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Abstract

:

The growing increase in greenhouse gases, especially carbon dioxide (CO2), by anthropogenic activities can be linked to extreme climate events, such as intensive droughts, floods, or hurricanes, and has led to several studies focused on reducing the concentration of this greenhouse gas in the atmosphere. Some technologies, such as carbon capture and storage (CCS), can potentially sequester billions of tons of CO2 per year. One of the promising methods is the use of carbon mineralization as a CCS methodology. For this approach, some minerals can be investigated, such as wollastonite, which can be obtained from agricultural waste recovery. One topic of interest in these studies is agriculture, demonstrating that it can play an important role in climate change mitigation. This work presents a critical review of the studies of rice waste use for potential synthesizing wollastonite as a path for CO2 storage, promoting the circular economy. Several works were analyzed and presented, addressing eco-friendly wollastonite use, such as in the cement industry, and they can contribute to a lower global warming potential. There is a promising way to explore, once there are few studies in the literature about CO2 capture and storage of wollastonite by carbon mineralization.
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1. Introduction


Some environmental problems, such as global warming, are directly linked to the increase in the concentration of anthropogenic greenhouse gases, mainly carbon dioxide (CO2), corresponding to 68% of the total emissions [1,2,3]. In theory, the temperature increase in the lower atmosphere layers is called global warming, which can be enhanced by several human activities, as well as fossil fuel burning, industrial activities, and deforestation, among others. Some sectors stand out in the contribution of the emitted CO2, such as industries that operate with fossil fuels, transportation, cement production, energy, and others [4,5,6,7,8].



In Brazil (2019), the activity with the most CO2 emissions was the land-use change and forests sector (~900 Mt of CO2), followed by the energy sector (~384 Mt of CO2) (Table 1).



According to Friedlingstein et al. [9], the global concentration of CO2 in 2020 was 34.07 GtCO2, and in Brazil, according to SEEG (2019), the total CO2 emission for the year 2019 was 1.38 GtCO2. There is a huge global CO2 emission over the years 1750–2020 (~35 GtCO2). Figure 1 provides an overview of the evolution of CO2 emissions in Brazil in the period 1990–2019, and the contribution of the various sectors in terms of greenhouse gas emissions. This shows that the land-use change and forestry sector is highly representative in terms of CO2 emissions. In comparative terms, this sector had a CO2 emission in 1990 of 1112 Mt of CO2, reaching a peak of 1976 Mt of CO2 in 2003 and 900 Mt of CO2 in 2019.



Some extreme weather events such as extreme droughts, rising sea levels, cyclones, hurricanes, negative effects on ecosystems, and reduced biodiversity, among others, are consequences of the high CO2 concentration in the atmosphere, causing huge problems. Reducing this CO2 concentration to curb global warming has been a major challenge [10]. For this, some environmentally friendly solutions have been proposed which involve the circular economy, such as the synthesis of agricultural rice residues for producing a mineral that is very promising in CO2 capture, by the carbon mineralization process. There are few studies in the literature about carbon mineralization of wollastonite and CO2 capture; however, there are several contributions about the synthesis of wollastonite by rice residues [11,12,13] and carbon mineralization by wollastonite [8,14,15,16]. Thus, a future perspective about using wollastonite for carbon capture and storage is very promising.



This paper aims to bring a review about the potential carbon capture and storage of wollastonite minerals by rice residues for carbon mineralization, promoting a circular economy. First, a short review of the carbon capture and storage technologies is presented. Then, a review of carbon mineralization is used with some chemical reactions, followed by a section about wollastonite as a mineral and rice crop. Finally, a section about the synthesis of wollastonite by a rice residue is proposed, and the impacts of rice cultivation are shown. There are few studies about the CO2 capture and storage of wollastonite synthesized by rice residues, this paper tries to contribute to the state of the art of carbon capture and storage as a methodology to possibly synthesize wollastonite from rice residues.




2. Bibliography Review


2.1. Carbon Capture and Storage (CCS)


There are three main mitigation technologies for CO2: efficient technologies to reduce demand for non-renewable energy; renewable technologies such as solar, wind, and biomass, and carbon capture and storage (CCS) [8,17,18,19]. CCS is one of the key technologies to reduce the rise in global temperature, which is one of the causes of climate change, and for this reason, both the international community and the scientific community have been showing interest in CCS [20]. CCS is an emerging technology to reduce CO2 emissions, and it plays a very important role. One of its great advantages is that it is an emerging low-carbon technology, considered to be the technology of the future, and it is environmentally friendly [21].



Depending on the capture location of the CO2, CCS can be divided into:




	
Post-combustion capture: Where the CO2 is removed after combustion process;



	
Pre-combustion capture: Which involves the separation and storage of CO2 before combustion;



	
Oxy-combustion: In which fuel is burned in the presence of oxygen to produce a concentrated current of CO2.








Around the world, there are CCS installations (also called CCUS—carbon capture, storage, and utilization), as can be seen in Table 2 [22]. It is noteworthy that Brazil was also a pioneer in the use of this technology in the Baia de Santos, being responsible for processing natural gas as a source of CO2, capturing about 3 Mt/year of CO2.



There are challenges to be faced in developing CCS technologies in several countries, such as in Asia, Latin America, and Africa. One strong cause of this is that in these regions there are no significant sources of carbon funding or expectation of profiting from CCS [2]. In Brazil, the CCS technologies began in the 1990′s, especially in the oil industry, with Petrobras. In the Recôncavo Basin/BA (Buracica field), CO2 injection tests started in 1991. Other CSS projects in Brazil are Miranga and Porto Batista Carbomethane. The Petrobas Miranga project had three different storage scenarios: oil gas recovery, a depleted gas reservoir, and saline aquifers. The Porto Batista Carbomethane project is responsible for watching over the enhanced coal bed methane production. Nowadays, Brazil is home to one of the largest CCS oil gas recovery projects in the world with the Lula field project in the pre-salt oil [2]. So, a country such as Brazil should invest more resources in CCS technologies, once is a big opportunity to promote CO2 capture and storage. CCS consists of three main processes: CO2 separation of the gaseous flow in question; CO2 transport to the storage location, and sequestration methods of CO2 for gas isolation [23]. For CO2 capture, four main methods are considered: mineral, biological, geological, and ocean sequestration methods, as seen in Figure 2, in addition, the costs of each process are shown [8].



Table 3 shows the main benefits of each method of CO2 storage and their costs (BRL/ton CO2).



It can be observed that the geological process exhibit lower costs of CO2 storage (BRL 0.5–8/ton CO2), on the other hand, carbon mineralization is the higher cost (BRL 50–100 /ton CO2), this can be explained due to the major cost of carbon mineralization being associated with the energy consumed during the process. Despite the high cost, carbon mineralization is the preferred method of CO2 storage, due to the permanence of the CO2 storage [8]. It is known that mineral sequestration (carbon mineralization) has the greatest storage capacity for CO2 and hence its effectiveness is widely studied, as shown in Figure 3. In addition, mineral storage is safer than other methods such as ocean and geological sequestration [8,14].



For this reason, carbon mineralization emerges as a technology of great interest as a strategy to remove CO2 from the atmosphere. Several minerals can be used for mineral carbonization, such as wollastonite (CaSiO3), studied in this work and others, like serpentine and olivine [8]. Wollastonite has a great advantage over other minerals used in carbon mineralization in reactions with silicates (e.g., forsterite (Mg2SiO4), fayalite (Fe2SiO4), and antigorite ((Mg, Fe)3Si2O5(OH)4)), wollastonite has faster kinetic reactions [24]. Currently, silicates such as wollastonite are attracting great interest due to their reduced carbon footprint. Wollastonite can also be incorporated into the soil, increasing its fertility [16,25]. Wollastonite has been studied by several authors [16,24,25] as a way to capture CO2.




2.2. Carbon Mineralization


Carbon mineralization is a non-toxic method used to store CO2 in solid form, the prose process was proposed 30 years ago as a strategy to remove CO2 from the atmosphere [15]. When CO2 dissolved in rainwater reacts with silicates rich in Ca or Mg that exist in abundance in nature, mineral carbonation occurs naturally [8]. In the carbon mineralization process, the CO2 reacts with minerals rich in calcium (Ca) and magnesium (Mg) to form stable carbonates such as wollastonite (CaSiO3), olivine (Mg2SiO4), calcite (CaCO3), magnesite (MgCO3), and dolomite (CaMg(CO3)2) [26]. The best sources of Mg and Ca are mafic and ultramafic rocks (basaltic lava), mining tailings, and industrial bioproducts (steel slag and fly ash). In turn, the source of CO2 may vary depending on the context, such as ambient air (~0.04% CO2) or industrial gas stream (~5–12% CO2) [15].



Some of the reactions that occurred in the process are shown below:


Wollastonite: CaSiO3 + CO2 ↔ CaCO3



(1)






Olivine: MgSiO4 + 2CO2 ↔ 2MgCO3SiO2



(2)







The CO2 storage and capture capacity of these materials are 0.62 tons of CO2 per ton of olivine, ~0.4–0.5 tons of CO2 per tons of wollastonite or industrial waste with a similar composition of wollastonite [26]. In this case, the Ca ion is derived from limestone [26]. For CO2 released during the process, some life cycle assessment (LCA) is required. As wollastonite is the object of study in this work, some chemical reactions that occur during the aqueous carbonization of wollastonite are described in detail below:


CO2(g) + H2O(l) = H2CO3(aq)



(3)






H2CO3(aq) = H(aq)+ + HCO3(aq) –



(4)






HCO3(aq)− = H(aq)+ + CO3(aq)2−



(5)






2H(aq)+ + CaSiO3(s) = Ca(aq)2+ + H2O(l) + SiO2(s)



(6)






Ca(aq)2+ + HCO3(aq)− = CaCO3(s) + H(aq)+



(7)







According to Wang et al. [27], the activation energy of the process varies between 16 kJ/mol and 22 kJ/mol. There are several methods of carbon mineralization [15], such as




	
Ex situ: In which the alkaline source is transported to the capture site of CO2, crushed into small particles, and combined with CO2 at high temperatures and pressure.



	
Surficial: Where CO2-bearing and surface waters are reacted with reactive rock fragments, such as alkaline industrial waste (crushed mine tailings). For implementation cost, it is low cost, although a very large area footprint at the gigaton scale is proposed.



	
In situ: In which fluids containing CO2 circulate through the porous subsurface in geological formations. These methods have a similar cost to the surficial method of carbon mineralization and a giant storage capacity, but they include uncertain feedback between permeability, reactive surface area, and reaction rate.



	
Combined partial enrichment of CO2 using direct air capture with synthetic sorbents plus in situ carbon mineralization or surficial carbon mineralization. In terms of energy requirements and total costs for partial CO2 enrichment, this method involves lower energy than for enrichment to high purity.








In terms of costs, the most economically viable method is in situ carbon mineralization (with a cost capacity of approximately BRL 7–30 per ton of sequestered CO2), injecting enriched CO2 into basaltic areas. The total capacities for in situ CO2 sequestration are 8.0 × 103–3.5 × 104 Gt.CO2 for sedimentary formations and 1.0 × 103–2.5 × 105 Gt.CO2 for on-land basalts [15]. The rate and cost of carbon mineralization depend on the amount of CO2 dissolved in solution, alkalinity of the solution, and optimization of reactions, variations in pH are also important [15].





3. Wollastonite Synthesis and Some Eco-Friendly Applications


Wollastonite is a calcium silicate mineral (CaSiO3), inert, with a polymorphic structure, being able to be α-wollastonite (pseudo wollastonite) at temperatures close to 1125 °C, or β-wollastonite, which is an important mineral with numerous applications in ceramics, due to its properties: good strength, thermal stability, low dielectric loss, and good bioactivity and biocompatibility [11,13,25]. It is a mineral present in tailings of industrial bioproducts (kiln cement ash, steel slag) and which can also be incorporated into the soil, increasing its fertility and high reaction with CO2 (in the range of 8 × 10 −9 to 2 × 10 −7 mol·m −2·s −1 at 25 °C and in the range 1.6 × 10 −5 to 5 × 10 −4 mol·m −2·s −1 at 180 °C). However, the availability of wollastonite is low, with global reserves estimated at only 100M tons [26,28]. For carbon mineralization, wollastonite is included in such a non-toxic method [15]. China is the main producer of wollastonite (890 × 103 tons) followed by India (129 × 103 tons) and Mexico (100 × 103 tons) [1].



The reactions below show the potential for CO2 sequestration by wollastonite.



CO2 dissolved in the atmosphere:


2CO2(g) + 2H2O(l) ↔ 2H2CO3(aq) ↔ 2HCO3− + 2H+



(8)







Wollastonite dissolution:


CaSiO3(s) + 2H+ → Ca2+ + H2O(l) + SiO2(s)



(9)







Precipitation of calcium carbonate:


Ca2+ + 2HCO3− → CaCO3(s) + H2O(l) + CO2(g)



(10)







Huang et al. [16] studied cement, which can be partially replaced by wollastonite in cured CO2. The authors applied the LCA (1 m3 cement block) for the whole process and found a global warming potential (GWP) of 292 kg-CO2 eq. For comparison, a Portland cement block has a GWP of 419 kg-CO2 eq. This result was found with a 20% replacement of wollastonite. Thinking on a large scale, wollastonite can significantly lower GWP. This study explains how much wollastonite can reduce the environmental CO2 levels if used for replacing cement [1]. In addition, Kusin et al. [3] studied the mineral carbonation of sedimentary mine waste for carbon sequestration, for mineral carbonation, wollastonite can be used as silicate minerals of calcium source. Wollastonite can be reutilized as a raw substance in brickmaking to store CO2 from being released into the atmosphere. For further studies, LCA can be applied to this process in CO2 emission parameters. Wang et al. [29] studied carbon dioxide sequestration via steelmaking slag carbonation, which involves industrial solid wastes. One of the mineral contents in industrial waste is wollastonite. Industrial waste can be found in combustion residues, fly ashes, and slags. The advantage of utilizing industrial solid wastes include being low cost, readily reactive, and having improved quality to the environment after carbonation. Kojima et al. [30] studied the absorption of wollastonite in rocks and found a value of 1.46 mmol/m2 h of absorbed CO2, and Sanna et al. [14] studied carbon mineralization technologies in rocks, and for wollastonite found an efficiency of 82% in CO2 sequestration.



As an alternative, other materials have been used to synthesize wollastonite, one of them is through rice husk/straw ashes. Several studies have been carried out addressing this methodology [11,13,31]. The straw/rice husk represents a biodegradable residue, with numerous advantages, such as low acquisition cost, as it is a residue, it can be incorporated into processes, adding value. In quantitative terms, around 570 million tons of rice straw are produced worldwide [31]. Rice is one of the most important foods in the world, responsible for feeding about 75% of the world’s population. In Brazil, it is widely cultivated in a subtropical climate, especially in the southern region of the country, where it has the largest rice-growing area (Table 4) [32]. It is a big opportunity for to Brazil to apply some studies on rice husk residue as a wollastonite source.



Brazil is one of the largest rice producers outside Asia, currently, the country has about 11 million tons of rice produced, with an area of 1.7 million hectares, and productivity of 6430 kg/ha [33]. Figure 4 shows the world data of rice production between the years 1994–2019, where the Asian region holds most of the world’s rice production.



According to IRGA data (2021) (https://irga.rs.gov.br/upload/arquivos/202106/10125554-custos-de-producao-2020–2021.pdf, accessed on 17 November 2021), the weighted average cost to produce a 50 kg paddy rice in the 2020/2021 harvest in the state of Rio Grande do Sul (RS) was BRL 72.73. The cost per hectare was BRL 11,567.74, considering an average yield of 7952.50 kg/ha–159.05 bags/ha (average RS).



One of the limitations in rice cultivation is the extreme weather conditions, such as the dry season. Rice production in Brazil is divided into two systems: lowland and upland. About 82% of all rice production comes from the lowland, while the upland plays an important economic and social role. Rice production in upland areas comprises the savanna region (Mato Grosso, Rondônia, Tocantins, and Goiás); additionally, this region is resistant to drought in a period of water scarcity [33,34,35]. Rice is stored in metal silos until processed. Several types of rice can be obtained after being husked: wholegrain, polished, and parboiled [32]. A by-product of rice is its straw, which often comprises a residue from rice cultivation. Rice straw is traditionally removed from the crop through open burning. This practice is recurrently adopted to clean and prepare the soil for new plantings [9].



Figure 5 shows an infographic about agricultural residue and how to obtain wollastonite and a specific process. To synthesize materials with wollastonite, several techniques are used, such as the use of an autoclave, involving a hydrothermal process, as shown in the studies by Shamsudin et al. [12], which through the autoclave technique synthesizes β-wollastonite through rice straw ashes.



Another agricultural residue that can be used as a wollastonite synthesizer is rice husks. During the processing of rice grains, about 80 wt.% is obtained in the form of rice and the other 20 wt.% corresponds to rice by-products such as husk [36]. Rice husk contains about 70–80% volatile organic matter, and a remaining (~20–30%) in mineral components such as silica and trace elements, which has low nutritional value and takes a long time to decompose, and is not recommended for animal feed, composting and other processes, such as incorporation into manure. However, rice husks have a significant caloric value (~800 kW/ton), which can be used as fuel in the generation of bioenergy in boilers. Rice husks are mainly composed of silica (92 wt.%) [28]. Another organic waste is rice husk ash (RHA), which is generated from the burning of rice husks for energy production. In Brazil, the production of RHA is around 0.44 million tons per year, which is mainly applied to agricultural soils [37].



Several studies referring to wollastonite synthesis through rice husks are found. Azam et al. [38] synthesized α-wollastonite through rice husk ash. Shamsudin et al. [31] synthesized β-wollastonite from rice husk ash and limestone. In addition, Gotlib et al. [39] studied the impact of production temperature of synthetic wollastonite filled with rice husk. According to studies by Hossain et al. [40], 200 kg of rice husk, when burned, generates around 50 kg (25%) of rice husk ash, a volume that contains about 45 kg (~85–95%) of amorphous silica, used in the synthesis of wollastonite. In the process of wollastonite synthesis, CO2 is released, for determining the amount, further studies are necessary, such as LCA. Making a parallel to the Brazilian scenario, where around 11 million tons of rice are produced, following this rate, it would be enough to produce 2.475 million tons of amorphous silica. One of the great challenges to be faced when synthesizing wollastonite by bioproducts, such as rice husk, is that the global volume of extraction that for naturally occurring wollastonite cannot cover the industrial demand. For this, it is necessary for an increase in industrial production of synthetic wollastonite by cheap and renewable materials, such as rice husk, evidencing a great opportunity for rice husk waste, promoting a circular economy [39]. There are several advantages for rice processing industries that use raw materials, in particular, bioproducts such as non-dangerous chemicals are used, which reduces the pollution due to open burning or rice husk. In addition, no purification steps are necessary, which helps costs and waste dumping (process as well as release of toxic gases and hazardous chemicals) [39]. On the other hand, there are global impacts of utilizing such agro-industrial wastes such as rice husks.




4. Global Impacts of Synthesis of Wollastonite by Rice Husk


Another greenhouse gas (beyond CO2) that has a direct impact on global warming is methane (CH4), this gas, added to other gases such as ammonia (NH3) and other nitrogenous components is mainly generated by animals and agricultural activities. Methane is a powerful greenhouse gas, stronger than CO2 (25 times higher), and its concentration has more than doubled compared to the pre-industrial period (ranging from 700 to 1800 ppb) [41].



There are numerous sources of methane emissions, as can be observed in Figure 6, mainly: methane from fossil fuels (natural gas), which can be emitted into the atmosphere through oil extraction processes, or by leakage during extraction, and by natural gas storage, and methane emissions by the waste sector, which increases with the digestion of organic matter in the waste by microorganisms. However, the main activities responsible for most of the methane emissions are flooded areas and agriculture (339 MT of methane).



Among the sources of agriculture, the main responsible for the largest amount of methane emissions (almost 30% of the total) is enteric fermentation, which is a digestive process, in which, through biochemical reactions inside the cattle, they produce methane as a by-product. A significant amount of methane emissions is the cultivation of rice (about 11%), when it is produced in wetlands, under anaerobic conditions, it facilitates the generation of methane (Table 5) [42].



Irrigated rice cultivation by floods constitutes one of the anthropogenic sources of methane, mainly in flooded areas, which are responsible for about 80% of rice production in the world and in Brazil [42]. Anaerobic decomposition of organic material in flooded rice fields produces methane, which escapes to the atmosphere primarily through rice plant-mediated transport (IPCC (2006)) (https://www.ipcc-nggip.iges.or.jp/public/2006gl/, accessed on 17 November 2021).



In Brazil, the Pantanal region is one of the largest wetlands, where the main economic activity is cattle raising. The contribution of Brazilian cattle to the emission of greenhouse gases has been gaining attention in recent decades, mainly due to enteric fermentation and deforestation. In 2010, the Brazilian agricultural sector accounted for 35% of CO2 emissions-eq by human activities, of which 56.4% is due to enteric fermentation of methane from livestock [44]. According to data from FAO (2018) (http://www.fao.org/faostat/en/#data/GR, accessed on 17 November 2021), the total methane emission from flooded rice cultivation in Brazil in 2018 was estimated at 120.92 Gg CH4, a value 31.62% lower than in 2010 (176.85 Gg CH4). This reduction was due to the reduction in the harvested area. Figure 7 presents the methane emission from flooded rice cultivation in Brazil (2010–2018).



However, when analyzing the CH4 emission by region in the country considering the period 1990–2005, the most recent data from EMBRAPA (https://livroaberto.ibict.br, accessed on 17 November 2021) shows that the south region has the highest methane emission during the entire period from 2010 to 2018 (Figure 8). This can be linked to the data in Table 4, in which the southern region of the country has the largest area of cultivation, productivity, and production of rice.



Methane is not the only one that causes negative environmental impacts on rice plantations. Jing et al. [45] studied how the increase in the CO2 concentration and temperature rise could modify the physicochemical properties of starch and rice granules, altering their flavors. Since the CH4 issue can be reduced with better assimilation of CO2, it is of paramount importance to curb these impacts. Since the largest emission of methane occurs in flooded areas, studies that enable mitigation are plausible, and one of them is the use of rice husk/straw in the synthesis of wollastonite for storage of CO2.




5. Energy and Biodiversity


The conversion of biomass residues from rice production into energy is another great opportunity to promote a circular economy and biodiversity. Agricultural wastes such as rice husk and rice straw have a great potential application for power generation. Figure 9 shows some of these applications.



From every ton of rice grain obtained, there is, moreover, 1.35 tons of rice straw residue, it becomes clear that the amount of agricultural rice waste straw residue produced is extremely high. Table 6 below, shows the amount of rice crop and predicted rice straw and rice husk in the world and their energy potential [46].



As observed in Table 6, Brazil is the only country out of Asia competing in global rice crop production, it is showing its potential as a Latin American country in the use of the biomass of rice for potential energy. The conversion route of rice crop residues into power involves two processes: thermochemical and biochemical processes. The choice of process depends on some factors, such as the amount of biomass feedstock, economic conditions, and project-specific factors. The thermochemical process can be classified into two categories: direct conversion of biomass to energy products and the conversion of biomass into another form that can be to produce energy. In this process, pyrolysis, gasification, and direct combustion are involved.



On the other hand, the biochemical process of conversations involves some other processes, such as anaerobic digestion and fermentation [46]. Some studies on the conversion of rice crop residues have taken place. Cheewaphongphan et al. [47] studied the potential of rice straws as a supplementary fuel in very small power plants. The global potential of rice straws in this study that was burned was about 3.85 Mt, which could be used for heat and electricity production. In addition, Nanzhhu et al. [48] analyzed the pyrolysis and the gasification process of rice straw feedstock. Grotto et al. [49] studied the energy potential of rice husk biomass in Brazil. In their studies, the authors reached the value of 4488,00 kcal.kg−1 for rice husk, proving the energetic potential of these materials. Therefore, rice husk residue as biomass to produce energy is a very attractive way to end this waste.




6. Conclusions


This work presents an overview of the studies of rice husk/straw ash as a precursor in the synthesis of the mineral wollastonite, which can be used as a greenhouse gas sink, such as CO2. Since rice in Brazil is mostly cultivated in wetlands, these areas contribute to a larger scale in the generation of greenhouse gases, especially CH4. First, this work addressed climate environmental problems, such as the greenhouse effect and climate change, highlighting the importance of studies on tools, such as CCS, which aims to capture/store such greenhouse gases (mainly CO2). Among the carbon capture and storage methods, mineral carbonation by wollastonite was highlighted, which can be synthesized to reuse agricultural residues, such as rice husk/straw ash. Therefore, according to the studies presented, wollastonite from rice residues presents promising results in the storage of CO2, constituting an important CCS tool and contributing positively to climate change, with a significant impact in Brazil.
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Figure 1. Brazil’s CO2 emissions (adapted from http://plataforma.seeg.eco.br/total_emission, accessed on 16 November 2021). 
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Figure 2. Methods of CO2 sequestration (adapted from [8]). 
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Figure 3. Main CO2 storage methods (adapted from [8,14]). 
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Figure 4. Top rice-producing countries: 1994–2019 (adapted from http://www.fao.org/faostat/en/#data/QC/visualize, accessed on 17 November 2021). 
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Figure 5. Wollastonite obtained from agricultural residues (adapted from [12]). 
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Figure 6. Main global sources of methane emissions (adapted from https://www.iea.org/reports/methane-tracker-2020, accessed on 17 November 2021). 
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Figure 7. Annual CH4 emissions from flooded rice cultivation in Brazil: 2010–2018 (adapted from http://www.fao.org/faostat/en/#data/GR, accessed on 17 November 2021). 
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Figure 8. CH4 emissions from flooded rice cultivation in the five Brazilian regions (adapted from https://livroaberto.ibict.br, accessed on 17 November 2021). 
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Figure 9. Some applications of rice husk. (adapted from [46].) 
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Table 1. Brazil’s CO2 emissions (%) by sector (2019) (adapted from http://plataforma.seeg.eco.br/total_emission, accessed on 16 November 2021).
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	Sector
	CO2 Emission (%)





	Land-use change and forests
	64.90



	Energy
	27.68



	Industrial processes
	5.60



	Agriculture
	1.76



	Waste
	0.06
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Table 2. Main commercial CCUS facilities in operation around the world in 2020 (adapted from [20]).
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	Country
	Project
	In Operation Since
	Source of CO2
	CO2 Capture Capacity (Mt/Year)





	US
	Shute Creek gas processing facility
	1986
	Natural gas processing
	7.0



	US/Canada
	Great Plains Synfuels (Weyburn/Midale)
	2000
	Synthetic natural gas
	3.0



	US
	Century plant
	2010
	Natural gas processing
	8.4



	Brazil
	Petrobras Santos Basin pre-salt oilfield CCS
	2013
	Natural gas processing
	3.0



	Canada
	Boundary Dam CCS
	2014
	Power generation (coal)
	1.0



	Saudi Arabia
	Uthmaniyah CO2-EOR demonstration
	2015
	Natural gas processing
	0.8



	Canada
	Quest
	2015
	Hydrogen production
	1.0



	United Arab Emirates
	Abu Dhabi CCS
	2016
	Iron and steel production
	0.8



	US
	Petra Nova
	2017
	Power generation (coal)
	1.4



	US
	Illinois Industrial
	2017
	Ethanol production
	1.0



	China
	Jilin oilfield CO2-EOR
	2018
	Natural gas processing
	0.6



	Australia
	Gorgon Carbon Dioxide Injection
	2019
	Natural gas processing
	3.4–4.0



	Canada
	Alberta Carbon Trunk Line (ACTL) with Agrium CO2 stream
	2020
	Fertilizer production
	0.3–0.6



	Canada
	ACTL with North West Sturgeon Refinery CO2 stream
	2020
	Hydrogen production
	1.2–1.4
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Table 3. Storage types of CO2 sequestration and their main benefits and costs (adapted from [8]).
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	Storage Types
	Main Benefits
	Cost (BRL/ton CO2)





	Geological
	Economical

Public acceptance
	0.5–8



	Ocean
	High potential

Universal availability
	6–31



	Biological
	Low cost

High potential
	3–10



	Carbon mineralization
	Environmentally safe

Abundance of feedstock

Utilization of industrial waste
	50–100
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Table 4. Total rice production in the 20/21 harvest by region in Brazil (adapted from https://www.conab.gov.br/info-agro/safras/graos, accessed on 17 November 2021).
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	Region
	Area (103 ha)
	Yield (kg/ha)
	Production (103 t)





	North
	233.5
	4.334
	1012



	Northeast
	168.8
	2.051
	342.3



	Center-West
	156
	3.935
	613.8



	Southeast
	10.1
	4.077
	41.3



	South
	1139.3
	7.863
	8958.1
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Table 5. Main anthropogenic methane emissions sources within the agriculture sector (adapted [43]).
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	Agriculture Sector
	Methane Emissions (%)





	Enteric fermentation
	66.89



	Rice cultivation
	24.26



	Manure management
	7.70



	Agricultural waste burning
	1
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Table 6. Rice crop, rice straw, and rice husk production in the top rice-producing countries in 2017. (adapted from [46]).
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	Countries
	Countries Rice Crop
	Predicted Rice Husk
	Predicted Rice Straw
	Energy Potential (PJ)





	China, mainland
	212.68
	42.54
	212.68
	638.03



	India
	81.38
	33.70
	168.50
	505.50



	Indonesia
	48.98
	16.28
	81.38
	244.15



	Bangladesh
	42.76
	9.80
	48.98
	146.94



	Vietnam
	33.38
	8.55
	42.76
	128.29



	Thailand
	25.62
	6.68
	33.38
	100.15



	Myanmar
	19.28
	5.12
	25.62
	76.87



	Philippines
	12.47
	3.86
	19.28
	57.83



	Brazil
	212.68
	2.49
	12.47
	37.41
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