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Optimization of Li4SiO4 synthesis conditions by solid state method 
for maximum CO2 capture at high temperature  
M.T. Izquierdoa,b*, A. Turana,c, S. Garcíaa and M.M. Maroto-Valera 

The aim of this research work is to optimize the synthesis of Li4SiO4 by solid state method to maximize CO2 capture. This 
includes evaluating the main characteristics of the synthesised material which enhance CO2 uptake performance. Starting 
from Li2CO3 and SiO2 pure reagents, the effect of the sintering process conditions (heating rate, synthesis temperature and 
holding time) of the previously mixed powders has been studied. The samples were characterized by N2 physisorption, 
particle size distribution and X-ray diffraction. The evaluation of the CO2 uptake performance of the samples has been 
carried out at 600 oC in a thermobalance under a flow of almost pure CO2. Unreacted Li2CO3 is present at low synthesis 
temperatures, and its content in the synthesised material decreases when higher temperatures are used, so complete 
conversion to Li4SiO4 is reached at 900°C. At this temperature, the maximum CO2 uptake was found 20%, although it was 
yet far from the stoichiometric CO2 uptake value of 36.7%. The holding time at a synthesis temperature of 900 oC was then 
varied and a maximum CO2 uptake of 30.5% was obtained for a holding time of 2 h. Lastly, under optimised synthesis 
temperature and holding time conditions, the heating rate was varied. A value of 5 oC/min was found as the optimum one 
as the use of either lower or higher heating rates have a negative effect on CO2 uptake performance. As crystalline phases, 
particle size and BET surface area were very similar among all prepared samples at 900 oC, crystal size was identified as the 
main physical property that could explain the CO2 uptake performance of the samples, i.e., the lower crystal size, the 
higher CO2 uptake. 

1. Introduction 
Lithium orthosilicate, Li4SiO4, is one of the lithium silicate 
ceramics studied for its wide range of applications such as 
those in secondary batteries, due to the ionic conductivity1, Li-
ion batteries, when doping with Co2, and in future fusion 
reactors as a breeder blanket3. It has been also proposed as a 
solid sorbent for CO2 capture4, because this ceramic shows 
immediate CO2 absorption and desorption, which result in a 
theoretical weight change of up to 36.7 %. In addition, CO2 
desorption is performed at lower temperature than that for 
CaO5, allowing its use in repeated cycles of absorption-
desorption with lower energy demands. Its high stability under 
cyclic operation6 would also limit the need to add fresh 
sorbent to the absorbing bed.  
The key of the success of this CO2 sorbent-based capture 
process is the Li4SiO4 itself. The conventional solid-state 
synthesis method is the dominating protocol for ceramic 
synthesis due to its simplicity. It consists of a heat treatment, 
usually called sintering process, of a powder mixture of a Li- 

 
source, usually Li2CO3, and SiO2, following the reaction: 
2 Li2CO3 + SiO2  Li4SiO4 + 2 CO2   (1) 
However, the heat treatment conditions during the production 
of ceramics strongly affect the material microstructure7, which 
can affect the sorbent performance. Although the sintering 
process for Li4SiO4 has already been studied (Table 1), a 
systematic study focused on the influence of the heat 
treatment parameters on the CO2 uptake performance of the 
Li4SiO4 prepared is currently lacking. Additionally, in previous 
studies on solid state synthesis of Li4SiO4, no rationale behind 
the choice of synthesis conditions was given. Moreover, in 
most cases, authors do not present data for the heating rate 
used during the synthesis protocol, despite being one of the 
important variables that need to be considered in a sintering 
process7. 
Furthermore, contradictory results in terms of CO2 uptake for 
samples prepared under very similar conditions have been 
previously reported, as can be deduced from Table 1. For 
example, CO2 uptake, some values reported in the literature 
are surprisingly high8, considering that the Si source come 
from a biomass ash with low Si content and the active mass for 
CO2 capture is reduced by dilution effect (less than 50% Li4SiO4 

content in all cases). 
Likewise, the influence of CO2 concentration on the Li4SiO4 

sorbent performance has not been yet completely understood 
and it seems to be highly dependent on the sorbent 
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characteristics, i.e. the preparation conditions, as can be 
deduced from Table 1. This is an important issue considering 
that CO2 concentration in real CO2 capture applications is in 
the range 4-20 %, under which theoretical CO2 uptake will not 
be reached. 
In this context, the main goal of this research work is to 
optimize Li4SiO4 preparation conditions by solid state method 
in order to maximize the CO2 uptake (under an almost pure 
CO2 flow) at high temperature, with a focus on identifying 
those sorbent characteristics that enhance CO2 capture. 

2. Experimental 
2. 1. Synthesis 

The solid state method has been selected for the synthesis of 
lithium orthosilicate, Li4SiO4, using as starting materials Li2CO3 
(Across Organics, purity 99%) and SiO2 (Aldrich, purity 99.5%). 
Li source with a 10% of stoichiometric excess was added to 
prevent the sublimation of lithium at high temperature3. 
Li2CO3 and SiO2 powders were mixed in a planetary ball mill at 
350 rpm during 30 min, changing stir direction each 5 min. The 
mixture was then placed in a crucible and it underwent 
isothermal sintering in a muffle furnace.  During this heat 
thermal treatment, the temperature is increased 
monotonically to a synthesis temperature and lowered to 
room temperature afterwards. Accordingly, three variables 
were studied: heating rate, temperature and holding time. The 
samples were cooling down under the same conditions and 
they were removed from the furnace when the temperature 
was lower than 100 oC. After that, all the samples were grinded 
under the same procedure in a mechanical mortar by applying 
the same downforce and grinding time.  
In order to optimize synthesis conditions to maximize CO2 
uptake, in a first set of experiments calcination temperature 
was varied in the range of 600-900 oC. Once selected the 
optimum calcination temperature, the holding time was varied 
in the range 1-10 h. Finally, once selected the holding time, the 
heating rate was varied in the range of 2-20 oC/min. In all 
cases, the amount of mixed powder was 5 g.  
Samples were labelled as temperature-heating rate-holding 
time. For example, 900-5-4 refers to a sample prepared at 900 
oC during 4 h at a heating rate of 5 oC/min.  
 
2. 2. Characterisation 

Nitrogen physisorption at -196 oC in a Micromeritics Gemini VII 
was used to obtain BET surface area. The particle size 
distribution of the samples was measured by means of a laser 
diffraction technique according to ISO 13320 Standard with a 
LS 13320 Beckham Coulter equipment. Samples were 
examined by X-ray diffraction (XRD) in a Bruker D8 Advance X-
ray powder diffractometer equipped with an X-ray source with 
a Cu anode working at 40 kV and 40 mA and an energy-
dispersive one-dimensional detector. The diffraction pattern 
was obtained over the 2θ range of 10o to 80o with a step of 
0.019o. The assignation of crystalline phases was performed 
using of Joint Committee on Powder Diffraction Standards and 

DIFFRAC.EVA software; quantification of the crystal phase 
composition was performed by Rietveld refinement using 
TOPAS software.  
 
2. 3. CO2 uptake experiments 

A thermobalance Q500 from TA Instruments was used to 
obtain the CO2 uptake capacity of the prepared sorbents. The 
performance of the sorbents was first tested under a flow of 
65 ml/min containing 92.5% CO2 (N2 as balance).  
The sample was in-situ pre-treated during 30 min at 110oC 
under N2; after that, it was heated up to the carbonation 
temperature at a heating rate of 20 oC/min and equilibrated 
during 10 min under N2. Then, the gas was switched to CO2 
and an isothermal period of 120 min at the carbonation 
temperature was maintained. Blank tests were performed for 
each carbonation temperature running condition to correct 
buoyancy. 

3. Results and Discussion 
The main variables determining the sinterability and the 
sintered microstructure of a powder may be divided into two 
categories: material variables and process variables7. The 
variables related to starting materials include not only 
chemical composition but also particle size and particle shape. 
In this work, well defined commercially available starting 
materials have been used and only a reproducible mixing 
process in a planetary ball mill was applied to the powders 
before they underwent heat treatment. On the other hand, 
process variables include temperature, time and heating rate7. 
In a first set of synthesis experiments, heating rate of 5 oC/min 
and holding time of 4 h were maintained constant and 
synthesis temperatures from 600 to 900 oC were selected. This 
range of temperatures was selected according to results 
obtained from a thermochemical model developed with the 
“Equilibrium Compositions Module” of HSC Chemistry 6.12 
software (Fig. 1). This module utilizes the Gibbs energy 
minimization method and GIBBS solver was used for the 
calculations.  
 
 

Fig. 1. Effect of synthesis temperature on the reaction 
products according to reaction (1). 
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Table 1. Heat treatment conditions for solid state preparation of Li4SiO4 in the literature and CO2 uptake performance. 

Ref. Li source Si source Heat treatment conditions Carbonation T(oC)/CO2 conc,%/CO2 uptake, % T (oC) rate (oC/min) time (h) 
4 Li2CO3 SiO2 1000 - 8 700/100/35 500/20/27 500/2/27 
9 Li2CO3 SiO2 950 - 2 - - - 
10 Li2CO3 diatomite 700 - 4 620/50/24.5   
11 Li2CO3 SiO2 750 - 6 575/100/17 575/10/~7 700/10/0 
12 Li2CO3 SiO2 900 60 4 580/4/~1 - - 
13 Li2CO3 FA 950 - 8 500/100/4.7 - - 
14 Li2CO3 SiO2 850 - 8 675/100/36.3 - - 
15 Li2CO3 SiO2 800 - 4 500/100/~5 550/100/~12 600/100/~30 
16* Li2CO3 SiO2 850 - 8 460/100/7.7 560/100/16.3  
17** Li2O SiO2 800 - 8 - - - 
18 Li2CO3 SiO2 900/950 - 4 700/80/34.7 - - 
19 Li2CO3 SiO2 800 6.7 6  - - 
20 LiOH SiO2 600/700/80

0 
5 7 Porous 

550/100/29.8 
Non-porous 
550/100/~8 

- 

8 Li2CO3 Ash 800 - 4 550/100/~7 680/100/31.6 - 
21*** Li2CO3 SiO2 720 5 6 Larger particles 668/100/19.2  Smaller particles 715/100/30.5 - 
22 Li2CO3 H2SiO3 800 - 4 700/100/18 - - 
22 Li2CO3 H2SiO3 900 - 4 700/100/20.9 - - 
23 Li2CO3 SiO2 700 - 20 600/100/~10 - - 
24 Commercial Li4SiO4 - - - 700/100/33.0 - - 
25 Li2CO3 SiO2 750 - 6 515/10/1.1 565/10/2.1 590/10/0 
26 Li2CO3 SiO2 1000 - 10 700/100/32 - - 

* authors used different CO2 flows. At increasing CO2 flow, CO2 uptake decreases with temperature. 
** low temperature (<80oC) and humidity 
***prepared with different particle size 
- Means not provided 
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Calculations show the change of predicted reaction products 
of reaction (1) at increasing synthesis temperature. 2Li2O·SiO2 
in Fig. 1 is another chemical formula notation of Li4SiO4 
(lithium orthosilicate)27. The thermochemical data which was 
published by Barin et al.27  were used for the thermodynamical 
calculations of Li4SiO4 formation by the software. It was 
predicted that the formation of Li4SiO4 starts at 446 °C and 
Li4SiO4 is the main component in solid reaction products by 
about 900 °C and at higher reaction temperatures. 
If full conversion is achieved in reaction (1), the weight of 
Li4SiO4 obtained after heat treatment should be 2.688 g, based 
on starting weight of reactants, which was a total of 5 g 
(including the Li2CO3 molar excess) and the molar reaction 2:1. 
However, only that weight was observed under a heat 
treatment temperature of 900 oC, while higher weights were 
obtained for the other tested temperatures. Accordingly, it can 
be expected that unconverted Li2CO3 is present in those 
samples.  
Fig. 2 shows the diffractograms of the samples obtained at 
700, 800 and 900 oC with a heating rate of 5 oC/min and 
holding time of 4h. As can be seen, Li2CO3 can be found as a 
crystalline phase in samples obtained at 700 and 800 oC, but at 
900 oC reaction (1) has been completed and Li4SiO4 is the only 
present crystalline phase. The Li4SiO4 diffraction pattern was 
fitted to the JCPDS file 76−1085, corresponding to monoclinic 
system and P121/m1 space group, with reference cell 
parameters a: 5.147 Å, b: 6.094 Å, c: 5.293 Å and : 90.33 o. 
Quantification of the crystalline phase accounts for 79.6, 92.5 
and 100 % of Li4SiO4 for samples 700-5-4, 800-5-4 and 900-5-4, 
respectively. Accordingly, it was not necessary to use higher 
synthesis temperature than 900 oC. 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. XRD patterns of samples synthesised at a heating rate of 
5 oC/min, at different temperatures during 4 h.  
 
 
Fig. 3 a and b shows the CO2 uptake for those samples under a 
flow containing 92.5 % CO2 (N2 balance) at isothermal 
carbonation temperatures of 600 and 700 oC, respectively. 
Except for sample 600-5-4, the CO2 uptake is higher at a 
temperature of carbonation of 600 oC and, accordingly, this 
was the temperature selected for CO2 uptake experiments. 
This is in agreement with inversion point temperatures 
reported for reaction (2) by using theoretical calculations28. 
Li4SiO4(s) + CO2(g) Li2CO3(s) + Li2SiO3(s)   (2) 
 
  

 

 
Fig. 3. CO2 uptake (CO2 conc. 92.5%) at 600 oC and 700 oC of samples synthesised at a heating rate of 5 oC/min and different 
temperatures during 4 h. 
The inversion temperature separates CO2 absorption from CO2 
desorption conditions. Depending on the CO2 partial pressure, 
absorption will take place at different temperatures. For a 
given value of CO2 partial pressure (0.92 in this case), 
conditions above the equilibrium line need to be met for the 
absorption process to take place. An optimum carbonation 
temperature between 550 and 600 oC was also found 
elsewhere29. 

Sample 700-5-4 exhibited a faster chemisorption at 600 oC ; it 
should be taken into account that isotherm at 700 oC was 
performed over the chemisorption-desorption temperature 
limit28, as the maxima CO2 chemisorption temperature is about 
600 oC. Then, at these specific conditions, Li4SiO4 is 
chemisorbing CO2, but at the same time, the Li2CO3 produced 
must decompose and desorbs CO2. 

a b

Page 4 of 11Journal of Materials Chemistry A

Jo
ur
na
lo
fM
at
er
ia
ls
C
he
m
is
tr
y
A
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

ish
ed

 o
n 

18
 Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

19
/0

1/
20

18
 0

0:
37

:3
7.

 

View Article Online
DOI: 10.1039/C7TA08738A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

For sample 600-5-4, CO2 uptake at 700 oC is significantly lower 
than that for other samples. This is probably due to: a) its pre-
treatment at 700 oC under N2 flow, which could have modified 
its composition because a 700 oC temperature is higher than 
that used for the synthesis of that sample, i.e., 600 oC; and b) 
lowest content of reactive phase, i.e., Li4SiO4. Also, for a 
carbonation temperature of 600 oC, CO2 capture by sample 
600-5-4 (Fig. 3a) is very limited, which corroborates its impure 
character and the need for a higher synthesis temperature to 
obtain pure Li4SiO4 sorbent materials. 
The highest CO2 uptake was obtained for sample synthesised 
at 900 oC, probably due to its 100% Li4SiO4 composition. 
However, the acquired uptake value of 20.0% is far from the 
theoretical one of 36.7 % (under pure CO2). Thus, a synthesis 
temperature of 900 oC was selected to further investigate the 
influence of holding time and heating rate on the sintering 
process and on the CO2 uptake. 

Fig. 4 (a) depicts the CO2 uptake of samples synthesised at 900 
oC, at different holding times and constant heating rate of 5 
oC/min. As can be seen, the increase of the holding time 
reduces considerably the CO2 uptake; this result cannot be 
compared with previously reported values for similar synthesis 
temperatures14, 16, because as previously mentioned, the 
heating rate used in those studies is not provided. On the 
other hand, a decrease of the holding time increases the CO2 
uptake up to a maximum, obtained at a holding time of 2 h. 
A further decrease of the holding time dramatically decreases 
the CO2 uptake. 
In order to verify if this maximum of 2 h holding time was also 
an optimum value under different synthesis temperatures, 
shorter and larger holding times were used in experiments 
with synthesis temperatures of 700 oC and 800 oC (Fig. 4b). It is 
noteworthy that the observed trend for samples prepared at 
those synthesis temperatures differ from that observed at 
900°C (Fig 4(b)), i.e. CO2 uptake values increase steadily over 
the range of holding times studied. This fact could be 
explained in terms of increasing Li4SiO4 content with time, as it 
is shown below. 
For the purpose of this study, a synthesis temperature of 
900°C and holding time of 2 h were therefore selected based 
on measured CO2 uptake of the produced material. A last set 
of experiments was performed under the aforementioned 
synthesis conditions and heating rate values ranging from 2 to 
20 oC/min. Fig. 5 shows the CO2 uptake of samples synthesised 
at 900 oC during 2 h at different heating rates. Again, a 
maximum CO2 uptake value was identified at 5 oC/min and, a 
very low or very high heating rate has a negative effect on the 
CO2 capture performance of the sorbent (Fig. 5b). 
 
 

 
Fig. 4. Effect of holding time during Li4SiO4 synthesis at 900 oC and a heating rate of 5 oC/min on CO2 uptake at carbonation 
temperature of 600 oC: (a) CO2 uptake curves; (b) CO2 uptake trend with holding time. 

a b 
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Fig. 5. Effect of heating rate (during synthesis at a temperature of 900 oC and holding time of 2 h) on CO2 uptake at a carbonation 
temperature of 600 oC: (a) CO2 uptake curves; (b) CO2 uptake trend with heating rate. 
 
 
Thus, results indicate that the optimum synthesis conditions to 
prepare Li4SiO4 by solid state method in order to maximize CO2 
uptake at high temperature (600°C) are a heating rate of 5 
oC/min, temperature of 900 oC and holding time of 2 h. 
From these results it seems be clear that the synthesis of 
Li4SiO4 almost pure is not condition enough to reach high CO2 
uptake values: this material has to possess some 
characteristics which give it a CO2 uptake performance near to 
the theoretical uptake value. 
Particle size and surface area of synthetic ceramic materials 
have been previously investigated in the literature as the main 
characteristics that affect their CO2 capture performance. For 
instance, Kanki el al.23 reported that CO2 capture capacities for 
Li4SiO4 varied after milling the sample. They observed a change 
of CO2 uptake from 10% to approx. 30% for as-prepared Li4SiO4 
and 120 min milled Li4SiO4, respectively, and they measured 
surface areas five times larger after 120 min ball milling. In the 
same way, Venegas et al.15 also reported enhanced CO2 uptake 
when using very small ceramic particles (3 m). In this work, 
samples were grinded under the same conditions in order to 
avoid the influence of particle size on CO2 uptake results. 
BET surface areas were measured for all synthesised samples 
and analysis of the particle size distribution of some randomly 
selected samples was also carried out (Table 2). As it can be 
seen, BET surface areas, mean particle size and particle size 
distribution of the samples are quite similar, which discard 
their effect on CO2 uptake performance. 
However, additional variables associated with particle size 
reduction need to be considered, as previously pointed out in 
the literature. Based on XRD patterns, Kanki el al.23 reported 
not  only  the CO2  uptake  change  after  ball  milling  due to  

 
 
modification of surface properties (surface area and particle 
size) but also a  transition to amorphous Li4SiO4 with increasing 
ball milling times. The degree of amorphousness has been 
already claimed as a beneficial property that enables 
movement of ions among phases in looping processes for 
other solids30; however, in this study, even though the 
amorphous content obtained from XRD (by S-Q method) for 
samples 700-5-4, 800-5-4, 900-5-4 and 900-5-2 is very similar 
(values of 11.8%, 13.1%, 11.1% and 10.2%, respectively), 
samples exhibited quite different CO2 uptake capacities, 
ranging from 11% to 30.5%. 
Venegas et al.15 attributed their enhanced CO2 capture 
capacities when using very small particles (3 m) to the 
presence of more Li atoms on the surface of the particles. This 
fact was in agreement with observations from Gauer and 
Heschel14, who claimed the introduction of vacancies into the 
crystal lattice of Li4SiO4 as the reason to improve Li+ mobility 
and to facilitate O2- diffusion by offering more sites for ions 
hopping. These findings are in agreement with the mechanism 
proposed for the second stage of CO2 uptake by López-Ortiz28 
for CO2 uptake by Li4SiO4 sorbents. According to that study, 
CO2 capture takes place in two stages; firstly, the Li4SiO4 
particles react with CO2 at the particle surface to form an 
external shell of lithium carbonate (Li2CO3) and a lithium 
secondary phase (Li2SiO3), and secondly, instead of a CO2 
diffusion process the authors reported a Li+ and O2- ionic 
diffusion phenomena related with the introduction of 
vacancies in the crystal.  These vacancies or “point defects”, as 
reported by Chang et al.31, allow fast Li-ion conduction, which 
could be the responsible for enhanced CO2 uptake. 
 

 
 
 
 
 
 
 
 

b 
a 
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Table 2. Physical properties of some of the prepared samples. 
 

Sample surface area 
 

m2/g 

Particle size 
Mean 

m 
<10% 

m 
<25% 

m 
<50% 

m 
<75% 

m 
<90% 

m 
700-5-4 
700-5-20 
800-5-4 
800-5-7 
900-5-1 
900-5-2 
900-5-4 
900-5-8 
900-5-10 
900-20-2 

1.5 
1.7 
2.0 
1.4 
1.2 
1.2 
1.4 
1.0 
1.0 
1.3 

21.3 
19.9 
n.d. 
27.7 
19.2 
23.2 
n.d. 
n.d. 
24.6 
n.d. 

2.7 
1.6 
n.d. 
7.5 
2.2 
3.6 
n.d. 
n.d. 
4.5 
n.d. 

8.0 
7.1 
n.d. 
12.6 
6.1 
9.3 
n.d. 
n.d. 
9.1 
n.d. 

18.9 
17.3 
n.d. 
20.8 
15.2 
20.5 
n.d. 
n.d. 
23.8 
n.d. 

34.2 
33.3 
n.d. 
34.2 
32.2 
36.7 
n.d. 
n.d. 
38.2 
n.d. 

44.9 
40.2 
n.d. 
55.4 
44.0 
46.6 
n.d. 
n.d. 
43.9 
n.d. 

    n.d. not determined 
 
 
It has been also stated previously that the smaller the crystal 
size the higher the abundance of point defects into metal 
crystals 32. Thus, the importance of the crystal size of the 
samples prepared under different synthesis conditions cannot 
be disregarded.  
The only crystal phase present in all the samples prepared at a 
synthesis temperature of 900 oC is Li4SiO4, except for sample 
900-5-1, in which traces of Li2CO3 can be found (<1%, 
according to XRD quantification). However, for synthesis 
temperatures of 700 and 800 oC, Li2CO3 is present: 73.7%, 
79.6% and 80.7% for samples 700-5-2, 700-5-4 and 700-5-20, 
respectively, and 89.9%, 92.5% and 93.1% for samples 800-5-2, 
800-5-4 and 800-5-7, respectively.  
 

 
 
 
In order to obtain Li4SiO4 phase crystallite size, a full pattern 
decomposition of XRD diffractograms was performed using the  
Pawley method with a pseudo-Voigt approach. The volume 
weighted column height (LVol-IB) was taken to obtain the 
average crystallite size. 
Figure 6 shows the influence of Li4SiO4 crystal size on CO2 
capture exhibited by the different prepared samples. Strong 
evidence was found showing that the crystal size of metals has 
an effect on the adsorption properties of catalysts and this fact 
was related with the total number of surface atoms, which 
exponentially depends on crystal size32. 
 
 

Fig 6.  Influence of Li4SiO4 crystal size on CO2 uptake. (a) CO2 uptake referred to the total amount of sample; (b) CO2 uptake 
normalised to the Li4SiO4 content of samples.  
As can be seen in Fig. 6a, the general trend is that previously 
observed for metal crystals, i.e., lower crystal size enhanced 
catalytic and/or sorption properties. However, it seems that 
there is not a clear correlation between the crystal size in the 
range of 150-180 nm and the CO2 uptake of samples prepared 
at the three studied temperatures. As the only compound that 
is able to adsorb CO2 is Li4SiO4, the capture performance of 
those samples which contain unconverted Li2CO3 cannot be 
directly compared with those ones composed of almost pure 

Li4SiO4. Accordingly, the CO2 uptake was re-calculated by 
normalising the values with respect to the Li4SiO4 content of 
the samples. For samples synthesised at 900 oC the CO2 uptake 
values are the same as those depicted in Figure 6a, and only 
the values corresponding to samples synthesised at 700 oC and 
800 oC changed. 
As can be seen in Fig. 6b, all data points are now under the 
same general trend, indicating that a lower crystal size uptake 
barely changes at crystal sizes larger than 200 nm. This 

a b
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relationship between crystal size and catalysts33, 34 as well as 
sorbent’s performance34-36 has already been observed. 
The line depicted in Fig. 6b indicates only a trend. If a 
polynomial regression is obtained for data corresponding to 
samples synthesised at 900 oC, the regression coefficient 
obtained is 0.999. When the points corresponding to samples 
synthesised at 700 and 800 oC in Fig. 6a are included in the 
regression, the regression coefficient obtained is 0.952. But 
after the normalisation of those values, the regression in Fig. 
6b gives a regression coefficient of 0.992. This fact indicates 
that the results of samples obtained at synthesis temperature 
of 900 oC are not the only responsible of the trend observed. 
Under the studied conditions, the most important parameter 
affecting the crystal size has been the holding time. Long 
holding times allow the formation of large crystals. Very low 
holding time had a negative effect on CO2 uptake, because the 
high crystal size obtained. In that case it is to say for the 
sample prepared at 900 oC the conversion to Li4SiO4 was not 
complete. For the same synthesis temperature and holding 
time, it seems that a very slow heating rate allows the 
formation of large crystals as reproducing a natural crystal 
formation; accordingly, that sample (900-2-2) exhibited the 
lowest CO2 uptake performance. 
It has been reported that the CO2 chemisorption on Li4SiO4 fits 
to a double exponential model 16 (eq. 3) assuming that there 
are two different processes during CO2 absorption: 
chemisorption and lithium diffusion. 
y = Ae-k1t + Be-k2t + C        (3) 
In this equation, y represents the weight change of the 
sorbent, k1 and k2 are the rate constants for the CO2 
chemisorption on the sorbent surface and CO2 chemisorption 
kinetically controlled by lithium diffusion, respectively, and  t is 
the time.  
As stated above, the crystal size controls the CO2 capture 
under the studied conditions. Thus, it is supposed that the CO2 
absorption kinetic should change depending on the crystal 
size. 
Table 3 reports the kinetic parameters obtained from the 
fitting of some isotherms (obtained at 600 oC), including R2 
values; as represented by the high R2 values, the model 
accurately fitted CO2 experimental absorption isotherms. 
The values of k1 were one order of magnitude larger than the 
k2 values, indicating that the overall absorption CO2 kinetics is 
controlled by the lithium diffusion rate; these values are in 
agreement with those found in the literature8, 16. Sample 900-
5-2 exhibited the highest k1 value and this can be attributed to 
an increased number of sites for CO2 chemisorption because 
its lower crystal size. Moreover, this sample also exhibited the 
highest k2 value and this can be originated because the shorter 
diffusion path for lattice lithium as the lower crystal size.  
Fig. 7 shows the relationship between the rate constants and 
the crystal size for samples in Table 3. Despite some dispersion 
of k1 and k2 values were observed, a trend is observed; in 
addition, it seems that at crystal sizes higher than 200 nm both 
rate constants are quite insensitive to a further increase of 
crystal size; this result is similar to that found in Fig. 6. This fact 
could be explained in terms of the intrinsic diffusion coefficient 

for Li diffusion being the same for Li4SiO4, except when the 
diffusion is enhanced by shorter path length in smaller Li4SiO4 

crystals. In addition, smaller crystal sizes lead to the 
introduction of vacancies into the crystal lattice of Li4SiO4 
which improve Li mobility14. 
These results seemed to confirm that for quite similar Li4SiO4 
particle size and surface area, the crystal size was the materials 
characteristic to which CO2 uptake performance of the 
samples is related. 
 
Table 3. Kinetic parameters obtained from the experimental 
data fitted to a double exponential model (eq. 3) 

sample k1 
(s-1) 

K2 
(s-1) 

R2 

700-5-4 
800-5-4 
900-5-1 
900-5-2 
900-5-4 
900-5-8 
900-2-2 
900-10-2 

2.86 x10-3 
3.01 x10-3 
1.99 x10-3 
3.36 x10-3 
3.03 x10-3 
2.18 x10-3 
1.85 x10-3 
2.90 x10-3 

2.60 x10-4 
2.53 x10-4 
2.10 x10-4 
3.09 x10-4 
2.62 x10-4 
2.07 x10-4 
2.07 x10-4 
2.68 x10-4 

0.9998 
0.9967 
0.9998 
0.9980 
0.9991 
0.9994 
0.9995 
0.9987 

Fig. 7. Relationship between kinetic parameters obtained from 
the experimental data fitted to a double exponential model 
(eq. 3) and crystal size.  
 
 
This work has been focused on optimize synthesis conditions 
to maximise CO2 uptake. The high CO2 absorption capacity 
should be maintained along several cycles of CO2 absorption- 
desorption. Ongoing work on this topic will be further 
published, but previous results indicate that after 10 cycles the 
CO2 uptake is maintained. 

Conclusions 
The effect of heating rate, synthesis temperature and holding 
time on prepared Li4SiO4 from Li2CO3 and SiO2 by solid-state 
method and its influence on CO2 uptake performance have 
been evaluated. Unconverted Li2CO3 is present in samples 
prepared at low synthesis temperatures under the same 
heating rate and holding time conditions. The content of 
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Li2CO3 in the synthesised materials decreases with increasing 
synthesis temperatures up to 900 oC, at which complete 
conversion to Li4SiO4 is reached. For this temperature, it was 
found that a synthesis process under a heating rate of 5 oC/min 
and holding time of 2 h produces the material exhibiting the 
maximum CO2 uptake (30.5%) at 600 °C, among all samples 
prepared under a wide range of conditions. This sample also 
exhibited the highest rate constant values (k1 and k2).  
The particle size and BET surface area are very similar for all 
prepared samples, and crystal size was found to be the only 
materials characteristic to which CO2 uptake performance of 
the samples could be attributed, i.e., the lower the crystal size 
the higher CO2 uptake. At crystal sizes over ca. 200 nm, 
increasing values of crystal size seem to have limited effect on 
CO2 uptake. Samples with lower crystal size exhibit higher rate 
constant values, indicating an increased number of sites for 
CO2 chemisorption because its lower crystal size. Moreover, 
smaller crystal sizes lead to the introduction of vacancies into 
the crystal lattice of Li4SiO4 which improve lithium mobility and 
facilitate ions hopping. At crystal sizes over ca. 200 nm both 
rate constants are quite insensitive to a further increase of 
crystal size because the reduction of vacancies in the crystal 
lattice at higher crystal sizes. 
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