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Abstract

The effect of different types of metallic salt additives (Na,CO;, Li,CO,, K,CO,, Na,SO,,
NaF, NaCl, ZnSQO,, Ca(NQO,),, Cs,CO, and Al,(8O,),) on direct sulfation of calcium carbonate
is investigated. The experiments were carried out in a thermogravimetric analyzer under
isothermal conditions at temperatures between 700 and 875°C. An ultrapure calcium carbonate
sample with a mean size of 17 pm and a specific surface area of 0.43 m? g~ ! was used. From the
sulfation tests some additives (Na,CO,, Li,CO,, K,CO,, Na,SO,, NaF, NaCl) enhanced the
sulfation capacity and sulfation rate with respect to the undoped sample. All these additives
correspond to alkaline compounds. The effect of additives on the decomposition of CaSO, in
sulfated samples was also investigated. In this case nonisothermal experiments with a heating
rate of 4 K min~! were performed in a CO, atmosphere. The results indicate that presence of
some additives has a catalytic effect on sulfate decomposition.
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1. Introduction

Combined cycle is a promising technology for power generation which is expected to
contribute a considerable share of the electricity supply by the year 2000. Presently,
different aspects related to hot gas cleaning in combined cycles are under investigation,
mainly sulfur and alkali removal at high temperatures ( > 500°C). Thus, the control of
sulfur emissions (SO, in combustion and H,S in gasification systems) constitutes an
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important task in the development of this technology. In the case of pres-
surized fluidized combustion systems (PFBC) which constitute a relevant combined
cycle category, the sulfur emitted (as SO,) is retained by means of calcium-based
sorbents (i.c., limestone or dolomite). In this type of reactor, the combustion occurs in
a bubbling or circulating fluidized bed operating at temperatures of 800-900°C and
pressures up to 1.2 MPa. Under these conditions, the CO, partial pressure is around
0.1 MPa and, in consequence, the CaCO, decomposition is not favored ther-
modynamically. Then, the sulfation reaction will take place according to the following
scheme

CaCO, + SO, + 10, > CaSO, + CO,

Analysis of the kinetics of the CaCO,;-S0O, reaction has been performed by Snow
et al.[1], Hajaligol et al. [2], Iisa and coworkers [ 3,4], lllerup et al. [ 5], Tullinet al. [ 6],
and Fuertes and coworkers [7-107]. From these studies it has been concluded that: (a)
the direct sulfation of CaCO, particles enables higher degrees of sulfation than those
observed from sulfation of CaO particles; (b) for short reaction times the process takes
place under chemical control (measured activation energies around 17-25kcal mol ).
Forlonger reaction times, diffusion through the product layer becomes the controlling
step. The measured values for the activation energy at this stage (around 30-35 kcal
mol~!) suggest that diffusion probably takes place by means of a solid-state ionic
diffusion mechanism rather than a molecular or Knudsen diffusion model. Fuertes
etal. [8] proposed a mechanism for this reaction in which the CO3 ™ is assumed to be
the mobile species in ionic diffusion through the CaSO, layer.

[onic diffusion is a complex phenomenon that has been studied extensively [11,12] in
the context of metallic oxidation. No mechanistic studies of diffusion through CaSO,
have been reported. It is, however, well-established that the rate of diffusion in a solid is
associated with lattice defects (impurities or defects in the crystal structure), so it should
be expected that the presence of impurities or crystal defects would affect the sulfation
reaction of Ca-based sorbents. Thus, it has been noticed that limestones with a similar
CaCO; content exhibit very different behavior during sulfation. This can be attributed
to the role that impurities or crystal characteristics plays during the stages of calcina-
tion and sulfation [137. In this context the literature offers numerous examples of the
enhancement of SO, sorption on CaO by the addition of different types of additive,
mainly alkaline compounds [13-18]. The presence of impurities affects the textural
characteristics (porosity and surface area) of the CaO formed during calcination of
limestone particles owing to the sintering of nascent CaO grains, accelerated by the
presence of foreign ions [13]. In consequence, the modification of sulfation of CaO
particles by the addition of doping additives is the result of two different contributions:
(a) modification of textural characteristics during the calcination stage and (b) modifi-
cation of the intrinsic rate of sulfation.

No significant studies have been reported about the effect of inorganic additives on
the direct sulfation of calcium carbonate. In this case, because the process takes place
under conditions where calcination is inhibited, the effect of doping ions on sulfation
can be more clearly analyzed. The main objective of this paper is to investigate the
influence of different additives (inorganic salts) on the direct sulfation of doped pure
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calcium carbonate particles. In addition, the effect of the impurities on the decomposi-
tion rate and the stability of sulfated samples will be examined.

2. Experimental

The experiments were performed with ultrapure CaCO, (Suprapur calcium carbon-
ate Merck, no. 2059). The total metallic and nonmetallic impurities are certified to be
less than 300 ppm. The particle size distribution was determined by using a Coulter
Multisizer 11, ranging between 5 and 30 um, with a mean particle diameter of 17 um
(std. dev., 5.1 pm). The BET surface area, measured in nitrogen (— 196°C), was 043 m2g .

In order to study the effect of impurities on the sulfation reaction, the calcium
carbonate particles were doped with different metallicsalts: Li,CO;, Na,CO,, K,CO,,
Cs,CO,, Al(SO,);, Zn(SO,), Ca(NO,),, NaCl, NaF, and Na,SO,. All compounds
were purchased from Merck and contained very low impurity levels (< 1%). In the
doped calcium carbonate samples the atomic (Ca: metallic element (Me)) ratio was
fixed at a value of 15. The additive was deposited over CaCO, particles by evaporating
an aqueous solution containing the required amount of salt (Ca : Me ratio 15). In order
to obtain uniform distribution of the salt on the CaCO, particle surface, the slurry was
continuously stirred during the drying stage. Finally, the dry sample was ground in
order to destroy the agglomerates and restore the original particle size.

A thermogravimetric analyzer (Setaram Tag 24) was used in these experiments. The
experimental procedure consisted in heating a sample at 40°C min !, in a CO,
atmosphere, up to the desired temperature. When the isothermal condition was
reached, a gas stream with a composition of 2000 ppm SO, and 2.7% O, was added.
The gas composition was balanced with CO, (direct sulfation). In all experiments the
sample weight was below 5 mg and the gas flow rate 100 cm® min~!. Under these
conditions, the reaction rate was found to be independent of external influences.

The decomposition of sulfated samples was studied under nonisothermal conditions
(heating rate 4 K min ™ ') in an atmosphere of CO, (gas flow rate 75 cm® min 1),

3. Results and discussion
3.1. Effect of additives on sulfation loading

The influence of additives on sulfur capture is summarized in Table 1. A ranking of
the sulfation ability of doped sorbents can be established, from the conversion data
after 30 min.

Na,CO; > Li,CO; > K,CO;4 > Na,SO, ~ NaF > NaCl > no additives >
ZnSO, = Ca(NO,;), > Cs,CO; = Al,(SO,);

The sulfation rate of different samples measured at X = 0.2 exhibits a similar trend.
From these data it is clear that additives which contain alkali metals (except Cs)
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Table 1
Sulfur capture and reactivity of doped calcium carbonate samples (T = 850°C; SO,, 2000 ppm; O,:2.7%; rest
CO,)

Additive Fractional conversion Reactivity at X = 0.2 x 10%/s~! (dX/d1)gepea/(d X /d D) cuco,
(at X =0.2)
t=30min ¢=60min

- 043 0.58 332 1

Li,CO, 0.70 0.99 548 1.65
Na,CO, 0.78 1 5.52 1.63
K,CO, 068 0.87 496 1.49
Cs,CO, 025 0.30 0.96 0.29

NaCl 0.60 0.89 391 1.18

NaF 0.64 0.94 4.67 1.40
Na,SO, 0.65 0.92 4.36 1.31
ZnSO, 040 0.53 2.83 0.85
AL(SO,), 027 0.40 1.05 032
Ca(NO,), 040 0.59 2.24 0.67

enhance the capture of sulfur by calcium carbonate. On the other hand, nonalkali metal
additives show a negative effect on SO, capture. A question arises as to whether the
increase in sulfur removal is a result of enhancement of the process or may be attributed
to formation of alkali sulfate from the additive compound. From a simple balance and
considering that all the additive is sulfated, it was verified that this contribution to the
measured conversions is approximately 0.03. This indicates that the observed enhance-
ment or reduction of SO, removal is greater than that attributed to SO, removal by the
additive alone.

The variation of sulfation degree with time is represented in Fig. 1 for all doped
samples. From this figure strong differences are detected for the different doped
sorbents. In principle two groups can be distinguished: (i) alkaline compounds (except
Cs,CO,) which either enhance or do not significantly modify in the rate of sulfur
capture relative to pure calcium carbonate and (ii) additives which have a negative
effect on sulfur capture. These are salts of heavy metallic elements (Cs) or di/trivalent
elements (Zn, Al).

The promoting effect of the additives can be better understood by taking into
account the role that impurities play in the sulfation reaction. However, some
controversy exists about the effective promoting mechanism. Thus, Slaughteretal. [17]
explained the positive effect that the presence of sodium compounds exert on the
sulfation of CaO by considering that the sodium reacts with the CaO matrix to induce
particle fragmentation and the formation of large cracks, thereby increasing the
number of calcium oxide sites that are readily available. On the other hand, the possible
promoting mechanism proposed by Muzio et al. [ 15] is based upon the volatilization of
the alkali, formation of sulfates, transport to the sorbent surface, and creation of a melt
layer due to the eutectics formed. According to these authors, the transport of SO, and
O, into and through the melt layer is enhanced, promoting the rate of sulfation. Taking
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Fig. 1. Influence of additives on the variation of fractional sulfation with time. Reaction temperature: 850 °C.

into account that CaO formation does not take place when the sulfation occurs at high
CO, partial pressures, as used in this study, the mechanism indicated by Muzio et al.
[15] seems more appropriate under our conditions than the Slaughter model.

However, some uncertainties remain in regard to the application of this mechanism
to our experiments. Thus, Muzio’s mechanism is not consistent with the kinetic data
reported by different authors [2,8,19]. These studies suggest that solid-state diffusion
through the product layer is the controlling reaction step for direct sulfation. This result
is difficult to reconcile with the model proposed by Muzio et al. [15] to explain the
promoting effects. Another possible interpretation of the promoting effect of impurities
was given by Borgwardt et al. [13]. These authors consider that the effect is a conse-
quence of enhancement of solid-state diffusion by the foreign ions incorporated into the
growing CaSO, product; this causes the formation of lattice defects and promotes the
movement of ions. This hypothesis is more consistent with the proposed mechanism for
direct sulfation of calcium carbonate particles. However, the observed decrease in
sulfur loading and reaction rate for samples doped with some types of impurity (e.g. Zn,
Al, Cs), relative to pure calcium carbonate, is not explained by this hypothesis.

3.2. Effect of the addition of Na,CO, on sulfation rate

From the data shown in Table 1 and Fig. 1 sodium carbonate furnishes the maxi-
mum enhancement of sulfur capture. A more comprehensive study of the effect of
Na,CO; on direct sulfation of calcium carbonate particles is presented in this section.
The variations of fractional conversion with time for CaCO, and Na,CO,-doped
CaCO,, at different reaction temperatures between 700°C and 875°C are represented
in Fig. 2. From the indicated data it is clear that the addition of Na,CO, enhances SO,
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Fig. 2. Effect of temperature on conversion—time curves for samples of CaCO; and CaCO; doped with
Na,CO,. Solid line, pure CaCOy; dashed line, Na,CO;-doped CaCOj;.

capture at all reaction temperatures. The samples doped with Na,CO; exhibit higher
sulfation rates than pure calcium carbonate. This is more clearly illustrated in Fig. 3
where the variation of relative reaction rates with conversion is represented at different
reaction temperatures. It is observed that at all temperatures the sulfation rate ratio
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Fig. 3. Comparison between sulfation rates of pure calcium carbonate and Na,CO;-doped CaCO ;.
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increases with degree of sulfation. This suggests that the enhancement of sulfation by
doping ions is more pronounced once the product layer has been formed and
consequently the promoting effect of impurities becomes greater once the sulfation of
pure CaCO, becomes diffusion-controlled. This result can be interpreted as enhance-
ment of solid-state diffusion by foreign ions, according to the mechanism suggested by
Borgwardt et al. [13]. Evidently, this effect will be more marked as the reaction
progresses and the resistance of the product layer increases, as can be seen in Fig. 3.
The variation of reaction rate with temperature for both samples (pure calcium
carbonate and Na,CO;-doped CaCO,) is represented in Fig. 4 as an Arrhenius plot at
a conversion degree of 0.2. At this conversion degree the product layer is assumed to be
well developed and consequently the diffusion process is supposed to play an important
role in overall reaction control. As indicated before, Fig. 4 shows clearly that the
reaction rates of doped samples are greater than those of pure calcium carbonate at all
temperatures. Additionally, the activation energy value measured for the doped sample
(23.0 kcal mol " !) is lower than that found for the nondoped samples (33.5 kcal mol ™).
The measured activation energy for the sulfation of pure calcium carbonate (33.5 kcal
mol ™) is very close to activation energies reported by different authors for direct
sulfation of Ca-based sorbents: 34.9 kcal mol~! (pure calcite) [2], 31.8 kcal mol !
(limestone) [19], and 35.4 kcal mol ! (limestone) [8]. These high values of activation
energy constitute an argument in favor of the proposal that diffusion through the
product layer takes place according to a solid-state diffusion mechanism rather than
molecular diffusion (activation energies around 2.9 kcal mol ) or a Knudsen diffusion
model (activation energy around 1 kcal mol " !). On the other hand, different authors
[1,2,7,19] have observed that the activation energy values measured for direct sulfation
under chemical control (at the onset of sulfation) are in the range 17-24 kcal mol ™.
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Fig. 4. Change of sulfation rate with temperature at X =0.2.
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The activation energy found here for sulfation of Na,CO,-doped calcium carbonate
(23 kcal mol ™ ') is in that range. This suggests that the overall reaction changes from
diffusional control to chemical reaction control in the presence of Na,CO, because of
the effect of foreign ions in accelerating the solid-state diffusion.

3.3. Effect of additives on the thermal decomposition of sulfated samples

The thermal decomposition of inorganic substances can be influenced by the
presence of some kinds of additive. Thus, it is known that some oxides of transition
clements have catalytic activity during the thermal decomposition of potassium
perchlorate [20]. Mu and Perlmutter [21] observed that the addition of NaCl to zinc
sulfate (molar ratio 1:1) reduced the temperature of decomposition of the sulfate.

The thermal stability of calcium sulfate in partially sulfated sorbents constitutes an
important aspect to be considered in relation to injection of Ca-based sorbents in the
combustion furnace. Thus, in order to optimize sulfur capture a compromise between
sorbent reactivity and sulfate stability is required. Encouraged by these considerations,
this section analyzes the effect of doping substances on the thermal stability and
decomposition rate of the calcium sulfate formed.

The effect of impurities on the decomposition of the CaSQ,, formed is illustrated in
Fig. 5. The presence of impurities hardly affects the onset of decomposition. This occurs
at a temperature around 1050°C, except in the case of Cs,CO, where the onset of
sulfate decomposition takes place at lower temperatures (around 1000°C). On the
other hand, the presence of additives clearly modifies the decomposition rate of sulfated
samples. Thus, it was observed that some impurities enhance the decomposition rate
(Fig. 5a). Except for K,CQ,, the impurities with an accelerating effect on decomposi-
tion are substances which showed a negative effect during the sulfation stage. The rest
of the additives show a slight negative effect on the decomposition rate of sulfated
samples (Fig. 5b). Only the sample doped with NaCl does not exhibit any difference
relative to sulfated pure calcium carbonate.

The decomposition rate of partially sulfated calcium carbonate particles can be
modeled according to a shrinking unreacted core model. In this case and considering
that CaSO, forms a spherical layer around the CaCO,/CaO unreacted core, the
deduced kinetic expression for the decomposition rate can be written as

dx
dr

X, being the fractional conversion reached during the sulfation stage, X the fraction of
sulfate decomposed, A4 the preexponential factor, and E the activation energy; n is the
exponential factor, sometimes called the “reaction order”. Some authors consider this
factor to have purely empirical significance [22]; in the case of reactions occurring
according to the unreacted shrinking core mechanism, however, it reflects the geomet-
ric shape of the reacting particles (2/3, 1/2 and 0 for spheres, long cylinders and infinite
slabs, respectively) [ 23]. From observations of calcium carbonate particles by scanning
electronic microscopy, a spherical geometry was selected for modeling the particle
shape and consequently a value of n = 2/3 was taken.

=A(1—XXS)"exp<—EE—T> (N
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Fig. 5. Effect of additives on decomposition of sulfated samples: (a) enhancing additives, (b) inhibiting
additives.

The kinetic parameters for the decomposition process (4 and E) were obtained by
fitting the experimental data to Eq. (1) rearranged to linear form. As an example, Fig. 6
shows the determination of the kinetic parameters from the experimental data of
decomposition of sulfated samples of pure calcium carbonate. The activation energy
E and the preexponential factor A, determined from the slope and intercept, were found
to be 103.8 kcal mol™! and 3.08 x 102 s~ !, respectively.
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Fig. 6. Kinetic correlation for the decomposition of sulfated pure calcium carbonate particles.

By considering that the partially sulfated particles have a spherical shape and
decompose according to a shrinking unreacted core model, the following relationship
for the preexponential factor 4 can be deduced

A= Ok, )
dypX,

k, being the frequency factor of the decomposition rate constant k (= k,exp(— E/RT)),

d, the particle diameter (17 pm) and p the density of calcium sulfate (1.91 x 10* mol

m~%). From the values obtained for the activation energy and preexponential factor

in Fig. 6, and using Eq.(2) to obtain the parameter k, the following expres-

sion is obtained for the decomposition rate constant of calcium sulfate in pure sulfated
CaCO, samples

)

1
k (mol m”2 5) = 1.50 x 1011 exp < 03800>

C1987T

A comparison between the values of the reaction rate constant found here (Eq. (3)) and
those achieved by Fuertes and Fernandez [24] from isothermal experiments on the
decomposition of pure calcium sulfate particles in nitrogen, is represented in Fig. 7.
There 1s acceptable agreement between both sets of values.

A summary of the corresponding kinetic parameters (E, 4, k) for sulfate decomposi-
tion of all doped samples is given in Table 2. From these data it can be seen that the
samples doped with additives with an enhancing effect during decomposition of
sulfated samples (Fig. 5a) present the lowest values of activation energy (Ca(NO,),,
83.9 kcal mol™!; Al,(SO,);, 91.1 kcal mol *; ZnSO,, 88.6 kcal mol *; Cs,CO,,
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Fig. 7. Comparison of decomposition rate constants of pure calcium sulfate and a sulfated sample of calcium

carbonate.

Table 2

Kinetic parameters of calcium sulfate decomposition of doped samples

Additive Conversion range Correlation Activation energy Preexponential ko/
for regression fit  coefficient (E)/kcal mol ! factor/(A)/s ! (molm~?5s)

- 0.02-0.80 0.991 103.8 3.08x10'? 1.50 x 10!
Li,CO, 0.02-0.80 0.987 98.1 2.73x 10! 1.48 x 10'°
Na,CO;, 0.01-0.75 0.993 101.7 1.55x 102 7.97 x 10t°
K,CO, 0.02-0.68 0.987 935 1.61x 10! 4.15x10°
Cs,CO, 0.02-0.90 0.992 79.2 1.19 x 10° 1.95 x 107
NaCl 0.01-0.88 0.989 103.7 3.35x 10! 1.61 x 10!
NaF 0.02-0.67 0.992 97.7 2.80x 10! 1.45x 10'°
Na,SO, 0.01-0.77 0.994 107.8 8.80x10'2 443 x 10!
ZnSO, 0.02-0.85 0.995 88.6 289 x 10'° 8.29 x 10®
Al (SO,), 0.03-0.75 0.995 91.1 9.50 x 101° 2.06 x 10°
Ca(NO,), 0.02-0.77 0.995 83.9 5.84 x 10° 1.36 x 108

79.2 keal mol ™ 1; K,COj5, 93.5 kcal mol ™). This result suggests that the presence of
these compounds exerts some type of catalytic effect on the decomposition of calcium
sulfate. On the other hand, the samples with additives with an inhibiting effect
upon sulfate decomposition present activation energies around 100 kcal mol ™!,
which are very similar to that measured for the sulfated calcium carbonate sample

(103.8 kcal mol ™).
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4. Conclusions

From the variation of sulfate loading during direct sulfation of doped calcium
carbonate samples at 850°C, the following ranking can be established to describe the
effect of different metallic salts upon direct sulfation

Na,CO; > Li,CO, > K,CO,; > Na,SO, ~ NaF > NaCl > no additives >
ZnSO, ~ Ca(NO,), > Cs,CO, 2 AlL(SO,),

The hypothesis that the additives cause a change in solid state diffusion during
sulfation provides a consistent basis for interpretation of the results obtained.

From the comparison between direct CaCOj sulfation and Na,CO,-doped CaCO,
sulfation, it is deduced that doped samples exhibit higher sulfation rates than pure
calcium carbonate during sulfation at all investigated temperatures (between 700 and
875°C). Comparison of the activation energy for Na,CO,-doped CaCO, (23 kcal
mol~ ') and that of the undoped sample (33.5 kcal mol ™ !) suggests that the presence of
a doping agent has a catalytic effect on the sulfation reaction. The fact that the
measured value of the activation energy for Na,CO,-doped CaCOyj is close to those
corresponding to chemical control indicates that additives accelerate the solid-state
diffusion and, in consequence, the overall reaction changes from diffusional control to
chemical control.

The temperature of onset of decomposition of calcium sulfate in doped samplesis not
affected by the presence of additives. It has, however, been observed that the doping
agents have a clear effect upon the decomposition rate. Some additives accelerate the
decomposition of sulfated samples. These are the additives which exhibited a negative
effect during the sulfation reaction. The measured activation energies for the sulfate
decomposition are in the range 80—107 kcal mol " '. The lowest values correspond to
substances which exhibit an accelerating effect during sulfate decomposition, which
suggests that the additives exert some type of catalytic effect upon sulfate decompo-
sition.

Acknowledgement

The financial assistance of the DGCICYT (PB91-0101), is gratefully acknowledged.

References

[1] M. Snow, J.P. Longwell and A. Sarofim, Ind. Eng. Chem. Res., 27 (1988) 268.

[2] M.R. Hajaligol, J.P. Longwell and A. Sarofim, Ind. Eng. Chem. Res., 27 (1988) 2203.

[3] K. Iisa and M. Hupa, 23rd Int. Symp. Combust., The Combustion Institute, 1990, p. 943.

[4] K.lIisa, C. Tullin and M. Hupa, 1991 Conf. Fluidized Bed Combust., Montreal, 1991, 83.

[5] 1.B. Illerup, K. Dam-Johansen and K. Lunden, Chem. Eng. Sci., 48 (1993) 2151.

[6] C. Tullin, G. Nyman and S. Ghardashkhani, Energy and Fuels, 7 (1993) 512.

{73 A.B. Fuertes, G. Velasco, E. Fuente, J.B. Parra and T. Alvarez, Fuel Process. Technol., 36 (1993) 65.



A.B. Fuertes, M.J. Fernandez/ Thermochimica Acta 276 (1996 ) 257269 269

[8] A.B. Fuertes, G. Velasco, E. Fuente and T. Alvarez, Fuel Process. Technol., 38 (1994) 181.
[9] A.B. Fuertes, G. Velasco, M.J. Fernandez and T. Alvarez, Thermochim. Acta, 242 (1994) 161.

[10] A.B. Fuertes, G. Velasco, M.J. Fernandez and T. Alvarez, Thermochim. Acta, 254 (1995) 63.

[11] P.G. Sewmon, Diffusion in Solids, William Book Co., New York, 1983.

[12] F. Beriere and C.R.A. Catlow, Mass Transfer in Solids, Plenum Press, New York, 1983.

[13] R.H. Borgwardt, K.R. Bruce and J. Blake, Ind. Eng. Chem. Res., 26 (1987) 1993.

[14] J.A. Shearer, I. Johnson and C.B. Turner, Environ. Sci. Technol., 13 (1979) 1113.

[15] L.J. Muzio, A.A. Boni, G.R. Offen and R. Beittel, Proc. 1986 Joint Symp. Dry SO, and Simultaneous
SO,/NO, Control Technol,, Vol. 1, EPA/600/9-86/029a, 13-1, 1986.

[t6] T. Bardakei, Thermochim. Acta, 106 (1986) 43.

[17] D.M. Slaughter, S.L. Chen, W.R. Seeker, D.W. Pershing and D.A. Kirchgessner, 22nd Int. Symp.
Combust., The Combustion Institute, 1988 p. 1155.

[18] P. Davini, G. DeMichele and P. Ghetti, Fuel, 71 (1992) 831.

[19] K. lisa and M. Hupa, J. Inst. Energy, 65 (1992) 201.

[20] M.R. Udupa, Thermochim. Acta, 12 (1975) 165.

[21] J. Mu and D.D. Perlmutter, Ind. Eng. Chem. Process Des. Dev., 20 (1981) 640.

[22] J. Sestak, V. Satava and W.W. Wendlandt, Thermochim. Acta, 7 (1973) 333.

[23] J. Szekely, J.W. Evans and H.Y. Sohn, Gas—Solid Reactions, Academic Press, New York, 1976,
Chapter 3.

[24] A.B. Fuertes and M.J. Fernandez, Chem. Eng. Res. Des., 73A (1995) 854.



