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ABSTRACT: Na,ZrO; was synthesized by a solid-state reaction, and a CO,
chemisorption process was evaluated as a function of temperature to determine
whether structural and/or microstructural modifications occurred during the
reaction process. This study was performed using the following techniques:
thermogravimetry, X-ray diffraction, scanning and transmission electron
microscopy, and N, adsorption. The results clearly show that Na,CO;—ZrO,
was produced on the external shell of Na,ZrO; during the CO, chemisorption
process. The microstructural properties varied as a function of temperature.
The Na,ZrO;—CO, chemisorption reaction was not limited at T < 550 °C
because the Na,CO;—ZrO, external shell contained mesopores. CO, diffused
through the mesoporous shell, and the reaction continued. Conversely, if the
CO, chemisorption occurred at T > 550 °C, the mesoporosity on the
Na,CO;—ZrO, external shell was not observed, and the chemisorption was

kinetically controlled by the diffusion of CO, through the sodium crystal phases.

B INTRODUCTION

In the past two decades, several materials have been proposed
as potential CO, captors.' ® Among the different materials
studied in this field, some alkaline (lithium and sodium)
ceramics seem to have several interesting _})roperties for the
capture of CO, at high temperatures."”>”~>" The most highly
studied alkaline ceramics are Li,SiO,, Li;AlO, Li,ZrO;, and
Na,ZrO,. %’

In general, it has been accepted that all these alkaline
ceramics capture CO, through the following reaction
mechanism. Initially, at low temperatures, there is a CO,
chemisorption over the surface of the ceramic, which implies
that an external shell is formed that is composed of the
corresponding alkaline carbonate (Na,CO; or Li,COj).
Occasionally, other secondary phases are observed. When the
entire ceramic surface has reacted, the superficial CO,
chemisorption is complete. The CO, chemisorption can be
reactivated if the temperature is increased sufficiently to allow
diffusion processes and the reaction to continue throughout the
bulk of the material>® Reports in the literature indicate that
isothermal CO, chemisorptions sometimes follow atypical
behaviors. In the first temperature range, the CO, chem-
isorption increases as a function of temperature, as expected.
Then, in the intermediate temperature range, the CO,
chemisorption will dramatically decrease, resulting in even
lower CO, capture than those observed at the lowest
temperatures. Finally, at higher temperatures, CO, chemisorp-
tion is reactivated and increases as a function of temper-
ature.'”?® The decrease has been associated with a sintering
process of the ceramic powder, which produces an important
decrement of the surface area, which inhibits the initial
superficial reaction. Subsequently, as the diffusion processes
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are activated, sintering and surface area are no longer the
preponderant factors, and the CO, chemisorption is recovered.
However, this statement has not been experimentally analyzed
and probed.

On the other hand, Na,ZrO; and other sodium containing
phases have not been thoroughly studied as CO, chemisorb-
ents, although they possess interesting properties.'"*~>>*
Lépez-Ortiz and co-workers®' were the first authors to show
that Na,ZrO; was able to chemisorb CO,. Subsequently, a few
additional papers were published that showed some results
regarding CO, absorption on Na,ZrO;.>*~>>*” Perhaps, the
most important property of the CO, chemisorption on
Na,ZrO; is the fact that this reaction occurs over a wide
temperature range, ie, room temperature to 850 °C.
Additionally, Na,ZrO; follows the same atypical behavior
during the isothermal CO, chemisorption process as described
above.”

Therefore, the aim of the present work was to analyze the
microstructural properties of the Na,ZrO; ceramic powders
after the CO, chemisorption process occurred at different
temperatures to elucidate any differences that could explain the
CO, chemisorption mechanism and the atypical isothermal
behavior described in previous papers. Na,ZrO; was selected as
the absorbent for the study because Na,ZrO; has a considerably
high CO, chemisorption, and the chemisorption occurs over a
wide temperature range.
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B EXPERIMENTAL SECTION

Na,ZrO; was synthesized using a solid-state reaction that
employed sodium carbonate (Na,CO,, Aldrich) and zirconium
oxide (ZrO,, Aldrich). The powders were mechanically mixed
and heated at 850 °C for 6 h. To obtain pure Na,ZrO;, 20 wt %
excess sodium carbonate was used due to the tendency of
sodium carbonate to sublimate.

A diffractometer (Bruker AXS, D8 Advance) coupled to a
copper anode X-ray tube was used to identify the phases
obtained during the synthesis and after the CO, capture
process. Na,ZrO; was identified by the corresponding Joint
Committee Powder Diffraction Standards (JCPDS). Nitrogen
adsorption—desorption isotherms were acquired using the Bel-
Japan Minisorp II instrument at 77 K using a multipoint
technique. Samples were degassed at room temperature for 12
h in vacuum prior to analysis. The morphology of the Na,ZrO;
material was analyzed with scanning (SEM, JEOL JMS-7600F)
and transmission (TEM, JEOL JEM-1200EX) electron micro-
scopes.

The CO, chemisorption isotherms were performed using a
QSO00HR instrument (TA Instruments). Samples were initially
heated to the corresponding temperature (between 300 and
750 °C) under a N, flow. As the sample reached the
corresponding temperature, the gas flow was switched from
N, to CO,. The isothermal experiments were performed using
a gas flow rate of 60 mL/min (Praxair, grade 3.0) throughout
the duration of the experiment. Finally, to elucidate the
mechanism of CO, capture by the Na,ZrO; and the
corresponding microstructural properties, the samples obtained
from the isothermal analyses (Na,ZrO;—CO, sample products)
were recharacterized by X-ray diffraction (XRD), SEM, TEM
and N, adsorption.

B RESULTS AND DISCUSSION

Characterization of the Na,ZrO; Sample. Na,ZrO; was
synthesized by a solid-state reaction, and the XRD pattern is
shown in Figure 1. The diffraction pattern was perfectly fit to
the JCPDS file 35-0770, which corresponds to the Na,ZrO;
phase with a monoclinic structure. Therefore, Na,ZrO; was
obtained without the presence of any impurity, at least at the
XRD detection level.
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Figure 1. XRD pattern of the Na,ZrO; synthesized by the solid-state
reaction. The diffraction peaks were fit to the JCPDS file 35-0770,
which corresponded to the Na,ZrO; monoclinic phase.
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Then, microstructural properties of the Na,ZrO; sample
were determined by SEM (morphology and particle size) and
N, adsorption (surface area and pore diameter). Figure 2 shows

>

Volume adsorbed (cm?g), STP

Figure 2. SEM image of the Na,ZrO; synthesized by the solid-state
reaction. The square inset shows the N, adsorption—desorption
isotherm of the sample.

that Na,ZrO; particles had a dense polyhedral morphology
with particle sizes between 150 and 400 nm. These particles
produced large agglomerates of approximately 10 ym. In fact,
the dense morphology was corroborated by the surface analysis.
The square inset of Figure 2 shows the N, adsorption—
desorption isotherm of the Na,ZrO; sample. The curve
corresponds to a type II isotherm, which exhibits a very
narrow H3-type hysteresis loop according to the IUPAC
classification.”** This behavior corresponds to nonporous,
dense aggregate particles. The surface area obtained was very
small (3.6 m*/g).

Kinetic Analysis of the CO, Absorption. Previously,
Na,ZrO; was reported to be able to chemisorb CO, over a
wide temgerature range (room temperature to approximately
850 °C).**7*>* Usually, there is an initial CO, superficial
chemisorption between room temperature and 300 °C. Then,
the CO, capture process is reactivated at temperatures higher
than 400 °C, and it is associated with the CO, chemisorption
process controlled by diffusion processes. On the basis of this
information, several isothermal experiments were performed
between 150 and 750 °C (Figure 3). Initially, the isothermic
experiments performed at 150 and 200 °C showed exponential
behaviors, where the equilibrium were not reached. In these
cases, the maximum CO, chemisorption values were 8.4 and
10.3 wt % at 150 and 200 °C, respectively, after 180 min of
reaction. However, when the isotherm was performed at 300
°C, the total chemisorption was decreased to 7 wt % in the
same period of time. The decrement observed in this low
temperature range has been associated with a sintering effect of
the initial Na,ZrO; phase.”> Later, a similar exponential
behavior was obtained in the samples treated at 400 and 500
°C, which had significantly increased the CO, chemisorption
(17.6 and 18.2 wt %, respectively). The sample treated at 550
°C presented the highest CO, chemisorption (23.8 wt %). In
fact, the whole CO, chemisorption occurred in approximately
10 min, corresponding to a final reaction efficiency of 100%, as
the theoretical maximum CO, chemisorption on Na,ZrOj; is
equal to 23.8 wt %.
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Figure 3. CO, chemisorption isotherms performed on Na,ZrO; at
different temperatures.

When the sample was isothermically treated at 600 °C or
higher temperatures, it resulted in a decrease in the CO,
chemisorption. Therefore, less CO, was chemisorbed at T >
550 °C than that chemisorbed at S50 °C. This atypical
phenomenon, presented at high temperatures, has been
observed in some lithium ceramics, and it has been associated
with the sintering process of the samples.'””® but has not been
thoroughly studied. In addition, in the Na,ZrO; case, the
sintering process had already been presented at around 300 °C.
Finally, between 600 and 750 °C, the diffusion processes are
activated, and therefore the CO, chemisorption is recovered,
increasing as a function of temperature. Nevertheless, it must
be mentioned that, although the CO, chemisorption increased
as a function of temperature (in the last samples), the
maximum CO, chemisorption was obtained at 550 °C.

Structural and Microstructural Analyses of the
Na,ZrO;—CO, Isothermal Products. To further analyze
and understand the CO, chemisorption on Na,ZrO; and the
resultant effects, some of the Na,ZrO;—CO, isothermal
products were recharacterized by XRD, N, adsorption, SEM,
and TEM.

Initially, the Na,ZrO;—CO, isothermal products were
analyzed by XRD (Figure 4). As shown, the presence of
Na,CO; was observed in the sample treated at 300 °C, which
simply corresponds to the main product obtained during the
CO, chemisorption on Na,ZrO;. As expected, increasing the
temperature during the isothermal procedures caused an
increase in the amounts of Na,CO; and ZrO, phases, while
the Na,ZrO; tended to disappear. Notably, as can be observed
from these XRD patterns, the Na,COj; crystal size increased as
a function of the temperature. While the Na,CO; crystal size
obtained at 500 °C was 104 A, the size increased to 379 A on
the sample treated at 750 °C (Table 1). These results indicate
that some microstructural properties of the product’s external
shell are being modified as a function of temperature. These
results are in good agreement with the atypical behavior
observed in the CO, isothermal analysis and are attributed to a
sintering process.

After the structural characterization of the Na,ZrO;—CO,
isothermal products, different microstructural aspects were
analyzed by N, adsorption, SEM, and TEM. Figure 5 shows the
N, adsorption—desorption isotherms of some of the Na,ZrO;—
CO, isothermal products, which clearly show different textural
properties for all the samples. Even though the Na,ZrO; sample
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Figure 4. XRD patterns of the Na,ZrO;—CO, sample products
obtained from the different isothermal experiments. The peaks were
labeled as follows: O Na,ZrO;, @ ZrO,, and * Na,CO;.

Table 1. Microstructural Properties of the Na,ZrO;—CO,
Sample Products Determined by XRD and N, Adsorption

CO, temp. chemisorption ~ Na,COj; crystal size Semr T orous
°C) (A (mg) poms
original 16 9
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Figure S. N, adsorption—desorption isotherms of the Na,ZrO;—CO,
sample products obtained from different isothermal experiments.

presented type II isothermal behavior, treatment of the sample
at 500 and 550 °C resulted in type IV isotherms and H3
hysteresis loops.”® These isotherm behaviors correspond to
mesoporous materials. The surface areas increased in
comparison to the original Na,ZrO; sample (3.6 m*/g). The
surface areas obtained on the Na,ZrO; samples treated at 500
and 550 °C were 34.0 and 21.0 m?/g, respectively (Table 1).
Thus, the pore diameters of the 500 and 550 °C heat-treated
samples could be fully determined using the Barrett—Joyner—
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Halenda (BJH) method. The obtained values were 3.8 and 6.2
nm, respectively (Figure 6). Therefore, the porosity and surface
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Figure 6. BJH pore size distributions derived from the N, adsorption
isotherms performed on the Na,ZrO;—CO, sample products obtained

from different isothermal experiments.

area increments were produced by the Na,CO; external shell.
However, when the Na,ZrO; sample was treated at temper-
atures of 600 °C or higher, the N, adsorption isotherms
returned to being type II, and the hysteresis loops tended to
disappear, as was observed for the original Na,ZrO; sample.
The surface areas became as small as those determined in the
original Na,ZrO; sample, and the porosity practically
disappeared (Table 1). These results confirmed the sintering
process proposed in previous papers.”’28 In previous studies,
the sintering process had usually been attributed to the alkaline
ceramic, not to the carbonate external shell; the opposite seems
to be true in this case.

Figures 7 and 8 shows the SEM and TEM images obtained
from the Na,ZrO;—CO, isothermal product treated at 550 °C.

Figure 7. BSEI of the Na,ZrO;—CO, sample product isothermically
treated at 550 °C.

The backscattered electron image (BSEI) in Figure 7 confirms
the presence of two phases in the surface region. These two
phases are most likely Na,CO; and ZrO, because they are the
Na,ZrO; carbonation products. According to the isothermal
data, this sample presented the highest efficiency (100%), so
the Na,ZrOj; phase had disappeared. Therefore, the difference
in contrast observed in Figure 7 must arise from the differences
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Figure 8. Bright-field TEM image of the Na,ZrO;—CO, sample
product isothermically treated at 550 °C.

in mean atomic number, Z, of Na,CO; (Z = 8.666) and ZrO,
(Z = 18.666), which led to a difference in the backscattered
electron coefficient, 7, of the two phases.*' 7 increases from
0.0999 for Na,COj (the darker phase in Figure 7) to 0.214S for
ZrO, (the lighter phase). Moreover, the particle size does not
seem to have changed, although the lighter particles (ZrO,)
seem to be interconnected or wrapped through the darker
phase (Na,COj,). Interestingly, the particle surfaces appear to
be corrugated, although the original Na,ZrO; particles
possessed very flat surfaces.

To further understand the microstructure, the same
Na,ZrO;—CO, isothermal product treated at 550 °C was
analyzed by TEM. Figure 8 shows the bright-field image of one
these particles, where it is clearly evident that very tiny particles
of approximately 10 nm are present. In fact, the values are in
good agreement with the crystal sizes determined by XRD.
Additionally, the surface agglomeration of these particles was
most likely responsible for the mesoporosity detected and the
surface particle corrugation observed by N, adsorption and
SEM, respectively.

Figure 9 shows the BSEI of the Na,ZrO;—CO, isothermal
product treated at 750 °C. As it was observed in the sample
heat treated at 550 °C, the two phases are still present in this
sample and correspond to Na,CO; and ZrO,. However, the
particle sizes decreased considerably (approximately 100 nm)

1 um

Figure 9. BSEI of the Na,ZrO;—CO, sample product isothermically
treated at 750 °C.
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compared to the particle sizes detected on the sample treated at
550 °C (150—400 nm). However, when the TEM analysis was
performed on this sample, the very tiny particles of 10 nm
disappeared. Only large, dense particles were observed (data
not shown). The surface area and porosity decreased and
tended to disappear (see N, adsorption—desorption experi-
ments). Hence, the smallest particles (10 nm) probably
sintered and grew to produce these new 100 nm particles
detected on the last SEM image.

On the basis of all these results and previous reports, the
CO, capture on Na,ZrO; depends on different factors, which
are shown as a scheme in Figure 10. At temperatures <550 °C
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Figure 10. Scheme of the CO, chemisorption on Na,ZrOj at different
temperatures. (A) T < 550 °C; the Na,CO;—ZrO, external shell is
mesoporous, and the CO, diffusion occurs through the mesoporous
structure. (B) T > 550 °C; the Na,CO;—ZrO, external shell is not
porous.

(Figure 10A), the Na,COj; and ZrO, external shell, produced
over the Na,ZrOj; particles, contains mesopores produced by
the presence of very tiny particles (~10 nm) over the ceramic
surfaces. Therefore, the presence of these types of pores in the
external shell allowed CO, diffusion to occur, and,
consequently, the Na,ZrO;—CO, reaction continued. How-
ever, at temperatures higher than 550 °C, the Na,CO; and
ZrO, external shells probably sinter, and the porosity
disappears (Figure 10B). In this case, CO, is not able to
diffuse through the external shell. Therefore, the CO,
chemisorption must be controlled by the sodium ionic diffusion
through the Na,COj crystals. Furthermore, XRD and micro-
scopic analyses showed that Na,CO;—ZrO, crystals and
particle sizes increased concomitantly with temperature. As is
illustrated in Figure 10, the crystal and particle sizes of the
external shells were different at each temperature range. This
confirms the sintering effect produced on the material, and
therefore the sodium diffusion process may become the limiting
step of the whole CO, chemisorption process on Na,ZrO;.
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B CONCLUSIONS

Na,ZrO; was synthesized by a solid-state reaction, and the CO,
chemisorption process was evaluated as a function of
temperature. Structural and microstructural characterization
(XRD, SEM, TEM, and N, adsorption) of the Na,CO;—ZrO,
external shell produced during CO, chemisorption provided
evidence for variations of some microstructural properties of
the external shell as a function of temperature. Between 300
and 550 °C, the Na,CO;—ZrO, external shell possessed very
interesting textural properties. The materials were mesoporous,
and, consequently, the CO, chemisorption did not stop, even
though the appropriate temperature to thermally activate
diffusion processes had not been reached. On the other hand,
if the CO, chemisorption process was produced at temper-
atures higher than 550 °C, the Na,CO;—ZrO, external shell
sintered, which caused the mesoporosity to disappear. Under
these thermal conditions, the CO, chemisorption was
controlled by diffusion processes when the Na,CO;—ZrO,
external shell covered the Na,ZrO; particle surface.

These results confirmed the sintering process proposed in
previous papers, which explained the atypical behavior observed
in isothermal experiments. Nevertheless, in the previous
studies, the sintering process had typically been attributed to
the alkaline ceramic (the effect produced during the initial
heating time). The results presented here suggest that the
Na,CO;—ZrO, external shell was responsible for the micro-
structural changes observed.
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