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Abstract A series of Al;03 and CeO, modified MgO
sorbents was prepared and studied for CO, sorption at
moderate temperatures. The CO, sorption capacity of MgO
was enhanced with the addition of either Al,O3 or CeOs,.
Over Al,05-MgO sorbents, the best capacity of 24.6 mg-
CO,/g-sorbent was attained at 100 °C, which was 61%
higher than that of MgO (15.3 mg-CO,/g-sorbent). The
highest capacity of 35.3 mg-CO,/g-sorbent was obtained
over the CeO,-MgO sorbents at the optimal temperature of
200 °C. Combining with the characterization results, we
conclude that the promotion effect on CO, sorption with
the addition of Al,O; and CeO, can be attributed to the
increased surface area with reduced MgO crystallite size.
Moreover, the addition of CeO, increased the basicity of
MgO phase, resulting in more increase in the CO, capacity
than Al,O; promoter. Both the Al,03-MgO and CeO,-
MgO sorbents exhibited better cyclic stability than MgO
over the course of fifteen CO, sorption-desorption cycles.
Compared to Al,O3, CeO, is more effective for promoting
the CO, capacity of MgO. To enhance the CO, capacity of
MgO sorbent, increasing the basicity is more effective than
the increase in the surface area.
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1 Introduction

Global climate change due to increasing anthropogenic
CO, emissions has aroused worldwide concern. Carbon
capture and storage (CCS) is considered a promising
option for mitigating CO, emissions [1-3]. Thus CCS has
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become an important area of research [3], especially CO,
captured from large emission sources such as fossil fuel
power plants. With this goal in mind, many CO, separation
approaches have been investigated and these can be
divided into three major types: post-combustion decarbo-
nization, pre-combustion decarbonization and oxy-fuel
combustion. The methods developed for CO, removal
from post-combustion flue gases and/or pre-combustion
syngas streams include absorption with liquid solvents
[4,5], membrane separations [6,7], cryogenic distillations
[7,8], and adsorption with carbon materials and molecular
sieves [9—11]. However, these methods are either costly
due to significant energy consumption or limited by the
fairly high temperatures of the flue gases.

To improve the energy efficiency and reduce cost, many
solid sorbents have been reported and these can be
classified into four categories which are based on their
operating temperatures: low (below room temperature),
ambient (between room temperature and 100 °C),
moderate (between 100 and 400 °C) and high (above
400 °C). Zeolites [4,12], metal-organic frameworks
(MOFs) [13,14] and carbon materials [15] are the typical
adsorbents for the low temperature category, which is
based on physisorption. Although a very high CO,
capacity of 1320 mg-CO,/g-S (S= sorbent) has been
reported for MOF-5 (at —53 °C) [16], the large reduction of
CO, capacity at elevated temperatures and the negative
impact of moisture greatly limits the application of these
materials to CO, capture from flue gases. In the ambient-
temperature category, amine-based solid sorbents [2,3,17—
20] have received significant attention and are promising
alternatives for CO, capture due to their high capacities
(> 100 mg-CO,/g-S), high selectivities and good regen-
erabilities. Moisture even showed positive effect over these
sorbents [21]. In the high-temperature-adsorbent category,
Li- [22] and Ca-based [23,24] adsorbents have high CO,
capacities although temperatures above 800 °C are
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normally required for their regeneration. Since the
temperature of the flue gas vent is usually in the range of
150400 °C [25], the use of moderate temperature sorbents
would seem to be the most suitable. Consequently,
sorbents containing alkali or alkaline-earth metals such
as Na,COj3, K,CO3, and MgO have attracted increasing
attention since they can be operated at moderate
temperatures (100-400 °C) and are applicable to both
post- and pre-combustion capture [26,27].

Among the alkaline-earth metal oxides, magnesium
oxide is a good candidate for CO, capture because of its
low cost, abundance, and low toxicity [27]. Compared to
CaO-based sorbents, MgO can capture CO, at tempera-
tures lower than 200 °C and be regenerated at low
temperatures (e.g., 300-500 °C). This is beneficial because
a lower temperature not only greatly reduces energy costs
but also reduces sintering issues caused by high operating
temperatures. In addition, MgO has a high potential for
CO, sorption. On the basis of the reversible chemical
reaction between CO, and magnesium oxide:

MgO + C02 HMgCO3(H0298K = —100.8 kJ/mOl) (1)

the theoretical CO, capture capacity of MgO could be as
high as 1100 mg-CO,/g-S. However, several research
groups have reported that MgO alone has a very low
sorption capacity (5.7, 8.8 and 3.6 mg-CO,/g-S) [28].
There are two ways to improve the sorption capacity of
MgO sorbents. One is to increase the surface area which
allows for more efficient interfacial contacts between the
MgO and CO,. This can be accomplished by either
dispersing MgO on a high surface area support or by
preparing mesoporous MgO materials like carbon sup-
ported MgO sorbents [28,29], mesoporous silica supported
MgO sorbents [30], MgO/Al,O5 sorbents [31], mesopor-
ous MgO [28,32,33], mesoporous MgO/TiO, mixed
oxides [34], and mesoporous MgO/carbon composites
[35]. However, the synthesis processes for these sorbents
are time consuming, involve multistep procedures, use a
template and/or need toxic solvents [36]. The other way to
improve sorption capacity is to add a “promoter”.
Particularly, alkali-metal carbonates such as K,CO; have
been widely used to enhance the sorption capacity and to
tune the sorption temperatures [27,37—40]. Other promo-
ters have seldom been reported [41].

In this work, Al,O5; and CeO, were added as promoters
to enhance the CO, capture capacity of MgO sorbents at
moderate temperatures. In order to increase the surface
area and porosity of MgO, a urea-co-precipitation method
which was previously used to prepare mesoporous TiO,-
CeO, adsorbents for deep desulfurization [42] was
adopted. The prepared MgO-based sorbents were char-
acterized by N, physisorption, X-ray powder diffraction
(XRD) and scanning electron microscopy (SEM). Their
CO, sorption performances were evaluated using CO,
temperature programmed desorption (TPD) experiments.

The effects of the amounts of Al,O5; and CeO, added, and
the sorption temperatures were studied. The regenerability
and cyclic stability of the promoted MgO sorbents was also
examined.

2 Experimental
2.1 Materials

Magnesium nitrate hexahydrate (Mg(NO3),-6H,O, ACS
reagent, 99%), alumina nitrate nonahydrate (Al
(NO3);5-9H,0, ACS reagent, =98%), ammonium cerium
nitrate (NH4),Ce(NO3)s, ACS reagent, = 98.5%) and urea
(CO(NH;),, ACS reagent, 99.0%-100.5%) were pur-
chased from Sigma-Aldrich and used as received. The
gases, ultra-high purity (UHP) nitrogen (99.999%), Cole-
man grade CO, (99.99%) and UHP helium (99.999%), for
N, physisorption analysis and CO, sorption-desorption
were purchased from Praxair, USA.

2.2 Sorbents preparation

The MgO-based sorbents including pure MgO, Al,O;
promoted MgO, CeO, promoted MgO, pure Al,O3, and
pure CeO, were prepared by a modified urea co-
precipitation method on the basis of the procedure reported
by Watanabe et al. [42]. First the required aqueous
solutions were prepared using magnesium nitrate hexahy-
drate, alumina nitrate nonahydrate, ammonium cerium
nitrate and urea. The aqueous nitrate solutions (1 mol/L)
were mixed and added to the urea solution (1.6 mol/L). The
mixture was then heated to 95 °C and kept at this
temperature for 2 h under stirring. During the course
ammonia water (~37%) was added to the mixture drop by
drop to adjust the pH value to 11.6. The resultant white
precipitant was filtered, dried overnight and then calcined
in a muffle finance at 450 °C for 2 h at a heating rate of
2 °C/min. The synthesis procedure for the pure Al,O3 and
CeO, samples was the same as described above.

2.3 Characterizations

The prepared sorbents were characterized by N, physi-
sorption, XRD and SEM. N, physisorption was carried out
at —196 °C on a Micromeritics ASAP 2020 surface area
and porosity analyzer, from which the Brunauer-Emmett-
Teller (BET) surface areas, the pore volumes and the pore
sizes were obtained. All samples were degassed at 220 °C
prior to the N, adsorption-desorption measurements. The
pore volumes were calculated from the adsorbed nitrogen
after complete pore condensation at the relative pressure of
P/Py = 0.995. The pore sizes were estimated from the
desorption branch using the Barrett-Joyner-Halenda (BJH)
method.
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XRD patterns were collected in the 26 range from
10°-90° using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Ka radiation (A = 0.154 nm). The
working voltage of the instrument was 40 kV and the
current was 40 mA. The diffractograms were analyzed
using MDI JADE 8.0 software and standard JCPDS files.
The SEM images of the synthesized samples were
collected with a FEI Magellan 400 instrument operated
at 5 kV, in conjunction with energy dispersive X-ray
spectroscopy (EDS).

2.4 CO, sorption evaluation

The CO, sorption performance of the sorbents was
evaluated using CO, temperature programmed desorption
(TPD) performed on a Micromeritics AutoChem 2910
instrument equipped with a thermal conductive detector
(TCD). In a typical CO,-TPD test, about 200 mg of sorbent
sample was loaded into a U-shaped quartz tube and
pretreated at 400 °C under a helium flow for 20 min. The
temperature was then reduced to the desired temperature
and the CO, sorption was conducted by flowing pure CO,
through the sample at 20 mL/min for 30 min. Then the
temperature was decreased to 50 °C under the same CO,
flow. The desorption experiment was performed by
purging helium gas (20 mL/min) through the sorbent bed
and ramping the temperature from 50 to 400 °C at a rate of
10 °C/min. The temperature was then held at 400 °C for
20 min to complete the desorption. The CO, sorption
capacity was calculated in mg CO, per g of sorbent (mg-
CO,/g-S) using the amount of CO, desorbed which was
obtained from the desorption curve recorded by the on-line
TCD. The TCD signal was calibrated by using a known
amount of CO,. Moderate temperatures of 50, 100, 150,
200, 250, 300 and 350 °C were examined.

3 Results and discussion
3.1 Effect of Al,O3 and CeO, loadings

Table 1 shows the effect of Al,05 and CeO, loadings on
the CO, capacity of the MgO sorbents. For comparison,
pure MgO, Al,O; and CeO, prepared via the same
procedure were also evaluated. At a sorption temperature
of 200 °C, the pure metal oxides all had similar capacities
for CO, sorption, i.e., 12.9, 12.3 and 12.7 mg-CO,/g-S for
pure MgO, Al,O5 and CeO, respectively. The capacity of
the MgO sorbent prepared in this work is slightly better
than that of the non-porous MgO (9.0 mg-CO,/g-S)
reported in the literature [28,43].

The addition of any amount of Al,O3 or CeO, resulted in
higher sorption capacities than those obtained for any of
the pure sorbents (Table 1). The Al,053-MgO sorbent had a
maximum capacity of 20.1 mg-CO,/g-S when the Mg/Al
molar ratio was 3, which is about 56% higher than that of

Table 1 CO, sorption capacity of pure MgO, Al,O3, CeO, and Al,Os-
and CeO,-pormoted MgO sorbents”

Sample Mg/M molar  7/°C CO, capacity Ref.
ratio /(mg-CO,-g-S™")

MgO - 200 12.9 This study
AlLO3;-MgO 9 200 15.9 This study
3 20.1
1 17.0
173 14.9
Al,O3 - 200 12.3 This study
Ce0,-MgO 9 200 18.2 This study
3 353
1 24.8
1/3 19.5
CeO, - 200 12.7 This study
MgO - 200 9.0 [43]
MgO/y-ALL O3 1.4 200 37 [43]
y-ALO; - 200 6.0 [43]
MgO/ALO5 0.14 150 21.6 [31]
Mg-Al HTlc 1.8 200 10.6 [44]
Mg-Al HTlc 2.1 200 53 [44]
Mg-Al HTlc 3.2 200 36.5 [45]
MgO-ZrO, 0.5 150 44.4 [46]

3 Measured by CO,-TPD with CO, sorption at 200 °C

pure MgO. Similarly the CeO, modified MgO had a
maximum CO, capacity of 35.3 mg-CO,/g-S with a
Mg/Ce molar ratio of 3. This capacity is about two times
higher than those of pure MgO and CeO,. For any given
ratio of Mg/Al(Ce), the CeO,-MgO always had a higher
capacity than the Al,03-MgO sorbents so CeO, is a better
promoter to improve the sorption capacity of MgO.

Modified MgO adsorbents have also been reported by
other researchers [31,43—46], and these are also summar-
ized in Table 1. Han et al. synthesized a MgO/y-Al,O;
composite with a Mg/Al ratio of 1.4 which exhibited a
much higher CO, adsorption capacity (37 mg-CO,/g-S)
than MgO (9 mg-CO,/g-S) and y-Al,O5 (6 mg-CO,/g-S) at
200 °C under atmospheric pressure [43]. A capacity of
21.6 mg-CO,/g-S over a MgO/Al,O; adsorbent (Mg/Al =
0.14) at 150 °C has also been reported by Li et al. [31]. A
CO, capacity of 44.4 mg-CO,/g-S was obtained over
MgO/ZrO, (Mg/Zr= 0.5) at 150 °C [46]. Another type of
moderate-temperature-CO, adsorbents is hydrotalcite
(HTIc)-like compounds which contain both MgO and
Al,O3. The CO, capacities for Mg-Al HTIc at 200 °C
varied between 5-37 mg-CO,/g-S for Mg/Al ratios
between 1.8-3.2 [44,45]. Thus, the Al,O; and CeO,-
modified MgO sorbents in this work have either higher or
comparable CO, sorption capacities to those reported in
the literature.
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3.2 Sorbent characterizations

Surface area and the basic properties of sorbent materials
are both critical factors affecting their CO, sorption
capacities because the larger surface area could provide
more sites and the basicity could increase the affinity of the
sites for CO, sorption. Thus, in order to understand the
promotion effect of Al,O; and CeO, on the sorption
capacity of MgO, various characterizations were carried
out. Nitrogen physisorption experiments were conducted
to determine the porous properties, XRD was used to
elucidate texture and composition, SEM was employed to
determine morphologies, and CO,-TPD was used to
determine the basicity of the sorbent materials. Since the
Mg/Al(Ce) molar ratios of 3 gave the best results, these
samples were selected for the characterization studies.

3.2.1 N, physisorption

The N, adsorption-desorption isotherms for the Al,Os-
MgO and CeO,-MgO samples are shown in Fig. 1. The
isotherms of pure MgO, Al,O; and CeO, are also
presented for comparison. The pure MgO has a type-II
adsorption isotherm and the hysteresis loop is located at
high relative P/P,, suggesting that the prepared MgO
sorbent contains mainly macropores [47]. The isotherms
for the pure Al,O3 and CeO, samples are mixed type-II and
type-1V, suggesting that the Al,0O; and CeO, samples
prepared from the co-precipitation method contain both
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Fig. 1 N, adsorption isotherms of (a) pure MgO, (b) Al,O;-
MgO, (c) Al,O3, (d) CeO,-MgO and (e) CeO,

mesopores and macropores. However, over the Al,O3-
pomoted MgO sample, a typical type-IV adsorption
isotherm with a H2 hysteresis loop was obtained,
indicating a uniform meso-structure. Watanabe et al. also
observed a mesoporous structure for mixed TiO,-CeO,
oxides prepared via a similar method [42]. The CeO,-MgO
sorbent also exhibited a type-IV adsorption isotherm, but
with a H3 hysteresis loop, suggesting that it has larger
mesopores and that the pores are not as uniform as those in
the Al,O3-MgO sample.

The surface areas, pore volumes and pore sizes were
calculated from the N, adsorption isotherms and the results
are listed in Table 2. The pore size distribution curves for
each sample were obtained using the BJH method and are
shown in Fig. 2. MgO had a surface area of 83 m*/g with
large pore volume of 0.84 cm®/g and a pore size of about
60 nm. Thus, the higher CO, sorption capacity of MgO
sorbent compared to the non-porous MgO reported in
literature [28] can be attributed to its high surface area and
porous structure. Pure Al,O; showed the highest surface
area of 284 m?/g with a narrow pore distribution centered
at ca. 6.0 nm. Pure CeO, had a surface area of 96 m*/g with
a broad pore size distribution.
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Fig. 2 The BJH pore size distribution curves for (a) pure MgO,
(b) Ce0,-MgO, (c) CeO,, (d) Al,05-MgO and (e) Al,O5

After the addition of Al,03, the Al,03-MgO sample
showed a narrow pore distribution centered at 6.0 nm and it
had a high surface area of 200 m?/g which is more than
twice that of pure MgO. With the addition of CeO,, the
Ce0,-MgO had a surface area of about 107 m*/g which is

Table 2 The porous properties of MgO, Al,O3, CeO,, Al,03-MgO and CeO,-MgO

MgO crystallite size®/nm

Sample Sper /(m?-g ) Pore volume/ (cm®-g ') Pore size”/nm

MgO 83 0.84 59.5 14.3+1.1
AL O3 284 0.47 3.8 -
CeO, 96 0.27 3.7 -
Al,05-MgO (1:3) 200 0.41 7.0 4.9+0.3
Ce0,-MgO (1:3) 107 0.30 49 13.6+1.2

a) Data from the BJH pore size distribution curves shown in Fig. 2; b) calculated from MgO (200) reflection using the Scherrer equation
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significantly less than that of Al,03;-MgO but higher than
that of either MgO or CeO, alone. The pore size
distribution of Ce0,-MgO is narrower than pure CeO,,
but much broader than Al,05;-MgO. Based on these
results, it can be deduced that the improved surface area
and mesoporous structure of MgO could be one reason for
the improved CO, sorption capacity of the MgO sorbent
after the addition of Al;O3 or CeO,. This is in agreement
with the observations reported by other researchers
[28,31-34]. However, it should be noted that although
the Al,O3-MgO had a higher surface area, a larger pore
volume and a more uniform pore structure than CeO,-
MgO, its CO, sorption capacity was lower (Table 1). This
indicates that besides the pore properties, other factors
such as MgO crystallite size and basicity may also affect
the CO, sorption capacity of the promoted MgO sorbents.

322 XRD

Figure 3 shows the XRD patterns of the Al,O5- and CeO,-
promoted MgO sorbents along with the pure MgO, Al,O;
and CeO, samples. The XRD patterns of the MgO, Al,O;
and CeO, samples have the diffraction peaks that can be
indexed to crystalline MgO (JCPDS 78-0430), y-Al,O4
(JCPDS 10-0425) and CeO, (JCPDS 34-0394), respec-
tively. In the XRD pattern of the bimetal oxide Al,Os-
MgO, no y-Al,O3 peaks are detected and the MgO
diffraction peaks are lower and wider than those in the
pure MgO sample. This suggests that the loaded Al,O5 is
highly dispersed and incorporated in the MgO bulk which
would result in the higher surface area compared to the
pure MgO as observed in the N, physisorption data
(Table 2). In contrast, for the CeO,-MgO sample, crystal
phases for both MgO and CeO, are seen, because a large
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Fig. 3 XRD patterns of (a) pure MgO, (b) Al,03-MgO, (c)
Al,03, (d) Ce0,-MgO and (e) CeO,

amount of CeO, was added (At the Mg/Ce molar ratio of 3,
the CeO, mass content of CeO,-MgO is about 59 wt-%.).
The diffraction intensities for the MgO phase are much
lower than those in either pure MgO or Al,03-MgO,
indicating that MgO might be highly dispersed over the
surface of CeQ,.

The mean MgO crystallite sizes were calculated from the
peak widths of the XRD peaks using the Scherrer equation
[48]:

t = K2A/(Bcosb),

where ¢ is the mean crystallite size, A is the wavelength of
the radiation (Cu, K,,), f is the full-width at half maximum
of the diffraction peak (in rad.), 6 is the Bragg’s angle and
K is particle shape factor which is taken to be 0.85. The
estimated MgO crystallite sizes based on the MgO (200)
reflection are given in Table 2. The pure MgO had a
crystallite size of 14.3 nm. The addition of Al,O5 caused a
significant reduction in the MgO crystallite size to about
4.9 nm. But the addition of CeO, only produced a small
decrease in the MgO crystallite size (13.6 nm). Based on
these results, another reason for the improved CO, sorption
capacity of the Al,Os- and CeO,-promoted MgO sorbents
may be the greatly reduced MgO crystallite size and the
improved dispersion of MgO crystals with the addition of
Al,O; and CeO,, respectively.

3.2.3 SEM-EDS

Figure 4 shows the SEM images and EDS results for the
MgO, Al,03-MgO and CeO,-MgO samples. The pure
MgO is composed of stacked blocks ranging in size from
20-50 nm with pores between the stacked blocks. With the
addition of Al,Os;, the morphology of the Al,O05-MgO
sample changed to stacked rods and the particle sizes
became more homogeneous with sizes less than 20 nm. In
addition, a larger network of pores is observed. The
morphology of CeO,-MgO is similar to that of the pure
MgO, except that the particles are smaller (mainly below
20 nm) and the porosity is higher with more nanopores
and open voids presented between particles than MgO
(Fig. 4(c) vs. 4(a)). The SEM observations are consistent
with the results from the N, adsorption isotherms and XRD
analysis.

EDS provides information about the elemental composi-
tion of materials. As expected, the pure MgO contained
100 wt-% MgO as shown in Fig. 4(a). The Al,O3-MgO
and Ce0O,-MgO samples are composed of 68 wt-% MgO-
32 wt-% Al,Os;, and 41 wt-% MgO-59 wt-% CeO,,
respectively (Figs. 4(b) and 4(c)). That is, the molar ratios
of Mg/Al and Mg/Ce were 2.72 and 2.95, respectively for
the Al,03-MgO and CeO,-MgO samples. This verifies that
the mixed oxide samples were prepared according to the
experimental design with molar ratios of 3.0.

The distributions of MgO and CeO, (or Al,O3) in CeO,-
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Fig. 4 SEM and EDS results for (a) pure MgO, (b) Al,05-MgO and (c¢) CeO,-MgO
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MgO (or Al,O3-MgO) were further examined by X-ray
elemental mapping analysis and the results are shown in
Fig. 5. In these images red represents Ce (or Al), green is
Mg and blue is O. From Fig. 5(a), it can be seen that there
is an uneven distribution of Mg and Ce in CeO,-MgO.
Small particles are stacked together forming a big sphere-
like particle. Ce is located outside, covering Mg under-
neath, as illustrated in Fig. 5(a) with considering the
distributions of Mg and Ce showed in the insets. In
contrast, the distribution of Mg and Al is highly uniform in
AlL,053-MgO (Fig. 5(b)).

324 CO,-TPD

For MgO-based sorbents, the basicity is also a key factor
that influences the CO, sorption capacity. So the basicity of
the pure MgO, Al,03-MgO and CeO,-MgO was evaluated
by CO,-TPD and the results are shown in Fig. 6. The CO,
sorption was conducted at 200 °C by flowing pure CO, at a
flow rate of 20 mL/min for 20 min. In consideration of
moderate temperature applications, the desorption tem-
perature was set at 400 °C. For pure MgO, the desorption
started at about 70 °C and reached a peak at 248 °C (Fig. 6
(a)). The addition of Al,O3 caused a slight shift in the
desorption curve and the desorption did not start until the
temperature was over 100 °C (Fig. 6(b)). The desorption
peak occurred at 251 °C, which is very close to that for
pure MgO. This implies that the basicity strength of the
Al,03-MgO sorbent is almost the same as that of the pure
MgO. In the range of 50-150 °C, the desorption behavior
of CeO,-MgO was similar to that for the pure MgO
(Fig. 6(c)). However at temperatures over 150 °C, the CO,
desorbed more quickly and peaked at 260 °C, which is
10 °C higher than the other two samples. A higher
desorption temperature implies that the interaction
between the MgO and CO, became stronger. In other
words, the basicity of the MgO is improved with the
addition of CeO,, and this can also contribute to the better
CO; sorption capacity of CeO,-MgO compared to Al,Os-

(a)

MgO and pure MgO.

Recently a MgO modified zeolite was prepared for CO,
capture [49]. This material had an isosteric adsorption heat
of about 47 kJ/mol which is much lower than the reaction
enthalpy shown in Eq. (1). However this value is
comparable with those reported for other alkali-metal
exchanged low-silica zeolites such as NaY and CsY (40—
50 kJ/mol) [50]. A mesoporous carbon nitride material,
MCN-8E-150, has a similar isosteric adsorption heat (35—
53 kJ/mol) for CO, [51]. The isosteric heat of adsorption is
usually used to characterize the strength of the interactions
between CO, and zeolite adsorbents. So, such a low value
for the MgO modified zeolite indicates that CO, is mainly
adsorbed on the internal surface within the zeolite pore
structure rather than on the MgO particles, especially at
low MgO loadings (0.8—1.5 wt-%) [49].

The addition of Al,O5 and CeO, also resulted in much
larger desorption peaks than that for pure MgO. The
amount of desorbed CO, calculated from the desorption
peak was 20.1 and 35.3 mg-CO,/g-S for Al,05-MgO and
Ce0,-MgO, respectively, higher than 12.9 mg-CO,/g-S for
pure MgO. At 200 °C, the CO, sorption can be reasonably
considered to occur as a chemical reaction between MgO
and CO,. Thus, the amount of desorbed CO, per gram of
MgO is indicative of the activity of the MgO phase in the
sorbent. Based on the weight percentages estimated from
the SEM-EDS results, this value for the Al,03-MgO
sample is 29.5 mg-CO,/g-MgO which is more than double
of that for the pure MgO sample (12.9 mg-CO,/g-MgO).
The value for CeO,-MgO is even larger, 86.7 mg-CO,/g-
MgO, almost three times that for the Al,O3-MgO and more
than six times that for the pure MgO. Therefore, the
addition of either Al,O3 or CeO, makes MgO more active
for CO, sorption and CeO, has a much larger promotion
effect than Al,Os.

3.3 Effect of sorption temperature

The effect of the sorption temperature on the CO, sorption

Fig. 5 SEM X-ray elemental mapping images of (a) CeO,-MgO and (b) Al,05-MgO
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TCD signal

TrC

Fig. 6 CO,-TPD profiles of (a) pure MgO, (b) Al,03-MgO and
(c) Ce0,-MgO samples. CO, sorption was conducted at 200 °C
with pure CO, flow at 20 mL/min for 20 min

was examined using various moderate temperatures
including 50, 100, 150, 200, 250, 300 and 350 °C with
100% CO, at 20 mL/min. Figure 7 shows the CO, uptake
measured by CO,-TPD as a function of sorption
temperature over pure MgO, Al,O05;-MgO and CeO,-
MgO. For MgO, the best CO, capacity of 15.3 mg-CO,/g-
S was obtained at 100 °C. The Al,03-MgO sorbent had a
similar temperature-dependent CO, sorption trend and its
best capacity (24.6 mg-CO,/g-S) was also achieved at
100 °C. However, the Al,03-MgO sorbent had higher CO,
capacities than the unmodified MgO sorbent at all
temperatures. The higher capacity of the Al,05-MgO
sorbent can be attributed to the increased surface area with
better MgO dispersion and smaller MgO particle sizes.
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Fig. 7 CO, uptake measured by CO,-TPD as a function of
sorption temperature over (a) pure MgO, (b) Al,03-MgO and (c)
Ce0,-MgO

The CeO, promoted MgO sorbent exhibited a similar
temperature trend and the capacities were much higher
than those of either pure MgO or Al,05-MgO at all
temperatures. The highest capacity (35.3 mg-CO,/g-S) was
obtained at 200 °C, which is 100 °C higher than the
maximum for the other two sorbents. The shift of the
optimum sorption temperature is due to the improved MgO
basicity induced by the incorporation of CeO, as shown in

the CO,-TPD results (Fig. 6). The maximum capacity of
35.3 mg-CO,/g-S is about 171% and 74% higher than
those for the pure MgO and AlL,O5-MgO at 200 °C,
respectively.

Since the surface areas of CeO,-MgO and pure MgO are
similar, the increased CO, capacity can be ascribed to the
change in the pore structures and the increase in the
basicity of the MgO phase induced by the addition of
Ce0,. Since Al,O03-MgO showed a much higher surface
area (Table 2) but a lower CO, capacity than CeO,-MgO
under the same conditions, it can be concluded that the
improvement in the sorbent structure and the basicity of the
MgO phase is more important than the increase in the
surface area for enhancing the CO, sorption capacity of
MgO-based sorbents.

3.4 Regenerability and stability

To be useful for practical applications, a sorbent should not
only possess a high capacity but also have excellent
regenerability and stable performance for multiple sorp-
tion-desorption cycles. Figure 8 shows the CO, sorption
capacities of the pure MgO, Al,03-MgO and CeO,-MgO
sorbents as a function of sorption-desorption cycles. The
CO; sorption was performed at 100 °C for pure MgO and
Al,03-MgO and at 200 °C for CeO,-MgO using a flow of
pure CO, and the desorption was conducted at 400 °C
under helium. During the 15 sorption-desorption cycles,
the CO, capacity over the pure MgO sorbent exhibited a
monotonic decrease. The capacity drop was about 20%
after 15 cycles. For the Al,03-MgO and CeO,-MgO
sorbents, a fairly large drop in the capacity was observed
during the first six cycles but then the capacity became
more stable with extended cycles. The capacity drop after
the first six cycles was 3.8% for Al,05-MgO and 9.6% for
Ce0,-MgO, less than 14.1% for MgO. The CO, capacity
in the last five cycles was 17.5, 17.6, 18.2, 17.9, 17.9 mg-
CO,/g-S for the Al,05-MgO sorbent and 24.1, 23.7, 23.5,
23.3 and 23.5 mg-CO,/g-S for the CeO,-MgO sorbent,

40 -
(c)

Capacity /(mg-CO,-g-S™")
b2
=
T

Cycle number

Fig. 8 CO, capacity measured by CO,-TPD as a function of
sorption-desorption cycles over (a) pure MgO, (b) Al,03-MgO and
(c) Ce0,-MgO
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respectively. Thus the MgO, Al,03-MgO and CeO,-MgO
sorbents are regenerable and retain more than 70% of their
initial CO, capacity at a moderate regeneration tempera-
ture 0f 400 °C. Furthermore, the addition of Al,O5 or CeO,
to MgO improved the cyclic stability of the MgO sorbent,
especially at the elongated operation.

The morphologies of the spent MgO, Al,03-MgO and
Ce0,-MgO sorbents after 15 cycles of CO, sorption-
desorption were examined by SEM and are shown in
Fig. 9. The morphology of the spent MgO sorbent changed
a great deal compared to the fresh sorbent (Fig. 4). The
particles are much larger which may explain the decrease
in the capacity of the pure MgO sorbent with sorption-
desorption cycles. In contrast, the morphologies of the
spent Al,O3-MgO and CeO,-MgO sorbents hardly chan-
ged, indicating the addition of Al,O3 and CeO, improved
the sintering resistance of MgO. As a result, Al,03-MgO
and Ce0,-MgO sorbents exhibited the better stabilities in
cyclic CO, capture at moderate temperatures.

4 Conclusions

A series of MgO-based sorbents was prepared by a urea co-
precipitation method and the promotion effect of Al,O;

i
.y

200 nm

o

(c)
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and CeO, on the CO, sorption capacity of the MgO
sorbent was studied. The addition of Al,O; and CeO,
improved the CO, capacity of the MgO sorbent and the
best molar ratios for both Mg/Al and Mg/Ce were 3. The
effect of the sorption temperature was also investigated.
Over pure MgO, the best capacity of 15.3 mg-CO,/g-S was
obtained at a sorption temperature of 100 °C. The best
capacity for the Al,03-MgO sorbent was 24.6 mg-CO,/g-S
which was also obtained at 100 °C. The CeO,-MgO
sorbent had the highest sorption capacity of 35.3 mg-CO,/
g-S and its optimal temperature was 200 °C. The
characterizations showed that the higher capacity of the
Al,03-MgO sorbent can be attributed mainly to the
increased surface area with better MgO dispersion and
smaller MgO crystallites. In the case of CeO, addition, the
increased CO, capacity can be ascribed to the changes in
the structure and the increase in the basicity of the MgO
phase. These results demonstrate that CeO, is more
effective for promoting the CO, sorption capacity of
MgO than Al,O3, and the increase in the basicity is more
important than the increase in the surface area to enhance
the sorption capacity of the MgO sorbent. The Al,O3-MgO
and CeO,-MgO sorbents are regenerable for CO, sorption
under a moderate temperature and both exhibited better
cyclic stability than the pure MgO sorbent.

200 nm

Fig. 9 SEM images of (a) spent MgO, (b) spent Al,03-MgO and (c) spent CeO,-MgO sorbents after 15 cycles of CO, sorption-desorption
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