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Estonian oil shale is characterized by a high content of inorganic matter,
calcium carbonate making up 57—-75% of the total inorganic part. At combus-
tion temperature the carbonates decompose, and the formed free oxides bind
at pulverized firing about 80-85% of SO, formed during combustion already
in the boiler. At fluidized-bed combustion the conditions for SO, binding are
close to optimum, and nearly full capture of SO, is expectable. Modeling of
oxide formation and SO, binding was the task of the present work.

In order to obtain data for mathematical modeling of the decomposition and
sulphation processes of oil shale carbonaceous part, series of thermogravim-
etric experiments accompanied by X-ray and SEM analysis, specific surface
and porosity measurements were carried out with some natural limestone
samples.

Mathematically, the calcination process of limestone samples was satisfacto-
rily described using a random pore distribution model, assuming that only
chemical reaction limited the overall decomposition process. An extended
unreacted shrinking core model with variable (conversion-dependent) effec-
tive diffusivity was applied to the sulphation data. From model calculations
the kinetic parameters of the decomposition and binding reactions were de-
termined.

I ntroduction

The major component of oil shale (OS) inorganic part is calcium carbonate,
which makes up 57-75% of the total inorganic part. The dolomite content is
about 5%, and the ratio of carbonates to terrigeneous part which consists of
fine-grained quartz, orthoclase, mica, marcasite and some hydromica is in
the range of 1.5-3.8 [1, 2]. During OS combustion, sulphur present in the
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amount of 1.5-1.6% is released mainly in the form of SO,. At pulverized
firing about 80-85% of SO, is bound already in the boiler by CaO and MgO
formed in the decomposition process of carbonates. To improve SO, re-
moval, in-duct injection of sorbents (limestone or dolomite) is widely used
in coal firing. Recycling of oil shale ash, which still contains about 15-25%
of free CaO as free CaO or/and Ca(OH),, can also be used [3-5].

For mathematical modeling of limestone decomposition and sulphation,
several models have been proposed, like “unreacted shrinking core” (USC)
and “uniform conversion” (UC) models [6—8], which can be correctly ap-
plied in specific cases. The USC model for constant-size particles [6] can be
used for the first characterization of solid-gas reactions. However, this model
is limited to the case where cither kinetics or intraparticle diffusion is rate-
determining, and chemically identical solids with different structure (poros-
ity, pores surface area) cannot be distinguished.

In the present paper a “random pore distribution” (RP) model [9, 10] was
used to derive kinetic parameters for limestone decomposition. This model
has also been proposed to describe sulphation processes of limestone or
lime, including free lime in oil shale ash [11]. Shortcoming of the RP model
as well as of the “grain model” proposed by Szekely and Evans [12] is that
changing structure of the solid during the reaction is not accounted for. In
the process of sulphation of limestone or lime, the product layer consisting
of CaSO;, is formed, and its volume noticeably exceeds the volume of the
initial CaO or CaCO;. So, to take into account the changing volume of the
product layer, an extended USC model with variable diffusivity [13—16] was
used to determine rate parameters on reaction kinetics, mass transfer and
diffusion.

Materialsand M ethods

In order to study the decomposition and sulphation processes of oil shale
carbonaceous part and to obtain data for mathematical modeling of these
processes, series of thermogravimetric (TG) experiments accompanied by
X-ray and SEM analysis, specific surface area (SSA) and porosity measure-
ments were carried out with a selection of natural limestone samples of vari-
ous crystalline structure. Relatively pure minerals (low values of insoluble in
hydrochloric acid residue (I.Res.)) and those with a high additive (SiO,,
Fe,0s, Al,O3) content were chosen to achieve a certain variety in their SSA
and its changes during decarbonization (Table 1).

TG experiments of decarbonization were carried out using a deriva-
tograph and the following experiment conditions: dynamic heating
10 K/min; sample weight 200 mg; particle size 125-160 um; CO, concentra-
tion in air 0, 15 or 100% with a gas flow rate 30 L/h; plate-type crucibles. In
the experiments of sulphation a pressurized TG device (isothermal heating at
850 °C; 50 mg of sample diluted with 250 mg of quartz; particle size 125—
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160 um; gas composition 4% O,, 15% CO,, 0.5% SO, and the rest of N,; gas
flow rate 1.5 L/min; pressure 1 or 15 bar; specific sample-holders to dimin-
ish sample-bed and external diffusion) was used. Porosity measurements
were carried out by the high-pressure Hg intrusion method, SSA measure-
ments by nitrogen adsorption method.

Limestone decomposition and sulphation were characterized by the con-
version level (X), SO, binding by both the amount of SO, bound by 100 mg
of initial sample (BC, mgSO,/100 mg sample) and binding rate (W,
mgS0,/100 mg sample per second).

Table 1. Characterization of the Limestone Samples

Sample | SSA, m%/g Content, %

initial | calcined” CO, CaO CaCO; | MgCOs | . Res. | Fe,0O3 | AlL,O4
L04 4.58 4.56 | 34.12 |44.56 | 75.29 1.95 [ 10.38 | 0.68 | 10.20

L11 1.14 10.00 | 40.78 | 52.64 | 88.75 337 | 420 | 034 | 0.16
L12 13.17 4.18 | 31.83 |44.95 | 70.75 1.38 | 528 | 8.34 1.88
L14 4.15 4.85 | 33.80 | 44.85 | 74.14 230 | 1438 | 0.73 0.84
L22 0.87 15.48 | 42.12 | 47.05 | 73.91 18.43 0.90 | 030 | 0.62
124 0.70 5.00 | 43.60 | 54.64 | 98.16 0.84 | 045 | 0.18 | 0.05

" Obtained from separate calcination tests.

Results and Discussion

By SEM and elemental analysis of OS it was determined that Ca distribution
over the cross-section of the OS sample is compact (Fig. 1), and calcium
carbonate is not remarkably dispersed in the organic part. So, modeling of
decarbonization and sulphation on the basis of natural limestone would be a
suitable approach.

Fig. 1. SEM photo of the cross-section of OS sample (@) and calcium distribution
over the cross-section (white areas at b)
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Calcination

During limestone calcination, the specific surface and porosity of the sam-
ples studied mainly increased. The increase was the higher, the lower the
content of impurities and initial specific surface (see Table 1). Increase in the
calcination temperature significantly decreased the specific surface of the
lime obtained and led to a significant decrease in porosity. Therefore, as for
these samples, the intrusion of SO, into the pores should be difficult, and the
binding reaction should take place mostly on the surface.

SEM analysis (Fig. 2) showed the formation of particles of high porosity
and sponge-like structure when calcinated at lower temperatures, but forma-
tion of liquid phase and pore blocking at higher temperatures (over 950 °C).
Ca0, MgO, quartz and larnite (3-Ca,SiO,) were the main phases in the cal-
cinated samples.

Mathematically, the calcination process of limestone samples was satis-
factorily described using a random pore distribution model, assuming that
only chemical reaction limited the overall decomposition process:

dX M aLUs
X 1), B, ()2 o
dt Pcaco,

where k,, is reaction rate constant depending on temperature T by Arrhenius
equation;
F(CO,) is factor describing CO, partial pressure above the sample
calculated from thermodynamic data;
Mcaco, is molar mass of CaCOs, kg/kmol;

Pcaco, 1s density of CaCOs;, kg/m’;
Staco5(X) is a conversion dependent on CaCO; specific surface
(m*/m*), which can be found by

StacoX) = So {01 =X) 1 =¥ On(1 = X)]" 2

where Sy is pore surface area of raw sorbent particle, m*/m’;
parameter ¥ characterises the structure of pores and depends on the
initial porosity and pore size distribution [9].

Equation (1) was solved together with the temperature increase equation
that gives temperature and the degree of conversion depending on reaction
time t (Fig. 3). Rate constants for limestone decomposition at 780 °C in 15%
CO, medium were in the range from 9.7 107" to 2.9 10~ kmol/(m’ [3), ac-
tivation energies calculated from the model by approximation in the range of
260-390 kJ/mol. Since diffusion resistance and heat transfer were not taken
into account, the values of E, obtained by this method have no strict physical
meaning and can be used as comparative characteristics for the samples stud-
ied. However, the RP model was satisfactorily used for mathematical de-
scription of the process of limestone calcination under dynamic temperature
increase conditions.
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Fig. 2. SEM photos of initial limestone samples L.24 (left above) and L14 (left below); L24 calcinated at 940 °C (middle above, right above) and
1100 °C (middle below); L24 calcinated at 940 °C and sulphated at 940 °C for 20 min (right below)



496 A. Trikkel, R. Kuusik

L24

1.0 4
—a— air

08 —A—15% CO,

—e—100% CO;,
0.6 1

0.4 4

Conversion X (-)

0.2 4

0.0 4

600 650 700 750 800 850 900 950
Temperature, °C

Fig. 3. Comparison of experimental (line with markers)
and calculated decarbonization data

Sulphation

During sulphation, the specific surface and porosity decreased, but the pores
were not blocked totally (see Fig. 2). SO, was bound mainly as anhydrite or
v-CaSO,.

The conventional USC model was extended with variable (or conversion
dependent) effective diffusivity [13—16, 18] and used for modeling sul-
phation data concerning both atmospheric conditions and elevated pressure.

In the process of sulphur capture four different steps can be distinguished,
which can be simultaneously rate determining: external mass transfer, sam-
ple-bed diffusion, chemical kinetics and diffusion inside the particle. Be-
sides, the structure of the particle is continuously changing during sul-
phation. In this case the concept of “additive reaction times” [17] was used.
According to this concept and considering necessary corrections for sample-
bed diffusion and external mass transfer, the time t to achieve a certain de-
gree of conversion X can be found as

t = TinFin(X) + TaiFaif(X) 3)

where t is overall reaction time, s;
Tkins Taif are time constants for chemical kinetics and diffusion;
Fin(X), Faif(X) are conversion functions describing kinetics and
diffusion.

The USC model with variable effective diffusivity is expressed as follows:

1+BX ( )

tszianin(X)"'Tdif ,OmFdif X 4)

where A and B are dimensionless parameters (A depending on initial
porosity).
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Parameters into this model (4o and B) were found using a non-linear
least squares curve fitting routine, kinetics time constant using a Taylor se-
ries expansion of Equation (3) as described earlier by Zevenhoven €t al.
[18]. Having determined the value for parameter B, it is possible to calculate
also the product layer diffusivity Dy. Comparison of experimental and calcu-
lated data is given in Figures 4 and 5.

At atmospheric pressure the sulphation of decarbonized limestone (con-
version of CaO to CaSQ,) started at a remarkable rate (rate constants ks 30—
90 cm/s), and in 200 s the conversion level reached 25-44% without a sig-
nificant diffusion resistance of the product layer. So, modeling of sulphation
at atmospheric pressure was carried out in two steps assuming that initial
stadium was controlled by chemical kinetics resistance only, and in the fol-
lowing stadium (starting at the value of conversion level Xj) the intraparticle
diffusion becomes rate-limiting. Under pressure the sulphation of limestone
(direct conversion of CaCO; to CaSQ,) started at a noticeably lower speed
(rate constants 0.03—7 cm/s), and the shift from chemical kinetics control to
diffusion control occurred at much lower values of conversion. Hence, mod-
eling of sulphation at 15 bar pressure was carried out in one step. The results
are presented in Table 2. However, in several cases, especially at atmos-
pheric pressure, the external mass transfer limitations were remarkable at the
beginning of the experiment due to the extremely high reactivity of the
freshly decarbonized limestone, so the obtained values for the rate constants
should be treated with a certain caution.

Table 2. Results of M odeling of Limestone Sulphation

Sample | ks, m/s | B ‘ A ‘ Tif 00 S ‘ Dy, m%/s ‘ Xi
P =1 bar

L04 0.343 [15,9000.857 | 348 [ 1.28007° | 0.343
L1l (0.501)" | 51,300 | 0.440 | 986 | 7.670107'°|0.377
L12 0.406 | 12,500 | 0.715| 246 | 1.27007° | 0.405
L14 (0.552)" | 15,600 | 0.829 | 306 | 2.0700107° | 0.412
L22 0.306 | 33,000 | 0.187 | 646 | 1.640007° | 0.299
L24 0.909 | 22,700 | 0.299 | 445 |8.29010'°| 0.283
P =15 bar
L04 0.0687 | 2,990 | 5.25 | 56.6 |634000"| -
L11 0.0354 | 7,840 | 7.70 | 107.5 | 3260007 | -
L12 0.0958 | 2,290 | 428 | 31.7 | 740007 | -
L14 6.75)" | 2,770 | 587 | 54.0 | 8610070 | -
L22 0.0771 | 6,900 | 4.37 | 137.0 | 430007 | -
L24 0.0259 | 3,290 | 2.48 | 394 | 822007 -

" High-external mass-transfer limitations.
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Conclusions

1.

Taking into consideration the importance of physical characteristics of
the solid phase in the heterogeneous gas — solid interactions, porosity and
pore size distribution of several limestone samples as well as their
changes at decarbonization and sulphation were determined. Chemical
reactions and movement of the reaction front inside the particles during
sulphation were specified by means of chemical and X-ray analysis.

For a more exact assessment of the role of chemical reactions and diffu-
sion during the heterogeneous sulphation reaction, the respective models
were used and improved. The calcination process of limestone samples
was satisfactorily described using the random pore distribution model. An
attempt was made to apply an extended unreacted shrinking core model
to the sulphation data concerning both atmospheric conditions and ele-
vated pressure. From model calculations the kinetic parameters of the de-
composition and binding reactions and product layer diffusivities were
determined.

. It was shown by SEM and EDS measurements that the carbonaceous part

of OS particles is settled compactly and forms discrete units. This enables
to expand the conclusions made in the current paper on the basis of lime-
stone also on the OS carbonaceous part.
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