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ric study of sequential carbonation
and decarbonation processes over Na2ZrO3 at low
temperatures (30–80 �C): relative humidity effect

J. Arturo Mendoza-Nieto* and Heriberto Pfeiffer

In the present work, Na2ZrO3 was synthetized via a solid-state reaction and characterized by powder X-ray

diffraction and N2 physisorption techniques, where desired structural and microstructural characteristics

were confirmed. Then, the ceramic material was tested dynamically and isothermally in a low temperature

range (30–80 �C) for carbonation and decarbonation processes using relative humidity (RH) values between

0 and 80%. Thermogravimetric results indicate that humidity has a positive influence over the carbonation

process, thus the amount of CO2 captured increases as a function of relative humidity. When high values of

humidity (70 and 80%) were used, the increase in sample weight was higher than the theoretical amount of

57.2 wt% expected in wet conditions. This result was attributed to the formation of NaHCO3 with

a mesoporous microstructure. Then, the relative humidity effect was studied during the decarbonation stage

as a sequential step after the carbonation process, using a N2 flow. Infrared spectroscopy and

thermogravimetric results showed that NaHCO3 decomposition took place in this process. At low RH values,

0 and 20%, NaHCO3 is decomposed in Na2O and Na2CO3; whereas, when RH was increased between 40

and 80%, only the presence of Na2CO3 was observed. This result indicates that at high humidity conditions

the Na2O formation is avoided. Thermal curves show that Na2CO3 decomposition presented a maximum

efficiency at 40% of RH, which seems to be the optimal condition for the decarbonation step. Finally,

sequential carbonation–decarbonation tests were performed with sodium zirconate samples. Infrared and

thermal analyses confirm that it is possible to accomplish successively at least eight cycles of carbonation

and decarbonation steps and to obtain high NaHCO3 and Na2CO3 regenerations.
1. Introduction

Nowadays, greenhouse gas (GHG) emissions, such as methane
(CH4), nitrous oxide (N2O) and carbon dioxide (CO2), are
responsible for several ambient damages, including climate
change and global warming. Among GHG, CO2 emissions are
the main contaminations, contributing to almost 60% of the
enhanced greenhouse effect each year.1 In order to diminish
carbon dioxide effects, many technologies have been proposed
for CO2 capture and storage (CCS).2,3 For this purpose, a wide
variety of materials have been used as chemical sorbents, e.g.
zeolites,4–6 Metal–Organic Frameworks (MOFs),7,8 amine-
modied mesoporous materials (SBA-15, MCM-41 and
HMS),6,9,10 alkali (Li, Na and K)11–14 and alkaline-earth (Be, Mg
and Ca)15–17 metal-based ceramics.

Among alkali ceramics, sodium zirconate (Na2ZrO3) is
a ceramic material that has been synthetized, characterized and
used as a catalytic material or chemical sorbent for different
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reactions due to good physicochemical properties, high surface
basicity, mechanical strength, thermal stability until 900 �C and
high regeneration ability, e.g. biodiesel production by soybean
oil transesterication,18 hydrogen production through methane
reforming,19 carbon monoxide (CO) oxidation20 and carbon
dioxide capture and storage at T > 500 �C, showing high capacity
in the last process.21–25

One goal in CCS is to increase the amount of CO2 captured
during a carbonation process. In this line, it has been proposed
the incorporation of water vapor into the reaction system as
a promissory condition for enhancing the chemisorption of
carbon dioxide. Thus, it has been already studied the chemi-
sorption ability of Na2ZrO3 in absence24,26,27 and presence28,29 of
water vapor. Results showed that in dry conditions sodium
zirconate is able to capture between 10 and 24 wt% of CO2 in
a high temperature range (500–850 �C), obtaining the highest
capture at around 550 �C. On the other hand, when water vapor
was added, the chemisorption process took place at much lower
temperature, between 40 and 70 �C, obtaining higher amounts
of CO2 captured (25–35 wt%) than in dry conditions at similar
thermal conditions, as it was described above. The reaction
mechanism for the Na2ZrO3–CO2–H2O system was presented by
Santillán-Reyes G. et al.28 as follow: Na2ZrO3 ceramic reacts with
RSC Adv., 2016, 6, 66579–66588 | 66579
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water vapor to produce in the beginning of the process hydroxyl
species at the particle surfaces and then absorbs 2 mol of CO2

and 1 mol of H2O to eventually form 2 mol of NaHCO3 and
ZrO2. This mechanism clearly show the benets of using wet
atmosphere during CO2 chemisorption, allowing capture
higher amount of carbon dioxide than in dry conditions,
where only 1 mol of CO2 can be captured as a result of the
chemisorption process. In this line, Na2ZrO3 can be proposed
as a solid adsorbent at low temperatures in a post-combustion
capture technologies,30 where wet environments are due to the
water vapor presence as a combustion product.31

Also, Na2ZrO3 regeneration ability in sequential CO2

carbonation and decarbonation processes has been studied at
high temperature range.22,32,33 Results showed clearly that
sodium zirconate regeneration is feasible, aer several
sequential steps of CO2 chemisorption and desorption in a high
temperature range between 500 and 800 �C, due to high thermal
stability. However, up to now Na2ZrO3 regeneration ability for
sequential CO2 carbonation and decarbonation processes have
not been deeply studied when water vapor is added in the
system at low temperatures. Therefore, the aim of this work was
to test the carbon dioxide absorption and desorption ability of
Na2ZrO3 and then elucidate if relative humidity (RH) has
a signicant inuences over carbonation and decarbonation
processes in a low temperature range (30–80 �C).
2. Experimental section
2.1 Synthesis and characterization

Sodium zirconate (Na2ZrO3) was synthesized by well-known
procedure of solid state reaction, previously reported.24,27,34

Sodium carbonate (Na2CO3, Aldrich) and zirconium oxide
(ZrO2, Aldrich) were used as reagents. During the synthesis, 10
wt% of Na2CO3 excess was considered, due to the high tendency
of Na to sublimate at temperatures higher than 800 �C. Thus,
the Na2CO3 : ZrO2 molar ratio employed was 1.1 : 1.0. Then,
precursor salts were mechanically mixed and calcined in air
atmosphere at 900 �C for 12 h.

The ceramic obtained was characterized structurally and
microstructurally by powder X-ray diffraction (XRD) and
nitrogen adsorption-desorption analyses. XRD pattern was
recorded in the 10� # 2Q# 70� range, using a goniometer speed
of 1�(2Q) min�1, with a diffractometer Siemens D5000 coupled
to a cobalt anode (l ¼ 1.789 Å) X-ray tube. Once the Na2ZrO3

crystalline structure was conrmed, nitrogen adsorption-
desorption isotherms were measured with a Bel-Japan Minis-
orp II equipment at 77 K using a multipoint technique. Prior to
the physisorption experiment, the ceramic sample was
degassed (p < 10�1 Pa) at room temperature for 12 h in vacuum.
Finally, specic surface area (SBET) was calculated according to
the BET method.
2.2 Thermal analyses

Dynamic and isothermal tests for carbonation and decarbon-
ation processes were performed using a humidity-controlled
thermobalance (TA Instruments, model Q5000SA) at different
66580 | RSC Adv., 2016, 6, 66579–66588
temperatures (30–80 �C) and relative humidities (0–80%). All
these experiments were performed using 40 mg of sample,
distilled water into the humidity chamber and two different
carrier gases: carbon dioxide (CO2, Praxair grade 3.0) for
carbonation step and nitrogen (N2, Praxair grade 4.8) during
decarbonation process. The total gas ow rate used in the
experiments was 100 mL min�1 and the relative humidity (RH)
percentages were automatically controlled by the Q5000SA
equipment.

Thermal analyses were performed in three sections. In the
rst part, a set of Na2ZrO3 samples were heat-treated dynami-
cally in a CO2 gas ow, with a heating rate of 0.5 �C min�1 from
30 to 80 �C maintaining RH constant at 0, 10, 20, 40, 60 and
80%. In the second experimental section, Na2ZrO3 samples were
isothermically carbonated at 80 �C and 80% of RH during 2 h
using a CO2 ow, continuing with a decarbonation step under
N2 as a carrier gas and setting RH at different values (0, 20, 40,
60 and 80%) during 4 h. Finally, in the third part of the exper-
imentation, carbonation and decarbonation steps were under-
taken successively at 80 �C using the best conditions of RH
obtained for each step: 80% of RH for carbonation step and 40%
of RH for decarbonation step.

Aerwards, the products obtained from dynamic and
isothermal tests were characterized by attenuated total reec-
tion infrared spectroscopy (ATR-FTIR) and thermogravimetric
analysis (TGA). For ATR-FTIR spectroscopy an Alpha-Platinum
spectrometer from Bruker was used, whereas TG measure-
ments were performed using 10 mg of sample under nitrogen
atmosphere in a Q500HR equipment from TA Instruments at
a heating rate of 10 �C min�1 from 30 to 800 �C.
3. Results and discussion
3.1 Sodium zirconate characterization

Powder X-ray diffraction pattern of sodium zirconate is shown
in Fig. 1A. The XRD pattern exhibits well-resolved signals which
were all tted to the JCPDS-ICDD card 35-0770, corresponding
to monoclinic crystal structure of sodium zirconate. The above
result shows that the ceramic obtained is conformed only by the
desired crystalline phase without impurities. In Fig. 1B,
nitrogen adsorption–desorption isotherm for Na2ZrO3 sample
is shown. According to IUPAC classication, the ceramic
material presents a type II isotherm related to nonporous
materials.35 In this material, no hysteresis loop was observed in
the isotherm shape. Additionally, specic surface area (SBET)
was determined from N2 adsorption curve using the BET
method. The SBET value obtained was equal to 3.0 m2 g�1, which
is in line with the method of solid-state used for the Na2ZrO3

synthesis. Also, the above nitrogen physisorption results ob-
tained for sodium zirconate are well in agreement with previous
publications.26,28
3.2 Thermal analyses

3.2.1 Dynamic tests. Once Na2ZrO3 was characterized, the
ceramic was thermally treated from 30 to 80 �C under different
values of RH between 0 and 80%, into a thermobalance. In all
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 XRD pattern (A) and N2 adsorption–desorption isotherm (B) of Na2ZrO3.
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thermograms in Fig. 2A, it was observed a weight increase as
function of temperature and RH percentage. In dry conditions
(0% RH), sodium zirconate was able to chemisorbed 20.5 wt%
of CO2. Then, the weight increase observed in this case is due to
the sodium carbonate (Na2CO3) formation, as it was reported
previously.24 This amount is near to the theoretical amount of
CO2 that can be chemisorbed in dry conditions (23.8 wt%),
according to reaction (1).

Na2ZrO3(s) + CO2(g) / Na2CO3(s) + ZrO2(s) (1)

When a wet condition was employed, a higher weight
increase was observed. This behavior may be due to the sodium
bicarbonate (NaHCO3) formation, during the hydration–
Fig. 2 TG (A) and ATR-FTIR spectra (B) of Na2ZrO3 samples tested dynam
Na2CO3 and (B) NaHCO3 vibration bands.

This journal is © The Royal Society of Chemistry 2016
carbonation processes in presence of water vapor and CO2, as
reaction (2) shows.

Na2ZrO3(s) + 2CO2(g) + H2O(v) / 2NaHCO3(s) + ZrO2(s) (2)

It has been described in the literature15,28,36–38 that the addi-
tion of water vapor signicantly improves the amount of CO2

chemisorbed on different ceramic materials. Thus, in this case,
if water molecules react with sodium zirconate, supercially,
Na–OH species should be produced. Then, the activated surface
must be more reactive for CO2 chemisorption. Therefore,
Na2ZrO3 may have reacted with CO2 because of a hydroxylated
surface, producing sodium bicarbonate.

In Fig. 2A it can be seen that the addition of water vapor into
the reaction system signicantly improves the total weight
ically in CO2 chemisorption with 0, 10, 20, 40, 60 and 80% of RH. (O)

RSC Adv., 2016, 6, 66579–66588 | 66581
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Fig. 3 N2 adsorption–desorption isotherms of (a) original sodium
zirconate and (b) sample treated dynamically at 80% of RH in a CO2

flow.
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increment. In fact, using low values of relative humidity, e.g.
10%, it was possible to gain 32.5 wt%. This amount is 36.5%
higher than the theoretical amount of CO2 chemisorbed in dry
conditions, according to reaction (1). As the percentage of RH
increases in Fig. 2A, the weight of the sample increases too. At
this point, it must be pointed out that the theoretical maximum
amount of CO2 that can be chemisorbed over sodium zirconate
sample is 57.2 wt% in wet conditions, according to reaction (2).
However, the dynamic proles of the samples tested at 60 and
80% of RH importantly reached higher percentages: 62.8 and
69.0 wt%, respectively. According to Mart́ınez-dlCruz et al.,27 the
above result could be associated to a mesoporous NaHCO3

external shell formation as a consequence of the CO2 chemi-
sorption over the ceramic surface. Therefore, the presence of
this type of pores in the external shell allowed CO2 diffusion
chemisorption. In addition, the exceeded weight increment
(11.8 wt%), which could be associated to a water adsorption on
the surface and porosity produced.

All the products of dynamic tests were characterized via ATR-
FTIR in order to determinate the composition in the sample.
The corresponding spectra are shown in Fig. 2B. In dry condi-
tions, as expected, the sample is composed by Na2CO3,
according to the vibration bands located at 420, 490, 697, 840,
880 and 1402 cm�1 in the FTIR spectrum. The spectra of
samples treated with water vapor addition (10–80% RH) present
vibration bands at 660, 692, 836, 998, 1037, 1050, 1300, 1454,
1623, 1662, 1910 and 2508 cm�1. All these bands tted well with
the NaHCO3 FTIR spectrum.28,39 Independently of RH used
during the dynamic tests, the presence of sodium bicarbonate
was established. Also, it can be observed other bands located at
420, 490, 840 and 1402 cm�1 in the samples spectra of the
products treated at 10, 20 and 40% of RH. These vibration
bands correspond to sodium carbonate FTIR spectrum.28 In
Fig. 2B, an increase in the intensity of the NaHCO3 vibration
bands and a decrease in the Na2CO3 bands were observed when
the RH percentage employed increases from 10 to 80%. This
result shows that the formation of NaHCO3 is beneted at high
relative humidity values. Also, the above result indicates that
a low RH values (#40%), the reactions (1) and (2) proceed at the
same time due to the low amount of water vapor into the
reaction system, producing the formation of two carbonated
compounds: Na2CO3 and NaHCO3; whereas at RH percentages
higher than 40%, the bicarbonate sodium is the only carbon-
ated compound present in the sample.

With the aim for determining if a NaHCO3 porous core shell
was formed in the samples humidity-treated at high values of
RH, the sample carbonated dynamically at 80% of RH was
characterized via nitrogen adsorption–desorption (Fig. 3). For
comparison purposes, the isotherm of the original sample was
presented as well. Both isotherms present a type II isotherm
with no hysteresis loop evident. The sample humidity-treated
presented a SBET value equal to 11.7 m2 g�1, that is almost
four times bigger than the supercial area obtained for the
original sample (3.0 m2 g�1). This result conrms the idea of the
porous or somehow texturized core shell formation due to the
carbonation species chemisorbed over the sodium zirconate.
66582 | RSC Adv., 2016, 6, 66579–66588
Then, the products tested in the presences of water vapor at
different RH values, were analyzed also by thermogravimetric
analysis in order to determinate the decomposition tempera-
ture of carbonated compounds present in the samples. The
thermogravimetric (TG) and derivate thermogravimetric (DTG)
curves are shown in Fig. 4. The decomposition proles, as ex-
pected, presented a decrease in the sample weight at different
temperatures. The rst weight lost, near to 100 �C in all
samples, is the most important weight decrease. The process
that takes place at this temperature is the decomposition of
NaHCO3 in Na2CO3, as reaction (3) shows. As it can be seen in
Fig. 4A, the lost weight increases when the relative humidity
increases from 10 to 80%.

2NaHCO3(s) / Na2CO3(s) + H2O(v) + CO2(g) (3)

The theoretical percentage that the sample can lose is 21.3
wt% according to reaction (3). The sample tested at 40% of RH
shows almost the theoretical amount (20.6 wt%); however, the
samples humidity-treated at 60 and 80% of RH, presented
higher weight lost: 23.5 and 24.0 wt% respectively, at tempera-
tures #200 �C. The above result indicates that in the samples
tested at 60 and 80% of RH presented a partial hydration
process. This result is in agreement with the observation made
it at dynamic tests, where it was propose that a carbonated core
shell with mesopores was formed during the capture of CO2 in
wet conditions (RH $ 60%), allowing the capture of CO2,
forming sodium bicarbonate, and the H2O adsorption.

Additionally, between 230 and 350 �C, the proles of the
samples treated at low RH values (10 and 20%) presented
a decrease of 6.0 and 4.0 wt%, respectively. The weight lost in
these samples can be attributed to the supercial dehydrox-
ylation process,28 indicating a non-complete carbonation
process. The rest of the samples do not present any weight
decrease in this range of temperature. Finally, at temperatures
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 TG (A) and DTG (B) curves for products obtained in dynamic tests.
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higher than 600 �C all the samples began to lose weight due to
decarbonation process in the Na2ZrO3 particles.

DTG curves obtained from TGA proles are presented in
Fig. 4B. These analyses allow us to determinate the temperature
that the processes described above occur. All samples present
an endothermic peak located between 85 and 145 �C with
maximum in 117 �C, which is related to the NaHCO3 decom-
position under nitrogen ow. This result shows that the pres-
ence of sodium bicarbonate increases as function of RH
percentage. Thus, the highest amount of NaHCO3 was formed
when 80% of RH was employed and as expected this sample
presented the larger endothermic peak at low temperature
(#150 �C) among all samples decomposed.40 Only the curves of
samples treated at 10 and 20% of RH, presented a second
distribution with maximum at 318 �C that was ascribed to the
supercial dehydroxylation and Na2CO3 decomposition.

3.2.2 Carbonation stage. Once optimal conditions for
carbonation process were determined, a Na2ZrO3 sample was
Fig. 5 Carbonation isotherm (A) and thermogravimetric analyses (B) of

This journal is © The Royal Society of Chemistry 2016
carbonated isothermically during 2 h using the best conditions
found in the dynamic tests (80 �C and 80% of RH) in a CO2 ow.
Thermogravimetric analyses are shown in Fig. 5. As it can be
seen, an increased weight as a function of time was registered in
Fig. 5A. The maximum amount of CO2 captured was 69.0 wt%,
that corresponds to CO2 capture of 13.0 mmol per gram of
ceramic material if a total formation to NaHCO3 is assumed,
where the rest 11.8 wt% of the total weight gained must corre-
spond to adsorbed water. This hypothesis was conrmed aer
the product ATR-FTIR characterization, where sodium bicar-
bonate vibration bands were the only signals present (spectrum
not shown). The CO2 amount chemisorbed in this stage repre-
sents a high value in comparison with other works where the
maximum capture over Na2ZrO3 was obtained between 10 and
25.0 wt% at T > 550 �C.24,26,27 This result clearly show the
advantages to use water vapor into the system during the
carbonation step: increases in almost three times the CO2

capture and also decreases drastically the temperature (80 �C)
Na2ZrO3 sample tested under CO2 flow at 80 �C and 80% of RH.

RSC Adv., 2016, 6, 66579–66588 | 66583
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where the chemisorption process took place. Also, the CO2

capture of 69.0 wt% is higher in comparison with other works
where alkali-based ceramics28,31,41,42 were used in atmosphere of
water vapor at low temperature range (30–80 �C). This result can
be related to the SBET present in the sample prepared that is at
least two or three times higher than the supercial areas re-
ported for those ceramics, beneciating the supercial
phenomena and the NaHCO3 mesopore core shell formation
that occur during the CO2 chemisorption at low temperatures.

Aer, the isothermal product was characterized by TG and
DTG analyses (Fig. 5B), the decomposition prole presented
a similar behavior than that previously observed in the sample
treated dynamically at 80% of RH (Fig. 4). The decomposition
curve shows a main decrease between 100 and 135 �C, related
with the decomposition of NaHCO3 to Na2CO3. According to
DTG result this process took place at 127 �C. The temperature
obtained in this case is higher than those obtained in the DTG
curve of the sample treated dynamically at 80% RH (117 �C,
Fig. 4B). This can be due to the differences in the experiments
conditions. In dynamic test, the temperature increases from 30
to 80 �C during the experiment, whereas in the isothermal test,
the experimental conditions were maintained at 80 �C during 2
h. Finally, the second weight decrease in TGA prole began at
730 �C according to DTG curve. This weight loss was attributed
to decarbonation process.

3.2.3 Decarbonation stage. Aer the carbonation process,
a decarbonation step was undertaken in a dynamic test with
values of RH between 0 and 80%, under a N2 ow. Fig. 6 pres-
ents the results of the isotherm at 80 �C of these two succes-
sively steps. The aim of this experiment was to determinate the
effect of relative humidity over decarbonation process. The
isotherm shows that in the rst step the carbonation process at
80% of RH took place aer 2 h. Immediately, the sample was
exposed in a N2 ow with 0% of RH and a decrease of 14 wt%
was registered. Later, between 5 and 70% of RH, a continuous
weight lost was observed until 42.8 wt%. The above weight
decrease can be due to NaHCO3 decomposition (see reaction
(3)). Then, when the RH value was higher than 70% a weight
increase of 4.0 wt% was observed, probably due to some water
condensation over the ceramic surface as a result of the high
relative humidity.
Fig. 6 Carbonation–decarbonation isotherm at 80 �C.

66584 | RSC Adv., 2016, 6, 66579–66588
In order to deeply understand the phenomena occurring
during the decomposition stage, a serial of experiments at 80 �C
with values of RH equal to 0, 20, 40, 60 and 80% were under-
taken during 4 h, maintaining constant the conditions of 80 �C
and 80% of RH in the previous carbonation stage. Aer these
tests, the products were collected and then analyzed via ATR-
FTIR technique (Fig. 7), where some differences in the spectra
were observed. As it can be seen, at low RH values (0 and 20%),
the presence of sodium oxide and some traces of sodium
carbonate were detected. The vibration bands located at 704,
762, 880, 990, 1465 and 1621 cm�1 were tted with the Na2O
FTIR spectrum, whereas the bands observed at 430, 500, 840,
1360 and 1410 cm�1 were associated to Na2CO3 spectrum.28 The
Na2CO3 and Na2O formation were due to the sequential
NaHCO3 and Na2CO3 decompositions under nitrogen ow,
according to reactions (3) and (4). However, when CO2 was
desorbed during the decarbonation step, sodium atoms as
Na2O remain over the Na2ZrO3 particle surfaces. As the
temperature and relative humidity are low, sodium atoms
seems not to be kinetically able to be reincorporated in the
sodium zirconate crystalline structure.43

Na2CO3(s) / Na2O(s) + CO2(g) (4)

On the other case, when RH percentage was between 40 and
80%, only the presence of sodium carbonate was observed and
additional vibration bands for sodium carbonate compound
were observed at 618, 671, 697, 1049, 1647 and 1732 cm�1. The
Na2O vibration bands were not detected anymore. This result
indicates that NaHCO3 was only decomposed in Na2CO3 in
humid conditions. It seems that water vapor presence inhibits
the sodium carbonate decomposition in sodium oxide. The
spectra of humidity-treated samples at high RH percentage
show a decrease of sodium carbonate in the sample when the
RH value increases. Also in those spectra, an additional
vibration band was observed at 3300 cm�1, related to adsorbed
water.
Fig. 7 ATR-FTIR spectra of Na2ZrO3 samples carbonated at 80 �C and
80% of RH and then decarbonated at 0, 20, 40, 60 and 80% of RH. (>)
OH, (*) Na2O and (O) Na2CO3 vibration bands.

This journal is © The Royal Society of Chemistry 2016
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Carbonation–decarbonation products were characterized by
TG and DTG analyses (Fig. 8). All the decomposition proles
presented two weight loss temperature ranges; T < 200 �C and T
> 650 �C (Fig. 8A). Sample weight decrease as function of RH
percentage was observed, thus the sample humidity-treated at
80% presented the highest weight lost among all the samples
tested. Also, this sample was the only sample that presented
a different behavior at low temperature range where a weight
lost was observed around 90 �C, whereas the rest of the samples
presented the weight lost at 115 �C, according to DTG curves
(Fig. 8B). This variation is associated to the decomposition of
Na2O at low values of RH (10 and 20%), whereas at higher
relative humidity percentages is related to the Na2CO3 decom-
position. As it can be seen in DTG curves, the best sodium
carbonate decomposition was presented at 40% of RH, which
seems to be the optimal condition for decarbonation. When
higher RH values than 40% of RH were used, a decrease in the
amount of Na2CO3 decomposed was observed. In fact, sample
humidity-treated at 80% of RH is the unique that presented two
signals in DTG curve, that can be associated the rst one to
sodium carbonate decomposition at 115 �C and the second
signal at 90 �C can be ascribed to water evaporation process.
Finally, the second weight decrease in TGA prole (Fig. 8A) took
place at around 720 �C. This weight loss was attributed to
decarbonation process in the Na2ZrO3 particles.

3.2.4 Sequential carbonation and decarbonation stages. In
this section, carbonation and decarbonation tests were
sequentially performed in different stages labeled as half-stages
and complete stages. Half-stages (0.5, 1.5 and 2.5) mean that
a carbonation process was the last procedure taking place;
whereas complete stages (1.0 and 2.0) show that the decar-
bonation process was carried at the end of the experimentation.
Thus, in the stage 0.5, only the CO2 chemisorption process was
realized at 80 �C and 80% of RH for 2 h; whereas in the stage 1.0
a previous carbonation process took place in the same condi-
tions described for the stage 0.5, followed by a decarbonation
Fig. 8 TG (A) and DTG (B) curves of Na2ZrO3 samples carbonated at 80

This journal is © The Royal Society of Chemistry 2016
step at 80 �C and 40% of RH during 4 h. Then, carbonation and
decarbonation processes were performed successively until ve
steps (3 carbonations and 2 decarbonations) were accomplished
for the sample treated in the stage 2.5, using the conditions
described above for carbonation and decarbonation steps.

In the TG proles for the samples treated in the different
stages can be seen that in all carbonation end-stages (0.5, 1.5
and 2.5), high amount of CO2 and water were captured (between
65 and 69 wt%, data not shown) at 80% of RH, whereas in
decarbonation end-stages (1.0 and 2.0), in all cases a decrease in
weight between 15 and 20 wt% was observed as consequence of
NaHCO3 decomposition in sodium carbonate at 40% of RH.
These results show that it was possible to capture high amounts
of CO2 and then desorb it in sequential carbonation–decar-
bonation stages at 80 �C. Aer that, all products obtained were
collected and then characterized via ATR-FTIR and thermogra-
vimetric analyses.

Fig. 9 shows the ATR-FTIR results for different carbonation–
decarbonation stages. As expected, the sample tested only in
carbonation step (stage 0.5), present vibration bands related to
the presence of NaHCO3 (vibration bands assigned in Fig. 2B).
When the sample was tested successively in carbonation–
decarbonation processes (stage 1.0), a different spectrum was
observed. In this case, the vibration bands of Na2CO3 and –OH
groups were detected in the sample. The above results conrm
that aer a carbonation process at 80% of RH, it is possible that
a decarbonation step takes place when the sample is exposed in
a nitrogen ow with the optimal RH of 40%. Then, when sample
was exposed to the successively carbonation–decarbonation–
carbonation steps (stage 1.5), in the spectrum were detected
only vibration bands of NaHCO3, conrming that high regen-
eration of sodium bicarbonate was accomplished. It seems that
the presence of Na2CO3 on surface aer a decarbonation step
was benecial for a second carbonation step, due that CO2

capture can continue over this core shell of sodium carbonate
and form again a core shell of NaHCO3.
�C and 80% of RH and then decarbonated at 0, 20, 40, 60 and 80%.

RSC Adv., 2016, 6, 66579–66588 | 66585
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Fig. 9 ATR-FTIR spectra of Na2ZrO3 samples tested in carbonation–
decarbonation stages.

Fig. 11 Cyclability performance for CO2 carbonation (2 h, 80 �C, 80%
RH) and N2 decarbonation (4 h, 80 �C, 40% RH).
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Finally, sample spectrum treated in the stage 2.0 shows the
presences of Na2CO3, as the only carbonated compound formed
during the decomposition step under N2 ow (stage 2.0);
whereas a regeneration of NaHCO3 was registered in the sample
treated with CO2 ow in the stage 2.5. This result conrms that
it is possible to perform sequential carbonation–decarbonation
processes over sodium zirconate and obtain a good regenera-
tion of sodium bicarbonate and sodium carbonate aer several
decarbonation and carbonation steps at relatively low
temperature.

In order to determinate the thermal behavior; products were
characterized by thermogravimetric analyses (Fig. 10). Decom-
position curves in Fig. 10A present two different behaviors. The
proles of samples treated in carbonated end-stages (0.5, 1.5
and 2.5) show higher weight decrease than samples treated in
decarbonation end-stages (1.0 and 2.0). These results are in
agreement with previous TG proles presented in Fig. 5B and
8A. In samples treated in decarbonation end-stages, the weight
lost is due to NaHCO3 decomposition; whereas samples treated
in decarbonation end-stages, exhibit a weight lost due to
Fig. 10 TG (A) and DTG (B) curves of Na2ZrO3 samples tested in carbon

66586 | RSC Adv., 2016, 6, 66579–66588
Na2CO3 dehydration. According to DTG proles (Fig. 10B),
decomposition processes take place at 127 and 115 �C, respec-
tively. Also DTG proles in Fig. 10B show that samples treated in
carbonation end-stages, present the same decomposition
temperature (127 �C) regardless the stage, however a decrease in
the DTG curves was observed for the stages 1.5 and 2.5. A
similar behavior was observed in the proles of samples treated
in decarbonation end-stages, where the same temperature was
observed (115 �C) for this kind of stages.

Finally, a cyclability study was performed on this ceramic
material in order to assess the regeneration properties aer
several cycles of carbonation and decarbonation. Fig. 11 shows
the proles obtained during eight carbonation and decarbon-
ation processes. The maximum amount of CO2 captured in the
cycles 1–4 was higher than 64 wt% that is near to the amount
chemisorbed in Fig. 5; whereas in the last four cycles, the
amount of CO2 captured decreases until 57.0 wt%. A decrease in
the amount of CO2 captured aer eight cycles can be related to
a decrement in the core shell formation due to the carbonation
ation–decarbonation stages.

This journal is © The Royal Society of Chemistry 2016
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species chemisorbed. With the aim to determinate if the porous
core shell was affected aer cyclic tests, the product obtained
was characterized by N2 physisorption. As expected, the SBET of
the product was lower (6.9 m2 g�1) than that reported for the
sample treated dynamically (Fig. 3), but 2.3 times higher than
the pristine material (3.0 m2 g�1), indicating that aer 8 cycles,
the NaHCO3 porous core shell still remains over the ceramic
surface. The above results conrm that it is possible to
accomplish successively carbonation–decarbonation steps at
80 �C, obtaining high regeneration of NaHCO3 and Na2CO3 at
the optimal values of relative humidity during carbonation
(80% of RH) and decarbonation (40% of RH) processes.

4. Conclusions

In the present work, sodium zirconate was synthetized, char-
acterized structurally and microstructural and also tested in
carbonation step under CO2 ow and decarbonation step under
N2 ow using different relative humidity conditions at 80 �C.

In carbonation process, the addition of water vapor into the
reaction system signicantly improves the CO2 chemisorption.
In fact, using low values of relative humidity, e.g. 10%, it was
possible to capture 32.5 wt% of CO2. This result is higher than
the theoretical value calculated in dry conditions (23.8 wt%),
and it was attributed to the NaHCO3 formation. Also, in
dynamic tests it was observed that when RH percentage
increases, the CO2 capture is signicantly improved. Thus, at
80% of RH was the best condition for NaHCO3 formation
during carbonation step at 80 �C. At these physicochemical
conditions, it was possible to capture the highest amount of
CO2, 13.0 mmol per gram of ceramic material. This amount is
a high amount of CO2 captured, considering the low tempera-
ture range employed.

Regarding to decarbonation process, it was observed
a different behavior which depends strongly of the value of RH
used. In this step three different cases were observed: (1) at RH <
20% it was observed the presence of Na2O, which is a low stable
compound, (2) at RH between 40 and 60%, only was detected
the presence of sodium carbonate and (3) at RH ¼ 80%, it was
noticed the presence of small amounts Na2CO3 and also the
presence of a high amounts of water condensed over the
ceramic surface. Thus, the amount of Na2CO3 presented
a maximum point at 40% of RH (DTG), which corresponds to
the optimal condition for decarbonation step.

Finally, according to characterization results it can be
established that using 80% of RH during carbonation step and
40% of RH in decarbonation step at 80 �C, it is possible to
accomplish successively at least eight carbonation–decarbon-
ation processes, obtaining high regeneration of sodium
carbonates over the ceramic surface.
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