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The adsorption of CO, on Co, Fe and Ni mixed oxides derived from a commercial hydrotalcite and calcined at
500 °C was measured at several temperatures and pressures. Two types of experiments were considered in this
work. In the first one, the adsorption temperatures were 25, 35 and 50 °C, with pressures of up to 1000 kPa. In
the second, the adsorption temperature was 300 °C and the pressure up to 4400 kPa. The results obtained were
compared with those found for four commercial microporous materials, namely the zeolite 13X, the MOF
Basolite A100, an activated carbon and a synthetic alumina pillared clay. The microporous materials showed a
higher CO, adsorption capacity, from 4.54 to 6.94 mmol-g ", than the mixed oxides, up to 1.44 mmol-g~!, at
25°C and up to 1000 kPa. The calcined hydrotalcite and the Ni mixed oxide presented the highest CO, ad-
sorption capacity at 300 °C, 3.28 and 3.44 mmol-g ! at 4400 kPa, whereas the rest of materials gave values of up
to 1.75 mmol-g~'. Ni mixed oxide showed sorption capacity considerably higher than those reported in the
literature for hydrotalcite based materials under similar conditions.

1. Introduction

The capture and storage of CO, is considered to be a potential
strategy in the portfolio of mitigation actions required to stabilize at-
mospheric greenhouse gas concentrations [1]. Precombustion, post-
combustion and oxyfuel combustion are the three main processes for
CO,, capture in industrial and power plant applications. In this context,

gas-solid adsorption is one of the technological areas currently in use
and continuously being developed [2].

The Sorption-Enhanced Reaction Process (SERP) is an emerging
concept in precombustion systems. In this process, CO, capture is per-
formed in situ by combining chemical reaction and separation of the
reaction products in the same operation [3]. These processes combine
adsorption with conventional hydrogen production reactions (WGS:
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water gas shift and SRM: steam reforming of methane) and, depending on
the reaction involved, the processes are referred to as SEWGS or
SESRM. In both processes, the reactants are fed into a reactor con-
taining a mixture of catalyst and adsorbent at operating conditions of
300-500°C and 400-2000 kPa (SESRM) or 200-400°C and
100-2800 kPa (SEWGS). The reaction and removal of CO, from the
reaction zone occur simultaneously, thereby producing high purity
hydrogen. Finally, the adsorbent is regenerated in situ using the prin-
ciples of Pressure Swing Adsorption (PSA) or Thermal Swing Adsorp-
tion (TSA) at reaction temperature [3-5].

All current routes for CO, capture include several operating condi-
tions. Postcombustion technologies, for instance, can be implemented
at temperatures lower than 100 °C, atmospheric pressure and low CO,
concentrations (< 15%), or directly from the gas stream at 150-400 °C.
Similarly, precombustion processes are carried out at temperatures
ranging from 40 to 250 °C and a pressure of 3 MPa [6].

The wide range of operating conditions for these technologies leads
to the use of a variety of specific adsorbents for each application.
Carbonaceous materials, such as activated carbons, exhibit the best
adsorption capacity at temperatures lower than 50 °C and pressures
higher than 100 kPa, with the amount adsorbed decreasing strongly at
higher temperatures [7-10]. Zeolites show the best CO, adsorption
capacity at low temperatures (0-100 °C) and in a wide range of pres-
sures [7,11,12]. MOF materials, in turn, show a high adsorption capa-
city at room temperature and high pressures (about 3.5 MPa), although
their capacity decreases with increasing temperature and in the pre-
sence of moisture and impurities [6,13]. In general, the use of physi-
sorbent materials is limited to SERP technologies and postcombustion
at intermediate and high temperatures, between 200 and 400 °C. Che-
misorbent materials have gained interest due their high and reversible
CO, adsorption capacity. Among this group of materials, alkali and
alkaline earth metal oxides, double oxides, hydrotalcite compounds and
their derived oxides obtained by calcination have attracted increasing
attention. Indeed, several reviews have made a detailed comparison of
these materials, highlighting the general characteristics of these ad-
sorbents and their maximum adsorption capacity [6,8,14,15]. Specifi-
cally, hydrotalcites have been identified as chemisorbents for use at
intermediate temperatures [15].

The aim of this work was to evaluate the CO, adsorption capacity of
Co, Fe and Ni mixed oxides obtained from aqueous impregnation a
commercial hydrotalcite as potential adsorbents in precombustion
processes. The results are compared with four microporous materials
selected from previous studies. Information related to several materials
and their CO, adsorption capacity under several conditions of tem-
perature and pressures are given in Table S1 of the Supporting
Information. To the best of our knowledge, there are very few reports of
CO, adsorption on mixed oxides derived from hydrotalcites under the
experimental conditions studied in this work, high temperatures and
pressures.

2. Experimental
2.1. Materials, reagents and gases

Materials and reagents used for the synthesis of mixed oxides de-
rived from the hydrotalcite were: Co(NO3),6H,O (Panreac, PA), Fe
(NO3)36H,0 (Sigma-Aldrich), Ni(NO3)»6H,O (Panreac, PA) and
MgsAl,(CO3)(OH)164H,0  (Sigma-Aldrich). Four commercial ad-
sorbents were used as reference: a zeolite 13X (Sigma-Aldrich), a MOF
(Basolite A100 (MIL-53-Al) purchased from Sigma-Aldrich), an acti-
vated carbon (AC; Sigma-Aldrich, Darko KB-B) and a synthetic alumina
pillared clay (Al-PILC) [16]. Pure oxides (NiO, 99.999%, Sigma-Aldrich;
C0304, 99.9985%, Strem Chemicals; Fe,03, 99.99%, Sigma-Aldrich) are
also included for comparison in the characterization section. Carbon
dioxide (AGA, 99,996%), nitrogen (Air Liquide, 99.999%) and helium
(Air Liquide, 99.999%) were also used.
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2.2. Preparation of the materials

The materials selected in this study include three mixed Co, Fe and
Ni oxides with a content of 5 wt%, Ni-MO-5, Fe-MO-5 and Co-MO-5,
obtained from a commercial hydrotalcite, HT. These oxides were in-
itially prepared from HT previously calcined at 500 °C and impregnated
with aqueous solutions of the corresponding nitrate salt. The resulting
material was then dried at 100 °C and finally calcined at 500 °C for 4 h
in order to obtain the mixed oxides.

2.3. Characterization techniques

In order to characterize the crystalline phases of the mixed oxides,
the powder X-ray diffraction (PXRD) patterns were recorded using a
Siemens D-5000 diffractometer equipped with a Ni-filtered Cu Ka ra-
diation source (A = 0.1548 nm). The working conditions used were
30 mA, 40 kV and a scanning rate of 2° (20)/min from 4 to 90°.

The textural properties of the mixed oxides in the micro-mesoporous
region were obtained from N, adsorption-desorption experiments at
—196 °C using a static volumetric apparatus (Micromeritics ASAP 2010
adsorption analyzer). Prior to the adsorption measurements, 0.3 g of
sample was degassed at 200 °C for 24h at pressures lower than
0.133 Pa. In the case of HT, the sample was pretreated at 100 °C. The
textural characteristics of the meso-macroporous region were also ob-
tained by Hg intrusion-extrusion experiments using an intrusion por-
osimeter apparatus (Micromeritics AUTOPORE-III). Prior to analysis,
0.5 g of sample was degassed at room temperature up to 7 Pa. Hg was
introduced at a fill pressure of 2 kPa. The analysis at low pressure was
performed from 3.4 to 206 kPa, followed by high pressure measure-
ments up to 413 MPa, thus allowing the identification of pore sizes from
360 um to 3 nm.

Temperature-programmed reduction (TPR) studies were performed
using a Micromeritics TPR/TPD 2900 equipment instrument. TPR tests
were then carried out from room temperature to 1000 °C, at a heating
rate of 10 °C min !, under a total flow of 30 cm® min ! (5% H, in Ar,
Praxair).

The thermogravimetric analysis of Ni-MO-5, before and after CO,
adsorption at 300 °C, was performed using a Hi-Res TGA2950 apparatus
from TA-Instruments. The measurements were carried out at a heating
rate of 10 °C min~! from room temperature to 800 °C under nitrogen
atmosphere and a flow of 60 cm®/min.

2.4. CO, adsorption experiments

Carbon dioxide adsorption experiments at 25, 35 and 50 °C were
performed using a static volumetric apparatus (Micromeritics ASAP
2050) at pressures up to 1000 kPa. The samples (0.5 g) were previously
degassed under vacuum at 200 °C for 24 h, except for the HT material,
which was degassed at 100 °C to avoid any structure modification. The
adsorption temperature was controlled using a circulating thermostatic
bath containing ethylene glycol solution as the heat-transfer medium.

Adsorption experiments at 300 °C and pressures up to 4400 kPa
were performed using a different static volumetric apparatus (VTI HPA-
100). The degassing conditions were similar to those at low tempera-
tures. The density of CO, gas under these experimental conditions was
obtained using REFPROP v. 8.0 software, which contains the NIST
Standard Reference Database. The excess CO, adsorption isotherms were
calculated using these density data.

3. Results and discussion
3.1. Characterization of materials
3.1.1. Powder X-ray diffraction

Diffraction patterns for the commercial hydrotalcite (HT), the cal-
cined hydrotalcite (HTC) and the mixed oxides are shown in Fig. 1(a,
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Fig. 1. PXRD patterns of HT, HTC, HTC impregnated with Ni salt solution compared with
Ni-MO-5 (a) and Co-, Fe-, and Ni-mixed oxides (b).

b). The starting material HT exhibited characteristic reflections of a
typical hydrotalcite structure with sharp and symmetrical diffraction
peaks at low and high 26 values and asymmetrical and less intense lines
at intermediate values [17]. After calcination of the hydrotalcite, the
diffraction profile was found to be modified by the thermal treatment.
In the current case, at 500 °C, the original layered structure of HT
collapsed and two new peaks of highest intensity being found at around
43 and 63°, related to the periclase phase MgO (JCPDS file 45-0946).
This behavior is due to the fact that calcination at 500 °C destroyed the
layered structure of HT. The spinel phase of MgAl,O, was not clearly
identified due to the calcination temperature used [17,18]. In addition,
well dispersed or amorphous spinel phases of mixed oxides with alu-
minum ions could also be formed but not detected by XRD [19]. A
comparison of the diffraction profiles for the HTC sample and MgO
standard showed a slight shift in the peaks to higher angles in the case
of the HTC sample. This could reflect a substitution of A1>* ions in the
MgO crystal lattice to form solid solutions of Mgq ,Alp 30115 at 500 °C
[20], with AI®* ions being found at the highest concentration at the
surface of the oxide Mg-Al-O [21].

After impregnation of HTC with an aqueous metal nitrate solution to
incorporate the metal, the layer structure of the support was recovered,
as can be seen in Fig. la. Wider and less intense diffraction lines
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compared with the synthetic HT can be seen. A loss of resolution in
planes (11 0) and (1 1 3) suggests the formation of a new, less-ordered
structure containing a lower amount of HT due to the presence of mixed
oxides and periclase phases. Further calcination of the material gives
rise to formation of the final compound (i.e., Ni-MO-5 in Fig. 1a), which
contains only periclase and mixed-oxide phases.

The PXRD patterns of all mixed oxides obtained, Co-MO-5, Fe-MO-5
and Ni-MO-5, are shown in Fig. 1b. In general, the three materials ex-
hibit crystalline structures similar to that for the MgO pattern. In ad-
dition, a combination of several mixed oxides was identified according
to the ICDD files (see Tables S2-S4 in the Supporting Information). The
diffraction peaks observed for Ni-MO-5 correspond to NiO, MgO,
Mgo.4Nip ¢ and to solid solutions of MgNiO,/MgO-NiO, the latter being
difficult to differentiate from the rest due to its high dispersion and low
concentration. A similar PXRD pattern for Ni mixed oxides derived from
hydrotalcite has been reported [22,23]. Other authors have also sug-
gested the probable incorporation of Ni** and AI** into the cubic
lattice to form the mixed oxide Mg(Ni,Al)O [17,24].

Regarding the mixed cobalt oxides derived from hydrotalcite, Co
species can interact strongly with Mg?* and AI** species to form the
solid solutions periclase Mg(CoAl)O and spinels, which are very diffi-
cult to distinguish [25-27]. This fact could explain the broad diffraction
peaks found for Co-OM-5, with (MgyCo;_,)(MgyCo;_y)04, Co304,
Co,Al0, spinel phases and MgAl,0O, only being identified at 37°, pos-
sibly because of the low cobalt content. The formation of Co30;4 in this
material is expected at 500 °C as Co>” ions are easily oxidizable and
Co0304 is thermodynamically more stable in air than CoO [20].

Similar to the Ni and Co mixed oxides, the MgO phase was also
identified in Fe-MO-5, and the (MgO)¢.o1(FeO)o. 99 phase was assigned
at the same diffraction angles as the MgO pattern [21,28]. Although the
hematite phase Fe,O3; may also be present, it was not clearly identifi-
able, possibly due to the fact that the low iron content interacts strongly
with the MgO phase.

3.1.2. Textural analysis

The nitrogen adsorption-desorption isotherms for HT, HTC and the
mixed oxides are shown in Fig. 2. The isotherms were identified as type
II (a or b) according to the IUPAC classification [29,30]. It can be seen
that the volume adsorbed at high p/p° values increased rapidly, thus
suggesting the presence of large mesopores and macropores. These
samples can therefore be categorized as meso-macroporous materials.
An H3-type hysteresis loop characteristic of non-rigid aggregates of
plate-like particles was observed for all materials [30]. In addition, a
small hysteresis loop was found for HTC, thus suggesting the same
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Fig. 2. N, adsorption-desorption isotherms at —196 °C and pore-size distributions using
the BJH method.
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mechanism for filling and emptying of the pores. An estimation of the
mesopore size distribution, which was obtained by applying the BJH
method to the adsorption data, is provided as an insert to Fig. 2 [31].
All the mixed oxides exhibited narrow distributions in the lower range
of mesopore size (2-6 nm). A small distribution can also be observed at
higher pore sizes up to 15nm. In the case of HT, this distribution
suggests that the amount of pores in the mesopore size region is neg-
ligible.

Additional textural information concerning the macroporosity of the
materials was obtained by Hg intrusion porosimetry (see Fig. 3). The
HT sample exhibited a well-defined pore-size distribution with a max-
imum around 130 nm and a wider distribution in the range of larger
macropores. The HTC sample exhibited an increase in macroporosity
toward a pore size of 200nm, along with a small mesopore

Table 1
Textural properties derived from N, adsorption at —196 °C and Hg intrusion porosimetry.
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contribution, from 2 to 15 nm. As regards the mixed oxides, a trimodal
distribution containing mesopores and macropores, with a more pro-
nounced distribution in the region from 2 to 15nm, was obtained,
especially in Fe-MO-5 (5.5 nm) and Co-MO-5 (3.6 nm). In the inter-
mediate region (50-750 nm), a comparison of HTC with the mixed
oxides showed a reduction of this type of pore in the oxides due to the
incorporation of Co, Fe and Ni. The formation of mixed oxides and
spinels leads to the creation of macropores with a size of about 34x10°
nm in Co-MO-5 and Ni-MO-5 and 56 x 10° nm in the case of Fe-MO-5.
All these results indicate a regular and well-defined distribution of the
porosity in the meso-macroporous region, with a negligible presence of
microporosity.

The textural properties obtained from N, adsorption at —196 °C and
Hg intrusion data are summarized in Table 1. The specific surface area
(Sper) and total pore volume (Vp) were calculated according to estab-
lished procedures published previously [16]. The total pore volume
(Vug), specific surface area (Syg), bulk density (pg) and apparent density
(p) were obtained by Hg intrusion experiments. The Sggr and Vp values
for the HT material are very low because their structure remains un-
changed after thermal treatment at 200 °C [32]. In the case of the HTC
sample, the thermal treatment at 500 °C increased the specific surface
area up to 220 m>g ', A cratering process occurs in the material at this
temperature, with this process generating porosity due to interstitial
water loss, decomposition of interlayer CO5>~ and dehydroxylation of
brucite sheets [33]. In addition, formation of the mixture of an MgO
phase and a mixed oxide could lead to an increase in the total pore
volume. The increase in Spgr is quite similar for Co and Fe mixed
oxides, reaching values of about 200 m*g ™. In the case of the Ni-MO-5
sample, the Spgr is higher than that of Co and Fe mixed oxides due to
the presence of spinel phases.

3.1.3. Temperature-programmed reduction

The TPR profiles of the three mixed oxides are presented in Fig. 4.
The profiles for the pure oxides are also included for comparison. All
materials exhibited two reduction peaks: the first one appearing be-
tween 200 and 600 °C and the other between 600 and 1100 °C. In the
Ni-MO-5 sample, the first stage at around 480 °C is related to the initial
NiO reduction, which is segregated from a subsequent reduction of the
oxide occupying surface centers of the MgO structure [34]. The second
peak at higher temperatures (877 °C) corresponds to the interaction
between the NiO and MgO structures. It was assigned to the Ni*>* ions
located inside the MgO lattice, which form a Ni/MgO and mixed oxides
solid solution that is difficult to reduce and is promoted by calcination
of the support, HTC. This behavior has also been described previously
by other authors [22,35,36].

The reduction profile for the cobalt species in Co-MO-5 includes a
first peak at 391 °C that can be related to the reduction of pure Co304 to
metallic Co. The shoulder observed at about 300 °C in this region is also
related to the reduction of Coz04 in two stages: Co®* - Co?* - Co°
[37]. The reduction peak at high temperature is due to the reduction of
Co>™ species present in the mixed oxides and cobalt spinels. Specifi-
cally, the species contained in the spinel Co,AlO,4 presents a low ac-
cessibility to Hy due to the presence of AI** ions that polarize the Co-O
bonds [27,37].

Sample SgET Vp Vhg Shg PB p Porosity”
(m>g~ " (em*>g™h) (em®g™h) (m>g~ " (gem™3) (gem™3) (%)

HT 9 0.03 1.03 19 0.626 1.758 64

HTC 220 0.19 1.85 31 0.425 1.976 78

Ni-MO-5 210 0.31 2.59 48 0.328 2.182 85

Co-MO-5 195 0.36 2.44 198 0.368 3.579 90

Fe-MO-5 200 0.26 2.70 217 0.346 5.271 93

VH
* Porosity = —— x 100.
orosity l/pr 00

27
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The two reduction stages exhibited by Fe-MO-5 confirm the ex-
istence of several iron species. This reduction behavior is similar to the
pattern for Fe,O3 but with reduction temperatures shifted to higher
temperatures, thus suggesting the presence of Mg?* and AI*™ ions [38].
The first peak involves the reduction of Fe,O3 to Fe® in the presence of
MgO, and part of the mixed oxide, Mg-Fe-O and Mg-Fe-Al-O. The
second stage continues the reduction of mixed oxides to metallic iron in
the presence of MgO. These reactions have been described by Ge at al.
[21] for this type of mixed oxide.

3.2. CO; adsorption at low temperatures and high pressures

The CO, adsorption capacity of the hydrotalcite-based Fe, Co and Ni
mixed oxides at 25, 35 and 50 °C and pressures up to 1000 kPa are
shown in Fig. 5. The results were compared with those obtained for four
microporous materials, HT and HTC. In all cases, the amount of CO,
adsorbed decreased with increasing adsorption temperature, which
could be related to a physical interaction between the surface of the
adsorbents and CO,. The adsorption capacity at three pressures, in-
cluding the postcombustion conditions of 15 kPa [15,39], 100 kPa and
the highest pressure evaluated 1000 kPa, at 25, 35 and 50 °C, are
summarized in Fig. 6. It can be seen that the materials 13X, A100 and
AC exhibited the highest adsorption capacities. Zeolites, MOFs and
activated carbons are widely used for CO, adsorption at temperatures
lower than 200 °C and in a wide range of pressures [15,40]. In general,
the performance of these materials is related to their porous structure:
size, shape, pore size distribution and high specific surface area; and the
interactions between the surface and CO, molecules [16,41-43]. In the
case of Al-PILC, the porous structure and moderate specific surface
area, about 200 m*g~?, have a negligible effect on the adsorption ca-
pacity under these experimental conditions.

The adsorption results found for the HT sample at 25 °C are worth
discussing further as this material does not undergo any structural
changes at this temperature. It can clearly be seen from the results in-
cluded in Fig. 6 that this material has a higher adsorption capacity than
the mixed oxides at pressures lower than 100 kPa. As such, heat
treatment improves the textural properties but not the CO, adsorption
capacity. This result can be explained in terms of the interlaminar and
surface structure of HT, which results in a surface accessible to CO,
molecules, and the fact that H,O molecules promote CO, adsorption
[44]. Similarly, thermal treatment of the hydrotalcites produces two
effects. The first effect is the generation of holes, channels and micro-
pores, which leads to a higher pore volume and specific surface area,
thus increasing the number of sites available for CO, adsorption. The
second effect is a reduction in the basal space due to the total or partial
collapse of the layered structure to form the mixed oxides [22,45]. The
opposite behavior was found at higher pressures, with the amount of
CO, adsorbed being higher in HTC and the mixed oxides than in syn-
thetic HT, thus suggesting that the compositions and structures of the
materials do not result in marked differences in their adsorption ca-
pacity. In the case of Co-MO-5, the presence of spinel might be re-
sponsible for the decrease of CO, adsorption capacity. A similar beha-
vior was reported for a niquel mixed oxide sample containing a spinel
phase [22]. At higher pressures, the amount of CO, adsorbed was
higher in HTC and mixed oxides than in the synthetic HT, indicating
that the differences in textural characteristics of the materials did not
significantly modify the adsorption capacity.

With regard to the microporous adsorbents, in the case of 13X the
CO, adsorption capacities at 100 and 1000 kPa and low temperatures
were close to those reported in the literature [11,46]. A comparison of
the results for 13X and AC showed that, at pressures lower than 200 kPa
and temperatures of 25 and 35 °C, AC exhibited a lower adsorption
capacity (1.71 and 1.39 mmol-g’l, at 100 kPa) than 13X (4.55 and
4.28, at 100 kPa). However, this behavior is reversed at pressures
higher than 600 kPa. Thus, at 1000 kPa and temperatures of 25 and
35 °C, the adsorption capacity of AC is 6.94 and 6.07 mmol-g ™}, and the
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adsorption capacity of 13X is 5.53 and 5.36 mmol-g~'. At 50 °C, the
amount of CO, adsorbed by the AC adsorbent is lower than for zeolites
over the whole pressure range. Similarly, the CO, adsorption capacities
at 25 and 35 °C and pressures up to 1000 kPa are in good accord with
those found by Mu and Walton [9], with A100 showing a lower ad-
sorption capacity than 13X and AC. At 1000 kPa, the amount adsorbed
by this material is between 3.74 (50 °C) and 5.17 mmol'g_l (25 °Q). Al-
PILC exhibited the lowest CO, adsorption capacities, with a maximum
value of 1.12 mmol-g~* at 25 °C and 1000 kPa. This result is in accord
to the only value reported in the literature to date [47] (see Table S1 in
Supporting Information). In general, the materials derived from hy-
drotalcite and Al-PILC exhibited a low CO, adsorption capacity at low
temperatures and pressures up 1000 kPa. The enhanced adsorption
capacity of the hydrotalcite and mixed oxides materials at intermediate
and high temperatures is well-known in the literature (see Table S1).

3.3. CO; adsorption at 300°C and high pressures

The CO, adsorption capacities of the materials at 300 °C and pres-
sures up to 4400 kPa are represented in Fig. 7 and summarized in
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Fig. 5. CO, adsorption at 25, 35, 50 °C and pressures up to 1000 kPa.

® HT ® HTC © Ni-MO-5 @ Co-MO-5 ® Fe-MO-5 AAI-PILC

Table 2. The results obtained reveal the effect of temperature and
pressure in each type of material. Thus, a marked increase in the CO,
adsorption, especially at high pressures, was observed for Ni-MO-5 and
HTC, which clearly outperformed the other materials evaluated. This
behavior is more moderate for Co-MO-5 and Fe-MO-5. It is evident that
CO,, adsorption in the case of AC and A100 mainly follows a physi-
sorption process since their capacities decreased notably compared to
the results obtained at low temperatures. The adsorption values for 13X
are higher than for the other microporous materials selected. In the
range of 0.6 to 1.7 MPa, a sort of knee is formed in which the adsorp-
tion capacities are close to the values obtained with Ni-MO-5. This
could suggest that, despite the high temperature, the optimal adsorp-
tion capacity is located in this pressure range. In the case of zeolite
materials, CO, adsorption involves physisorption and chemisorption at
high and moderate temperatures. Specifically, CO, capture in zeolites is
influenced by their textural properties, the high basicity of the surface,
the number of cations and their distribution in the cavities, the Si/Al
ratio and the polarizing capacity of these materials. However, carbo-
nate formation at the zeolite surface during chemisorption can con-
siderably limit CO, adsorption by blocking surface cations [48]. In



S.I. Garcés-Polo et al.

~ 7.0 1
50
—°'6.0-
:
5.0
; 15 kPa
2401
= -
=] en
2 3.0 -
<
=
£ 2.0 A
e = B
Ewo{lls = & = &8 8 28 g
< = = S S =) =
0.0
8 & L H H H O L
S < ¢ ¢ ¢
M P I
S
7.0 4
50
—26.0-
w
ES.O-? 100 kPa
=
24.0 4
S
A
-33.0- g _
=20 - - =
3 v} NS = <r <t =
®x e T v w O
Elo_ = (=] = =] (=] =]
<.
0.0
e K (@)
&S & o
T VSIS T
é\’ o Q@’ ?}
~ 70
bD o -
= 6.0 {4 1000 kPa 3
E 3
E 50 1 b
g5t
2 4.0 4
o
2
Z 3.0 -
«
= 2.0 4
= 2.
g
1.0 -
<
0.0 H
RO I OIS - T - I - B VRN ¥
> & &
VTS S TSNS
& g w
Materials

25° B 35°C ms50°C

Fig. 6. CO, adsorption capacity at 25, 35, 50 °C and pressures of 15, 100 and 1000 kPa.

addition to the above factors, high temperatures disfavor CO, adsorp-
tion whereas high pressures enhance CO, diffusion in the zeolite,
thereby improving CO, capture. As regards Al-PILC, it appears that the
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Table 2
CO,, adsorption capacity at 300 °C.

Sample Amount adsorbed of CO, (mmol-g’l)
p = 0.1 MPa p =1MPa p = 3.9MPa p = 4.4MPa

HTC 0.22 0.59 2.58 3.28
Ni-MO-5 0.57 1.03 2.90 3.44
Co-MO-5 0.17 0.35 0.52 0.73
Fe-MO-5 0.12 0.33 0.87 -

13X 0.18 1.27 1.75 -

A100 0.07 0.44 0.73 0.83

AC 0.00 0.29 1.06 -

Al-PILC 0.00 0.00 0.00 0.00

adsorption capacity is more related to a physisorption mechanism in
which the amount of CO, adsorbed is negligible, at least under the
conditions studied.

In light of the data included in Table 2, Ni-MO-5 is the only material
that complies with the capture-capacity conditions required for SERP
systems, namely a CO, work capacity of about 0.3 mmolg ' at
300-500 °C and 0.01-0.1 MPa [3]. Among the hydrotalcite-derived
mixed oxides, Ni-MO-5 and HTC presented the highest CO, adsorption
at pressures higher than 3.2 MPa. In general, the adsorption capacity of
these materials results from the combination of physisorption and
chemisorption. As the structure of these materials contains mixed
oxides and a periclase phase, the chemical interactions of CO, are si-
milar to that present in MgO. The strong basic sites resulting from the
presence of 0%~ anions provide available centers at their surface that
explain the high CO, adsorption capacity of these materials [49-52]. In
MgO compounds, the strength of the basic sites is related to the type of
coordination of O~ ions. In the case of low-coordination O?~ ions,
which have a high basicity, a strong interaction is formed between CO,
molecules and carbonate species. It has been reported that in the
structure type Mg-Al-MO, where MO is a mixed oxide, the density and
strength of the basic surface sites depend on their composition. In the
case of HTC, the density of the basic sites is high due the high AI**
content in the MgO matrix, which results in surface defects that com-
pensate the positive charge generated and the unsaturation of the™
adjacent O? ions [53]. In the case of Ni-MO-5, it is possible that the
higher adsorption capacity compared to HTC could be due to the fact
that incorporation of Ni** promotes the formation of CO, adsorption
sites, as suggested by Aschenbrenner et al. [22]; CO, is predominantly
chemisorbed in this material. In the case of Co and Fe mixed oxides, it is
possible that the chemical nature of the surface of these oxides is not
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prevalent in CO, chemisorption and that these oxides have a lower
affinity for CO, molecules. The amount adsorbed may be related to a
physisorption process or to a lower density of active CO,-adsorption
sites. The presence of spinel structures in both materials, as it was re-
vealed by PXRD patterns, could reduce the interaction of CO, molecules
with the surface, and this behavior has been explained on the basis of
formation of the cobalt spinel by catalytic decomposition of the initial
hydrotalcite and the presence of CO, adsorbed as carbonate [54].
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Additional characterization of the mixed oxides after CO, adsorp-
tion at 300 °C was performed in order to investigate possible species
formation or structural changes in the materials. The results of the
characterization of Ni-MO-5 are included in Fig. 8. Significant differ-
ences in the textural properties, thermogravimetric analysis and X-ray
diffraction profiles were found compared to the original sample, before
the adsorption. Thus, the XRD profiles (Fig. 8a) exhibit lower crystalline
peaks with the presence of two new peaks at 26, 13° and 61°, similar to
those found in the precursor sample (see Fig. 1). This suggests a partial
reformation of the layered structure, or a memory effect, possibly re-
lated to the presence of carbonate species. However, these phases could
not be identified by XRD analyses. CO, chemisorption on the surface of
mixed oxides leads to the formation of various carbonate species de-
pending on the type of basic site available for CO, adsorption. In the
case of mixed oxides derived from hydrotalcite, the presence of various
carbonate species, such as unidentate, bidentate or bicarbonates, has
been described in the literature [19,43,53,55]. It can clearly be seen
from Fig. 8b that CO, adsorption results in modification of the textural
characteristics of the material. A loss of specific surface area of about
70% and a 78% decrease in total pore volume were found. This could
indicate that CO, is chemisorbed in the mesopores, thereby blocking
the mesoporosity of Ni-MO-5. A weight loss of 20% was obtained in the
thermogravimetric experiments after CO, adsorption (Fig. 8c) and an
endothermic peak (not represented in Fig. 8c) was observed at 370 °C,
thus revealing the start of a possible decarbonation. The original sample
shows no significant structural changes, with the observed weight loss
of 8% possibly arising due to the presence of moisture or CO, adsorbed
from the environment. In the case of HTC, the changes in the textural
properties observed were a decrease of the specific surface area and
total pore volume from 220 to 90 m*g ™' and from 0.19 to 0.1 cm®>g ™!
respectively, and an increase in the pore size from 3.0 to 4.6 nm.
However, the XRD profiles of HTC before and after CO, adsorption at
300 °C and high pressures were quite similar. Concerning Co and Fe
samples, no changes in textural and structural properties were found
between the fresh samples and the ones used in CO, adsorption at
300 °C.

In summary, the above results indicate that the capacity of ad-
sorption of Ni-MO-5 and HTC is governed by a chemisorption me-
chanism, due to the presence of basic sites of high strength and density.

4. Conclusions

This work has presented a quantitative and comparative study of the
CO,, adsorption capacity of Co, Fe and Ni mixed oxides derived from a
commercial hydrotalcite. The materials have been characterized in
terms of their physicochemical properties. The mixed oxides exhibit
crystalline structures similar to the MgO pattern, as well as spinel
phases. The samples can be considered to be meso-macroporous ma-
terials with specific surface areas of 200 m*g~' and mesopore sizes of
2-6 nm after thermal treatment at 500 °C.

The mixed oxides exhibit an important CO, adsorption capacity at
300 °C and pressures higher than 0.1 MPa up to 4.4 MPa, thus showing
the potential utility of these materials in SERP schemes and post-
combustion processes. Ni-MO-5 presents the best behavior, with a

maximum CO, adsorption capacity of 3.44 mmol-g ™ ®.
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