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Abstract

:

Clean methanol can play an important role in achieving net zero emission targets by decarbonizing the energy and chemical sectors. Conventionally, methanol is produced by using fossil fuel as raw material, which releases a significant amount of greenhouse gases (GHGs) into the environment. Clean methanol, which is produced by hydrogen (H2) from renewable sources (green H2) and captured carbon dioxide (CO2), is totally free from the influence of fossil fuel. Due to its vast applications, clean methanol has potential to substitute for fossil fuels while preventing further GHGs emissions. This review addresses the feasibility of producing clean methanol from renewable resources, i.e., green H2 and captured CO2. Availability of these raw materials is the main factor involved in establishing the circular economy of methanol, therefore, their potential sources and the possible pathways to access these sources are also summarized. Renewable energy sources such as solar, wind and biomass should be utilized for producing green H2, while CO2 captured from air, and more likely from point emission sources, can be recycled to produce clean methanol. After producing methanol from CO2 and H2, the removal of by-product water by distillation is a big challenge due its high energy consumption. An alternative approach for this methanol-water separation is membrane technology, which is an energy saving option. Water-selective zeolite membranes can separate water post-synthesis, as well as during the synthesis. Production efficiency of methanol can be enhanced by utilizing zeolite membranes inside the methanol synthesis reactor. Furthermore, CO2 conversion as well as methanol selectivity, purity and yield can also be increased significantly by selectively removing by-product water using a zeolite membrane reactor.
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1. Introduction


With technological advances, there is a constantly increasing demand for energy in all aspects of human life, including the power sector and the transportation, construction, and chemical industries, using mainly oil and coal fossil fuels [1,2,3]. However, the consumption of fossil fuel to meet energy demands has two major concerns, namely, continuous depletion due to the long life-cycle of regeneration, and strong environmental impact, including greenhouse gas (GHG) emissions, which contradicts the net zero carbon dioxide (CO2) emission target. As stated in the Paris Agreement (2015), the target was to control global temperature increment to be in the range of 1.5 to 2 °C from pre-industrial level for GHGs emissions monitoring [4,5,6,7]. Consequently, CO2 emissions should be decreased by 45% from 2010 to 2030, and net zero emissions reached by 2050 [8,9].



At present, there is a huge gap between the supply and demand regarding clean renewable energy, which is being fulfilled by carbon-intensive fossil fuels, resulting in increased GHG emissions [10]. Of late, a significant portion of world energy has been obtained from nuclear sources undergoing fission reaction, which is also considered to be clean-energy, but it comes with safety concerns and capital investment drawbacks. This scenario urges increased reliance on renewable energy resources such as solar, wind, hydro, geothermal and biomass and subsequently, their conversion into other forms of energy via clean processing routes [11]. Alternatively, it has been suggested that recycling of atmospheric CO2 could play an important role in reducing carbon footprints and providing essential carbon-based products [12,13]. Carbon capture and storage (CCS) during recycling of atmospheric CO2 has a negative systemic impact, as more energy needs to be put in the system; conversely, carbon capture and utilization (CCU) could improve the cost/benefit of products produced [14]. Successively, clean methanol is one of the products derived from captured CO2 that has a potential to decouple the supply of fossil fuels by fulfilling the daily demand of carbon-based products. Furthermore, clean methanol is produced by raw materials from renewable sources; it can play a role in achieving United Nations (UN) Sustainable Development Goals (SDGs) [15].



Conversion of atmospheric CO2 to clean methanol requires high levels of energy and hydrogen (H2) to activate the stable molecule of CO2 [16]. These demands must be satisfied by renewable sources in order to curb net GHG emissions to the atmosphere [17]. H2 (from renewable energy) itself is a precious fuel, having high energy content, but it is costly in terms of handling and storage; alternatively, it could be stored in the form of methanol, which is cheaper to manage. Utilization of methanol in various sectors of energy, transportation and chemical feedstock provides an inroad to store the renewable energy in a convenient and reliable form. Based on these positive potentials, clean methanol production has captured industrial attention. Recently, Cement Australia, an Australian company, has signed an agreement with Mitsubishi Gas Chemical Company to install green methanol production with the captured CO2 from their Gladstone cement plant and locally produced green H2 [18].



Heterogeneous catalysis is one of the industrially viable options for chemical reduction of CO2 to produce methanol [19]. This synthesis route produces methanol along with by-product water. Separation of methanol/water mixture after synthesis is mainly done by a distillation process which consumes a high portion of plant energy. This separation could be performed by a less energy-intensive membrane-based operation in order to save the plant’s energy and economy. Several membrane materials, including zeolite-based membrane, have been reported in the literature for this kind of separation [20,21,22]. Mahmood et al. prepared polymeric membrane based on sodium alginate (SA)/polyvinyl alcohol (PVA) for selectively removing water from a methanol-water mixture. The maximum operating temperature tested in their study was 60 °C, which suits best for post-synthesis methanol-water separation [23]. On contrary, separation of water directly from methanol synthesis requires thermally stable membranes at a high temperature ( ~ 250 °C) [24]. Consequently, Kreethawate et al., prepared a ceramic-based zeolite membrane for methanol-water separation and achieved good performance at 175 °C [25]. Therefore, the zeolite membranes, due to their sufficient thermal stability, can be subject to high temperature applications, for example, in methanol synthesis [26,27].



Another important challenge in catalytic CO2 hydrogenation to methanol is limited CO2 conversion within current industrial operating conditions [28,29]. The process of methanol formation is given by the following reaction:


CO2 + 3H2 → CH3OH + H2O   ∆H298K = −49.5 kJ/mol



(1)







According to Le-Chatelier’s principle, due to exothermic nature and a lower number of moles in the product, low temperature and high pressure are required to shift the reaction’s equilibrium towards a forward direction. Contrarily, based on the high thermal stability of the CO2 molecule, a high temperature is required for its activation and the subsequent formation of methanol [30]. However, this high temperature is in contradiction with the thermodynamics of reaction. Therefore, the conversion of CO2 to methanol is greatly hindered by these thermodynamic limitations, resulting in lower single pass conversion. Alternatively, removal of the reaction products from the reactor can also shift the equilibrium towards the forward direction, resulting in high single pass conversion [31]. In this scenario, zeolite-based membrane reactors can play a significant role in improving the process efficiency of methanol production [32,33,34]. Due to significant thermal and chemical stabilities, and its hydrophilic nature, zeolite-based membranes can be directly applied to methanol synthesis reactors for selectively removing the by-product water [35]. Direct removal of water from the reaction environment could break the thermodynamic limitations and greatly enhance the CO2 conversion and hence the overall process efficiency [36]. Moreover, this in situ removal of water produces the relatively pure methanol and, in this way, a substantial burden from post-synthesis methanol-water separation can be reduced [37]. Furthermore, Li et al. reported several zeolite-based membrane materials applicable to the high temperature scenario and suitable for selectively removing water from gas mixtures [24]. Such studies have shown the promising application of zeolite-based membrane in separating water from the gas mixture, which is crucial to ensure high methanol purity.



This review article outlines the potentialities of clean methanol as a source of energy and various renewable options to provide the key ingredients for cleaner production. In addition to various technological developments in methanol production strategies, the role of zeolite material in improving the production efficiency is also reviewed in this paper.




2. Feasibility of Methanol as Clean Source of Energy


Methanol is a simple C1 organic compound with many salient applications, such as vehicle fuel, marine fleet fuel, electricity generator fuel, fuel for direct methanol fuel cells and clean H2 production. Methanol also serves as starting material for several chemicals such as dimethyl ether (DME), formaldehyde, methylamine and acetic acid [38]. Methanol is produced globally, with its current volume of over 160 million metric tons [39] originating from fossil fuel-based raw materials such as coal, oil and natural gas. These fossil fuels undergo reforming processes to produce syngas, which is then converted to methanol via heterogeneous catalysis [40]. However, this method of methanol production is non-renewable, as it suffers from depletion of resources and also continuously pollutes the environment by emitting GHGs. Consequently, a lot of research interest worldwide has focused on sustainable clean methanol production routes having net zero GHGs emissions and low to zero impact on the environment [15,41].



Presently, clean methanol (also called e-methanol) is being produced from non-fossil-fuel resources, targeting production based on CO2 captured from CO2-rich sources and green H2 from water electrolysis using renewable resources [42,43]. The energy required for the water electrolysis process comes from renewable energy sources or from excess electricity from grid. Global environmental impact of methanol production from coal versus captured CO2 on all boundaries of an ecological system was assessed by Garay et al. [44]. They have shown that methanol production from captured CO2 and green H2 using renewable power source has far less of an impact on an ecosystem, compared to other technologies, providing a good “methanol economy” that closes the carbon loop to make a path towards carbon neutrality [45,46].



Carbon neutrality and clean methanol production are the fundamentals of green H2, which is considered valuable fuel, with an energy content of 142 MJ/kg [47], which is almost six times higher than that of methanol of 22.9 MJ/kg [48]. However, there are some disadvantages associated with it in terms of storage and handling. For example, direct physical storage of H2 fuel is much more expensive due to its high flammability and gaseous nature [49]. To store it in gaseous form requires high-pressure vessels up to 350–700 bars to ensure safety and limit the equipment’s footprint. On the other hand, liquid phase storage requires relatively small-sized equipment but subject to high volatility; the phase change temperature is −252.8 °C at atmospheric pressure and it requires cryogenic conditions for liquid phase storage [50]. An alternative to direct physical storage, H2 can be stored in the form of metal hydrides or chemical hydrides. Although metal hydrides provide an easier and safer storage medium for H2 at milder storage conditions, efficient materials with high number of H2 cycles should be used in order to reduce the solid waste generation [51]. Subsequently, chemical hydrides such as methanol could be used for H2 storage which also has wide range of applications in energy and chemical sectors. Therefore, methanol can serve as storage medium and carrier for clean renewable energy [38]. A brief comparison of direct physical storage of methanol and H2 is shown in Table 1.



Methanol as fuel, energy storage medium and raw material has tremendous future industrial application; for example, it could be used by blending it with normal gasoline fuel in different ratios, commonly 15% methanol (M15) [52]. Another example: methanol-based biodiesel could be produced by trans-esterification of vegetable-oils to replace fossil fuels-based diesel in existing diesel engines [43,53]. Dimethyl ether (DME) is another important derivative of methanol which is produced from methanol via catalytic dehydration. Alternatively, DME could be applied to petroleum-based fuels due to its similar physical properties, to overcome fossil fuels challenges [54,55]. Additionally, methanol has the potential to energize industrial boilers, marine fleets, emergency electric generators and fuel cells for power generation [56,57].
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Table 1. Comparison of direct physical storage of methanol and hydrogen [50,58].






Table 1. Comparison of direct physical storage of methanol and hydrogen [50,58].





	Storage Properties
	Methanol
	Hydrogen





	Temperature
	25 °C
	−252.8 °C

(for liquefied storage)



	Pressure
	atmospheric pressure
	350–700 bar

(for gaseous storage)



	Density (at 1 bar)
	792 kg/m3

(at room temperature)
	70 kg/m3

(at liquefaction temperature)



	Specific storage volume
	Low
	High



	Cost of storage infrastructure
	Low
	High



	Operating cost of storage
	Low
	High








Methanol is considered a promising medium for storing H2. To reproduce the stored H2, either methanol-water electrolysis [59,60,61], methanol-steam reforming (MSR) [62,63] or aqueous phase reforming (APR) [64,65] could be used. Methanol steam reforming is done over heterogeneous catalysts mainly based on Cu, Pd and Zn, and produces the H2 via following endothermic reaction [66],


CH3OH + H2O → CO2 + 3H2   ∆H298K° = +49.2 kJ/mol



(2)







In contrast to MSR, APR is performed at a lower temperature, and there is no need to evaporate the feed stock; hence, it is more energy efficient [67]. In the methanol-water electrolysis process, H2 is produced from an electrolyzer at the expense of external electricity. The voltage required for methanol-water electrolysis is about 0.03 V, which is far less than the voltage required for a simple water electrolysis of 1.23 V [68], whereby H2 production via methanol-water electrolysis consumes about 50% less power than pure water electrolysis [59,69]. This superior energy saving makes H2 production from methanol-water electrolysis more viable option than pure water electrolysis.



Direct methanol fuel cell (DMFC) converts the chemical energy of methanol into electricity and is used as sustainable power source for mobile devices [70,71] to produce electricity via the following electrochemical reactions [72]:



Anode reaction:


CH3OH + H2O → CO2 + 6H+ + 6e−



(3)







Cathode reaction:


3/2O2 + 6H+ +6e− → 3H2O



(4)







Overall redox reaction:


CH3OH + 3/2O2 → CO2 + 2H2O



(5)







DMFC is incorporated with a proton exchange membrane for internal transfer of proton (H+) from anode to cathode, while electrons (e−) are transferred via external circuit producing electricity. Toshiba, a Japan-based company, in 2009 launched a portable modular fuel cell powered with concentrated methanol which was used as external power source for mobile devices [73]. The release of CO2 after methanol production as fuel has no adverse effect on the environment, as the CO2 is recaptured from the atmosphere for methanol synthesis. Summarizing from previous works, a schematic diagram of clean methanol synthesis from renewable energy and its utilization with net zero emissions is depicted in Figure 1.




3. Key Ingredients for Clean Methanol


Conventionally, methanol is produced from syngas (a mixture of CO2, CO and H2), which is primarily obtained from the reforming of fossil-fuel-based natural gas, coal or oil, while a major portion is obtained from natural gas. Methanol was first commercially produced from syngas in 1920s by Badische Anilin und Soda Fabrik (BASF) using very challenging conditions of 350–400 °C temperature and 240–300 bar pressure to compensate for the low activity of the catalyst used [74,75]. The major problem of using low temperature/pressure catalyst was in the impurities, such as sulfur from fossil fuel along with syngas, poisoning the catalysts. With the development of purification technologies, Imperial Chemical Industries (ICI) group successfully produced sulfur-free syngas. Subsequently, the researchers from this group produced methanol with Cu-based catalyst in much more favorable operating conditions of temperature and pressure of 200–300 °C and 30–54 bar, respectively [40].



The methanol synthesis using syngas route has a significant impact on the environment due to the direct usage of fossil fuels. In addition to the GHGs from the methanol consumption, a large amount of CO2 is also generated from the production plant itself. For instance, before feeding the syngas from the reformer section to the methanol production section, its CO2 content is required to be controlled by extracting the excess quantity of CO2. Without proper handling of the extracted CO2, this would result in an addition to net GHGs emissions [76].



With preference to utilize a greener approach, methanol should therefore be produced from clean and renewable raw materials while all energy utilities are obtained from clean resources. In other words, as an alternative to coal or natural gas, atmospheric CO2 and green H2 from water electrolysis are the integral components for production of clean methanol. In this scenario, catalytic hydrogenation of captured CO2 over Cu/ZnO-based catalyst can be a viable option to produce clean methanol. For instance, Bellotti et al. studied the feasibility of a wide range of methanol production capacities (4000–50,000 ton/year) with captured CO2 and H2 from water electrolyzer using overproduced grid electricity. They found large capacity plant (50,000 ton/year) more economical option by considering the influence of capital investment and product selling cost [77].



During the transition from fossil to renewable and clean resources, power-to-x terminology is used (x can be any form of energy), whereby in this study “x” is the category of liquid fuels, specifically methanol [78]. In any power-to-methanol process, by and large, initially H2 is produced from clean power-to-hydrogen process which can be powered by solar, wind, geothermal or hydrothermal energy [79]. Industrially, the green H2 is the most valuable and expensive component of clean methanol production plant [80].



The second component to produce clean methanol is CO2 where it is captured from atmosphere and industrial off-gases. The sources of atmospheric CO2 are mainly from industrial processes such as cement, fertilizers and steel manufacturing; it can be captured innovatively and subsequently directed to the methanol production plants. In some methanol utilization processes such as DMFC and methanol-water electrolysis or direct combustion, a significant amount of CO2 is released, which can also be recycled in order to close the carbon looping. Other renewable sources of CO2 and H2 may include biomass, natural organic feed stock and effluents from organic food processing industries; for example: vegetable oil when subjected to a gasification process [81,82,83].



In a nutshell, for sustainable production of clean methanol, there is a strong need of a sustainable supply of H2 for the decarbonization of the environment [84,85,86]. Following this strategy, several commercial facilities for producing clean methanol have emerged; for example, Liquid Wind, a Swedish company has committed to develop 10 methanol production facilities by 2030, each with a capacity of about 50,000 tons of e-methanol/year [87,88].



3.1. Production of Green Hydrogen


About 95% of global hydrogen (H2) is produced from fossil fuel sources, such as natural gas, coal and oil. The production of H2 has been classified into grey, blue and green H2, based on source and production strategy, as shown in Table 2. Grey H2 is produced by steam reforming of fossil fuel and termed as “grey” due to substantial GHGs emissions during the process [89]. The source of blue H2 is also fossil fuel, but the production process must be equipped with efficient CO2 capturing facility ( ~ 100%) and have minimal GHGs impact on environment [90]. Green H2 is a totally environmentally-friendly process with zero GHGs emissions [91,92], produced by water electrolysis. The electrolyzer must be powered with renewable energy sources to avoid any GHG emission into the atmosphere during its entire production process [93]. This green H2 is the key approach towards achieving zero emission target of 2050 set by global climate communities. However, despite of the zero emissions from electrolysis operation, an electrolyzer manufacturing process could inevitably lead to GHG emissions, particularly if critical way materials are used, which should be taken into account for net zero emission target [94].



Future world energy will be based on two major sources: electricity and H2, due to the availability of water [93]. Electricity is directly utilized by end user, however, H2 has the challenging issues of storage and transportation, which can be solved by its conversion into methanol, as discussed by Papadias et al. [95]. Currently, green H2 production processes are expensive due to slow processing and large capital investment. Consequently, research efforts have been focused on reducing H2 production cost by developing more efficient catalysts and improving other auxiliary processes. The US Department of Energy has emphasized the reliability on renewable energy and has set a target of a stabilized price of green H2 to be $1/kg by 2030, with an interim value of $2/kg of H2 by 2025 [96].



A typical electrochemical reaction scheme for water splitting in an electrolyzer at respective electrodes is as follows [97]:



Cathode reaction:


2H2O + 2e− → 2H2 + 2OH−



(6)







Anode reaction:


2OH− → 1/2O2 + H2O + 2e−



(7)







Overall redox reaction:


2H2O → H2 + 1/2O2



(8)







From the above-mentioned reactions, water splits into H2 and oxygen (O2) in a ratio of two-to-one by consuming the electrical energy. There are three major technologies for producing H2 from water splitting: (1) proton exchange membrane electrolysis (PEMEL), (2) alkaline water electrolysis (AEL), and (3) high-temperature solid oxide water electrolysis (SOEL). Schematic representation and reaction scheme of all three types of electrolysis processes can be seen in Figure 2 [98].



The PEMEL and AEL are low temperature electrolysis strategies to split water in acidic and alkaline media, respectively. In PEMEL, water is fed at the anode and oxidized to O2 at an iridium-based catalyst along with the release of protons and electrons, an oxygen evolution reaction (OER). The electrolysis cell contains a polymer electrolyte membrane (Nafion) having sulfonate functional groups to transport protons from anode to cathode. At cathode, a Pt-based catalyst assists protons to combine with electrons from an external field to generate H2 gas, a hydrogen evolution reaction (HER) [99]. PEMEL is operated at low temperature of between 20–80 °C and can generate ultrapure H2 and O2 from water splitting [98]. In spite of the ease of low temperate operation and product purity, the requirement of a noble metal catalyst raises the production cost. A noble metal catalyst is also necessary to withstand the corrosive acidic environment. To tackle this issue, Tajuddin et al. has recently developed non-noble based corrosion resistant electrodes for PEMEL applications. These electrodes can withstand the acidic environment of PEM electrolysis without any notable degradations [100]. Their study provides novel opportunities and new perspectives of replacing costly noble metals, particularly iridium, and can significantly reduce the production cost of H2.



In AEL, the electrolyte solution is composed of  ~ 20 to 30% aqueous alkaline solution and the cell is operated at low temperatures of 30 to 80 °C [98]. The feed water is fed to the cathode where it is oxidized to H2 and generates OH− ions. These hydroxyl ions pass through the alkaline media towards the anode to release electrons and produce oxygen. In an alkaline water electrolysis process, the problem of corrosive acidic media can be solved by providing alkaline water which can accept a broader range of non-noble metal-based electrocatalysts [97]. The problem associated with this AEL system is the sluggish reaction kinetics, and hence, a very high processing time which complicates its applicability on a large scale [101].



Solid oxide electrolysis (SOEL) is performed in a solid oxide electrolysis cell (SOEC) which works on the reverse principle of a solid oxide fuel cell, used for electricity production from pure H2 and O2 [102]. In SOEC, steam is fed at cathode and it undergoes reduction at high temperatures of 600–1000 °C to produce H2 and oxide ions [103]. Due to the high temperature, oxide ions can travel from cathode to anode via some oxide-conducting electrolyte medium, where it captures an electron from an outer circuit and generates oxygen gas. This process of H2 production has a good efficiency of more than 80% [102], however, it has the drawback of high-temperature operation [104]. To overcome this issue, researchers have made efforts to develop electrolytes for SOEC which can transfer ions at comparatively at low temperatures. Ishihara et al. performed steam electrolysis at 600 °C in SOEC having LaGaO3-based electrolytes and successfully achieved H2 production rate of 70 L/min at 1.8 V of applied potentia [105]. Further research on low temperature electrolytes and innovative cell materials for SOEC can be found in a review article by Singh et al. [106] and Nechache et al. [107]. Due to its high conversion efficiency, SOEC has successfully attained commercial operation. A German company (Sunfire GmbH, Dresden, Germany) working on renewable and clean energy successfully tested world’s largest SOEC module producing 63 Nm2/h of H2 from water steam and renewable electricity [108].



Several renewable energy sources including solar, wind and biomass have great potential to produce green H2. The production of green H2 is not only limited to water electrolysis; there are several other process available such as solar to H2, wind to H2 and biomass to H2 as described in the following subsections.



3.1.1. Solar to Hydrogen


Hydrogen (H2) production in water electrolyzer using solar electricity is a two-step process. Firstly, sunlight is converted to electricity using a photovoltaic (PV) cell which is then used in electrolyzer (EL) for water splitting. Alternatively, H2 can be produced from sunlight using photocatalysis (PC) and photo-electrocatalysis (PEC) [109] which is a direct water-splitting route from solar to H2 and thus avoids the energy losses by combining the two steps into a single one. Sunlight is directed onto the electrolysis solution containing photocatalyst or photo-electrocatalyst, which enables the water splitting reaction and thus produces H2 and oxygen (O2) without additional electricity [110,111].



In the PC method, the metal oxide-based semiconductors (photocatalyst) particles are dispersed in the aqueous electrolyte solution to generate electrons      e −     -holes      h +      pairs under sunlight irradiation. These    e −  /  h +    pairs migrate towards the active sites of respective electrodes to produce H2 and O2 [112,113,114]. In spite of direct exposure to sunlight in PC technology, the drawbacks include slow kinetics, unfavorable thermodynamics and some safety issues [115]. For instance, the separation of H2/O2 from the PC cell is needed to avoid H2 explosion in contrast with photovoltaic-electrocatalysis (PV-EC) and PEC [116]. Subsequently, research efforts have been focused to overcome these issues for better efficiency of converting solar energy to H2 by improving the semiconductor materials. For example, Wang et al. have developed Pt co-catalyzed BaTaO2N photocatalyst that produced 100 times more efficient H2 production compared to previous studies [117].



To overcome the problem of H2/O2 separation in PC method, the PEC system contains photocatalyst on electrodes, provided that large surface area electrodes for high exposure to sunlight is required [118]. The main issue with this system is the large surface area, which can be clarified by designing more efficient photoelectrodes. In this context, Mehtab et al. reported metal-free highly porous N-rich g-C3N4 semiconductor material for PC and PEC systems which worked under broader spectrum of sunlight and showed higher efficiencies of 12% [119]. At present, this technology developed in Spain is in progress to produce 100 kg/day of H2 and about 10 tons of gas/day for commercialization [120].



Historically, when producing H2 from sunlight, the overall solar to hydrogen (STH) efficiency is an important parameter to consider, as shown in Table 3. Gibson et al. developed a model for predicting STH efficiencies of PV-electrolysis system under the influence of different operating parameters to provide 12.4% STH efficiency using a PV-PEM system [121]. Jia et al. have achieved 30% STH efficiency using PV-PEM system with specially designed triple junction solar cell [122]. Similarly, Khan et al. have achieved 28% STH using concentrated solar light and a relatively inexpensive alkaline water electrolyzer [123] with the highest efficiency. Yi et al. have successfully achieved cost-effective H2 production using ultrathin cobalt/iron-molybdenum oxide with STH efficiency of 15.1% in an alkaline water electrolysis system [124]. Pan et al. designed a cost-effective PV electrochemical water splitting by combining Ni/Co/Fe-based-OH nano-sheet electrocatalysts with specially designed monolithic perovskite/silicon tandem solar cell, and achieved over 20% STH efficiency [125]. Si et al. used natural solar irradiation over commercially available PV cell and controllably prepared Co-Fe-Ni-based electrodes grown on metal foam, providing 12.7% STH efficiency in PV-EL system for cheaper and commercially viable products [126].



Other alternative technologies developed for solar driven water splitting are solar-thermochemical (STC) water splitting and bio-photolysis (BP) H2 production. In STC, concentrated solar light is directed onto a water source containing certain thermally active chemical materials. A water-splitting reaction is initiated by thermal energy acquired from sunlight, which passes through series of redox reactions in a cycle to produce H2 and O2 [127,128]. Water splitting in STC undergoes either a two-step redox reaction at temperature range of 1300–1800 °C or a multi-step looping at temperatures less than 1000 °C [129]. In two step STC, firstly, metal oxides (MxOy) are reduced at high temperature under concentrated solar irradiation and produce O2, followed by oxidation at relatively lower temperature producing H2, where it completes the cycle [130]. On the other hand, in a multistep STC system, the reaction cycle passes through several intermediate steps between final H2 and O2 producing reaction at temperatures less than 1000 °C [131]. Taking advantage of a multi-step STC system, several thermochemical cycles with a broader range of materials have been investigated and have potential for future H2 production [131,132]. For example, Sadeghi et al. devised a Cu-Cl molten salt-based thermochemical cycle for H2 production and estimated the minimum product cost of 7.58 $/kg of H2 with overall thermal efficiency of 29.18% [133]. STC has achieved better solar to hydrogen efficiencies due to higher temperatures, however suitable reactor designs and optimal water splitting materials must be developed in order to be commercially viable [134,135].



During H2 production in BP system, water-immersed sunlight-activated micro-algae is responsible for the conversion of solar light to H2 via water splitting [133,136]. This route of green H2 production has significant potential for future industries due to its relatively easy operation, compact design and cost-effectiveness [137]. Currently, active research studies have been conducted worldwide to optimize the operating conditions of pH, temperature, light intensity and oxygen level before any large scale implementation [138,139]. In view of this, water splitting under direct or indirect sunlight might have sufficient scope to produce green H2 which can be fed to green methanol production to effectively replace the consumption of fossil fuels [42].




3.1.2. Wind to Hydrogen


Solar-driven hydrogen (H2) production is a growing technology for utilizing natural resources but lacks a consistent energy supply. To overcome this problem, wind energy is an alternative renewable source which can be integrated with the existing photovoltaic-electrolysis (PV-EL) system. Electricity produced from wind energy can be coupled with water electrolysis and hence can play its vital role in decarbonizing and making a future free of carbon [140,141]. For example, Europe’s first Hydrogen Valley, in Northern Netherlands, could generate a revenue of €126,000 annually from each wind turbine by converting wind energy into H2 [142].



Owing to the huge electricity generation capability of wind farms, researchers are exploring the possibility of alternative H2 storage. For instance, Dinh et al. developed a model to assess the viability of H2 production using electricity from wind farm and found a balance H2 price of about 3.22 $/kg of H2 [143]. Subsequently, Douak et al. performed the on-spot H2 production from wind farm and estimated the cost of product as low as 1.214 $/kg of H2 [144]. Ziazi et al. presented a techno-economic analysis of H2 production in alkaline water electrolysis powered with wind electricity using different types of wind turbines. It was shown by the authors that General Electric 1.5 MW wind turbine (General Electric Company, Boston, MA, USA; Model: GE 1.5sle) has highest efficiency but with the drawback of a high investment cost [145]. Hence, it was shown that wind-to-H2 is a feasible and clean H2 production strategy using suitable electrolyzer scheme with zero hazardous emissions to the atmosphere.



Despite the fact that clean H2 might be produced from offshore wind farms, there is still an issue of storing the H2 at offshore sites [146]. Heuser et al. analyzed the electricity production from wind energy in Patagonia followed by its liquefied shipment to Japan. The estimated H2 price at output of electrolyzer was 2.16 €/kg, which increased to 4.44 €/kg upon its arrival to Japan [147]. This increase in cost could be due to handling and transportation of liquefied H2, which makes the overall process more expensive [50]. Alternatively, it could be converted to liquid fuels such as methanol, which is easy to store as well as transport [148]. Bazaluk et al. conducted a study on the potential to produce around 6.83 to 32.43 million tons/year of green methanol from renewable sources such as recycled waste and wind power [149]. Their study has shown the promising strategy of exploiting these renewable sources to obtain valuable green methanol sustainably.




3.1.3. Biomass to Hydrogen


Lignocellulose is the most abundant biomass on earth with annual production of 181.5 billion tons, as reported by Dahmen et al. in 2019 [150]. Currently, the waste biomass comes from different sources such as residue of food crops, forest plants, marine life and waste generated by bio-products manufacturing industries. Historically, solid biomass was subjected to combustion for generating energy; however, new routes have been discovered in using solid biomass to obtain useful products [151,152]. H2 is one of the valuable products which can be extracted from this biomass by many established thermochemical, biological and electrochemical processes [153].



In thermochemical treatment of biomass, it is passed through a gasification process to convert it into gaseous form with different compositions of CO2, CO, CH4, H2 and other hydrocarbons, depending upon the nature of the fed biomass [154]. The gasification process can be performed in numerous ways such as dry and steam gasification, partial oxidation, pyrolysis and combination of these processes [155]. A gasification route is selected based upon the C/H ratio required in gas production and post-processing. If the subject matter is H2 production, the produced biogas is subjected to steam reforming to produce H2 rich syngas followed by carbon capture to produce H2 [153,156]. In the case of methanol production, the produced syngas is directly fed to a methanol production plant after a necessary adjustment in its composition [157].



Gasification is performed at high temperatures of around 800–1000 °C due to many endothermic reactions and hence it is an energy-intensive process. In contrast, biological processes are operated at very low temperatures of around 30–60 °C and thus are less energy-intensive [153]. Moreover, the microorganisms required to carry out the gasification process can be easily produced via replication process [158]. Dark and photo fermentations are two important biological processes responsible for degradation of subjected biomass into useful gases. Dark fermentation is a light-independent pathway carried out by anaerobes and green carbohydrate-rich microalgae to produce bio-hydrogen [159,160]. Pasaribu et al. processed palm oil mill effluents (POME) via dark fermentation for bio-hydrogen production by suppressing the functioning of methanogenic bacteria [161]. They reported the highest bio-hydrogen production rate as 2824.2 mg of H2/L of POME at optimal conditions. Alternatively, photo-fermentation relies on sunlight as a source of energy for photosynthesis. Instead of using sugars during dark fermentation, this pathway absorbs sunlight as a source of energy which is more advantageous [139]. Zhang et al. compared the performance of both dark and photo-fermentation in terms of bio-hydrogen production. The authors found photo-fermentation more effective as it provided a high H2 content [162]. Overall, fermentation process is low energy consuming, however, it gives very low bio-hydrogen production rates and conversion efficiencies [163].



Other cutting-edge technologies for producing bio-hydrogen may include microbial electrolysis cell (MEC) and aqueous phase reforming (APR) of biomass. In MEC the effects of both microbial action and electrolysis are combined to boost biomass decomposition process [159]. Electrochemically active microorganisms generate CO2, electrons (e−) and protons (H+) at anode by oxidizing organic matter. These e− travel to cathode under the influence of external circuit, while H+ migrate to cathode through electrolyte solution. At cathode, electrically driven e− combine with H+ from solution to produce bio-hydrogen [164]. In APR of biomass, the oxygenated hydrocarbons are processed over a suitable catalyst, such as platinum-based catalysts, for producing an H2 rich gaseous stream [64]. This technology can take advantage of utilizing the leftover carbon content of biomass-processing industries such as effluents of Fischer-Tropsch (FT) synthesis plant [65]. Given these findings, instead of direct burning, a more efficient fuel of bio-hydrogen can be produced from biomass using several different technologies. In this way it can be a helping hand in decarbonizing the earth’s climate for clean energy production in the future. Nevertheless, improving the production rate and efficiencies for H2 production from biomass processing remain as ongoing research efforts.



In view of the available processes for production of green H2 from renewable sources, a comparison of advantages and associated challenges for different technologies has been summarized in Table 4.





3.2. Recycled Carbon Dioxide


The recycled CO2 from direct air capture (DAC) or industrial emission can complete the carbon cycle through methanol production. Based on an analysis report from NOAA’s Global Monitoring Laboratory, the global average atmospheric CO2 reached 414.72 ppm in 2021. It has reached a new high-level record amount of CO2 in spite of decelerated human activities due to COVID-19 pandemic, as shown in Figure 3 [165]. Presently, the average value of CO2 is 417.2 ppm which is more than 50 percent above pre-industrial levels [166]. The increasing concentration of CO2 depicts that its natural sinks (that removes CO2 from atmosphere), which are plants and oceans, are not taking out an equivalent amount as that being emitted. This imposes the need of the installation of other CO2 capturing points and at the same time reducing the further emissions to balance the atmospheric concentration. Methanol production from captured CO2 will reduce further emissions in the atmosphere [17,167].



Even though many fossil-fuel-based industries are trying to switch to renewable sources, some industrial plants, such as cement, iron, steel and chemical manufacturing, are responsible for considerable amount, about 22% of CO2 emissions [168]. The record of CO2 emissions over the year showed that its rate is reasonably high during the winter seasons, which shows high consumption of fossil fuels by heat-producing facilities. Moreover, the analysis of CO2 emissions showed high emissions coming from industrial sites, especially in developing countries [169,170]. CCU units can harness the CO2 emissions to atmosphere to prevent it from reaching an adverse level of 8 Gt of CO2 in 2050 [171].



3.2.1. CO2 from Direct Air Captured


CO2 from the atmosphere is directly captured from air using well-developed DAC technology. Currently, there are 19 DAC plants operational worldwide, capturing around 0.01 Mt CO2/year [172]. In comparison with the available CO2 in atmosphere and net zero target of 2050, this installed capacity is too low and needs to increase up to 60 Mt CO2/year by the end of 2030. To meet this target, several large capacity DAC plants are under development and will be operational in the near future, including a 1.0 Mt capacity plant in US which will be operational in mid 2020s [173].



Technologies used in DAC are based on suitable solid (s-DAC) or liquid (l-DAC) sorbent to selectively extract CO2 from the ambient air [174]. Ambient air is brought in contact with these sorbents at certain temperature and pressure, depending upon the physiochemical nature of the sorbent. CO2 is attracted towards the sorbent while leaving behind the rest of the gases. The CO2 rich sorbent is then processed under reverse operating conditions to desorb the attached CO2 and regenerated for the next cycle. The sorption of CO2 on the sorbent can be either chemical (chemisorption) or physical (physiosorption). In chemisorption, CO2 is attached to the sorbent via chemical bonds which require a considerably high level of energy for their regeneration [175]. For instance, in case of alkaline or amine solution as sorbent, it is converted to carbonates and carbamates by capturing CO2 and then subjected to high temperature to break the established bonds [176,177]. Conversely, the process of physiosorption involves relatively weaker Van-der-Waals forces which are easy to regenerate, however, it has the drawbacks of lower capacity and slow processing rates [178].



The regeneration of liquid sorbents such as aqueous alkaline solutions requires a high temperature of above 800 °C, whereby the overall process is energy intensive [179]. However, solid adsorbents can be easily regenerated at low temperatures of around 80–120 °C and hence have potential application in future DAC processes [180,181]. Shi et al. summarized a number of solid and liquid sorbents for capturing CO2 [178]. Researchers have focused on less energy-intensive, reduced-cost, sustainable materials and on improving contactor designs for better efficiency [182]. Numerous synthetic metal oxide sorbents, comprised mainly of Ca, Mg, Li, Na, K, Sr and Ba metals, have been developed with the more commonly-used CaO and MgO [183]. In addition to the metal oxide sorbents, zeolite-based sorbents either in pure or modified forms are also used for capturing CO2. For example, owing to the small pore size of zeolite A (0.4 nm), it can be used for capturing CO2 (kinetic diameter 0.36 nm) from post-combustion gases [184]. In modified forms, amine functional groups can be introduced to zeolite framework, which enhances its adsorption capacity for CO2 capture [185]. Consequently, several alkanolamine-based liquid sorbents that were studied by Barzagli et al. possessed equal efficiency, along with lower regeneration energy, as compared to aqueous alkali hydroxides [186]. Although s-DAC and l-DAC are developing continuously, their use is associated with limited number of regeneration cycles, which generates waste upon their disposal [183].



With regards to waste generation, membrane based direct air capturing (m-DAC) is the preferred method, compared to s-DAC and l-DAC due to its less energy-intensive and more cost-effective nature [187]. In m-DAC, a CO2 selective membrane is used to capture CO2 from ambient air, however, a large membrane surface area is required due to the small concentration of CO2 [188].



In summary, the capturing of CO2 from the air is more energy intensive and expensive than capturing from a point source of emission. This is because CO2 present in atmosphere is much more diluted than flue gases of a power station or cement plant [168]. This contributes to higher energy demand and results in high cost of DAC in comparison to other CO2 capture schemes.




3.2.2. CO2 Captured from Industrial Emissions


It is important to control CO2 emissions into the atmosphere to manage the increasing temperature and rapidly changing climate. Although DAC is a negative emissions strategy, it has the benefit of capturing distributed and small point emissions, for example, transportation, which accounts for 12 to 18 Gt CO2/yr [178]. Larkin et al. have presented ways to capture CO2 from transport emissions, but it is difficult to direct it into further utilization processes [189]. On the contrary, the large point source capture is more important for downstream processing of captured CO2 into useful synthetic fuel such as methanol.



Fossil fuel-based industrial sectors such as H2 production, chemical production, natural gas processing, fertilizer manufacturing, power generation, cement manufacturing, steel and iron processing are major CO2 emitters [168]. The energy sector, namely heat power and transportation, accounts for around 73% of total emissions; while other process industries, namely cement, iron and steel, contribute about 18%, and residential and agricultural activities are about 9% [190,191]. Due to high temperature (>1000 °C), processes of cement, iron and steel manufacturing industries, it requires massive energy inputs which can be fulfilled mainly by coal utilization [192,193]. Instead of minor contribution of CO2 from process industries, the concentration of CO2 in their flue gas is rather high (  ~ 30 %  ) as compared to power and heat flue gases (  ~ 3 − 16 %  ), making it more suitable target for CCU [190].



Currently, there are three main approaches available to capture CO2 from large-scale fossil fueled industrial sectors: (1) post-combustion capture; (2) pre-combustion capture; and (3) oxy-fuel combustion capture. Among all three technologies, post-combustion carbon capture is the oldest one, due to its ease of operation and installation without any significant changes in existing plant [168]. This technology is based on removal of CO2 from combustion flue gases, mainly consisting of CO2, O2, N2, H2O, SOx and NOx, depending upon the nature of the fuel burned. Around 10–15% of the total volume of flue gases subjected to post-combustion treatment is CO2 [194]. The second technology, pre-combustion carbon capture, refers to the removal of CO2 from fossil fuels before feeding to combustion process [195]. In this technology, fossil fuel is first passed through a gasification process to convert it into syngas (CO, H2 and CO2) which is then subjected to water gas shift reaction to convert CO to CO2 and H2. The final mixture of CO2 and H2 having 15 to 50% CO2, is then fed to a CO2 removal process and clean H2 is used for combustion purpose, while rejecting clean flue gases [196]. Pre-combustion capture technology utilizes a highly concentrated stream of CO2 for carbon capture and hence can perform more efficient removal. The third technology, namely oxy-fuel combustion is one of the leading technologies for carbon capture and utilizes pure oxygen instead of air for fossil fuel burning [197]. An air separation unit separates oxygen from air while leaving behind the major portion of N2. Flue gases produced from this oxy-fuel combustion are more concentrated in CO2, which is then removed from it in a flue gas processing unit [198].



Several process schemes have been established to extract the considerable amount of CO2 from these flue gases, such as absorber/stripper arrangement, pressure/temperature swing adsorption and membrane separation [175,199,200]. In absorber/stripper process scheme, a CO2 absorbing solution is brought into contact with flue gas to absorb CO2 from it at a low temperature (40–50 °C). This CO2 rich solution is then sent to the stripper where it rejects the absorbed CO2 at reverse conditions of high temperature (90–130 °C) [175,201]. This scheme is well established but is less favorable due to liquid waste generation, owing to the limited number of cycles of solvent regeneration. To overcome the problem of waste generation, adsorption on solid surface is used via pressure/temperature swing adsorption (PSA and TSA) operation [199].



PSA is a cyclic operation which removes CO2 from flue gas by periodically adsorbing and desorbing at high- and low-pressure conditions, respectively. While, in TSA, the same procedure is followed, but with temperature instead of pressure, explicitly, adsorption at low temperature and desorption at high temperature [202,203]. Membrane-based CO2 capturing is a very promising industrial option, especially when dealing with high concentrations of CO2, such as in the case of pre-combustion CO2 capture [200]. Membrane-based CO2 capturing is preferred over other competitive technologies due to its small footprint, lower energy consumption, increased economy and increased ease of operation [194,204]. Recently, Chen et al. reviewed the developments in membrane material for capturing CO2 from all three strategies, pre-combustion, post-combustion and oxy-fuel combustion, showing the great potential of this technology in future [205]. Initially, the installation of carbon capture was an energy-expensive and profitless step and therefore it was difficult to be opted by small industries. But technological developments and availability of smart processes for effective utilization of CO2 are making it a profitable and viable option for more companies.




3.2.3. CO2 Produced from Biomass


Biomass which in the form of dry or wet, is a source of energy readily available, however, it could be responsible for CO2 emissions with improper handling [206]. Dry biomass can directly be subjected to combustion for generating energy at the expense of environmental impact. One solution is to use the same biomass subjected to thermochemical treatment to form combustible gases for environmentally-friendly fuels production as discussed in Section 3.1.3.



The gasification of biomass is mainly performed to convert it into clean H2 fuel along with a side product, CO2, which is generated in very abundant amount during this process due to the organic nature of subjected biomass. In this scenario, CO2 is captured from biogas in order to produce value-added H2 fuel [207,208]. Biomass usage is not only limited to H2 production but also used for producing syngas, bio-methane and other light hydrocarbons fuels [209]. In any gasification process, excess CO2 must be removed via either in situ or post process techniques, as it imparts negative value to any produced fuel. Dinca et al. produced syngas by biomass gasification while capturing the CO2 by using liquid absorption method [210]. Dashtestani et al. used novel Ca/Fe based sorbents for efficient removal of CO2 via calcination-carbonation looping from biomass gasification [211]. They also studied the effectiveness of sorbent material over number of regeneration cycles, which is very important stability criteria for a newly developed sorbent.



Bio-methane is another valuable product of biomass which can act as a potential substitute for many natural gas-based processes [209]. The production of bio-methane can be done via either anaerobic digestions (AD) of organic matter or biomass gasification followed by methanation. AD is a biological process performed in bio-digester producing CH4 and plenty of CO2, 65 and 35%, respectively [212]. While in case of gasification for biomethane conversion, the firsthand gasification product, namely, syngas, is fed to methanation reactor which converts it into CH4 and CO2. This raw mixture of gases must be subjected to CO2 separation processes to produce high purity bio-methane.



CO2 captured from these biomass processing plants can be utilized for synthetic fuel production, namely methanol, by reacting with on-spot green H2. Menin et al. performed techno-economic assessment of methanol production from captured CO2 along with bio-methane production from biomass gasification [213]. The supply of green H2 was a major concern in earlier evaluations of on-site methanol production, but one which can be overwhelmed by recent technological advancements in renewable H2 production schemes [214].



It is important to note here that CO2 from biomass is, indeed, “biogenic”, therefore it should not be counted as an emission source. This leads one to consider biomass as neutral with respect to greenhouse gas emissions due its rapid regrowth. Hence, capturing of CO2 from biomass is actually a negative emission strategy to mitigate the climate change [215].



In view of this, CO2 captured from its different point sources or directly from air can contribute to the circular economy by producing synthetic fuels such as methanol [216], as shown in Figure 4.






4. Production of Clean Methanol


After discussing the key raw materials for clean methanol production, namely green H2 from renewable energy sources and recycled CO2, this section will discuss an important method for the production of e-methanol by utilizing these sources, namely heterogeneous catalysis. E-methanol is produced by reacting green H2 with captured CO2 from industrial sources or ambient air [42]. Because of the green H2 from renewable energy and captured CO2, e-methanol is an alternative and net-carbon-neutral fuel. There are several processing routes for producing methanol from captured CO2, including a well mature catalytic hydrogenation of CO2 with green H2, which is responsible for e-methanol production [217]. In catalytic hydrogenation of CO2, both gases are processed over Cu/Zn based bimetallic or other multi-component catalysts at certain operating conditions. The operating conditions vary depending upon the nature and composition of catalyst employed. The normal operating conditions were in the range of 200–250 °C temperature and 3–10 MPa of pressure. The following reaction scheme is followed during catalytic hydrogenation of CO2 [218],


CO2 + 3H2 → CH3OH + H2O   ∆H298K = −49.5 kJ/mol



(9)






CO2 + H2 → CO + H2O    ∆H298K = +41.2 kJ/mol



(10)






CO + H2 → CH3OH     ∆H298K = −90.6 kJ/mol



(11)







As shown from the above reaction scheme, the nature of this reaction is overall exothermic, which is more favorable at low temperatures. At low temperatures, it is difficult to energize the stable CO2 molecule, which decreases the reaction speed, while at high temperatures it is difficult to achieve good conversion. Therefore, well-optimized operating conditions are required for good conversion and high process yields. Other than operating conditions, several other parameters such as catalyst development and reactor designs also play a role for high process throughput [218,219]. Initially, the same commercially available Cu/ZnO/Al2O3 (CZA) catalyst, specialized for syngas to methanol conversion was deployed to CO2 hydrogenation. Due to poor selectivity of CZA for methanol from CO2, several other catalytic approaches were developed incorporating other metal oxides on a Cu/ZnO base, including ZrO2 as one of the best additions [218,220,221]. Recently, Zhang et al. performed a detailed analysis of catalytic conversion of CO2 into e-methanol and addressed other challenges associated with this route [219].



Despite catalytic development for enhanced CO2 conversion and process efficiency, another big challenge is the downstream removal of an essential by-product, water. Water separation is the last step of any methanol production facility to get high purity product, which is mainly achieved by distillation technique. Numerous research studies have been conducted in the distillation for efficient removal of methanol-water mixture by consuming less energy [222,223].




5. Post-Synthesis Methanol/Water Separation


In any methanol production route, water is a compulsory by-product which needs to be separated to purify the final product. Due to polar nature of both components, water-methanol makes a miscible mixture because of hydrogen-bonding. The convenient and conventionally adopted method for removal of water from this organic-aqueous mixture is by distillation [224]. The remarkable difference in boiling points of both species, which is 100 °C for water (heavier component) and 64.7 °C for methanol (lighter component), indicates the feasibility of separation by distillation. Distillation is well established and adapted thermal separation technique, however, it has the drawback of high energy consumption [225].



5.1. Challenges and Improvement in Methanol/Water Separation


In distillation operation, re-boiler and condenser are major energy consumers, and it accounts for approximately 40% of total energy requirement of a chemical industry [225,226]. To have better process efficiency and energy economy, several improvements were made in existing distillation process including heat integrated distillation, multi-effect distillation and heat pump assisted distillation [227,228,229,230,231]. Liang et al. worked on making distillation process energy efficient by combining preconcentration and entrainer recovery columns instead of 3-column configuration of conventional extractive distillation which is good energy and capital cost saving [232]. Liu et al., proposed a four-column combination strategy for methanol-water distillation having integrated condensers scheme to decrease the energy duty of both re-boilers and condensers [225]. They simulated their process scheme while saving, overall, 34.5% and 41.8% cooling and heating loads in condensers and reboilers, respectively. Even though there are numerous extractive distillation process advances, the consumption of plant energy is still high, thus alternative techniques for better separating efficiency are preferable.



Hybrid systems incorporating a combination of different distillation-membrane process designs would produce separation with a better energy efficiency [233]. For instance, Scharzec et al. studied a ternary mixture of methanol-water-tetrahydrofuran that was separated using a hybrid distillation-membrane system [223]. They tested different configurations of organic/inorganic membrane installed at post distillation to lighter product, showing the minimization in energy demand. Although membrane-assisted distillation provides good energy saving, it still consumes significant energy in distillation when it comes to high water concentrations [222]. To overcome this problem, distillation-free separation schemes were introduced, such as solely membrane-based separation [23].




5.2. Membrane Based Methanol/Water Separation


Membrane technology has a great potential to replace any distillation process by incorporating suitable membrane materials. Different organic and inorganic membrane materials have been proposed and tested for methanol-water dehydration following vapor-permeation or pervaporation mechanisms [20,21]. In vapor-permeation method, the feed is evaporated and enters in the membrane module in vapor form. In this case, both species (methanol and water) are in vapor form when they come in contact with membrane, which allows one vapor to pass through [234]. Conversely, in the pervaporation method, the feed is preheated to a required temperature and passes through the membrane module in liquid form. Vacuum is generated on the permeate side (either by condensing the incoming vapors or by a vacuum pump) for in situ evaporation of selective species from feed and pass-through membrane [235]. For most of the methanol-water separation studies using membranes, a pervaporation scheme is used, along with organophilic or hydrophilic membrane material.



The kinetic diameters of water and methanol are 2.96 Å and 3.8 Å, respectively [234], which makes the separation of both species difficult when it is by such membrane having a simple sieving mechanism. Alternatively, the feature of relative affinity of species with membrane material is utilized for selective separation of one component. In this regard, zeolites are the promising materials for separation of organic-water mixture due to their high chemical and thermal stabilities [236]. Kachhadiya et al. used zeolitic imidazolate frameworks (ZIF)-incorporated poly vinylidene fluoride (PVDF) membrane for methanol water separation via pervaporation. The authors obtained good flux of water 425 L/m2h at operating conditions of 55 °C and 12 psi [237]. Due to its hydrophilic nature, their membrane is ideal for post-synthesis water separation. Several other hydrophilic membrane materials were utilized for this application, however, zeolite materials were most prominent due to their high chemical and thermal stabilities [26,27].



5.2.1. Zeolite Membranes for Methanol/Water Separation


Zeolites are porous crystalline aluminosilicates having successful applications in ion exchange, adsorption and catalysis [238]. Zeolite membranes being hydrophilic in nature has been widely used for selective water removal applications, especially from aqueous-organic mixtures [236,239]. Due to fine crystalline porous structure, the zeolite-based molecular sieves were used for separating species based on size such as separation of ethanol/water or iso-propanol/water mixtures [240,241]. As for methanol-water separation, the simple molecular sieving mechanism itself is not enough for effective separation due to comparable sizes of both components [234]. Therefore, structural tuning and modifications were performed to make zeolite applicable for methanol-water separation.



Different types of zeolite materials have different structural properties based upon the composition of basic elements such as Si and Al. Most common zeolite materials used for preparing membranes are zeolite-A, chabazite, sodalite, zeolite-T, Zeolite Socony Mobil (ZSM)-5 and mordenite [22]. Pore sizes of these zeolite materials are listed in Table 5. Among all these types, zeolite-A (mostly in sodium form) has been widely used for dehydration of aqueous/organic mixtures due to its relatively bigger pore diameter as compared to that of the water molecule (2.96 Å) while smaller than ethanol and other heavier organic molecules. The LTA framework of zeolite-A contains the largest opening of 8-member ring with the aperture of 4.1 Å. Due to this size spectrum and good hydrophilicity, application of Zeolite-A provided good separation factor (in case of ethanol and higher alcohols) as well as high water flux. In case of methanol/water separation, this LTA zeolite gave good flux due to high hydrophilicity but with poor separation factors [242,243,244]. Conversely, hydroxy sodalite (H-SOD) zeolite has a comparable pore size (2.8 Å) with the water molecule which is a positive factor for high selectivity of water but shows negative effect in terms of water flux through the membrane. H-SOD zeolite membrane synthesized by Arepalli et al. for selective removal of water from methanol-water mixture achieved good separation factor of 2726 with water flux of 1.02 kg/m2h [22]. Chabazite (CHA) type zeolites have similar structure as LTA but exhibit low water permeance due to low hydrophilicity [245]. Therefore, apart from the channel size determined by topology of zeolite, the nature of zeolite material also has great influence when selecting for dehydration applications.



The chemical composition of zeolites in terms of Si/Al ratio is also a crucial factor which can affect the overall performance of the membrane. The Si/Al ratio determines the hydrophilic/hydrophobic nature of the membrane. A higher value Si/Al ratio indicates a smaller number of trivalent Al atoms in the zeolite framework, resulting in decreased polarity and less hydrophilic [247]. Accordingly, low Si/Al ratio zeolites such as LTA (Si/Al = 1) are more hydrophilic and preferred in dehydration applications [248]. Other than hydrophilicity, hydrothermal stability of zeolites is also affected by a varying Si/Al ratio. By reducing the Si/Al ratio, one can decrease the hydrothermal stability and acidic resistance of the membrane [249]. On the other hand, high Si/Al zeolites such as MOR (Si/Al = 5–10) and CHA (Si/Al = 1–5) show high hydrothermal stability, however, their water permeance is low due to less hydrophilicity [37]. To take advantage of both properties, high Si content LTA membranes are prepared which possess high hydrothermal stability and hydrophilicity [250]. Owing to these features, Si-rich LTA membranes can find their applications for selectively removing water from methanol synthesis reactor [37].



The cationic composition of zeolite also has a significant effect on pore openings. For example, in the case of zeolite-A, which is generally used for dehydration applications, the most common cationic form is sodium (Na-LTA) [251]. The channel size of 4.1 Å corresponds to this sodium form of zeolite-A, as shown in Table 5. When Na+ is exchanged with potassium ion (K+) to prepare K-LTA, the pore opening is reduced to approximately 3 Å, owing to the relatively bigger size of the K+ ion [252]. K-LTA membranes can provide good separation factor for a methanol water mixture, however, overall flux becomes lower due to small channel size. On the other hand, Ca-LTA are prepared by replacing two Na+ ions with one calcium ion (Ca2+) and the pore opening is increased to approximately 5 Å [251]. This increase in pore opening leads to poor selectivity of Ca-LTA membranes for water-methanol separation [253]. Therefore, among these different cationic forms of zeolite-A, Na-LTA are most suitable for separation of a methanol-water mixture.




5.2.2. Synthesis of Zeolite Membranes


In membrane separation processes, the thickness of the selective layer has a great influence on the mass transfer resistance to the permeating species. During fabrication of zeolite membranes, the thickness is kept at a few microns in order to minimize the mass transfer resistance. This thin layer can be very fragile; therefore, these membranes are prepared on a porous supports of different materials (alumina or stainless steel) in different configurations such as tubular, flat, and hollow fiber [254,255,256].



Several methods have been developed for synthesizing zeolite membranes on these supports using in situ crystallization and secondary-growth [257,258,259,260]. Both processes work on the principle of hydrothermal crystallization of zeolite particles on a well-prepared support material. A synthesis solution is prepared by mixing required amounts of aluminate and silicate solutions along with other structural directing agents. These agents upon post calcination are removed from inner cavities of zeolite leaving behind porous crystalline structure [261]. For in-situ crystallization, the support is directly immersed in synthesis solution/gel contained in a Teflon lined stainless steel autoclave and kept at a certain temperature. The zeolite crystals grow on support surface by thermally driven crystallization followed by in situ nucleation [257,258]. This method produces non-uniform zeolite layers and is not reproducible, as nucleation and crystal growth processes happen simultaneously.



The second method of secondary-growth crystallization is the most reliable for producing a uniform zeolite layer by separately performing the nucleation and crystal growth steps [259,260], as shown in Figure 5. Nucleation is done by depositing zeolite nuclei (seeds) on support by dip coating or rubbing, before doing final crystallization. This step is more crucial in the secondary growth method and must be carried out carefully to ensure evenly distributed crystal seeds. Many factors such as seed concentration, seed size, coating cycles, coating time, pH and temperature of seed solution are optimized to prepare an optimized seeded support [262,263]. This seeded support is then subjected to hydrothermal treatment similar to in situ crystallization, which provides the seeds as active sites for further growth of zeolite crystals and hence results in a smooth and uniform layer. After successful deposition of zeolite layer on the support, the prepared membrane is subjected to high temperature calcination to strengthen and stabilize the zeolite layer on the support [22,32].



The secondary growth method is widely used for hydrothermal synthesis of zeolite membranes. There are several synthesis features such as seed size, seed concentration, synthesis time and synthesis temperature, all of which can affect the quality of membrane. During the seeding process, a high concentration of seed suspension could lead to agglomeration of seeds, resulting in increased membrane thickness, while too low a concentration of seed suspension could be unable to fully cover the support [265]. Therefore, optimal seed concentration is required for efficient membrane synthesis. In addition to this, large size seed crystals produce rough membrane surface due to poor crystal intergrowth, however it gives a stronger interaction of the zeolite with its support [266]. On the contrary, small seeds can fill the intercrystallite gaps and give a more uniform surface [267]. To take advantage of both characteristics, multi-layers with different seed sizes can be used instead of single size crystals.



The synthesis of time and temperature can also affect the quality of the final zeolite membrane. The growth of zeolite on seeded support occurs in two steps, namely as nucleation stimulated by seed crystals and intergrowth of crystals to form a final layer. Therefore, insufficient synthesis time can lead to a non-uniform morphology due to the lack of intergrowth of crystals, while prolonged time can result in overgrowth of crystals and hence, a thick membrane layer [268,269]. Similarly, synthesis temperature also controls the quality of final membrane as low temperature favors the slow crystallization compared to nucleation, producing a defect free thin layer [270]. On the other hand, high temperature enables the fast crystallization and produces large size crystals with the advantage of strong support-zeolite interaction [271]. Therefore, a two-step synthesis in a sequence of low and high temperatures can be performed to achieve uniform as well as strong membrane layer [26].






6. Zeolite Membrane Reactors for Methanol Synthesis


Currently, thermally stable membrane materials are being studied for direct water removal from methanol synthesis reactors [24]. Clean methanol is produced from high-purity captured CO2 and green H2 and at the same time, water is the only impurity emerging from the reaction, with other unreacted gases and product methanol. Therefore, in situ water removal from a reaction mixture of CO2, H2, CH3OH and H2O can be achieved by putting water extraction arrangement in methanol synthesis reactor as shown in Figure 6 [34,272,273,274,275].



In late 1990s, researchers started to capture water from the methanol synthesis mixture by using the available commercial membranes. For example, Nafion membrane was first used by Struis et al. for in situ water removal from methanol synthesis reactor and this showed the feasibility as a membrane reactor for this application [274]. Nevertheless, the disadvantage of the Nafion membrane was the low temperature limitations of 200 °C, whereby it is lower than the optimal methanol synthesis temperature of 250 °C. Subsequently, Chen et al. used a ceramic membrane modified with silicone rubber to have better thermal stability but could achieve only up to 230 °C [275]. Gallucci et al. (2004) successfully developed a zeolite membrane reactor for methanol synthesis from CO2 and H2 at operating conditions similar to the industrial synthesis. Zeolite materials were found to be more favorable for this application due to its high thermal and chemical stabilities. Many researchers have developed studies to produce more efficient zeolite membrane reactor for methanol synthesis [32,37,276,277,278,279].



6.1. Effects of In Situ Water Removal on Process Efficiency


A water-selective zeolite membrane capable of bearing the operating conditions of methanol synthesis reactor was deployed for in situ removal of by-product water [34]. The pores of the zeolite membrane, when filled with water molecules due to its intrinsic hydrophilic nature, can efficiently reject even smaller molecules like H2 from passing through it [32]. This in situ water removal is a breakthrough to overcome the thermodynamic limitations of CO2 conversion to methanol. Subsequently, removal of water directly from the reactor has many direct effects on overall process efficiency in terms of increasing CO2 conversion, increasing methanol yield and purity, as explained in the following sections.



6.1.1. Increasing CO2 Conversion and Methanol Yield


Catalytic conversion of CO2 to methanol is an exothermic reaction producing fewer number of moles in products; for example, four moles of reactants give two moles of products [280]. According to Le Chatelier’s principle, there is a need for suitable conditions to shift the reaction equilibrium to forward side, which conditions are low temperature and high pressure. The extreme conditions of these values result in negative effect on large scale production. For instance, low temperature slows down the reaction kinetics of catalytic reaction, while high pressures make the process more expensive. Therefore, the reaction must be performed at moderate conditions to save the processing time, even though at the expense of single pass equilibrium conversion. Borisut et al. found the optimized operating conditions of CO2 hydrogenation to methanol as 183.6 °C and 57.8 bar along with 40 to 45% CO2 conversion [281]. The unreacted gases are recycled back into the reactor to save raw material cost, while having higher overall conversions. Instead of regulating the temperature and pressure, an alternate method to increase the equilibrium conversion can be used to remove the resultant product from the reaction mixture. As per Le Chatelier’s principle, removal of product species pushes the reaction equilibrium towards a forward direction and hence increases the reactant conversion [273]. This phenomenon is utilized in several membrane reactors to achieve high conversion by selectively removing one of the product species [282,283].



Following this principle, zeolite membranes have been deployed in catalytic membrane reactors for selectively removing water from reaction mixture and hence shifting the equilibrium towards forward direction. In this way, both CO2 conversion and reaction rate can be increased, even at high temperature and lower pressure, which can even surpass the thermodynamic equilibrium values, as shown in Table 6. Li et al. removed overall products such as methanol and water by using non-selective hydrophilic zeolite membrane and achieved 60% conversion of CO2 at 220 °C and 32 bar pressure [33]. Yue et al. used bifunctional catalytic membrane and obtained 100% methanol selectivity along with 36.1% CO2 conversion operating at 300 °C and 30 bar [34]. Similarly, Seshimo et al. used water selective Si-rich LTA membrane and reached good CO2 conversion of 60% at 220 °C and 40 bars of pressure [37]. It was shown by the authors that by increasing the Si content the hydrophilicity of membrane can be increased. Li et al. achieved higher CO2 conversion (61.4%) as compared to a traditional packed-bed reactor (23%) which was near to the equilibrium value at 250 °C temperature and 35 bar pressure [32]. Consequently, Tian et al. used Cu–ZnO@LTA membrane reactor for CO2 hydrogenation and achieved about double of CO2 conversion (49.1%) as compared to packed-bed reactor (26.2%) at similar operating conditions of 250 °C and 30 bar [36]. In light of these findings, membrane reactors are a very promising opportunity for having CO2 conversion and methanol selectivity above thermodynamic limitations for methanol synthesis.




6.1.2. In Situ Methanol Purification


By removing the water from methanol synthesis reactor, one can decrease a huge load from downstream methanol purification which is mainly done by distillation [32]. To get high purity of methanol with a simple process, it is necessary to choose a membrane reactor that screens out only H2O molecules. Seshimo et al. reported the production of 95% pure methanol using Si-rich LTA-Zeolite membrane [37]. Recently, a higher methanol purity was reported by Li et al. to produce 95.9% pure methanol by using water selective membrane reactor [32]. Consequently, the methanol production with high purity was obtained compared to that traditional packed bed reactor which was only 53.4%, using similar operating conditions.



This in-situ methanol purification by using a water-selective membrane reactor incorporated with zeolite membrane has the advantage of decreasing the load on the final distillation unit. In this way, a relatively smaller distillation unit is required to remove the remaining 5 to 10% of water impurities [32]. This strategy not only saves the plant energy but also cuts down the capital investment by shrinking the equipment footprint. This new technology could be a way forward towards obtaining further high purity of methanol from membrane reactor by developing more efficient membrane materials. Furthermore, this methanol synthesis technology has been tested on the laboratory scale and has potential for further research and development for large scale implementation.






7. Conclusions and Outlook for Future Work


The potential of clean methanol (e-methanol) to restrain the usage of fossil fuels to decarbonize the earth’s atmosphere is explained in this paper. Because e-methanol is derived from captured CO2 and green H2 using renewable energy, therefore, its manufacturing process has to be effectively of zero impact on the environment. On the consumption of methanol, only CO2 and H2O are the end products, while the same amount of emitted CO2 will be captured again for methanol synthesis, which closes the loop of CO2 to achieve net zero emissions. Due to the rapidly changing climate and constantly increasing global temperature, many countries are trying to replace the fossil fuels with renewable fuels and green H2. Methanol has also proved to be a feasible medium for long term storage of green H2 even though it is difficult to handle and store due to its gaseous nature. The major bottleneck in fully switching on the methanol economy is the uninterrupted supply of green H2. Currently, the level of green H2 production is not enough to fulfil the requirement of mass production of e-methanol. Therefore, more work on green H2 production is required to fill the supply and demand gap. At the moment, the cost of e-methanol is much higher than market price of conventional methanol. The main factor affecting the e-methanol cost is green H2, as it accounts for more than 70% of the total production cost. Hence, more research is required for low-cost production of clean H2 to overcome fossil fuel.



Besides the availability of cheaper raw materials, production costs can be significantly reduced by improving the overall process efficiency. The process efficiency of methanol production from CO2 hydrogenation is restricted by thermodynamic limitations. This limitation can be overcome with the application of zeolite membrane inside of methanol synthesis reactor for in situ removal of by-product water. High CO2 conversions and methanol selectivity as compared to traditional reactors were achieved in this way. These zeolite membrane reactors for methanol production are still on laboratory scale and further research is needed for their applicability on large scale methanol production. When it comes to large scale applications, creating a membrane with high stability and large surface area, efficient process control schemes and pilot scale studies are some important areas which are still needed to be explored. Additionally, more efficient membrane materials are required to achieve even higher methanol purity from synthesis reactor to completely eliminate the downstream distillation process. Furthermore, small modular designs of methanol production units coupled with green H2 supply and recycled CO2 could be a possible pathway to minimize the cost of transportation and large-scale storage.



Overall, such an effort in promoting the technological advancement for the e-methanol production will ensure sustainable development. Shifting toward producing e-methanol could also help in achieving the UN Sustainable Development Goals (SDGs), particularly SDG 7 on affordable and clean energy as well as SDG 13 on climate action.
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Figure 1. Clean methanol synthesis from renewable energy, and its utilization with net zero emissions [46]. 
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Figure 2. Water electrolysis schemes for H2 production: (a) proton exchange membrane electrolyzer (PEMEL), (b) Alkaline water electrolyzer (AEL), and (c) solid oxide electrolyzer (SOEL) [98]. 
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Figure 3. Increasing trend of atmospheric CO2 since 1960, adapted from Lindsey (2022) [165]. 
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Figure 4. Opportunities for recycling CO2 into methanol synthesis [216]. 
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Figure 5. Schematic diagram for hydrothermal synthesis of zeolite membranes [264]. 
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Figure 6. Schematic representation of zeolite membrane reactor for pure methanol synthesis [34]. 
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Table 2. Classification of hydrogen with respect to impact on the environment [89,90,91,92].






Table 2. Classification of hydrogen with respect to impact on the environment [89,90,91,92].





	Hydrogen Category
	CO2 Emissions
	H2 Source
	Energy Source
	Technology





	Grey
	High
	Fossil fuel
	Non renewable
	Reforming or gasification with no carbon capture



	Blue
	Low
	Fossil fuel
	Non renewable
	Reforming or gasification with carbon capture



	Green
	Zero
	Water
	Renewable
	Water electrolysis
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Table 3. Solar to hydrogen efficiencies for green hydrogen production from water splitting.
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	Solar to Hydrogen Technology
	STH Efficiency (%)
	Reference





	Mathematical model based optimization for Photovoltaic-PEM
	12.4
	[121]



	Porous N-rich g-C3N4 nanosheets for Photoelectrocatalysis
	12
	[119]



	InGaP/GaAs/GaInNAsSb triple junction single solar cell with PV-PEM electrolyzer
	30
	[122]



	Concentrator photovoltaic electrolysis in alkaline water electrolyzer
	28
	[123]



	Cobalt/Iron–Molybdenum Oxides nano-sheet in alkaline water electrolyzer
	15.1
	[124]



	NiCoFe-OH nano-sheet electrocatalysts in PV-PEC
	21.32
	[125]



	Commercially available PV cell combined with Co/Fe/Ni based electrodes prepared on metal foam PV-EC
	12.7
	[126]
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Table 4. Summary and comparison of different green H2-producing technologies.
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	Process
	Technology
	Advantages
	Challenges
	Status of Technology





	Proton exchange membrane water electrolysis (PEMEL)
	Electricity-to-hydrogen
	High purity of product gases, fast reaction kinetics and compact design
	Renewable electricity required, Nobel metal based electrodes are essential due to corrosive acidic media
	Mature



	Alkaline water electrolysis (AEL)
	Electricity-to-hydrogen
	Low temperature process, non-noble metal electrodes can be used due to non-acidic media
	Slow reaction kinetic of hydrogen production
	Mature



	High-temperature solid oxide water electrolysis (SOEL)
	Electricity-to-hydrogen
	High energy conversion efficiencies and fast reaction kinetics
	High temperature steam is required as feed-stock
	Mature



	Wind to hydrogen
	Wind-to-electricity followed by electricity-to-hydrogen
	Continuous supply of wind energy particularly from off-shore wind farms,

can easily integrated with existing water electrolyzer
	H2 storage and its transportation from offshore sites
	Mature



	Photoelectrocatalysis (PEC)
	Sunlight-to-hydrogen
	Direct conversion of sunlight into H2, less risk for mixing of H2 and O2
	Large surface area electrodes are required for high exposure to solar irradiation
	Early R&D



	Photocatalysis (PC)
	Sunlight-to-hydrogen
	Direct conversion of sunlight into H2

Efficient exposure of dispersed photocatalyst to sunlight
	Safety concerns related to mixing of H2 and O2 in photocatalytic cell
	Early R&D



	Solar thermochemical water splitting (STC)
	Sunlight-to-hydrogen
	Higher energy conversion efficiency
	Suitable reactor designs and optimal water splitting materials are required
	R&D



	Bio-photolysis
	Sunlight-to-hydrogen
	Low energy consumption, easy operation and compact design, self-sustainable due to microbial action
	Low hydrogen production rate, requires efficient control over temperature and pH for microbial action, low light conversion efficiencies
	Early R&D



	Biomass gasification
	Biomass-to-hydrogen
	High production rate and energy efficiency
	High capital cost of equipment and biomass feed-stock
	Mature



	Biomass fermentation
	Biomass to hydrogen
	Less energy consuming process, self-sustainable due to microbial action
	Low hydrogen production rates, requires efficient control over temperature and pH for microbial action
	R&D
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Table 5. Properties of different zeolite materials [246].
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	Zeolite Material
	Framework Type *
	Channel Size





	Zeolite A
	LTA
	4.1 Å



	Chabazite
	CHA
	3.8 Å



	Sodalite
	SOD
	2.53 Å



	Zeolite T
	OFF
	3.6 × 4.9 Å



	Zeolite Socony Mobil-5
	MFI
	5.1 × 5.5 Å



	Mordenite
	MOR
	6.5 × 7.0 Å







* International Zeolite Association (IZA) three-letter code.
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Table 6. Comparison of CO2 conversion and methanol selectivity at equilibrium conditions and in rational reactor and membrane reactors.
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Membrane Material

	
Catalyst

	
H2/CO2

Ratio

	
Temp.

(°C)

	
Pressure

(Bars)

	
% CO2 Conversion

	
%CH3OH Selectivity

	
Ref.






	
Equilibrium conditions




	
NA *

	
NA

	
3

	
250

	
50

	
27

	
68

	
[278]




	
Traditional catalytic packed bed reactor




	
NA

	
Cu-ZnO-Al2O3

	
3

	
250

	
30

	
8.5

	
33

	
[278]




	
Membrane reactors




	
Nafion

	
Commercial Cu/Zn Catalyst

	
3

	
200

	
4.3

	
NA

	
4.2

	
[274]




	
LTA zeolite

	
Cu/ZnO/Al2O3

	
3

7

	
256

256

	
20

20

	
16.5

27

	
37.9

37.4

	
[272]




	
LTA-Zeolite

	
CuO/ZnO/Al2O3

	
3

	
258

	
NA

	
17

	
NA

	
[277]




	
Na-LTA zeolite

	
CuO/ZnO/CeO2/

Al2O3

	
3

3

3

	
240

240

220

	
5

7

5

	
NA

NA

NA

	
73

84

99.9

	
[279]




	
Na-LTA zeolite

	
CuO/ZnO/Al2O3

	
3

3

3

3

	
220

220

250

250

	
21

35

21

35

	
45

57.2

52.5

61.4

	
38

67

21

45

	
[32]




	
Bifunctional-Na-LTA zeolite

	
Cu-ZnO-Al2O3-ZrO2

	
3

3

3

	
220

260

260

	
30

30

35

	
26.5

36.1

33.9

	
93.2

100

100

	
[34]




	
Si-rich Na-LTA zeolite

	
Cu-ZnO

	
3

3

	
200

200

	
40

10

	
60

10

	
NA

NA

	
[37]




	
Alumina ceramic modified with (FAS)

	
Cu-ZnO-Al2O3

	
NA

	
220

	
32

	
62

	
NA

	
[33]




	
Na-LTA zeolite

	
Cu-ZnO-Al2O3

	
3

	
240

	
5

	
15

	
0.6

	
[284]




	
Na-LTA zeolite

	
Cu/Zn-BTC

	
3

	
250

	
30

	
49.1

	
93.4

	
[36]








* Not available.
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