
Tailoring Synthetic Sol−Gel CaO Sorbents with High Reactivity or
High Stability for Ca-Looping CO2 Capture
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ABSTRACT: This work presents a study of the influence of sol−gel synthesis
conditions on the reactivity and stability of synthetic sol−gel CaO sorbents for
Ca-looping CO2 capture. The temperature of the synthesis calcination and the
amount of granular activated carbon introduced during sol−gel synthesis play
key roles in the performance of sol−gel sorbents along the Ca-looping cycles.
A higher initial CO2 uptake was achieved for the sol−gel sorbents calcined at
750 °C. For the sol−gel sorbents calcined at 850 °C, both the reactivity and
stability strongly depend on the amount of activated carbon incorporated
during the sol−gel synthesis. By the combination of an adequate synthesis
calcination temperature with the addition of an adequate amount of granular
activated carbon during the sol−gel synthesis of CaO sorbents, it is possible to
design and optimize synthetic sol−gel sorbents, tailoring their performance
with regard to a desired high CO2 capture capacity, an excellent stability, or
both.

1. INTRODUCTION
Energy demands and industrial development have led to a
continuous increase of carbon CO2 emissions to the
atmosphere.1 Currently, fossil fuels supply around 80% of
the world’s energy needs, a reality that will continue for the
next decades. In order to solve or minimize this problem,
carbon capture and storage (CCS) technologies emerged
during the past decade for implementation in industry.2

Among the CCS technologies, Ca-looping, based on the
reversible chemical reaction between CaO and CO2 to form
CaCO3, appears to be one of the most promising. In
comparison with other technologies, the sorbent can be easily
regenerated and the initial CO2 capture efficiency is especially
high during the first carbonation (600−700 °C) and
calcination (800−900 °C) cycles.3 The exothermic carbo-
nation reaction is characterized by two stages: (1) initial and
fast surface reaction controlled by the reaction kinetics and (2)
slower reaction restricted by the diffusion of CO2 in the
CaCO3 product.

4,5

During the calcination step, CO2 can be selectively separated
from CaCO3, and if this step is carried out under a high CO2
partial pressure, it can generate a pure stream of CO2 suitable
for storage or utilization in industrial processes. Additionally,
the exhausted sorbent (CaO) can be used as raw material in
the cement industry, which is a great advantage and allows
optimizing economic and environmental aspects.6

Besides the above-mentioned advantages, the Ca-looping
process still has some limitations related to the decrease of the
CO2 carrying capacity during the cyclic operation, mainly
because of the sintering of CaO sorbents (pore shrinkage and
grain growth).3 Different strategies have been developed to
improve the sorbent stability and reactivity, namely, thermal

pretreatment and/or hydration during carbonation−calcina-
tion cycles7 and also the use of additives to promote the
sorbent porosity through the incorporation of an inert phase8

that could prevent sintering at the high temperatures used
during the calcination step.9

Several studies on sorbent reactivation or regeneration by
hydration showed that this approach is promising; however, its
application is still in development.10

CaO sorbents can be classified as (i) natural (e.g., calcite and
dolomite) or synthetic (e.g., sol−gel method) and (ii)
unsupported or supported (e.g., alumina). The main problem
of natural CaO sorbents is their progressive deactivation
during the carbonation−calcination cycles.11 To solve this
problem, synthetic CaO sorbents became an interesting
alternative that exhibited much higher CO2 capture capacity
and stability over multiple carbonation−calcination cycles, and
their use has been targeted for investigation with the purpose
of developing viable and efficient sorbents for further
implementation in power plants or other industries.12,13 The
advantages of synthetic CaO sorbents include (i) enhanced
structural and mechanical stability, (ii) higher reactivity in
long-term during cyclic operation, and (iii) higher specific
surface area. Martavaltzi and Lemonidou14 synthesized CaO
supported on Ca12Al14O33 and observed that the calcium
aluminate provides a stable framework inhibiting sintering of
CaO. Liu et al.15 also synthesized CaO supported on
Ca12Al14O33 (mayenite) and MgO. These authors concluded
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that for synthetic sorbents with some sintering resistance, the
CO2 uptake increases over cycling because of the development
of mesoporosity and additional surface area by a surface
cracking mechanism. Vieille et al.16 impregnated a CaO
sorbent with different molar percentage of titanium ethoxide
which limits the sintering of particles and thus stabilized the
microstructure of CaO.
Luo et al.17 synthesized for the first time a CaO-based

sorbent for CO2 capture with a molar ratio of Ca to La of 10:1
by the sol−gel combustion synthesis method and obtained
ultrafine well-dispersed hollow-structured particles which are
beneficial to the gas-phase diffusion on the surface and can
prevent small CaO particle agglomeration.
Broda and Müller18 synthesized a CaO-based sorbent

stabilized with Al2O3 using a carbon-gel template. The authors
have shown that through the combination of an inorganic
active material (ca. 10%) and an organic template using a sol−
gel technique, it was possible to synthesize a micro- and
nanostructured material with a high CO2 capture performance
(after 30 cycles, the conversion was ca. 85%). Santos et al.19

synthesized CaO using this method and verified that the
synthetic sol−gel CaO sorbent was more reactive and
sintering-resistant than CaO sorbents obtained from commer-
cial CaCO3 and from natural limestones. The synthetic CaO
sorbent maintained its stability during the first 18 cycles with
an average CO2 capture capacity of 0.58 g CO2/g CaO.
The synthesis of CaO sorbents through the sol−gel method

incorporating different additives (e.g., MgO, MnO2, and TiO2)
revealed promising results due the reactivity enhancement and
strong sintering resistance of sorbents compared with pure
CaO.20

Guo et al.21 incorporated Zr into a calcium oxide through
the sol−gel method and verified that the sample of Ca/Zr
(30:1) exhibited excellent CO2 capture capacity (0.64 g CO2/g
sorbent) and favorable stability (up to 18 cycles) under
carbonation and calcination temperatures of 600 and 900 °C.
The favorable CO2 capture characteristics of CaO-based
sorbents were attributed to the CaZrO3 nanoparticles, which
created an inert barrier preventing the sintering−agglomer-
ation and the uniform distribution of Ca and Zr in the sorbent.
To date, only a limited number of studies have been carried

out on supported sol−gel CaO sorbents. Xu et al.22

synthesized a series of CaO-based sorbents by the sol−gel
method, which consisted of active CaO and inert Ca9Al6O18
acting as a support matrix. These sorbents possessed small
grains, interconnected pore network, as well as uniform
distribution of CaO over Ca9Al6O18 matrix. The authors also
concluded that the sorbent with a CaO content of 90 wt %
(weight fraction) derived from calcium lactate displayed the
best performance for CO2 capture during a long-term cyclic
operation, whose CO2 capture capacity remained as high as
0.59 g CO2/g sorbent for the 35th carbonation−calcination
cycle.
Derevschikov et al.23 used a polymeric template to provide

the macroporous structure of synthesized CaO sorbents and
verified that the structure formed after the template removal
significantly increases the rate of both carbonation and
calcination reactions, enhancing the sorbent performance.
Although several authors have synthesized CaO-based

sorbents by the sol−gel method using templates and
incorporating different additives to enhance the sorbents’
performance, the use of activated carbon (AC) in the sol−gel
synthesis of CaO-based sorbents for Ca-looping CO2 capture is

an innovative idea. In this work, the influence of different
amounts of granular AC used as porogen agent is evaluated, as
well as the use of lower synthesis calcination temperature, i.e.,
750 °C during the synthesis, as in most studies, calcination is
generally performed at temperatures greater than or equal to
800 °C.20

2. EXPERIMENTAL SECTION
2.1. Preparation of CaO Sorbents by Sol−Gel

Method. The sol−gel CaO sorbents (SG) were prepared
using a modified Pechini procedure.19 An aqueous solution
containing equimolar amounts of calcium nitrate tetrahydrate
(Fluka , 99%) and citric acid monohydrate (Fisher Scientific,
99.8%) was heated at 60 °C for 4−6 h under vigorous stirring
until a viscous gel was formed. The SG sorbents, obtained
using activated carbon (AC) Norit GAC 1240 Plus as porogen
agent, were prepared by adding 250 or 500 mg of AC to an
aqueous solution containing 2 g of wet sol−gel sample. The
obtained pale yellow gel (without AC) or light gray gel (with
AC) was dried overnight at 130 °C. After being dried, the gels
were crushed in a porcelain mortar and then calcined in a
muffle furnace at 750 or 850 °C for 8 h with 2 °C/min heating
rate.19 The reference CaO sorbent was obtained by calcination,
in a muffle furnace, of commercial powder calcium carbonate
(Merck, 99.99%) at 800 °C for 8 h. Table 1 shows the
synthesis conditions used during the preparation of the CaO
sorbents by the sol−gel method.

2.2. Characterization of the Fresh and Used CaO-
Based Sorbents. The BET surface area (SBET) and the pore
size distribution (PSD) of the fresh sorbents (before the
calcination−carbonation cycles) and of the used sorbents
(after 10 or 20 calcination−carbonation cycles) were assessed
by N2 sorption at −196 °C, using a Quantachrome Autosorb-
IQ apparatus. Before measurement, the samples were out-
gassed under vacuum at 90 °C for 1 h and then at 300 °C for
12 h. The total pore volume (Vp), excluding macropore
volume, was calculated from the adsorbed volume of nitrogen
for a relative pressure (P/P0) of 0.99. The BET equation was
applied to estimate the surface area, and the PSD distribution
was achieved by using the BJH model (adsorption branch).
The macropore size distributions of fresh and used selected

sorbents were assessed by Hg porosimetry, using a Micro-
meritics Autopore IV 9500. During the tests, the pressure
range varied between 0.5 and 30000 psi and a contact angle of
130° was considered.
The morphology of fresh and used samples was examined by

scanning electron microscopy (SEM), using a JEOL model
7001 field-emission gun microscope. The samples were
dispersed on a conductive adhesive, and prior to analysis, the

Table 1. Synthesis Conditions Used in the Preparation of
the CaO Sorbents by the Sol−Gel Method

synthesis
calcination
temperature

(°C)

calcination
heating rate
(°C/min)

amount of AC
(mg/2 g wet sol−gel)

reference of
fresh samples

750 2 0 SGα

250 SGα_AC_250
500 SGα_AC_500

850 2 0 SGβ

250 SGβ_AC_250
500 SGβ_AC_500
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samples were sputter-coated with a thin film of Au−Pt to
improve image quality.
X-ray diffraction (XRD) analyses were performed for the

identification of the different crystalline phases of the
synthesized CaO sorbents. The XRD patterns of the fresh
and used CaO sorbent samples were obtained on a Bruker D8
Advance X-ray Diffractometer with Cu Kα (λ = 0.15406 nm)
radiation operating at 40 kV and 40 mA. The measurements
were made between 15 and 70° in 2θ, with a step size of 0.03°
and a step time of 3 s. The crystallography open database
(COD) was used to identify the crystalline phases.
The weight loss and the heat flow associated with the AC

and with all the wet SG samples with and without AC (i.e.,
before the final synthesis calcination step) decomposition with
increasing temperature were evaluated on a thermogravimetric
analyzer (TG-DSC Setsys Evo 16). The powder samples were
heated at a constant rate of 10 °C/min from room temperature
until 900 °C, under air atmosphere. In the case of the wet sol−
gel prepared with 250 mg of AC, an additional stage was
defined at 650 °C to confirm that all the active carbon was
decomposed during the calcination. The amount of CO2 and
H2O released during the initial calcination of the fresh sorbents
was determined based on the sample weight loss estimated on
the TGA experiments, allowing the calculation of the initial
CaO dry mass composition of each calcined sorbent sample.
2.3. Laboratory-Scale Fixed Bed Reactor Tests. The

CO2 carrying capacity and stability tests of the SG sorbents
with cyclic carbonation−calcination reactions were carried
using an experimental laboratory-scale fixed-bed reactor
system.24 The experimental system consists of a gas feeding
system of N2 (Alicat flow controller) and CO2 (Brooks flow
controller), a reactor system with temperature control, and a
CO2 infrared gas analyzer (Guardian Plus 30%). The reactor
system includes an oven and a quartz reactor with an internal
diameter of 3 cm and a height of 10 cm with a porous plate
with a pressure drop of 1.7 mbar for a flow rate of 600 mL/min
(P = 1 bar; T = 20 °C). Each CaO sample (0.5 g) was loaded
into the reactor and, prior to any CO2 carbonation−calcination
cycle, each sample was first activated (to ensure the complete
conversion of CaCO3 to CaO) by heating it from room
temperature under a flow of pure N2 (850 mL/min) at a rate
of 50 °C/min until achieving 800 °C; this temperature was
kept constant for 10 min to remove preadsorbed CO2 and
H2O. Then the sample was cooled to 700 °C, and the
carbonation step was conducted with a flow rate of 15% v/v
CO2 (150 mL/min in N2 balance) to mimic real CO2
concentrations in power plant flue gases. After carbonation,
the CO2 flow was stopped and the samples were heated to 800
°C under a flow of pure N2 (850 mL/min); the temperature

was kept constant at 800 °C for 10 min to ensure the complete
conversion of CaCO3 to CaO in an atmosphere of N2.
Following the calcination process, the samples were cooled

one more time to 700 °C for the carbonation process of a new
cycle followed by calcination. This cycle of carbonation−
calcination was repeated for 10 or 20 cycles, while
continuously monitoring the CO2 concentration of the reactor
outlet gas stream.
To assess the carbonation conversion, i.e., the percentage of

the CaO sorbent converted to CaCO3 during the carbonation
stage, the amount of CO2 captured by each sorbent sample was
calculated through the integration of the CO2 peak as a result
of the decomposition of CaCO3 during the heating step from
700 to 800 °C and during the stage at constant temperature of
800 °C. The methodology used to estimate the amount of CO2
captured was described in detail in a previous publication.24

The carbonation conversion is expressed as the number of
moles of adsorbed CO2 divided by the number of CaO moles
according to the following expression:

= ×X
n

m w

Mr
100%i

iCO CaO

0 CaO

2

(1)

where Xi (%) is the carbonation conversion of the CaO
sorbent at cycle i, niCO2

the amount of CO2 adsorbed by the
CaO sorbent at cycle i (mol), m0 the sorbent sample mass (g),
wCaO the CaO mass fraction in the sorbent sample determined
from the calcination on the TGA experiment, and MrCaO the
molecular weight of CaO (g/mol).

3. RESULTS AND DISCUSSION
The sol−gel method19 was used to synthesize CaO-based
sorbents with and without AC (250 mg or 500 mg for each 2 g
of wet sol−gel prepared). AC was used as porogen agent
during CaO sorbent preparation in order to promote porosity
formation through carbon burning during the final synthesis
calcination step. The effect of AC amount and the final
calcination temperature (750 and 850 °C) was evaluated for
sorbent samples prepared with and without AC.

3.1. Characterization of the Fresh CaO-Based
Sorbents. Figure 1 shows the weight loss and the heat flow
profiles during the thermogravimetric analysis of the wet SG
alone, the AC, and the wet SG with AC.
As shown in Figure 1a, at 600 °C all the organic matter

present in the wet SG sorbent was decomposed and the
CaCO3 was decomposed before the temperature reached 800
°C. The thermal analysis result for the AC sample (Figure 1b)
shows that AC burning is a slow process that starts at 450 °C
and finishes at around 730 °C, and the heat flow released is
high when compared with that of the wet SG sorbent. This is

Figure 1. Weight loss and heat flow profiles of (a) wet sol−gel, (b) AC Norit 1240 Plus, and (c) wet sol−gel with AC (250 mg AC/2 g wet sol−
gel).
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in accordance with the Norit 1240 AC safety data sheet
provided by the supplier; that is, AC is difficult to ignite and
tends to burn slowly (smolder). In the case of the wet SG
sorbent prepared with 250 mg of AC (Figure 1c), before
reaching 500 °C all the organic matter and AC were
decomposed; apparently the heat flow released by the organic
matter decomposition accelerates the AC ignition.
Li et al.25 also studied by TGA the influence of organic acids,

such as citric acid, on the decomposition process and thermal
behavior of calcium carbonate. These authors observed that
the organic matter decomposition occurs around 464 °C,
whereas that of CaCO3 occurs at 788 °C; that is, the CaCO3
decomposition temperature is higher than that used during the
final synthesis calcination step at 750 °C.
To complete the information obtained by TGA, the SG

sorbents calcined at 750 and 850 °C were analyzed by XRD.
The powder XRD patterns for the samples calcined at 750 °C
(SGα) and 850 °C (SGβ) are shown in Figure 2.
As expected, the XRD pattern of the sorbent calcined at 850

°C (SGβ) reveals that, for this temperature, the sorbent matrix
was converted into CaO. A peak of less intensity correspond-
ing to Ca(OH)2 phase is also observed, in agreement with
previous work,19 which is explained by the high rate of
hydration usually observed for these calcined sorbents. The
XRD patterns of the SG sorbents calcined at 750 °C show that,
besides CaO, a small peak of CaCO3 can also be identified,
which means that at this temperature, CaCO3 is not totally
converted into CaO (Figure 2). This result is in agreement
with the TGA analysis (Figure 1) performed with the wet sol−

gel samples; that is, the final decomposition of CaCO3 occurs
at 790 and 804 °C for wet SG and wet SG with 250 mg of AC,
respectively.

3.2. Effect of Synthesis Calcination Temperature and
Activated Carbon Addition. 3.2.1. Sorbent Reactivity Tests
in a Fixed-Bed Reactor. The CO2 uptake capacity and stability
of the sorbents synthesized by sol−gel method, with and
without AC calcined at 750 and 850 °C, were assessed for 10
consecutive carbonation−calcination cycles. Figure 3 shows
the CaO carbonation conversion (%) of the synthesized
sorbents.
The temperature used in the SG sorbents’ calcination plays a

key role in their CO2 capture performance. For all the sorbents
calcined at 750 °C, the initial (first cycle) CaO conversion is
higher (81−97%) than that for the sorbents calcined at 850 °C
(45−78%). After 6 or 7 carbonation−calcination cycles, the
CaO carbonation conversion of all sorbents calcined at 750 °C
stabilized between 74 and 79% (Figure 3).
The results obtained on the cyclic reactivity tests with 20

cycles, with sorbents SGα and SGα_AC_250 (Figure 4), give
clear evidence that the addition of 250 mg of AC in the
synthesis of 2 g of wet SG CaO sorbent calcined at 750 °C did
not significantly influence the sorbent CO2 capture capacity or
its stability along the carbonation−calcination cycles.
With regard to the SG sorbents calcined at the higher

temperature of 850 °C, both the CO2 capture capacity and the
stability strongly depend on the amount of AC incorporated
during the sol−gel synthesis (Figure 3). In comparison with all
the other sorbents, an interesting improved performance was

Figure 2. Powder XRD patterns of SG sorbent samples calcined at 750 °C (SGα) and 850 °C (SGβ).

Figure 3. CaO carbonation conversion (%) along the carbonation−calcination cycles for the sol−gel sorbents calcined at (a) 750 °C and (b) 850
°C.
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observed for the sorbent SGβ_AC_250: the CaO conversion
increased from the first until the sixth cycle, achieving a
constant value of ca. 79% from the seventh until the tenth
cycles. The enhancement in the CO2 uptake on the first 6
cycles observed for only the sorbent SGβ_AC_250 (Figure 3)
cannot be easily explained by considering the usual models of
sintering and changes in pore size and structure along the
carbonation−calcination cycles. This effect of the sorbent self-
reactivation is probably also related to the thermal effects on
the CaO sorbent morphology associated with the burning of an
adequate amount of AC during the synthesis calcination step.
A similar phenomenon of increase of CaO-based sorbents’
reactivity during the first cycles has also been observed by
Manovic et al.7 These authors claimed that the lower CaO
conversion in the initial cycles is due to the formation of a hard
and internally stable skeleton that is less reactive because the
CO2 diffusion needed during carbonation is more difficult.
Two different types of mass transfer can occur in parallel in the
sorbent particles during carbonation−calcination cycling: bulk
diffusion related to the formation and decomposition of
CaCO3 and ion diffusion in the solid structure of CaO. Bulk
diffusion occurs only during calcination. When the decom-
position of CaCO3 is completed, the process of ion diffusion
leads to the skeletal structure stabilization and to the formation
of a hard skeleton, which is a more stable and less reactive

structure.7 Along the first cycles, an external (soft) skeleton is
formed, which contributes to an increase of CaO conversion
because the soft part of the skeleton grows during carbonation.
In the case of the sorbent SGβ_AC_250, the thermal effects of
the burning of an adequate amount of AC together with the
process of ion diffusion during the synthesis calcination step,
have contributed to the skeletal structure stabilization and to
the formation of an initial hard skeleton, which is a more stable
but less reactive structure. This thermal stabilization of the
sorbent internal hard skeleton formed allowed keeping the
particle morphology more stable along the cycles. The smooth
surface area obtained during carbonation may be transformed
during repeated carbonation−calcination cycles, also leading to
increased conversions on the first cycles. Besides, the AC
incorporated during the synthesis also caused an increase of
the distance between the CaO particles, hindering their
coalescence and sintering during the Ca-looping calcination
steps.
Then, after the first 6 cycles, the CaO conversion will

depend on the competition between ion diffusion associated
with the formation of a hard skeleton and bulk mass transfer
related to sintering.
The CaO carbonation conversion results obtained for a

higher number of 20 carbonation−calcination cycles with
sorbent SGβ_AC_250 (Figure 4) show that between the
seventh and the twelfth cycles this sorbent CaO conversion
reaches a maximum stage followed by a slight decrease,
achieving a stabilized plateau of CaO conversion of 72 ± 3%.
This stabilized CaO conversion value obtained with
SGβ_AC_250 (synthesis calcination temperature 850 °C) is
very similar to the CaO conversion of sorbent SGα_AC_250
(synthesis calcination temperature 750 °C) after 20 cycles.
However, in this latter case there is a significant continuous
decrease of the CaO conversion along the first 16 cycles,
reflecting a relevant sorbent deactivation along the cycles
probably due to typical solid-state sintering27 (Figure 4).
As previously discussed, Figures 3 and 4 clearly show that

the sol−gel CaO synthesis calcination temperature has a
relevant role on the sorbent initial activity and on the sorbent
stability along the cycles. Comparing the performance of both
sorbents SGα_AC_250 and SGβ_AC_250 prepared with the

Figure 4. CaO carbonation conversion (%) along 20 carbonation−
calcination cycles for sorbents SGα, SGα_AC_250, SGβ_AC_250, and
commercial CaCO3.

Figure 5. N2 sorption isotherms for the different samples of fresh and used CaO sol−gel sorbents obtained with the synthesis calcination
temperature of (a) 750 °C and (b) 850 °C.
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same amount of AC but with the synthesis calcination
temperatures of 750 and 850 °C, respectively, there is a
significant difference on the initial (first cycle) values of the
CaO conversion followed by an opposite evolution of the
profiles of the CaO conversion observed for the first 6 cycles
(Figure 4).
In the case of the samples calcined at 850 °C, the addition of

250 mg of AC in the synthesis of 2 g of wet sol−gel contributes
to an increase of the sorbent reactivity for the first 6 cycles and
to a higher sorbent stability for CO2 capture along the cycles.
On the other hand, both effects of a higher synthesis

calcination temperature of 850 °C and a higher amount of 500
mg of AC introduced during the synthesis of 2 g of wet sol−gel
lead to a decrease of the SG sorbent initial (first cycle)
reactivity and to an excellent stability along the cycles with an
almost constant CaO conversion during the 10 cycles (Figure
3). In this case, the heat locally released during the burning of
the higher amount of AC (500 mg) in the calcination step can
create hot spots in the solid structure, favoring the early CaO
sintering and thus effectively thermally stabilizing the sorbents’
structure and delaying the sintering of CaO and CaCO3 at the
high carbonation−calcination temperatures.
Twenty carbonation−calcination cycles were also performed

with a CaO reference sorbent, obtained through the
calcination of commercial CaCO3 at 800 °C. As shown in
Figure 4, the initial CaO conversion (first cycle) of this
reference sorbent is very similar to that obtained with the SG
sorbents calcined at 750 °C. However, as expected from the
typical behavior described in previous studies,19 the stability of
the SG sorbents along the cycles is much higher, and after 20
cycles, there is an important difference of around 40% on the
CaO conversion between the SG sorbents and the CaO
reference.
3.2.2. Textural Property Changes during CO2 Capture

Tests. Figure 5 shows the N2 sorption isotherms for the
different samples of fresh and used SG sorbents. SG sorbents
calcined at 750 and 850 °C present type II sorption isotherms,
which are typical of macroporous or nonporous materials.
However, the presence of hysteresis type H3 or H426 in most
of the sorbent samples indicates the presence of mesopores.
After 10 carbonation−calcination cycles, the samples adsorb
less N2, meaning that most of the initial mesoporosity is lost
during the cycles.
Figure 6 shows the SBET and Vp of the different SG sorbents

(fresh and used) calcined at 750 and at 850 °C in the sol−gel

synthesis and of the above-mentioned reference CaO (fresh
and used). Besides the presence of CaCO3 in the samples
calcined at 750 °C during the final synthesis calcination step
(Figure 2), the SBET and Vp values obtained (Figure 6) are
higher for all the samples calcined at 750 °C. This is probably
because at 850 °C the sorbents’ sintering process is favored,
leading to a decrease of SBET and Vp and to the formation of
larger mesopores and macropores whose size cannot be
determined by this analytical technique (the pore width
detection limit is around 100 nm). The addition of 250 mg of
AC/2 g wet sol−gel, during the sol−gel synthesis, favors the
mesopore formation during the synthesis calcination of the SG
sorbent precursor, increasing the SBET and Vp content of the
fresh samples calcined at 750 °C, as intended. However, when
the higher amount of 500 mg of AC was added, a decrease of
the SBET and Vp (Figure 6) was observed. This decrease can be
explained by the phenomenon of increased initial sorbent
particle sintering and loss of mesopores favored by the
occurrence of hot spots in the solid structure generated by the
higher heat locally released during AC burning in the synthesis
calcination step for the case of the higher amount of 500 mg of
AC added. The pure AC burns slowly, and it is decomposed
exothermically between 450 and 750 °C (Figure 1); if it is
added during the sol−gel synthesis, the heat flow released is
proportional to the AC amount. The heat flow produced in the
case of the addition of 250 mg of AC did not affect negatively
the pore structure and morphology of the calcined CaO, but
when 500 mg of AC was added, the higher heat flow released
led to a higher and crucial increase of the CaO particles’ local
temperature, favoring the sintering.
For all the samples calcined at 750 °C and for the SGβ

sorbent calcined at 850 °C, a progressive decrease of both SBET
and Vp can be observed when the number of cycles increases.
The changes of these textural properties can be explained by
the typical pore sintering and loss of internal pore surface area
due to shrinkage of smaller pores, usually accompanied by
macropore growth5 during the cycles. These trends are typical
of solid-state sintering in an intermediate stage, as described by
the sintering theory27 in which vacancies (or voids) generated
by temperature-and-ion-sensitive lattice defects are trans-
formed from smaller to larger pores.
Although SBET and Vp of fresh SGα_AC_250 are higher than

those of fresh SGα, after 10 cycles, both sorbents show similar
values of SBET and Vp, and after 20 cycles SGα_AC_250
reaches lower values than SGα (Figure 6). Because the

Figure 6. Textural properties of sol−gel sorbents (fresh and used) calcined at 750 or 850 °C during the sol−gel synthesis and of reference CaO
(commercial CaCO3 calcined at 800 °C).
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carbonation conversions of both sorbents after 20 cycles are
very similar (Figure 4), it is clear that for these sorbents,
besides the SBET and Vp, other parameters like the average pore
size (Figure 7) can influence the CaO conversion of the
sorbents. In fact, the results clearly show that it is not possible
to establish a direct relationship between the values of CaO
conversion along the cycles and the sorbent evolution of SBET.
Different solid particles with different SBET values can have the
same carbonation conversion. For example, after 20 cycles, the
CaO conversions of SGα_AC_250 and SGβ_AC_250 are
similar (67% and 69%, respectively); however, the SBET values
are 20 and 31 m2/g, respectively. Some authors believe that the
average pore size overrides the contribution of surface area.28

In fact, reactive dynamic simulations performed by Zhang et
al.29 indicate that particles with a higher separation distance
have a higher CO2 uptake due to a lower sintering occurrence.
For SGβ_AC_250 and SGβ_AC_500, an unusual increase of

SBET can be observed with the increasing number of cycles
(Figure 6), in agreement with the experimental trends of the
carbonation conversion observed, especially for SGβ_AC_250,
along the cycles in the fixed bed reactor (Figure 3).
As expected, the results obtained for SBET and Vp of sorbents

SGα_AC_250 and SGβ_AC_250 also show relevant differ-
ences and an opposite evolution along the 20 cycles of
carbonation−calcination (Figure 6), in agreement with the
above-discussed results observed for the CaO conversion along
the 20 cycles (Figure 4).
Figure 6 also shows that, after 20 cycles, the SBET value of the

reference CaO sorbent is much lower than those found for the
SG sorbents, also in agreement with the lower carbonation
conversion obtained experimentally for this sorbent after 20
cycles (CaO conversion is only 30%) (Figure 4).
As can be observed on the PSD curves from 2 nm to ca. 100

nm (Figure 7), except for the case of the sorbent SGβ_AC_250
used after 20 cycles, the fresh and used SG sorbents calcined at
750 °C have a total volume content of mesopores higher than
the corresponding fresh and used SG sorbents calcined at 850
°C, in agreement with their higher SBET and higher CO2
capture capacity along the cycles (Figures 3, 4, and 6).
For the case of the SG sorbents calcined at 750 °C used after

10 and 20 cycles, the PSD curves show bimodal average pore
size distributions within the range of mesopore sizes (2−50
nm): one peak for the smaller average pore widths of ca. 4 nm

observed for the fresh calcined SG sorbents synthesized with or
without AC and a second peak of a population of mesopores
shifting to smaller average pore widths in the range 25−35 nm
from 10 cycles to 20 cycles (Figure 7a).
The BJH pore volume distributions, presented in Figure 7a,

also show that for SG sorbents calcined at 750 °C the volume
content of both mesopores’ populations corresponding to the
two observed peaks decrease along the carbonation cycles,
leading to the above-mentioned progressive decrease of both
SBET and Vp observed when the number of cycles increases
(Figure 6).
With regard to the SG sorbents calcined at 850 °C, Figure

7b clearly reveals different trends of the PSD curves when
compared to those obtained for the SG sorbents calcined at
750 °C. For sorbents SGβ and SGβ_AC_500 (calcined at 850
°C) fresh and used after 10 cycles, the PSD curves show a
small total pore volume content in the range of mesopore
average sizes, as expected from the low values of Vp for these
sorbents presented in Figure 6. However, for the case of
SGβ_AC_250 fresh and used after 10 and 20 cycles, the PSD
curves are very different. For the fresh calcined SGβ_AC_250
and for SGβ_AC_250_10 cycles, the PSD curves show a
relevant peak for the smaller average pore widths of ca. 4 nm
and a small volume of a population of mesopores with pore
sizes within the range of 15−50 nm without a well-defined
peak (Figure 7b). Contrary to what is observed with the SG
sorbents calcined at 750 °C, this peak observed for the
mesopores average size of 4 nm is smaller in the case of the
fresh calcined SGβ_AC_250 in comparison with that for
SGβ_AC_250 used after 10 cycles. This slight increase of the
volume content of mesopores with average size of 4 nm of used
sorbent SGβ_AC_250 after 10 cycles supports the interesting
enhancement of the CO2 uptake performance on the first 6
cycles observed only for the sorbent SGβ_AC_250 (Figure 3).
The PSD curve obtained for SGβ_AC_250 used after 20 cycles
is also very different from the corresponding curve obtained for
SGα_AC_250 used after 20 cycles, because within the range of
mesopore sizes there is only a major contribution of a well-
defined large peak observed at the average pore width of ca. 30
nm (Figure 7b). This result shows that the peak for the smaller
average pore width of ca. 4 nm observed in the initial PSD
curves of SGβ_AC_250 fresh and used after 10 cycles
completely disappeared, indicating that the smaller mesopores

Figure 7. Pore size distribution (PSD from BJH sorption branch) for the different fresh and used CaO sol−gel sorbents obtained with the synthesis
calcination temperature of (a) 750 °C and (b) 850 °C.
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shifted to larger mesopores with a well-defined peak at ca. 30
nm (Figure 7b). This population of mesopores with an average
pore width of ca. 30 nm is associated with a high mesopore
volume content Vp which is higher than the Vp obtained for
SGβ_AC_250 fresh and used after 10 cycles as shown in Figure
6. Therefore, this means that for this SGβ_AC_250 sorbent
during the long-term cycling calcination process there might
occur an amalgamation of the smaller mesopores with average
size of 4 nm and the simultaneous growth of the larger
mesopores with an average pore width of ca. 30 nm.
Although after 20 cycles the stabilized CaO conversion

obtained with SGβ_AC_250 is very similar to the CaO
conversion of sorbent SGα_AC_250 (Figure 4), the SBET, Vp,
and corresponding BJH pore size distribution curves obtained
for these sorbents after 20 cycles are different (Figure 7). The
increase in mesopore volume (Vp) can also explain the
observed unexpected increase of the SBET with increasing
number of carbonation−calcination cycles for the sorbent
SGβ_AC_250. Therefore, the characterization results obtained
indicate that the sol−gel CaO synthesis calcination temper-
ature has an important effect on the long-term mechanism of
deactivation and stability of the used SG sorbents along the
cycles of carbonation−calcination.
The characterization of the sorbents’ textural properties

obtained by N2 sorption was complemented with the PSD in
the range of macropore size obtained by Hg porosimetry
(Figure 8). Eight samples were selected for Hg porosimetry
analysis: fresh and used SGα and SGα_AC_500 (calcined at
750 °C) and fresh and used SGβ and SGβ_AC_500 (calcined
at 850 °C). Compared with the mesopores, the macropore
(>50 nm) content is significantly higher for all the studied
sorbents (Figure 7 vs Figure 8).
Figure 8 clearly shows that both the synthesis calcination

temperature of SG sorbents and the addition of 500 mg of AC
during the sol−gel synthesis have significant effects on the total
macropore volume and on the macropore average width of the
fresh and used SG sorbents. The SG sorbents calcined at 750
°C have lower average macropore width (348 and 432 nm for
SGα and SGα_AC_500, respectively) than the sol−gel sorbents
calcined at 850 °C (723 and 461 nm for SGβ and
SGβ_AC_500, respectively) (Figure 8). This result agrees
with the observed higher initial carbonation conversion of SG
sorbents calcined at 750 °C (Figure 3), because lower average
macropore width can be related to a lower sintering suffered by

the sol−gel CaO particles during the synthesis calcination step
at 750 °C than at 850 °C.
Figure 8 also shows that after 10 carbonation−calcination

cycles the total pore volume and the average width of
macropores increase for all the SG sorbents for both sol−gel
synthesis calcination temperatures. The shift of the macropore
average width toward larger macropore sizes after 10 cycles of
carbonation−calcination is very high in the case of the SG
sorbents calcined at 750 °C with or without AC added during
the sol−gel synthesis. This increase of the macropore size can
be explained by the sintering and pore size and structure
changes along the carbonation−calcination cycles resulting
from the aggregation of calcium crystals and grains also leading
to pore aggregation shifting vacancies from smaller to larger
macropores. The shrinkage of the smaller pores and
simultaneous growth of the larger pores was also described
by Sun et al.30 for other CaO sorbents.
In agreement with the carbonation conversion results

presented in Figure 3 in the case of sorbents SGα_AC_500
(calcined at 750 °C) and SGβ_AC_500 (calcined at 850 °C),
the results obtained by Hg porosimetry confirm that after 10
cycles the total macropore volume and the macropore average
width strongly depend on the sol−gel CaO synthesis
calcination temperature. Further observations from Figure 8b
indicate that the SG sorbents with the highest synthesis
calcination temperature of 850 °C suffer a low increase of the
average macropores width after 10 cycles of carbonation−
calcination, especially when 500 mg of AC are added during
the sol−gel synthesis (Figure 8b). The macropore size
distribution and average pore width obtained for both
SGβ_AC_500 and SGβ_AC_500_10 cycles are very similar,
which can explain the high stability of the SGβ_AC_500
sorbent performance observed for the CaO carbonation
conversion along the 10 cycles of carbonation−calcination in
the fixed-bed reactor (Figure 3b). Therefore, the PSD results
obtained by Hg porosimetry are also consistent with both
effects discussed in section 3.2.1, of the higher synthesis
calcination temperature of 850 °C and higher amount of 500
mg of AC introduced during the synthesis of 2 g of wet sol−
gel, which lead to a decrease of the SG sorbent initial CO2
capture capacity and to an excellent stability during the cycles
with an almost constant CaO conversion throughout the 10
cycles (Figure 3). The heat locally released during the burning
of the higher amount of AC (500 mg) in the calcination step

Figure 8. Pore size distribution (Hg porosimetry) for the different fresh and used CaO sol−gel sorbents obtained with the synthesis calcination
temperature of (a) 750 °C and (b) 850 °C.
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can create hot spots in the solid structure favoring the early
CaO sintering and thus effectively thermally stabilizing the
sorbent pore structure.
The results presented in Figure 8 show that the SG sorbent

macropore size distribution and average pore width can be
tailored based on the combination of an adequate amount of
AC addition with an adequate calcination temperature during
the sol−gel synthesis of CaO sorbents.
3.2.3. Sorbent Morphological Changes during CO2

Capture Tests. The morphologies of fresh and used sorbent
samples calcined at 750 °C without AC and with 250 or 500

mg AC/2 g wet SGα are shown in Figure 9. SEM micrographs
(magnification, 10000; scale, 1 μm) confirmed that addition of
250 or 500 mg of AC during the CaO sol−gel synthesis
modifies the sorbent’s morphology because of the AC burning
during the final synthesis calcination, and a high porosity is
observed.
Figure 9 shows that the fresh SGα possesses a regular rod-

shaped sea coral structure containing many ramifications,
composed of agglomerates of submicrometer-sized grains of
roughly spherical shape. In the case of the fresh sorbent
SGα_AC_250, interparticle round holes can be found, like

Figure 9. SEM micrographs (×10000 magnification; scale, 1 μm) of sol−gel fresh and used sorbent samples calcined at 750 °C, with and without
AC (250 mg AC/2 g SG and 500 mg AC/2 g SG).

Figure 10. SEM micrographs (×10000 magnification; scale, 1 μm) of sol−gel fresh and used sorbent samples calcined at 850 °C, with and without
AC (250 mg AC/2 g SG and 500 mg AC/2 g SG).
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bubbles due to the AC burning during the synthesis
calcination. For SGα_AC_500, the higher AC amount leads
to an irregular, bumpy, and less organized structure, where
several holes with different sizes can be observed, probably
because higher local temperatures were achieved during AC
thermal decomposition (Figure 9).
After 10 carbonation−calcination cycles, the SGα sorbent

shows some agglomeration between the nanoparticles. In the
case of SGα_AC_250, a more or less homogeneous network of
particles with several cavities and holes allows the CO2
diffusion within the sorbent until reaching the internal CaO
particles, promoting its carbonation (Figure 9). The cycled
SGα_AC_500 completely lost its initial micrometer-structured
morphology, presenting a more compact sintered structure
where the initial spherical grains appear to be sintered, which
explains the lower SBET and Vp observed for this used sorbent
(Figure 6).
Figure 10 shows the morphology of fresh and used sorbent

samples calcined at 850 °C without AC and with 250 or 500
mg AC/2 g wet sol−gel. The morphology of fresh SGβ sorbent
(Figure 10) is very similar to that of SGα (Figure 9), with a
rod-shaped coral structure composed of agglomerated particles
that are very ramified, and some sintering is also observed after
10 cycles for SGβ. For the fresh sorbents calcined at 850 °C,
the burning of AC (SGβ AC_250 and SGβ AC_500) also
promoted the inter particles’ macroporosity. Apparently, the
higher calcination temperature (850 °C) and the presence of
AC led to more compact sintered structures (when compared
with the fresh sorbents calcined at 750 °C) where the initial
spherical grains appear to be sintered in the fresh sorbents.
This more compact and sintered structure is even more
accentuated for the case of fresh SGβ AC_500 because of the
higher heat flow locally released during the burning of the
higher amount of AC (500 mg) in the calcination step,
favoring an early degree of CaO sintering.
After 10 cycles of carbonation−calcination, the sorbents

calcined at 850 °C also show some agglomeration and sintering
between the spherical grains. For the case of the fresh and used
SGβ AC_250, the ramified structures appear less compact and
large voids can be observed, which can support the higher
carbonation conversion observed for this sorbent when
compared with the SGβ AC_500.
The presence of AC modified the sorbents’ morphology,

promoting the porosity formation through carbon burning
during the synthesis calcination of the SG sorbents’ precursors
and increasing the mesopores volume of the fresh samples;
nevertheless, for both synthesized calcination temperatures, the
amount of AC added is a relevant factor.

4. CONCLUSIONS
The influence of experimental conditions used in the sol−gel
synthesis of CaO sorbents, such as the final calcination
temperature and the incorporation of different amounts of
granular AC as porogen agent, on the performance of sol−gel
CaO sorbents was investigated for Ca-looping CO2 capture in
a laboratory-scale fixed-bed quartz reactor. The use of AC for
the synthesis of highly stable sol−gel Ca-looping sorbents is
new. The structure−performance relationship of the sorbents
was studied, and the cyclic CO2 capture capacity and stability
of the sorbents were evaluated.
The experimental results show that the calcination temper-

ature and the amount of granular AC introduced during the
sol−gel CaO sorbent synthesis play a key role in the CO2

capture performance and stability of SG sorbents along the Ca-
looping cycles.
A higher initial (first cycle) CO2 uptake capacity was

achieved when the sorbents were calcined at the lower
synthesis calcination temperature of 750 °C. In this case, the
increase of the content of AC incorporated, although
decreasing the initial CO2 uptake capacity of the sorbent to
some extent, is beneficial for the stabilization of the cyclic CO2
uptake and for reduction of the extent of sintering along the
carbonation−calcination cycles.
With regard to the SG sorbents calcined at the higher

temperature of 850 °C, both the CO2 capture capacity and the
stability strongly depend on the amount of AC incorporated
during the sol−gel synthesis. Sorbent SGβ_AC_250 synthe-
sized with the lower amount of AC showed an interesting
positive effect with an unusual increase of the CaO conversion
during the first six cycles experiencing a self-stabilizing
mechanism with regard to both its CO2 capture capacity and
stability along the carbonation−calcination cycles, reaching a
maximum stage of the CaO conversion between the seventh
and the twelfth cycles followed by a slight decrease and
achieving a stabilized plateau of CaO conversion of 72 ± 3% .
Upon comparison of the performance of sorbents

SGα_AC_250 and SGβ_AC_250 prepared with the same
amount of AC but with different synthesis calcination
temperatures of 750 and 850 °C, respectively, there is a
significant difference in the initial (first cycle) values of the
CaO carbonation conversion followed by an opposite
evolution of the profiles of the CaO conversion observed for
the first six cycles. Although after 20 cycles the stabilized CaO
conversion obtained with SGβ_AC_250 is very similar to the
CaO conversion of sorbent SGα_AC_250, the corresponding
SBET, Vp, and BJH pore size distribution curves obtained for
these sorbents after 20 cycles are different. Therefore, it is clear
that for those sorbents, besides the SBET and Vp, other
parameters like the average pore size can influence the CaO
conversion of the sorbents. In fact, the results clearly show that
it is not possible to establish a direct relationship between the
values of CaO conversion along the cycles and the sorbent
evolution of SBET. The increase in mesopore volume content
can also explain the observed unexpected increase of the SBET
with increasing number of carbonation−calcination cycles for
the sorbent SGβ_AC_250. However, for this sorbent, the
results show that the evolution of the CO2 capture capacity of
the sorbent with the cycling is probably caused by two
competing phenomena: the increase of total mesopore volume
content with the cycling and the sintering of CaO.
The AC incorporated during the synthesis also caused an

increase of the distance between the CaO particles, hindering
their coalescence and sintering during the cycles calcination
steps and promoting a thermal stabilization of the sorbent
induced by the AC burning.
The initial CaO conversion of the SG sorbents calcined at

750 °C is very high and similar to that obtained with the
commercial reference sorbent; however, the interesting result
is that SG sorbents are highly stable during the cycles of
carbonation−calcination, showing a carbonation conversion
after 20 cycles that is 40% higher than that observed for the
commercial reference sorbent.
The effects of a higher synthesis calcination temperature of

850 °C and a higher amount of 500 mg of AC introduced
during the synthesis of 2 g of wet sol−gel both led to a
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decrease of the SG sorbents’ initial reactivity, although the
sorbents’ structure was thermally stabilized.
By the combination of an adequate synthesis calcination

temperature with the addition of an optimized amount of
granular AC during the sol−gel synthesis of CaO sorbents, it is
possible to design and optimize synthetic SG sorbents,
tailoring their performance with regard to a desired high
CO2 capture capacity, an excellent stability, or both.
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