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MA-matrix
M-CAO-1 1:1 0.49 0.51 1.2 1.5
M-CAO-3 3:1 0.75 0.25 224 38.7
M-CAO-§ S:1 0.82 0.18 36.7 47.2
M-CAO-8 8:1 0.89 0.11 46.6 334
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201 0.55 11.6
171 0.49 10.7
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69 41 0.17 0.12 5.4 4.3

“Calcined at 600 °C for 3 h. “BET specific surface area. “After 20 cycles of carbonation/calcination. “BJH desorption average pore diameter.

ABSTRACT: In this study, highly efficient high-temperature CO, sorbents of calcium aluminate (Ca—Al—O) mesostructured
composite were synthesized using presynthesized mesoporous alumina (MA) as a porous matrix to react with calcium nitrate
through a microwave-assisted process. Upon annealing at 600 °C, a highly stable mesoporous structure composed of poorly
crystalline Ca;,Al;,O; phase and the CaO matrix was obtained. The Ca—Al—O mesostructured sorbents with a Ca**/AI** ratio
of 5:1 exhibit an enhanced increasing CO, absorption kinetics in the CO, capture capacity from 37.2 wt % to 48.3 wt % without
apparent degradation with increasing carbonation/calcination cycling up to 50 at 700 °C due to the strong self-reactivation effect
of the mesoporous Ca—Al—O microstructure. Remarkable improvements in the CaO-CaCO; conversion attained from the
mesostructured Ca—Al—O composite can be explained using the concept combined with available mesoporous structure and
Ca ,Al;,05; phase content. However, a high Ca?*/AI** =8:1 Ca—Al—O composite causes degradation because the pores become

blocked and partial sintering induces CaO agglomeration.
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1. INTRODUCTION

CO, generated from power plants has been recognized as one
of the major contributors to global CO, emissions. As a
promising way to address global warming and climate change,
the capture and storage of CO, from fossil fuels has gained
increasing interest in recent years. Several material and
approaches systems can be used to capture CO,, including
liquid-phase solvents,”® membranes,”* molecular sieves,®” solid
sorbents,® supercritical CO,,'>"" and electrochemical CO,
capture.lz_14 Although calcium oxide (CaO) sorbents have
received much attention because of their remarkable CO,
capture capacity at high temperature (700 °C) and the wide
availability of their components in natural minerals (obtained
by simple calcination treatment), the sorbents exhibit poor
stability over multiple carbonation/calcination cycles.”'>'® To
date, many investigations have been conducted to improve the
sintering resistance of CaO-based sorbents, which have been
comprehensively summarized in recent reviews."’ ' The
addition of supports or incorporation of active CaO into an
inert solid matrix has been a very promising method in this
respect because the inert supports enabled to separate CaO
particles and prevent or delay them from sintering at high
temperature.”® Aluminum compounds (alumina and calcium
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aluminate) are the most widely used support materials because
of their relatively high Tammann temperature (891 °C) and
high mechanical strength.19 For example, Ca;»Al;,O5; (mayen-
ite) has been widely used as a stabilizer and sintering-resistant
material to prevent performance degradation during carbo-
nation/calcination cycling. Li et al.>?* reported that
Ca;,Al,,O4;5-stabilized CaO sorbents with a CaO/Ca;,Al4,04;3
mass ratio of 75/25 possessed a high CO, capture capacity of
0.41 g of CO,/g of sorbent over SO carbonation/calcination
cycles. Following the same technique, Martavaltzi et al.
improved the capture performance of CaO-Ca;,Al;,O3;
sorbents by using the calcium acetate precursor and the
sorbent containing 85 wt % CaO exhibited a high CO, capture
capacity over 45 cycles of carbonation/calcination at 690
°C.»** Xu et al> reported a series of CaO-based sorbents
consisting of active CaO and inert CayAl4O,5 by a sol—gel
method with various calcium precursors and found that the
sorbent with a CaO content of 90 wt % derived from calcium
lactate displayed the best performance for CO, capture capacity
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Table 1. Nitrogen Adsorption/Desorption Isotherms and Characteristics of the Sorbents with Different Ca>*/AI** Molar Ratios

Synthesized at 80 °C for 1 h

CO,, capture (g-CO,/
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g-sorbent, %) (m*g™") pore volume (cm® g™')  pore diameter” (nm)
sample code®  Ca/Al  Ca** (mole)  AP* (mole) I cycles 20 cycles® M-CAO 20 cycles M-CAO 20 cycles® M-CAO 20 cycles®
MA-matrix 277 0.76 12.4
M-CAO-1 1:1 0.49 0.51 12 1.5 201 0.55 11.6
M-CAO-3 3:1 0.7§ 0.25 22.4 38.7 171 0.49 10.7
M-CAO-§ S:1 0.82 0.18 36.7 47.2 132 139 0.37 0.43 7.9 82
M-CAO-8 8:1 0.89 0.11 46.6 334 69 41 0.17 0.12 5.4 4.3

“Calcined at 600 °C for 3 h. YBET specific surface area. “After 20 cycles of carbonation/calcination. dB_]H desorption average pore diameter.

of 0.59 g of CO,/g of sorbent at the 35th carbonation/
calcination cycle. However, the CO, capture capacity and
degradation behavior of CaO-Ca,Al ,O3; sorbents is strongly
dependent on the distribution of the Ca;,Al;,O3; sorbent in the
CaO-based matrix. Zhang et al. reported that CaO—AlLO;
sorbents with high specific surface areas can be synthesized by
calcining a mixture of aluminum and calcium precursors below
800 °C.>® Recently, Florin et al.”” synthesized Ca,,Al;,Os;
stabilized CaO-based sorbents by coprecipitating an aqueous
slurry of Ca(OH), and AI(NO,); with CO,, which was bubbled
through the slurry, followed by drying and calcination.
Although, a high CO, capture capacity and stable carbona-
tion/calcination cycles can be achieved, a porous Ca—Al-O-
based composite structure which provides relatively rapid CO,
absorption kinetics and conversion is very important for
enhancing stable carbonation/calcination performance at high
temperatures for CO, capture.

In recent years, microwave-enhanced chemistry has become
increasingly important because through the techniques, the
inherent properties of liquids, solids, and their mixtures can be
utilized in situ to promote the rapid synthesis of numerous
ceramic oxides, hydroxylated phases, and porous materials.”®
Furthermore, the microwave technique has been widely applied
for the synthesis of mesoporous materials (such as MCM-41
and SBA-15)* because it offers many advantages such as
homogeneous and simultaneous heating to enhance rapid
nucleation and growth so that a uniform porous spherical
structure was formed to facilitate CO, diffusion and reaction
with inner sorbent effectively, resulting in a significant
improvement in initial CO, carbonation capacity and kinetic
rate. Therefore, in this study, we proposed this new method to
synthesize mesoporous calcium aluminate (Ca—Al—O) struc-
tures for providing relatively rapid CO, capture kinetics, high
CO, conversion, and stable carbonation/calcination perform-
ance at high temperature using microwave-assisted synthesis.
The structural and morphological evolution of calcium
aluminate mesostructured sorbents with various Ca®'/AI**
molar ratios were characterized by powder X-ray diffraction
(PXRD), N, adsorption/desorption isotherms, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM). The possible formation mechanism of
the calcium aluminate mesostructured compounds was also
investigated. A detailed study on the high-temperature CO,
capture behavior and multiple carbonation/calcination cycles of
the Ca-rich mesostructured oxide sorbents using a thermogra-
vimetric analyzer (TGA) was also performed.
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2. EXPERIMENTAL SECTION

2.1. Sample Preparation and Characterization of Mesopo-
rous Ca/Al Nanocomposite Materials. Highly ordered mesopo-
rous alumina (MA) with high thermal stability can be synthesized. In a
typical preparation, triblock copolymer HO(CH,CH,0),,(CH,CH-
(CH;)0),—(CH,CH,0),0H (2 g Sigma—Aldrich, M, = 5800,
Pluronic P123) was dissolved in dehydrated alcohol (20 mL; Sigma—
Aldrich, 99.8%) and stirred for 4 h at room temperature. In another
solution, aluminum isopropoxide (AIP, 20 mmol; Sigma—Aldrich, 98+
wt %,) was dissolved in nitric acid (3.2 mL; J.T. Baker,70 wt %) and
dehydrated alcohol (10 mL). After the appropriate amount of the AIP
solution was slowly added to the surfactant solution, the mixed
solution was vigorously stirred for 5 h and then transferred to an oven
to evaporate the solvent at 60 °C for 3 days. The resulting powder was
calcined at 700 °C for 4 h at a heating rate of 5 °C min™" in an air flow
and then cooled in a furnace to ambient temperature to yield
mesoporous AlLO; (denoted as MA). The synthesized MA and
calcium nitrate were used as starting materials. These materials, with
Ca®*/AI** molar ratios of 1:1, 3:1, 5:1, and 8:1, were suspended in 100
mL of a dehydrated alcohol solution at room temperature. The
solutions were then transferred to tetrafluoromethyl (TFM) reactors.
The reactors containing the suspensions were sealed and then placed
on a turntable tube for uniform heating by a microwave-accelerated
reaction system (model MARSTM, CEM Corporation, Matthews,
NC, USA). The suspensions in the TFM vessels were heated to S0 and
80 °C for 1 h in a microwave oven with 1200 W of power. The
precipitates suspended in the solutions were rapidly dried at S0 °C in
an oven overnight to remove the solvent. Finally, the resulting
powders were calcined at 600 °C for 3 h at a heating rate of 2 °C
min~" in an air flow to yield powders with Ca**/AI** molar ratios of
1:1, 3:1, 5:1, and 8:1, denoted M-CAQO-], M-CAO-3, M-CAO-S, and
M-CAO-8, respectively.

The powders were characterized by XRD measurements (MAC
Science MXP18AHF XRD, with CuKa radiation source, 1 = 1.5418 A).
The existing crystalline phases in the powders were identified based on
comparisons with JCPDS diffraction data files. The specific surface
area (BET) and pore size distribution were calculated using an ASAP
2020 instrument and nitrogen adsorption isotherms at —196 °C. All
samples were degassed under vacuum at 200 °C for 2 h prior to the
measurements. Fourier transform infrared spectroscopy (FTIR) was
recorded on a PerkinElmer spectrum 100 spectrometer by using KBr
pellets. SEM images of the samples were collected with a JEOL-6700
field-emission electron microscope at an accelerating voltage of 15 kV.
TEM micrographs and electron diffraction patterns were recorded
with a JEOL JEM-2100F electron microscope. Samples for TEM
measurements were embedded in resin and ultramicrotomed into
slices with thicknesses of approximately SO nm. The samples were
digested with mixed acids, and their Ca®*/APP* molar ratios were
determined by ICP-AES (Jarrell-Ash, ICAP-9000).

2.2. CO, Capture Analysis. Using a thermal gravimetric analyzer
(TGA,TA Instrument QS00), the weight changes of the M-CAO CO,
sorbents synthesized with different Ca**/APP* molar ratios during
carbonation and calcination were measured. Multiple-cycle testing was
performed by carbonating the samples in pure CO, gas (99.99%) at

DOI: 10.1021/acsami.5b00033
ACS Appl. Mater. Interfaces 2015, 7, 6172—6179


http://dx.doi.org/10.1021/acsami.5b00033

ACS Applied Materials & Interfaces

Research Article

600 °C for 5 min and calcining the samples in 100% N, gas at 700 °C
for 8 min at a flow rate of 60 mL/min. The cycles were repeated 20
times to determine the CO, capture and thermal stability of the M-
CAO sorbents.

3. RESULTS AND DISCUSSION

3.1. Characterization of Mesoporous Ca—Al Compo-
site Sorbents. The mesoporous calcium aluminate nano-
composites with different Ca**/AI** molar ratios were
synthesized by reacting mesoporous ALO; (MA) with a
controlled concentration of calcium via the microwave-assisted
process at 80 °C with calcination at 600 °C. Table 1 shows that
the actual Ca®*/AI** molar ratios of M-CAO-l, M-CAQO-3, M-
CAO-5, and M-CAQO-8 were measured to be 0.96, 2.83, 4.88,
and 8.09, respectively, by ICP-AES. Figure 1 shows the small-
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Figure 1. Small-angle XRD patterns of sorbents with different Ca*/
APP* molar ratios synthesized at 80 °C for 1 h and calcined at 600 °C.

angle XRD pattern of mesoporous Al,O; in which the
characteristic reflections of the P6mm hexagonal mesostructure
at 20 = 0.77° (MA) are displayed and the corresponding d-
spacing is indexed to djyy = 11.5 nm. With an increase in the
Ca’*/AI** molar ratio, the small-angle XRD patterns of the
composites samples (M-CAO-l, M-CAO-3, M-CAO-5, and M-
CAO-8) display a single broad diffraction peak at 260 = 0.80,
0.82, 1.06, and 1.32°, corresponding to a decrease in pore size,
as demonstrated by the decrease in d-spacing from 11 to 6.69
nm. However, the low intensity and broadness of the diffraction
peak in the small-angle region indicate a wormhole framework,
which reveals that Ca®* loading may result in the amorphous
structure of the composites. The existence of this small-angle
diffraction peak also indicates that the sorbents still retained the
mesostructure throughout the calcination process.”® At a Ca®*/
AP ratio of 8:1, the mesostructure began to disappear,
indicating that the incorporation of additional Ca** caused a
decrease in d-spacing along the a-axis. The transmission
electron microscopy (TEM) images of the MA, M-CAO-1,
M-CAO-3, and M-CAO-S samples are further shown in Figure
2. The morphology of the MA clearly shows a highly ordered
array of pores. For the M-CAO-1, M-CAO-3, and M-CAO-5
samples, the porosity was observed to become more random
and to decrease with an increase in the Ca**/AI** molar ratio,
which is consistent with the BET data reported in Table 1. In
addition, the nitrogen adsorption—desorption isotherms of
mesoporous AL,O; (MA) and M-CAO-S samples are shown in
Figure S1 in the Supporting Information. The hysteresis loop of
MA sample displayed type H1 characteristic and the steepness
of the capillary condensation step indicated the uniformity of
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Figure 2. TEM images of (a) MA matrix, with lattice fringes shown in
the boxed area, and sorbents with molar ratios of (b) M-CAO-1, (c)
M-CAO-3, and (d) M-CAO-S5.

the mesopores. In contrast, the M-CAO-5 sample showed a
hysteresis loop of type H2, which is typical for wormhole
framework structures.>*> These results indicate that by
increasing the Ca®" ion content, the specific surface area of
the M-CAO powders decreased from 201 to 69 m?*/g. For M-
CAO-8 in particular, the pores were difficultly identified from
the TEM images, which suggests that during the microwave-
assisted synthesis, not all of the Ca®* ions from the Ca(NO;),
phase completely reacted with mesoporous Al,O; to form a
Ca—O—Al mesostructure and that some CaO particles could be
precipitated to block the pores.

Figure 3a shows the large-angle XRD (LA-XRD) patterns of
the as-synthesized calcium aluminate nanocomposite powders,
which were synthesized at 80 °C for 1 h. The XRD pattern of
the MA sample shows only the boehmite phase structure.
However, because the MA reacted with Ca?* jons under the
microwave thermal treatment, the M-CAO-1 sample exhibited
an amorphous matrix, indicating that the formation of hydrated
Ca—AlL O3 possibly occurred between mesoporous Al,O; and
calcium species during microwave treatment. As the Ca®* ion
content of the M-CAO-3 sample increased, the sample
displayed a poorly crystalline Ca(OH), phase. Upon increasing
the Ca**/AI’* molar ratio to S, the Ca(OH), phase could be
clearly detected from the XRD pattern, revealing that the
Ca(OH), phase precipitated in the Ca-containing MA matrix.
When calcined at 700 °C, the MA sample displayed three broad
peaks due to reflections from the (311), (400), and (440)
planes, which correspond to those of crystalline y-Al,O,
(JCPDS No. 29-0063), indicating a crystalline y-Al,O4
framework. The large-angle XRD (LA-XRD) patterns of the
mesoporous nanocomposites shown in Figure 3b further
indicate that the Caj,Al;,05; phase (JCPDS No. 70—2144)
could be formed in the M-CAO sorbents. When the Ca**/AP**
molar ratio was fixed to approximately 1, only the Ca,Al;,O3;3
phase was identified in the M-CAO-1 sample. The peaks also
indicate that mesoporous Ca-containing aluminate nanostruc-
tures could be formed by calcination at 600 °C in this
compound. For the M-CAO-3, M-CAO-5, and M-CAO-8
samples, the XRD patterns indicate the simultaneous formation
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Figure 3. Large-angle XRD patterns of (a) the as-synthesized at 80 °C for 1 h and (b) 600 °C calcined powders.

of a CaO phase and a Ca;,Al;;,O4; phase (the latter indicated by
weak peaks); the patterns also show that the peak intensity of
the Ca,,Al;,0;; phase decreased with an increase in the Ca®/
APP* molar ratio. It is implied that the extra Ca®" species that did
not react with the mesoporous Al,O; could have been
transferred to form calcium oxide after calcination at 600 °C.
This interaction between MA and Ca®" ions during the
microwave thermal treatment can be further illustrated by using
FTIR spectra for the as-synthesized and calcined samples (M-
CAO-3) in Figure 4a, b. For the microwave-assisted treatment,

(b)

(a)

1020’
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Transmittance (a.u.)

950
834

3640
1385

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 4. FTIR spectra of the M-CAO-3 sample (a) as-synthesized
and (b) calcined at 600 °C.

the pair of bands at 950 and 1020 cm ™' may be associated with
the characteristic vibrations of the AI-OH bonding. In Figure
4a, the O—H stretching vibration bands (Ca/Al-OH) can be
clearly observed at 834 and 3640 cm™". The broad peaks at 620
and 2094 cm™' could be assigned to stretching and bending
modes of AIO—(OH).*® The intense bands at 1385 and 1635
cm™ are due to the vibration of H,0O molecules that took part
in hydrogen bonding with the AL O, surface.** It is implied that
a possible hydrated formation of Ca—Al,O; occurred between
mesoporous Al,O; and calcium species during microwave
treatment. After calcination at 600 °C, a broad band centered at
3510 cm ™' and a sharp peak at 3640 cm ™' (Ca—OH and Al—
OH bond) was observed (Figure 4b). In addition, the bands
appearing in the 500—900 cm™' low-frequency region were
assigned to the symmetric and asymmetric stretching of the
—Al—0O—Ca and Ca—O bonds. Therefore, it was demonstrated
that the formation of Ca—Al—O linkages could be promoted by
using the microwave-assisted treatment process. The FTIR
analysis of the M-CAO sample is consistent with the XRD
results.
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To confirm the formation temperature of the Ca;,Al;4O3
phase, we treated samples of the M-CAO-1 composite at
various temperatures. The XRD pattern in Figure S2 in the
Supporting Information indicates that the Caj,Al;,O3; phase
began to form at 500 °C although the peaks show broadening.
It has been reported that the Ca;,Al;,O;; phase is usually
formed after calcination above 800 °C.>* However, in this work,
this phase weakly appeared after calcination at 500 °C and was
clearly detected after calcination at 600 °C (Figure S2 in the
Supporting Information). This discrepancy in the formation
temperature of the Ca;,Al;,O;; phase may be related to
microwave heating because microwave radiation can directly
interact with the dipoles of molecules, resulting in accelerated
reactions between Ca’* ions and mesoporous Al,O;. During
microwave heating, the Ca** ions were evenly distributed
throughout the porous structure of the composites to induce a
stronger affinity of the Ca®" ions toward the highly active
mesoporous Al,O; matrix;*® thus, the reactions between Ca®*
and Al—O species could occur at lower temperatures to form
mesoporous calcium-containing aluminate composites. How-
ever, during calcination at 400 °C, the product showed a high
sticky-like melting form; thus, we could not measure the
crystallinity using XRD.

3.2. Ca**/AP** Molar Ratio on CO, Capture and
Carbonation/Calcination Behavior. The CO, capture
kinetics of M-CAO sorbents with different Ca?*/AI** molar
ratios at 600 °C are illustrated in Figure S3a in the Supporting
Information. It was observed that, except for the M-CAO-1
sample, the M-CAO powders exhibited a high CO, capture
rate, which is possibly related to the CaO content and
mesostructure of M-CAOs particle generated by microwave-
assisted synthesis. Two distinct kinetic regimes are observed
during CO, capture: fast capture occurs over the first S min
because of chemical-reaction-controlled carbonation (chemical
absorption), whereas at a later stage, a continuous but much
slower increment in sample weight is observed, which is
controlled by the diffusion (physical adsorption) of CO, gas
through the mesostructure. Comparing the CO2 capture
kinetics of M-CAO-3 and M-CAO-8 reveals that the weight
increase of the former sample in the diffusion-controlled region
is higher than that of the latter sample because CO, capture
through physical adsorption is mainly dominated by the
mesoporous structure. However, the CO, absorption kinetics
are faster for the M-CAO-8 sorbent than for either the M-
CAO-3 or M-CAO-5, as shown in Figure S3b in the Supporting
Information because a large amount of CaO was accumulated
on the MA surface to cause rapid CO, capture. This finding is
in good agreement with the BET results (Table 1), which show
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Figure 5. Long-term stability of the CO,-uptake efficiency of sorbents with molar ratios of (a) M-CAO-1, (b) M-CAO-3, (c) M-CAO-S, and (d) M-
CAO-8 during cycling at 100% CO, for S min (carbonation) at 600 °C and 100% N, for 8 min (calcination) at 700 °C.

that increasing the CaO concentration leads to a decrease in the
specific surface area and pore size of the M-CAO-8 sample.
In addition to an adequate CO, capture capacity, to have
further applications under actual operating conditions, sorbents
should exhibit high stability during high-temperature carbo-
nation/calcination cycling, which might be the most critical
factor that determines the value of a sorbent material. The long-
term carbonation/calcination cycling of the sorbents was
performed under carbonation in pure CO, gas at 600 °C for
S min and calcination in N, gas at 700 °C for 8 min. The results
obtained for the M-CAO-1, M-CAO-3, M-CAO-5, and M-
CAO-8 samples are shown in Figure Sa—d. After 20 cycles,
except for that of the M-CAO-8 sorbent, the capture capacity of
the sorbents was entirely maintained and even exhibited an
increasing trend in weight change over the 20 cycles. In
contrast, the CO, capture capacity of the M-CAO-8 sorbent
decreased from 46.6 wt % to 33.4 wt % over the 20 cycles. This
decay in the CO, capture capacity may be attributed to the fact
that more CaO particles were distributed and accumulated on
the surface of the mesostructured material, thus making CO,
diffusion or penetration into the inner pores more difficult.
Moreover, the large number of CaO particles on the surface
facilitated particle aggregation or sintering. Therefore, although
the CO, capture capacity could be increased by applying a
higher Ca**/AI** molar ratio, the ability to absorb CO, was
greatly reduced during carbonation/calcination cycling. In
contrast, although the maximum capture capacity of the M-
CAO-S sorbent was approximately 36.7 wt % over the first few
cycles (lower than that of the M-CAO-8 sorbent), the CO,
capture capacity of the sorbent continuously increased up to
47.2 wt % (an approximately 28.6% increase than the first-cycle
CO, capture capacity) after 20 carbonation/calcination cycles.
On a similar basis of CaO/Ca;,Al;,O3; mass ratio of 75/25, our
sorbent presented a higher CO, capture capacity of 0.52 g of
CO,/g of sorbent over 50 carbonation/calcination cycles
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compared to the value (0.41) reported by Li et al,** which
can be attributed to self-reactivated effect of this CaO-based
mesoporous sorbents. On the other hand, although the
CagAlO,3—CaO sorbent with a CaO content of 90 wt %
displayed the best performance for CO, capture capacity of
0.59 g of CO,/g of sorbent.” the M-CAO-5 sorbent provided
relatively rapid CO, capture kinetics, highly CO, conversion
and stable carbonation/calcination performance at high
temperature. This might reveal that the CO, capture process
is strongly affected by the mesoporous structure of the sorbents
and distribution of the Ca;,Al;4,O5; phase because the
Caj,Al,O3; phase can inhibit the aggregation and partial
sintering of CaO/CaCOyj particles. For the M-CAO-3 and M-
CAO-S sorbents, the increase in CO, capture capacity with
cycle number can likely be explained usin% a self-reactivation
phenomenon proposed by Lysikov et al.”” because the MA
supporting matrix not only provides a porous structure but also
acts as a physical barrier, like an ion-induced hard skeleton to
maintain the mesostructure during carbonation/calcination
cycling. As schematically illustrated in Figure 6, as the CO,
was diffused into the internal region of the MA or Ca,Al;,0;;
matrix during carbonation, the Caj,Al},O;; matrix can be
considered as a hard skeleton, which can keep the pore
morphology from being destroyed by sintering. On the other
hand, the CaO or CaCO; on the MA/Ca,,Al,,0;; matrix can
be considered as external soft skeleton so that it is easily altered
during CaCOj; formation and decomposition, resulting in
changes in particle morphology. Based on the assumption, the
CO, capture capacity is low during initial cycling, indicating
that the inner region of pores is less reactive because of the
slow ion diffusion required for carbonation. However, the
subsequent carbonation/calcination cycling can induce a larger
external skeleton and/or pore volume, leading to an increased
number of exposed active sites and an acceleration of the
carbonation rate. Therefore, the CO, capture capacity increases
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Figure 6. Morphology changes in the pore skeleton via self-
reactivation during high-temperature carbonation/calcination cycling.

with cycle number as the external soft skeleton continues to
grow, which could explain why the M-CAO-5 sorbent displayed
a high CO, capture capacity over multiple carbonation/
calcination cycles. At the same time, the Caj,Al4,O;; phase
(in the black area) uniformly formed and dispersed within the
MA matrix can inhibit aggregation and partial sintering between
Ca0/CaCO; particles, which can make more contribution to
avoid the performance decay of CO, capture with cycles.
However, with further cycling, the CO, capture capacity
gradually reaches a maximum, i.e., a saturation level, which may
be attributed to competition between the absorption reaction
and bulk mass transfer. In contrast, as the porous structure
disappears or becomes covered with CaO particles, such as in
the M-CAO-8 sorbent, the effect of self-reactivation is inhibited
and CaO partial sintering or aggregation is easily formed; thus,
in this study, a decrease in CO, capture with carbonation/
calcination cycling was observed. Therefore, although the M-
CAO-5 sorbent displayed slower absorption kinetics than the
M-CAO-8 sorbent as shown in Figure S3b in the Supporting
Information, it can reach a maximum CO, capture capacity
without apparent performance degradation. This phenomenon
can be further evidenced from the microstructure as shown in
Figure 7. A scanning electron microscope (SEM) image of the
calcined M-CAO-5 sorbent in Figure 7a revealed that partial
aggregation of the CaO and/or CaO-Ca,;; Al ,O3; particles may
occur but after 20 cycles of calcination/carbonation, no large
agglomerates or lumps were observed as indicated in Figure 7b;
this finding indicates that the structure still presented a loose
and porous structure, which further supports the above-
mentioned discussion. On the other hand, the SEM images
of the calcined M-CAO-8 sorbent displayed larger particles with
an irregular structure stacked outside of the MA support, as
shown in Figure 7c. After 20 cycles at 700 °C, the
agglomeration and partial sintering of the CaO particles were
clearly observed, as shown in Figure 7d; this process largely
reduced the number of active sites for CO, capture, thus
decreasing the capacity during later cycles, in good agreement
with both the XRD (Figure 3) and BET specific surface area
(Table 1) results.

3.3. Ca;,Al,,05; Content and Pore Volume on CO,
Capture and Carbonation/Calcination Behavior. The

6177

Figure 7. SEM images of sorbents with different Ca?*/APP* molar
ratios before and after 20 cycles of carbonation for 5 min at 600 °C
and calcination for 8 min at 700 °C. M-CAO-S: (a) before and (b)
after cycling. M-CAO-8: (c) before and (d) after cycling.

CO, capture performance of the sorbents is not only
dominated by the CaO but also affected by the Ca;,Al;,O3;
phase content, which would vary with phase and structure
evolution during microwave-assisted synthesis. To further
investigate the Caj,Al;,O3; phase and mesoporous structure
on the CO, capture and conversion of M-CAO-5 sorbent, we
subjected the M-CAO-S5 to the microwave process at S0 and 80
°C. The XRD in Figure 8 showed that a major CaO phase
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Figure 8. Large-angle XRD patterns of M-CAO-5 sorbents synthesized
at different reaction temperatures and calcined at 600 °C: (a) S0 °C
and (b) 80 °C.

accompanied by a minor Ca,,Al;,O5; phase was detected in the
M-CAO-5-50 sample (heated at 50 °C) as compared to that of
M-CAO-5-80 sample (heated at 80 °C), indicating that the
formation of Ca;,Al;,O;; can be promoted during microwave-
assisted processing due to tight Ca—Al bonding in the
mesoporous Ca—Al—-O structure.

The carbonation/calcination cycling performance of the
sorbents was further tested up to S0 cycles to compare the
long-term CO, capture behavior of M-CAO-5—50 with M-
CAO-5—80 sorbent as previously described. Figure 9(a)
showed that the M-CAO-5—50 sorbent displayed a higher
initial CO, capture capacity than the M-CAO-5—80 sorbent but
the carbonation/calcination multiple cycling test showed that
the latter exhibited a significantly higher rate of CO, capture
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Figure 9. (a) Long-term stability of M-CAO-S sorbents synthesized at S0 and 80 °C. (b) Carbonation conversions during CO, cycles. The sorbents
were calcined at 600 °C and cycled through S min of carbonation and 8 min of calcination at 700 °C. CO, capture rate at (c) first and (d) SOth

cycling of M-CAO-S synthesized at 50 and 80 °C.

and greater CO, capture efficiency without apparent degrada-
tion. Figure S4 further demonstrated the M-CAO-5-80 sorbents
exhibited excellent long-term stable carbonation/calcination
cycling performance up to 200 cycles. This indicates that a high
microwave reaction temperature can enhance the distribution
of Ca ions to prevent CaO particles from aggregating on the
MA surface and increase the BET specific surface area and pore
volume from 113 to 132 mz/g and 0.31 to 0.37 cm3/g for M-
CAO-5-50 and M-CAO-5—80 sorbents, respectively.

In addition, the carbon dioxide conversion of M-CAO-§
sorbent was further evaluated in Figure 9b for the first and S0th
cycles. Although the initial CO, conversion in M-CAO-5-50 is
higher than that in M-CAO-5-80 sorbent, the CO, conversion
was much reduced at S0th cycling in the former sample
(67.7%) compared to the latter sorbent (88.7%). Similar
phenomenon was also observed in the CO, capture rate as
demonstrated in Figure 9c, d. The M-CAO-5-50 sorbent
exhibited a higher CO, capture rate at initial cycling, as shown
in Figure 9¢, but after 50 cycles, a higher CO, capture rate was
observed in the M-CAO-5-80 sorbent because of the larger
specific surface area and self-reactivation effect, as demonstrated
in Figure 9d. The change in the CO, capture rate and
conversion can be explained using the compromising concept
combined with available specific surface area and Ca;,Al;4O5;
phase content. The results again demonstrated that the CaO
distribution and reaction temperature in microwave process
play important roles in the high-temperature CO, capture
performance of CO, sorbents.

B CONCLUSION

A highly stable high-temperature CO, sorbent of mesoporous
Ca—AI—-O composite material was successfully synthesized by a
microwave-assisted process. The MA supporting material can
effectively prevent the porous structure from being destroyed
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by the aggregation of CaO particles and enhance the CO,
capture capacity. The M-CAO-3 and M-CAO-5 sorbents
showed enhanced CO, capture capacity and CO, conversion
efficiency due to self-activated reaction occurring in this
mesoporous structure, leading to more exposed active sites
and an accelerated carbonation rate. However, partial sintering
of CaO could be observed on sorbents with high Ca**/AP
molar ratios because the pores were blocked with CaO
aggregation. In comparison with other high-temperature CO,
sorbents, these developed mesoporous Ca—Al—O composite
provide both high CO, capture capacity and excellent thermal
stability during the carbonation/calcination reaction. These
promising results suggest that this newly developed CO,
sorbent may have potential applications for sorption-enhanced
steam methane reforming for hydrogen production and energy
storage systems in chemical heat pumps.
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