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Abstract

The effect of procedural variables–mass and heating and cooling rate–on the maximum capture efficiency of CO2 is studied, using a
carbonation/calcination cycle, for a series of carbonation rocks with different stoichiometries of dolomite and calcite. The extent of carbonation
and the cyclability depends particularly on dolomite presence and at the same time seems to be influenced by the existence of impurities.
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amples having the highest percentage of calcite and the lowest percentage of impurities seemed to be independent on the abo
n limestone samples with small quantity of dolomite, impurities or a combination of both of them was observed a very small incre
xtent of carbonation due to the increase in the initial mass of the samples, while these samples in the case of the same initial ma
n increase in the extent of carbonation due to the decrease in the cooling and the second heating rate.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Fossil fuel is still the most important energy source. On the
ther hand it is also the major source for greenhouse gases that
re assumed to cause global warming. So far, reliable methods

or reducing the carbon dioxide emissions are a decrease in
uel consumption, increase in process efficiency or a change
o renewable, CO2-neutral fuel.

It is generally accepted[1] that the cost of the separa-
ion of CO2 from flue gases introduces the largest economic
enalty. This justifies a range of emerging approaches to sep-
rate CO2 with more cost-effective processes. The CO2 ac-
eptor gasification process reached a demonstration phase[2]
sing the carbonation/calcination of CaO from limestones or
olomites to separate CO2 from coal gasification gases. In

hese early processes, the release of CO2 during calcination
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was not an issue and the heat for calcination was suppli
partial combustion of the fuel with air. The need to obta
purified stream of CO2 from the calciner is relatively new
Shimizu et al.[3] proposed a cycle for combustion appli
tions involving the regeneration of the sorbent in a calc
using CO2/O2 mixtures to burn part of the fuel. Silaban et
[4] studied the reversibility of this reaction in dolomites a
limestones as a base of a high temperature separation o2
to produce hydrogen[4,5]. A similar process is being d
veloped in Japan[6] that includes a carbonation/calcinat
cycle to produce H2 from gasification. Finally, the reversib
carbonation/calcination reactions have also been propos
the base of energy storage systems[7] and as a chemical he
pump[8].

At higher partial pressures of CO2 the thermal decompo
sition splits into a two stage process[9,10] as follows:

CaMg(CO3)2 → CaCO3 + MgO + CO2 (1)

CaCO3 → CaO + CO2 (2)
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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The reversibility of the decomposition of calcium carbon-
ate after a number of calcinations/carbonation cycles was ex-
amined in different studies[11–19]. The carrier gas used for
the carbonation reaction was CO2 or a combination of CO2,
N2 and air in various proportions, and for calcination, CO2 or
N2. In these studies was used a variety of non-isothermal and
isothermal measurements and regarding the extent of carbon-
ation, the reported results presented a remarkable variation.
The factors that were examined for their effect on the extent
of carbonation were the temperature at which the isothermal
measurements were performed, the pressure of the carrier gas
and the proportion of the gasses of the carrier gas[20,21].
The extent of the carbonation reaction was mainly con-
nected with pore volume and surface volume of the sorbents,
and was not examined in samples with different stoichio-
metries.

The aim of this article is to determine by non-isothermal
measurements and by using CO2 as the carrier gas, the ex-
tent of carbonation in naturally occurring carbonated rocks
with different dolomite and calcite stoichiometries. Simulta-
neously, was studied the effect of two procedural variables,
the sample mass and the heating–cooling rate, on the ex-
tent of carbonation. We examined the effect of these exper-
imental variables during the carbonation, as others–carrier
gas, pressure, isothermal temperature–that influence the
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Table 1
Percentage dolomite and calcite participation in different samples

Dolomite (%) Calcite (%) Other (%)

B-ME3 95.5 3.9 0.6
B-ME1 89.6 9.7 0.7
K-RY1 89.5 10.2 0.3
K-AM1 86.6 13.2 0.2
K-AM2 85.8 14.0 0.2
BO-PA2 19.4 80.2 0.4
B-SE3 7.7 90.8 1.5
BO-SX1 2.0 97.8 0.2
BO-BI2 1.6 97.9 0.5
BO-PR3 1.0 98.4 0.6
B-ER5 0.0 98.4 1.6
BO-SE3 0.0 99.8 0.2

Fig. 1. Calcination/carbonation of dolomitic rocks (sample B-ME3): (1) 1st
heating, (2) 1st cooling, and (3) 2nd heating.

3. Results and discussion

The studied samples are presented inTable 1with their
corresponding stoichiometres as it has been inferred by mea-
surements of mass loss[23]. The thermograms of three char-
acteristic samples fromTable 1(B-ME3, BO-PA2, B-SE3)
which cover the region from dolomitic rocks up to limestones,
are presented inFigs. 1–3. No carbonation of MgO is ob-
served, while the extent of carbonation due to CaO is differ-
ent for each sample (Table 2). The explicit segregation of the
processes of calcinations and carbonation–due to the suffi-

Fig. 2. Calcination/carbonation of dolomitic limestones (sample BO-PA2):
(

rocess of calcination/carbonation, have already,
tudied.

. Experimental

Thermogravimetric analysis was made with a SETAR
ETSYS TG-DTA 1750 C. The samples in powder form w
rain size smaller than 125�m (measured by sieving), we
laced in alumina crucibles. An empty alumina crucible
sed as reference. Samples were heated from ambien
erature to 1100 C in a 50 ml/min flow of CO2. Afterwards

hey were cooled to the ambient temperature at the sam
sed for heating and under the same gas. The heating–c
ycle was immediately repeated for at least two more ti
sing exactly the same experimental conditions.

The studied samples–typical characteristic sample
ach case–were collected from the Kozani broader
northwestern Macedonia, Greece). In geotectonic term
rea belongs to Pelagonian zone. Samples B-SE3, B-
-ME3 and B-ER5 were collected from carbonate for

ions of the Vermion Mountain. Samples K-RY1, K-AM1 a
-AM2 were collected from carbonate formations near

own of Kozani. Samples BO-BI2, BO-SX1 and BO-PA2
ong to the quarried limestone formations of Vourinos mo
ain, while samples BO-SE3, BO-PR3 belong to carbo
ormations nearby the mountain of Vourinos. The sam
-SE3, B-ER5, BO-BI2, BO-SX1, BO-SE3, BO-PR3

imestones while the B-ME1, B-ME3, K-RY1, K-AM1 an
-AM2 are dolomitic rocks. The sample BO-PA2 is char

erized as dolomitic limestone[22].
 1) 1st heating, (2) 1st cooling, and (3) 2nd heating.
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Fig. 3. Calcination/carbonation of limestones (sample B-SE3): (1) 1st heat-
ing, (2) 1st cooling and (3) 2nd heating.

cient temperature delay ( > 100 C)–allows their correspond-
ing study. In the limestones the total carbonation is not com-
pleted in the first step–during cooling–and the process of car-
bonation is continued at the second heating, completed before
the beginning of calcination, while in the dolomitic samples
almost the entire carbonation takes place during cooling.

At the first region, it appears that the decrease of the per-
centage of dolomite results in a decrease in the extent of
carbonation, corresponding to a rapid reaction. The diffusion
control step, the second region, lasts longer and consequently,
the cooling temperature becomes very small eliminating the
possibility for carbonation.

For carbonated rocks the surface area and the pore vol-
ume of the product increased upon calcination. The dolomitic
rocks and the dolomitic limestone provided a higher surface
area than the limestone[17]. The calcination/carbonation cy-
cle of dolomitic rocks and dolomitic limestone are depicted
in Figs. 1,2. They show that there is a rapid increase in weight
in the first minutes during cooling. Once the fractional extent
of conversion (α) reaches about 70%, it starts to increase very
slowly with temperature (Fig. 4). Initially, the CO2 diffuses
into the narrow pores of CaO and the reaction takes place on
the surface area provided by the pores. However, the struc-
ture has a high concentration of micro pores. As time elapses,
these pores plug up due to the formation of a higher volume

T
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Fig. 4. The dependence of fractional extent of carbonation (α) with time
during cooling for two samples (B-ME3, B-SE3).

product of CaCO3. Thus the unreacted CaO becomes inac-
cessible to the CO2 and this causes a gradual slowdown of the
reaction rate[12]. The same trend, as in the case of dolomitic
rocks and dolomitic limestone, is also observed for the cal-
cination/carbonation of limestone (Fig. 3). In this case also,
there is a sharp increase of conversion initially (about 40%)
and then it levels off, as the reaction becomes product layer
diffusion controlled (Fig. 4).

The calcination/carbonation of limestone for three com-
plete cycles of heating–cooling of sample B-ER5 is presented
in Fig. 5. It is observed that the second cooling coincides in the
beginning with the first cooling, but the rate of carbonation is
slightly decreased as compared to the first cooling. Also the
third cycle of heating–cooling coincides in temperature with
the second; however the percentage of carbonation is slightly
decreased in the third circle. This reduction is much smaller
in the samples with higher percentage of dolomite.

The reversibility of the absorption/desorption process with
CaO/CaCO3 decreases drastically during the first couple of
cycles (Fig. 5). In the cycles following the first two, the in-
fluence on the reversibility becomes significantly lower. The
absorption capacity decrease can be attributed mainly to the
loss of the pores’ volume in the oxide and to the sintering of
crystallites[4]. The use of structure stabilizing components
for CaO, e.g. MgO, can substantially decrease the role of
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he maximum percentage of carbonated CaO in each sample

Dolomite (%) CaO (%)

-ME3 95.5 96.1
-ME1 89.6 92.7
-RY1 89.5 91.6
-AM1 86.6 91.6
-AM2 85.8 86.9
O-PA2 19.4 44.5
-SE3 7.7 19.6
O-SX1 2.0 17.7
O-BI2 1.6 22.6
O-PR3 1.0 19.1
-ER5 0.0 35.3
O-SE3 0.0 13.3
ig. 5. Variation of the extent of carbonation reaction in 3 cycles of c
atin/carbonation for sample B-ER5: (1) 1st cycle-calcination, (2) 1st c
arbonation, (3) 2nd cycle-calcination, (4) 2nd cycle-carbonation, (5
ycle-calcination and (6) 3rd cycle-carbonation.
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these effects. The MgO which does not absorb CO2, has a
structure stabilizing effect, giving dolomites a higher cyclic
stability compared to calcite.

After the first calcination, the surface area and pore volume
increased[15]. Carbonation caused both the surface area and
the pore volume to decrease, but not to such small values as
the uncalcined dolomite. The second calcination increased
the pore volume, to the point of being essentially equal to
the pore volume after the first calcination. Also, it restored
much of the surface area lost during carbonation. The loss in
surface area and the shift to large pore diameters between the
first and second calcination cycles are attributed to sintering.
Finally, the second carbonation cycle produced the expected
decrease, in both surface area and pore volume, to values
approximately equal to those following the first carbonation.

A comparison of cyclic stability of different dolomitic
rocks, dolomitic limestones and limestone shows the posi-
tive effect of the molecular environment on the absorption
capacity and cyclic stability. The more inactive material is
present in the absorbent, the higher the chemical and thermal
stability of the sample it becomes. This is the main effect in
the samples in which the percentage of dolomite compared
to calcite is important.

Two factors were investigated as for the course of calci-
nation/carbonation of CaCO3. These are the mass and the
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Fig. 7. The dependence of different cooling and reheating rates on the ex-
tent of carbonation reaction for sample BO-SE3: (1) rate 10 C/min, (2) rate
5 C/min, (3) rate 2 C/min.

of calcination at the first cycle of heating. In the carbonation
reaction, it is observed that the total extent of carbonation
in the sample with the smaller mass is a little bigger (0.7%)
than that of the other one. This difference is negligible (0.1%)
in the sample BO-SE3 and for this reason the corresponding
figure is not presented. It is obvious that the mass of the sam-
ple affects slightly the extent of carbonation for the group of
limestones and the variation of the other limestone samples
(B-SE3, BO-BI2, BO-SX1, BO-PR3) ranges between these
two. The effect of the heating and the cooling rate in different
limestone samples is presented inFig. 7andFig. 8For each
different stoichiometry, were examined three different sam-
ples of the same mass which were heated at a rate of 10◦/min
(first cycle of heating). Then, the samples were cooled and
heated again with rates 2, 5, 10◦/min. The study of these
two variables is focused mainly on the limestone samples, as
these samples present low extent of carbonation in relation to
the dolomitic rocks where the extent of carbonation reaches
almost 100%.

The behavior with the decrease of cooling rate is entirely
different for the two presented samples (BO-SE3, BO-BI2).
For the sample BO-BI2, the decrease of the cooling rate re-

F he ex-
t rate
5

ooling and reheating rate. The samples that were use
imestones, because small extent of carbonation was f
n this group, in comparison with the other samples. Th
ore the study of the different factors in them is of partic
nterest for their possible industrial exploitation.

In Fig. 6the carbonation of B-ER5 (1st and 2nd heating
resented, for two samples of considerably different ma
he surface area which comes in contact with CO2 during

he first calcination is the same for both of them due to
se of the same crucibles. We observe that the extent o
ination for the two samples A and B, having masses
nd 28.8 mg respectively, and the beginning of calcinat
re identical. Small temperature difference between the
ifferent samples is observed, only at the point of comple

ig. 6. The dependence of mass on the extent of carbonation react
ample B-ER5. Sample A (1) 1st cycle-calcination, (2) 1st cycle-carbon
3) 2nd cycle-calcination, sample B (4) 1st cycle-calcination, (5) 1st c
arbonation and (6) 2nd cycle-calcination.
ig. 8. The dependence of different cooling and reheating rates on t
ent of carbonation reaction for sample BO-BI2: (1) rate 10 C/min, (2)
C/min, and (3) rate 2 C/min.
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Fig. 9. Early stages of calcinations for three different samples. (1) BO-SE3,
(2) B-ER5 and (3) BO-BI2.

sults in the increase of the percentage of CaO which changes
to CaCO3 at cooling (1st cycle) and heating (2nd cycle).
The final, however, percentage remains considerably lower
than the extent of carbonation in the dolomitic rocks. No
differentiation was observed in sample BO-SE3. The behav-
ior of other limestone samples is analogous to the sample
BO-BI2.

These observations are useful, particularly in the industrial
applications, for the suitable choice of initial material. The
interpretation of this different behavior of samples, should be
combined with the composition of the samples and the exis-
tence of small quantities of dolomite, or impurities or both of
them. This diversity is presented inFig. 9with the simultane-
ous presentation of the initial phase of calcination of samples
BO-BI2, B-ER5 and BO-SE3. In sample BO-SE3, it appears
that the mass loss, in the region of MgCO3 decomposition,
up to the beginning of calcination, is negligible as it occurs in
pure calcite. Simultaneously, the calcination is temperature
limited. Contrary to the sample BO-SE3, the sample B-ER5
presents an extensive temperature (500–900◦C) monotonous
reduction of mass up to the region of CaCO3 calcination.
This does not appear to be, only due to the decomposition of
MgCO3, as on the contrary appears in the sample BO-BI2.
According to the literature[24], this temperature extension
of the region of decomposition should be attributed to the
e
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4. Conclusions

The comparative examination of large group of samples
of materials with different stoichiometries of dolomite and
calcite, leads to the conclusion that there is a dependence of
the extent of carbonation on the presence of dolomite, while
it seems to be influenced by the existence of impurities. Fur-
thermore, the cyclability of the reaction is reduced. For the
samples having the highest percentage of calcite and the low-
est percentage of other elements, the extent of carbonation is
not influenced either by the quantity of mass or by the varia-
tion of the cooling and the second heating rate. A very small
increase in the extent of carbonation was observed in lime-
stone samples with small quantity of dolomite, impurities or
a combination of both of them due to the increase in the ini-
tial mass of the samples. Also, these samples with the same
initial mass presented an increase in the extent of carbona-
tion due to the decrease in the cooling and the second heating
rate.

These conclusions are of particular interest for the indus-
trial exploitation of these materials, as at any given time the
material of specific composition and specific production con-
ditions can be chosen, which would lead to the reduction of
usage cost.
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