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Abstract The applications of different samples of lith-
ium zirconium silicate contributing to CO2 sorption and
conversion of CO2 to syn-gas at high temperatures were
investigated. Several samples of lithium zirconium sili-
cate prepared by solid–solid fusion method were cal-
cined in air or nitrogen atmosphere at 900 °C for 3 h.
The lithium zirconium silicate samples were character-
ized by acidity/alkalinity, surface area, XRD pattern,
SEM images, and CO2 sorption. The alkalinity and
surface area of the samples of lithium zirconium silicate
were found to be in the range of 15.1 to 20.0 mmol g−1

and 0.05 to 2.13 m2 g−1, respectively. The temperature
profile of CO2 sorption by samples of lithium zirconium
silicate was given for the range 100 to 700 °C. The CO2

sorption was found to be in the range of 12.81 to
18.04 wt.% at 550 °C for samples of lithium zirconium
silicate with different Li/Zr/Si mole ratios from 1 to 6.
The crystalline phases in the samples of the lithium
zirconium silicate, Li6Si2O7, ZrSiO4, Li2SiO3,
Li2ZrO3, Li4ZrO4, and Li4SiO4 could contribute to
CO2 capture. The conversion of CO2 by methane to
syn-gas over the lithium silicate samples and PdO
(5 wt.%)/Al2O3 at 500 °C with the gas hourly space
velocities 6,000, 12,000, and 36,000 mL h−1 g−1 of
methane and 6,000 mL h−1 g−1 of CO2 was explored.
However, the higher conversion of CO2 to syn-gas was
observed at the low gas hourly space velocity of
6,000 mL h−1 g−1 of methane.

Keywords CO2 sorption . Applications of lithium
zirconium silicate . Solid–solid fusion
method . Temperature profile . Syn-gas

1 Introduction

Due to the high thermal stability and low activity of
CO2, to achieve the conversion of CO2 to a single
value-added product through a single step seems to
be a tough task. However, there is a possibility that
CO2 can be converted to a value-added product
through intermediate products (Graves et al. 2011).
Therefore, here, as a first step process towards value-
added products, an attempt has been made to improve
CO2 sorption by an adsorbent and then to convert the
adsorbed CO2 to syn-gas, and then, the second step is
to convert the syn-gas to hydrocarbons or value-added
products (Yin et al. 2013).

In the present environment scenario, large amounts
of emitted gases such as sulfur dioxide, nitrous oxide,
carbon monoxide, and methane are causing air and
water pollution in excess of the tolerance limit. The
excess acidic gas concentrations in the atmosphere
also cause acid rain and global warming. The main
sources of carbon dioxide are fossil fuel combustion,
aircraft, vehicles, refineries, and natural gas combus-
tion centers. From the free- to post-industrial area, the
CO2 concentration in the atmosphere has increased
from 250 to 391 ppm. Therefore, the capture, seques-
tration, and utilization of greenhouse gases are the
important issues to be addressed by investigating
new concepts and processes (NOAA 2012; Etheridge
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et al. 1996). The captured CO2 by the adsorbent in-
volved the adsorption of CO2 on the surface, in the
pores (by capillary action), and carbonate formation.
The captured CO2 by the amines and ionic liquids is a
slow kinetic reaction. Carbon, zeolites, amines, and
ionic liquids are not suitable adsorbents for CO2 due to
a decline in their capturing capacity at high tempera-
tures (>450 °C) (Stuckert and Yang 2011; Chatti et al.
2009). The captured CO2 by the mixed metal oxides at
higher temperatures involved carbonate formation and
adsorption in the pores and on the surface. The mixed
metal oxides are thermally stable at post- and pre-
combustion temperatures. The alkali and alkaline earth
metal oxides form carbonates by reacting with CO2.
The CO2 capture by carbonate formation of mixed
metal oxide with CO2 is a reversible and non-
polluting process (Fauth et al. 2004; Pfeiffer et al.
2007). Therefore, mixed metal oxides are good candi-
dates for the capture of CO2 at high temperatures, 500
to 1,000 °C. Mainly, magnesium, calcium, and lithium
containing aluminates, zirconate or silicate, or transi-
tion metal oxides have been explored for the capture
of CO2. The reaction of CO2 with magnesium alumi-
num hydrotalcite (Hutson and Attwood 2008; Yong et
al. 2001; Nakagawa et al. 2003; Iwan et al. 2009) was
explored in the temperature range 150 to 500 °C. The
reaction of carbon dioxide with lithium containing the
mixed metal oxides was studied in the temperature
range 40 to 700 °C. The equilibrium and kinetics of
the reaction of carbon dioxide with lithium zirconate
were explored (Ida and Lin 2003; Mosqueda et al.
2006; Gupta and Fan 2002; Avalos-Rendon et al.
2009; Khomane et al. 2006; Wang and Lee 2009;
Pfeiffer and Bosch 2005; Yi and Eriksen 2006;
Kalinkin et al. 2003; Nakagawa et al. 2003; Iwan et
al. 2009) at temperature range 400 to 700 °C.
Promoter effect of potassium and lithium by adding
in lithium zirconate showed an enhanced reaction of
carbon dioxide with lithium zirconate (Kalinkin et al.
2003; Nakagawa et al. 2003; Iwan et al. 2009; Ida and
Lin 2003; Ochoa-Fernandez et al. 2006a, b; Fauth et
al. 2005; Ide et al. 2005; Minghua et al. 2008).

The formation of different phases, Li2ZrO3,
Li4ZrO4, etc., of lithium zirconate based on the Li/Zr
mole ratio had been reported (Hellstrom and Van Gool
1981). The enthalpies for the formation of different
phases of lithium zirconium were reported, Li2ZrO3

(−1 , 7 42 . 8 k J mo l − 1 ) < L i 4Z rO 4 < L i 6Z r 2O 7

(−4,107.1 kJ mol−1)<Li8ZrO6 (−3,559.7 kJ mol−1)

(Wyers et al. 1989). The preparation of Li4SiO4 sili-
cate phases had been confirmed by X-ray diffraction
(XRD) pattern, and the formation of polygonal parti-
cles of the Li4SiO4 silicate phases were observed by
scanning electron microscope (SEM) images (Venegas
et al. 2007). The thermal stability of zircon (ZrSiO4)
had been reported with the confirmation of a particle
with a blocky shape of the original grits by SEM images
and the formation of crystalline zircon (ZrSiO4) phase
by the XRD pattern (Kaiser et al. 2008). The prepara-
tion, characterization, and ion exchange properties of
lithium zirconium silicate had been reported (El-Naggar
and Abou-Mesalam 2006). The preparation and charac-
terization of the iron containing the red glass pigment of
lithium zirconium silicate with their different phases had
been reported (Bondioli et al. 2004). The characteriza-
tion had been reported of natural lithium sodium zirco-
nium silicate (Dunn et al. 1977). However, the multi-
component mixed metal oxides such as calcium copper
titanate, lithium zirconium silicate, calcium copper lan-
thanide, calcium zirconium silicate, etc. had not been
explored for CO2 capture.

The conversion and utilization of methane and car-
bon dioxide are the important issues in the context of
global warming effect from the two greenhouse gases.
The plasma catalytic activation of methane and carbon
dioxide was investigated for syn-gas production
(Zhang et al. 2010). The 3 % Ru-Al2O3 and 2 %
Rh-CeO2 catalysts were synthesized and tested for
CH4–CO2 reforming activity using either CO2-rich
or CO2-lean model biogas feed (Djinovi et al.
2011). A thermodynamic equilibrium analysis on
the multi-reaction system for carbon dioxide
reforming of methane in view of carbon formation
was reported with aspen plus based on the direct
minimization of the Gibbs free energy method.
The effects of CO2/CH4 ratio (0.5–3), reaction
temperature (300–1,200 °C), and pressure (1–
25 atm) on equilibrium conversions, product com-
positions, and solid carbon were explored (Nikoo
and Amin 2011). MgO–ZrO2 mesoporous support
(Zr/Mg molar ratio=9) impregnated with 6 wt.% Ni,
6 wt.% Co, and 3 wt.% of both Ni and Co prepared by a
novel surfactant-assisted impregnationmethod was used
for carbon dioxide reformation of methane at a
CH4/CO2 feed ratio of 1,750 °C, 1 atm with a gas hourly
space velocity of 125,000 mL g−1 h−1 (Fan et al. 2010).
A review reported the opportunities and prospects in the
chemical recycling of carbon dioxide to fuels, as a
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coming technology to carbon sequestration and storage
(Centi and Perathoner 2010). The reformation of CH4

with CO2 or steam produced synthesis gas. Although,
these two reactions have similar thermodynamic character-
istics, there is a greater potential for carbon formation
(Edwards and Maitra 1995). CuFe-based CuFeMg-layered
double hydroxide catalyst showed good activity and selec-
tivity towards catalytic conversion of syn-gas to mixed
alcohols (Gao et al. 2013). The review described the differ-
ent catalytic options for the production of syn-gas and
hydrogen from the hydrogen-containing molecules
(Pen et al. 1996). Thus, the mixed metal oxides
have been used to capture the CO2 or convert the
CO2 by methane to syn-gas. The uses of mixed
metal oxides for the capture CO2 and then their
application to conversion into syn-gas are lacking.
Therefore, this paper reports the sorption of CO2 by
the samples of lithium zirconium silicate and also the
CO2 conversion to syn-gas by methane over the lithium
zirconium silicate and PdO (5 wt.%)/Al2O3 at higher
temperatures.

2 Methods

2.1 Reagents and Apparatus

The chemicals lithium and zirconium carbonate,
fumed SiO2 (Sigma-Aldrich), were used for the prep-
aration of samples of the lithium zirconium silicate. All
chemicals used were of analytical grade. The alumina-
supported palladium (Pd (5 wt.%)/Al2O3) was used for
the CO2 conversion by methane reaction (Lancaster
chemicals) after calcinations at 600 °C for 3 h. 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 lithium zirconium
silicate (Thermax Co., Ltd.). A split furnace (Carbolite
USA) was used to carry the reaction of carbon dioxide
with the samples of the lithium zirconium silicate at
different temperatures. GC (Nucon India, Ltd.) with
thermal conductivity detector was used to analyze the
carbon dioxide.

2.2 Procedure for Preparation of Samples
of the Lithium Zirconium Silicate

Samples of the lithium zirconium silicate were prepared
by solid–solid fusion method for the different Li/Zr/Si

mole ratios. While preparing the samples of the lithium
zirconium silicate with Li/Zr/Si (6:1:1) mole ratio,
0.072 mol of lithium carbonate, 0.012 mol of each
zirconium carbonate, and fumed SiO2 were used. The
solid mass was thoroughly mixed and then calcined at
900 °C for 3 h. The particles −22 to −30mesh sizes used
for gas–solid reaction were prepared from the calcined
solid mass. The samples of the lithium zirconate, lithium
silicate zirconium silicate, and lithium zirconium sili-
cate, henceforth are indicated by the terminology
taking into account the first letter of the name of
the metal element, and the metal mole ratio, such
as, LZ61 for Li/Zr (6:1), LS61 for Li/Si (6:1),
ZS11 for Zr/Si (1:1), LZS111 for Li/Zr/Si (1:1:1),
LZS311 for Li/Zr/Si (3:1:1), LZS411 for Li/Zr/Si
(4:1:1), and LZS611 for Li/Zr/Si (6:1:1). The
alumina-supported palladium (Pd (5 wt.%)/Al2O3)
used for the CO2 conversion by methane was
calcined at 600 °C in air for 3 h.

2.3 Characterizations of the Samples of the Lithium
Zirconium Silicate

The samples of the lithium zirconium silicate were
characterized for the alkalinity/acidity, XRD patterns
(Philips Power XRD), FTIR (Perkin Elmer Spectrum
I), the surface area (model Autosorb-1, Make-
Quantachrome Instruments Pvt. Ltd., USA), and
SEM images (QUANTA 200 3D).

2.4 Procedure for CO2 Sorption

An online setup of gaseous connection was used for
the reaction of carbon dioxide with the samples of
lithium zirconium silicate. The setup was developed
by using a 4-mm outer diameter (od) stainless steel
tubing, four three-way gas valves, gas sampling valve,
carbolite split furnace with temperature controller, a
quartz reactor, 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 Fig. 1a. A quartz tube reactor
was prepared by using a quartz tube with the dimen-
sions 6-mm od, 4-mm inner diameter (id), and 850-
mm length. The quartz tube reactor was modified at
the center by using a quartz tube with the dimensions 10
to 20 mm id and 100-mm length. The sample of the
lithium zirconium silicate was placed inside and at the
center of a quartz tube reactor with the support of a quartz
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Fig. 1 a The systematic
presentation of fixed bed re-
actor for the CO2 sorption
and conversion to syn-gas. b
The XRD pattern of the
lithium zirconium silicate
samples, LZS611 (Li/Zr/Si,
6:1:1), LZS411 (Li/Zr/Si,
4:1:1), LZS311 (Li/Zr/Si,
3:1:1), and LZS111 (Li/Zr/
Si, 1:1:1) were prepared by
the solid–solid fusion
method
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wool. The quartz reactor was placed inside a split furnace.
The temperature of the split furnace was controlled by a
temperature controller. The temperature of the sample of
the lithium zirconium silicate was measured by using a
thermocouple and temperature indicator. The quartz re-
actor was connected through four three-way gas valves
and a gas sampling valve to GC by using stainless steel
tubing connections. Of the sample of lithium zirconium
silicate, 0.05 to 0.1 gwith particle size −22 to −30meshes
was used to react with CO2. First, the sample of the
lithium zirconium silicate was flushed with helium gas
in order to remove the stresses of other gases. Then, the
sample of the lithium zirconium silicate bed was flushed
with CO2 to remove the free helium gas. After that, the
carbon dioxide was allowed to react with the sample of
the lithium zirconium silicate in the absence of helium at
a certain pressure, temperature, and time. Then, the
reacted carbon dioxide with the sample of the lithium
zirconium silicate was removed by using helium as a
carrier gas, and increasing the temperature of the sample
of the lithium zirconium silicate bed to 900 °C. The
removed carbon dioxide was analyzed by GC using a
Porapak-Q column and a thermal conductivity detector.
The adsorbed carbon dioxide by the sample of the lithium
zirconium silicate was expressed as weight percent of
CO2 at STP. There were two peaks observed (Hutson
and Attwood 2008). The first peak represented the
physic-sorption of weakly bound CO2. The second peak
represented the chemisorptions of strongly bound CO2.

2.5 Procedure for Conversion of CO2 to Syn-gas

The reactions of carbon dioxide and methane were
carried in the fixed bed quartz reactor. The system
used was the same as described above, but the
system was set by changing the ways of gas
through the three-way gas valves. The temperature
of the catalyst bed of lithium zirconium silicate or
alumina-supported palladium oxide in the fixed
bed reactor, with helium as carrier gas, was set
at a particular temperature with a temperature con-
troller. Then the reacting gas mixture was introduced in
the helium carrier gas in order to pass the reaction
mixture through the catalyst bed. The outlet reacted
gas mixture was analyzed by pulse method by using
the gas sampling valve connected to the on line system
to the GC with TCD and FID detectors. The results
were reported here of conversion of CO2 and
methane and the selectivity to CO.

3 Results and Discussions

The carbonate formation reactions could be given by
following equations.

Li2ZrO3 þ CO2 $ ZrO2 þ Li2CO3 ð1Þ

Li2SiO3 þ CO2 $ SiO2 þ Li2CO3 ð2Þ

Li4SiO4 þ 2CO2 $ 2Li2CO3 þ SiO2 ð3Þ

ZrO2 þ CO2 ! ZrOCO3 ð4Þ

Li6Zr2O7 þ 3CO2 $ 3Li2CO3 þ 2ZrO2 ð5Þ

M n�1ð Þþ � OHþ CO2 $ M n�1ð Þþ � HCO3 ð6Þ

Mnþ  H2Oþ CO2 $ Mnþ  H2CO3; ð7Þ

where, Mn+ stands for the metal ion in the mixed metal
oxides. Thus, several reactions are occurring simulta-
neously and reversibly could help capture and release
the CO2 during the reactions. The hydroxyl groups
and water molecules attached to the metal ions depend
on the calcination, pre-treatment, and activation tem-
peratures before the use of an adsorbent to applica-
tions (Hutson and Attwood 2008).

The reactions of CO2 with methane for the syn-gas
formation could be given as

CO2 at high mole ratioÞ þ CH4 at low mole ratioÞðð
$ 2COþ 2H2 ð8Þ

3.1 Characterization of the Samples of Lithium
Zirconium Silicate

The samples of lithium zirconium silicate had been
characterized for the surface area, alkalinity/acidity,
SEM images, and XRD patterns. In Fig. 1b, the repre-
sented XRD patterns of the samples LZS611, LZS411,
LZS311, and LZS111 of lithium zirconium silicate were
prepared by the solid–solid fusion method with the
different mole ratios (Li/Zr/Si, 6:1:1, 4:1:1, 3:1:1, and
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1:1:1). The phases of the Li2O, ZrO2, SiO2, lithium
zirconate, lithium silicate, zirconium silicate, and lithi-
um zirconium silicate were observed (Fig. 1b).
However, the crystalline phases of the Li6Si2O7,
Li2SiO3, Li2ZrO3, Li4ZrO4, Li4SiO4, and ZrSiO4 were
predominantly seen in the samples LZS611, LZS411,
and LZS311 when the Li/Zr/Si, 6:1:1, 4:1:1, and 3:1:1
mole ratios were used while preparing the samples of
lithium zirconium silicate. However, lithium-rich phases
in the samples of lithium zirconate and lithium silicate
were not observed when the sample LZS111 (Li/Zr/Si,
1:1:1 mole ratios) was characterized.

In Fig. 2a, the XRD patterns of sample LZS611 of
lithium zirconium silicate with Li/Zr/Si, 6:1:1 mole
ratio, the sample LZ61 of lithium zirconate with
Li/Zr, 6:1 mole ratio, the sample LS61 of lithium
silicate with Li/Si, 6:1 mole ratio and the sample
ZS11 of zirconium silicate with Zr/Si, 1:1 mole ratio
were given. However, the crystalline phases of the
lithium zirconate Li4ZrO4, Li2ZrO3 and lithium sili-
cate, Li2SiO3, Li4SiO4 were predominantly seen in the
samples LZ61 and LS61 of lithium zirconium and
lithium silicate, respectively. Moreover, the zirconium
silicate phase ZrSiO4 was predominantly observed in
the sample ZS11of zirconium silicate with Zr/Si, 1:1
mole ratio.

In Fig. 2b, the infrared spectroscopy (IR) of the
samples of the lithium zirconate, lithium silicate, and
zirconium silicate was plotted by using the intensity
versus the wave numbers from 450 to 4,000 cm−1 in
order to check the phase formation by bonding ofmetal–
metal through oxygen. The results indicate that as the
content of lithium in the samples of lithium zirconate
and lithium silicate changes, the different phase forma-
tions through the interlinking through bonding of oxy-
gen, lithium, zirconium, and silicon were observed from
wave numbers 450 to 4,000 cm−1. The bonding between
metal and oxygen for the metal crystalline phases
though ZrOa

2−a and SiOb
2−b was observed for wave

numbers 450 to 2,000 cm−1. However, the bonding of
water molecules to metal was observed in between wave
numbers 3,000 and 4,000 cm−1. The bonded water
molecules to metal could help capture CO2 by forming
carbonate ions.

In Fig. 2c, the IR of the samples of lithium zirco-
nium silicate was given in order to see the phase
formation. The IR of intensity versus the wave num-
bers from 450 to 4,000 cm−1 was given. The results
indicate that as the mole ratio of lithium in the samples

of lithium zirconium silicate increases from 1 to 6, the
different phase formations through the interlinking
through bonding the oxygen, lithium, zirconium, and
silicon were observed from wave numbers 450 to
4,000 cm−1. The bonding between metal and oxygen
is observed for wave numbers 450 to 2,000 cm−1.
However, the bonding of water molecules to the metal
was observed in between wave numbers 3,000 and
4,000 cm−1. The bonded water molecules to metal
help capture CO2 by forming carbonate ions.

In Table 1, the surface areas and alkalinity of the
different samples of lithium zirconium silicate were
given. Sample LZ61 of lithium zirconate with mole
ratio Li/Zr, 6:1, the sample LS61 of lithium silicate
with mole ratio Li/Si, 6:1, and the sample ZS11 of
zirconium silicate with mole ratio Zr/Si, 1:1 showed
the surface area, 3.36, 6.94, and 98.71 m2 g−1, respec-
tively. The metal content, method of preparation, calci-
nation temperature, crystalline phase, pore formation,
etc. contribute to the surface area. However, the sample
SZ11 of zirconium silicate with mole ratio Zr/Si, 1:1 had
the higher surface area. That indicates that the sample
zirconium silicate is a more porous material.

The samples LZS111, LZS311, LZS411, and
LZS611 of lithium zirconium silicate with mole ratios
Li/Zr/Si, 1:1:1, 3:1:1, 4:1:1, 6:1:1 had surface areas of
0.05, 0.16, 1.43, and 2.13 m2 g−1, respectively. The
results indicate that the samples of lithium zirconium
silicate are less porous materials. The surface area of
the samples of lithium zirconium silicate was varied
from 0.05 to 2.13 m2 g−1 by increasing the mole ratio
of lithium from 1 to 6.

The sample LZ61 of lithium zirconate with mole
ratio Li/Zr, 6:1, the sample of LS61 lithium silicate with
mole ratio Li/Si, 6:1 and the sample ZS11 of zirconium
silicate with mole ratio Zr/Si, 1:1 had shown 21.25
(alkalinity), 21.34 (alkalinity), and 0.23 mmol g−1

(acidity), respectively. These results indicate that the
lithium content in these samples had significantly in-
creased the alkalinity by forming the mixed metal ox-
ides, lithium zirconate, and silicate phases. However, the
sample of zirconium silicate had shown the acidity
0.23 mmol g−1. The results had shown that both zirco-
nium and silicon had contributed to the acidity by
forming the mixed metal oxide and zirconium silicate
phases.

The samples LZS111, LZS311, LZS411, and
LZS611 of the lithium zirconium silicate with mole
ratios Li/Zr/Si, 1:1:1, 3:1:1, 4:1:1, 6:1:1 had shown the
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alkalinity 20.16, 21.89, 22.47 and 24.03 mmol g−1,
respectively. The results indicate that the alkalinity of
the samples of lithium zirconium silicate was showing
the increased trend with the increased lithium content.
Thus, the addition of lithium in the zirconium silicate
changes the acidity to alkalinity.

In Fig. 3, the SEM images of the samples LZS111,
LZS311, LZS411, and LZS611 of lithium zirconium

silicate with mole ratios Li/Zr/Si, 1:1:1, 3:1:1, 4:1:1,
6:1:1, were shown. The predominantly formed crys-
talline phases of lithium zirconate Li2ZrO3, Li4ZrO4,
the phases of lithium silicate, Li2SiO3, Li4SiO4, and
the phases of zirconium silicate ZrSiO4 were observed
in the samples LZS111, LZS311, LZS411, and
LZS611 of lithium zirconium silicate with mole ratios
Li/Zr/Si, 1:1:1, 3:1:1, 4:1:1, 6:1:1. The crystalline
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ples, LZS611 (Li/Zr/Si, 6:1:1), LZ61 (Li/Zr, 6:1), LS61 (Li/Si,
6:1), and ZS111 (Zr/Si, 1:1) were prepared by the solid–solid

fusion method. b The IR of the samples LZ11, LS11, and ZS11
of lithium zirconate, lithium silicate, and zirconium silicate. c
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phases of lithium zirconate Li2ZrO3, Li4ZrO4, lithium
silicate Li2SiO3, Li4SiO4, and zirconium silicate
ZrSiO4 were observed with the particle showing the
uniform crystal size pattern. The SEM images showed
the particle size of the samples of the lithium zirconi-
um silicate. However, the samples of lithium zirconi-
um silicate had uniform particle size.

The changes in the morphology of the crystals were
observed. The comparison in Fig. 3a, b, and d showed

that the dominant growth of plate-like particles was
observed instead of spherical particles in Fig. 3a. Even
in Fig. 1b, the XRD peak position seems to be differ-
ent from Fig. 1d. This suggests growth of different
crystal structures (Fig. 1b, d). The observed results of
the sample of lithium silicate showed that the particle
size and morphology of the crystals were also changed
(Figs. 1, 2, and 3).

In Fig. 4a, the weight loss of the sample LZS611 of
lithium zirconium silicate against the temperature was
shown. The results show that the there is a low weight
loss in the sample. In Fig. 4b, the differential scanning
calorimetric heat flow against temperature was shown
for the sample LZS611 of lithium zirconium silicate.
The heat flow started increasing at 300 °C and con-
tinues until the temperature reaches 800 °C. This
indicated that the exothermic reaction has occurred.
However, above 800 °C, the heat flow started decreas-
ing. This showed the endothermic reaction. Thus, the
thermal stability and heat capacity of sample LZS611
of lithium zirconium silicate was observed in Fig. 4b.

The 29Si NMR of sample LZS611 of lithium zirco-
nium silicate is shown in Fig. 4c. The results of 29Si
NMR showed that the chemical shift had been moved

Fig. 3 The SEM images of
the lithium zirconium sili-
cate samples a LZS111 (Li/
Zr/Si, 1:1:1), b LZS311 (Li/
Zr/Si, 3:1:1), c LZS411 (Li/
Zr/Si, 4:1:1), and d LZS611
(Li/Zr/Si, 6:1:1) were pre-
pared by the solid–solid fu-
sion method

Table 1 Alkalinity/acidity and surface area of the samples of
the lithium zirconium silicate

Sr. no. Lithium zirconium
silicate Sample

Alkalinity/
acidity
(mmol g−1)

Surface
area (m2/g)

1 LZ61 (Li/Zr (6:1)) 21.25 3.36

2 LS61 (Li/Si (6:1)) 21.34 6.94

3 ZS11 (Zr/Si (1:1)) 0.23 (Acidity) 98.71

4 LZS111 (Li/Zr/Si (1:1:1)) 20.16 0.05

5 LZS311 (Li/Zr/Si (3:1:1)) 21.89 0.16

6 LZS411 (Li/Zr/Si (4:1:1)) 22.47 1.43

7 LZS611 (Li/Zr/Si (6:1:1)) 24.03 2.13

Sr. no. serial number
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toward −80 ppm. That indicated that the silicon is not
tetrahedral bonded but multi-bonded. The 7Li NMRs

of samples LS61 of lithium silicate and sample
LZS611 of lithium zirconium silicate showed the
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Fig. 4 a Thermal gravimetric analysis of lithium zirconium
silicate sample LZS611 (Li/Zr/Si, 6:1:1). b Differential
scanning calorimetric observations for the heat flow against
temperature of the lithium zirconium silicate sample

LZS611. c The 29Si NMR of the sample LZS611 of lith-
ium zirconium silicate. d The 7Li NMR of the sample
LS61 of lithium silicate. e The 7Li NMR of the sample
LZS611 of lithium zirconium silicate
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signals at 12 places. The 7Li NMR spectrum showed a
large number of signals arising from the molecular
complex materials.

3.2 The Effect of Li/Zr/Si Mole Ratio on the Carbon
Dioxide Sorption by the Samples of Lithium
Zirconium Silicate

The CO2 captured by the different phases could be
related to the enthalpy of formation of different phases
(Wyers et al. 1989). The more enthalpy is required for
the formation of crystalline phase, this indicates the
CO2 capture also required more enthalpy for the for-
mation of carbonate. Therefore, the CO2 captured by
the different phases could be as in the increasing order
of enthalpy, Li2ZrO3 (−1,742.8 kJ mol−1)<Li4ZrO4<
L i 6Z r 2O 7 (−4 , 1 0 7 . 1 k J mo l − 1 ) < L i 8Z rO 6

(−3,559.7 kJ mol−1) (Wyers et al. 1989). These phases
simultaneously more or less could be contributed to
CO2 capture. There were two peaks observed (Hutson
and Attwood 2008). The first peak represented the
physic-sorption of weakly bound CO2. The second
peak represented the chemisorptions of strongly bound
CO2. The observed results were given for the physic-
sorption, chemisorptions, and combined.

The results of the CO2 sorption with the different
samples LZS111, LZS311, LZS411, and LZS611 of
lithium zirconium silicates with mole ratios Li/Zr/Si,
1:1:1, 3:1:1, 4:1:1, 6:1:1 at 550 °C were given in

Table 2. Sample LZS611 of lithium zirconium silicate
with L/Zr/Si, 6:1:1 mole ratio was also calcinied in the
nitrogen atmosphere in order to check the effect of
neutral calcination atmosphere for the CO2 adsorption
by the sample of lithium zirconium silicate. The dif-
ferent samples LZS111, LZS311, LZS411, and
LZS611 of lithium zirconium silicate with mole ratios
Li/Zr/Si, 1:1:1, Li/Zr/Si, 3:1:1, Li/Zr/Si, 4:1:1,
Li/Zr/Si, 6:1:1 were tested for the CO2 adsorption at
300, 500, and 550 °C. Sample LZ61 of lithium silicate
with Li/Zr, 6:1 mole ratio, sample LS61 of lithium
silicate with Li/Si, 6:1 mole ratio, and sample ZS11 of
zirconium silicate with Zr/Si, 1:1 mol ratios were
tested for the CO2 adsorption at 550 °C. The CO2

adsorption was varied from 5.44 to 16.68 wt.%. The
physic-sorption of CO2 was low at 500 °C; however,
the chemisorptions of CO2 was higher. The physic-
sorption of CO2 was higher at 300 °C.

3.3 Temperature Profile for the Carbon Dioxide
Sorption by the Sample of Lithium Zirconium Silicate

In Fig. 5, the temperature profile of CO2 sorption by
sample LZS611 of lithium zirconium silicate with
mole ratio (Li/Zr/Si, 6:1:1) was presented for the tem-
perature range from 100 to 700 °C. The data of the
CO2 sorption were presented in terms of physic-
sorption, chemisorptions, and combined sorption.
The observed CO2 captured by the different phases

Table 2 The adsorption of CO2 by the samples of the lithium zirconium silicate at the exposure temperature 550 °C, exposure time
25 min, and exposure pressure 30 psi

Sr. no. Lithium zirconium silicate sample CO2 adsorption, wt.%

Physic-sorption Chemisorptions Combined

Calcined in air at 900 °C and CO2 adsorption at 550 °C

1 LZ61 (Li/Zr, 6:1) Absent 14.87 14.87

2 LS61 (Li/Si, 6:1) 1.93 12.96 14.89

3 ZS11 (Zr/Si, 1:1) 5.44 Absent 5.44

4 LZS111 (Li/Zr/Si, 1:1:1) 3.94 7.85 11.79

5 LZS311 (Li/Zr/Si, 3:1:1) 2.61 11.32 13.93

6 LZS411 (Li/Zr/Si, 4:1:1) 2.57 12.15 14.72

7 LZS611 (Li/Zr/Si, 6:1:1) 1.19 15.49 16.68

Calcined in N2 at 900 °C and CO2 adsorption at 300 or 500 °C

8 LZS611 (Li/Zr/Si, 6:1:1) at 300 °C 13.87 0.13 14.00

9 LZS611 (Li/Zr/Si, 6:1:1) at 500 °C 1.55 14.68 16.23

Sr. no. serial number
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of lithium zirconium silicate could be given by the
enthalpy of formation of different phases (Wyers et al.
1989). For those phases, the carbonate formation could
also depend on the enthalpy of carbonate formation.
Phases ZrSiO4, Li2SiO3, Li2ZrO3, Li4ZrO4, Li4SiO4,

Li6Si2O7, etc. could simultaneously, more or less, con-
tribute to the CO2 sorption. The enthalpies of the for-
mation of different phases were observed as in the order
Li2ZrO3 (−1,742.8 kJ mol−1)<Li4ZrO4<Li6Zr2O7

(−4,107.1 kJ mol−1)<Li8ZrO6 (−3,559.7 kJ mol−1)
(Wyers et al. 1989). The phase Li6Si2O7 of lithium
zirconium silicate could relatively show the low CO2

sorption in comparison with the other phases ZrSiO4,
Li2SiO3, Li2ZrO3, Li4ZrO4, and Li4SiO4 under same
conditions at the lower temperature. The CO2 sorption
by the sample of lithium zirconium silicate was ob-
served in two major temperature zones. The first CO2

sorption zone was from 100 to 400 °C, where the
physic-sorption was higher. The second CO2 sorption
zone was found from the 500 to 700 °C, where the
chemisorptions were higher. The physic-sorption was
in the range 0.57 to 13.57 wt.%. However, the chemi-
sorptions were in the range 0.033 to 17.22 wt.%. In the
first temperature, CO2 sorption zone 100 to 400 °C, the
CO2 sorption by the sample of lithium zirconium silicate
was 4.69 to 13.85 wt.%. However, in the second tem-
perature zone, 500 to 700 °C, CO2 sorption was 14.83 to
18 wt.%. The CO2 sorption by the sample of lithium
zirconium silicate was 14.83 wt.% at 700 °C. In the
temperature range 500 to 700 °C, CO2 sorption by the
sample of lithium zirconium silicate showed the forma-
tion of lithium carbonate and released the silica and
zirconia. The reversible reactions were also observed
in this temperature zone. Therefore, lithium zirconium

silicate mixed metal oxides are the regenerable adsor-
bent for CO2.

3.4 Pressure Profile for the Carbon Dioxide Sorption
by the Sample of the Lithium Zirconium Silicate

In Fig. 6, the effect of CO2 pressure on the CO2

sorption by sample LZS611 of lithium zirconium sil-
icate with Li/Zr/Si, 6:1:1 mole ratio was shown in the
range 10 to 30 psi. The data of the CO2 sorption were
presented in terms of physic-sorption, chemisorptions,
and combined sorption. The captured CO2 by the
sample of lithium zirconium silicate was increased in
both temperatures 300 and 500 °C with the increase in
pressure from 10 to 30 psi. The physic-sorption was in
the range 6.57 to 13.87 wt.% at 300 °C. However, the
chemisorptions were 14.36 to 16.20 wt.% at 500 °C.

3.5 The Conversion of CO2 by CH4 to Syn-gas
over Lithium Zirconium Silicate
and Alumina-Supported Palladium

The conversion of CO2 by methane to syn-gas was
carried out over sample LZS611 of lithium zirconium
silicate with Li/Zr/Si, 6:1:1 mole ratio at 500 °C.
Among the gas hourly space velocities (GHSV) of
CO2, methane and helium, the GHSV of CO2 and
helium were kept constant at 6,000 mL h−1 g−1; how-
ever, the GHSV of methane were varied from 6000,
12,000, and 36,000 mL h−1 g−1 (Fig. 7). The results of
the conversion of CO2 and CH4 to syn-gas showed the
increased conversion of CO2 and methane at the low
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gas hourly space velocity of methane. However, the
conversion of CO2 and methane with the increase in
gas hourly space velocity of methane showed the
decrease in their values.

With the increase in gas hourly space velocity of
methane (high mole ratio of methane) at the constant
gas hourly space velocity of CO2 (low mole ratio of
CO2), the selectivity of CO decreases with increasing
the selectivity of H2O and carbon (Eq. 9). Hence, at
the low gas hourly space velocity of methane (low

mole ratio of methane) and high gas hourly space
velocity of CO2 (high mole ratio of CO2), the syn-
gas formation favors Eq. 8.

CO2 at low mole ratioð Þ þ CH4 at high mole ratioÞð
$ 2Cþ 2H2O ð9Þ
The temperature effect shows that the CO selectiv-

ity is higher at 300 °C in comparison with that of at the
500 °C.
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The conversion of CO2 by methane was carried out
over the alumina-supported palladium oxide, PdO
(5 wt.%)/Al2O3, at 500 °C. Among the GHSV of
CO2, methane and helium, the GHSV CO2 and helium
were kept constant 6,000 mL h−1 g−1; however, the
GHSVof methane were varied from 6000, 12,000, and
36,000 mL h−1 g−1 (Fig. 8). The results of the conver-
sion of CO2 and CH4 to syn-gas showed the increased
conversion of CO2 and methane at the low gas hourly
space velocity of methane. However, the conversion
of CO2 and methane with the increase in gas hourly
space velocity of methane showed the decrease in their
values.

With the increase in the gas hourly space velocity
of methane (high mole ratio of methane) at the con-
stant gas hourly space velocity of CO2 (low mole ratio
of CO2), the selectivity of CO decreases with the
increase in selectivity of H2O and carbon (Eq. 9).
Hence, at the low gas hourly space velocity of meth-
ane (low mole ratio of methane) and high gas hourly
space velocity of CO2 (high mole ratio of CO2) the
syn-gas formation favors Eq. 8. However, PdO/Al2O3

catalyst at 500 °C shows the high selectivity to CO in
comparison with that of sample LZS611 of the lithium
zirconium silicate catalyst.

The studied mole ratios of CO2/CH4 for the conver-
sion of CO2 by CH4 were CO2/CH4=2, CO2/CH4=1,
and CO2/CH4=0.33. The conversions of CO2 by CH4

were noted as follows. The conversion of CO2 by
CH4 depends on the CO2/CH4 mole ratio, when
CO2/CH4>1 mole ratio, then, CO2 by CH4 is
converted to syn-gas (oxidation process is favorable,
where the CO2 conversion is comparatively higher
than that of CH4). However, when, CO2/CH4<1
mole ratio, then CO2 by CH4 is converted into
carbon and water (reduction process is favorable,
where the CO2 conversion is comparatively lower
than that of CH4). Thus, CO2/CH4 mole ratio is an
important factor for achieving the desired product.
When CO2/CH4>1 mole ratio, then, CO2 conver-
sion is higher in comparison with that of CH4.
Moreover, CO2/CH4<1 mole ratio, then CH4 con-
version is higher in comparison with that of CO2.
Thus, under extreme conditions of mole ratios of
CO2/CH4>>>1, the oxygenated product of CH4

and CO2 could be possible. However, on the other
hand, when mole ratios of CO2/CH4<<<1, then
the hydrogenated product of CO2 and methane
could be possible.

4 Conclusions

In the mixed metal oxide systems, the important as-
pects explored were the contribution of mixed metal
oxides for the CO2 sorption and conversion to syn-gas.
The different samples of lithium zirconium silicate
were prepared by solid–solid fusion method. The sam-
ples of lithium zirconium silicate were characterized
for alkalinity, surface area, XRD patterns, and SEM
images. The alkalinity and CO2 sorption of the sam-
ples of the lithium zirconium silicate increases with
the increase in the Li/Zr/Si mole ratio of lithium in the
samples of lithium zirconium silicate from 1 to 6. The
conversion of CO2 by methane over the sample of
lithium zirconium silicate and alumina-supported pal-
ladium oxide at 500 °C produced the syn-gas.
However, the observed syn-gas was higher at the
lower gas hourly space velocity of methane. Thus,
the CO2 adsorbent could be used to produce syn-gas
by the reaction of CO2 and methane.
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