Thermochimica Acta, 217 (1993) 99-113 99
Elsevier Science Publishers B.V., Amsterdam -

Factors affecting the thermogravimetric technique in the
characterization of sorbents for AFBC

J. Adanez * and F. Garcia-Labiano

Instituto de Carboquimica (C.5.1.C.), P.O. Box 589, 50080 Zaragoza (Spam)
{Received 5 Aupust 1992)

Abstract

Thermogravimetric analysis (TGA) is a technique usually employed for characteriza-
tion of sorbents used in fluidized-bed ccal combustors. Different sorbent characterization
studies by TGA display great differences depending on the experimental conditions used.
Mercury porosimetry and sulphation experiments made with calcined sorbents indicate
that sorbent reactivity is strongly affected by the calcination conditions. In this paper, the
effect of the experimental technique (sample heating rate, time before sulphation, CO,
concentration and sorbent particle size) on the sulphation is analysed. Such effects were
stronger in limestones with small pores due to the sinterization effect. In addition,
limestones with large pores showed the greatest capacity to react with the SO,. A set of
experimental conditions for the characterization of sorbenis in order to obtain reliable
results is proposed.

LIST OF SYMBOLS

A (=2.4285), ratio between the molecular weights of CaSO, and CaO
t time (s)
Leal time from the beginning of the calcination to the beginning of the

sulphation (s)

lamn time from the beginning of the calcination to the end of the
calcination (s)

w weight of the sorbent (kg)

Weao — weight of the calcined limestone (kg)

wo.o  initial weight of the calcined limestone (lcg)

X sulphation conversion (kg kg~ l) ST B

Ax, incremental sulphation conversion from the conversion attained at
tcal min .

Pap apparent solid density (gcm™)
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INTRODUCTION

'The use of calcium-based sorbents, such as limestone or dolomite, in
fluidized-bed coal combustors (FBC) permits the reduction of the sulphur

dioxide levels emitted into the atmosphere. The principal reactions that
take place in the sorbent are

CaCO,(s) — CaO(s) + CO,(g) | 1)
CaO(s) + SO,(g) + 0.50,(g) — CaSO.(s) (2)

The sorbent calcination generates a porous solid (lime), which reacts
with the SO, producing calcium sulphate. Because CaSO, has a greater
molar volume than CaO, pore blockage takes place during the reaction and
complete conversion of the sorbent cannot be achieved. Also, important
differences between sulphur retentions reached when workmg at boiler
scale were obtained with different limestones. Consequently, it is 1mportant
to be able to predict adequately the sorbent behaviour before using it in the
boiler.

The principal properties used for the sorbent characterization [1] are
chemical composition, density, pore size distribution, porosity, surface
area, attrition rate, and reactivity. Different techniques are used for the
determination of these properties. True densities of limestones, pore size
distributions and particle porosities of calcined limestone can be deter-
mined by mercury porosimetry and the specific surface area can be
determined by B.E.T. The batch attrition tests give information about the
sorbent strength and its possible use in FBC. Thus, limestones with high
porosity which perform well with respect to their sulphur retention capacity
would not be employed in some cases in FBC because of their poor physical
strength.

By studying 23 limestones and dolomites, Dam-Johansen and Ostergard
[2] showed that the sulphur dioxide retention capacity of the sorbents was
correlated with the physical texture and, hence, with geological age.
However, it was not possible to predict the performance of a given
limestone from its chemical composmon and physical properties alone [3]
although the initial porosity and pore size distribution of the calcined lime
were used as indicators of the sulphur retention capacity [4].

The principal methods to determine the reactivity of the sorbents are the
batch fluidized bed reactor (FBR) and thermogravimetric analysis (TGA).
The first allows sorbent characterization in conditions similar to those
present in a fluidized bed combustor, even though, due to the batch
character, the SO, concentration is not constant during the sulphation.
VTGA is usually applied to measure the sulphation of the sorbents because it
is a rapid and easy method {5-14]: TGA must reproduce, as efficiently as
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possible, the behaviour of the sorbent in a fluidized bed combustor [1]
where the phenomena of calcination and sulphation take place simul-
taneously. In direct sulphation by TGA, it is necessary to carry out a
chemical analysis after the experiment in order to determine the final
sulphation conversion achieved. However, Mulligan et al. [13] found the
same sulphation conversions at 850°C when using raw and calcined samples.
Snow et al. [12] found that in atmospheric fluidized bed combustion
(AFBC), the temperature and concentrations are generally such that the
reaction proceeds sequentially: first the calcination (reaction (1)) and then
the sulphation (reaction (2)). As a result of this and due to working
requirements, in TGA sulphation is normally measured on the calcined
lime. Calcination and sulphation sorbent reactivity is easily analysed by the
solid weight change. In the calcination, this variation is negative; in the
sulphation, it is positive.

However, the suiphation reaction rate strongly depends on the calcina-
tion conditions [5, 6, 15]. There are studies of sorbent reactivities in TGA
under very different working conditions. Tabie 1 shows the experimental
conditions used by different authors. In this paper, the effect of the
experimental and working conditions (temperature, CO, concentration,
heating rate, particle size and time before sulphation) used during
calcination which act on the sulphur reaction in TGA, has been analysed.

EXPERIMENTAL

A thermogravimetric analyser, the Setaram TG-85, was used for the
sorbent reactivity studies (Fig. 1). The sample was placed in a basket and

Nitrogen

P —_— Microbalance
e e w D R bbbl Control
------- Consvle
\
L)
Temperalure, weight
Exil Gas &4——v { and wetght variatian
recorder

Sample
Basket

‘Alr N, CO, SO,

Fig. 1. Schematic diagram of the TG system.
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suspended from one arm of the microbalance in a quartz reactor tube. The
reactor tube was heated by a furnace which controlled the heating rate. A
thermocouple placed under the basket monitored the temperature in the
reaction zone. Differences of under 10°C between sample and furnace were
found in the dynamics experiments, both equalizing rapidly when the
desired temperature was reached (under 1 min). _

The desired reactant gas (15 N1 h~'") was prepared by blending SO,, CO,,
air and N; streams, measured and controlled by specific mass flow
controllers. Also, a nitrogen purge gas that flowed through tlie micro-
balance head kept it free of the corrosive reactant gas. The gas mixture was
introduced at the bottom of the quartz reactor tube (15 mm i.d.), leaving it
after the mixing point with the N, downstream-purge from the head. The
quartz reactor and the furnace can be moved down together, separating
from the head. In this way, it was possible to carry out experiments with a
rapid introduction of the solid sample into the reaction tube, ensuring that
both temperature and gas composition in the reaction zone remain constant
from the beginning (isothermal experiments). This signal, simultaneously
with the sample weight and its variation with time, was collected and
recorded in a microcomputer.

The textural characterization of the sorbents was made in a Micro-
meritics (Autopore 1I 9220) mercury porosimeter. Table 2 shows the
porosities and characteristic pore sizes of the three sorbents used, under
different calcination conditions. The preparation of calcined samples for
mercury porosimetry was carried out in a horizontal quartz reactor

TABLE 2

Porosities and medium pore size of the sorbents depending on the calcination conditions

Limestone T CO, Time £ A pare Pap
(°C) (%) (min) (%) (pm) (g em?)

i Blanca Raw 3.0 2.48
2 Maria Raw 21.3 1.9
3 Sastago Raw 21.3 2.07
4 Blanca 825 0 Fealimin 49.0 0.046 1.48
5 Blanca 350 0 tcat.min 48.5 0.055 1.47
6 Blanca 850 0 30 47.5 0.062 1.45
7 Blanca 850 0 60 47.2 0.079 1.45
'8 Blanca 850 10 - - 47.7 0.061 - 1.49
9 Blanca 850 20 I catmin 47.0 0.066 1.50
10 Blanca 850 30 Lot min 46.1 0.080 1.51
11 Blanca 900 Q. leatmin 478 0.068 1.50
12 Maria - 850 0 | J— 55.7 4,160

' ' ' 0.053 - 1.20

13 Sdstago 850 0 Leatmin 51.0 0435 . 1.28
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TABLE 3

Chemical analysis of the limestones

{(wt.%) Blanca : Maria : Sdstago
CaO 54,40 53.60 54.88
MgO 0.11 0.46 0.62
Na,O ' 1.08 0.87 0.26
K.O 0.00 0.15 0.05
Si0, 0.00 2.85 0.20
Al O, 0.00 0.47 0.19
Fezo;l, 0.00 0.29 0.15

(9 mm i.d.) placed in a tubular furnace. A 1.5 g sample and a gas flow rate of
9cm® min~! (STP) were used.

For this work, representative samples of three different limestone
quarries from the Teruel area (Spain) were selected. The chemical analyses
of these sorbents are shown in Table 3, where small differences in
composition are observed. However, and as can be seen in Fig. 2, the
sorbents considered in this work showed strong differences in their pore
size distribution as measured by Hg porosimetry. In addition, the shape of
these distributions is quite representative of the typical pore size distribu-
tion expected for this type of sorbent. The calcined limestone Blanca
showed an internal pore structure mainly made up of small pores (unimodal
size distribution); the calcined limestone Maria had a clear bimodal pore

Incremental Intrusion (mi/mol Ca)

D' el e e s 2 MR x —— s
001 0.1 1 10
Pore Diameter { pm )

" Fig. 2. Incremental pore volume as a function of the pore d:ameter of the calcined
hmestones (Blanca + - - -, , Martfa , Sdstago —).
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51ze dlstrlbutlon, and the calcined llmestone bastago showed a w1despread
and continuous pore size distribution.

The effect of different operational variables acting on the sulphation was
studied. Two types of experiments, isothermal and dynamic, were carried
out. In the isothermal experiments, there was a rapid introduction of the
solid sample into the reaction tube; in the dynamic experiments, a heating
rate was applied. The calcined samples of the three differént limestones
were obtained in different calcination conditions (temperature, CO,, time
before sulphation, particle size, etc.); after this process they were sulphated
at 850°C with 10% of CO; and 2500 ppm by volume of SO,, using a linear
gas velocity of 2cms™' in the quartz reactor. In addition, narrow particle
size intervals between 100 and 2000 p.m, which are usually used in ﬂu:dlzed
bed combustors, were used in this work.

RESULTS AND DISCUSSION

As mentioned above, the reactivity of the selected sorbents was studied
by TGA, yielding thermograms as shown in Fig. 3. The sulphation
conversion and sorbent reactivity at any time can be obtained from

_ w%nu — Weao _ 1 ( w )
T whe n—Nwh, )
dx, H dw ‘
5 4
dt wc,,o(r 1) dt ()

In order to obtain correct results, the thermobalance must behave like a
differential reactor, i.e. gas conversion must be low (<5%). To obtain,

V 1 =
E
0 %
-1 E
® 23
= B
=]
=
o
=®
; 1. Calcination
2. Sulphation

2 a 1 i 1 2 1

D 30 60 90 120
Time (min)

Fig. 3. Typical thermogram obtained in the TG sorbent characterization.
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effective differential boundary conditions, the problems of gas diffusion into
the sample must be avoided. The shape of the basket, the gas flow rate, the
sample weight and size are all very important aspects in the experimental
technique {5]. Some preliminary experiments were made using different
sample weights, gas flow rates and basket geometries in order to find the
conditions that minimized the effect of gas diffusion into the sample.

Two different basket geometries and sample weights were used to reduce
a possible mass transfer resistance around the sorbent sample: a cylindrical
platine plate (5 mm diameter, 2 mm height) and Smg of sample were
employed for the experiments with particle size under 250 pm; a wire mesh
platinum basket (5 mm diameter and 5 mm height) and 20 mg of sample
were used for the rest of the experiments.

Effect of the calcination conditions

There is real evidence that the calcination conditions strongly affect the
sorbent sulphation. Sulphur retention and sorbent sulphation reactivity
depend on the pore size distribution of the calcined lime {4] and the latter
depends on the calcination conditions [5, 6, 16].

According to Stantan et al. [15], the factors affecting the development of
the internal porous system of the sorbent are calcination rate which
depends on sorbent size, temperature, CO, partial pressure and sorbent
reactivity, and the sinterization rate, which basically depends on tem-
perature.

Table 1 indicates that some authors used calcination conditions in the
sorbent characterization that were very different from those present in a
fluidized-bed coal combustor. In order to test the effect of the different
variables on the porous system development during calcination, calcined
samples of the three different limestones were obtained in different
- conditions-in TGA, and were then suiphated in the same conditions (850°C,
10% CO;, 2500 ppm vol. SO;). In this work, the instrumental and
experimental TGA conditions that yield a reliable sorbent characterization,
avoiding the influences of the operating method, were determined.

- Heating rate

When a sorbent particle is introduced into an AFBC, rapid heating takes
‘place up to the working temperature (800-900°C). Then the sorbent is
calcined and sulphated in different environments of CO, (D- 6%) and SO,
(depending on the molar Ca/S ratio used).

-To study the effect of the heating rate on the sorbent behaviour, dynamlc
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15 F Instantaneous
R 20 °C/min
o i0 5 °C/min
5
0 ¢ a3 by a3 3 1 3 3 53 3 b s 2l
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Fig. 4. Effect of heating rate on the sulphation conversion for Blanca limestone.

experiments were carried out in the TGA with different heating rates, in
which sulphation began just after the calcination finished. Figure 4 shows
the effect of the heating rate on the sulphation conversion for the Blanca
limestone, when calcined in an atmosphere containing 10% CQ,. The
instantaneous heating rate corresponded to the case when a sorbent sample
was introduced rapidly into the reaction tube at the desired temperature
and concentration.

As can be seen, the heating rate during calcination affects both the
reaction rates and the sulphation conversion of the limestone. With the
three limestones studied, higher sulphation conversions were obtained as
the heating rate was increased during calcination. Due fo the different
calcination reactivity. of the limestones (Sistago> Maria> Blanca), the
calcination conversion achieved when the reaction temperature was
reached (850°C) was different for the three limestones. Thus, the time for
which particles remained at the reaction temperature until complete
calcination, increased when the reactivity decreased (¢aianca = tmarta = Eststago)-
In addition, sorbent sinterization occurs simultaneously during calcination,
and produces pore enlargement. The sinterization increased when the total
calcination time at 850°C increased and its effect was more marked with
limestone Blanca which has a small pore size distribution.

Because the heating rate affected the sorbent reactivity, a heatmg rate
similar to that present in AFBC should be used for a satisfactory TGA

characterization [1}. Consequently, the instantaneous heatmg rate was
applied in the following experiments.

Time before sulphation.

The effect of the calcination time (¢*), from the beginning of the
calcination to the beginning of the sulphation, on the sulphation reactivity
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Fig. 5. Effect of calcination time on the maximum sulphation conversion for different

sorbent particle sizes; Blanca, [J; Marfa, B Sastago, O. {+0.25-0.50mm, ----; +1.6—-
2.0 mm, )- '

and maximum conversion of the limestones was studied. Figure 5 shows the
maximum sulphation conversions achieved plotted against ¢* for the three
limestones and for different sorbent particle sizes (+0.25-0.5 and +1.6—
2.0 mm). |

For Maria limestone, the differences were difficult to estimate in sizes
under 1 mm, even though a small increase in the conversion was achieved
for greater sizes. For Sastago limestone, there were no differences in any
particle size. Blanca limestone showed greater differences in the maximum
sulphation conversions when the time before sulphation (t*) increased.
These differences (Ax,) were higher when the limestone particle size
increased, as can be seen in Fig. 6.

In the gas/solid reaction, whether controlled by chernical reaction or by
diffusion, the rate of reaction is dependent on the accessible surface area of

20
15'_ 1788 pm
® 10 |
. A
-
q‘ -
or 353 um
_5.|.i.l.|.1.|

0 10 20 30 40 50 60 70
- Calcination Time (min)

Fig. 6. Incremental sulphation conversion versus the calcination time for Blanca limestone.
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the solid. A maximum is achieved in the surface area when calcination
conversion is close to 1 [16] and decreases later by sintering. A smaller
reaction rate is achieved for longer calcination times. Moreover, the pore
size of the calcined lime increases with time, as can be seen in Table 2
(experiments 5, 6, 7), and according to results obtained by Rubiera et al.
[17]. These decreases in the reaction rate in comparison with the gas
diffusion rate and the pore enlarging, diminished the diffusional effects in
the particle, making a higher sulphation of the sorbent possible. This
explains why the greatest effect was obtained with Blanca limestone; with
less effect for the other limestones with large pores.

However, the effect of the calcination time on the sulphatlon conversion
in limestones principally made up of small pores, was greater as the particle
size increased. The longer time necessary for the calcination of the bigger
particles allowed the simultaneous sinterization of the pores of the calcined
part and the calcination of the inner parts of the particle. The formation of
larger pores diminished the pore plugging, which is assumed to be the
limiting process that prevents a total sulphation of the sorbent. A higher
sulphation conversion is obtained in this case.

The effect of the calcination time on the sulphation conversion was also
observed at other temperatures. Figure 7 shows the effect of the calcination
temperature on the sorbent sulphation at different calcination times for
Blanca limestone. As above, the sulphation conversions are higher as the
calcination time is increased. An optimum temperature of calcination is
observed at 850°C at the same calcination time. Furthermore, an increase in
the sorbent pore size (and as a result, a decrease in the specific surface area)
was achieved when the temperature increased, as can be seen in Table 2
(experiments 4, 5 and 11), according to Mulligan et al [13], Rubiera et al.
[17} and Zarkanitis and Sotirchos [18].

25

20 7

800 825 850 875 900
Temperature (C)

Fig. 7. Effect of calcination temperature on the sorbent sulphation at dlﬂ’erent t,m, for B]anca
limestone. ‘ :
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For these reasons, it can be stated that the process of sinterization is not
-asy to control. In order to reduce as much as possnble the effect of the
calcmat:on time on the sulphation conversion, and to simulate the
sulphation process occurring during fluidized bed combustion, the sulpha-

tion in TGA must begin when the calcination of the sorbent has just
finished.

Calcination and sinterization rates

As mentioned above, the development of the pore system depends on
both the calcination and the sinterization rates. The calcination rate at one
temperature is smaller with higher CO, pressures and with bigger sorbent
particle sizes, whereas the sinterization rate increases with temperature.

In Table 2 (experiments 5, 8, 9 and 10) a dlsplacement in the pore size
distribution towards bigger pores can be seen in experiments with higher
CO; concentration, which implies smaller calcination rates, according to the
studies of O’Neill et al. [5], Ulerich et al. [6], Spitsbergen et ai. [16] and
Bhatia and Perlmutter [19].

.For Blanca limestone of different particle sizes; Fig. 8 shows the
sulphation conversion versus CO; concentration in samples calcined at 850
‘and 900°C and sulphated immediately following completion of calcination.
At 850°C, the sinterization rate was not very high. Thus the calcination
rates for particles under 1 mm, even with 20% CO,, were much higher than
the sinterization rates. In this case, the opposite effects on porosity and
surface area do not greatly affect the final sulphation of the sorbent,
although different reactivities were obtained in each case. However, with

(%)

X

CO5 (%)

Fig. 8. Maximum sulphation conversions versus CO; concentranon at dlfferent tempertures:
+0.8-1.0mm, OMW; +1 6—-20mm, <>¢
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bigger particles (+1.6-2 mm) the calcination rate diminished, increasing
the time necessary for the total calcination. In this case, the degree of
sinterization was greater and higher maximum sulphation conversions were
obtained. |

At higher temperatures (900°C), higher sulphation was again obtained
with increasing CO; concentrations. In this case, the effect on the maximum
sulphation conversion was considerable even in sizes of 1 mm because ai
this temperature, sinterization rates increased, and the calcination and
sinterization processes took place simultaneousiy.

For limestones with Iarge pores, the effect of the relative rates of both the
calcination and sinterization processes on the maximum sulphation

conversion is smaller than in limestones with small pores, such as Blanca
limestone.

Sorbent particle size

As the sulphation reaction occurs, the principal resistance on the
reaction rate ch» ::es from pore diffusion and surface reaction to diffusion
on the sulphate layer [20-22]. Also, pore blockage prevents sulphation of
the inner parts of particles and diminishes the maximum conversion of the
sorbent. Therefore, sorbent particle size is a very important variable in the
study of the sorbent sulphation reactivity. Furthermore, the pore size
distribution strongly affects the sorbent sulphation. Borgwardt and Harvey
[23] showed that calcines with pore sizes <(.2 pxom only sulphated on the
particle surface, and consequently, they are very sensitive to the sorbent
particle size.

Figure 9 shows the maximum sulphatton conversion as a function of the
particle size for the three limestones in the TGA. This figure highlights the

70 _"
60 . Sdstago
s L ‘_.—_._—\\,_\'
& B
- 40 N
N‘n o0k Maria
20_‘ s o Blanca
10[ i .
0 [ M [ 1 | S ‘ 1 A
0 500 1000 1500 2000

Particle Size {mm)

Fig. 9. Maximum sulphation conversions obtamed as a function of the sorbent particle size
for the different limestones.
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great differences in the sulphation of sorbents depending on. their pore
structure. A greater degree of sulphation was obtained with limestones of
greater pore size, due to the lower diffusional resistance of the sulphate
layer. These results agreed with Hartman et al. [24] who found that pores
with sizes greater than 0.398 wm were the main reason for the degree of
SO, retention by the sorbent. Shearer et al. [25] also found that the
optimum pore size for the SO, retention was 0.2-0.3 pem for particles of
1 mm.

As can be seen, the particle size of the sorbent is a very important
process variable affecting the sulphation conversion. For this rsason,
particle size intervals representative of the sorbent size distribution used in
the combustor have to to be used in the TGA characterization.

Also, in order to avoid the internal diffusional resistance of the sulphate
layer enablmg the identification of intrinsic reactivities, small particle sizes
of sorbent are used in TGA. In this case, a wire mesh basket cannot be
employed and a plate basket must be used. But depending on the sample
weight, a pile in the basket may be made, resulting in diffusional resistance
inside the pile [26] and unreliable reactivity information. In this case, the
sample weight must be reduced until values are reached which do not affect
the results obtained (<5 mg, in this work).

CONCLUSIONS

In this paper it has been shown that sorbent sulphation in TGA depends
strongly on the porous system developed in the calcination and this, in turn,
depends on the equilibrium between the calcination and sinterization rates.
So, if the calcination rate is rapid, sinterization begins after calcination. If
the sinterization rate is fast enough, the processes are simultaneous and
sorbents do not show differences in the sulphation.

The effect of sinterization was more important with limestones with small
pores, which, in this work, corresponds to Blanca limestone. In this case,
problems of reproducing experiments that depend on the experimental
method (heating rate of the sample, calcination time, etc.) can occur. Also,
a higher capacity of sulphation has been found in limestones with large
pores.

In order to avoid the influence of the experimental method in TGA and
to obtain reproducable results, a general set of experimental conditions for
sorbent characterization in TGA is proposed: sample heating rate, in-
stantaneous, sulphation immediately after calcination; calcination atmo-

sphere. reépresentative of that present in a coal combustor (=10% CO,);
-sample weight, that necessary to achieve sorbent representativity but
- assuring differential conditions in the TG; and sorbent particle size intervals
representative of the sorbent size distribution used in the combustor.



J. Addnez, F. Garcfa-Labiano/Thermochim. Acta 217 (1993) 99-113 . 113
ACKNOWLEDGEMENT

The authors thank the Direccién General de Investigacién Cientifica y

Técnica (DGICYT) (Proj. no. GEO89-0732 CO2-02) for financing this
work.

REFERENCES

1 D. Celentano, P. Estey, 1. Stallings and E. Petrill, Proc. 9th Int. Conf. Fluidized Bed
Combustion, Boston, 1987, Am. Soc. Mech. Eng., New York, p. 501.

K. Dam-Johansen and K. Ostergard, Chem. Eng. Sci., 46 (1991) 827,

M.F. Couturier, H.A. Becker and R.K. Code, 9th Int. Conf. Fluidized Bed Combustion,
Boston, 1987, Am. Soc. Mech. Eng., New York, p. 487.

P. Ciambelly, D. Lucarelly and R. Valentino, Fuel, 64 (1985) 816.

E.P. O'Neill, D.L. Keairns and W.F. Kittle, Thermochim. Acta, 14 (1976) 209.

N.H. Ulerich, E.P. O'Neill and D.L. Keairns, Thermochim. Acta, 26 {(1978) 269.

R. Snyder, W.1. Wilson and I. Johnson, Thermochim. Acta, 26 (1978) 257.

D.C. Fee, W.1. Wilson, K.M. Myles, 1. Johnscon and L. Fan, Chem. Eng. Sci., 38 (1983)
1917.

9 E.Y. Chang and G. Thodos, AIChE J., 30 (1984) 450.
0 L.S. Barron, J.C.Z. Wang, J.L. Schaefer, T.M. Jones, J.R. Hasler, D.J. Collins and T.L.
Robl, Proc. 9th Int. Conf. Fluidized Bed Combustion, Bosten, 1987, Am. Soc. Meach.
Eng., New York, p. 474.
11 M.F. Couturier, Ph.D. Thesis, Queen’s University, Kingston, Canada, 1986.
12 M.J.H. Snow, J.P. Longwell and A.F. Sarofim, Ind. Eng. Chem. Res., 27 (1988) 268.
13 T. Mulligan, M. Pomeroy and J.E. Bannard, Journal of the Institute of Energy, March,
1989, p. 40.

14 A.F. Shaaban, Thermochim. Acta, 180 {1991) 9.

15 ].E. Stantan, S.N. Barker, R. V. Wardell, N.H. Ulerich and D.L. Keairns, Proc. 7th Int
Conf. Fluidized Bed Combustion, Washington, 1983, Am. Soc. Mech. Eng., New York,
p. 1064,

16 U. Spitsbergen, H.J. de Groot, B. Kamphuic, H.H. Nijhuis and H.A. Akse, Proc.

" Fluidized Bed Combustion (and Applied Technology). The First International Sympo-

sium, Beijing, China, 1983, p. 35.

17 F. Rubiera, A.B. Fuertes, J.J. Pis and G. Marbin, Thermochim. Acia, 179 (1991) 125.

18 S. Zarkanitis and S.V. Sotirchos, AIChE, J., 35 (1989) 821.

19 S.K. Bhatia and D.D. Perlmutter, A1ChE, J., 29 (1983) 79.

20 G.A. Simons, A.R. Garman and A.A. Boni, AIChE, J., 33 (1987) 211.

21 M. Hartman and R.W. Coughlin, AIChE, J., 22 (1976) 490

22 R.L. Pigford and G. Sliger, Ind. Eng. Chem. Process Des. Dev., 12 (1973) 85.

23 R.H. Borgwardt and R.D. Harvey, Environ. Sei. Technol., 4 (1972) 350.

24 M. Hartman, J. Pata and R.W. Coughlin, Ind. Eng. Chem. Process Des. Dev.,, 17 (1978)_

411.
25 J.A. Shearer, L. Johnson and C.B. Tumer, Environ. Sci. Technol., 13 {1979) 1113.
26 P.K. Gallagher and D.W. Johnson, Jr., Thermochim. Acta, 6 (1973) 67.

W

o~ b



