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Abstract−A novel calcium-based pellet was prepared by extrusion of sol-gel CaO powder and cement with high alu-
minum-based content. Limestone was used for comparison. The cyclic CO2 capture performance and carbonation
kinetics of the sorbents were investigated in a thermogravimetric analyzer (TGA). The changes in phase and micro-
structure were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and Brunauer Emmet
Teller (BET) surface area, respectively. The results indicate that the pellet consisted of CaO and Ca12Al14O33 after initial
calcination. Limestone reactivity decreased dramatically with the increase in the cycle number, whereas the pellet
showed a relatively stable cyclic CO2 capture performance with high reactivity. The CO2 capture capacity of the pellet
achieved 0.43 g CO2/g sorbent after 50 cycles at 650 oC and 850 oC for carbonation and calcination, respectively. More-
over, the pellet obtained fast carbonation rates with slight decay after multiple cycles. The porous microstructure of the
pellet contributed to the high reactivity of the sorbent during high temperature reactions, and the support material of
Ca12Al14O33, enhanced the cyclic durability of the calcium-based sorbents.
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INTRODUCTION

The rapid increase in carbon dioxide (CO2) concentration in the
atmosphere has attracted much concern because it considerably
contributes to global warming. Thus, CO2 capture and storage have
been paid much attention globally [1-6]. The cyclic carbonation/
calcination reactions of calcium-based sorbents for CO2 capture,
also called calcium looping, have recently been identified as one of
the best CO2 capture technologies [7-10]. However, calcium loop-
ing is limited by the loss in the capacity of natural calcium-based
sorbents as carbonation/calcination cycle numbers increase [11-
14]. The CO2 capture capacity of natural limestone decreases from
0.61 g CO2/g sorbent during the first cycle to 0.18 g CO2/g sorbent
during the 10th cycle at 850 oC and 650 oC for calcination and car-
bonation, respectively [15]. Therefore, new preparation methods
need to be developed to enhance the cyclic performance of the cal-
cium-based sorbents [16-24]. Recent studies have proposed a sol-
gel process to synthesize calcium-based sorbents with high cyclic
reactivity [25-31]. CaO powder prepared through the sol-gel pro-
cess showed that well-dispersed particles with an average size of
approximately 200 nm formed within the sorbent with CO2 cap-
ture capacity of the powder at 0.51 g CO2/g sorbent during 20th cycle
[32].

However, CaO powder with an average size of ~200 nm is not
suitable for current large-scale calcium looping system and should

be further prepared into pellets. This study is an extension of pre-
vious works by the authors and is conducted to manufacture a cal-
cium-based pellet with high reactivity for cyclic carbonation/cal-
cination reactions. Moreover, because calcium-based sorbents sup-
ported by aluminum-based materials have shown high durability
after long-term cyclic reactions [33-37], a cement with high alumi-
num-based content was selected as the bonding and supporting
material to manufacture calcium-based pellet. The effects of the
phase transformation of aluminum-based support and the mor-
phological changes inside the pellet during cyclic high-temperature
reactions on the CO2 capture performance of the sorbent were also
discussed.

EXPERIMENTAL SECTION

1. Materials and Sorbent Preparation
The sol-gel CaO powder (denoted as SG CaO) was prepared

according to the procedure in the authors’ previous study [32]. The
predetermined amounts of analytical reagent-grade metal nitrate
tetrahydrate and citric acid monohydrate were added to distilled
water at a water-to-metal ion molar ratio of 40 : 1 and a citric acid-
to-metal ion molar ratio of 1 : 1. Then, the mixture was continu-
ously stirred and kept at 80 oC in an electrically heated thermo-
static water bath for 7 h to form a translucent sol. Subsequently,
the sol was placed at room temperature for 18 h in a sealed con-
tainer to form a wet gelatin before it was placed in a drying oven
at 80 oC for 5 h and then dried at 110 oC for another 12 h until a
dry gelatin was formed. At last, the dry gelatin was placed into a
muffle furnace at 600 oC for few seconds, and then the sample was
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calcined at 700 oC in a tube furnace for 20min in an N2 atmosphere
to burn out the carbonate.

The as-prepared SG CaO powder and one cement powder pro-
duced by Kerneos Aluminate Technologies were used to synthe-
size the calcium-based pellet as follows. The average particle size
of the cement powder is ~35µm. The predetermined SG CaO and
the cement were physically mixed with a mass ratio of 3 : 1. The
reason for choosing this ratio is that Li et al. suggested that CaO/
Ca12Al14O33 (75/25 wt%) has excellent regeneration capacity in cyclic
use [38]. The mixture was then extruded to long cylinders through
an extruder with a die (which has one hole with a diameter of 2mm).
During extrusion, a little water was added to help solidify the mix-
ture and improve the hardness of the pellet. The pellet was sub-
jected to cyclic carbonation/calcination performance test after being
dried overnight at 110 oC and calcined at 900 oC in a tube furnace
for 3 h under an N2 atmosphere.

A natural Australian limestone purchased from Agricola Min-
ing Pty Ltd was also used for comparison. The elemental composi-
tion analysis with an X-ray fluorescence (XRF) spectrometer indicated
that the limestone after complete decomposition of carbonate was
composed of CaO 96.31%, MgO 1.36%, SiO2 0.71%, Al2O3 0.61%,
Fe2O3 0.43%, SO3 0.31%, and others 0.26%. Before testing, the pel-
let and limestone were pulverized and sieved with particle size in
the range of 250-400µm.
2. Characterization and CO2 Capture Testing

The phase composition of the samples was determined by X-
ray diffraction (XRD, PANalytical B.V.) with Cu Kα radiation (λ=
0.1542 nm) within the 2θ range of 20o-70o and a scanning speed
of 0.1o/s. The microstructure of the calcined samples was investi-
gated in a high vacuum by field-emission scanning electron micros-
copy (SEM, Sirion200, FEI Inc.) system with 5 kV of accelerating
voltage. The pore structure parameters of the calcined sample were
examined from N2 adsorption and desorption isotherms, measured
at the temperature of liquid N2 (Micromeritics ASAP 2020-M). The
surface area data were calculated from the Brunauer Emmet Teller
(BET) equations.

The cyclic carbonation/calcination performance of the calcium-
based sorbents was investigated in a thermogravimetric analyzer
(TGA, Cahn 121). The testing procedure was as follows: about 20
mg of the sample was placed in a quartz sample pan and heated
from room temperature to 850 oC at a rate of 20 oC/min in a N2

flow of 100 ml/min under atmosphere pressure and maintained at
850 oC for 10 min to fully decompose CaCO3. Subsequently, the
sample was cooled to 650 oC in N2, and then, the cyclic carbon-
ation/calcination reactions began. The samples were carbonated at
650 oC for 15 min in 15 vol% CO2 balanced by N2, and calcined at
850 oC for 10min in N2. Both cooling and heating processes of TGA
were conducted in N2 at heating or cooling rate of 20 oC/min.

RESULTS AND DISCUSSION

1. X-ray Diffraction Analysis
The chemical compositions of SG CaO, cement and the pellet

derived from SG CaO and cement were analyzed by X-ray diffrac-
tion (XRD) as shown in Fig. 1. The main phase of the SG CaO pow-
der was CaO, and the main phases of cement were CaAl2O4 and

Ca12Al14O33. Previous studies showed that Ca12Al14O33 incorpora-
tion is highly beneficial to CaO-based sorbent for capturing CO2,
especially after long-term cyclic carbonation/calcination reactions
[16,36,39,40]. This phenomenon is due to the fact that the inert
Ca12Al14O33 functioned as a framework material among the CaO
grains, so it could resist high-temperature sintering of CaO grains
and enhance the cyclic reactivity of the sorbents. Therefore, trans-
forming CaAl2O4 into Ca12Al14O33 is advantageous in the manu-
facture of an excellent calcium-based sorbent with aluminum-based
support.

Li et al. showed that the inert phase of Ca12Al14O33 was formed
when a calcination temperature of 800-1,000 oC was applied in the
sorbent preparation stage [41]. In this study, the sorbent was cal-
cined at 900 oC under N2 for 3 h after SG CaO and cement were
extruded into the pellet. The main phases of the pellet were CaO
and Ca12Al14O33, and the CaAl2O4 phase disappeared (Fig. 1). This
finding indicates that most of CaAl2O4 reacted with CaO as fol-
lows:

5CaO+7CaAl2O4→Ca12Al14O33 (1)

These results are consistent with those of Li et al.
2. CO2 Capture Performance of the Sorbents

The CO2 capture performance of the pellet and limestone is com-
pared in Fig. 2. The CO2 capture capacity of the limestone decreased
dramatically with the increase in cycle number: 0.54 and 0.09g CO2/
g sorbent during the first and fiftieth cycle, respectively. However,
the CO2 capture capacity of the pellet remained relatively stable
during the cyclic carbonation/calcination reactions: 0.52 and 0.43 g
CO2/g sorbent during the first and fiftieth cycle, respectively. In
the authors’ previous study, CaO powder derived from a sol-gel
process achieved a CO2 capture capacity of 0.37 g CO2/g sorbent
during the twentieth cycle under the same reaction conditions used
in the current research [32]. This result indicates that the pellet
exceeded its precursor in cyclic CO2 capture performance. An im-
portant reason could be that the inert support material of Ca12Al14O33

inside the pellet might have served as the framework among the

Fig. 1. XRD patterns of SG CaO, cement and the pellet derived from
SG CaO and cement after calcination under N2 atmosphere
(★ CaO, ● CaAl2O4, and ▲ Ca12Al14O33).
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CaO grains, thereby enhancing the cyclic durability of the sorbent.
Note also that most reactivity decay of the two sorbents occurred
within 20 cycles. Further investigations focus on the different char-
acteristics of the sorbents during the first and twentieth cycle.

The carbonation kinetics of the two sorbents during the first cycle
is shown in Fig. 3. Both sorbents exhibited high carbonation rates
during the initial chemical reaction control stage, which was fol-
lowed by an abrupt shift to relatively lower carbonation rates during
product layer diffusion. The initial carbonation rates of the pellet
were faster than those of limestone, because the pellet had smaller
crystallites that could have contributed to the rapid gas-solid reaction.
However, the final increase in the mass of the pellet was a slightly
smaller than that of the limestone after 15 min carbonation. This
result does not suggest that CO2 diffused through the product layer
of limestone more easily, because CaO content in the pellet was
considerably less than that of CaO in the limestone. A calcium-
based sorbent with 25 wt% cement could obtain less than 58.9%
increase in mass ratio during carbonation. The final mass increase
in the mass of the pellet was over 90% of its maximum value.

The carbonation kinetics of the two sorbents during the 20th cycle
is shown in Fig. 4. The carbonation kinetics of the two sorbents
also contained two stages: a chemical reaction control stage and a
product layer diffusion stage. The pellet achieved higher carbon-
ation conversion than the limestone at the end of the chemical reac-
tion control stage. Contrary to the results in Fig. 3, the reaction rates
of limestone showed rapid decay from cycles 1 to 20, whereas the
pellet showed slight decay in reaction rates.
3. Discussion

SEM images of the pellet and the limestone after initial calcina-
tion and after 20 cycles are shown in Fig. 5. Both sorbents exhib-
ited rough surfaces with numerous pores after initial calcination
[Figs. 5(a) and (b)]. According to Bhatia, a porous surface is bene-
ficial for the carbonation reaction [42], indicating that both sor-
bents absorbed CO2 with high efficiency in the present study. How-
ever, the crystallites of the pellet were smaller than those of the lime-
stone, according to a previous study that has shown a sorbent with
small crystallites exhibits fast reaction kinetics [43]. After 20 cycles,
the pellet and limestone showed totally different microstructures
[Figs. 5(c) and (d)]. The pellet surface was still rough and contained
many pores. By contrast, sintering of the limestone was vigorous,
and most of the pores disappeared compared with its initial sta-
tus. Therefore, the microstructure of the pellet remained relatively
stable during the high-temperature reactions. The BET surface area
data are given in Table 1. The pellet showed much larger specific
surface area than the limestone after initial calcinations, as well as
after 20 cycles. The results are consistent with previous study which
suggested that the BET surface area affected the carbonation con-
version at chemical controlled reaction stage [27,44].

In general, the pellet derived from sol-gel CaO powder with Ca12

Al14O33 support material is a promising sorbent for application in
calcium looping technology. The sol-gel process has been previously
shown by the authors to contribute to the preparation of well-dis-
persed CaO powders (approximately 200 nm in particle size). The
sol-gel CaO also showed high reactivity during high-temperature
reactions [17]. The extrusion method applied in the current study
was based on a physical method, and it did not destroy the chemi-

Fig. 4. Carbonation kinetics of the pellet and limestone during the
20th cycle.

Fig. 2. Cyclic CO2 capture performance of the pellet and limestone.

Fig. 3. Carbonation kinetics of the pellet and limestone during the
first cycle.
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cal characteristics of the sol-gel CaO powders. Therefore, the high
reactivity property of the sol-gel CaO powders was retained by the
pellet. The addition of cement, which was transformed into Ca12

Al14O33, enhanced the cyclic durability of the calcium-based sor-
bents. Hence, the pellet obtained an excellent CO2 capture perfor-
mance during cyclic carbonation/calcination reactions.

CONCLUSIONS

The novel calcium-based pellet prepared by extrusion of sol-gel
CaO powders and cement showed a porous microstructure that
remained relatively stable during cyclic reactions. The CO2 capture

capacity and the carbonation rate of the pellet were higher than
those of limestone after multiple cycles. The pellet showed high
reactivity with respect to its precursor of sol-gel CaO powders, and
the inert support material of Ca12Al14O33 enhanced the cyclic durabil-
ity of the sorbents. Thus, the pellet exhibited an excellent CO2 cap-
ture performance for calcium looping cycles.
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