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Sodium cobaltate was synthesized, characterized (structural and microstructural) and evaluated for CO,
and CO captures. The CO capture was produced via a double reaction mechanism oxidation—chemisorp-
tion process. The sample structure and composition were studied using the XRD and atomic absorption
techniques, which indicated a NaggoCo0; g5 composition. This ceramic is able to chemically trap CO,,
which results in carbonation products such as Na,CO3 and different cobalt oxides. Cobalt was chemically
reduced as a function of the carbonation temperature. The Nag goCo0; 95—CO; reaction kinetic parameters
were determined assuming a first-order reaction. The kinetic constants tend to increase as a function of
temperature, and two different AH* values were determined. On the other hand, the Nag ggC001.95—CO
oxidation and subsequent chemisorption processes were analyzed. CO can be oxidized on sodium cobal-
tate and chemically trapped above 160 °C (total conversion was obtained at 490 °C).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since the industrial revolution, fossil fuels, such as coal, petro-
leum and natural gas, remain important energy sources.
Therefore, the concentration of atmospheric CO, has gradually
increased. The emissions of CO,, which is a major greenhouse
gas, need to be reduced. For this purpose, innovative technologies
for carbon capture and storage have been developed in recent
years. In addition, methane autothermal reforming with CO, and
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oxygen, which is a combination of CO, reforming and partial oxida-
tion reactions, has drawn significant interest in recent years as
alternative routes for conversion of natural gas to syngas, which
is a mixture of CO and H, that can be used to obtain products with
high added values, such as ammonia, hydrocarbons and oxygenat-
ed compounds [1]. In addition, increasing demands for clean fuel
has directed attention to fuel cell systems based on hydrogen fuel
that are highly efficient with fewer air pollutants [2].

In the field of CO, capture, several alkaline ceramics have been
proposed as possible CO, chemisorbents [3-6]. Within these alka-
line ceramics, Li»ZrOs, Li4SiOy4, Li,CuO, and Na,ZrOs, among others,
have been extensively studied, because they exhibit good CO,
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capture properties. For example, CO, chemisorption temperature
range, good cyclability and good kinetic properties [7-24].

In addition, the use of these materials may be linked to CO, cap-
ture and subsequent conversion to different added value products.
[25-30] For example, in steam reforming (SR), the H,/CO ratio can
be varied by manipulating the relative concentrations of CO, and
0, in the feed, which can be achieved via selectively adsorbing
the co-generated CO, on a proper and effective sorbent and/or by
carbon monoxide oxidation [31]. A typical sorbent has specific
characteristics, including (i) selective sorption of CO; at the process
temperature and in presence of steam, CH4, CO, and H,, (ii) ade-
quate working CO, capacity at the process operational tem-
perature, (iii) adequate rates of sorption and desorption, and (iv)
adequate thermal and cyclic stability under the process conditions.
High purity H (>95%) and the reduction of CO in the gas effluent to
ppm levels are the most important advantages [26,27].

Therefore, various methods have been proposed for CO removal,
such as selective diffusion, pressure swing adsorption, selective CO
oxidation, and CO methanation [32]. However, the catalytic oxida-
tion of CO in H,-rich gas is considered a promising method and the
most cost-effective approach for eliminating CO from reformed
fuels. An efficient catalyst must exhibit certain characteristics
including (i) high CO conversion and oxidation rate at a wide oper-
ating temperature range, (ii) high selectivity for CO oxidation reac-
tion with respect to undesired H, oxidation, and (iii) stability
within the time on stream [32]. Noble and transition metals (i.e.,
Pt, Pd, Au, Ru, Co, Cu) have been widely studied as catalysts. In gen-
eral, these materials require a support, such as zeolites and Al,Os,
which complicates their preparation and increases the cost. In
addition, the catalytic activity is reduced by contamination due
to carbon deposition on the catalyst surface [31,33-36].

However, Na,CoO, compounds are layered oxide materials that
are used in thermoelectric applications. These compounds have
received much attention because they are nonpoisonous and due
to their lower cost, simple synthesis and anti-oxidization, which
occurs in an oxidized atmosphere for a long time [37-42]. The
crystal structure of Na,CoO, consists of hexagonal CoO, blocks
and a Na layer that form a layered structure. The Na layer is highly
vacant, and the crystal structure varies with the Na content
[43-45].

Similar alkaline ceramics, with layered structures, have been
analyzed as possible CO, captors, showing interesting results. In
these cases, the alkaline element can diffuse easily, improving
the CO, chemisorption process [18-21,24]. In addition, it has been
probed that the formation of different structural defects on the
alkaline ceramics modified the diffusion processes [10,20-
12,24,48]. Therefore, the crystalline structure of this material
might improve the sodium diffusion in the CO, chemisorption pro-
cess. Additionally, the cobalt content may induce a catalytic activ-
ity in the CO oxidation reaction. None of these possible sodium
cobaltate applications have been previously reported. Therefore,
in the current work, sodium cobaltate was studied for use in CO,
capture and as a CO oxidation catalyst (including a subsequent
CO, capture) under different temperature conditions.

2. Experimental section

Na,CoO, was synthesized using a solid-state reaction with sodi-
um carbonate (Na,COs, Aldrich) and cobalt carbonate hydrate
(CoCO3-xH,0, Aldrich). A 27 wt% excess of sodium carbonate was
used to obtain NaCoO,, due to the sodium tendency to sublimate
[18-20]. The powders were mechanically mixed and thermally
treated at 850 °C for 12 h. A diffractometer (Siemens, D5000) with
a Co-Kot (1.7903 A) radiation source operating at 34 kV and 30 mA
was used to identify the pristine phase and the products after CO,
analyses. The samples were measured in a 2-theta range of 15-70°

with a step size of 0.016°. The phases were identified using the
Joint Committee Powder Diffraction Standards (JCPDS). The
microstructure was analyzed using scanning electron microscopy
(SEM). The SEM analysis was performed on a JEOL JMS-7600F.

To determine the concentration of sodium and cobalt in the
sample, atomic absorption was performed (Varian Spectra,
AA220). Prior to the analysis, the sample was dissolved in a
HNOs concentrated solution (68-70%, Sigma-Aldrich) using a
microwave system (CEM, MDS 2000). The calibration was per-
formed with the standard high-purity standard QCS 26. The nitro-
gen adsorption-desorption isotherm of the Na,CoO, sample was
obtained on a Bel-Japan Minisorp II instrument at 77 K using a
multipoint technique (N, from Praxair, grade 4.8). Prior to analysis,
the sample was degassed at room temperature for 67 h. The sur-
face area was determined using the Brunauer-Emmett-Teller
(BET) method.

Dynamic and isothermal CO, capture analyses were performed
with a Q500HR instrument (TA Instruments). Initially, the sample
was dynamically heated from 30 to 900 °C at a heating rate of
5 °C/min using a CO, flow rate of 60 mL/min (Praxair, grade 3.0).
Then, the Na,CoO, sample was isothermally analyzed in the same
CO,, flux at different temperatures (from 400 to 765 °C). For the
isothermal analysis, the samples were heated to the desired tem-
perature under a N flux (Praxair, grade 4.8). Once the correspond-
ing temperature was reached, the flow gas was switched from N,
to CO,. After the CO, capture process, the structural and
microstructural evolution of the Na,CoO, sample was analyzed
using X-ray diffraction (XRD) and SEM.

For the CO oxidation-chemisorption analysis, a thermogravi-
metric analysis was performed using a Q500HR instrument (TA
Instruments). Initially, the sample was dynamically heated from
30 to 850 °C at a heating rate of 5 °C/min using a gas mixture of
5 vol% O, (Praxair, grade 2.6) and 5 vol% CO and N, (Praxair, certifi-
cate standard) as a balance and carrier gas with a total flow rate of
60 mL/min. In addition, the CO oxidation was evaluated in a Bel-
Rea catalytic reactor (Bel Japan) using the same gas mixture
described above using a total flow rate of 100 sccm with 200 mg
of catalyst. Initially, the sample was cleaned under a 50 sccm N,
flow for 15 min. Then, the sample was dynamically heated from
30 to 900 °C at a heating rate of 5 °C/min. The gas products were
analyzed with a GC 2014 gas chromatograph (Shimadzu) with a
Carboxen-100 column and an Alpha Platinum FTIR spectrometer
(Bruker) connected to a ZnS gas flow cell.

3. Results and discussion

Sodium cobaltate was synthesized using a solid-state reaction.
Fig. 1 shows the XRD pattern, which was fitted to 01-087-0274
PDF, corresponding to the Nag74C00; phase even though the nom-
inal formula was NaCoO,. This result was confirmed by elemental
analysis, and the experimental formula was determined to be
Nag g9C00; 5. Because a non-stoichiometric formula was obtained
(Nap.ggC00 95), some cationic and anionic vacancies may be pre-
sent in the Na,CoO, structure, as it has been previously described
[43-45]. Equation (1) represents the different kind of vacancies.
Therefore, these vacancies might improve the sodium diffusion
through the structure during CO, chemisorption and CO oxida-
tion-chemisorption, as it has been reported for other alkaline
ceramics (Nax(Zr-Al)Os, Liz«xCuOz.xz and Lig(Si-Al)O4, among
others [10,20-21,24,48]).

Naya + Coco + 209 — 0.89Nay, + Coco + 1.9500 + 0.11V,
+0.05V; (1)

After the structural and compositional identification, the
microstructural characteristics of the sample were analyzed by
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Fig. 1. XRD pattern for the pristine NagggCoO; 95 sample.

SEM and N, adsorption-desorption (Fig. 2). The backscattered
electron images of the sodium cobaltate show some of its
morphological characteristics. The NagggCo0O195 sample formed
well-defined polyhedral flake-like particles that varied in size from
1 to 5 um with a thickness of 50-200 nm. These flake-like particles
appear to produce non-dense agglomerates that are approximately
10-20 um. Therefore, to complete the microstructural charac-
terization of NaggoCoO;gs5, the sample was analyzed using N,
adsorption-desorption (see Fig. 2 inset). The N, adsorption-
desorption curve corresponds to a type Il isotherm according to
the IUPAC classification [46], and the isotherm did not exhibit hys-
teresis. This behavior corresponds to non-porous particles. The
sample surface area was estimated to be 2.0 m?/g using the BET
model [46].

The combination of sodium and cobalt in the sodium cobaltate
may induce the presence of different physicochemical effects or
reactions with carbon oxides, such as CO oxidation and/or CO, cap-
ture. These processes may be of great interest for the design of
separation systems from different flow gas effluents. Therefore, it
is very important to understand the CO, capture properties of this
ceramic even though the Na/Co molar ratio is not as high as that in
other alkaline ceramics [7-24,47]. Based on this perspective, CO,
chemisorption on sodium cobaltate was studied.

Fig. 2. Scanning electron image of the NagggCoO;g9s pristine sample and N,
adsorption-desorption isotherm (square inset).

According to previous studies, based on sodium and lithium
ceramics, a general reaction between NaCoO, and CO, would be
expected to follow reaction (2):

2NaCoO, + CO,; — Na,CO3 + Co,0;3 (2)

Fig. 3 shows the NagggCo0; 95 dynamic thermogram in a CO,
flow. Initially, the sample exhibited a small weight decrease
(1 wt%), which was associated with a superficial dehydration pro-
cess. Next, the thermogram indicated a continuous weight gain
between 150 and 740 °C. In fact, this weight can be divided into
two clear temperature ranges from 180 to 415°C and 415 to
740 °C, corresponding to the superficial and bulk CO, chemisorp-
tion processes, respectively. This result is in agreement with other
sodium and lithium ceramics where their respective dynamic ther-
mograms exhibit one or two consecutive weight increments asso-
ciated with the superficial and bulk CO, chemisorption processes
followed by a final weight decrease associated with CO, desorption
[7,11,15,17-24]. In this sample, the first maximum weight
increase, which was equal to 0.8 wt%, was observed at ~400 °C.
Then, between 415 and 740 °C, the thermogram indicated a second
total weight increase of 6.8 wt%. After this weight increase, the
weight began to decrease due to the decarbonation process.

As expected, the final weight increase was not as high as that
observed in other ceramics due to the Na/Co molar ratio, which
was low. Nevertheless, the dynamic thermogram reached a final
efficiency equal to 38.4%, which is comparable to that of other sodi-
um and lithium ceramics with higher alkaline/metal molar ratios
[10,14,16-18,20,21,47]. Therefore, different isothermal experi-
ments were performed, and the products obtained from those iso-
therms were re-characterized by XRD and SEM to confirm CO,
chemisorption and elucidate the possible reaction mechanism.

Fig. 4 shows the NagggCo0; g5 isotherms obtained at different
temperatures in a CO, flow. The initial isothermal experiment
was performed at 400 °C. This isotherm exhibited an exponential
behavior and did not reach equilibrium after 3 h, and the weight
increase was only 2.4 wt%. The subsequent isotherms were per-
formed between 400 and 700 °C at 50 °C increments. All of these
isotherms exhibited typical exponential behavior where the
weight gained increased as a function of temperature from
4.7 wt% at 450°C to 9.9 wt% at 700 °C, which corresponded to
the maximum weight increase. In fact, at this temperature, the
CO, chemisorption equilibrium was reached after two hours,
which represents a final efficiency of 55.9%. At higher temperatures
(725, 750 and 765 °C), the isotherms indicated partial desorption
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Fig. 3. NaggoCo0; 95 dynamic thermogram in a CO, flow.
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Fig. 4. CO, chemisorption isothermal analysis of NagggCo0;¢s5 at different
temperatures.

even though these isotherms exhibited important weight increases
(~9 wt%) during the first few minutes. These results indicated that
the CO, chemisorption-desorption equilibrium was modified in
this temperature range.

To understand the CO,-NagggC00; 95 chemisorption mechan-
ism, the isothermal products were analyzed by XRD and SEM.
Fig. 5 shows the XRD patterns of different CO,-NagggC00 g5
isothermal products. The initial NaggeCo0, g5 diffraction pattern
was included for comparison purposes. The 400 °C sample product
consisted of the formation of Cosz04 and the crystallinity of
NaggoC00; 05 appeared to be destroyed. In addition, from this
XRD pattern, the (002) peak was shifted to the left compared to
that in XRD pattern of the NaggoCoO;9s pristine sample.
Therefore, the Nagg9Co0; g5 structure and crystallinity were mod-
ified, which may be due to a partial sodium release that was
observed in the corresponding thermogravimetric experiments.
At higher temperatures (450-700 °C), all of the XRD patterns and
crystalline phases exhibit the following trend. While the
NagggC00; 95 phase tended to disappear, Na,CO3 appeared, and
Cos04 increased. However, CoO was produced instead of Co30, at
T>700°C. As expected, the appearance of Na,CO; was due to

® Na,CO, Y Co,O, HCoO .
765 °C M 0o |0 ©
- 750 °C oy o JL'\. JL v
= v
: A‘
Z o, M v
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Fig. 5. XRD patterns of different CO,-NaggoC00; o5 isothermal products.

CO, chemisorption. However, in reaction (2), a different cobalt
oxide (Co,03) has been proposed based on cobalt not changing
its valence (+3). However, the results clearly show that the valence
of cobalt changes from +3 to +2 because the cobalt oxides detected
by XRD were Co304 and CoO. In other words, cobalt was reduced as
a function of temperature. Therefore, some oxygen must be con-
secutively released, as shown in reactions (3) and (4). In fact, the
oxygen release was confirmed by gas chromatography (data not
shown).

3C0,0; 2272 € 200504 +1/2 0, 3)
C0504 7% 3C00 +1/2 0, (4)

To complement the isothermal product analysis, SEM images
were obtained. Fig. 6 shows different morphological aspects of
the CO,-Nagg9oC001 95 products obtained at 550 and 700 °C. The
morphology of the samples did not appear to result in important
variations compared to the original NagggCoOq 95 sample (see
Fig. 2). The particles exhibited the same flake-like particle mor-
phology, and the sizes did not change. However, the backscattered
images clearly indicated the presence of two different phases. The
presence of these phases was determined by the particle contrasts
observed in the corresponding back scattered electron images
(BSEI), and these phases must correspond to Na,CO3; and cobalt
oxide because they were the NagggCo0; g5 carbonation products

A) 550 °C

Fig. 6. Scanning electron images of the isothermal products obtained at 550 and
700 °C.
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detected by XRD. Therefore, the contrast differences arise from the
differences in the mean atomic number (z) (the z values for
Na,CO03, Co304 and CoO are 8.666, 16.142 and 17.5, respectively).
Therefore, the backscattered electron coefficient (#) of these phas-
es increases from 0.0998 for Na,CO3 (dark phase) to 0.1879 (Co304)
or 0.2021 (CoO) for any of the cobalt oxides (light phase). Finally, it
must be noted that at 700 °C, some filaments, which consist of
Na,COs3, were detected.

To further analyze the isothermal curves shown in Fig. 4, these
data were fitted to a first-order reaction [14,18,49]. This model was
selected because there are several processes involved in this reac-
tion mechanism, such as different CO, chemisorption processes
(superficial and bulk chemisorptions) and cobalt reduction pro-
cesses. Therefore, the data could not be fitted to multiple exponen-
tial models. However, during the first moments of the CO,
chemisorption process, one can assume that a first-order reaction
occurred with respect to NagggCo0; 95 surface particles because
CO, was present in excess (60 mL/min). Therefore, the rate law
can be assumed to be:

lﬂ[Nao_gg(:OO]_gﬂ = —kt (5)

where k is the reaction rate constant, t is the time, and
[NagggCo00;95] is the molar concentration of the ceramic.
Assuming a superficial NagggC00, g5 carbonation reaction, the data
trends were linear only over very short intervals (20 s approximate-
ly) before any diffusion processes, structural changes or cobalt
reduction occur. Table 1 shows the k values obtained, which tend
to increase in two different temperature ranges between 400 and
600 °C and between 650 and 750 °C. This trend was confirmed
when the k values were plotted according to Eyring’s model, which
is used for heterogeneous reactions (Fig. 7). With this model, two
different activation enthalpy values (AH*) were determined.
Between 400 and 600 °C, the AH* value was 48.8 kJ/mol, and at
T> 600 °C, the AH* value was equal to 52.8 kJ/mol. The AH* change
may be related to different factors, such as the CO, chemisorption-
desorption equilibrium, intercrystalline diffusion processes and
cobalt reduction.

In addition, these k and AH* values are not substantially differ-
ent from those reported for other sodium ceramics [18,20,47,48].
For example, the reported k values for Na,ZrOs; are between
1x1073 and 2 x1072s! at the optimum CO, capture tem-
peratures (i.e., 600-700 °C) with a AH* value of 33 kJ/mol [18,20],
and Na,TiO5 exhibited a k values of 1.7-2.5 x 107*s~! and a AH*
value of 140.9 kJ/mol under the best capture conditions (i.e., 600
and 650 °C) [49]. Therefore, these results clearly indicate that
CO, chemisorption on NagggCoO;g5 was slower than that on
Na,ZrOs but considerably faster than that on Na,TiOs. These differ-
ences may be related to CO, chemisorption evolution present in
these sodium ceramics. Na,ZrO3 and NagggCoO; g5 evolve directly
to Na,CO; and the corresponding metal oxides and their AH* val-
ues does not change so much in the corresponding temperature
range. On the other hand, Na,TiO5 only reacts partially with CO,

Table 1

k values obtained from the first order reaction model.
T (°C) k(1]s) R?
400 533 x 107 0.9985
450 128 x 1073 0.9985
500 2.65x 1073 0.9988
550 349 x 1073 0.9969
600 522 x 1073 0.9971
650 3.10 x 1073 0.9990
700 343 x 1073 0.9903
725 5.65 x 1073 0.9980
750 6.49 x 1073 0.9982
765 5.77 x 1073 0.9964

producing Na,CO; and different sodium titanates with lower
Na:Ti molar ratios. In addition, these sodium titanate secondary
phases are denser, which reduces the diffusion processes according
to the k values obtained in each case.

After the CO, chemisorption analyses, CO oxidation and the
consecutive chemisorption on sodium cobaltate was explored.
These processes were evaluated by thermogravimetric and gas
chromatography analyses. Fig. 8 shows the thermogram obtained
in a CO-0, flow compared with the sample analyzed under a
CO, flow. Both thermograms exhibited similar behaviors even
though the samples were analyzed under different conditions.
While the CO-0, experiment was performed with a diluted gas
flow (N,:CO =95:5), the CO, experiment was obtained from a
CO, saturated flow. In both cases, the total flow was equal to
60 mL/min. The superficial capture process was observed between
280 and 400 °C in a CO-0; flow, and the bulk chemisorption pro-
cess was observed between 400 and 805 °C. From these thermo-
grams, both processes (superficial and bulk) were shifted to
higher temperatures in a CO-0, flow compared to the processes
observed in CO,. The thermal shifts may be due to the double
and consecutive processes produced in the CO oxidation-
chemisorption experiment where both processes were produced
by Nag.goC001 gs.

-11,5
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12,5

AH*=48.8 kJ/mol
-13,0 kJ/mo

In(k/T)
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Fig. 7. Eyring-type plot of In k/T as a function of 1/T for data obtained assuming a
first-order reaction of [NaggoC00 g5].
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Fig. 8. Dynamic thermograms of Nag goC00 g5 in CO-0,; (diluted in 90% of N,) and
saturated CO, flows. The total gas flux was 60 mL/min in both cases.
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Fig. 9. Dynamic thermal CO, O, and CO, evolution using NaggeC001.95 as a catalyst (A), gas chromatograms (B) and FTIR spectra (C) obtained from the gas products at

different temperatures.

From this thermogram comparison, it must be noted that the
slopes of the weight increases of the CO-0, and CO, bulk
chemisorption processes are significantly different; 0.0138 and
0.0287 wt%/°C, respectively. These slope values strongly suggest
that the CO-0, chemisorption kinetics were slower than those of
CO,.

To confirm the CO oxidation and subsequent chemisorption,
which was assumed based on the weight increases observed in
the previous thermogram, CO oxidation was dynamically evaluat-
ed in a catalytic reactor connected to a gas chromatograph and a
FTIR gas cell (Fig. 9). CO catalytic transformation and subsequent
CO, production were observed at very low temperatures.
Between room temperature and 120 °C, CO and O, did not appear
to vary. In other words, the catalytic reaction did not occur.
Nevertheless, CO, was observed at approximately 160 °C, and total
conversion was achieved at 490 °C. The CO and O, composition did
not vary from 490 °C to 860 °C. However, at 860 °C, the O, concen-
tration increased. This O, increase is in good agreement with the
Co valence change mentioned above. In addition, the CO, concen-
tration appeared to increase at temperatures higher than 830 °C.
This increase must be related to the Na,CO3; decomposition pro-
cess, which was produced during CO, chemisorption (previously
detected by thermogravimetric analyses).

The total CO oxidation process is in very good agreement with
the initial weight increase associated with CO, superficial

chemisorption (see Fig. 8). Therefore, all of these results confirm
that CO oxidation-chemisorption occurred in the NagggCoO; g5
particles via a double reaction process at T > 160 °C:

CO +1/2 0, 2% o, (6)

NapggC001.95 + 089 CO,—— 089 Na,COj3 + cobalt oxides

7

In reaction (7), the cobalt oxide composition depends on tem-

perature, as previously discussed. In addition, it must be pointed

out that the CO oxidation is produced independently of the
Nag ggC00; g5 carbonation degree.

4. Conclusions

Sodium cobaltate was synthesized via a solid-state reaction. The
sample structure, composition (NagggC00195) and microstructure
were analyzed using XRD, ICP, SEM and N, adsorption. The CO,
chemisorption and CO oxidation-chemisorption capacities on
NagggC00; 95 were evaluated. The CO, chemisorption process
was dynamically and isothermally analyzed using thermogravi-
metric analyses. Then, the carbonation products were re-character-
ized using XRD and SEM. Between 150 and 740°C, CO, is
chemisorbed on NagggCo0,g95, Which resulted in the production
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of Na,COs; and different cobalt oxides depending on the tem-
perature range (determined by XRD). In fact, cobalt was reduced
as a function of the carbonation temperature. The kinetic para-
meter values (k) obtained for the NagggCo0O;g5—CO, reaction
mechanism tends to increase as a function of temperature. In addi-
tion, two different AH* values were determined; 48.8 and
52.8 kJ/mol at 400-600 °C and T > 600 °C, respectively. Therefore,
CO, chemisorption on NagggCo0O; 95 may be related to a variety
of factors, such as the CO, chemisorption-desorption equilibrium,
intercrystalline diffusion processes and cobalt reduction.

Additionally, the CO oxidation—chemisorption processes on
NaggoC00; o5 Were studied. The analysis was performed using a
catalytic reactor connected to a gas chromatograph and FTIR spec-
trometer with a thermobalance. The results confirmed that CO was
oxidized and chemically trapped on sodium cobaltate at different
temperatures. CO oxidation was observed at 160 °C, and total con-
version was achieved at 490 °C. The results of the thermogravimet-
ric experiments indicated that CO is chemically trapped after the
oxidation process on NagggCo01 gs.
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