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bstract

alcium-carbonate powders were coprecipitated with Al3+ and then decomposed in air and/or under a CO2 flux between 590 ◦C and 1150 ◦C. The
ata were analysed using a consecutive-decomposition-dilatometer method and the kinetic results were discussed according to the microstructure
nalysis done by N2 adsorption isotherms (78 K), SEM and FT-IR measurements. Below 1000 ◦C, CaCO3 particle thermal-decomposition was
seudomorphic, resulting in the formation of a CaO grain porous network. When the CaO grains were formed, the Al3+ diffused among them,
roducing AlO4 groups that promoted the CaO grain coarsening and reduced O2− surface sites available to CO2 adsorbed molecules to form CO3

2−.
n pure CaO, CO 2− diffused through the grain boundary, enhancing Ca2+ and O2− mobility; AlO groups reduced CO 2− penetration and CaO
3 4 3

intering rate. Above 1000 ◦C, the sintering rate of the doped samples exceeded that of the undoped, likely because of Al3+ diffusion in CaO and
iscous flow.

2011 Elsevier Ltd. All rights reserved.

eywords: Limestone decomposition; Sintering; CO2 capture; Al ions; Dilatometer

o
h
a

i
s
a
i
h
r
C

. Introduction

The separation of CO2 from flue gases using conventional
ir-blown combustion systems and the storage of CO2-rich gases
n underground geological formation or in the deep ocean are
pproaches suggested for reducing the greenhouse effect of CO2.
mong the separation processes, the carbonate looping pro-

ess for postcombustion CO2 capture appears to be a promising
echnology.1–4 This method involves the use of a fluidised bed
here lime reacts with a fuel gas and another fluidised bed, the

alciner, where the adsorbent is regenerated and pure CO2 is
roduced. The choice of natural limestone as the CO2 carrier
s an attractive option because it is a cheap and abundant mate-

5,6
ial with large and important applications in steel making,
uilding, cultural heritage,7 and environmental applications.8–10

∗ Corresponding author at: Research Centre for Materials Science and Eng.,
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Regarding CO2 capture technology, the porous lime particles
btained from the thermal decomposition of limestone need to
ave high efficiency in CO2 capture and the capacity to endure
high number of carbonate looping cycles.

This requires that the porous calcium oxide particles obtained
n the calciner are characterised by optimal and stable values for
urface area, porosity and pore shape for the subsequent CO2
dsorption from the flue gases. Because both fluidised beds are
n air and in CO2 flux, the surface area and porosity values of
igh surface porous calcium oxide (CaO) particles are rapidly
educed due to the temperature and catalytic effect of CO2 on
aO sintering.11–13

For these reasons, CaO obtained from the thermal decom-
osition of limestone particles in air/CO2 environments
s characterised by surface area values of approximately
× 10 m2/g. Although the sintering of these oxides in CO2 pro-
eeds extremely slowly,12 it has been found that the surface
nd porosity values of CaO-adsorbent particles obtained from

14,15
alciners are reduced after a large number of cycles.
Regarding new lime adsorbents with enhanced durability,

revious studies16–24 reported promising materials with a rea-
onable stable uptake of CO2 obtained by mixing CaO on the

dx.doi.org/10.1016/j.jeurceramsoc.2011.08.022
mailto:dabe@unige.it
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.022
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olecular level with an inert supporting material with a high
elting point, such as Al2O3, MgO or TiO2. Improvements

n obtaining these adsorbents have been made25 by using CaO
oprecipitation and hydrolysis methods.

Despite the promising results obtained by testing these mate-
ials in pilot plants, according to the opinion of the authors,
he mechanism explaining how and why the uptake of CO2 by
hese materials is more efficient than that of CaO obtained by the
hermal decomposition of limestone/calcium carbonate particles
emains to be elucidated.

This is not surprising because, as far as we are aware, the
ltimate mechanism by which CO2 catalyses the sintering of
aO has not been established.

In this paper, we concentrate our efforts on explain-
ng this mechanism by using CaCO3 particles precipitated
rom CaCl2·2H2O solutions in the presence and absence of
lCl3·6H2O salts as starting materials.
The background for this study is derived from previous exper-

mental findings12,26,27 of the sintering effects of gases such as
O2 and H2O on CaO and MgO.

In one of those papers,27 we stated that any gas used as a
atalyst for the sintering of a solid oxide must be chemically
dsorbed to the surface of the oxide surface and then it must
enetrate into the oxide in its bulk phases.

The experiments designed in this paper will prove that the
bove statement holds when CaO in the presence and absence
f Al3+ ions is exposed to CO2 in the temperature range of
90–1000 ◦C. Thus, the rule that CO2 and H2O must diffuse
s CO3

2− and OH− ions, respectively, into the oxide through
rain boundary paths to be effective catalysts will be applied as
solid scientific basis to understand how and why ions smaller

han Ca2+ can be used to stabilise the surface area and porosity
f new CO2 adsorbents in the carbonate looping process.

. Experimental

.1. Materials

The starting materials were CaCl2·2H2O, AlCl3·6H2O, 33%
mmonia (NH3) solution (each from Sigma–Aldrich), and
9.999% CO2 gas (Air Liquide).

All inorganic chemicals were used without purification. A
tock solution of CaCl2 was freshly prepared by adding dis-
illed water to reach the concentration of 1 mol/l. To produce
he aluminium-doped CaCO3, another solution was prepared
y adding 2.41 g of AlCl3·6H2O to 1 l of CaCl2 1 M. Ammo-
ium carbonate solution was prepared bubbling CO2 into a
M NH3 solution until a pH value of 8.47 was reached. The
aCO3 powder was prepared by adding into the water-jacketed
eaker containing 600 ml of the (NH4)2CO3 solution and 500 ml
f CaCl2 solution. With respect the 1:1 ratio required by the
toichiometric reaction between (NH4)2CO3 and CaCl2, the
NH4)2CO3 results the 20% greater. The solution was contin-

ously stirred for 20 min, the reaction temperature was kept
onstant at 25 ◦C and changes in pH were recorded both for the
recipitation without and with AlCl3. A rapid decreasing of the
H down to 6.5 followed by an increasing to pH 8 was observed

r
t
w
a
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hen AlCl3 is not present, while in the case of doped material,
he minimum pH was around 6.2 and the final one was 7.14. The
recipitate was aged for 24 h. After sedimentation, the powders
ere collected and washed with distilled water until chloride

ons were completely removed. The chlorine ion concentration
n the liquid phase was checked with a 0.1 N AgNO3 solution.

The obtained precipitates were settled by centrifugation and
ried at room temperature in a desiccator for 1 week.

.2. Methods

Cylindrical pellets of 8 ± 0.1 mm in diameter and
.6 ± 0.1 mm were prepared with an uniaxial cylindrical
ould. Due to the importance of the pelletisation step, great

are was paid to obtain pellets of doped/not doped calcium
arbonate with the same initial density.

230 mg of doped/not doped calcium carbonate powders as
hey have been obtained after the precipitation process and after
he drying step were introduced in stainless cylinder without
sing lubricants at the wall to avoid contamination.28 A two
teps pressing procedure was adopted. The first step had a stop
oint at 100 MPa for 2 min, the second one had a maximum value
f 195 MPa for further 2 min. Final density of the sample was
valuated trough weight – geometrical volume measurements.
he final density of all the sample turned out to be fairly con-
tant and equal to 1.9 ± 0.01 g/cm3 for both the carbonates. This
alue corresponds to a relative density of 0.7 compared with the
heoretical density of calcite.29

.3. Thermogravimetry (TG)

Dynamic TG measurements were performed in a static air
tmosphere using a Netzsch STA 409 equipped with platinum
G-DSC thermal analyser in the sensitivity range of ±0.1 mg
nd with a Netzsch 410 furnace temperature controller system.
t is well known30 that in dynamic thermal decomposition the
ctual temperature of the sample might be different from the one
ctual measured at the time t, due to thermal transport phenom-
na. These transport phenomena are different for pellets and
or powders even if the chemical nature is the same. Since in
his paper we are interested to the differences in the decompo-
ition between doped and non doped samples, both pellet and
owders were heated at 10 ◦C/min in air. Effects of the heat
ransport and of crucible height31 will result by the difference in
he decomposition behaviour between the same kind of pellets
nd powders.

Platinum crucible of 6 mm in diameter and 3 mm in height
as used, while the pellet was directly placed on the plat-

num sample holder. The temperature range between 20 ◦C and
200 ◦C was explored when the furnace was kept in static air
tmosphere.

To minimize the transport heat phenomena32 in decompo-
ition of doped and non doped powders, a “quasi-isothermal”

un was made keeping the heating rate at the minimum value
hat the instrument allows, i.e. 0.1 ◦C/min and reducing the
eight of the loose powder sample to 20 mg to minimize the

bsorption–desorption phenomena of CO2 in the powder bed.33
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The powder samples were placed inside the furnace in a
G-DSC platinum holder (6 mm × 3 mm), and then the tem-
erature was increased from room temperature (approximately
0 ± 1 ◦C) to 1200 ◦C at a nominal rate of 10 ◦C/min, during
hich time the weight loss and DSC signal were recorded con-

inuously. Pellets were decomposed by placing them directly in
he centre of the sample holder without the crucible. Other TG
ata were acquired using 20 mg of loose powders and a heating
ate of 0.1 ◦C/min.

.4. Dilatometry

Consecutive decomposition-sintering dilatometer experi-
ents were performed in a Netzsch dilatomer (DIL 402 E)

quipped with a furnace identical to the one used in the TG
uns and controlled by the same systems. The internal diame-
er of the DIL 402 E furnace was 26.5 mm, equal to that of the
ertical TG-DSC furnace. The pushing rod was alumina (6 mm
n diameter) with an added applied force of 0.3 N. CaCO3 pel-
et cylinders (8 mm in diameter and 8 ± 0.5 mm in length) were
ntroduced into the dilatometer and heated in static air or in CO2
t a flow rate 48 ± 0.05 ml/min using the same 10 ◦C/min heating
rogram adopted for the TG experiments. Each run was dupli-
ated with fresh samples to evaluate any statistical deviation.
G traces were reproducible within the instrumental error of
%, whereas the dilatometer traces were reproducible within
he instrumental error of 2–4%. Longitudinal shrinkage was
ecorded continuously, and radial shrinkage was examined at
oom temperature and at the end of the experiment at microme-
er accuracy (the accuracy was ±0.01 mm). It was noted that the
otal radial and longitudinal shrinkages were fairly equal within
he experimental errors.

Blank runs to calibrate the thermal expansion of the sample
older were done using polycrystalline alumina with a ther-
al expansion behaviour well characterised and furnished by
etzsch.
Others dilatometer experiments were performed to measure

he shrinkage behaviour at constant temperature. These sam-
les were prepared with the following thermal heating program:
0 ◦C/min up to 950 ◦C, 8 h at constant temperature, cooling
t a nominal rate of 10 ◦C/min, after 95 min. The temperature
ecreased at the natural cooling rate of the furnace for approxi-
ately 4 h until room temperature was reached. For these runs,

he sample holder correction table furnished by Netzsch was
sed.

.5. N2 adsorption isotherms at 78 K

The doped and undoped calcium carbonate powders were
laced in an open Pt crucible that was hung from a quartz wire
n one chamber of a symmetrical microbalance in a 25-mm
iameter quartz resistance furnace that was previously described
lsewhere.26 A nonporous quartz specimen was placed in

nother Pt crucible in a reference chamber. Double-wound resis-
ance wires were designed to minimize the temperature gradient
long the furnace cross section. A chromel–alumel thermo-
ouple tip was placed 5 mm from the bottom of the crucible.

a
u
a
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alibration with another thermocouple introduced from the top
f the furnace demonstrated that the temperature remained con-
tant within ±1 ◦C over a length of 5 cm. Decomposition of the
alcium carbonate powders was performed in the temperature
ange of 700–900 ◦C in air and CO2 environments.

As soon as the decomposition was complete, without remov-
ng the samples, a vacuum was introduced by a system that
an pump to approximately 1 × 10−4 Pa at 100 ◦C for 30 min.
hen, the system was cooled down to 78 K, and purified
aseous N2 was introduced to measure the correspondent
dsorption–desorption isotherms.12 For the sake of comparison,
he CaO samples obtained from the dilatometer under the same
ecomposition-sintering conditions were transported, as fast as
ossible, from the dilatometer to the symmetrical thermobalance
or N2 adsorption–desorption measurements at 78 K.

.6. CO2 high-temperature equilibrium isotherms

The doped and undoped CaO samples obtained in the sym-
etrical thermobalance with a specific surfaces ranging between

1 and 12.5 m2/g that did not change significantly during adsorp-
ion were exposed to CO2 for adsorption studies.

Standard tables34 give an equilibrium calcium carbonate
ecomposition pressure of 5434 Pa at 720 ◦C. Isothermal adsorp-
ion equilibrium curves were studied in the pressure range of
5 Pa to 98% of the measured equilibrium calcite pressure,
hich was 5300 Pa. Pressure was controlled by a single-side

bsolute sensor head and a control system placed at the top of the
hermobalance. Weight variations were recorded continuously
y using the microbalance with a sensitivity of 2 × 10−5 g/min.

Runs with CO2 but without samples were performed to cali-
rate the systems. The sample volume was small so that the value
f the pressure inside the thermobalance was not affected by it.
lank runs with N2 gave buoyancy corrections of 1 × 10−4 g
hen the pressure was 65 Pa and less than 2 × 10−5 g when the
ressure was greater than 150 Pa.

As soon as the samples reached the desired temperature,
CO2 flow was started. To obtain an equilibrium isotherm,
aO was heated under vacuum and held in CO2 at the maxi-
um desired pressure below the equilibrium pressure until the
eight of the samples was constant for 30 min at the sensitiv-

ty of 2 × 10−5 g/min. The pressure was decreased in steps, and
he point where the weight changes were constant was consid-
red the equilibrium pressure. After each isotherm, the sample
as pumped under vacuum until the initial sample weight was

ecorded.
To determine the reversibility of the isotherm for some sam-

les, the pressure was increased by the same step increments, and
he constant weights reached were reproducible in adsorption
nd desorption.

.7. FT-IR measurements
For both doped and undoped samples, pure powder disks of
pproximately 20 mg were outgassed at 400 ◦C under high vac-
um in the IR cell connected to a conventional gas manipulation
pparatus.
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of powder in the crucible and the heating rate.

Fig. 3 presents the dynamic TG traces of loose C and CD
powders in air at an heating rate of 0.1 ◦C/min. It can be observed
ig. 1. SEM images (5500×) of typical powders obtained from the precipitati
ons.

IR spectra were recorded by a Nexus Thermonicolet FT
nstrument (100 scans, DTGS KBr detector, OMINC software).

Skeletal spectra were recorded following dilution of the oxide
owders in KBr (1%, w/w) in air.

.8. SEM

SEM observations were made on the initial doped and
ndoped calcium carbonate powders and on the final CaO
btained from powders and pellet decomposition-sintering pro-
esses in air and CO2. To minimize possible hydration, the
amples were kept in desiccators, and fresh internal fractured
urfaces were exposed and coated as soon as they were formed
ith a layer of gold ∼30 nm thick.

. Results and discussion

Fig. 1(a and b) illustrates the typical powders obtained from
he precipitation processes of calcium carbonate either undoped
a) or doped (b) with aluminium ions.

For the sake of clarity, undoped powders were demarcated by
C’, and doped powders were demarcated by ‘CD’.

At 5500× magnification, image a shows that the C particles
ad shapes resembling small calcite crystals35 with diameters
s large as 10 �m. At the same magnification, image b shows
hat the general shape of the CD particles remained rhombohe-
ral, but some external surfaces large and irregular cavities with
iameters as large as 5 �m were present. Very reasonably these
eatures are linked with the different pH kinetics in presence and
n absence of the AlCl3.

A new study to evaluate how much Al3+ ions can be incor-
orate in the structure is in progress in our laboratory, at the
oment we cannot comment about the final composition of the

recipitate.36

Fig. 2 shows typical dynamic TG traces of loose C and CD

owders and of their corresponding pellets exhibiting an appar-
nt density of 1.89–1.91 g/cm3 and decomposed in air and at a
eating rate of 10 ◦C/min. From these data the kinetic of decom-
osition of the powder system are faster than those of the pellet

F
c
d

cesses of calcium carbonate either undoped (a) or doped (b) with aluminium

nes. Furthermore it should be observed that the comparison of
oped and not doped pellets leads to almost equal kinetics, while
he one between doped and non doped powders reads a kinetic
f decomposition slightly faster for the not doped system.

The actual internal decomposition temperature of the material
nside the pellet is less than that of the one inside of the pow-
er bed due to heat transport phenomena. This makes the pellet
inetic rate lower than the powder one. Furthermore and even
ore important, the diffusion path of CO2 escaping, through the

ellet, is slower than the one through the bed powders.37 Both
vidences lead to the experimental observation of Fig. 2. In our
revious findings38 we showed that a small amount of impu-
ities in limestone rocks do not influence the dynamic thermal
ecomposition of pellet heated at 10 ◦C/min. Fig. 2 reproduces
he same behaviour for the doped and non doped pellets. In
he same figure the kinetic behaviour of doped and non doped
owder is somewhat different. Since absorption–desorption step
f CO2 trough the powder packing bed might influence such a
ehaviour, let us to minimize this effect by reducing the amount
ig. 2. Typical dynamic TG traces of loose C and CD powders and their
orrespondent pellets exhibiting an apparent density of 1.89–1.91 g/cm3 and
ecomposed in air and at a heating rate of 10 ◦C/min.
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ig. 3. Typical dynamic TG traces of loose C and CD powders in air at a heating
ate of 0.1 ◦C/min.

hat the heating rate influences the kinetics of decomposition of
oose C and CD powders; both powders start to decompose at
he same temperature of 590 ◦C, but Al3+ ions enhance the rate
f CD powder decomposition.

Fig. 4 illustrates the weight loss (%) during the thermal
ecomposition of C and CD pellets (see Fig. 2) and the total
L/L0 linear shrinkage traces of equivalent pellets in the

ilatometer and with the same heating rate and gaseous envi-
onment.

As done in our recent paper,39 we divided the dilatometer
races into three arbitrary regions. The first one (I) between
5 and 590 ◦C is the region where no decomposition of cal-
ium carbonate occurs. In the second region (II) between 590
nd 1150 ◦C, calcium carbonate decomposes. In this tempera-
ure range, a number of steps occur: nucleation and growth of
aO, interactions of Al3+ ions with CaO and/or CaCO3 diffu-
ion of the CO2 through the formed porous CaO and sintering
atalyses by the escaping gas among the formed oxide grains.12

s a result of these different steps, the actual sample length of
p
s

ig. 4. Weight loss (%) during the thermal decomposition of C and CD pellets and t
he same heating rate and gaseous environment.
Ceramic Society 32 (2012) 307–315 311

he C and CD samples will be a balance among the different
ontributions. The third and last region, III, is influenced by
ensification of CaO grains, grain growth and eventually reac-
ion to form mixed oxides when the Al3+ ions are present. No
ifferences were observed among the linear �L/L0 traces of
he C and CD samples in region I. However, when the samples
eached the temperature at which CaCO3 decomposition begins
590 ◦C), the CD trace proceeded for a while along the linear
ine, whereas the C trace declined. As a reduction of �L/L0 is
xpected when the decomposition starts, evidently, the Al3+ ions
nteracted with the nascent CaO of the doped particles to reduce
his effect.

Furthermore, the shrinkage of the C pellets was greater than
hat of the CD samples until the end of decomposition, although
he CD particles exhibited a faster decomposition rate as demon-
trated by the TG experiments at 0.1 ◦C/min. Thus, the effects of
l3+ ions endure throughout the entire decomposition-sintering

tage.
Fig. 5 shows the IR pure powder spectra of CD and C pellets

ompletely decomposed in air at 900 ◦C and then prepared for
he FT-IR measurements at room temperature through an heating
eriod under vacuum at 400 ◦C to eliminate possible hydration
ompounds. For the C sample, above the cutoff of the pure pow-
er at 600 cm−1, several components can be detected at 713 and
74 cm−1 (sharp) and at 1074 and 1120 cm−1 (shoulder) that
an be assigned to vibrational modes of carbonate groups at the
urface in different coordination states.40

Correspondingly, the broad and strong absorption (to satu-
ation of the signal) in the 1300–1600 cm−1 region is due to
arbonate stretching modes. At high frequencies, the band at
650 cm−1 is due to OH stretching modes of residual Ca–OH
roups.

The addition of Al3+ ions to the calcium carbonate mate-
ial permits the detection of additional components at 749, 768,
08, 973 and 996 (broad and weak) cm−1 that can be assigned
4
reviously discussed by other authors,41 bands in this region
uggest the diffusion of aluminium ions into NaCl-type oxides

otal �L/L0 linear shrinkage traces of equivalent pellets in the dilatometer with
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Fig. 5. (a) Pure powder FT-IR spectra of C and CD samples following outgassing
at 400 ◦C. (b) Enlargement of the low-frequency region. Broken line spectrum:
s
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MgO grains, it was postulated that for an agent in its gaseous
phase to catalyse the sintering of a ceramic oxides, it must
keletal FT-IR subtraction spectrum [CD sample] − [C sample].

n a similar manner to Ni–Al oxides at the tetrahedral sites of
ubic oxygen packing. These aluminate groups can be located
ust below the external oxide surfaces in amounts that can be
evealed by the FT-IR techniques but not by XRD techniques.41

he FT-IR traces of C and CD calcium carbonate pellets (see
upplementary Fig. 1) do not exhibit the presence of AlO4
roups.

By coupling the FT-IR results with the dilatometer results,
t can be concluded that the differences in the thermal dilation
urves of the C and CD pellets in region II are due to the diffusion
f the Al3+ ions into CaO.

This process enhances the decomposition of the CaCO3 par-
icles, but it reduces the rate at which the pellets formed by
aCO3/CaO shrink.

Fig. 6 shows SEM images of CaO produced from C and CD
arbonate decomposition in air at 900 ◦C (a and b) or heated at
00 ◦C in air for 1 h (c and d). By comparing these images with
hose of the starting carbonates particles, it can be said that the
arbonate decomposition in air is a pseudomorphic process; the
aO grains form a porous network,11 and the doped CaO grains
re larger than the undoped grains. The doped samples shrink
ess than not doped ones (see Fig. 7), but their specific surface

alues are going in the opposite direction: 11 m2/g with additive,
ersus 15 m2/g, w/o additive.

b
o
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Coarsening and densification (i.e. sintering) are two com-
etitive phenomena in the reduction of surface area and in the
ncrease of relative density,38 the above evidences clearly sug-
est that in the doped sample the coarsening step is prevalent.
f so Al3+ diffuses in the CaO grains enhancing the ion surface
obility that leads to a greater coarsening.
Fig. 7 shows the dilatometer traces of the C and CD pel-

ets that decomposed completely in air at 950 ◦C. They prove
hat the linear shrinkage of the doped samples at the end of the
sothermal heating (see point Q) is less than that of the undoped
pecimens (see point P). It is interesting to observe that at the end
f the decomposition period, in the absence of the escaping CO2
olecules but in the presence of the CO2 molecules present in

he air, the isothermal heating treatments at 950 ◦C for 8 h pro-
uced further sintering in the undoped CaO network but had
o effect on the shrinkage of the doped oxide. Accordingly, the
pecific surface area of the not doped samples decreased from
5 to 13 m2/g, whereas that of the doped sample remained at
1 m2/g.

This last experimental observation is an anticipation of the
ilatometer data reported in Fig. 8.

The traces are relevant to C and CD pellets decomposed in
he dilatometer at 950 ◦C in CO2 flux and then heated for 8 h
nder the same conditions. In the same figure, for the sake of
omparison, the dilatometer curves of equivalent samples that
ecomposed in air are reported. The presence of a CO2 flux over
he samples decreased the final porosity of the undoped oxides
rom 67 to 62% but increased that of the doped oxides from 64
o 66%.

Based on these results and as far as the temperature range of
90–950 ◦C is concerned, we can conclude that the diffusion of
l3+ ions in the tetrahedral interstitial sites of CaO promotes the

oarsening of the oxide grains. Then, from the dilatometer data
n air and in CO2 flux, we can infer that the AlO4 groups might
educe the catalytic effect of CO2 on the sintering of oxides.
owever, the coarsening phenomena that we have demonstrated

ppear independent from the presence of CO2 molecules in the
aseous environment, and any coarsening phenomenon reduces
he rate of the shrinkage. Thus, it is unclear that the coarsening
ffect due to the Al3+ ions is associated with a reduction of the
atalytic action of CO2.

To escape from this dilemma, it is necessary to know the
ltimate mechanism according to which the CO2 catalyses the
intering of CaO.

In our previous study,42 we demonstrated that CO2 adsorbs
hemically in the temperature range of 650–930 ◦C on the O2−
urface sites of CaO to form CO3

2− ions for a degree of cover-
ge that ranges from 55 to 99%. When the surface area reaches
high degree of coverage, the CO3

2− ions diffuse into CaO
hrough a grain boundary path. In contrast with this behaviour,
O2 adsorbs onto MgO surfaces, forming complex carbonate

pecies that do not penetrate in their bulk phases.26,42 Because
O2 is more efficient in catalysing the CaO grains than the
oth adsorb chemically at the oxide surface and diffuse into the
xide.27
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The behaviour of the dilatometer curves in region III (see
Fig. 2) clearly reveals that the effect of the Al3+ ions is
temperature-dependent. At temperatures exceeding 1000 ◦C, the
ig. 6. SEM images (11,000×) of CaO produced from C and CD carbonate deco

If that postulate is correct, then the Al3+ ions must reduce the
enetration of the CO3

2− ions in CaO “via” grains boundaries.
Fig. 9 illustrates the equilibrium adsorption–desorption

sotherms measured when CO2 adsorbs onto undoped and doped
alcium oxide at the temperature of 728 ◦C and at a pressure
elow the CO2 equilibrium carbonation pressure. The increase
f the slope where the final adsorption points of curve I adjusts
mplies that there is penetration of CO3

2− ions into CaO.42

As demonstrated by curve red, the uptake of CO2 to form
O3

2− ions is lower for doped CaO than for undoped CaO
ecause the formation of AlO4 groups reduces the number

f O2− surface sites available to CO2 in the undoped oxide.
urthermore, the final slope of isotherm red is less than that of

ig. 7. Typical dilatometer traces of the C and CD pellets decomposed com-
letely in air at 950 ◦C for 8 h.

F
p
d

sition in air at 900 ◦C (a and b) and then heated at 900 ◦C in air for 1 h (c and d).

urve blue, and thus, the penetration of CO3
2− ions into doped

aO through grain boundaries is reduced.
As an important conclusion, these data establish that Al3+

ons are linked to the CO2 uptake as well as decrease this uptake.
onsequently, they reduce the catalytic effect of CO2 on CaO

intering. This effect is additive with the natural reduction in the
intering rate they catalyse due to their coarsening effect.
ig. 8. Comparison of typical dilatometer traces of the C and CD pellets decom-
osed completely in CO2 flux at 950 ◦C for 8 h and the equivalent samples
ecomposed in air.
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Fig. 9. Equilibrium adsorption–desorption isotherms of CO2 at 720 ◦C and pres-
sures below the CO2 equilibrium carbonation pressure for CaO produced from
C (upper curve) and CD (lower curve) carbonate decomposition in air at 900 ◦C.
The round empty symbols in the upper curve are referred to experimental values
of a previous work.42
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1. Salvador C, Lu D, Anthony EJ, Abanades JC. Enhancement of CaO for
ig. 10. SEM images (11,000×) of CaO produced from CD carbonate decom-
osition in air at 1050 ◦C.

ate of shrinkage of the doped sample increases dramatically.
EM observations of doped CaO particles treated in air at
050 ◦C (see Fig. 10) indicate that there are very dense spots and
ess dense spots on the external visible surfaces. The enhanced
intering rate might be due to viscous flow and/or sintering of
he calcium aluminate phases.

The decarbonation/carbonation cycles are characterised by
emperatures in the range of 700–950 ◦C when the looping solids
re the limestone type.1 This is a safe method to exploit the
enefits of calcium oxides doped with Al3+ ions, but caution is
equired if higher temperatures are used.

. Conclusions

The first scientific achievement of this paper is elucidating
he mechanisms that govern the catalysis of CO2 (g) during

he sintering steps of CaO grains obtained by the thermal
ecomposition of CaCO3 and/or exposed to CO2
ux/atmosphere at temperatures exceeding 600 ◦C.
Ceramic Society 32 (2012) 307–315

The rule that can be derived from this mechanism is that for
ases such as CO2 and H2O to serve as catalysts of the sintering
f ceramic oxides such as CaO and MgO, they must be both
dsorbed chemically at the oxide surfaces and diffused into the
xide, probably through grain boundary paths.

A direct extension of this achievement is that in the CaCO3
seudomorphic decomposition reaction, the small nascent CaO
nterconnected grains exposed to the CO2 flux undergo a more
apid sintering step than larger grains due to the high number of
rain boundary paths.

The second scientific achievement of this paper is demon-
trating how and why doping the starting CaCO3 particles with
l3+ ions produces doped CaO that reduces its sintering rate
hen exposed to CO2 flux below the equilibrium decomposition
ressure in the temperature range of 590–1000 ◦C. For higher
emperatures, this protection rapidly decreases.

Al3+ ions that diffuse into CaO form AlO4 groups at the
etrahedral sites below the CaO grain surfaces. This promotes
he coarsening of the oxide grains and reduces the number of O2−
ites on CaO surfaces. Consequently, minor amounts of CO3

2−
ons will be available to migrate in CaO, and this reduces its
intering rate.

This demonstrated mechanism can be a guideline to select
thers doping agents. On this basis, potential metallic ions
hould exhibit two characteristics: being smaller than Ca2+ to be
ble to diffuse into CaO interstitial sites and the ability to sub-
ract O2− ions from the surface of CaO to decrease the amount
f CO2 that can adsorb onto the surface of CaO. Metallic ions
hat are the same size as Ca2+ or larger are not expected to be
romising due to their possibility of substituting for Ca2+.
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