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Abstract  

The applications of different mixed metal oxides were explored for the capture of CO2 and convert of 

CO2 to syn-gas. The several samples of the mixed metal oxides were prepared by the sol-gel, solid-solid 

fusion, precipitation, molten salt and template methods in order to investigate the performance of 

mixed metal oxides to the CO2 applications. These samples were calcined for the 3 h in air at 900 oC. 

The mixed metal oxides samples were characterized by acidity/basicity, surface area, XRD pattern, 

SEM images and to capture CO2. The basicity and surface area of the samples of mixed metal oxides 

were found to be in the range from 0.7 to 15.7 mmol.g-1 and 2.24 to 138.76 m2.g-1, respectively. The ob-

tained results of prepared mixed metal oxides by different method were compared for the purpose of 

searching the efficient materials. The temperature profiles of the captured CO2 by the samples of 

mixed metal oxides were obtained in the range 100 to 800 oC. The captured CO2 was found to be in the 

range from 7.36 to 26.93 wt.%. The conversions of CO2 by methane were explored to syn-gas over the 

mixed metal oxides including the calcium iron lanthanum mixed metal oxides and (5 wt.%) Pd/Al2O3 at 

700 oC with the gas hourly space velocities (GHSV) 6000 ml.h-1.g-1 of methane, 6000 ml.h-1.g-1 of CO2 

and 24000 ml.h-1.g-1 of helium. © 2015 BCREC UNDIP. All rights reserved  
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1. Introduction  

The lithium, sodium, magnesium and cal-

cium containing mixed metal oxides of alumi-

nates, silicate and zirconate had been explored 

to capture the CO2 at different temperature 

ranges. However, the important concept is how 

to utilize the captured CO2 for the conversion 

into value added products. Due to high thermal 

stability and low activity of CO2, the quantita-

tively conversion of CO2 to value added product 

is remained a challenging task. However, the 

both aspects capture and conversion of CO2 are 

important in practical point of view.  For these 

purposes, the amine, mixed metal oxides and 

their combinations could be useful material. 

Among the important aspects include the cap-

ture the CO2 and then convert into fuel or hy-

drocarbons via syn-gas.  

The CO2 capture by the carbon, amine, 

grafted amines on metallic oxide porous mate-

rials, amine supported metallic oxide and non-

metallic oxide porous materials, carbon sup-

ported on porous metallic oxide or non-metallic 

oxide materials, porous metallic organic frame 

had been reported. However, the capture of car-



 

bon dioxide will not serve the purpose because 

these applications will create large storage and 

volume problems.  These porous materials have 

no capacity of CO2 conversion to value added 

products. These materials are thermally unsta-

ble at higher temperature > 150 oC. The several 

long chain or short chain amines have been 

used to capture or separate the CO2 from the 

CO2 containing gaseous mixtures. Due to these 

drawbacks of these materials, it warrants to 

use the mixed oxides to capture CO2 and then 

convert CO2 to value added products. The proc-

ess of captured CO2 by the mixed metal oxides 

at higher temperature involved the carbonate 

formation, adsorption in the pores and on the 

surface. The mixed metal oxides are thermally 

stable at post-and pre-combustion tempera-

tures. The CO2 captured by the carbonate for-

mation by mixed metal oxides is an environ-

mentally reversible and non-polluting process 

[1-2].  

Mainly, magnesium, calcium and lithium 

aluminates, zirconate or silicate have been ex-

plored for the capture of CO2. The transition 

metal oxides have also been investigated for 

the capture of CO2 [3-5]. The preparation, char-

acterization and properties of lithium contain-

ing mixed metal oxides had been reported [2-7]. 

The different mixed metal oxides were used to 

capture the CO2 [7-15]. The catalytically con-

version of CO2 and CH4 to syn-gas has been re-

ported [16-26]. However, such studies on the 

multi component mixed metal oxides such as 

calcium copper titanate, lithium zirconium sili-

cate, calcium copper lanthanide, calcium zirco-

nium silicate, etc. are lacking. Therefore, this 

paper reported the preparation and characteri-

zation of mixed metal oxides by different meth-

ods and techniques, respectively, and the appli-

cations of mixed metal oxides to capture CO2 

and then conversion to syn-gas. 

 

2. Materials and  Methods 

The chemicals oxide, carbonate, nitrate and 

hydroxides of calcium, copper, iron and alumi-

num were used. The titanium propoxide, butox-

ide, tetraethyl ortho-silicate, fumed SiO2 

(Sigma-Aldrich), were used for preparation of 

the samples of the mixed metal oxides. How-

ever, the all chemicals used were analytical 

grade. The high purity gases carbon dioxide 

and helium were used (Deluxe India Ltd). A 

high temperature furnace was used to calcine 

the samples of the mixed metal oxides 

(Thermax Co. Ltd). A split furnace (Carbolite 

USA) was used to carry the reaction of carbon 

dioxide with the samples of the mixed metal ox-

ides at different temperatures. The GC (Nucon 

India Ltd) with thermal conductivity detector 

was used to analyze the carbon dioxide.  

 

2.1. Preparation of the Samples of Mixed 

Metal Oxides 

The several samples of the mixed metal ox-

ides were prepared by different methods such 

as sol gel, precipitation, template, molten salt 

and solid-solid fusion methods. However, the 

preparation of the mixed metal oxides of cal-

cium zirconium silicate is given in the details. 

 

2.1.1. Sol-gel method 

The different mixed metal oxides were pre-

pared by sol gel method. First, the sol-gel was 

prepared and dried in vacuum oven. The dried 

sol-gel mass was calcined in furnace at 900 oC 

for 3 h. For the preparation of calcium zirco-

nium silicate by sol-gel method, zirconium oxy 

nitrate, calcium nitrate tetra hydrate and tet-

raethyl ortho-silicate (TEOS) from Sigma Al-

drich were used. The TEOS was mixed with 

ethanol and nitric acid in the mol ratio as 

TEOS:ethanol:nitric acid, 1:8:0.16 and then hy-

drolyzed for 45 minutes under stirring condi-

tions. Then, the zirconium oxy and calcium ni-

trates were added into the mixture (in the mol 

ratio as  Ca:Zr:Si ; 1:1:1, 2:1:1, 4:1:1, and 6:1:1), 

respectively. The reaction mixture was stirred 

for 5 h at room temperature. After that the re-

action mixture was kept under 60 oC for 24 h 

and then the formed sol was dried at 100 oC for 

48 h. The dry gel was calcined at 900 oC for 3 h. 

The different mixed metal oxides were also pre-

pared by sol gel method. 

 

2.1.2. Template method 

The samples of the calcium zirconium sili-

cate were prepared by the template method by 

using cetyl trimethyl ammoniumbromide 

(CTAB) 0.0014 mol, tetra methyl ammonium 

hydroxide (TMAH) 0.0016 mol, calcium nitrate 

0.04 mol (variable 0.08, 0.16 and 0.24 mol), zir-

conyl nitrate 0.04 mol, tetra ethyl orthosilicate 

0.04 mol, sodium hydroxide 0.0245 mol and wa-

ter 6 mol. The templates CTAB and TMAH 

were prepared in the aqueous sodium hydrox-

ide solution. Then, tetra ethyl ortosilicate, cal-

cium and zirconyl nitrate solutions drop by 

drop by using burette were added simultane-

ously to the template solutions. The reaction 

mixture was stirred for 24 h. The solid mass 

was separated by filtration and then dried in a 

vacuum oven at 100 oC for 12 h. The dried mass 

was calcined at 900 oC for 3 h. 
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2.1.3. Precipitation method 

The samples of the calcium zirconium sili-

cate were prepared by the precipitation method 

by using calcium nitrate 0.04 mol (variable of 

0.08, 0.16 and 0.24 mol), zirconyl nitrate 0.04 

mol, tetraethyl orthosilicate 0.04 mol, ammo-

nium hydroxide 0.4 to 0.6 mol, and ammonium 

carbonate 0.3 to 0.5 mol in the aqueous solu-

tion. 

 

2.1.4. Molten salt method 

The samples of calcium zirconium silicate 

were prepared by the molten salt method by us-

ing calcium nitrate 0.04 mol (variable of 0.08, 

0.16 and 0.24 mol), zirconyl nitrate 0.04 mol,  

SiO2 0.04 mol and KCl 0.01 mol by drying at 

100 oC and then calcining at 900 oC for 3 h.  

 

2.1.5.  Solid-solid fusion method 

The samples of the calcium zirconium sili-

cate were prepared by solid-solid fusion method 

for the different Ca:Zr:Si mol ratios. While pre-

paring the samples of the calcium zirconium 

silicate with Ca:Zr:Si (6:1:1) mol ratio, 0.072 

mol of calcium oxide or carbonate, 0.012 mol of 

each zirconium carbonate and fumed SiO2 were 

used. The solid mass was thoroughly mixed and 

then calcined at 900 oC for 3 h. The both molten 

salt and solid-solid fusion methods are similar 

in nature only differ in the use of molten salt. 

The particles -22 to -30 mesh sizes used for the 

CO2 reaction were prepared from the calcined 

solid mass. Similarly, the samples of calcium 

copper titanate, calcium iron lanthanide, cal-

cium aluminum silicate and magnesium nickel 

silicate were prepared by varying the metal 

mol ratio and by different methods such as 

solid-solid fusion, precipitation, template, sol-

gel and molten salt. The samples of the  mixed 

metal oxides such as calcium zirconium silicate 

henceforth are quoted by the terminology by 

taking the first letter of name of metal element, 

and the metal mol ratio and the method of 

preparation (sol-gel = G, solid-solid fusion = F, 

precipitation method = P, molten salt method = 

M and template method =T), such as, CZSF 111 

for Ca:Zr:Si (1:1:1), CZSF311 for Ca:Zr:Si 

(3:1:1), CZSF4-1 for Ca:Zr:Si (4:1:1) and 

CZSF611 for Ca:Zr:Si (6:1:1); for calcium cop-

per titanate, CCTF111, CCTF211, CCTF411 

and CCTF611, for calcium iron lanthanide, 

CILF111, CILF211, CILF411, CILF611, cal-

cium aluminium silicate, CASF111, CASF211, 

CASF411, CASF611, for magnesium nickel sili-

cate, MNSF111, MNSF211, MNSF411and 

MNSF611.     

 

2.2. Characterizations of the samples of 

Mixed Metal Oxides 

The samples of the mixed metal oxides were 

characterized for the basicity/acidity, XRD pat-

terns (Philips Power XRD), NMR, the surface 

area (Model Autosorb-1, Make-Quantachrome 

Instruments Pvt. LTD, USA) and SEM images 

(QUANTA 200 3D).   

 

2.3. Procedure for CO2 Capture 

An online set up of gaseous connection was 

used (Figure 1) for the capture of carbon diox-

ide by the samples of mixed metal oxides. The 

set up was developed by using 4 mm od 

stainless steel tubing, four three ways gas 

valves, gas sampling valve, Carbolite split fur-

nace with temperature controller, a quartz re-

actor, Nucon GC and gas flow control valves. 

The flow rates of helium and carbon dioxide 

gases were changed with four three way gas 

valves as required  as shown in the Figure 1. A 

quartz tube reactor was prepared by using a 

quartz tube of the dimensions 6 mm od, 4 mm 

id and 850 mm length. The quartz tube reactor 

was modified at the centre by using a quartz 

tube of the dimensions of 10 to 20 mm ID and 

100 mm length. The sample of the mixed metal 

oxides was placed inside and at the center of a 

quartz tube reactor with the support of quartz 

wool. The quartz reactor was placed inside a 

split furnace. The temperature of a split fur-

nace was controlled by a temperature control-

ler. The temperature of the sample of the 
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Figure 1. The schematic presentation of CO2 

capture and conversion to syn-gas 
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mixed metal oxides was measured by using a 

thermocouple and temperature indicator. The 

quartz reactor was connected through four 

three ways gas valves and a gas sampling valve 

to GC by using stainless steel tubing connec-

tions. 0.05 to 0.1 g of the sample of the mixed 

metal oxides with the particle size -22 to -30 

meshes was used to react with CO2. First, the 

sample of the mixed metal oxides was flushed 

with helium gas in order to remove the stresses 

of other gases. Then, the sample of the mixed 

metal oxides bed was flushed with CO2 to re-

move the free helium gas.  After that, the car-

bon dioxide was allowed to capture by the sam-

ple of the mixed metal oxides in absence of he-

lium at a certain pressure, temperature and 

time. Then, the captured carbon dioxide by the 

sample of the mixed metal oxides was removed 

by using helium as a carrier gas, and increas-

ing the temperature of the sample of the mixed 

metal oxides bed to 900 oC. The removed car-

bon dioxide was analyzed by GC using a Pora-

pak-Q column, thermal conductivity detector 

(TCD), helium as carrier gas, TCD temperature 

100 oC, injector temperature 100 oC and oven 

temperature 40 oC.   The captured carbon diox-

ide by the sample of the mixed metal oxides 

was expressed as wt.% of CO2 at STP. There 

were two peaks observed [2]. The first peak 

represented the physic-sorption of weakly bond 

CO2. The second peak represented the chemi-

sorptions of strongly bound CO2. 

 

2.4. Procedure for Conversion of CO2 to 

Syn-gas 

The conversion of carbon dioxide by meth-

ane was carried in the fixed bed quartz reactor 

(Figure 1).  But the system was used by chang-

ing the ways of gas through the tree ways gas 

valves. The temperature of catalyst bed of 

mixed metal oxides and alumina supported pal-

ladium in the fixed bed reactor with helium as 

carrier gas was controlled at a particular tem-

perature (at 700 oC) with temperature control-

ler. Then, a reaction gas mixture was passed 

through the helium carrier gas through the 

catalyst bed. The outlet gas mixture was ana-

lyzed by pulse method by using gas sampling 

valve connected to on line system to GC 

equipped with by using a Porapak-Q column, 

helium as carrier gas,  thermal conductivity de-

tector (TCD), TCD temperature 100 oC, FID 

temperature 100 oC, injector temperature 100 
oC and oven temperature 40 oC TCD and FID 

detectors.  The results reported here were of 

conversion of CO2 and methane and the selec-

tivity to CO. 

 

3. Results and  Discussion 

 The CO2 captured by carbonate formation 

could be given by following equations: 

 

CaZrO3 +CO2 ↔ ZrO2 + CaCO3         (1) 

Ca2SiO4 + 2CO2 ↔ 2CaCO3 + SiO2         (2) 

M(n-1)+ -OH + CO2 ↔ M(n-1)+ -HCO3        (3) 

Mn+ ←H2O + CO2 ↔ Mn+ ←H2CO3        (4) 

 

where, Mn+ stands for the metal ion in the 

mixed metal oxides. Thus, the several reactions 

are occurring simultaneously and reversible 

could help to capture and release the CO2 dur-

ing the reactions. The hydroxyl groups and wa-

ter molecules attached to the metal ions depend 

on the calcination, pre-treatment and activa-

tion temperatures before the use of an adsorb-

ent to applications [2]. The conversion of CO2 

by methane to syn-gas could be given as fol-

lows: 

 

CO2 + CH4 ↔ 2CO + 2H2   ∆H=62.2 kcal.mol-1 

              (5) 

 

3.1. Characterization of the Samples of 

Mixed Metal Oxides 

3.1.1. The characterization of samples of 

the mixed metal oxides by XRD, surface 

area and acidity/basicity 

The samples of mixed metal oxides had been 

characterized for the surface area, basicity/ 

acidity, SEM images and XRD patterns. The 

observed XRD patterns of the samples of cal-

cium zirconium silicate which were prepared by 

different methods such as template, precipita-

tion, solid-solid fusion and sol gel methods were 

used to characterize the materials (Figure 2a).  

The presented XRD patterns (Figure 2b) of the 

samples CZSF611,  CZSF411, CZSF311 and 

CZSF111 of calcium zirconium silicate were 

prepared by the solid-solid fusion method with 

the different mol ratios (Ca:Zr:Si, 6:1:1, 4:1:1, 

3:1:1 and 1:1:1) were used to assess the materi-

als. The phases of the CaO, ZrO2, SiO2, calcium 

zirconate, calcium silicate, zirconium silicate 

and calcium zirconium silicate were observed 

(Figures 2a-2b). However, the crystalline 

phases of the Ca3Si2O7, CaZrO3 and Ca2SiO4 

were pre-dominantly seen in the samples 

CZSF611, CZSF411 and CZSF311 when the 

Ca:Zr:Si, 6:1:1, 4:1:1 and 3:1:1 mol ratios were 

used while preparing the samples of calcium 

zirconium silicate. However, calcium rich 

phases in the samples of calcium zirconate sili-

cate were not observed when the sample 

CZSF111 (Ca:Zr:Si, 1:1:1 mol ratios) was cha-
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racterized. Figure 2c shows the XRD patterns 

of the samples of sodium aluminium silicate 

and calcium lanthanum oxide prepared by 

solid-solid fusion method with different mol ra-

tio of Na:Al:Si (SAS611) and Ca:La (CL61). 

The surface areas and basicity of the differ-

ent samples of calcium zirconium silicate were 

used to analyse the material (Table 1). The 

metal content, method of preparation, calcina-

tion temperature, crystalline phase and pores 

formation etc. are the different factors contrib-

uted to the surface area. The samples 

CZSF111, CZSF311, CZSF411 and CZSF611 of 

calcium zirconium silicate with mol ratios 

Ca:Zr:Si, 1:1:1, 3:1:1, 4:1:1, 6:1:1 had surface 

area 49.1, 57.0, 104.7 and 138.76 m2.g-1, respec-

tively. The results indicate that the samples of 

calcium zirconium silicate are porous materials 

with the depending on the surface area. The 

surface area of the samples of calcium zirco-

nium silicate was varied from 21.32 to 138.76 

m2 g-1. The surface area was observed increased 

with the increased in the mol ratio of calcium 

from 1 to 6. The surface area of the samples 

also depends on the method of preparation of 

the samples. The basicity of the samples of cal-

cium zirconium silicate was observed in be-

tween the 0.7 and 15.17 mmol.g-1 depending on 

the method of the preparation and the mol ra-

tio of calcium.  

 

3.1.2.  SEM images of some mixed metal 

oxides 

The SEM images of some mixed oxides were 

taken to observe the particle pattern (Figure 3). 

The SEM images were shown of the samples 

CZSF111, CZSF311, CZSF411, CZSF611, 

CZSG611, CZST611 and CZSP611 of calcium 

zirconium silicate with mol ratios Ca:Zr:Si, 

1:1:1, 3:1:1, 4:1:1, 6:1:1, the samples of 

CCTM611, CCTM411, CCTM211 and 

CCTM111 (by salt molten method), and 

CCTF611 (solid fusion) of calcium copper titan-

ate and the samples CILF611 (solid fusion) of 

calcium iron lanthanide. The SEM images of 

calcium lanthanide oxide (Ca:La, 6:1) by solid 

fusion method and sodium aluminium silicate 

(Na:Al:Si, 6:1:1) by solid fusion method were 

taken (Figure 3). The images of these different 

samples show the grown uniform particle size 

of crystal particles. The changes in the mor-

phology of the crystals were observed. The com-

paring the SEM images of the samples of mixed 

metal oxides from the Figure 3, it showed that 

the dominant growth of spherical-like particles 

was observed. This suggests that the growth of 

different crystal structure of the mixed metal 

oxides.  

3.1.3.  29Si NMR of some mixed metal oxide 

samples 

Here, the 29Si NMRs of the sample CZSF611 

of calcium zirconium silicate (Figure 4a) and 

the sample CASF611 of calcium aluminium 

silicate (Figure 4b) were presented. The results 

of 29Si NMR showed that the chemical shift had 

been moved toward -80 ppm. That indicated 

that the silicon is not in the tetrahedral bonded 

but it is with multi-bonded solid state [27-30]. 

The chemical shift shows that the chemical 

bonding is reoriented during the solid adsorb-

ent formation. 

 

3.2. CO2 Capture 

The CO2 captured by the different phases 

could be related to the enthalpy of formation of 

different phases [2]. The more enthalpy is re-

quired for the formation of crystalline phase, 

then, for the CO2 capture also more enthalpy is 

required for the formation of carbonate. These 

phases simultaneously more or less could be 

contributing to CO2 capture. There were two 

peaks observed [2]. The first peak represented 

the physic-sorption of weakly bond CO2. The 

second peak represented the chemisorptions of 

strongly bound CO2. The observed results were 

given for the physic-sorption, chemisorptions 

and combined. 

 

3.2.1. Calcium zirconium silicate 

The results of the captured CO2 by the sam-

ples CZSF111, CZSF311, CZSF411, CZSF611, 

CZST611, CZSG611 and CZSP661 of calcium 

zirconium silicates with mol ratios Ca:Zr:Si, 

1:1:1, 3:1:1, 4:1:1, 6:1:1 at 700 oC were given to 

assess the CO2 capturing capacity (Figure 5). 

The captured CO2 was observed in between 

7.36 to 25.35 wt.%. The basicity of these sam-

ples was observed in the range 0.7 to 15.17 

mmol.g-1
 (Table 1). The CO2 captured by these 

samples were observed in the increased mol ra-

tio of calcium.   

 

3.2.2. Calcium copper titanate 

The samples CCTF111, CCTF211, CCTF 

411 and CCTF611 of calcium copper titanate 

with mol ratios Ca:Cu:Ti, 1:1:1, 2:1:1, , 4:1:1, 

and 6:1:1 were tested for the CO2 capture at 

700 oC (Table 2). The CO2 captured by the sam-

ples of calcium copper titanate was 9.82 to 

19.66 wt.%. Moreover, the basicity was ob-

served from 1.62 to 10.37 mmol.g-1.   
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Figure 2. (b) The XRD pattern of the samples of calcium zirconium silicate prepared by solid-solid fu-

sion method with different mol ratio of Ca:Zr:Si 
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Figure 2. (a) The XRD pattern of the samples of calcium zirconium silicate prepared by different 

methods such as solid-solid fusion, precipitation, sol gel and template methods 
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Figure 2. (c) The XRD pattern of the samples of sodium aluminum silicate and calcium lanthanum 

oxide prepared by solid-solid fusion method with different mol ratio of Na:Al:Si (SAS611) and Ca: 

La (CL61). 
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Table 1. The basicity and surface area of the samples of calcium zirconium silicate  

 Sr. No  Adsorbent  Alkalinity, mmol/g  Surface area, m2.g-1 

1 CZSF 111 (Solid fusion) 4.31 49.1 

2 CZSF 211 (Solid fusion) 8.79 57.0 

3 CZSF 411 (Solid fusion) 13.15 104.7 

4 CZSF 611 (Solid fusion) 15.17 138.76 

5 CZSG 111 (Sol-gel ) 9.18 16.21 

6 CZSG 211 (Sol-gel ) 10.20 18.9 

7 CZSG 411 (Sol-gel ) 12.60 20.85 

8 CZSG 611 (Sol-gel ) 14.54 24.21 

9 CZSP611 (Precipitation) 14.03 22.24 

10 CZST611 (Template) 0.70 21.32 
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Figure 3. The SEM images of the samples of calcium zirconium silicate (Ca:Zr:Si, different mol ratios) 

prepared by different methods and also the SEM images of the samples of calcium copper titanate 

(Ca:Cu:Ti, different mol ratio) prepared by molten salt and solid-solid fusion method, calcium lantha-

nide oxide (Ca:La, 6:1) by solid fusion method and sodium aluminium silicate (Na:Al:Si, 6:1:1) by solid 

fusion method. 

CZSF111 (solid fusion)             CZSF211 (solid fusion)             CZSF411 (solid fusion)  

CZSF611 (solid fusion)              CZSP611 (Precipitation)           CZSG611 (Sol gel)  

CZST611 (Template)                       CCTM611 (molten salt)       CCTM411 (molten salt)  

CCTM211 (molten salt)                 CCTM 111(molten salt)    CCTF 6111 (solid fusion  

CILF611 (solid fusion)                          CL61 (solid fusion)           SAS611 (solid fusion)  
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Figure 4. (a) 29Si NMR of the sample CZSF611 of calcium zirconium silicate prepared by solid-solid 

fusion method; (b) 29Si NMR of the sample CASF611 of calcium aluminium silicate prepared by solid- 

solid fusion from calcium oxide, aluminium oxide and silica oxide 
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 Sr. No  Adsorbent 
 Alkalinity 

(mmol/g) 

 Captured CO2 at 300 or 700 0C, wt.% 

Physisorption Chemisorptions Combined 

   Calcium zirconium silicate      at 700 oC   

1 CZSF611 (solid fusion) 15.17 0.93 21.04 21.97 

2 CZSF411 (solid fusion) 13.15 0.86 14.21 15.07 

3 CZSF211(solid fusion) 8.79 0.86 13.22 14.08 

4 CZSF111(solid fusion) 4.31 1.08 10.72 11.80 

5 CZSG611(sol gel) 14.54 0.88 14.57 15.45 

6 CZSG411(sol gel) 12.60 0.81 14.42 15.23 

7 CZSG211(sol gel) 10.20 0.60 13.00 13.60 

8 CZSG111(sol gel) 9.18 0.51 12.2 12.71 

9 CZSP611 (precipitation) 14.03 1.04 24.32 25.35 

10 CZST611(template) 0.70 - - 7.36 

      

  Calcium copper titanate         

11 CCTF611  (solid fusion) 10.37 1.08 18.58 19.66 

12 CCTF411   (solid fusion) 8.77 0.77 15.11 15.88 

13 CCTF211 (solid fusion) 6.27 0.97 14.48 15.45 

14 CCTF111(solid fusion) 1.63 0.80 9.03 9.82 

15 CCTMS611  (molten salt) 2.28 0.96 10.20 11.15 

      

  Calcium iron lanthanide         

16 CILF611(solid fusion) 11.02 0.64 26.29 26.93 

17 CILF411(solid fusion) 10.63 0.61 20.20 20.81 

18 CILF211(solid fusion) 6.89 0.92 11.25 12.17 

19 CILF111(solid fusion) 2.27 0.60 10.29 10.89 

      

  Calcium aluminum silicate         

20 CASF611(solid fusion) 10.23 0.82 16.85 17.67 

21 CASF411(solid fusion) 6.122 0.95 16.37 17.32 

22 CASF211(solid fusion) 5.00 1.11 12.85 13.96 

23 CASFH111(solid fusion) 3.09 0.86 8.32 9.18 

24 CASFNH611 (solid fusion) 9.40 0.84 13.2 14.04 

      

  Magnesium nickel silicate         

25 MNSF611 (solid fusion) 1.51 5.72 - 5.72 

26 MNSF411 (solid fusion) 1.35 5.69 - 5.69 

27 MNSF211 (solid fusion) 1.09 5.66 - 5.66 

28 MNSF111 (solid fusion) 0.71 5.44 - 5.44 

      

 Calcium lanthanum oxide     

29 CLF61 (solid fusion) 17.25 0.08 44.37 44.45 

30 CLF41(solid fusion) 17.18 0.85 43.58 44.43 

31 CLF21(solid fusion) 14.39 0.60 34.60 35.20 

32 CLF11(solid fusion) 9.74 0.72 27.54 28.26 

      

 Sodium aluminum silicate At 300 oC    

33 SAS611(solid fusion) 5.83 0.71 14.06 14.78 

34 SAS411(solid fusion) 3.39 0.32 6.19 6.52 

35 SAS211(solid fusion) 2.28 0.15 4.59 4.74 

36 SAS111(solid fusion) 0.27 0.083 3.40 3.48 

Table 2.  The captured CO2 at 300 or 700 oC and the alkalinity of adsorbents 
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3.2.3. Calcium iron lanthanide 

 The captured CO2 by the samples CILF611, 

CILF411, CILF211 and CILF111 of calcium 

iron lanthanum with Ca:Fe:La, 6:1:1, 4:1:1, 

2:1:1 and 1:1:1 mol ratios were given at 700 oC 

(Table 2). The CO2 captured by the samples of 

calcium iron lanthanide was 10.89 to 26.93 

wt.%. Moreover, the basicity was observed from 

2.27 to 11.02 mmol.g-1.   

 

3.2.4. Calcium aluminum silicate 

The samples CASF611, CASF411, CASF211 

and CASF111 of calcium aluminium silicate 

with Ca:Al:Si, 6:1:1, 4:1:1, 2:1:1 and 1:1:1 mol 

ratios were used to capture CO2 at  700 oC 

(Table 2). The CO2 captured by the samples of 

calcium aluminium silicate was 9.18 to 17.67 

wt.%. Moreover, the basicity was observed from 

3.09 to 10.23 mmol.g-1.   

3.2.5. Magnesium nickel silicate 

The samples MNSF611, MNSF411, 

MNSF211, and MNSF111 of magnesium nickel 

silicate with Mg:Ni:Si, 6:1:1, 4:1:1, 2:1:1 and 

1:1:1 mol ratios were explored for the capture 

of CO2 at 700 oC (Table 2). The CO2 captured by 

the samples of magnesium nickel silicate was 

5.44 to 5.77 wt.%. Moreover, the basicity was 

observed from 0.71 to 1.51 mmol.g-1. The re-

sults of the captured CO2 showed that the cap-

tured CO2 by the samples of adsorbent depend 

the basicity of adsorbent (Table 2). 

 

3.2.6. Calcium lanthanum oxide 

The results of the captured CO2 by the sam-

ples CLF61, CLF41, CLF21 and CLF11 of the 

calcium lanthanum oxide were presented at 

700 oC (Table 2). The captured CO2 by these 

samples was observed in the range 0.08 to 

44.45 wt.%. The basicity of these samples was 

observed in the range 9.74 to 17.25 mmol.g-1. 

 

3.2.7. Sodium aluminium silicate 

The results of the captured CO2 by the sam-

ples SASF61, SASF41, SASF21 and SASF11 of 

the sodium aluminium silicate were presented 

at 300 oC (Table 2). The captured CO2 by these 

samples was observed in the range 0.083 to 

14.78 wt %. The basicity of the samples of so-

dium aluminium silicate was observed in be-

tween 0.27 to 5.83 mmol.g1. In the overall re-

sults of captured CO2 by the samples of mixed 

metal oxides showed the captured CO2 was en-

hanced by increased basicity of mixed metal ox-

ide.   

Figure 6. The temperature profile of captured 

CO2 by the CaO, ZrO2 and SiO2 

Figure 7. The temperature profile of captured 

CO2 by the sample CZSF611 of calcium zirconium 

silicate prepared by solid-solid fusion method 

Figure 5. The profile of captured CO2 by the 

sample of calcium zirconium silicate prepared by 

solid-solid fusion method with variable mol ratio 
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3.3. Temperature Profile for CO2 Capture   

3.3.1. Calcium oxide, zirconium oxide and 

silicon dioxide 

The temperature profile of captured CO2 

(Figure 6) by the samples of SiO2, ZrO2 and 

CaO are given. The CaO showed the captured 

CO2 by physic-sorption in the range from 1.08 

to 2.88 wt.%, chemisorptions of 8.42 to 24.48 

wt.% and combined of 10.58 to 25.52 wt.%. 

However, the ZrO2 captured CO2 in the range 

from 3.93 to 5.25 wt.%. Moreover, the captured 

CO2 by the sample of SiO2 was in the range 

from 7.45 to 9.19 %. 

 

3.3.2. Calcium zirconium silicate 

The temperature profiles (Figures 7-10) of 

captured CO2 by the sample CZSF611 of cal-

cium zirconium silicate with mol ratio 

(Ca:Zr:Si, 6:1:1)  prepared by different methods 

solid-solid fusion, precipitation, sol gel and 

template methods were presented for the tem-

perature range from 100 to 850 oC. The data of 

the captured CO2 was presented in terms of 

physic-sorption, chemisorptions and combined 

sorption. The observed CO2 captured by the dif-

ferent phases of calcium zirconium silicate 

could depend on the enthalpy of formation of 

different phases. For those phases, the carbon-

ate formation could also depend on the en-

thalpy of carbonate formation. The CO2 sorp-

tion by the sample of calcium zirconium silicate 

was observed in two major temperature zones. 

The first CO2 sorption zone was from 100 to 

400 OC, where the physic-sorption was higher. 

The second CO2 sorption zone was found from 

the range of 500 to 700 oC, where the chemi-

sorptions were higher. The physic-sorption was 

in the range from 0.57 to 1.78 wt.%. However, 

the chemisorptions were in the range from 7.22 

to 24.32 wt.%.  The captured CO2 by the sample 

of calcium zirconium silicate showed the forma-

tion of calcium carbonate and released the sil-

ica and zirconia. The reversible reactions were 

also observed at higher temperature. There-

fore, calcium zirconium silicate mixed metal ox-

ides are the regenerable adsorbent for CO2. 

 

3.3.3. Calcium copper titanate 

The temperature profile of captured CO2 

(Figure 11) by the sample CCTF611 of calcium 

copper titanate with mol ratio (Ca:Cu:Ti, 6:1:1) 

was presented for the temperature range from 

100 to 850 oC. The data of the captured CO2 

was presented in terms of physic-sorption, 

chemisorptions and combined sorption. The 

CO2 sorption by the sample of calcium copper 

titanate was observed in two major tempera-

ture zones. The first CO2 sorption zone was 

from 100 to 400 OC, where the physic-sorption 

was higher. The second CO2 sorption zone was 

found from the 500 to 700 oC ranges, where the 

chemisorptions were higher.  

The physic-sorption was in the range from 

1.08 to 2.44 wt.%. However, the chemisorptions 

were in the range from 5.69 to 18.58 wt %.  In 

the first temperature CO2 sorption zone from 

100 to 400 OC, the CO2 sorption by the sample 

of calcium copper titanate was from 8.04 to 

8.13 wt.%.  However, in the second tempera-

ture zone from 500 to 700 oC, the CO2 sorption 

was ranged from 8.68 to 19.66 wt.%. In the 

temperature range from 500 to 700 oC, the CO2 

sorption by the sample of calcium copper titan-

ate showed the formation of calcium, copper 

and titanate carbonate. The reversible reac-

Figure 8. The temperature profile of captured 

CO2 by the sample CZSP611 of calcium zirco-

nium silicate prepared by precipitation method 

Figure 9. The temperature profile of captured 

CO2 by the sample CZSG611 of calcium zirconium 

silicate prepared by sol-gel fusion method 
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tions were also observed in this temperature 

zone. Therefore, calcium copper titanate mixed 

metal oxides are the regenerable adsorbent for 

CO2. 

 

3.3.4. Calcium iron lanthanide 

The temperature profile of captured CO2 by 

the sample CILF611 of calcium iron lanthanum 

with mol ratio (Ca:Fe:La, 6:1:1) was presented 

for the temperature range from 100 to 850 oC 

(Figure 12). The data of the captured CO2 was 

presented in terms of physic-sorption, chemi-

sorptions and combined sorption. The CO2 sorp-

tion by the sample of calcium iron lanthanum 

was observed in two major temperature zones. 

The first temperature CO2 sorption zone was 

ranged from 100 to 400 OC, where the physic-

sorption was higher. The second temperature 

CO2 sorption zone was found from to 700 oC, 

where the chemisorptions were higher. The 

physic-sorption was in the range from 0.64 to 

1.41 wt.%. However, the chemisorptions were 

in the range from 7.25 to 26.93 wt.%.  In the 

first temperature CO2 sorption zone from 100 

to 400 OC, the CO2 sorption by the sample of 

calcium iron lanthanum was from 5.92 to 6.82 

wt.%. However, in the second temperature zone 

from 500 to 700 oC, the CO2 sorption was 

ranged from 7.2 to 26.29 wt.%. In the tempera-

ture range from 500 to 700 oC, the CO2 sorption 

by the sample of calcium iron lanthanum 

showed the formation of calcium, iron and lan-

thanum carbonates. The reversible reactions 

were also observed in this temperature zone. 

Therefore, calcium iron lanthanum mixed 

metal oxides are the regenerable adsorbent for 

CO2. 

 

3.3.5. Calcium aluminium silicate 

The temperature profiles (Figures 13a-13b) 

of captured CO2 by the sample CASF611 of cal-

cium aluminium silicate with mol ratio 

(Ca:Al:Si, 6:1:1) were given. The sample of cal-

cium aluminium silicate was prepared (Figure 

13a) by using CaO, Al2O3 and SiO2. The sample 

(Figure 13b) of calcium aluminium silicate was 

prepared by using Ca(NO3)2, aluminium hy-

droxide and fumed silica. The temperature pro-

files of captured CO2 by the samples were pre-

sented for the temperature range from 100 to 

850 oC. The data of the captured CO2 was pre-

sented in terms of physic-sorption, chemisorp-

tions and combined sorption. The CO2 sorption 

by the sample of calcium aluminium silicate 

was observed in two major temperature zones. 

The first CO2 sorption zone was ranged from 

100 to 400 OC, where the physic-sorption was 

higher. The second CO2 sorption zone was 

Figure 10. The temperature profile of captured 

CO2 by the sample CZST611 of calcium zirco-

nium silicate prepared by template method 

Figure 11. The temperature profile of captured 

CO2 by the sample CCTF611 of calcium copper 

titanate  
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found from the range of 500-700 oC, where the 

chemisorptions were higher. The physic-

sorption was in the range from 0.84 to 1.69 

wt.%. However, the chemisorptions were in the 

range from 5.52 to 13.27 wt.%.  In the first tem-

perature CO2 sorption zone of 100-400 OC, the 

CO2 sorption by the sample of calcium alumin-

ium silicate was ranged from 6.68 to 7.89 wt.%.  

However, in the second temperature zone of 

500-700 oC, the CO2 sorption was ranged from 

8.55 to 14.27 wt.%. In the temperature range of 

500-700 oC, the CO2 sorption by the sample of 

calcium aluminium silicate showed the forma-

tion of calcium carbonate and released the sil-

ica and alumina. The reversible reactions were 

also observed in this temperature zone. There-

fore, calcium aluminium silicate mixed metal 

oxides are the regenerable adsorbent for CO2. 

 

3.3.6. Magnesium nickel silicate 

The temperature profile (Figure 14a) of cap-

tured CO2 by the magnesium oxide was taken. 

The physic-sorption by MgO was in the range 

from 5.75 to 7.92 wt.%. However, the chemi-

sorptions were in the range from 0.5 to .97 

wt.%.   

The temperature profile of captured CO2 by 

the sample MNSF611 of magnesium nickel sili-

cate with mol ratio (Mg:Ni:Si, 6:1:1) was 

(Figure 14b) presented for the temperature 

range from 100 to 850 oC. The CO2 sorption by 

the sample of magnesium nickel silicate was 

observed in two major temperature zones. The 

first CO2 sorption was ranged from 100 to 400 
OC, where the physic-sorption was higher. The 

second CO2 sorption zone was observed from 

Figure 13. (a) The temperature profile of captured CO2 by the sample CASFNH611 of calcium alu-

minium silicate by using calcium nitrate, aluminium nitrate and silicon oxide; (b)  The temperature 

profile of captured CO2 by the sample CASFO611 of calcium aluminium silicate by using calcium ox-

ide, aluminium oxide and silicon oxide 
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Figure 14. (a) The temperature profile of captured CO2 by the magnesium oxide; (b) the temperature 

profile of captured CO2 by the sample MNSF611 of magnesium nickel silicate 
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the 500 to 700 oC, where the physic-sorption 

was lower. The physic-sorption was in the 

range from 5.47 to 6.14 wt.%.  

 

3.3.7. Calcium lanthanum oxide 

The temperature profile (Figure 15a) of cap-

tured CO2 by the sample CL61 (Ca:La, 6:1) of 

calcium lanthanum oxide has been taken. The 

results of captured CO2 by the sample CL61 of 

calcium lanthanum oxide had been observed 

with the form of physic-sorption and chemi-

sorptions. However, the chemisorptions had 

been observed in the temperature range 100 to 

800 oC. The combined captured CO2 was varied 

in between 4.21 and 44.45 wt.%.    

 

3.3.8. Sodium aluminium silicate 

The temperature profile of captured CO2 by 

the sample SAS611 (Na:Si:Al, 6:1:1) of sodium 

aluminium silicate was (Figure 15b) shown for 

the temperature range of 100 to 800 oC. The 

captured CO2 by the sample SAS611 was ob-

served in the form of physic-sorption and 

chemisorptions. The chemisorptions from 12.93 

to 14.06 were found to be in the temperature 

range 100 to 300 oC. However, physic-sorption 

was in the range from 0.29 to 4.6 wt.%. More-

over, the chemisorptions were declined in the 

temperature range of 400 to 600 oC. Above tem-

perature 600 oC, the captured CO2 was in-

creased. 

The samples of mixed metal oxide were 

tested for the regeneration test by using the 

same sample for several times. The results 

showed that the mixed metal oxide sample 

could be used for regeneration. Among the 

mixed metal oxides, the captured CO2 by the 

samples of calcium lanthanum oxide was in the 

range of 28.26 to 44.45 wt.%. The obtained re-

sults had shown that the calcium lanthanum 

mixed metal oxides were found to be efficient 

material to capture CO2­ at higher tempera-

tures. However, the efficiency of mixed metal 

oxides to capture CO2 could be arranged in the 

increased order as sodium aluminium silicate < 

magnesium nickel silicate < calcium alumin-

ium silicate< calcium copper titanate < calcium 

zirconium silicate < calcium iron lanthanide < 

calcium lanthanum oxides. 

 

3.4. The Conversion of CO2 by Methane to 

Syn-gas over Mixed Metal Oxides 

The mixed metal oxide adsorbents were 

tested for the conversion of methane by CO2 to 

syn-gas. However, the efficient mixed metal ox-

ide adsorbents have been reported here. The 

catalytic conversion of CO2 by methane to syn-

gas is an endothermic reaction (Equation 5). 

The both CO2 and CH4 are thermally stable 

molecules. The activation energy required for 

the both molecules is high. Therefore, the ther-

mal energy in the form of heat should be sup-

plied to these CO2 and methane molecules for 

the activation in the presence of catalyst. Since, 

the catalytic reaction of CO2 with methane is 

an endothermic; the reaction should be carried 

out at high temperature by taking the advan-

tage of coal gasification or coal combustion sys-

tem in the thermal power stations such as post-

combustion or pre-combustion temperatures. 

Moreover, in the thermal power plant, the flue 

gases contain the methane and CO2 at either 

post or pre-combustion conditions. In addition 

to this, the mixed metal oxide adsorbents are 

Figure 15. (a) The temperature profile of captured CO2 by the sample of CL61 of calcium lanthanum 

oxide; (b) The temperature profile of captured CO2 by the sample of SAS611 of sodium aluminium sili-

cate 

 

0 100 200 300 400 500 600 700 800 900

0

10

20

30

40

50

60 Calcium lanthanum oxide

CL61

 Physisorption

 Chemisorption

 Combined

 C
a

p
tu

re
d

 C
O

2
, 
w

t 
%

Temprature, 
o
CTemperature, oC 

 

0 100 200 300 400 500 600 700 800 900

0

10

20

Sodium aluminum silicate

SAS611

 Physisorption

 Chemisorption

 Total

 C
a

p
tu

re
d

 C
O

2
, 
w

t 
%

Temprature, 
o
CTemperature, oC 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 10 (2), 2015, 140 

Copyright © 2015, BCREC, ISSN 1978-2993 

Table 3. The conversion of CO2 by methane over mixed metal oxide adsorbent and (5 wt.%) Pd/Al2O3 

at 700 oC by using the gas hourly space velocity of CO2 = 6000 ml.h-1.g-1, CH4 = 6000 ml.h-1.g-1 and He 

= 24000 ml.h-1.g-1 

 Sr. No  Catalyst 
 CO2 conversion,  

% 

 CH4 conversion, 

% 

 CO selectivity, 

% 

1  (5 wt.%) Pd/Al2O3  48.83  33.34  51.78 

Calcium zirconium silicate 

2 CZSF611 1.41 0.97 1.5 

3 CZSF411 2.11 1.45 2.26 

4 CZSF211 0.69 0.47 0.73 

5 CZSF111 0.64 0.44 0.68 

6 CZSP611 1.32 0.91 1.42 

Calcium copper titanium oxide 

7 CCTF611 0.58 0.39 0.64 

8 CCTF 411 0.41 0.28 0.47 

9 CCTF211 0.32 0.22 0.35 

10 CCTF111 0.14 0.10 0.15 

Calcium iron lanthanum oxide 

11 CILF611 22.1 19.33 23.69 

12 CILF411 15.85 13.86 16.99 

13 CILF211 0.51 0.35 0.54 

14 CILF111 0.26 0.18 0.28 

Calcium aluminum silicate 

15 CASF611 2.31 1.60 2.48 

16 CASF411 0.66 0.45 0.70 

17 CASF211 0.31 0.21 0.32 

18 CASF111 0.25 0.17 0.27 

Magnesium nickel silicate 

19 MNS611 2.76 1.96 2.96 

20 MNS411 0.56 0.38 0.59 

21 MNS211 0.35 0.24 0.37 

Calcium lanthanum oxide 

22 CL611 1.98 1.36 2.12 
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thermally stable at post- and pre- combustion 

temperatures and capture the CO2. Therefore, 

the mixed metal oxide adsorbent could be, si-

multaneously, used for the CO2 capture and 

conversion of CO2 by methane to syn-gas. The 

syn-gas is used in the Fischer-Tropsch reaction 

for the conversion into hydrocarbons. Thus, at 

the high temperature, the mixed metal oxide 

adsorbents could be used for the both purposes 

for the CO2 capture and conversion to syn-gas. 

Moreover, one mol of CO2  and methane pro-

duces the two moles of each of CO and H2. The 

supported catalysts magnesium-nickel, cobalt, 

iron, platinum, ruthenium, rhodium, molybde-

num and vanadium  reported for the dry re-

forming (conversion of methane by CO2) of 

methane were found to be efficient. In order to 

test the mixed metal oxide CO2 adsorbents for 

the dry-reforming of methane, the several ex-

periments were carried out. However, the re-

sults of the dry-reforming of methane observed 

were reported here. The mixed metal oxide ad-

sorbents were explored for the conversion of 

CO2 by methane at higher temperature. How-

ever, the samples of calcium iron lanthanum 

mixed metal oxide and (5 wt.%) Pd/Al2O3 cata-

lysts were explained  here which found to be ef-

ficient catalysts for the dry-reforming of meth-

ane by CO2. 

 

3.4.1. Calcium iron lanthanide 

The CO2 conversion by methane (Table 3) 

over the different samples CILF611, CILF411, 

CILF211 and CILF111 of calcium iron lantha-

num with Ca:Fe:La, 6:1:1 and 4:1:1 mol ratios 

were observed at 700 oC.  The result of CO2 con-

version by methane was observed in between 

15.85 to 22.1 %, methane conversion of 13.86-

19.33 % and CO selectivity of 16.99-23.69 %.  

  

3.4.2. (5 wt.%) Pd/Al2O3 

The palladium 5 wt.% supported over alu-

mina was tested for the conversion of CO2 by 

methane at 700 oC. The results of conversion of 

CO2 and methane; and the CO selectivity were 

useful for the conversion CO2 to value added 

products (Table 3). The CO2 and methane con-

versions were 48.83 % and 33.34 %, respec-

tively. However, the CO selectivity was 51.78 

%. 

 

4. Conclusion 

The mixed metal oxides included the cal-

cium zirconium silicate, calcium aluminium 

silicate, calcium copper titanate, calcium iron 

lanthanide were tested to CO2 capture. The dif-

ferent samples of calcium zirconium silicate, 

calcium aluminium silicate, calcium copper ti-

tanate and calcium iron lanthanide were pre-

pared by sol-gel, precipitation, molten salt, 

template and solid-solid fusion methods. The 

samples of calcium zirconium silicate were 

characterized by basicity and surface area 

measurement, XRD patterns and SEM images. 

The basicity and CO2 sorption of the samples of 

the calcium zirconium silicate increases with 

the increased in calcium mol in the Ca:Zr:Si 

mol ratio of the samples of calcium zirconium 

silicate from 1 to 6.  The conversion of CO2 by 

methane over mixed metal oxides was checked 

at 700 oC. The results showed that the (5 wt.%) 

Pd/Al2O3 and calcium iron lanthanum oxide 

were found to be efficient  catalysts for the con-

version of CO2 by methane to syn-gas. 
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