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Abstract
The study investigates the combustion-assisted synthesis of lithium orthosilicate  (Li4SiO4) powders for potential  CO2 capture 
applications. Technical-grade lithium carbonate and metallic silicon powders were used as starting materials. Synthesis 
conditions were explored across temperatures ranging from 500 to 900 °C and different holding durations. Thermodynamic 
modeling using FactSage 8.2 software suggested that  Li4SiO4 production is feasible at temperatures of 700 °C and higher 
with metallic silicon as the silicon source, which was confirmed experimentally. Characterization of the synthesized 
powders involved X-ray diffraction, specific surface area determination, particle size distribution analysis, scanning electron 
microscopy, and  CO2 uptake tests. Despite having the lowest  Li4SiO4 content as 83.7%, the sample synthesized at 700 °C 
with 45 min of holding time showed the best  CO2 uptake performance as 12.80 wt% while having the lowest crystallite size 
value (126.58 nm), the highest specific surface area value (4.975  m2/g) and the lowest average particle size value (10.85 
µm) which are highly effective on the  CO2 uptake performance of such solid sorbents. The study concludes that while 
challenges remain in achieving optimal  CO2 capture performance, it lays a foundation for utilizing lithium orthosilicate in 
carbon capture applications.
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Introduction

One of the most significant common challenges facing 
humanity in recent years is environmental degradation 
caused by the uncontrolled release of carbon dioxide  (CO2) 
into the atmosphere. The rapid growth of industry and cities 
in developing nations has resulted in a substantial increase 
in carbon emissions. This surge in the global concentration 
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of greenhouse gases, notably  CO2, due to human activi-
ties is causing global warming and consequential climate 
change [1]. Climate change indeed has far-reaching global 
consequences, including reduced agricultural productivity 
due to factors like decreased rainfall, unpredictable seasons, 
and rising temperatures [2]. As a result of climate change, 
numerous regions across the globe are experiencing unsuit-
ability for commercial agriculture due to drought conditions. 
The persistent shifts in temperature and precipitation pat-
terns are exacerbating issues related to water scarcity and 
soil degradation [3]. If the present rate of human-induced 
pollution and the uncontrolled emission of greenhouse gases 
into the atmosphere persist, experts predict that the ongoing 
challenges of global warming, ocean acidification, desertifi-
cation, and unpredictable weather patterns will deteriorate 
further.

Power generation plants that rely on fossil fuels are 
recognized as one of the primary sources of greenhouse gas 
emissions, particularly  CO2, which is a major contributor 
to global warming [4, 5]. Incorporating these emissions 
into the equation, data from the National Oceanic and 
Atmospheric Administration (NOAA) Global Monitoring 
Laboratory (GML), a division of the Earth System Research 
Laboratories (ESRL), reveals that atmospheric  CO2 levels 
have surged from approximately 340 parts per million (ppm) 
during the 1980s to 419 ppm as of the start of 2023 [6].

The carbon capture and storage (CCS) method has gained 
recognition as a crucial means to mitigate atmospheric  CO2 
levels [7]. CCS involves a three-step process: (i) capturing 
 CO2 from flue gases, (ii) transporting the captured  CO2 
for storage in geological formations, and (iii) permanently 
removing  CO2 from the atmosphere over the long term [8].

Carbon capture and storage (CCS) systems typically 
employ three primary pathways for  CO2 capture: pre-
combustion, oxy-fuel combustion, and post-combustion 
 CO2 capture. In the pre-combustion approach,  CO2 capture 
occurs before fossil fuel combustion. This involves a 
gasification process that generates no pollutant gases and 
ensures efficient capture performance. Oxy-fuel combustion 
involves the use of pure oxygen instead of ambient air during 
the combustion process. As a result, the flue gas produced at 
the end of this process contains a high concentration of  CO2, 
which creates a favorable environment for the separation 
and removal of  CO2 from the system [9, 10]. True to its 
name, the post-combustion process involves capturing  CO2 
from the flue gas after the combustion has taken place. 
This approach is often viewed as advantageous due to its 
adaptability to existing power plants, making it a feasible 
option for retrofitting carbon capture technology [9].

Currently, amine scrubbing, often employing an aqueous 
monoethanolamine (MEA) solution, is recognized as 
one of the most advanced technologies for  CO2 capture. 
However, it's important to note that  CO2 removal through 

MEA scrubbing is considered energy-inefficient, as the 
regeneration process typically consumes approximately 
20–30% of the output of a typical power plant [11]. 
Additionally, commonly used amine-based solvents are 
susceptible to degradation and oxidation, rendering them 
corrosive and necessitating potentially hazardous material 
handling procedures [12].To address these drawbacks, the 
use of solid sorbents is emerging as an alternative. This 
approach has the potential to reduce the energy required for 
solvent transportation and regeneration by more than 30% 
[13]. Among the various solid sorbents, lithium orthosilicate 
 (Li4SiO4) stands out as a promising option. This is primarily 
due to its excellent  CO2 capture properties, which include 
higher capacity, faster kinetics, durability in cyclic use, and 
a relatively lower regeneration temperature (below 800 °C) 
when compared to other high-temperature solid sorbents 
[14–19].

Traditionally, lithium orthosilicate  (Li4SiO4) is produced 
using a solid-state synthesis method. This method involves 
mixing powdered lithium carbonate  (Li2CO3) as the source 
of lithium and powdered silicon dioxide  (SiO2) as the source 
of silicon. The mixture is then subjected to high-temperature 
calcination which leads a relatively high amounts of energy 
consumption [20–22]. For example, solid-state synthesis 
may involve temperatures ranging from 800 to 1100 °C and 
take around 7 to 8 h. These high-temperature processes can 
lead to issues like lithium evaporation and the formation of 
a liquid phase, which can inhibit the formation of the desired 
 Li4SiO4 phase [23–25].

Combustion synthesis has emerged as an alternative 
to traditional production methods for creating advanced 
materials and powders, including ceramics (both structural 
and functional), composites, alloys, intermetallic 
compounds, and nano-materials. This approach is gaining 
attention due to its simplicity and favorable techno-economic 
conditions. The fundamental concept behind combustion 
synthesis relies on self-propagating reactions with high 
exothermicity. Consequently, combustion synthesis is 
recognized as an energy-efficient production method 
[26–28]. Given these advantages, combustion synthesis 
has also found application as an alternative method for 
producing high-temperature solid sorbents [14, 29].

The primary objective of this study is to produce lithium 
orthosilicate  (Li4SiO4) material, which shows promise 
as a solid sorbent for  CO2 capture. Instead of relying on 
traditional methods with high energy consumption, the 
study explores alternative methods for  Li4SiO4 production. 
Additionally, the research aims to identify the properties that 
influence the  CO2 capture performance of  Li4SiO4-based 
powders. In the initial phase of the experimental 
investigations, the production of  Li4SiO4 powders, as a solid 
sorbent for  CO2 capture, was undertaken using combustion 
synthesis method, diverging from the conventional 



Journal of Sustainable Metallurgy 

solid-state synthesis approach. The study focused on 
optimizing the production steps of  Li4SiO4 powders through 
solid-state combustion synthesis (SHS). Notably, this study 
marks the first attempt to produce  Li4SiO4 powders through 
SHS, contributing valuable insights to the existing literature 
on the topic. In the second part of the experimental studies, 
the  CO2 capture performances of  Li4SiO4 powders produced 
by combustion synthesis methods were evaluated.  CO2 
capture tests of the obtained powders were completed in a 
thermogravimetric analyzer.

Experimental

Materials

Technical grade lithium carbonate powder  (Li2CO3, ≥ 99.0) 
as lithium source and metallic silicon powder (Si, Alfa 
Aesar, -325 mesh) as silicon source were selected for the 
synthesis studies. All these raw materials were used directly 
without any pretreatment and further purification.

Synthesis of Lithium Orthosilicate Powders

Prior to the synthesis studies, a phase equilibrium dia-
gram between  Li2O and  SiO2 was generated using “phase 
diagram” module of FactSage 8.2 software and presented 
in Fig. 1. As it is seen from the diagram, pure  Li4SiO4 
phase can be achieved while keeping the  SiO2 addition as 
0.333 mol.

Lithium orthosilicate powders were synthesized by 
a combustion-assisted synthesis reaction given below 
which is in line with the phase diagram given above. After 
stoichiometric amounts of  Li2CO3 and metallic Si powders 
were weighed based on 10 g of  Li2CO3 according to 
Eq. (1), the initial powders were mixed by a turbula mixer 
for 15 min in order to obtain homogeneous mixtures.

Then, the powders were put into alumina boats which 
have 100 × 30x12 mm dimensions (Fig. 2.). Boats were 
put in a muffle furnace in order to conduct the synthe-
sis reaction. Heating started from room temperature up 
to temperatures 500—900 °C for optimizing the reaction 

(1)2Li
2
CO

3
+ Si + O

2
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4
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4
+ 2CO

2

Fig. 1  Phase equilibrium diagram of  Li2O-SiO2 system
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temperature with the holding duration of 60 min. After 
synthesis duration was complete, products were left to cool 
down to room temperature inside the furnace. Then, the 
products were grinded manually using an agate mortar and 
subjected to further characterizations.

Once the temperature was optimized, 45 and 75 min of 
holding durations were also studied for the temperatures 
which have resulted in higher weight loss, in other words, 
higher conversion rates. All the experiment parameters are 
given in Table 1.

Characterization Techniques

Thermodynamic modeling of synthesis studies was carried 
out with FactSage 8.2 thermochemical simulation software. 
Adiabatic temperature, specific heat and possible product 
outputs were simulated [30].

X-ray diffraction technique using a Bruker D8 Advanced 
Series equipment (operated at 35 kV and 40 mA) with CuKα 
(λ = 1.5406 A) radiation at 2θ range of 10–90° with a step 
size of 0.02° and a rate of 2°/ min was applied for the phase 
analysis of the synthesized powders. Conversion rates of 
the products were determined according to phase quantifica-
tion results performed by Rietveld refinement using Malvern 
Panalytical XPert HighScore Plus software. Crystallite size 
calculations were completed by BrukerTM-AXS TOPAS 4.2 
software using Lorentzian approach. Specific surface area 
determination was carried out by  N2 physisorption at 77 °K 
by Micromeritics ASAP2020 with performing the Brunauer, 
Emmett, and Teller (BET) method according to the ISO 
9277 Standard. The particle size distribution of the products 
was determined by Beckman Coulter LS 13320 equipment 
according to the ISO 13320 Standard using laser diffraction 

technique. The morphologies of the powders were exam-
ined by scanning electron microscopy (ThermoFisher, Axia 
ChemiSEM).

Fig. 2  Color change of the products depending on the synthesis temperature

Table 1  Experimental parameters

Exp. No Temp, °C Duration, min Heating 
rate, °C/
min

1 500 60 5
2 550
3 600
4 650
5 700
6 750
7 675
8 800
9 850
10 900
11 700 75 5
12 750
13 800
14 850
15 900
16 700 45 5
17 750
18 800
19 850
20 900
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CO2 Sorption Tests

The  CO2 sorption performance of synthesized powders was 
evaluated using a thermogravimetric analyzer (Setaram 
Setsys Evolution). Tests were carried out under a flow rate of 
65 ml/min with a gas atmosphere of 92 vol%  CO2 (balance 
 N2). Samples were first pre-treated for 30 min at 100 °C 
under  N2, then they were heated with a heating rate of 20 °C/
min up to 600 °C (sorption temperature) under a stream of 
pure  N2. Once the sorption temperature was reached and 
stabilized for 10 min, the gas was switched to 92 vol%  CO2 
(balance  N2) and sorption lasted for 120 min [22].

Results and Discussion

Thermodynamic Investigations

Prior to the experimental studies, the production conditions 
and reaction thermodynamics of  Li4SiO4 powders by 
combustion assisted solid state reaction synthesis were 
modeled with FactSage 8.2 software. For comparison, the 
production conditions of  Li4SiO4 powders by solid-state 
synthesis were also modeled. The enthalpy and Gibbs 
free energy changes of the reactions were simulated using 
the “reaction” module of the software without applying 
any initial conditions. Thus, the thermodynamic data 
between the reaction inputs and products were obtained 
dependent on the changing reaction temperature. While 
simulating the synthesis products, “equilibrium” module 
was operated. The “FactPS” database was chosen for both 
“reaction” and “equilibrium” module operation.

Fig. 3  The enthalpy change of the solid-state synthesis reaction
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The enthalpy and Gibbs free energy changes of the 
solid-state synthesis reaction are shown in Fig. 3 and Fig. 4 
respectively. When the enthalpy change graph is examined, 
it is seen that the enthalpy change value decreased from 
approximately 160.000 J to 70.000 J at 700 °C as a result 
of endothermic reaction during solid state synthesis. The 
reason for this was determined as the transformation of 
 Li4SiO4. Similarly, the breaks at 350 and 400 °C are due 
to polymorphic transformations of  Li2CO3. These trans-
formations are clearly visible in the modeling of  Li4SiO4 
production by solid state synthesis shown in Fig. 7.

When the Gibbs free energy change graph was 
examined, it was determined that the Gibbs free energy 
change values decreased with increasing synthesis 
temperature, but solid-state synthesis is possible at 
temperatures higher than 450 °C.

The enthalpy change plot of the combustion-assisted 
synthesis reaction (Fig. 5) shows that this reaction is exo-
thermic. When the starting mixture was heated to 700 °C, 

a large increase in the amount of energy released during 
the reaction was observed. The enthalpy change value at 
this temperature increased from approximately -740.000 J 
to -830.000 J. This change indicates that combustion and 
 Li4SiO4 transformation takes place at 700 °C. This trans-
formation can be clearly seen in the modeling of  Li4SiO4 
production by combustion-assisted synthesis reaction 
given in Fig. 8.

The Gibbs free energy change graph (Fig. 6.) of the com-
bustion-assisted synthesis reaction reveals that production of 
 Li4SiO4 is thermodynamically possible at all temperatures.

Similarly, the  Tad values of the solid-state synthesis 
reaction, combustion-assisted synthesis reaction and the 
combustion reaction of silicon with oxygen at 800  °C 
were modeled.  Tad = 598  °C for solid state synthesis, 
 Tad = 2049 °C for combustion-assisted synthesis reaction and 
 Tad = 2874 °C for the Si +  O2 =  SiO2 reaction. In other words, 
when the starting mixture is heated to 800 °C, the solid-state 
synthesis reaction utilizes this heat energy supplied to the 

Fig. 4  The Gibbs free energy change of the solid-state synthesis reaction
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system to proceed in the direction of  Li4SiO4 transformation 
and reduces the temperature of the system from 800 °C to 
598 °C. These findings support the endothermic character 
of the solid-state synthesis. It was also found that the 
exothermic character of the combustion-assisted synthesis 
reaction is due to the combustion of silicon with oxygen. In 
other words, the exothermic energy required for the self-
propagating  Li4SiO4 conversion in the combustion-assisted 
synthesis reaction is initially provided by the reaction of 
silicon with oxygen. When the system is heated to 800 °C, 
the temperature rises to 2874 °C as a result of Si +  O2 =  SiO2 
reaction as a first step, then  Li2CO3 and  SiO2 use this heat 
to react. Thus,  Li4SiO4 transformation takes place and the 
temperature of the system decreases to 2049 °C.

Simulations of the production of  Li4SiO4 by solid state 
synthesis and combustion-assisted synthesis are shown in 
Figs. 7 and 8, respectively. The simulations performed for 
both production methods showed similar results. When the 
temperature of the starting mixture reaches 200 °C,  Li2CO3 

and  SiO2 react to form  Li2Si2O5. When the temperature is 
250 °C,  SiO2 is depleted and  Li2CO3 reacts with  Li2Si2O5 
to form  Li2SiO3. When the temperature reaches 350 and 
400 °C respectively,  Li2CO3 exhibits polymorphic transfor-
mation twice.  Li2SiO3 formed at 250 °C and  Li2CO3 formed 
at 400 °C react at 700 °C to form  Li4SiO4.

The main difference between the two production 
methods is the different source of silicon used in the starting 
mixture. While  SiO2 is used as the silicon source in solid-
state synthesis, metallic Si is used in combustion-assisted 
synthesis. Although production simulations have shown 
similar results, the use of metallic Si turns the production of 
 Li4SiO4 into an exothermic character.

Evaluation of Synthesis Route

In the combustion-assisted synthesis experiments, com-
bustion synthesis was carried out according to reaction 
(1). The theoretical weight loss according to reaction (1) 

Fig. 5  The enthalpy change of the combustion-assisted synthesis reaction
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was calculated as 31.85%, in other words, the weight of 
the product obtained at the end of the reaction should 
theoretically be 68.15% of the total weight of the reacted 
raw materials. The graph showing the remaining prod-
uct weight ratios for the combustion-assisted synthesis 
experiments is given in Fig. 9. It is understood that the 
combustion synthesis reactions could not proceed and 
therefore the remaining product weight ratios were high 
in the preliminary experiments, which were carried out 
for 60 min and completed at synthesis temperatures lower 
than 700 °C. With increasing synthesis temperature, the 
residual product weight ratios decreased. Similarly, the 
large decrease in the remaining product weight ratio at 
700 °C indicates that the conversion during combustion 
synthesis is largely complete and that the synthesis tem-
perature of 700 °C is a critical temperature for reaction 
(1). This finding is in agreement with the thermodynamic 
simulation results and supported by the quantitative phase 
analysis results given below.

The variation of the residual product weight fraction is 
very small between 700 and 900 °C and is very close to the 
theoretically calculated value of 68.15%, especially from 
850 °C onwards. Thus, it can be concluded that reaction (1) 
reached equilibrium at 850 °C for synthesis times of 45 min, 
60 min and 75 min.

The XRD patterns of the combustion-assisted synthesis 
products are shown in Figs. 10, 11 and 12 for 60, 45 and 
75 min. of synthesis duration respectively. With these XRD 
results, the effect of different synthesis temperatures on the 
phase formations of the synthesis products was evaluated.

In order to determine the temperature at which the 
conversion during reaction (1) would be largely complete, 
synthesis trials were carried out between 500 and 700 °C for 
60 min. When the XRD patterns of the products obtained 
from these preliminary experiments are examined, it is seen 
that the synthesis reaction did not proceed at 500 and 550 °C 
and the products consisted of  Li2CO3 (ICDD no: 01-087-
0729) and Si (ICDD no: 01-075-0589) phases. When the 

Fig. 6  The Gibbs free energy change of the combustion-assisted synthesis reaction
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combustion synthesis was completed at 600 °C, the main 
phases in the product formed were  Li2CO3 and Si, but a 
very small amount of  Li4SiO4 (ICDD no: 01-076-1085) 
was observed. When the synthesis temperature is increased 
up to 675 °C, it can be seen that the main phases in the 
products are still  Li2CO3 and Si, but the amount of  Li4SiO4 
phase formed increases with increasing temperature. A 
very small amount of  Li2SiO3 (ICDD no: 01-070-0330) 
was also formed at 675 °C. When the combustion synthesis 
is carried out at 700 °C and higher temperatures, it can be 
seen that the dominant phase in the products is  Li4SiO4, 
with the presence of a small amount of  Li2CO3. When the 
synthesis temperature is increased to 800 °C and above, 
the dominance of the  Li4SiO4 phase increases further and 
the amount of  Li2CO3 decreases. At 900 °C, a very small 
amount of  Li2SiO3 phase is observed again.

According to the XRD results of the synthesis products 
with 60 min. duration, the transformation in reaction (1) was 
largely complete under the conditions of synthesis carried 
out at temperatures of 700 °C and higher. These XRD results 
are supported by the weight loss results given above and the 
quantitative phase analysis results given below.

As a result of the combustion-assisted synthesis 
experiments carried out in the muffle furnace for 60 min, 
it was determined that the critical temperature at which 
the conversion was largely complete for reaction (1) was 
700 °C. Based on this result, the other combustion-assisted 
synthesis experiments were carried out at 700 °C and higher 
temperatures.

When the XRD results of the synthesis products with 
45 min. duration, which proceeded according to reaction 
(1), are examined, it is seen that the dominant phase for 
each temperature is  Li4SiO4. Again, there is a small amount 

Fig. 7  The modeling of  Li4SiO4 production by solid-state synthesis reaction
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of  Li2CO3 and very small amounts of Si and  SiO2 phases 
at each temperature. As the temperature increases, the 
dominance of  Li2CO3 phase decreases. The  Li2SiO3 phase, 
in very small amounts, is observed at 700, 750 °C, but not 
at 800, 850 °C, but again at 900 °C. These results are in 
agreement with the weight loss results and quantitative 
phase analysis results.

The results of the synthesis products with 75 min. 
duration according to reaction (1) were similar to the 
XRD results of the synthesis products with 45 and 60 
min. duration. The dominant phase at all temperatures was 
 Li4SiO4, while very small amounts of  Li2CO3, Si and  SiO2 
phases were observed.  Li2SiO3 phase was observed only at 
900 °C. As the temperature increased, the dominance of 
 Li4SiO4 phase increased. Again, these results are consistent 
with the weight loss and quantitative phase analysis results.

Li4SiO4 content of the products obtained as a result of 
combustion-assisted synthesis experiments was determined 

by Rietveld refinement method. The  Li4SiO4 phase 
percentages of the synthesis products are given in Fig. 13. 
Considering the amount of  Li4SiO4 phase formed after the 
reaction, it is understood that the synthesis temperature 
of 700  °C is a critical temperature. In the experiments 
completed at temperatures lower than this temperature, the 
conversion could not be completed and reaction (1) could 
not reach the equilibrium state. The change in the  Li4SiO4 
phase percentages of the products is very small from 800 °C 
onwards. A careful examination of the graph shows that 
the highest  Li4SiO4 phase percentage value was obtained 
at 850 °C, while this value decreased slightly at 900 °C. 
This can be explained by the sublimation of lithium oxide 
in  Li2O form. Thermodynamic modeling also supports this 
sublimation. When the combustion synthesis was completed 
at 900 °C, a small amount of  Li4SiO4 decomposed to  Li2SiO3 
according to the following reaction (2) [31, 32].

Fig. 8  The modeling of  Li4SiO4 production by combustion-assisted synthesis reaction
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Li4SiO4 crystallite size values of the synthesis products 
are given in Fig. 14. When the graph was analyzed, it was 
observed that the crystallite size values of the resulting prod-
ucts increased as the synthesis temperature and duration 
increased. Among the synthesis products, the product with 
the lowest crystallite size value of 126.58 nm was obtained 
at 700 °C and 45 min. synthesis conditions. The largest crys-
tallite size belongs to the product obtained at 900 °C and 75 
min. synthesis parameters and its value was calculated as 
487.67 nm.

The crystallite size values of the combustion-assisted 
synthesis products are larger than the crystallite size values 
of the solid-state products given in literature. This is due 
to the high theoretical maximum temperature  (Tad) values 
reached during combustion depending on the inputs of the 
combustion assisted solid state reaction, as can be seen from 
the thermodynamic simulation results, and the slow cooling 
rate of the products obtained as a result of combustion 
assisted synthesis due to cooling in the muffle furnace. This 
slow cooling caused the  Li4SiO4 crystals formed to grow.

The specific surface area values of the synthesis products 
are given in Fig. 15. Specific surface area measurements of 
synthesis products that exhibited insufficient conversion and 

(2)Li
4
SiO

4

T

⟶Li
2
SiO

3
+ Li

2
O

were carried out at temperatures lower than 700 °C, were 
not performed.

As the synthesis temperature increased, the specific 
surface area values of the products decreased. The 
specific surface area values of the products obtained at 
700 °C were measured as 4.975, 4.272 and 3.357  m2/g, 
respectively, under experimental conditions where the 
synthesis time was 45, 60 and 75 min. The specific surface 
area values of the products obtained at 900 °C under the 
same experimental conditions were 2,128, 1,987 and 1,472 
 m2/g, respectively. In the synthesis studies carried out at 
the same temperature, it was found that the specific surface 
area values of the products decreased as the synthesis 
duration increased. In the experimental conditions where 
the synthesis temperature was 800 °C and higher, it was 
observed that the specific surface area values of the 
products remained almost unchanged for each different 
synthesis duration.

The average particle size values of the synthesis products 
are given in Fig. 16. Particle size measurements of synthesis 
products with insufficient conversion and at temperatures 
lower than 700 °C were not performed.

The average particle size values of the products increase 
with increasing synthesis temperature. In the experimental 
conditions where the synthesis temperature was between 700 
and 850 °C, the increase in the average particle size of the 
products obtained for each different synthesis duration was 

Fig. 9  The remaining prod-
uct weight ratios for the 
combustion-assisted synthesis 
experiments
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very small. When the temperature was increased to 900 °C, 
the increase in the average particle size of the synthesis 
products became very significant. Similarly, the average 
particle size values of the products increased with increasing 
synthesis duration. This increase was very small for the 
products of synthesis experiments conducted at 700, 750, 
800 and 850 °C. However, there was a significant increase 
in the average particle size of the products obtained as a 
result of synthesis experiments conducted at 900 °C from 
45 to 75 min.

SEM micrographs of the synthesis products are shown 
in Fig. 17. When the images of the synthesis products were 
examined, it was determined that the particle size was 

approximately 10 µ. SEM micrographs showed consistency 
with the specific surface area and particle size measurement 
results.

Results of  CO2 Sorption Tests

The conditions in the  CO2 capture experiments with  Li4SiO4 
powders performed in this study were also modeled with 
FactSage 8.2 software using the equilibrium module. The 
simulation of  CO2 capture of  Li4SiO4 under a gas mixture 
of 92%  CO2 and 8%  N2 by volume is shown in Fig. 18. 
Theoretically,  Li4SiO4 captures  CO2 up to 600 °C according 

Fig. 10  XRD patterns of the combustion-assisted synthesis products with 60 min. synthesis duration
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to the reversible reaction (3) given below with a maximum 
theoretical capture capacity of 36.7 wt% and regenerates 
after this temperature [5, 17, 33, 34].

In addition, as stated in the literature, it has been 
determined that as the  CO2 partial pressure in the 
environment decreases, the amount of  CO2 to be captured 
by  Li4SiO4 will decrease [35].

The products obtained from the synthesis studies were 
subjected to  CO2 capture test under 92%  CO2 gas atmos-
phere. The maximum amount of  CO2 captured by the 

(3)Li
4
SiO

4
+ CO

2
↔ Li

2
SiO

3
+ Li

2
CO

3

synthesis products at the end of 120 min is given in Fig. 19. 
In Fig. 20.,  CO2 capture performances based on character-
ized physical properties are also presented. In this way, it is 
aimed to establish a relationship between the  CO2 capture 
performance of the products and the physical properties of 
the products.

When the  CO2 capture performances of the synthesis 
products were examined, it was observed that they 
performed far below the theoretical maximum  CO2 capture 
value of 36.7% (0.367 g  CO2/1 g sorbent) for pure  Li4SiO4 
[23]. The synthesis products had  CO2 capture values ranging 
between 4.79 and 12.80%. The products obtained as a result 
of combustion-assisted synthesis did not show good  CO2 

Fig. 11  XRD patterns of the combustion-assisted synthesis products with 45 min. synthesis duration
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capture performance despite their high  Li4SiO4 content. 
Based on these results, it was determined that in order for 
these products to approach the theoretical maximum  CO2 
capture values, it is necessary for them to have certain 
characteristic properties in addition to having high %Li4SiO4 
phase percentage. These characteristics have been reported 
in our previous study [36].

The graph showing the maximum  CO2 capture values 
according to the physical properties of the products. When 
the physical properties of product number 16, which has 
a maximum  CO2 capture value of 12.80%, are examined, 
it is seen that although the %Li4SiO4 phase percentage 
value is lower than the other products, it has the lowest 
crystallite size value, the highest specific surface area 

value and the lowest average particle size value. Again, 
when the graph is analyzed, it is determined that  CO2 
capture performance decreases as the average particle size 
values increase, while  CO2 capture performance increases 
as the specific surface area values increase.

In line with these results and the information given 
above, it has been revealed that in order to obtain a good 
 CO2 capture performance, high conversion rate and high 
%Li4SiO4 phase content value alone will not be sufficient, 
but the sorbent material should have low average particle 
size, high specific surface area and low crystallite size 
values.

All the characterization results of the products are 
summarized in Table 2 below. When the synthesis duration 

Fig. 12  XRD patterns of the combustion-assisted synthesis products with 75 min. synthesis duration
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Fig. 13  Li4SiO4 content of the 
products

Fig. 14  Li4SiO4 crystallite size 
values of the synthesis products
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Fig. 15  The specific surface 
area values of the synthesis 
products

Fig. 16  The average particle 
size values of the synthesis 
products
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Fig. 17  Morphologies of the synthesis products. (A:5000X, B:1000X)

Fig. 18  Simulation of  CO2 capture with  Li4SiO4 (92%  CO2, 8%  N2 atmosphere)



 Journal of Sustainable Metallurgy

was kept constant, it was found that the crystallite size 
and average particle size values increased with increasing 
synthesis temperature, while the specific surface area values 
decreased. Similarly, when the synthesis temperature was 
kept constant, it was observed that the crystallite size and 
average particle size values increased with increasing 
synthesis duration, while the specific surface area value 
decreased.

Conclusions

In this study,  Li4SiO4 powders used as  CO2 capture 
sorbents were produced by combustion-assisted synthesis. 
Prior to the synthesis studies, the reaction conditions were 
modeled with FactSage 8.2 software. Synthesis products 
were characterized by weight loss determination, phase 
analysis, quantitative phase analysis, crystallite size 
calculations, specific surface area measurement, particle 
size measurement and SEM.

Thermodynamic simulations completed prior to the 
synthesis studies revealed that the production of  Li4SiO4 by 
combustion-assisted synthesis is possible at temperatures of 
700 °C and higher if metallic Si is used as the silicon source.

The weight loss results showed that the conversion during 
synthesis takes place at temperatures of 700 °C and higher. 
This result is in agreement with the thermodynamic simula-
tion results.

The values found by  Li4SiO4 crystallite size calculations 
of the synthesis products ranged between 126.58 and 
487.67 nm. It was found that the crystallite size values 
increased with increasing synthesis temperature and time. 
The synthesis product with the largest specific surface 
area value was synthesized at 700 °C and 45 min. It was 
determined that the specific surface area values decreased 
with increasing synthesis temperature and duration. The 
average particle size values increased with increasing 
synthesis temperature and duration.

The optimum production conditions for synthesis were 
determined as 850 °C and 60 min. considering the synthesis 
temperature, duration and  Li4SiO4 content of the final 
product (98.6%).

As a result of  CO2 capture tests performed in a gas 
mixture containing 92%  CO2, it was found that the 
synthesis products showed a capture performance between 
4.79 and 12.80%. This performance was far below the 
theoretical maximum capture capacity of  Li4SiO4.

The production of  Li4SiO4 powders by combustion-
assisted synthesis method was realized for the first time 
in this study. Considering the  CO2 capture performance 

Fig. 19  CO2 capture perfor-
mances of the products
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of synthesis products, it is understood that modifications 
should be made in the properties of the products for per-
formance improvement. It is a known fact that the prop-
erties of the final product in such processes are directly 
related to the raw material properties and process condi-
tions. In this context, in order for the synthesis products 
to have smaller crystallite size, larger specific surface area 

and smaller particle size values, it is recommended to mix 
the synthesis raw materials  Li2CO3 and Si powders with a 
ball mill and then complete the synthesis work. In order to 
prevent crystal growth after synthesis, another suggestion 
of this study is to remove the products from the muffle fur-
nace as soon as the synthesis time is over and allow them 
to cool in an open atmosphere.

Fig. 20  CO2 capture perfor-
mances based on characterized 
physical properties
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