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Abstract

The effect of procedural variables—mass and heating and cooling rate—on the maximum capture efficiengyso$t@led, 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.
Samples having the highest percentage of calcite and the lowest percentage of impurities seemed to be independent on the above variables
In limestone samples with small quantity of dolomite, impurities or a combination of both of them was observed a very small increase in the
extent of carbonation due to the increase in the initial mass of the samples, while these samples in the case of the same initial mass presentet
an 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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1. Introduction was not an issue and the heat for calcination was supplied by
partial combustion of the fuel with air. The need to obtain a

Fossil fuel is still the mostimportant energy source. Onthe purified stream of C@from the calciner is relatively new.
other handitis also the major source for greenhouse gases thaBhimizu et al[3] proposed a cycle for combustion applica-
are assumed to cause global warming. So far, reliable methodgions involving the regeneration of the sorbent in a calciner
for reducing the carbon dioxide emissions are a decrease inusing CQ/O, mixtures to burn part of the fuel. Silaban et al.
fuel consumption, increase in process efficiency or a change[4] studied the reversibility of this reaction in dolomites and
to renewable, Ce@neutral fuel. limestones as a base of a high temperature separationof CO

It is generally acceptefll] that the cost of the separa- to produce hydrogef4,5]. A similar process is being de-
tion of CO, from flue gases introduces the largest economic veloped in Japaf6] that includes a carbonation/calcination
penalty. This justifies a range of emerging approaches to sep-cycle to produce bifrom gasification. Finally, the reversible
arate CQ with more cost-effective processes. The £d2- carbonation/calcination reactions have also been proposed as
ceptor gasification process reached a demonstration fifJase the base of energy storage systdijsand as a chemical heat
using the carbonation/calcination of CaO from limestones or pump|[8].

dolomites to separate GArom coal gasification gases. In At higher partial pressures of G@he thermal decompo-
these early processes, the release of @@ing calcination sition splits into a two stage procef$s10] as follows:
CaMg(CQ); —» CaCQ+ MgO + CO, )
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The reversibility of the decomposition of calcium carbon- Table 1 _ _ S
ate after a number of calcinations/carbonation cycles was ex-Percentage dolomite and calcite participation in different samples

amined in different studigd 1-19]. The carrier gas used for Dolomite (%) Calcite (%) Other (%)
the carbonation reaction was €Or a combination of Cg B-ME3 95.5 39 06
N> and air in various proportions, and for calcination, 310 B-ME1 89.6 a7 0.7
N>. In these studies was used a variety of non-isothermal and<-RY1 89.5 D2 03
isothermal measurements and regarding the extent of carbonK:Am; 22'2 ﬁ‘é 8‘2
ation, the reported results presented a remarkable variationgg.pas 194 82 04
The factors that were examined for their effect on the extent B-se3 7.7 @8 15
of carbonation were the temperature at which the isothermal BO-SX1 2.0 9.8 0.2
measurements were performed, the pressure of the carrier ga8©-BI2 16 %9 05
and the proportion of the gasses of the carrier [g&s21]. BO-PR3 01‘00 ;hj ig
The extent of the carbonation reaction was mainly con- go.ges 00 938 0.2
nected with pore volume and surface volume of the sorbents,
and was not examined in samples with different stoichio-
metries. 1001

The aim of this article is to determine by non-isothermal
measurements and by using £6s the carrier gas, the ex- 901 .
tent of carbonation in naturally occurring carbonated rocks £ ol
with different dolomite and calcite stoichiometries. Simulta- o =
neously, was studied the effect of two procedural variables, 70 )
the sample mass and the heating—cooling rate, on the ex-
tent of carbonation. We examined the effect of these exper- 601
imental variables during the carbonation, as others—carrier e ‘
gas, pressure, isothermal temperature—that influence the 500 700 900 1100
process of calcination/carbonation, have already, been o
studied. T

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

. . ) , 3. Results and discussion
Thermogravimetric analysis was made with a SETARAM
SETSYS TG-DTA 1750 C. The samples in powder form with The studied samples are presentedanle 1with their

grain size smaller than 126m (measured by sieving), were  ¢corresponding stoichiometres as it has been inferred by mea-
placed in alumina crucibles. An empty alumina crucible was g,rements of mass lof23]. The thermograms of three char-
used as reference. Samples were heated from ambient temzteristic samples frorfiable 1(B-ME3, BO-PA2, B-SE3)
perature to 1100 C in a 50 mi/min flow of GOAfterwards,  hich cover the region from dolomitic rocks up to limestones,
they were cooled to the ambient temperature at the same ratg, ;g presented iffigs. 1-3. No carbonation of MgO is ob-
used for heating and under the same gas. The heating-coolingeryed, while the extent of carbonation due to CaO is differ-
cycle was immediately repeated for at least two more times, gt for each sample (Table 2). The explicit segregation of the

using exactly the same experimental conditions. ~ processes of calcinations and carbonation—due to the suffi-
The studied samples—typical characteristic samples in

each case—were collected from the Kozani broader area

(northwestern Macedonia, Greece). In geotectonic terms, the 100+ )

area belongs to Pelagonian zone. Samples B-SE3, B-MEL1,

B-ME3 and B-ER5 were collected from carbonate forma- aa

tions of the Vermion Mountain. Samples K-RY1, K-AM1 and 2 g

K-AM2 were collected from carbonate formations near the 4 J

town of Kozani. Samples BO-BI2, BO-SX1 and BO-PA2 be- L >

long to the quarried limestone formations of Vourinos moun- 60-

tain, while samples BO-SE3, BO-PR3 belong to carbonate

formations nearby the mountain of Vourinos. The samples 50500 - o -
B-SE3, B-ER5, BO-BI2, BO-SX1, BO-SE3, BO-PR3 are T CC)

limestones while the B-ME1, B-MES3, K-RY1, K-AM1 and
K-AM2 are dolomitic rocks. The sample BO-PAZ s charac- Fig. 2. Calcination/carbonation of dolomitic limestones (sample BO-PA2):

terized as dolomitic limestor{@2]. (1) 1st heating, (2) 1st cooling, and (3) 2nd heating.
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Fig. 4. The dependence of fractional extent of carbonatdnafth time

) o ) ) during cooling for two samples (B-ME3, B-SE3).
Fig. 3. Calcination/carbonation of limestones (sample B-SE3): (1) 1st heat-

ing, (2) 1st cooli d (3) 2nd heating. .
ing. (2) 1st cooling and (3) 2nd heating product of CaC@. Thus the unreacted CaO becomes inac-

cessible to the Cg&and this causes a gradual slowdown of the

cient temperature delay (>100 C)-allows their correspond- o tion raté12]. The same trend, as in the case of dolomitic

ing study. In the limestones the total carbonation is not Com- ¢ and dolomitic limestone, is also observed for the cal-
pleted in the first step—during cooling-and the process of car- ination/carbonation of limestone (Fig. 3). In this case also,
bonation is continued at the second heating, completed before o q is sharp increase of conversion initially (about 40%)

the beginning of calcination, while in the dolomitic samples and then it levels off, as the reaction becomes product layer
almost the entire carbonation takes place during cooling. diffusion controlled (Fig. 4).

At the first region, it appears that the decrease of the per- The calcination/carbonation of limestone for three com-

centage _Of dolomite res_ults Ina d_ecrease_ in the e>_(ten'_[ Ofplete cycles of heating—cooling of sample B-ER5 is presented
carbonation, corresponding to a rapid reaction. The diffusion i, g 5 itis observed that the second cooling coincidesinthe
control step, the second region, lasts longer and consequentlyy o inning with the first cooling, but the rate of carbonation is
the cooling temperature becomes very small eliminating the gjightly decreased as compared to the first cooling. Also the
possibility for carbonation. third cycle of heating—cooling coincides in temperature with
For carbonated rocks the surface area and the pore voly,o second; however the percentage of carbonation is slightly

ume of the productincreased upon calcination. The dolomitic ye reased in the third circle. This reduction is much smaller
rocks and the dolomitic limestone provided a higher surface j;, e samples with higher percentage of dolomite

areathan the limestorig/]. The calcination/carbonation cy- The reversibility of the absorption/desorption process with
cle of dolomitic rocks and dolomitic limestone are depicted Ca0/CaCQ decreases drastically during the first couple of
in Figs. 1,2. They show that there is a rapid increase in weight cycles (Fig. 5). In the cycles following the first two, the in-

in the first minutes during cooling. Once the fractional extent ¢,ance on the reversibility becomes significantly lower. The
of conversion («) reaches about 70%, it starts to increase veryapqorption capacity decrease can be attributed mainly to the

slowly with temperature (Fig. 4). Initially, the GQiffuses 1,44 of the pores volume in the oxide and to the sintering of
into the narrow pores of CaO and the reaction takes place 0Ny o |lites[4]. The use of structure stabilizing components
the surface area provided by the pores. However, the struc-

. . ) - for CaO, e.g. MgO, can substantially decrease the role of
ture has a high concentration of micro pores. As time elapses,
these pores plug up due to the formation of a higher volume

100

Table 2 90-
The maximum percentage of carbonated CaO in each sample
o

Dolomite (%) CaO (%) e 80
B-ME3 955 %.1 -
B-ME1 89.6 .7
K-RY1 89.5 a.6 60-
K-AM1 86.6 .6
K-AM2 85.8 .9 50 :
BO-PA2 194 4.5 500 700 900 1100
B-SE3 7.7 19.6 T ('C}
BO-SX1 2.0 17.7
BO-BI2 1.6 26 Fig. 5. Variation of the extent of carbonation reaction in 3 cycles of calci-
BO-PR3 1.0 191 ) . _ e

natin/carbonation for sample B-ER5: (1) 1st cycle-calcination, (2) 1st cycle-

B-ER5 0.0 3.3 . o ;
BO-SE3 0.0 13.3 carbonation, (3) 2nd cycle-calcination, (4) 2nd cycle-carbonation, (5) 3rd

cycle-calcination and (6) 3rd cycle-carbonation.
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these effects. The MgO which does not absorby s a
structure stabilizing effect, giving dolomites a higher cyclic
stability compared to calcite. o
Afterthefirst calcination, the surface areaand pore volume
increased15]. 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 70|

100

801

Tg %

the pore volume, to the point of being essentially equal to 3

the pore volume after the first calcination. Also, it restored R X

much of the surface area lost during carbonation. The loss in . ‘ e

surface area and the shift to large pore diameters between the 500 700 900 1100
first and second calcination cycles are attributed to sintering. T(°C)

Finally, the second carbonation cycle produced the expected
decrease, in both surface area and pore volume, to valuesig. 7. The dependence of different cooling and reheating rates on the ex-
approximately equa| to those following the first carbonation. tent of carbonation reaptnon for sample BO-SE3: (1) rate 10 C/min, (2) rate
h . - . L 5 C/min, (3) rate 2 C/min.
A comparison of cyclic stability of different dolomitic

:pcks,ffdo:orfrl[{trl]c Ilmelstor;es ano_l I|mestotne strrl]owsbthe ptF’S" of calcination at the first cycle of heating. In the carbonation
Ive efiect of the molecuar environment on the absorption o 5.tion it is observed that the total extent of carbonation
capacity and cyclic stability. The more inactive material is ;

in the absorb he hiaher the chemical and th ln the sample with the smaller mass is a little bigger (0.7%)
presentin the absorbent, the higher the chemical and thermay, , , 14 of the other one. This difference is negligible (0.1%)
stability of the sample it becomes. This is the main effect in

. A . in the sample BO-SE3 and for this reason the corresponding
the Sampl.es. in which the percentage of dolomite comparedﬁgure is not presented. It is obvious that the mass of the sam-
to calcite is 'mporta”F- . . ple affects slightly the extent of carbonation for the group of
TWO factors were Investigated as for the course of calCi- |;\eg1ones and the variation of the other limestone samples
nation/carbonation of CaGOThese are the mass and the (B-SE3, BO-BI2, BO-SX1, BO-PR3) ranges between these

c;oolmg and reheating rate. The samples that were used arfwo. The effect of the heating and the cooling rate in different
limestones, because small extent of carbonation was foundlimestone samples is presentedFig. 7andFig. 8For each

in this group, in comparison with the other samples. There- different stoichiometry
fore the study of the different factors in them is of particular '
interest for their possible industrial exploitation.

In Fig. 6the carbonation of B-ER5 (1st and 2nd heating) is
presented, for two samples of considerably different masses

were examined three different sam-
ples of the same mass which were heated at a rate’dhi®
(first cycle of heating). Then, the samples were cooled and
heated again with rates 2, 5, °Ifin. The study of these

. . . . two variables is focused mainly on the limestone samples, as
The surface area which comes in contact withaGDring these samples present low extent of carbonation in relation to

the first calcination IS the same for both of them due to the the dolomitic rocks where the extent of carbonation reaches
use of the same crucibles. We observe that the extent of cal—almost 100%

cination for the two samples A and B, having masses 75.4 The behavior with the decrease of cooling rate is entirely

and 28.8 mg respectively, and the beginning of calcinations, different for the two presented samples (BO-SE3, BO-BI2).
are identical. Small temperature difference between the two - . sample BO-BI2, the decrease of the cooli’ng rate re-

different samples is observed, only at the point of completion

100

100 _W
90
90
2 i
® g % &
2 ; - .
70 A [ 70
5 2
60 i 1 4 60 =
50 ‘ .
500 700 900 1100 50 . .
. 500 700 900 1100
T(°C)
T(°C)

Fig. 6. The dependence of mass on the extent of carbonation reaction for

sample B-ER5. Sample A (1) 1st cycle-calcination, (2) 1st cycle-carbonation, Fig. 8. The dependence of different cooling and reheating rates on the ex-
(3) 2nd cycle-calcination, sample B (4) 1st cycle-calcination, (5) 1st cycle- tent of carbonation reaction for sample BO-BI2: (1) rate 10 C/min, (2) rate
carbonation and (6) 2nd cycle-calcination. 5 C/min, and (3) rate 2 C/min.
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100,2 4. Conclusions
100,0- 1 . o
The comparative examination of large group of samples
i 99,81 2 of materials with different stoichiometries of dolomite and
> 99.6- calcite, leads to the conclusion that there is a dependence of
= s the extent of carbonation on the presence of dolomite, while
99,41 ; . ) . -
it seems to be influenced by the existence of impurities. Fur-
99,21 thermore, the cyclability of the reaction is reduced. For the
99.0 ‘ ‘ samples having the highest percentage of calcite and the low-
500 700 900 1100 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
Fig. 9. Early stages of calcinations for three different samples. (1) BO-SE3, increase in the extent of carbonation was observed in lime-
(2) B-ER5 and (3) BO-BI2. 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
sults in the increase of the percentage of CaO which changesnitial mass presented an increase in the extent of carbona-
to CaCQ at cooling (1st cycle) and heating (2nd cycle). tion due to the decrease in the cooling and the second heating
The final, however, percentage remains considerably lowerrate.
than the extent of carbonation in the dolomitic rocks. No These conclusions are of particular interest for the indus-
differentiation was observed in sample BO-SE3. The behav- trial exploitation of these materials, as at any given time the
ior of other limestone samples is analogous to the samplematerial of specific composition and specific production con-
BO-BI2. ditions can be chosen, which would lead to the reduction of
These observations are useful, particularly in the industrial usage cost.
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 divgrsity is pre;gntedﬁn’g. 9with Fhe ;imultane— [1] H. Herzog, Environ. Sci. Technol. 4 (2001) 148A.
ous presentation of the initial phase of calcination of samples 2] g.p. curran, C.E. Fink, E. Gorin, Adv. Chem. Ser. 69 (1967) 141.
BO-BI2, B-ER5 and BO-SE3. In sample BO-SE3, it appears [3] T. Shimizu, T. Hirama, H. Hosoda, K. Kitano, M. Inagaki, K. Tejima,
that the mass loss, in the region of Mgg&@ecomposition, Trans. IChemE. 77 (part A) (1999) 62.
up to the beginning of calcination, is negligible as it occursin  [4! ﬁgzl';?bﬂné M. Narcida, D.P. Harrison, Chem. Eng. Commun. 146
pure calcite. Simultaneously, the calcination is temperature (5] B. Balasubr'amaman, A. Lopez Ortiz, S. Kaytakoglou, D.P. Harrison,
limited. Contrary to the sample BO-SE3, the sample B-ER5 Chem. Eng. Sci. 54 (1999) 3543.
presents an extensive temperature (500=€)@nonotonous [6] S. Lin, Y. Suzuki, H. Hatano, M. Harada, in: Proceedings for the
reduction of mass up to the region of Cag€alcination. Advanced Clean Coal Technology International Symposium, Tokyo,
This does not appear to be, only due to the decomposition of __ November 1999, pp. 1-5.

. [7] M. Aihara, T. Nagai, J. Matsusita, Y. Negishi, H. Ohya, Appl. Energ.
MgCOQO;s, as on the contrary appears in the sample BO-BI2. 69 (2001) 225.

According' to the Iiteratur¢24], this temperaturg extension  [g] v. Kato, M. Yamada, T. Kanie, Y. Yoshizawa, Nucl. Eng. Des. 210
of the region of decomposition should be attributed to the (2001) 1.
existence of impurities in the material. [9] M. Samtani, D. Dollimore, K.S. Alexander, J. Therm. Anal. Calor.

Generally, each replacement of the original cations of a ___ 65 (2001) 93. o o

. . . . [10] D.T. Beruto, R. Vecchiattini, M. Giordani, Thermoch. Acta 405
crystal by anions creates physical disorder. Increasing struc- (2003) 183
Fural d|39rders (by. Increasing substltutlo'ns) means decreasyi1] M. Samtani, D. Dollimore, F.W. Wilburn, K. Alexander, Thermoch.
ing bonding energies between the constituents of the crystal  Acta 367 (368) (2001) 285.
structure. This means that increasing crystal chemical dis-[12] R. Barker, J. Appl. Chem. Biotechnol. 23 (1973) 733.
order lowers the temperature of decomposition. The exis- [13] D-R. Glasson, J. Appl. Chem. 11 (1961) 201.

. . . [14] J.C. Abanades, Chem. Eng. J. 90 (2002) 303.
tence of minimal quantity of dolomite (sample BO-BI2) and [15] K. Kuramoto, S. Fujimoto, A. Morita, S. Shibano, Y. Suzuki, H.

dolomite plus impurities, or only impurities (sample B-ER5), Hatano, L. Shi-Ying, M. Harada, T. Takarada, Ind. Eng. Chem. Res.
appears to be a possible reason for the dependence of the de- 42 (2003) 975.
crease of carbonation on the increase in the cooling and thd16] T. Kaljuvee, A. Trikkel, R. Kuusik, J. Therm. Anal. Cal. 64 (2001)
second heating rate. This could, also, be the reason for the _ 1229 _

. N . . [17] H. Gupta, Liang-S. Fan, Ind. Eng. Chem. Res. 41 (2002) 4035.
very small d|ff_erent|at|on in the extent qf parbona_uon which [18] SK. Bhatia, D.D. Perimutter, AICHE J. 29 (1983) 79,
we observed in the experiments examining the influence of 19 p. Mess, AF. Sarofim, J.P. Longwell, Energ. Fuels 13 (1999)

mass. 999.

T(°C)
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