
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/277777821

Tailor-Made	Core-Shell	CaO/TiO2-Al2O3
Architecture	as	a	High-Capacity	and	Long-Life
CO2	Sorbent

Article		in		Environmental	Science	&	Technology	·	June	2015

DOI:	10.1021/acs.est.5b01415	·	Source:	PubMed

CITATIONS

18

READS

228

4	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Chemical	Looping	Combustion	View	project

CaO	pore	evolution	mechanism	and	Ca-C-S	competing	reaction	characteristics	during	calcium

looping	for	CO2	capture	View	project

Zuwei	Xu

Huazhong	University	of	Science	and	Technol…

20	PUBLICATIONS			80	CITATIONS			

SEE	PROFILE

Cong	Luo

Huazhong	University	of	Science	and	Technol…

38	PUBLICATIONS			419	CITATIONS			

SEE	PROFILE

Haibo	Zhao

Huazhong	University	of	Science	and	Technol…

167	PUBLICATIONS			1,439	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Zuwei	Xu	on	10	July	2015.

The	user	has	requested	enhancement	of	the	downloaded	file.

https://www.researchgate.net/publication/277777821_Tailor-Made_Core-Shell_CaOTiO2-Al2O3_Architecture_as_a_High-Capacity_and_Long-Life_CO2_Sorbent?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/277777821_Tailor-Made_Core-Shell_CaOTiO2-Al2O3_Architecture_as_a_High-Capacity_and_Long-Life_CO2_Sorbent?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Chemical-Looping-Combustion?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/CaO-pore-evolution-mechanism-and-Ca-C-S-competing-reaction-characteristics-during-calcium-looping-for-CO2-capture?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zuwei_Xu?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zuwei_Xu?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Huazhong_University_of_Science_and_Technology?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zuwei_Xu?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cong_Luo4?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cong_Luo4?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Huazhong_University_of_Science_and_Technology?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cong_Luo4?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Haibo_Zhao7?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Haibo_Zhao7?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Huazhong_University_of_Science_and_Technology?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Haibo_Zhao7?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zuwei_Xu?enrichId=rgreq-672f93057dfb544dd2dee6d3bfb91916-XXX&enrichSource=Y292ZXJQYWdlOzI3Nzc3NzgyMTtBUzoyNDk1MTA1NjM2NzYxNjBAMTQzNjQ5OTM2MjUwOQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Tailor-Made Core−Shell CaO/TiO2−Al2O3 Architecture as a High-
Capacity and Long-Life CO2 Sorbent
Weiwei Peng,†,‡,§ Zuwei Xu,†,§ Cong Luo,† and Haibo Zhao*,†,‡

†State Key Laboratory of Coal Combustion, Huazhong University of Science and Technology, 1037 Luoyu Road, Wuhan 430074,
China
‡China-EU Institute for Clean and Renewable Energy, Huazhong University of Science and Technology, 1037 Luoyu Road, Wuhan
430074, China

*S Supporting Information

ABSTRACT: CaO-based sorbents are widely used for CO2
capture, steam methane reforming, and gasification enhancement,
but the sorbents suffer from rapid deactivation during successive
carbonation/calcination cycles. This research proposes a novel
self-assembly template synthesis (SATS) method to prepare a
hierarchical structure CaO-based sorbent, Ca-rich, Al2O3-
supported, and TiO2-stabilized in a core−shell microarchitecture
(CaO/TiO2−Al2O3). The cyclic CO2 capture performance of
CaO/TiO2−Al2O3 is compared with those of pure CaO and
CaO/Al2O3. CaO/TiO2−Al2O3 sorbent achieved superior and
durable CO2 capture capacity of 0.52 g CO2/g sorbent after 20
cycles under the mild calcination condition and retained a high-
capacity and long-life performance of 0.44 g CO2/g sorbent after 104 cycles under the severe calcination condition, much higher
than those of CaO and CaO/Al2O3. The microstructure characterization of CaO/TiO2−Al2O3 confirmed that the core−shell
structure of composite support effectively inhibited the reaction between active component (CaO particles) and main support
(Al2O3 particles) by TiO2 addition, which contributed to its properties of high reactivity, thermal stability, mechanical strength,
and resistance to agglomeration and sintering.

1. INTRODUCTION

CO2 emission into the atmosphere is one of main factors that
brings about global warming and environment change, which
has been a public concern in recent years.1−3 Thirty-three
percent of industrial CO2 emission comes from high-temper-
ature flue gas of fossil fuel combustion, and the need to mitigate
CO2 emissions by developing CO2 capture and storage (CCS)
technology is now widely accepted.4,5 CaO-based CO2 sorbent
has received a great deal of attention due to its low material
cost, abundant source, and high CO2 capture capacity (1 g of
CaO can absorb 0.786 g of CO2 in theory). CaO-based
sorbents can effectively remove CO2 from combustion or
gasification gases at high temperature, allowing it to be
regenerated in calcination process as a pure CO2 stream
suitable for use or, more likely, for storage.6,7 Normally, calcium
looping (Ca-L), which is based on the reversible carbonation/
calcination reaction of CaO, becomes one of the most
promising technologies for CCS8−11 and for advanced
gasification or reforming.12,13 However, the major challenge
in developing Ca-L technology is the problem of loss-in-
capacity, i.e. the loss in initial capture capacity in successive
carbonation/calcination cycles.14−16 For the carbonation
reaction, it has been well reported that a rapid and chemically
controlled reaction period is followed by a slow diffusion
period.17−19 It has been reported that the transition between

the fast and slow reaction periods occurs quite suddenly at a
given level of conversion, which decreases rapidly with
increasing carbonation/calcination cycles.12,20,21 This change
of the reaction rate is attributed to the formation of a product
layer of about 50 nm thick.22,23 In addition, the molar volume
of CaCO3 formed is much larger than that of CaO, which leads
to pore blocking and an increase in diffusion resistance of CO2
through the carbonation product layer.6,24 Also, a structural and
morphological change of sorbent occurs during cyclic reaction
due to low sintering temperature (approximately 529 °C) of
CaCO3. Therefore, it is significant to alleviate the rapid decay of
CaO-based sorbents and obtain the CaO-based sorbent
possessing properties of high reactivity, thermal stability,
mechanical strength, and resistance to agglomeration and
sintering.
Great efforts have been made to overcome the loss-in-

capacity problem.24−26 Synthesizing CaO-based composite
materials is regarded as one of the most efficient methods.27−34

Among various supports of the active component CaO, Al2O3
has received considerable attention for its high melting point
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and high mechanical strength, which contribute to increasing
temperature resistance and improving durability of CaO-based
sorbents.32,35−38 Manovic et al.39 found that La Blanca (LB)
limestone, which did not originally contain significant Al,
showed increased reactivity after Al2O3 doping, thus the
absence of Al in the original LB sample was suggested as a
likely cause for its poor performance. Martavaltzi et al.40

reported that a CaO/Ca12Al14O33 sorbent obtained 6 mol/kg
CO2 fixed amount after 45 successive cycles under cyclic
conditions of carbonation at 690 °C for 30 min in 15 vol %
CO2 and calcination at 850 °C in pure N2 for 10 min. As
mentioned above, it was concluded that CaO/Al2O3-based
sorbents significantly improved CO2 capture and cyclic reaction
stability over multiple carbonation/calcination cycles. However,
multiple types of calcium aluminate were formed during the
preparation process or cyclic test of CaO/Al2O3-based sorbents
at high temperatures by interaction between CaO and Al2O3,
resulting in the partial loss of CaO. In addition, the reaction
product was hard to control due to complexity of the chemical
reaction caused by variations in precursor, preparation method,
and cyclic condition. Florin et al.41 proposed a precipitation
method to prepare CaO/Ca12Al14O33 using inexpensive and
commercially available raw materials. They obtained 75%
conversion during the first cycle at 650 °C for 10 min
carbonation under 15 vol % CO2, but experienced 50%
deactivation after 30 cycles (calcination at 900 °C, 15 vol %
CO2, 5 min). Li et al.42 showed that CaO/Ca12Al14O33,
prepared by wet mixing method, attained 41 wt % CO2 capture
capacity after 50 carbonation/calcination cycles under mild
calcination conditions (850 °C, 100% N2). However, the
capture capacity of sorbent decreased from 52 wt % in the first
cycle to about 22 wt % in the 56th cycle when severe
calcination conditions (980 °C, 100% CO2) were used. The
chemical reactions between CaO and Al2O3,

42 which might
happen at high temperatures, are shown as follows:

+ →7Al O 12CaO Ca Al O2 3 12 14 33 (R1)

+ →5Al O Ca Al O 12CaAl O2 3 12 14 33 2 4 (R2)

+ →Al O CaO CaAl O2 3 2 4 (R3)

+ →7CaAl O 5CaO Ca Al O2 4 12 14 33 (R4)

+ →Ca Al O 9CaO 7Ca Al O12 14 33 3 2 6 (R5)

In this work, a self-assembly template synthesis (SATS)
method is proposed to synthesize a hierarchical structure CaO-
based sorbent, Ca-rich, Al2O3-supported, and TiO2-stabilized in
a core−shell microarchitecture (CaO/TiO2−Al2O3). CaO/
TiO2−Al2O3 sorbent is based on the self-assembly between
TiO2 nanoparticles (nano-TiO2) and Al2O3 microparticles
(micron-Al2O3), where nano-TiO2 particles are coated on the
surface of micron-Al2O3 particles to inhibit the interaction of
active phase CaO with the main support Al2O3. In addition,
cyclic carbonation/calcination tests under different conditions
and microstructure characterization of CaO/TiO2−Al2O3 are
compared with that of CaO and CaO/Al2O3 to prove the
superiority of the SATS-derived CO2 sorbent.

2. EXPERIMENTAL SECTION
2.1. Materials. In this study, calcium acetate monohydrate

power (Sinopharm Chemical Reagent Co. Ltd., Shanghai,
China) was used as calcium precursor. Commercial Al2O3
powder (Sinopharm Chemical Reagent Co. Ltd., Shanghai,

China) with larger than 200 meshes (i.e., particle size <75 μm)
was selected as the main component of the support. Flame-
synthesized TiO2 nanoparticles were deposited on the surface
of Al2O3 by electrostatic self-assembly in precursors to modify
and stabilize the support. The flame-synthesized TiO2 nano-
particle was manufactured by a gas flame synthesis facility in
which a four-concentric-tube burner was fed with TiCl4 and N2,
CH4, O2, and N2, from the center to the outside.43 The detailed
operating conditions and experimental data about the flame
synthesis are available in the Supporting Information (SI).

2.2. Preparation of Sorbents. 2.2.1. Sample A:
Preparation of Pure CaO by Calcination Method. A
calculated amount of calcium acetate monohydrate was directly
calcined in a muffle furnace at 950 °C for 2 h; the derived
product was sample A.

2.2.2. Sample B: Preparation of CaO/Al2O3 (80 wt %
CaO:20 wt % Al2O3) by Wet Impregnation Method. The
preparation procedures were as follows. Step 1: A calculated
amount of Al2O3 powder was put into an electric-heated
thermostatic water bath to adequately mix with 400 mL of
distilled water at 80 °C for 30 min. Step 2: Calcium acetate
monohydrate was added at the mass ratio of CaO to Al2O3 of
4:1 with stirring for 30 min. Step 3: The wet precursor was
dried in an electrically heated drying oven at 80 °C for 24 h,
and finally was calcined at 950 °C in the muffle furnace for 2 h.

2.2.3. Sample C: Preparation of CaO/TiO2−Al2O3 (80 wt %
CaO:5 wt % TiO2:15 wt % Al2O3) by Self-Assembly Template
Synthesis Method. The first step was the same as that of
sample B. Step 2: A calculated amount of nano-TiO2 (the mass
ratio of Al2O3 to TiO2 of 3:1 was used to ensure complete
coverage of core-structured micron-Al2O3 by shell-structured
nano-TiO2) was added into the electrically heated thermostatic
water bath, and the pH value of the suspension was adjusted to
6 by titrating dilute acetic acid or ammonia solution with
consecutive stirring for 30 min. Step 3: Calcium acetate
monohydrate was added at the mass ratio of CaO to Al2O3 of
16:3 under the conditions of full stirring. Step 4: The precursor
was then dried at 80 °C for 24 h, resulting in fluffy and
snowflake-like materials (shown in SI Figure S4). The dried
precursor was subsequently calcined at 950 °C in the muffle
furnace for 2 h.
All of the as-prepared samples were annealing cooled,

ground, and screened. Finally, samples with a particle size range
of 75−150 μm were selected.

2.3. Cyclic Carbonation/Calcination Tests. The cyclic
performance of three samples was tested under mild and severe
calcination conditions. Twelve mg of sample was placed in a
zirconia copple of a thermogravimetric analyzer (Beijing
Optical Instrument Factory, WCT-1D) and was heated to
700 °C at a rate of 15 °C/min under an N2 flow of 60 mL/min.
After complete precalcination at 700 °C for 30 min, 20
carbonation/calcination cyclic tests were conducted continu-
ously under conditions of alternating atmospheres (10 vol %
CO2 (balanced with N2) for carbonation process and pure N2
for calcination process) and constant temperature of 700 °C,
and each process lasted 20 min. CO2 capture capacity was
calculated on the basis of mass change, assuming this occurred
only due to formation/decomposition of CaCO3.
In consideration of high calcination temperatures (850−1000

°C) and high CO2 concentrations (> vol 90%) in practical
industrial processes, the cyclic test under the severe calcination
condition was investigated by using a simultaneous thermal
analyzer (Netzsch, STA499F3). Approximately 35 mg of each
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sample was heated to 900 °C at a rate of 20 °C/min under an
N2 flow of 100 mL/min, and lasted for 30 min for initial
complete calcination. The temperature was then reduced to
700 °C for carbonation process with a 10 vol % CO2 (balanced
with N2) flow of 100 mL/min for 20 min. The temperature was
then increased to 900 °C for calcination process with pure CO2

for 5 min. Thirty carbonation/calcination cycles were
conducted for CaO and CaO/Al2O3, while 104 cycles were
conducted for CaO/TiO2−Al2O3.
2.4. Characterization Techniques. Fresh and used

sorbents (exposed to the severe calcination condition of 900
°C in pure CO2) were used for characterization techniques.
The crystalline phase of sorbents was determined by X-ray
diffraction (XRD, X’Pert Pro) using Cu Kα radiation (λ =
0.1542 nm) in a 2θ range of 10−90° with an accelerating
voltage of 40 kV and tube current of 40 mA. The
microstructure was investigated by field scanning electron
microscope (FSEM, FEI Sirion200) with 10 kV of accelerating
voltage and by transmission electron microscopy (TEM, Tecnai
Gw F30, FEI Inc.) with 200 kV of accelerating voltage. The
FSEM was equipped with an X-ray energy dispersive
spectrometer (X-ray EDS), which enabled the analysis of
elemental composition and dispersion determination. The pore
structure parameters were measured by a Micrometrics ASAP
2020 apparatus, and the surface area and pore volume were
calculated from the Brunauer−Emmet−Teller (BET) equations
and the Barrett−Joyner−Halenda (BJH) method, respectively.
A digital dynamometer (Shimpo FGJ-5) was used to measure
the crushing strength of CaO-based sorbents.

3. RESULTS AND DISCUSSION

3.1. Evolution of CO2 Capture Performance under
Mild and Severe Calcination Conditions. Twenty consec-
utive cyclic tests for three types of sorbents were conducted at
the mild calcination condition with 700 °C in pure N2 (shown
in Figure 1). CaO sorbent (sample A), which was used as a
comparative sorbent without adding any support, exhibited
maximum initial CO2 capture capacity of 0.58 g CO2/g sorbent
(g/g for logogram in following descriptions, all of calculation
formulas in this study are presented in the SI), compared with
0.49 and 0.48 g/g for CaO/Al2O3 (sample B) and CaO/TiO2−
Al2O3 (sample C), respectively. However, a serious loss-in-
capacity phenomenon of CaO sorbent happened after 20
cycles, which was consistent with previous research.44,45 In
contrast, the CO2 capture capacity of CaO/Al2O3 and CaO/
TiO2−Al2O3 maintained 0.49 and 0.52 g/g, respectively, after
20 cycles, presenting superior performance in terms of both
capture capacity and stability. It was noted that the CO2 capture
capacity of CaO/Al2O3 and CaO/TiO2−Al2O3 increased from
0.48 to 0.56 g/g in the first 4 cycles. This increasing CO2

capture behavior in the initial few cycles is called self-
reactivation phenomenon, and has also been reported in
other literature.46,47 Moreover, CaO/TiO2−Al2O3 showed
better cyclic stability than CaO/Al2O3 from the 11th cycle,
and the advantage of CaO/TiO2−Al2O3 was also verified by
carbonation reaction rate (shown in Figure 1b), which was
especially reflected in an evident difference of reactivity at the
20th carbonation process. The considerable CO2 capture
performance of CaO/Al2O3 and CaO/TiO2−Al2O3 could be
attributed to the high mechanical strength, durability, and
sintering resistance of Al-based materials.10,35,47

Figure 1. CO2 capture performance of CaO, CaO/Al2O3, and CaO/TiO2−Al2O3 under mild calcination condition: (a) evolution of CO2 capture
capacity during 20 cycles, (b) evolution of carbonation reaction rate at first and 20th cycle. Carbonated at 700 °C in 10 vol % CO2 for 20 min and
calcined at 700 °C in pure N2 for 20 min.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b01415
Environ. Sci. Technol. 2015, 49, 8237−8245

8239

http://dx.doi.org/10.1021/acs.est.5b01415


The CO2 capture performance of three sorbents under the
severe calcination condition (900 °C in pure CO2) is presented
in Figure 2a. Three sorbents exhibited considerable and
approximate CO2 capture capacity at the first cycle; however,
a decrease in CO2 capture capacity with an increasing number
of cycles occurred for all sorbents. More specifically, CO2

capture capacity of CaO/Al2O3 decreased to 0.35 g/g after 30
cycles, which was much different from that shown Figure 1.
One explanation for this difference was that the active CaO
reacted with Al-based material at the severe calcination
condition, causing the significant reduction in CO2 capture
capacity. Nonetheless, the CO2 capture capacity of CaO/Al2O3

still slowly exceeded that of pure CaO at the fifth cycle and this
superiority was kept in the remaining cycles.
As for CaO/TiO2−Al2O3, it maintained a capture capacity of

approximately 0.46 g/g after 30 cycles, which was 31.8% and
70.6% higher than those of CaO/Al2O3 and CaO, respectively.
Even after 104 cycles, it still attained superior capture capacity
of 0.44 g/g, retaining 79.4% of the initial CO2 absorbing
amount. Compared with carbonation reaction rate at the first
and 30th cycles (shown in Figure 2b), it was demonstrated that
CaO lost its fast reaction rate with increasing of cycles. In
contrast, the outstanding reactivity of CaO/TiO2−Al2O3 was
retained during 30 cycles. The fast carbonation reaction rate
was dominated by a high content of crystalline CaO.
It is concluded that the CO2 capture capacity of CaO/Al2O3

in the severe condition did not perform as well as that in the
mild condition; however, the SATS-derived CaO/TiO2−Al2O3

has superior CO2 capture capacity and cyclic reaction stability
over multiple cycles in either the mild or severe conditions.

3.2. Physicochemical Characterizations of CaO-Based
Sorbents. The BET−BJH results shown in Figure 3a
demonstrate that the specific surface area and specific pore
volume of sorbents reduced with the increase of cycle number,
especially within the first 10 cycles, which was in accordance
with the change trend of reactivity decay shown in Figure 2,
indicating CaO-based sorbents achieved a maximum falloff limit
after 10 cycles. During 30 cyclic tests at 900 °C, the decay ratios
in specific surface area of CaO and CaO/Al2O3 were as high as
about 97% and 82%, respectively. For CaO/TiO2−Al2O3
specific surface area was changed from 24.85 to 12.36 m2/g
during 30 cycles, corresponding to a decay ratio of 50.2%. The
change trend of specific pore volume was in accordance with
that of surface area. Higher specific surface area and specific
pore volume of CaO/TiO2−Al2O3 result directly in good cyclic
capacity, and the fact that CaO/TiO2−Al2O3 maintained its
high surface area and pore volume further proved that CaO/
TiO2−Al2O3 had excellent sintering resistance. Pore size
distribution shown in Figure 3b exhibited a loss in small
pores for both CaO and CaO/TiO2−Al2O3 after 30 cycles,
which was attributed to agglomeration and sintering among
different particles under high calcination temperature of 900
°C. Nevertheless, the SATS-derived CaO/TiO2−Al2O3 dem-
onstrated more abundant mesopores and wider pore size
distribution compared with pure CaO sorbent. It was noted
that the surface of pores 30−100 nm in diameter for the CaO/
TiO2−Al2O3 sorbent, which was important for CO2 adsorption,
was smaller than that for CaO. However, the surface of pores
30−100 in nm diameter for the used CaO/TiO2−Al2O3
sorbent after 30 cycles is much larger than that of used CaO.
This may be attributed to competition between positive “self-

Figure 2. CO2 capture performance of CaO, CaO/Al2O3, and CaO/TiO2−Al2O3 under severe calcination condition: (a) evolution of CO2 capture
capacity during multiple cycles, (b) evolution of carbonation reaction rate at first and 30th cycle. Carbonated at 700 °C in 10 vol % CO2 for 20 min
and calcined at 900 °C in pure CO2 for 5 min.
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activation” function and negative sintering effect of CaO/
TiO2−Al2O3 sorbent, which is described in detail in the SI.
From Figure 4, fresh sorbents had developed porous

structure, which provided a larger surface area and was
beneficial to carbonation reaction. It was found that a
significant change of the samples in porosity and morphology
appeared after 30 cycles. Sample A suffered from the most
serious sintering: CaO grains developed a dense layer structure,
and pore blockage in pore channels, aggregation of crystals,
serious sintering texture, and small cracks were clearly observed
(shown in Figure 4d, g). As for calcined CaO/Al2O3, its particle
size was smaller than that of CaO and interpenetration still
existed among different pores, meaning the sintering degree of
CaO/Al2O3 was less serious than that of CaO. In contrast, the
microstructure of CaO/TiO2−Al2O3 was more porous and
crystal aggregation was not too critical, which contributed to
prominent CO2 capture capacity in multiple cycles.48,49

3.3. Discussion of the Novel SATS-Derived CaO/TiO2−
Al2O3 Sorbent. From the above experimental results, we
found that CaO/TiO2−Al2O3 possessed better physicochemical
performance, and the reason for its outstanding performance
deserved further investigation and analysis. One possible
explanation is its unique preparation method, i.e. the self-
assembly template synthesis (SATS) method, which is based on
nano/micron-particle coating technology, allowing a custom-
ized hierarchical structure (typically, core−shell composite)
derived from the self-assembly of different particles. The
hydration between inorganic oxide particles and water can
produce hydroxyl groups, and the surface of particles is charged
due to hydroxyl dissociation.50 The particle surface potential

(zeta potential) can be regulated by the pH value, whereby
unlike particles (here nano-TiO2 and micron-Al2O3) can be
charged with opposite potential.51 SI Figure S8 shows the zeta
potential of micron-Al2O3 and nano-TiO2 as a function of pH
of the aqueous dispersions as measured by a microelectropho-
resis apparatus (Powereach JS94H, Shanghai Zhongchen
Digital Technical Apparatus Co., Ltd., China). When the pH
value of the dispersion system was readjusted to 6 by adding
dilute acetic acid or ammonia solution, the surface potential of
micron-Al2O3 (isoelectric point of 9.0) was maximally differ-
entiated from that of flame-synthesized nano-TiO2 (isoelectric
point of 3.4). Under this condition, spontaneous aggregation
between micron-Al2O3 and nano-TiO2 particles occurred due
to van der Waals force and electrostatic attractive force. Thus, a
complete coating of micron-Al2O3 was realized by a small
amount of nano-TiO2 in precursor solution. This core−shell
structure was effectively helpful for the high performance of
synthetic oxygen carrier in a previous study.52 This way, the
reaction between CaO and Al2O3 was prevented in the
subsequent carbonation/calcination cycles. A schematic sketch
of preparation process of SATS-derived CaO/TiO2−Al2O3 is
presented in Figure 5. This resultant sorbent with a high CaO
content can withstand high temperature without serious
sintering and agglomeration, thus keeping a high CO2 capture
capacity.
XRD patterns of CaO/Al2O3 and CaO/TiO2−Al2O3

sorbents (shown in Figure 6) confirmed the superiority of
SATS method. The chemical compositions of fresh CaO/
TiO2−Al2O3 were CaO, Ca(OH)2, CaTiO3, and Al2O3. After
30 cyclic tests, Al2O3 was still found in the sorbents, indicating

Figure 3. (a) Specific surface area and specific pore volume results for fresh and used CaO, CaO/Al2O3, and CaO/TiO2−Al2O3. (b) Pore size
distribution results for fresh and used CaO and CaO/TiO2−Al2O3. Tests of used CaO and CaO/TiO2−Al2O3 were conducted in severe calcination
condition of 900 °C in pure CO2.
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CaO did not react with Al2O3 during overall cyclic processes
due to the inhibition effect of nano-TiO2 shell. Meanwhile, the
product CaTiO3, which had high thermal stability and
antisintering ability, was formed at high temperatures during
the preparation process.53 In comparison, Ca12Al14O33 was
formed in the fresh sample B due to the solid−solid reaction of
CaO and Al2O3 upon the synthesis process, and the product
Ca3Al2O6 appeared because of deeper reaction between
Ca12Al14O33 and CaO (reactions R4 and R5 for reference).
The existence of Ca−Al−O phase, either Ca12Al14O33 or
Ca3Al2O6, illustrated active CaO suffered from continuous loss,

which could explain the lower CO2 capture capacity of CaO/
Al2O3 in Figure 2.
Chemical composition changes of SATS-derived sorbent

during cyclic reactions agreed with the proposed construction
of CaO particles modified by core−shell structured TiO2−
Al2O3 composite support. Next, microstructure of TiO2/Al2O3

skeleton (observed by TEM) and elemental dispersion
determination of CaO/TiO2−Al2O3 (observed by FSEM−
EDS) were used to verify existence of the core−shell structure.
The TEM image of TiO2−Al2O3 skeleton (shown in Figure 7),
which was obtained by dissolving fresh CaO/TiO2−Al2O3 with

Figure 4. FSEM images of sorbents. Top row shows fresh sorbents with the magnifying power of 50 000 (a, b, and c). Middle row shows calcined
sorbents after 30 cycles with the magnifying power of 1000 (d, e, and f). Bottom row shows calcined sorbents after 30 cycles with the magnifying
power of 5000 (g, h, and i). Left column presents CaO (a, d, and g). Middle column presents CaO/Al2O3 (b, e, and h). Right column presents CaO/
TiO2−Al2O3 (c, f, and i).

Figure 5. Schematic sketch of preparation process of SATS-derived CaO/TiO2−Al2O3.
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glycerol,54 demonstrated clearly that micron-level particles
acted as core part and nanoparticles acted as shell part.
Meanwhile, micron-level particles were decorated with a high
coverage density of nanoparticle chains spreading outward from
the micron-level particles to external boundary. In addition, the
results of EDS test in Figure 8 provided sound proof of the
core−shell structure: Al-based material acted as core part to
undertake mechanical strength and sustained a stable frame to
prevent sintering and agglomeration of novel sorbent, and Ti-
based material was coated on Al2O3 to effectively inhibit the
interaction between Ca-based active material and Al-based
support. Thanks to this unique core−shell structure, SATS-
derived CaO/TiO2−Al2O3 sorbent performed higher CO2
capture capacity and longer duration than CaO and CaO/
Al2O3.
3.4. Crushing Strength of Three CaO-Based Sorbents.

A digital dynamometer was used to measure the force required
to fracture a single particle sized between 0.2 and 0.3 mm,
which represented crushing strength of fresh and used sorbents.
The crushing strengths of fresh CaO, CaO/Al2O3, and CaO/
TiO2−Al2O3 were 1.46, 1.88, and 1.86 N respectively,
compared with values of 1.08, 1.67, and 1.74 N for these
samples after experiencing 30 cyclic tests (shown in SI Figure
S12). It was considered that materials with crushing strength of
above 1 N were suitable for large-scale industrial processes,55

thus all three samples satisfied the strength demand in fluidized
bed experiments. Further investigations on CO2 capture

performance of the novel sorbent in fluidized bed conditions
are being conducted in our laboratory.
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Figure 7. TEM images of TiO2−Al2O3 skeleton (TiO2−Al2O3
skeleton was derived from CaO/TiO2−Al2O3 sorbent made by
SATS method).

Figure 8. Energy dispersive spectrometer analysis of CaO/TiO2−
Al2O3 particle: (a) FSEM image, (b) Ca element map, (c) Ti element
map, (d) Al element map.
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