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ABSTRACT: Calcium looping technology could be one of
the most efficient ways to drastically reduce the carbon
footprint of cement manufacture since CaCO3 is a major
component of the raw meal used to produce clinker. However,
calcined raw meal can be a poor CO2 sorbent due to the fact
that the formation of Ca2SiO4 (belite) causes a reduction in
the amount of free CaO. Effective reaction rates for the
formation of belite from both CaCO3 and CaO (i.e., after
calcination) were obtained in this work for different raw meals
with similar compositions but very different levels of Ca−Si
aggregation. Tests carried out in thermogravimetric analyzers
revealed that belite can be formed quickly, even with
calcination periods of about 1 min. The 3D-diffusion model
proposed by Jander and Hoffmann [Jander, W.; Hoffmann, E. Reaktionen im festen Zustande bei höheren Temperaturen. XI.
Mitteilung. Die Reaktion zwischen Calciumoxyd und Siliciumdioxyd. Z. Anorg. Allg. Chem. 1934, 218, 211−223] represents
reasonably well the conversion of the solids to belite in marl-type raw meals at temperatures between 800 and 900 °C. The
activation energy calculated in this temperature range (i.e., 325 kJ/mol) is consistent with the data reported in the literature on
belite formation in CaO/SiO2 materials at higher temperatures. The differences in the reaction rates between the materials are
due to the pre-exponential factors, related to the level of aggregation of Ca and Si in the materials. The information on this topic
will help to predict the decrease in the CO2 sorption capacity of the calcined raw meals used in calcium looping systems
integrated in cement plants.

■ INTRODUCTION
The cement sector is the second-largest industrial emitter of
CO2 (with a share of around 27% in this segment) and is
responsible for about 8% of global man-made CO2 emissions
(i.e., 2.2 Gt CO2 per year), the largest share of which (1.5 Gt
CO2) is caused by the decomposition of carbonates.1 To meet
the objectives agreed at COP22, this sector must find a way to
match the increasing demand for cement with a dramatic
reduction in CO2 emissions. Although a range of technical
improvements along the production line2 can help to reduce
emissions, there is clearly a need to adopt CO2 capture and
storage technologies to address excessive emissions of CO2
from the manufacture of clinker.
Until now, most of the effort directed at CO2 capture in

cement plants has been focused on oxy-fuel combustion and
postcombustion (mainly by amine scrubbing) technologies.2,3

However, the synergy that exists between the calcium looping
(CaL) and cement production makes this emerging technology
one of the most promising alternatives for capturing CO2 in
cement plants.2,4−7 In calcium looping, the CO2 present in
combustion environments is separated by its reaction with
CaO-based sorbents over successive carbonation/calcination
cycles at high temperatures. Over the past 2 decades, calcium
looping has undergone extensive progress in relation to the
development of sorbents, process modeling, and experimental
testing, especially focused on the decarbonization of the power

generation sector,8−11 resulting in successful pilot plant
demonstrations up to 1−2 MW scale.12−16 By operating at
very high temperatures and using the CaO-based material
purged from the calciner as feedstock for clinker production, it
should be possible to achieve a strong synergy between the
CaL technology and cement production.17−19 Different CaL
process configurations at diverse levels of integration in cement
plants have been evaluated.7,20−30 However, very few studies
contain experimental information on CaL reactors operated
under the typical conditions of cement plants (i.e., small
particle sizes, low gas/solid contact times, high CO2
concentrations in the flue gas, and high CO2 sorption
capacities compared to CaL systems integrated in power
plants).31−33

It has been widely reported that calcium-based sorbents
gradually lose their CO2 capture capacity as they are subjected
to successive carbonation/calcination cycles due to solids
sintering.8,10,34,35 The decrease in solids activity is compen-
sated for by a makeup flow of fresh sorbent, which is an
important design parameter of the system. At the highest level
of integration between the CaL system and the cement plant,
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the raw meal itself, which is typically composed of around 80
wt % of CaCO3, acts as the calcium-based sorbent.36 However,
there is very little experimental evidence to confirm the
effectiveness of cement raw meal as a CO2 capture
sorbent.37−39 It is well-known that belite (Ca2SiO4) can be
produced under typical cement precalciner conditions either
via the direct reaction of CaCO3 with SiO2 (eq 1) or via the
reaction of CaO with SiO2 (eq 2).40

+ → +2CaCO SiO Ca SiO 2CO3 2 2 4 2 (1)

+ →2CaO SiO Ca SiO2 2 4 (2)

These are solid-state reactions, intermediate between other
reactions that give rise to different calcium silicate phases
(3CaO·SiO2, etc.) of great relevance to cement production.41

However, the formation of belite impedes the use of cement
raw meal as CO2 sorbent because it eliminates a substantial
fraction of the free CaO resulting from the calcination of
natural limestones.37,38 Larger amounts of belite are produced
at high temperatures, long calcination times, and high Ca−Si
aggregation levels (e.g., natural marls).37,38 As this reaction is
probably the main cause of deactivation of cement raw meals, a
kinetic model that represents this reaction is essential for an
accurate design of the CaL system. It can also be used to
screen out different raw meal feedstocks for their application in
calcium looping if they exhibit very different formation
kinetics.38

The formation of belite (and other calcium silicates) from
cement raw meals during the production of clinker has been
studied in previous works.41,42 However, they do not provide
reliable information on the kinetics of this reaction at
temperatures relevant for calcium looping systems (i.e., nearly
900 °C). Hence, this paper presents a kinetic study on belite
formation for two raw meals with similar compositions and
particle sizes but very different Ca−Si aggregation levels.
Effective reaction rates for the formation of belite from CaCO3
and CaO (i.e., before and after calcination, respectively) have
been obtained at temperatures between 800 and 920 °C.

■ EXPERIMENTAL SECTION
Materials. Two raw meals commonly used in cement plants

(RM1 and RM2) were tested. RM1 is a natural marl, whereas
RM2 is a mixture of a limestone (LS) and a marl (MR). The
limestone (LS) and the marl (MR) were milled and sieved to
obtain similar particle size distributions to the raw meals and
so minimize the effect of the particle size on the reaction study.
The chemical compositions of these materials were measured
by X-ray fluorescence using a SRS 3000 Bruker spectrometer.
As can be seen in Table 1, the composition of both raw meals
is similar. RM1 and RM2 contain CaO and SiO2 in quantities
of around 42 and 14 wt %, respectively. Insofar as the
individual components of RM2 are concerned, LS is an almost
pure limestone, whose main impurity is MgCO3, whereas MR
is a marl with CaO and SiO2 contents of 37 and 21 wt %,
respectively. The results show that RM2 is a binary mixture
composed predominantly of 72 wt % MR and 28 wt % LS.
Because particle size is an important parameter in solid−

solid and gas−solid reactions, the particle size distributions
(PSDs) of the solid samples were determined by laser
diffraction using a Beckman-Coulter LS 13320 analyzer. As
Figure 1a shows, the RM1 sample shows a homogeneous
particle size distribution that is characteristic of a single
compound. However, RM2 exhibits different volumetric

fractions that can be clearly separated into specific particle
size ranges, as one would expect of a mixture of individual
compounds (Figure 1b). The Sauter mean diameter (dps) and
dp50 are 6 and 9 μm, respectively, for the two raw meals.
Moreover, very similar PSDs for the individual components of
RM2 (i.e., MR and LS) were obtained once they were milled
and sieved (Figure 1c and Figure 1d). Consequently, the
behavior of the materials tested in this study should not be
affected by particle size.
X-ray diffraction (XRD) analyses were also carried out to

identify the Ca−Si phases formed during the calcination of the
samples. Diffraction measurements were obtained using a
Siemens diffractometer fitted with a Cu Kα monochromatic
tube. The experimental procedure consisted of step scanning at
steps of 0.02°, 2 s, in the 2θ range between 5° and 90°.
Samples of about 15 mg of RM1, RM2, and MR were calcined
at 900 °C in air for 10 min. The X-ray spectra of the solids
before and after calcination are presented in Figure 2.
As can be seen, very similar results were obtained for fresh

RM1 and RM2, whose highest peak intensities correspond to
CaCO3 and SiO2. CaAl2(Si2Al2)O10(OH)2 was also identified
in both fresh raw meals. In the calcined samples, less SiO2 was
detected and the main calcium silicate formed was Ca2SiO4
(belite), in addition to very small amounts of Ca3SiO5, CaSiO3,
and CaOx(Al2O3)11. It is for this reason that the formation of
belite under the typical conditions of calcium looping must be
studied in depth as the presence of belite is the main
determining factor of raw meal deactivation during carbo-
nation/calcination.

Experimental Setup and Methods. The experiments
were designed bearing in mind that under the CO2-rich
conditions of a calcium looping calciner, belite can form either
from the direct reaction of CaCO3 with SiO2 (eq 1) or from
the reaction of CaO with SiO2 (eq 2). Three types of studies
were carried out using the above-referenced materials: the
evolution of the CO2 carrying capacity during the calcination−
carbonation cycles, the kinetics of belite formation resulting
from the direct reaction of CaCO3 with SiO2 (i.e., before
calcination), and the kinetics of the belite formation from
bringing CaO into contact with SiO2 (i.e., after calcination).
Two thermogravimetric analyzers (TGAs) were used for these
tests. A commercial TA-Q5000IR apparatus was used in the

Table 1. Chemical Compositions of the Solid Samples, As
Determined by XRF

composition (wt %)

oxide RM1 RM2 MR LS

Na2O 0.24
MgO 0.65 1.26 1.23 1.87
Al2O3 4.09 3.56 4.86 0.22
SiO2 13.39 15.21 21.03 0.37
P2O5 0.10 0.05
K2O 0.89 0.57 0.97 0.05
CaO 42.72 41.50 37.09 53.26
TiO2 0.18 0.16 0.22
Fe2O3 1.94 2.13 1.65 0.06
SO3 1.04 0.30 0.45 0.10
MnO 0.08 0.08
SrO 0.08 0.10 0.02
ZrO2 0.02 0.02
LOIa 35.01 35.26 32.17 44.06

aLoss on ignition.
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nonisothermal tests to study the formation of belite from
CaCO3 (i.e., before the calcination of the raw meal). This
equipment is fitted with a thermally controlled head balance,
an infrared oven that can achieve programmable heating rates
up to 500 °C/min, and a baseline dynamic drift of less than 10
μg (after correction by means of a blank test). Another in-
house TGA (described in detail elsewhere43) was used to study
reactions under isothermal conditions. In these tests, it is
possible to deduce the type of reaction from the conversion vs
time curves (whereas in nonisothermal tests this is not possible
as the plots always follow sinusoidal-type curves). Moreover,
the reaction rate equations provide analytical solutions for the
main mechanisms known. For this reason, isothermal studies
were carried out whenever possible (i.e., in the tests designed
to study the formation of belite from CaO and the CO2
carrying capacity of calcined samples). In the in-house TGA,
the solids were introduced into a platinum basket, located
inside a mullite tube with an external diameter of 0.025 m and
heated by two electrical ovens (one of which was employed for
gas preheating purposes). The reactant gases were fed in at the
bottom of the tube, and mass-flow controllers regulated the
flow rates. The evolution of the weight and temperature of the
samples was continuously monitored during the tests.
The cyclic experiments aimed at evaluating the CO2 carrying

capacity of the solids were carried out with initial sample
weights of about 10 mg. This amount of solids, which is
significantly higher than the typical values used for kinetic tests
in TGA (i.e., around 2−3 mg), was chosen to compensate for
the sintering effect produced by this type of device upon the
external surface of the raw meals over multiple calcination/

carbonation cycles.44 In these tests, the sample was heated up
to 650 °C in the presence of 10 vol % CO2 in air (gas velocity
of 0.09 m/s). Under these conditions, the buoyant force was
determined taking care not to calcine the sample. Once both
the temperature and weight were stable, the atmosphere was
switched to 100 vol % air after which the sample was heated up
to 900 °C. This temperature was then maintained for periods
of between 1 and 10 min (depending on the test), during
which the carbonate present in the solids was calcined. It
should be noted that calcination was performed while the
sample was heated, as the heating step was carried out without
the presence of CO2 in the atmosphere. This resulted in a
higher conversion of calcium to silicates.39 The sample was
then cooled down to 650 °C in air. Once the temperature and
weight of the sample were stabilized, carbonation was
performed with a gas containing 10 vol % CO2 in air. The
carbonation time was extended for 10 min in order to ensure
the maximum possible CO2 carrying capacity in each cycle
(XN).
To quantify the amount of belite formed from the calcium

carbonate (XBb) nonisothermal tests were carried out with
initial solids samples of around 2 mg and 100 vol % CO2 in
order to avoid the calcination of the CaCO3. In these tests the
temperature was increased at heating rates of between 5 °C/
min and 30 °C/min until a final temperature ranging between
800 and 900 °C was reached. The maximum temperature was
maintained for 10 min. The weight loss (after 700 °C) was
assumed to be caused solely by CaCO3 reacting with SiO2 to
form Ca2SiO4. As a result, the conversion of CaCO3 to belite

Figure 1. Particle size distributions of the solid samples as measured by laser diffraction: (a) RM1, (b) RM2, (c) MR, (d) LS.
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(XBb) could be measured directly from the weight loss of the
samples.
During the formation of belite from CaO (eq 2) the weight

of the solid remains stable. Consequently, the conversion of

CaO to Ca2SiO4 (XBa) cannot be estimated directly from TGA
measurements. In this case, the conversion is therefore
calculated by assuming that the decrease in the CO2 carrying
capacity of the samples is caused exclusively by the formation

Figure 2. XRD spectra of the Ca−Si materials before and after calcination at 900 °C in air for 10 min.
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of belite. The total amount of CaO converted to belite (XB)
can then be calculated from eq 3.

= −X
X
X

1B
carb

max (3)

where Xcarb is the carbonation conversion measured at the end
of the carbonation period and Xmax is the degree of carbonation
that should be achieved if no belite is formed. During the
heating period before the onset of the calcination temper-
atures, a small fraction of belite may be formed from CaCO3
(XBb), according to eq 1, which can be estimated using the
model described in the next section. The belite formed from
CaO (XBa) can then be calculated from the difference between
the total conversion to belite (XB) and XBb. In these tests,
samples of around 2 mg were first heated up to 650 °C, while a
gas stream (gas velocity of 0.09 m/s) containing 10 vol % CO2
in air was fed into the TGA. This operation allowed the
buoyancy at this temperature to be determined. Next, each
sample was heated in the presence of 100 vol % CO2 until the
calcination temperature was reached. The gaseous feed was
then switched to 100 vol % air (to initiate the calcination
stage) and the temperature was maintained for a period of time
ranging from 0.5 to 200 min. Calcination temperatures
between 840 and 920 °C were applied. Afterward, the samples
were cooled down to 650 °C in an air atmosphere and then
carbonated at this temperature by feeding in a gas mixture
consisting of 10 vol % CO2 in air for 5 min. The carbonation
conversion (Xcarb) was calculated at the end of this period. To
determine carbonation conversion when no belite is formed
(Xmax), some tests were carried out following the procedure
described above but performing the calcination stage at 800 °C
for 1 min in order to minimize the formation of belite.

■ RESULTS AND DISCUSSION
The CO2 carrying capacities of the raw meals RM1 and RM2
and those of the individual components of RM2 (i.e., LS and
MR) were evaluated following the experimental procedure
explained in the previous section (Figure 3). The CO2 carrying
capacity is defined as the molar conversion of CaO to CaCO3
in relation to the total amount of moles of CaO initially
present (Xcarb = mol CaCO3/mol CaO). The maximum
carrying capacity (XN) is assumed to be the molar conversion
achieved at the end of the carbonation period. Figure 3a shows

the evolution of the carbonation conversion of these materials
after heating in the presence of air up to 900 °C, with this
temperature being maintained for 1 min. As can be seen, all the
curves obtained for the materials follow the typical trend for
the carbonation of CaO from limestone.35 After a period of
rapid carbonation (kinetic stage), a relatively stable value was
reached (diffusional control stage). The maximum carbonation
conversion was measured after 10 min in each cycle because
the tests were carried out under external diffusional resistance.
A maximum value of around 0.7 was obtained for LS in the

first cycle. In the case of the marl MR, the transition between
the kinetic and the diffusional stage was more gradual and a
final conversion of about 0.46 was achieved. The carbonation
conversion for RM2 (i.e., the mixture of LS and MR) showed
an intermediate value of 0.58. Finally, the raw meal RM1
exhibited the lowest carbonation conversion (about 0.30).
These results demonstrate that the presence of SiO2
significantly reduces the CO2 carrying capacity of the
calcium-based materials after the first calcination/carbonation
cycle. This is because part of the calcium present in the
samples reacts with SiO2 to form belite (see Figure 2) even if it
is only for a very short time at high temperatures. Moreover, a
higher level of aggregation of Ca and Si compounds seems to
have a significant impact on the reactivity of the sorbents with
CO2, in agreement with previous results reported by Alonso et
al.38

The fall in the maximum CO2 sorption carrying capacity of
the solids through consecutive carbonation and calcination
cycles (XN) is represented in Figure 3b. In the calcium looping
system of a cement plant, the particles of raw meal will be
subjected to a very low number of cycles due to the typically
large makeup flows and purges required in the calciner.31,32

For this reason, a maximum of only five cycles has been
considered in this study. Although LS showed a reasonably
high XN value in the first cycle (i.e., 0.73), a typical
deactivation was observed as the number of calcination/
carbonation cycles increased (XN of 0.32 in the fifth cycle).
Very similar values of XN for LS were obtained for calcination
periods of 1 and 10 min (only the XN values achieved after 10
min of calcination have been represented in Figure 3b for the
sake of simplicity). The trend followed by the curve as the
number of cycles increased can be expressed by the equation
obtained by Grasa and Abanades45 for natural limestones:

Figure 3. (a) Evolution of the CO2 carrying capacity after the first calcination carried out at 900 °C during 1 min in air (carbonation at 650 °C with
10 vol % CO2 in air). (b) Effect of calcination time on the maximum CO2 carrying capacity through consecutive carbonation and calcination cycles
(black line: eq 4 where k = 0.57 and Xr = 0.06).
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=
+

+
−( )

X
kN

X
1

X

N 1
(1 )

r

r (4)

where k is the decay constant and Xr is the residual conversion.
Both parameters take average values of 0.52 and 0.075 for a
wide range of natural Ca-derived sorbents. In the particular
case of LS, values of k = 0.57 and Xr = 0.06 were obtained
(represented by the black line in Figure 3b).
In contrast, longer calcination periods have a great effect on

the CO2 sorption capacity of Ca−Si materials. A XN value
approximately 30% lower was obtained for RM2 when the time
at high temperature was increased from 1 to 10 min. For
periods of 1 min at 900 °C, the decay curve for RM2 could be
fitted to eq 4 using the average parameters of limestones by
assuming that a CaO molar fraction of 0.75 was available to
react with CO2. However, when the period at high temperature
was extended to 10 min, a larger amount of CaO reacted with
SiO2 to form belite, leaving only a CaO molar fraction of 0.5
available in RM2 for the capture of CO2. In the case of MR,
the CaO molar conversion decreased more rapidly and the
CO2 carrying capacity decay curve after 1 min at 900 °C could
be described by eq 4 using values of k = 1.45 and Xr = 0.044
(i.e., 2.5 times higher and 27% lower, respectively, compared to
the fitting parameters calculated for LS). This means that only
a CaO molar fraction of 0.49 was available for reacting with
CO2, assuming that this fraction behaved like the CaO from a
typical natural limestone. Finally, RM1 suffered further
deactivation during multicycling. Only 44% of the moles of
CaO were available for carbonation after 1 min at 900 °C. This
percentage decreased to 32% when RM1 was calcined for 10
min. These results show that it is the fraction of free CaO that
determines in general the performance of the Ca-based
material as CO2 sorbent, as its behavior is similar regardless
of the origin of the material (i.e., whether it comes from a
limestone or from another CaO-based solid). Hence, the
differences observed in the performance of the raw meals are
mainly the result of the conversion of CaO and/or CaCO3 to
belite.
The amount of CaCO3 converted to belite needs to be

determined not only to quantify the loss of free calcium
necessary for the CO2 capture before calcination but also to be
able to evaluate the results obtained by the TGA during the
heating period until the calcination temperature is reached
(between 3 and 15 min depending on the heating rate and the
final temperature). The time scales used in these experiments
are in principle longer than the residence times of most of the
solids in the calciner of a cement plant (that have typical
residence times of less than 1 min). However, by means of
extended analyze over long periods it is possible to determine
the formation of belite in particles of raw meal that can be
subjected to high temperatures for several minutes in dead
zones of the calciner or in other parts of the cement plant
(hoppers, feeding systems, etc).
As explained in the Experimental Section, during these TGA

tests the samples are heated from room temperature up to a
temperature range 800−900 °C. Figure 4 shows the evolution
of sample weights with RM1 and synthetic calcium carbonate
(100 wt % CaCO3) in the presence of 100 vol % CO2 at a
heating rate of 5 °C/min (Tmax = 900 °C). It can be seen that
the weight of CaCO3 remained stable throughout the test,
indicating the absence of calcination. However, the sample of
RM1 lost weight at temperatures above 500 °C, where clay

minerals contained in the RM1 suffered dehydroxylation
reactions.42 There was then an increase in the weight loss at
temperatures of around 740 °C, which means that part of the
calcium carbonate present in the raw meal reacted with SiO2 to
form belite in accordance with eq 1.
Figure 5 shows the results of tests carried out under

atmospheres of pure CO2 at a heating rate of 30 °C/min using
different final temperatures. The figure shows that the CaCO3
conversion to belite was favored at higher temperatures,
especially in the case of RM1. At 900 °C, a value for XBb of
about 0.26 was obtained in RM1 after 15 min (compared to a
conversion of about 0.22 in RM2 under the same conditions).
As the temperature decreased, the formation of belite from
CaCO3 was similar in both raw meals. In fact, exactly the same
conversion was achieved in both samples at 800 °C (i.e., 0.09).
However, the formation of belite began at lower temperatures
in RM1. Belite was already detected in RM1 at temperatures
around 730 °C, whereas this calcium silicate did not appear in
RM2 until a temperature of about 770 °C was reached.
As can be seen in Figure 5, the CaO molar conversions to

Ca2SiO4 lie within a narrow range. For this reason, the
traditional methods for estimating the kinetic parameters from
TGA experiments are not applicable.46 Instead, a graphical
method as described by these authors was used to identify the
type of model required when only isothermal data are available.
On the basis of this method, the 3D-diffusion model originally
proposed by Jander and Hoffmann47 was chosen to obtain the
best fitting of all the experimental data (eq 5). The model was
fitted to each raw meal, and the calculated parameters are
shown in Table 2.

= − [ − ]X k t1 1 ( )Bb Bb
1/2 3

(5)

where kBb is the reaction rate coefficient for belite formation
from CaCO3, which is assumed to have an Arrhenius
dependence with temperature. Values of 7.09 × 103 s−1 and
195 kJ/mol were determined from the nonisothermal tests
carried out with RM1 (4.58 × 103 s−1 and 194 kJ/mol for
RM2). As can be seen in Figure 5a, the model describes
accurately the extent of belite formation from CaCO3 in RM1
at temperatures between 800 and 900 °C for solid conversions
of up to 0.25. However, only very low conversions to belite
(below 0.06) were predicted accurately in the case of RM2
(see Figure 5b). For higher solids conversions, the theoretical

Figure 4. Evolution with time and temperature of sample weights of
RM1 and synthetic CaCO3 during TGA tests carried out with 100 vol
% CO2.
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calculations were significantly lower than the XBb measured
experimentally. This is probably due to the different levels of
Ca−Si aggregation in RM2 (mixture of a limestone and a
marl).
On the other hand, the most relevant reaction regarding the

formation of belite in raw meals is that produced from CaO
after a calcination period (eq 2). As pointed out in the
Experimental Section, this reaction path was studied by means
of isothermal experiments at temperatures between 815 and
920 °C, assuming that the decay in the CO2 sorption capacity
was produced exclusively as a result of the formation of belite
(the production of other calcium silicates at these temperatures
is negligible). The effect of the calcination temperature on the
conversion of CaO to Ca2SiO4 (XBa) is represented in Figure 6.

The experimental results indicate that higher temperatures
during the calcination favor the formation of belite in both
RM1 and RM2. In general, higher Xba values were obtained in
RM1, indicating that a greater aggregation of Ca and Si atoms
in the raw meals seems to favor the formation of belite. When
the calcination was carried out at 840 °C, a maximum solids
conversion (XBa) of 0.23 was achieved in RM2 after 20 min.
Only 2 min were needed in RM1 to achieve a similar degree of
belite formation at the same calcination temperature. On the
other hand, when the calcination temperature increased up to
920 °C, a solid conversion to belite of about 0.5 was observed
in RM2 after 10 min, whereas the same XBa was reached in
RM1 at a lower calcination temperature (890 °C) in barely 4
min.
These experimental data were fitted to the model proposed

by Jander and Hoffmann47 in order to estimate the kinetic
parameters needed for the reaction to form belite from CaO
(eq 6).

= − [ − ]X k t1 1 ( )Ba Ba
1/2 3

(6)

where the parameter kBa is the reaction rate coefficient which
follows an Arrhenius dependence on temperature. In a first
fitting exercise for RM1, a value of 328 kJ/mol was obtained
for the activation energy, which is very close to that reported
by Weisweiler and Osen41 (i.e., 325 kJ/mol) for the same

Figure 5. Conversion of CaCO3 to belite before calcination and the temperature profile (at a heating rate of 30 °C/min): (a) RM1, (b) RM2. The
dotted lines represent the model predictions.

Table 2. Kinetic Parameters for the Reactions of Belite
Formation from CaO and CaCO3

material K0Ba (s
−1) Ea (kJ/mol)

RM1 6.61 × 1010 325
RM2 4.35 × 1010 325
MR 5.13 × 1010 325

material K0Bb (s
−1) Ea (kJ/mol)

RM1 7.09 × 103 195
RM2 4.58 × 103 194

Figure 6. Effect of the calcination temperature on the conversion of CaO to belite (after calcination) at temperatures between 815 and 920 °C: (a)
RM1, (b) RM2. Lines correspond to the model predictions.
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reaction at the temperature range between 1000 and 1400 °C.
Hence, this activation energy value was considered valid for the
temperatures studied in the present work, and therefore, the
only fitting parameter of the kinetic model was the pre-
exponential factor characteristic of each material. The results
are listed in Table 2.
As can be seen from Figure 6a, the model represents with

reasonable precision the evolution of the solids conversion
(XBa) in RM1 at every temperature tested, even for reaction
times of up to 20 min and for XBa of up to 0.6. However,
Figure 6b reveals that the resulting model tends to under-
estimate the solids conversion at temperatures below 900 °C
for RM2. Again this may be due to the different nature of RM1
(marl) and RM2 (mixture of marl and limestone), as explained
above.
In the case of MR (the marl component of the raw meal

RM2) in Figure 7a, a reasonably good description of the
evolution of belite formation from CaO at temperatures
between 870 and 920 °C was obtained using the model,
assuming an activation energy of 325 kJ/mol and the pre-
exponential factor k0 as the only fitting parameter for the
kinetic equation. A value of 5.13 × 1010 s−1 was obtained,
which lies between the values calculated for RM1 and RM2, as
can be seen in Table 2.
In Figure 7b, the evolution of solids conversion to belite at

895 °C is represented for the Ca−Si materials tested in the
present work. As can be seen, both RM1 and MR followed a
very similar trend during the first minutes of the experiments.
Short residence times of a few minutes are expected for the raw
meal particles inside the calciner of a large-scale cement plant.
The model including the kinetic parameters calculated for
RM1 predicted reasonably well not only the degree of belite
conversion in RM1 but also that in MR. However, the belite
formation rate in RM2 was significantly lower than the values
obtained for the other materials with higher level of Ca−Si
aggregation. A more complex kinetic model would be needed
to quantify more accurately the formation of calcium silicate in
the conditions of calcium looping using raw meals derived
from mixtures of solids of a different nature.

■ CONCLUSIONS
Compared to natural limestones, calcined raw meals show a
more complex behavior as CO2 sorbent due to the formation
of belite (Ca2SiO4) which reduces the amount of CaO
available for reacting with CO2. Carbonation tests revealed
significant reductions in the CO2 sorption capacity of raw
meals of different nature after the first calcination/carbonation
cycle. Belite formed rapidly, even for calcination periods of
only 1 min, especially in raw meals with higher level of
aggregation of Ca and Si compounds. Tests carried out in
thermogravimetric analyzers show that a certain amount of
CaCO3 can be directly converted to Ca2SiO4 at temperatures
below 900 °C. However, the most important reaction for the
formation of belite in raw meals is that between CaO and SiO2
(i.e., after calcination). The 3D-diffusion model proposed by
Jander and Hoffmann was able to predict with precision the
conversion of CaCO3 to belite in a marl-type raw meal (RM1)
at temperatures between 800 and 900 °C and solid conversions
of up to 0.20. On the other hand, this model was only able to
represent very low levels of belite conversion (below 0.05) in
raw meal obtained by mixing marl and limestone (RM2). This
model was also applied to describe the formation of belite from
CaO. The activation energy for this reaction in this
temperature range is consistent with data reported in the
literature on belite formation in CaO/SiO2 materials at higher
temperatures. Therefore, it can be inferred that the differences
in the reaction rates between materials rely on the pre-
exponential factors, directly related to the degree of Ca and Si
aggregation in the materials. The kinetic model was found to
represent reasonably well the evolution of solids conversion to
belite in RM1 and MR at every temperature tested, even for
reaction times of up to 20 min and for XBa values up to 0.6.
However, this does not apply to the mixed material (RM2),
where the conversion of CaO to belite was significantly lower
due to the different levels of aggregation of Ca and Si in the
raw meal.
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■ NOTATION

dpS = Sauter diameter (μm)
dpV = mean volumetric diameter (μm)
dp50 = median diameter (μm)
Ea = activation energy (kJ/mol)
k = decay constant (s−1)
kBa = reaction rate coefficient for belite formation from CaO
(s−1)
kBb = reaction rate coefficient for belite formation from
CaCO3 (s

−1)
k0 = pre-exponential factor of the Arrhenius equation (s−1)
N = number of carbonation/calcination cycles
t = time (s)
XB = total conversion of CaO to belite (mol belite/mol Ca)
XBa = molar conversion of CaO to belite (mol belite/mol
Ca)
XBb = molar conversion of CaCO3 to belite (mol belite/mol
Ca)
Xcarb = carbonation conversion at the end of the carbonation
step (mol CO2/mol Ca)
Xmax = maximum carbonation conversion if no belite formed
(mol CO2/mol Ca)
XN = carbonation conversion in cycle N (mol CO2/mol Ca)
Xr = residual conversion (mol CO2/mol Ca)
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CaO-SiO2- system part II reaction rate constants and activation
energies of selected diffusion couples. Cem. Concr. Res. 1988, 18, 55−
62.
(42) Taylor, H. F. W. Cement Chemistry; Thomas Telford: London,
1997.
(43) Criado, Y. A.; Alonso, M.; Abanades, J. C. Kinetics of the CaO/
Ca(OH)2 Hydration/Dehydration Reaction for Thermochemical
Energy Storage Applications. Ind. Eng. Chem. Res. 2014, 53, 12594−
12601.
(44) Alonso, M.; Criado, Y. A.; Abanades, J. C.; Grasa, G. Undesired
effects in the determination of CO2 carrying capacities of CaO during
TG testing. Fuel 2014, 127, 52−61.
(45) Grasa, G. S.; Abanades, J. C. CO2 capture capacity of CaO in
long series of carbonation/calcination cycles. Ind. Eng. Chem. Res.
2006, 45, 8846−8851.
(46) Vyazovkin, S.; Burnham, A. K.; Criado, J. M.; Peŕez-Maqueda,
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