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Acceleration effect of the ternary carbonate of Li/Na/K on the CO2-absorption rate of lithium zirconate was 

studied. Potassium carbonate additive in lithium zirconate powder clearly produces the absorption-rate ac

celeration as a result of the formation of the binary carbonate of Li/K, which melts at around 500•Ž. The ex

perimental results obtained revealed that the lithium zirconate powder with the ternary carbonate of Li/Na/

K (ternary-type lithium zirconate) shows a more accelerated absorption rate at 500•Ž, and particularly at 

450•Ž, than does the powder with the binary carbonate of Li/K (binary-type lithium zirconate). At 500•Ž, the 

reaction-yield range of CO2 absorption by a ternary-type lithium zirconate, which shows complete melting of 

the carbonate formed during the reaction, is 2.3times as long as that by a binary-type. Furthermore, even at 

450•Ž, this ternary type has the range of the complete melting, which is as long as that by the binary-type at 

500•Ž, whereas the binary-type does not have the range. The difference of the acceleration effect between the 

ternary and the binary carbonate was attributed to the difference of the length of this reaction-yield range.
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1. Introduction

Carbon dioxide (CO2) emissions, mostly results of fossil 

fuel combustion, are thought to cause climate changes. 

Among the various technologies for reduction of these emis

sions, CO2 segregation is expected to have an immediate 

beneficial impact. As previously reported, power plants are 

possible target for large-scale CO2 segregation. 1)-3) 

Moreover, it is more advantageous to segregate CO2 at the 

fuel reforming process than from flue gas of the plant, since 

the CO2 partial pressure in the former case is high and the 

gas volume is small. 4) However, all CO2 segregation 

methods currently in practical use are not applicable for this 

purpose, because their poor heat tolerance makes them un

suitable for use at the reforming process.

Considering these difficulties, we previously reported a 

lithium zirconate (Li2ZrO3) absorbent which reacts with 

CO2 at around 500•Ž and emits CO2 at above 700•Ž. 5) Its 

reversible reaction is represented by Eq. (1).

Li2ZrO3+CO2•ÌZrO2+Li2CO3

Fig. 1. A model for the reaction of lithium zirconate with CO2.

Li2ZrO3+CO2=ZrO2+Li2CO3 (1)

It is thought to be applicable for CO2 segregation at the fuel 

reforming process which proceeds at around 500•Ž. The 

lithium zirconate absorbent contains potassium carbonate 

(K2CO3) additive in order to accelerate the reaction rate be

tween lithium zirconate and CO2. Figure1 shows a 

model5), 6) for this reaction. CO2 reacts with lithium oxide 

(Li2O) which is contained in lithium zirconate. Lithium car

bonate (Li2CO3) is thus produced on the surface by the reac

tion, forming a layer around the absorbent particles. Lithi

um zirconate finally changes into zirconia (ZrO2). Since the 

melting point of lithium carbonate is 730•Ž, which is much 

higher than the absorption temperature, the solid layer of 

lithium carbonate hinders further reaction in the absence of 

potassium carbonate. On the contrary, lithium zirconate
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with a certain amount of potassium carbonate produces bi

nary eutectic carbonate which has a melting point of 490•Ž. 

Above this temperature, we confirmed lithium carbonate 

melting and immediate CO2 absorption with high reaction 

yield. 6)

In this study, we examined the acceleration effect of ter

nary carbonate. The ternary eutectic carbonate, consisting 

of lithium carbonate, sodium carbonate, and potassium car

bonate, has the melting point of 397•Ž, which is much lower 

than that of the binary eutectic carbonate. 7) This difference 

suggests the possibility of improving the absorption proper

ties of lithium zirconate powder, particularly at a tempera

ture lower than 490•Ž, by the addition of sodium carbonate 

and potassium carbonate. Various samples with different 

amounts of sodium carbonate and potassium carbonate addi

tives were prepared and their CO2 absorption properties 

were compared. The results are discussed below on the ba

sis of the ternary carbonate phase diagram.

2. Experimental
Two series of lithium zirconate powder were prepared. 

Two B-series, Samples (B1) and (B2) are binary-type lithi
um zirconate powders which were synthesized by the heat 
treatment of zirconia stabilized by magnesia (9mol%
MgO-ZrO2; 9MSZ), lithium carbonate, and potassium car
bonate additive. 6) Three T-series, Samples (T1)-(T3) are 
ternary-type lithium zirconate powders which were synthe
sized by the heat treatment of zirconia stabilized by magne
sia, lithium carbonate, sodium carbonate additive, and 
potassium carbonate additive. All these materials for syn
thesis are commercially available. In the synthesis reaction, 
zirconate reacts with lithium carbonate and produces lithi
um zirconate, as represented by Eq. (2).

ZrO2+Li2CO3=Li2ZrO3+CO2 (2)

Table1 shows the details of the mixtures. All these samples 
contain extra carbonate which is in excess of lithium zir
conate synthesis. Figure 2 shows compositions of extra car
bonate in these samples on the phase diagram of Li/Na/K 
ternary carbonate. All the samples were analyzed with an X-
ray diffractometer. The reaction rates between lithium zir
conate and CO2 were measured in a gas flowing environ
ment (20vol%CO2, balanced by air) by using a ther
mogravimetric instrument.

Table1. Compositions of the Mixtures Prepared for the Synthesis

Fig. 2. Compositions of extra carbonate in the samples (before 
CO2 absorption)

3. Results and discussion
Figure 3 shows the typical X-ray diffraction patterns of 

the binary-type lithium zirconate powder (Sample (B1)) 
and the ternary-type powder (Sample (T1)) before CO2 
absorption. Both samples mainly consist of Li2ZrO3, 
Li2MgZYO4, carbonates and hydrates. No obvious difference 
was observed between the composition of the binary-type 
and the ternary-type. 

Figures 4 (a) and (b) show the changes of reaction yield 
and reaction rate. Reaction yield is calculated by Eq. (3),

Reaction yield=(Weight change/%)/
(Maximum weight change/%) (3)

where weight change is the observed thermogravimetric 
change of a unit-weight sample by CO2 absorption, and max
imum weight change is the theoretical weight change of a 
unit-weight sample, calculated on the basis of Eq. (1), Eq. 
(2) and Table 1. The increase in the reaction yield indicates 
exact progress of absorption, which is not correlated to the 
amount of extra carbonate. Reaction rate is the differential 
value of the reaction yield by time, which is based on the 
sampling time of the thermogravimetric instrument, 3s. 
Although there is little difference between the X-ray diffrac
tion patterns of Samples (B2) and (Ti), there is obvious 

difference in Fig. 4 (a). The reaction yield of Sample (T1) is 
much bigger than that of Sample (B2). In order to confirm 
the difference between these 2 samples, the reaction rates of 
the samples are compared in Fig. 4 (b). The reaction rate of 
Sample (T1) is much faster than that of Sample (B2). In 
particular, the reaction rate of Sample (Ti) has a second 
peak, whereas that of Sample (B2) has only one peak. On 
the basis of this difference in Fig. 4 (b), we found that the 
second peak of Sample (T1) makes its reaction yield bigger 
than that of Sample (B2) in Fig. 4(a).

In order to confirm the reason for the second peak in the 
reaction yield change, the relationships between the reac
tion yield regarding absorption and the reaction rate were 
investigated. Since the reaction yield indicates exact 
progress of absorption and composition change of the car
bonate due to the production of lithium carbonate during ab
sorption, reaction yield was adopted instead of experimental 
duration for the horizontal axis in Figs. 5 (a)-(e). There are 
obvious second peaks for Samples (T1) and (T2), and be
sides, Sample (B1) has ambiguous second peaks. Samples 
(B2) and (T3) have no second peaks. Observation of this 
second peak can be ascribed to the differences in the compo
sition of extra carbonate between these samples. As men
tioned above, all these samples contain extra carbonate 
which is in excess of lithium zirconate synthesis. Since lithi
um carbonate is produced by the absorption and mixed with 
extra carbonate, carbonate content of a sample increases 
with progress of the reaction. We call this carbonate mix-
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ture contained in a sample, sample carbonate. As shown in 

Fig. 6, sample carbonates of (T1) and (T2) change their 

compositions from point A toward B, and from point D 

toward E, respectively, depending on the reaction yield. 

Points A and D are calculated on the basis of Table 1, 

whereas points B, E, C and F are calculated on the basis of 

their reaction yield. When we consider absorption at 500•Ž, 

there is a total-liquid-phase region (shaded area in Figs. 6 

and 7) determined using Fig. 2, which allows complete

 melting of sample carbonate. It is noteworthy that the 

values of corresponding reaction yields shown as points C 

and F in Fig. 6, where the second peaks exist in Fig. 5, coin

cide with the reaction yield where complete melting starts. 

This result suggests that the reaction rate acceleration 

shown as the second peak relates to the complete melting of

Fig. 3. X-ray diffraction patterns of Samples (B1) and (T1).

Fig. 4. (a) Reaction yield changes of Samples (B2) and (T1). 
(b) Reaction rate changes of Samples (B2) and (T1).

Fig. 5. Relationships between reaction yield and reaction rate 
during CO2 absorption. 
(a) Sample (T1), (b) Sample (T2), (c) Sample (T3), (d) Sample 
(B1), (e) Sample (B2).
(Reaction temperature: 500℃, CO2: 20vol%, total pressure: 

0.1MPa).
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sample carbonate.

On the contrary, the composition changes of Samples 

(B1), (B2) and (T3) show different locus of phase changes 

from those samples, as shown in Fig. 7. The extra carbonate 

of Sample (T3) includes too much lithium carbonate to 

cause complete melting of sample carbonates. Besides, sam

ple carbonates of Samples (B1) and (B2) melt completely 

only in the narrow range of reaction yield, because the total

- liquid-phase region is not obvious in the Li/K binary locus at 

500•Ž. After all, the loci of phase change are generated by 

the composition of extra carbonate, which is in excess of 

lithium zirconate synthesis. It is noteworthy that the compo

sition of the extra carbonate in a sample is a significant fac

tor for accelerating the CO2 absorption. On the basis of these 

findings, we assumed two criteria for the proper composi

tion of extra carbonate. Firstly, from the viewpoint of quick 

absorption, the extra carbonate should have the composi

tion, which is beneficial for achieving lower melting point of 

carbonate mixture. Figure 2 shows that the composition, 

which is an almost equal mixture of potassium and sodium 

carbonate, has lower melting point. This composition is also 

beneficial for maintaining the complete melting condition 

with long duration. Wide compositional range of total-liquid-

phase provides wide tolerance for the reaction yield. Se

condly, in order to cause the second peak, the extra car

bonate should pass the total-liquid-phase region due to the 

change in carbonate during the reaction. Figure 2, there

fore, shows that lithium zirconate, used as a CO2 absorbent 

at 500•Ž, should have a composition of extra carbonate, 

which contains less than half mol ratio of lithium carbonate. 

In order to confirm these assumptions, ternary-type lithium 

zirconate powder which satisfies the criteria was compared 

with binary-type. Figures 8 (a) and (b) show the difference 

of weight changes between Samples (B1) and (T1) during 

the reaction at 500•Ž and 450•Ž. Since the weight change in

dicates exact CO2-absorbing capacity of a unit-weight sam

ple, which is useful to evaluate industrial value, weight 

change was adopted instead of reaction yield for the vertical 

axis in Figs. 8 (a) and (b). Sample (T1) is a typical example 

which clearly satisfies the criteria mentioned above. Since 

one mol of Li2ZrO3 is produced from one mol of ZrO2 and 

one mol of Li2CO3 as shown in Eq. (2), extra carbonate of 

Sample (B1) with one mol Li2ZrO3 is estimated on the basis 

of Table 1 as 0.1mol of Li2CO3 and 0.12mol of K2CO3, 

whereas that of Sample (B2) is estimated as 0.1mol of 

Li2CO3 and 0.40mol of K2CO3. Because Sample (B1) con

tains less amount of extra carbonate and more of lithium zir

conate in a unit-weight than Sample (B2), Sample (B1) is 

advantageous since it indicates a larger value of weight 

change than does Sample (B2). Analogous to Fig. 5, Sam

ple (T1) shows faster weight change than Sample (B1) at 

500•Ž. Furthermore, the difference of weight change 

becomes more drastic at 450•Ž.

Fig. 6. Changes in carbonate composition during absorption. 
(Samples (T1) and (T2)).

Fig. 7. Changes in carbonate composition during absorption. 
(Samples (T3), (B1) and (B2)).

Fig. 8. Weight changes of Samples (T1) and (B1). 

(a) at 500•Ž, (b) at 450•Ž. 

(CO2: 20vol%, total pressure: 0.1MPa).

Figure 9, based on Figs. 2, 6 and 7, shows relationship be

tween the changes in sample carbonate composition of Sam

ples (T1) and (B1) during absorption and total-liquid-phase 

region at 500•Ž and 450•Ž. At 500•Ž, the reaction-yield 

range of Sample (T1), which shows complete melting of the 

carbonate, is the reaction yield from 0.45 to 0.77. The length 

is 2.3 times as long as that of Sample (B1), the reaction 

yield from 0.23 to 0.37. Furthermore, even at 450•Ž, the 

range of Sample (T1) is the reaction yield from 0.53 to 0.67, 

which is as long as that of Sample (B1) at 500•Ž, whereas 

Sample (B1) does not show the complete melting and the 

length is zero. The difference of the acceleration effect was 

attributed to the difference in this length of reaction-yield 

range, which shows complete melting of the carbonates. As 

shown in Figs. 2, 6 and 7, Sample (T1) has the extra car

bonate which causes the complete melting during CO2 ab

sorption even at 400•Ž, whereas the carbonate of Sample 

(B1) scarcely melts below 500•Ž. Because of this difference 

in the temperature of the complete melting, viz. 100•Ž, it is 

believed that Sample (T1) is more advantageous as a CO2 

absorbent than is Sample (B1), and especially so at around
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450°C.

Fig. 9. Relationship between the changes in carbonate composi

tion of Samples (T1) and (B1) and total-liquid-phase region at 

500•Ž and 450•Ž.

4. Conclusion

All these experimental results indicate that the ternary 

carbonate, consisting of lithium carbonate, sodium car

bonate and potassium carbonate is especially beneficial for 

accelerating the reaction between lithium zirconate and 

CO2. In particular, the samples with extra carbonate, which 

causes complete melting of sample carbonate, have a second 

peak in reaction rate and indicate faster absorption rate than 

the sample with potassium carbonate alone. On the basis of 

the phase diagram of ternary carbonate, it was suggested 

that the wide compositional range for the complete melting 

is beneficial for avoiding the appearance of solid carbonate 

which hinders the absorption. We conclude that the differ

ence in the temperature of the complete melting between bi

nary and ternary carbonate, viz. 100•Ž, provides a drastic 

improvement in acceleration respecting CO2 absorption.
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