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Abstract 

Sodium manganates with a layered structure, Na0.7MnO2.05, have been applied to a novel 

material for CCUS (CO2 capture, utilization, and storage), capable of capturing CO2 at 25 ℃ in 

the presence of water vapor and releasing CO2 at 150 ℃. The temperatures of capturing and 

releasing CO2 of Na0.7MnO2.05 were remarkably lower than those of other traditional metal 

oxides. The CO2 absorption and desorption properties of Na0.7MnO2.05 were investigated by 

various methods, such as thermogravimetry, Fourier transform infrared spectroscopy, X-ray 

diffractometry, and gas chromatography. These investigations confirmed that Na0.7MnO2.05 

absorbed CO2 at 25 ℃ in the presence of water vapor to produce NaHCO3 and a birnessite and 

the CO2 absorption was promoted by increasing relative humidity and CO2 concentration. The 

CO2 absorption at 25 ℃ of Na0.7MnO2.05 was promoted by the formation of a strong basic 

solution on Na0.7MnO2.05, caused by the elution of Na ions from the interlayer of Na0.7MnO2.05 

into water, adsorbed on the Na0.7MnO2.05 surface. Furthermore, Na0.7MnO2.05 was regenerated by 

heating the CO2-absorbed Na0.7MnO2.05 at temperatures as low as 150 °C. The low-temperature 

regeneration indicates that Na0.7MnO2.05 can be a low-energy consumption material for 

capturing and releasing CO2 at low temperatures.  

Keywords: carbon dioxide; sodium manganate; water vapor; ambient temperature. 
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1. Introduction 

Recently, inorganic materials capable of capturing and releasing CO2 at low temperatures 

have been noted from the viewpoint of suppression of energy consumption in CCUS (CO2 

capture, utilization, and storage). However, various inorganic metal oxides, such as lithium 

silicate [1-4] and lithium ferrite [5-8] are mainly used for CO2 captures under moderate and high 

temperatures and they are not appropriate for capturing and releasing CO2 at low temperatures, 

except for amine-induced inorganic compounds [9,10] and metal oxides including alkaline ions 

[11,12]. 

On the other hand, it has been reported that water vapor in a CO2 gas was effective for 

capturing CO2 at low temperatures of Li4SiO4 and Li2SiO3 [13]. Furthermore, O3-LiFeO2, 

[14-15] absorbs CO2 from the air to produce carbonates [11] and α-NaFeO2 [17-19] absorbs CO2 

from air including water vapor at low temperatures. The CO2 absorption under water vapor at 

low temperatures such as 25 ℃ was promoted by an alkaline solution formed on the surface of 

the inorganic compounds.  

Inorganic compounds, such as O3-LiFeO2 and NaFeO2, are expected to elute Na
+
 ions 

under water vapor at low temperatures because these compounds have alkaline ions in the 

interlayer [19]. However, the above compounds are needed to release CO2 at high temperatures 

after they absorbed CO2. Therefore, it is important to develop metal oxides with a layered 
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structure, having low regeneration-temperatures. In this study, we focused on the layered 

structure of sodium manganates, Na0.70MnO2.05, having Na
+
 ions in the interlayer. Hence, we 

examined the CO2 absorption of the synthesized Na0.7MnO2.05 powder at 25 ℃ under a CO2 gas 

flow in the presence of water vapor and its CO2 desorption at low temperatures.  

 

2. Experimental 

Commercially available MnO2 (>99% purity, Wako) and Na2CO3 (>99% purity, Wako) 

powders were mixed in ion-exchanged water for 1 h by an ultrasonic treatment. After removing 

the water with an evaporator, the mixed powder was dried and then heated at 850 °C for 5 h in 

air, following by cooling from 500 ℃ to room temperature (RT) under an Ar gas flow to 

synthesize Na0.7MnO2.05 powders.  

The CO2 absorption of the synthesized Na0.7MnO2.05 powder was carried out in a mullite 

tube at 25 ℃ for 5 h under a gas flow with various CO2 concentrations. Where, the CO2 

concentration was controlled by mixing Ar gas and the gas pressure was 0.1 MPa. The relative 

humidity (RH) in the gas was controlled by bubbling the gases into water at 25 ℃. Both the 

thermal decomposition behaviors under an Ar gas flow and the CO2 uptake behaviors of the 

CO2-absorbed Na0.7MnO2.05 powders were investigated by thermogravimetry and differential 

thermal analysis (TG-DTA; Thermoplus TG8120, Rigaku). Furthermore, the CO2 and H2O 
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released amounts of the Na0.7MnO2.05 powders after the CO2 absorption in the presence of water 

vapor were investigated by gas chromatography attached to an electrical furnace.  

The produced phases were investigated by X-ray diffractometry (XRD; D8Advance, 

BrukerAXS) in the temperature range of 25－ 200 ℃ and Fourier transform infrared 

spectroscopy (FTIR; FT/IR4200, Jasco) with a KBr method. The powder morphologies of the 

Na0.7MnO2.05 powder before and after CO2 absorption were examined with a field-emission 

scanning electron microscope (FESEM, S4100, Hitachi). The N2 adsorption/desorption 

isotherms at −196 °C, examined by Belsorp-mini II (MicrotracBEL), were used to determine the 

Brunauer–Emmett–Teller (BET) specific surface area. The concentrations of Na
+
 ions in water 

were measured with a Na
+
 ion meter (Horiba, LAQUA B-722) and a pH meter (Horiba, LAQUA 

twin).  

 

3. Results and discussion 

3.1 CO2 absorption of Na0.7MnO2.05 

The XRD patterns of as-synthesized NMO and NMO absorbed CO2 at 25 ℃ for 5 h at 15% 

and 75% in relative humidity (hereafter, 15% RH and 75% RH) are shown in Fig. 1(a) and (b), 

respectively. At 15% RH, the NMO phase only existed and birnessite and carbonates were not 

produced. Conversely, at 75% RH, the NMO phase disappeared to produce birnessite 
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(PDF#43-1456), NaHCO3 (PDF#15-0700) and Mn7O13 ・ 5H2O (PDF#23-1239) phases, 

indicating that the NMO reacted with CO2 and H2O, and the presence of water vapor promoted 

the reaction of NMO and CO2. Fig. 2 shows the results of pH testing of NMO with pH test 

paper in a tube furnace, under an air flow in the presence of water vapor (75% RH) at 25 ℃. The 

color of the pH paper changed to yellowish green (the pH changed to 9–10), indicating the 

production of a basic solution on the surface of the NMO particles in the presence of water 

vapor. Where, the CO2 absorption of NMO set on an Al2O3 boat, was also performed at 25 ℃ 

under a CO2 flow in the same tube furnace. A commercial CaCl2 powder was used instead of 

water in the flask (Fig. 2) to prepare CO2 gas with 15% RH. Conversely, CO2 gas with 75% RH 

was prepared by bubbling a dry CO2 gas into water. 

To investigate the solubility of NMO in water, 0.14 g of NMO was dispersed into 100 ml 

of distilled water to prepare an NMO slurry. The result is shown in Fig. 3(a). The Na
+
 ion 

concentration and pH of the NMO slurry rapidly increased for a short time and then gradually 

increased to approximately 120 ppm, which corresponds to approximately 50% of the maximum 

Na-dissolution ratio for NMO (the theoretical concentration is 218 ppm when all Na
+
 ions are 

eluted from 0.14 g of NMO into 100 mL of water). This result suggests that Na
+
 in the interlayer 

of NMO easily eluted in the presence of water, leading to the formation of a NaOH solution on 

the surface of the NMO particles. We investigated the phase produced by elution of Na
+
 of 
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NMO. The result shown in Fig. 3(b) confirmed that NMO changed to birnessite (PDF#43-1456) 

including H2O molecules and Na
+
 ions in the interlayer. The amount of Na

+
 ions dissolved in 

water means that the amount of Na
+
 ions decreased from approximately 0.70 in NMO to 0.31 in 

birnessite. The chemical composition of Na in the birnessite was almost corresponded with the 

other report. [20] 

Fig. 4(a) shows the mass increasing behavior of NMO at 25 ℃ under a CO2 gas flow at 

80% RH, obtained by TG. The TG curve confirmed that the mass increase of NMO was 

increased with increasing the holing time to approximately 3 h, and it reached an almost 

constant level above 3 h. In the presence of water vapor, the rate-determining process is the 

elution of Na
+
 ions into water adsorbed on the NMO surface. NMO dissolved into water 

droplets to produce carbonates, according to reactions (1) and (2);  

CO2  +  2OH－  →  CO3
2－  +  H2O   (1) 

2Na
+
  +  CO3

2－  +  H2O  +  CO2  →  2NaHCO3   (2). 

Hence, it was considered that the CO2 absorption of NMO at 25 ℃ in the presence of water 

vapor proceeded according to the primary rate reaction equation (3);  

Ln [NMO]  = －kPCO2t  +  A   (3). 

Where, [NMO] is the remaining ratio of NMO, t; the CO2 reaction time, k ; the rate constant, 

k = DS / Vh, D; the diffuse constant, S; the surface area, V; the volume of solution, h; the 
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thickness of diffusion layer, PCO2; the partial pressure of CO2, A; a constant. The parameter k 

refers to the Nernst-Noyes-Whitney equation for dissolution of solids [21,22]. Fig. 3(b) shows 

the relationship between the remaining ratio of NMO, [NMO] and holding time, t for the TG 

curves in Fig. 3(a). Here, the partial pressure, PCO2 = 1 atm. The result indicates that the CO2 

absorption rate of NMO was influenced by elution of Na
+
 ions into water adsorbed on the NMO 

surface below approximately 1 h. On the other hand, the rate-determining process above 1 h was 

the diffuse reaction of CO2 because carbonates and a birnessite increased on the surface as the 

CO2 absorption proceeded.  

The morphologies of the as-synthesized NMO and NMO absorbed CO2 at 25 ℃ for 5 h 

under a CO2 flow at 75% RH, are shown in Figs. 5(a) and (b), respectively. Compared to the 

as-synthesized NMO, small particles of NaHCO3 were observed on the surface of the 

CO2-absorbed NMO, which was formed during CO2 absorption under water vapor. The CO2 

absorption of NMO at 25 ℃ under water vapor occurred according to the schematic of Fig. 5(c). 

Thus, a basic solution formed on the surface of NMO, owing to Na
+
 elution from the layered 

structure of NMO, which promoted the reaction of CO2 and NMO, resulting in production of 

birnessite and NaHCO3. The XRD patterns and FTIR spectra of the NMO powder absorbed CO2 

with concentrations of 20%, 50% and 100% under 75% RH, together with the as-synthesized 

NMO powder are shown in Figs. 6(a) and (b), respectively. The XRD patterns show that the 
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NMO phase decreased and the birnessite phase increased as the CO2 concentration increased 

from 20% to 100%. The FTIR spectra confirmed that the largest absorption peaks at around 

1350 cm
-1

 of NaHCO3 and those at around 1400 cm
-1

 of Na2CO3・H2O were assigned to 

asymmetric vibrations of HCO3
-
 and CO3

2-
, respectively [23,24] and NaHCO3 was clearly 

produced at 50% and 100%-CO2 concentrations.  

 

3.2 Decomposition of CO2-absorbed Na0.7MnO2.05 

The TG (a) and DTA (b) curves of NMO absorbed CO2 at concentrations from 20% to 

100% at 25 ℃ for 5 h in the presence of water vapor are shown in Fig. 7. The mass decrease 

rates for CO2-absorbed NMO increased as the CO2 concentration increased. The mass decrease 

was mainly caused by decomposition of NaHCO3. The endothermic peaks for CO2-absorbed 

NMO were mainly observed at temperatures below 90 °C for the case of 20%-CO2 

concentration. This result indicates that production of NaHCO3 requires a higher CO2 

concentration because NaHCO3 was not produced at a CO2 concentration of 20%, as shown in 

Fig. 6. The CO2 and H2O absorption amounts of the CO2-absorbed NMO was investigated. The 

results are shown in Fig. 7(c) and (d). The absorption of CO2 for was greater than that of H2O, 

indicating that NMO absorbed CO2 together with H2O and Na
+
 ions in the interlayer was 

effective for absorbing CO2 at 25 ℃ in the presence of water vapor. 
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3.3 Regeneration of Na0.7MnO2.05 

The high-temperature XRD patterns of the powders obtained by heating the CO2-absorbed 

NMO at temperatures from 25 ℃ to 200 °C in air are shown in Fig. 8. The birnessite phase 

decreased and the NMO phase increased at 100 °C, although the birnessite phase was identified 

at 50 °C. The birnessite phase disappeared and the NMO phase only appeared at 150 °C. Thus, 

NMO was regenerated at temperatures as low as 150 °C, which is considerably lower than the 

regeneration temperatures of other CO2-absorbing materials containing alkaline ions, such as 

700 °C for Li4SiO4 [1,13], 500 °C for LiFeO2 [6,7]. We attribute the low-temperature 

regeneration of NMO to the low-temperature reactions of birnessite and NaHCO3. The 

low-temperature regeneration indicates that the Na
+
 ions could be induced into the interlayer of 

birnessite, which have fewer Na
+
 ions, by the thermal decomposition of NaHCO3 to produce 

NMO having a layered structure containing any interlayer Na
+
 ions.  

SEM images and N2 adsorption/desorption isotherms of the as-synthesized NMO and 

regenerated NMO powders are shown in Fig. 9. The SEM images showed that the regenerated 

NMO particles were smaller than those of the as-synthesized NMO. The N2 

adsorption/desorption isotherms confirmed that the specific surface area of the regenerated 

NMO (12.5 m
2
/g) was much higher than that of the as-synthesized NMO (0.8 m

2
/g). This is 
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because the small particles (Fig. 9(b)) on the regenerated NMO ware produced by the thermal 

decomposition of the small NaHCO3 particles formed by the reaction of CO2 with small NaOH 

droplets on the NMO surface. Fig. 10 shows CO2 and H2O amounts released from the 

as-synthesized NMO, the regenerated NMO at the 1st cycle (hereafter, 1st-reNMO), 2nd cycle 

(hereafter, 2nd-reNMO), and 3rd cycle (hereafter, 3rd-reNMO). The mass ratios of CO2 for the 

1st-reNMO, 2nd-reNMO, and 3rd-reNMO were larger than that of the as-synthesized NMO. 

The increase of the released amounts of CO2 and H2O was caused by the increase of the specific 

surface area of the regenerated NMO, as shown in Fig. 9. Thus, the regenerated NMO is also 

capable of capturing and stabilizing CO2 in the presence of water vapor. 

 

4. Conclusion 

Na0.7MnO2.05 (NMO) with a layered structure was synthesized by a solid-state reaction 

method. NMO absorbed CO2 at 25 ℃ under CO2 flows with various CO2 concentrations in the 

presence of water vapor to produce NaHCO3 and birnessite. The CO2 absorption ratio at 25 ℃ of 

NMO increased with increasing the CO2 concentration in the presence of water vapor. The CO2 

absorption of NMO at 25 ℃ was caused by the formation of a basic solution on the surface of 

NMO by adsorption of water vapor on the surface. NMO was regenerated by heating the 

CO2-absorbed NMO at temperatures as low as 150 °C. The low-temperature regeneration of 
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NMO indicates that NMO can be used as a CO2-capture material at 25 ℃ in the presence of 

water vapor.  
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Figure captions 

 

Fig. 1 XRD patterns of powders of as-synthesized NMO and CO2-absorbed NMO under CO2 

flow at 25 ℃ under (a) 15 and (b) 75% RH. 

Fig. 2 Schematic showing the pH testing of NMO with pH test paper in the tube furnace, under 

an air flow in the presence of water vapor (75% RH) at 25 ℃. 

Fig. 3 (a) Na
+
 ion concentration and pH of NMO slurry prepared by dispersion of NMO into 

distilled water and (b) XRD pattern of dried powder obtained after measurements of Na
+
 

ion concentration and pH. 

Fig. 4 (a) TG curve for the mass increasing behavior of NMO at 25 ℃ under a CO2 gas flow at 

80% RH. (b) Relationship between the remaining ratio of NMO, [NMO] and holding time, 

t. 

Fig. 5 Powder morphologies of (a) as-synthesized NMO and (b) CO2-absorbed NMO at 25 ℃ 

for 5 h under a flow of CO2 with 75% RH. (c) Scheme for the CO2 absorption mechanism at 

25 ℃ of NMO in the presence of water vapor. 

Fig. 6 (a) XRD patterns and (b) FTIR spectra of the NMO powders absorbed CO2 for 5 h at 

concentrations of 20%, 50% and 100% under 75% RH.  
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Fig. 7 (a) TG and (b) DTA curves for thermal decomposition under an Ar gas flow for NMO. 

CO2 and H2O absorption amounts of CO2-absorbed NMO (c, d). CO2 absorption of NMO 

was carried out at 25 ℃ for 5 h under 75% RH. 

Fig. 8 High-temperature XRD patterns of samples powders obtained by heating the 

CO2-absorbed NMO at temperatures from 25 ℃ to 200 °C in air, with a heating rate of 

5 °C/min. 

Fig. 9 SEM images and N2 adsorption/desorption isotherms of as-synthesized NMO and 

regenerated NMO powders. 

Fig. 10 CO2 and H2O released from as-synthesized NMO, regenerated NMO for the 1st cycle 

(1st-reNMO), 2nd cycle (2nd-reNMO), and 3rd cycle (3rd-reNMO). CO2 absorption of 

NMO was carried out at 25 ℃ for 5 h under 75% RH. 
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Highlights 

 

・Na0.7MnO2.05 was applied to a novel capturing/releasing CO2 material at low temperatures.  

・The CO2 capture of Na0.7MnO2.05 was promoted at 25 ℃ by increasing relative humidity and 

CO2 concentration. 

・Adsorption of water vapor on the surface of Na0.7MnO2.05 caused the low-temperature CO2 

absorption. 

・Na0.7MnO2.05 was regenerated at temperatures as low as 150 °C. 
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