nanoparticles in an agate mortar for approximately 30 min at room temperature and then 

vacuum-dried at 60°C for 24 h to produce SiO2-mixed demineralized lignites, which are 

denoted by DAS and DBS, respectively. The SiO2 nanoparticles were prepared by washing 

SiO2 powder (Sigma-Aldrich, 99.5 wt%, 5–15 nm) in 3 M HCl aq. at 60°C for 24 h, 

exhaustively washing with deionized water, and then vacuum drying at 60°C.  

DA or DB was then loaded with varying amounts of Ca, K, and Mg, separately or jointly, 

by an ion-exchange method. DA or DB was suspended in the aqueous solution of dissolved 

metallic species for 24 h, separated from the solution by filtration, rinsed with deionized water, 

and then dried in vacuo at 60°C. Taking Ca as an example, the resulting Ca-loaded DA and DB 

lignites with Ca concentration of α mol-Ca/kg-daf-char will be denoted by Ca-α-DA and Ca-

α-DB, respectively (see Table 3.2 and 3.3). In the case of joint loading of Ca and Mg, or Ca 

and K into DA, the sample name was referred to Ca-α/Mg-β-DA or Ca-α/K-β-DA, respectively 

(see Table 3.3). The distribution of loaded metallic species in lignite is shown in Appendix 7. 

 

3.2.2 Pyrolysis and CO2 gasification in TGA 

About 2 mg of the demineralized or metal(s)-loaded lignite was subjected to the pyrolysis 

and subsequent gasification in a thermodynamic analyzer (TGA, Hitachi Hi-Tech Science, 

model SII TGA/DTA 7200). This small initial mass of lignite was chosen to eliminate the 

effects of heat and mass transfer, as reported earlier. [23,28] The lignite was placed in a 

platinum pan and heated in a flow of atmospheric N2 (purity; > 99.999 vol.%, flow rate; 700 

mL/min) from room temperature to the holding temperature of 900°C at a rate of 30 °C/min. 

After confirming a steady mass of the sample, the CO2 gasification was started by switching 

the flow of N2 gas to that of N2/CO2 mixed gases (50:50 in volume) without changing the total 

flow rate. The reproducibility of the above gasification conditions was previously confirmed 

[23,28] and also successfully examined in the preliminary experiments (see Appendix 8).  

 

3.2.3 Quantification of metallic species 

The contents of metallic species in the individual samples were quantified by referring 

to previous reports. [24,28,29] In brief, a prescribed mass of A and B (40 mg), DA and DB 

(400 mg), and the chars from metal(s)-loaded lignites (10–20 mg) were ashed completely by 
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heating in air in a muffle furnace with a rate, holding temperature and holding time of 1 °C/min, 

620°C, and 60 min, respectively. The resulting ash was dissolved in the mixture solution of 

HNO3/HF at 60°C and suspended for 24 h. The solid residue after evaporation of liquid 

component at 120°C was dissolved into 4 mM CH3SO3H aq. Ion chromatography and 

inductively coupled plasma-optical emission spectroscopy were employed to analyze the 

contents of AAEM species (i.e., Na, K, Mg, and Ca) and Fe in the solution, respectively. 

. 

3.2.4 Kinetic modeling 

The kinetics of CO2 gasification of lignite/biomass char was described by a Parallel 

Reaction Model that employs the following equations: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
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𝑑𝑑𝑑𝑑
�
C

 =  𝑘𝑘nc(1− 𝑋𝑋)  +  ∑ 𝑘𝑘C𝑛𝑛𝑛𝑛  (1) 

The overall rate of char conversion, dX/dt, consists of the non-catalytic gasification, 

(dX/dt)nc, and catalytic gasification, (dX/dt)C, which follow first-order and zeroth-order 

kinetics with respect to the fraction of unconverted char (1–X), respectively. [6,23–25,28,30] 

knc and kCn are the rate constants for the non-catalytic and catalytic gasification, respectively, 

where n is the catalytic component, Cn (n = 1–4). kCn, which represents the activity of Cn 

catalyst, is a function of the amount of retained catalysts in char (mCn) and rate constant (k’C). 

𝑘𝑘C𝑛𝑛  =  𝑘𝑘′C𝑚𝑚C𝑛𝑛 (2) 

k’C is a rate constant that set to be common among the catalysts. k’Cn,0 and mCn,0 are k’Cn and 

mCn at t = 0, respectively. The activity of catalysts, kCn changes with: 

i. The change in mCn due to the progress of char conversion. CCn is introduced to express 

the dependency of the catalyst concentration in char on X. 

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑚𝑚𝐶𝐶𝐶𝐶
1 − 𝑋𝑋

 (3) 

ii. Deactivation of catalysts via agglomeration/growth mechanism, reactions with mineral 

matter (i.e., silica, alumina, and aluminosilicate), and volatilization. The kinetics of 

catalyst deactivation is assumed following first-order kinetics with respect to the catalyst 

concentration and expressed by: 
𝑑𝑑𝑚𝑚𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑛𝑛
𝑚𝑚𝐶𝐶𝐶𝐶
1 − 𝑋𝑋

 (4) 

iii. Transformation of the catalyst precursor. The results from preliminary experiments and 

analysis showed that the necessity of assuming the presence of at least one type of 

catalyst precursor for gasification of lignite chars. Then Equation 4 is extended to: 
𝑑𝑑𝑚𝑚C1
𝑑𝑑𝑑𝑑

=  𝑘𝑘C1,prec𝐶𝐶C1,prec −  𝑘𝑘loss−1𝐶𝐶C1  n = 1 (5) 
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𝑑𝑑𝑚𝑚C𝑛𝑛
𝑑𝑑𝑑𝑑

=  − 𝑘𝑘loss−n𝐶𝐶C𝑛𝑛  n ≥ 1 (6) 

the concentration and the rate of the transformation of CCn,prec are defined the same way as CCn 

in Equations 3 and 4, respectively. The sum amount of the catalysts and the catalyst precursor 

is unity at t = 0. 

∑ 𝑚𝑚C𝑛𝑛,0𝑛𝑛 + 𝑚𝑚C𝑛𝑛,prec,0 = 1 (7) 

The initial catalytic activity and the initial rate of catalyst deactivation are evaluated by 

these parameters: 

ICA-1 =  ∑ 𝑘𝑘C𝑛𝑛,0𝑛𝑛 = ∑ 𝑘𝑘′C𝑛𝑛𝑚𝑚C𝑛𝑛,0𝑛𝑛  (8) 

ICA-2 = 𝑘𝑘′C𝑚𝑚C𝑛𝑛,prec,0 + ∑ 𝑘𝑘C𝑛𝑛,0𝑛𝑛 = 𝑘𝑘′C�𝑚𝑚C𝑛𝑛,prec,0 +  ∑ 𝑚𝑚C𝑛𝑛,0𝑛𝑛 � = 𝑘𝑘′C (9) 

ICD-1 = ∑ 𝑘𝑘loss−n,0𝑛𝑛 𝐶𝐶C𝑛𝑛,0 (10) 

ICD-2 = 𝑘𝑘loss−1,0�𝐶𝐶C1,0 + 𝐶𝐶C1prec,0� + ∑ 𝑘𝑘loss−n,0𝑛𝑛 𝐶𝐶C𝑛𝑛,0 (11) 

ICA-1 and ICA-2, which represents the overall rate of gasification, are the initial (at t = 

0) and potential catalytic activity (by considering CC1,prec). ICD-1 and ICD-2 are the overall 

rate of catalyst deactivation at t = 0, corresponding to ICA-1 and ICA-2, respectively. Both 

pairs are identical to each other when mCn,prec = 0. More details of the model were reported 

elsewhere. [23,28] 

3.3 Results and Discussion 

3.3.1 Examination of kinetics of non-catalytic gasification 

Figure 3.1 shows characteristics of the gasification of chars from the demineralized 

lignites with and without SiO2-mixed. As seen in the graphs (a1) and (b1), the chars from DAS 

and DBS underwent very slow gasification, and it took more than 700 min to gasify char 

completely. On the other hand, the conversion of chars from DA and DB were completed 

within 530 and 430 min, respectively, which are more rapid than that from DAS and DBS, 

respectively. In addition to this, the rate of gasification, dX/dt, for chars from DA and DB are 

higher than those from DAS and DBS, respectively. It was thus clear that the differences in the 

kinetics of gasification of those chars were attributed to the catalysis of the metallic species 

that had remained in the demineralized lignites even after exhaustive acid washing. DA and 

DB contained 0.004 and 0.005 mol-metallic species/kg-daf-char, respectively. In the absence 

of SiO2 particles, the residual metallic species are able to form clusters that had catalysis, even 

though very low, soon after the gasification started. On the other hand, the SiO2 particles in 

DAS and DBS reacted with those metallic species and then suppressed their catalysis. A recent 

study on CO2 gasification of cokes from the original and SiO2-blend lignites suggested that 
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the metallic species in the lignite experienced deactivation during the pyrolysis by reacting 

with SiO2 particles, while such reaction was not significant during the CO2 gasification. [31] 

It was thus concluded that the sequential washing and SiO2 mixing were required to remove 

and deactivate the residual catalyst species, respectively. These treatments were necessary or 

even mandatory to obtain the inherent reactivity of lignite char, knc, experimentally. Based on 

the above discussion, it is reasonable to define the rate of non-catalytic gasification as knc = 

0.0035 min-1 for both DAS and DBS chars as knc was equivalent to the initial dX/dt. 

 

3.3.2 Gasification of char from Ca-loaded lignite 

Figure 3.2(a1) and (b1) present the measured and calculated time-dependent changes in 

(1–X) for the CO2 gasification of chars from Ca-α-DA and Ca-α-DB, respectively. As expected, 

the gasification time for both groups of lignites becomes shorter as the Ca concentration in char, 

CCa, increases in the range of 0.035–0.332 mol-Ca/kg-daf-char. This trend is qualitatively in 

broad agreement with those in previous studies that reported the effects of CCa on the kinetics 

of char gasification. [6,23] Figure 3.2(a2) and (b2) depict profiles of dX/dt vs X for the 

gasification of Ca-α-DA and Ca-α-DB chars, respectively. Generally, dX/dt’s for all char 

samples change via the maxima. In particular, the maxima seem to appear earlier as CCa 

increases. The kinetic model describes well such a variety of the shape of (1–X) vs t and dX/dt 

vs X curves in Figure 3.2. Table 3.4 summarizes the optimized kinetic parameters for the Ca-

catalyzed gasification. The model recognized those appeared trends as variations in ICA, ICD, 

and abundance of C1prec, k’CCC1prec as discussed later. 

 

3.3.3 Overall effects of Mg or K on the kinetics of Ca-catalyzed gasification 

Panel (a1) and (b1) of Figure 3.3 show the measured and calculated profiles of (1–X) vs 

t for the gasification of chars from Ca-0.06/Mg-0.17-DA and Ca-0.16/Mg-0.04-DB, 

respectively, and those from their counterparts with comparable Ca or Mg concentration in 

chars. The required time for completing the gasification of chars from Mg-0.16-DA and Mg-

0.05-DB is nearly identical, 310 min, which is faster than those from DA/DB. This 

demonstrates that Mg has catalysis even though very low. The result is in good agreement with 

the previous studies that showed very little or insignificant catalytic activity of Mg. [4,33] On 

the other hand, the complete conversion of chars from Ca-0.06/Mg-0.17-DA and Ca-0.16/Mg-

0.04-DB took 146 and 108 min, respectively, which is longer than those from Ca-0.06-DA and 

Ca-0.14-DB, respectively, with equal or even higher CCa. The presence of Mg appears to slow 



55 

down the kinetics of Ca-catalyzed gasification of lignite char. The discussion on the 

deactivation mechanism of Ca catalyst by Mg is mentioned later 

Figure 4(a1) and (b1) show the measured and calculated profiles of (1–X) vs t for the 

gasification of chars from K-α, Ca-α, and Ca-α/K-β. In contrast with Mg, the presence of K 

enhances the overall rate of Ca-catalyzed gasification. The conversions of Ca-0.14/K-0.26-DA 

and Ca-0.14/K-0.13-DB chars were completed within 8 and 21 min, respectively, which are 

faster than their corresponding chars that were loaded only with Ca or K. The optimized kinetic 

parameters for describing the rate profiles for the gasification of Mg, Ca/Mg, K and Ca/K chars 

are shown in Table 3.4.  

To further confirm the interactions between Ca and M (M = Mg or K) species during the 

gasification, the change in dX/dt with X for the conversion of Ca/M chars by the measurement 

was compared with that by the calculated one by assuming no interaction between those species, 

in other words, following the additive law. The (dX/dt)additive for Ca/Mg and Ca/K chars was 

represented by the blue-colored lines in Figure 3.3 and 3.4, respectively, and determined by 

the following equation: 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
additive

= �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
nc

+ 𝐶𝐶Cain Ca/M
𝐶𝐶Ca

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
Ca

+ 𝐶𝐶Min Ca/M
𝐶𝐶M

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
M

 (12) 

An inhibition effect is indicated if the measured dX/dt is lower than (dX/dt)additive. The 

comparison between the measured and additive dX/dt profiles of Ca/Mg and Ca/K chars is 

shown in Figure 3.3(a2)-(b2) and Figure 3.4(a2)-(b2), respectively. The measured dX/dt’s for 

Ca-0.06/Mg-0.17-DA and Ca-0.16/Mg-0.04-DB chars are lower than the additive dX/dt’s for 

the same samples over the entire range of X. It represents that the Ca-catalyzed gasification 

was inhibited by the presence of Mg. In contrast, as shown in Figure 3.4(a2) and (b2), the 

cooperative effect between Ca and K is clearly indicated by the higher positions of the 

measured dX/dt’s of Ca/K chars compared to those of the additive dX/dt’s. Even though such 

effect depends on the amount and ratio of loaded metallic species. 

Figure 3.4(a2) and (b2) also present other distinctive features. The dX/dt’s for chars from 

Ca-α and K-α show a maximum at X ≈ 0.15 and 0.9, respectively, while those from Ca-α/K-β 

show maxima around X = 0.15 and 0.95. In general, increase in dX/dt can be attributed to that 

in the catalytic activity that interpreted by the present model as a transformation of catalyst 

precursor to be an active catalyst. These maxima seem to be contributed by two types of catalyst 

precursors from Ca and K species with different rates of transformation. To the authors’ 

knowledge, this simultaneous maxima from Ca and K during the gasification has not been 

reported previously. 
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The calculated red-colored lines for Ca/K and K chars in Figure 3.4 were drawn by 

modifying PRM. Two types of catalyst precursors, C1prec and C2prec, which exclusively 

convert to C1 and C2, respectively, were employed for describing two peaks in dX/dt’s of Ca/K 

chars, while those for K chars employed only C2 and C2prec (see Table 3.4). The modified 

PRM estimated well the required conversion time. On the other hand, it was limited to describe 

the dX/dt vs X profiles for the gasification of Ca/K and K chars, particularly at the late-stage of 

its conversion, when the rapid increases in dX/dt occurred. The difficulty in describing the 

dX/dt vs X profiles might be caused either by the change in the transformation rate of catalyst 

precursor or the catalytic activity of K during the gasification. Further clarification on the 

kinetics of K-catalyzed gasification of char is discussed in Chapter 4. 

 

3.3.4 Relationship between catalytic activity and composition of metallic species 

As mentioned in 3.3.3, the Ca interactions with Mg/K influenced the rate of Ca-catalyzed 

gasification. Further analysis was then conducted to understand the interaction mechanisms of 

those species. The optimized kinetic parameters in Table 3.4 that represent the activity of a 

single or composite catalyst(s) were plotted against the concentration of metallic species. 

k’CCC1prec represents the potential activity of the C1 catalyst precursor (C1prec). As 

described in 2.3.4, the kinetics of CO2 gasification of chars from the original A and B lignites 

and also those from its derivatives with different compositions of inherent metallic species have 

been analyzed using an identical kinetic model as presently employed. A concept illustrated in 

Figure 3.5(a), which was originally proposed in Figure 2.10(b), was used to explain the 

correlation between the abundance of C1prec, k’CCC1prec, and the total concentration of 

inherent metallic species, ΣCM (M = Na, K, Mg, Ca and Fe) that shown in Figure 3.5(b). This 

concept follows a sequence of dissolution-saturation-nucleation-growth of metallic species in 

the carbon matrix of char. To examine this concept, the relationship between k’CCC1prec and 

ΣCM (M = K, Mg, and Ca) for all chars from metal(s)-loaded lignites were also plotted in 

Figure 3.5(b). It is seen that k’CCC1prec plots for Ca and Ca/Mg chars are on the same line in 

Figure 3.5(b) or around it. This indicates that the concept in Figure 3.5(a) is applicable to 

explain the variation in k’CCC1prec as a function of CCa and CCa+CMg. However, those for the 

Mg chars are not able to be seen due to very small value of k’CCC1prec, while those for Ca/K 

chars are much higher than the others. The latter trend was not found in the previous study due 

to the low concentration of inherent K species in lignites. The examination of the potential 

catalytic activity of K species is conducted in Chapter 4. 
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Panels (a1)-(a2) and (b1)-(b2) of Figure 3.6 plot initial (ICA-1) and potential (ICA-2) 

catalytic activity for all the char samples against CCa and CCa+CM (M = Mg or K), respectively. 

ICA-1’s for chars from Ca-α-DA and Ca-α-DB are correlated linearly and well with CCa with 

a correlation factor (r2) of 0.997 [see Figure 3.6(a1)]. Figure 3.6(b1) and (b2) present the 

correlation of ICA-2 value, which is the result of a sum of ICA-1 and k’CCCn,prec (see eqs. 8 

and 9), with CCa that follows a plausible piecewise linear function. It is well known that the 

catalytic activity of Ca increases linearly with the Ca-loading level up to the loading saturation 

level (LSL) of about 2–4 wt%-char. [6,32,33] The present range of CCa is obviously far below 

such LSL. Thus, the linearity between ICA-1 and CCa relation is reasonable. Figure 3.7 shows 

the relationship between kCn,0 (n = 1–3) and CCa for the Ca and Ca/Mg chars. It is seen that 

kC1,0, kC2,0, and kC3,0 are correlated in linear manners with CCa. The linear relationship between 

the rate of catalytic activity and CCa was thus valid not only overall but also for the individual 

catalytic components. These relationships were then defined as a basis in determining the 

activities of Mg and K relative to Ca, by assuming that the all loaded metallic species behave 

in a similar way in both lignite matrices of DA and DB. The points of ICA-1 or ICA-2 vs CCa 

or CCa+CM for Mg, Ca/Mg, K and Ca/K chars were then compared with that for Ca chars. 

Figure 3.6(a1) and (b1) were displayed to show the changes in ICA-1 or ICA-2 due to the 

addition of Mg or K on Ca-loaded lignites. As shown in Figure 3.6(a1), ICA-1 increases with 

increasing CK, where the point of Ca-0.15/K-0.26-DA char, with the CK/CCa ratio 1.7, is higher 

than that of Ca-0.14/K-0.13-DB char (CK/CCa = 1.0). It demonstrates that not only Ca but also 

K contribute to ICA-1, even though the contribution of K (ICA-1/CK) is lower than that of Ca 

in an equal mol basis [see Figure 3.6(a2)]. On the other hand, the contribution of K to ICA-2 

is more or less in the same manner as that of Ca in Ca/K chars as seen in Figure 3.6(b2). This 

shows the potential and overall catalytic activity per mol of Ca or K in char is similar to each 

other. The difference between ICA-1 and ICA-2 is due to the amount of the catalyst precursors 

(C1prec and C2prec), which is accounted for more than 50% of the total catalytic component 

of Ca/K chars.  

In contrast with K, the point of Ca-0.06/Mg-0.17-DA char is slightly closer to the Ca-

line than that of Ca-0.16/Mg-0.04-DB char although its CMg/CCa ratio is higher (2.8 vs 0.3). It 

shows that ICA-1 slightly decreases with the presence of Mg, in other words, a minor portion 

of active Ca catalyst was deactivated by Mg prior to the gasification. However, the degree of 

deactivation did not depend on the abundance of Mg, but on the amount of Ca itself. It should 

be noted that the catalysis of Mg, which is represented by the rate of gasification and as a result 

the gasification time, was similar for Mg-0.16-DA and Mg-0.05-DB chars, regardless of CMg 
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(see Figure 3.3). It was believed that the catalysis of Mg is contributed only via oxidation of 

Mg. It is known that ΔG’s of carbonation of MgO and further reduction by C (see Appendix 

4) are greatly positive. In other words, the carbonate-oxide and oxide-metal cycles of Mg seem 

to be impossible at 900°C, from the thermodynamic point of view. This behavior is clearly 

different from Ca that followed those cycles (see Appendix 4) and showed the catalysis along 

the char conversion (see Figure 3.2). [6,28] It was thus believed that a major portion of Mg in 

char after the pyrolysis has been in an oxide state, MgO, which has no catalysis. Matsukata et 

al. [34] investigated the effect of Ca2+ dopant on the catalysis of MgO for 1-butane 

isomerization. They found that the doped Ca enhanced the activity of MgO while it was not 

transformed into CaCO3. It was also found that a type of Ca, which was in the form of CaO, is 

highly dispersed on the surface of MgO. [34] Their findings showed that the interaction 

between Ca/CaO and MgO inhibited the formation of CaCO3, which is vital for the carbonate-

oxide cycle of Ca as mentioned above. As shown in Figure 3.7, kC1,0 of char from Ca-0.16/Mg-

0.04-DB is lower than those of Ca-α samples in an equal CCa, in other words, kC1,0 decreases 

with the presence of Mg. During the pyrolysis, the physical interaction between Ca and Mg 

particles becomes more intensive due to shrinkage in the volume of lignite char. It is well 

known that Ca is greatly more active catalyst than Mg. In particular, C1, which consists of 

nano-sized ‘active’ particles that had catalysis, is the most active component among Cn 

catalysts. It was believed that a portion of active Ca/CaO in char matrix, mainly C1 catalyst, 

had interacted with MgO, losing its intrinsic catalytic activity. The kinetic analysis thus 

revealed that the Mg deactivated a portion of C1 before the gasification i.e., during the pyrolysis. 

In addition, ICA-2’s for Ca/Mg chars seem to be only contributed by Ca, which is indicated by 

ICA-2 plots for those chars that are on the same line in Figure 3.6(b1). 

 

3.3.5 Discussion on catalysis of inherent and extraneous metallic species in lignite char 

This section discussed the differences in activity and deactivation of catalyst species that 

inherently present or intentionally added into lignite. As mentioned in 2.3.5, the overall rate of 

catalytic activity and that of catalyst deactivation of CO2 gasification of chars from twenty 

lignites, derived from identical A and B, with different compositions of inherent catalyst 

species, have been described successfully by using PRM. Figure 3.8 plots ICA-2’s for all the 

lignite char samples with inherent and extraneous catalysts against the total concentration of 

Na, K, Ca, and Fe in the chars. Mg was not involved due to its insignificant catalytic activity 

as discussed previously. The major portion, ranging 66–98% in mol basis, of catalytic species 

in those twenty chars is Ca (see Appendix 3), which is similar to the present conditions (see 
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Table 3.2 and 3.3). ICA-2 for the chars from the lignites that contained inherent metallic 

species is clearly greater than those from the metal(s)-loaded lignites on an equal mol basis. It 

should be noted that the present metal(s)-loaded lignite samples have been nearly free from 

SiO2/Al2O3. This was much different from the twenty lignites used in Chapter 2 that contain 

0.1–3.5 wt%-daf-char of SiO2 and Al2O3. It demonstrates the outstanding catalytic activity of 

inherent metallic species in lignite that cannot be replicated by that of doped metallic species.  

Figure 3.9(a) plots the overall rate constant for catalyst deactivation (ICD-2) with ICA-

2 for the chars from the metal(s)-loaded lignites and the previous twenty lignites (Group A and 

B chars). ICD-2 increases with ICA-2, even though its relation not in linear manners. It 

demonstrates for each series of lignite chars that more active catalyst underwent more rapid 

deactivation. The deactivation rates of the chars from Ca and Ca/Mg-loaded lignites are higher 

than those from K and Ca/K-loaded lignites and those from the Group A and B lignites on an 

equal ICA-2 basis. This shows the advantage of employing K over Ca as catalyst is the much 

lower rate of deactivation. Figure 3.9(b) plots ICD-2 against modified ICA-2 (ICA-2·F). As 

mentioned in 2.3.6, Equations 13 and 14 were employed to estimate the mechanism of catalyst 

deactivation. It was found that a single and linear relationship between ICD-2 and (ICA-2·F) 

for chars from both groups can be obtained by assuming fNa = fK = fCa = 1.0, fMg = 3.5 and fFe 

= 4.9. This suggested a faster deactivation of Ca catalyst by their interactions with Mg and Fe.  

ICD-2 = ICA-2·F (13) 

𝐹𝐹 = 𝑓𝑓Na𝐶𝐶Na+𝑓𝑓K𝐶𝐶K+𝑓𝑓Ca𝐶𝐶Ca+𝑓𝑓Fe𝐶𝐶Fe+ 𝑓𝑓Mg𝐶𝐶Mg

𝐶𝐶Na+𝐶𝐶K+𝐶𝐶Ca+𝐶𝐶Fe+ 𝐶𝐶Mg
 (14) 

These functions were then applied for the data in Table 3.2–3.4. By trial and error, it was 

found that fK = 1.1, fCa = 3.2 and fMg = 3.5 were necessary so that the resulted plots fit with the 

linear line that that represents (ICD-2) = 0.258F (ICA-2) in Figure 3.9(b). The coefficient fCa 

increased triple, while fMg unchanged in the present study. The result suggests a faster 

deactivation of doped Ca catalyst compare to that of the inherent Ca catalyst. Moreover, char 

from Ca-0.33-DB underwent very fast deactivation, even though the reason was not fully 

understood for now. It also suggests that Mg played a consistent role in promoting the 

deactivation of Ca catalyst, probably C1, which is the most active Ca species, during the 

gasification. On the other hand, the gasification of chars from K-loaded lignites experienced 

very little deactivation. It is believed that the volatilization of a portion of K species from char 

is responsible for the deactivation since the content of SiO2 in chars has been minimized. The 

examination of potassium volatilization was left for Chapter 4. Overall, within the range of 

the present experimental conditions, Equations 13 and 14 are applicable to the quantitative 
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description of ICD-2 as a function of ICA-2 and composition of metallic species in char, 

regardless of its origin. The activity of catalysts during the gasification depends mainly on its 

nature, its concentration in char, and its dispersion in the carbon matrix of char. [35,36] It was 

believed that the nature of the inherent metallic species in carbon matrix of lignite/char 

somewhat differences with that of loaded metallic species via an ion-exchange process. 

Solano et al. [35] investigated the CO2 chemisorption of CaO particles in bulk CaO and 

CaO-carbon system by using TG-DTA, MS, and XRD techniques to determine dispersion, 

average particle size, and specific CaO surface area. They also measured the rate of CO2 

gasification of carbon char, prepared by the pyrolysis of Ca-loaded phenol-formaldehyde resin. 

They found that CaO particles on the carbon matrix are smaller than those in the CaO sample. 

It was also found that the available surface area of the Ca catalyst, which decreased with the 

progress of CO2 gasification, is an important factor controlling its catalytic activity. Their 

results suggested that the chemical bonding between Ca and carbon matrix in char plays 

important roles to stabilize Ca particles and to inhibit growth of the nanosized CaO particles. 

[37] It was likely that Ca species in chars from the twenty lignites have stronger bonding with 

carboxylic groups and thus have a lower deactivation rate than that from the Ca-loaded lignites. 

The examination of the properties of formed bonding in lignite will be left for a future study. 

3.4 Conclusion 

This study investigated the effects of Ca interactions with Mg or K species on the kinetics 

of CO2 gasification of lignite char. The following conclusions have been drawn from the 

kinetic analysis. (1) The parallel reaction model that employed multi-catalytic species 

described the time-dependent changes in the char conversion up to 0.999 for the gasification 

of chars from Ca, Mg, K, Ca/Mg, and Ca/K-loaded lignites. (2) The initial catalyst activity, i.e., 

the rate of catalytic gasification, was correlated well and linearly with the Ca concentration in 

char (0.035–0.332 mol-Ca/kg-daf-char). (3) The Mg/MgO deactivated a portion of the most 

active component of Ca catalyst, prior to and during the gasification of Ca/Mg chars. (4) The 

overall catalytic activity per mol of K was similar to that of Ca, but its deactivation rate was 

much lower. (5) The inherent catalyst species in lignite performed better in terms of activity 

and deactivation kinetics than doped catalyst species during CO2 gasification of lignite char. 
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Table 3.1. Ultimate and proximate analysis, and metallic species contents of original and 

demineralized lignites. 

 
 

 

 

 

 

Table 3.2. Ca concentration and yield of char from original, demineralized, and Ca-loaded 

lignites. 

 
 

 

 

 

 

 

 

Lignite C H N Oa ash VMb FCc Na K Mg Ca Fe
A 70.3 5.0 0.8 24.0 2.6 52.1 45.3 0.003 0.012 0.351 0.353 0.115
DA 68.9 5.0 0.8 25.3 < 0.1 53.1 46.9 0.000 0.000 0.001 0.006 0.002
B 67.5 4.5 1.1 26.9 5.0 48.7 46.3 0.005 0.012 0.241 0.766 0.005
DB 64.6 4.6 1.0 29.8 < 0.1 53.1 46.9 0.000 0.001 0.001 0.007 0.000

a by difference. b volatile matter. c fixed carbon.

Ultimate analysis (wt%, daf) Proximate analysis (wt%, db) Metallic species (wt%, db)

Char yield
in suspension, g-Ca/100-g-lignite in char, mol-Ca/kg-daf-char  wt% daf lignite

DA - 0.003 42.3
Ca-0.04-DA 0.05 0.036 43.6
Ca-0.06-DA 0.10 0.060 43.6
Ca-0.15-DA 0.25 0.150 43.2
Ca-0.32-DA 0.50 0.318 43.5
A - 0.166 44.3

DB - 0.003 42.9
Ca-0.04-DB 0.05 0.038 43.3
Ca-0.06-DB 0.10 0.056 43.7
Ca-0.14-DB 0.25 0.141 43.9
Ca-0.33-DB 0.50 0.332 43.6
B - 0.359 45.7

Ca concentrationOriginal 
Sample
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Table 3.3. Ca, Mg and/or K concentrations and yield of char from M-loaded lignites. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Char yield,
Ca, mol/kg daf-char M  (Mg or K), mol/kg daf-char  wt% daf lignite

Mg-0.16-DA - 0.156 42.7
Ca-0.06/Mg-0.17-DA 0.060 0.167 43.8
Mg-0.05-DB - 0.052 43.5
Ca-0.16/Mg-0.04-DB 0.160 0.043 43.4

K-0.28-DA - 0.282 46.1
Ca-0.15/K-0.26-DA 0.151 0.257 45.9
K-0.18-DB - 0.182 45.5
Ca-0.14/K-0.13-DB 0.136 0.133 45.7

Sample
Metallic concentration in char
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Table 3.4. Optimized kinetic parameters. 

 

Sample ID Ca-0.04-DA Ca-0.06-DA Ca-0.15-DA Ca-0.32-DA
k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 4.7 x 10-3 1.2 x 10-2 8.2 x 10-2 1.8 x 10-1

ICA-2, min-1 1.9 x 10-2 3.0 x 10-2 1.2 x 10-1 2.0 x 10-1

ICD-1, min-1 1.8 x 10-3 5.1 x 10-3 6.1 x 10-2 1.4 x 10-1

ICD-2, min-1 1.1 x 10-2 2.0 x 10-2 9.6 x 10-2 1.7 x 10-1

C C1prec , - 7.5 x 10-1 6.0 x 10-1 2.9 x 10-1 1.1 x 10-1

C C1,0 , - 1.4 x 10-1 1.8 x 10-1 4.7 x 10-1 6.1 x 10-1

C C2,0 , - 7.5 x 10-2 1.3 x 10-1 1.8 x 10-1 2.5 x 10-1

C C3,0 , - 3.7 x 10-2 7.0 x 10-2 5.0 x 10-2 2.2 x 10-2

C C4,0 , - 2.0 x 10-2 9.0 x 10-3 6.2 x 10-3

k C1prec  , min-1 7.6 x 10-2 1.5 x 10-1 1.3 3.0
k C1,0  , min-1 2.6 x 10-3 5.3 x 10-3 5.5 x 10-2 1.2 x 10-1

k C2,0  , min-1 1.4 x 10-3 3.8 x 10-3 2.1 x 10-2 5.1 x 10-2

k C3,0  , min-1 6.9 x 10-4 2.1 x 10-3 5.8 x 10-3 4.6 x 10-3

k C4,0  , min-1 5.9 x 10-4 1.0 x 10-3 1.3 x 10-3

k loss-1  , min-1 1.2 x 10-2 2.5 x 10-2 1.2 x 10-1 2.2 x 10-1

k loss-2  , min-1 1.4 x 10-3 3.1 x 10-3 2.4 x 10-2 3.1 x 10-2

k loss-3  , min-1 1.0 x 10-4 1.3 x 10-3 5.3 x 10-3 3.6 x 10-3

k loss-4  , min-1 1.5 x 10-5 1.1 x 10-4 9.1 x 10-5

Sample ID Ca-0.04-DB Ca-0.06-DB Ca-0.14-DB Ca-0.33-DB
k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 4.0 x 10-3 1.2 x 10-2 7.1 x 10-2 2.0 x 10-1

ICA-2, min-1 1.8 x 10-2 2.9 x 10-2 1.2 x 10-1 2.1 x 10-1

ICD-1, min-1 1.2 x 10-3 5.1 x 10-3 4.4 x 10-2 2.8 x 10-2

ICD-2, min-1 1.0 x 10-2 1.8 x 10-2 8.4 x 10-2 3.0 x 10-1

C C1prec , - 7.8 x 10-1 6.0 x 10-1 4.1 x 10-1 5.0 x 10-2

C C1,0 , - 9.8 x 10-2 2.1 x 10-1 4.1 x 10-1 5.3 x 10-1

C C2,0 , - 9.0 x 10-2 1.6 x 10-1 1.3 x 10-1 3.4 x 10-1

C C3,0 , - 3.2 x 10-2 2.5 x 10-2 3.1 x 10-2 7.0 x 10-2

C C4,0 , - 1.3 x 10-2 1.0 x 10-2

k C1prec  , min-1 5.8 x 10-2 1.6 x 10-1 7.6 x 10-1 5
k C1,0  , min-1 1.8 x 10-3 6.2 x 10-3 5.0 x 10-2 1.2 x 10-1

k C2,0  , min-1 1.6 x 10-3 4.7 x 10-3 1.6 x 10-2 6.1 x 10-2

k C3,0  , min-1 5.8 x 10-4 7.1 x 10-4 3.7 x 10-3 1.5 x 10-2

k C4,0  , min-1 1.5 x 10-3 2.1 x 10-3

k loss-1  , min-1 1.1 x 10-2 2.2 x 10-2 9.8 x 10-2 4.9 x 10-1

k loss-2  , min-1 1.1 x 10-3 1.9 x 10-3 2.1 x 10-2 4.6 x 10-2

k loss-3  , min-1 1.0 x 10-6 1.5 x 10-5 5.5 x 10-3 1.3 x 10-2

k loss-4  , min-1 3.5 x 10-4 5.3 x 10-4
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Table 3.4. Optimized kinetic parameters. (cont.) 

 

Sample ID Mg-0.16-DA Mg-0.05-DB

k ncg, min-1 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3 3.5 x 10-3

ICA-1, min-1 7.1 x 10-3 1.7 x 10-2 3.4 x 10-3 7.4 x 10-2

ICA-2, min-1 7.1 x 10-3 3.2 x 10-2 3.7 x 10-3 1.2 x 10-1

ICD-1, min-1 7.5 x 10-3 1.2 x 10-2 1.6 x 10-3 5.1 x 10-2

ICD-2, min-1 7.5 x 10-3 2.7 x 10-2 1.9 x 10-3 9.6 x 10-2

C C1prec , - 4.6 x 10-1 1.0 x 10-1 4.0 x 10-1

C C1,0 , - 7.3 x 10-1 3.5 x 10-1 6.6 x 10-1 4.2 x 10-1

C C2,0 , - 2.2 x 10-1 1.6 x 10-1 1.5 x 10-1 1.7 x 10-1

C C3,0 , - 5.1 x 10-2 2.9 x 10-2 8.8 x 10-2 1.4 x 10-2

C C4,0 , - 4.0 x 10-3

k C1prec  , min-1 2.1 x 10-1 1.0 x 10-1 8.4 x 10-1

k C1,0  , min-1 5.2 x 10-3 1.1 x 10-2 2.5 x 10-3 5.1 x 10-2

k C2,0  , min-1 1.5 x 10-3 5.0 x 10-3 5.7 x 10-4 2.0 x 10-2

k C3,0  , min-1 3.6 x 10-4 9.2 x 10-4 3.3 x 10-4 1.7 x 10-3

k C4,0  , min-1 4.9 x 10-4

k loss-1  , min-1 1.0 x 10-2 3.2 x 10-2 2.5 x 10-3 1.1 x 10-1

k loss-2  , min-1 8.2 x 10-4 3.1 x 10-3 2.0 x 10-4 1.8 x 10-2

k loss-3  , min-1 6.0 x 10-6 1.5 x 10-4 2.0 x 10-5 1.4 x 10-3

k loss-4  , min-1 5.0 x 10-6

Sample ID K-0.28-DA K-0.18-DB

k ncg, min-1 3.5 x 10-3 3.5 x 10-2 3.5 x 10-3 3.5 x 10-2

ICA-1, min-1 9.0 x 10-3 1.1 x 10-1 6.9 x 10-3 7.5 x 10-2

ICA-2, min-1 1.8 x 10-1 2.5 x 10-1 9.0 x 10-2 1.9 x 10-1

ICD-1, min-1 5.0 x 10-7 4.2 x 10-2 7.7 x 10-7 4.9 x 10-1

ICD-2, min-1 1.0 x 10-5 1.2 x 10-1 1.0 x 10-5 1.0 x 10-1

C C1prec , - 3.2 x 10-1 4.2 x 10-1

C C2prec , - 9.5 x 10-1 2.6 x 10-1 9.2 x 10-1 1.9 x 10-1

C C1,0 , - 1.7 x 10-1 3.9 x 10-1

C C2,0 , - 5.0 x 10-2 2.5 x 10-1 7.7 x 10-2 1.0 x 10-3

k C1prec  , min-1 2 1.4
k C2prec  , min-1 1.9 x 10-2 3.6 x 10-1 1.1 x 10-2 4.6 x 10-2

k C1,0  , min-1 4.3 x 10-2 7.5 x 10-2

k C2,0  , min-1 9.0 x 10-3 6.3 x 10-2 6.9 x 10-3 1 x 10-5

k loss-1  , min-1 2.5 x 10-1 1.3 x 10-1

k loss-2  , min-1 1.0 x 10-5 1.0 x 10-5 1.0 x 10-5 1.0 x 10-6

Ca-0.14/K-
0.13-DB

Ca-0.16/      
Mg-0.04-DB

Ca-0.15/K-
0.26-DA

Ca-0.06/      
Mg-0.17-DA
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Figure 3.1. Characteristics of gasification of chars from the demineralized lignites with and 

without SiO2-mixed. Effects of SiO2 addition on change in [(a1) and (b1)] (1–X) with time, 

and [(a2) and (b2)] the rate of gasification, dX/dt, as a function of X for DA-DAS, and DB-

DBS chars respectively. The red-colored straight lines in the graphs are drawn for indicating 

(1–X) or dX/dt of first-order kinetics with knc = 0.0035 min-1. 
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Figure 3.2. Effect of Ca concentration in char, CCa, on [(a1) and (b1)] 1–X vs t profiles, and 

[(a2) and (b2)] dX/dt vs X profiles for the gasification of chars from Ca-loaded DA and DB, 

respectively. Black lines, measured; red lines, calculated. 
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Figure 3.3. Measured and calculated [(a1) and (b1)] 1–X vs t profiles and [(a2) and (b2)] dX/dt 

vs X profiles for the gasification of chars from Ca, Mg, and Ca/Mg-loaded lignites. Blue-

colored lines are drawn by assuming no interaction between Ca and Mg during the gasification. 
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Figure 3.4. Measured and calculated [(a1) and (b1)] 1–X vs t profiles and [(a2) and (b2)] dX/dt 

vs X profiles for the gasification of chars from Ca, K, and Ca/K-loaded lignites. Blue-colored 

lines are drawn by assuming no interaction between Ca and K during the gasification. 
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Figure 3.5. (a) Schematic expression of the relationship between the catalyst precursor 

concentration and the total concentration of metallic species that adopted from Figure 2.10(a). 

(b) Plot of k’CCC1prec against the total concentration of inherent/extraneous metallic species 

(Na, K, Mg, Ca, and Fe) at t = 0. 
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Figure 3.6. Relationship between initial (ICA-1) and potential (ICA-2) catalyst activity and 

the concentration of metallic species. The catalytic activities in [(a1) and (b1)] were plotted 

against CCa, while those in [(a2) and (b2)] were plotted against CCa + CM (M = Mg or K). The 

orange and green-colored texts in the figures are displayed for showing the ratio of CMg/CCa or 

CK/CCa in the Ca/Mg or Ca/K chars, respectively. 
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Figure 3.7. Relationship between kCn,0 (n = 1–3), and CCa for the chars from Ca (solid symbols) 

and Ca/Mg (open symbols) chars by assuming the catalysis is only contributed by Ca species. 

 

 

 

 

 

 

Figure 3.8. Plot of ICA-2 against the total concentration of inherent/extraneous metallic 

species (Na, K, Ca, and Fe) in the char at t = 0. 

 

 

 

 



72 

 

Figure 3.9. ICD-2 correlation with (a) ICA-2 or (b) ICA-2.F for gasification of chars from 

twenty lignites that contain inherent metallic species (Group A and B chars) and metal(s) 

loaded lignites. Parameters fM’s for the metal(s) loaded lignite chars in (b) were set as follows: 

fK = 1.1, fCa = 3.2, fMg = 3.5 to fit with the linear solid line drawn in the figure that represents 

the function, (ICD-2) = 0.258F (ICA-2), from Fig. 2.17. The optimized parameters fM’s for 

inherent catalysts are as follows: fNa = fK = fCa = 1.0, fMg = 3.5, fFe = 4.9). 
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Chapter 4 

Change in Catalytic Activity of Potassium during CO2 Gasification of Char 
 

 

4.1 Introduction 

Gasification is an attractive approach to convert lower-grade carbonaceous solid fuel 

such as lignite and biomass into syngas for power generation and chemicals production. [1.2] 

Combined application of CO2 as a gasifying agent and extraneous alkali and alkaline earth 

metallic (AAEM) species as catalysts is an excellent option of energy-efficient gasification 

because these are respectively advantageous over steam in terms of latent heat to produce vapor 

and inherent AAEM species regarding its limited amount. 

According to previous studies on catalytic CO2 gasification of char, potassium (K) is the 

most active among AAEM species. [3–6] It is also known that K is mobile at temperatures over 

700°C, and even can move among gasifying char particles while staying in the gasifier. [7–9] 

The K catalyst thus potentially works as an active and durable catalyst for the char gasification, 

unless deactivated by reactions with silica and alumina. [10–14]  

There have so far been studies on the kinetics of the K-catalyzed char gasification, of 

which quantitative understanding has not been reached yet for reactor/process design and 

optimization. [8,15–20] A quantitative description of the rate of gasification, as a function of 

char conversion and K catalyst concentration as well as operating variables, is especially 

important.[8,18–20] Recent reports suggest that the gasification kinetics varies not only with 

the catalyst concentration but also the physicochemical structure of char. [21,22] Another 

previous report suggested an effect of change in the carbonaceous structure of char, along with 

low-temperature O2 gasification, on the activity of another alkali metal catalyst, Na. [23] It is 

thus necessary to comprehensively understand complex interactions of the above-mentioned 

factors and clarify catalytic roles of the K in the CO2 gasification. 

It was also reported that chemical interactions of K species with other inorganic species 

in char such as CaO, Al2O3, SiO2, and their composite oxides influence the rate of catalytic 

gasification. [6,13,24,25] In order to investigate the catalytic activity of K, it is effective to 

prepare K-loaded solid fuel, of which inherent inorganic species (including AAEM species) 

have been removed, and use it as a char precursor. It was reported that fine pulverization of 
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solid fuel is effective or even necessary for complete or near-complete demineralization and 

subsequent homogenous K loading by an ion-exchange method. [26–27]  

Previous studies investigated the loss of AAEM species during pyrolysis and/or 

gasification of lignite and biomass, [28–30] and it was found that more or less fraction of 

AAEM species was released from pyrolyzing or gasifying char. Existing studies, except a few, 

[31,32] however, calculated the catalyst concentration just in feedstock before pyrolysis, in 

other words, without considering its release (or confirming no release) from the pyrolyzing or 

gasifying char. The amount of K retained by char should be monitored and then taken as a 

factor responsible for the kinetics of char conversion. In addition, it is, without saying, essential 

to measure the kinetics of char gasification by eliminating mass/heat transfer effects on the 

kinetics, particularly in case of fast gasification of char. [14] 

The purpose of this study was to clarify the catalytic activity of K (k’cat) per mass (m’cat) 

or concentration in gasifying char (Ccat), and then examine physical and chemical properties of 

char that potentially influence the catalytic activity. The demineralized and K-loaded lignites 

with different K concentrations were pyrolyzed and in-situ gasified with CO2 in a chemical 

reaction-controlled regime. Kinetic analysis, which also considered the rate of non-catalytic 

gasification and that of K volatilization, was carried out over the entire range of conversion 

together with analyses of intrinsic properties of gasifying char. This paper proposes a new 

approach to examine the catalytic activity of K that enables to reveal the dynamic change in 

k’cat during the gasification, and then discusses factors influencing it. 

4.2 Experimental 

4.2.1 Sample preparation and analysis 

A type of Indonesian lignite, Berau, was used as the starting material. Its properties are 

listed in Table 4.1. The lignite was dried at room temperature, pulverized by a crusher and 

sieved to sizes smaller than 106 μm, and then dried at 60°C under vacuum for 24 h. The lignite 

was further pulverized in a pot mill for 10 h. The particle sizes were reduced to < 10 μm (see 

Appendix 1). The lignite thus pulverized was demineralized by sequential washing with 

aqueous solutions of hydrogen chloride and hydrogen fluoride. The detailed procedure is 

presented in Appendix 6. The starting lignite and demineralized one are hereafter referred to 

as B and DB, respectively. DB is identical to B5 in Chapter 2. As shown in Table 4.1, the total 

content of AAEM species in B and DB were 1.02 and 0.01 wt% on the respective dry bases. 
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The sequential acid washing thus removed more than 99% (w/w) of the inherent AAEM species 

from B. 

K was loaded to DB by an ion-exchange method with aqueous solutions of K2CO3 with 

different concentrations. DB was suspended in the solution at room temperature for 24 h. The 

volume of the solution was fixed at 50 mL/g-B0. The solid was separated from the solution by 

filtration, rinsed with deionized water with a volume of 1000 mL/g-DB, and then dried in vacuo 

at 60°C for 24 h. The volume of the solution, K2CO3 concentration, and mass of DB were set 

so that the K concentration in suspension was 0.1, 0.25, 0.5, 0.75, or 1.0 g-K/100 g-dry-DB 

(see Table 4.2). It was found that around 80% of K in the suspension was finally loaded to DB, 

regardless of the K concentration as mentioned above. The K-loaded DB with K concentration 

of a mol-K/kg-daf-DB will be denoted by K-a (see Table 4.2). Every K-loaded lignite was 

washed with deionized water or with 1 mol/L ammonium acetate (NH4OAc) aq. at 65°C for 

24 h for investigating the leachability of ion-exchanged K. The solid/liquid ratio was fixed at 

10 g/L. 

The contents of AAEM species (i.e., Na, K, Mg, and Ca) in the individual lignite and 

char samples were determined according to previous reports. [14,31,33] In brief, a prescribed 

mass of B (40 mg), DB (400 mg), K-loaded DB (10–30 mg) or the char from K-loaded DB 

(10–30 mg) was heated in air in a muffle furnace with a heating rate, holding temperature and 

holding time of 1 °C/min, 620°C and 60 min, respectively. The resultant ash was dissolved in 

an aqueous solution of HNO3/HF. The solid residue after evaporative removal of the water and 

volatile matter (i.e., CaF2, SiF4, and AlF3) was dissolved into 4 mM CH3SO3H aq. Na, K, Mg, 

and Ca in the solution were quantified by ion chromatography. It was preliminary confirmed 

that no volatilization of K occurred during the ashing, as reported in Appendix 9. The K 

concentration in every solid was successfully determined with the experimental error of within 

± 2% on average. 

 

4.2.2 Pyrolysis and CO2 gasification 

A portion (ca. 2 mg) of DB or K-loaded DB was subjected to the pyrolysis and 

subsequent gasification in a thermogravimetric analyzer (TGA, Hitachi Hi-Tech Science, 

model SII TGA/DTA 7200). Details of the procedure were reported elsewhere. [14,34] The 

lignite sample was heated in a flow of atmospheric N2 (purity > 99.999 vol.%, flow rate; 700 

mL/min) from room temperature to a prescribed temperature, T, of 800, 850 or 900°C at a rate 

of 30 °C/min, and then T was held for 60 min for stabilization of the sample mass. The CO2 

gasification was started by switching the flow of N2 to that of N2/CO2 mixed gases (50:50 in 
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volume) without changing the total flow rate. As we reported previously, it took 20–30 s for 

complete replacement of the N2 by N2/CO2 in the furnace tube. [34] During the atmosphere 

transition, TGA recorded apparent increase in the char mass due to change in the gas density, 

and then decrease due to gasification. The time for the commencement of gasification, i.e., t = 

0, was defined as that at which the apparent mass of char started to decrease. 

The initial mass of lignite had to be sufficiently small in order to eliminate the effects of 

heat and mass transfer. The initial lignite mass also had to be adequate for the sensitivity of the 

TGA (0.2 μg). A lignite mass of ca. 2 mg (corresponding to initial char mass of 1 mg or even 

smaller) was chosen based on the preliminary validation (see Appendix 10). Reproducibility 

of mass release profile was confirmed previously, [14,34] but reconfirmed in this work, as 

reported in Appendix 11. 

The char conversion by the gasification, X, was defined by the following equation. 

𝑋𝑋 = 1 − � 𝑚𝑚char
𝑚𝑚char,0

� (1) 

where mchar,0 and mchar are the daf-based mass of char at the beginning of gasification and that 

at a given time, t, respectively. The daf-based mass of char was not measured directly by TGA, 

but calculated by considering the mass of potassium species in char as a function of X. 

In addition to the above, chars from K-0.16 lignite with daf-mass-based char conversions 

of 0%, 60%, and 80% were prepared in a horizontal quartz tube reactor at 900°C and then 

washed with 3 M HCl aq. at 65°C for 24 h to remove the K species left in the char. The acid-

washed chars are hereinafter referred to as K-0.16-0-A, K-0.16-0.6-A, and K-0.16-0.8-A, 

respectively. A portion of K-0.16-0.8-A char was mixed with SiO2 nanoparticles by 10 wt%. 

[35] This mixture is herewith termed as K-0.16-0.8-A-Si. All of the above-mentioned samples 

were gasified at 900°C in the same manner as mentioned above. 

 

4.2.3 Measurement of char surface area 

Partially gasified K-0.02 and K-0.16 chars with different conversions were washed with 

water for removal of K species, dried, and then subjected to specific surface area measurements 

with an analyzer, a Quantachrome model (NOVA 3200e). [36] Prior to the measurement of N2 

or CO2 adsorption isotherm at –196°C or 0°C, respectively, the sample was degassed under 

vacuum at 200°C for 2 h. A quenched solid density functional theory (QSDFT) method was 

applied to the analysis of the N2 adsorption isotherm with relative pressure (p/p0) lower than 

0.05 to determine the pore volume, VN2, and size distribution, dV/dr, of pores with width of 1–

50 nm. [35] Another set of pore volume, VCO2, from the CO2 adsorption isotherm was 
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determined based on a non-localized density functional theory (NLDFT) for the pores with 

width of 0.3–1.5 nm. [37] 

 

4.2.4 Equations for analysis of gasification kinetics and catalytic activity 

The kinetics of gasification of char is generally described by the following equation: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
nc

 +  �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
cat

=  𝑘𝑘nc(1 − 𝑋𝑋) + 𝑘𝑘cat (2) 

The overall rate of gasification is the sum of those by the non-catalytic gasification, 

(dX/dt)nc, and catalytic gasification, (dX/dt)cat, as far as these two different types of reactions 

occur in parallel. knc and kcat are the rate constants corresponding to (dX/dt)nc and (dX/dt)cat, 

respectively. It is reasonably assumed that the non-catalytic gasification and catalytic 

gasification follow first-order and zero-th-order kinetics with respect to the unconverted 

fraction of char (1–X), respectively. [31,32,38–40] The zero-th-order kinetics is based on the 

assumption that the catalytic species in form of molecule, cluster or nano-sized particles are 

dispersed in the char as the solid matrix. [32-33] Regardless of the size of catalyst, the catalytic 

gasification takes place exclusively in the vicinity of catalyst. kcat is steady if the overall 

catalytic activity is maintained, but variable if either of the loss of catalysis (due to 

volatilization of metallic species [29] or its intra-particle deactivation [39]) or transformation 

of catalyst precursor [14,34].  

Here, the expression of (dX/dt)cat is considered assuming that kcat is variable with the 

char conversion, X. The rate of catalytic char gasification can be expressed on the char mass 

basis by 

− �
𝑑𝑑�

𝑚𝑚char
𝑚𝑚char,0

�

𝑑𝑑𝑑𝑑
 �
cat

 =   𝑘𝑘cat  =  𝑘𝑘′cat
𝑚𝑚cat

𝑚𝑚char,0
 =   𝑘𝑘′cat𝑚𝑚′cat (3) 

where k’cat and m’cat is the rate constant per amount of catalytic species, and the amount of 

catalytic species per initial mass of char on the daf basis, respectively. Both k’cat and mcat are 

variable. mchar/mchar,0 is identical with 1–X, and Equation 3 is also given by 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
cat

=   𝑘𝑘′cat𝑚𝑚′cat (4) 

eq. 4 is modified further to 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
cat

=   𝑘𝑘′cat𝑚𝑚′cat,0 (1− 𝛽𝛽) (5) 

m’cat,0 and α are m’cat at t = 0 and degree of volatilization loss of catalytic species at a 

given t, respectively. β is defined to be zero at t = 0. m’cat,0 is directly given from the 
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concentration of catalyst in the initial char in the unit of mol/kg-daf-char, as shown in Table 

4.2. 

Dividing the left and right side terms by 1–X, Equation 5 is transformed to 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
cat

(1 − 𝑋𝑋)�  =  𝑘𝑘′cat(1− 𝛽𝛽)𝑚𝑚′cat,0 (1 − 𝑋𝑋)⁄  =  𝑘𝑘′cat𝐶𝐶cat (6) 

The left side of this equation is so-called specific rate of gasification. The (1–β)m’cat,0/(1–

X) at the middle is the concentration of catalytic species in the gasifying char, which is here 

denoted by Ccat. It increases during the gasification simply with the inverse of (1–X) if no 

volatilization of catalytic species occurs. Previous studies employed Ccat and investigated its 

relationship with the specific rate of gasification. [19,23] 

It is normally difficult to classify a specific metallic species by its catalytic activity. It is, 

therefore, reasonable to re-define the variables, m’cat, m’cat,0, and Ccat, based on the total amount 

of the metallic species in the gasifying char (K species in the present study), while the loss of 

the species by its volatilization can be quantified with the determination of β as a function of t 

or X. It is also effective to define the rate constant, k’cat, as the overall catalytic activity of the 

metallic species because it is given by the rate or specific rate of catalytic gasification per 

amount (Equation 3) or concentration (Equation 6) of the metallic species in the gasifying char, 

respectively. 

4.3 Results and Discussion 

4.3.1 Yield and K content of char 

Figure 4.1 shows the char yields from the pyrolysis of DB and K-loaded DB at T = 800, 

850, and 900°C as a function of K loading on the daf basis. At each temperature, the yield 

increases with increasing K loading, approaching 47–48 wt%-daf. The difference in the char 

yield between 800 and 900°C is 1 wt%-daf or smaller, regardless of the K-loading. The major 

part of devolatilization was thus completed upon heating the DB and K-loaded DB to 800–

900°C. The increase in the char yield by the presence and abundance of K is in broad agreement 

with those reported previously. [9,41] It is known that organically-bound AAEM cations 

enhance cross-linking between macromolecules and thereby charring. [42,43] On the other 

hand, the porous structure of the resulting char was hardly affected by the K loading (i.e., 

m’cat,0) over the range from 0.02 to 0.16 mol-K/kg-daf-char (see Appendix 12). It was hence 

believed that the intrinsic (i.e., non-catalytic) reactivity was not influenced by m’cat,0 

significantly as shown later. 
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The chemical form of AAEM species is one of its important properties relevant to the 

catalytic gasification. [14] The composition of K in the K-loaded DB is shown in Figure 4.2 

based on the leachability. The major portion, as much as 96–99%, of K was removed by ion 

exchanging with NH4
+. It is also seen that a substantial fraction of K is water-soluble. This 

does not necessarily mean that such a fraction of K was in form of water-soluble salt, in other 

words, K2CO3. It is well known that a more or less portion of –COOK can be converted into –

COOH by washing the solid even with water, but not completely unless its pH is as low as 1. 

[44] It is also known that the leachability of K+ bonded to –COO– is determined by factors such 

as total –COO concentration in the solid, relative abundances of –COOK and –COOH and also 

distribution of pKa of carboxylic groups. [44] Moreover, the washing with water of the K-

loaded B0 was performed not at room temperature, but at 65°C, where pKw = 12.9 (14.0 at 

25°C). It is believed that such temperature for the washing with water, as well as sufficiently 

long time, 24 h, allowed K+–H+ exchanging and removal of K+. 

 

4.3.2 Gasification of chars from B0 and K-loaded lignites 

Figure 4.3(a) and (b) show the time-dependent changes in 1–X and the rate of 

gasification, dX/dt, as a function of X, respectively, for the chars from DB and K-loaded DB 

lignites at T = 800–900°C. As expected, the gasification became faster as the K loading (i.e., 

m’cat,0) increased. At T = 900°C, the chars from K-loaded B0 were gasified completely within 

22–145 min, while 430 min was necessary for complete gasification of the DB char, in other 

words, in the absence of K. The kinetic analysis of the gasification of K-0.22 char was not 

performed due to the heat or mass transfer limitation, as discussed in Appendix 10. 

As shown in Figure 4.3(b), for all the K-loaded B0 chars, dX/dt changes through a 

maximum at X in a range of 0.82–0.96. The increase in dX/dt becomes more significant as 

m’cat,0 increases. In general, increase in dX/dt can be attributed to that in the intrinsic reactivity 

of char and/or catalytic activity of K that is represented by k’cat, while its decrease can be arisen 

from the intraparticle deactivation of K, volatilization loss of K, and/or loss of the intrinsic 

reactivity. In the following sections, the dX/dt profiles are analyzed and discussed toward 

extracting of catalytic factors responsible for the profiles. 

 

4.3.3 Volatilization of K during gasification 

Figures 4.4(a) and (b) plot the K retention, 1–β, against X. The K retention is defined as 

the fraction of K species staying in the gasifying char, and it is given by normalizing the amount 

of K retained in the partially gasified char by that in the char at X = 0. These figures show some 
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important trends. Firstly, no volatilization loss of K occurs at X < 0.5–0.6. Secondly, greater 

m’cat,0 results in more extensive volatilization at X > 0.5–0.6. Thirdly, higher temperature 

causes more significant release of K. It is believed from these three trends that at least a portion 

of K species in the gasifying char was in the form of metallic (reduced) K. This is supported 

by thermodynamics (see Appendix 13). The metal-oxide cycle consists of 

2K + CO2 = K2O + CO;                             ΔGr = –9.1 kJ/mol-K, Kp = 2.5 

K2O + C = 2K + CO;                                 ΔGr = –7.8 kJ/mol-K, Kp = 2.2 

Both of these two reactions have negative Gibb’s free energies at 900°C. It was believed 

that K species was released from the gasifying char as metallic K. Volatilization of either K2O, 

K2CO3 or K2O2 is unlikely to occur at 800–900°C if the extremely low vapor pressure of K2O2 

is considered. [45,46] It is also known that potassium oxides, which are often represented by 

KxOy (x ≥ 1, y ≥ 1), are important catalysts that are involved in the following cycles. [48] 

KxOy + CO2 → KxOy+1 + CO (7) 

KxOy+1 + Cn → KxOy + CO + Cn-1                      (n ≥ 1) (8) 

The individual changes in the K retention, 1–β, were approximated by continuous 

functions of X using a univariate normal distribution. The results are shown in Figures 4.4(a) 

and (b). The approximation of the continuous function of 1–β vs X was necessary to determine 

the changes in m’cat and then k’cat as a continuous function of X. Details will be mentioned later. 

 

4.3.4 Determination of the rate of catalytic gasification 

As mentioned in 4.2.4, the overall rate of gasification consists of the non-catalytic 

gasification and catalytic gasification that occur in parallel. The kinetic analysis of the latter 

requires the removal of the rate of the former by 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
cat

=  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 −  �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
nc

 (9) 

(dX/dt)nc is reasonably given by dX/dt for the gasification of DB char that was near free from 

the catalysis. The present authors previously reported that the non-catalytic gasification of 

chars from lignites and biomass obeyed first-order kinetics with respect to 1–X. [31,32,38–40] 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
nc

 =   𝑘𝑘𝑛𝑛𝑛𝑛(1 − 𝑋𝑋) (10) 

The rate constant, knc, was determined from the kinetics of the gasification of DB char (i.e., knc 

is 0.0035 min-1 at T = 900°C). (dX/dt)nc is shown in Figure 4.5 together with (dX/dt). Strictly 

saying, the measured (dX/dt) also involves the rate of K release from the gasifying char, and 

then it was corrected by 



83 

�𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�

corrected
 =  �𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�

measured
 −   (the rate of K release)  (11) 

The measured (dX/dt) was corrected by eliminating the rate of K release from the rate of total 

mass release from the char. The result is shown in Figure 4.5.  

Figure 4.5 shows (dX/dt) and (dX/dt)nc together with ‘corrected’ (dX/dt). The difference 

between the measured and corrected (dX/dt) is negligibly small for the chars with lower K-

loading (i.e., K-0.02 and K-0.05), but a small difference is detected for those with higher K-

loading (i.e., K-0.09 and K-0.16). Figure 4.6 shows (dX/dt)cat. 

�𝑑𝑑𝑑𝑑
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�

cat
 =  �𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�

measured
 −  �𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�
nc

 −   (the rate of K release)  (12) 

(dX/dt)cat is further analyzed with the main focus on the catalytic activity of K in the next 

subsection. 

 

4.3.5 Activity of K catalyst and its change along char conversion 

Figures 4.7(a) and (b) show changes with X of k’cat for the gasification of chars with 

different m’cat,0, and those for the gasification of K-0.09 char at different temperatures. k’cat 

was calculated over the range of X up to 0.92–0.99, depending on m’cat,0. The calculation was 

not done beyond such conversion due to no experimental data for the K retention (see Figure 

4.4). 

As mentioned in 4.2.4, k’cat is the rate of ‘catalytic’ gasification per amount of K retained 

by the gasifying char, in other words, the activity of the K. Some important trends are seen in 

the figure. Firstly, it is seen in Figure 4.7(a) that k’cat increases gradually with X at X < 0.4, 

where k’cat is independent of m’cat,0. Secondly, at X > 0.4, k’cat continues to increase, but the 

increment is more significant with greater m’cat,0. The present authors initially expected that 

k’cat was steady or near-steady over the entire range of X, following previously reported 

relationship between dX/dt vs X for the gasification of a Victorian lignite that had inherent 

metallic species (Na; 0.08, K; 0.01, Ca; 0.06 wt%) and SiO2/Al2O3 (ca. 0.5 wt%). [35,48] 

However, under the present conditions, k’cat increased significantly with X. The dependency of 

k’cat on m’cat,0 at X > 0.4 was also unexpected. Thus, within the ranges of the experimental 

conditions that more loading of K enhanced its activity at X > 0.4. In the case of K-0.16 char, 

k’cat at X = 0.99 is about 20 times greater than that at X = 0. On the other hand, for K-0.02 char, 

k’cat increased but by a factor of only 5–6. The effect of m’cat,0 on the evolution of k’cat along 

the char conversion will be discussed later together with proposal of a mechanism of k’cat 

change during the gasification. 
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Figure 4.7(b) shows the effect of temperature on k’cat in the same manner as in Figure 

4.7(a). It was confirmed that a continuous and significant increase in k’cat was not an event 

particular to 900°C. It seems that the increase in k’cat is more significant at higher temperatures. 

 

4.3.6 Relationship between activity of K catalyst and its concentration in gasifying 

char 

Karlström et al. [19] investigated CO2 gasification of chars from biomass that were rich 

in inherent K species. The K contents in the chars were in the range of 0.6–1.3 mol-K/kg-daf-

char. They recognized that the inherent K was the main catalyst, and therefore investigated the 

relationship between (dX/dt)/(1–X) and K concentration in the gasifying char. According to eq. 

6, i.e., (dX/dt)cat/(1–X) = k’catCcat, the relationship reported by Karlström et al. [19] can be 

analyzed further for examining the change in k’cat along the char conversion, by ignoring the 

presence of other catalytic species (Na, Ca and Fe), that of Si (SiO2 or silicate) and also the 

contribution of non-catalytic gasification to (dX/dt)/(1–X). The present authors 

semiquantitatively analyzed of the data reported by Karlström et al. [19] and then found that 

k’cat increased slightly or greatly until Ccat reached 3–4 mol-K/kg-char, and then decreased at 

higher Ccat. In the author’s view, Karlström et al. [19] did not claim the promotion of catalytic 

activity, but they rather emphasized the increase in (dX/dt)/(1–X) with Ccat (K/C atomic ratio 

by their definition). 

The relationship between (dX/dt)cat/(1–X) and k’cat under the present experimental 

conditions are presented in Figure 4.8. It is seen for every condition that k’cat increases with 

Ccat, while the increase becomes more gradual, suggesting saturation of the catalytic activity at 

the final stage of gasification. [50] At lower concentrations, k’cat appears to increase in a linear 

manner with Ccat. It should be noted that this linearity is not between the specific rate of 

gasification and Ccat, but between k’cat and Ccat. In other words, the catalytic activity (k’cat) as 

the specific rate of gasification per K concentration increases. It is also found in Figure 4.8 

that the increase in k’cat slows down at lower Ccat for smaller m’cat,0. Thus, even for the chars 

from the same parent lignite (i.e., DB), k’cat is not determined simply by Ccat during the 

gasification. 

 

4.3.7 Change in the intrinsic reactivity of char 

The changes in the catalytic activity of K, as shown in Figures 4.7 and 4.8, could be 

influenced by that in the intrinsic reactivity of char, which is represented by the rate constant 

for the non-catalytic gasification, knc. Wu et al. investigated the low-temperature oxidation of 
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char from NaCl-loaded lignite. [23] They analyzed the relationships between the specific 

reactivity, (dX/dt)/(1–X), and the Na concentration in gasifying char for different initial Na 

concentrations, and suggested that loss of intrinsic reactivity of char caused the decrease in the 

specific reactivity under the catalysis. On the other hand, a recent study on the CO2 gasification 

of lignite char, which was free from metallic species, showed that the first-order rate constant 

(i.e., knc) was steady over the entire range of char conversion. [48] 

The present authors examined the change in the intrinsic reactivity by quenching the 

gasification of K-0.16 char when X reached ca. 0.6 or 0.8, recovered the char, washed it with 

3 M HCl aq., and then gasified the washed char again. The residual K after the acid washing 

was carefully quantified (see Appendix 14). Figure 4.9 shows the dX/dt vs X profiles for 

different chars, i.e., acid-washed K-0.16 chars at X = 0, 0.6, and 0.8, which are referred to as 

K-0.16-0-A, K-0.16-0.6-A, and K-0.16-0.8-A, respectively. The other char sample, K-0.16-

0.8-A-Si, was prepared by physically mixing K-0.16-0.8-A with SiO2 nanoparticles at a mass 

ratio of 0.1, as mentioned in 4.2.2. This sample was prepared for intentionally causing the 

deactivation of residual (acid-insoluble) K prior to and during the gasification. [35,48] 

Figure 4.9 shows that the dX/dt’s for the different chars are very similar to each other at 

X up to 0.5. The linear decrease of dX/dt toward 0 at X = 1 is typical to the first-order kinetics 

with steady rate constant knc. [31,32,38–40] On the other hand, at X > 0.5, dX/dt’s for the chars 

(except K-0.16-0.8-A-Si) slightly increase and then decrease. This trend arose from the 

catalysis of K that had been left in the chars after the acid washing. K-0.16-0-A, K-0.16-0.6-A, 

and K-0.16-0.8-A contained K at m’cat,0’s of 0.026, 0.006, and 0.0003 mol-K/kg-daf-char, 

respectively. Details are available in Appendix 14. It also seems that the maximum of dX/dt 

shifts to higher X as m’cat,0 decreases. The above-described trends are explained as below. The 

K retained in the acid-washed char had no or little catalytic activity in the early stage 

gasification at X < 0.5, probably because it was confined in carbon moieties to which CO2 

could not access. Then, the char was converted mainly or exclusively by the non-catalytic 

gasification. In the mid-to-late stage gasification, a more or less portion of K was liberated 

from the above-described environment and started to catalyze the gasification. At the final 

stage of gasification, K underwent volatilization or intra-particle deactivation by reacting with 

a trace amount of inherent SiO2 while the catalytic contribution to dX/dt diminished. The 

above-mentioned behavior of K is supported well by dX/dt profile for K-0.16-0.8-A-Si. This 

char/SiO2 blend underwent the gasification obeying the first-order kinetics over the entire 

range of X. The dX/dt peaks for the other three chars were absent for K-0.16-0.8-A-Si because 
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‘mobilized’ K was chemically deactivated without playing a catalytic role through reactions 

with SiO2 nanoparticles. [35,38] 

In view of the above discussion, it is safely concluded that the intrinsic reactivity, in other 

words, non-catalytic reactivity of K-0.16 char remained steady during the gasification 

regardless of presence/absence of the catalysis of K. The first-order rate constant (i.e., knc) for 

the gasification of K-0.16-0.8-A-Si char was 0.0035 min-1, and in good agreement with knc for 

the DB char. This indicates that the non-catalytic (intrinsic) reactivity of the char remained near 

steady over the entire range of X. 

 

4.3.8 Discussion on mechanism of promotion of catalytic activity of K along char 

conversion 

Partially gasified chars were prepared by gasifying K-0.02 and K-0.16 chars up to 

different conversions. The porous structures of those chars were characterized in the same way 

as mentioned in 4.2.3 and presented in Appendix 12 and 15. Figure 4.10 displays the changes 

in the volume of pores with different sizes in K-0.02 and K-0.16 chars as a function of X. The 

most noticeable feature is the change in the volume of pores with sizes of 2.0–4.7 nm (hereafter 

referred to as V2.0–4.7), shown in graphs (a2) and (b2). Mesopores with such size were absent 

before the gasification and also during the gasification at X < 0.4 (see Appendix 12). But, V2.0–

4.7 increases steeply at X = 0.4–0.6 for K-0.16 char, or continuously until X = 1 for K-0.02 char. 

The specific range of X for no or little increase in V2.0–4.7, i.e., X < 0.4 is in a good agreement 

with that where k’cat gradually increases with no influence of m’cat,0 (see Figure 4.7). It is thus 

speculated that, in this range, the entire or a major portion of K stayed in micropores with sizes 

< 1.5 nm or even smaller pores for both K-0.02 and K-0.16, where the K catalyzed the 

gasification but with lower activity. The gradual increase in k’cat at X < 0.4 (see Figure 4.7) 

could be due to that in the size of micropore. This hypothesis is based on the assumption that 

the catalytic activity of metallic species increases with an increase in its size up to 2–5 nm. 

[39,50,51] 

Following the above-mentioned hypothesis, at X > 0.4, a substantial portion of the K 

species in K-0.16 was released from micropores to mesopores, where it had higher or much 

higher activity for promoting the gasification. On the other hand, for K-0.02, the K species 

were not allowed to escape from micropores because the micropore volume was still sufficient 

in volume and/or population to hold an entire portion of K species. It was believed that the K 

species after released into mesopores, were much more mobile than before the release. This is 

consistent with not only the enhancement of catalysis but also volatility. As shown in Figure 
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4.4, no volatilization loss of K occurred at X < 0.4, regardless of m’cat,0. In addition to this, such 

loss of K was significant from K-0.16 at X > 0.5–0.6, but insignificant from K-0.02. The 

development of mesopores was evident during the gasification of K-0.02 char (Figure 

4.10(a2)), but it was not effective for the promotion of the catalytic activity of K species 

probably because it was not allowed to move to mesopores. On the other hand, for the 

gasification of K-0.16 char, micropores with sizes smaller than 2.0 nm were lost substantially 

at X > 0.6. Then, decreasing volume of such micropores could not hold a major portion of K 

species, releasing it to mesopores. 

The above-described hypotheses are consistent with the data shown in Figures 4.4–4.10. 

It is, however, necessary to experimentally examine and prove the hypotheses in the future 

study with more detailed analyses of K-loaded chars with varieties of X and m’cat,0. Direct 

measurement of the size of K catalyst particles and/or clusters would be the most effective and 

important subject. 

4.4 Conclusion 

The present authors have been studying the CO2 gasification of chars from the K-loaded 

lignite with different contents of ion-exchanged K with the main purpose to quantitatively and 

precisely know the catalytic activity of K and its change during the gasification. The 

contribution of the catalytic gasification i.e., (dX/dt)cat, was successfully extracted from the 

overall rate of gasification, (dX/dt), by careful kinetic analysis considering the volatilization 

loss of K, contribution of non-catalytic gasification over the entire range of X as well as 

confirming the conditions for measuring the kinetics free from the heat/mass transport effects. 

It was revealed that the rate constant for catalytic gasification per amount of K, i.e., k’cat, 

continued to increase by 5 to even 20 times while X increased up to 0.99. Such increase in k’cat 

was independent of the initial K content in the char (m’cat,0) at X < 0.4. However, at higher X, 

k’cat for greater m’cat,0 increased more significantly with X. Thus, unexpectedly, the efficiency 

of K loading on the basis of k’cat became higher with greater m’cat,0. The increase in k’cat was 

not due to change in the intrinsic reactivity of char, but attributed to that in the porous structure 

of char, in particular, the development of mesopores. 
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Table 4.1. Ultimate and proximate analysis, and AAEM species contents of original and 

demineralized lignites. 

 
 

 

 

 

 

 

Table 4.2. K concentration in the suspension, lignite, and char samples. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Lignite C H N Oa ash VMb FCc Na K Mg Ca
B 67.5 4.5 1.1 26.9 5.0 48.7 46.3 0.005 0.012 0.241 0.766
DB 64.6 4.6 1.0 29.8 < 0.1 53.1 46.9 0.000 0.001 0.001 0.007
a by difference. b volatile matter. c fixed carbon.

Ultimate analysis (wt%, daf) Proximate analysis (wt%, db) AAEM species (wt%, db)

in suspension
(g-K/100-g-lignite) (g-K/100-g-lignite) (mol/kg-daf-lignite) 800°C 850°C 900°C

DB 0.00 0.00 0.000 <0.001 <0.001 <0.001
K-0.02 0.10 0.08 0.019 0.043 0.042 0.041
K-0.05 0.25 0.19 0.048 0.100 0.098 0.095
K-0.09 0.50 0.37 0.095 0.190 0.187 0.182
K-0.16 0.75 0.63 0.160 0.298 0.287 0.280
K-0.22 1.00 0.87 0.221 0.371 0.360 0.353

K concentration

Original 
sample

in K-loaded lignite in char (mol/kg-daf-char)



89 

 

Figure 4.1. Char yields as a function of K loading level and pyrolysis temperature in TGA. 

 

 

 

 

 

 

Figure 4.2. K contents in the original, water-washed and NH4OAc aq.-washed K-loaded DB 

lignites and the K removal rate by the NH4OAc aq. washing. 
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Figure 4.3. (a) Change in 1–X on a logarithmic scale with time, and (b) change in dX/dt with 

X. The gasification of DB char at T = 800°C was stopped at X = 0.52 due to extremely slow 

conversion of char. 
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Figure 4.4. Retention of K as a function of X for (a) K-0.02, K-0.05, K-0.09 or K-0.16 char at 

T = 900°C, and that for (b) K-0.09 char at T = 800, 850 or 900°C. The K retention for every 

condition was approximated as a continuous function of X, as drawn in the figures. 

 

 

 

 

 

 

Figure 4.5. Measured (dX/dt), (dX/dt)nc and corrected (dX/dt) for different conditions. 
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Figure 4.6. (dX/dt)cat as a function of X. 

 

 

 

 

 

 

Figure 4.7. Rate constants for catalytic gasification (k’cat) as a function of X for (a) K-0.02, K-

0.05, K-0.09 or K-0.16 char at T = 900°C, and those for (b) K-0.09 char at T = 800, 850 or 

900°C. The rate constant, k’cat, is defined as the rate of catalytic gasification, (dX/dt)cat, per 

molar amount of K retained by the gasifying char, m’cat. In other words, k’cat also represents 

the catalytic activity of K. 
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Figure 4.8. k’cat as a function of Ccat for (a) K-0.02, (b) K-0.05, (c) K-0.09, and (d) K-0.16 

chars at T = 900°C. 
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Figure 4.9. dX/dt as a function of X for the gasification of chars prepared by the sequence of 

the gasification of K-0.16 char at 900°C to X of 0, 0.6, or 0.8, and washing with 3 M HCl aq. 

A sample, K-0.16-0.6-A, indicates the K-0.16 char from the sequence of gasification of up to 

X = 0.6 and the acid washing. ‘Si’ means that the K-0.16-0.8-A char was mixed with SiO2 

nanoparticles before the gasification. 
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Figure 4.10. Changes in pore size distributions for K-0.02 and K-0.16 chars during the 

gasification. The distributions in (a1) and (b1) were derived from CO2 adsorption isotherms, 

while those in (a2) and (b2) from N2 adsorption isotherms. The NLDFT and QSDFT were 

adopted to analyze the CO2 and N2 adsorption isotherms, respectively, within the pore width 

range of 0.3–1.5 nm and 1.0–4.7 nm, respectively. 
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Chapter 5 

General Conclusion 
 

 

In the transitional phase to renewable energy, avoiding direct combustion of coal is 

indispensable. The endothermic gasification with CO2/steam would be a key process of carbon 

resources conversion for chemicals and power production in the near future since it allows 

more efficient and more eco-friendly conversion of the coal. Lignite, which is rich with 

inherent catalyst species such as Na, K, Ca, and Fe, is one of the promising feeds for realizing 

low-temperature gasification. The quantitative understanding of the catalysis of these metallic 

species and also the interactions between these species during the gasification is fundamentally 

essential in order to enhance the performance and efficiency of a gasifier. In the present studies, 

we have proven the important roles of inherent and extraneous metallic species on determining 

the overall rate of CO2 gasification of lignite char, which was successfully described over the 

entire range of conversion by employing the parallel kinetic model (PRM). The general 

conclusion of these present studies was summarized as follows. 

It is shown that the time-dependent changes in char conversion up to 0.999 for all the 

twenty chars, derived from two types of original lignites by multistage removal of inherent 

metallic species, have been successfully described by the PRM, which considers the progress 

of catalytic and non-catalytic gasification, together with the presence of multicatalytic species. 

The overall activity of inherent catalyst species is a piecewise linear function of the total 

concentration of Na, K, Ca, and Fe, following a nucleation-growth mechanism that controlled 

catalyst activation/deactivation. The deactivation of Fe catalyst is more rapid than the others, 

while the presence of Mg species promoted the deactivation of other catalysts. 

The amount and type of metal(s) that loaded into lignite strongly determined the rate of 

catalytic gasification of lignite char. For Ca-catalyzed CO2 gasification, its initial activity was 

correlated well and linearly with the Ca concentration in char (CCa; 0.14– 1.33 wt%-daf-char). 

When Mg, which shown insignificant individual catalytic activity, was added with Ca into 

lignite, it deactivated a portion of the most active Ca catalyst prior to and during the gasification. 

In contrast, K showed synergistic performances when combined with Ca. Its overall catalytic 

activity was similar to Ca on an equal mol basis, but its deactivation rate was much lower. The 

comparison of catalytic performance between the inherent metallic species in lignite (Chapter 

2) and the loaded metallic species into lignite (Chapter 3) shows that the inherent catalysts 
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outperformed the extraneous one during the CO2 gasification of lignite char. Such a difference 

was explained by a faster deactivation of the doped Ca catalyst compare to that of the inherent 

Ca catalyst as the main catalyst. 

The change in the catalytic activity of K (k’cat) during CO2 gasification of chars from the 

K-loaded lignite has successfully observed by defining precisely the contribution of the 

catalytic gasification i.e., (dX/dt)cat, which was conducted by considering the volatilization loss 

of K, contribution of non-catalytic gasification over the entire range of X as well as confirming 

the conditions for measuring the kinetics free from the heat/mass transfer effects. k’cat, which 

was defined as (dX/dt)cat per amount of K retained by the gasifying char, increased significantly 

with X, depending on the initial K concentration (mcat,0). Such a significant increase in k’cat was 

due to not change in the intrinsic reactivity of char but its porous structure, i.e., the size and 

volume of pores that played a role of retaining of K catalyst, in particular, the development of 

mesopores. It was suggested that a substantial portion of the K species in K-0.16 (mcat,0; 1.41 

wt%-daf-char) was released from micropores to newly-formed mesopores, where it had much 

higher activity for promoting the gasification. In contrast, for K-0.02 (mcat,0; 0.16 wt%-daf-

char), the K species were not allowed to escape from micropores because the micropore volume 

was still sufficient in volume to hold an entire portion of K species. 

We believe that the results of these studies are a milestone for a comprehensive 

understanding of the kinetics and mechanism of CO2 gasification of chars from coal/biomass. 

The findings can be applied for realizing fast or low-temperature gasification with optimization 

of inherent catalyst and/or with aid of a sufficient amount of external catalyst. 

The present studies demonstrated that the doped catalyst species, which loaded via an 

ion-exchange method, are not competitive yet to replace the inherent catalyst, in an equal mol 

basis. Future studies on the gasification of chars from lignite/biomass should consider the 

lignite-metal species interaction to enhance the catalytic performance of extraneous metallic 

species. In addition, this research conducted quantitative analyses on catalytic gasification that 

takes place at the lab scale, specifically in a TGA. It is therefore interesting to investigate the 

catalyst behavior and the interaction of catalysts in larger-scale reactors. 
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APPENDIX 1 

 

SEM observation of particles of A and B lignites after ball milling 

 

  

 
Figure A.1. SEM images of particles of A and B after pulverization by ball milling for 10 h. 

The particles sizes were reduced to <10 μm. 
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APPENDIX 2 

 

Effect of initial char mass on the dX/dt profiles of CO2 gasification of chars from A0 and B0 

  

 
Figure A.2. Measured changes in dX/dt with X for gasification of A0 and B0 chars with initial 

char mass of 0.6, 1 or 2 mg. Each graph shows that the initial mass of 1.0 mg is sufficiently 

small at which the rate of gasification is chemically controlled without significant resistances 

to mass transport within the char bed. 
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APPENDIX 3 

 

Concentration of metallic species in lignites and chars 

 

 
Figure A.3. Concentrations of metallic species in (a) the lignites and (b) the chars. 

Concentrations of metallic species in the chars were calculated by considering the initial 

contents of metallic species in the lignites, the char yields, and the volatilization rates. The 

average volatilization rates of K and Mg for both A0 and B0 after the pyrolysis were 10% and 

7%, respectively. It was difficult to determine the volatilization rate of Na due to its low initial 

concentration, nevertheless a large amount of lignite (ca. 100 mg) was used for the pyrolysis 

and quantification of AAEM species. Thus, the volatilization rate of Na was assumed to be 

equivalent to K. It was safely concluded that volatilization of Ca did not occur during the 

pyrolysis as well gasification. For Fe, though not analyzed, it was safely assumed that there 

was no volatilization. 
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APPENDIX 4 

 

Gibbs free energy for reactions involving catalytic species 

 

 
*Thermodynamic data obtained from David R. Lide, ed., CRC Handbook of Chemistry and 

Physics, 90th Edition, CRC Press/Taylor and Francis, Boca Raton, FL 

 

 

 

 

 

ΔG r at 900°C,
kJ/mol-metal

1 Na2CO3  +  C  =  Na2O  +  2CO 109 1.5 x 10-5

2 Na2O  + CO2  =  Na2CO3 -142 2.2 x 106

3 Na2O  + C  = 2Na  +  CO 46 8.8 x 10-3

4 2Na  + CO2  =  Na2O  +  CO -80 3.7 x 103

5 K2CO3  +  C  =  K2O  +  2CO 181 8.6 x 10-9

6 K2O  + CO2  =  K2CO3 -215 3.7 x 109

7 K2O  + C  = 2K  +  CO -13 4.0
8 2K  + CO2  =  K2O  +  CO -20 8.1

9 MgCO3  +  C  =  MgO  +  2CO -139 1.5 x 106

10 MgO  + CO2  =  MgCO3 105 2.2 x 10-5

11 MgO  + C  = Mg  +  CO 259 2.9 x 10-12

12 CaCO3  +  C  =  CaO  +  2CO -43 7.9 x 101

13 CaO  + CO2  =  CaCO3 9 4.1 x 10-1

14 CaO  + C  = Ca  +  CO 295 7.3 x 10-14

15 Fe3O4  +  C  =  3FeO  +  CO -73 1.8 x 103

16 3FeO  + CO2  =  Fe3O4  +  CO 39 1.8 x 10-2

17 FeO  + CO  =  Fe  +  CO2 9 4.1 x 10-1

18 FeO  + C  = Fe  +  CO -25 1.3 x 101

19 FeO  + CO2  =  FeO  +  CO -9 2.4
20 FeO  + CO2  =  FeCO3 137 7.7 x 10-7

K2CO3 is the major species. Overall
∆G for R5 and R6 is negative, and
carbonate-oxide cycles are possible.
Metal-oxide cycles are possible, too,
but formation of K2O is difficult.

MgO is the major species. MgCO3 is
reactive with C, but its presence is
difficult due to that of R10. Then, the
catalysis of MgCO3 is implausible.

Major species, CaO and CaCO3  
participate in carbonate-oxide catalytic
cycles. Formation of metallic Ca is
difficult.

Integration of K p of R15–R20 leads to
abundances of FeO and Fe3O4, and less 
abundance of Fe. FeO-Fe3O4 cycles
are major catalytic cycles.

No. Reaction K p Remark

Na2CO3 is the major species. Overall
∆G for R1 and R2 is negative, and
carbonate-oxide cycles are possible.
Metal-oxide cycles are possible, too,
but formation of Na2O is difficult.
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APPENDIX 5 

 

Inorganic compounds in char and ash detected by XRD 

 

 
Figure A.5. XRD patterns of the chars at X = 0, 80% and 100% from (a) A0 and (b) B0 lignites. 
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APPENDIX 6 

 

Flow diagram of demineralization of lignite 

 

 
Figure A.6. Flow diagram of sequential acid washing. In brief, ca. 6 g of finely pulverized 

lignite, A or B, was washed with 0.12 L of deionized water (resistivity ≥18.2 MΩ cm) in a 

clean plastic beaker. The lignite/water slurry was heated at 65°C for 24 h while stirred 

continuously. The washed lignite was separated from the water by vacuum filtration and then 

washed with other 1–3 L of deionized water repeatedly until no chlorine ion was detected in 

the filtrate. The water-washed lignite was then washed sequentially with 1 M NH4OAc aq., 

with 3M HCl aq., with 3 M HF aq., and then with 6 M HCl aq. The final residues after repeated 

washing with deionized water, i.e., the 6 M HCl aq.-washed lignites, DA and DB, were 

vacuum-dried at 60°C. For each of the washing process, the ratios of solution volume to dry 

lignite mass were fixed at 20 mL/g. 
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APPENDIX 7 

 

TEM-EDS observations of catalyst dispersion in lignite 

 

 
Figure A.7. The dispersion of Ca and Mg in carbon matrix of Ca-0.0.6/Mg-0.17-DA scanned 

by SEM-EDS (scanning electron microscope with energy dispersive X-ray spectroscopy). 
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APPENDIX 8 

 

Measured 1–X vs t and dX/dt vs X profiles for gasification of chars from Ca, Ca/K, and K-

loaded lignites for respective two runs under the same gasification conditions 

 

 
Figure A.8. Measured profiles of (a) 1–X vs t, and (b) dX/dt vs X for gasification of chars from 

(1) Ca-0.33-DA, (2) Ca-0.15/K-0.26-DA, and (3) K-0.18-DB at 900°C with two replicated runs 

under the same gasification conditions.  
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Effect of initial mass of char from the 900°C pyrolysis of K-0.22 on its K concentration 

 

 
Figure A.9. Effect of mass of char from the pyrolysis of K-0.22 lignite at 900°C on K 

concentration. This comparison was performed for confirming the reproducibility of 

determination of the K concentration in char. As seen in the graph, the measured K 

concentration was independent of the initial mass. 
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APPENDIX 10 

 

Effect of initial lignite mass on the dX/dt profile of CO2 gasification of K-loaded chars at 800 

and 900°C 

 

 
Figure A.10. Measured changes in dX/dt with X for gasification of (a) K-0.22 lignite at T = 

800°C, (b) K-0.16, (c) K-0.22, and (d) K-1.22 lignites at T = 900°C with the initial lignite mass 

of  1.5, 2 or 2.3 mg (except 1 mg for K-1.22). The initial mass of 2.0 mg lignite is sufficiently 

small at which the rate of gasification is chemically controlled without significant resistance to 

mass transport within the char bed even for the gasification of K-0.22 lignite at 800°C. 

However, at 900°C, the effect of mass transport decreases with the reduction of the initial K 

content in the lignites and can be neglected at the K-0.09. Thus, after careful consideration, we 

decided to apply the kinetic analysis only on K-0.02, K-0.05, K-0.09, and K-0.16 for all T. 

Though not shown here, we authors also did gasification for K-0.33, K-0.55, K-0.80 lignites, 

in addition to K-1.22. The gasification rates of these chars were extremely high, and therefore 

their true kinetics were difficult to analyze. 
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Measured changes in 1–X with t and dX/dt with X for gasification of K-0.05 and K-0.09 chars 

for respective two runs under the same conditions 

 

 
Figure A.11. Measured changes in (a) 1–X with t, and (b) dX/dt with X for gasification of chars 

from (1) K-0.09 and (2) K-0.05 lignites at T = 900°C, and (3) K-0.09 lignite at T = 850°C with 

two replicated runs under the same conditions. The rate of gasification for each replication was 

almost comparable in the range of X = 0–80%, but the variations at X > 80% were inevitable. 
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Pore size distribution of fresh and partially gasified chars from K-0.02 and K-0.16 lignites 

determined from CO2 and N2 adsorption isotherms 

 

 
Figure A.12. Volume-based pore size distributions of fresh and partially gasified chars (K-

0.02 and K-0.16). (a1) and (b1); distribution from the analysis of CO2 adsorption isotherms by 

NLDFT method, (a2) and (b2); those from N2 adsorption isotherms by QSDFT method. The 

micro/mesopores were classified into those with width of < 0.7 and 0.7–1.5 nm (CO2) or 1.0–

2.0 and 2.0–4.7 nm (N2). 
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Gibbs free energies for reactions involving catalytic K species at T = 800, 850 or 900°C 

 

 
*Thermodynamic data obtained from David R. Lide, ed., CRC Handbook of Chemistry and 

Physics, 90th Edition, CRC Press/Taylor and Francis, Boca Raton, FL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

800°C 850°C 900°C
1 2K  +  CO2  =  K2O  +  CO -11.7 -10.4 -9.1 2.5 1.3E+03 K2O/K
2 K2O  +  C  =  2K  +  CO 3.5 -2.2 -7.8 2.2 2.2E+03 K/K2O
3 K2O  +  CO2  =  K2CO3 -116.2 -112.4 -108.6 6.9E+04 3.4E+04 K2CO3/K2O
4 K2CO3  +  C  =  K2O  +  2CO 108.1 99.9 91.6 8.3E-05 8.3E+01 K2O/K2CO3

5 K2CO3  +  2C  =  2K  +  3CO 111.6 97.7 83.8 1.9E-04 4.6E+04 K/K2CO3

6 2K  +  2CO2  =  K2O2  +  2CO 61.2 62.4 63.6 1.5E-03 3.7E+02 K2O2/K
7 K2O  +  CO2  =  K2O2  +  CO 72.8 72.8 72.7 5.8E-04 0.3 K2O2/K2O
8 K  +  2CO2  =  KO2  +  2CO 253.9 252.6 251.3 6.5E-12 1.6E-06 KO2/K
9 K2CO3  =  K2O2  +  CO 189.1 185.2 181.3 8.4E-09 8.4E-06 K2O2/K2CO3

10 K2O2  + 2C  =  2K  + 2CO -77.5 -87.5 -97.5 2.2E+04 2.2E+10 K/K2O2

Solid RatioNo.
ΔG r* at T , kJ/mol-K-metal

Reaction
K p at T  = 

900°C
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K concentration in K-0.16 lignite, and that in fresh, partially gasified and washed chars 

 

 
Figure A.14. K concentration in K-0.16 lignite and that in fresh, partially gasified and washed 

chars. K-0.16 chars with mass-based char conversions of 0%, 60%, and 80% were prepared in 

a horizontal quartz tube reactor (HQTR) at 900°C and washed with 3 M HCl aq. (or with 1 M 

HCl for X = 0% char) for 24 h to remove left K species and then referred to as K-0.16-0-A, K-

0.16-0.6-A, and K-0.16-0.8-A, respectively. The K contents in these samples were quantified 

and then converted on a mol/kg-daf-lignite basis. The blue- and red-colored texts in the figure 

indicate the removal rate of K species from chars by 1 M or 3 M HCl washing, respectively. 
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APPENDIX 15 

 

CO2 and N2 adsorption-desorption isotherms of chars from K-0.02 and K-0.16 lignites 

 

 
Figure A.15. (a) CO2 and (b) N2 adsorption-desorption isotherms of chars from K-0.02 and 

K-0.16 lignites. 
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