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Li Promoted Sodium Zirconates as High Temperature Absorbent
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Abstract: Previous studies reported that Na2ZrO3 exhibited better high temperature CO2 capture features than other Li-base materials
towards its use in hydrogen production. This work is aimed to increase Na2ZrO3 absorption capacity by the addition of Li. Na2ZrO3 was
synthesized by solid-state reaction and impregnated with LiNO3 at different Li/Na molar ratios: 0, 0.03, 0.05, 0.1 and 0.25. Characterization consisted in XRD and SEM. Absorbents were evaluated by TGA at 600 °C, 80 % CO2/Ar (absorption) and 800 °C, air (regeneration).
XRD results found the Na2ZrO3 structure in all samples. However, Li promoted samples presented substitution of Na by Li in the Na2ZrO3
structure. According to TGA, absorption/regeneration kinetics was not modified by the effect of Li. Instead, CO2 capture capacity increased with Li content up to a limit between 10 to 25 % mol. This was attributed to formation of Na4ZrO4 type structures, which can be
responsible of the increase in capture capacity.
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problems such as global warming.
A crucial feature within the hydrogen production through this
concept resides in the CO2 solid absorbent, which must possess
adequate absorption capacity and fast absorption-regeneration
kinetics. Several researches have concentrated in the study of the
effects of pressure, temperature and gas reactant composition on
absorbents based on calcium oxide (CaO) using the thermogravimetric (TGA) experimental technique [4, 5]. However, sintering of
these materials reduce their efficiency after several absorptionregeneration cycles. Calcined dolomite (CaO*MgO) have been
proved to be a superior absorbent compared to CaO in multicycle
tests [5]. Unfortunately, this absorbent of mineral origin requires
high regeneration temperatures (T ≥ 950 °C) that cause degradation of the material after more than 10 absorption-regeneration
cycles. Bandi et al. [6] proposed the use of the mineral huntite
(Mg3Ca(CO3)4) exhibiting good regeneration features. However,
this absorbent has several disadvantages such as: a high regeneration temperature and low CO2 capacity. Also of mineral origin the
Mg6Al2(CO3)(OH)16*4H2O hydrotalcite was proposed by Hufton
et al. [7] and Ding and Alpay [8], which was used as CO2 adsorbent at moderate temperatures ( 400-500 °C) resulting in a low adsorption capacity.

1. INTRODUCTION
Hydrogen is an important raw material for today chemical and
petroleum industry and can be considered a convenient and clean
energy carrier, because energy produced from this gas generates
water vapor as the only byproduct. Hydrogen can be produced
from traditional fossil fuel sources such as petroleum, natural gas
and coal as well as from renewable sources such as solar, wind,
biomass and solid wastes [1].
Recently, high temperature CO2 capture is playing an important
role in converting conventional hydrogen production from fossil
fuels into high efficient processes [2]. One example is the methane
steam reforming (SMR) combined with CO2 absorption (SER,
sorption enhanced reforming), where high temperature CO2 capture (600 ºC) generated important energy savings (≈ 23 %) with
respect to the conventional SMR process [3].
CO2 capture not only makes hydrogen production processes
more efficient, but also helps to reduce the release of this greenhouse gas to the atmosphere, thus diminishing environmental
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Recently, a new generation of synthetic solid absorbents was
initially developed by Ohashi et al. [9], who proposed a novel CO2
separation technique employing lithium zirconate (Li2ZrO3) as a
regenerable solid CO2 absorbent in a temperature range of 450-700
°C. Main advantages of this material were: low regeneration temperature (810 °C) and a high thermal stability compared to the mineral origin absorbents (which present sintering when exposed to
high temperatures). These new materials hold their absorption capacity even after having performed more than 50 absorptionregeneration cycles. However, Li2ZrO3 absorption kinetics has been
reported to be extremely slow [9]. Kato et al. [10] proposed other
absorbents based on Li such as: lithium ferrite (LiFeO3), lithium
titanate (Li2TiO3), lithium metasilicate (Li2SiO3) and lithium orthosilicate (Li4SiO4) used at several temperatures. Among all of these,
it was found that Li4SiO4 exhibited the highest CO2 absorption
capacity. They exposed Li4SiO4 to 50 absorption-regeneration cycles without losing its initial absorption capacity. However, the
weight change (TGA tests) was only 82 % of its maximum theoretical capacity [10].
Even though this new generation of high temperature synthetic
absorbent materials (such as Li2ZrO3 and Li4SiO4) has an adequate
absorption capacity, fast regeneration kinetics and an exceptional
thermal stability, are based on mixtures of Li oxides as their main
component. This fact represents a disadvantage because Li and
their compounds are relatively scarce in nature and consequently
more expensive compared to other alkaline metals such as sodium
and potassium. Some mixtures of metal oxides based on Na has
been synthesized in our laboratory and studied as CO2 absorbent
materials [11]. It has been reported that sodium zirconate
(Na2ZrO3) presents equal or even superior absorption features to
those materials based on Li [2, 12]. The absorption mechanism was
based on the following reaction [11]:

Na2ZrO3 + CO2 ↔ Na2CO3 + ZrO2

(1)

where Na2ZrO3 reacts reversibly with CO2 forming sodium carbonate (Na2CO3) and zirconium oxide (ZrO2) presenting a regeneration temperature of 780 °C. In this study it was found that Na2ZrO3 exhibited superior absorption kinetics compared to those absorbents based on Li (Li2ZrO3 and Li4SiO4) [13]. However, it was also
found that Na2ZrO3 main disadvantage with respect to its synthetic
counterparts is its lower CO2 absorption capacity.
1.1. The use of Alkaline Metals as Promoters in
CO2 Absorbents
Nakagawa and Ohashi [14] reported the use of potassium carbonate (20 % W K2CO3) as promoter to increase Li2ZrO3 absorption reaction kinetics. Ida and Lin [12] and Ohashi et al. [9] explained with TGA-DSC data and the use of a reaction model how
the mixture of Li2CO3 and K2CO3 form and eutectic around 500 °C,
resulting in an enhancement of the Li2ZrO3 absorption reaction
rate, which exhibited around 40 times faster absorption times than
un-promoted Li2ZrO3. However, the absorption kinetics of this
promoted material is restricted by the formation of the eutectic
mixture Li2CO3-K2CO3 at 500 °C. Additionally, they used other
alkaline carbonates as promoters (from 5 to 30 % mol) aiming to
improve the Li4SiO4 absorption kinetics [10]. Some examples of
promoters used by Ohashi et al. [9] were: sodium carbonate
(Na2CO3), potassium carbonate (Ka2CO3), magnesium carbonate
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Figure1. Na2ZrO3 promoted with Li synthesis method

(MgCO3) and calcium carbonate (CaCO3). In all cases the use of
these promoters increased the absorption kinetics to approximately
30 times with respect to the un-promoted absorbent. However,
absorption temperatures were restricted to T ≥ 500 °C (in the case
of K) where the eutectic region formed between Li2CO3 and K2CO3
is available. Yttrium has been also considered as a promoter as
reported by Ida et al. [12].
In all the previous research, in which alkaline promoters were
used to improve the CO2 absorption and/or regeneration features of
those materials, resulted in the increase of the absorption kinetics,
thermal stability and CO2 capture capacity. Therefore, the present
research is aimed to study the effect of Li as a promoter in Na2ZrO3
to increase the CO2 absorption capacity at high temperature without
significantly affecting the absorption and/or regeneration kinetics
of this material. All of this in order to generate an adequate material to be used in a high efficient hydrogen production process.
2. EXPERIMENTAL
Na2ZrO3 was synthesized by solid state reaction following the
procedure described by Lopez-Ortiz et al. [11] using a Na/Zr = 1
molar ratio. An equimolar mixture of Na2CO3 (J.T. Baker) and
ZrO2 (Spectrum Co.) were mixed and calcined at 900 °C for 4
hours to later be divided in five equal portions of 2g each one.
These portions were separated to later be impregnated with a 1M
aqueous solution of LiNO3 (Sigma Aldrich) at different Li/Na molar ratios: 0, 0.03, 0.05, 0.1 and 0.25 and samples were named after
NZ, NZL3, NZL5, NZL10 and NZL25, respectively according to
the description of Figure 1. After impregnation the samples were
calcined again at 900 °C for 1 hour. Characterization consisted in
x-ray diffraction (XRD, Phillips XPERT-MPD with CuKα) and
scanning electron microscopy (SEM, JEOL JSM 5800LV). Evaluation of the absorbents was carried out by thermogravimetric analysis (TGA, System-Pyris-1 Perkin Elmer) at 600 °C, 80 % CO2
(absorption) and 800 °C, air (regeneration) at a flowrate of 100
cm3/min.
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Figure 4. SEM images of un-doped NZ (left) and NZL10 (right)
samples
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Figure 2. XRD pattern from sample NZ (Na2ZrO3)

Figure 5. Absorption and regeneration TGA results of Na2ZrO3
samples

Figure 3. XRD results of Li promoted Na2ZrO3 samples

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction
Na2ZrO3 diffraction pattern from sample NZ (Na2ZrO3) is shown
in Figure 2. Analysis of the XRD pattern signal intensity ratios of
this sample indicates the presence of a mixture of hexagonal and
monoclinic Na2ZrO3 crystalline structures, which agrees with studies performed by Zhao et al. [15] who found similar ratios indicating the presence of these crystalline structures when the precursors
were treated under an air atmosphere at 800 °C. It can be suggested
that these synthesis conditions favor some portion of the monoclinic structure to be transformed into the hexagonal phase. XRD
results of all Li promoted Na2ZrO3 samples only exhibited the sodium zirconate crystalline structure as observed in Figure 3.
In Figure 3, it can be observed that the absence of any other solid
phase different from the Na2ZrO3 phase is evident in all the Li promoted samples. Moreover, powder diffractograms demonstrate the
existence of Li atoms dissolution into the crystalline structure of
Na2ZrO3, through the clear and continuous shift towards higher 2 θ
angles when the lithium mole fraction increases with respect to the
un-promoted material (NZ). This behavior is the result of the Na2ZrO3 unit cell distortion and shrinkage caused by the substitution of

some sodium (ionic radius, 102 pm) by lithium atoms (ionic radius,
76 pm), which can be attributed to the decrease in interplanar distance in the Na2ZrO3 crystalline structure assuming the substitution
of larger size (Na) by smaller ones (Li) [16]. This substitution is a
consequence of the Li solubilizing capacity by the Na2ZrO3 structure that has been reported to be a maximum of 0.6 [17]. Leading to
structures of the type NaxLiyZrO3 that are reflected in the shift behavior observed in Figure 3. This shift is observed in all Li promoted samples because the highest Li content materials (NZL25)
with a Li/Na = 0.25 wouldn’t reach the maximum solubility limit as
is reported by Pfeiffer et al. [17].
Figure 4 presents SEM images from samples NZ and NZL10.
Sample NZ (un-promoted) exhibited morphology of agglomerates
formed by spherical particles of 2-3 µm in size, which agrees with
results reported by Zhao et al. [15] under similar synthesis conditions as in the present work.
On the other hand, morphology of sample NZL10 showed agglomerates composed of larger particles (2-5 µm). This can be
explained by the fact that Li promoted samples were exposed to an
additional calcination step (1h at 900 °C) after been impregnated
with LiNO3. All other Li promoted samples resulted in similar morphologies as the one observed in Figure 4 for sample NZL10.
Figure 5 presents results of TGA absorption-regeneration tests,
where the absorbed weight fraction is plotted against reaction time
for pure Na2ZrO3 and promoted samples. In this Figure it can be
seen that the amount of Li within the Na2ZrO3 structure was not
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enough to significantly modify neither the absorption nor the regeneration kinetics. However, it can be observed that as the amount
of Li was increased in Na2ZrO3 (at least up to 10 %) a rise in the
amount of absorbed CO2 was also achieved. For example, after 5
minutes of absorption the order, from small to large, in the amount
of CO2 absorbed was as follows: NZL25 < NZ < NZL3 < NZL5 <
NZL10. As a consequence this would lead to a greater amount of
carbonated material (Me2CO3, Me = Li and Na) that would reach
up to a limit that can be found between 10 and 25 % mol Li, because according to results presented in Figure 5 sample NZL25
exhibited a small CO2 capture capacity compared to sample NZ
(un-promoted). The behavior of sample NZL25 can be attributed to
a decrease in the CO2 absorption kinetics, which was produced by
the presence of a greater amount of the NaxLiyZrO3 crystalline
structure. This NaxLiyZrO3 phase presumably exhibited a similar
slow kinetic behavior characteristic of the Li2ZrO3 absorbent.
The increase in CO2 capacity being proportional to the Li content
in Na2ZrO3 can be explained in terms of the promoted absorbent,
which has a greater amount of metal readily available to be carbonated and less amount of ZrO2, that is inert to the absorption reaction, thus producing a more efficient absorbent. When substitution
of Li with Na atoms takes place within the Na2ZrO3 structure the
formation of a NaxLiyZrO3 type phase is generated, thus leaving
free Na atoms capable to form another structure like Na4ZrO4. It is
reported in the literature [18] that zirconium oxide (ZrO2) reacts
with sodium carbonate (Na2CO3) through the reverse equation (1)
to form Na2ZrO3. However, if the Na is found in excess, it is likely
to form the Na4ZrO4 structure, which also can be predicted from
phase diagrams based on thermodynamic data [19].
The fact that a Li content close to 25 % is traduced in a decrease
in the absorption kinetics is directly related with a greater formation of the NaxLiyZrO3 intermediate phase that presumably presents
a slow kinetic behavior similar to Li2ZrO3 [11]. This behavior
agrees with studies reported by Pfeiffer et al. [17] and Gamboa
Hernández et al. [20].
A general inspection of the kinetic behavior during regeneration
(Figure 5) of the CO2 absorbed samples indicates that for practical
purposes there are no changes of the promoted samples with respect to pure Na2ZrO3 (NZ). However, samples NZL10 and NZL25
presented a different behavior when these were exposed to low CO2
concentrations (beginning of regeneration). This behavior can be
associated to the formation of a greater amount of NaxLiyZrO3
phase, which agrees with results reported by Gamboa Hernández et

Table 1. TGA results of CO2 absorption conversions at different
times
Sample
Time (min)

Conversion (%)
NZ
*(23.7 %)

NZL3
*(24.4 %)

NZL5
*(24.8 %)

NZL10
*(25.7 %)

NZL25
*(28.8 %)

2.5

97

97

97

96

92

4

98

97

97

97

93

6

98

97

98

97

93

8

98

97

98

97

94

12

98

98

98

97

94

*(theoretical CO2 capacity)

al. [20] that attributed such results to this phase being more susceptible to changes in the CO2 partial pressure.
Table 1 reports absorbent conversions of synthesized materials
evaluated by TGA in the present work at different absorption times.
It is important to note that in order to determine the conversion;
each of the absorbents was compared with its corresponding maximum theoretical CO2 capacity, taking into account that this was
different for every single sample.
In this Table it can be seen that NZ was the absorbent that exhibited greater conversions, followed by NZL5, NZL3, NZL10 and
finally by NZL25. However, differences in conversions were not
that significant, with the exception of sample NZL25, which
reached a decrease of approximately 5 % with respect to NZ (2.5
min). These TGA results indicate that the addition of Li to Na2ZrO3
has a positive effect in generating an increase in the CO2 absorption
capacity without modifying the absorption and/or regeneration
kinetics of the material.
4. CONCLUSIONS
According to TGA results, neither absorption nor regeneration
kinetics were modified by the addition of Li to Na2ZrO3 (up to 25
%). Instead, the CO2 capture capacity increased proportionally to
the Li content up to a limit that can be found between 10 to 25 %
mol Li. This behavior can be attributed to the fact that the promoted material contains a greater amount of available metal to be
carbonated accompanied with a lower quantity of ZrO2, which is
inert to the absorption reaction, thus generating a more efficient
absorbent. The order from small to large CO2 absorption was as
follows: NZL25 < NZ < NZL3 < NZL5 < NZL10. The decrease in
the absorption kinetics that sample NZL25 exhibited can be explained from a existence of a greater amount of the NaxLiyZrO3
type structure that presumably presents a similar slow absorption
kinetic behavior as Li2ZrO3.
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