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Abstract

:

Bioadsorbent, obtained as a result of the processing of bio-waste, has recently gained popularity as a material that adsorbs greenhouse gases, mainly carbon dioxide. Bio-waste, mainly residues from food industry operations, is a waste to be landfilled or composted and can be a potential substrate for bioadsorbent production. Bioadsorbents used for carbon capture must, above all, have low production costs and high adsorption efficiency. This review covers popular bioadsorbents that have been tested for their ability to adsorb carbon dioxide. The paper compares bioadsorbent production methods, physicochemical properties, adsorption isotherms, surfaces, and their porosity. There is a lack of data in the literature on the topic of carbon dioxide adsorption on large-scale plants in the target environment. Therefore, further research needs to fill in the gaps to identify the promised potential of these bioadsorbents.
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1. Introduction


Carbon dioxide (CO2) is a three-atomic gas molecule under environmental conditions. It is a relatively inert gas. It occurs naturally in the Earth’s atmosphere and plays an important role in photosynthesis, which makes it essential for plant life [1].



Unfortunately, overproduction from anthropogenic sources disrupts the natural cycle of carbon dioxide in the atmosphere. Huge amounts of this and other greenhouse gases pile up in the Earth’s atmosphere, trapping infrared radiation. This disrupts the climate economy, leading to climate change [2]. There are different sources of anthropogenic carbon dioxide, including the combustion of fossil fuels, emissions from industrial processes, treatment, and storage [3].



According to various assessments, the share of energy in the total carbon dioxide emissions ranges between 27% and 40%. It can be assumed that it is now one-third [4]. Since the flue gases from coal-fired power plants usually contain 15 vol. CO2 at a pressure of about 1 bar [5], the amount of CO2 adsorbed at a pressure of 0.15 bar and 298 K represents the operating parameters of the potential material/adsorbent for CO2 capture.



In order to regulate these emissions, techniques for carbon capture and storage (CCS) and carbon capture, utilization, and storage (CCUS) are used [6,7]. Carbon dioxide capture and separation is the first step in these techniques with an estimated cost of up to 80% of the total cost of CCS [8,9]. Unlike carbon sequestration, CCU is designed to use captured carbon dioxide and convert it into other substances or products. Recycling of carbon dioxide is the most difficult step in the entire process, but it has the potential to reduce the current annual global CO2 emissions by 10% [10]. To capture carbon dioxide, it must first be separated from other combustion gases. Various routes for carbon dioxide capture have been developed, but the post-combustion capture system has been found to be the most mature, flexible, and upgradeable process for a large number of existing fossil fuel-fired power plants. There are many technologies for carbon dioxide separation and capture, but the main component is an efficient adsorbent.



The adsorption process is a widespread, popular, environmentally friendly, safe, and simple process [11]. Finding a cheap and environmentally friendly adsorbent is an important stage in the processes of reducing carbon dioxide emissions to the atmosphere. The adsorbent should also have features that are easy to use, preferably cheap to produce [12]. The possibility of using waste to produce the adsorbent would be an opportunity to tackle two environmental problems in one process. The problem of waste as a global environmental threat is a new phenomenon, fully determined by human activity. Improper waste management contributes to climate change and air pollution, directly affecting many ecosystems and species. It is now necessary to view waste as a resource, reducing the need for new resources. Kitchen and garden waste make up the largest portion of municipal waste. Using them as a substrate for the preparation of carbon dioxide adsorbents will make it possible to partially manage them.



This review attempts to compare and evaluate the most common agricultural wastes used in bioadsorbent production. In particular, the paper examines the effectiveness of activators used in the production of bioadsorbents under different manufacturing conditions, as well as examines the effects on product properties, including, in particular, adsorption efficiency.



1.1. European and World Regulations Concerning the Reduction of CO2 Emissions


The process of aggressive human exploration of nature over the past millennia has resulted in its irreversible degradation. As early as 1972, based on the published Report of the Club of Rome, the world elites were aware of the depletion of natural resources [13]. For many years, energy was a more important area of study than climate [14,15].



The EU between 1990 and 2018 reduced greenhouse gas emissions by 23% while growing its economy by 61% [16]. Unfortunately, this achievement was achieved by shifting greenhouse gas emissions outside the Union (carbon leakage), which may even have increased emissions due to less advanced production methods in other countries.



In fact, it was not until 2020 that proper action was taken against the mechanism of environmental destruction. In July 2021, the European Commission announced a package of legislative changes (Fit for 55), the implementation of which is to lead to a reduction in the carbon intensity of the economy by at least 55% by 2030 compared to 1990, and ultimately to climate neutrality in 2050. The most important changes concern the taxation of all fossil fuels, the increase to 40% of energy production from renewable sources by 2030, the introduction of limits on car emissions (from 2035, only zero-emission cars can be registered) [17]. In addition, member states such as Poland have introduced internal regulations [18,19].



At the same time, the world’s largest emitters have declared their own environmental undertakings. China declared at the UN General Assembly in 2020 that it would achieve climate neutrality by 2060. The first big step in this direction was the launch of an emissions trading system (ETS). The next must be to increase electricity generation mainly from renewable sources and to combine the burning of fossil fuels with CCS. Without this, China will not be able to achieve its goal [20]. US President Joe Biden, ahead of the April 2021 climate summit, announced an ambitious goal of cutting greenhouse gas emissions in half by 2030 through complete decarbonization of the United States and achieving climate neutrality by 2050 [21,22]. In 2019, Russia joined the Paris Agreement and committed to reducing greenhouse gas emissions by 25–30% from 1990 levels by 2030. The Russian government is currently developing a plan to achieve climate neutrality [23]. India at the COP26 climate summit announced its desire to achieve climate neutrality by 2070, while asking for a hefty bailout of at least one trillion USD to deliver on its promises [24]. Figure 1 shows the highest percentages of carbon dioxide emissions.



The progressive decarbonization and increasing share of CE in the global economy is a long-term process, planned for the next decades, during which the CO2 produced from coal-fired power generation will still be a serious threat. The only right solution at the moment seems to be CO2 capture and storage and/or utilization. Carbon dioxide capture, storage, or disposal (CCS—carbon capture and storage/CCU—carbon capture and utilization) are the only realistic options for reducing emissions of pollutants into the atmosphere. Figure 2 shows the relationship between the main technologies aimed at reducing the amount of carbon dioxide. The emphasis is placed on the development of technologies conducive to the capture of CO2 from the combustion of fossil fuels, as they constitute the most expensive stage of the CCS process.



The basic concept of CCS is the capture of emitted CO2 by large high-density sources such as power plants, followed by sequestration or storage. CCS is a multistage process; in the first stage, carbon dioxide is captured, and then compressed for easier transport to a storage site [26]. The transport is achieved by pipeline or other means of transport [27]. The last stage can take different forms of the CO2 pathway; if it is stored, observations are made of the ground layer under which the carbon dioxide is stored. It can be stored in the ground or in the deep sea [28,29]. The dissimilarity of CCU technology with CCS technology is associated with change in the final process step from storage to carbon dioxide utilization. During this process, the captured and transported CO2 can be used in processes where it becomes a substrate again. It is needed in processes such as the production of concrete, plastics, or biofuels [30]. The shift from CCS to CCU is leading to a shift in the perception of CO2, which becomes not only waste, but also a resource that is useful in many industries, a clear example of the transition from a linear economy to a circular economy [31].



There is a question of applying appropriate methods and materials to capture carbon dioxide and transfer it to the processes where it will be a substrate. Waste appears to be such a material. When properly treated, it can become an adsorbent of carbon dioxide.




1.2. Bio-Waste in a Circular Economy


Waste and its associated hazards are a serious problem in environmental protection. The main cause of excessive waste is irrational resource management. Currently, more than two billion tons of waste is produced worldwide each year [32]. EU residents produce an average of seven tons of waste per capita (as of 2018). More than half of the waste generated in the EU was recycled which means that unfortunately more than 45% remained landfilled or incinerated without energy recovery [33].



The closed-loop economy is a model that enables the rational use of natural resources reducing or eliminating the negative environmental impacts of products and processes.



In recent years, the closed loop economy has been a priority in the economic policy of the Union. Further actions are planned and implemented, including the “New EU Action Plan on the Closed Cycle Economy for a Cleaner and More Competitive Europe” the main principles of which are shown in Figure 3 [34].



The new action plan assumes the production of more durable and sustainable products. It encourages a product–service system in which the entrepreneur retains responsibility for the product and its life cycle. Disposable products, on the other hand, will be phased out of the market whenever possible and replaced by durable and reusable products.



Municipal waste is waste generated in households and infrastructure facilities. The amount and morphological composition of municipal waste largely depend on the place where it is generated. The collection and disposal of waste is relatively correct, while the more difficult task to solve is the recovery or neutralization of waste, such that the landfilling of waste does not constitute such a large share in the waste management [35,36].



Storage of waste means additional gas emissions to the atmosphere, along with the risk of contamination of surface and subcutaneous waters, contamination of the surrounding areas with blown dust and light fraction waste, or excessive development of birds and rodents [37,38].



The use of waste as secondary raw materials, in addition to eliminating environmental pollution, allows for new economic effects by increasing the base of raw materials, reducing the capital and energy consumption of obtaining and processing raw materials, and reducing the consumption of materials and production costs [39].



The basic element in a rational economic system must be selective collection and segregation of waste, which will enable its further processing [37]. Substantial waste still remains landfilled; hence, it is important to look for ways to manage it. One of such solutions in recent years seems to be the possibility of processing waste from the remains of food consumed by humans to produce among other adsorbents.



Adsorbents are the most popular components of the technology for separation and capture of carbon dioxide from flue gases. Their differentiation is due in part to the method of capture used, the characteristics of which can be found in the next section.





2. Methods of CO2 Capture with Solid Sorbents


The possibility of reducing carbon dioxide emissions from the power sector will be possible with the simultaneous application of several methodological solutions [40]: (1) reducing the combustion of fossil fuels by reducing the consumption of energy generated from coal for the production of energy from renewable or nuclear energy; (2) improving the efficiency of coal-fired power plants by modernizing installations and installing filtration units; (3) carbon dioxide capture and storage, which is becoming an ideal method to meet the needs of today’s energy economy, taking into account the possibility of not only CO2 storage, but also reuse of the oil extraction process or industry.



There are three carbon dioxide capture systems: pre-combustion, oxy-combustion, and post-combustion. The technology of pre-combustion in the first stage leads to fuel gasification, then catalytic hydrogenation of the gas to produce CO2, which is captured in the chemical process, and physical absorption [41]. The process of oxygen combustion consists in recirculation of exhaust gases in the air enriched with oxygen [42]. The resulting gases are saturated with CO2 and water vapor [43]. The most popular method seems to be capturing carbon dioxide after combustion, thanks to its wide application [40]. It takes place by separating CO2 from the gas mixture after combustion. Several techniques of carbon dioxide capture are known: absorption, adsorption [44], membrane separation, cryogenic method [45], and biofixation with microalgae [46].



Post-combustion capture technology has several advantages that set it above other CO2 capture and sequestration techniques. The possibility of retrofitting a power plant with a CO2 capture installation is easier in this method, due to the retrofitting of a power plant with an element that will remove carbon dioxide after the combustion process, without interfering with the power plant infrastructure. Most of the capture techniques for this method are commercially available, while others have proven themselves on a smaller scale. There also remains operational flexibility to allow the use of optional CO2 capture [47].



2.1. Post-Combustion


The arguments presented above are behind the choice of technology after the combustion process. There is great progress visible in the development of this method, along with wide interest and a need for its use. In Norway, the Technology Center Mongstad has been operating a carbon dioxide capture installation after combustion since 2012. It is capable of capturing 100,000 tons of CO2 annually [48]. A similar installation is also located in Canada, the SaskPower CCS Facility, which captured almost 8,000,000 tons of CO2 in 2020 [49]. As already presented, the process of carbon dioxide capture itself can be carried out using the following methods: adsorption, absorption, cryogenic, and membrane [50].



So far, the most developed process of CO2 capture is chemical absorption, although, due to its costly nature, efforts are being made to develop other methods [51].



Below, pre-combustion technologies based on absorption methods are discussed.



There are methods of CO2 capture from flue gas, based on adsorption processes [52]. Adsorption processes differ from absorption processes in their ability to bind molecules. The process takes place only on the surface of the adsorbent. Due to the mechanism of binding particles, we distinguish between physical and chemical adsorption.



Physical adsorption is based on the formation of weak hydrogen bonds and van der Waals interactions between the sorbent and adsorbate particles, enabling multilayer coverage of the adsorbent. Chemical adsorption binds the particles to the surface of the sorbent by exchanging an electron charge, creating a monolayer on the surface of the adsorbent. Binding the particles only at the sorbent surface without interfering with its internal structure will facilitate the particle desorption process. This property is a great advantage for the sorbent regeneration process [53].



The different types of adsorption process are presented below.



Pressure swing adsorption (PSA) is based on the phenomenon of selective adsorption of gases on solid adsorbents [54]. In subsequent sorption/desorption cycles, the pressure increases and decreases, respectively. In addition to the best-known method of pressure swing adsorption, there are other types that differ in the desorption processes carried out.



Thermal swing adsorption (TSA) is carried out by increasing the temperature of the adsorbent, heated by a gas stream in the exchanger. The advantage of this method is high efficiency and speed of the process, but the need to cool the system in the final phase extends the work [55].



Pressure temperature swing adsorption (PTSA) is a combination of the two previously discussed methods. The combination of increased pressure during gas sorption and high temperature in the sorbent regeneration cycle shows significant benefits for the overall process [56].



Electric swing adsorption (ESA) is possible due to the differentiation of the electrical supply in these alternating processes. The process is similar in functionality to TSA due to the temperature increase at the time of desorption of the ingredient. However, in this process, the increase in the bed temperature occurs due to the supply of energy in an electric way [57].



Vacuum swing adsorption (VSA) or vacuum pressure swing adsorption (VPSA) is carried out under negative pressure, enabling adsorption under atmospheric pressure [58].



Fast and ultrafast pressure swing adsorption, rapid pressure swing adsorption (RPSA), and ultra-rapid pressure swing adsorption (URPSA) represent further alternatives [59].



Shuttle adsorption (PVSA) is distinguished by its simplicity and low energy demand. The adsorption technology is based on increasing the pressure and creating a vacuum in the desorption process [60,61,62].



The most frequently used adsorption process is the pressure swing adsorption process (PSA). It has been modified to use variable temperature or variable vacuum (TSA or VSA) [58,59,61].



Materials used in adsorption processes must have classified features. They should be characterized by a high specific surface, large pore volume, regenerability, high chemical stability, non-hygroscopicity, and resistance to changes in conditions. Recyclability is an additional welcome feature. The materials commonly used in carbon dioxide adsorption processes are zeolites [63], metal–organic frameworks [64,65], amine-functionalized silica [66], and porous carbons [67,68,69]. The materials that enjoy great success in their use in adsorption methods are solid sorbents, connected with easier methods of modifying their structures, transport, and use.




2.2. Solid Sorbents Used in CO2 Capture


Carbon dioxide capture processes are based on the possibility of interaction between the solid adsorbent and the absorbed gas molecule [70]. Dry adsorbents must have important variables in the dry adsorption process. The most important feature of sorption materials is porosity and surface tension. For this reason, a large area of research is devoted solely to the possibility of modifying the porous structure of adsorbents. In this regard, tests were carried out on favorable conditions enabling the selective absorption of CO2 from the gas mixture. Accordingly, they feature favorable pores with a size of 0.7–0.9 nm, corresponding to twice the diameter of the CO2 particle, for the adsorption of this component [71].



However, it is almost impossible to obtain monodisperse material containing only such pores. At the same time, the improvement of laboratory methods contributes to the increase in and control of the pore size. The most monodisperse particles have been achieved for biochar. These materials are the most environmentally friendly, as they are made of waste materials, thus reducing waste. In addition, their susceptibility to modification makes it possible to adjust their properties to almost any type of substance that would be adsorbed.



The surface of the porous structure affects the performance of the material used for adsorption. A more developed structure in a smaller space represents greater efficiency.



Due to the exhaust gas outlet conditions mentioned in the introduction in the energy industry, the adsorbents are expected to be capable of capturing carbon dioxide at low pressure.



From an economic point of view, the cost of producing the adsorbent materials plays a key role.



Recently, waste substrates have become very popular, with their reuse for the production of adsorbents representing an innovative idea. This use of waste, by putting it back into circulation, makes it possible to implement the concept of a circular economy. These materials are safe for the environment, as they enable a reduction in the carbon footprint of waste by recycling it instead of depositing it in landfills. The characteristics of biowaste and the production process to form bioadsorbents are presented in the next section.



Table 1 characterizes popular adsorbents used to capture carbon dioxide.





3. Production of Adsorbents Based on Bio-Waste


3.1. Characteristics of Bio-Waste


Plant biomass consists of three basic components: lignin, cellulose, and hemicellulose. The percentage of lignin in plant materials ranges from 15% to 25%, while cellulose can be as high as 50%, and hemicellulose constitutes 23–32% [72].



The most famous and valued element of biomass is cellulose, which has been used as a production material for centuries to make paper. Due to the growing awareness of the need to use the available resources of nature as a whole, the remaining elements of biomass were interfered with, i.e., lignin and hemicellulose, which were simply burned during the production of paper.



Lignin is a natural polymer that surrounds the cellulose fibers (Figure 4). It is insoluble, and, due to the presence of bonds of aldehyde and carbonyl groups, it is a strong polarized structure, which in most cases is the backbone for materials transformed into the form of sorbents. However, Ukanwa et al. found that the chemical activation process dissolves lignin better than cellulose, causing higher volatility, dustiness, and brittleness of the materials obtained via this process [73].



Most often, however, during carbonization and activation, volatile substances are removed from cellulose and hemicellulose. The two elements are similar, with the only difference in their structure being the number of saccharides.



Lignin participates in thermochemical transformations across a wide range of temperatures, from 150 °C to 900 °C; the main transformations of cellulose, in contrast, are at temperatures from 325 °C to 375 °C, while those of hemicellulose range from 225 °C to 325 °C [74]. Significant changes in the structure of the obtained products can be seen after exceeding 25 °C. This is related to the commencement of hemicellulose transformation processes.



Cellulose is a macromolecule made of repeating units of β-D-glucopyranose linked together by bonds. It does not undergo the process of hydrolysis; it is acted on by strong alkaline or oxidizing agents [75]. The ordered structure of hydrogen bonds gives rise to its physical properties.



Hemicellulose as a nonhomogeneous structure, whose chains are accumulated with high sugars. In contrast to cellulose, it undergoes hydrolysis, as determined by its lower weight than cellulose [76].



An important property of plant biomass is its content of mineral substances. The elements in the composition of the mineral substance are silicon, calcium, potassium, sodium, and magnesium, as well as sulfur, phosphorus, iron, manganese, and aluminum in smaller amounts. The chemical composition of biomass is important when choosing an installation or biomass conversion technology, due to the corrosive properties of some elements. Moreover, the high percentage of elements other than carbon in the biomass proves the low efficiency of the biomass to biochar conversion processes. It can lead to a different pH of the obtained biochar, which negatively affects the carbon dioxide capture system.



The content of individual elements in the structure of biomass affects their consumption after the processes of maintaining bioadsorbents, which is visible in their physicochemical properties.




3.2. Production Process of Bioadsorbents


The characteristic processes of thermochemical conversion in order to obtain biocarbon or the appropriate product/bioadsorbent are torrefaction and pyrolysis/carbonization.



Torrefaction, also called initial pyrolysis, is carried out in anaerobic conditions in the range of low temperatures for the combustion process ranging from 200 to 300 °C. The temperature increase per minute should not exceed 50 °C, and the residence time in the combustion chamber should not exceed 1 h. After this process, the product should be characterized by a higher percentage of C and lower humidity. Table 2 contains the impact of torrefaction parameters on the content of the main elements.



In the pyrolysis process, which involves thermal decomposition of the substrate under anaerobic conditions, three groups of products are obtained: gas, liquid, and solid (biochar).



The pyrolysis process can be classified. Conventional pyrolysis, carried out under atmospheric pressure with a low temperature rise, is characterized by the formation of a highly carbonated solid product, which is highly desirable when it comes to bioadsorbents, despite converting only about 30% of the input material [82]. Fast and instant pyrolysis is characterized by an average and short residence time in the boiler with a rapid increase in temperature. The main product is liquid (bio-oil), representing 50% to 75% of the total [83,84].



We also distinguish hydrothermal processes, which include hydrothermal carbonization (HTC) and hydrothermal liquefaction (HTL). The HTC process is carried out over 3 to even 72 h, at temperatures of 180–260 °C. The process medium is water in the form of saturated steam. It also acts as a catalyst and heat carrier [85]. Biomass components under the influence of water under subcritical conditions are subject to hydrolysis. The product is largely dehydrated by dehydration and decarboxylation. The amount of water added to the reaction process is of great importance here. Minor variations in concentrations can lead to a significant drop in yield. A significant advantage of these methods is that there is no need to dry the batch material, whereas the disadvantage is the cost of an installation resistant to subcritical water conditions. Controlling the process conditions leads to obtaining products of different composition. In the HTC process, the main product is a solid product in the form of carbon [86,87].



The HTL process is carried out under increased pressure, and its main product is bio-oil. The selection of the process duration, temperature, and pressure, and use of catalysts affect the composition of the products [88].



Both physical and chemical activation processes are aimed at increasing the porous surface of bioadsorbents, thus increasing the adsorption efficiency.



The currently used activation methods overlap with the methods of biochar production in pyrolytic processes, as shown in Figure 5.



Two-stage physical activation is aimed at developing the specific surface of the already carbonized material with the help of an inert gas. One-step activation is the reaction of simultaneous combustion of the carbon substrate and increasing its surface porosity. Steam, air, oxygen, carbon dioxide, or mixtures thereof are used as the inert gas. The use of air or oxygen may be risky due to the possibility of ignition [89].



The lower temperature of the process enables the use of two-stage methods, whereas too high temperatures reduce the efficiency of the process, leading to the collapse of the porous structure and the generation of ash. Physical activation is environmentally safe, but speed and temperature requirements are problematic [90].



Chemical activation is carried out in the process of inert gas, e.g., nitrogen or argon. The following chemicals are used as activating factors: inorganic acids (H3PO4, HNO3, H2SO4), hydroxides (KOH, NaOH), or K3PO4 and ZnCl2 salts. An example of a compound structure modification reaction is shown in Figure 6. Recent studies favor the use of KOH as a factor due to the highly microporous structure obtained with a narrow pore range [91]. The activating agent used is most often removed in the rinsing process until the pH is neutral.





4. Characteristics of Bioadsorbents Obtained on the Basis of Bio-Waste


During the literature review, bioadsorbents prepared from the most commonly used bio-waste for this purpose were selected. The materials readily available in the areas inhabited by the authors are very popular among scientists. The popularity of selected bio-waste is also growing. Interestingly, the interest in individual materials has changed over the past decade.



In the last few years, there has been a noticeable increase in the interest in various bio-waste. Literature data on these materials were collected, and they are classified in Table 3.



Coffee grounds have become a breakthrough material used in many areas of life. Scientists also often use the advantages of this raw material. A literature review revealed the diversity of the applied modification processes through physical and chemical activation.



Many scientific papers describing carbon dioxide sinks are based on raw materials from coconut shell and African palm trees, and these materials are used consistently, mainly chemically modified.



Rice husk is often used in the production of biochar to adsorb carbon dioxide. Interestingly, carbonized rice husk is a source of high amounts of silica. For this reason, this material is commonly used in the production of other types of carbon dioxide adsorbents in the form of nanocomposites. Currently, rice husk processed in this way into nanocomposites is now more and more often used in the processes of carbon dioxide adsorption.



The last rows of Table 3 gather data on bioadsorbents produced from various types of waste that have been gaining popularity in recent years such as vegetable peelings, leaves, or plant stems.



The production of bioadsorbents through physical activation of the collected materials was carried out in one or two stages. Activation of carbon materials with CO2 is gaining attention due to the ability to produce ultra-micropores suitable for CO2 adsorption.



Comparing the method of activating materials in most products, chemical activation dominates with solid activators, which can be seen in Table 3. The most frequently chosen chemical activator is potassium hydroxide, followed by orthophosphoric acid and zinc chloride.



The materials can be activated in one, two, or even three steps. Chemical activation can be accomplished via two methods, wet impregnation and solid–solid mixing. In the wet impregnation method, the raw biomass or raw material is first mixed with the activator in the appropriate proportion to prepare the slurry.



The prepared suspension is carbonized or activated under inert conditions to obtain chemically activated carbon. In dry activation, the precursor is mixed with the activator using a stirrer or in a mortar. The mixture is then converted to activated carbon in a heat treatment process in which both processes (carbonization and activation) occur simultaneously. Additionally, the activation and carbonization processes are used interchangeably. There is no established pattern to support that pre-activation carbonization gives better results than pre-carbonization activation.



Querejeta et al. obtained bioadsorbents from coffee grounds via single- and two-step physical activation with better results for single-step activation and lower temperature (3.01 and 2.71 mmol/g CO2, respectively), at 50 °C and 10 kPa pressure. The highest result of adsorption at 25 °C and at atmospheric pressure, 5.44 mmol/g, was obtained for the HTC-PDS_KOH_1 sample activated physically with CO2 and KOH [108].



KOH as an activator allows obtaining a typically microporous structure. Chen et al. produced the NC-650-4 bioadsorbent enriched with urea and then activated KOH with an area of 1687 m2/g and an adsorption capacity of 7 mmol/g at 0 and 1 atm [97]. The highest carbon dioxide adsorption was also obtained for the product activated with KOH. It was 7.55 mmol/g and 4.42 mmol/g at 0 and 25 °C and 1 atm, respectively, for the CG 700 2-1 sample in the research group of Travis et al. [95]. The adsorption capacity of the bioadsorbents is presented in Table 4.



Despite the good activating properties, the use of KOH also has some limitations. Because KOH is strong dehydrating agent, it has corrosive properties. The corrosivity increases with increasing activation temperature, making it disadvantageous for large-scale and industrial production application [113]. Moreover, after rinsing the bioadsorbents, environmental pollutants are created. Therefore, the focus should be on finding and using activators or activation methods that are more environmentally friendly and less corrosive.



The use of K2CO3 in the activation of coconut shells and coffee grounds gave high results of adsorption efficiency of 7.18 mmol/g and 5.12 mmol/g, respectively, at 0 °C and 1 atm pressure. Additionally, the bioadsorbent with higher sorption capacity was enriched with urea [93,98].



Conducting carbon dioxide adsorption tests to reflect target conditions should be performed at 30 °C and atmospheric pressure. These conditions assume no additional costs associated with the preparation of flue gases for purification. In addition to the assumed most favorable conditions, the authors carried out tests at reduced pressure and higher or lower temperature (summary Table 4). Analysis of carbon dioxide adsorption under different conditions allows a comparison of adsorption efficiency and possible modification of adsorption conditions by heating/cooling the flue gas and crowding if this allows a significant increase in adsorption processes. As can be seen from the summary in Table 4, the best results for the compared bioadsorbents were obtained at 0 °C under atmospheric pressure. For coffee bioadsorbents CG800-1/CG 700 2-1 and rice husk CAC-5/PC3-780, lowering the temperature resulted in a 40% increase in carbon dioxide sorption [93,95,103,104]. For sorbents prepared from coconut shells and other wastes, whose data were collected in this review, for which tests were conducted at two temperatures (0 and 30 °C), the carbon dioxide sorption at the lower temperature increased by 30% [97,98,99,110,111,112].



Table 5 shows a compositional analysis of the collected raw materials, which were used for the production of adsorptive materials by the various authors. The precursors used in the production of adsorbents should have a low ash content. Research has shown that too much ash may hinder the development of pores during further processing of the material [114].



The influence of the elemental composition on the adsorption capacity of the characterized bioadsorbents is significant. We can see the dependence of the increasing percentage of carbon, which coincides with the differing efficiency in the adsorption process shown in Table 4 and Table 5. The exception to this rule is the GACA bioadsorbent obtained by Giraldo et al., where a significantly smaller amount of carbon in the composition of the bioadsorbent led to carbon dioxide adsorption results of 7.53 mmol/g of the sample at 0 °C and atmospheric pressure [101].



In addition, it should be emphasized that, in most cases, tests of sorbent regeneration with high efficiency were carried out by the authors. The regeneration processes were caused by the pressure difference between the adsorption and desorption processes. This means that the produced adsorbents are perfect for cyclical operation in carbon dioxide absorption installations.



Chemical activation is the use of an activating agent. Its task is to develop the porous structure of the final product by preventing the production of byproducts such as tar or volatile compounds.



The pore volume, specific surface area, carbon properties, and yield of the bioadsorbents are dependent on the maximum feed/activating agent ratio, carbonization temperature, heating rate, and activation time. Bioadsorbents produced by chemical activation have a very high specific surface area, in the range of 2000–3000 m2/g [104,110,112].



The specific surface is the ratio of the internal surface area of the pores contained in a sample of a porous material to the volume of this sample. The specific surface is an important feature of permeable porous materials, because it determines the course of those processes for which the pore surface development is of fundamental importance.



The total pore volume is the sum of the open and closed pores. Figure 7 and Figure 8 characterize the distribution of these values for the bioadsorbents collected in the article. The authors used a volumetric adsorption analyzer to determine the surface area and porosity of the obtained materials. When comparing these values for individual bioadsorbents, we can see size differences for the same samples. This is due to the fact that the pore volume often does not reflect its surface area and vice versa. However, the samples in both plots were largely in a similar distribution when comparing the total pore volume and the specific surface area. Therefore, it is important to determine both of these values for the samples in order to fully characterize them.



Comparing the obtained adsorption values of the bioadsorbents obtained by the authors with the specific surface of the samples and their volumes, we can see that the samples with the highest Vt and BET values did not obtain the highest carbon dioxide adsorption results.



This is related to the specificity of matching the pore size of the sample to the particle absorbed in the adsorption process.



In addition, closed pores, included in the BET and Vt (total pore volume) characteristics, prevent the absorption of external particles.




5. Conclusions and Prospects for Application of Bioadsorbents in CO2 Capture


The use of bio-waste as a CO2 adsorbent is a cost-effective and prosperous idea. The management of some waste can extend the circular economy package. At the same time, its use in the adsorption of carbon dioxide will help to combat the problem of excessive CO2 emissions. The presented bio-waste used in the production of bioadsorbents appears to be a good material for carbon dioxide separation and capture.



An efficient carbon dioxide adsorbent consists of many properties, including the specific surface area and the volume of micropores. Therefore, an inherent element in the production of bioadsorbents is their activation by modifying the surface, which will allow more carbon dioxide to be adsorbed.



To the greatest extent, the process of activation and surface modification affects the efficiency of the resulting adsorbent material. A large number of micropores and a high specific surface area are the characteristics of a good, effective carbon dioxide sorbent. Keeping the specific surface area within 2000 m2/g after carbon dioxide sorption is a key condition for the efficiency of the obtained adsorbents, indicating that the best way of activation is surface modification through a chemical activator. The results obtained, albeit converging, favor potassium hydroxide. For the most part, materials obtained using two- and three-step processes received better results.



The authors did not consider the complexity of the activation process due to the use of often several surface activators. This activation process makes it difficult and costly, with a negative impact on the environment. The results obtained from a more complicated activation process are comparable to physical adsorption or one activator.



The high efficiency of the adsorption process obtained at 0 °C and 25 °C gives hope for facilitating the sorption process without modifying the exhaust gas temperature. On the other hand, the high regenerative capacity and long cyclicality of the adsorbents reduce the costs and high energy levels of adsorbent preparation in pyrolytic and activation processes.



However, little research has been conducted on the large-scale production and use of modified biochar for CO2 capture. Therefore, further research should focus on large-scale production of bioadsorbents. A second aspect of research development should be technologies aimed at the regeneration of bioadsorbents and the use of captured carbon dioxide.
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Figure 1. World carbon dioxide emissions from fossil fuel combustion percentages (based on JRC2019 reports [25]). 
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Figure 2. Schematic presentation of the technology of carbon recycling. 
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Figure 3. Changes in the selected sectors that consume the most resources according to the New Circular Economy in the EU. 
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Figure 4. Chemical composition of plant biomass. 
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Figure 5. The most popular methods of obtaining porous bioadsorbents used in carbon dioxide capture. 
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Figure 6. Examples of reactions of structural parts with potassium hydroxide, leading to modification of the structure during the chemical activation process. 
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Figure 7. Total pore volume size distribution for bioadsorbents characterized in this literature review. 
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Figure 8. The specific surface area of selected bioadsorbents characterized in the review. 






Figure 8. The specific surface area of selected bioadsorbents characterized in the review.



[image: Energies 15 06914 g008]







[image: Table] 





Table 1. Advantages and disadvantages of the adsorbents used in CO2 adsorption.
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	Adsorbent
	Advantages
	Disadvantages





	Zeolites
	
	-

	
highly monodisperse




	-

	
low production




	-

	
cost intermediate capacity






	
	-

	
absorption of moisture




	-

	
high pressures and temperatures in the regeneration process




	-

	
large energy losses









	Silicate materials
	
	-

	
low adsorption and desorption temperatures




	-

	
low hygroscopicity






	
	-

	
low adsorption up to 11%




	-

	
complicated construction and receipt process









	Organometallic structures (MOF)
	
	-

	
large adsorption surfaces




	-

	
high adsorption capacity




	-

	
low temperatures of the desorption process






	
	-

	
poor economic performance




	-

	
sensitivity to moisture




	-

	
sensitive to high temperatures









	Biocarbon
	
	-

	
environmentally friendly




	-

	
low manufacturing costs




	-

	
average yields






	
	-

	
Friability




	-

	
difficulties in the process of monodispersity




	-

	
not resistant to moisture









	Activated carbon
	
	-

	
well-developed surface of both macro- and micropores




	-

	
cheap to produce




	-

	
high sorption capacity






	
	-

	
temperature sensitive




	-

	
high macro-to-micropore ratio




	-

	
difficulties in the process of monodispersity









	CaO-based sorbents
	
	-

	
low price




	-

	
high availability




	-

	
large volume of pores






	
	-

	
a sharp drop in the CO2 uptake capacity




	-

	
poor regeneration of sorbents




	-

	
difficulty in the carbonation of CaO
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Table 2. The impact of torrefaction parameters on the content of the main elements, the value of the heat of combustion Q, and the ash content.
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	Biomass
	Temperature/Time
	C, %
	O, %
	Q, MJ/kg
	Ash, %
	Bibliography





	Rise husks
	250 °C/1 h
	48.1
	33.4
	17.7
	-
	[77]



	Vegetable waste
	200 °C/1 h
	52.9
	36.0
	-
	-
	[78]



	Pitch pine wood chips
	300 °C/1 h
	63.9
	30.4
	-
	4.5
	[79]



	Yak manure
	300 °C/1 h
	41.1
	39.7
	-
	-
	[80]



	Almond shell
	280 °C/1 h
	49.4
	43.3
	18.4
	1.4
	[81]



	Grape pomace
	280 °C/1 h
	45.5
	34.7
	16.7
	12.7
	[81]



	Olive pomace
	280 °C/1 h
	49.3
	37.4
	19.3
	6.2
	[81]
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Table 3. Comparison of the conditions of the carbonization and activation of bio-waste.
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	Source
	Process
	Type of Activation/

Activator
	Conditions

of the Charring

Process
	Conditions for the

Activation Process,

Ratio of Biomass to Activator
	Bibliography





	Coffee grounds:
	
	
	
	
	



	HC-Co
	One-step
	Physical/CO2
	Temp: 700 °C,

Time: 8 h
	-
	[92]



	AC-Co
	Two-step
	Physical/CO2
	Temp: 800 °C

Time: 1 h
	Temp: 180 °C

Time: 12 h
	[92]



	CG800-1
	One-step
	Chemical/K2CO3
	-
	Temp:800 °C,

Time: 1 h

1:1
	[93]



	NCLK-3
	Two-step
	Chemical/KOH
	Temp: 400 °C,

Time: -
	Temp: 600 °C,

Time: 1 h

1:3
	[94]



	CG 700 2-1
	Two-step
	Chemical/KOH
	Temp: 700 °C,

Time: 2 h
	Temp: 700 °C,

Time: 1 h

1:2
	[95]



	Coconut shell
	
	
	
	
	



	CACM28
	Two-step
	Chemical/H3PO4
	Temp: 450 °C,

Time: 2 h
	Temp: 85 °C,

Time: 2 h

18:7
	[96]



	NC-650-4
	Two-step
	Chemical/Urea/KOH
	Temp: 650 °C

Time: 1 h
	Temp: 350 °C

Time: 2 h

1:1 (with urea)

Temp: 120 °C

Time: 6 h

1:4 (with KOH)
	[97]



	CN-600-3
	Two-step
	Chemical/Urea/K2CO3
	Temp: 350 °C

Time: 2 h
	Temp: 350 °C

Time: 2 h

1:1 (with urea)

Temp: 600 °C

Time: 1 h

1:3 (with K2CO3)
	[98]



	Cnut-3.5 h
	One-step
	Physical/CO2
	-
	Temp: 800 °C

Time: 3.5 h
	[99]



	African Palm
	
	
	
	
	



	PACM32
	Two-step
	Chemical/H3PO4
	Temp: 450 °C,

Time: 2 h
	Temp: 85 °C

Time: 2 h

18:7
	[96]



	MZn48FAL
	Three-step
	Chemical/ ZnCl2/NH3
	Temp: 500 °C

Time: 2 h
	With ZnCl2:

Temp: 85 °C

Time: 7 h

13:12

With NH3:

Temp: 800 °C

Time: 5 h
	[100]



	GACA
	Three-step
	Chemical/CaCl2 and H3PO4/

NH4OH
	Temp: 800 °C

Time: 6 h with CO2

and

Temp: 600 °C

Time: 2 h with N2
	Temp: 85 °C

Time: 6 h

33:1:16 (biomass, CaCl2, H3PO4)

Temp: 80 °C

Time: 24 h with NH4OH
	[101]



	ACCu3-1073
	One-step
	Chemical/Cu(NO3)2
	-
	Temp: 800 °C

33:1
	[102]



	Rice husk
	
	
	
	
	



	CAC-5
	Two-step
	Chemical/KOH and chitosan
	Temp: 500 °C

Time: 1 h
	Temp: 600 °C

Time: -

1:2
	[103]



	PC3-780
	Two-step
	Chemical/KOH
	Temp: 140 °C

Time: 6 h
	Temp: 780 °C

Time: 1 h

3:1
	[104]



	RAC
	Two-step
	Chemical/ZnCl2
	Temp: 500 °C

Time: 1 h
	Temp: 105 °C

Time: 24 h

1:1
	[105]



	Date seeds
	
	
	
	
	



	ADS-900-OPT-1H
	Two-step
	Physical/CO2
	Temp: 800 °C

Time: 1 h
	Temp: 900 °C

Time: 1 h
	[106,107]



	HTC-PDS_KOH_1
	Three-step
	Physical/CO2 and

Chemical/KOH
	Temp: 200 °C

Time: 48 h
	Temp: 900 °C

Time: 3 h with CO2

Temp: 100 °C

Time: 2 h

Biomass 1:1 KOH
	[108]



	AC-2.5-600
	One-step
	Chemical/KOH
	-
	Temp: 600 °C

Time: 1 h

1:2.5
	[109]



	Other waste
	
	
	
	
	



	Pomegranate peels
	One-step
	Chemical/KOH
	-
	Temp: 800 °C

Time: 1 h

1:1
	[110]



	Carrot peels
	One-step
	Chemical/KOH
	-
	Temp: 700 °C

Time: 1 h

1:1
	[111]



	Fern leaves
	One-step
	Chemical/KOH
	-
	Temp: 700 °C

Time: 1 h

1:1
	[111]



	Cotton stalk
	One-step
	Chemical/KOH and

Al2(SO4)3⋅12H2O
	-
	Temp: 700 °C

Time: 1.5 h

1:2:0.17
	[112]
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Table 4. Comparison of CO2 adsorption capacity bioadsorbents.
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	Biocarbon
	CO2 Adsorption

Capacity at

273 K/1 bar

9mmol/g)
	CO2 Adsorption

Capacity at

298 K/1 bar

(mmol/g)
	Other Conditions of the CO2

Adsorption Process

and Capture
	References





	Coffee grounds:
	
	
	
	



	HC-Co
	-
	-
	Temp: 50 °C

Pressure: 10 kPa

3.01
	[92]



	AC-Co
	-
	-
	Temp: 50 °C

Pressure: 10 kPa

2.71
	[92]



	CG800-1
	7.18
	4.46
	Temp: 50 °C

Pressure: 10 kPa

0.61
	[93]



	NCLK-3
	4.7
	3.0
	-
	[94]



	CG 700 2-1
	7.55
	4.42
	Temp: 50 °C

Pressure: -

2.56
	[95]



	Coconut shell
	
	
	
	



	CACM28
	3.43
	-
	-
	[96]



	NC-650-4
	7.0
	4.8
	-
	[97]



	CN-600-3
	5.12
	3.71
	-
	[98]



	Cnut-3.5 h
	5.6
	3.9
	-
	[99]



	African Palm
	
	
	
	



	PACM32
	3.25
	-
	-
	[96]



	MZn48FAL
	4.51
	-
	-
	[100]



	GACA
	7.52
	-
	-
	[101]



	ACCu3-1073
	4.9
	-
	-
	[102]



	Rice husk
	
	
	
	



	CAC-5
	5.83
	3.68
	-
	[103]



	PC3-780
	6.24
	3.71
	-
	[104]



	RAC
	-
	-
	Temp: 30 °C

Pressure: -

1.29
	[105]



	Date seeds
	
	
	
	



	ADS-900-OPT-1H
	-
	2.92
	Temp: 30 °C

Pressure: -

1.85
	[106,107]



	HTC-PDS_KOH_1
	-
	5.44
	-
	[108]



	AC-2.5-600
	-
	2.18
	-
	[109]



	Other waste
	
	
	
	



	Pomegranate peels
	5.53
	3.64
	-
	[110]



	Carrot peels
	5.64
	4.18
	-
	[111]



	Fern leaves
	4.52
	4.12
	-
	[111]



	Cotton stalk
	6.90
	4.24
	-
	[112]










[image: Table] 





Table 5. Ultimate analysis of the percentage of ash and elements in bioadsorbents (wt.%).
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	Biocarbon:
	Ash
	C
	H
	N
	O
	Bibliography





	Coffee grounds
	
	
	
	
	
	



	HC-Co
	7.5
	88.9
	0.7
	4.0
	6.4
	[92]



	AC-Co
	7.1
	82.4
	1.4
	4.1
	12.1
	[92]



	CG800-1
	-
	94.51
	0.58
	1.55
	0
	[93]



	NCLK-3
	3.4
	81.2
	3.7
	4.8
	10.3
	[94]



	CG 700 2-1
	-
	-
	-
	-
	-
	[95]



	Coconut shell
	
	
	
	
	
	



	CACM28
	-
	-
	-
	-
	-
	[96]



	NC-650-4
	-
	81.3
	1.22
	0.91
	-
	[97]



	CN-600-3
	-
	87.48
	0.88
	2.74
	-
	[98]



	Cnut-3.5 h
	-
	-
	-
	-
	-
	[99]



	African palm
	
	
	
	
	
	



	PACM32
	-
	-
	-
	-
	-
	[96]



	MZn48FAL
	-
	-
	-
	-
	-
	[100]



	GACA
	-
	63.6
	1.2
	2.4
	32.8
	[101]



	ACCu3-1073
	-
	-
	-
	-
	-
	[102]



	Rise husk
	
	
	
	
	
	



	CAC-5
	
	81.92
	-
	8.61
	9.47
	[103]



	PC3-780
	2.3
	-
	-
	-
	-
	[104]



	RAC
	25.4
	54.75
	1.31
	0.5
	18.04
	[105]



	Date seeds
	
	
	
	
	
	



	ADS-900-OPT-1 H
	-
	95.57
	-
	0.46
	0.34
	[106,107]



	HTC-PDS_KOH_1
	-
	87.8
	0.3
	0.6
	11.3
	[108]



	AC-2.5-600
	-
	-
	-
	-
	-
	[109]



	Other waste
	
	
	
	
	
	



	Pomegranate peels
	25
	-
	-
	-
	-
	[110]



	Carrot peels
	-
	-
	-
	-
	-
	[111]



	Fern leaces
	-
	-
	-
	-
	-
	[111]



	Cotton stalk
	1.48
	76.5
	7.83
	0.35
	15.32
	[112]
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