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Abstract: CO2 capture from combustion processes faces several challenges including high energy penalty, low 10 
CO2 partial pressure, high flow rates and presence of water vapours. Absorption of CO2 at high temperature is 11 
recently attracting increasingly attention . Alkali metal based sorbents present clear advantages compared to 12 
other high temperature sorbents, such as high CO2 capture capacity, lower regeneration temperatures (< 750 °C) 13 
and excellent stability. In this work, Na/Li-silicates prepared by mixing Na/Li carbonates with fly ash (FA) in 14 
various molar ratios were evaluated for their capacity to chemisorb CO2 at 500-700°C and in presence of H2O 15 
(2-12vol%), diluted CO2 (14vol%) and CO2 sorption promoters.  16 
The results indicate that the carbonate:silica ratio used in the sorbents synthesis  significantly affects the CO2 17 
sorption capacity and regeneration temperature. The presence of steam enhances the diffusion of Li and Na ions 18 
resulting in higher CO2 uptake. CO2 chemisorption follows a double layer mechanism with formation of 19 
carbonate layer on the surface. The simultaneous presence of Li and Na (and K when used as additive) in the 20 
formed carbonate layer results in an eutectic melt between 600 and 700°C, which facilitates the diffusion of the 21 
ionic species. Li-Na-FA with molar ratio of 0.5:0.5:1 was the best prepared sorbent with a capacity of 2.54 22 
molesCO2/kg sorbent (12%H2O, 14%CO2 at 700°C). Absorption/desorption was completed in 15 minutes with 23 
reaction kinetics comparable to that of pure Li4SiO4 sorbents. The tested materials maintained their capacity and 24 
absorption/desorption rates after 10 cycles at 700°C.  Overall, the Na/Li materials showed a CO2 capture 25 
capacity, stability over time and sorption-desorption kinetics comparable to those of other high-temperature 26 
sorbents, such as Li-FA (Li4SiO4 prepared using fly ash), and higher stability than CaO and hydrotalcites. 27 

Keywords: Absorption • fly ash • CO2 sorbents• alkali metal silicates 28 

1. Introduction 29 

It is widely recognised that increasing anthropogenic CO2 emissions are contributing to 30 

global warming and carbon dioxide capture and storage (CCS) technologies have been 31 

proposed as mitigation option [1]. Absorption processes have been developed to separate CO2 32 

from flue gas stream post combustion systems. However, using absorption is challenging for 33 

several reasons, such as solvent degradation, materials corrosion and large costs [1]. Solid 34 

sorbents have been proposed as alternative to the more developed liquid absorption systems. 35 

To be competitive to a large scale liquid amine process, solid sorbents should have high CO2 36 

capacity (≥ 2 mol CO2/ kg sorbent) and selectivity, fast sorption/desorption kinetics, good 37 

mechanical properties, high stability and low costs of synthesis [2, 3]. So far, most of the 38 

work on the development of CO2 sorbents has been focused on materials able to adsorb CO2 39 

at low temperature (up to 100°C). The materials tested include zeolites, MOFs, SBA-15, 40 

MCM-41, carbon based adsorbents, Na and K carbonates and amine doped materials [2-6].   41 

The use of recyclable sorbents at high temperatures, which can be used in both pre- and post-42 

combustion CO2 capture systems are recently attracting increasing attention due to absence of  43 
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significant energy penalty associated to low temperature capture systems.  With post-44 

combustion capture, the flue gas is ideally available from the coal-fired boiler temperature 45 

(<1100°C) to that of the stack gas (about 50°C) and thus, a wide range of separation 46 

temperatures can be considered [7]. Also, industrial plants such as cement and steel works 47 

generate flue gas at temperatures higher than 900°C [8, 9]. Therefore, the development of 48 

efficient CO2 sorbents able to work at high temperatures would help to reduce the associated 49 

CO2 capture energy penalty, since CO2 sorption thermodynamics and rapid sorption kinetics 50 

are favoured at high temperature [8,10]. Among solid sorbents, CaO-based sorbents are 51 

especially advantageous because of their high sorption capacity and rapid kinetics in the 400-52 

800°C temperature range and have been tested in pilot scale (1.9MWth) [11]. However, 53 

despite the abundance and low cost of CaO, its performance is challenged by a rapid loss of 54 

activity during the capture cycles due to sintering, attrition and elutriation [12, 13]. 55 

Alkaline ceramics, mainly lithium containing compounds have recently been used as high 56 

temperature CO2 sorbents [14-17]. These ceramics materials present the advantages of having 57 

high CO2 capture capacity, high stability over time, adequate sorption-desorption kinetics and 58 

lower regeneration temperatures (<750 °C) compared to other high-temperature sorbents, 59 

such as CaO [18]. Typically, alkaline ceramics present a double-step sorption mechanism, 60 

with an initial chemical sorption of CO2 over the ceramic surface, which forms a carbonate 61 

shell, followed by the CO2 diffusing through the carbonate external layer to reach the surface 62 

and further react with the alkaline element [14]. Not many materials have been investigated 63 

so far at high temperatures, where the most notable are hydrotalcite-like materials, MgO 64 

precursors (dolomite, magnesite) and ceramics [9]. Amongst the materials tested, pure 65 

lithium silicate (Li4SiO4) has shown the largest CO2 sorption capacity and the fastest CO2 66 

sorption rate over a wide range of temperatures and CO2 concentrations [17-19].  The CO2 67 

sorption by Li4SiO4 has been associated to the reversible reaction of lithium oxide (Li2O) in 68 

the Li4SiO4 crystal lattice with CO2 leading to the formation of lithium carbonate (Li2CO3) 69 

and lithium metasilicate (Li2SiO3) [18]: 70 

Li4SiO4(s) + CO2(g) ↔ Li2CO3(s or l) + Li2SiO3(s)   (1) 71 

Additives such as K2CO3 can enhance the CO2 uptake of activated carbons, zeolites and 72 

alumina based CO2 sorbents reaching capacities of 51.9 mg/g sorbent [20]. It has also been 73 

reported that the presence of carbonates (e.g. K2CO3) and high temperatures affect the CO2 74 

sorption capacity for the pure Li-based sorbents [17,18, 21].  75 

The use of waste materials such as fly ash as precursors of CO2 sorbents is also a very 76 

promising area of research, since they are low-cost and widely available [17,22]. Olivares-77 



Marín and co-workers compared the CO2 sorption capacity of pure lithium silicate and Li-78 

silicate prepared from fly ash in presence of pure CO2. Maximum sorption capacity after 1 79 

hour for the pure Li4SiO4 was obtained at 600°C in presence of 10% and 20% K2CO3 with 80 

244 and 272 mg CO2/g sorbent, respectively [17]. For the fly-ash derived Li4SiO4, the CO2 81 

sorption capacity was of 107 mg CO2/g sorbent in the presence of 40 mol% K2CO3 at 600°C, 82 

with the sorbents maintaining their original capacity over 10 cycles [17]. Diatomite has also 83 

been used as source of SiO2 to prepare Li4SiO4 sorbents, which were tested at high 84 

temperature (700°C) in presence of 50% CO2 gas [23]. However, the absorption capacity 85 

decreased with increasing cycle number [23]. 86 

Despite the very good performance of Li-silicates materials, it should be noted that the 87 

lithium carbonate used to produce the Li-silicate is expensive, toxic and rare [24].  Global 88 

production of lithium containing minerals was about 37,000 tonnes of contained lithium 89 

metal in 2012 [24]. Lithium silicate as such is not mined and is typically synthetised 90 

following the reactions presented below [25]:  91 

2Li2CO3+SiO2→Li4SiO4+CO2       (2) 92 

SiO2+4LiOH→Li4SiO4+2H2O       (3) 93 

Lithium's geological resource data shows that there is insufficient lithium available on Earth 94 

to sustain current and future uses such as electric cars batteries [26]. The current high demand 95 

of Li and its low production results in very high costs of commercial Li2CO3 ($4000-5000/t) 96 

[24]. Instead, sodium carbonate with a production of 51 Mt/y is much more abundant than 97 

lithium carbonate, presents a much lower cost ($150-200/t) and very low toxicity [27].  98 

Therefore, the production of binary Na-Li-sorbents would decrease associated costs.  99 

Some studies have indicated that alkaline solid mixtures such as lithium-sodium zirconate, 100 

lithium-potassium zirconate and Li-Na ortho-silicate present better CO2 sorption than pure 101 

lithium or sodium zirconate [28]. The latter work showed that the solubility limit of sodium 102 

into Li4SiO4 is 0.025% (Li3.9Na0.1SiO4) and that addition of Na larger than 0.025% produces 103 

secondary silicate phase [28]. Therefore, the potential development of high temperature CO2 104 

sorbents from Li and Na solid solutions merits further investigation. 105 

Moreover, thermodynamic calculations indicated that Li2SiO3, Li2Si2O5 and Li2Si2O7 require 106 

less free energy to reverse the CO2 capture reactions and have lower regenerating 107 

temperatures, compared to the more studied Li2O , Li4SiO4 and Li2ZrO3 [29]. Limited works 108 

on high temperature Li-Na silicate sorbents have been produced, where a high Li/Na:silica 109 

ratio (4:1) was used for the binary sorbents [28]. 110 



Accordingly, the aim of this work is to study the behaviour of high temperature mixed 111 

mineral phases Li/Na sorbents based on low cost and widely available fly ash as source of 112 

SiO2 and Li/Na silicates in presence of diluted CO2 in flue gas. Moreover, the effect of steam 113 

on high temperature Li-Na-FA sorption properties is also investigated. Finally, K2CO3 is 114 

evaluated as CO2 sorption promoter. 115 

2. Experimental Section 116 

Fly ash (FA) has been used as SiO2 source and collected from a cyclone filter. FA particles 117 

size distribution (obtained by a laser diffraction particle size analyser, Malvern Masterizer) 118 

was the following: D(0.5) 42 μm, D(0.8) 110 μm, D(0.98) 237 μm.   XRF analysis were 119 

conducted using a PANalytical Axios-Advanced XRF spectrometer Firstly, approximately 1 120 

g of parent waste material was ground using agate mortar and pestle to fine powder. The fine 121 

powder was then ignited at 1100℃ and the subsequent ignited powder was mixed with 122 

lithium metaborate and lithium tetraborate flux. The mixture was fused at the same 123 

temperature in the furnace which was then used in the XRF spectrometer to determine their 124 

quantitative elemental composition in the form of oxides. In this work, the CO2 sorbents were 125 

prepared by solid state synthesis.  Li/Na- silicates were prepared from a fly ash (FA) sample 126 

by mixing Li2CO3 and Na2CO3 (Acros Organics) at different molar ratio of 127 

Li2CO3:Na2CO3:SiO2 by using an agate mortar and pestle. The mixed powder was calcined in 128 

ceramic crucibles in a muffle furnace at 800°C for 8 hours. Some of the sorbents were 129 

calcined at 600 or 900°C for 8 and 4 hr, respectively. This method was used because 130 

compared to other synthesis methods (e.g. spray drying and reflux) produces a single and 131 

highly crystalline orthosilicate phase, minimising the metasilicate phase (Li2SiO3) [25]. The 132 

nucleation of lithium orthosilicate occurs at temperature between 425 °C and 465 °C [25]. 133 

After calcination, the materials were homogenised using a Mortar Grinder (Pulverisette 134 

2, Fritsch) for 1 minute to eliminate any potential agglomeration. Li4SiO4 was used as 135 

comparison with previous work [17].  K2CO3 (Acros Organics) was evaluated as additive. 136 

The resulting sorbents were grinded and characterized by different techniques, including 137 

Brunauer-Emmett-Teller (BET), powder X-ray diffraction (XRD), thermo-gravimetric 138 

analysis (TGA) and Fourier Transformed Infrared (FTIR). A Micromeritics Gemini (vii) was 139 

used to analyse the material surface and pore size distribution. A Bruker Nonius X8-Apex2 140 

CCD diffractometer equipped with an Oxford Cryosystems Cryostream, typically operating 141 

at 100 K was used for the XRD analysis. To determine the volume fraction of the compounds 142 
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detected by XRD (Bruker AXS P4 4-circle), it was considered the integral intensity 143 

corresponding to the different identified mineral phases (in each sample) and assumed that 144 

this is proportional to the volume fraction in the sample. A PerkinElmer Frontier infrared 145 

spectrometer was used to gain additional information on the crystal structure of the 146 

synthetised sorbents before and after the CO2 absorption experiments.  147 

The CO2 capture capacity of the resultant samples was measured by using a TGA (TA Q500) 148 

in a controlled gas flowing environment. About 20 mg of samples was loaded in the TGA pan 149 

for each experiment. Prior to CO2 sorption testing, the samples were dried in N2 flow (95 150 

mL/min) at 25 °C/min for 30 or 60 min at the same temperature used for the CO2 sorption 151 

(e.g. 500,600,700°C). The flowing gas was then changed to CO2 (100% CO2) to allow 152 

reaction and determine CO2 absorption capacity.  In addition, considering potential 153 

applications in which CO2 is removed from coal power plants, the targeted diluted CO2 154 

concentrations in this test was also set to 14 vol% (balance with N2). The weight increase due 155 

to CO2 sorption (mg CO2/g sorbent) was measured as a function of time at a constant 156 

temperature (500, 600, 645, 700 °C) and constant concentration of CO2 or flue gas (95 157 

mL/min) at atmospheric pressure. CO2 uptake was calculated based on dry sorbents weight 158 

(after drying step). Also, the sorbents were evaluated in presence of humidified flue gas by 159 

passing pure CO2 through a Dreschel bottle filled with distilled waterplaced on a hot stirrer 160 

plate (IKA C-MAG HS7) to control the temperature. The tube connecting the Drechsel bottle 161 

to the TGA was also heated at 20 or 50°C using a heating tape. Water concentration was 162 

calculated to be 2 vol% or 12 vol% (vapour pressure of H2O at 20°C = 0.02 atm; 50°C = 0.12 163 

atm). These values were chosen to represent humid flue gas from a coal power plant. To 164 

establish if water was absorbed by the silicate sorbent, the steam was delivered from the 165 

starting of the experiment during the initial desorption step, at the same temperature (of the 166 

following CO2 uptake step) but in nitrogen atmosphere.  K2CO3 (20 mol% or 30 mol%) 167 

(Acros Organics) was evaluated as CO2 sorption promoter [17].  168 

Triplicate measurements were conducted to estimate the % error in the experimental work. 169 

The differences in the measured values represent the repeatability error (random). A series of 170 

three absorption experiments were done on selected sorbents and repeating averages are 171 

reported. The measurements error (calculated as the SD of triplicates) resulted lower than 172 

5%.  173 



In order to quantify the rates of reaction at 600 and 700°C, the TGA isotherms were fitted 174 

with a double exponential model (y=A exp
–k1x

 + B exp
–k2x

 + c) [17]. Finally, ten regeneration 175 

cycles were used to ascertain the initial sorbents stability for selected sorbents.   176 

3. Results and Discussion 177 

3.1 XRF, BET and XRD analyses 178 

Table 1 shows the FA chemical composition, where silica and alumina are the most abundant 179 

oxides. 180 

Table 1. Loss on ignition (LOI) and chemical composition of starting fly ash. 181 

 182 

The BET surface area of Li-Na-FA was 0.83 m
2
/g, with median pore width (Horvath-183 

Kawazoe equation) of 14.49 Å. Figure 1 and Table 2 show the XRD patterns of Li-Na 184 

silicates synthetised at 800°C for 8 hours using different molar ratio of Li2CO3, Na2CO3 and 185 

FA. Quartz, Na2CO3 and Li2CO3 patterns were not detected indicating that solid state 186 

reactions were completed. As expected, the synthetised sorbents present a mixture of 187 

numerous different crystalline silicate phases, with different distribution depending on the 188 

molar ratio used. All the synthetised sorbents present a mixture of silicate phases indicating 189 

that calcination at 800°C did not generate a pure ortho-silicate phase (LixNaxSiO4). Di-silicate 190 

(Si2O5), meta-silicate (SiO3) and piro-silicate (Si2O7) phases were the most abundant for the 191 

Li-Na-FA 0.5:0.5:1 sorbent and their abundance decreased according to the increase of the 192 

Li/Na:FA molar ratio. At Li/Na:FA molar ratio of 1.5:1, the ortho-silicate species became 193 

predominant. The most abundant species were Na2Si2O6 (19 %), (Na2SiO3) (18 %) and 194 

Na4SiO4 in presence of a 0.5:0.5:1 Li2CO3:Na2CO3:SiO2 molar ratio.  195 

 wt %  wt % 

SiO2 49.813 V2O5 0.100 

TiO2 0.957 Cr2O3 0.023 

Al2O3 23.051 SrO 0.270 

Fe2O3 7.128 ZrO2 0.067 

MnO 0.124 BaO 0.206 

MgO 2.138 NiO 0.023 

CaO 4.897 CuO 0.007 

Na2O 0.842 ZnO 0.076 

K2O 2.267 PbO 0.045 

P2O5 0.914 HfO2 <0.004 

SO3 1.567 LOI 4.085 

 1 



 196 

 197 

Figure 1. XRD of Li/Na-FA sorbents. a) 1:1:1; b) 0.5:1:1; c) 0.5:0.5:1 Li2CO3:Na2CO3:SiO2 198 

molar ratios. 1-Li4SiO4, 2-Na2Si2O5, 3-Li8O2(SiO4); 4-Li2Si2O5; 5-Na2SiO3; 6-Li3NaSiO4; 7-199 

NaAlO2; 8-Li6Si2O7; 9-NaAlO2, 10- Li/NaSiO4; 11-NaAlSiO4. 200 

 201 

The sorbent prepared with a 0.5:1:1 molar ratio was particularly abundant in meta-silicate 202 

species (Na2SiO3, Li2SiO3). Also, alumina-silicates such as NaAlSiO4 and aluminates 203 



(NaAlO2 and Na7Al3O8) were detected as expected from the fly ash composition (Table 1). 204 

Presence of Li2Si2O5 phase can be attributed to the insufficient reaction between the lithium 205 

compound and silicon compound [30].  Presence of SiO3
2-

 and Si2O5
2-

 can be an advantage 206 

for CO2 sorption, since require less free energy to reverse the CO2 capture reactions [29]. 207 

 208 

Table 2. XRD of Li-Na-FA CO2 sorbents generated at 800°C. 209 

 210 

 211 

3.2 FTIR analysis 212 

Information on the mineral phases formed during calcination was obtained by FTIR. Figure 2 213 

shows the FTIR spectra of the synthesized Li-Na-FA sorbents. The bands observed at 1,038 214 

and 965 cm
−1

 are assigned to the Si-O-Si asymmetric stretching vibration. Also, the 215 

symmetric stretching vibration mode of Si-O-Si is observed at 749 cm
−1

 [31]. The crystalline 216 

lithium ortho-silicate is built up of an isolated SiO4 tetrahedron connected to LiO-polyhedra. 217 

The band in the range of 1400–1500 cm
−1

 is linked to Li2CO3 and Na2CO3 present in the 218 

material [25]. The isolated SiO4 tetrahedra presents a strong absorption band around 219 

900 cm
−1

caused by the Si-O asymmetric stretching vibration, while the absorption band near 220 

800 cm
−1

 is due to the Si-O holo-symmetric one [32]. The vibration due to the SiO4 structure 221 

is a triply degenerative splitting in three vibrations in the case of the Li4SiO4 structure [25]. 222 

Bands at 1080, 740 and 847 cm
−1

 are attributed to the SiO bond stretching in the silica 223 

tetrahedra, while the bands at 600 and 580 cm
−1

 are related to the bending vibrations [25, 33]. 224 

The sorbent prepared with a Li2CO3:Na2CO3:SiO2 ratio of 1:1:1 (b) and 0.5:1:1 (e) clearly 225 

present both Li4SiO4 and Na2SiO3 phases as the peak at 1400cm
-1

 and peaks in the range 800-226 

1000 cm
-1

 indicate. Instead, when the ratio Na2CO3:SiO2 was 0.5 or lower, no free Na2SiO3 227 

phase has been detected. This indicates that the Na has been incorporated in the Li4SiO4 228 

lattice generating a LixNaxSiOx material.  229 

Previous work found that a maximum of 0.1 Na is soluble into solid Li4SiO4 ratio forming 230 

Li3.9Na0.1SiO4 [28]. However, the absence of the peak at 1427 cm
-1 

and presence of Na-O 231 

peak at 897 cm
-1 

in Figure 2 (b,d,e) suggests that a higher amount of Na can be incorporated 232 

% intensity count

Li-Na-FA 0.5:0.5:1 Li-Na-FA 0.5:1:1 Li-Na-Fa 1:1:1

LixNaxSi2O5 17.4 11.7 33.4

LixNaxSi2O3 6.9 23.5 19.9

LixNaxSi2O7 6.0 8.8 2.5

LixNaxSiO4 14.0 43.0 15.9

NaAlSiO4 6.0 8.8 11.5



into the lithium silicate by calcination at 800°C for 8 hours. Overall, FTIR analyses 233 

confirmed the XRD results indicating that a mixture of different silicate phases (meta-, pyro- 234 

etc) is produced by calcination at 800°C.  235 

 236 

 237 

 238 

Figure 2. FTIR spectra of Li-Na-FA samples prepared by solid-state reactions at 800°C for 8 239 

hr. a) Li4SiO4 (STD); b) Li-Na-FA (1:1:1); c) Li-Na-FA (0.5:0.12:1); d) Li-Na-FA 240 

(0.5:0.5:1); e) Li-Na-FA (0.5:1:1); f) Na2SiO3(STD).   241 

 242 

 243 

3.3 CO2 capture studies 244 

A summary of the chemisorption experiments carried out using the synthetised sorbents is 245 

shown in Table 3. Temperature, Li-Na-FA molar ratio and additives were initially selected to 246 

compare the adsorbed CO2 to the Li-FA materials studied by Marin et al [17]. As can be seen 247 

from Table 3, the Li-Na-FA CO2 sorption capacity without additives in presence of 100% 248 

CO2 at 600°C was higher compared to that of Li-FA used in previous work under the same 249 

conditions and in presence of 10% K2CO3 [17]. Li-Na-FA sorbent in presence of 14% CO2 250 

performed as Li-FA + 20% K2CO3 at 600°C in 100% CO2. 251 
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Table 3. CO2 sorption experiments using Li/Na-FA sorbents in comparison to Li-FA sorbents 252 

previously developed [17]. Experiments carried out using 100% CO2. * 14% CO2 was used 253 

for this test. 254 

 255 

The superior CO2 capacities observed compared to previous work on the development of 256 

lithium based silicates from fly ash suggests that mixtures of Li and Na silicates could be 257 

applied to high temperature CO2 capture processes. The experiments performed to establish 258 

the best conditions and mixtures to be used to maximise the CO2 sorption capacity and 259 

absorption/desorption rate are discussed in detail in the following subsections. 260 

 261 

3.3.1 Effect of molar ratio 262 

Different Li/Na-FA sorbents have been evaluated for their capacity to chemisorb CO2 at 263 

temperatures applicable to post-combustion technologies (e.g. industrial CO2 emitters; coal 264 

power plants). The effect of the different Li-Na-FA molar ratios on CO2 sorption and 265 

desorption at 700°C is presented in Figure 3. Li-Na-FA sorbent had its highest CO2 uptake at 266 

molar ratio 0.5:1:1 (162 mg CO2 / g sorbent or 16.2%). However, CO2 desorption at this 267 

molar ratio rapidly decreased after desorbing about half of the adsorbed gas and then slowed 268 

down desorbing only 135 mg CO2 after 1.6 hr.  269 

Absorption / desorption was very fast when Li-Na-FA ratios of 0.5:0.5:1 and 1:1:1 were used, 270 

requiring about 10 minutes each. The maximum uptake was of 113 and 106.4 mg CO2 / g 271 

sorbent for the Li-Na-FA sorbents with ratio 1:1:1 and 0.5:0.5:1, respectively. The higher 272 

CO2 uptake for the Li-Na-based sorbents can be associated to alkali/Li carbonate eutectic 273 

melt formed during the CO2 sorption [18,34]. The diffusion of CO2 through the molten 274 

carbonate shell is much faster, compared to that through the solid Li/Na2CO3 shell in pure 275 

         CO2 uptake capacity

     (mg CO2/g sorbent)

Sample Temp., °C Additive (mol%)  1 h 2h

Pure Li2SiO4 [17] 650 10% K2CO3 272 na

Li-FA 2:1 [17] 500 < 5 na

Li-FA 2:1 [17] 600 10% K2CO3 26 na

Li-FA 2:1 [17] 600 20% K2CO3 56 na

Li-FA 2:1 [17] 600 40% K2CO3 107 na

Li-FA 2:1 [17] 650 10% K2CO3 21 na

Li-Na-FA 1:1:1 (this work)* 600       30%K2CO3 56 56

Li-Na-FA 1:1:1 (this work) 600 38 44

  na: not available



Li4SiO4 or pure Na2CO3 [18]. Despite the fact that Li2CO3 and Na2CO3 have melting points 276 

higher than 700°C, the mix of the salts has melting point lower than 700°C [35]. 277 

 278 

Figure 3. Effect of different molar ratio on CO2 sorption/desorption at 700°C. (a) Li-Na-FA 279 

0.5:1:1; (b) Li-Na-FA 0.5:0.5:1; (c) Li-Na-FA 1:1:1. 280 

 281 

Moreover, the higher performance in terms of CO2 desorption of the Li/Na sorbents with low 282 

Na/Li:FA ratio (richer in species such as Li2SiO3 and Li2SiO5) compared to those with high 283 

Na/Li:FA ratio (richer in Li4SiO4)   may also be related to the fact that the reverse reaction to 284 

release CO2 from Li2SiO3 and Li2SiO5 requires less free energy than Li4SiO4 [29,36].  285 

 286 

3.3.2 Effect of Temperature  287 

CO2 absorption isothermal experiments were carried out at 500, 600, 645 and 700°C (Figure 288 

4) to evaluate the effect of temperature on CO2 uptake and a summary is  presented in Table 289 

3. Sorption and desorption rates for Li/Na-FA were very fast requiring about 10 min for 290 

adsorbing 80% of the maximum CO2 uptake and less than 10 min for the complete CO2 291 

desorption. In contrast, the Na-FA sorbents required longer reaction time under the same 292 
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temperatures. Another important feature observed in Figure 4 is that the rate of desorption 293 

drastically increases with temperature and that a temperature higher than 500°C must be used 294 

for CO2 desorption to occur. Moderate and slow CO2 sorption at 500 °C can be mainly 295 

attributed to alkali metals/CO2 diffusion limitations, as discussed in the following section 296 

(3.3.3). Moreover, higher CO2 capacity with increasing temperature can be explained by the 297 

thermal activation of the Na/Li diffusion in the bulk lattice [37]. Mejía-Trejo et al. 298 

investigated the chemisorption of CO2 on pure Li4-xNaxSiO4 obtained by precipitation [28]. 299 

They found that a maximum uptake of CO2 of 10.9 and 11.2 wt% on Li3.85Na0.15SiO4 after 1 300 

and 2 hr, respectively, and a much lower CO2 uptake for the pure Li4SiO4 (3; 4.5 wt%) [28]. 301 

The CO2 uptake increase at temperatures higher than 600°C can be related to a change in the 302 

mineral phases and formation of molten carbonates phase [7]. 303 

 304 

Figure 4. TGA profile of CO2 sorption/desorption of Li-Na-FA 0.5:0.5:1 at different 305 

temperatures: (a) 700°C; (b) 645°C and (c) 500°C. 306 

 307 

3.3.3 Effect of diluted CO2 and moisture on sorption/desorption 308 

Despite the fact that the performance of most sorbents decreases in the presence of water, 309 

previous work indicates that water vapour in the temperature range 30-60 °C improves CO2 310 

chemisorption for Na-silicate sorbents [33]. A moisture content of 80% was reported to result 311 

in 34 wt% CO2 sorption after 2 hr at 50°C. However, CO2 sorption drastically decreases to 2-312 

3 wt% with relative humidity at 20% [33]. Therefore, a series of experiments with pure CO2 313 



and flue gas in the presence of different amount of water vapour (2 vol% and 12 vol%) were  314 

carried out to evaluate the effect of steam on high temperature post-combustion CO2 sorption 315 

for the developed Li/Na-FA sorbents.  316 

Figure 5 shows the CO2 sorption-desorption profiles of Li-Na-FA 1:1:1 sorbents at 700°C 317 

under pure CO2 in presence of 2% H2O and 14% CO2 balanced with N2 with and without 318 

12% water. The absence of weight increase in the initial desorption step in N2 atmosphere 319 

and in presence of H2O indicates that these materials do not absorb water under the studied 320 

conditions. CO2 uptake was found to be the highest in presence of 100% CO2 and 2% H2O, 321 

with capacity values of 11.2 wt% (112 mg CO2/g sorbent or 2.72 moles CO2/kg sorbent). The 322 

CO2 uptake did not change in presence of 2% H2Ocompared to the test carried out in absence 323 

of water (Figures 3 and 5). Sorption was reduced to 7.9 wt% (1.81 mol CO2/kg sorbent), 324 

which represents a reduction of 28%, in presence of 14%CO2 gas stream. The addition of 325 

12% moisture resulted in a similar CO2 uptake with 7.7 wt% (1.75 mol CO2/kg sorbent). 326 

Previous works indicate that presence of more than 20% steam accelerates the sorption 327 

kinetics by increasing the mobility of Li
+
, Na

+
, which tend to segregate to the surface due to 328 

their low surface free energy [38]. Formation of hydroxyl species at the materials surface in 329 

presence of moisture also has been associated to enhanced CO2 sorption, as illustrated in 330 

equation (4) [37]. However, this mechanism is unlikely at the employed temperatures, since 331 

dehydroxylation occurs at much lower temperature (250-450°C).   332 

Li/Na2SiO3  H2O
       

Li/Na2SiO3 superficially hydroxylated 
 
2CO2

     
 Li/NaHCO3 + SiO2 (4) 333 

 334 

 335 

Figure 5. Effect of diluted CO2 on sorption/desorption at 700°C on (a) Li-Na-FA 1:1:1- 336 

100%CO2 and 2%H2O; (b) Li-Na-FA 1:1:1- 14%CO2 and 12%H2O and (c) Li-Na-FA 1:1:1 337 

and 14%CO2. 338 
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The sorption capacities of the three materials were comparable to those reported using 339 

microporous carbon materials discrete chelating zinc species (2.4 mol/kg) in presence of 16% 340 

CO2 [6]. This also indicates that 12% moisture fraction does not affect the Li-Na-FA 1:1:1 341 

sorption properties. Both sorption and desorption were completed in less than 10 minutes 342 

under all the three conditions. The rapid sorption/desorption rates are desirable considering 343 

the large flue gas volumes emitted in industrial and power plants. 344 

The decrease in CO2 uptake in presence of 14 vol% CO2 at 700 °C can be attributed to low 345 

CO2 partial pressures [21]. To enhance the sorption capacity in the presence of flue gas and 346 

moisture, Li-Na-FA sorbents with molar ratio of 0.5:0.5:1 and addition of CO2 sorption 347 

promoters were tested. Figure 6 shows the CO2 sorption/desorption cycle of Li-Na-FA 348 

0.5:0.5:1 under different conditions. Similarly to Li-Na-FA 1:1:1 (Figure 5), the Li-Na-FA 349 

0.5:0.5:1 sorbents performed better in presence of pure CO2 (2.43 mol CO2/kg sorbent) than 350 

in presence of diluted CO2 and 12% H2O (1.36 mol CO2/kg sorbent). Also, as for Li-Na-FA 351 

1:1:1, the presence of 12% H2O did not affect the CO2 uptake capacity of Li-Na-FA 352 

0.5:0.5:1. Therefore, a fraction of steam of 12% is not able to enhance the mobility of the 353 

alkali cations, which has been related to the enhanced CO2 uptake in presence of large 354 

fraction of steam. This is in agreement with previous works, which indicate that improved 355 

CO2 uptake take place only in presence of more than 20% steam [33,38].   356 

The loading capacity was improved by adding CO2 capture promoters to the silicate sorbent. 357 

The CO2 sorption difference between Li/Na sorbent in presence of 100% and 14% CO2 was 358 

completely eliminated by adding 20% K2CO3, which resulted in absorbing 2.54 mol CO2/kg 359 

sorbent, compared to 1.36 mol CO2/kg sorbent without K2CO3. The difference between the 360 

K2CO3 promoted and not promoted sorbent can be attributed to the eutectic carbonate 361 

mixture formed in presence of K2CO3, which further enhances CO2 diffusion in the 362 

carbonated layer [39].  The slope of the CO2 uptake profile presented in Figure 6 also 363 

indicates the sorption/desorption rates for the Li/Na-FA sorbents. Although complete sorption 364 

requires 2 hr in presence of pure CO2, it should be noted that 85% of the total uptake can be 365 

completed within 30 minutes. Desorption is instead completed in 25 minutes under pure CO2. 366 

Presence of 2% moisture shorten the time to reach the same CO2 loading (88% of the total 367 

loading is obtained in 30 min), but complete CO2 desorption requires 37 minutes. 368 

In order to quantify the rates of reaction between 500 and 700°C and in presence of moisture 369 

(12%), diluted CO2 (14%) and 20% K2CO3 additive, the CO2 uptake profiles from TGA of 370 

the Li/Na-FA 0.5:0.5:0.5 sorbents were fitted to a double exponential model (y=A exp
–k1x

 + B 371 

exp
–k2x

 + c) widely used in sorption studies [17,21]. This model is used to describe a double 372 



mechanism absorption process where a very fast chemisorption process (k1) is followed by a 373 

slow diffusion of reactants across the external carbonated shell (k2). Table 4 clearly indicates 374 

that the rate of absorption increased one order of magnitude when the temperature was raised 375 

from 500 to 700°C. This was also in agreement with the double mechanism process, where k1 376 

is 2 orders of magnitude higher than k2 at 700°C. It is interesting to compare the kinetics with 377 

previous work that used pure Li4SiO4 and Li-FA sorbents under the same conditions [17]. 378 

This work shows comparable kinetic constant values to those reported for pure lithium 379 

silicate, although the total CO2 uptake is about 50% lower. 380 

 381 

 382 

Figure 6. Effect of diluted CO2 on sorption/desorption at 700°C in presence of different 383 

additives and moisture concentrations. (a) Li-Na-FA 0.5:0.5:1, 12%H2O, 14%CO2 and 384 

20%K2CO3; (b) Li-Na-FA 0.5:0.5:1, 2%H2O and 100%CO2; (c) Li-Na-FA 0.5:0.5:1, 385 

12%H2O and 14%CO2. 386 

 387 

Table 4. Kinetic parameters of selected experiments. * Experiment carried out in presence of 388 

14% CO2 and 12% H2O. 389 
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Sample Additives

CO2 uptake, 

mgCO2/gsorbent k1 (1/s) K2 (1/s) R
2

Li-Na-FA 0.5:0.5:1, 500°C 21 1.10E-03 4.00E-04 0.9994

Li-Na-FA 0.5:0.5:1, 645°C 73 6.60E-03 5.00E-04 0.9794

Li-Na-FA 0.5:0.5:1, 700°C 107 1.05E-02 5.00E-04 0.9541

Li-Na-FA 0.5:0.5:1, 700°C * 20% Li2CO3 112 1.05E-02 4.00E-04 0.9412



Figure 7 shows the FTIR spectra of the Li-Na-FA 1:1:1 sorbent before (a) and after (b) one 392 

CO2 sorption/desorption cycle at 700°C   and after (c) only the sorption step. Not significant 393 

changes are visible after one complete sorption/desorption cycle at 700°C. After the 394 

absorption step (c), the sorbent presents a clear carbonate peak at 1460 cm
-1

 and also a SiO2 395 

associated peak at 1050 cm
-1

,  indicating that the reaction occurring is: 396 

 Li/Na2SiO3 + CO2           Li/Na2CO3 + SiO2.     (5) 397 

This is in agreement with the above described two stage mechanism including formation of a 398 

Na/Li carbonate layer and silica layer and subsequent diffusion of Li/Na and O2
2- 

ions from 399 

the bulk silicate core to the surface to react with CO2. Presence of steam and K2CO3 enhances 400 

the diffusion of alkaline species, as suggested by the faster reaction rate depicted in Table 4. 401 

Moreover, at high temperature K and Li/Na carbonates form a eutectic mixture (molten 402 

liquid), which increases the CO2 diffusion towards the inner solid unreacted layer of Na/Li-403 

silicate between 600 and 700°C. The melt has negligible vapour pressure so that it is not lost 404 

by evaporation and since the eutectic liquid is a strong base, it has a high capacity for CO2 405 

[40,41]. 406 

 407 

 408 

Figure 7. FTIR spectra of (a) LiNaFA 1:1:1 sorbent, (b) LiNaFA 1:1:1 after 1 cycle (700°C), 409 

(c) LiNaFA 1:1:1 after CO2 absorption (700°C). 410 
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3.3.4 Regenerability of developed sorbents 413 

Figure 8 shows 21 and 10 absorption / desorption cycles for (a) Li/Na-FA 0.5:0.5:1 and (b) 414 

Li/Na-FA 1:1:1, respectively. All the three materials were able to maintain 100% CO2 415 

sorption capacity after each of the 21 or 10 desorption steps at 700°C. Compared to single 416 

cycle experiments (e.g. Figure 4), sorption and desorption were shortened from 2 hrs to 45 417 

minutes each, since in an industrial application, the process can be designed to avoid the slow 418 

sorption/desorption rates; which corresponds to the formation of the carbonated shell in the 419 

sorbent particles by reducing the time of the CO2 uptake to the faster rate (corresponding to 420 

the steep section on the curve).  421 

 422 

Figure 8. Multiple cycles of CO2 sorption and desorption at 700°C for (a) Li-Na-FA 423 

0.5:0.5:1; (b) Li-Na-FA 1:1:1.  424 

 

0

 

200

 

400

 

600

 

800

 

T
e

m
p

e
ra

tu
re

 (
°C

)
 

98

 

100

 

102

 

104

 

106

 

108

 

110

 

112

 

W
e

ig
h

t 
(%

)

 

0

 

200

 

400

 

600

 

800

 

1000

 

Time (min)

 

Sample: LiNa2SiO4 (LiCO3-Na2CO3-FA 1-1-1

 

Size:  17.5880 mg

 

Method: CO2uptake700C10cyclesdesorb45mi

 

TGA

 

File: LiNa2SiO4 (LiCO3-Na2CO3-FA 1-1-1).001

 

Operator: IIR

 

Run Date: 31-May-2013 16:16

 

Instrument: TGA Q500 V20.10 Build 36

 

Universal V4.5A TA Instruments

b

a



Sharp absorption/desorption of CO2 in presence of Li/Na-FA sorbents were obtained under 425 

the employed process conditions. In this work, desorption was carried out by nitrogen purge 426 

at the same absorption temperature. Initially, a 10 cycles test was carried out for Li/Na-FA 427 

0.5:0.5:1, but since a capacity gain with cyclic time was noticed, a prolonged test (21 cycles) 428 

was used to establish if the capacity was able to reach a  plateau over more extended cycling. 429 

Both tested materials were stable over a number of cycles. In comparison, it has been 430 

reported that K-doped hydrotalcite sorbents lost capacity after just 3 cycles at 500°C [9]. 431 

Therefore, compared to other high temperature sorbents such as CaO, stability of Li/Na-FA is 432 

superior.  433 

Moreover, the CO2 uptake curves in Figure 8 show that the sorbent Li/Na-FA 0.5:0.5:1 434 

increases its CO2 uptake capacity after each of the first 6 cycles with about 10% CO2 sorption 435 

increase between cycle 1 and 10 to stabilise its CO2 uptake capacity in the remnant 15 cycles. 436 

It should be considered that the CO2 uptake properties of the studies sorbents are not related 437 

to their “accessibility features” such as surface available (surface is lower than 1 m
2
/g). XRD 438 

analysis of the fresh synthetised sorbent and the same after 10 absorption/desorption cycles 439 

were performed to evaluate any potential phase change during the high temperatures 440 

desorption cycles. Figure 9 presents the XRD profiles of the Li-Na-FA 0.5:0.5:1 sorbent 441 

before and after the 10 cycles. The XRD patterns clearly indicate that a change in the mineral 442 

phases occurs in the sorbent after 10 cycles, with increase in abundance of bi-alkali species 443 

such as Na3LiSiO4/Si2O5/Si2O6, and in general, a reorganisation of the crystalline structure of 444 

the material, which is not achieved during the materials synthesis at 800°C. The structural 445 

reorganisation may be facilitated by the formation of a eutectic melt at 700°C. The formation 446 

of bi-alkali species during the first 6 cycles (Li/Na-FA 0.5:0.5:1) can explain the increase in 447 

the CO2 uptake shown in Figure 8a. The contact of Li and Na species can be improved by 448 

their enhanced diffusion at 700°C. The increase of CO2 uptake occurs only in the 1
st
 cycle for 449 

Li/Na-FA 1:1:1 (Figure 8b). This is probably related to the larger abundance of Li and Na 450 

species that facilitates the formation of bi-alkali phases.  451 

This work shows that the CO2 sorption properties of the Li-Na-FA 0.5:0.5:1 sorbent are 452 

suitable to be used as high temperature sorbents. Also, the use of 0.5 moles of Li2CO3 for 453 

each mole of SiO2 used to synthesise the sorbent could result in a large cost reduction 454 

compared to traditional Li4SiO4 sorbents, where 2 moles of Li2CO3 are required.   455 



 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

Figure 9. XRD of Li-NA-FA 0.5:0.5:1 before and after 10 CO2 sorption and desorption 469 

cycles.  470 

 471 

4. Conclusions 472 

Na/Li-FA sorbent with different Na2CO3:Li2CO3:SiO2 molar ratio obtained using fly ash as 473 

source of SiO2 were synthesised and tested for CO2 capture at high temperature, including in 474 

the presence of moisture (2-12%) and diluted flue gas (14%). 475 

XRD and FTIR analyses indicate that metastable phases were synthetised at 800°C and 476 

resulted to be more active in terms of CO2 uptake and reaction rates. Na-Li-FA 0.5:0.5:1 and 477 

Na-Li-FA 1:1:1 were the best sorbents in terms of combined absorption /desorption rates, 478 

CO2 uptake and regenerability. A maximum loading of 2.54 moles CO2/kg sorbent at 700°C 479 

was achieved in presence of 12% H2O, 14% CO2 and when using 20% K2CO3 as promoter. 480 

Sorption/desorption can be completed within 15 minutes with reaction kinetics comparable to 481 

pure Li4SiO4 sorbents. The CO2 sorption capacity of Li-Na-FA (0.5:0.5:1+20% K2CO3) were 482 

found to be higher than previously tested Li-FA (2:1 + 40% K2CO3) and sorbents and more 483 

stable than CaO and hydrotalcite sorbents. Sorption capacity was reduced by 33% in presence 484 

of 14% CO2, while water (12%) did not affect the materials sorption capacity. The larger CO2 485 

uptake capacity at 700°C can be associated to enhanced diffusion of alkali ions through the 486 

carbonates layer, which forms a eutectic melt at that temperature.  487 

 488 
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