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NiO-doped sodium zirconate ceramics with different amounts of NiO (between 0 and 10 wt%) were synthetized
and characterized by powder XRD, SEM-EDS and N, physisorption. Structural and microstructural character-
istics of a Na,ZrO3 based-ceramic were maintained in all NiO-containing samples. These materials were tested
for CO, capture (TGA), desorption processes (TPD) and dry CH,4 reforming (DMR, catalytic tests). Initially,
samples were dynamically tested for CO, chemisorption; these tests showed a slight inhibition for CO, capture
due to the presence of NiO, which partially blocked Na,ZrO; surface sites where CO, can be chemisorbed. Then,
NiO-doped samples were carbonated and exposed to a CH, flow in order to perform DMR reaction, using car-
bonate samples as CO,, source. In all cases, NiO addition resulted in greater production of H, than that of pure
Na,ZrO3. Additionally, a drastic reduction in the reaction temperature was observed, especially for NiO-doped
Na,ZrOj3 containing 10 wt% of NiO. Additionally, regeneration and cyclic behavior showed that it is possible to
accomplish consecutive cycles of CO, capture-DMR with considerable Na,ZrO3 regeneration. On the other hand,
cyclability was affected due to a partial NiO reduction after DMR steps. However, if a pre-oxidation step was
performed, the catalytic activity and H, production were recovered. Hence, it was established that NiO-doped
Na,ZrO3 materials can be used as bifunctional materials as (i) CO, captors and then as (ii) catalytic materials

during DMR reaction.

1. Introduction

In recent decades, methane (CH,4) and carbon dioxide (CO,) emis-
sions have been responsible for climate change and global warming, as
both gases are the major contributors to the greenhouse effect [1].
Although the concentration of methane in the atmosphere is much
lower than that of CO,, methane more effectively absorbs infrared ra-
diation, and thus, its contribution to planet warming is significantly
higher than that of CO, [2]. However, carbon dioxide emissions are the
main contaminants and contribute almost 60% for enhancing green-
house effect each year, whereas methane is the primary component of
natural gas and is responsible for 15% of global warming [2-4]. One
option for limiting greenhouse effects is to reduce the emission of both
gases by converting them into an alternative and cleaner energy source.
In this regard, hydrogen (H,) production through the use of greenhouse
gases would be a viable option [6-8]. Among H, production processes,
the most commonly used are dry methane reforming (DMR) [9-12],
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steam methane reforming (SMR) [13,14], sorption-enhanced methane
reforming (SEMR) [15-17], water-gas shift reaction (WGSR) [18-20]
and ethanol-steam reforming (ESR) [21-23]. These processes all pro-
duce synthetic gas (syngas), which is composed of H, and carbon oxides
(CO or CO,), depending on the process utilized and reaction conditions.
Hence, CO or CO, removal is usually a key step to purify H,. Thus,
different technologies have been developed over the past few years to
accomplish this necessity [24].

In particular, dry CH,4 reforming does have some disadvantages: (1)
the reforming reaction is highly endothermic; (2) high temperatures are
required to obtain high conversions, which leads to catalyst deactiva-
tion by coke formation; and (3) the H, purity from this process is low,
and additional operations, such as purification, separation and com-
pression techniques, must to be used [25,26]. To achieve this goal, it
has been necessary to use two different materials: one acting as a cat-
alyst and a suitable chemical sorbent to eliminate the remaining CO,
[16,17].
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In this sense, Ni-based catalysts supported over different metal
oxides are the most used materials for performing DMR, e.g., Ni/a-
Al,O3 [9], Ni/y-Al,03 [10] or Ni/CeyZr; 4O, [11]. On the other hand,
CO,, capture and storage (CCS) [5,27,28] can be achieved using dif-
ferent alkali (Li, Na and K) and earth-alkaline (Be, Mg and Ca) metal-
based ceramics as chemical sorbents [29-34], as these CCS materials
present high superficial basicity, good sorption-desorption kinetics,
thermal stability, high regeneration ability, mechanical strength and
selective CO, sorption [35].

Recently, sodium zirconate (Na,ZrO3) [36] and NiO-CaO compo-
sites [37] were synthetized, characterized and tested as possible bi-
functional materials, acting as both CO, sorbents and then as catalysts
for dry CH,4 reforming to obtain a consecutive CO, capture and DMR
processes. Those results clearly showed that both materials capture
CO,, store it and then supply CO, during the DMR process (reaction
(1)), thereby producing H, at T > 800 °C with Na,ZrOs; however,
NiO-CaO showed a better catalytic behavior (~500 °C). With these
results in mind, the aim of this work was to determine whether NiO
addition modifies the CO, chemisorption on Na,ZrOs; as well as the
catalytic activity for H, production through the DMR process.

CH4 @t CO, (g)desorbedfromceramic > 2H, @t 2 CO @ (¢}

2. Experimental section
2.1. Synthesis and characterization of NiO(x)-Na»ZrOs; materials

Sodium zirconate doped with different nickel oxide loadings were
synthesized via acetate decomposition. Hereinafter, NiO-doped mate-
rials are labeled NiO(x)-Na,ZrO; where x represents the NiO loading
used (x = 0.0, 2.5, 5.0, 7.5 and 10 wt%). Sodium acetate (NaC,H30.,,
Aldrich), zirconium acetate solution in acetic acid (Zr(C,H405)4,
16.1 wt% Zr, Aldrich) and nickel acetate tetrahydrate (Ni
(C2H305)24H,0, 98%, Aldrich) were used as reagents. Due to the
likelihood of Na sublimation at temperatures higher than 800 °C, a
15.0 wt% excess of NaC,H30, was considered [35,38]. Acetate pre-
cursors were dissolved in water and heated at 60 °C until a paste was
obtained. A solid product was obtained after two stages of calcination in
static air: (1) first, acetate decomposition was carried out via heating at
400 °C for 6 h, then (2) the sodium zirconate crystalline structure was
obtained via heating at 900 °C for 12 h.

NiO-containing catalysts were structurally and microstructurally
characterized by powder X-ray diffraction (XRD), N, adsorption-deso-
rption and analytical scanning electron microscopy (SEM-EDS). XRD
patterns were recorded in the 10° < 20 < 70° range with a goniometer
speed of 1° (20) min ™!, using a Siemens D5000 diffractometer coupled
to a cobalt anode (\. = 1.789 A X-ray tube. Once the NiO(x)-Na,ZrO3
crystalline structures were determined, nitrogen adsorption-desorption
isotherms were measured with a Bel-Japan Minisorp II equipment at
77 K using a multipoint technique. Prior to physisorption experiments,
samples were degassed at room temperature for 12h in vacuum
p < 10~ ! Pa). The specific surface area (Spgr) for each material was
calculated with a BET model. CO, temperature-programmed desorption
(TPD) analyses were performed using a chemisorption analyzer (Belcat,
Bel-Japan). Before each analysis, approximately 50 mg of sample was
introduced into a quartz cell and pretreated at 850 °C under a He flow
(30 mL/min). Each sample was then cooled to 200 °C and saturated
with a 60 mL/min flow of CO, for 60 min. Afterwards, CO,-TPD ana-
lyses were performed by heating each sample up to 850 °C (heating rate
of 2°C/min) in a He flow, and the data were quantified by a thermal
conductivity detector (TCD). Finally, scanning electron microscopy
(SEM) coupled to energy dispersive X-ray spectroscopy (EDS) mea-
surements were recorded on a FE-SEM JEOL JSM 7800F electron mi-
croscope equipped with an energy dispersive analysis detector Oxford
50 mm?® X-Max. The acceleration voltage used was 20kV and a
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backscattered electron detector.

2.2. CO; capture and DMR processes

Carbon dioxide capture tests were performed in a Q500HR ther-
mobalance from TA Instruments. NiO(x)-Na,ZrO3; samples were heat-
treated dynamically from room temperature to 950 °C (heating rate of
3 °C/min). These experiments were performed using ~ 40 mg of sample
and a carbon dioxide (CO,, Praxair grade 3.0) flow rate of 60 mL/min.
After CO, capture analysis, NiO(x)-Na,ZrOs catalysts were tested in the
dry reforming reaction (DMR) following a previously published pro-
cedure [36], using 200 mg of sample in a Bel-Rea catalytic reactor from
Bel-Japan. First, NiO-doped samples were carbonated dynamically from
30 to 600 °C (heating rate of 5 °C/min) and then isothermally treated at
600 °C for 0.5 h. Finally, samples were cooled to 200 °C, using a gas
mixture composed of 60 vol% CO- and 40 vol% N, (Praxair grade 4.8).
Once samples were carbonated and partially cooled down to 200 °C, the
dry methane reforming (DMR) process was performed from 200 to
900 °C (heating rate of 2 °C/min) using 100 mL/min of a gas mixture
composed of CH, (5 vol%, Praxair grade 5.0) and N, balanced. In ad-
dition, cyclic experiments of CO, capture and subsequent DMR tests
were performed with the NiO(10)-Na,ZrOs; catalyst. This procedure was
performed using the same experimental conditions described above
during 5 cycles, adding a sixth cycle, where CO, capture and DMR
processes were performed after a previous oxidation step under 30 mL
of O, at 600 °C for 2 h. Reforming gas products were analyzed every
15 °C up to 900 °C (dynamic experiments), or every 8.3 min (isothermal
experiments), using a Shimadzu GC-2014 gas chromatograph with a
Carbonex-1000 column. After DMR isothermal experiments, some ma-
terials were re-characterized by XRD.

3. Results and discussion
3.1. Characterization of NiO(x)-Na,ZrO3z materials

Powder XRD patterns for NiO(x)-Na,ZrO3; samples (0 < x < 10) are
shown in Fig. 1. As expected, Na,ZrO; crystalline planes were observed
(PDF file 35-0770) in the pure sample (x = 0.0). X-ray patterns for
Na,ZrOs materials doped with different NiO amounts showed the same
sodium zirconate crystalline structure. However, Na,ZrO; reflections
shifted as a function of nickel oxide content, which indicate some
changes in the crystalline unit cell. In addition to Na,ZrO3 crystalline
variations, these XRD patterns presented three other reflections located
at 43.8, 50.9 and 74.6°, in 20 scale, which increased as a function of the
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Fig. 1. NiO(x)-Na,ZrOs; XRD patterns. Crystalline phases were labeled as; (v) Na,ZrO3
and (O) NiO.
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Table 1
NiO(x)-Na,ZrO; cell parameters determined from XRD data.

NiO loading  Cell parameters Cell volume (AB)

a(d) b A) c (&) BC)
0.0 11.104 (2) 9.732 (1) 5.631(4) 99.60(2) 600.0 (4)
2.5 11.109 (2) 9.736 (1) 5.633(4) 99.73(2) 600.6 (4)
5.0 11.116 (2) 9.741 (1) 5.653(4) 99.75(2) 603.4 (4)
7.5 11.116 (2) 9.733 (1) 5.651 (4) 99.87 (2) 602.5 (4)
10.0 11.108 (2) 9.732 (1) 5.603(4) 99.74(2) 597.0(4)

NiO loading used. These reflections are related to NiO formation (PDF
file 65-5745). Furthermore, average crystallite size was estimated for
NiO(10)/NayZrO5 sample by using Scherrer correlation and the (0 1 2)
reflection located 50.9° in the 20 scale, obtaining a NiO crystallite size
equal to 52.1 nm. In an effort to further analyze the XRD patterns, cell
parameters were calculated for NiO(x)-Na»ZrO3 samples (Table 1). It
was observed that all unit cell parameters depend on nickel loading,
presenting NiO-doped samples higher values than pure Na,ZrOs, ex-
cepting for ¢ parameter which displays the largest variations in NiO
(10)-Na,ZrOs; sample. The greatest cell expansion was observed with
nickel loadings less or equal to 5 wt%. This result indicates that nickel
incorporation into crystalline structure was possible at x < 5.0 wt%,
which seems to be the solubility limit. In contrast, samples prepared
with higher nickel loadings than 5.0 wt% presented a cell contraction,
suggesting that part of nickel atoms were incorporated into Na,ZrOs
crystalline structure and the rest formed a secondary phase that ac-
cording to previous XRD patterns corresponds to NiO formation over
ceramic surface.

SEM analysis with backscattered electrons and EDS elemental
mapping were performed for only two NiO-doped samples: NiO(5)-
Na,ZrO3 and NiO(10)-Na,ZrOs (Fig. 2). SEM images show two different
compounds: a Na,ZrOs phase detected by XRD and a Na,CO5; phase
formed due to air exposition during analysis. Both NiO-containing
samples presented large and dense particles, with particle sizes between
5 and 40 um with a polyhedral shape (Fig. 2A and D). Additionally, it
seems that morphology characteristics did not change as a function of
nickel content. Regarding EDS elemental mapping analyses, Fig. 2C and
F shows that nickel oxide observed previously by XRD (Fig. 1) is
homogeneously distributed over the sodium zirconate surface, allowing
a suitable dispersion of metallic particles in both cases.

In a further characterization, a N, physisorption technique was
applied to determine the textural characteristics of the NiO(x)-Na,ZrO3
samples. Nitrogen adsorption-desorption isotherms are shown in Fig. 3.
According to IUPAC classification, all materials present type II iso-
therms related to nonporous materials [39]. In these materials, no
significant hysteresis loops were observed. Additionally, specific sur-
face area (Spgr) was determined from N, adsorption curves using the
BET model. The Spgr values were between 0.3 and 0.6 m?/ g, which are
in line with synthesis method used. Additionally, N, physisorption re-
sults are in good agreement with previous reports for Na,ZrO3 materials
[35,40,41]. Hence, nickel addition does not significantly modify
Na,ZrO3 textural properties.

3.2. Carbon dioxide capture, storage and desorption

Once the NiO(x)-Na,ZrO; samples were characterized; they were
thermally treated from 30 to 950 °C under CO, flow into a thermo-
balance. Thermograms are shown in Fig. 4. All profiles exhibit a similar
bimodal distribution as a function of temperature. First, an initial
weight increase is observed between 100 and 400 °C, which is asso-
ciated with CO, a chemisorption process over the Na,ZrOs particle
surfaces, according to previous reports [41,42]. In this step, a thin
Na,CO3-ZrO, external shell is formed only over Na,ZrO; particles (re-
action (2)). It should be noted that all nickel-containing samples
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presented a lower superficial carbonation than that observed in the
NayZrOs case. This carbonation decrement must be totally related to
nickel oxide formation which was not incorporated into the Na,ZrO;
structure (see XRD results) but instead on the Na,ZrO; particle surface,
reducing CO, sorption sites.
xNiO — NaZZrl_xO3(s) + COz(g) - NaZCOm) + Zrl_xoz(s) + XNZ'O(S)

(2)

All thermograms show a second weight increase at temperatures
above 450 °C. This distribution is at least six or seven times greater than
the superficial process discussed above and represents the highest
amount of CO, captured (between 16.1-18.7 wt%). Weight increases in
this temperature range are associated with activation of different dif-
fusion processes [43], allowing bulk CO, chemisorption. This second
CO,, capture process was not affected by the nickel presence superficial,
as NiO, or structurally into the Na,ZrOs; structure. In fact, curve slopes
observed in this section did not vary significantly. Finally, in all NiO-
containing materials, CO, desorption phenomena which registered in
other Na,ZrO; materials at approximately 800-850 °C [41,42], were
not observed until 950 °C even in a pristine Na,ZrO3 sample. This result
may be related to the low Sggr obtained in synthetized samples. In this
case, a Na,ZrO3 ceramic synthetized without NiO addition demon-
strated the best thermal behavior among all samples tested in the
capture experiments and resulted in the highest amount of CO, che-
misorbed (18.7 wt%) at 950 °C. Furthermore, Fig. 4 shows that an in-
crease in the NiO composition causes a CO5 chemisorption decrease of
1-3 wt% over the entire temperature range. Despite this decrease, NiO
(x)-sodium zirconate materials chemisorbed between 16.1 and 17.7 wt
% of CO, at 950 °C. Theoretical maximum capture values were calcu-
lated as a function of NiO content considering reaction (2), 23.8 wt%
for x = 0.0 and 23.3 wt% for x = 10.0. Then, efficiencies were calcu-
lated as a ratio between experimental and theoretical values, obtaining
values between 68-75% as NiO content (x) increases from 2.5 to 10.0%,
while pure Na,ZrO3 (x = 0.0) presented an efficiency of 79%. As it can
be seen, nickel addition produces a maximum efficiency reduction of
11%; this reduction may not be so important if nickel oxide contributes
catalytically during DMR (see next Section 3.3).

CO,-TPD experiments were performed with different NiO(x)-
Na,ZrO3 samples in order to determinate the effect of NiO addition on
CO,, desorption abilities (Fig. 5). Regardless of the NiO content used,
TPD profiles exhibit two desorption steps. The first one is located be-
tween 200 and 260 °C with a maximum approximately 225 °C, which is
ascribed to a superficial chemisorption on Na,ZrOs type materials
(weakly bound CO,). This desorption step shows almost the same
thermal behavior in all samples. Meanwhile, the second signal shows
the highest CO, desorption (550 and 850 °C), which can be attributed to
a stronger bound CO, sorption over ceramic particles. For this step, it
was observed that nickel addition induces a progressive reduction into
CO, desorption temperature. Thus, NiO(10)-Na,ZrO3; sample showed
CO, desorption which began at 550 °C with a maximum located at
765 °C, whereas pure Na,ZrO3 (x = 0.0) showed the highest tempera-
ture values (CO, desorption began at 650 °C with a maximum at 800 °C)
among all samples tested. After TGA and TPD results, it was established
that all NiO(x)-Na,ZrO; materials, containing nickel oxide or not, are
able not only to capture CO, but also able to store and desorb it over
wide temperature range; therefore, NiO(x)-Na,ZrO3 materials are pro-
posed as potential carbonated materials for other catalytic applications
such as DMR process (reaction (1)).

3.3. Dry methane reforming (DMR)

After CO, capture and desorption analyses, a two-step process was
performed to produce syngas (Hy, + CO). This process consisted of CO,
capture at 600 °C on NiO(x)-Na,ZrO5; materials followed by a catalytic
conversion between CH,4 and the previously captured CO,_Notably, the
carbonation process was performed at 600 °C, in line with previously
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Fig. 2. SEM images and EDS elemental mapping for
NiO(5)-NayZrO; (A-B and C) and NiO(10)-NayZrOs
(D-E and F) materials.

published methods [36], where it was posed that at this temperature,
Na,ZrOs3 presents the highest CO, chemisorption. Fig. 6 shows reactants
(CH4 and CO,) and products (H, and CO) evolution as a function of
temperature for the Na,ZrO3 and NiO(10)-Na,ZrO3; samples. When the
Na,ZrO3 sample was tested, H, production was detected from 785 °C,
indicating that CH,4 reforming process occurs at relatively high tem-
peratures. In fact, at higher temperatures, hydrogen formation became
more evident, reached a 10% efficiency at 900 °C, and fit well with the
CH, reduction content (Fig. 6A). It seems that hydrogen production is
mainly generated at high temperatures through a partial CH4 oxidation
process, because CO, desorption from Na,ZrO; sample occurred at a
lower temperature range (600-850 °C), which indicated that desorbed
CO, did not react with methane-producing syngas. This catalytic be-
havior is in good agreement with previous results [36], where similar
H, amounts were obtained between 800 and 900 °C with a NayZrO;
material prepared via solid state method. Additionally, it can be ob-
served that the H,/CO ratio is lower than 1.0 from 700 to 860 °C, in-
dicating that CO formation was greater than H, production, until the
temperature reached T > 870 °C, where H,/CO ratio was higher than
1.0. According to the literature [25], H,/CO < 1.0 can be rationalized
by the fact that the reverse water-gas shift reaction (where H, formed
reacts with CO,), occurred simultaneously with the DMR reaction.
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In contrast, catalytic evolution for the carbonated NiO(10)-Na,ZrO3
sample showed a totally different behavior for the DMR reaction
(Fig. 6B). Hy production shows four maxima at 550, 650, 835 and
900 °C, reaching 11.3, 26.1, 18.6 and 20.9% efficiencies, respectively.
At 550 and 650 °C, H, production is in good agreement to CO, deso-
rption, and confirms the DMR reaction. Here, the CH, concentration
decreased at those temperatures, while H, and CO increased. At higher
temperatures (T > 835 °C), hydrogen and carbon monoxide produc-
tion are observed, with a corresponding CH, reduction. However, CO,
desorption was not detected, showing that at high temperatures, H,
formation was produced due to partial CH, oxidation, as CO, seems to
be absent in gas mixture. In contrast to the H,/CO ratios obtained for
the pure Na,ZrO3 sample, in all temperature ranges evaluated with the
NiO(10)/Na,ZrO5 catalyst, it was observed that H,/CO ratios were
between 1.01 and 1.92, indicating that H, production is always higher
than CO formation. Additionally, at some temperatures (600-635 and
665-720 °C), the H,/CO ratio was almost equal to 1.0, suggesting that
reverse water gas shift reaction was not possible [25]. The above results
clearly show that using Na,ZrO; with NiO drastically enhances syngas
production in comparison to the use of pure Na,ZrO3 (Fig. 6A).

To understand the NiO effect on hydrogen production, a series of
NiO(x)-Na,ZrO; materials doped with different NiO loads
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Fig. 3. N, adsorption-desorption isotherms at 77 K for NiO(x)-Na,ZrO; materials pre-
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Fig. 4. Thermogravimetric analyses for NiO(x)-Na,ZrO3 samples tested dynamically from
30 to 900 °C in a saturated CO, atmosphere (60 mL/min).

(2.5 < x < 10) were tested in DMR reactions. Fig. 7 shows the thermal
evolution for Hy production using these NiO(x)-Na,ZrO3 catalysts. As
can be seen, hydrogen formation and production temperature are a
function of nickel content. In general, Ni addition not only causes an
increase in H, formed, but also does so at lower temperatures. NiO(x)-
Na,ZrO;z profiles exhibit some differences in comparison to pure
Na,ZrO5 ceramic, as was described above. When sodium zirconate was
doped with 2.5, 5.0 and 7.5 wt% of NiO, a bimodal profile was observed
and is shown in Fig. 7. In addition to the temperature range for CH,
reduction observed in pure Na,ZrO3; between 850 and 900 °C; another
signal for Hy production was detected in a lower temperature range
(750-850 °C), increasing from 9.2% in the NiO(2.5)-Na,ZrO5 sample to
15.0% in the NiO(7.5)-Na,ZrO3 material. Not only was a larger amount
of H, obtained as the Ni content increased but also the temperature
decreased from 850 to 816 °C, consistent with the behavior observed
during TPD analyses (see Fig. 5). Finally, when the highest amount of
NiO (x = 10.0 wt%) was added to Na,ZrOs, the best catalytic behavior
was observed in terms of a significant increase in hydrogen formation
and a decrease in temperature. Therefore, the catalytic behavior ob-
served at T < 800 °C can be due to DMR occurred over the NiO species
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located at of surface of sodium zirconate catalysts. A similar result had
been previously observed for a DMR reaction using NiO-CaO compo-
sites. In that case, H, production occurred between 500 and 700 °C and
it was ascribed to the NiO presence at the ceramic surface [37].

To analyze possible cyclability for NiO(10)-Na,ZrO3 sample during
CO,, capture and subsequent DMR, six cycles were performed with the
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Na,ZrO3 material in cycle 6 (c).

same physicochemical conditions previously described in the experi-
mental section. Fig. 8 shows hydrogen formation as a function of
temperature in each cycle. The catalytic performance between 800 and
900 °C did not change during cyclic tests. In contrast, catalytic behavior
atT < 800 °C depends strongly on the number of cycles performed. H,
production decreases drastically between the cycles 2 and 5, with H,
formation lower than 5% in these cycles at approximately 800 °C. The
main reason for this decrement may be due to NiO reduction to metallic
nickel during DMR steps. To test whether the nickel oxidation state was
responsible for this phenomenon, a sixth cycle was performed with a
previous oxidation stage (see experimental section). The result showed
that hydrogen production increases drastically between the fifth and
sixth cycles, reaches the highest H, production (21.1%) at 550 °C and
maintains the same catalytic behavior at T > 850 °C (Fig. 8). In fact,
the temperature range for H, production improved as well. It means
that DMR and partial oxidation processes were enhanced after catalyst
oxidation stage, proving that the catalytic process highly depends on
the oxidation state of nickel.

Finally, after CO, capture and the subsequent CH4 reforming pro-
cess, it should be determined whether sodium zirconate doped with
10 wt% of NiO could be regenerated through these processes as well as
through the NiO reduction process. Thus, different sample products
were analyzed by X-ray diffraction (XRD), where the pristine NiO(10)-
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Fig. 9. XRD patterns for (A) original NiO(10)-Na,ZrO3, (B) dynamically carbonated-NiO
(10)-Na,ZrO; sample, (C) NiO(10)-Na,ZrO3 obtained after one cycle and (D) after six
cycles of CO, capture-DMR. The secondary crystalline phases were labeled as: (O) NiO,
(D NayCOs3, (9) tetragonal and (A) monoclinic ZrO,.

Na,ZrO3 was included for comparison purposes (Fig. 9). When the NiO
(10)-Na,ZrO3 sample was carbonated at 600 °C, the XRD pattern
changed drastically and showed Na,CO3 (JCPDS card 37-0451) and
ZrO, (JCPDS card 37-0451) formations, as could be expected. Differ-
ences in peak intensities between ZrO, and Na,CO3 phases are due to a
gap in corresponding Zr and Na diffraction scattering coefficients. Fi-
nally, X-ray diffraction patterns for products obtained after one or six
CO,, capture-DMR cycles showed Na,ZrOs; as the main crystalline phase,
as well as two ZrO, phases (tetragonal and monoclinic), as minor sec-
ondary phases. The above result clearly shows that a partial ceramic
regeneration is produced after the CH4 reforming reaction. However,
the Na,ZrO; regeneration degree depends on the number of cycles
performed. On the other hand, two ZrO, crystalline phases were de-
tected, indicating that part of the Na content was lost during cycle
experiments, perhaps through Na sublimation during thermal Na,CO3
decomposition [44]. In the ZrO, tetragonal case, it may be produced by
a Na-doped ZrO, structure [45]. Sodium sublimation may be controlled
by reducing the final temperature reached in catalytic tests. Finally, it
should be mentioned that metallic nickel could not be detected by XRD.
Perhaps the amount or dispersion of metallic nickel did not allow its
detection due to XRD detection limits.

4. Conclusions

In the present work, sodium zirconate materials doped with dif-
ferent nickel loads were synthetized, characterized and tested in two
consecutive processes: (1) carbon dioxide capture and (2) DMR.
According to characterization results (XRD, SEM-EDS and N, physi-
sorption), it was possible to obtain NiO-doped Na,ZrO; ceramics and
maintain the main structure and characteristics of the sodium-con-
taining ceramic. However, when the added NiO amount was greater
than or equal to 7.5 wt%, it was not totally incorporated into the
Na,ZrOs crystal phase, forming NiO on the ceramic surface. After
structural and microstructural characterization, the TG analysis showed
that all Ni-containing materials can be used as CO, captors over a wide
temperature range (200-900 °C), although the NiO presence slightly
decreased the CO, chemisorption ability by 2-3 wt%, in comparison
with Na,ZrOs. On the other hand, CO,-TPD results showed that NiO
addition promotes a significant decrease in Na,ZrO3 abilities for CO5
desorption. In particular, a decrement of almost 100 °C was observed
for the Na,ZrO3; sample prepared with 10 wt% of NiO.

All NiO(x)-Na,ZrO; materials synthetized were carbonated and
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subsequently used as a CO, source during DMR in order to produce
syngas (CO + H,). Catalytic results showed that all Ni-containing ma-
terials produced hydrogen and regenerate after the catalytic process. It
was observed that increasing NiO resulted in a lowering of the catalytic
temperature as well as a dramatic increase in the H, formed. Thus, the
best catalytic behavior was obtained with Na,;ZrO; ceramic doped with
10 wt% of NiO. This sample produced H, over a wide temperature
range (500-900 °C), optimal conditions occurred at 650 °C, where the
highest H, formation was obtained, 26.1%. In fact, two different reac-
tions generated syngas production: (i) DMR at T < 800 °C and (ii)
partial CH, oxidation at T > 800 °C. Moreover, it was noticed that NiO
(10)-doped material cyclability was reduced by means of NiO reduction
to metallic Ni. Finally, it was found that performing an oxidation step
after the DMR process promotes a re-oxidation of Ni, which allows it to
maintain the H, production.
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