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Abstract In this work, CaO-NiO mixed oxide powders were prepared by
mechanical mixing and incipient impregnation methods. The samples were char-
acterized structurally and microstructurally, where it was determined that
microstructural properties changed depending on the NiO addition method. The
CO, and CO-0, capture evaluations were performed in a thermogravimetric ana-
lyzer. These results showed that the presence of nickel significantly modified the
CO,; and CO capture processes. In both cases, the CO, or CO capture temperature
was shifted to lower values in the CaO-NiO composites in comparison to the CaO
sample. Nevertheless, the carbon oxide captures seemed to decrease as a function of
the nickel addition. It was associated to the nickel superficial deposition over the
CaO particles. On the other hand, the CO-O, oxidation was importantly enhanced
and maintained, for long times, with the presence of nickel independently of the
calcium oxide carbonation process.
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Introduction

CO, is one of the major greenhouse gases (GHG) that absorbs heat radiation from
the surface of Earth, which would otherwise leave the atmosphere [1]. Therefore, in
recent years, the impact of global warming has been of particular concern
worldwide [2—4]. Based on that, there are three challenges regarding environmental
and energy issues: (1) finding a viable alternative energy source as a replacement for
oil, (2) reducing CO, emissions and (3) preventing air pollution.

Within this context, reliable solid sorbent materials may be of great importance
for carbon capture and sequestration. CO,-sorbents, such as CaO and MgO, [1, 5, 6]
have been intensively studied. In general, any metal oxide that would qualify for
CO, capture applications must be abundant in the earth’s crust, react with CO,,
allow regeneration, have suitable reaction kinetics, and form a carbonate stable in
the environment at ambient conditions [5, 7-9]. CaO-based sorbents can be
significantly improved by physical or chemical modifications [1]. Although
numerous studies can be found in the literature about the carbonation, diffusion,
structure, surface and reaction kinetics of CaO-based sorbents [10], considerably
less information is available on CaO-NiO sorbents for CO, capture [11-13].
Choudhary et al. [14] found that a CaO-NiO composite can be used in the oxidative
conversion of methane to syngas (H,—CO). According to these authors, the highest
conversion, selectivity and productivity occur far away from the reaction
equilibrium. Moreover, at atmospheric pressure, practical CaO carbonation occurs
in a narrow temperature window of 650-700 °C. At lower temperatures, the
reaction rate is too slow for practical use [15, 16]. Recently, CO, capture in CaO-
NiO was studied by Lee [17], where this composite was able to trap CO, at a lower
temperature (465 °C) than pure calcium oxide. Therefore, in a first approach, the
properties of CaO-NiO are worth studying in the production of syngas by CO, and
steam-reforming reactions and CO, capture. CaO-based sorbents, obtained using
different synthesis methods [13, 18-21] and exhibiting varying morphologies
[22-24] and surface modifications [25], are also of special relevance in gas capture
and heterogeneous catalysis.

There are few works related to the CO oxidation [26-30] and subsequent CO,
capture in inorganic oxides. Therefore, the aim of this work is to elucidate the CO,
capture and CO oxidation and subsequent CO, capture using CaO and different
CaO-NiO systems prepared by metal oxide mixing and impregnation methods,
analyzing the structural and microstructural characteristics of the CaO-NiO
systems.

Experimental section
Initially, CaO and NiO were obtained by calcining CaCO; (Meyer 99.9 %) and
Ni(CH5COO), (Sigma-Aldrich 99 %) at 900 and 600 °C for 6 h. Then, a composite

was prepared by mixing both oxides in a molar ratio of CaO:NiO = 0.97:0.03
(labeled as CaO-NiO). The Ni-impregnated CaO sample was prepared as follows.
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0.4 g of CaO, previously prepared as described above, was impregnated with
1100 pL of aqueous nickel solution (1 M nickel(Il) nitrate hexahydrate, Ni(NOj3),-
6H,0, Sigma-Aldrich 99 %) drop by drop. After that the sample was dried at room
temperature and then it was calcined at 600 °C for 4 h (heating rate of 5 °C/min). It
must be pointed out that these preparation methods were selected to evidence the
importance of the NiO microstructural characteristics.

These samples were structurally and microstructurally characterized. The
structural characterization was done with X-ray powder diffraction (XRD) using a
Siemens D5000 diffractometer (CO, 1.7903 A radiation). The specific surface areas
of the samples were calculated from N, adsorption—desorption isotherms using
BEL-Japan MINI-sorp equipment at 77 K. The specific values of the surface areas
were determined using the BET method. The powder morphology was observed and
studied through SEM-EDS analysis in a JEOL JSM7800FEG scanning electron
microscope. The particle sizes were determined by statistical standard method,
measuring the particles in different images. For nanoparticle identification, HRTEM
investigations were conducted on a JEOL JEM2010FEG transmission electron
microscope. To quantify the calcium and nickel contents, a Varian SpectraAA 220
atomic absorption spectrometer was used.

Temperature-programmed CO, and CO desorption (TPD) experiments were
performed on a BELCAT catalyst analyzer (BEL-Japan). Prior to the analysis, the
samples were pretreated at 850 °C for 85 min under flowing He (30 mL/min) to
remove any moisture and adsorbed impurities. After the catalyst activation, the
sample was cooled to 40 °C. Then, carbon dioxide or carbon monoxide was fed into
the equipment using a gas flow of 50 mL/min for 60 min. Finally, the sample was
heated in a He flow at a rate of 10 °C/min from 40 to 850 °C, measuring the thermal
conductivity changes associated with the sorbed CO, or CO molecules.

CO, and CO-0O, capture experiments were performed in a TA Instruments
Q-500HR thermobalance by varying the temperature from 30 to 850 °C. The CO-
O, catalytic reaction was analyzed using a catalytic reactor with a gas mixture of
5 vol% O, (Praxair, grade 2.6), 5 vol% CO, and balance N, (Praxair, certified
mixture) with a total flow rate of 100 mL/min. Each sample was heated from 30 to
900 °C at a rate of 5 °C/min. The gas products were analyzed in a GC 2014 gas
chromatograph (Shimadzu) with a Carboxen-1000 column coupled with an Alpha
Platinum FTIR (Bruker with a ZnS gas cell).

Results and discussion

As determined by X-ray diffraction, Fig. 1 shows the various crystalline compounds
present in the powders obtained from the CaO synthesis and the different nickel
additions (mechanically and by impregnation). In the CaO sample, only this
compound was detected and fitted to the PDF 37-1497 file, as expected. In the CaO-
NiO composite, part of the calcium oxide seemed to be hydrated, as small CaO-H,O
crystals (PDF file 02-0968) were present, and NiO was also obtained (PDF file
47-1049). The nickel addition and the mechanical process thereby induced a partial
hydration of the main CaO phase. In the Ni-impregnated CaO sample, NiO was
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Fig. 1 XRD patterns of a CaO, °
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detected, and part of the calcium was converted to CaCOj3 (PDF file 05-0586). This
must be produced during the second heating process, where the nickel nitrate was
decomposed at 600 °C in air, a temperature at which CaO is very reactive to CO,,
due to the slow sample carbonation process at room temperature [15]. Based on the
presence of secondary phases, the samples were always thermally cleaned before the
CO,; chemisorption processes. Additionally, based on these results, the coexistence
of the CaO and NiO phases is clearly evident.

After the structural characterization, it was necessary to determine the real
content of nickel in the Ni-impregnated CaO sample by atomic absorption. The
result indicates that the Ca:Ni molar ratio was 0.98:0.03, which is similar and
comparable with the mechanical composite (see experimental section).

All the samples were microstructurally analyzed by N, adsorption, scanning and
transmission electron microscopies. All the samples presented N, adsorption—
desorption isotherms type II isotherms, according to the ITUPAC classification [31],
corresponding to non-porous samples (see supplementary information). The specific
surface areas determined by the BET model were 14, 12 and 8 mz/g for the CaO,
CaO-NiO and Ni-impregnated CaO samples. It is evident that the nickel addition
tends to decrease the total surface area. It can be explained based in the fact that
nickel oxide, in the composite sample, possesses a lower surface area (4.5 m%/g),
reducing the total sample surface. Simultaneously, in the Ni-impregnated CaO
sample, nickel is deposited over the CaO surface, producing a surface area
decrement but mainly the surface decrement may be associated to the second
calcination process of this sample, which should have produced the sample
sintering. In addition to the textural analysis performed by N, adsorption—
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desorption, the microstructural analysis was complemented by scanning and
transmission electron microscopies. Fig. 2 shows scanning electron images
displaying the general morphology of the pristine CaO and the nickel-added
samples. The pristine CaO showed well-defined micrometric cubes (2—10 m sides).
These cubes seem to be composed of small sintered particles, which produce some
form of macroporosity. The morphology of the CaO-NiO composite showed the
presence of the same CaO micrometric cubes covered with many small polyhedral
particles of approximately 200-300 nm. These tiny particles must correspond to the
NiO located over the CaO particle surfaces. Finally, in the Ni-impregnated CaO
sample, the surface morphology changed, as the CaO surface evidenced the
deposition and incrustation of particles with two different sizes: 50-100 nm and
approximately 1 m. Again, both types of particle must correspond to the nickel
particles deposited after the impregnation and thermal processes. To further analyze
the Ni-impregnated sample, a mapping elemental analysis was performed (Fig. 3).
From this elemental analysis, it is evident that the deposited particles contain nickel
and are most probably nickel oxide. As the smallest particles could not be analyzed
by this technique, transmission electron microscopy images were obtained. Fig. 4
shows a HR-TEM image, where nanoparticles of approximately 2-3 nm could be
indexed with the NiO cubic phase (Fm 3 m). Therefore, the nickel particles are
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Fig. 2 Secondary electron images of a CaO, b CaO-NiO composite and ¢ Ni-impregnated CaO samples.
These images show that sample morphology changed depending on their preparation method
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Fig. 3 Microscopic composed image of the elemental mapping distribution of Ca and Ni on the Ni-
impregnated CaO sample. The bright areas indicate the presence of the corresponding element

Fig. 4 HR-TEM image of Ni-impregnated CaO sample, where it was identified the NiO nanoparticle.
The square inset show the electron diffraction pattern, which indexes in the [Olﬂ direction

deposited over the CaO with significantly varying size, from micro- to nano-
particles.

After the structural and microstructural studies, the temperature-programmed
desorption experiments of CO, (CO,-TPD) and CO (CO-TPD) were performed on
the pristine and Ni-added CaO samples (see supplementary information). In the CO,
case, there are three processes in all the samples. The pristine CaO sample presents
three temperature regions for CO, desorption at 90, 310 and 560 °C, which must
correspond to CO, adsorbed, superficially chemisorbed and chemisorbed in the CaO
particle bulk. A comparison of the obtained temperature regions for CaO sample
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revealed that these temperatures were in agreement for the first and third peaks, with
literature [32-34]. Although two of the peaks evidenced in these experiments are in
good agreement with the previous reports, the peak located at 310 °C was not fully
identified. Nevertheless, this peak must correspond to a superficial carbonation
process, as it is supported by the TG results presented below. The CO,-TPD curves
of the Ni-added samples present the same desorption peaks, but at lower
temperatures, in both cases. Perhaps the most evident temperature shift corresponds
to the bulk CO, chemisorption, as it was observed at 554 and 551 °C. This means
that the CO, desorption was shifted to lower temperatures. These results suggest
that the presence of Ni destabilizes the CO, carbonation-decarbonation process in
CaO. On the other hand, when CO gas was used as an adsorbent, the samples
presented important differences. The CaO sample showed only two peaks at
approximately 337 °C (strong) and 500 °C (narrow), which may be associated with
CO chemisorbed at the surface and in bulk CaO particles. However, when nickel
was included in the CaO, as a composite or impregnated, the CO-TPD curves
changed. In the CaO-NiO composite, two different peaks appeared at 285 and
360 °C. Therefore, the CO superficial chemisorption must be produced in both the
CaO and NiO particles. However, the Ni-impregnated sample only showed one
desorption peak at high temperature (680 °C), which may be attributed to CO,. The
formation of CO, could occur through the direct oxidation of adsorbed CO on the
NiO nanoparticles. This result suggests CO oxidation and consequent carbonation,
with the corresponding nickel oxide reduction, as it was confirmed below.

After the chemical, structural and microstructural characterizations, the CO, and
CO-0, captures were evaluated in all the samples. Fig. 5 shows the dynamic TG
experiments of the three CaO samples. Initially, for the CO, capture process
(Fig. 5a), the pristine CaO presented a typical behavior, where two different
processes are observed [12]. The first weight increment was depicted between 300
and 520 °C. This weight increment is associated with the superficial CO,
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Fig. 5 Thermogravimetric dynamic curves of a CO, capture (from 30 to 850 °C at 5 °C/min, flowing
100 mL/min of CO,) and b CO oxidation with subsequent CO, capture (from 30 to 850 °C at 5 °C/min,
flowing 100 mL of a mixture of 5 vol% O, and 5 vol% CO N, balanced). Both experiments were
performed in the CaO, CaO-NiO composite and Ni-impregnated CaO samples, where the presence of
nickel into the samples decreased significantly the CO, capture temperature in both gas flows
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chemisorption, where a CaCOj; external shell is produced. Then, once the diffusion
processes are activated and the CO, chemisorption can continue through the
ceramic bulk, the second weight increment was observed (525-825 °C). Finally, at
T > 825 °C, the CaCO5; decomposition process occurs, as evidenced by a weight
decrement. The CaO-NiO composite presents a very similar behavior to that
previously described for the pristine CaO, with no real qualitative differences.
However, the Ni-impregnated sample presents important differences. In this case,
the superficial and bulk chemisorption processes were not different, and only one
weight increment was depicted between 350 and 825 °C. Although these are
qualitative experiments, the final weight increment was only half those observed in
the previous samples. It seems that the Ni impregnation over the CaO surface
particles inhibits the CO, capture process.

Fig. 5b shows the dynamic TG experiments of the three CaO samples using a
CO-0, gas flow. As in the previous case, all these thermograms presented weight
increments, confirming the carbon capture. The carbonation process in all the
systems did not vary in temperature range in comparison to the CO, gas flow
experiments; only the decarbonation process was shifted from 825 to 705 °C, which
must be related to different equilibrium processes at the solid—gas interface due to
the lower CO concentration. Moreover, the weight increments were lower,
suggesting a slower kinetic process in comparison to the CO, results. Additionally,
as in the previous case, the nickel oxide addition diminished the carbonation
process. The carbonation processes, in the presence of CO, or CO-0O,, were
confirmed qualitatively by ATR-FTIR, when the experiments were performed at
different temperatures (data not shown).

At the same time, the CO catalytic conversion to CO, was evaluated in the
samples. Fig. 6 shows the CO conversion and CO, formation as a function of
temperature. CO conversion varied as a function of the composition. In fact, the
100 % CO conversion efficiency was shifted from 750 to 490 and 350 °C, using the
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Fig. 6 Catalytic evolution of a CO, production and b CO conversion (determined by gas
chromatography from 50 to 900 °C at 5 °C/min, flowing 100 mL of a mixture of 5 vol% O, and
5 vol% CO N, balanced) as a function of temperature, using CaO, CaO-NiO composite and Ni-
impregnated CaO samples. The CO consumption fits well with the corresponding CO, production, as a
function of temperature and nickel content
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Ca0, CaO-NiO composite and Ni-impregnated CaO samples. These temperature
shifts must be associated to the fact that nickel is able to catalyze the CO oxidation
process [35]. Moreover, pristine NiO presented a similar catalytic behavior than that
observed on the Ni-impregnated CaO sample. Consequently, the CO, produced can
be chemically trapped as soon as the CO is oxidized. Moreover, these CO
conversion temperatures are in good agreement with the CO, production detected
by the same experiments. In fact, the CaO-NiO composite and Ni-impregnated CaO
samples presented higher CO, concentrations than that expected at approximately
680 °C, which must be associated with the CaCO5 decarbonation that occurs in this
temperature range. Hence, the quantified CO, corresponds to the catalytically
converted CO and, at high temperatures, to the fraction of CO, previously converted
and chemisorbed.

Conclusions

In this work, two different CaO-NiO composites were prepared, mechanically and
by an incipient impregnation method. While the mechanical method simply
produced a micrometric CaO and NiO mixture, the impregnation method allowed
the production of NiO nanoparticles deposited on the CaO surface.

The CO, and CO-O, capture processes were performed in pristine CaO as well
as in the CaO-NiO composites prepared mechanically and by impregnation. For the
CO; capture, all the samples presented a typical behavior. Nevertheless, the CaO—
NiO impregnated sample showed important differences in that the superficial and
bulk chemisorption processes were the same, and only one slight weight increment
was depicted. The differences observed were attributed to variations on the samples
textural characteristics, but mainly to the nickel morphology. In the CO-O, case,
the thermograms showed weight increments, as in the CO, case, confirming the
carbon capture. These results were confirmed in a catalytic reactor, where the CO
conversion to CO, was evaluated. It must be noted that in this case, the 100 % CO
conversion efficiency was shifted from 750 to 490 and 350 °C using the CaO, CaO-
NiO composite and Ni-impregnated CaO samples, showing the positive effect of the
presence of nickel in this catalytic capture process. Therefore, although the CaO
carbonation, in the presence of a CO-O, flow, was not the most efficient under these
physicochemical conditions, the oxidation process was produced very actively from
moderate to high temperatures.
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