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Abstract

:

Due to rapid industrialization and urban development across the globe, the emission of carbon dioxide (CO2) has been significantly increased, resulting in adverse effects on the climate and ecosystems. In this regard, carbon capture and storage (CCS) is considered to be a promising technology in reducing atmospheric CO2 concentration. Among the CO2 capture technologies, adsorption has grabbed significant attention owing to its advantageous characteristics discovered in recent years. Porous carbon-based materials have emerged as one of the most versatile CO2 adsorbents. Numerous research activities have been conducted by synthesizing carbon-based adsorbents using different precursors to investigate their performances towards CCS. Additionally, amine-functionalized carbon-based adsorbents have exhibited remarkable potential for selective capturing of CO2 in the presence of other gases and humidity conditions. The present review describes the CO2 emission sources, health, and environmental impacts of CO2 towards the human beings, options for CCS, and different CO2 separation technologies. Apart from the above, different synthesis routes of carbon-based adsorbents using various precursors have been elucidated. The CO2 adsorption selectivity, capacity, and reusability of the current and applied carbon materials have also been summarized. Furthermore, the critical factors controlling the adsorption performance (e.g., the effect of textural and functional properties) are comprehensively discussed. Finally, the current challenges and future research directions have also been summarized.
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1. Introduction


1.1. Physical and Chemical Properties of CO2


Carbon dioxide (CO2) is a triatomic gas under ambient conditions [1], which is abundant, non-toxic, recyclable, and economical [2]. Moreover, CO2 sublimates from solid-state to gas at −78 °C under atmospheric pressure and is comparatively inert. As a commonly known fact, CO2 gas that naturally occurs in the Earth’s atmosphere is of paramount importance to photosynthesis [1]. From an economic point of view, CO2 can be converted into high-value chemical products such as urea, carbonates, and acrylates [3] through catalytic conversion, mineralization, photochemical, or electrochemical reactions, and supercritical CO2 can be also utilized in various industrial fields, including food beverages, refrigerants, transportation fuels, fire extinguishers, polymer synthesis, medical, and exploitation of heavy oil. Solid-state CO2 can be used in artificial rainfall and concrete production [4,5].




1.2. Trend of Atmospheric CO2 Concentration and Potential CO2 Emissions Sources


Although the natural carbon cycle controls the CO2 concentration level in the Earth’s atmosphere [1], due to both anthropogenic activities and natural emissions, the current atmospheric CO2 concentration reached around 416.5 ppm in mid-2020 [6], which is ~40% greater than the beginning of the industrial revolution (280 ppm) in 1750 [7,8,9], with an average growth rate of 2 ppm per year [9,10]. In other words, the global emission of CO2 was estimated to be more than 36 MT in 2017, which is 18-fold greater than compared to the 1800s [11]. Although it is a consensus that the amount of atmospheric CO2 should not exceed 350 ppm [12], according to the predictions by the International Panel on Climate Change (IPCC), it is expected to reach up to 570 ppm by 2100 [12,13,14]. It is identified that the main causes for the tremendous increase in such atmospheric CO2 concentration are mainly associated with various anthropogenic activities, including vehicular emissions, fossil-fuel power plants, deforestation, chemical processes [15], and waste treatment [16], which have been growing steadily due to rapid industrialization and urban development [15,17]. The natural emission sources, including soil degradation processes and volcanic activities, are also responsible for supplying atmospheric CO2 to some extent [18].



Figure 1 depicts the CO2 emission sources across the globe with their percentage contributions. According to Figure 1, the emission of CO2 is inevitable due to the rapid growth of the chemical, food, electronic, paper and pulp [19], and cement [17] industries, petroleum refineries, and metal/mineral production owing to fossil fuel combustion [20,21,22], which accounts for more than one-third of the worldwide CO2 emission in the 40–70 °C range [23]. On the contrary, though natural gas (NG) is considered a clean energy source, high-pressure NG wells act as significant CO2 emitters when vented into the atmosphere after gas purification [15,24,25]. Biogas upgradation also releases CO2 into the atmosphere [25]. Nevertheless, according to the report from Pacific Institutes, bottling water plants also acted as CO2 emission sources to pump more than 2.5 million MT of CO2 in 2006 [6].




1.3. Significant Outcomes Owing to the Trend of Increasing CO2 Emissions


Unfortunately, the non-controllable anthropogenic activities have negatively affected human beings [27] and the entire ecosystem [3,6] by releasing greenhouse gases, including CO2, into the atmosphere. Among the greenhouse gases, CO2 is considered as one of the primary sources, contributing to roughly 64% of the total greenhouse effect [14,28]. The progressive increase in atmospheric CO2 concentration is responsible for climate change, which might adversely impact the global environmental processes, such as the long-term rise in global temperatures, changes in rainfall patterns, rising sea levels [29,30], ocean acidification [20], species extinction, melting of polar ice [9], shrinkage of snow covers [31], and severe weather events, ranging from flash floods [32], hurricanes, freezing winters, severe droughts [30], heat waves [33], urban smog [17], and cold streaks [34]. According to the predictions made by IPCC, the rise in sea level of 3.8 m [14,35] and rise in mean global temperature by 3.7 °C [36,37] are expected by 2100 [31]. Besides, the increasing trend of CO2 in the air might cause various air-borne diseases, which will increase the risk of health complications [38]. The economic loss due to climate change is expected to be 5–20% of the global domestic production [12,35]. Therefore, extensive research projects are currently underway to reduce and control CO2 emissions from power plants, industries, and transportation [39].




1.4. Approaches to Reduce Atmospheric CO2 Concentration


Three feasible strategies to reduce CO2 emissions are exhibited by the modified Kaya identity as expressed in equation (1) [35]. They are namely, (i) improving the energy efficiency of coal-fired plants [40,41], (ii) change of the fossil fuels to renewable and carbon-free energy resources [42], and (iii) utilization of carbon capture and storage (CCS) technologies [35,43,44].


  CD = P   GDP  P     E  GDP      C E  −      S      CO  2     



(1)




where CD: CO2 emissions, P: Population, GDP: economic development in gross domestic production, E: energy production, C: carbon-based fuels used for energy production, and SCO2: CO2 sinks [35].



Apart from the above-mentioned three strategies, enhancing partial pressure in exhaust gas [43], geoengineering approaches including afforestation and reforestation [45], flue gas separation, and carbon mineralization [46] can also be considered. Among the different CO2 mitigation options, IPCC has suggested CCS as a promising technology for achieving a 19% reduction of global CO2 emissions by 2050 [41]. CCS can reduce CO2 emissions (typically 85–90%) from significant stationary point sources such as power plants, cement kilns, and NG wells [25,47]. Nevertheless, CCS is considered a mid-term solution in reducing global warming, climate change, and simultaneously allowing humans to continue using fossil fuels until a renewable and clean energy source is discovered to replace them [41]. CCS is comprised of three significant steps, namely, (i) capture of emitted CO2 from power plants and industrial processing without releasing them into the atmosphere, (ii) transportation of the captured and compressed CO2, and (iii) underground storage of the captured CO2 [33,48,49]. However, the process of CO2 capture, which accounts for 70–80% of the total cost, has proven to be the major barrier for the deployment of CCS [25,50]. Interestingly, in recent years, carbon capture storage and utilization (CCSU) has grabbed significant attention compared to CCS owing to the convertibility of the captured CO2 into commercial products [51,52]. The success of CCS and CCSU technologies are associated with the CO2 adsorption efficiency, ease of handling, manufacturing cost, and renderability of the associated materials [30].




1.5. CO2 Emission Sources


The CO2 emission sources are the primary candidates for potential applications of CCS or CCSU technologies. Therefore, from a community and industrial point of view, CO2 capture from typical gas streams, including flue gas, biogas, flare gas, syngas, and ambient air, has grabbed significant interest [53]. Table 1 depicts the summary of the compositions of different gas streams. According to Table 1, in all gas mentioned above, CO2 is present as an impurity in concentrations varying by about 35% in NG fired flue gas streams to about 38% in biogas, and thus, selective CO2 capture from these sources could significantly reduce the CO2 emissions and atmospheric CO2 concentration [54]. Even though there has been a tremendous increase in the production of NG as a clean energy source [55], the presence of CO2 in these gas streams notably reduces the heating value of NG. It causes corrosion problems in the transportation and storage systems [56,57], and hence the CCS or CCSU techniques are required on-site [58,59] to meet the gas quality before distribution [60]. Besides, low concentration CO2 capture from confined spaces (<0.5%) [61] and CO2 capture from atmospheric air, usually referred to as direct air capture from concentrated industrial sources, is of paramount importance in reducing the atmospheric CO2 concentration [62].




1.6. CO2 Capture Technologies


Table 2 depicts the comparison of the leading carbon capture technologies. According to Table 2, carbon capture from power plants in industries can be classified as (i) pre-combustion capture, (ii) oxy-fuel combustion, and (iii) post-combustion capture [64] depending on the combustion method and composition of the gas stream [65]. The working conditions such as pressure and temperature differ for each technique [66]. The main factors impacting CO2 capture efficiency are the gas composition, gas stream temperature, and energy penalty associated with regeneration [35].



1.6.1. Pre-Combustion Capture


Pre-combustion capture is the technology used for capturing CO2 before the combustion process. Pre-combustion capture could also refer to the capture of CO2 generated as an undesired co-product of a process reaction [66]. Pre-combustion capture of CO2 is widely utilized in integrated gasification combined cycles (IGCC) power plants to separate CO2 from hydrogen (H2) and carbon monoxide (CO) [74]. Besides, CO2 should be removed during ammonia (NH3) synthesis, which is produced as a co-product with H2 during steam reforming. The pre-combustion technologies can be applied to power plants, fertilizer production plants, and NG wells [35,66].




1.6.2. Oxy-Fuel Capture


Oxy-fuel combustion involves the burning of a fuel in pure oxygen (O2) environment to produce an effluent with high CO2 concentration and free from nitrogen (N2) and its compounds such as nitric oxide (NO) and nitrogen dioxide (NO2). Oxy-fuel combustion can only be applied to fossil fuel power plants, cement, iron, and steel industries [75].




1.6.3. Post-Combustion Capture


Post-conversion capture, also known as post-combustion capture, involves separating CO2 from waste gas streams after converting the carbon source to CO2 [67]. According to Table 2, the post-combustion capture is considered to be the most promising near-term potential strategy [25] for CO2 emission reduction since it can be applied to both the existing and newly designed power stations, petrochemical and gas industries, biogas sweetening plants, ethylene oxide production plants, cement industries, fuel, iron, and steel industries [17,47,76]. Interestingly, Sask Power (Canada), which captures 1,000,000 MT of CO2/year, and TMC Mongstad (Norway), which is capable of capturing 300,000 MT of CO2/year, are examples for the applications of post-combustion capture technology [77].





1.7. Available CO2 Sequestration Methods


CCS or CCSU is deployed for the sequestration of CO2 by reducing the carbon footprint while simultaneously providing increased energy efficiency [78]. Of the CCS technologies mentioned above, CO2 is separated from combustion flue gases in post-combustion capture by employing absorption, membrane technology, cryogenic distillation, micro-algal separation, chemical looping combustion, and hydrate-based separation [17,20,66]. Among the available CO2 separation technologies, chemical looping combustion and hydrate-based separation technologies are still underdeveloped, with no large-scale operation experiences being available to date [67]. The cryogenic distillation process is associated with a considerable energy penalty. At the same time, micro-algal separation is inefficient due to the high sensitivity of microalgae to environmental conditions and gas stream impurities [68]. Moreover, membrane technology also faces problems associated with membrane regeneration, low purity of separated compounds, low fluxes, and frequent fouling [67]. The absorption approach utilizing liquid amine-based solvents (typically thirty hydro amines) [13,24], including ethanolamine, diethanolamine, diglycolamine, and monoethanolamine, has attracted widespread industrial attention [25,51] due to its high efficiency for capturing CO2 through chemical reactions [59]. CO2 absorption using amine-based solvents produces carbamate as the end product [79]. The amine-based absorption process has been extensively used since the 1970s, and it is considered a 1st generation technology for carbon capture [80]. Compared to the conventional CO2 separation using amine-based solvents, separation of CO2 via adsorption by solid materials is a more sustainable technology [81]. It is now widely adaptable due to its simplicity and effectiveness [82].



Table 3 demonstrates the comparison between the conventional amine-based CO2 absorption and proposed adsorption processes. According to Table 3, ~30% of the energy produced from power plants is usually wasted for the regeneration of amine solvents which consumes 85 KJ/mol CO2 while leading to a ~25% reduction of the overall energy production in the plant [78,83,84]. Interestingly, it is reported that the heat requirement for regeneration of amine solvents can be reduced by ~40% if the amine-based absorption is replaced by adsorption by solid materials [78]. Therefore, as can be seen from Table 3, adsorption of CO2 using porous solid materials is an effective state-of-the-art technology for replacing the amine-based absorption process [46].



Several review articles have been published recently about CO2 capture using carbon-based adsorption [33,66,68,86,95,96,97,98], along with research papers regarding the utilization of amine-functionalized carbon-based adsorbents for CO2 capture [53,88,99]. Recent advances have prompted the present review on the adsorption of CO2 onto different carbon-based solid adsorbents studied. The major contributions of the present review are to provide information regarding the CO2 adsorption capacities by variety of carbon-based adsorbents derived from graphene, biomass, biopolymers, synthetic resins, synthetic polymers, fossil resources, and amine-functionalized carbons, along with their reusability, and gas selectivity. Finally, the technical challenges and practical implications that would hamper the implementation of carbon capture using porous carbons and the future research directions that might be beneficial in overcoming the possible challenges are also discussed in detail.





2. Solid Adsorbents for CO2 Capture


2.1. Adsorption Process of CO2


Adsorption is a surface phenomenon that highly depends on surface properties and functionalities [65]. Adsorption of CO2 onto a material occurs through different types of interactions between the gas molecules and the adsorbent. Adsorption can be classified as (i) physisorption or (ii) chemisorption [100]. CO2 adsorption is an exothermic process as reported elsewhere [92,101]. Figure 2 presents the schematic of the two adsorption processes, while Table 4 tabulates the differences between physisorption and chemisorption.



2.1.1. Physisorption of CO2 onto Adsorbents


During physisorption, the CO2 molecules attach to the pore walls of the adsorbent primarily through the Van der Waals [111] and pole–pole interactions, as depicted in Figure 3 [112]. It is considered that the heat of adsorption values for the physisorption process is in the range of −25 to −40 kJ/mol [6], which is close to the heat of sublimation [99]. Physisorption is reversible where the adsorption and desorption of the gas molecules can be achieved under the influence of temperature and pressure [100]. The CO2 adsorption at ambient temperature is primarily governed by physisorption [113], and the gas uptake is directly related to the porous texture of the adsorbent surface [114]. It has been reported that the narrow micropores (0.33–1 nm) are primarily responsible for the CO2 adsorption performance [25]. However, the appropriate micropore size for CO2 adsorption is highly dependent on the adsorption temperature and pressure [25].




2.1.2. Chemisorption of CO2 onto Adsorbents


As shown in Table 4, to overcome the poor gas selectivity for CO2 in physisorbents, chemical grafting or coating is widely performed on the surface of the porous materials by incorporating basic groups that effectively interact with the acidic CO2 gas molecules [99,112,115]. Among different basic groups, the amine is a commonly used functionality for the surface modification of CO2 adsorbents [111]. The CO2 gas molecule forms a chemical bond with the adsorption sites in chemisorption, as demonstrated in Figure 2 [99]. Usually, CO2 adsorption at elevated temperatures (above 140 °C) is primarily governed by chemisorption [94,113]. Both chemisorption and physisorption can occur in the temperature range of 25–140 °C. The heat of adsorption for chemisorbents can vary between −60 to −100 kJ/mol depending on the chemical functionality and bonding nature [99].





2.2. Different Regeneration Strategies


The attached CO2 molecules onto the adsorbent surface could be regenerated through the (i) pressure swing adsorption (PSA), (ii) temperature swing adsorption (TSA), (iii) vacuum swing adsorption (VSA), (iv) pressure and vacuum swing adsorption (PVSA), and (v) electric swing adsorption (ESA) processes [33,35,116]. Table 5 shows the advantages and disadvantages of different regeneration strategies. The regeneration method depends on the chemical and structural properties of a given adsorbent [108]. Both TSA and PSA began to be used in the early 1960s [112]. Usually, TSA involves the adsorption at a low temperature (around 40 °C) followed by desorption by heating at around 120 °C [33,35]. The dominant regeneration strategy used for amine-functionalized adsorbents is the TSA owing to the simplicity of the process (Table 5). During PSA, the column pressure is lowered after adsorption to desorb the attached gas molecules. VSA involves adsorption at high pressure and lowering the pressure of the adsorption column to sub-atmospheric pressure after the adsorption step [112]. The ESA process is conducted by performing the adsorption–desorption cycle by varying the electrical supply [33]. Wang et al. [108] have proposed a schematic of the electric swing adsorption column, which is used to adsorb CO2 gas molecules using polyethylenimine-impregnated millimeter-sized mesoporous carbon spheres illustrated in Figure 3. Usually, activated carbons, metal–organic frameworks (MOFs), zeolites, activated alumina, and silica gel are subjected to TSA and PSA. Although ESA is considered more economical than TSA and VSA, only conductive adsorbents are the potential candidates for ESA [35]. The cyclic PSA process has been estimated to be the most promising strategy to be applied in pre-combustion carbon capture since the gas stream is already pressurized after the conversion reactions [112].




2.3. Criteria for Selecting CO2 Adsorbents


When synthesizing and selecting an effective CO2 adsorbent, the material should be economical and operational simultaneously [112]. Therefore, a prospective CO2 adsorbent should satisfy the following criteria (Table 6): (i) CO2 adsorption capacity: The adsorption capacity plays a vital role since it determines the amount of adsorbent to be inserted into the adsorption column to attain the desired performance [118,119], (ii) Regenerability: The adsorbent should be fully regenerable and require relatively mild conditions for complete regeneration [119], (iii) CO2 selectivity: The adsorbent should display substantially high selectivity for CO2 in the co-presence of other species (e.g., N2, methane (CH4), sulfur dioxide (SO2), hydrogen sulfide (H2S), and moisture) [112,120,121], (iv) Adsorption/desorption kinetics: A rapid adsorption/desorption is required for swing adsorption to decrease the cycle time [112,116], (v) Thermal, chemical, and mechanical stability: During the cyclic regeneration process, the microstructure and morphology of the adsorbent should be retained. Moreover, the adsorbent should withstand harsh operating conditions, including vibration, high temperatures, pressures, and flow rates. Additionally, the amine-functionalized adsorbents should be resistant against oxidizing agents and contaminants such as sulfur oxides (SOX), nitrogen oxides (NOX), water vapor, and heavy metals [11,122], and (vi) Adsorbent cost: The adsorbent should be synthesized using cheap raw materials while adopting a cost-effective and energy-saving synthesis routes [26]. As shown in Table 6, it is considered that the cost valuing $5/kg for an adsorbent is better from an economic point of view. In contrast, an adsorbent with a cost of $15/kg is uneconomical. However, it is believed that the adsorbent cost of $10/kg is optimum if the desired performance could be attained [112,123]. Apart from the above parameters, the adsorbent synthesis procedure should be straightforward, and the adsorbents should possess low heat capacities. The raw materials and the synthesis route should be environmentally friendly and not be harmful to human health [118,119].




2.4. Different Adsorbents for CO2 Capture


Numerous studies on CO2 capture conducted in academic and industrial settings have developed promising adsorbents possessing the requirements demonstrated in Table 6 [70]. A variety of adsorbents have been discovered and synthesized, including MOFs, zeolites, activated carbons, zeolite imidazolate frameworks (ZIFs), grafted and impregnated polyamines [50], activated alumina, carbonized porous aromatic frameworks (PAFs), covalent organic frameworks (COFs) [124,125], porous organic polymers (POPs) [40], mesoporous silica, carbon nanotubes [126], metal oxides, ionic liquids [21], phosphates [35], and molecular sieves [5].




2.5. Importance of Carbon-Based Adsorbents for Effective CO2 Capture


Of the previously mentioned CO2 adsorbents, though zeolites and well-ordered frameworks exhibit high CO2 adsorption capacities at relatively lower pressures [46], the CO2 adsorption performance gradually decreases in the co-presence of moisture [41,127]. Similarly, molecular sieves and silica gel also demonstrate decreased CO2 adsorption performance in the co-presence of moisture [5]. Additionally, the usage of MOFs has been severely limited due to structural collapse upon vacuum treatments [41], contact with acid gases, thermal regeneration [126], and their complex and expensive synthesis procedures [127]. The ionic liquids are also unfavorable for practical applications due to their relatively high operational costs and high viscosity, leading to corrosion-related problems [60].



On the other hand, the application of carbon materials in the day-to-day lives of human beings can be traced back to more than 5000 years when the early humans discovered charcoal formed through the incomplete combustion of wood. Interestingly, many carbon materials have been discovered, such as graphene, fullerene, activated carbons, graphite, carbon foams, biochar carbon nanotubes, and carbon aerogels [96]. The carbon-based materials can be used as appropriate candidates in catalysis, electronics, fuel cells, biology, metal recovery, and gas storage and separation [34,96,128].



Among the aforementioned wide range of applications, carbon-based porous materials can serve as appropriate candidates for CO2 capture due to their advantageous, including low production cost [34], competitive CO2 adsorption performance at a given pressure [46,78], easy synthesis, ease of scaling up [96], wide availability, controllable pore structure, high thermal stability [15], good chemical resistance against alkaline and acidic media [129], fast adsorption kinetics [50], lower regeneration energy requirements [127], high apparent density (0.3 g/cm3) [130,131], high surface area [132,133], environmental benignity [21], favorable surface chemistry [134], selectivity [105], and flexibility for heteroatom doping or surface functionalization [135]. Additionally, the high thermal and chemical conductivity of carbon-based materials can be exploited for thermal, electric, and pressure swing adsorption strategies [130].





3. CO2 Capture Using Porous Carbon Materials: Physisorption


3.1. Synthesis of Physisorbents


3.1.1. General Introduction


Carbon-based adsorbents can be prepared via direct carbonization [64], carbonization followed by activation [42], sol–gel process, and nanocasting [42,64,136]. In general, a raw material containing high amounts of volatile organic compounds, carbon content, and low ash content makes for a better candidate for porous carbon preparation [56]. Among the synthesis processes mentioned above, numerous studies have conducted post-synthesis activation to create enhanced surface areas and porosity in the final material [134]. Chemical activation is conducted in the presence of chemical agents including KOH, NaOH, H3PO4, K2CO3, Na2CO3, AlCl3, ZnCl2 [23,137,138,139], CaCl2 [25], H3PO3 [116], H2SO4, H2O2, formamide [46], Na2SiO3, K3PO4, C6H5K3O7 [23,46], whereas the physical activation process is conducted using mild oxidizing gases such as CO2 [101], steam [86], air [138], water vapor [140], humidified N2 [141], or their mixture at elevated temperatures [142]. Ultrasound treatment has also been recently adopted as an alternative to high-temperature physical activation, which opens up the clogged pores, cleans the adsorbent surface, and removes mineral matter [65].



Carbonization can be categorized into three major categories depending on the pyrolysis conditions: (i) slow pyrolysis (temperatures < 300 °C with slow heating rates for long time durations), (ii) moderate pyrolysis (temperatures < 300–500 °C), and (iii) fast pyrolysis (temperatures > 500 °C). Usually, the carbonization temperature affects the textural properties, surface functional groups, and elemental composition of the final material, and 500–800 °C is considered the optimum temperature range for carbonization during the preparation of carbon-based adsorbents [65]. The carbonized materials produced at higher temperatures exhibit better thermal stability [143], whereas those produced at lower carbonization temperatures display better mechanical integrity [58]. During carbonization, the carbon precursor decomposes while reducing its density and increasing the porosity [25,138]. However, direct carbonization is reported to be time-consuming and requires a higher amount of energy [42].



Carbon-based adsorbent synthesis via physical activation demonstrates advantages over chemical activation such as the elimination of additional expenses for the processes such as impregnation, washing [140], recovery of the chemical activators [11], being cleaner and more straightforward, capable of preserving the original macroscopic structure of the final product [144], eco-friendliness [68,140], economical [68], avoiding the usage of harmful substances such as NaOH, KOH, ZnCl2, and H3PO3 [117]. Nevertheless, the chemical activation process also offers some advantages. For example, the usage of ZnCl2 as the chemical activating agent restricts tar formation [25]. Additionally, lower temperatures are needed for chemical activation compared to physical activation. Thus, the former is more favorable in terms of energy-saving [17], higher yield [142], less time requirement, a considerable number of pore generation, decreased pre-oxidation temperature, and higher production rate [34].



The carbon-based adsorbents for CO2 capture can be prepared in the forms of foams, membranes, sheets, fibers, spheres, monoliths, particles, or aerogels [53]. Among different macro shapes of the adsorbents, the spherical shape has grabbed significant attention owing to its high surface-to-volume ratio, better structural stability, low regeneration energy requirement [145], reduced flow resistance, abrasion in the packed bed, larger specific surface area, and better moisture and thermal stability [90].



Of the porous carbon synthesis routes mentioned above, the nanocasting technique is considered the most effective method for developing the textural properties [42,64], which involves infiltration of the precursor into the pores of the rigid template and subsequent carbonization and template removal [104]. Apart from the above-discussed synthesis processes, one-step carbonization and activation, which is performed simultaneously in the presence of the activating agent, offers advantageous properties over the conventional route as such processes offer simplicity, reduction of the operational time, cost, energy consumption, manpower, and avoids liquid discharge requiring effluent treatment [84,141]. Interestingly, microwave treatment has been extensively used to replace conventional furnace heating since microwave heating can reduce the impregnation time and lead to better surface area and porosity development [142]. The properties of the final carbon-based adsorbent largely depend on the activation conditions, synthesis routes, and, most importantly, the chemistry of the carbon precursor [52,146,147].



A few studies have carried out a cost estimation regarding adsorbent preparation. For instance, a study reported that the total adsorbent preparation cost associated with pine wood-derived porous carbon was about 1.93 US$/kg, which is comparatively lower than the commercially available activated carbons (2–5 US$/kg) [17].




3.1.2. Porous Carbon Synthesis Using Different Precursors


The porous carbon materials can be effectively categorized based on the type of precursor utilized for their synthesis (Figure 4):



(i) Fossil resources-derived porous carbons: Conversion of cheap and abundant wastes or the byproducts of petroleum industry into porous carbons is of paramount importance since it creates a path for high-value utilization of these materials at a large-scale [148]. Petroleum coke, one of the waste residues of heavy oil upgrading, is considered a good candidate for porous carbon preparation. It contains a large amount of fixed carbon with reasonably low volatile organic and ash content [10,81]. Moreover, asphaltene, usually recovered from the deposits in oil wells during crude oil distillation contains C, H, S, N, O, and other heteroatoms, including V and Ni, making it a good candidate for the production of heteroatom-rich porous carbons [7,89,148,149]. Besides, oil-based pitches, petroleum tar, and coal–tar pitches can also be utilized as precursors for CO2 adsorbent preparation.



(ii) Graphene-derived porous carbons: Graphene has captured significant attention as a precursor for porous carbon preparation owing to its unique molecular structure, lightweight, high flexibility, high chemical stability, large surface area, tunable porosity, favorable planar geometry for functionalization, hardness, high thermal conductivity (which makes it highly favorable for TSA) [21], high mechanical strength, and robustness, and can withstand hot, humid conditions, and other impurities such as SOx, O2, and NOX [21,150]. On the contrary, graphene oxide, which is the functionalized graphene derived via oxidation of graphite in the presence of strong oxidizing agents [94,151], can also be used as a precursor for CO2 adsorbent preparation due to its chemical stability, flexibility, high surface area, porosity [152], and advantageous electronic and electrochemical properties [94].



(iii) Synthetic resin-derived porous carbons: Synthetic resin-derived porous carbons can be prepared using the organic polycondensation method [107]. At present, phenolic resins are preferred over resorcinol-based resins due to favorable cost economics [153].



(iv) Synthetic polymer-derived porous carbons: Most polymeric wastes are non-degradable [23,65], and can be used for porous carbon preparation [154,155]. Interestingly, the utilization of plastic wastes as carbon precursors solves two problems simultaneously, namely, (i) reducing plastic waste accumulation across the globe, and (ii) reducing atmospheric CO2 via carbon capture [154]. Polyethylene terephthalate (PET) [23], polyurethane foam (PUF; one of the most important thermosetting polymers) [156], polyaniline (PAN; cheap polymer containing a large amount of readily available carbon with high mechanical stability) [34], and optical discs produced from polycarbonates [154] are the most widely used carbon precursors for carbon-based adsorbent synthesis. PET is the most widely used carbon precursor among these polymers due to its wide availability and high carbon content [3]. Poly-ionic liquids (PIL) are also being actively utilized as a potential polymer-based carbon precursor for synthesizing adsorbents [157,158]. The PILs possess high thermal stability (even up to 400 °C), are rich in heteroatoms (e.g., nitrogen), and produce a higher yield of the adsorbent compared to other polymeric precursors [157,158,159].



(v) Biopolymer-derived porous carbons: The literature reveals that the natural biopolymers such as chitosan, an inexpensive renewable material [88], lignin, one of the most abundant biopolymers [160,161] composed of aromatic alcohols, and cellulose, the primary component of vegetal biomass (abundant on earth) [162], are excellent precursors for the preparation of porous carbon-based adsorbents due to their biocompatibility, biodegradability, high thermal and mechanical stability, low cost, non-toxicity, high surface reactivity [48], renewability, and low density [51]. Chitin is the second most abundant natural biopolymer after cellulose [52] and has been extensively utilized as a carbon precursor during porous carbon preparation. Furthermore, enzymatically hydrolyzed lignin (EHL), a byproduct formed during bio-ethanol production, has also been used to prepare CO2 adsorbents owing to its abundance, low cost, high carbon content, and renewable nature [141]. Pigskin collagen is also a good candidate for porous carbon fabrication since it contains about 41.6 wt % carbon and several amino acids [163]. Apart from the above, waste wool has also been used as a precursor for CO2 adsorbent synthesis [164].



(vi) Biomass-derived porous carbons: It is well-known that biomass is widely abundant and well distributed globally [96]. The conversion of biomass into porous carbon materials has become a common practice due to their heterogeneous texture and complicated chemical composition, which strongly affects the development of textural properties [76]. Waste materials and byproducts can be effectively utilized from the practical perspective to minimize the overall cost of porous carbon fabrication. In this context, biomass serves as the best candidate [15,47,165]. In the reported literature, scientists have used cork dust, bio-tar, date seed, coconut shells, rice husk, lotus stalk, mangosteen peel, poplar catkin, sugarcane bagasse, pinewood, peanut shell, walnut shell, algae, chars derived from biomass gasifiers, palm kernel shells, paper mill sludge, pine sawdust, sucrose, solid bamboo residues, and hazelnut shells to produce porous carbon-based materials for CO2 gas capture.



Different types of porous carbon synthesis methods have been adopted by different research groups, as depicted in Table 7. Table 7 also lists the synthesis routes used for different precursors to prepare porous carbons for effective CO2 gas capture.




3.1.3. The Effect of Synthesis Procedures on the Development of Textural Properties


A hierarchically porous structure is generally more favorable for adsorbing the CO2 molecules [158]. Although the narrow micropores are more beneficial than large-sized micropores for CO2 adsorption (stronger adsorbate–adsorbent interactions) [4,101,188], the mesoporous and microporous structure in a particular adsorbent plays a vital role in improving the mass transfer of CO2 molecules. The mesopores also act as a passage for the CO2 molecules to reach the micropores [25,135,144,158]. Besides, the fraction of micropore volume, shape, and size distribution are the critical factors to be controlled during the synthesis of carbon-based adsorbents [25,146].



The carbonization temperature has a powerful effect on pore development. Lower carbonization temperatures are responsible for forming meso and macropores, whereas the higher carbonization temperatures result in producing micropores [50]. The activation temperatures also give rise to similar phenomena [36,42]. The surface area and porosity are lower at lower activation temperatures and time durations for the activation [140,144], whereas the increased activation temperatures could narrow the micropore distribution while forming smaller micropores [150]. According to previously published literature, steam activation is favorable for generating high porosity and increasing the specific surface area while maintaining the three-dimensional (3D) macroscopic structure [144]. The specific surface area of the adsorbent generally increases during steam activation if the temperature is in the 600–800 °C range. The specific surface area of the adsorbent decreases for temperatures beyond 1000 °C. The product yield is also relatively low at higher temperatures [59]. If the CO2 activation strategy is employed, the formation of micropores becomes dominant [11]. However, it is reported that the pyrolysis temperatures in the range of 700–800 °C decrease the specific surface area and total pore volume due to structural ordering and merging of pores [65].



It has been reported that chemically activated samples generally exhibit higher pore volumes than the physically activated carbons [47,144]. During KOH activation, the development of micro and mesopores could be observed in the 400–800 °C range. At 800 °C, the formation of macro and mesopores begins due to the strong etching behavior of the K species (K2O). Additionally, the specific surface area and total pore volume increase with a reduction in the micropore volume with the temperature increment (>800 °C). Moreover, it could be observed that high KOH loadings could widen the micropores [76]. Furthermore, at lower KOH loadings, the micropore formation contributes to the increment of the total pore volume. Mesopore formation is responsible for increasing the total pore volume at higher KOH loadings [76,177]. Similar observations were reported for both NaOH and ZnCl2 activation [3,12,76,81,88,101,134,193].



On the contrary, NaNH2 activation has proven an effective activator during porous carbon preparation [182,183,184,185]. The reaction mechanism of sodium amide during pore formation in carbon structure contains three major steps; namely, (i) Generation of pores during the reaction of NaNH2 and oxygen-containing groups on carbon precursor while simultaneously incorporating N into carbon skeleton, (ii) Redox reaction between carbon and previously formed NaOH and/or Na2O, and (iii) Further etching of carbon surface by released gaseous NH3 and H2 [182,183,185]. Additionally, the porous carbons prepared at higher activation temperatures and higher NaNH2 loadings possess better textural properties [182,184]. Nevertheless, smaller NaNH2 dosages create narrow micropores [181,182].





3.2. CO2 Adsorption Capacities of Carbon-Based Physisorbents


The adsorption rate and the capacity of the porous carbon materials are highly dependent on their pore structures, diffusion processes, and the available surface area [5]. Besides, adsorption kinetics plays a significant role during practical applications since faster kinetics are beneficial to shorten the cycle time [21,173,181] and determine the adsorbent mass be loaded into the fixed bed (column length) [150]. Moreover, a higher dynamic CO2 adsorption capacity reflects the better capacity of a particular adsorbent to capture CO2 from activated flue gas [181]. The equilibrium adsorption capacity is always more significant than the dynamic adsorption capacity, critical during practical applications [10]. Furthermore, the time required to switch a particular adsorbent bed from adsorption to desorption is called the breakthrough time. It is considered one of the most critical parameters from a practical perspective [194]. Apart from the above, the value of the diffusion time constant of a particular adsorbent also plays a vital role where a high CO2 diffusion rate indicates a reduced adsorption cycle time, which is beneficial during industrial applications [185].



Table 8 elucidates the CO2 adsorption capacities of porous carbon materials. In the case of CO2 physisorption by porous carbon materials, the adsorption capacity decreases with increasing temperature [114], and the adsorbate–adsorbent interactions primarily comprise weak Van der Waals forces [86,114,150]. The previously reported literature can evidence the favorable adsorption of CO2 at lower temperatures. For instance, Chang et al. [101] and Li et al. [143] reported a decrease in the CO2 adsorption capacity from 6.22 to 4.05 mmol/g and from 6.4 to 4.36 mmol/g (see Table 8) when the temperature increased from 0–25 °C at 1 bar for ZnCl2 activated poplar catkin, and KOH activated date sheets, respectively. Moreover, when the temperature was increased from 25 to 50 °C at 1 bar, the CO2 uptake capacity reduced from 2.45 to 1.64 mmol/g for a graphene oxide-derived porous carbon [150]. Furthermore, a notable reduction in adsorption capacity from 1.34 to 0.6 mmol/g was also reported by Tiwari et al. [103] for a temperature increment from 30 to 100 °C. Nevertheless, Ludwinowicz et al. [134] have revealed that the decrease in CO2 adsorption capacity was more prominent at low pressures.



Apart from the temperature, the behavior of the CO2 uptake capacities with the pressure changes was also studied by several researchers. Both Li et al. [145] and Liu et al. [173] reported that the CO2 adsorption capacity increased with adsorption pressure while not leveling off, even at the highest test pressure valuing 20 bar. Additionally, at 25 °C and 1 bar, the CO2 uptake was reported to be in the range of 2.4–3.01 mmol/g for asphalt-derived porous carbon, and the capacity increased about 5 mmol/g when the pressure was increased to 3.8 bar [148]. Similar observations were noted by Nan, Liu, and Ma, [153] where the CO2 adsorption capacity increased from 0.44 to 1.06 mmol/g when the pressure was increased from 40 to 150 mbar (low-pressure region).



Besides the temperature and pressure, the CO2 concentration in the feed gas stream also regulates the CO2 capture performance of a particular adsorbent. Li and Xiao [92] observed an increase in CO2 capture capacity at both 25 and 50 °C with the increment in CO2 concentration, and this behavior was ascribed to the increase in CO2 partial pressure with the increase in CO2 concentration [92] and due to the higher driving force at elevated concentrations [3,13,42,104]. For instance, the PET-derived porous carbon and urea–formaldehyde resin-derived porous carbon displayed an increase in the CO2 uptake capacity from 0.63 to 2.31 mmol/g and 0.48 to 2.43 mmol/g at 30 °C, respectively, when the CO2 concentration was increased from 6 to 100% [3,13]. The increment in CO2 uptake capacity from 0.36 to 0.676 mmol/g for HMMM-derived porous adsorbent [105], from 0.62 to 1.4 mmol/g for urea–formaldehyde-derived porous carbon [42], from 0.78–1.25 mmol/g for phenol–formaldehyde-derived porous carbon [66], and from 0.25 to 0.94 mmol/g for melamine–formaldehyde resin-derived porous carbons were observed when the CO2 concentration was increased from 5 to 12.5%.



From a practical point of view, numerous research groups have examined the breakthrough time durations and the dynamic adsorption capacities. For example, Wang et al. [176] reported the breakthrough time as 192.5 s for a feed gas containing 10% CO2 and 90% N2 gas for an algae-derived porous carbon. Besides, a breakthrough time of 8 min for lotus leaf-derived porous carbon [183] and NaNH2 activated water chestnut shells-derived porous carbon [184], 9.5 min for lotus stalk-based activated carbon [182], and 6 min for KOH activated phenolic resins [177] were reported by previous researchers for a gas mixture containing 10% CO2 and 90% N2 gas. Furthermore, for a gas mixture containing 98% CO2 and 2% H2O, the CO2 adsorption front travels faster through the sorbent bed compared to that of moisture, and the breakthrough time for CO2 gas molecules was reported to be approximately 4.5 min, whereas, for H2O molecules, the breakthrough time was 127 min. Additionally, it was noted that the presence of moisture did not affect the breakthrough time of CO2. However, in the presence of a gas stream that contains 84% N2, 14% CO2, and 2% H2O, the breakthrough time of CO2 gas of 4.5 min (for the gas mixture containing 98% CO2 and 2% H2O) decreased due to the initially adsorbed higher amount of moisture content [195].



On the contrary, several research teams reported the dynamic CO2 adsorption capacities as 0.98 mmol/g for commercial phenolic resin-derived porous carbon at 25 °C [196], 1 mmol/g for coconut shell-derived carbon at 25 °C [81], 0.97 mmol/g for lotus stalk-derived porous carbon [182], 0.82 mmol/g for lotus leaf-based activated carbon [183], 0.96 mmol/g for KOH activated phenolic resin-derived porous carbon [177], 0.94 mmol/g for sodium amide activated phenolic-resin [185], 0.96 mmol/g for water chestnut shells-derived porous carbon [184], 1.31 mmol/g for waste sugar cane bagasse-based sorbent [47], 1 mmol/g for hazelnut-derived carbon [178], 0.95 and 0.66 mmol/g for petroleum coke-derived porous carbons [127,180], 1.45 mmol/g for polypyrrole-based sorbent at 25 °C [135], 2.1 mmol/g for activated carbon fibers/graphene nanocomposite at 25 °C [197], and 1.04 mmol/g for a commercial phenolic resin-derived porous carbon at 25 °C [173] for a feed gas stream containing 10% CO2 and 90% N2 gas. Interestingly, it is reported that the obtained dynamic CO2 adsorption capacities via experiments are consistent with the saturation adsorption data at a partial pressure of 0.1 bar [184]. Furthermore, a similar dynamic adsorption capacity of 0.36 mmol/g for both CO2 and H2O was observed for biochar developed from olive stones in the presence of a gas stream containing 2% H2O, 84% N2, and 14% CO2 while demonstrating a reduction of 13% of original CO2 gas capture capacity from a pure CO2 gas stream, 22% reduction of H2O adsorption capacity from a 100% moisture stream, and a reduction of 37% of original N2 gas capture capacity from a 100% N2 gas stream [195].



Apart from the facts mentioned above, some researchers have noted that rapid CO2 adsorption kinetics could be beneficial for practical applications. For instance, hazelnut shell-derived porous carbons have demonstrated 90% adsorption saturation within 6 min [181], and 92 and 98% CO2 were adsorbed after 1 and 3 min, respectively, by a nanocellulose-based carbon [117]. Additionally, very fast CO2 adsorption rates of 95% adsorption saturation after 4 min for commercial phenolic resin-based porous carbons [173], 90% of saturation within 3 min by NaNH2 activated lotus stalk [182], and 3.5 min by KOH activated commercial phenolic resin-derived porous carbon [177], adsorption saturation at 6 min for NaNH2 activated lotus leaves-based porous carbons [183], 5 min for NaNH2 activated water chestnut shells-derived carbon [184], and a 95% adsorption saturation around 4 min were exhibited at 25 °C in the presence of a 10/90 CO2/N2 (v/v) feed gas mixture. On the contrary, according to Wang et al. [185], the value for diffusion time constant is 0.053 min−1 for NaNH2 activated phenolic resin-derived porous carbon. It is stated that such a relatively high value is capable of reducing the adsorption cycle time, which is beneficial during practical applications. Most importantly, according to Plaza et al. [195], it was reported that the effective diffusivity of H2O molecules is smaller compared to CO2 gas molecules due to the higher isosteric heat of adsorption of moisture, and this phenomenon is beneficial during practical applications.
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Table 8. Comparison of the CO2 physisorption capacities of porous carbon materials.
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	Porous Carbon Material
	SBET (m2/g)
	Vt (cm3/g)
	Vmic (cm3/g)
	Vmes (cm3/g)
	Smic (m2/g)
	Smes (m2/g)
	Average Pore Size (nm)
	CO2 Capture Conditions for Pure CO2 Gas Flow
	CO2 Capture Capacity (mmol/g)
	Reference





	KOH activated carbon nanoflakes
	2010
	0.82
	0.718
	0.102
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	7.82

4.27
	[64]



	Mesoporous carbon synthesized using 3D silica KIT-6 as the hard template
	740
	0.88
	-
	-
	-
	-
	1.7

8.7
	0 °C and 1.2 bar

25 °C and 0.01 bar
	2.29

1.62
	[114]



	KOH activated biotar
	2595
	1.296
	-
	-
	-
	-
	2.5
	0 °C and 1 bar
	5.35
	[24]



	ZnCl2 activated Poplar cat skin-derived porous carbon
	1005.4
	0.41
	0.34
	-
	867.6
	137.8
	-
	0 °C and 0.15 bar

25 °C and 0.15 bar
	1.94

1.13
	[23]



	KOH activated date sheets
	2367
	1.48
	0.834
	-
	2059
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	6.4

4.36
	[143]



	NaNH2 activated lotus stalk
	1113
	0.41
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	3.88

5.45
	[182]



	NaNH2 activated lotus leaf
	1087
	0.45
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	3.50

5.04
	[183]



	KOH activated coconut shells
	1172
	0.58
	0.44
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	6.04

4.23
	[81]



	NaOH activated sugarcane bagasse
	1149
	1.73
	0.08
	-
	-
	-
	6.02
	25 °C and 1 bar
	4.28
	[47]



	NaNH2 activated water chestnut shells
	1416
	0.53
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	4.50

6.04
	[183]



	CO2 activated bamboo
	953
	0.4
	0.51
	0.04
	-
	-
	-
	25 °C and 1 bar
	3.4
	[11]



	CO2 activated solid residue
	1316
	0.55
	0.54
	0.07
	-
	-
	-
	25 °C and 1 bar
	3.4
	[11]



	KOH activated pinewood
	900.76
	0.38
	0.33 (87%)
	0.05 (13%)
	-
	-
	1.69
	25 °C and 1bar
	3.92
	[17]



	Steam activated pine sawdust
	581.74
	0.25
	-
	-
	-
	-
	2.24
	25 °C and 1 bar
	2.498
	[54]



	CO2 activated palm kernel shell
	367.8
	0.2199
	-
	-
	-
	-
	-
	25 °C and 1 bar
	2.13
	[84]



	KOH activated blue algae
	1018.55
	-
	0.46
	-
	-
	-
	2.09
	0 °C and 1 bar

25 °C and 1 bar
	4.88

2.76
	[176]



	Carbonized mangosteen peel
	1270
	0.55
	0.51
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar

45 °C and 1 bar
	6.93

4.77

3.35
	[15]



	NaNH2 activated hazelnut shells
	1099
	0.45
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	6.06

4.23
	[151]



	Chemically activated rice husk with prior compaction
	1190
	0.777
	0.422
	0.175
	-
	-
	-
	25 °C and 15 kPa
	1.9
	[50]



	KOH activated algae
	1247.2
	-
	0.69
	-
	1192.4
	39.4
	-
	0 °C and 1 bar

25 °C and 1 bar
	5.7

3.9
	[57]



	Potassium acetate activated sucrose
	1917
	0.85
	-
	71%
	78.8%
	-
	-
	25 °C and 1 bar
	4.82
	[78]



	Urea activated MOF-5-derived porous carbon
	1161
	1.31
	0.25
	1.06
	554
	607
	-
	25 °C and 1 bar
	2.44
	[198]



	Cu-BTC framework-derived porous carbon
	1364
	0.65
	0.59 (91%)
	-
	-
	-
	-
	25 °C and 1 bar
	4.51
	[22]



	ZIF-8-derived porous carbon
	948
	0.73
	0.39
	0.34
	826
	122
	-
	25 °C and 1 bar
	3.7
	[199]



	KOH activated graphite oxide
	3240
	2.23
	-
	-
	-
	-
	2.75
	25 °C and 20 bar
	21.1
	[170]



	KOH activated graphene
	716
	0.66
	-
	-
	-
	-
	3.7
	25 °C and 1 bar
	3.13
	[42]



	CO2 activated graphene
	1315.98
	1.07
	0.21
	-
	-
	-
	-
	0 °C and 1 bar
	3.36
	[150]



	MgO nanoparticles fabricated on Graphene oxide
	12
	0.1
	<0.01
	-
	-
	-
	-
	25 °C and 1 bar
	0.16
	[94]



	Urea and KOH activated graphene oxide
	1032
	0.61
	0.59
	-
	-
	-
	-
	25 °C and 1 bar
	2.4
	[21]



	KOH activated petroleum coke
	1445
	0.52
	-
	-
	-
	-
	
	0 °C and 1 bar

25 °C and 1 bar
	6.41

4.57
	[127]



	Urea modified and KOH activated petroleum coke
	1394
	0.52
	-
	-
	-
	-
	-
	25 °C and 1 bar
	4.4
	[193]



	KOH activated petroleum coke
	1433
	0.6
	-
	-
	-
	-
	-
	25 °C and 1 bar
	3.68
	[10]



	NaNH2 activated petroleum coke
	1666
	0.66
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	5.93

3.84
	[180]



	KOH activated petroleum coke
	1470
	0.6
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar

50 °C and 1 bar
	6.7

4.17

2.45
	[146]



	KOH activated asphalt
	4200
	2.4
	-
	-
	-
	-
	2.4
	25 °C and 54 bar
	35
	[130]



	KOH activated Iranian asphalt
	2186
	1.3
	0.25
	1.05
	-
	-
	2.37
	25 °C and 1 bar

35 °C and 1 bar
	11.37

38.49
	[7]



	KOH activated carbon fibers from anthracene oil-based pitch
	1294
	0.6
	-
	-
	-
	-
	-
	25 °C and 1 bar
	3.5
	[166]



	Phenolic resin electrospun carbon fibers
	650
	0.277
	0.249
	-
	-
	-
	-
	25 °C and 1 bar
	2.92
	[153]



	CO2 activated Resorcinol–formaldehyde-derived carbon
	1458
	0.647
	-
	-
	-
	-
	-
	25 °C and 1 bar
	4.54
	[178]



	KOH activated phenolic resin spheres
	2130
	1.1
	0.78 (71%)
	-
	-
	-
	-
	0 °C and 1 bar
	6.6
	[134]



	Urea modified and KOH activated phenolic resin-derived carbon
	1404
	0.53
	-
	-
	-
	-
	-
	25 °C and 1 bar
	4.61
	[196]



	KOH activated commercial phenolic resin
	1040
	0.37
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	4.12

5.66
	[177]



	KOH activated resorcinol–formaldehyde spheres
	1235
	0.67
	0.52
	1084
	-
	-
	-
	25 °C and 1 bar
	4.83
	[4]



	NaNH2 activated phenolic resin
	1924
	0.71
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	4.57

7.13
	[185]



	Urea modified and KOH activated phenolic resin-derived carbon
	1482
	0.56
	-
	-
	-
	-
	-
	25 °C and 1 bar
	5.01
	[173]



	CO2 activated cellulose
	1249
	0.53
	0.4
	-
	-
	-
	-
	0 °C and 0.15 bar

0 °C and 1 bar
	1.96

5.52
	[117]



	KOH activated chitosan
	1746
	-
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	6.37

3.91
	[187]



	KOH activated chitosan
	3226
	1.35
	-
	-
	-
	-
	3.91
	0 °C and 1 bar
	8.3
	[88]



	Potassium citrate activated chitosan
	2278
	1
	63%
	-
	-
	-
	0.56

0.73
	0 °C and 30 bar
	22
	[189]



	Potassium citrate activated chitosan
	1784
	0.78
	74%
	-
	-
	-
	0.56

0.66
	0 °C and 1 bar
	6.1
	[189]



	CO2 activated carbon aerogel by cellulose
	1364
	1.43
	0.37
	-
	-
	-
	-
	25 °C and 1 bar
	3.42
	[179]



	KOH activated lignin
	1788
	0.91
	0.49
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	8.2

4.8
	[161]



	KOH activated EHL
	2870
	2.02
	0.7
	1.32
	1000
	-
	2.8
	30 °C and 1 bar
	1.31
	[141]



	KOH activated starch-based packing peanut
	1354
	0.551
	0.539
	-
	1235
	-
	-
	0 °C and 1 bar

25 °C and 1 bar

50 °C and 1 bar
	6.51

4.07

2.35
	[138]



	KOH activated waste wool
	1352
	0.78
	0.54
	-
	-
	-
	-
	25 °C and 1 bar
	2.78
	[164]



	KOH activated starch
	1636
	0.51
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	7.49

3.84
	[49]



	CO2 activated starch
	3350
	1.75
	1.67
	-
	3281
	-
	-
	25 °C and 20 bar
	1.2
	[145]



	KOH activated chitin aerogel
	521
	0.19
	-
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	5.02

3.44
	[52]



	KOH activated polypyrrole
	941
	-
	0.34
	-
	-
	-
	-
	25 °C and 0.1 bar

25 °C and 1 bar
	1.42

4.5
	[135]



	KOH activated waste CDs and DVDs
	2710
	1.27
	91%
	-
	-
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	5.8

3.3
	[154]



	PILs as the precursor and C3N4 nanosheets
	1120
	2.28
	-
	-
	-
	-
	-
	0 °C and 1 bar
	4.37
	[159]



	KOH activated PIL
	1742
	1.415
	1.078
	-
	1392
	-
	-
	0 °C and 1 bar

25 °C and 1 bar
	6.2

4.5
	[157]



	Chitosan grafted graphene oxide aerogel
	33.32
	0.129
	-
	-
	-
	-
	-
	25 °C and 1 bar
	0.2579
	[152]







(Note: SBET; Specific surface area, Vt; Total pore volume, Vmic; Micropore volume, Vmes: Mesopore volume, Smic; Micropore volume, Smes; Mesoporous volume).












3.3. Importance of Textural Properties in CO2 Capture by Carbon-Based Adsorbents


During physisorption, the textural properties, including the size of the micropores, micropore fraction, total pore volume, pore size distribution, and the surface area, play critical roles in attaching the CO2 molecules onto the adsorbent surface. Various studies have shown the importance of textural properties in controlling the adsorption process.



The majority of previous studies have reported that microporosity is the primary governing factor for effective CO2 adsorption. On the contrary, it is also believed that the physical textural properties, including open 3D mesoporous and microporous interconnected structure, are favorable for the rapid diffusion of the CO2 gas molecules and faster mass transfer rates [15,50,141] while improving the accessibility of micropores in the adsorbent [50,96]. Most of the studies have revealed that the narrow micropore volume provides a greater contribution in the CO2 capture performance [21,32,34,76,81,130,157,166,178,186,196]. Besides, some of the research groups have proven that the combined effects of surface area and microporous structure [3,24,25,34,39,62,78,140,143,145,146,161,179,188], ultramicropore volume, and narrow pore size distribution [50], surface area/pore volume, and ultramicroporous surface area/volume [101], pores size distribution and surface area [49,161], specific surface area along with pore size and pore volume [49,142,146,150,153,157,159,172,189,192], surface area, pore volume, and void fraction [24], microporous fraction, pore size, and pore size distribution [151,180], surface area along with both micropores and mesopores [179], and large mesopores and narrow pore size distribution peaks [56] are responsible for the high CO2 gas capture performances.



The researchers have also stated that the presence of fine micropores below 1 nm is responsible for CO2 adsorption on porous carbon materials [15,76,88,101,134,141,153,163,187] since the pores in the range of two or three times larger than the kinetic diameter of CO2 molecules are the most suitable candidates for adsorption of CO2 gas molecules onto pores [143].



Several studies have conducted mathematical modelling and further research work to determine the exact micropore size that plays the dominant role in capturing the CO2 gas molecules. For instance, the micropores in the range of 0.43–0.78 nm [88], pore widths less than 0.86 and 0.7 nm [76,156], pores in the range of 0.5–0.7 nm [143], micropores with 0.5 nm size [49,55,91], small micropores below 0.7 nm [161,171], pore sizes less than 0.8 nm [10,146,155], narrow micropores centered at 0.52 and 0.84 nm [164], pore size with 0.97 nm [46], ultramicropore sizing 0.5–0.63 nm which is approximately 2 times greater than that of the kinetic diameter of CO2 gas molecules (0.3 nm) [153], pore sizes ranging from 0.6–0.9 nm [101], pores in the range of 0.48–0.79 nm [34], and ultramicropores smaller than 0.44 nm [50].



Apart from the above, several studies have also examined the textural properties responsible for adsorbing CO2 gas molecules onto sorbent at specified pressures and temperatures. For instance, Rao et al. [182], Liu et al. [183], Rao et al. [184], and Liu et al. [177] have stated that the synergetic effect of a large number of narrow micropores and narrow pore size distribution is responsible for better CO2 gas capture performance at 1 bar and 25 °C. Kamran, Choi, and Park [34] have reported that the ultramicropores below 0.7 nm provide effective active sites for CO2 adsorption below 1 bar. In contrast, the results have indicated that the micropores are the better indicators for CO2 sorption at room temperature and ambient pressure [48,173]. Moreover, the remarkable CO2 adsorption capacities at 0 and 25 °C were attributed to the most significant micropore volume of the sorbent materials [4]. In contrast, the small micropores govern the CO2 capture performances at 0 °C and 800 mmHg and 25 °C and 850 mmHg [154]. Furthermore, the research groups have also claimed that small micropores contribute mainly to CO2 capture at high temperature and low pressure, total pore volume is responsible for CO2 adsorption capacity at 50 bar [156], the micropores in the range of 0.7–0.9 nm are favorable for CO2 capture at low pressure [143], micropores/small mesoporous specific surface area is a better indicator for low pressure CO2 capture [56,117], mesopores are found to play a major role in high pressure CO2 gas adsorption [7,101], micropores with pore width less than 0.86 nm are favorable for CO2 capture at 0 °C and 1 bar, while pore width less than 0.7 nm provides greater contribution for carbon capture at 25 °C [76,156], volume of the narrow micropores are good candidates for carbon capture at 0 °C and 1 bar [32], micropore contribution is the major factor controlling the CO2 adsorption at 0.15 bar [78], high specific surface area plays a prominent role for high pressure CO2 gas capture [145], the pores of 0.8 nm are slightly higher than twice the CO2 gas kinetic dimeter, which governs the CO2 adsorption capacity of the sorbents at 101.3 kPa [101], pores with diameters smaller than 4 nm contribute mainly for carbon capture at 25 °C and 30 bar, the ultramicropores less than 0.5 nm play a vital role for CO2 adsorption capacity at 0 °C and 0.1 bar. A similar contribution was found for a notable CO2 gas capture performance at 25 °C and 0.1 bar with pore sizes of 0.37 nm and 0.83 nm [59], both the pore size and pore size distribution determine the CO2 gas adsorption capacity for porous carbons at 25 °C and 1 bar [180], both the specific surface area, and the total pore volume is eligible for CO2 gas molecules capture at 0 °C [172]. On the contrary, the CO2 adsorption capacity of some of the porous carbon sorbents is said to be directly related to the specific surface area [73,142,143,158,189].




3.4. Selectivity of CO2 over Other Gases and Moisture


Numerous studies have explored the selectivity of CO2 over other gases such as N2, CO, and CH4, and the selectivity values of previous studies are summarized in Table 9. According to the previous studies, both the textural properties and the surface functional groups are responsible for better selectivity of CO2 over other gases [4,55,58,88,117,135,158,172,200].



Table 10 enumerates the physical properties related to gas molecules associated with the selective adsorption of CO2. It is reported that the ultramicropores centered at 0.34–0.39 nm are the best candidates for selective CO2 adsorption due to the contribution of the molecule sieve effect. As the kinetic diameter of the CO2 molecule is the most minor compared to other gases (Table 10) [57], it is easier for it to access the porous structure [25,54,57,59,88,164]. Furthermore, the better CO2 separability can also be attributed to the higher polarizability and quadrupole moments of CO2 than other gas components, as enumerated in Table 10. Such a process can induce more vital Van der Waals forces between the carbon chain of the adsorbent surface and the gas molecules [4,25,34,46,86,146,164,191].



The CO2/N2 selectivity could be enhanced by self-doped nitrogen functionalities on the adsorbent surface [24,55,62,88,135]. Strong interactions between the acidic CO2 (Lewis acid) molecules and the basic N-containing functional groups [21,114,127,181,193] are expected. The oxygen-containing functionalities such as carboxylic and hydroxyl groups could also lead to strong H-bonding and electrostatic interactions with the CO2 molecules [4,45,47,55,181]. Apart from the CO2/N2 selectivity, the N-containing functional groups also play critical roles in separating CO2/CH4 mixtures [125]. When sulfur exists in the oxidized form (-SO or -SO2), the negatively charged oxygen also possesses a high affinity towards CO2 gas molecules, and thus, the CO2 separability is enhanced [10].



Several research groups have investigated the effect of CO2 capture behavior in water vapor and impurity gases, including NO2, SO2, and NO. Polypyrrole-derived porous adsorbent demonstrated a CO2 adsorption capacity of 0.71 and 0.54 mmol/g at 50 °C under dry and humid conditions, respectively. Interestingly, the authors also explored the capture capacity under simulated flue gas conditions, and a 14% reduction of CO2 uptake was observed compared to the pure CO2 adsorption capacity [135]. Furthermore, Park et al. [155] have stated that the reduction in CO2 uptake capacity compared to dry CO2 is due to the competitive adsorption of H2O onto the adsorbent surface. Wang et al. [185] have investigated the influence of moisture on CO2 gas capture performance by flowing the gas stream through a bottle of water to achieve a moist gas mixture with a relative humidity of 28% at room temperature. According to the experimental data, a negative impact on CO2 adsorption capacity was observed in the presence of water valuing 0.94 mmol/g (under humid conditions) and 0.86 mmol/g (under dry conditions), and such reduction in CO2 capture capacity was ascribed to the competitive adsorption between CO2 gas and H2O [185].



On the contrary, Plaza et al. [195] have noted that the maximum adsorption capacity of H2O molecules is relatively lower in biochar developed from olive stones by air oxidation compared to zeolites and commercially available activated carbons. This behavior is beneficial for practical applications due to the lower moisture hold up during CO2 capture operations. Apart from the above-mentioned facts, according to the breakthrough curves obtained for the ternary mixture of N2, CO2, and H2O, it was observed that the adsorbent was initially saturated with H2O, and this behavior confirmed that the adsorption of H2O molecules is little influenced in the presence of CO2 gas. However, the CO2 adsorption capacity decreased with initially adsorbed H2O. This behavior reflects that the CO2 adsorption capacity of biochar derived from olive stones is highly influenced by the relative humidity of the gas stream. Additionally, a 64% reduction in CO2 capture performance was observed under a gas stream with a relative humidity of 95% [195]. However, You and Liu [203] have stated that the absence of CO2 gas and moisture slightly affect each other’s adsorption performance on activated carbon.



On the other hand, according to Plaza et al. [204], it was stated that the biochar produced via single-step oxidation could preferentially adsorb CO2 gas molecules over N2 gas in both humid conditions and dry conditions. Interestingly, according to their observations, despite biochar adsorbing moisture, there was no significant decrease in CO2 gas capture performance in humid conditions in the short time scale. Such behavior is due to the delayed adsorption of H2O molecules [204].




3.5. Regeneration and Cyclic Stability of Porous Carbon Materials


Easy regeneration and long-term cyclic stability are of great importance for practical applications of a solid adsorbent [86,150]. The isosteric heat of adsorption (Qst) demonstrates the strength between adsorbent–adsorbate interactions and reflects the energy required for adsorbent regeneration [21,181]. Qst values that are too low are not favorable for CO2 adsorption, whereas a Qst that is too high is not beneficial during regeneration of the adsorbent. Therefore, a moderate Qst value is preferred for effective CO2 capture and an easy regeneration process for a particular adsorbent [21].



The research groups have adopted different types of regeneration procedures. For instance, Chang et al. [101], Rashidi, and Yusup, [86], Yu et al. [186], Politakos et al. [191], and Ganesan and Shaijumon et al. [170] have used pressure swing adsorption technology wherein the porous carbons were prepared via polyaniline. Coconut shells, polyaniline, petroleum coke, and hazelnut shells were heated at 200 °C for 6 h in a vacuum before the subsequent CO2 adsorption cycle [59,81,88,180,181,191,205]. Additionally, the desorption tests for mangosteen peel-derived porous carbons were performed at 25 °C under 1 bar [15]. Furthermore, Xu et al. [117] have evaluated the desorption behavior via VSA and TSA strategies. In contrast, for chitosan-derived porous carbons, EHL-derived porous sorbents, PET-derived porous carbons, urea–formaldehyde, and resorcinol–formaldehyde resin-based porous carbon materials were degassed by mild heating at around 100–200 °C [3,42,134,141,189]. On the contrary, starch-based peanut packaging-derived porous carbons and petroleum coke-derived sorbents were quickly regenerated by alternatively switching the flowing gas stream to N2 at 25 °C and 1 atm [11,138,146]. Moreover, An et al. [21] and Guo et al. [158] have carried out the desorption tests by heating the sorbent bed at 150 °C for 2 h in a vacuum to remove the previously adsorbed CO2 gas. Apart from the above procedures, urea–formaldehyde [42,45] and resorcinol–formaldehyde [36] resin-derived porous carbons were degassed by raising the temperature of the sorbent sample to 200 °C and maintaining a purge nitrogen stream until the adsorbent was successfully regenerated.



Some of the previous studies have reported the stability of the prepared porous carbon materials up to several consecutive cycles. For instance, Zhang et al. [76] have stated that biomass cork dust-derived porous carbon material was stable up to 15 cycles, and 3D-ordered mesoporous carbon [114], bio tar-derived sorbent [24], coal tar pitch-derived porous carbon [186], petroleum coke-derived porous materials [127,193], EHL-derived sorbent [141], PIL-derived porous carbon [158], graphene-based monolith [191], polyurethane foam-derived porous carbon [156], cornstarch-based carbon sorbent [46], NaNH2 activated lotus stalk-derived porous carbon [182], and KOH activated commercial phenolic resin-based carbon [177] were stable up to 5 adsorption–desorption cycles. The CO2 uptake amount was almost unchanged, even at the eighth cycle for the poplar catkin-derived porous carbon [23], asphaltene-based sorbent [89,180], chitosan-derived porous carbons [88,164], and waste wool-derived carbon sorbent [164]. Date sheet-derived sorbent material [143], PET-derived porous carbon [3], polyacrylonitrile-based sorbent [34], urea–formaldehyde, melamine–formaldehyde, and resorcinol–formaldehyde resins-derived carbon sorbent [13,36,45,103] were stable up to four consecutive cycles. A cyclic stability of up to 10 cycles for starch-based packaging material-derived activated carbon [138], petroleum coke-derived porous carbon [146], biochar-derived porous carbon [25], palm kernel shell-based activated carbon [86], graphene oxide-based porous carbon [150], PET-derived porous carbons [23], microporous carbon fibers [197], polypyrrole-derived sorbent [135], graphene-based sorbent material [157], and PIL-based porous carbons [157,159] was reported. Cyclic stability of up to seven cycles for petroleum coke-derived sorbent [10] was reported. It is reported that graphene oxide/magnesium oxide nanoparticle composite could withstand up to 16 consecutive adsorption–desorption cycles [192]. The cyclic stability of synthetic polymer-based sorbent [205] and triazine-based hyper crosslinked polymer-derived porous carbon [172] were noted up to six cycles. The cyclic stability of phenolic resin-derived porous carbon was only up to three consecutive cycles [153]. Besides, Yang et al. [81], Wang et al. [176], Liu et al. [181], Tehrani et al. [7], and Rao et al. [180] have reported only a loss of original CO2 capture capacity by 2.4, 6, 5, 1.08, and 7.95% after 10, 7, 5, 4, and 5 consecutive runs, respectively. Moreover, a CO2 adsorption capacity loss of 4 [196] and 5% [21] were reported for commercial phenolic resin-derived porous carbon at the fifth cycle. Apart from the above, for cellulose-derived porous carbon materials, the CO2 capture capacity was reported to be stable up to 10 cycles during PSA cyclic adsorption tests. In contrast, the cyclic stability was maintained for the TSA process up to 11 cycles [117]. Furthermore, according to Wang et al. [185], the sodium amide-activated phenolic resin-derived porous carbon was stable up to 8 consecutive cycles with a loss of 5.4%. In contrast, a loss of 5% in the original CO2 gas capture capacity at the 5th adsorption–desorption cycle was reported by Rao et al. [184].



Besides, Plaza et al. [195] and Plaza et al. [204] have reported that the low H2O adsorption capacity at relatively lower pressures for biochar prepared from olive stones is advantageous from an economic point of view during operation, since a relatively smaller reduction in pressure during PSA or a small increase in the temperature during TSA processes causes a notable reduction in relative humidity of the gas stream which is capable of reducing the equilibrium adsorption capacity of H2O molecules [195]. On the other hand, a simulation study to investigate the effect of humidity on the amount of CO2 recovery during regeneration studies was conducted by You and Liu [203]. According to their observations, the CO2 recovery rate declined with the increase of relative humidity of the feed gas conditions. The trend of decrease is more minor at lower relative humidity values. In contrast, a notable decrease in CO2 recovery rate was observed under high relative humidity values. Based on the simulations, it was recommended to maintain the relative humidity of the feed gas stream in the range of 40.00% and 50.00% while maintaining the feed gas temperature in between 313 and 333 K in order to achieve a CO2 recovery rate in the range of 82.29% and 97.08%. Moreover, the simulation studies have also recommended maintaining the feed gas temperature below 333 K when the H2O concentration in the feed gas stream is 10.50% (high moisture concentration) and below 323 K when the moisture composition in the feed gas stream is 4.6% (under low H2O concentration), where high recovery rates of 81.36% and 90.92% could be obtained, respectively. Additionally, a significant inhibitory effect on the CO2 adsorption and recovery rates was observed at high humidity conditions [203].



Interestingly, it was reported by Politakos et al. [191] that the mechanical stability and the morphological structure of the graphene-based carbon monolith were well retained, even after five cycles. Nevertheless, PIL-derived carbon sorbent exhibited a loss of 8% of the original capture capacity. This loss was attributed to the blocked particles of common high boiling point impurities, such as water [157].



Even though the estimation of cost or energy associated with adsorbent regeneration is of paramount importance from a cost and practicality point of view, a minimal number of studies have reported the estimated cost and energy requirements. For example, the energy required for degassing 1 kg of CO2 from KOH activated PET-derived porous carbon was estimated to be 1.21 MJ [3], while for resorcinol–formaldehyde-derived porous carbons, the energy associated with CO2 desorption was noted as 1.82 MJ/kgCO2 [45]. Furthermore, Tiwari, Bhunia, and Bajpai [42] have also estimated that the energy required to desorb 1.26 mol/g of adsorbed CO2 is 0.073 MJ.





4. CO2 Chemisorption Using Amine-Functionalized Porous Carbon Materials


4.1. Importance of Chemisorbents


Even though porous carbon-based materials which adsorb CO2 molecules via physisorption exhibit remarkable CO2 capture capacities and easy regenerability, the selectivity of CO2 over other gas molecules is poor, and the presence of moisture hinders the CO2 capture performance [57,206]. To overcome these significant drawbacks, research groups have suggested increasing the basic nature of the adsorbent surface to make the capture of acidic CO2 molecules relatively easier [57]. Therefore, the amine-functionalization of porous carbon materials has become a common practice to enhance the basicity of adsorbents [57,118,207]. Such a process could enhance the separability of CO2 in the presence of other gases owing to the highly favorable CO2–amine interactions [111]. Generally, amine-functionalized porous carbon materials can be categorized into two major types based on their preparation methods [208,209]: (i) amine-impregnated porous sorbents where the amine groups and the carbon support interact via Van der Waals forces [53,111,208] and (ii) amine-grafted porous supports where the amine species and the support are covalently bonded [118,207].



Interestingly, amine functionalization on porous carbon supports offers some advantages over absorption of CO2 using alkanolamines, such as reduced corrosion problems due to decreased contact between amines and the equipment [209], solids being easy to handle, and most importantly, reduced energy consumption for regeneration due to the lower heat capacity of solid sorbents compared to that of water [57,206,210,211].



Of the different carbon-based porous supports, graphene and carbon nanotubes (CNTs) are receiving much attention owing to their remarkable properties such as unique molecular structure, huge specific surface area, tunable textural properties, better thermal and mechanical stability, good thermal conductivity, and most importantly, better accessibility to surface functionalization [38]. Chemical functionalization of CNTs can be categorized into two major divisions: (i) functionalization from inside and (ii) functionalization from outside [9].



Alkanolamines can be divided into three major types, namely, (i) primary amines, (ii) secondary amines, and (iii) tertiary amines [57,95]. The amine reactivity follows the order of primary > secondary > tertiary. This order reflects the critical role of the number of protons attached to the N atom in determining the amine reactivity towards the acidic CO2 molecules [57,212]. It is a well-known fact that the CO2 molecules possess acidic nature, and thus, they undergo acid-base interactions with the amine functional groups. The zwitterion mechanism was initially proposed by Caplow, followed by reintroduction by Danckwerts [87,112,113,211]. The Zwitterion mechanism is often used to explain the reaction between CO2 molecules and primary/secondary amines [2,87,112,211]. Such a mechanism generally involves two primary steps: (i) formation of an intermediate zwitterion where the lone electron pair of amines first attaches to the carbon atom of the CO2 molecule, and (ii) deprotonation of the zwitterion by the base to produce ammonium carbamate [82,104,112,211,212,213,214]. The two steps involved in the zwitterion mechanism are presented in Figure 5.



The tertiary amines react with CO2 gas molecules differently in the presence of moisture, where the reaction mechanism involves base-catalyzed hydration of CO2 to yield bicarbonates [104,113,213,214]. The overall reactions between CO2 gas molecules and primary amines (Reaction (2)), secondary amines (Reaction (3)) at anhydrous conditions, and tertiary amines (Reaction (4)) are as follows, where R1, R2, and R3 are aryl/alkyl groups [115,118].


CO2 + 2R1NH2 ↔ R1NH3+ + R1NHCOO−



(2)






CO2 + 2R1R2NH ↔ R1R2NH+ + R1R2NCOO−



(3)






CO2 + R1R2R3N + H2O ↔ R1R2NH+ + HCO3−



(4)







According to the stoichiometry of the above reactions, only one mole of CO2 can react with two moles of amine in dry conditions, while under humid conditions, one mole of CO2 can adequately be chemisorbed to one mole of amine [48,82,112,113]. On the other hand, the amount of chemisorbed CO2 gas molecules is enhanced in the presence of moisture due to the formation of bicarbonates [37]. Apart from the above, from an industrial point of view, amine efficiency is vital to determining the deployment of a particular sorbent material for CO2 capture [195]. Usually, the amine efficiency is defined as the normalized capacity of adsorbed CO2 gas per N content (mmol CO2/mmol N) [195,207]. Moreover, the maximum theoretical amine efficiency at anhydrous conditions is 0.5 mol CO2/mol (primary/secondary) amine [213], and it is reported to be improved to 1 mol CO2/mol (primary/secondary) amine under humid conditions [48,207,213].




4.2. CO2 Capture by Amine-Impregnated Carbon-Based Adsorbents


During amine impregnation, the sorbent material is prepared by physically loading any kind and amount of amine species onto or into support surfaces [112,118]. However, amine loading is limited by the available pore volume [118]. The type of amine species to be impregnated depends on the amine molecule size, molecular weight of the amine, sorbent dimensions including pore volume, pore size distribution, and regeneration conditions [214]. Among the available amine species, polyethyleneimine (PEI) is the primary functionalization agent being used by numerous researchers [118]. In contrast, the wet impregnation method has been widely used during amine impregnated porous carbon synthesis due to several advantages, such as accessible synthesis routes under mild synthesis conditions [215]. Amine-impregnated sorbent materials have been suggested to be used at temperatures between 60–70 °C. At the same time, it is also reported that the regeneration temperature should be kept below 250 °C since, if the amine decomposition occurs, the adsorbent cannot be reused [216].



The type of carbon support is a significant factor that should be considered during the preparation of amine impregnated sorbents. According to the literature, it is stated that mesoporous carbon supports are the better candidates for amine impregnation since they are capable of providing a large surface area to accommodate a large number of amines [110,217]. In contrast, if microporous supports are used, it may cause diffusion limitations owing to pore blockage by chemical species [26,218]. On the contrary, 2D materials are the most promising candidates for the synthesis of amine-functionalized solid sorbents as the amine loading is limited in solid sorbents that possess cylindrical or slit-like pores [219]. Overall, it is reported that the large pore width is helpful for amine dispersion, while higher pore volume is required to maximize the amine loading [210].



From an industrial point of view, amine-impregnated sorbents possess distinct advantages over amine-grafted sorbents owing to their easy synthesis [220], easy implementation on a large scale [207,219], decreased corrosion problems [85], and the possibility to synthesize adsorbents with high amine capacities [205,207,210,219].



Figure 6 demonstrates the pore structure before amine loading and the occurred pore blockage after amine loading. Despite their advantages, the amine-impregnated porous carbons exhibit several disadvantages, including pore blockage without penetrating the amine species into internal deeper pore spaces as illustrated in Figure 6b [206,217,218,221,222,223], limited CO2 gas diffusion [210,217], amine leaching during adsorption and regeneration processes which hinders the reusability of the adsorbents [212,224], amine volatilization/emissions [37,225], and long term stirring during amine impregnation, which destroys the macroporous structure of the carbon support [37] and limits their applications.



4.2.1. Synthesis of Amine-Impregnated Porous Carbon Adsorbents


The chemical structures of the amines used to functionalize carbon supports are depicted in Figure 7.



During the synthesis of amine-impregnated porous carbon adsorbents, the use of the wet impregnation method has been extensively reported by several researchers for monoethanolamide (MEA), Piperazine (PZ), and 2-amino-2-methyl-1-propanol (AMP) impregnated sea mango-derived activated carbon [226]. Monoethanolamine (MEA) and diethanolamine (DEA) impregnated ZnCl2 activated green coconut shell-derived porous carbon [206]. EDA and triethylenetetramine (TETA) impregnated mesoporous carbon [110], pentaethylenehexamine (PEHA) loaded chitosan-derived mesoporous carbon [210], tetraethylenepentamine (TEPA), monoethanolamine (MEA), diethanolamine (DEA), PEI and diethylenetriamine (DETA) impregnated wood ash [70], triethanolamine (TEA) functionalized KOH activated Jatropha curcas shell-based activated carbon [224], MEA impregnated corn and potato starch-derived porous carbon sorbents [227], DEA impregnated activated carbon [211], PEI impregnated mesoporous carbon microparticles and mesoporous carbon nanospheres (as shown in Figure 8a) [207], PEI functionalized graphitic carbon nitride [228], MEA and DEA impregnated activated carbon [216], DEA and MEA incorporated ZnCl2 activated fresh green coconut shell-derived activated carbon [87], TEPA functionalized semi coke [228], EDA, DEA, TETA, and branched PEI impregnated porous carbon [218], PEI-functionalized MWCNTs [217], TEPA impregnated on MOF-derived carbon monolith [93], porous silica-coated MWCNTs prepared via nanocasting and PEI impregnation [223], branched PEI impregnated on graphene oxide [229], TEPA impregnated onto graphene and silica containing aerogel [194], and TEPA impregnated carbon aerogels prepared via sol–gel process [215]. The structure of amine-functionalized mesoporous carbons synthesized via physical impregnation of PEI is demonstrated in Figure 8a.



Apart from the above, several other synthesis procedures are as follows. Activated methyl diethanolamine was impregnated onto mesoporous supports using a soft template [230]. The urea–KOH method was used to fabricate amine-impregnated sugarcane bagasse [44]. A suspension polymerization assisted sol–gel method, involving colloidal silica as the hard template, can be used to synthesize the PEI-functionalized mesoporous carbon spheres [108]. Wang et al. [62] prepared PEI impregnated mesoporous carbon via a combination of hard templating and sol–gel methods. The EDA-functionalized graphene oxide was synthesized through simultaneous self-assembly and reduction of graphene oxide in an aqueous solution which contains EDA via a low-temperature hydrothermal method, and 3D graphene aerogels were also fabricated by adopting a one-step approach which involves modification with EDA and gelation by hydrothermal reduction, followed by subsequent lyophilization [231].




4.2.2. CO2 Adsorption Capacities of Amine-Impregnated Porous Carbon Materials


The comparison of CO2 adsorption capacities of amine-functionalized materials is presented in Table 11. The behavior of CO2 adsorption capacities of amine-impregnated porous carbon supports with the variation of temperature, pressure, CO2 feed gas concentration, and amine loading has been extensively studied by various research teams. Even though Alhassan et al. [224] could observe an increase in CO2 adsorption capacity with the increase in amine loading for a TEA-impregnated Jatropha curcas shell-derived activated carbon, Chai [232], Faisal et al. [110], and Shin, Rhee, and Park, [229] have reported a decline in CO2 adsorption capacity with the increase of amine loading since the bare surface of the porous carbon support might be clogged by extra amine species, resulting in more diffusional resistance while reducing the accessibility of CO2 molecules towards the chemisorption sites [207,229]. Moreover, the results of the study carried out by Faisal et al. [110] have suggested that the optimum TETA loading of 30 wt % could exhibit remarkable CO2 capture capacities with minimum pore blockage. Besides, according to Ali et al. [226], it has been stated that the CO2 capture capacity of both diamines and sterically hindered amines are more significant compared to that of alkanolamines. Such a behavior can be attributed to the two N-atoms in diamine, which could double the CO2 uptake.



The amine efficiency of PEHA functionalized chitosan-derived mesoporous carbon was 0.18 mol/mol at 100 °C with a PEI loading of 3.9 g/g, suggesting a moderate utilization of amine species during the CO2 adsorption process [210]. The theoretical amine efficiency for PEI-impregnated graphitic carbon nitride composite was observed to be 0.15–0.27 mol/mol at 100 °C by assuming that the reaction stoichiometry between primary/secondary amine groups and CO2 gas molecules is 2:1 [219]. Furthermore, the maximum CO2 uptake capacity for TEPA-impregnated biomass-derived wood ash was reported to be 1.76 mmol/g, which corresponds to an amine efficiency of 0.3 mol/mol. Amine efficiency decreased from 0.36 to 0.8 mol/mol was observed with the increased amine loading [70].



Apart from the above observations, both Yaumi, Bakar, and Hamed [221] and Wang et al. [108] have noted an increase in CO2 capture performance with CO2 concentration in the feed gas stream. For instance, the melamine-impregnated rice husk-derived mesoporous carbon displayed an increase in the CO2 capture performance from 4.41 to 5.43 mmol/g with the increase of CO2 concentration from 10 to 20% in the feed gas stream at 30 °C and 1 bar [221]. The PEI-functionalized mesoporous carbon adsorbent demonstrated an increasing trend from 2.55 to 4.53 mmol/g when the CO2 concentration in the feed gas mixture was increased from 55 to 60% [108]. Such behavior was ascribable to the enhanced driving force between the adsorbent surface and bulk adsorbate concentration, resulting in better diffusion and mass transfer [221].



On the other hand, a sharp increase in the CO2 capture performance was demonstrated by PEI-impregnated hollow fibers [240], DEA-functionalized activated carbon [216], and activated carbon/polyaniline composites [79] at any given temperature when the pressure was increased. The increase in CO2 adsorption capacity with pressure is due to the enhanced reactivity between amine species and CO2 molecules via chemisorption [79]. Additionally, Keller et al. [240] have stated that an amine-functionalized porous carbon adsorbent that possesses a remarkable CO2 adsorption capacity of 1.07 mmol/g at a very low pressure of 350 ppm acts as a promising candidate for CO2 capture from the air with a CO2 concentration about 400 ppm.



Several researchers have extensively studied the CO2 capture behavior with temperature change. For instance, Wang et al. [62] had observed a slight increase in the adsorbed CO2 amount when the temperature was increased from 25 to 75 °C, whereas a sharp decrease from 75 to 110 °C for PEI-impregnated mesoporous carbon. TEA-functionalized activated carbon has exhibited a sharp decline of CO2 adsorption amount as the temperature was increased from 20 to 60 °C [224]. An increase in the adsorption capacity was observed with a temperature rise from 25 to 60 °C for TEPA-loaded CNTs, while the maximum adsorption capacity was obtained at 60 °C [14]. A decrease in CO2 capture capacity was observed for melamine-impregnated rise husk-derived mesoporous carbon from 4.41 to 3.56 mmol/g as the temperature was increased from 30 to 75 °C [221]. An initial rise in the CO2 adsorption amount with the rise of temperature from 25 to 90 °C and a sharp decline from 90 to 120 °C [194], an increase from 40 to 50 °C, whereas a decrease with further increase in temperature [214] was also reported. The researchers have attributed the improvement of CO2 capture performance at low temperature to the increased CO2 diffusion to available reactive sites. In contrast, the sharp decrease in CO2 capture capacity at elevated temperatures is suggested to be associated with the combined effect of the exothermic nature of the chemisorption process and the loss of amine sites available via amine degradation at temperatures higher than 100 °C [60,214].



Several research groups have also conducted CO2 adsorption experiments to determine the optimum parameters associated with adsorbent beds. Alhassan et al. [224] reported an increment in CO2 adsorption performance from 0.82 to 1.5 mmol/g when the bed height was increased from 2.7 to 5.4 cm. This increment was ascribed to the increased interactions between the active sites of the adsorbent and CO2 molecules. Exciting results were generated by Das et al. [213], indicating a reduction in CO2 removal efficiency (%) with the increase in CO2 feed gas velocity due to decreased gas diffusion for DEA-functionalized activated carbon. An increasing trend of CO2 removal efficiency with the increase of CO2 feed gas flow rate and weir height was observed, which could be attributed to enhanced gas–solid interactions. Similar observations were also noted by Das and Meikap [87] and Ali et al. [226]. Furthermore, Das et al. [211] have stated that the maximum CO2 removal efficiency of 80% was achieved under a low CO2 flow rate of 0.188 m/s, highest adsorbent flow rate of 4.12 kg/h, and a high weir height of 50 mm.



Apart from the above results, a few researchers have generated kinetic CO2 adsorption behaviors. A breakthrough capacity of 2.17 mmol/g was exhibited by PEI-impregnated mesoporous carbon at a PEI loading of 60%. The breakthrough and saturation adsorption capacities were reduced as the PEI loading was increased to 70% [62]. Moreover, an adsorption rate of 0.23 mmol/min at the breakthrough stage was observed by [228] for TEPA-modified activated semi-coke. On the contrary, a decline in breakthrough time with the increase of inlet gas flow rate from 30 to 60 mL/min at 30 °C [221] and an increase in breakthrough time with the increase of carbon adsorbent dosage [226] was observed by the researchers.




4.2.3. Regeneration and Cyclic Stability of Amine-Impregnated Porous Carbon Materials


The researchers have adopted different regeneration strategies to evaluate the cyclic stability of the adsorbent materials. For example, Peng et al. [210] and Pen et al. [218] used the concentration swing adsorption to regenerate PEHA-loaded chitosan-derived mesoporous carbon and PEI-grafted graphitic nitride. Temperature swing adsorption was used for TEA-impregnated activated carbon and biochar, PEI-modified CNTs and mesoporous carbon spheres, MEA functionalized activated carbon, and melamine loaded rise husk-derived activated carbon [63,108,111,216,221,224,240]. The pressure swing adsorption was used for PEI-functionalized micro- and nanosized mesoporous carbon [207]. Several research groups have reported the regeneration capabilities of various carbon adsorbents. For instance, a 16% reduction in CO2 capture capacity for PEHA-loaded mesoporous carbons was observed after 10 consecutive cycles [210]. The regeneration conversions of 92.6%, 83.1%, 69.8%, 90.2%, and 86.2% were observed after 5 adsorption/desorption cycles for TEPA, MEA, DEA, PEI, and diethylenetriamine impregnated biomass-derived wood ash, respectively [70]. Good cyclic stability was maintained for up to 7 cycles for TEA-impregnated activated carbon [224]. A stable reversible capacity of up to 10 cycles with a small reduction of 5% compared to the original adsorption capacity for PEI-functionalized graphitic carbon nitride was observed [219]. Overall, 47% CO2 capture reduction after 19 cycles for PEI-impregnated micro- and nanosized mesoporous carbon [207], 1% reduction after 10 regeneration cycles for PEI-modified CNTs [240], regeneration capability up to 10 consecutive cycles for PEI-impregnated mesoporous carbon [108] and PEI-functionalized MWCNTs (multi-walled carbon nanotubes) [217], reduction of 20% of the original CO2 capture performance after 10 cycles for TETA-impregnated CNTs [14], 7.7% reduction after 10 adsorption/desorption cycles for TEPA-modified semi coke [217], better reusability up to 5 cycles for TEPA-modified biochar [111], and PEI-impregnated silica coated MWCNT [79], 8.8% reduction of initial CO2 adsorption amount after 12 cyclic tests for melamine-impregnated mesoporous carbon [223], a loss of 6% of the original capture performance after 20 cycles and a loss of 40% at the 50th cycle for TEPA-loaded MOF-derived carbon monolith [93], 14% reduction of CO2 desorption capacity after 15 regeneration cycles for DEA-impregnated activated carbon [60,214], regenerability up to 10 cycles for amine-functionalized graphene/silica aerogel [187], and amine-modified sugar cane bagasse [44], 3% drop in CO2 adsorption capacity after 10 cycles for PEI-impregnated mesoporous carbon [62], and an original capture capacity reduction by 20% after 8 consecutive cycles for TEPA-impregnated carbon aerogels [8] were reported.



A weakening of adsorbent regeneration performance could be observed for TEPA-impregnated biomass-derived wood ash due to the formation of byproducts, including sulfur or nitrogen adducts and nitrosamine compounds in the presence of SO2, NOX, HCl, and other acid impurities [70]. On the other hand, the significant loss of CO2 capture performance during adsorbent regeneration experiments was ascribed to the degradation and evaporation of amines [93,111,216,227], thermal instability of amine species [31,152], or amine leaching from the carbon support [93,215,218], pore blockage after repeated cycles which cause CO2 inner diffusion resistance [108,221,227], and oxidative degradation during both adsorption and desorption processes where some of the active sites are occupied by O2 via an irreversible reaction [108]. Furthermore, a 7% decrease of original CO2 capture capacity after the second cycle for PEI-impregnated millimeter-sized mesoporous carbon spheres was also reported in the presence of dry O2 containing gas mixture (15% CO2, 5% O2, and 80% N2) during the regeneration process. On the contrary, Liu et al. [241] conducted the CO2 regeneration studies for TEPA-impregnated MWCNTs in the presence of SO2 gas. During the cyclic adsorption–desorption experiments, the adsorbent was exposed to a feed gas flow rate of 50 cm3/min, which contains an SO2 concentration of 1000 ppm. At the first cycle, a remarkable decrease with a CO2 capacity loss of 23.48% was observed, whereas a CO2 capture loss of 53.56% was exhibited at the fifth consecutive cycle in the presence of SO2 gas. This sharp CO2 capture drop is attributed to reducing the number of active adsorption sites. The pore blockage occurred through the reactions between SO2 and amine species to hinder the CO2 diffusion into active sites [241].



Apart from the above, a few studies have explored the regeneration energies associated with the adsorbent regeneration process. The regeneration energies associated with TEPA, MEA, DEA, PEI, and diethylenetriamine impregnated biomass-derived wood ash was found to be 92.68, 147.38, 146.69, 92.64, and 106.25 kJ/molCO2, respectively, which are notably less compared to that of the parasitic regeneration energy load (197.91 kJ/mol CO2) associated with aqueous amine scrubbing technique, which uses 30% MEA. Additionally, it is stated that both TEPA and PEI-impregnated biomass-derived wood ash demonstrated the minimum energy requirement for CO2 degassing. The discrepancy in the energy loads is due to the difference in the number of amine groups and the structure of amine species [70].





4.3. CO2 Capture by Amine-Grafted Porous Carbon Adsorbents


Amine grafting has grabbed significant attention as a more stable alternative to the physical impregnation of amines [218]. The available specific surface area decides the maximum amine content that can be covalently bonded onto the porous support [118]. Even though previous research groups have noted that the grafting of amines onto porous carbon materials has greatly improved the thermal stability [53,210] and reusability [53,104,112], there are some disadvantages associated with amine-grafting, such as complicated synthesis routes [210] and the reduced amine loading onto the support compared to the amine-impregnation process [207].



4.3.1. Synthesis of Amine-Grafted Porous Carbon Adsorbents


Various synthesis methods have been developed to synthesize amine-grafted porous carbon adsorbents for carbon capture effectively. For instance, TETA was incorporated into the sugar cane bagasse matrix fiber via graft copolymerization [225]. Polyaniline-functionalized pinecone-based activated carbons were prepared through nitric acid oxidation, followed by subsequent amine anchoring [79]. Tetraethylenepentamine (TEPA)-functionalized graphene oxide was fabricated using a sonochemical activation method with ultrasound irradiation [151]. PEI-modified CNTs were fabricated by spirally wrapping each CNT using PEI chains [37]. MWCNTs were modified by 1,3-Diaminopropane via two steps. Initially, a mixture of H2SO4/HNO3 was used. Then, a subsequent modification step was employed using 1,3-Diaminopropane [9]. Covalent functionalization of ethylenediamine (EDA) through condensation and nucleophilic substitution of semi-coke and graphene was also reported [242]. Melamine-grafted carbon was prepared using monodispersed polymer microspheres as the template following the self-assembly of the template with calcination [237]. Laponite RD was modified using aminopropyl triethoxysilane (APTES) to fabricate a ternary composite aerogel comprising graphene oxide/Laponite RD/chitosan through the electrostatic self-assembly method [243]. According to the Schiff reaction, PEI was functionalized onto wheat bran husks without biomass carbonization [165]. Microcrystalline cellulose/silica and nanocrystalline cellulose/silica composites attached with amidoxime groups were fabricated via the evaporation-induced self-assembly (EISA) [48,51]. Melamine, EDA, and hexamethylenetetramine-functionalized porous carbon adsorbents were synthesized via a template-free method [238]. Melamine and urea were incorporated into asphaltene using three different synthesis routes: soft-template synthesis, self-assembly synthesis, and molten-salt syntheses [5]. The structure of EDA functionalized nanosized mesoporous carbons is demonstrated in Figure 8b. Additionally, the mechanism for the functionalization of acid treated MWCNTs with APTES is illustrated in Figure 9.



Gunathilake et al. [48] reported that the total production cost of amidoxime-functionalized microcrystalline cellulose/mesoporous silica composites to be less than 8 US$ to make their production economically feasible.




4.3.2. CO2 Adsorption Capacities of Amine-Grafted Porous Carbon Materials


Previous studies have reported that the CO2 adsorption capacity of amine-grafted sugar cane bagasse depends on the amine content and hydrophobicity of the matrix fiber since the presence of hydroxyl groups in the carbon support enhances CO2 chemisorption via changing the mechanism into a more favorable route, requiring less activation energy. Additionally, it was noted that the amine-grafted carbon supports with mild alkalinity could exhibit higher CO2 adsorption capacities [225]. Deng and Park [37] reported that the PEI-grafted CNT demonstrates enhanced CO2 capture performance using spacers containing an optimal or moderate chain length. Furthermore, Gunathilake et al. [48] reported that the CO2 uptake increased from 2.84 to 3.85 mmol/g when the amidoxime content was increased from 10 to 40% at 120 °C. Similar observations were reported by Zhodi et al. [202] for amine-grafted CNT/hollow silica particle composites. It was also reported that the CO2 adsorption capacity decreases with increased grafted amine loading due to pore blockage by larger amine groups that prevent effective CO2 diffusion at low temperatures [90].



Furthermore, it was revealed that the CO2 adsorption in low molecular weight amine-functionalized carbon supports is higher than in the high molecular weight amine-functionalized porous carbons [60]. When the CO2 concentration in the feed gas stream increased from 5 to 20%, the CO2 capture capacity also increased from 2.32 to 3.35 mmol/g. The amine efficiency also increased from 32.535 to 46.98% [225]. Moreover, Auta et al. [82] have suggested the optimized conditions for CO2 adsorption for waste tea activated diethanolamine (DEA)-grafted adsorbent material as 30 °C (temperature), 10% (CO2 feed gas concentration), 90 mL/min (inlet flow rate of the gas stream), and 3 g of adsorbent dosage with 1–2 mm particle sizes [82]. Shafeeyan et al. [116] have noted that the CO2 adsorption performance of NH3-grafted activated carbon increased with increasing pressure. Besides, the adsorbed CO2 amount of amine-grafted CNTs increased from 0.42 to 0.48 mmol/g with the rise of temperature from 293.15 to 303.15 K. In contrast, the CO2 capture performance of non-functionalized CNTs declined with the temperature increment [80].



Apart from the adsorption capacities, several research teams have published data on adsorption kinetics. For instance, Luo et al. [225] have observed faster kinetics for amine-grafted sugar cane bagasse under high CO2 feed concentrations. In contrast, Auta et al. [82] have reported the adsorption capacity to be 0.45, 1.22, and 1.47 mmol/g at the adsorbent column loadings of 2, 3, and 4 g, and the breakthrough time durations of 240, 900, and 970 s, respectively. Apart from the above, Andredi et al. [244] have noted that the CO2 adsorption kinetics is mainly affected by the curvature of the porous carbon support. For example, the rate of CO2 adsorption exhibited an increasing trend with increasing curvature of the support [244].




4.3.3. Regeneration and Cyclic Stability of Amine-Grafted Porous Carbon Materials


The regeneration of the adsorbents is of paramount importance from a practical and economical point of view for long-term usage [151]. The cyclic stability of the amine-grafted porous carbon adsorbents has been investigated via different regeneration procedures. For instance, Lourenco et al. [234] have carried out the desorption process at 80 °C under vacuum and temperature–vacuum swing adsorption (TVSA) [9,242]. The spent adsorbent can also be regenerated by exposing it to 303 K [203] or 378 K [151] in a He atmosphere [51,90,236]. PSA can also be utilized for regenerating the spent adsorbents [236].



According to the previous studies, the cyclic stability has been reported as recyclability up to 10 cycles [5,51,225,234], 5 cycles [235], 4 cycles [9,60], 8 cycles [242], 50 cycles [37], 3 cycles [202], and 6 cycles [238] without a noticeable CO2 capture drop. A decline of 2% of original CO2 capture capacity for phenylenediamine-functionalized MWCNTs after 4 consecutive cycles [80], 1% loss in adsorption capacity after 10 cycles for TEPA-grafter graphene oxide [151], 20% decrease after the tenth cycle for APTES-modified biochar [90], and a stability of up to 11 cycles with a drop of 2% for amidoxime-functionalized microcrystalline cellulose/mesoporous silica composite has been reported [48].





4.4. CO2 Selectivity of Amine-Functionalized Porous Carbons


As mentioned in Section 4.1, the selectivity of CO2 over other gases present in the feed is more excellent for amine-functionalized materials than that of physisorbents. Iqbal et al. [233] obtained CO2/N2 selectivity for amine-functionalized CNT as 78 at 25 °C and 1 bar, while the IAST selectivity for melamine loaded polyaniline was 75 [235]. Moreover, the CO2 adsorption capacity of 1.27 mmol/g and an N2 capture capacity of 0.15 mmol/g was reported by Gunathilake et al. [48] at 1.2 atm and 25 °C. On the other hand, according to Khalza et al. [79], it was observed that, although the CO2/N2 selectivity decreased with increasing the pressure and N2 mole fraction in the gas mixture, the selectivity of polyaniline-modified activated carbon was much greater than the pristine activated carbon. Furthermore, increased CO2/N2 selectivity was exhibited when the polyaniline loading was increased, whereas, for a gas mixture containing CO2/N2 (15/85) at 298 K and 1 bar, the selectivity value was noted as 18.97 [79]. A reduction in CO2/N2 selectivity with the increase of pressure was also observed by Wang et al. [171], and this behavior was attributed to enhanced physical adsorption of N2 at higher pressures. Melamine-loaded carbon has exhibited a notable CO2/N2 separability of 158 at 25 °C, and 100 kPa for a gas mixture containing 10% of CO2 and when the CO2/N2 (1/9 v/v) gas stream flowed over a packed bed which contains the melamine-loaded porous carbon as the adsorbent material with a total flow rate of 5 mL/min at 25 °C, the CO2/N2 selectivity was reported to be 145 [237].



Apart from the above, for amine-impregnated porous carbon adsorbents, selectivity values in the range of 412–4110, which is 21–206 times higher than that of pristine adsorbent, were exhibited by pentaethylhexamine (PEHA) loaded chitosan-derive mesoporous carbon [210], 18.7 for amine-modified activated carbon at 298 K [234], selectivity values in the range of 2257–6588 for PEI-impregnated graphitic carbon nitride at 25 °C and 1 bar [219], selectivity value of 22 for amine-impregnated sugar cane bagasse [44], 196 for PEI-impregnated CNT [240], and a CO2/N2 selectivity of 37.13 for PEI-impregnated graphene oxide-derived porous carbon at 298 K and 1 bar [229] were observed for a gas mixture with 15% CO2 and 85% N2.



Several researchers have reported remarkable CH4/CO2 separability for diethanolamine (DEA) impregnated palm shell-derived activated carbon [216], DEA functionalized broom sorghum-based activated carbon [56], amine-functionalized MWCNT/hollow silica nanocomposite [202], amine-functionalized asphalt-derived porous carbon nanosheets [5], and amine-functionalized graphene-based semi-coke porous carbon [244]. According to Kongnoo et al. [216], under atmospheric pressure, the CO2/CH4 selectivity was more pronounced owing to the higher steric hindrance for CH4 than CO2, making it difficult for the CH4 molecules to reach the active sites. Additionally, the active sites favor CO2 adsorption due to amine modification [57,202,216]. Besides, for amine-functionalized graphene-based porous carbon materials, the secondary amine groups play a prominent role in achieving better selectivity performance of CO2/CH4. In contrast, the interlayer spacing of 0.362 nm in the hierarchical sandwich-like structure of the porous material only allows the CO2 molecules to pass through due to the larger kinetic diameter of CH4 compared to CO2 (Table 10). Similar results were observed for the selectivity of CO2/N2 [231]. Moreover, a selectivity value for CO2/CH4 of 6.83 was noted by Mehrrarz, Ghoreyshi, and Jahanshahi [56] at 308 K and 1 bar, while the selectivity increased with the temperature increment.



Liu et al. [241] have carried out experiments to examine the effect on CO2 gas adsorption performance of TEPA-impregnated MWCNTs in the presence of SO2 gas. The sorbent exhibited a reduction in CO2 capture capacity from 2.765 to 2.642 mmol/g when the SO2 concentration in the feed gas stream was increased from 100 to 2000 ppm. Additionally, the research group was able to explore the effect of temperature at a constant SO2 concentration of 1000 ppm in the feed gas stream. The results of this study indicated an initial increment of CO2 adsorption capacity from 2.109 to 2.732 mmol/g when the temperature was increased from 293 to 333 K, respectively. In contrast, a reduction of the CO2 capture capacity valuing 2.543 mmol/g was also demonstrated at 353 K. This behavior confirmed that the CO2 adsorption capacity declines more significantly at elevated temperatures in the presence of SO2 gas [241].




4.5. Importance of Amine-Functionalization for Effective CO2 Capture


It is a well-known fact that the CO2 adsorption capacity predominantly depends on chemisorption by amine-functionalized porous carbon materials. Lourenco et al. [234], Kwan et al. [165], Shafeeyan et al. [116], Gibson et al. [218], and Shin, Rhee, and Park [229] have claimed that the notable CO2 adsorption capacities of the amine-modified carbon supports compared to the pristine materials is due to the enhanced acid–base interactions between the basic functional groups such as EDA, PEI, TETA, AMP, PZ, MEA, and amidoxime as illustrated in Figure 10 on the carbon support surface and acidic CO2 molecules. It has been reported that the more significant CO2 capture performance at low temperatures and 1 bar is also due to the favorable interactions between the basic NH2 groups and acidic CO2 molecules [233]. The sharp increase in CO2 uptake at low pressures was attributed to the dominant chemisorption behavior between the NH2 groups in polyphenylenediamine and APTESi and the CO2 molecules, respectively [171,243]. Additionally, according to Wang et al. [171], the increase in CO2 adsorption capacity from 4.1 to 6.5 mmol/g when the temperature and phthalimide loading were increased from 25–85 °C and 0.5–1.5%, respectively, was due to a more significant affinity of the NH2 groups in phthalimide and these interactions enhanced with the temperature increment. Similar observations were reported by Peng et al. [210] for PEHA incorporated mesoporous carbon, Pen et al. [219] for DEA-modified palm shell-derived activated carbon, and Kongnoo et al. [216] for PEI-functionalized graphitic carbon nitride. Khalza et al. [79] have claimed that the amine polymerization of activated carbon could decrease the number of carboxylic groups while increasing the basic sites on the support surface, which is beneficial for improving the CO2 capture performance. Moreover, functionalization of porous carbon using ethylenediamine was reported to be useful since it could enhance the CO2 adsorption capacity via acid–base interactions while preserving the original structure of the adsorbent [238]. The amidoxime functionalization has been proven effective for CO2 capture at elevated temperatures [51].




4.6. Importance of Moisture in the Effective Capture of CO2 by Amine-Functionalized Porous Carbon Adsorbents


The presence of moisture plays a dominant role in determining the CO2 adsorption performance of amine-functionalized porous carbon materials. Moisture is ubiquitous in the flue gas and ambient air [8,14,62,108]. The possible reactions occurring between the CO2 molecules and the primary, secondary, and tertiary amines under dry and moist conditions are presented in Table 12.



As mentioned in Section 4.1, 1 mol of amine groups react with 0.5 mol of CO2 molecules to form carbamates in dry conditions. In contrast, in moist conditions, 1 mol of amine groups react with 1 mol of CO2 molecules to form bicarbonate and carbonate species (Table 12) [14,62,210,234]. The moisture in the CO2 feed gas streams must be utilized to enhance the CO2 capture performance of amine-modified carbon supports [14,210]. For the reaction between tertiary amine groups and CO2 molecules, moisture plays a prominent role, as depicted in Table 12. Additionally, moisture adsorption onto porous supports is reportedly relatively slower than the chemisorption of CO2 molecules onto the amine species. Additionally, the desorption of water molecules is slower than the moisture adsorption process [234]. Andredi, Cullum, and Barron [244] have claimed that moisture was not adsorbed with CO2 gas molecules on PEI-modified nanocarbon at high temperatures.



An enhanced CO2 capture performance by amine-functionalized porous carbon adsorbents in the presence of water has been extensively reported in the literature. According to Wang et al. [108], the CO2 adsorption capacity sharply increases with relative humidity (RH). The maximum adsorption capacity of 4.26 mmol/g is obtained at an RH of 60% for PEI-impregnated mesoporous carbon spheres. A remarkable increase in the CO2 capture capacity for PEHA-loaded mesoporous carbon from 3.31 mmol/g (under dehydrated conditions) to 4.49 mmol/g (under humidified conditions) at 75 °C was reported by Peng et al. [210]. Additionally, according to Luo et al. [225], a sharp increase in CO2 adsorption capacity from 0.5 to 2.79 mmol/g was observed for TETA-functionalized sugarcane bagasse in the presence of a moist environment, and such behavior was attributed to the enhancement of chemical adsorption of alkylamino groups for CO2 gas molecules. Nevertheless, Wang et al. [171] have observed that the phthalimide-loaded cellulosic nanofibers could exhibit the highest CO2 adsorption capacity of 5.5 mmol/g at 95% RH at ambient pressure. This remarkable capture performance at high moisture levels was attributed to the easy dissolution of non-polar CO2 molecules in water, improving CO2 adsorption [8]. Furthermore, an increase in breakthrough time, both equilibrium and breakthrough adsorption capacities for TEPA-functionalized activated semi-coke in the presence of water vapor [228], enhanced CO2 uptake capacity in the presence of 4.5% water [234], negligible effect on the adsorbed amount of CO2 gas onto PEI-modified graphitic carbon nitride [219] and PEI-grafted graphene oxide [244], and enhanced CO2 uptake at 80% RH compared to that of dry conditions [62] have been reported.



However, Irani et al. [14] reported that even though the adsorbed CO2 level increased by 56% with 1 vol %; of moisture into the feed gas stream, the CO2 capture capacity declined with a further increment of moisture content beyond 1%. This reduction could be ascribed to the occupation of available adsorption sites in the adsorbent material by the H2O molecules competing with CO2 [14,62]. Similar observations were reported by Gholidoust et al. [214] that the CO2 adsorption capacity of DEA-functionalized activated carbon increased gradually up to 20% RH and then declined. The increase in capture capacity up to 20% RH was due to the catalytic effect of H2O on the reaction between amine species and CO2 molecules. Additionally, it was stated that when the moisture amount is less than the CO2 gas concentration, it leads to enhanced CO2 capture performance and vice versa [214]. On the contrary, a reduction in CO2 capture capacity from 2.02 to 1.71 mmol/g was noted when the adsorbents were exposed to gas steam containing 5% CO2 and 5% H2O in the presence of acidic impurities. A reduction in amine efficiency from 0.19 to 0.16 mol/mol was also reported [70]. Apart from the above observations, though an initial rise in adsorption capacity from 2.97 to 3.88 mmol/g for TEPA-impregnated CNTs was observed as the water vapor amount was increased from 0 to 2%, a notable decrease from 3.88 to 2.67 mmol/g was exhibited by the adsorbent when the water vapor was increased from 2 to 7% at 298 K [245].



Moreover, a reduction in CO2 capture performance from 2.765 to 2.579 mmol/g was noted by Liu et al. [241] for TEPA-impregnated MWCNTs when the RH was increased from 0 to 100% at 323 K. Such a reduction in capture capacity was ascribed to the formation of water vapor into a thin layer of a water film which hinders the CO2 mass transfer, pore blockage occurred through the reactions between bicarbonate/carbonate and CO2/H2O/TEPA, and due to the capillary condensation occurring with the increase of water vapor content which resulted in micropore blockage [241].



Apart from the above, the presence of moisture affects the cyclic performances of amine-functionalized porous carbon materials. For instance, the CO2 capture decreased from 2.02 to 1.94 mmol/g within 10 consecutive cycles when the adsorbent was exposed to a gas mixture containing 5% CO2 and 5% H2O [70]. A rapid decrease in the cyclic CO2 capture capacity at 60% RH in the presence of SO2, NO, and NO2 were observed. This adverse effect was attributed to the high solubility of the gases such as SO2, NO, and NO2 in water, which caused enhanced adsorption of these impurity gases compared to CO2 [108]. Preferential adsorption of CO2 when in the co-presence of water vapor pressure (>3.2 kPa) at the third cycle was also reported [234]. Besides, Wang et al. [108] have reported an increase in cyclic performance from 97 to 98.6% at dry conditions and 60% RH, respectively. This exciting observation was due to the inhibition of the formation of urea-linkages in the presence of moisture, which is considered an irreversible by-product of the reaction between amine species and CO2 molecules.





5. Contactors for CO2 Adsorption Using Porous Carbon Materials


The wise choice of a suitable contactor system plays a vital role in better utilization of the sorbent material, improving the overall process sufficiency, and cost reduction [246,247,248]. When choosing a contactor configuration, the other parameters, including the ease of retrofitting into existing plants, affordability, flexibility during operation, and effectiveness towards the global technology, should also be considered [248,249,250]. In this context, the proposed reactor configurations for CO2 adsorption include the (i) fixed bed, (ii) fluidized bed, and (iii) moving bed [246,248].



5.1. Fixed Bed Reactor


Numerous research activities have focused on fixed bed reactor configuration due to its relatively simple operation and design [251,252,253] and the ability to test a variety of sorbents under different regeneration modes [248,254]. The fixed bed contactor is considered the more straightforward reactor configuration where the flue gas is passed through stationery millimeter-sized adsorbent particles or structured packing materials. Usually, structured packing materials are used to achieve a better adsorption rate and a lower pressure drop by optimizing the solid–gas contacting surface area and void spaces while allowing more effective gas flow rates [248,255]. Besides, fixed bed adsorption columns possess the plug-flow nature and are considered the main advantage since this arrangement can ensure the maximum CO2 capture performance until the entire contactor bed gets almost saturated with CO2 gas [256]. On the contrary, the CO2 concentration in the feed gas stream, temperature of the feed, feed flow rate, and the amount of adsorbent injected are the critical parameters affecting the functionalization of a fixed bed adsorber [251]. Besides, due to the poor heat transfer properties of the fixed bed configuration, it makes the bed suitable for PSA operation when using physisorbents that possess lower reaction enthalpies and temperature sensitivity [256].



The significant limitations associated with fixed bed reactors are high pressure drops even at moderate gas flow rates, making it impossible to use high gas velocities during adsorption and regeneration steps [256,257] and poor heat transfer [256]. According to the literature, the maximum recommended pressure drop available across the fixed-bed reactor is around 0.21 atm [256]. Moreover, if low feed rates are used to reduce the pressure drop, the low feed gas flow rates result in decreased CO2 gas capture capacities due to long residence times [257]. The fixed bed configuration can be classified into two main categories:




	(i)

	
Conventional fixed bed: In this configuration, large adsorbent pellets are used to minimize the pressure drop and achieve a better sorbent working capacity. However, this imposes mass transfer limitations [258] from large pellets and has a low heat transfer coefficient [259,260].




	(ii)

	
Structured fixed bed reactor: Structured fixed bed contactors are considered a better alternative to conventional fixed beds. In this arrangement, sophisticated packing materials are employed to maximize the surface area per volume of the adsorbent and heat transfer [248,261,262] while maintaining better temperature control [263,264]. Additionally, this reactor configuration is capable of lowering the pressure drop (50% reduction can be achieved compared to pellets) [264] and improves the gas throughput and productivity 3–10 times [265] while reducing the cycle time [247].









Activated carbon beads were used to recover CO2 gas from flue gas in a fixed bed reactor under a two-stage VPSA process. This study stated that the two-stage VPSA process is viable since the CO2 fixed concentration of 60%, a purity of 95.5%, and a CO2 gas recovery of 83.4% could be obtained via the four-step cycles. Additionally, the total power consumption of the two-stage VPSA process was reported to be 723.6 KJ/kgCO2 with a unit production of 0.85 molCO2/kgh [266]. In a separate study using a fixed bed reactor, it was found that the CO2 loading capacity of the carbon sorbent at 25 °C and 15% CO2 reduced from 23 cc/g to 20.6 cc/g at 0 and 40% RH, respectively, and further reduced down to 19 cc/g at 80% RH [267]. In contrast, another study was carried out by Ren et al. [268] in order to investigate the CO2 capture behavior of N-doped porous carbon in a fixed bed reactor with a sorbent dosage of 0.5 g. The inlet flow rate of the gas mixture containing 15% CO2 and 85% N2 was about 40 mL/min. This carbon sorbent exhibited high CO2 uptake capacities under pure CO2 gas flow and for the gas mixture of 15/85% CO2/N2 in the range of 4.59–6.73 mmol/g. The CO2 selectivity value for the simulated flue gas was as high as 63 at 25 °C [268]. Nasri et al. [269] have measured the CO2 capture performance of palm kernel shell-activated carbon in a fixed bed adsorption unit. The experimental results demonstrated that the time taken reach the equilibrium increased with the pressure valuing 50 min and 130 min at low and high pressures, respectively. Additionally, the CO2 capture capacity dramatically increased with pressure (1.66 mmol/g at 1 bar and 7.32 mmol/g at 4 bar) [269].




5.2. Moving Bed


Moving bed contactor is another widely investigated reactor type for CO2 gas adsorption as an alternative to fixed bed contactors [35]. In moving bed configuration, the sorbent particles are moved through different sections operated at the same operating conditions to reduce the pressure drop compared to an equivalent fixed bed [270]. The major drawback associated with this reactor type is the higher complexity. This complexity of the design arises with the necessity of moving the sorbent particles between different reactors while limiting the possibility for carrying out the PSA process. Besides, the moving bed contactor can overcome one of the significant shortcomings of the TSA process in a fixed bed reactor: the long cycle time related to heating/cooling steps, which eventually lowers the separation process efficiency [271].



Although the arrangement of the moving bed is similar to the multi-stage fluidized bed, during the enhancement of sorbent working capacity, at the same time, the heat transfer efficiency drops owing to poor mixing [35,272]. On the other hand, the major drawback in large-scale moving beds is that the feed gas velocity should be maintained as small enough to prevent the solids from being fluidized and simultaneously increase the footprint [271]. Moving bed configuration can be divided into two major categories as follows:




	(i)

	
Conventional moving bed: The conventional moving bed is similar to the fixed bed, benefiting from enabling the steady-state operation [248]. Additionally, the reactor is shorter than the conventional fixed bed and thus, reduces the pressure drop [270].




	(ii)

	
Rotary bed: The concept of a rotary bed has been innovated as an alternative to traditional moving beds [248]. This reactor configuration comprises a rotating reactor that can effectively separate CO2 from industrial flue gas [248]. Even though the rotary bed enables steady-state operation, there might be sealing and leakage problems [248].









Hornbostel et al. [273] have prepared a carbon sorbent using commercial PVDC-methyl acrylate copolymer. The diameter of the prepared microbeads was in the range of 150–300 µm while the physical properties of the beads indicated that the heat capacity was constant in the temperature range of 25–100 °C, and it was also reported that the high thermal conductivity (0.82–0.90 W/mK) and low heat capacity (~1 J/gK) of the beads are capable of providing fast heat transfer rates. For the CO2 adsorption measurements, the prepared sorbent was loaded into a moving bed. For a 100% CO2 gas flow, the equilibrium CO2 adsorption capacity was 4.5 mmol/g at standard temperature and pressure (STP). Additionally, at 0.15 bar, the CO2 partial pressure for a typical flue gas stream, and the CO2 uptake was recorded as 1.76 mmol/g at 25 °C. Moreover, for a gas mixture containing 15% CO2 and 85% N2, the CO2 adsorption capacity was reduced by around 5% as the temperature was increased from 25–30 °C. Most importantly, the experimental studies suggested maintaining the flue gas temperature as low as possible to reduce the sorbent amount in the bed. Thus, the capture capacity could be optimized. Besides, the heat required to raise the temperature of the sorbent material from 30–110 °C is estimated to be 80 J/g. Interestingly, this sorbent could exhibit higher selectivity values for CO2 over other gases in a flue gas stream in the presence of N2, O2, SO2, and Ar [273].



A separate study was conducted by Okumura et al. [274] to investigate the CO2 capture performance of amine-functionalized sorbent materials using a Kawasaki CO2 capacity moving bed system (KCC system). The results of this study indicated that the adsorber could remove over 90% of CO2 contained in the exhaust gas and the sorption capacity of this bed was 1.6 T/day [274].




5.3. Fluidized Bed


In fluidized bed configuration, the adsorbent particles circulate as a fluid under a high mixing rate between the interconnected reactors, namely, adsorber and regenerator, which results in an excellent mass and heat transfer across the bed [248,275,276]. Fluidized beds act as potential candidates for TSA operation [277,278,279] due to better temperature control and the ability to recover or add heat into the bed depending on the need [275,280]. Fluidized bed reactors offer some inherent advantages over fixed bed configuration, including (i) excellent solid–gas contact due to continuous agitation of the adsorber particles, (ii) minimum resistance towards diffusion, (iii) faster kinetics, (iv) ability in managing the pressure drop limit, and (v) applicability of high flue gas velocities [246,281].



Though fluidized bed possesses the advantages mentioned above, it also presents a few disadvantages, such as complexity during scale-up [275]. The fluidized bed reactors were widely operated in the early stage using chemisorbents such as K2CO3 and Na2CO3 [282,283]. Interestingly, chemisorbents such as amine-functionalized carbons and silica materials have captured greater attention as potential candidates to be used in this bed configuration [211,284]. Fluidized bed reactors can be categorized into three significant configurations, as stated below.



	(i)

	
Single-stage fluidized bed: Single-stage fluidized bed operated at steady-state with a low-pressure drop while providing a high heat transfer coefficient in the range of 300–600 W/m2 K [281]. On the contrary, this bed configuration possesses some disadvantageous properties, including attrition of sorbents and lower working capacity due to back mixing [275].




	(ii)

	
Multistage fluidized bed: Compared to the single-stage fluidized bed reactor, the multi-stage fluidized bed reduces the internal back mixing by introducing a plug flow behavior while enhancing the CO2 capture performance as in packed beds just after 3–5 stages [285]. Moreover, the cost associated with the multi-stage fluidized bed is notably higher than that of the single-stage fluidized bed configuration. Even though high driving forces and improved CO2 capture could be achieved in multi-stage fluidized beds, the complexity of this bed configuration hinders the industrial scale deployment [286].




	(iii)

	
Transient fluidized bed: The concept of transient fluidized bed reactor, which is also known as the swing adsorption reactor cluster (SARC), was initially proposed by Zaabat et al. [287]. In this bed configuration, there is no solid particle circulating, which enables the application of VSA during the regeneration step [287]. In this reactor, the back mixing is further reduced concerning the multi-stage fluidized bed [288], and a significant reduction of the energy penalty compared to other benchmarking technologies [289] improved CO2 capture efficiencies, which meant adsorber working capacities [290] could be achieved. Interestingly, this contactor configuration can be easily retrofitted into existing plants while applying both TSA and steam regeneration processes [291].







Das et al. [211] have developed a four-stage fluidized bed reactor to observe the sorption behavior of DEA-impregnated activated carbons prepared from green coconut shells at different operating conditions. According to their study, the maximum CO2 gas removal efficiency of 80% was obtained under a high sorbent particle flow rate of 4.12 kg/h, a low gas flow rate of 0.188 m/s, and a considerable weir height of 50 mm [213]. Another separate study was conducted to observe the CO2 removal ability of MEA-impregnated activated carbon in a four-staged fluidized bed reactor [284]. Most importantly, the study was able to reveal that the removal efficiency of CO2 gas is a function of CO2 concentration in the inlet gas stream, gas velocity, solid flow rate, and weir height [211,284]. The maximum CO2% removal was obtained valuing 94.9% at a high solid flow rate of 4.12 kg/h, the low gas velocity of 0.188 m/s, and a significant weir height of 50 mm. Besides, a higher amine impregnation ratio has also led to better CO2% removal efficiencies due to the availability of more functional groups [284]. Based on the optimization study carried out by Das et al. [292] using a multi-stage fluidized bed reactor, it was found that the optimum CO2 gas removal efficiency of 95.17% was obtained with an initial CO2 feed gas concentration of 7312 ppm, chemical impregnation ratio of 0.31, and a weir height of 48.65 mm.



On the contrary, Raganati et al. [293] have explored the CO2 capture behavior of activated carbon using both common and sound-assisted fluidized bed reactor configuration. The results of this study showed that the acoustic field has a positive impact on the fluidization quality and CO2 capture capacity, adsorption rate, and the fraction of the reactor bed utilized until the breakthrough occurred, while the optimum frequency range that provided the best capture performance was in the range of 50–120 Hz [293]. A laboratory-scale fluidized bed assisted by acoustic fields was used to examine the CO2 removal of fine activated carbon using the TSA process. The experimental results demonstrated that the activated carbons were completely regenerated in the temperature range of 25–150 °C, and it was reported that the desorption temperatures larger than 70 °C were always favorable [294]. On the other hand, another study was carried out by Raganati et al. [295] using a lab-scale sound-assisted fluidized bed to investigate the CO2 sorption performance of activated carbon under the TSA process. Activated carbon could be completely regenerated at 70 °C using both ordinary and sound-assisted fluidized bed reactors. Additionally, a longer desorption time duration was required for a more effective regeneration [295]. Apart from the studies mentioned above, Raganati et al. [296] have conducted adsorption and desorption tests using commercially available activated carbon using a lab-scale sound-assisted fluidized bed apparatus. An increase in the CO2 recovery level with the increment of regeneration temperature was observed, whereas 80% CO2 recovery could be obtained at 1 atm and a moderate desorption temperature of 130 °C [296].



However, much more research should be dedicated to process optimization due to the wide availability of different adsorbent materials, processing conditions and contactor configurations.



Even though numerous research studies are currently underway for discovering and synthesizing novel carbon-based materials for CO2 capture, their practical applications on the commercial scale have been identified as a challenging task. As reported elsewhere, CCS or CCSU technologies face technical and economic challenges during large-scale deployment. Most importantly, these technologies require a considerable capital investment. Besides, sustainability issues associated with large-scale development should be carefully considered, and eco-friendliness should be maintained. Therefore, the environmental impacts should be accessed on a life cycle basis. Apart from the above, from an economic point of view, to assess whether a particular adsorbent is effective in contactor configuration, the experimental and theoretical studies that generate engineering data, including the heat of adsorption–desorption, stability over 1000 cycles, reusability, resistance against surface erosion, equilibrium CO2 adsorption capacity over a range of temperatures, pressures and CO2 concentrations, breakthrough time, kinetic adsorption–desorption data, amine efficiency of amine-functionalized materials, the effect of moisture and flue gas contaminants/impurities on the CO2 capture performance, thermal, chemical and mechanical stability, thermal and electrical conductivity should be investigated. However, due to the lack of such critical data, design and economic analysis are limited.



The effectiveness of the adsorbent is also highly dependent on the contactor bed configuration. Therefore, choosing an appropriate contactor that exhibits the highest adsorbent performance is vital in CO2 capture. The available contactor types such as fixed bed, fluidized bed, and moving bed are matured, whereas circulating-bed, fast-fluidized bed, and transport bed are still in the developmental stage. Of these contactors, the fluidized bed is superior to fixed beds due to its advantageous properties, including minimal diffusion resistance, faster adsorption–desorption kinetics, better solid–gas contact, and uniform temperature throughout the bed [110]. It is reported that multistage-fluidized beds could notably reduce energy consumption while performing at high separation efficiencies. The combination of VSA and TSA is capable of reducing the regeneration cost. Moreover, it is crucial to determine the optimum adsorbent content to be inserted in a contactor, since a reduced adsorbent amount reduces operational cost due to lower temperature change and pressure drop within the gas stream [87]. On the other hand, a novel ESA is a cost-effective desorption strategy for amine-functionalized adsorbent materials. During industrial-scale carbon capture, adsorbents with longer breakthrough times should be synthesized to reduce the cost of the overall capture process. Research studies showed that the pH of the adsorbent could be increased to improve the capture capacity for shorter time intervals (<2 min), and, consequently, the breakthrough time decreases. Furthermore, an adsorbent should demonstrate stability over 1000 cycles and, henceforth, an appropriate regeneration strategy should be developed that may retain the adsorption capacity over multiple cycles.



During industrial-level applications, the cost of the adsorbent material should be reduced as much as possible, and the energy, time saving, and cheap synthesis routes should be adopted. The utilization of biomass as a carbon precursor can reduce the cost of raw materials due to their abundant availability and renewability. Having a local biomass resource can remarkably lower the costs associated with transportation of the feedstock while maintaining sustainability. Although the generation of narrow micropores is beneficial for a superior CO2 capture capacity, designing such porous structures with marrow micropores is quite challenging via chemical activation. Thus, in recent years, nano-templating has garnered considerable attention, as it is capable of generating controlled pore size distribution. However, such processes are uneconomical. Interestingly, recent advances have witnessed that ultrasound technology reduces ash content during adsorbent synthesis. Apart from the above, it is desirable to design adsorbent materials that exhibit high CO2 adsorption capacities at temperatures above 100 °C. It avoids cooling the flue gas before adsorption and can be beneficial from a cost and energy perspective. Most importantly, the adoption of single-stage carbonization and activation process is time, energy-saving, and cost-effective, as it reduces the overall cost associated with consumables and equipment wear and tear. Though many research activities aim for carbon capture by CO2 gas streams containing high CO2 concentrations, the removal of CO2 in confined spaces such as underground parking and mines, space crafts, and cockpits is also of great importance. However, the challenge is at low CO2 concentrations; the adsorbents demonstrate low adsorption capacities. Moreover, during carbon-based adsorbent synthesis, by-products might form, and hence, the collected by-products can be used for another product synthesis. For example, during carbon nano-flakes preparation, suberin is formed during the thermal pre-treatment of cork, and this collected suberin can be used for synthesizing polymer coatings and composites.



Since flue gas contains water vapor, the adsorbent material should demonstrate a higher CO2 selectivity over H2O since the presence of H2O in the pores eventually results in higher regeneration costs. However, researchers stated that multi-layered adsorption columns could eliminate the water vapor entering the adsorbent layer, as it contains a water desiccant [171]. The adsorbent shape also plays a vital role in cost and time during upscaling processes. Therefore, the adsorbents synthesized in powder form may require additional shaping before commercialization [153]. According to the published literature, amongst different macro-shaped solid adsorbents, the sphere is beneficial as it reduces the flow resistance and abrasion in the contactors. Additionally, monoliths demonstrate advantageous properties over the other adsorbent shapes owing to lower pressure drop in the flue gas streams, faster mass transport, and easy handling. However, monoliths exhibit shorter breakthrough times, reducing process effectiveness, increasing the overall cost, and reducing CO2 capture performances during cyclic operations. Smaller amounts of polymer particles are often utilized to overcome the reduced cyclic stability of monoliths. However, such processes could lower CO2 capture capacity [191]. Furthermore, even though carbon aerogels show superior CO2 adsorption capacities, the synthesis process is expensive and lengthy since it comprises supercritical and freeze-drying. Interestingly, of the different carbon-based materials, CNTs have been proven as effective carbon capture candidates due to better chemical, thermal, and mechanical stability and high specific surface area [218].



When using amine-functionalized carbon adsorbents for CO2 capture, some challenges have to be faced, including reduced CO2 capture capacity due to pore blockage and poor stability due to amine degradation. Steric hindrance of bulky amine groups can also significantly reduce the interaction between amine group and CO2 and thus lower CO2 uptake. During temperature swing operations, using pure CO2 purge gas stream at high temperatures may result in amine degradation through urea linkage formation. On the other hand, when choosing an amine, it is preferred to use high molecular weight amines such as PEI, which may provide better thermal and cyclic stability than TEPA. However, during impregnation of PEI into porous carbon supports, it is reported that the high molecular weight PEI does not quickly enter the pores of the carbon support. Though long-time stirring promotes PEI or the other amines to be coated on the support surface during evaporation of the solvent, long-time stirring destroys the shape of the adsorbent while not being suitable for large-scale applications. In recent approaches, polyethylene glycol (PEG) has been employed as an additive during synthesis to improve the lifetime of the adsorbent. PEG is also capable of increasing the diffusion kinetics and cyclic performance. On the other hand, oxidative degradation is also one of the significant stability issues aroused when using amine-based CO2 adsorbents when the flue gas stream contains a significant amount of O2 and uses air for cooling the adsorbent materials after desorption. Many efforts have been put towards converting primary amines into secondary or ternary amines to overcome oxidative degradation. Besides amine evaporation, leaching might occur during regeneration via TSA. Therefore, the thermal stability of the amine-functionalized carbon materials should be carefully examined in long-term implementations. Furthermore, the CO2 adsorption capacity should be investigated under actual gas stream conditions, including elevated temperatures, gaseous streams with impurities and water, and low CO2 partial pressures, since the CO2 capture performance in actual conditions may be worse than the laboratory conditions. Another challenge that arises during the selective adsorption of CO2 in the presence of other acidic gases is the irreversible adsorptive nature of NO2 and SO2 by amines under dry and humid conditions.





6. Future Research Directions


Even though extensive research studies have been conducted to discover numerous carbon-based CO2 adsorbent materials for mitigating the negative impacts gained by the increase of atmospheric CO2 concentration, the currently developed materials still exhibit several limitations, including high cost, energy, and time consumption owing to the adoption of lengthy and costly synthesis procedures, and the utilization of expensive raw materials. Limited research works have been carried out to investigate the CO2 capture behavior of carbon-based materials synthesized via ultrasonic treatment and sonication methods. These treatment methods are time-saving and energy-efficient compared to conventional thermal activation treatments. Moreover, the single-step carbonization and activation processes offer advantages such as reducing consumables and equipment wear and tear and providing high energy efficiency compared to the conventional two-step process of carbonization and activation, which notably increases the final cost of sorbent material. Additionally, it is reported that KOH, which is widely used as the chemical activator in numerous research activities, is not favorable from an economic and environmental point of view. In contrast, KOH requires higher temperatures over 600 °C to improve functionality. Therefore, it is necessary to discover chemical activators which function in low-temperature ranges of around 400–500 °C.



The researchers should be encouraged to adopt synthesis procedures containing lower activation temperatures since it avoids equipment corrosion, and is also favorable for energy savings and the development of microporosity. Another issue that arises during adsorbent synthesis is the destruction of the spherical morphology after activation processes. Thus, discovering synthesis routes that retain the physical structure of the final adsorbent material is highly important. Most importantly, most of the time, the heat treatment during adsorbent synthesis is conducted using tubular furnaces, which exhibits disadvantages such as high time and energy consumption, huge risk of ash formation, high-cost expenditure, non-uniform temperature profile, hindering the release of volatile gases which eventually affects the quality of the end material. On the other hand, it is said that the microwave treatment is a promising technology that can be used during the adsorbent synthesis process to offer several advantages over the conventional furnace heating, including cost-saving, reduced energy consumption and short operational time durations, better pore formation of porous carbon materials due to better release of volatile gases, and hence the future research activities should be focused on synthesis procedures, resulting in better pore formation, lower time and energy consumption, and cost-effectiveness.



Another crucial aspect is the selection of cheap raw materials for preparing cost-effective adsorbents. In this regard, the utilization of lignocellulosic waste materials can be considered a cost-effective approach. Additionally, the exploration of novel carbon precursors which possess basic sites such as nitrogen, sulfur, and metallic components is of great necessity since it avoids post-modification of the adsorbent surface while reducing energy, time, and cost. Besides, the researchers should adopt synthesis procedures and raw materials which might not harm either the environment or human health. Furthermore, the focus should be on the effective disposal of the used carbon adsorbents. The widely used resin type is resorcinol during carbon adsorbent preparation using synthetic resins, which is expensive. Hence, to reduce the cost associated with raw materials, resorcinol could be replaced with phenol or melamine. Furthermore, freeze and supercritical drying used for adsorbent synthesis should be replaced by discovering or developing cost-effective, energy-saving, and time-saving treatment methods.



Apart from the above, much effort should be devoted to preparing porous carbon materials with ultra-narrow micropores that serve as appropriate candidates in selective CO2 adsorption, functionality enhancement, and stability against humid conditions. During carbon aerogel preparation, future research should emphasize reducing the number of steps associated with the synthesis process, reducing structural shrinkage and collapse, increasing mechanical strength, and enhancing the CO2 selectivity. On the other hand, challenging work is needed during monolith synthesis, including enhancing mechanical strength and apparent density. Although the addition of polymer could enhance the mechanical stability of the monoliths during cyclic operation, the adsorption capacity decreases to some extent [191]. Therefore, many studies should be conducted to optimize the polymer content in the monoliths, which demonstrate better sorption capacities with higher cyclic stability.



Another issue associated with research work based on carbon-based adsorbent preparation is the lack of investigations on dynamic CO2 adsorption behavior. Moreover, the development of porous carbons capable of adsorbing CO2 under high gas flow conditions is highly imperative. Future research activities should be carried out under actual gas conditions related to flue gas streams of power plants, oil refineries, and petrochemical industries, since the selectivity of CO2 can be well defined in the presence of SOX, NOX, fly ash particles, and CO, using various contactor configurations, humid conditions, elevated temperatures (since the post-combustion capture is operated at high temperatures), high-pressure conditions (since the common working pressures of NG wells are around 300 bar), and low pressure (~0.1 bar) CO2 capture conditions. For an adsorbent to be effective during practical operations, the adsorbent should be stable over 1000 cycles. However, the regeneration studies are only limited to 10–20 cyclic operations, while the adsorption capacity decreases with the increased cycle number. Therefore, it is imperative to develop a suitable regeneration strategy that retains the CO2 sorption capacity nearly unchanged, and much dedication is required for a higher number of cyclic tests.



Another interesting aspect that needs more exploration is the design and optimization of the carbon capture process. Up to date, only a small number of articles have been published in the associated fields. Apart from the above, simulation work is also recommended for CO2 diffusion rate as higher diffusion rates during the adsorption process can reduce the cycle time and for molecular-level influential factors. Moreover, CO2 adsorption models can be generated when more influential factors are present. Additionally, an effort should be made to develop an interface software that can directly select the appropriate carbon-based adsorbent according to the relevant application. Furthermore, future research directions can be stated as the utilization of the synthesized carbon-based CO2 adsorbent materials for measuring CO2 levels in the breath, which provides a pain-free and cost-effective asthma diagnosis strategy. On the other hand, it would be an outstanding achievement if more focus is dedicated to the in-situ conversion of adsorbed CO2 molecules on the adsorbent into cheap energy fuels since such a strategy might conserve the process sustainability and reduce the process harmful effects of CO2 emissions.




7. Conclusions


The present review highlights the recent advances in the applicability of porous carbon materials synthesized using different carbon precursors and amine-functional groups for effective CO2 capture. Usually, chemistry of precursors plays a vital role in determining the physicochemical characteristics of the prepared adsorbents. On the contrary, amine-functionalized carbons possess higher CO2 selectivity over other gases and high CO2 uptake in the presence of moisture, however, such adsorbents often suffer from being costly, structurally unstable, and requiring complicated preparation steps. Thus, CO2 capture using amine-functionalized carbons is still less developed, and further research should be devoted towards using high molecular weight amine impregnation onto mesoporous carbon supports. Cosidering the cost and practical importance for industrial-scale production, biomass and industrial by-products play the major impact and make the porous carbons more economical. However, the performance of currently available carbon-based adsorbents should be further improved in many areas includingcyclic stability, adsorption capacity, gas selectivity, and resistivity against a range of temperatures and pressures. Interestingly, the capability of designing and tuning the porous carbon materials to achieve superior CO2 capture performances from different gas streams make these materials more promising compared to other adsorbents. Accordingly, prompt measures should be taken to deploy CCS technologies that decrease atmospheric CO2 concentration via converting the captured CO2 into high-value products without harming the environment.
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Figure 1. Contribution from different CO2 emission sources towards the atmosphere across the globe (Reprinted with permission from ref. [26]). 
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Figure 2. Schematic of the interactions between gas molecules and the adsorbent surface during physisorption and chemisorption (Reprinted with permission from ref. [26]). 
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Figure 3. Schematic representation of the adsorption column for electric swing adsorption (Reprinted with permission from ref. [108]). 
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Figure 4. Various precursor-derived porous carbon materials for CO2 adsorption. 
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Figure 5. Reaction steps involved during zwitterion formation (Reprinted with permission from ref. [107]). 
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Figure 6. Pore structure of (a) non-impregnated porous carbon support and (b) amine-functionalized carbon with blocked pores (Reprinted with permission from ref. [226]). 
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Figure 7. Chemical structures of the amine species used for functionalizing the porous carbon materials. 
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Figure 8. The structure of amine functionalized mesoporous carbons by (a) Physical impregnation of PEI, and (b) Chemical grafting of EDA (Reprinted with permission from ref. [206]). 
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Figure 9. The mechanism for functionalization of acid treated MWCNTs with 3-aminopropyltriethoxysilane (APTES) (Reprinted with permission from ref. [109]). 
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Figure 10. Reactions between the CO2 molecules and (a) amidoxime, (b) AMP, (c) PZ, (d) MEA, (e) EDA, (f) TETA, and (g) PEI functionalities (Reprinted with permission from refs. [51,110,215,222,226]). 
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Table 1. Compositions of different gas streams which act as potential CO2 capture opportunities (Reprinted with permission from ref. [53,63]).
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	Component
	Cement Rotary Kiln
	Dry Atmospheric Air
	Biogas Generated from Waste Water Treatment Plant Sludge
	Natural Gas Fired Flue Gas
	Coal-Fired Flue Gas





	N2
	59 vol %
	70 vol %
	0–1 vol %
	73–80 vol %
	70–80 vol %



	CO2
	19 vol %
	410 ppm
	19–33 vol %
	3–8 vol %
	11–15 vol %



	H2O
	13 vol %
	-
	-
	7–14.6 vol %
	5–12 vol %



	O2
	7 vol %
	21 vol %
	<0.5 vol %
	4.5–15 vol %
	3–6 vol %



	SO2
	5–1200 ppm
	-
	-
	<10 ppm
	200–4000 ppm



	SO3
	-
	-
	-
	-
	0–20 ppm



	NOX
	100–1500 ppm
	-
	-
	50–70 ppm
	200–800 ppm



	CO
	-
	-
	-
	-
	50–100 ppm



	H2
	-
	0.5 vol %
	-
	5–300 ppm
	5–20 g/m3



	Particulate matter
	-
	-
	-
	-
	-



	H2S
	-
	-
	100–4000 ppm
	-
	-



	Ar
	-
	0.9 vol %
	-
	-
	-



	Xe
	-
	0.1 vol %
	-
	-
	-



	Ne
	-
	18 ppm
	-
	-
	-



	He
	-
	5.2 ppm
	-
	-
	-



	CH4
	-
	1.6 vol %
	60–75 vol %
	-
	-



	Kr
	-
	1.1 vol %
	-
	-
	-



	N2O
	-
	0.3 vol %
	-
	-
	-
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Table 2. Comparison of the three main carbon capture technologies.
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	CO2 Capture Technology
	Advantages
	Disadvantages





	Pre-combustion capture
	
	
The concentration of CO2 produced within these processes range from ~15–60% which makes it easy to capture [66]





	
	
When applying to new power plants, the technology is not yet commercialized and requires a high capital investment due to major alternatives to be done into boiler and flue gas systems [35]



	
Process of gasification and water gas shift reactions are expensive and quite challenging [66]



	
High energy penalty associated with regeneration of chemical solvents [67]








	Oxy-fuel combustion
	
	
Avoids the requirement of chemicals or other means of CO2 separation from flue gas [67]





	
	
Large energy penalty requirement for providing pure oxygen [68]



	
Absence of complete preparation methods [69]



	
Pure oxygen is expensive [67]



	
Limited knowledge regarding the technology [68]



	
Environmental impacts associated are higher due to energy intensive air separation process [67]








	Post-combustion capture
	
	
Readily applicable for large-scale in newly built and existing power plants without upgrading and reconstruction [70]



	
Repairing does not discontinue the procedure of the entire power plant and it can be regulated or managed easily [71]



	
Shorter time required for creation [72]





	
	
Requirement of huge energy supplies for sorbent regeneration [68]



	
Requires the separation of impurities from captured CO2 [73]



	
CO2 in the flue gas is diluted with a concentration ranging from 10–15% which requires high recovery and capital costs and 25–35% additional energy for plant operation [35]
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Table 3. Advantages and disadvantages of adsorption process and amine-based absorption processes.
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	Separation Technology
	Advantages
	Disadvantages





	Adsorption using solid sorbents

(proposed)
	
	
Low energy conditions due to mild operation and easy regeneration [13,85]



	
Produces CO2 streams with high purity with minimal pressure drop [68]



	
Applicability over a wide range of pressures and temperatures [68]



	
Low capital investment [81]



	
Easiness of scaling up [85]



	
No unfavorable byproducts [85]





	
	
Low gas selectivity without surface modification [68]



	
Loss of sorption capacity over multiple cycles [68]








	Amine-based absorption (Liquid amine)

(current)
	
	
High absorption efficiency (>90%) [67]



	
Considered to be the most mature process [80]



	
High selectivity [2]





	
	
High energy penalty associated with solvent regeneration [24,86]



	
Corrosive nature of amine solvents which reduces the service life of process equipment [32]



	
Flow problems caused by viscosity [87]



	
Secondary contaminations [88]



	
Production of hazardous wastes and byproducts [58]



	
Huge space requirement [89,90,91]



	
High operational cost [92]



	
Solvent loss due to amine degradation [15,93]



	
Exhibits low chemical stability and selectivity towards CO2 in the presence of oxidizing gases such as NO2, SO2, and NOX [94,95]
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Table 4. Comparison of the CO2 physisorption and chemisorption processes.
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	Process
	Advantages
	Disadvantages





	Physisorption
	
	
More appropriate for high pressure applications [102]



	
Adsorbent is easily regenerated, and low energy is required for desorption [10]



	
Relatively stable even past 200 °C [10]



	
Low cost for adsorbent preparation [103]





	
	
CO2 capture capacity decreases with increasing temperature [15,104]



	
Low CO2 uptake at low pressures [53]



	
Low CO2 selectivity for combustion flue gas streams [48]



	
Adsorption capacity decreases in the presence of water [26]








	Chemisorption
	
	
High selectivity towards CO2 due to strong interactions between basic species on the adsorbent surface and the acidic CO2 molecule [48,105]



	
High adsorption capacity at low CO2 partial pressures such as in the ambient air [48,106,107]



	
Enhanced adsorption capacity in the presence of water [103,108]



	
Comparatively higher mechanical stability [51]





	
	
Slower than the physisorption process [109]



	
Functionalization of porous materials with amine groups decreases the CO2 capture capacity due to pore blockage [105,110]



	
High energy requirement for regeneration of the adsorbent [99]



	
Low cyclic stability due to amine degradation [105]. Higher cost associated with adsorbent synthesis [103]



	
Chemisorbents can permanently bind to gases such as SO2 to decrease the capacity of active sites for CO2 capture [99]



	
Grafted amines volatilize and degrade above 120 °C due to instability at higher temperatures [99]



	
A corrosive environment could be produced during the regeneration of spent adsorbent due to the presence of amine groups [100]
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Table 5. Comparison of different regeneration strategies.
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	Regeneration Strategy
	Advantages
	Disadvantages





	Temperature swing adsorption (TSA)
	
	
Simple in operation [108]



	
Can use low-grade heat from power plants [112]





	
	
Long heating and cooling time periods [108]



	
Longer desorption time than PSA [35]



	
Higher energy requirement than PSA [35]



	
Rapid adsorbent deactivation due to coking at higher temperatures [35]








	Pressure swing adsorption (PSA)
	
	
Lower energy requirement than TSA [56]



	
Easy operation [56]



	
Low capital investment than TSA and VSA [56]



	
Applicability over a wide range of temperatures and pressures [117]





	
	
Compression of the flue gas streams [108]



	
Dilute gas streams may result in intense energy consumptions during PSA [99]








	Electric swing adsorption (ESA)
	
	
More economical than TSA and PSA [35]



	
Independent purge gas flow [108]



	
Fast heating and cooling rates [108]



	
Low energy consumption [108]





	
	
Further improvements are required before commercialization [35]



	
The adsorbents should have good electrical conductivity [108]








	Vacuum swing adsorption (VSA)
	
	
Applicability in large point sources [108]





	
	
Energy intensive operation
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Table 6. Threshold values of criteria for selecting an effective CO2 adsorbent (Reprinted with permission from refs. [112,118]).
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	Parameter
	Requirement





	CO2 adsorption capacity
	3–4 mmol/g



	Regenerability
	>1000 cycles



	CO2 gas selectivity over other gases
	>100



	Adsorption/desorption kinetics
	>1 mmol/g.min



	Adsorbent cost
	$5–15/kg sorbent










[image: Table] 





Table 7. Summary of different synthesis routes adopted for porous carbon preparation.
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Synthesis Route

	
Carbon Precursor




	
Biomass-Derived Porous Carbon

	
Biopolymer-Derived Porous Carbon

	
Fossil–Resources-Derived Porous Carbon

	
Graphene-Derived Porous Carbon

	
Synthetic Polymer-Derived Porous Carbon

	
Synthetic Resin-Derived Porous Carbon






	
Carbonization followed by KOH activation

	
Biomass cork dust [76], Bio-tar [24], Date seeds [141], Coconut shells [81], Rice husk [50], Mangosteel peel [15]

	
Starch [32,46,49,138], Chitin [52], Waste wool [165], Chitosan [88], Lignin [161]

	
Anthracene oil-based pitch [166], Petroleum coke [10,81,146], Asphalt [89,167], Iranian asphaltene [7], Petroleum tar pitch [168], Coal particles [169]

	
Graphene oxide [170], Graphene [91]

	
PAN [34,58], Polypyrrole [135,171], Triazine-based hyper cross-linked polymer [172], PET [3,12,101], Waste CDs and DVDs [154], PUF [156]

	
Commercial phenolic resin [173], Urea–formaldehyde [17,42]




	
Carbonization followed by ZnCl2 activation

	
Biomass cork dust [76], Poplar catkin [101]

	
-

	
-

	
-

	
Triazine-based hyper cross-linked polymer [172]

	
-




	
Thio-urea modification of the carbonized product followed by KOH activation

	
Hazelnut shells [174]

	
-

	
-

	
-

	
-

	
-




	
Carbonization followed by NaOH activation

	
Waste sugarcane bagasse [47]

	
Chitosan [88]

	
-

	
-

	
PAN [34], PET [101]

	
-




	
Post nitridation of the carbonized product using melamine followed by KOH activation

	
Water caltrop shells [175]

	
-

	
-

	
-

	
-

	
-




	
Single step KOH activation

	
Pine wood [17], Taihu blue algae [176], Peanut shell [17], Chars derived from biomass gasifiers [25], Walnut shell [17], N-Salina algae [62]

	
EHL [141]

	
-

	
-

	
Main-chain PIL [157]

	
Commercial phenolic resin [177]




	
ZnCl2 activation

	
Chars derived from biomass gasifiers [25]

	
-

	
-

	
-

	
Polypyrrole [130]

	
-




	
Carbonization followed by steam activation

	
Paper mill sludge [54], Palm kernel shell [59], Pine sawdust [54]

	
-

	
-

	
Reduced graphene oxide [144]

	
-

	
-




	
Carbonization followed by CO2 activation

	
Sucrose [55], Rice husk [90], Bamboo solid residue [11], Waste sugarcane bagasse [47]

	
Starch [145]

	
-

	
Graphene/Glucose composite [61]

	
Polyvinylidene fluoride [155], Polypyrrole [140], Waste CDs and DVDs [162]

	
Phenolic resin [178]




	
Carbonization flowed by NH3 activation

	
-

	
-

	
-

	
-

	
-

	
Phenolic resin [179]




	
Carbonization followed by air activation

	
Waste sugarcane bagasse [47]

	
-

	
-

	
-

	
-

	
-




	
Carbonization followed by H3PO3 activation

	
Waste sugarcane bagasse [47]

	
-

	
-

	
-

	
-

	
-




	
Carbonization followed by potassium acetate activation

	
Waste sugarcane bagasse [47]

	
-

	
-

	
-

	
-

	
-




	
Single step CO2 activation

	
Palm kernel shell [86]

	
Cellulose [117,180]

	
Petroleum coke [179]

	
Reduced graphene oxide [150]

	
-

	
-




	
Single step low temperature NaNH2 activation

	
Hazelnut shell [181], Lotus stalk [182], Lotus leaf [183]

	
-

	
-

	
-

	
-

	
-




	
Carbonization followed by NaNH2 activation

	
Water chestnut shells [184]

	
-

	
-

	
-

	
-

	
Phenolic resin [185]




	
Carbonization followed by FeCl3 activation

	
-

	
-

	
Coal tar pitch [186]

	
-

	
Polypyrrole [172]

	
-




	
Direct carbonization

	
-

	
-

	
-

	
-

	
-

	
Resorcinol–formaldehyde [4]




	
Electrospinning followed by carbonization

	
-

	
-

	
-

	
-

	
-

	
Phenolic resin [153]




	
Nanocasting

	
-

	
-

	
-

	
-

	
-

	
Urea–formaldehyde [36,42], Resorcinol–formaldehyde [45], Phenol–formaldehyde [66], Hexamethoxymethylmelamine (HMMM) [105]




	
In-situ activation using potassium organic salt during precursor synthesis followed by carbonization

	
-

	
-

	
-

	
-

	
-

	
Resorcinol–formaldehyde [135]




	
Carbonization followed by K2C2O4 activation

	
-

	
Corn starch [46]

	
-

	
-

	
-

	
-




	
Carbonization followed by K2CO3 activation

	
-

	
Corn starch [46]

	
-

	
-

	
-

	
-




	
Carbonization followed by KOH and Urea activation

	
-

	
Chitosan [187]

	
-

	
-

	
-

	
-




	
One step carbonization/activation with N2

	
-

	
Cellulose [116]

	
-

	
-

	
-

	
-




	
Carbonization followed by alkali metal carbonate activation

	
-

	
Chitosan [188]

	
-

	
-

	
-

	
-




	
Carbonization followed by potassium citrate activation

	
-

	
Chitosan [189]

	
-

	
-

	
-

	
-




	
Carbonization followed by CaCO3 activation

	
-

	
Pigskin collagen [163]

	
-

	
-

	
-

	
-




	
Carbonization followed by CH4 activation

	
-

	
Starch [145]

	
-

	
-

	

	
-




	
Carbonization followed by H2 activation

	
-

	
Starch [145]

	
-

	
-

	
-

	
-




	
Microwave treatment

	
-

	
-

	
-

	
-

	
Polyacrylonitrile [142]

	
-




	
Spheroidization, oxidation, cross-linking and KOH activation

	
-

	
-

	
-

	
-

	
PVC [190]

	
-




	
Cross-linking, pre-oxidation and carbonization

	
-

	
-

	
-

	
-

	
PAN [143]

	
-




	
Spheroidization followed by alkaline activation

	
-

	
-

	
-

	
-

	
PVC [61]

	
-




	
C3N4 nanosheets as sacrificial template

	
-

	
-

	
-

	
-

	
PIL [159]

	
-




	
Carbonization followed by Fe-Based template removal

	
-

	
-

	
-

	
-

	
PIL [158]

	
-




	
Reduction-induced self-assembly process of graphene oxide nano platelets in aqueous dispersion at 45–90 °C

	
-

	
-

	
-

	
Graphene [191]

	
-

	
-




	
Sol–gel method

	
-

	
-

	
-

	
Magnesium oxide nanoparticle fabricated on graphene oxide [94]

	
-

	
-




	
Polyol-mediated self-assembly and subsequent thermal annealing treatment

	
-

	
-

	
-

	
Reduced graphene oxide and nanocrystalline composite [192]

	
-

	
-




	
Electrospinning process followed by physical activation

	
-

	
-

	
-

	
Activated carbon fibers/graphene nanocomposite [39]

	
-

	
-
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Table 9. The selectivity of CO2 gas over other gases for various carbon adsorbents.
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Porous Carbon Material

	
Gas Mixture

	
Selectivity Value

	
Pressure (Bar)

	
Temperature (°C)

	
Reference






	
Biomass-derived porous carbon




	
Cork dust-derived porous carbon

	
CO2/N2 (15/85 v/v%) gas mixture

	
7

	
1

	
25

	
[76]




	
KOH activated starch-based sorbent

	
16

	
1

	
25

	
[32]




	
Algae-derived porous carbon

	
69.7

	
Ambient

	
Ambient

	
[62]




	
ZnCl2 activated poplar catkin

	
22

	
1

	
25

	
[101]




	
Date sheets-derived porous carbon

	
41.53

	
1

	
25

	
[143]




	
Coconut shell-based activated carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
22

	
1

	
25

	
[81]




	
Rise husk-derived activated carbon

	
63

	
Ambient

	
Ambient

	
[50]




	
Rise husk-derived activated carbon

	
7.6

	
1

	
25

	
[92]




	
Taihu blue algae-derived porous carbon

	
39.3

	
1

	
25

	
[176]




	
Mangosteen peel-based activated carbon

	
12

	
1

	
25

	
[165]




	
Hazelnut shell-based porous carbon

	
17

	
1

	
25

	
[181]




	
Lotus leaf-derived activated carbon

	
21

	
1

	
25

	
[183]




	
Lotus stalk-derived activated carbon

	
22

	
1

	
23

	
[182]




	
Water chestnut shells-derived activated carbon

	
23

	
1

	
25

	
[184]




	
Pine sawdust-based sorbent

	
26.7

	
Ambient

	
Ambient

	
[55]




	
Palm kernel shell-derived activated carbon

	
7

	
Ambient

	
Ambient

	
[86]




	
N-saline algae-derived porous carbon

	
CO2/CH4 (50/50 v/v%) gas mixture

	
5.5

	
Ambient

	
Ambient

	
[61]




	
Palm kernel shell-derived activated carbon

	
1.7–2.5

	
0–1.1

	
25

	
[59]




	
Biopolymer-derived porous carbon




	
Cellulose-derived porous carbon

	
CO2/N2 (15/85 v/v%) gas mixture

	
41.8

	
1

	
25

	
[117]




	
Starch-based peanut packaging-derived activated carbon

	
15–38

	
1

	
25

	
[138]




	
Cornstarch-based activated carbon

	
59–135

	
0–1

	
0

	
[46]




	
Waste wool-activated carbon

	
16

	
1

	
25

	
[164]




	
Chitosan-derived porous carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
12–25

	
1

	
25

	
[187]




	
Chitosan-derived porous carbon

	
17–69

	
1

	
25

	
[88]




	
Lignin-derived porous carbon

	
21.8

	
1

	
25

	
[161]




	
Starch-derived porous carbon

	
98

	
1

	
25

	
[49]




	
Fossil resources-derived porous carbon




	
Petroleum coke-derived porous carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
17

	
1

	
25

	
[180]




	
Petroleum coke-derived porous carbon

	
25

	
1

	
25

	
[193]




	
Petroleum coke-derived porous carbon

	
22

	
1

	
25

	
[127]




	
Coal tar pitch-based sorbent

	
23.8

	
1

	
25

	
[186]




	
Tar pitch and coal powder-derived porous carbon

	
5.94

	
1

	
25

	
[168]




	
Petroleum coke-derived porous carbon

	
CO2/N2 (15/85 v/v%) gas mixture

	
13.7

	
1

	
25

	
[10]




	
Iranian asphaltene-derived porous carbon

	
22.74

	
1

	
25

	
[7]




	
Graphene-derived porous carbon




	
Graphene oxide-based porous carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
12

	
1

	
25

	
[32]




	
Graphene-based sorbent

	
53

	
1.03

	
25

	
[191]




	
Graphene oxide-derived porous carbon

	
-

	
162

	
Simulated flue gas conditions

	
[150]




	
-

	
253

	
Natural gas fired power plant




	
Synthetic resin-derived porous carbon




	
Commercial phenolic resin-derived porous carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
48

	
1

	
25

	
[196]




	
Phenolic resin-derived activated carbon

	
17

	
1

	
25

	
[177]




	
Phenolic resin-derived activated carbon

	
14

	
1

	
25

	
[185]




	
Phenolic resin-derived porous carbon

	
19

	
1

	
25

	
[173]




	
Resorcinol–formaldehyde-derived porous carbon

	
CO2/N2 (15/85 v/v%) gas mixture

	
45

	
1

	
25

	
[4]




	
Phenol–formaldehyde-based porous sorbent

	
16.4

	
1

	
25

	
[201]




	
Synthetic polymer-derived porous carbon




	
Polypyrrole-derived porous carbon

	
CO2/N2 (10/90 v/v%) gas mixture

	
194

	
1

	
50

	
[135]




	
PIL-derived porous carbon

	
14

	
1

	
25

	
[157]




	
PIL-derived porous carbon

	
44

	
1

	
0

	
[197]




	
PVC-based sorbent

	
6.9

	
1

	
25

	
[61]




	
Triazine-based hyper cross-linked polymer-derived porous carbon

	
8.9–42.6

	
1

	
25

	
[172]




	
K2CO3 activated polyacrylonitrile-based sorbent material

	
33.6

	
1

	
0

	
[34]




	
PIL-derived porous carbon

	
43.69

	
1

	
25

	
[158]




	
Pyrrole-derived porous carbon

	
35

	
1.01

	
0

	
[171]




	
NaOH activated PET-derived porous carbon

	
CO2/N2 (15/85 v/v%) gas mixture

	
13.3–31.1

	
0–1

	
50

	
[23]




	
KOH activated PET-derived porous carbon

	
CO2/CO gas mixture

	
9.09–18.94

	
0–1

	
50

	
[23]




	
Polyaniline-derived porous carbon

	
CO2/CH4 (10/90 v/v%) gas mixture

	
14.3

	
1

	
25

	
[58]
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Table 10. Critical physical properties of gas molecules associated with the selective adsorption of CO2 (Reprinted with permission from refs. [57,112,202]).






Table 10. Critical physical properties of gas molecules associated with the selective adsorption of CO2 (Reprinted with permission from refs. [57,112,202]).





	Gas Molecule
	Kinetic Diameter (Å)
	Dipole Moment (×10−19 esu−1 cm−1)
	Quadrupole Moment (×10−26 esu.cm2)
	Polarizability (×1025 cm3)





	CO2
	3.3
	0
	4.3
	29.1



	N2
	3.64
	0
	1.52
	17.6



	CO
	3.76
	1.1
	-
	19.5



	CH4
	3.8
	0
	0
	25.9
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Table 11. CO2 adsorption capacities of the amine-functionalized porous carbon materials.
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Support

	
Amine Attaching Method

	
Amine Type

	
CO2 Capture Conditions for Pure CO2 Gas Flow

	
CO2 Capture Capacity (mmol/g)

	
Reference




	
Temperature (°C)

	
Pressure (bar)






	
Sea mango activated carbon

	
Impregnation

	
Monoethanolamine

	
25

	
1

	
0.52

	
[226]




	
Impregnation

	
Piperazine

	
25

	
1

	
0.66




	
Impregnation

	
2-amino-2-methyl-1-propanol

	
25

	
1

	
0.25




	
Green coconut shell-based activated carbon

	
Impregnation

	
Monoathanolamine

	
25

	
1

	
0.84

	
[206]




	
Impregnation

	
Diethanolamine

	
25

	
1

	
0.46




	
Mesoporous carbon

	
Impregnation

	
Ethylenediamine

	
27

	
1

	
19.68

	
[110]




	
Impregnation

	
Triethylenetetramine

	
27

	
1

	
11.24




	
Carbon nanotubes

	
Grafting

	
Polyaniline

	
17

	
1

	
6.3

	
[233]




	
Chitosan-derived mesoporous carbon

	
Impregnation

	
Pentaethylhexamine

	
100

	
1

	
3.27

	
[210]




	
Mesoporous carbon

	
Impregnation

	
Methyl diethanolamine

	
27

	
0.07

	
2.63

	
[230]




	
Sugarcane bagasse

	
Grafting

	
Ethylenediamine

	
25

	
1

	
2.2

	
[225]




	
Grafting

	
Diethylenetriamine

	
25

	
1

	
2.08




	
Grafting

	
Tetraethylenepentamine

	
25

	
1

	
2.79




	
Grafting

	
Triethylenetetramine

	
25

	
1

	
2.68




	
Activated carbon

	
Impregnation

	
NH2-Cl

	
0

	
1

	
3.069

	
[222]




	
25

	
1

	
1.95




	
Impregnation

	
3-aminopropyl triethoxysilane

	
0

	
1

	
2.433




	
25

	
1

	
1.762




	
Impregnation

	
Dopamine hydrochloride

	
0

	
1

	
0.429




	
25

	
1

	
0.389




	
Mesoporous carbon microparticles

	
Grafting

	
Ethylenediamine

	
30

	
1

	
0.75

	
[207]




	
75

	
1

	
0.37




	
Impregnation

	
Polyethylenimine

	
30

	
1

	
0.82




	
75

	
1

	
0.40




	
Multiwalled carbon nanotubes/Cd-nanozeolite composite

	
Impregnation

	
Polyethylenimine

	
25

	
1

	
5.7

	
[2]




	
Graphite carbon nitride

	
Impregnation

	
Polyethylenimine

	
100

	
1

	
3.77

	
[229]




	
Waste tea activated mesoporous carbon

	
Grafting

	
Diethanolamine

	
30

	
1

	
33.57

	
[82]




	
KOH activated broom sorghum stalk-derived activated carbon

	
Grafting

	
Diethanolamine

	
25

	
1

	
2.13

	
[57]




	
Activated carbon

	
Impregnation

	
Monoethanolamine

	
40

	
1.01325

	
1.79

	
[216]




	
50

	
1.01325

	
1.99




	
60

	
1.01325

	
2.19




	
70

	
1.01325

	
2.36




	
Impregnation

	
Diethanolamine

	
40

	
1.01325

	
2.11




	
50

	
1.01325

	
2.36




	
60

	
1.01325

	
2.57




	
70

	
1.01325

	
2.81




	
Multiwalled carbon nanotube

	
Grafting

	
N’-(3-trimethoxysilylpropyl) diethylenetriamine

	
120

	
1

	
0.48

	
[234]




	
Activated carbon derived from ordos coal

	
Impregnation

	
Tetraethylenepentamine

	
60

	
1.01325

	
3.24

	
[228]




	
Biochar derived from rice straw

	
Impregnation

	
Tetraethylenepentamine

	
25

	
1

	
5.7

	
[111]




	
Phosphoric acid activated risk husk

	
Impregnation

	
Melamine

	
30

	
1

	
6.877

	
[221]




	
45

	
1

	
6.518




	
60

	
1

	
6.113




	
Microporous activated carbon

	
Impregnation

	
Triethylenetetramine

	
75

	
1

	
1.05

	
[218]




	
Impregnation

	
Polyethylenimine

	
75

	
1

	
1.85




	
Mesoporous activated carbon

	
Impregnation

	
Polyethylenimine

	
75

	
1

	
1.4




	
Polyaniline

	
Grafting

	
Melamine

	
25

	
0.15

	
1.3

	
[235]




	
25

	
1.01325

	
4.6




	
Multiwalled carbon nanotubes

	
Impregnation

	
Polyethylenimine

	
25

	
1

	
2.14

	
[217]




	
MOF-derived carbon monolith

	
Impregnation

	
Tetraethylenepentamine

	
25

	
0.15

	
5.6

	
[93]




	
Pinecone-based activated carbon

	
Grafting

	
Polyaniline

	
25

	
1

	
3.16

	
[79]




	
Multiwalled carbon nanotubes

	
Grafting

	
3-aminopropyl triethoxysilane

	
25

	
1

	
5.76

	
[109]




	
Carbon nanotubes

	
Grafting

	
Polyethylenimine

	
50

	
1

	
2.9

	
[37]




	
Multiwalled carbon nanotubes

	
Impregnation

	
Polyethylenimine

	
25

	
1

	
1.41

	
[223]




	
Sugarcane bagasse

	
Impregnation

	
Urea

	
25

	
1

	
4.8

	
[44]




	
Multiwalled carbon nanotubes

	
Grafting

	
Phenylenediamine

	
25

	
2

	
0.21

	
[80]




	
Carbon nanotubes

	
Grafting

	
1,3-diaminopropane

	
30

	
17.3

	
2.11

	
[80]




	
Multiwalled carbon nanotubes

	
Grafting

	
3-aminopropyl triethoxysilane

	
0

	
1

	
1.32

	
[38]




	
Graphene oxide

	
Impregnation

	
Tetraethylenepentamine

	
70

	
50

	
4.26

	
[232]




	
Graphene oxide

	
Impregnation

	
Polyethylenimine

	
25

	
1

	
1.91

	
[229]




	
Graphene oxide aerogel

	
Impregnation

	
Ethylenediamine

	
25

	
1

	
1.1

	
[231]




	
Graphene oxide

	
Grafting

	
Tetraethylenepentamine

	
70

	
0.1

	
1.2

	
[151]




	
Biochar

	
Grafting

	
Aminopropyl triethoxysilane

	
25

	
1.01325

	
3.7

	
[90]




	
Porous carbon

	
Grafting

	
Ethylenediamine

	
25

	
0.15

	
1.1

	
[236]




	
Hierarchical microporous carbon

	
Grafting

	
Melamine

	
0

	
1

	
3.82

	
[237]




	
25

	
1

	
2.69




	
Porous carbon

	
Grafting

	
Melamine

	
30

	
1

	
1.12

	
[238]




	
Grafting

	
Ethylenediamine

	
30

	
1

	
2.84




	
Grafting

	
Hexamethylenetetramine

	
30

	
1

	
1.40




	
Porous carbon

	
Grafting

	
Phenylenediamine

	
25

	
5

	
4.65

	
[171]




	
Nanocrystalline cellulose

	
Grafting

	
Amidoxime

	
120

	
1.01325

	
5.54

	
[51]




	
25

	
1.2159

	
1.11




	
Microcrystalline cellulose

	
Grafting

	
Amidoxime

	
120

	
1.01325

	
3.85

	
[48]




	
25

	
1.2159

	
1.27




	
Wheat bran husk-derived carbon

	
Grafting

	
Polyethylenimine

	
75

	
1

	
0.43

	
[165]




	
Sugar cane bagasse

	
Impregnation

	
Melamine

	
25

	
1

	
3.34

	
[239]
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Table 12. Reactions of CO2 with primary, secondary, and tertiary amines under (a) dry and (b) moist conditions (Reprinted with permission from ref. [26]).






Table 12. Reactions of CO2 with primary, secondary, and tertiary amines under (a) dry and (b) moist conditions (Reprinted with permission from ref. [26]).





	
Dry Conditions (Carbamate Formation)

	
Humid Conditions (Bicarbonate Formation)






	
Primary amines




	
 [image: Atmosphere 13 00397 i001]
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Secondary amines
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Tertiary amines




	
No carbamate formation
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