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A B S T R A C T   

This study focuses on a novel fabrication method of K2CO3-Li4SiO4 based sorbents for CO2 capture from hot flue 
gas of gas turbines. The developed pellets were produced by sintering K2CO3-Li4SiO4 powders at 550 ◦C using 
viscous polyalphaolefins as pore formers. This mild calcination temperature was selected as the optimal con-
dition for the development of a suitable porosity preventing powder degradation which typically occurs at higher 
temperatures. The sorption/desorption performance was tested by thermogravimetric analysis conducted at 
580 ◦C under 0.04 atm of CO2 and 620 ◦C under 1 atm of N2, respectively. Results showed that the use of 20 wt% 
K2CO3 represents the optimal content to achieve a stable formation of molten eutectic K2CO3-Li2CO3 mixture 
during CO2 chemisorption, while avoiding K2CO3 crystals phase segregation during multiple sorption cycles. In 
addition, the use of 30 wt% olefin allowed the development of resistant and porous pellets of tuneable dimension 
and shape with a stable sorption capacity up to 130 mgCO2/g obtained over 25 multiple cycles of 30 min each. 
The present research lays the groundwork for the adoption of a novel pelletizing technique to produce innovative 
sorbents with enhanced CO2 capture and cycling capabilities, manufactured via a simple and more sustainable 
approach.   

1. Introduction 

Around 40 % of all anthropogenic CO2 emissions responsible for 
global warming are emitted by power plants that burn fossil fuels such as 
coal, oil, natural gas, and biomass [1]. Over the past decades, several 
strategies have been employed to reduce CO2 greenhouse gases and 
mitigate the severity of future climate change. Any technology for CO2 
capture aims to create concentrated CO2 streams that can be easily 
transported or stored in geological formations (depleted oil and gas 
fields, salty formations, and non-extractable coal seams) [2]. Post- 
combustion treatments of hot flue gases from power plants such as 
wet absorption, dry adsorption, membrane, and cryogenic separation 
are the most popular methods used for CO2 capture. Among them, wet 
absorption using amine solutions is the only method that has reached the 
required technology readiness level to be adopted on a large commercial 
scale [3]. Unfortunately, this technique involves a significant energy 
penalty due to the high energy requirement for solvent regeneration. 
Moreover, high absorption–desorption columns are necessary to reach 
high CO2 abatement efficiency (>90 %), hence raising capital costs. 
Lastly, solvent degradation in the presence of oxygen-rich flue gases and 

high corrosion rate require elevated maintenance costs and pose rele-
vant process challenges [3,4]. 

In recent years, solid sorbents such as those based on CaO, ceramics 
[5], zeolites [6], active carbons, and molecular sieves [7] have attracted 
the greatest interest in post-combustion CO2 capture at low partial 
pressure. This is due to their intrinsic benefit of application in a wider 
temperature range, from ambient temperature up to 700 ◦C, less waste 
production during sorbent regeneration, and easy exhausted sorbent 
disposal. Among these solid sorbents, those based on lithium orthosili-
cate (Li4SiO4) are one of the most promising solutions for CO2 capture at 
high temperatures and relatively high concentrations which is drawing 
worldwide research interest [8,9]. Li4SiO4 shows high CO2 sorption 
capacity (up to 367 mg/g), good cyclic stability, and relatively low 
regeneration temperatures according to the following sorption/desorp-
tion reversible reaction: 

Li4SiO4 (s)+ CO2 (g)↔ Li2CO3 (s)+Li2SiO3 (s) (1)  

CO2 sorption process on Li4SiO4 sorbent is governed by two stages: a first 
fast-chemisorption stage during which carbonation products accumulate 
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on the particle surface forming single or double shell morphological 
configurations [10,11], followed by a second CO2, Li+, and O2− slow- 
diffusion stage through the various product layers. CO2 diffusion is 
usually regarded as the rate-limiting step due to its larger molecular 
diameter [12,13]. This limit becomes particularly important at low CO2 
partial pressures (<0.1 atm). For this reason, the performance 
improvement of Li4SiO4-based sorbents is mostly focused on the limi-
tation of the CO2 diffusion-controlled stage. Specifically, these 
enhancement approaches include granulation methods, optimization of 
new synthetic routes by means of more efficient silicon and lithium 
sources, transition metals doping, and alkali metal carbonates addition 
[9,14]. Most of the previous methods have successfully enhanced CO2 
sorption performance at different levels. In particular, the addition of 
alkali metal carbonates such as Na2CO3, MgCO3, CaCO3, and K2CO3 has 
shown the most promising results in improving the Li4SiO4 sorption 
capacity. This is due to the formation of molten eutectic carbonate 
mixtures with the Li2CO3 product at relatively high sorption tempera-
tures (above 500 ◦C) which significantly decrease CO2 diffusion resis-
tance throughout the liquid eutectic layer. Among the various metal 
carbonates, K2CO3 has been particularly studied as adsorption promoter 
[15,16]. Kato et al. 2002 first demonstrated that 10 mol.% K2CO3 could 
improve CO2 sorption capacity of modified lithium orthosilicate pow-
ders up to ≃ 270 mgCO2/gsorbent at 0.2 atm of CO2 and 500 ◦C [17]. Then, 
extensive work on K2CO3 addition was carried out by Seggiani et al., 
2011, 2013 showing that 30 wt% K2CO3 (respect to Li4SiO4) is the op-
timum value in terms of sorption capacity and good cyclic stability 
operating at 580 ◦C and 0.04 atm of CO2 in absorption and 620 ◦C under 
1 atm of N2 in desorption [18,19]. Similar conditions were obtained by 
Zhang et al. 2014 and Zhou et al. 2017 who studied K2CO3-Li4SiO4 based 
powders under a humidified atmosphere and acidic conditions [20,21]. 
The presence of the molten eutectic layer was confirmed by Yang et al. 
2016 via in situ XRD analysis coupled with differential scanning calo-
rimetry [15]. The eutectic phase is composed by the mixture of two 
different phases, K2CO3 and Li2CO3, where the second carbonate is 
formed during the CO2 capture process. 

CO2 capture studies reported in literature using K2CO3-Li4SiO4 based 
powders have been investigated and optimized under a plethora of 
different experimental conditions mainly using sorbent powders. How-
ever, the suitability of a specific sorbent should be assessed under more 
realistic parameters, such as actual temperature, atmosphere, gas flow 
rate, pressure, etc. In addition, more practical apparatus such as packed- 
column and fixed-bed reactors filled with solid pellets or monolithic 
structures are typically employed in industrial sorption processes. The 
use of solid and resistant pellets is a fundamental requirement in the 
design of optimal solid sorbents. In fact, fine powders cannot be used in 
continuous regenerable looping systems where they are elutriated out by 
the gas stream. Unfortunately, the literature on the development of 
lithium ceramics pellets has so far been scarce compared to the vast 
scientific production concerning lithium-based ceramic powders. The 
first study on Li4SiO4 pelletisation was carried out by Kato et al. 2004 
who kneaded cylindrical Li4SiO4-Li2ZrO3 sorbents and found that the 
addition of 5 wt% Li2ZrO3 could stabilize the sorbent during cycling 
[22]. Essaki et al. 2005 evaluated the adsorption performance of 
Li4SiO4-K2CO3-Li2ZrO3 spherical pellets (5 mm) commercially available 
from Toshiba Ceramics Co. Ltd using a packed-bed reactor. In this case 
the fastest sorption-rate under 0.2 atm of CO2 was reached at 500 ◦C, 
however, no information on the stability over long cycling was con-
ducted [23,24]. To further improve sorbent cyclic stability layered 
graphite was introduced as pore former in K2CO3-Li4SiO4 based pellets 
obtained by mechanical press. However, pelleted graphite sorbents still 
exhibited lower sorption rates than the powders ones [25]. Spheronized 
pure Li4SiO4 pellets (from 2 to 4 mm) with high compression strength 
(2.84 MPa) and attrition resistance were produced by Yang et al. 2018 
and Hu et al. 2019 using graphite and cellulose as pore formers, 
respectively. The pellets showed a good sorption capacities of about 
150–220 mgCO2/gsorbent over 50 cycles at 0.15 atm of CO2 but still lower 

performance than original powders and significant sorption capacity 
loss over time [26,27]. Recently, polyethylene (20 wt%) has been 
investigated as pore former in the production of K2CO3-Li4SiO4 
spheronized pellets with excellent compression and attrition resistance 
and sorption capacity up to 310 mgCO2/gsorbent over 40 cycles [28]. 
Finally, a few studies have been proposed to simplify the overall pro-
duction and pelletisation processes of lithium ceramics sorbents by 
means of novel single-step calcination methods [29], and sol–gel drip 
casting approach using cellulose and polyvinyl alcohol as pore former, 
respectively [30,31]. 

Unfortunately, most of the aforementioned pelletisation methods 
still involve complex calcination processes, multi-step techniques using 
solvents, binders, and pore former agents that are difficult to handle and 
mix with Li4SiO4-K2CO3 powders. Hence, high pressure mechanical 
pressing, moulding and spheronization techniques are often required to 
evenly disperse the various additives with the powders and shape the 
mixtures into semi-solid pastes that are finally calcinated. All these 
processes lead to material fragmentation, particle elutriation and sor-
bent waste. Furthermore, most of the Li4SiO4-based pellet development 
studies are conducted under unrealistic conditions using very high CO2 
concentrations that do not reproduce the CO2 concentrations of exhaust 
hot gases for which Li4SiO4 pellets are designed. 

To overcome these issues, the present work introduces an innovative 
and scalable single-step method of Li4SiO4 pellet fabrication. Li4SiO4 
powders were produced by solid-state method using crystalline SiO2 and 
Li2CO3 as precursors and then, K2CO3 was added at several amounts as 
activity promoter. In addition, commercially available polyalphaolefins 
were selected to form extrudable pastes that were modeled and then 
calcinated obtaining solid regenerable sorbents for the CO2 capture from 
hot flue gas of gas turbines. Linear alpha olefin are employed due to their 
greater film thickness, no solubility with Li4SiO4 and K2CO3, high shear 
stability, low pour point, high viscosity index, no sulphur or nitrogen 
that act as CO2 inhibitors in Li4SiO4 [32], and low degradation tem-
peratures which allow the development of cavities and porosity within 
the pellet during calcination. 

The sorption–desorption behaviour of the powders and developed 
pellets was tested in a thermal gravimetric analyser according to the 
optimized conditions found in previous articles [18,19,25,33]. The 
experimental data of CO2 chemisorption were fitted to the Double 
Exponential Model (DEM) [14] to identify the rate-limiting step. X-ray 
diffraction (XRD), scanning electron microscopy (SEM), rheological 
measurements and nitrogen sorption BET tests were used to characterize 
the sorbents and understand the relationship between sorbent structure 
and CO2 sorption properties as well as to detect morphological changes 
during multiple sorption/desorption cycles. 

2. Experimental 

2.1. Materials 

Lithium carbonate Li2CO3 (1–5 μm) and crystalline quartz SiO2 (1–5 
μm), purchased from Sigma-Aldrich Co. Llc, were used as precursors of 
Li4SiO4. Potassium carbonate K2CO3 (10–20 μm), from Sigma-Aldrich Co 
Llc, was used as activity promoter. Polyalphaolefins Durasyn®168 (Y) 
and Durasyn®180 (I) purchased from Ineos Ltd were chosen as skeleton 
template as well as pore-forming material. These are 1-decene cross- 
linked olefins having a viscosity of 46 cSt (Y) and 1250 cSt (I), respec-
tively, depending on the content of dimers, trimers, and tetramers. 
Polyacrylonitrile fibres (10–20 μm) (P) and dissolving pulp cellulose 
fibres (10–20 μm and α-cellulose 94 wt%) (D), provided by MAE SpA, 
were also used as porosity promoters. 

2.2. Powders and pellet preparation 

Li4SiO4 powders were synthesized from crystalline quartz SiO2 and 
lithium carbonate Li2CO3 by solid-state method [18,19,25,33]. The two 
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compounds were initially mixed in the 2:1 (Li2CO3:SiO2) molar ratio 
with an equal amount in weight of distilled water using an agate mortar 
and pestle. The aqueous slurry mixture was heated to 900 ◦C using a 
heating ramp of 1 ◦C/min and calcinated for 4 h. The resulting powders 
were ground by an electric agate mortar for 5 h and then sieved to obtain 
fine Li4SiO4 powders (<20 µm). K2CO3 was mixed to Li4SiO4 powders to 
produce powders at different K2CO3 concentrations used as reference 
samples. Li4SiO4 powders with 10, 20, and 30 wt% K2CO3 by total 
weight were named as K10, K20, and K30, respectively. 

The best performing powder in terms of CO2 sorption capacity was 
mixed with 30, 40, and 50 wt% (based on the total weight of powders) of 
polyalphaolefins Durasyn®168 (Y) and Durasyn®180 (I). To further 
improve pellet micro-porosity the resulting mixture was blended with 2 
wt% (based on the total weight of powders) of polyacrylonitrile syn-
thetic fibres and dissolving pulp cellulose fibres. Higher fibrous content 
(>2 wt%) hinders effective amalgamation, resulting in increased vis-
cosity rendering the powder challenging to mould. Both olefins and fi-
bres were manually mixed to the selected K2CO3-Li4SiO4 based powder 
by a mortar and pestle till obtaining a viscous paste which was then 
shaped to form the ceramic sorbents. Hence, pellets with different di-
ameters (up to 15 mm) were produced by extruding the pastes with a 
glass syringes mounted on a KDS Legato™ 100 pump. Finally, the 
extruded pellets were calcinated in a muffle at 1 atm and at 550 and 
900 ◦C for 4 h (heating/cooling rate 1 ◦C/min) to remove the pore 
formers by combustion and obtain pellets with the porosity necessary for 
an effective absorption of CO2 and, at the same time, maintaining 
adequate solidity. 

2.3. Powders and pellet characterization 

Powder X-Ray Diffraction (XRD) patterns of the synthesized Li4SiO4 
powders were collected using a Bruker D2 Phaser diffractometer (Bruker 
Corporation, Billerica, MA, USA) operating at 30 kV and 10 mA in θ-θ 
scan mode with Ni-filtered CuK⍺ radiation (λ = 1.54 Å) and equipped 
with a one-dimensional Lynxeye detector. The XRD patterns were 
recorded over 5–65 2θ range, using a step size of 0.03◦, and a counting 
time 3 s/step. Phase identification was verified by comparison against 
the corresponding Joint Committee Powder Diffraction Standards 
(JCPDS). 

Samples morphology was examined using a Quanta™ FEG 450 
scanning electron microscope (SEM) equipped with EDS by FEI Quanta 
ESEM Instrument (Hillsboro, OR, USA). Prior to the analysis, the sur-
faces were sputtered with a thin gold layer using an Edwards Sputter 
Coater apparatus. In addition to SEM analysis, optical microscopy was 
carried out on the powders samples and pellets using a Leica S9i stereo 
microscope equipped with a CCD camera (Wetzlar, Germany). 

Brunauer, Emmett and Teller (BET) surface area of sorbents (pow-
ders and pellets) was derived from nitrogen/helium sorption isotherms 
following ISO 9277:2022 using a Micromeritics® TriStar II Plus Surface 
Area and Porosity Analyzer (Norcross, US). Prior to BET analysis sam-
ples were degassed at 250 ◦C for 3 h under nitrogen. 

To evaluate powders extrudability and deformability prior high 
temperature sintering, melt rheological measurements were conducted 
on the selected modified powder pastes at temperatures of 30 and 50 ◦C 
using an MCR 92 Rheometer manufactured by Anton Paar (Graz, 
Austria). The instrument is equipped with a plate-plate configuration 
with a diameter of 25 mm and a 1 mm gap. An amplitude sweep was 
conducted to determine the linear viscoelastic limit and establish the 
operational parameters. The strain applied was 0.2 %. Subsequent as-
sessments were carried out through oscillatory frequency sweeps span-
ning from 0.05 to 100 Hz (equivalent to 0.314 to 628 rad/s). The 
complex viscosity η* was measured as functions of angular frequency ω. 

2.4. CO2 sorption/desorption tests 

The CO2 sorption/desorption performance of the developed powders 

and pellets were evaluated through thermogravimetric analysis (TGA 
Netzsch STA 2500 Regulus, Germany). About 15 mg of each sorbent 
(powder or pellet) were loaded in an alumina pan and preconditioned at 
580 ◦C for 2 h in N2 flow (150 ml/min) using a heating rate of 20 ◦C/min 
to ensure moisture removal till sample weight resulted stable. Then, 
consecutive adsorption/desorption cycles (up to 25) were carried out at 
580 ◦C under 0.04 atm CO2 (N2 balance) flow rate (150 ml/min) and at 
620 ◦C under N2 flow rate (150 ml/min), respectively, using a heating 
rate of 20 ◦C/min. Two adsorption/desorption times (2 h and 30 min 
each) were used to assess sorbent performance and cyclic stability. In 
fact, the potential to regenerate the sorbent while maintaining its 
sorption efficiency through multiple sorption/desorption cycles greatly 
influences the overall operating expenses of the system as well as their 
industrial applicability. 

The conversion of Li4SiO4 (XLi4SiO4) and the total CO2 sorption ca-
pacity (mgCO2/g) were calculated to quantify and compare the perfor-
mance of the sorbents as follows: 

XLi4SiO4(%) = 100⋅
Δw

fLi4SiO4⋅rs
(2)  

where Δw is the weight increase, attributable to the CO2 absorbed, per 
starting sorbent weight, fLi4SiO4 is the weight fraction of the Li4SiO4 in 
the sorbent, and rs is the stoichiometric uptake of CO2 by Li4SiO4 which 
is 367 mg CO2 per gram of Li4SiO4. 

Double exponential model was used to fit the sorption data of the 
modified powders and pellets and quantify the relevance of the CO2 
chemical reaction over diffusion [24,25,34]: 

y = Ae− K1t +Be− K2t +C (3)  

In this equation, y represents the weight increase percentage of the 
sorbent associated with the CO2 adsorbed, while K1 (s− 1) and K2 (s− 1) 
are the kinetic parameters associated with the CO2 superficial reaction 
and diffusional-controlled processes, respectively. The pre-exponential 
factors A and B indicate the respective controlling intervals for the 
CO2 capture process: A relates to the chemical reaction, while B relates 
to diffusion. The C parameter is the y-intercept. 

3. Results and discussion 

3.1. Modified powders characterization 

The XRD pattern of the synthesized Li4SiO4 powder reported in Fig. 1 
displays the distinctive peaks of monoclinic Li4SiO4 [35]. The diffraction 
pattern demonstrates the complete reaction between SiO2 and Li2CO3 

Fig. 1. XRD pattern of Li4SiO4 monoclinic powder synthesized by solid-state 
method [35]. 

D. Rossi et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 481 (2024) 148615

4

precursors to Li4SiO4. The very minor peaks in the 25-35◦ range asso-
ciated with Li2CO3 indicates the slight excess of Li2CO3 over SiO2 and 
shows the practical difficulty of dosing the two precursors in the perfect 
stoichiometric 2:1 ratio. Furthermore, the slight presence of Li2CO3 and 
other impurities may also be attributed to an incomplete conversion of 
SiO2, which subsequently carbonates, particularly at high temperatures 
in contact with air [33,35]. 

Fig. 2A-B shows the sorption–desorption curves of the K10, K20, and 
K30 powders. As expected, the eutectic formation significantly enhances 
the sorption performance of the powders compared to pure Li4SiO4: 
from XLi4SiO4 of 5 % and about 6 mgCO2/g for Li4SiO4 to XLi4SiO4 of 90 % 
and about 250 mgCO2/g for K30). In our case, the partial pressure is 
sufficiently low to replicate CO2 capture from the hot flue gas of real gas 
turbines (0.04 atm). Consequently, under these conditions, as soon as a 
thin layer of Li2CO3 forms, the adsorption rate decays, rendering the 
inner Li4SiO4 almost unusable in a reasonable time. Pure Li4SiO4 has in 
fact a very limited cyclability with only one working cycle. These results 
are in accordance with other studies conducted in similar conditions 
[18,19]. The reason for the notably limited performance of pure Li4SiO4 
in our tests may be attributed to the particularly fine particle sizes of the 
initial Li4SiO4 powders (1–20 µm). These sizes are smaller than the ones 
obtained in previous works, leading to higher particle-to-particle pack-
ing during cycling. This packing hinders CO2 diffusion in the absence of 
a eutectic phase. 

Among the powders K20 presents the best cycle stability across the 
eight cycles and the best sorption capacity. The lower values obtained by 
K10 are associated with a reduced molten eutectic mixture formation 
compared to K20 and K30, resulting in a minor enhancement of CO2 
diffusion and, therefore, minor Li4SiO4 conversion. Furthermore, with 
reference to the K2CO3-Li2CO3 binary system diagram of Fig. 3 [36], the 
determination of the Li2CO3/(K2CO3 + Li2CO3) molar ratios m at end of 
the various cycles (assuming XLi4SiO4 ≃ 0.9, 0.8, and 0.5 % for K30, K20, 
and K10, respectively), shows an almost complete absorption/desorp-
tion permanence within the eutectic liquid phase for both K30 and K20 
(m = 0.7 and 0.78, respectively). Unlike K10 (m = 0.84) which crosses 
the right-liquidus curve with consequent formation of the Li2CO3 solid 
phase s3 which does not contribute to the CO2 sorption process. 

The previous findings are confirmed by the trends of the kinetic 
parameters K1 and K2 reported in Fig. 4A-B obtained by fitting the 
sorption curves of Fig. 2B with the double exponential model (Eq. (3). 
Results show that K1 decreases, and K2 increases with K2CO3 addition. 
This proves that reaction plays a marginal role over diffusion at high 
K2CO3 due to increased molten eutectic formation which enhances 
diffusion mechanism over reaction one. Generally, K1 values are 
approximately one order of magnitude greater than K2 values. This 
outcome is in agreement with previous research and suggests that the 
diffusion is the rate-determining step of CO2 adsorption [25,37]. 

K30 presents an unstable behaviour with K2 reaching a maximum 

plateau after three cycles. This material inertia might be caused by the 
large amount of K2CO3 present in the powder which requires a few cy-
cles to compact forming a homogeneous molten layer. On the other 
hand, once the m ratio reaches the left-liquidus curve, K2CO3 crystals start 
forming and precipitating out of the liquid Li2CO3/K2CO3 mixture, 
resulting in a biphasic system. As desorption continues, the growing 
solid phase hinders the diffusion of CO2 from the inner layers, leading to 
an anticipated decrease of the overall desorption rate [25]. 

Fig. 5 shows the SEM images of Li4SiO4 (Fig. 5A-B), K10 (Fig. 5C-D), 
K20 (Fig. 5E-F), and K30 (Fig. 5G-H) before and after eight sorption/ 
desorption cycles. Pure Li4SiO4 (Fig. 5A) presents irregular particles and 
agglomerates in the 1–20 µm range. The addition of an increasing con-
tent of K2CO3 is visible in the form of larger particles (up to ≃ 50 µm) in 
K10 (Fig. 5C), K20 (Fig. 5E), and K30 (Fig. 5G) samples. The morphology 
of the powders changes significantly after eight cycles. Pure Li4SiO4 
particles (Fig. 5B) result smooth and less irregular compared to the 
uncycled ones. This effect is likely caused by the consecutive carbon-
ation/decarbonation processes, which level the external particle sur-
faces that remain largely disconnected from each other. The 
introduction of K2CO3 tends to agglomerate the original particles into 
smooth porous eutectic networks, developing 10–100 µm cavities 
responsible for the improved CO2 diffusion sorption process [19,21]. In 
fact, the K10 powders subjected to cycles show more regular particles 
that are closely packed (Fig. 5D), and the increasing content of K2CO3 in 
K20 (Fig. 5F) leads to an interconnected structure created by the larger 
amount of molten eutectic phase bridging the gaps between particles, 
reshaping the morphology into a “spongy” type of network. The 
maximum K2CO3 content (K30) leads to the precipitation of carbonates 
as needles accumulated on the internal network cavities (Fig. 5H). The 
EDS conducted on these K30 needles (Fig. 7A) showed a potassium-rich 
phase compared to a lower concentration measured on K30 homoge-
neous surfaces (Fig. 7B). This result validates the K2CO3 segregation 
mechanism previously discussed in the K2CO3-Li2CO3 binary system 
diagram of Fig. 3, which is more relevant in the K30 sample exhibiting 
the highest K2CO3 content. The tendency of the eutectic phase to merge 
the particles into a continuous homogeneous network is evident when 
comparing the various powders after cycling. Pure Li4SiO4 does not 
develop a eutectic phase, thus the powders after cycles performed in 
TGA result desegregated, disperse, and friable as they were at the 
beginning (Fig. 6A). Conversely, cycled K2CO3-Li4SiO4, such as K20 and 
K30, form compact solid tablet structures due to the consecutive melting 
and solidification phases occurring during the absorption and desorp-
tion steps, respectively (Fig. 6B). 

Considering the good sorption performance and the higher stability 
of K20 over K10 and K30, K20 was selected for the following pellet-
isation procedure using the various pore formers. 

Fig. 2. Eight CO2 sorption/desorption cycles in terms of conversion (A) and capacity (B) of Li4SiO4, K10, K20, and K30 powders under 0.04 atm CO2 sorption at 
580 ◦C (2 h) and 1 atm N2 desorption at 620 ◦C (2 h). 
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3.2. Pellet development 

The thermogravimetric analysis (Fig. 8A) conducted in air on both 
olefinic pore formers (Y and I) shows their complete degradation at 
450 ◦C and 500 ◦C, respectively. Olefins degradation occurs at lower 
temperatures than the two sintering temperatures employed in this work 
(900 and 550 ◦C), hence the two olefins are suitable as pore formers for 
K2CO3-Li4SiO4 based pellet development. The smooth and sharp weight 
loss decay of Y and I olefins is in agreement with the ones reported in the 
literature for similar polyalphaolefins and indicates monodisperse 
oligomer distributions [38,39]. Conversely, as shown in Fig. 8A, both P 
and D fibres are not completely degraded in air at the lower investigated 
sintering temperature of 550 ◦C, thus resulting not suitable as pore 
formers using mild calcination conditions. 

Fig. 8B shows the degradation in air of the selected K20 powder 
mixed with the largest amount (50 wt% of the total powder weight) of 

the more viscous olefin (I180). The K20_I50 blend present a sharp mass 
decay at about 350 ◦C obtaining a residue of 70 wt%. This weight loss (≃
30 wt%) corresponds to the weight fraction of I180 present within the 
blend, hence confirming that the olefin I has been totally degraded 
away. In addition, the steady plateau demonstrates the stability of the 
final sintered pellet at the sorption/desorption temperatures (580 ◦C/ 
620 ◦C). In fact, decomposition of Li4SiO4 to Li2SiO3 and Li2O typically 
occurs at beyond 950 ◦C [40]. 

3.3. High temperature pellet sintering 

Sorption/desorption tests were performed on the selected K20 
powder using different concentrations of olefins I and Y (Fig. 9A-B) and 
sintering at 900 ◦C for 4 h (1 ◦C/min). The various pellets were labelled 
as K20_IXX or K20_YXX, where XX refers to the olefin percentage content 
on the total powder weight. Since previous results showed that 75–80 % 

Fig. 3. Phase diagram of Li2CO3-K2CO3 system from FTsalt-FACT salt databases [36].  

Fig. 4. Kinetic parameters K1 (A) and K2 (B) of the K10, K20, and K30 powders obtained at 580 ◦C under 0.04 atm CO2 at repeated sorption cycles.  
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of the maximum sorbent capacity was reached within 30 min, the tests 
were conducted over 30 min cycles. At the industrial level, the desorp-
tion phase starts when the CO2 concentration at the sorbent bed outlet 
reaches about 20 % of the incoming CO2 concentration. This serves as an 

indication that the bed has experienced breakthrough. Additional 
regeneration time at high temperatures did not significantly improve 
pellet performance. Therefore, we opted to reduce the adsorption/ 
desorption cycle time, despite a marginal decrease in pellet capacity 

Fig. 5. SEM images of Li4SiO4 (A-B), K10 (C-D), K20 (E-F), and K30 (G-H) before and after eight sorption/desorption cycles.  

Fig. 6. Stereo-images of Li4SiO4 (A), and K30 (B) after eight sorption/desorption cycles.  
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during regeneration. For the sake of clarity, to better compare the 
various pellets only the 8th cycles were plotted. Prior to calcination, the 
generated blends are easily extrudable (Fig. 10A). Following calcina-
tion, the resultant pellets become compact, white, and resistant 
(Fig. 10B). However, their sorption capacity remains around 1/3–1/4 of 
that of K20 powder regardless of the olefin type introduced and 
concentration. 

The addition of 2 wt% of fibres (P and D) slightly increases the 
sorption performance of the sintered pellets due to the enhanced micro- 
porosity derived by the fibrous fillers. This is showed by the K20_I30 
adsorption/desorption study reported in Fig. 11. Nonetheless, in this 
scenario the sorption values (60–70 mgCO2/gsorbent) are about half of the 
best values obtained in our previous study using layered graphite 
Li4SiO4-K2CO3 pellets [25]. Therefore, the use of P and D fibres cannot 
be considered a significant step-forward in lithium ceramic pelletisation 

development. 

3.4. Low temperature pellet sintering 

The most likely explanation for the low sorption results achieved in 
the previous study is that at 900 ◦C we are in between the two liquidus 
curves (Fig. 3). Hence, the sintering process conducted at high temper-
ature for long time (4 h) is affected by the formation of the molten 
eutectic phase which tends to agglomerate the various particles reducing 
the porosity and surface area available for CO2 mass transfer. To over-
come this issue, the same experimental campaign carried out on the 
samples sintered at 900 ◦C was repeated using a lower sintering tem-
perature of 550 ◦C for both olefins I and Y. In fact, at this temperature 
the eutectic phase is not yet formed while both olefins are completely 
degraded. Since both P and D fibres require temperatures above 600 ◦C 

Fig. 7. EDS microanalysis of specific areas on K30 needles (A) and K30 surface (B). The Au peak is associated with the sample surface coating with gold.  
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to degrade completely, these were not included in the low-temperature 
sintering study. 

For simplicity only the results obtained with the best-performing 
formulation (K20 with 30 wt% olefin I after low temperature sintering 
(“s”), labelled as K20_I30_s) were reported in Fig. 12. K20_I30_s showed 

a sorption capacity of 130 mgCO2/gsorbent which is one of the highest 
capacities reported so far in the literature for sintered modified Li4SiO4 
powders under low CO2 partial pressure (below 0.1 atm). Essaki et al. 
2005 reached capacities of 10–15 wt% CO2 after 30 min adsorption in 
0.04 atm of CO2 with Li4SiO4-K2CO3-Li2ZrO3 sphere-type pellets 

Fig. 8. TGA curves of I168 (Y) and I180 (I) polyalphaolefins, P and D fibres (A) and K20_I50 pellet (B) in air at a heating rate of 1 ◦C/min to 900 ◦C.  

Fig. 9. 8th CO2 sorption/desorption cycle of K20 powder (K20) versus K20 pellets (K20_IXX and K20_YXX) with 30, 40, 50 wt% of olefins I (A) and Y (B), sintered 
at 900 ◦C. 

Fig. 10. K20 pellets with 30 wt% olefin I (K20_I30) before (A) and after (B) sintering at 900 ◦C.  
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patented by Toshiba Ceramics Co. Ltd., Japan. However, the study did 
not evaluate sorbent cyclability over long period of time [23,24]. Seg-
giani et al. 2018 obtained a lower sorption capacity (110 mgCO2/gsorbent) 

under the same conditions with K2CO3-Li4SiO4 pellets [25]. Recently, in 
a similar study, Stefanelli et al. 2022 obtained sorption capacities of 
100–150 mgCO2/gsorbent after 120 min adsorption using K2CO3-Li4SiO4 

Fig. 11. 8th CO2 sorption/desorption cycle of K20 powder (K20) versus K20 powder with 30 wt% olefins I and 2 wt% P and D fibres, sintered at 900 ◦C (K20_I30_P2 
and K20_I30_D2, respectively). 

Fig. 12. 8th CO2 sorption/desorption cycle of K20 powder (K20) versus K20 pellet sintered at 550 ◦C with 30 wt% olefins I, under 0.04 atm CO2 sorption at 580 ◦C 
(30 min) and 1 atm N2 desorption at 620 ◦C (30 min). 
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based pellets which, however, required a time consuming mechanical 
pressurization step for pelletisation and did not allow the formation of 
extrudable pellet shapes [29]. All the other studies [22,26–28,30,31] 
which showed higher capacities (>150 mgCO2/gsorbent) were conducted 
on pellets tested under unrealistic conditions with CO2 concentrations 
spanning from 15 up to 100 vol% which are far beyond the typical CO2 
content in hot flue gases from gas turbines. Hence, the high values ob-
tained are largely influenced by the high CO2 partial pressure and 
consequent high driving force for gas–solid mass transfer. 

The improved sorption capacity achieved with the adoption of a 
lower sintering temperature is visible from the pellet surfaces reported 
in Fig. 13. K20_I30_s powders (Fig. 13A) are compacted into a rough 
surface with cracks and holes which facilitate CO2 penetration through 
the entire inner pellet volume, whereas the surface of K20_I30 (sintered 
at 900 ◦C) results more uniform and smooth without crevices (Fig. 13B) 
and with segregated K2CO3 needles which further hinder CO2 chemi-
sorption (Fig. 13C). 

3.5. Pellets characterization 

The K20_I30_s pellet represents the best formulation developed in 
this study and is therefore used to obtain large cylindrical pellets 
(diameter = 15 mm, height = 20 mm, Fig. 14A) of suitable size to be 
packed into typical semi-industrial pilot-scale adsorption columns 
[23,24]. These large pellets resulted compact and not friable and present 
a uniform internal porosity which appears evenly distributed across the 
entire pellet inner volume (Fig. 14B). The uniform porosity is promoted 
by the aliphatic nature of the olefins employed as pore former that are 
not soluble within the K2CO3-Li4SiO4 powders thus preventing powders 
segregation and stratification during sintering. 

The stability of the developed pellet K20_I30_s was tested over 
repeated 25 cycles. Different fragments from various internal and 
external pellet portions were used for the sorption/desorption experi-
ments to confirm the reproducibility of the results and consequently the 
uniformity of sorbent properties throughout its volume. The successive 
sorption/desorption curves reported in Fig. 15A show a neat constant 
sorption capacity of about 130 mgCO2/gsorbent (corresponding to XLi4SiO4 
of 45 %) calculated as difference between the maximum adsorption and 
desorption peak values. 

The sorption/desorption curves slightly shift towards upper values 
with cycling. This behaviour was not observed in the cycling test of K20 
(Fig. 2) because the sorption/desorption curves resulted from 2-hour 
cycles. Consequently, the regeneration reflects almost complete decar-
bonation, causing the curves to approach zero. On the other hand, 
Fig. 15A corresponds to shorter cycles of 30 min. Consequently, the 
regeneration process was not entirely completed. This leads to the 
accumulation of Li2CO3, Li2SiO3 carbonation products on the particle 
surface, which slightly reduces sorbent porosity. However, this negative 
effect is compensated by the gradual formation of the molten eutectic 
phase with cycling, which progressively improves sorbent capacity 
within the pellet volume till reaching a stable behaviour. 

To validate the industrial applicability of the pellet preparation 
procedure, rheological tests were performed to quantify the level of 
mechanical energy required for the compatibilization and the extrusion 
of the pastes containing K20 powders and the investigated polyolefins. 
As shown in Fig. 16, all the samples present a strong shear-thinning 
behaviour typical of solid–liquid heterogeneous systems. Interestingly, 
the selected K20_I30 paste offers lower viscosity compared to K20_Y30 
and lower viscosity at room temperature (30 ◦C) than 50 ◦C. This 
behaviour is in contrast if we consider that olefin I has higher viscosity 
than Y (1250 cSt versus 46 cSt) and the viscosity should decrease with 
temperature rise. These results could be explained considering that the 
viscosity of Y olefin is particularly low. As result, this liquid cannot stick 
together with particles, thus flowing out of the rheometer chamber 
leaving almost dried particles in contact with the rheometer plate. This 
outcome is supported by porosity measurements conducted on the sin-
tered pellets which show a total porosity of 0.42 > 0.35 > 0.30 for 
K20_I30 (30 ◦C), K20_I30 (50 ◦C), and K20_Y30 (30 ◦C), respectively. At 
room temperature (30 ◦C), olefin I is absorbed more effectively by the 
K20 powder than Y; thus, K20_I30 is the formulation that develops the 
highest porosity once sintered (K20_I30_s) because more olefin remains 
available to form the pores. The total porosity was calculated as (Vpellet – 
Vpowders)/Vpellet, where Vpellet is the volume of the pellet portion deter-
mined using a pycnometer and Vpowders is the volume of the powders 
(K20) forming the pellets calculated as ratio between the weight and the 
average density of the K20 powder (≃ 2.37 g/cm3). 

The great sorption performance of K20_I30_s pellet (Fig. 12) is 
confirmed by its BET surface area (1.45 m2/g) which is similar to that of 
starting K20 powders (2.1 m2/g). This BET area value is one order of 
magnitude higher than the ones obtained using higher calcination 
temperatures (0.3–0.55 m2/g) and overpass the BETs obtained in the 
most recent studies on lithium ceramic pellets [25,28,31]. 

In conclusion, K20_I30_s represents the best candidate not only in 
terms of sorption capacity and cyclic stability, but also for scale-up 
production requirements as it requires the lowest calcination tempera-
tures and mechanical energy inputs. 

4. Conclusions 

A novel single-step easy method using polyalphaolefins as pore- 
formers was developed to produce porous K2CO3-Li4SiO4 pellets for 
the CO2 capture from hot flue gases of gas turbines. The use of viscous 
and inert polyalphaolefins has a multiple functionality in the develop-
ment of Li4SiO4-based pellets. At room temperature the olefin works as 
compatibilizer and fluidizing agent for the K2CO3-Li4SiO4 powders 
obtaining compact pastes which can be easily extruded to fabricate 
pellets of various shape and size. This method avoids time and energy 
consuming pelletisation technologies such as mechanical press and 
spheronization techniques. Furthermore, the use of low calcination 
temperature (550 ◦C), below the molten eutectic K2CO3-Li2CO3 forma-
tion, allowed the complete degradation of the olefin with consequent 
development of pellet porosity limiting the excessive powder sintering 

Fig. 13. SEM images of K20_I30_s (A) and K20_I30 (B-C) external surface.  
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which occurs at higher temperature (900 ◦C). Lastly, the aliphatic nature 
of the olefin which is insoluble with the K2CO3-Li4SiO4 powders, actively 
encourages a consistent porosity preventing powders segregation, 
stratification, and moisture absorption during the sintering/calcination 
step. 

The adsorption/desorption behaviour of the produced powders and 
pellets was evaluated by thermogravimetric analysis under 0.04 atm 
CO2 at 580 ◦C and 1 atm N2 at 620 ◦C, respectively. The sorption kinetics 
of the powders was fitted to the double exponential model to determine 
the effect of cycling and K2CO3 concentration on the global sorption 
performance. The best sorption capacity (130 mgCO2/gsorbent, XLi4SiO4 of 
45 %) was achieved using Li4SiO4 powder with the addition of 20 wt% of 
K2CO3 and 30 wt% high viscous olefin (1250 cSt), extruded and calci-
nated at 550 ◦C in form of cylindrical pellets (diameter = 15 mm, height 
= 20 mm) having a BET surface area of about 1.5 m2/g, similar to that of 
starting modified powder (2.1 m2/g). 

The stability of the pellet was successfully tested over 25 repeated 
sorption/desorption cycles. In conclusion, the results confirmed the 
good sorption capacity and cyclic stability of the developed pellets 
which exceed those reported in similar studies, showing them suitable 
candidates for application in industrial fixed bed adsorption systems. 
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