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Abstract

The behavior of quartz, kaolinite and calcite, as main components of coal mineral matter, has a direct impact on slags
formations and development in pulverized coal combustion. The mineral transformations along temperature can be followed
by differential scanning calorimetry (DSC), provided that the formation and crystallization of mullite (3A1,03-2Si0,) are
exothermic phenomena. Peak heights and areas allow to quantify the occurrence and extent of those mineral transformations
for pure kaolinite and its mixture with calcite as fluxing agent. On the other hand, sinterization time at temperatures bellow
mullite formation has a clear impact on the onset and the shape of the peaks. In this way, it is demonstrated that mineral
transformations at solid state have a direct effect on the final structure of mineral species generated by slagging.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the most frequent operational problem in
pulverized coal boilers is due to the uncontrolled
deposition of fused ash material onto heat transfer
surfaces within the furnace, in areas which are directly
exposed to flame radiation. This phenomenon, refer-
red as slagging, involves time-consuming unplanned
shut-downs and a reduction in thermal conductivity.
The extent of ash related problems depends on the
quality and nature of the inorganic constituents pre-
sent in the coal, as well as on the combustion and plant
operating conditions and system geometry [1]. Most
engineering research on full-scale boilers has been
intended to reduce the adverse effect of ash deposition
by modeling the design of tube banks, optimization of
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sootblowers, and changes in operating conditions [2].
Prediction of slagging can be based on the chemical
composition of the ash, from which a number of
empirical indices may be calculated. These include
laboratory ash analysis, standardized ash fusibility
temperatures and the base/acid, Fe/Ca and silica/alu-
mina ratios in laboratory ash. For many years these
have been the principal basis of assessing the prob-
ability of ash deposition in a boiler [3]. In an effort to
improve repeatability and reliability, new methods
have been developed, based on physical characteris-
tics that change when melting or sintering begins:
dimensional changes of ash pellets, compressive
strength, electrical conductance and pressure drop
across pellets [4]. Precise determination of the onset
of fusion can also be provided by thermal analysis as an
endothermic phenomenon [5]. Nevertheless, these tech-
niques are based on ash that is no representative
of pulverized fuel combustion conditions, and thus,
cannot accurately predict the slagging potential.
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Research efforts have been focused to enhance
slagging prediction taking into account the different
ash formation mechanisms of excluded and included
mineral matter in coals, as well as the impact of
reducing environment during char particle combustion
[6]. The mechanistic approach has identified a need
for fundamental understanding of formation and
mineral transformation in the deposits. XRD [7]
and SEM [8] have been used to study the distribution
of inorganic matter in deposits to provide a basis for
predictive models of the deposition process.

Provided that quartz, kaolinite and calcite are the
main components of coal mineral matter, their beha-
vior under combustion has a direct impact on slags
formations and development. It is well known that the
incorporation of the lime in molten clays forms
anorthite (CaO-Al,05-2510,), which is a lower melt-
ing point silicate brought about by the fluxing action of
calcite on the clay minerals. The aluminosilicate glass
can adhere to the initial sticky deposit layers contri-
buting to deposit build up. This is why the mechanism
of the decomposition of kaolinite and the ternary
system CaO-Al,05-25i0, have been studied exten-
sively [9]. The thermal decomposition of the indivi-
dual mineral species was investigated using
differential thermal analysis (DTA) methods [10].
Calcite as an additive has been used over ash mixture
to determine the change in fusion temperatures by
XRD and DTA [11].

We have approached this system in a different way,
studying the influence of calcite and sinterization time
over the reactions of aluminosilicates in solid state.
Sintering, which is referred to as the bonding or
welding of adjacent particles under the influence of
excess surface tension, rather than melting, is the
responsible of the increase of the adhesive force of
ash [12]. Explicit tracking of the extent of sintering as
a function of time will be required for the prediction of
properties through the deposit as equilibrium is not
reached [13]. On the other hand, crystals formation
may be a highly desirable phenomenon for amorphous
ashes because it displaces the densification process to
higher temperatures [14]. For this propose, differential
scanning calorimetry (DSC) and DTA were set-up to
monitor the evolution of aluminosilicates with tem-
perature and sintering time, as thermal analysis is
proving an invaluable help in the assessment of coal
properties and ash-related implications [15].

2. Experimental

In order to characterize ash behavior, standard
minerals representative of the most commonly occur-
ring minerals in coal were selected for this study:
kaolinite as a representative of aluminosilicates,
quartz, and calcite. The samples were ground and
sieved to d < 80 pm, and kept in inert atmosphere.
For binary mixtures, the corresponding weights of
each component were mixed in an agate mortar,
and pressed as pellets to ensure interparticle contact.

Simultaneous differential thermal analysis and ther-
mogravimetry were performed in a STD 2960 from
TA instruments, which allows temperatures up to
1500°C. A flow of 80 ml min~' of argon was used
in all these experiments. Although a standard
20°C min~' ramp is recommended by the thermoba-
lance user manual, resolution in mineral transitions
peaks was studied at different heating ramps (80 and
120°C min_l). After these studies, for DSC experi-
ment, a ramp of 20°C min~! was chosen for calibra-
tion and a heating ramp of 80°C min~' for the
experiments. This high heating rate implies errors
in quantification of decarboxilation of dehidroxilation
areas (in general, in all decomposition which involves
mass loss), but it seemed to be highly desirable for
detecting mineral transitions and fusions with small
heat exchange, and without weight change. Never-
theless, and as expected, onsets and maxima in peaks
are higher as heating ramp is increased. Pt pans were
preferred for these studies because alumina pans
suffered great damage when calcite was used.

Different thermal treatments were performed over
the samples. They were held for long periods (1, 2, 4
and 8 h) at different high temperatures (750, 800, 850
and 900°C) and shorter sinterization times (3', 8/, 15,
30" and 45") at 950°C, and after these isothermal stages
1500°C were reached at 80°C min~ .

Scanning electron microscopy was performed in a
Jeol SM6400 apparatus.

3. Results

The evolution of kaolinite with thermal treatment,
as a representative of aluminosilicate minerals in
coal inorganic matter, is shown in Fig. 1. Kaolinite
losses the combined water from the hydroxyl groups
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Fig. 1. Major mineral transformations of the aluminosilicate phase during the combustion of coal depending on the calcium content (after [7]).

surrounding the Al atoms, yielding in the formation of
an amorphous phase, metakaolin at around 400°C. It
remains unaltered till 950—1000°C, when a fast reor-
ganization of oxide ions in the lattice structure devel-
ops into a spinnel-like form of y-alumina, and further
formation of mullite (3A1,05-2Si0,). The final form
of aluminosilicates is a mixture of cristobalite and
crystallized mullite.

The two crystallographic transformations, i.e. the
formation of the spinnel or mullite precursor, and

mullite crystallization, can be followed by differential
thermal analysis since these reorganizations involve
changes to more stable phases with energy liberation.
The amount of energy and the shape of exothermic
peaks can be quantified by DSC if experimental
conditions are optimized.

As mentioned in Section 2, for these experiments,
fast heating rates in DSC furnace were chosen as they
yielded better resolution of peaks, as can be seen in
Fig. 2 for kaolinite from 950 to 1400°C. Spinnel

Exo. —

Heat flow (a.u.)

kaolinite, sintered at 950°C

g 15 30

Fig. 2. DSC runs at 80°C min~! to 1400°C, with holding times at 950°C of 3, 8, 15 and 30 min.
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formation is clearly indicated for the first exothermic
peak that starts at 1000°C. The presence of mullite is
confirmed by the crystallization peak at 1300°C,
although its shape is quite flat. Higher temperatures
involve the tetragonal modification of silica excess
yielding cristobalite, although such effect could not be
monitorized in these DSC runs.

A complete set of DSC experiment were carried out
to study the crystalline structures at those tempera-
tures which mineral particles find when they impact on
the tube banks inside burners. The heating ramp was
stopped at 950°C, and this temperature was held for 3,
8, 15 and 30 min. After the sinterization time, runs
were completed at 1400°C at 80°C min~'. The main
effect over metakaolinite transformation can be seen
on the exothermic peak of Al-Si spinnel formation:
peak areas in J g~ ', what it is to say, transformation
heats, decrease, and a decrease in onset and maxima
temperatures is detected (Fig. 2). In fact, a sinteriza-
tion time of 45 min involved the absence of such peak.
Similar effects were detected in mullite crystallization
peaks at 1300°C for each experiment, as can be seen in
the figure.

The extent of mullite crystallization can be fol-
lowed from peak areas and shapes at 1300°C.
Although quantitative measurement of peak height
would be a better indication of crystallinity, the values
are less reliable due to peak flatness observed for these
experiments. Areas were calculated with tangential
adjustment of baselines. Under the experimental ther-
mal conditions, it is not possible to ensure complete
crystallization of mullite. Nevertheless, the values of
peak areas could be considered as an indicative of

25

portion of mass that has reached the crystalline orga-
nization. In this way, the decrease in peak area as a
function of sinterization time can be considered as an
indication of how short holding times at 950°C have a
great impact over the portion of mass that reach
crystallinity (Fig. 3).

On the other hand, the extent of mullite crystal-
lization reached at 1300°C should be related to the
degree of organization of the mullite precursor as
spinnel achieved at 1100°C. As mentioned above,
peak area and specially peak height could be an
indicative of crystalline order in the spinnel structure.
Fig. 4 shows the values of both the area and height of
mullite precursor peak versus mullite crystallization
peak area. There is clear relationship between both
structures, almost linear for crystallization areas
higher than 5J g~'. This linear relationship between
peaks shape is lost at sinterization times higher than
10 min. These results imply that sinterization time at
950°C, before the spinnel formation, hinders the for-
mation of that spinnel or mullite precursor, which
involves that the final state is highly amorphous rather
than crystalline mullite. None of these effects
(decrease in peak area and T, for mullite transfor-
mation) were detected when the sample was sintered
at 1150°C, which indicate that the sinterization time
affect the sample only before the spinnel formation.

3.1. Binary mixtures
Calcite was added to kaolinite in two different pro-

portions: 33% calcite over kaolinite, which is a ratio
1:1:2 in Ca:Al:Si in the final form of stoichiometric
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Fig. 3. Peak area of mullite crystallization as a function of sinterization time.
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Fig. 4. Values of area and height of spinnel peak vs. mullite crystallization peak area.

anorthite (CaO-Al,05-25i0,), and a 50% in calcite,
which is a mixture with an excess of lime over the
estequiometric anorthite has a clear effect over kao-
linite heat treatment. Pellets were prepared with agate
mortar and press shaped to ensure mixture and contact
of particles. Calcite as a fluxing agent has a clear effect
over kaolinite heat treatment. In Fig. 5, a broad
endothermic peak appears at 1250°C for a 50% calcite
addition. It is compatible with anorthite fusion, in fact
samples resemble vitreous blue drops. If sample is let
to cool and then the heating—cooling cycle is repeated,
the peak of spinnel formation disappears as expected,
but two different fusion peaks appear at 1200 and
1300°C, which indicates that amorphous material
has a biphasic composition, probably due to the line
excess.

The effect of calcite addition is clear not only in co-
melting at high temperatures, but also over the Al-Si

@ 125
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3
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h spinnel (W/g kaolinte)

—— kaolinite —8—33% calcite —&— 50% calcite

Fig. 5. DSC run at 80°C min~' to 1400°C of a mixture 50%
kaolinie-50% calcite with three cooling—heating cycles.

spinnel reorganization at 1000°C: peak decreases in
area and height as sinterization time (no sinterization
time, 15’ and 30’) and calcite addition (no calcite, 33%
calcite, 50% calcite) increase, as can be seen in Fig. 6.
Area values can give an indication of the initial mass
of kaolinite that develops spinnel structure, and peak
height could be an indication of order degree in the
spinnel structure. Therefore, DSC allows to quantify
the relationship between the extent of the mineral
transformation and the degree of order in Al-Si struc-
ture. The ratios of peak height/peak area for kaolinite
and its mixtures, at the three sinterization times stu-
died, are shown in Table 1. These results indicate that
the sinterization stage for pure kaolinite involves a
degree of disorder in the mineral phases similar to that
achieved as effect of calcite addition.

On the other hand, onset temperature of exothermic
peak decrease as well with sinterization time and

50%kaolinite+50%calcite

it

2

3

K

S =

=

950 1050 1150 1250 1350
T(C)
—First cicle -~ Second cicle - Third cicle

Fig. 6. Relationship between peak area and height for spinnel
formation depending on the addition of calcite and on sinterization
time.
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Table 1
Sinterization Ratio (h/A)
time at 950°C
Kaolinite 33% Calcite 50% Calcite
0 1 0.7 0.5
15 0.9 0.6 0.5
30/ 0.8 0.5 04
Table 2
Sinterization  Kaolinite 33% Calcite 50% Calcite
time at 950°C
onset TmZIX TOnSCl TmﬂX TO“SCI Tmax
0 1008.8 1019.5 1009.9 1020.2 1006.5 1018.9
15 1002.3 1012.1 997.2 1011.3 995.1 1011.3
30/ 990.0 1009.8 990.7 1012.8 991.7 1012.7

calcite addition, see Table 2, which indicates that time
and fluxing agent decrease the temperature of mineral
transformation at solid state.

Fig. 7 shows the effect of sinterization temperatures
before spinnel formation (850, 900 and 950°C) held
for 1 h, over a mixture of 50% clacite/50% kaolinite.
Fig. 8 shows the effect of long sinterization (4 and 8 h)
times at 900°C over the mixture. From these results, it
can be inferred that low sinterization temperatures
partially destroy spinnel structure provided that sin-
terization times are long enough. On the other hand,
1 hat 950°C imply the complete destruction of spinnel
structure. In all cases, the broad endothermic peak
starting at 1200°C indicates a high degree of fusion.
The extremely exothermic peak detected above

/\ 50%kaolinite+50%calcite, sintered for 1h
.

i e .
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Heat flow (a.u.)

950 1050 1150 1250 1350
T¢O

— 850C «900C - 950C

Fig. 7. DSC runs at 80°C min ™' to 1400°C mixtures 50% kaolinie—
50% calcite, effect of 1 h sinterization temperature (850, 900 and
950°C) over spinnel formation.
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Fig. 8. DSC runs at 80°C min~"' to 1400°C mixtures 50% kaolinie—
50% calcite, effect of sinterization time (4 and 8 h) at 900°C over
spinnel formation.

1300°C for mixtures seem to offer support for the
concept of changes in thermal conductivity of slags
that can be related to phase transformation [11]. Both
are very difficult to quantify because there is no clear
baseline.

To study the degree of sintering and the final
mineral structures, SEM-EDX was applied to some
of the samples. Heating treatment of kaolinite to
1500°C yielded a certain degree of fusion between
discrete particles. When kaolinite is sintered for
30min at 950°C before reaching 1500°C at
80°C min~!, SEM shows a great degree of fusion.
The expected small crystals of mullite were shown by
SEM, although EDX was unable to establish their
composition due to their small size.

SEM photographs of binary mixtures are shown in
Fig. 9, where it is possible to see the effect of
sinterization time over the mixtures. Picture (a) shows
50% calcite over kaolinite heated to 1500°C at
80°C min ™", is a fused glassy matrix of Al:Si:Ca in
a proportion 1:1:1 with some granules rich in calcium.
When this mixture is let to sinter for 30 min at 950°C,
the final form; (b) is a matrix of Al:Si:Ca in a
proportion 1:1:1, with needle shaped crystals of
anorthite (Ca0O-Al,05-28i0,). The formation of
anorthite needles is clear when there is not an excess
in calcium, for mixtures 33% calcite over kaolinite
(pictures ¢ and d). For these samples, differences
between sintered and not sintered samples are not
so big. It is worthwhile to comment that similar
pictures were obtained with SEM of slags obtained
in drop tube of a coal with the same Ca/Al ratio that
this mixture [16]. On the other hand, no single crystals
of mullite were detected by SEM—EDX for any of the
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Fig. 9. SEM photographs of: (a) 50% calcite over kaolinite heated to 1500°C at 80°C min™'; (b) 50% calcite over kaolinite heated to 950°C at
80°C min~", 30 min holding time, and heated to 1500°C at 80°C min~"; (¢) 33% calcite over kaolinite heated to 1500°C at 80°C min"'; (d)

33% calcite over kaolinite heated to 950°C at 80°C min~"', 30 min holding time, and heated to 1500°C at 80°C min~".

samples. Other works confirmed that well-crystallized require the use of XRD, and results will be shown in
mullite crystals are only present when equilibrium future works.

condition have been reached, which only happens in Fig. 10 shows the comparison between kaolinite (a)
outer layer of deposits, whereas middle layers present and a mixture of kaolinite with calcite (b), both
a highly sintered nature with only trace amounts of samples cooled down after sinterization at 950°C,
mullite [8]. In this study, mullite determination should what it is to say, before any fusion effect could be

—— hhqi

100um 100ufs

¢

Fig. 10. SEM photographs of: (a) kaolinite and (b) 50% calcite over kaolinite, heated to 950°C at 80°C min~" and sintered for 12 h at this
temperature.
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detected by DSC. In picture b, SEM identifies gray
areas as aluminosilicates, and white areas as rich in
calcite. Apart form this interaction, the picture shows a
sort of interparticle fused matrix, with a composition
1:1:1 in Si:Al:Ca. From these results, it is clear that the
sinterization time involves reactions at solid state that
at higher temperatures, have a direct effect over the
final state of slag.

4. Conclusions

DSC is a useful tool to follow the mineral transfor-
mations of aluminosilicates in combustion conditions.
The quantification of area and height of the exothermic
peaks allowed the study of the influences of sinteriza-
tion time and temperature on the final mineral phase.
Using this approach, it is confirmed that the reactions
at solid state, at temperatures bellow any mineral
transformation, have a direct effect on the crystal-
lization degree of mineral species on combustion slags.
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