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Abstract

Transformation of alkali and alkaline earth metals (AAEM) in low rank coals during gasification was examined by combining com-
puter-controlled scanning electron microscopy (CCSEM) and inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Two sub-bituminous coals were pyrolyzed at 1500 �C using a drop tube furnace, and the resultant chars were then gasified in CO2 atmo-
sphere at the same temperature. Total amounts of AAEM species in the raw coals and the chars were determined by ICP-AES. Minerals
in the raw coals and ash particles in the chars were analyzed by CCSEM.

AAEM species were mainly present in the raw coals as dispersed species, organically associated cations or fine mineral particles
(<1 lm), which cannot be quantified by CCSEM. It was found that the dispersed Ca species were first converted into fine ash particles
upon the devolatilization and then most of the particles interacted with inherent clay minerals to form complex aluminosilicates. In the
case of Na and K, the dispersed species mostly vaporized and the interaction with inherent minerals was not observed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkali and alkaline earth metals (AAEM) in low rank
coals mainly exist as organically associated cations or in
discrete minerals. In coal conversion processes, organically
associated AAEM cations play an important role. Many
studies have been done to clarify the role of cations on
pyrolysis [1–4], gasification [5–7], combustion [8–16], and
liquefaction [17]. For example, it is well known that organ-
ically associated AAEM cations of low rank coals act as a
catalyst in steam gasification [5–7]. On the other hand,
AAEM species bring about an undesirable effect in some
cases. Interaction of AAEM with discrete minerals may
0016-2361/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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reduce the melting point of mineral particles, and the resul-
tant ash contributes easily to coalescence or agglomeration
[13,14]. This causes some problem, for example, agglomer-
ation of bed materials in fluidized bed combustion. There-
fore, it is important to understand the fate of AAEM
species.

To understand the ash formation during the combustion
of low rank coals, many researchers have compared the
information obtained by computer-controlled scanning
electron microscopy (CCSEM) about the composition of
inorganics in the raw coal and in the fly ash [9–15]. These
studies mainly focused on the ash formation behavior dur-
ing combustion, and little attention was paid to ash forma-
tion during gasification. In our previous study, ash
particles in the gasified Beulah Zap lignite char were ana-
lyzed by CCSEM [18], and the fate of Na and Ca in the ini-
tial stage of the lignite gasification has been clarified.
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However, quantitative analysis such as partitioning of the
AAEM species to gas phase and to ash and the ash forma-
tion mechanism at a high conversion stage was not exam-
ined. Therefore, this study is an attempt to quantitatively
clarify the fate of AAEM species of two low rank coals
during pyrolysis and the subsequent gasification. The ash
particles in the pyrolyzed chars and the gasified chars were
analyzed mainly by CCSEM. CCSEM method has an
inherent limitation; it cannot quantify dispersed inorganic
species [18]. Dispersed inorganic species denotes, in this
paper, not only ion-exchanged metal ions but also fine min-
eral particles with a size of less than 1 lm. To overcome
this weak point, an inductively coupled plasma-atomic
emission spectrometric (ICP-AES) method was used to
quantitatively determine the total amount of metal species
in the samples.
Flow meter

Fig. 1. Schematic diagram of a drop tube furnace.

2. Experimental

Two sub-bituminous coals (SS012 and SS070) supplied
from Japan Coal Energy Center were used in this study.
The analyses of the coals are presented in Table 1. The coal
particles with a size from 45 to 75 lm were pyrolyzed under
N2 atmosphere at 1500 �C in a drop tube furnace as shown
in Fig. 1. Particle heating rate was estimated as 103 K/s,
and the particle residence time was estimated as 1.2 s. In
gasification experiments, a once-pyrolyzed char was
dropped into the reactor under the atmosphere of 100%
CO2 at 1500 �C. The extent of gasification was changed
by changing the residence time. Detailed procedure of char
preparation has been described elsewhere [19]. The
amounts of the AAEM species were determined as follows.
The raw coal or the char was subjected to ashing in a low-
temperature oxygen plasma asher and then fused with a
flux (Li2B4O7) at 900 �C, followed by dissolution in aque-
ous HNO3. Thereafter the solution was analyzed by ICP-
AES (Horiba Ultima2). Minerals in the raw coal and ash
particles in the char were analyzed by CCSEM (Hitachi
S350-N/EDAX Genesis). The composition of more than
thousand particles was determined and then categorized
each ash particle as single element, two elements, three ele-
ments, four elements, and ‘‘others’’ using the category pro-
posed by Chen et al. [8]. Single element category
Table 1
Chemical analysis of the coals used in this study

Proximate analysis
(wt%, dry)

Ultimate analysis (wt%, daf)

Ash VM FC C H N S O

SS012 2.8 46.4 50.8 72.3 5.2 1.4 0.4 20.8
SS070 6.1 54.8 56.6 74.5 5.3 1.4 0.1 18.7

Ash composition (wt% of ash, sulfur-free basis)

SiO2 Al2O3 Fe2O3 CaO K2O MgO TiO2 Na2O P2O5

SS012 35.7 23.4 14.7 14.7 0.9 5.3 1.3 1.1 3.0
SS070 47.4 20.1 10.0 13.8 0.8 3.9 1.1 2.3 0.5
corresponds to the particles in which one element is
>80% and the contents of all other elements are <10%.
Two elements category includes those that contain more
than 80% of any two elements with no third elements of
>10%. Particles assigned to three elements (four elements)
category contain >80% of any three (four) elements with
no fourth (fifth) elements of >10%. Particles not meeting
any of these criteria are placed in ‘‘others’’ category.
Details of the CCSEM analytical procedure have been
described elsewhere [18].
3. Results

3.1. Contents of AAEM in raw coal and char

Inorganics in low rank coal can be classified into mineral
form and non-mineral form (ions dissolved in the pore
waters and the organically associated cation). Chemical
fractionation method, that is, successive leaching with
water, ammonium acetate, and HCl, is widely used to
quantify ions dissolved in the pore waters, the organically
associated cation and mineral, respectively [20,21]. In this
study, for the simplification, inorganics are classified into
two fraction; mineral and non-mineral. Then the fate of
AAEM species of two low rank coals during gasification
is clarified. Some researchers reported that mineral and
non-mineral can be classified by leaching with ammonium
acetate [20,21]. However, in our previous study it was
found that not only non-mineral Ca but also a part of
Ca-containing mineral such as CaCO3 was removed by
leaching with ammonium acetate [22]. If one considers
the leached Ca being equal to non-mineral Ca, the leaching
method leads to overestimation of the amount of non-min-
eral Ca. Ions dissolved in the pore waters, organically asso-
ciated cations, and fine minerals below 1 lm cannot be
quantified by CCSEM, but discrete minerals with a size
of more than 1 lm can be quantified. Thus the unquantifi-
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Fig. 3. Relationship between total AAEM contents as determined by ICP-
AES and carbon conversion during pyrolysis and gasification: (a) SS012
coal and (b) SS070 coal.
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able species was determined as the difference between the
total amount of each element determined by ICP-AES
and the amount quantified by CCSEM. In the preliminary
experiment, the amount of Ca leached out with ammonium
acetate in SS012 coal was determined and its amount was
larger than that of dispersed Ca species (Fig. 2). Dissolu-
tion of a part of Ca minerals during leaching could also
be confirmed from the preliminary experiment. Hence,
the leaching method was not applied further to determine
the mode of occurrence in this study. As stated before,
the unquantifiable fraction (organically associated cations,
ions, and fine minerals below 1 lm) is termed as ‘‘dispersed
species’’ in this study, and the fate of the dispersed species
during gasification is examined.

Fig. 2 shows weight fraction of the CCSEM-quantifiable
AAEM species and the unquantifiable species in the raw
coals. The AAEM species in the two coals are mainly pres-
ent as dispersed species. For example, about half of Ca-
containing species are present as dispersed species in the
SS012 coal, while almost all Mg species in the same coal
are dispersed species. The mode of occurrence of each
metal is not the same between two coals, but the fraction
of dispersed species is more or less similar.

In Fig. 3, the total amounts of the AAEM in the raw
coal and the resultant char determined by ICP-AES were
plotted against the carbon conversion, XC, which is defined
on the basis of the initial carbon weight in the parent coal.
The content in the raw coal is plotted at XC = 0, and that in
0 1000 2000 3000 4000 5000 6000

Ca

Mg

K

Na

0 500 1000 1500 2000 2500 3000

Ca

Mg

K

Na
CCSEM quantifiable
CCSEM unquantifiable

Content [μg/g-coal,dry]

Content [μg/g-coal,dry]

CCSEM quantifiable
CCSEM unquantifiable

Fig. 2. Mode of occurrence of AAEM in coal: (a) SS012 coal and (b)
SS070 coal.
the pyrolyzed coal around XC = 50. The trend of retention
behavior was dependent on the type of metal. Almost all
Ca and Mg were retained in the gasified char even at an
XC of 80%. About half of Na vaporized upon pyrolysis,
and further vaporization occurred during the gasification
for both the coals. The behavior of K is somewhat different
for the two coals. The loss of K was hardly observed in
SS012 coal both during pyrolysis and gasification. How-
ever, in the case of SS070 coal, vaporization of K was
observed in both the stages.
3.2. CCSEM analysis of minerals in raw coals and

ash in chars

Inorganic constituents in the raw coal and the chars
were analyzed by CCSEM. The inorganic constituents in
the pyrolyzed char are called here as ‘‘ash’’ as a matter of
convenience. Fig. 4 represents back-scattered electron
(BSE) images of the SS070 raw coal, pyrolyzed char, and
gasified char. Bright particles in Fig. 4a were the mineral
particles and those in Fig. 4b and c were the ash particles.
In the back-scattered electron images, ash particles in the
pyrolyzed char were not so clearly visible, while a number
of spherical ash particles were observed on the surface of
the gasified char. The trend was similar in both coals. This
morphology evidently suggests melting of ash particles dur-
ing the gasification, probably due to the interaction of



Fig. 4. Back-scattered images of (a) SS070 raw coal, (b) pyrolyzed char,
and (c) gasified char (XC = 88%).

Fig. 5. CCSEM-quantifiable amounts of AAEM in the raw coal and the
char: (a) SS012 coal and (b) SS070 coal.
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AAEM species retained in the pyrolyzed char (Fig. 3) with
the inherent minerals to form ash particles with low-melt-
ing points.

Fig. 5 shows the AAEM content in the raw coals and the
resultant chars as determined by CCSEM. The content is
represented on the basis of unit weight of the parent coal.
The amounts of CCSEM-quantifiable Ca and Mg did not
change upon pyrolysis but they apparently increased after
the gasification. The increase of Ca and Mg content sug-
gests that the dispersed Ca and Mg species not quantified
by CCSEM, were converted to CCSEM-quantifiable spe-
cies during the gasification. On the other hand, the
CCSEM-quantifiable amounts of Na and K slightly
decreased upon gasification. This indicates that the trans-
formation of dispersed Na and K species into CCSEM-
quantifiable ash particles was not remarkable, while the
loss of Na- and K-containing inherent minerals due to
vaporization took place to some extent.

Fig. 6 shows the weight fraction of CCSEM-quantifiable
minerals in the raw coals as well as weight fraction of
CCSEM-quantifiable ash species in the chars. Dominant
minerals in the SS012 coals were Si (quartz), Si–Al (kaoli-
nite), Fe–S (pyrite), and Ca–Al–P (crandallite). No signifi-
cant change was seen for Si and Si–Al upon pyrolysis, and
little increase was seen for aluminosilicates such as Ca–Al–
Si. The contents of Si and Si–Al were decreased upon the
gasification, while Ca–Al–Si, Fe–Al–Si, and Ca–Fe–Al–Si



Fig. 6. Weight fraction of mineral species in the raw coal and weight fraction of ash species in the char: (a) SS012 coal and (b) SS070 coal.
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were increased. Fe–S decreased drastically on pyrolysis,
while Fe (presumably iron oxide) increased to a large
extent upon pyrolysis and then decreased during the gasifi-
cation. Similar trends for Si, Si–Al, Ca–Al–Si, Fe–Al–Si,
and Ca–Fe–Al–Si were observed in the case of SS070 coal.
Interaction of AAEM species with inherent quartz and clay
minerals was not seen during pyrolysis at 1500 �C but com-
menced on the gasification.

The dependence of the content of Ca and Na species
retained in the char on carbon conversion, XC, is shown
in Fig. 7. Though not shown here, the trend of Mg was sim-
ilar to that of Ca. The dispersed Ca was still unquantifiable
by CCSEM after pyrolysis. Conversion of dispersed Ca to
CCSEM-quantifiable species became apparent at high
conversion stage. In the case of Na, the amount of
CCSEM-quantifiable fraction decreased on pyrolysis and
CCSEM-quantifiable Na species mainly unchanged after
gasification.

3.3. Ca-containing ash in char

Ca is the most abundant element among AAEM and it
significantly contributes to the formation of low-melting
point ash. Therefore, the behavior of Ca-containing ash
was examined in detail. Composition of ash particles that
contain Ca + Al + Si > 80% is plotted in a ternary diagram
(Fig. 8). In the case of SS012 pyrolyzed char (Fig. 8a), most
of the particles are distributed either on the Si–Al join, the
Ca rich apex, or the Ca–Al join. The ternary diagram for
the SS012 gasified char (Fig. 8b) indicates the presence of
particles with compositions ranging from the Ca rich apex
towards the midpoint of the Si–Al join. In the case of the
pyrolyzed SS070 char (Fig. 8c), most of the particles were
distributed along the Si–Al join. In the gasified char
(Fig. 8d), in addition to these particles, many particles hav-
ing a composition corresponding to the Ca–Al–Si center
were detected.

Fig. 9 shows the Ca content in each inorganic species in
the raw coal, the pyrolyzed char, and the gasified char. The
total amount of Ca was determined by ICP-AES. The Ca-
containing minerals in the raw coal and Ca-containing ash
in the char were quantified by CCSEM. The difference
between the total amount and the CCSEM-quantifiable
fraction is the CCSEM-unquantifiable fraction (shown as
‘‘dispersed Ca < 1 lm’’). Sum of the CCSEM-quantifiable
fraction in SS012 raw coal was similar to that of the pyro-
lyzed char as shown in the upper part of Fig. 9a. Big differ-
ences between the raw coal and the pyrolyzed char are (a)
increase of ‘‘Ca’’ (presumably CaO), (b) appearance of
‘‘Ca–Al’’ and ‘‘Ca–Al–Si’’, and (c) disappearance of ‘‘other
ash’’ and ‘‘Ca–Al–P’’ (mainly crandallite). The amount of
‘‘Ca’’ did not change much before and after gasification.
The ‘‘dispersed Ca’’ in the pyrolyzed char disappeared dur-
ing the gasification, while ‘‘Ca–Al–Si’’, ‘‘Ca–Fe–Al–Si’’,
and ‘‘other ash’’ remarkably increased during the gasifica-
tion. Although the conversion (XC) was not so varied, the
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Fig. 7. Change of mode occurrence of Ca and Na with carbon conversion during pyrolysis and gasification: (a) Ca in SS012 coal, (b) Na in SS012 coal, (c)
Ca in SS070 coal, and (d) Na in SS070 coal.
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amount of ‘‘Ca–Fe–Al–Si’’ is likely to increase with
increasing XC. Interaction of Ca species with clay minerals
in the char matrix increased due to the disappearance of the
char matrix at a high conversion stage.

Contrary to SS012, little ‘‘Ca’’ was present in SS070
pyrolyzed char as well as in gasified char. Some increase
of ‘‘CaS’’, ‘‘Ca–Al–Si’’, and ‘‘other ash’’ was observed after
pyrolysis, and ‘‘Ca–Al–Si’’, ‘‘Ca–Fe–Al–Si’’, and ‘‘other
ash’’ were found to be the main species in the gasified
char.

4. Discussion

4.1. Fate of Na and K during gasification

It is well known that aluminosilicates behave as accepter
of Na and K species during combustion, and Na– and K–
aluminosilicates are dominant species in the ash [26]. Noda
et al. examined vaporization of Na- and K-including min-
erals during combustion and gasification [16]. They
reported that vaporization of Na and K were more signif-
icant in the case of gasification than combustion because
CO formed during the gasification promoted the decompo-
sition of minerals and then resulted in vaporization of
metallic Na and K. The decrease of CCSEM-quantifiable
Na and K during the gasification in Fig. 5 may also be
enhanced by the presence of CO formed during the gasifi-
cation stage. Furthermore, even if Na- and K-aluminosili-
cates are formed under the present gasification conditions,
these amounts were very small as is seen in Fig. 6. It means
that vaporization of dispersed Na and K species are a pre-
dominant pathway during the gasification rather than the
formation of Na- and K-containing aluminosilicates.

4.2. Fate of Ca during pyrolysis

Extent of Ca loss during pyrolysis will be discussed first.
Fig. 9 clearly indicates that there was little vaporization
loss in total Ca content for both coals. This is in apparent
contrast with the results reported by Li et al. [2], where they
observed about 40% loss of Ca during the pyrolysis of Ca-
exchange Loy Yang coal at 1200 �C in a wire-mesh reactor.
This discrepancy is likely due to the difference in the sample
itself and/or experimental technique. They prepared their
sample by removing organically associated cation by rigor-
ous acid washing and introducing Ca by ion-exchange
method and hinted that this procedure may have modified
the structure of coal. Thus the behavior of introduced Ca
ion may be different from inherently associated Ca. Man-
zoori and Agarwal carried out pyrolysis experiment with
a fluidized bed reactor at 700–830 �C using a non-treated
Australian brown coal [24]. The result was similar to our
present result; they observed almost no vaporization loss
of Ca.
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The change of Ca-containing minerals during pyrolysis
is an interesting topic for discussion. Fig. 9 shows remark-
able difference between SS012 and SS070 coals with respect
to the change of discrete mineral matter upon pyrolysis.
Major change in SS012 was a complete disappearance of
‘‘Ca–Al–P (mostly crandallite)’’ and ‘‘other ash’’, leading
to a large increase of ‘‘Ca’’ and a small increase of
‘‘Ca–Al’’ and ‘‘Ca–Al–Si’’. Guardani et al. [28] examined
a transformation of aluminum phosphate rocks including
crandallite (CaAl3(PO4)2(OH)5H2O) during calcination in
a fluidized bed. According to their report, crandallite
decomposes to calcium phosphate (Ca3(PO)4), phospho-
cristobalite (AlPO4), and alumina (Al2O3) during calcina-
tion at 900–1100 �C. On the other hand, Iwabu et al. [29]
examined the fate of calcium phosphate (product of calci-
nation of aluminum phosphate) in sewage sludge melting
process. When calcium phosphate (Ca3(PO)4) is treated
with carbon and silica at around 1400 �C for 4 h, calcium
phosphate transformed as follows:

2Ca3(PO4)2 + 6SiO2 + 10C = 6CaO + 2P2O5 + 6SiO2 + 10C

= 6CaSiO3 + P4 + 10CO

The pyrolysis condition in the present study is similar to
that by Iwabu et al. [29]. Judging from the above studies
[28,29], crandallite in SS012 coal might first decompose
to Ca3(PO)4, AlPO4, and Al2O3. Then Ca3(PO)4 further
decomposed to CaO, but CaO did not interact with SiO2

to form CaSiO3, because the reaction time (1.2 s) was quite
short. One can infer that the disappearance of ‘‘Ca–Al–P’’
upon pyrolysis was not due to its vaporization but due to
the transformation to ‘‘Ca’’.

Contrary to SS012, ‘‘Ca’’ species in SS070 decreased
upon pyrolysis, and some increase was observed for
‘‘CaS’’, ‘‘Ca–Al–Si’’, and ‘‘other ash’’. It is well known that
‘‘CaS’’ can be formed due to the interaction between CaO
and S-containing gas evolved upon pyrolysis. Other details
are not clear at the present moment.

The amount of finely dispersed minerals was not small;
it was about a half of the total inorganics for SS012 coal
and about two-thirds for SS070 char. Although the chem-
ical species in ‘‘dispersed Ca’’ cannot be identified by the
present CCSEM study, SEM/EDX mapping analysis com-
bined with XRD analysis revealed that the dispersed Ca
species in SS012 pyrolyzed char was submicron CaS parti-
cles [23]. The raw coal does not contain these species but
‘‘ion-exchanged Ca’’ and ‘‘Ca particles of a size <1 lm’’
were the main constituents. Therefore, it was concluded
that such dispersed Ca species present in the raw coal were
transformed to finely dispersed CaS species as a conse-
quence of reaction with S-containing gas evolved during
pyrolysis. The S/Ca atomic ratio in SS012 coal is 1.2, and



Fig. 9. Ca content in inorganic species in the raw coal, the pyrolyzed char,
and the gasified char: (a) SS012 coal and (b) SS070 coal.
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it is possible for most Ca ions to be converted to CaS. The
pyrolysis behavior of SS070 coal is somewhat different
from SS012 coal, but the amount of dispersed Ca before
and after pyrolysis is almost the same as in the case of
SS012. From the present results a detailed information
about chemical species in dispersed Ca in this coal is not
known. However, the main species in the SS070 raw coal
is presumably similar to that in SS012 coal, namely ‘‘organ-
ically associated Ca’’ and ‘‘Ca particles of a size <1 lm’’.
Some of these species would be transformed to CaS as
above upon pyrolysis. However, since the atomic ratio of
S/Ca in this coal is as low as 0.16, the formation of CaS
is limited. Unreacted species remains as ‘‘Ca particles of
a size <1 lm’’. The behavior of CCSEM-detectable Ca spe-
cies during pyrolysis is quite different between the two
coals, but for both the coals interaction of the dispersed
Ca species as well as Ca-containing minerals with other
minerals was not significant.
4.3. Fate of Ca during gasification

Interaction of Ca species with other ash particles com-
menced in the gasification stage. After the gasification,
‘‘Ca’’ (presumably CaO) still remained in the SS012 gasi-
fied char (Fig. 9a) and many particles were found in the
Ca rich apex of the gasified char (Fig. 8b). It can be said
that ‘‘Ca’’ in SS012 coal did not interact with other ash
particles. In the case of SS070 coal, little ‘‘Ca’’ remained
in the gasified char (Fig. 9b) and no particle was found
in the Ca rich apex of the gasified char (Fig. 8d), indicating
that ‘‘Ca’’ minerals interacted with other ash particles. The
difference of reactivity of ‘‘Ca’’ minerals between the two
coals may be a result of different mode of occurrence, but
further investigation is needed to clarify the reason.

Dispersed Ca species drastically decreased during the
gasification in both coals (Fig. 9). In the SS012 gasified
char, particles with compositions ranging from the Ca rich
apex towards the midpoint of the Si–Al join (Fig. 8b) were
significant in comparison with the pyrolyzed char (Fig. 8a).
This result suggests that the dispersed Ca is easy to interact
mainly with kaolinite (Si/Al � 1). In the case of SS070 gas-
ified char, many particles around the Ca–Al–Si center were
found in the gasified char (Fig. 8d), and these were not
present in the pyrolyzed char (Fig. 8c). Since little particle
was found on the Ca apex in the pyrolyzed SS070 char
(Fig. 8c), the Ca–Al–Si particles in the gasified char might
be formed as a result of the interaction of CCSEM-
unquantifiable Ca with clay minerals. CCSEM-unquantifi-
able species including submicron CaS particles were con-
verted into CCSEM-quantifiable species either by
growing up by themselves and/or interacting with other
ash particles to form ‘‘Ca–Al–Si’’ and ‘‘Ca–Fe–Al–Si’’
(Fig. 6). As shown in Fig. 6, pyrite decomposed during
the pyrolysis to form ‘‘Fe’’. Then ‘‘Fe’’ was drastically
reduced during gasification and transformed to ‘‘Ca–Fe–
Al–Si’’ and ‘‘Fe–Al–Si’’. Zygarlicke et al. observed that
in the initial stage of the combustion of Texas lignite,
organically associated Ca was converted into Ca rich drop-
lets, which often contained Fe–Al–Si [25]. In other words,
the organically associated Ca cation and organically bound
Fe and/or pyrite were incorporated into kaolinite-derived
materials to form Ca–Fe rich aluminosilicate. Although
the reaction conditions of the present study are different
from those of Zygarlicke et al., the ‘‘Ca–Fe–Al–Si’’ frac-
tion might be formed via a similar mechanism as in
combustion.

4.4. Formation of low-melting point ash

Kaolinite (‘‘Si–Al’’), which is one of the dominant min-
erals in raw coal (Fig. 6), decomposes into amorphous
quartz (SiO2) and mullite (3Al2O3 Æ 2SiO2) during heating
at around 900 �C [27]. Melting points of amorphous quartz
and mullite are 1723 �C and 1850 �C, respectively. On the
other hand, anorthite (CaO Æ Al2O3 Æ 2SiO2) and gehlenite
(2CaO Æ Al2O3 Æ SiO2), which are most abundant ashes in
the gasified char, have much lower melting points,
1550 �C and 1593 �C, respectively. Adhesion of ‘‘Si–Al’’
particles may not take place at around 1500 �C if they do
not meet Ca species. However, if they interact with Ca-con-
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taining species in the char matrix, they would be converted
into ‘‘Ca–Al–Si’’ and ‘‘Ca–Fe–Al–Si’’ as is seen in Fig. 6.
Therefore, such interaction leads to the lowering of melting
point of ash as is well known. Generally this lowering is
beneficial in entrain bed gasification but troublesome in flu-
idized bed gasification.

Na and K species can also form low-melting point ash
by interacting with clay minerals. However, as described
in Section 4.1, Na and K easily vaporized during gasifica-
tion. Thus aluminosilicates in the char matrix would more
readily interact with the dispersed Ca species that remains
in the char during gasification. The formation of Ca-con-
taining aluminosilicates predominantly contributes to the
lowering of the melting point of ash during the gasification
of the low rank coal.
5. Conclusions

Transformation of alkali and alkaline earth metals in
sub-bituminous coals during CO2 gasification were exam-
ined by combining ICP-AES and CCSEM techniques.
The AAEM species in the sub-bituminous coals used in
the present study were mostly present as dispersed species.
Release of the AAEM species from the coal matrix during
pyrolysis and the subsequent gasification was dependent on
the type of metals. Na and K vaporized during the gasifica-
tion and the interaction with inherent minerals was insig-
nificant. Almost all the Ca and Mg retained in the
gasified char even if major part of the carbon disappeared
due to the gasification. Ca was the most abundant element
among the AAEM and it significantly contributes to the
formation of low-melting point ash. The dispersed Ca spe-
cies were converted into submicron particles upon pyrolysis
and then they interacted with clay minerals to form com-
plex aluminosilicates of low-melting points.
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