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ABSTRACT

Major parameters determining the exlent of Ca utilization were investigated for their calcination/

sulfation behavior of limestone in the AFBC(Atmospheric Fluidized Bed Combustion} environments. Three

different particle sizes of Fredonia imostone were investigated in the lab-scale tubular reactor. The results of

the calcination conversion of limestone imply that the decomposition rate of CaCQ, into CaQ is dependenton

the amount of heat which limestone absorbed. Hg porosimeter measurement of caleined limestone Husirated

that surface area and pore volume are increased with decreasing particle size. Raw Fredonia limestone and

sequentially as well as simultanecusly calcined/sulfated limestones were also examined using SEM. The SEM
Studies showed that the surface of the calcined limestone particles is more diffusive nature than that of the

parent calcite. However, the sulfur distribution pattern of simultaneously-treated particles and that of the se-

quentially—ireated one shows no difference.

1. INTRODUCTION

The amount of coal used as a source of
energy In utility application 1s expected to
increase in spite of pressing economic and
environmental factors. In part, the viewpoint is
a result of the emergence of technclogies, like
atmospheric fluidized bed combustion( AFBC),
that offer dramatic possikilities for the combus-

tion of coal in an environmentally acceptable
manner. In AFBC, coal is introduced into a
fluidized bed with noncombustible solid of lime-
stone. During the combustion of coal, sulfur
content in coal is oxdized to suifur oxides, The
limestone acts as a sulfur sorbent material
which 1s removed from the bed as & dry, solid
waste. In the typical temperature range of
AFBC (800~8501C), calcite (Cal03) in limes-
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tone is calcined to calcia (CaQ). The CaQ reacts
with the 50, that is released during coal cembu-
stion and forms anhydrite {CaSC.), a solid
reaction product.

Differences in the extent of Ca utilization
depend on characteristics of the limestone such
as porosity, microstructure, and the size of the
stone, . addition to its residence time in the
combustor and the processing conditions to
which the stone s exposed. The molar volume
of CaS0, is 45.9cc/g~mole” which is greater
than the molar volume of either CaC0O;, or Cal.
Hence, if particle shrinkage/expansion is negie-
cted during CaS(y, formation, all of the pore
volume created during calcination would be
filled before all of the Ca0 could be sulfated. On
such a basis of molar volume differences, the
maximum amount of CaQ that could be sulfated
18 §9%. Thus, in order to attain sulfation
conversion gréater than 69%, himestone must
have either some initial pore velume or excess
pore volume must be created during calcination.
In reality, all of the pore volurae within Ca0
may not be available during the sulfation
reaction. For example, pores below a limiting
sze plug quickly and will not be availabie to the
sulfation process.

It has also been generally observed that
ertire limestone particles develop exterior sulfa-
tich  shells which eventually terminate the
sullation reaction. Such a sullaticn sheli has
been modeled by Szekeley and Lvans® w lust-
rate near surface grain and grain boundary
sulfation as a Tunction of time*. The application
of this grain boundary theory to sulfur sorption
by limestone has resulted In some reasonable
agreement with experimental data in the 800~
9507 temperature range', This grain modej
predicts the foermation of a dense outer shell of
Ca80, on a CaQ core after 15 minutes of SO,
exposure, consequently, the sulfation process
will effectively terminate in any limestone par-
ticle that contains a CaS0, shell.

In the present experiment, the research has
focused on the microstructural characterization
of sized fractions of Fredoma limestone in lis
calcined, sulfated, and simultaneously calcined/
sulfated forms to delermine the sulfur capture
behavior of limestone in the AFBC condition.

2. EXPERIMENTAL

Limestone used in the present experiment is
obtained from the quarry in Fredenia region of
western Kentucky, USA. It contains about 98%
CaCO,. Fredonia lmestone samples were cru-
shed and classified into three different size
fractions. Fach size fraction of limestones was
subjected to investigate in the AFBC-simulated
tubular reactor. The schematic of the expert
mental system including tubular reactor is
shown In Fig. 1%, Pre-welghed limestone par-
ticles are wrapped with ceramic cloth to pre-
vent particle loss due to popping behavior at the
high temperature. The limestone was rapidly
njected into the reactor to simulate shock
treatment and subsequently extracted from the
reactor under a dry N, cooling condition. After
precetermined time period, samples were with-
drawn from the reactor and weight change of
the samples was measured. From the welght
measurement, ithe conversion efficiencies of
calcination and sulfation were caleulated®.
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Fig. 1. Schematic of Experimental System.
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For the entire investigation, Fredonia lime-
stone was subjected to investigate in the calci-
ning and sulfating environments that are
similar to those encountered In atmospheric
fluidized bed combusticn. These environments
were generated In a reactor through which
gases contaming O, CO,, H,O, N; and S0, were
flowed. Preselected compositions(CO,=15%, O,
=5%, H)0=8%, 50,=0.2% and N,=halance)
are preheated to specified temperatures{800~
8507 ) before admission to the reactor. The S0,
1s admitted to the Q,~CO,-H,0-N, gas mixture
after passing through the preheater but before
the reactor. This configuration enables calct-
nation/sulfation experiments to be performed
separately or simultanecusly.

Calcined limestones were examined by Hg
porosimeter{Quantachrome) to provide informa-
tions of surface area and pore volume. Raw
Fredonia limestone and sequentially and simul-
taneously calcined/sulfated limestones were
also examined using SEM and EDX to provide
microgtructural and compoesitional Information
of calcined /suifated limestone, Subjected par-
ticles were mounted into the epoxy resin. Fresh
surface of the samples was exposed by using
diamond cut followed by surface grinding/
polishing.

3. RESUL. TS AND DISCUSSION

The conversion time for Fredonia limestone
te CaO was determined after exposure to gas
compositions of 15% COy 5% O, 8% H,O and
72% N at 850°C. Fig. 2 showed that complete
conversion time to calcination was increased
with particle size. The critical time for complete
caleination are 15 minutes for 0.2 ~0.6mm-dia-
meter limestone, 20 minutes for 1.0~1.7mn-
diameter limestone, and 25 minutes for 2.0~2.4
mm-diameter limestone. The percent conversion
to Ca0 for 1.0~ 1.7mm-diameter Fredonia limes-
tone as a function of time and temperature is

100+ -———7
& soF
E
.% Particle Sipe
§ 50 @ 0.2-0.5um
E M 1017
(] A 2,02
=
2
g 40
=

20

O 1 1 A

L A
0 5 10 15 20 25
Caleination Time{min.)

Fig. 2. Calcination Conversion Versus Time for
Different Particle Size Limestone.

also shown in Fig. 3. The results on the calal-
nation conversion of hmesione imply that the
decomposition rate of CaCO; into Cal is depen-
dent of the amount of heat absorbed.

To verify aforementioned calcination beha-
vior of Fredoria limestone, calcined samples
were analyzed by mercury porosimeter to check
pore volume and surface area with respect to
weight loss. These results, shown in Fig. 4,
complement. the weight analysis data. In addi-
tion, the smallest limestone particles contain the
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Fig, 3. Calcination Conversicn of Fredonia Lim-
estone Varsus Time for Different Tem-
peratures.
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Fig 4 Pore Volume and Surface Area Change
During Calcination in the Typical AFBC
Exhaust Gas Envircnment.

largest surface area and total pore volume.
Interestingly, the surface area of limestone is
constant after certain period whereas the pore
volume continues to increase for small- and
medium ~sized samples. The pore volume distri-
bution after different calcination time is plotted
against pore diameter In Fig. 5 for medium-
sized limestone. A longer calcination time
results in an increase of the average size of the
pores, This kind of behavior was also found for
the large and small limesteone particles

Fig. 6 shows the SEM micrographs of a
cross—-sectioned particle of IFredonia limestone
which illustrated the heterogeneous nature. The
particle consists of at least three phases of
CaCO; including elongated  structures{fossil
remnants), circular or near-circular structures
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Fig. 5. Change of Pore Volume Distribution
Curing Calcination of Fredonia Lime-
stone.

Fig, 6. SEM micrograph of Raw Fredonia Lime-
stone. (A Single, Cross~sectioned
Particie}.

(fossl] remnants or cohtic limestone), and rela-
tively large—grained, smooth portions. At bigher
magnifications, the morphological and struc-
tural differences of the limestone can be more
easily discerned. Fig. 7, an magnified SEM
micrograph of position 1 in Fig. 8, shows an
interface region between [inely divided, porous
CaCO; and larger grained CaCOs:(about 25
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microns). Fig. 8, obtained from point 2 in Fig.
8, depicts the highly porous and central region
of a fossil remnant. The SEM micrograph in
Fig. 9 and 10 obtained from poeints 3 and 4 in
Fig. 6, respectively, shows that the area of the
particle between fossil remnants and oolites 1s
non-porous and of large grain size(30~180
microns in diameter) in addition to porcus and
of small grain size(about 20 microns). The
hetereogeneity of Iredonia limestone can of
course, be explained relative to its geological
formation™. With respect to the formation of
cracks on the particle surface during calc-
nation, the features shown at the edge of the

cross—-sectioned particle in Fig. 10 and at the
boundary between large-grained CaCO; and
small-grained CaCQ; would contain structural
release lines which could accommodate crac-
king.

Fig. 11 are SEM micrographs of Fredonia
limestone after calcination at 850°C for 20
minutes followed by sulfation at 850°C for 20
minutes. The 5 map in Fig. 12 showes that S
has penetrated into some regions within the
central portion of limestone particles whereas
other areas of these particles, including near-
edge locations, de not centain 3. The micro-
structure of various areas of Fig. 11 provide

Fig. 7. SEM micrograph of Raw Fredonia Lime-
stona (Position 1 in Fig. 6.)

Fig. 8. SEM micrograph of Raw Fredonia Lime-
stone. (Position 3 in Fig. 6.}

Fig. 8. SEM micrograph of Raw Fredenia Lime-

stone. {Position 2 in Fig. &.)

Fig. 10. SEM micrograph of Raw Fredonia Lim-
estone. { Position 4 in Fig. 6.}
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Fig 11, SEM micrograph of Sulfated Fredonia
Limestone. (A Singe Cross—scctioned
Particle}

Fig. 12. SEM micrograph of Sulfated Fredonia
Limestone. {5 Distribution Map. }

indications of pathways and of reasons for such
5 penstration. For example, Fig. 13 and 14
represents highly-porous structure with finely -
divide crystalhites of approximate dimensions

0.7~3 microns. Some of these finely-divided
crystalline areas result from an oolitic origin
while others result from fessil remnants.
Central posttions within the fossil remnants are
generally not sulfated; these positions, labeled
2b and 3b in Fig. 11, consist of a semi-porous
structure, with some crystallites, but mostly of
& semi-lerminating, amorphous layering strue-
ture. The areas labeled as 6b in Fig. 11 aré

Fig. 13. SEM micrograph of Sulfated Fredonia
Limestone. {Position Tin Fig 11.)

Fig. 14 SEM micrograph of Sulfated Fredonia
Limestone. (Position 3 & 4 in Fig. 113

magnified in Fig. 15 which were non-porous
and contained large grains of approximate
dimenstions of 40~ 150 microns. The S does not
appreciably penetrate into these grains but does
diffuse along the grain boundaries as in Fig. 16.
Hence, the pathway of £ into highly~porous
areas within the particle is either by diffusion
along grain boundaries or siaply by diffusion
from a highly-porous region to another porous
region.

Not all particies of Fredonia limestone
contain oolites and fossil remnant structure of
CaC0O,. This fact is observed in the SEM
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Fig. 15. SEM micrograph of Sulfated Fredonia
Limestone . {Position 6 in Fig, 11}

Fig. 16. SEM micrograph of Sulfated Fredonia
Limestone Distribution Map from a
Position Near 6 in Fig. 11

micrograph and Ca and S elemental maps of
several cross-sectioned, sulfated particles. The
S map shows that § has penetrated intc the
interior as well as being concentrated in a near
—surface shell”’. The S penetration into the
interior cause relatively large cracks within the
particle which may be originated within boun-
dary regions between different crystallites of
CaCOs.

The SEM micrographs of cross-sectioned
limestone particles after simultaneous calci-
nation /sulfation are also examined. The distri-
hution of S within the particles 18 similar to the

S distribution that was observerd in sequentially
-treated limestone. Penetration of S into the
interior of the perticles depends on whether the
particles contain fossil remnant of oolitic stru-
cture. Particles that do not have such heter-
ogeneity contain S primarily on their external
surface in the form of a shell, in addition to
some S which has penetrated intc the particle
via cracks or fissures that exist in the particle,

4. CONCLUSION

Raw TFredonia limestene and sequentially
and simultaneously calcined/sulfated limestones
were examined by Hg porosimeter as well as
SEM techmiques 10 provide microstructural and
compositional information. Hg porosimeter mea-
surement of calcined limestone illustrated that
surface area and pore volume are increased
with decreasing particle size. The SEM studies
of cross-sectioned particles showed that the
surface of the calcined limestone particles to be
more diffusive nature than the parent calcite,
But the suifur distribution pattern of simul-
taneously—-treated particles and that of the
sequentially-treatad one has no difference.
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