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H I G H L I G H T S

• C9A1-650 obtained the best cyclic
sorption performance.

• Self-activation provided smaller grain
size and higher surface area.

• Self-activation gave sorbents high ab-
sorptivity.

• The cyclic sorption stability was due
to the small original surface free en-
ergy.

• C9A1-650 provided 98.9% H2 con-
centration in SEMSR process.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
CaO/Ca3Al2O6

Thermal pretreatment
Self-activation
Sorption capacity
Cyclic sorption stability

A B S T R A C T

CaO/Ca3Al2O6 sorbents have been proved to be a promising sorbent for CO2 sorption. However, the sorbents still
suffer from low CO2 sorption capacity. In this work, self-activation was generated via thermally pretreating CaO/
Ca3Al2O6 sorbents in CO2 atmosphere at various temperatures to enhance the CO2 sorption capacity of CaO/
Ca3Al2O6 sorbents. Results showed that the thermally pretreated temperature plays an overwhelming role in the
CO2 sorption capacity and stability of the CaO/Ca3Al2O6 sorbents. Superior CO2 sorption capacity
(8.01mmol g−1 for C9A1-650 at 500 °C) is achieved, which is 72% higher than that of C9A1 (no pretreatment
sample). After 50 carbonation-calcination cycles, the CO2 sorption capacity of C9A1-650 still remained 20%
higher than that of C9A1. The high CO2 sorption capacity is ascribed to the smaller CaO grain size (37.1 nm) and
the higher surface area (13.1 m2 g−1), resulting from the self-activation process. Meanwhile, the CO2 cyclic
sorption stability is due to the small original surface free energy. Furthermore, the C9A1-650 sorbent is em-
ployed to use in sorption enhanced methane steam reforming process. It provides a H2 concentration of 98.9%
and CH4 conversion of 98.7%, presenting greatly potential in practical application.
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1. Introduction

Hydrogen (H2) is a promising clean, efficient energy and could be
used as a potential alternative for conventional fossil fuel which is as-
sociated with greenhouse gases emission. It is desirable that H2 can be
produced from renewable sources such as wind power or solar energy.
However, due to the current technical and economical limitations,
methane steam reforming (MSR) process has been most widely used to
produce H2 in chemical industry [1,2]. Because of the strong en-
dothermic characteristics of MSR, a high temperature is usually re-
quired to achieve a high CH4 conversion, which would result in high-
energy consumption. Moreover, in order to obtain high pure H2 (higher
than 99.9%), pressure swing adsorption (PSA) has to be employed to
separate H2 from the product mixture of H2 and CO2, and this separa-
tion process accounts for around 50% energy cost in the whole process.
Sorption enhanced methane steam reforming (SEMSR) has been re-
cently regarded as a desirable route to economically provide hydrogen
(H2) and reduce carbon dioxide (CO2) emission [3]. Compared to the
MSR process, the CO2 produced in the SEMSR process could be removed
in-situ to produce high concentration of H2 in a single step through
integrating catalysts with CO2 sorbents in the system. More im-
portantly, after CO2 was in-situ removed, the reaction equilibrium
would be shifted and the reaction temperature would decrease from
800–900 °C to 500–600 °C, which could not only greatly reduce energy
consumption and simplify technology process, but also decline the re-
quirements for the apparatus.

As a key part of the SEMSR, CaO-based CO2 sorbents are widely
used because of its high theoretical sorption capacity
(17.86 mmol g−1), extensive sources and inexpensive cost [4,5]. How-
ever, the CO2 sorption capacity and cyclic stability of the CaO-based
sorbents still remain to be improved for the loss of CO2 sorption ca-
pacity during the repeated carbonation-calcination cycles, which is
derived from the sintering of CaO grains [6–8].

In order to prevent the sorbent grains from sintering during the
carbonation-calcination cycles so as to provide higher surface area and
proper pore structure, promising strategies have been proposed to im-
prove the cyclic sorption performance of CaO sorbents, involving
thermal pretreatment [9,10], incorporation of supports or dopants [11],
modification of precursors [12,13], and hydration treatment [14–16].
Among these approaches, the addition of dopants shows the most
promising stable behavior. A variety of materials have been extensively
tested as supports or dopants for CaO-based sorbents recently, such as:
(1) Ca12Al14O33, Ca3Al2O6, CaZrO3, MgO, ect. which formed during
preparation process when doped the third element into CaO [17–19];
(2) attapulgite [20], mineral rejects [21], etc. Due to its prospective
performance and low cost, Al-doped materials were greatly in-
vestigated. Li et al. first incorporated Al into CaO sorbents and syn-
thesized CaO/Ca12Al14O33 sorbents to improve the cyclic stability of
CaO sorbents [22]. Zhou et al. investigated the influence of calcium and
aluminum precursors and produced different forms of calcium alumi-
nate inert supports. They reported that the CaO/Ca9Al6O18 sorbent
prepared by calcium citrate and aluminum nitrate exhibited the best
performance for CO2 capture [11]. In our recent studies [23], we suc-
cessfully modified CaO sorbents by incorporating Al to obtain CaO/
Ca3Al2O6 sorbents. It was found that the CO2 sorption capacity and
stability were greatly affected by the relative quantity of CaO to Al2O3.
When the mass ratio of CaO to Al2O3 is 9:1 (the obtained sorbent was
denoted as C9A1), an initial CO2 sorption capacity of 4.85mmol g−1

was achieved at 500 °C, and 84.5% sorption capacity was retained even
after 100 carbonation-calcination cycles. Though the synthesized CaO/
Ca3Al2O6 sorbent (C9A1) shows 5–10% higher CO2 sorption capacity
than the other Al-doped sorbents reported in the literature [24,25], it
should be noted that there is still a gap between the theoretical value
(13.13 mmol g−1 for C9A1) and the current level (4.85 mmol g−1).
Thus, to further improve the CaO/Ca3Al2O6 sorbents sorption perfor-
mance at lower sorption temperature (500 °C) and provide guidance for

its industrial application, it is reasonable to modify C9A1 sorbent so as
to enhance its CO2 sorption performance.

It is well-known that the reaction between CaO and CO2 is a gas-
solid non-catalytic reaction. In the calcination process, as the reaction
proceeded, the unreacted CaO was gradually packed by the product
layer, therefore, a very fast kinetically-controlled stage turns to a slow
diffusion-controlled stage [26]. It has been proved that 40–70% CO2

sorption capacity was contributed by the kinetically-controlled stage,
which was closely related to the surface area and pore structure of CaO
sorbents; while the slow diffusion-controlled stage was mainly con-
trolled by the CO2 diffusion through the product layer. In order to
obtain a higher CO2 sorption capacity, it is essential to simultaneously
improve the structure of C9A1 sorbent and enhance the CO2 diffusion
rate.

Thermal pretreatment of CaO sorbent was an amazing approach,
which sometimes showed the self-activation with increasing cycle
number and has been elucidated by the formation of a hard and stable
skeleton during the pretreatment which increased the solid-state dif-
fusion carbonation in the first cycle. A renovated porous skeleton with
increased surface area could be achieved via a quick calcination process
[27,28]. Currently, self-activation has been proved to be affected by
many experimental variables, including temperature, pretreated dura-
tion, presence of impurities/additives, and looping-carbonation condi-
tions etc. [27–30]. It was reported that Al addition, a prolonged dura-
tion could significantly enhance self-reactivation at higher temperature
(800–1300 °C) [29,30]. However, it should be noted that the CaO sor-
bents were generally pretreated at 800–1300 °C in the reported litera-
tures, and it did not present the potential merit of SEMSR, which would
decrease the reaction temperature from 800–900 °C to 500–600 °C. Too
high temperature would cause more energy consumption and increase
the requirements for the apparatus.

In this work, based on our previous investigation, thermal pre-
treatment is employed to treat CaO/Ca3Al2O6 sorbents with the aim of
generating self-reactivation to improve its CO2 sorption performance.
The pretreatment occured in CO2 atmosphere at lower temperature
(500–700 °C), not N2 atmosphere at 800–1300 °C as reported previously
[27–30]. The effect of various pretreated temperature on the structure,
morphology and CO2 sorption performance were investigated to obtain
superior CO2 sorption capacity and stability. The self-activation me-
chanism of CaO/Ca3Al2O6 sorbents by thermally pretreated in CO2 at-
mosphere was also proposed. Furthermore, the resultant pretreated
CaO/Ca3Al2O6 sorbents was used in SEMSR process to evaluate its
catalytic performance when it was combined together with Ni/CeO2-
ZrO2 catalyst.

2. Experimental

2.1. Synthesis of CaO/Ca3Al2O6 sorbent

The CaO/Ca3Al2O6 sorbents with CaO to Al2O3 mass ratio of 9:1
(C9A1) were prepared via a modified sol–gel method according to our
previous study [23]. In a typical process, 13.28 g calcium nitrate tet-
rahydrate (Ca(NO3)2·4H2O), 2.57 g aluminum nitrate nonahydrate (Al
(NO3)3·9H2O), and 13.26 g citric acid monohydrate (C6H8O7·H2O) were
dissolved in 50mL distilled water, and then the pH value of the solution
was adjusted to 1 by the addition of ammonia (NH3·H2O). The mixture
was then stirred vigorously for 1 h to obtain a uniform sol. The con-
densation reaction was followed and performed at 80 °C for 6 h. The
resulting compound was placed at room temperature for 18 h to form a
wet gel and dried at 100 °C for 10 h, then dried at 120 °C for another
10 h, and eventually at 140 °C for 5 h until a low density foam was
formed. Finally, the foam was crushed to powder and calcinated at
900 °C for 1.5 h. The prepared sorbent was marked as C9A1.
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