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A B S T R A C T   

The calcium looping cycle (CaL) possesses outstanding CO2 capture capacity for future carbon- 
capturing technologies that utilise CaO sorbents to capture the CO2 in a looping cycle. Howev-
er, sorbent degradation and the presence of inert materials stabilise the sorbent, thereby reducing 
the CO2 capture capacity. Consequently, the CaO sorbent that has degraded must be replenished, 
increasing the operational cost for industrial use. CaO sorbents have been modified to enhance 
their CO2 capture capacity and stability. However, various CaO sorbents, including limestone, 
dolomite, biogenesis calcium waste and industrial waste, exhibit distinct behaviour in response to 
these modifications. Thus, this work comprehensively reviews the CO2 capture capacity of sor-
bent improvement based on various CaO sorbents. Furthermore, this study provides an under-
standing of the effects of CO2 capture capacity based on the properties of the CaO sorbent. The 
properties of various CaO sorbents, such as surface area, pore volume, particle size and 
morphology, are influential in exhibiting high CO2 capture capacity. This review provides insights 
into the future development of CaL technology, particularly for carbon-capturing technologies 
that focus on the modifications of CaO sorbents and the properties that affect the CO2 capture 
capacity.   
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1. Introduction 

In 2022, global energy-related CO2 emissions had grown by 0.9% compared with 2021, reaching a new high of more than 36.8 giga 
tonnes of CO2 emissions due to high energy demand, mainly produced from fossil fuels [1]. To comply with the Paris Agreement [2], 
which aims to keep the rise in mean global temperature below 2 ◦C, countries such as Malaysia intend to reduce carbon emissions by 
45% by 2030 [2]. Globally, many methods, such as introducing carbon taxation/trading schemes [3,4], renewable energy [5–7], 
improving efficiency [8] and carbon-capturing technology [9–11], have been introduced to reduce CO2 emissions. However, fossil fuel 
usage is inevitable for the industry, especially in Malaysia, due to high energy generation that leads to high amounts of electricity 
generated at once [12]. Thus, carbon-capturing technology is foreseen to benefit industries, and the release of CO2 is unavoidable 
during combustion. 

Carbon capture technology consists of three leading technologies such as post combustion [13], pre combustion [14], and oxyfuel 
combustion [15]. Post combustion CO2 technology, such as amine scrubbing, is the most mature in the industry because it generates 
less energy penalty and can easily retrofit into the existing power plant system [16]. However, cost becomes a major concern for amine 
scrubbing and limits the prospects of scaling up this technology for huge power plants. Therefore, calcium looping technology (CaL) 
has gained the interest of many researchers for low-cost post combustion CO2 technologies. 

The conceptual study of CaL technology was first introduced by Shimizu et al., in 1999 [17] for CO2 removal from the combustion 
process. Over the years, the development of CaL from microscale studies in thermal gravimetric analysers to the modelling, simulation 
and economic feasibility, as well as bench-scale setups, had been explored for the development of CaL systems [14–17]. CaL pilot scales 
revealed that CaL benefits the industry in many aspects, mainly in cost and versatility. 

The versatility of CaL is its ability to integrate into systems, such as power plants and cement power plants, for CO2 emissions 
reduction and thermochemical energy storage [18–24]. In addition, CaL offers the following: (i) low-cost sorbents, such as limestone 
[25]; (ii) simultaneous partial desulphurisation from flue gases [26]; (iii) spent sorbents holding the potential to be used elsewhere or 
regenerated [27]; (iv) low energy penalty (approximately 6–8% [28]) than amine scrubbing technology (8.4%) [29]; (v) CO2 trans-
formation into a valuable gas with a CO2 conversion exceeding 75% to achieve carbon neutrality, a vital goal for sustainable future 
development [30]; and (vi) high theoretical CO2 capture capacity of pure CaO: 0.786 kg CO2/kg sorbent. Although CaL can 
demonstrate high theoretical CO2 capture capacity, the 0.786 kg CO2/kg sorbent is based on pure CaO sorbent, where most sorbents 
contain inert materials that contribute to low CO2 capture capacity. Therefore, achieving the highest CO2 capture capacity theoret-
ically is the main challenge due to the sorbent degradation and the presence of inert materials to maintain the stability of sorbents over 
the carbonation/calcination cycles. 

Consequently, researchers exerted great effort to overcome this degradation and reported their studies in articles and journals since 
1999 because sorbent degradation causes high operating costs, low CO2 capture capacity, and low stability of the CaO sorbent, thus 
increasing the replenishment of sorbents. The most recent improvement involves binary reinforcement where two inert materials were 
combined together with CaO sorbent [31], nano CaO [32], and biomass and cement doped with calcium-based sorbents [33]. 

In this regard, the development of the CaO sorbent has been reviewed consistently during the previous decade, as summarised in 
Table 1 (obtained from the Web of Science since 2010). As shown in Table 1, state-of-art methods in improving the degradation have 
been reported since 2010 until the current year; these methods include acid modification, doping, treatment, use of synthetic sorbents 

Table 1 
Summary of the review paper related to development/improvement of CaO based sorbents.  

Source Publication 
Year 

Review scope Ref 

Blamey et al. 2010 Review on the reducing the sorbent deactivation by thermal pretreatment, chemical doping, synthetic, and natural 
sorbent 

[35] 

Liu et al. 2012 Summarizes the state-of-the art research in the literature aiming to identify potential solutions to the loss-in-capacity 
of CaO based problem 

[36] 

Valderve 
et al. 

2013 Review on the novel Ca-based sorbents with improved thermal and mechanical stability. [37] 

Erans et al. 2016 Review on techniques to enhance natural sorbent performance, synthetic sorbent, reactivation, and re-use deactivated 
materials 

[34] 

Perejon et al. 2016 Summary on the effects of recarbonation and thermal/mechanical pretreatment for sorbent reactivation at CaL 
conditions, and on the demonstration of the technology in pilot-plants 

[38] 

Sun et al. 2018 Review on improvement of CaO-based adsorbents for CO2 capture (e.g. surface modification and dispersing on inert 
supports) 
Review on the effects of operation conditions (e.g. CO2 partial pressure, carbonation temperature, carbonation time, 
and contaminants) on the cyclic performance of carbonation and calcination. 
Review the attrition in real applications 

[39] 

Hu et al. 2020 Review on the recent advances in the developments of inert support incorporated CaO sorbents for high temperature 
CO2 capture 

[40] 

Chen et al. 2020 Review on recent development of advancement in the design and reinforcement of CaO based sorbent with an 
emphasis on its development in China 

[28] 

Dunstan 
et al. 

2021 Review on the fundamental aspects underpinning solid CO2 sorbent based on alkali and alkaline earth metal oxides. 
Review on the influence of material structure, ionic conduction, and particle morphology, on CO2 absorption of a Ca- 
based, Mg-based, and Li-based. 

[41]  
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and, alteration of the operating conditions on the cyclic performance of carbonation and calcination and the influence of material 
structure based on the type of sorbent [28,34–41]. However, these review papers mainly cover the modification by generalising the 
type of CaO sorbents. 

Various CaO sorbents demonstrate different CO2 capture capacities due to distinct parameters, such as pore structure generated 
from releasing gases such as CO2 during calcination [42]. Using calcium gluconate as CaO sorbent exhibits higher specific surface area, 
16.4 m2/g than calcium acetate which yields a high CO2 capture capacity, 0.75 g CO2/g sorbent, nearly the theoretical CO2 capture 
capacity of pure CaO. Meanwhile, acid modifications improve the porosity of the CaO sorbent and enhance the cyclic CO2 capture 
capacities [43]. Acid modifications using various acids demonstrate different CO2 capture capacities due to diverse surface areas [44]. 
Moreover, doping enhances structural stability by increasing the adsorption energy of CaO surfaces. Zhao et al. (2024) [45] found that 
the adsorption energy of CaO clusters on Ca3Al2O6 is − 5.66 eV, which is 2.4 times higher than that on the CaO surface and causes only 
a slight drop in CO2 capture capacity at 30 cycles. 

Moreover, limestone with 40% of Bayer aluminium hydroxide (BAh) demonstrates higher surface area and pore volume (i.e. 36.0 
m2/g and 0.141 cm3/g, respectively) than other BAh compositions [46]. Unfortunately, the CO2 capture capacity of 40% of Bah ex-
hibits the lowest CO2 capture capacity than other BAh compositions which contradicts previous studies. Thus, further clarifications and 
investigation must be made on the properties that can affect CO2 capture capacity. 

Therefore, this study comprehensively reviews the effect of CO2 capture capacity of sorbent modifications based on the sorbent 
type. Moreover, to the author’s best knowledge, no review has been conducted on the effect of CO2 capture capacity based on the 
properties of CaO sorbents. Previous studies generalised the properties based on a general statement, such as high surface area and pore 
volume exhibiting high CO2 capture capacity. By contrast, this review provides insight into the future development of CaL technology, 
particularly for carbon-capturing technology that mainly focuses on modifying CaO sorbents and the properties that affect the CO2 
capture capacity. 

2. Calcium looping 

The CaL cycle consists of two interconnected circulating reactors: carbonator and calciner, as shown in Fig. 1. In the carbonator, the 
CO2 from flue gases reacts with the calcium oxide (CaO) sorbent to form calcium carbonate (CaCO3) between 600 ◦C and 700 ◦C 
(Equation (1)). Then, the CO2 lean flue gas is directed to the outlet. The formed CaCO3 flows to the calciner reactor and is calcined to 
break the bond of CaCO3 to become CaO and CO2 (Equation (2)). The CaO is circulated back to the carbonator for the next cycle, and 
the obtained pure CO2 is ready for final purification, compression, and storage. CaL is a reversible reaction of CaO sorbent involving 
high-reaction enthalpy, where ΔH◦

298K = − 178 kJ/mol at 298 K as shown in Equations (1) and (2). 

Fig. 1. Schematic diagram of Calcium Looping Cycle (CaL).  
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CaO+CO2 → CaCO3 ΔH
◦

298K = − 178 kJ
/

mol (1)  

CaCO3 → CaO+CO2 ΔH
◦

298K = + 178 kJ
/

mol (2) 

The types of CaO sorbents used in CaL are (i) natural, (ii) industrial waste, and (iii) synthetic. Natural sorbents include limestone, 
dolomite, biogenesis calcium waste, and mangano calcite. Meanwhile, industrial waste consists of lime mud (LM), carbide slag (CS), 
blast furnace slag (BFS), and waste marble powder (WMP). Synthetic sorbents are produced using synthetic methods such as sol-gel 
[47], co-precipitation [48], wet mixing [49], granulation [50], template [51], impregnation [52] and flame spray pyrolysis [53] from 
various CaO precursors such as calcium nitrate (Ca(NO3)2), calcium gluconate (C12H22CaO14), calcium acetate (Ca(C2H3O2)2), and 
calcium carbonate (CaCO3). 

However, the CO2 capture capacity of CaO sorbents degrades rapidly after several cycles in CaL. Sorbent degradation means the 
sorbent could not maintain its carbonation conversion or CO2 capture capacity over the carbonation/calcination cycles, which affect 
the sorbent stability. The leading causes of this degradation include the attrition and sintering effect of CaO sorbents [34]. Attrition 
occurs because of the mechanical motion and the temperature or the pressure gradient inside the particles that are subjected to the fast 
environment changes that are developed during calcination carbonation. This phenomenon is influenced by the design of the system, 
such as reactor configurations, properties of the solid, and reacting environment [54]. Meanwhile, the sintering effect is a change in 
pore shape, pore shrinkage, and grain growth, mainly occurring during calcination due to the presence of heat [34,55,56]. The sin-
tering effect occurs at high calcination temperatures, reducing the carbonation conversion of sorbent inside the carbonator reactor and 
leading to a high degradation rate. In addition to attrition and the sintering effect, some of the degradations can be related to the 
closure of pores smaller than 300 nm [57] during carbonation that does not reopen during the subsequent cycles [34]. This degradation 
makes the sorbent unable to maintain the stability of the sorption performance after many cycles. This inability leads to sorbent 
replacement which is undesired due to additional operating costs [58]. Thus, the carbonation and calcination reactions are explained 
in the next session to understand the degradation behaviour. 

2.1. Carbonation reaction 

Referring to Equation (1), the carbonation reaction happens when the CaO reacts with CO2 to form CaCO3. The carbonation re-
action consists of two stages: chemical reaction kinetics that control the initial and fast stage, followed by the solid diffusion-controlled 
stage to form the CaCO3 at the slow stage as shown in Fig. 2. XK is the molar conversion under the fast reaction regime and XD is the 
molar conversion under the diffusion-controlled stage. The carbonation reactions start with the CO2 reacting on the CaO-free surface to 
become the CaCO3 at a fast carbonation rate due to numerous CaO-free surfaces. Then, the reaction reaches the limits when there is no 
CaO-free surface for CO2 to react with. Finally, the CaCO3 starts forming a layer, and the diffusion stages slow down at a certain 
thickness of CaCO3 layer due to the lack of active CaO to react with CO2 to become CaCO3. The thickness of the product layer varies 
between 22 and 90 nm based on the properties of sorbent and operating conditions [59,60]. 

The sorption performance can be analysed in terms of carbonation conversion or CO2 capture capacity. The equations for 
carbonation conversion and CO2 capture capacity as shown in Equations (3) and (4), respectively. 

CO2 capture capacity=
weight of captured CO2

weight of sorbent
=

mf - m0

m0
(3)  

Carbonation conversion=
mol of reacted CaO

mol of sorbent
=

(
mf - m0

) /44

m0

/56 × x
(4)  

where mf is the mass of the sorbent at the end of carbonation at each cycle, m0 is the initial mass at each cycle, and x is the mass fraction 

Fig. 2. Schematic diagram of carbonation conversion during carbonation reaction. Reproduced from Ref. [34].  
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of the active CaO in the cycle. 

2.2. Calcination reaction 

Calcination reaction is an endothermic process where additional fuel is necessary to achieve a rapid reaction at 850 ◦C–950 ◦C 
without excessive sintering. Equation (2) shows the calcination reaction where the CaCO3 must be heated to break into CaO and CO2. 
Theoretically, pure CO2 stream outlet production is at 900 ◦C under atmospheric conditions. Even though the high calcination tem-
perature (900 ◦C) is favourable in reaction kinetics, it can lead to the sintering effect where the pore shape of CaCO3 is affected, leading 
to the grain growth of CaCO3. The sintering effect occurs when the sintering temperature exceeds the Tammann temperature of the 
sorbent, which is generally 50%–75% of the melting point temperature of the sorbent [61]. At this stage, the grain boundary integrates 
and causes agglomeration due to the activation of the diffusion of ions and cavities that leads to a reduction in surface area and 
reduction in CO2 capture capacity. The Tammann temperature of CaCO3 is 533 ◦C [62] and exceeding this temperature causes the 
sintering effect and degrades the sorbent performance in CaL. 

3. Classification of CaO-based sorbents 

Based on previous literature review, the different types of CaO sorbent precursors exhibits various carbonation conversion or CO2 
capture capacity. In this review, the approach suggested by Chen et al. (2020) [28], and Erans et al. (2016) [34] is used to classify the 
resources of CaO sorbent precursors based on the originality of resources. The type of resources is classified into two categories, i.e. 
natural, and industrial waste. Thus, this part focuses on the general introduction and the drawbacks of the various type of CaO 
sorbents. 

3.1. Natural CaO sorbent 

Natural CaO sorbents include limestone, dolomite and other natural materials, such as biogenesis calcium waste and mangano 
calcite material. 

Limestone is widely used as a CaO sorbent in the CaL cycle due to its non-toxic properties, availability and low cost [63]. The cost of 
limestone is reported to be approximately $110/tonnes [64]. Limestone is a sedimentary rock that consists of more than 95% calcium 
carbonate, CaCO3, which has a typical carbonation conversion of 80% on the first cycle but drops at approximately 15%–20% after the 
subsequent cycle [35]. The low stability especially after 20 cycles is mainly attributed to the sorbent sintering and pore blocking under 
mild calcination temperature, i.e. in between 750 ◦C and 900 ◦C [65]. The sintering effect is attributed to the loss of micropores and 
mesopores, which then causes the reduction in surface area and total pore volume. The carbonation conversion of limestone decreases 

Fig. 3. Type of biogenesis calcium waste.  
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Table 2 
CO2 capture capacity for different types of natural CaO precursors.  

Natural CaO sorbent Powder 
size 

Process condition Cycles Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Sorption 
Performance 
(g CO2/g 
sorbent) 

Deactivation 
(%) 

Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Limestone 125–250 
μm 

At 700 ◦C, for 20 min, under 15 vol% 
CO2 

At 900 ◦C, for 20min, under 
80 vol% CO2 

20 10.0 3.4 0.040 0.0004 0.45 0.10 78.0 [65] 

Mangano calcite – At 650 ◦C, for 20 min, under 15 vol% 
CO2/85 vol % N2 

At 900 ◦C, for 10min, under 
100 vol% N2 

20 8.9 5.2 – – 0.38 0.23 40.0 [77] 

Limestone 150–180 
μm 

At 850 ◦C, for 20 min, under 100 vol% 
CO2 

At 725 ◦C, for 5min, under 
100 vol% N2 

20 11.4 – 0.066 – 0.61 0.33 45.9 [79] 

Dolomite 150–180 
μm 

At 850 ◦C, for 20 min, under 100 vol% 
CO2 

At 725 ◦C, for 5min, under 
100 vol% N2 

20 29.5 – 0.195 – 0.45 0.40 11.1 [79] 

Biogenesis calcium waste – 
Eggshells 

– At 700 ◦C, for 10 min, under CO2 At 900 ◦C, for 5min 10 – – – – 0.23 0.10 56.5 [80] 

Biogenesis calcium waste 
–Chicken Eggshells 

– At 700 ◦C, for 20 min, under 15 vol% 
CO2/85 vol % N2 

At 850 ◦C, for 10min, under 
100 vol% N2 

20 15.2 – 0.08 – 0.47 0.15 66.7 [81] 

Biogenesis calcium waste 
–Cockle shells 

– At 800 ◦C, under 100 vol% CO2 At 850 ◦C, for 20min, under 
100 vol% N2 

9 – – – – 0.51 0.20 61.5 [82]  

N
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more rapidly at high calcination temperatures (above 900 ◦C) due to the sintering effect [66]. 
Meanwhile, dolomite is abundant on Earth. It is a carbonate material that is composed of calcium magnesite carbonate, and it is a 

good alternative for low-cost, calcium-based CaO sorbents. The cost of dolomite is estimated to be approximately $100/tonnes [64]. 
Thus, it is suitable to be used for large-scale production where the cost of the raw material is cheap, thus reducing the production cost. 
The CaO content in dolomite is approximately 37%, which is lesser than limestone [67]. This content contributes to a low initial CO2 
capture capacity, although dolomite has higher stability than limestone. The presence of magnesium oxide (MgO) in the CaO sorbent, 
which is inert and capable of producing a high skeleton structure of sorbents, increases the regenerability and stability of sorbents after 
several cycles under mild conditions [68,69]. This skeleton structure obstructs the aggregation or sintering of CaO during calcination 
[70]. In addition, MgO has a high Tammann temperature (1276 ◦C), which helps the sorbent suppress the sintering effect during 
calcination [71]. Moreover, Teixiera et al. (2021) [72] discovered that the deactivation of dolomite after 20 cycles of carbonation at 
700 ◦C under mild calcination conditions was 34%, which is lesser than that of limestone. Nevertheless, the performance of the 
dolomite is affected by high calcination temperature because the MgO skeleton can no longer efficiently prevent crystal sintering. 
Thus, it reduces the surface area of the dolomite, decreasing the CO2 capture capacity and carbonation conversion after several cycles. 

In addition to limestone and dolomite, biogenesis calcium waste such as eggshell, shellfish, cuttlefish bones, clam shells, cockle 
shells, scallop shells, crab shells, and oyster shells has been proposed for the type of CaO sorbent in the CaL cycle [73]. Fig. 3 shows 
several examples of these biogenesis calcium wastes. This alternative was introduced because natural resources, such as limestone and 
dolomite, are non-renewable and energy-intensive to exploit; moreover, the mining process is harmful to the environment and 
landscape [74]. Eggshells demonstrate a high CO2 capture capacity, and a conversion of 76.41% after the first cycle which is close to 
the theoretical CO2 capture capacity of CaO, i.e. 78.5% under mild conditions, which the calcination temperature at 825 ◦C. However it 
diminishes in subsequent cycles (conversion of 43.98%) due to sintering and attrition/fragmentation [75,76]. 

In addition, using mangano calcite as sorbent exhibits better cyclic performance for CO2 capture capacity and carbonation con-
version than limestone, even under various calcination conditions [77]. The mangano calcite is composed of CaO and calcium 
manganese oxide (Ca2MnO4), where Ca2MnO4 in calcined mangano calcite promotes the sorbent’s excellent anti-sintering properties. 
However, resources for mining mangano calcite are limited. 

Table 3 
Analysis of sorbent composition.  

CaO sorbent  Composition (wt%) Ref 

CaO MgO SiO2 CO2
b Loss on Ignition (LOI)a Others 

Limestone 55.92 0.37 0.18 – 43.46 0.07 [54] 
Purbeck limestone 53.49 0.50 1.30 41.97 – 2.74 [83] 
Limestone 55.27 0 0.58 – 43.92 0.23 [46] 
Dolomite 36.02 12.47 1.13 – 43.04 7.34 [84] 
Dolomite 32.20 10.90 24.10 – 22.0 10.80 [85] 
cCalcined eggshells 97.08 0.54 1.27 – – 1.07 [86] 
cCalcined duck eggshells 97.81 0.66 0.26 – – 1.27 [87] 
Waste Marble Powder 54.50 0.90 0.80 – 42.85 0.95 [88] 
dBlast Furnace Slag 36.84 10.14 34.27 – – 18.75 [89]  

a LOI = Loss on ignition from XRF analysis due to the presence of volatile components. 
b CO2 = One of the volatile components that contribute to the LOI. 
c Low LOI is detected on the calcined samples due to the exposure to high temperatures causing the expulsion of volatile components. 
d Low LOI is detected leading to minimal mass loss during ignition where no volatile components are present. 

Fig. 4. SEM pictures of (a) limestone and (b) dolomite samples after being subjected to carbonation/recarbonation/calcination cycles (precalcined, 
air 850 ◦C and regenerated by calcination under 70% CO2 at 950 ◦C). Reproduced from Ref. [78]. 
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Table 4 
Comparison between industrial waste.  

CaO sorbent CaO content 
(%) 

Powder 
size 

Process condition Cycles Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Sorption 
Performance 
(g CO2/g 
sorbent) 

Deactivation 
(%) 

Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Carbide Slag 73.88 105 μm At 750 ◦C, under 30 vol% CO2/ 
70 vol % N2 

At 900 ◦C, under 100 vol 
% N2 

20 18.4 – 0.133 – 0.41 0.32 21.95 [81] 

Lime Mud 52.54 0.125 mm At 700 ◦C, for 30 min, under 15 
vol% CO2/85 vol % N2 

At 850 ◦C, for 10min, 
under 100 vol% N2 

30 6.2 – 0.016 – 0.33 0.07 77.5 [93] 

Blast Furnace Slag – 
leached with nitric 
acid 

40.94 0.05–0.1 
mm 

At 650 ◦C, for 10 min, under 20 
vol% CO2/80 vol % N2 

At 900 ◦C, for 5min, 
under 100 vol% N2 

20 – – – – 0.37 0.23 37.83 [100] 

Waste Marble Powder 28.27 <170 μm At 650 ◦C, for 30 min, under 15 
vol% CO2/85 vol % N2 

At 850 ◦C, for 5min, 
under 100 vol% N2 

20 6.0 – – – 0.63 0.25 60.3 [105]  
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Table 2 shows that limestone has the highest initial CO2 capture capacity amongst natural sorbents due to its more active and 
higher CaO content presence compared with other sorbents, as shown in Table 3. However, limestone degrades rapidly after 20 cycles. 
Meanwhile, dolomite exhibits high stability amongst these sorbents due to presence of MgO but with low initial CO2 capture capacity 
due to the low percentages of CaO. The presence of MgO skeleton improves the stability of dolomite. Fig. 4(a) and (b) shows the 
morphology of limestone and dolomite, respectively when subjected to carbonation/calcination cycles using scanning electron mi-
croscopy (SEM). The morphology of limestone is markedly sintered, resulting in the reduction in the reactive surface area, which 
causes low stability after several cycles. Meanwhile, the cycled dolomite exhibits higher porosity and the MgO grains are segregated 
from sintered CaO and appear to be resistant to sintering [78]. Even though eggshells have the highest CaO content amongst other 
sorbents, they exhibit lower initial CO2 capture performance than limestone, probably due to less active CaO presence in an eggshell. 
The improvement of these natural sorbents is discussed in Section 4.0. 

3.2. Industrial waste CaO sorbent 

Industrial waste CaO sorbents, such as LM, CS, BFS and WMP, are widely used in CaL. 
LM is a solid waste from the paper mill industry that is useful in CaL because the main component is CaCO3 [90,91]. LM can achieve 

Fig. 5. SEM pictures of (a) LM, 1st cycles, (b) LM after 100 cycles (c) CS after 1 cycle (d) CS after 10 cycle (e) fresh WMP (f) WMP after 20 cycles. 
Reproduced from Ref (a),(b) [92], (c),(d) [104], (e),(F) [102]. 
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the highest carbonation conversion when carbonated at 700 ◦C, but the carbonation conversions decrease with the increase in 
calcination temperature from 850 ◦C to 1000 ◦C [92]. Moreover, LM exhibits lower carbonation conversion than limestone due to the 
chlorine content in the lime mud [92,93]. The increase in chlorine content causes a decrease in pore volume and surface area by 71.3% 
and 44.5%, respectively, and limits the CO2 diffusion and carbonation reaction during carbonation. Thus, the pre-washed process of 
LM can remove the chlorine during the preparation of sorbent and enhance the CO2 capture capacity [93]. However, LM still dem-
onstrates slow carbonation rate during chemical reaction stages and high carbonation rate during solid diffusion-controlled stages. 
This prolonged carbonation duration is not favourable in actual condition of CaL. 

The CS is one of the industrial wastes generated by the production of acetylene gas (C2H2) and contains Ca(OH)2 as the primary 
material. Approximately 75 million tonnes of global PVC production was generated in 2021 [94,95]. It has caused severe environ-
mental pollution and land waste because the carbide slag is disposed of at a landfill near a chlor alkali plant [96,97]. CS demonstrates a 
high stability of CO2 capture capacity due to the calcium hydroxide (Ca(OH)2) composition undergoing dehydration during the 
calcination process to form CaO [94]. However, the initial CO2 capture capacity is 0.42 g CO2/g sorbent, which is lower than that of 
limestone. 

In addition, the BFS is introduced as a potential CaO sorbent. It is a non-biodegradable waste material from steel and iron pro-
duction [98]. Approximately the production of BFS exceeds several dozen million tonnes (about 25 million) annually [99] and waste 
control of the BFS is crucial to reducing environmental pollution. The BFS is calcium, Ca– and silica, Si–rich and is contemplated to be 
used as CaO-based sorbent. However, acid is used to activate the BFS as CaO sorbent, called the leaching process. During this process, 
the concentration of nitric acid (NA) and duration of shaking must be at the optimum condition of 3 mol/L and 120 min, respectively 
[100]. Leaching is important because carbide furnace slag has a limited pore structure of BFS, which limits adsorption efficiency and 
thus restricts the CO2 capture capacity [101]. However, leaching can contribute to additional costs due to acid usage, which is also not 
environmentally friendly. Furthermore, WMP is introduced as another CaO sorbent. 

WMP is generated after the cutting and polishing procedures of the marble rock. An estimated 20% of the total marble handles is 
transformed into waste; a marble producer plant produces about 250–400 tonnes of WMP annually [102]. The disposable components 
of WMP becomes a huge concern because it is landfilled, leading to severe environmental pollution. Similarly, the usage of WMP as 
CaO sorbent in CaL results in high initial carbonation conversion. The reactivity of cyclic stability decreased from 68% (first cycle) to 
53% (20 cycles) compared with calcite that was obtained from a company called Cimentos de Portugal, E.P. (CIMPOR) [103]. 

Industrial waste becomes an alternative type of CaO precursor in CaL. Using industrial waste in CaL can reduce landfills and the cost 
of CaO precursors. As shown in Table 4, the WMP exhibits a high CO2 capture capacity of 0.63 g CO2/g sorbent, but the degradation 
decreases considerably over the cycles, indicating low stability. Fig. 5(a) and (b) illustrate the morphology of LM after the first cycle, 
and it shows a compact structure, which indicates that the presence of chlorine aggravates its sintering during calcination. Meanwhile, 
the CS and BFS demonstrate high stability over the cycles and have low CO2 capture capacity. However, LM produces large pores 
(>1000 nm) in the surface after 100 cycles, which is not beneficial to carbonation because the reduction in surface area causes less 
reaction to occur during carbonation [92]. Meanwhile, CS still appears compact and expensive after 10 cycles, which is beneficial for 
CO2 diffusion as shown in Fig. 5(c) and (d) [104]. Fig. 5(e) and (f) show the dismantled aggregates of sintered particles with visible 
fissures and cracks after 20 cycles of WMP that is associated with the formation of mesopores which causes low stability [102]. Thus, 
improving these industrial wastes can improve the stability and CO2 capture capacity of CaO sorbent. 

4. Improvement of sorbent 

Sorption performance has been substantially improved in terms of carbonation conversion and CO2 capture capacity, and stability 
of the CaO sorbent. Hence, this part aims to provide details about the improvement for limestone, dolomite, biogenesis calcium waste 
and industrial waste. 

4.1. Limestone 

The degradation of limestone became noticeable over increasing numbers of carbonation/calcination cycles especially under high 
calcination temperature, i.e. more than 800 ◦C [66]. The sintering effect and closure of pores contributed to this degradation, thus 
reducing the CO2 capture capacity and carbonation conversion. Several efforts had been made to improve this degradation, e.g. acid 
modifications, doping and various pre-treatment of sorbent. 

4.1.1. Acid modifications of limestone 
Different acids exhibit different sorption capacities in acid modifications, and the price of acid becomes a major concern. Therefore, 

organic acids were used in acid modifications. 

4.1.1.1. Formic acid. Formic acid (FA) demonstrated a high CO2 capture capacity, 0.6 g CO2/g sorbent despite having low surface area 
and pore volume after acid treated as shown in Fig. 6(c) and demonstrate the outcome of compacted surface with few cracks after 20 

Fig. 6. SEM images of the acid-modified limestone (a) Fresh GA (GA) (b) GA 10 cycles (c) Fresh FA (d) calcined FA (e) Fresh TA (f) TA 26 cycles (g) 
Fresh AA (h) AA 20 cycles (i) Fresh PA (j) PA 100 cycles (k) PrA 1 cycle (l) PrA 26 cycles. Reproduced from (a),(b) from Ref. [113], (c), (d) from 
Ref. [106], (e),(f) from Ref. [109], (g),(h) from Ref. [110], (i),(j) from Ref. [112], (k)(l) from Ref. [111]). 

N. Afandi et al.                                                                                                                                                                                                         



Heliyon10(2024)e27119

12

Table 5 
Limestone with acid modification.  

Type of acids Sorbent size Process condition Cycles Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Sorption Performance (g CO2/g 
sorbent) 

Deactivation 
(%) 

Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Formic acid <53 μm At 650 ◦C, for 20 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 5 min, 
under 100 vol% N2 

20 2.9 – 0.007 – 0.60 g CO2/g 
sorbent 

0.22 g CO2/g 
sorbent 

63.3 [106] 

Various acid (Acetic acid, Formic acid, 
Vinegar, Oxalic acid) 

<53 μm At 650 ◦C, for 20 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 5 min, 
under 100 vol% N2 

20 2.7 – 0.009 – 0.54 g CO2/g 
sorbent 

0.23 g CO2/g 
sorbent 

57.4 [107] 

Acetic acid 0.05–0.074 
mm 

At 700 ◦C, for 20 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 15 min, 
under 100 vol% N2 

10 17.5 11.0 0.210 0.145 94% 
Conversion 

76% 
Conversion 

19.1 [108] 

Various organic acid (formic acid, 
acetic acid, propionic acid, citric 
acid, oxalic acid, lactic acid, malic 
acid, tartaric acid) 

<150 μm At 650 ◦C, for 30 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 900 ◦C, for 10 min, 
under 100 vol% CO2 

26 13.2 – – – 82% 
Conversion 

36% 
Conversion 

56.1 [109] 

Acetic acid N/A At 650 ◦C, for 30 min, 
under 15 vol% CO2/ 
85 vol% air 

At 900 ◦C, for 5 min, 
under 70 vol% CO2/ 
30 vol% air 

20 – – – – 0.22 g CO2/g 
sorbent 

0.08 g CO2/g 
sorbent 

63.3 [110] 

Propionic acid <0.125 mm At 700 ◦C, for 30 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 15 min, 
under 100 vol% N2 

10 11.3 5.2 0.064 0.022 98% 
Conversion 

64% 
Conversion 

34.5 [111] 

Pyroligneous acid <0.125 mm At 700 ◦C, for 30 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 5 min, 
under 100 vol% N2 

20 13.8 5.0 0.117 0.090 75% 
Conversion 

45% 
Conversion 

40.0 [112] 

Gluconic acid N/A At 700 ◦C, for 20 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 950 ◦C, for 5 min, 
under 100 vol% CO2 

10 – –  – 0.63 g CO2/g 
sorbent 

0.33 g CO2/g 
sorbent 

47.6 [113] 

Acetic acid N/A At 650 ◦C, for 30 min, 
under 15 vol% CO2/ 
85 vol% N2 

At 850 ◦C, for 5 min, 
under 100 vol% N2 

20 – – – – 80% 
Conversion 

50% 
Conversion 

37.5 [114]  

N
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cycles as shown in Fig. 6(d) [106]. However, the CO2 capture capacity degrades rapidly after a few cycles similar to other acids due to 
the sintering effect [107]. Moreover, the concentrations of FA were found to have no remarkable effect due to the calcination of 
calcium formate. In addition, the mixtures of limestone with FA produce formaldehyde gas which is toxic and flammable and the usage 
of FA is not practical for safety purposes. Moreover, FA modification does not increase the surface area and pore volume, in contrast to 
other acid modifications. 

4.1.1.2. Acetic acid. Acetic acid (AA) is commonly used as a modifier of limestone. The carbonation conversion of modified acetic acid 
is 2.33 higher than unmodified calcined limestone [108] and higher than other organic acids during the initial cycle [109]. This 
characteristic contributes to a high porous surface and small grain size due to the decomposition of calcium acetate into acetone, CO2 
and CaO [108]. Moreover, modified limestone with AA as sorbent can reduce the energy penalty when integrating with a power plant. 
However, these statements contradict when under realistic conditions (calcination at 900 ◦C to promote exothermic calcination re-
action efficiently), where AA modification exhibits lower CO2 capture capacity than natural limestone due to the sintering intersection 
from calcium acetate, as shown in Fig. 6(h) [110]. Essentially, the AA modification demonstrates grains with a rod-shape like, as shown 
in Fig. 6(g). Despite good performance when the calcination temperature is less than 900 ◦C, the high viscosity of AA still causes 
difficulties in transportation inside the reactor [111]. Moreover, the acetified sorbent enhances sulphation compared with 
non-acid-treated ones, such as pure limestone, and causes the irreversible formation of calcium sulfate (CaSO4). Thus, AA treatment is 
not beneficial when sulphur dioxide (SO2) is present in the flue gases [107]. 

4.1.1.3. Propionic acid. In addition to AA, propionic acid (PrA) modification enhances limestone’s anti-sintering properties when 
calcined at 850 ◦C–950 ◦C [111]. The carbonation conversion of modified limestone with PrA is 3.9 times higher than unmodified 
limestone, even after 100 cycles. Fast carbonation rate and high conversions are exhibited with modified limestone due to a fluffier and 
porous structure than unmodified limestone, which promotes small diffusion resistance in the sorbent as shown in Fig. 6(k) and (l). 

4.1.1.4. Pyroligneous acid. Pyroligneous acid (PA) can be an alternative to acetic acid. Modified PA demonstrated high carbonation 
conversion, which is four times higher than untreated limestone at a calcination temperature of 960 ◦C. The ratio of PA to limestone 
influences the CO2 capture capacity where the optimal ratio is 20 mL/g. Treated sorbents exhibit better pore structure parameters, such 
as surface area, pore volume, and pore size distribution, than untreated limestone. However, it contains many impurities due to the 
sources of acid from acid waste and needs pre-treatment to remove the impurities [112]. Furthermore, there is a reduced occurrence of 
sintering in the treated limestone even after 100 cycles when compared to the initially treated limestone, as illustrated in Fig. 6(j) and 
(i), respectively. 

4.1.1.5. Gluconic acid. Gluconic acid (GA) also exhibits a higher initial CO2 capture capacity than unmodified limestone but has low 
stability where the CO2 capture capacity drops to approximately 0.3 g CO2/g sorbent from 0.625 g CO2/g sorbent after 10 cycles [113]. 
The high initial CO2 capture capacity is due to relative porous sheet like structure with small-sized grains, as shown in Fig. 6(a). The 
low CO2 capture capacity after 10 cycles is attributed to the compact structure and shifting of the general pore size towards larger pores 
as shown in Fig. 6(b), which are not beneficial in CO2 capture. 

4.1.1.6. Tartaric acid. Hu et al., 2016 [109] investigated the effect of FA, AA, PrA, citric acid (CA), oxalic acid (OA), lactic acid (LA), 
malic acid (MA), and tartaric acid (TA) at a calcination temperature of 900 ◦C. TA exhibits the most effective carbonation conversions 
than other acids because it shows good anti-sintering properties which prevents the aggregation of grains, resulting in higher specific 
surface area at any operating conditions, as shown in Fig. 6(e) and (f). However, this study recommends introducing hydration 
treatment between two cycles for the modified sorbent. The summary of acid modifications for limestone is included in Table 5. 

4.1.1.7. Summary of acid-modified limestone. Acid modifications were found to benefit the CO2 capture capacity of the limestone due 
to its ability to exhibit higher surface area and pore volume. The improvement of CO2 capture capacity by acid modification promotes 
the more active CaO, resulting in high CO2 capture capacity. The certain range of surface area of acid-modified limestone ranges from 
2.0 m2/g to 18.0 m2/g depending on the various limestone and acids. Meanwhile, the pore volume ranges from 0.007 cm3/g to 0.200 
cm3/g to exhibit high CO2 capture capacity. 

Even though surface area and pore volume affect the CO2 capture capacity, the amount of micropores (less than 2 nm) and 
mesopores (between 2 nm and 100 nm) can also affect the CO2 capture capacity. The surface area, and pore volume of the acid- 
modified limestone depend on the pore size distribution, which has ranges of 1.8–4.6 nm and 18–155 nm, respectively. High 
amounts of micropores and mesopores are needed to exhibit high CO2 capture capacity. Moreover, the formation of calcium formate 
demonstrates low surface area and pore volume but can exhibit high CO2 capture capacity. The formation of calcium acetate exhibits 
better CO2 capture capacity than calcium carbonate. Thus, acid modification can produce the formation of other calcium than calcium 
carbonate that enhances the CO2 capture capacity of CaO sorbent. Moreover, TA is found to demonstrate CO2 capture capacity more 
than other organic acids. 

4.1.2. Dopants of limestone 
Dopants are introduced into limestone to enhance CO2 capture capacity and stability. The primary function of dopants is to modify 

the properties of limestone, improving reactivity and anti-sintering properties. Various dopants have been used in the modification of 
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limestone, including salt solutions, seawater and inert materials. 

4.1.2.1. Salt solution. Salt solution is a dopant material that can be used to enhance the CO2 capture capacity of sorbents. Salt solutions 
such as potassium chloride (KCl) and potassium carbonate (K2CO3) [115] at different concentrations of 0.5 M and 0.05 M was doped 
for two different types of limestone. The results showed that 0.5 M KCl demonstrated high reactivity of long-term and low deactivation 
rate using Imeco limestone. However, it exhibited low initial reactivity because doping was restricted to the surface and not incor-
porated into the particle. Thus, potassium carbonate can be applied to reduce the attrition rate due to the agglomeration of the sorbent. 
However, Imeco limestone doped with K2CO3 exhibited poor reactivity at any concentration due to its high friability. This study 
contradicts with Xu et al. (2023) [116], where low amounts of K2CO3 (0.5 mol ratio) improved the CO2 capture capacity at 0.55 g 
CO2/g sorbent. A pore volume between 20 and 80 nm was found, indicating that high CO2 capture capacity can be achieved through 
the doping of K2CO3. 

Furthermore, the introduction of alkali salt dopants, such as KCl and sodium chloride (NaCl), improved the carbonation conversion 
of the CaCO3 sorbent. This enhancement is attributed to the presence of K cations and Na cations in conjunction with Cl anions [117]. 
Whilst the Cl anion has the effect of retarding sintering, it simultaneously led to a decrease in carbonation conversion. However, the 
collaborative effect of K+, Na+ and Cl− ions synergistically promoted the overall carbonation conversion of the CaCO3 sorbent. 
Moreover, at carbonation temperatures exceeding 650 ◦C, NaCl formed a thin molten layer that covered the surface of CaO. This 
coating enhanced the transportability of CO2 within the modified sorbent, leading to a considerable improvement in the carbonation 
ability during repeated CaL cycles [118]. 

4.1.2.2. Seawater. Seawater was also doped to the limestone to exhibit high CO2 capture capacity. However, seawater-doped 
aluminate cement-modified limestone behaved poorly compared with undoped aluminate cement-modified limestone. This can be 
attributed to the lower presence of macropores in the undoped version, as depicted in Fig. 7(a) and (b). The decrease in macropores 
serves to mitigate surface area loss, thereby contributing to an improved CO2 capture capacity. Meanwhile, doping causes the for-
mation of eutectic mixtures from the melting of limestone and aluminate cement at different seawater concentrations, which leads to 
the formation of a flat surface at grain, indicating the eutectic melt to plug the macropores hindering the CO2 adsorption, as shown in 
Fig. 7(c) and (d) [119]. The high CO2 capture capacity of seawater-doped limestone can be achieved at relatively low doping con-
centration However, seawater-doped limestone improves the CO2 capture capacity of limestone at low doping concentrations of 2.6 ×
10− 4 g [Na+]/g [original limestone] and 4.7 × 10− 4 g [Cl− ]/g [original limestone] [120]. Moreover, reducing the mass ratio of sea salt 
exhibits a high CO2 capture capacity, i.e. 0.58 g CO2/g sorbent, but decreases rapidly after 20 cycles [121]. 

4.1.2.3. Inert materials. Aluminium oxide, Al2O3–doped limestone was used to achieve the highest CO2 capture capacity [122]. The 
composition of 90:10 of calcium acetate and aluminium nitrate using the hard templating method with absorbent cotton as template 
exhibited the highest CO2 capture capacity amongst other compositions due to the hollow microtubular structure produced. This 
resulted in a reduction in markup flow, which is 34% lower than limestone when used inside the twin fixed bed reactors [123]. Then, 

Fig. 7. SEM images of aluminate cement modified limestone (a) As-it-is (b) As-it-is first cycle (c) doped seawater (d) doped seawater 20 cycles 
(Reproduced from Morona et al., 2019 [119]. 
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the addition of calcium aluminate cement in limestone produced mayenite (Ca12Al14O33), which acted as thermally stable and me-
chanical support that reduced the sintering effect. However, nano limestone doped with calcium aluminate demonstrated the highest 
CO2 capture capacity and stability over long cycles owing to more extensive interface contact with cement where numerous 
Ca12Al14O33, is formed. Meanwhile, Teixeira et al. (2022) [124] found that adding less than 38% of Al2O3 produced more tricalcium 
aluminate (Ca3Al2O6), than calcium aluminate (CaAl2O4). The presence of Ca3Al2O6 and CaAl2O4 reduces the available CaO for CO2 
capture capacity. However, the substantial quantity of CaAl2O4 serves as structural support, enhancing the mechanical resistance of 
the sorbent. This improvement in mechanical strength contributes to an overall enhancement in the CO2 capture capacity of the 
sorbent. The composition of 60:40 of limestone and Al2O3 can produce high CaAl2O4, which exhibits the highest carbonation con-
version due to the yield of mesopores and provides active sites for CO2 adsorption. 

Zinc-oxide, ZnO–doped limestone [125] demonstrates lower carbonation conversion, i.e. approximately 82% compared with the 
undoped one, which demonstrates 90% during the first 20 cycles but remains higher afterwards (100 cycles). The high reaction is due 
to the anti-sintering effect, effective Zener pinning force, and self-reactivation phenomenon. Meanwhile, adding zirconium dioxide 
(ZrO2) in limestone increased the carbonation conversion from 19% to 40% after 20 cycles due to the high Tammann temperature of 
ZrO2 that prevents sintering during calcination [126]. However, adding ZrO2 demonstrates lower initial carbonation conversion than 
undoped limestone during the first cycle but remains stable afterwards. 

Then, adding cerium (IV) oxide, CeO2 exhibits high CO2 capture capacity (0.72 g CO2/g sorbent), which slowly decreases to 0.65 
CO2/g sorbent after 10 cycles due to its anti-sintering properties [127]. In addition to high CO2 capture capacity, doped CeO maintains 
the stability of limestone after several cycles. The summary of limestone reinforcement is included in Table 6. 

4.1.2.4. Summary of doped limestone. In summary, the addition of dopants to limestone enhances stability but often leads to a lower 
initial CO2 capture during the first cycle. These dopants activate anti-sintering properties that effectively mitigate the sintering of 
regenerated CaO during calcination, even under harsh conditions and temperatures exceeding 900 ◦C in practical applications. 

However, limestone modified with Al2O3, resulting in Ca3Al2O6, exhibits an inferior CO2 capture capacity. Higher levels of Al2O3 in 
limestone modification promote the formation of a larger volume of pores smaller than 10 nm, contributing to the reduced CO2 capture 
capacity. The optimal pore size for effective CO2 capture capacity falls between 20 and 100 nm, with an increased number of pores 
within this range correlating with higher CO2 capture capacity. For example, CeO–doped limestone demonstrates a CO2 capture ca-
pacity of 0.72 g CO2/g sorbent, with the pore size ranging from 10 to 100 nm. This CO2 capture capacity is almost near the theoretical 
maximum of 0.786 g CO2/g sorbent. 

Whilst dopants have the potential to enhance CO2 capture capacity and resist sintering effects, careful consideration of the 

Table 6 
Dopants.  

Type of dopants Composition Powder 
size 

Type of 
reactors 

Process condition Cycles Sorption Performance (g 
CO2/g sorbent) 

Ref  

Carbonation Calcination Initial Final 

Salt solution 
(KCl, K2CO3) 

0.5 M 500–710 
μm 

Fluidised 
Bed 

At 700 ◦C, for 10 
min, under 15 vol 
% CO2/85 vol% N2 

At 900 ◦C, for 10 
min, under 100 
vol% CO2 

10 0.42 g CO2/ 
g sorbent 

0.25 g CO2/ 
g sorbent 

[115] 

Dope: Seawater 
(Natural, 
Pure) 
Binder: 
Calcium 
aluminate 
cement 

10% 300–500 
μm 

TGA At 650 ◦C, for 15 
min, under 15 vol 
% CO2/85 vol% N2 

At 850 ◦C, for 3 
min, under 100 
vol% N2 

20 70% 
Conversion 

27% 
Conversion 

[119] 

Alumina, Al2O3 

hard 
templating 

90:10 – Twin 
fixed-bed 

At 700 ◦C, for 20 
min, under 20 vol 
% CO2/80 vol% N2 

At 850 ◦C, for 10 
min, under 100 
vol% N2 

30 0.63 g CO2/ 
g sorbent 

0.58 g CO2/ 
g sorbent 

[122] 

Calcium 
aluminate 

– 50 nm TGA At 650 ◦C, for 30 
min, under 15 vol 
% CO2/85 vol% N2 

At 850 ◦C, for 10 
min, under 100 
vol% N2 

15 0.47 g CO2/ 
g sorbent 

0.23 g CO2/ 
g sorbent 

[123] 

Alumina, Al2O3 60:40 125–250 
μm 

Fixed bed At 700 ◦C, for 3–8 
min, under 25 vol 
% CO2/75 vol% 
Air 

At 930 ◦C, for 15 
min, under 80 vol 
% CO2/20 vol% 
Air 

10 77% 
Conversion 

25% 
Conversion 

[124] 

Zinc oxide, ZnO – N/A TGA At 600 ◦C, for 10 
min, under 100 vol 
% CO2 

At 800 ◦C, for 10 
min, under 100 
vol% Ar 

100 82% 
Conversion 

38% 
Conversion 

[125] 

Zirconium oxide, 
ZrO2 

95:5 160 μm TGA At 850 ◦C, for 5 
min, under 100 vol 
% CO2 

At 9850 ◦C, for 5 
min, under 100 
vol% CO2 

20 78% 
Conversion 

50% 
Conversion 

[126] 

Cerium Oxide, 
CeO 

90:10 – Four 
fixed-bed 

At 700 ◦C, for 20 
min, under 15 vol 
% CO2/85 vol% N2 

At 800 ◦C, for 10 
min, under 5 vol 
% CO2/95 vol% 
H2O 

10 0.71 g CO2/ 
g sorbent 

0.67 g CO2/ 
g sorbent 

[127]  
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associated costs is essential because it can considerably affect operational expenses. 

4.1.3. Treatment of limestone 
Limestone treatments, such as hydration, hydrogen chloride (HCl), and thermal treatment, can be used to increase the sorbent CO2 

capture at high temperatures, which may be a cost-effective approach. 

4.1.3.1. Hydration. Introducing steam during the carbonation stage increases the CO2 capture capacity by 15% more than normal 
carbonation due to the decrease in the fraction of fines lost by elutriation, indicating the sorbent resistance towards attrition [128]. In 
addition, the presence of steam can increase the diffusion of CO2 through the sorbent pores [129,130]. 

4.1.3.2. HCl treatment. Meanwhile, HCl treatment was administered during the carbonation step in some cycles; after third 
carbonation is beneficial to increase the carbonation conversion due to the formation of calcium hydroxychloride (CaClOH) [131]. The 
HCl addition in the previous three cycles demonstrated the highest initial carbonation conversion and the most stable amongst other 
cycles at a calcination temperature of 850 ◦C. However, the result contradicts the study by Symnonds et al.(2021) [132] where HCl 
demonstrated low carbonation conversion at 870 ◦C due to the formation of calcium chloride (CaCl2) onto the surface, causing an 
increase in CO2 diffusion resistance. Moreover, the contradiction is probably due to the number of HCl additions during the 
carbonation stages. Nevertheless, carbonation conversion increases with the presence of HCl and steam, where the CaCl2 decomposes 
to CaO during this calcination process. However, the presence of HCl can lead to potential corrosion and hence, equipment failure 
issues. 

4.1.3.3. Thermal treatment. During the thermal treatment, the pelletised sorbents consisting of limestone and calcium aluminate- 
based cement were heated in an in-situ reactor at 900 ◦C in flowing gases [133]. Initially, the thermal treatment exhibited low 
initial CO2 capture capacity but eventually displayed high stability after the third cycle, especially at 7.5 ◦C/min, suggesting that the 
thermal treatment had stabilised the pellets. Moreover, increasing the percentage of steam to the sorbent increases CO2 capture, 
especially at 30% of steam. 

Moreover, the thermal treatment at 1100 ◦C demonstrated the highest CO2 capture capacity compared with that at 900 ◦C, 1000 ◦C, 
and 1200 ◦C [134]. However, the degradation trends remained unchanged over the carbonation/calcination cycles. Adding MgO 
through hydration maintained the stability of limestone treated at 1100 ◦C but with a lower initial CO2 capture capacity than that 
without MgO. However, limestone treated at 1100 ◦C demonstrated 83.9% of the initial value after reactivation in humid air. Thus, the 
treatment of limestone, either using steam, HCl, and thermal treatment, can increase the CO2 capture and improve the stability of the 
sorbent. 

4.1.3.4. Summary of treated limestone. Hydration or the steam treatment of limestone has been proven effective in enhancing CO2 
capture capacity, particularly when steam treatment is applied in the calciner reactor or in the calciner and carbonation reactors. The 
microporosity of the sorbent plays a crucial role in determining accessibility and reactivity, with the lowest microporosity observed 
without steam treatment (<1 mm3/g) and increased microporosity with steam treatment (~5 mm3/g). 

The CO2 capture capacity achieved with steam treatment in the calciner and carbonator reaches 0.191 g CO2/g sorbent but de-
activates to 0.078 g CO2/g sorbent after four cycles. Notably, steam treatment inside the carbonator alone demonstrates a larger CO2 
capture capacity than treatment without steam, which is attributed to the catalytic role of steam that enhances CO2 diffusion. Although 
the CO2 capture capacity remains relatively lower than the theoretical capacity of CaO sorbent, the introduction of steam still results in 
a slight improvement. 

The addition of water (H2O) during the process contributes to the hardening of particle surfaces, resulting in a decrease in attrition 
rate. Furthermore, discontinuously adding hydrochloric acid (HCl) is only effective during the early seven cycles in the carbonation 
step, with lesser HCl addition demonstrating better CO2 capture capacity, especially at the third cycle during carbonation. 

Moreover, thermal pre-treatment enhances the sintering effect of the CaO sorbent, influencing its overall performance in CO2 
capture applications. These findings collectively underscore the importance of optimising treatment methods to maximise the effi-
ciency and sustainability of CO2 capture processes. 

4.2. Dolomite 

The enhancement of dolomite is needed to increase the regenerability of CaO sorbents, increase the CO2 capture capacity and 
improve the performance of CaO sorbents, leading to a reduction in operational cost in large-scale applications. Therefore, several 
studies investigating the enhancement of dolomite have been conducted in the past few years (e.g. acid modifications, doping and 
treatment). 

4.2.1. Acid modifications of dolomite 
Acid modification is found to increase the surface area of CaO sorbent, thus increasing the CO2 capture capacity. Organic acids are 

widely used to improve the CO2 capture capacity of CaO sorbent due to the low cost. However, different acids demonstrate different 
CO2 capture capacity. 
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4.2.1.1. Acetic acid. AA can improve the properties of sorbents. However, diluted AA under high CO2 partial pressure, 70% of CO2 
during the calcination process does not improve the capture capacity of dolomite and only demonstrates high residual capture capacity 
when recarbonation is introduced [110]. The MgO grains that presumably mitigate the aggregation and sintering of the CaO grains 
cannot resist the degradation with AA treatment under high CO2 partial pressure. Nevertheless, AA improves the CO2 capture capacity 
more than untreated dolomite at a calcination temperature of 920 ◦C under a high CO2 concentration of 80 vol% [135]. However, AA is 
pricey; thus, waste AA, such as acetone, can be replaced. 

4.2.1.2. Citric acid. Dolomite treated with carbon coating using CA at a high calcination temperature (>800 ◦C) demonstrates three 
times higher CO2 capture capacity than unmodified limestone, especially under a dual calcination environment where two gases were 
used, i.e. air and N2 [136]. The porous structure is preserved after 20 cycles because in situ carbon prevents crystallite agglomeration. 
Furthermore, the Mg-doped calcite phase hinders the de-mixing of Ca and magnesium (Mg), which improves the anti-sintering of 
sorbent [113]. 

4.2.1.3. Gluconic acid. The addition of GA slightly improves the initial CO2 capture capacity and exhibits a similar trend of cyclic CO2 
capture performance of untreated dolomite under a realistic condition due to the preserved high porosity after 10 cycles despite a large 
grain size. Moreover, the presence of a homogeneous mixture of Ca–Mg reduces the segregation of MgO during the carbo-
nation–calcination cycles. 

4.2.1.4. Propionic acid. Furthermore, dolomite modified with PrA has a lower initial CO2 capture capacity than undoped dolomite but 
exhibits a stable CO2 capture capacity [137]. In conclusion, dolomite acid modification improves the sorbent’s stability but shows no 
improvement in terms of initial capture capacity. 

4.3. Summary of acid-modified dolomite 

The introduction of acid to dolomite in the modification process results in an augmentation of surface area and pore volume of the 
sorbent. This enhancement yields an impressive surface area exceeding 20.0 m2/g and a substantial pore volume exceeding 0.080 cm3/ 
g. Notably, acid-modified dolomite surpasses limestone in surface area because the raw dolomite alone already possesses a surface area 
of 18.4 m2/g and a pore volume of 0.076 cm3/g. Using modified acid, low CO2 capture capacity is obtained using PrA from 0.45 g CO2/ 
g sorbent (raw dolomite) to 0.39 (g CO2/g sorbent). However, it can slightly maintain the CO2 capture capacity at 30 cycles. Then, the 
abundance nano size of the modified sorbent is obtained, ranging between 40 and 50 nm. In summary, acid modification of dolomite 
does give minimal impact on improvement of CO2 capture capacity. 

4.3.1. Dopants of dolomite 
Dopants are used to improve the reactivity and anti-sintering properties for dolomite in CaL. Various dopants have been used in the 

modification of dolomite, including alkali metal salt and inert materials. 

4.3.1.1. Alkali metal salt. Alkali metal salt such as sodium bromide (NaBr) were doped to the limestone but showed no improvement in 
CO2 capture capacity compared with NaBr–doped limestone but was able to maintain cyclability in the long-term [138]. Even though 
dolomite naturally consists of MgO, an anti-sintering material, the presence of MgO in calcined dolomite has no considerable effect on 
NaBr–doped dolomite. Moreover, the degradation trend of CaO precursors doped with NaBr contributes to the production of alkali 
metal salts that reduce the sorbent’s melting point temperature and accelerate the sintering effect, which in turn decrease the CO2 
capture capacity. 

However, the presence of NaBr enhances the SO2 capture capacity during the sulphation condition and can maintain the CO2 
capture capacity at a high presence of SO2. The stability of the NaBr-modified dolomite is contributed by larger fractal dimensions (D) 
than unmodified sorbent after 10 cycles [139]. Fractal dimensions refer to the roughness of sorbent surface where the high fractal 
dimension has high CO2 capture capacity. Alkali metal salts, such as sodium carbonate (Na2CO3) and K2CO3, which doped dolomite at 
0.05 M ratio, displayed lower CO2 capture capacity than undoped dolomite [79]. However, the lithium carbonate, Li2CO3–doped 
dolomite at a molar ratio of 0.05 exhibited a similar trend of CO2 capture capacity to undoped dolomite, which is attributed to the 
inhibition effect of the MgO skeleton on sintering. In conclusion, alkali metal salt–doped dolomite does not show any improvement of 
CO2 capture capacity to the dolomite. 

4.3.1.2. Inert materials. Bai et al. (2022) [137] doped the dolomite with Fe1–Mn0.5 but it exhibited a lower initial CO2 capture ca-
pacity but better stability than undoped dolomite. This binary doping of Fe and Mn ions is CaO-based composite. However, the stability 
of acid-modified dolomite is better than acid-modified doped Fe–Mn, even at 30 cycles. 

Thus, doping cannot increase the CO2 capture capacity but only improves the stability of dolomite. Moreover, the extrusion- 
spheronisation technique can be used during the preparation of dolomite-derived composite pellets, which can display good me-
chanical properties such as ability to resist mechanical stress and thermal shock. 
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4.4. Summary of doped dolomite 

The introduction of alkali metal salts has a notable effect on dolomite, reducing its specific surface area from 29.5 m2/g to 3.5 m2/g 
and decreasing pore volume from 0.195 cm3/g to 0.020 cm3/g. Pores larger than 20 nm almost disappear, and causes a low CO2 
capture capacity. However, dolomite modified with lithium carbonate maintains a comparable CO2 capture capacity to unmodified 
dolomite. This outcome suggests that different alkali carbonates exert varying effects on CO2 capture capacity when specific surface 
area and pore volume are low. 

Doping with Fe and Mn results in the formation of calcium magnesium iron oxide (Ca2MgFe2O6), Ca4Mn3O10 and ferric oxide 
(Fe2O3) at increasing dopant concentrations. This doping leads to a decrease in CO2 capture capacity to 0.387 g CO2/g sorbent due to 
the generation of the complex Ca–Mn–Fe. Furthermore, an increase in pore diameter, particularly in the range of 1–3 nm, decreases 
CO2 capture capacity, especially when using NaBr–doped dolomite. Despite this, the material manages to sustain CO2 capture capacity 
after 50 cycles. Hence, dopants for dolomite may not enhance CO2 capture capacity but contribute to maintaining stability over 
carbonation/calcination cycles. 

4.4.1. Treatment of dolomite 
Dolomite treatments are used to enhance the sorbent CO2 capture capacity, such as activation and reactivation. Reactivation of 

spent sorbent can reduce the replacement of new CaO sorbent, which may be a cost-effective approach. 

4.4.1.1. Activation. Sun et al.(2018) [140] performed wet mechanical activation of the dolomite and found that prolonging the ball 
milling duration is beneficial to improving the cyclic CO2 capture capability of wet ball milled dolomite. It is mainly attributed to the 
reduced particle size and maintained porous microstructure, which promotes the accessibility of CO2 to the interior, free CaO. 
Moreover, calcined dolomite with ball milled treatment enhances the sorption capacity and stability of the sorbent [67]. The samples 
show no sintering effect due to the ball mill process preventing CaO – MgO separation. Despite this, only a few studies investigated the 
CO2 capture capacity of CaO sorbent under realistic conditions (more than 900 ◦C) because the calcination temperature of this study is 
800 ◦C. 

4.4.1.2. Reactivation. Moreover, the degradation of sorbent after several carbonation–calcination cycles initiate the replacement of 
CaO sorbent in the CaL cycle. Therefore, introducing the reactivation of spent sorbent reduces the sorbent replacement in the CaL cycle 
because the spent sorbent can be recycled in CaL. Ball milling and hydration are the reactivation methods for spent sorbent after CaL 
looping. Ball milling can crush the spent sorbent into micro-particles, which must be controlled for milling time. Longer milling time 
decreases crystallite and particle size, but more defects, such as particle agglomeration, are found than shorter milling time. Thus, 
controlling the milling time to control the particle size would be useful for the industrial reactor system. Su et al. (2019) [71] proposed 
the use of ball milling–assisted carbonation conversion reactivation (BMCR) in reactivating the spent dolomite. This method uses dry 
ice and ice and mixed with the dolomite inside stainless-steel jars prior to planetary ball milling. The CO2 capture capacity of reac-
tivation sorbents is almost like fresh dolomite, and it exhibits 2.5 times higher than spent sorbent. Meanwhile, reactivation using 
hydration shows superior activity than ball milling shows but inferior of BMCR. Thus, BMCR is a good method for reactivation because 
it can offer nanocrystalline oxide, and the surface morphology is slightly compressed and dense. 

In addition to pre-treatment or activation of sorbents, spent sorbents can be reactivated to improve the CO2 capture capacity. The 
reactivation can decrease the amount of sorbent replacement during the CaL operation and hence reduce the operational cost. 

4.5. Summary of treated dolomite 

Wet ball milling has been proven effective in enhancing the BET surface area of dolomite, elevating it from 22.0 m2/g to 23.4 m2/g, 
along with a notable increase in pore volume from 0.191 cm3/g to 0.239 cm3/g. This process has also successfully reduced the particle 
size of dolomite from 88.1 μm to 6.57 μm after 120 min of milling. 

Furthermore, reactivating spent sorbent through ball milling, utilising a combination of water (H2O) and dry ice, has yielded a 
specific surface area of 22.2 m2/g, with observed pore diameters around 2–3 nm. 

Notably, the analysis of the spent sorbent indicates that only the micropores in the range of 2–3 nm considerably affects CO2 
capture capacity. This result highlights the pivotal role of these specific micropore characteristics in determining the sorbent’s efficacy 
in capturing CO2. Understanding and optimising micropore properties emerge as crucial factors for achieving efficient and effective 
CO2 capture processes. The reactivation of spent sorbent through such methods holds promise in reducing the need for frequent CaO 
sorbent replacements during operational use. 

4.6. Biogenesis calcium waste 

The type of biogenesis of calcium waste exhibits different CO2 capture capacities. Clam shells are found to be the most stable CaO 
sorbents after eight cycles; they keep high residual carrying activity and has lower content of trace elements (i.e. K, Si, Al, Mg, S, Zr, Sr, 
and P) in the structure compared with cockle shells, crab shells, cuttlefish shells, oyster shells and scallop shells [73]. Furthermore, all 
the samples show a CO2 capture capacity of less than 0.3 g CO2/g sorbent at the first cycle. Modifications, such as acid modification, 
doping and pretreatment, must be performed to increase the CO2 capture. 
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4.6.1. Acid modification of biogenesis calcium waste 
According to Iyer and Fan (2010) [141], adding an aqueous acid solution to the biogenesis of calcium waste can remove the 

collagen-containing membranes that prevent CO2 capture. Thus, many studies were found using acids during biogenesis calcium waste 
modification. 

4.6.1.1. Acetic acid. For AA, the eggshells display a CaO conversion higher than unmodified eggshells after 20 cycles due to increasing 
the textural feature of sorbents, e.g. porosity that leads to an increase in CO2 capture capacity [142]. In addition, the high acidity of 
eggshells causes less particle adhesion that prevents pore blocking, hence increasing CO2 diffusion. 

Nawar (2021) [143] studied different types of acids (CA, FA, AA, PrA, LA, CA monohydrates, and MA) with the composition of 10% 
from the waste eggshells. The AA, CA, and FA exhibited the maximum carbonation conversion with 54.39%, 55%, and 55.5%, 
respectively, after 20 cycles because acid modifications altered the surface structure, which decreased the sintering effect after 
multiple cycles. In addition, pre-treatment of quail eggshells using AA exhibited higher carbonation conversion after 19 cycles than 
untreated quail eggshells [74]. Thus, acid modification positively affects CO2 capture capacity and CaO conversion. However, based on 
previous studies, large amounts of acid are needed to enhance the CaO conversion and CO2 capture capacity of the calcium waste as a 
CaO sorbent. Based on stoichiometric equation, 2 mol of AA is needed for 1 mol of CaCO3 hence, increasing the operational cost. 

4.6.1.2. Glycine. Glycine-modified eggshell demonstrates a high surface area of 10.66 m2/g and pore volume of 0.0551 ml/g, where 
rich micropores were found in the range of 0–2 nm [144]. The rapid chemical reaction stage of glycine-modified eggshell is longer than 
that of unmodified sorbent, indicating better carbonation conversion, which can absorb more CO2. 

4.7. Summary of acid-modified biogenesis calcium waste 

The surface area of biogenesis calcium waste undergoes a substantial increase from 0.4 m2/g to 10.3 m2/g through acid modifi-
cation. This augmentation is attributed to the formation of pores during the decomposition of organic salts to oxide. However, despite 
this enhancement, the maximum CO2 capture capacity achieved with acid modifications stands at only 0.48 g CO2/g sorbent when 
using AA-treated eggshells. Compared with the theoretical value of 0.786 g CO2/g sorbent, the acid-modified biogenesis calcium waste 
shows only marginal improvement in CO2 capture capacity. 

4.7.1. Dopants of biogenesis calcium waste 
In addition to acid modifications, dopants can increase the CO2 capture capacity and stability of the biogenesis of calcium waste. 

4.7.1.1. Inert materials. Modification of the eggshells and marble dust using lanthanum (La), magnesium (Mg), and aluminium (Al) as 
inert materials at different synthesisation methods, such as dry mixing, wet mixing and sol–gel process, demonstrates different 
carbonation conversion or CO2 capture capacity [145]. Marble dust exhibits higher carbonation conversion than eggshells using 
sol–gel and dry mixing as synthesisation methods. However, dry mixing exhibits a low carbonation conversion due to the non-existence 
of transient phase transformation, such as Ca12Al14O33 or Ca3Al2O6, because no mixed phases occurred. Only phases of CaO, and Al2O3, 
La2O3 or MgO exist when analysed using X-ray crystallography (XRD). Meanwhile, the sol–gel process demonstrates the highest 
carbonation conversion of marble dust with La as the supporting material. Nevertheless, the wet method can easily be scaled up at low 
cost with less time consumption. Furthermore, high stability can be achieved using wet mixing for marble dust, and the highest 
carbonation conversion of eggshell can be obtained using doped La. Furthermore, Huang et al.(2022) [146] doped the eggshells with 
MgO at different molar ratios. The ratio of 80:20 of eggshells and MgO shows the best CO2 capture capacity and has highest stability 
amongst the other compositions due to the 3D hierarchically ordered structures that produce less agglomeration, thus hindering the 
sintering. 

Imani et al. (2023) [147] studied the potential of eggshells with silica (SiO2) in increasing the CO2 capture capacity. The presence of 
7.5% SiO2 exhibits higher carbonation conversion even at different preparation methods. Furthermore, Shan et al. (2016) [148] doped 
the eggshells with bauxite tailings (BT); results showed 10% BT demonstrate >55% conversion after 40 cycles. The formation of 
Ca12Al14O33 is favourable for increasing the cyclability of CaO sorbents [149]. 

Zr-doped eggshells exhibited outstanding performance, maintaining a carbonation conversion rate of approximately 88% 
throughout 20 cycles [150]. The creation of calcium zirconate (CaZrO3) plays a pivotal role in inhibiting the growth of CaO particles, 
effectively slowing down the sintering–agglomeration process by separating CaO/CaCO3 particles [150,151]. 

4.7.1.2. Surfactants. In addition to inert materials, surfactants were used to increase the CO2 capture capacity. Hsieh et al. (2021) [80] 
altered the eggshells with surfactants cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS) and lauryl dimethyl 
betaine (BS-12) and amino–based polymers tris(hydroxymethyl)aminomethane (Tris), Polyethylenimine (PEI), and polydopamine 
(PDA). The alteration with surfactant does not increase the CO2 capture capacity of Ca(OH)2 from eggshells because positively charged 
surfactants on the surface of Ca2+ ions attract OH- ions and precipitate with Ca2+ ions when using CTAB. For the SDS, electrostatic 
repulsive forces between the negatively charged entities cause OH− ions to be away from the Ca2+ ions [152]. However, the lowest 
deactivation rate was achieved when using lauryl dimethyl betaine BS because it has a spherical shape and porous structure that allows 
the CO2 to react more with CaO. However, eggshells treated with amino-based polymers exhibit the highest CO2 capture capacity when 
using PDA as supporting material. This contributes to the polymeric films that formed and likely to be thermally pyrolyzed at high 
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calcination temperature which caused the production of microporous channels. However, the CO2 capture capacity of PDA treated 
after 10 cycles was 0.40 g CO2/g sorbent, which is lower than the theoretical CO2 capture capacity of CaCO3, which is 0.786 g CO2/g 
sorbent; thus, the replacement of sorbent becomes a concern. Moreover, different types of CaO sorbent precursors were studied in this 
work, and results showed that the calcination of Ca(OH)2 from eggshells exhibits three times higher initial CO2 capture capacity (from 
0.63 g CO2/g sorbent at first cycle and reduce to 0.25 g CO2/g sorbent after 10 cycles) than direct eggshell calcination and CaCO3 
obtained from eggshells. 

4.8. Summary of doped biogenesis calcium waste 

Despite the ability of Al-doped biogenesis calcium waste to produce mayenite, it exhibits low CO2 capture capacity due to the 
formation of mayenite on the surface of eggshells. By contrast, La demonstrates a higher CO2 capture capacity, reaching 70.85% 
carbonation conversion, especially when synthesised using sol–gel combustion synthesis. In contrast to Al2O3, La2O3 does not show 
mixed phases with CaO. 

The modification using surfactants results in a decrease in surface area to 62.56 m2/g using PDA. However, it simultaneously 
exhibits a higher CO2 capture capacity of 0.62 g CO2/g sorbent. This enhancement is attributed to the formation of a polymeric film on 
the sorbent’s surface. 

In the case of chicken eggshells, the highly porous structure with a large mesopore volume of 0.15–0.20 cm3/g and a pore size of 
2–10 nm contributes to a CO2 capture capacity of 0.52 g CO2/g sorbent. This emphasises that whether a dopant can produce mixed 
phases and the resulting CO2 capture capacity is not solely dependent on surface area but also involves intricate material 
characteristics. 

4.8.1. Treatment of biogenesis calcium waste 
Biogenesis calcium waste treatments, such as thermal treatment can improve the CO2 capture capacity. 

4.8.1.1. Thermal treatment. Previous research has indicated that the sorption capacity or CO2 capture capacity of calcined eggshells 
are highly encouraging compared with raw eggshells [75]. The phase transformation of duck eggshells from CaCO3 to CaO occurs at a 
temperature above 700 ◦C [153]. Normally, phase transformation occurs at a temperature of 825 ◦C, which requires substantial heat to 
break the bond between CaCO3 to become CaO. The phase transformation indicates the amount of heat needed in calcination. 
Moreover, the thermal pre-treatment method plays an important role in the amount of heat needed during calcination in CaL. The 
thermal pre-treatment of the waste shell (oyster) using microwave requires lower energy input and lower rank of heat resistance 
required for the thermal apparatus compared with sorbent produced by conventional calcination [154]. Using microwave-assisted 900 
W, which indicates a temperature of around 621 ◦C, the mass loss increases from 15.78% to 40.64%, where the maximum theoretical 
mass loss of waste oyster shell calcination should be more than 39.05%. However, conventional calcination requires a temperature of 
approximately 900 ◦C to lose mass at 43.82%. The mass loss is where the CaCO3 becomes CaO. Nevertheless, the temperature inside the 
waste oyster shells could be substantially higher than measured during microwave heating. Thus, Troya et al. (2020) [155] investi-
gated different pre-treatments such as ball milling and thermal treatment, on snail shells and eggshells. For the eggshells, the result 
contradicts with previous research [156] because untreated eggshells shows best CO2 capture capacity than ball milled and pre 
calcined for 4 h at 850 ◦C. The crystal structure affects the CO2 capture capacity of the sorbent, which is why an aragonite structure 
exhibits better performance than a crystal structure due to a less dense packed crystal lattice. Meanwhile, the pre calcined snail shells 
exhibit highest carbonation conversion 11.2% and decrease to 5.2% after 20 cycles. For the comparison, the eggshells demonstrate 
higher carbonation conversion than snail shells. The high presence of Na2O and K2O in snail shells as impurities promote the sintering 
during the carbonation–calcination cycles, hence reducing the carbonation conversion. During high–temperature calcination, the Na +

ions are incorporated into the crystal structure of CaO and cause the lattice defect. This defect enhances the sintering that is not 
favourable in CO2 capture capacity [157]. 

4.9. Summary of treated biogenesis calcium waste 

Increasing the calcination temperature from 700 ◦C to 825 ◦C has been observed to enhance the surface area of eggshells in a 
nitrogen (N2) environment, escalating it from 2.001 m2/g to 10.063 cm3/g. This increase in surface area creates more active sites, 
thereby positively affecting the CO2 capture capacity of the sorbent. However, the average sizes of the sorbent at higher temperatures 
are larger due to the merging of smaller sizes and the growth of CaO grain size, which is attributed to sintering at elevated 
temperatures. 

Conversely, calcination under static air has been found to decrease the specific surface area. Despite this decrease, the sorbent can 
maintain CO2 capture capacity even after 20 cycles. This result suggests that under certain conditions, the decrease in surface area does 
not compromise the sorbent’s effectiveness in capturing CO2 over multiple cycles. 

The chemical composition of the sorbent is identified as a critical factor in determining CO2 capture capacity after thermal pre-
treatment. Understanding and optimising the chemical composition become crucial considerations in tailoring the sorbent for efficient 
and sustainable CO2 capture processes. 
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4.10. Industrial waste 

Industrial waste such as CS, LM, BFS, and WMP demonstrate the decay in sorption capacity after several cycles in CaL. The 
improvement of industrial waste enhances the CO2 capture at a low cost and reduces the makeup rate. 

4.10.1. Acid modifications of industrial waste 
Acid modifications of industrial waste, such as PrA and AA, are found to increase the surface area and pore volume of sorbent, 

which enhances the CO2 capture capacity after several carbonation-calcination cycles. 

4.10.1.1. Propionic acid. In acid modification, PrA is used in modifying the carbide slag and manages to improve the carbonation 
conversion by approximately 53.7% more than pure carbide slag after 20 cycles [158]. Then, pyroligneous acid-modified CS dem-
onstrates carbonation conversion 2.8 times higher than limestone [159]. Thus, acid modification increases the pores and spaces be-
tween the grains of the sorbent, which enhances the diffusion of CO2 into CaO sorbent. However, the initial CO2 capture is lower than 
unmodified CS and limestone. 

4.10.1.2. Acetic acid. Modified BFS with AA modification demonstrates the highest carbonation conversion, i.e. from 35% to 25%, 
after 20 cycles [160]. The formation of small rods after the AA treatment increases the surface area. Then, the presence of silica as 
impurities in sorbent after the acid modification provides thermal stability that can prevent the sintering effect, implying no or only a 
slight decrease in the CO2 capture capacity of the sorbent [161]. Nawar et al. (2019) [105] studied the effect of various acids (AA, CA, 
FA, LA, L-MA, TA, OA, and PrA) with WMP and reported that PrA and AA exhibit higher carbonation conversion than other acids, 
demonstrating high stability. The highest carbonation conversion can be achieved by increasing the volume percentage of the acid 
solution. This causes changes in the pore structure, increasing the surface area of sorbent, hence increasing carbonation conversion. 
Even though the acid modification achieved the highest carbonation conversion and CO2 capture capacity, using organic acids can 
increase the sorbent cost, thus increasing the operational cost of CaL. 

4.11. Summary of acid-modified industrial waste 

Industrial waste often contains impurities that can either enhance or diminish CO2 capture capacity. The presence of alumina, for 
example, leads to the formation of calcium aluminate, which, unfortunately, reduces CO2 capture capacity by removing active CaO 
during carbonation because calcium aluminate cannot effectively absorb CO2. By contrast, the formation of calcium silicates in the 
presence of silica proves beneficial as it helps mitigate the sintering effect, providing thermal stability. 

Elements, such as magnesium, iron, and titanium, are inert materials, contributing to the overall stability of the waste. However, 
when considering acid modification, the choice of acid becomes critical. Formic acid, for instance, reduces the surface area of WMP, 
thereby decreasing CO2 capture capacity. By contrast, acetic acid and propionic acid are more favourable, resulting in a remarkable 
increase in CO2 capture capacity. This increase is evident in the transition from 0.63 g CO2/g sorbent in raw marble powder to 0.675 
and 0.645 g CO2/g sorbent, respectively, achieved by enhancing the surface area from 6.007 m2/g to 31.39 m2/g. 

4.11.1. Dopants of industrial waste 
In addition to acid modifications, dopants can increase the CO2 capture capacity and stability of the industrial waste. 

4.11.1.1. Inert materials. One of the dopants used to reinforce industrial waste is bauxite tailings (BT). Based on previous research, 
doped BT enhances the CO2 capture capacity of CaO sorbents due to the formation of Ca12Al14O33 [162]. However, LM doped with 
aluminium nitrate demonstrates higher carbonation conversion than LM doped with BT [162]. The development of the Ca12Al14O33 
phase in LM with aluminium nitrate proves that the Ca12Al14O33 produces a stable framework inhibiting the inactivation of CaO during 
the carbonation/calcination cycles, and the release of CO2 from CaCO3 increases the pore channel, thus improving the sorption ca-
pacity. The inferiority of BT is because of impurity in BTs, such as Fe2O3 and TiO2, which limits the reactivity of sorbent during 
carbonation. 

Cai et al. (2022) [31] modified the CS with single and binary doping of MgO and ZrO2. For the single doped, CS–MgO–7–3 has a 
high initial CO2 capture capacity but has the lowest stability than CS–NiO–8–2 and CS–ZrO2–9–1. Thus, the combination of 
CS–MgO–NiO or CS–MgO–ZrO2 can counteract the disadvantages of MgO, NiO, and ZrO2. The CS–MgO–ZrO2 demonstrates a higher 
initial CO2 capture capacity and stability than CS–MgO–NiO due to the formation of ZrO2 and CaZrO3, which prevents the growth of 
CaO grains during the carbonation/calcination cycles. The binary doped is foreseen to exhibit high stability under mild and severe 
calcination conditions. Ma et al. (2020) [163] doped the carbide slag with dolomite and manganese nitrate. This binary doping 
resulted in a slightly lower initial CO2 capture capacity than CS–Mn, and CS–MgO doped but exhibits good stability after the 10 cycles. 
The binary doping was maintained from 0.56 g CO2/g sorbent to 0.52 g CO2/g sorbent after 10 cycles. The MgO acts as a skeleton to the 
CaO sorbent to reduce the sintering effect, whereas the manganese ion enhances the electron transfer between CaO and CO2 [164]. The 
CO2 capture capacity of CS–Mn was found to be inferior to CS–MgO due to Mn2O3, which consists of Mn3+ ions that are unstable due to 
intermediate valence. The formation of Mn2O3 comes from the decomposition of MnO2 at a temperature above 535 ◦C. Thus, the 
optimal composition of Mn doping is required to maintain the CO2 capture capacity, and the value is 0.75% according to Ca/Mn molar 
ratio. Moreover, the presence of 20% steam of 0.75% Mn doped to the CS–MgO exhibits high stability where the CO2 capture capacity 
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is from 0.6 g CO2/g sorbent to 0.59 g CO2/g sorbent after 10 cycles. This result is attributed to the effect of MgO as a stabilizer and the 
synergetic effect of MnO2 and steam. 

Wang et al. (2022) [165] modified the carbide slag with binary doped Ni-doped and Al-doped, and Ni-doped and Mg-doped under 
the presence of steam. As a result, the Ni–CaO–Ca12Al14O33 demonstrates a CO2 capture capacity 2 times higher than Ni–CaO–MgO due 
to the formation of Ca12Al14O33 that can prevent the sintering and aggravation of sorbent, hence producing the excellent framework. 
The improvement of Ca12Al14O33 was also studied by Ma et al.(2019) [166] where the Ca12Al14O33 improves the cyclic stability of CO2 
capture even at the severe calcination temperature where the CO2 capture capacity is 0.29 g CO2/g sorbent after 100 cycles, which is 
80% higher than unmodified carbide slag. 

Teixiera et al., 2019 [72] used WMP reinforced dolomite as Ca precursors. The carbonation conversion of WMP reinforced dolomite 
rapidly decreased at severe calcination conditions and slightly lower than using pure dolomite as CaO sorbent after 20 cycles. For the 
mild calcination condition, the CO2 capture capacity of dolomite is higher than the combination of dolomite and WMP. In addition, the 
presence of MgO improved the stability of WMP after several cycles. 

4.12. Summary of doped industrial waste 

Incorporating inert materials such as magnesium oxide, nickel oxide, zirconium oxide, and aluminium oxide as dopants for in-
dustrial waste is a widespread practice. Although magnesium oxide initially enhances CO2 capture capacity, its effectiveness di-
minishes after 20 cycles. Conversely, nickel oxide (NiO) and zirconium oxide (ZrO2) showcase the ability to enhance the cyclic stability 
of industrial waste, particularly in the case of carbide slag. Notably, the application of binary dopants proves more effective than using 
single dopants. 

In the context of aluminium oxide (Al2O3), the formation of the Ca12Al14O33 phase is pivotal for establishing a stable framework 
that prevents the inactivation of CaO. This stabilisation considerably amplifies CO2 adsorption. For lime mud, the addition of Al2O3 
results in a substantial increase in surface area from 2.3 m2/g to 9.1 m2/g and pore volume from 0.008 cm3/g to 0.240 cm3/g. 

Similar enhancements are observed in carbide slag when doped with manganese and dolomite, leading to a rise in surface area from 
11.1 m2/g to 14.7 m2/g. This modification allows the material to achieve a CO2 capture capacity of 0.52 g CO2/g sorbent after 10 
cycles. However, the utilisation of a single dopant with manganese ions demonstrates an inferior CO2 capture capacity in comparison. 

Moreover, in the case of industrial waste, it has been determined that a pore diameter within the range of 10–100 nm exhibits 
higher CO2 capture capacity, reaching approximately 0.63 g CO2/g sorbent during the first cycle. 

4.12.1. Treatment of industrial waste 
Industrial waste treatments, such as thermal treatment, recarbonation and hydration are promising approaches to increase the CO2 

capture capacity. 

4.12.1.1. Thermal treatment. The pre calcination treatment of pyroligneous acid-modified carbide slag at 400 ◦C prior calcination 
process for about 30 min exhibited higher carbonation conversion than acid-modified carbide slag [159]. The pre calcination removes 
the organic substances that can cause a negative effect during the burning of the organic substances, especially at a temperature of 
more than 850 ◦C. 

4.12.1.2. Recarbonation. He et al., 2017 [167] studied the effect of re-carbonation in CaL using CS as a calcium precursor. The 
re-carbonation manages to improve the carbonation conversion slightly even introducing the steam during re-carbonation stages. The 
re-carbonation causes an extra layer of calcium carbonate to be formed and causes the insufficient unreacted core to exist during 
carbonation. The thick CaCO3 layer is formed due to the porous structure of CS but collapses after a series of cycles due to sintering and 
does not increase carbonation conversion considerably. The steam hardly affects the initial kinetics-controlled carbonation stages 
[168]. Meanwhile, the re-carbonation of carbide slag at the 11th cycles improved the carbonation conversion about 3.1 times at the 
13th cycles, higher than 11th cycles, which exhibit a carbonation conversion of 19%. However, the carbonation conversion trend still 
decreased after several cycles. 

4.12.1.3. Hydration. Zhang et al. (2017) [169] introduced the high concentration steam during calcination process of CS by imple-
menting the O2/H2O combustion instead high concentration of CO2. The carbonation conversions of CS at 95% H2O/5%CO2 are 
slightly higher than using 100% CO2 at 950 ◦C due to the formation of small grain sizes and porous structure. Steam reduces the 
calcination temperature, thereby reducing the energy requirement in the calciner to capture per mole CO2. Moreover, the presence of 
5% steam during calcination initiate low initial carbonation conversion than other conditions (calcination: 5 vol% steam/95 vol% air) 
but demonstrate high stability after 7th cycles when using waste marble powder as CaO sorbent [103]. 

4.13. Summary of treated industrial waste 

Pre-calcination at a temperature of 400 ◦C has proven effective in increasing CO2 capture capacity by preventing the combustion of 
organic substances. This result is attributed to the remarkable increase in surface area, reaching around 14.5 m2/g. Additionally, 
recarbonation has been shown to reactivate the sorbent by modifying the pore structure, resulting in a further increase in CO2 capture 
capacity. 
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Furthermore, calcination under high concentrations of steam has demonstrated the formation of small CaO grain sizes and 
generated a more porous structure, contributing to an additional increase in CO2 capture capacity. This result highlights the effec-
tiveness of thermal treatment, recarbonation, and hydration as strategies to enhance the overall CO2 capture capacity of industrial 
waste. 

In summary, the combined treatment of industrial waste through thermal treatment, recarbonation, and hydration proves to be a 
promising approach for improving CO2 capture capacity, showcasing the importance of tailored processes to optimise sorbent per-
formance in carbon capture applications. 

5. Issues and recommendations 

The market penetration of CaL remains challenging due to the great challenges encountered throughout its technological devel-
opment. This technology is expected to become stable and technologically mature such that it can reduce CO2 emissions, hence 
decreasing greenhouse gas emissions. In this section, the issues and challenges of CaO sorbent are extensively discussed, together with 
the recommendations to overcome the challenges. 

5.1. Cost effectiveness of CaO sorbent 

One of the major challenges in CaL is to reduce the cost of CaO sorbents. Initially, limestone was widely used as a CaO sorbent due to 
the low cost, i.e. approximately $0.11/kg in 2023 [64]. However, the sorption capacity has degraded over the few cycles. Thus, 
alternative CaO sorbents are introduced (e.g. dolomite, biogenesis calcium waste, mangano calcite and industrial waste). The cost of 
dolomite is $0.10/kg, where no cost for the biogenesis calcium waste and industrial waste. However, several pre-treatments must be 
developed for biogenesis calcium waste, which can add to the production cost of CaO sorbents. Nevertheless, industrial waste, such as 
carbide slag, can be used as good alternatives because it exhibits highest sorption capacity amongst other industrial waste. Even though 
these alternatives demonstrate better carbonation conversion than limestone, the trend of degradation still presents after several 
cycles. Thus, surface modification of the sorbent such as acid, and doping can improve the carbonation conversion and produce high 
stability of CaO sorbents. However, the usage of acids increases the cost of the sorbent. Fig. 8 shows the cost of organic acids and the 
consumption of acid for 1 tonnes of limestone. 

Even though the cost of acetic acid is lower than other organic acids, the consumption of 0.84 tonnes acid/tonnes limestone is 
expected to increase the limestone production cost. Based on the cost estimation of $110/tonnes of limestone and $400/tonnes of 
acetic acid, the calculation of the operating cost for 1 tonnes of modified limestone is estimated to be approximately $446/tonnes. The 
operating cost becomes higher when compared with the study by Haran et al. (2021) [170] using limestone at ~$6.73/tonnes. It is still 
below the expectations which the low-cost sorbent is not achievable. Thus, the usage of waste acid is expected to reduce the CaO cost. 
PA is a byproduct from plant biomass pyrolysis [171] and can increase the carbonation conversion four times higher than unmodified 
limestone at severe calcination temperature (960 ◦C) [112]. Moreover, waste PrA from the pharmaceutical factories, AA produced 
from anaerobic fermentation and residues, such as sewage sludge can be recycled to obtain the efficient and cheap CaO sorbent [172]. 
Moreover, the sources of LA, AA, PrA, and CA can be obtained from the waste of cheese manufacture [173]. 

In addition, the alternatives dopant can be obtained from industrial waste. For example, the usage of waste by-product from 
magnesium alloy ingot production [174] or solid waste of ductile iron industry that contains of 88% MgO [175] can be used for MgO 
doping. Meanwhile, saline slag waste [176] and dross [177] can replace Al2O3 doping, and the waste of production of dental prostheses 
from CAD/CAM process can replace the doped zirconium oxide [178]. The usage of these alternatives of CaO precursors, acids and 
dopants can be used during synthesisation to achieve a low-cost CaO sorbent. 

5.2. CO2 capture capacity of CaO sorbent: mechanical properties 

In addition to the discussion above, CO2 capture capacity was affected by the several mechanical properties such as surface area, 

Fig. 8. Cost of the organic acids per tonnes [64] and the acid consumption per tonnes limestone [107].  
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Fig. 9. CO2 capture capacity of natural precursors and industrial waste.  

Fig. 10. SEM images of synthesised sorbents at fuel to metal oxide ratio; (a) S20-1x (b) S20-6x. Reproduced from Ref [183].  

Fig. 11. SEM images of CaO–MgO sorbent (a–d) pre- and (e–g) post-cycling. Ref [184].  
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Table 7 
Improvement of CO2 capture capacity.  

Materials Methods Process condition Cycles Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Sorption Performance Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Carbide Slag, Calcium aluminate, CaAl2O4, 
rice husk 

Extrusion- 
spheronization 

At 650 ◦C, for 30 min, 
under 15 vol% CO2/85 vol 
% N2 

At 900 ◦C, for 5 min, 
under 100 vol% N2 

23 – – – – 0.422 g 
CO2/g 
sorbent 

0.15 g CO2/ 
g sorbent 

[194] 

Cadomin limestone, Magnesium nitrate 
hexahydrate, Mg (NO3)2 ⋅ 6 H2O, 
boehmite, γ-AlO(OH) 

Solution 
Combustion 
Synthesis 

At 675 ◦C, for 20 min, 
under 20 vol% CO2/80 vol 
% N2 

At 850 ◦C, for 5 min, 
under 100 vol% N2 

5 28.9 29.3 0.078 0.139 0.48 g CO2/ 
g sorbent 

0.45 g CO2/ 
g sorbent 

[184] 

Limestone – At 850 ◦C, for 5 min, under 
95 vol% CO2/5 vol% air 

At 950 ◦C, for 5 min, 
under 95 vol% CO2/5 vol 
% air 

20 – – – – 0.68 g CO2/ 
g sorbent 

0.20 g CO2/ 
g sorbent 

[193] 

Calcium nitrate, Ca(NO3)2.4H2O Magnesium 
nitrate, Mg(NO3)2 

Hydrothermal 
treatment 

At 650 ◦C, for 20 min, 
under 20 vol% CO2/80 vol 
% N2 

At 900 ◦C, for 10 min, 
under 100 vol% CO2 

10  7.0  0.084 0.60 g CO2/ 
g sorbent 

0.65 g CO2/ 
g sorbent 

[185] 

Ca precursors: Calcium acetylacetonates, 
C10H14CaO4 

Electrospun (2:10) At 620 ◦C, for 30 min, 
under 15 vol% CO2/85 vol 
% N2 

At 800 ◦C, for 20 min, 
under 100 vol% N2 

50 31.0 12.0 – – 16.4 mmol/ 
g 

6.6 mmol/g [186]  
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Table 8 
Improvement of stability for CaO sorbent.  

Materials Methods Process condition Cycles Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Sorption Performance Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Calcium Nitrate, Ca(NO3)2 ⋅ xH2O, Magnesium 
Nitrate, Mg(NO3)2 ⋅ xH2O 

Self-sustain 
combustion 

– – 100 – – – – 61.6% 
Conversion 

52.1% 
Conversion 

[193] 

Calcium acetylacetonates, C10H14CaO4, 

Zirconium acetylacetonates, C20H28O8Zr 
Electrospun 
(2:10) 

At 620 ◦C, for 30 min, 
under 15 vol% CO2/85 
vol% N2 

At 800 ◦C, for 20 min, 
under 100 vol% N2 

50 79.0 54.0 – – 12.3 mmol/g 10.2 mmol/g [186] 

Calcium nitrate tetrahydrate, Ca(NO3)2.4H2O 
TEOS, SiC8H20O4 CTAB, [(C16H33)N(CH3)3]Br, 
Octadecyl trimethylsilane, C21H46Si 

Template free At 650 ◦C, for 30 min, 
under 15 vol% CO2/85 
vol% N2 

At 850 ◦C, for 5 min, 
under 50 vol% CO2/50 
vol% N2 

10 58.2 25.4 0.280 0.100 0.688 g CO2/g 
sorbent 

0.627 g CO2/g 
sorbent 

[199] 

Calcium nitrate tetrahydrate, Ca(NO3)2.4H2O, 
Zirconyl nitrate hydrate, ZrO(NO3)2.H2O, 
MWCNT 

Facile one pot At 650 ◦C, for 10 min, 
under 15 vol% CO2/85 
vol% N2 

At 650 ◦C, for 10 min, 
under 100 vol% CO2 

15 5.0  0.061  0.16 g CO2/g 
sorbent 

0.104 g CO2/g 
sorbent 

[188] 

Calcium carbonate, CaCO3, Titanium diboride, 
TiB2 based nanosheets (f-TBNS) 

Dispersion of 
nanosheet 

At 700 ◦C, for 60 min, 
under 20 vol% CO2/80 
vol% Ar 

At 850 ◦C, for 10 min, 
under 100 vol% N2 

8 5.4  0.018  7.75 mmol/g 4.75 mmol/g [189] 

Steel slag, Sodium carbonate, Na2CO3  At 700 ◦C, for 30 min, 
under 95 vol% CO2/5 
vol% air 

At 700 ◦C, for 30 min, 
under 95 vol% CO2/5 
vol% air 

30 – – – – 14.54 mmol/g 4 mmol/g [190] 

Calcium nitrate tetrahydrate, Ca(NO3)2⋅4H2O, 
Zirconium nitrate pentahydrate, Zr 
(NO3)4⋅5H2O 

Sol gel, 
Graphite 
Moulding 

At 650 ◦C, for 20 min, 
under 15 vol% CO2/85 
vol% N2 

At 850 ◦C, for 10 min, 
under 15 vol% CO2/85 
vol% N2 

23 – – – – 0.43 g CO2/g 
sorbent 

0.413 g CO2/g 
sorbent 

[195]  
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pore volume, particle size, and pore diameter. 

5.2.1. Comparison of various CaO sorbent 
Fig. 9 shows that the initial CO2 capture capacity of natural and waste CaO sorbent are behaves differently. The steel slag (SS) [179] 

shows the worst CO2 capture capacity during first cycle compared with dolomite [70] at 900 ◦C. Meanwhile, WMP [105] shows the 
highest initial CO2 capture capacity at 850 ◦C followed by BFS [180] and CS [166]. Then, the CO2 capacity of limestone [181] is highest 
at 800 ◦C than eggshells [142] during the first cycle. 

Therefore, the CaO sorbent precursors and calcination temperature plays an important role in CO2 capture capacity. Nevertheless, 
the low cost of limestone and its lack of pre-treatment requirements make it advantageous for industrial applications. 

5.2.2. Morphology of CaO sorbent 
Rodaev et al. (2023) [182] used the electrospun method to produce the nanofiber Ca precursors at low cost and the initial CO2 

capture capacity was found at the highest, 16.4 mmol/g, which is close to the stoichiometric capacity of CaO at 17.9 mmol/g. The CaO 
nanofibers can absorb more CO2 than natural CaO sorbent and industrial waste. However, degradation becomes a major issue, 
especially after 10 cycles. Hashemi et al. (2020) [183] proposed controlling the fuel-to-metal ratio during synthesisation of CaO with 
zirconium oxide using solution combustion. A higher amount of fuel to metal ratio of 1–6 can improve the initial CO2 capture capacity 
due to the fluffy structure and increase in porosity, as shown in Fig. 10(a) and (b). The fluffy structure is less dense and increases the 
distance between the CaO crystalline grains, decreasing particle sintering. 

Hashemi et al. (2022) [184] improved the Cadomin limestone with MgO and boehmite as a binder in pelletisation form. Fig. 11(a) 
and (b), 11(c), and 11(d) indicates the SEM images of as-it-is CaO–MgO. The study found that the initial CO2 capture capacity increased 
in comparison with pure Cadomin limestone. The surface area and pore volume of Cadomin limestone-reinforced MgO was found to be 
increased after 5 cycles due to the self-reactivation effect that can be seen in Fig. 11(e), (f), and 11(g). Additional cracks appear on CaO 
sorbents after five cycles, explaining the pore volume increase. However, finer cracks were found at pre-cycling than post cycling due 
to the sintering effect. 

Naeem et al. (2018) [185] investigated the effect of multishelled morphology using hydrothermal treatment. From the study, the 
formation of highly porous multishelled morphology composed of small nanoparticles increases the CO2 capture capacity over the 
cycles. 

Rodaev et al., 2023 [186] found that the hollow CaO/Ca2SiO4 nanoparticles with diameter of 80–100 nm, and length of 200–600 
nm at a Ca/Si molar ratio of 90:10 demonstrates the best CO2 capture capacity and stability [187]. Furthermore, adding multi-walled 
carbon nanotubes (MWCNT) at 10% for Ca/Zr demonstrates the highest CO2 capture capacity and most stable attributes to high surface 
area amongst other compositions of MWCNT [188]. The fluffy-like morphology reveals the formation of more porous structures and 
more presence of calcium zirconate amongst the CaO particles. Functionalised TiB2–based derived nanosheets (f-TBNS) can enhance 
the capturing capacity due to small size, high surface area, porosity and pore-volume [189]. Moreover, synthesised steel slag dem-
onstrates good anti-sintering properties and is maintained at 11 mmol/g after 30 cycles with the unspecific shapes of sorbent [190]. 
While nanofiber, nanosheet, nanotubes, and fluffy structures do contribute to the CO2 capture capacity of CaO sorbent, there is no 
morphological hindrance to complete carbonation when sufficient time is allowed [191,192]. 

5.2.3. Effect of particle size 
Duràn-Martin et al. (2020) [193] studied the effect of particle size on increasing the CO2 capture capacity. The smaller particle size 

increases the CO2 capture capacity and maintains the sorbent stability even after the 20 cycles. However, the fine particles below 50 
μm are cohesive and difficult to be fluidised in industrial applications. Therefore, the particle size must be more than 50 μm to be used 
in the industry, especially to maintain cyclone efficiency during CaL operation in a fluidised bed reactor. The summary of the 
improvement of CO2 capture capacity is included in Table 7. 

Fig. 12. CO2 capture capacity of various CaO sorbent at different surface area that is tabulated from Table 9.  
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Table 9 
CO2 capture capacity at different surface area and pore volume.  

Type of precursors Methods Type of samples Operating Conditions Cycles Specific 
surface area 
(m2/g) 

Pore volume 
(cm3/g) 

CO2 Adsorption Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

Limestone As-it-is (55.27%), Pore 
width (33.75 nm)-170um 

– 650 ◦C for 30 min, 
15% CO2, 75% N2 

850 ◦C for 10 
min, 100% N2 

25 12.2 – 0.103 – 13.18 
mmol/g 
sorbent 

4.55 
mmol/g 
sorbent 

[46] 

– Ca-5%Bah (19.84 
nm) 

16.3 – 0.081 – 12.95 
mmol/g 
sorbent 

7.95 
mmol/g 
sorbent 

– Ca-10%Bah 
(21.17 nm) 

19.9 – 0.105 – 12.27 
mmol/g 
sorbent 

7.50 
mmol/g 
sorbent 

– Ca-40%Bah (15.6 
nm) 

36.0 – 0.141 – 6.36 
mmol/g 
sorbent 

4.77 
mmol/g 
sorbent 

Carbide Slag Template synthesis HT5 (Al2O3) 700 ◦C for 20 min 
15% CO2, 75% N2 

850 ◦C, 100% 
N2 

100 12.0 – 0.053 – 14.54 
mmol/g 
sorbent 

7.50 
mmol/g 
sorbent 

[166] 

As it is Carbide Slag  10.0 – 0.048 – 14.00 
mmol/g 
sorbent 

4.54 
mmol/g 
sorbent 

Calcium and Zirconium 
acetylacetonates 

Electrospun Pure nanofibrous 
CaO 

620 ◦C for 30 min, 
15% CO2, 85% N2 

800 ◦C for 20 
min, 100% N2 

50 31.0 12.0 – – 16.40 
mmol/g 
sorbent 

6.60 
mmol/g 
sorbent 

[186] 

Zr/Ca molar ratio 
of 1:10 

– – – – 14.20 
mmol/g 
sorbent 

8.20 
mmol/g 
sorbent 

Zr/Ca molar ratio 
of 2:10 

79.0 54.0 – – 12.10 
mmol/g 
sorbent 

9.70 
mmol/g 
sorbent 

Zr/Ca molar ratio 
of 3:10 

– – – – 10.50 
mmol/g 
sorbent 

8.80 
mmol/g 
sorbent 

Pure grade calcium nitrate 
tetrahydrate, zirconium 
oxynitrate hexahydrate, and 
urea 

Solution combustion 20% ZrO, 6 fuel to 
metal oxide ratio 

675 ◦C for 20 min, 
20% CO2, 80% N2 

850 ◦C for 10 
min, 100% N2 

20 19.6 – 0.070 – 11.20 
mmol/g 
sorbent 

10.30 
mmol/g 
sorbent 

[183] 

20% ZrO, 8 fuel to 
metal oxide ratio 

22.7 – 0.072 – 11.00 
mmol/g 
sorbent 

10.30 
mmol/g 
sorbent 

10% ZrO, 6 fuel to 
metal oxide ratio 

15.6 – 0.057 – 12.10 
mmol/g 
sorbent 

9.60 
mmol/g 
sorbent 

Calcium nitrate tetrahydrate from 
Merck, and zirconyl nitrate 

Thermochemical CaZr 650 ◦C for 10 min, 
15% CO2, 75% N2 

650 ◦C for 10 
min, 100% CO2 

15 1.8 – 0.025 – 2.05 
mmol/g 
sorbent 

0.68 
mmol/g 
sorbent 

[188] 

CaZr-CNT2.5 2.5 – 0.0260 – 2.95 
mmol/g 
sorbent 

0.91 
mmol/g 
sorbent 

(continued on next page) 
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Table 9 (continued ) 

Type of precursors Methods Type of samples Operating Conditions Cycles Specific 
surface area 
(m2/g) 

Pore volume 
(cm3/g) 

CO2 Adsorption Ref 

Carbonation Calcination Initial Final Initial Final Initial Final 

CaZr-CNT5 6.0 – 0.056 – 4.09 
mmol/g 
sorbent 

1.82 
mmol/g 
sorbent 

CaZr-CNT10 5.0 – 0.0613 – 3.64 
mmol/g 
sorbent 

2.27 
mmol/g 
sorbent 

Steel slag  Ca–S – – 10 11.7 – 0.087 – 12.80 
mmol/g 
sorbent 

11.52 
mmol/g 
sorbent 

[190] 

Ca-precurosr, Zr-precursors Sol-gel Ca95/Zr5 650 ◦C for 20 min, 
15% CO2, 75% N2 

850 ◦C for 10 
min, 

– 7.8 – 0.011 – 13.39 
mmol/g 
sorbent 

10.68 
mmol/g 
sorbent 

[195] 

Ca90/Zr10 8.9 – 0.011 – 12.50 
mmol/g 
sorbent 

10.23 
mmol/g 
sorbent 

Ca85/Zr15 8.7 – 0.013 – 11.93 
mmol/g 
sorbent 

10.00 
mmol/g 
sorbent 

Ca80/Zr20 10.6 – 0.015 – 9.7.0 
mmol/g 
sorbent 

9.60 
mmol/g 
sorbent 

Crab shell, CTAB, PEG Hydrothermal Temp = 550 ◦C 600 ◦C, 100% CO2 800 ◦C, 100% 
Ar 

4 33.6 – – – 8.00 
mmol/g 
sorbent 

3.69 
mmol/g 
sorbent 

[200] 

Nano CaCO3 Template Ca 650 ◦C for 20 min, 
15% CO2, 75% N2 

850 ◦C for 10 
min, 100% N2 

15 7.5 – 0.007 – 8.86 
mmol/g 
sorbent 

3.64 
mmol/g 
sorbent 

[201] 

Ca-Starch 9.0 – 0.036 – 10.91 
mmol/g 
sorbent 

5.68 
mmol/g 
sorbent 

Ca-CNT 12.2 – 0.014 – 13.18 
mmol/g 
sorbent 

8.64 
mmol/g 
sorbent 

Ca-Carbon 
Nanofibres 

10.9 – 0.013 – 12.73 
mmol/g 
sorbent 

6.82 
mmol/g 
sorbent 

Cotton Fibre 8.8 – 0.033 – 10.00 
mmol/g 
sorbent 

5.23 
mmol/g 
sorbent 

Dolomite As-it-is – 650 ◦C for 20 min, 
15% CO2, 75% N2 

850 ◦C for 10 
min, 100% N2 

10 45.6 – 0.122 – 11.29 
mmol/g 
sorbent 

9.80 
mmol/g 
sorbent 

Exp 

Limestone – 18.2 – 0.057 – 8.50 
mmol/g 
sorbent 

5.39 
mmol/g 
sorbent  
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5.2.4. Effect of preparation methods 
In addition to CaO precursors, preparation methods for CaO sorbents also affected the CO2 capture capacity. Preparation methods, 

such as sol–gel demonstrates the highest CO2 capture capacity and most stable (0.53 g CO2/g sorbent [first cycle] – 0.439 g CO2/g 
sorbent [17 cycles]) compared with hydration–mixing and wet mixing due to uniform distribution of inert CaZrO3 spacer [195]. Wang 
et al. (2018) [196] investigated the effect of preparation methods on the performance of the Al-stabilised CaO sorbents for capturing 
CO2. The CO2 capture capacity of CaO sorbents when incorporated with Al2O3 using sol-gel methods is higher than co-precipitation 
and wet mixing due to increased surface area and small crystallite size, thus increasing the CO2 capture capacity of synthetic sorbent. 
Moreover, the main contribution of the high CO2 capture capacity when using sol–gel method is due to the CaO precursors and the 
supporting material that are homogenously dispersed to produce a stable structure. Furthermore, Zr– and Ce–doped sorbents using 
sol–gel increase the CO2 capture capacity and can maintain the stability after several cycles due to the formation of CaZrO3 that has 
high Tammann temperature (1218 ◦C). In addition, CeO2 provides rich oxygen vacancies and could facilitate the migration of O2− into 
the CaO structure. Combinations, especially sol–gel combustion, can produce approximately 0.66 g CO2/g sorbent [197]. However, the 
stability of CaO sorbent when combining sol–gel with graphite–moulding is higher than the sol–gel method [198]. 

Furthermore, sea salt–doped limestone, achieved through a simultaneous hydration-impregnation method, demonstrates a notable 
CO2 capture capacity of 0.31 g CO2/g sorbent after 40 cycles [44]. The simultaneous hydration-impregnation method enhanced CO2 
capture capacity at any sea-water concentration. Moreover, adding rice husk to the carbide slag binded calcium aluminate using the 
extrusion-spheronisation method can increase the initial CO2 capture capacity. Even though marginal improvement was exhibited, the 
preparation method is simple and uses inexpensive material [194]. Thus, the preparation methods are important in enhancing the CO2 
capture capacity. The summary of the improvement for CaO sorbent is included in Table 8. 

5.2.5. Effect of surface area and pore volume 
Researchers reported that CO2 capture capacity was affected by properties of CaO sorbent, such as surface area, pore volume, and 

particle size. However, based on data from previous research, BET surface area plays a minimal role in determining the initial CO2 
capture capacity of CaO sorbent. Fig. 12 shows that the CaO sorbent that acquires a BET surface area of 7–20 m2/g is sufficient to 
exhibit 12–15 mmol/g sorbent at initial CO2 capture capacity. The 17.8 mmol/g sorbent of CO2 capture capacity is the highest CO2 
capture capacity based on stoichiometric capacity. Thus, a higher BET surface area than 20 m2/g does not warrant a higher initial CO2 
capture capacity of CaO sorbent. 

Fig. 13. CO2 capture capacity of various CaO sorbent at different pore volume that is tabulated from Table 9.  

Fig. 14. CO2 capture capacity of limestone and dolomite at carbonation 650 ◦C with 15% CO2, 85% N2 for 20 min, and calcination at 850 ◦C with 
100% N2 for 10 min. 
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Furthermore, the pore volume does not affect the initial CO2 capture capacity, as shown in Fig. 13. An experiment was conducted to 
prove this statement, as shown in Fig. 14 and Table 9. The surface area of limestone and dolomite is 18.2 m2/g and 45.6 m2/g, 
respectively. Limestone demonstrates the CO2 capture capacity from 8.49 mmol/g sorbent to 4.39 mmol/g sorbent after 10 cycles. 
Meanwhile, dolomite exhibits a CO2 capture capacity from 11.29 mmol/g sorbent until 7.98 mmol/g sorbent after 10 cycles. Even 
though a high surface area benefits the CO2 capture capacity, it does not considerably affect the CO2 capture capacity. Previous studies 
found that active CaO is needed to have high CO2 capture capacity and when reinforced with other materials can maintain the stability 
of CO2 uptake capacity by improving the anti-sintering properties. The summary of the surface area and pore volume for CaO sorbents 
is included in Table 9. 

6. Conclusions 

CaL stands out as a promising technology for CO2 capture. However, the issue of sorbent degradation poses a considerable chal-
lenge because the loss of sorbent is linked to an increase in sorbent replacement. This review extensively examines the CO2 capture 
capacity and carbonation conversion of various CaO precursors, classified into natural and industrial waste CaO sorbents. 

Limestone and industrial waste show high CO2 capture capacity, making them advantageous due to their availability and cost- 
effectiveness. Modification using organic acids enhances the CO2 capture capacity of limestone, biogenesis calcium waste, and in-
dustrial waste. However, sorbent degradation follows a similar trend to untreated CaO sorbent, indicating that acid modification does 
not maintain stability over several cycles. The use of waste acid in acid modifications can help reduce operational costs. 

Furthermore, the introduction of dopant materials enhances the stability of both natural and industrial waste CaO sorbents, given 
that the dopant exhibits a high Tammann temperature, consequently improving anti-sintering properties. Enhanced sorbent stability 
ensures that the CO2 capture capacity can persist close to the theoretical value of 0.786 g CO2/g sorbent even after 20 cycles. This 
reduction in the need for sorbent replenishment contributes to a decrease in operational costs. Dopant waste can be used to reduce the 
cost during synthesisation. Additionally, pre-treatment, hydration, thermal treatment, and reactivation contribute to improving the 
CO2 capture capacity and stability of these sorbents. 

In summary, the morphology of a CaO sorbent has minimal impact on CO2 capture capacity, with modifications yielding irrelevant 
effects on CO2 adsorption. However, high fractal dimensions are essential for achieving high CO2 capture capacity because they 
facilitate increased adsorption which can be controlled during the synthesising. Nanostructures enhance CO2 capture capacity, but for 
practical industrial applications, the particle size should exceed 50 μm. An optimal surface area of 7–20 m2/g is sufficient for achieving 
high CO2 capture capacity, and pore volume does not significantly affect CO2 capture capacity. The presence of mesopores (2 nm–100 
nm) in the pore size distribution is crucial for enhancing the CO2 capture capacity of modified sorbents. 

Hence, this review offers valuable perspectives on the prospective advancements in CaL technology, with a specific emphasis on its 
application in carbon capture. The focus is primarily directed towards the enhancements made to CaO sorbents and the properties 
influencing CO2 capture capacity. 
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CaL Calcium looping cycle 
CO2 Carbon dioxide 
AA Acetic acid 
BAh Bayer aluminium hydroxide 
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BMCR Ball milling–assisted carbonation conversion reactivation 
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CA Citric acid 
CaCO3 Calcium carbonate 
CaO Calcium oxide 
CIMPOR Cimentos de Portugal, E.P. 
Cl Chlorine 
CS Carbide slag 
FA Formic acid 
Fe Ferum 
f-TBNS Functionalised TiB2–based derived nanosheets 
GA Gluconic acid 
K Potassium 
LA Lactic acid 
LM Lime mud 
MA Malic acid 
Mn Manganese 
MWCNT Multi-walled carbon nanotubes 
N2 Nitrogen 
NA Nitric acid 
Na Sodium 
OA Oxalic acid 
P Phosporus 
PA Pyroligneous acid 
PrA Propionic acid 
PVC Polyvinyl chloride 
S Sulphur 
SEM Scanning electron microscopy 
SO2 Sulphur dioxide 
Sr Strontium 
TA Tartaric acid 
WMP Waste marble powder 
XD Molar conversion under the diffusion-controlled stage 
XK Molar conversion under the fast reaction regime 
$ US Dollar 
◦C Celcius 
m0 Initial mass at each cycle 
mf Mass of the sorbent at the end of carbonation at each cycle 
x mass fraction of the active CaO in the cycle 
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