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ABSTRACT

Comparative studies of the BET (Brunaur, Emmett, Teller)
surface area and pore volumes of calcines prepared under
different calcination conditions were performed. The calcin-
ation conditions were varied with respect to final temperature,
soak time, and gas composition of the sweep gas. The sample
prepared at 900°C for 30 minutes in nitrogen gas displayed
the largest BET surface area. This sample and the sample pre-
pared at 775°C for 90 minutes in nitrogen gas displayed the

largest cumulative pore volume.
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INTRODUCTION

The sulfur oxides produced by the combustion of coal
contribute to acid rain. New methods developed to remove
sulfur from the fuel help reduce this problem. Rather
than remove the sulfur from the coal before it is burned,
the sulfur dioxide is removed during the combustion process.
One way of doing this involves putting pellets of precalcinated
limestone directly into the combuster. The calcinated lime-
stone then reacts with the sulfur dioxide to form a calcium
sulfite.

In order for this method to work efficiently, the
calcinated limestone must have a large sorbent capacity. This
study is concerned with optimizing the sorbent potential of
limestone. This would save on sorbent purchasing cost,
transportation, and handling and storage of the end product,
calcium sulfite. Determination of the optimum calcination
conditions allows for calcination of large amounts of limestone.
Pellets of this precalcinated limestone will have optimum

sorbent capacity when injected into coal combusters.



LITERATURE REVIEW

Limestone calcinationcondition affect the surface area,
pore volume and pore diameter of the calcine (4,16,15). For
any given stone, the variables defining calcination treatment
are: final pretreatment temperature, carbon dioxide partial
pressure, and calcination time (11). Increasing the final
pretreatment temperature or the carbon dioxide partial pressure
results in an increase in mean pore size, a decrease in surface
area and a decrease in total porosity (1,16,7,13,5). Increasing
the calcination time decreases the total pore volume (14).

The sulfation capacity of a calcine is improved when the
pore volume and surface area are decreased in concert with a
shift from narrow-mouth to wide-mouth pores (6,16). Sulfation
capacity also increases as the initial particle size is

reduced (5).

Final pretreatment temperature

The optimum calcination temperature is likely to be dif-~
ferent for various types of limestone. Therefore, the optimum

temperature should always be found for each limestone (7).

Carbon dioxide partial pressure

Slow calcination in carbon dioxide greatly enhances the

capacity of calcinated limestone as a sulfur sorbent (13).
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Sorbent capacities are at least doubled by increasing the
carbon dioxide pressure in the calcinating atmosphere (16).
Increased carbon dioxide partial pressure decreases the rate
of calcination. This change in rate is accounted for by in-
creased diffusional resistance from the change in the carbon
dioxide partial pressure gradient across the reactant inter-
face (16). Slow calcination offers sufficient time for the
calcium oxide lattice to grow and coalesce so that small pores
grow together to form wider ones. While the initial rate of
the sulfation reaction may by lower, the ultimate sorbent

capacity of the calcine is increased (13).

Calcination time

The calcination time affects the reactivity of calcinated
limestone with sulfur dioxide. Slow calcination favors high
sorbent capacity. Levine et al. suggest that slow pretreat-
ment requires low heat-up rates (11). The total pore volume
decreases slightly with an increase in the calcination time,

but the pattern of pore distribution does not change greatly (14).

Initial particle size

Increases in number of particles by reduction in particle
size would be expected to increase the relative surface area.
However, since most of the reactive surface is inside the
particles, reduction in size has little effect. A more impor-
tant consideration is that sulfur dioxide does not have to
diffuse so far through the pores to get to the center in par-

ticles with small diameter. 1In small scale tests, O'Neill et al.
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have shown that sulfur dioxide diffusion through pores is

not fast enough to avoid slowing the reaction when particle
size is larger than 0.01 cm, unless pore size is so large

that the reactive area is unduly diminished (12). In very
small particles, however, small pores do not slow the reaction
by resisting diffusion of sulfur dioxide, because the product
layer is very thin. Therefore, the chemical reaction rate is
the rate limiting factor in these particles (1,3, 12). How-
ever, the particle size cannot be too small. Pilot plant
tests indicate that particles smaller than about 2 um do not
absorb sulfur dioxide as well as larger ones. The optimum is

probably about 3-8 um in diameter (12).

Initial pore size

Pore size and particle size together determine the extent
to which the interiors of individual particles react (1).
Hartman et al. have shown that the natural porosity persists
during the calcination process (8). To be well suited for the
absorption of sulfur dioxide, a carbonate material should have
an initial porosity before calcination of more than 307 to
permit it to accommodate all calcium sulfate formed by the
reaction (6). Tests indicate that particles smaller than
0.01 cm with pores larger than 0.1 microns react throughout
their internal pore structure at a rate directly proportional
to the BET surface. The rate decays exponentially as sulfation
proceeds until the pores are filled with reaction product.
The ultimate capactiy of small particles is determined by the

pore volume available for product accumulation, which is
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generally equivalent to about 507 conversion of the calcium
oxide in limestones (1). The sulfated particles of larger
size are enriched in sulfate primarily within the outer
portions. Therefore, local porosities should be considered

in the analysis of the reaction rather than the mean values (6).

Pore Diameter after Calcination

The importance of pore diameter results from the greater
molar volume of calcium sulfate product relative to the
parent limestone. The accumulation of product at pore mouths
seals the pathway by which sulfur dioxide would otherwise pass
to the interior of the particle. The wider the pore mouths,
the greater the extent of sulfation before they become blocked
(16). For larger particles, higher porosity provides more
space for the reaction product to accumulate. Also, the time
of exposure at which the pore mouths become closed is greatly
prolonged by increasing porosity (6). For particles that are
500 micrometers in diameter with pores of 0.1-2 micrometers in
radius, accumlation of product leads to an upper value of
40% sulfation (12). Mathematical models of the reaction indi-
cate that the porosity of natural limestone steepens the con-
centration profiles developed within particles and increases
the exposure time at which the pores close. The model suggests
that a dense shell should not form on particles of natural

porosity greater than 30% (6).

Surface Area

High sorbent capacity is dependent on a pore structure
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of limestone which allows sulfur penetration into the sorbent
particles (16). Pore size determines the extent to which the
interiors of the large particles participate in the sulfur
dioxide reaction (1). Small proes result in a high reaction
rate; but if the particles are large, the pore capacity is low.
Large pores give lower rates and increased capacities. The
capacity of small particles in which the reaction occurs
evenly throughout the pore structure under isothermal con-
ditions of the reaction is determined by the total pore volume
available for accumulation of the reaction product. The cap-
acity to accumulate product decreases relative to the rate of
product generation within the reaction zone of the pore. One
would expect a maximum specific reaction rate and minimum
reaction capacity with very fine pores, which would result in
the plugging of the pore mouths with reaction product (1).
Pores larger than 0.03 micrometers have been found to be most
important because these pores are not rapidly plugged by high
volume product. As the average pore diameter is increased
beyond 0.3 micrometers, gasous permeability increases but the
effective surface area decreases. Surface area eventually
becomes the controlling factor over permeability and the
overall sorbent reactivity decreases with further pore enlarge-

ment (8).

Effects of Surface Area

The calcination process creates a low density, high por-
osity calcium oxide that initially possesses a high internal
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surface area and, hence, a higher reactivity (4). Surface
area has a maximum value when the conversion from calcium
carbonate to calcium oxide approaches its completion (15).
Maximum surface area is attained when particles of minimum
size are calcined at minimum temperature and maximum rate,
that is, without carbon dioxide equilibrium or mass transfer
limitations (2). Reactivity increases with the square of

the BET surface area (4).



MATERIALS AND METHODS

Limestone

A 22.7 kg bag of rock dust was obtained from the
Greer Limestone Company in Greer West Virginia. The BET sur-
face area of a 2 g sample taken from this bag was 1.076 m?/g.

The pore volume of this sample was 0.002818 cm®/g.

Two flowmeters

Two flowmeters were calibrated with a Hastings Mini-flo
calibrator model HBM-1A (Fig. 1 & 2). FEach flowmeter contained
a glass bead and a steel bead. The steel bead was used in the
calibration and for regulating gas flow rate. Flowmeter FP 1/8-1
was used to regulate the amount of nitrogen. Flowmeter 600 was

used to regulate the amount of carbon dioxide.

Quartz tube

A quart tube which measured 91.44 cm in length and of
2.54 cm in outside diameter was used in the furnace to hold the
sample boats. The inside volume of the tube was 466.3 cm®. The
gas flow rate used throughout the study was 300 cc/min., to

give 20 sweeps of gas through the quartz tube every 13 sec.

Platinum-platinum/rhodium thermocouple

The thermocouple was constructed by first inserting a

61 cm piece of 1007 platinum wire through one hole of a
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56 cm alumina (A1l.0,) tube. A second wire composed of 90%
platinum and 10% rhodium was then inserted through the other
hole of the alumina tube. The wires on one end of the alumina
tube were bent to form small hooks. These hooks were placed
under the appropriate screws of the thermocouple assembly unit.
The screws were snugly tightened. The platinum wire went to
the negative screw and the platinum/rhodium wire went to the
positive screw. The part of the thermocouple assembly unit
containing the lead wires was then connected to the portion
containing the platinum and platinum/rhodium wires. The lead
was then connected to a digital readout. The platinum and
platinum/rhodium wires coming out of the alumina tube on the
end opposite the thermocouple assembly unit were spot welded
together with no overlap. To help prevent breakage of the wires,
torr seal was used on the exposed wires that were in the area

of the thermocouple assembly unit.

Variac

A 140 V Variac with a reference scale of 1-100 was used
to heat the furnace. The variac was calibrated in order to
establish a constant heat rate of 10°/min with a gas flow rate

of 300 cc/min.

Furnace
A 33 cm tube furnace with a 3 cm cylindrical heating area

was used to heat the samples.
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Assembly

The apparatus was assembled as shown (Fig. 3).

Analysis of calcium oxide

There are several techniques available to analyze the
surface area and pore volume distribution of calcines. For
surface area determination, the mercury porosimetry technique
is preferred to the gas adsorption technique. The latter
technique includes the surface area due to extremely small
pores. Although this area may be substantial, it does not
contribute greatly to the sulfur capture because the small
pores are rapidly plugged by the high-molar volume product.
Thus the mercury porosimetry technique gives a more realistic
assessment of the surface area available for sulfur capture.
This technique involves using a 30,000 psi porosimeter to
measure the pore volume distribution as a function of pore
diameter in solids and powders. Mercury is forced under in-
creasing pressure into successively smaller pores of a sample.
The size of the filled pores are obtained from the measured
pressures since for each given pressure all pores equal to or
larger than a corresponding minimum diameter will be filled.
The volume of these filled pores is obtained directly from the

measured volume of mercury intrusion (10).
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Fig. 3. Diagram of assembled apparatus.
*Not drawn to scale

a) carbon dioxide cylinder
b) nitrogen cylinder
c) tygon tubing
d) flowmeter
e) polyflow tubing
) rubber stopper
g) ceramic boat
h) tube furnace
i) quartz tube
j) thermocouple
k) variac
1) digital readout
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Steps used in calcinating the rock dust

1. Two ceramic boats were weighed separately to
the nearest 0.00001 g. The dimensions of each
boat were 5 cm x 2 cm x 1.5 cm. The walls of
the boats were 4 mm thick.

2. The rock dust was sprinkled into the boats
with a metal spatula. Boats were filled until
the rock dust was even with the top edges. The
boats were lightly tapped once on a hard surface.

3. Each boat plus the rock dust was weighed.

4. The initial weight of the rock dust was found
by subtracting the weight found in step 1 from
the weight found in step 3.

5. The nitrogen and carbon dioxide flow rates were
set to the appropriate setting. For the first
20 samples the nitrogen flow rate was 300 cc/min.
and the carbon dioxide flow rate was zero. For
the next 20 samples, the nitrogen flow rate was
255 cc/min. and the carbon dioxide flow rate was
45 cc/min.

6. The two ceramic boats containing rock dust were
carefully inserted into the quartz tube so that
they were in the middle of the furnace.

7. The thermocouple was inserted through the glass rod
which ran through the rubber stopper in the quartz
tube. The tip of the thermocouple was rested in
the rock dust in the proximal boat.

8. The digital readout was turned on.
9. The variac was set to 30 and turned on.

10. Once the digital readout read 100 * 5°C the variac
was turned up to 44.

11. From that point on, the variac was turned up four
increments every five minutes in order to achieve
a heat rate of approximately 10°C/min. The digital
readout display was recorded each time the variac
was turned up in order to monitor the heat rate.

12. Once the desired temperature was reached, the temp-
erature was held constant for the desired time by
fine adjustment of the variac control. The final
temperatures and soak times are indicated in the
test matrix (Table 1).

14



Table 1. Test matrix showing the variables used in
calcinating the samples.

Final Temperature (°C) Soak Time (min) Gas Composition

28 N2
775

90 N, -CO

120 2 =002

30

60 N,
850

20 N, -CO

120 2 =00,

: .
900

20 N, -CO

120 2 =002

e N:
950

20 N, -CO

120 2 =C0:

2 N:

1,000
90 N, -CO
120 2 =C0,

15



13.
14.

15.
16.
17.
18.

19.
20.

21.

Analysis
BET

analysis

The variac was turned off.

A small fan directed toward the furnace was turned
on,

Once the digital readout displayed approximately
400°C the furnace was opened up.

When it had cooled to approximately 200°C the boats
were removed from the quartz tube with tongs and were
covered with a glass jar.

The boats and calcine were weighed.

The calcine was emptied into a weighing dish.

The empty boats were weighed.

The weight found in step 19 was subtrated from the
weight found in 17 to find the final weight of the

calcine.

Approximately 2.000 g were put into a glass vail in
a desiccator.

surface area measurements and pore volume (adsorption)

were done on the 2 g samples.

16



RESULTS

From the 40 samples tested the percent by weight
remaining after calcination varied from 56.4% to 99.27%
(Table 2). The average percent by weight remaining for
trials conducted at 775°C in nitrogen gas and in a nitrogen-
carbon dioxide mixture gas were 72.8% and 93.27% respectively.
The average percent remaining for trials conducted at
temperatures of 850°C or greater in 1007 nitrogen is 56.8%.
When 157 carbon dioxide was added to the nitrogen gas
stream, the average percent by weight remaining for the same
set of conditions increased to 67.8% (Fig. 4 & 5).

The BET surface area and cumulative pore volumes as
measured by the nitrogen adsorption technique, are shown

in Table 3 and Figs 6 through 13.
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Table 2. Percent by weight of calcine remaining after the

limestone is calcinated.

The percentages are

given for the different calcination conditions.
The variables were final soak time (time), final

temperature (temp.)
sweep gas (N, or N, & CO,).

and gas composition of the

TIME (MIN) TEMP (°C) 7 BY WELGHT 7 BY WEIGHT
REMAINING (N.) REMAINING (N.&CO;)

30 775 87.0 81.8
60 775 80.9 *NA

90 775 61.4 98.7
120 775 62.6 99.2
30 850 57.7 84.6
60 850 56.8 69.8
90 850 57.0 70.4
120 850 56.7 67.3
30 900 57.0 67.8
60 900 56.4 67.3
90 900 56.8 65.8
120 900 56.6 66.0
30 950 56.4 67.7
60 950 57.1 65.6
90 950 56.8 65.6
120 950 56.6 65.3
30 1000 56.7 66.0
60 1000 56.6 65.3
90 1000 56.8 65.0
120 1000 57.0 63.8

*NA = DATA NOT AVAILABLE

18
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AVERAGE 7 BY WEIGHT REMAINING

Fig.
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Table 3.

BET surface areas and cumulative pore volumes for
all of the calcines, measured by nitrogen adsorption

analysis.

TIME TEMP N, BET | N,-CO, N, Cum Vol | N,~-CO,Cum Vol
(min) (°c) (m?/g) (m®/g) (cc/g) (ce/g)
30 775 1.23 3.71 0.005 0.008
30 850 10.41 2.94 0.029 0.006
30 900 13.19 NA* 0.040 NA*
30 950 9.67 5.64 0.027 0.011
30 1000 9.08 4.79 0.024 0.010
60 775 3.39 0.66 0.019 0.002
60 850 9.75 6.23 0.017 0.012
60 900 10.52 6.12 0.026 0.011
60 950 9.48 5.56 0.015 0.010
60 1000 2,73 4.44 0.005 0.008
90 775 12.33 0.66 0.041 0.001
90 850 11.27 4.39 0.030 0.011
90 900 10.05 6.16 0.028 0.011
90 950 9.72 4.73 0.026 0.009
90 1000 5.76 3.87 0.021 0.007
120 775 10.97 0.77 0.034 0.002
120 850 10.76 6.58 0.030 0.012
120 900 9.51 5.25 0.027 0.010
120 950 8.89 4.95 0.024 0.009
120 1000 8.07 3.56 0.020 0.007

*NA = DATA NOT AVAILABLE
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DISCUSSION AND CONCLUSIONS

Assuming the rock dust is pure CaCO,, 56.037% by weight
should remain if it is 1007 calcinated. This percentage was
calculated in the following way:

CaCO, -- Ca0 + CO, (eq. 1)
The molecular weight of CaCO, is 100.09 amu. The molecular
weight of Ca0 is 56.08 amu. Therefore, CAO is 56.03 percent
by weight of CACO;.

The samples calcined in pure nitrogen at temperatures of
850°C and above showed an average of 56.8% by weight remaining.
This is only 0.87% away form the predicted value. The discre-
pancy can be accounted for by assuming the rock dust was not
pure calcium carbonate.

The samples calcined in an atmosphere of 15% C0,-85% N,
lost less weight than those calcined in an atmosphere of puré
nitrogen. This suggests that a higher partial pressure of CO.
pushes the above reaction (eq.1) to the left. Therefore, these
samples were probably incompletely calcined.

Trials conducted at 775°C appear to be incompletely
calcined. The partial pressure of CO, is too low at this
temperature and, therefore, the driving force is too low.

The limestone calcinated at 900°C for 30 minutes in
a 100% ntirogen atmosphere has the largest BET surface area
and the largest cumulative pore volume. Therefore, this
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suggests that this set of conditions results in optimum
limestone usage and sulfur capture. This seems to be contra-
dictory to previous studies that indicate that limestone
calcinated in carbon dioxide offers better sorbent capacities
(13, 16). However, the pore volumes were measured by the
nitrogen adsorption technique in this study. This technique
does not accurately assess the surface area available for
sulfur capture (10). Therefore, in order to make a conclusion
on the optimum calcination conditions, a mercury porosemetry
analysis must be done on the samples. This test may indicate

that my data is consistant with the previous studies.
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