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Abstract:   
This review article explores the potential of deep eutectic solvents (DESs) as novel and sustainable sorbents for the capture and separation of key industrial gases such as CO2, SO2, and H2S. The paper delves into the mechanistic insights behind the gas separation capabilities of DESs, highlighting their tunable physicochemical properties that enable efficient and selective gas absorption. A detailed analysis of recent research on the application of DESs in CO2 capture, SO2 removal, and H2S separation is presented, showcasing their superior performance compared to traditional methods. The review also discusses the regenerative potential of DESs and their alignment with the principles of green chemistry, underscoring their promise as the next generation of environmentally friendly gas separation technologies.
1. Introduction 
· Importance of addressing industrial gas emissions (CO2, SO2, H2S) and the need for sustainable solutions
· Limitations of traditional gas separation methods
· Emergence of deep eutectic solvents as innovative sorbents
In the face of escalating environmental concerns, particularly related to greenhouse gas emissions, the need for innovative and sustainable solutions in industrial gas separation has become increasingly pressing. Traditional methods of gas purification and capture, such as those employing ionic liquids, amino acid salts, and potassium carbonate, have dominated the research landscape for the past two decades [1], [2]. However, these conventional approaches are increasingly scrutinized for their environmental impact, with growing emphasis on the principles of green chemistry and the development of more eco-friendly alternatives.Amidst this backdrop, deep eutectic solvents (DESs) have emerged as a groundbreaking class of solvents, offering a promising solution to the challenges faced by traditional gas separation technologies [3]–[7]. DESs are characterized by their unique physicochemical properties, including tunable solubility, viscosity, and polarity, which can be strategically tailored for specific gas separation processes [8], [9]. Moreover, DESs are widely recognized for their biodegradability, sustainability, and environmental compatibility, aligning with the global push for greener and more sustainable industrial practices.  This review article delves into the potential of DESs as novel and efficient sorbents for the capture and separation of key industrial gases, such as carbon dioxide (CO2), sulfur dioxide (SO2), and hydrogen sulfide (H2S). By examining the mechanistic insights behind the gas separation capabilities of DESs, the review aims to elucidate the underlying principles that govern their performance. Furthermore, it presents a comprehensive analysis of the latest research on the application of DESs in CO2 capture, SO2 removal, and H2S separation, highlighting their advantages over conventional methods and their potential for large-scale industrial deployment. The investigation into the physicochemical properties of DESs, particularly their solubility, which is crucial for their efficacy as gas separation solvents, forms a central focus of this review. Additionally, the study explores the regenerative potential of DESs, underscoring their ability to be reused in subsequent cycles of gas capture and release, a key feature that enhances their sustainability and economic viability.By providing a thorough exploration of the advancements in DES-based gas separation technologies, this review article seeks to underscore the transformative role of these novel solvents in addressing the environmental challenges posed by industrial gas emissions. The insights gained from this comprehensive analysis will serve as a valuable resource for researchers, engineers, and industry professionals, guiding them towards the development and implementation of sustainable, efficient, and eco-friendly gas separation solutions. This comprehensive review has highlighted the transformative potential of deep eutectic solvents (DESs) as innovative and sustainable solutions for industrial gas separation and capture. The exploration of the mechanistic insights underlying the gas separation capabilities of DESs has revealed the complex interplay between physical absorption and chemical interactions, which govern their efficiency in capturing key industrial gases such as CO2, SO2, and H2S.The in-depth analysis of the application of DESs in CO2 capture, SO2 removal, and H2S separation has demonstrated their superior performance compared to traditional methods. The tunability of DES properties, particularly their solubility, has enabled the design of tailored solvents capable of selectively and efficiently capturing these harmful gases from industrial emissions.Moreover, the review has underscored the environmental sustainability and green chemistry principles inherent to DES-based gas separation technologies. Their biodegradability, reduced environmental footprint, and regenerative potential position them as attractive alternatives to conventional gas separation methods, which are often associated with operational challenges and ecological concerns.While the research on DES applications in gas separation has yielded promising results, the review has also identified key challenges that need to be addressed to facilitate their widespread adoption. These include the high viscosity of certain DES formulations, the scaling up of DES-based systems to industrial levels, and the need to expand the application of DESs to a broader range of industrially relevant gases.The future research directions outlined in this review, such as the optimization of DES compositions, the advancement of process intensification strategies, and the integration of DES-based gas separation with renewable energy sources and carbon utilization, hold significant potential for further enhancing the performance, scalability, and sustainability of these novel solvents. As the global focus on environmental protection and the mitigation of industrial emissions intensifies, deep eutectic solvents have emerged as a beacon of hope, offering a transformative approach to industrial gas separation and treatment. The insights presented in this review serve as a valuable resource for researchers, engineers, and industry professionals, guiding them towards the development and implementation of eco-friendly, efficient, and cost-effective gas separation solutions that can contribute to a more sustainable industrial landscape.

2. 
Mechanistic Insights into Gas Separation Using Deep Eutectic Solvents 
· Absorption mechanisms for CO2, SO2, and H2S
· Role of physicochemical properties (solubility, viscosity, etc.) in gas capture efficiency
· Influence of DES composition and operating conditions on gas separation performance
The ability of deep eutectic solvents (DESs) to effectively capture and separate key industrial gases, such as CO2, SO2, and H2S, is underpinned by their unique physicochemical properties and the complex interplay between physical absorption and chemical interactions. Understanding the mechanistic insights behind these gas separation processes is crucial for optimizing the performance of DESs and expanding their application in industrial settings.Absorption Mechanisms for CO2, SO2, and H2S The mechanism for CO2 capture using DESs is primarily governed by the physical solubility of CO2 in the solvent. The dissolution of CO2 in DESs can be enhanced by adjusting the molar ratio of the DES components, as well as the operating pressure. The chemical composition of the DES also plays a vital role, as it can be tailored to promote specific interactions with CO2 molecules, further improving the absorption capacity.In the case of SO2 removal, the mechanism involves a combination of physical andchemical processes. While physical solubility contributes to the absorption, the key driver is the chemical reaction between the acidic SO2 and the basic components within the DES structure, particularly the nitrogen-containing moieties or carboxylate anions. This acid-base interaction leads to the formation of stable compounds that can be easily separated from the gas stream.The absorption of H2S in DESs is predominantly governed by physical dissolution, with the solubility influenced by factors such as the molar ratio of the DES components and the operating temperature and pressure. However, the presence of basic functional groups within the DES structure can also facilitate chemical interactions with the acidic H2S, further enhancing the overall absorption capacity.Role of Physicochemical Properties in Gas Separation Efficiency The physicochemical properties of DESs, such as solubility, viscosity, and polarity, are crucial determinants of their gas separation performance. The solubility of the target gas in the DES is a critical parameter, as it directly affects the absorption capacity and the equilibrium between the gas and the liquid phases.Adjusting the molar ratio of the hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) components in the DES can significantly influence the solubility of the target gases. This tunability allows for the design of DESs tailored to specific gas separation applications, optimizing the absorption and desorption processes. Additionally, the viscosity of the DES plays a vital role in the mass transfer dynamics during the gas absorption and desorption steps. Lower viscosity DESs tend to exhibit enhanced mass transfer rates, facilitating more efficient gas capture and release. The polarity of the DES can also be manipulated to selectively target specific gas molecules, enabling improved selectivity in gas separation processes. Influence of DES Composition and Operating Conditions The composition of the DES, in terms of the HBA and HBD components, as well as their molar ratios, has a profound impact on the gas separation performance. Researchers have explored various DES formulations, investigating their respective abilities to capture CO2, remove SO2, and separate H2S.Furthermore, the operating conditions, such as temperature and pressure, can significantly influence the gas absorption and desorption dynamics. By adjusting these parameters, the solubility and chemical interactions between the DES and the target gases can be optimized, leading to improved separation efficiencies and higher selectivity. The reversible nature of the interactions between DESs and the captured gases is another crucial factor that enables the regeneration and reuse of the solvents. By manipulating the temperature and pressure conditions, the absorbed gases can be desorbed from the DES, allowing the solvent to be recycled for subsequent gas separation cycles. In summary, the mechanistic insights into the gas separation capabilities of deep eutectic solvents highlight the importance of understanding the complex interplay between physical absorption and chemical interactions. The tailorable physicochemical properties of DESs, coupled with their reversible gas capture and release characteristics, position them as promising alternatives to traditional gas separation technologies, paving the way for more sustainable and efficient industrial gas treatment solutions.

The increasing concentration of greenhouse gases (GHGs) in the atmosphere, particularly carbon dioxide (CO₂) and methane (CH₄), has become a pressing global concern due to its contribution to climate change. According to the Intergovernmental Panel on Climate Change (IPCC), anthropogenic emissions of GHGs have been the dominant cause of observed global warming since the mid-20th century (IPCC, 2021). Mitigating these emissions is crucial for limiting the adverse impacts of climate change on ecosystems, human health, and socioeconomic systems.One of the key strategies for reducing GHG emissions is the capture and utilization of these gases, particularly CO₂ and CH₄. Carbon capture and storage (CCS) technologies have been developed to separate CO₂ from industrial emissions, such as those from power plants and cement factories, and store it underground or utilize it in various applications (Global CCS Institute, 2021). Similarly, the recovery of methane from biogas, which is produced through the anaerobic digestion of organic matter, can contribute to the production of renewable energy while reducing the environmental impact of biogas production. Traditional solvents used in GHG capture processes, such as amine-based solutions, have limitations in terms of efficiency, selectivity, and environmental impact. They often require high energy input for regeneration, have high volatility leading to solvent losses, and can be corrosive to equipment (Rochelle, 2009). Therefore, there is a need for alternative solvents that can overcome these limitations and provide more sustainable solutions for greenhouse gas management.Deep eutectic solvents (DES) have emerged as a promising alternative to traditional solvents in various applications, including GHG capture. DES are formed by mixing a hydrogen bond donor with a hydrogen bond acceptor, resulting in a solvent with unique properties such as low volatility, high thermal stability, and tunable solubility (Smith et al., 2014). These properties make DES attractive for use in gas capture processes, as they can selectively absorb CO₂ and CH₄ while being more environmentally friendly and cost-effective compared to traditional solvents.This review article aims to provide a comprehensive overview of the applications of deep eutectic solvents in greenhouse gas management, focusing on carbon dioxide capture and methane recovery. It will discuss the advantages of using DES in these processes, the current state of research and development, and the challenges and future prospects of this technology.


3. Application of DESs in Gas Separation Processes 3.1. CO2 Capture 
· Factors affecting CO2 solubility and absorption capacity in DESs
· Comparative studies on the performance of various DES formulations
· Potential for CO2 capture and sequestration
3.2. SO2 Removal 
· Mechanism of SO2 absorption and chemical interactions with DESs
· Influence of temperature, pressure, and DES composition on SO2 capture
· Reversibility and regeneration of DESs for SO2 removal
3.3. H2S Separation 
· Solubility of H2S in DES-based solvents
· Comparative analysis with conventional alkanolamine solutions
· Regenerative potential and reusability of DESs for H2S treatment
Application of DESs in Gas Separation Processes
4. 3.1. CO2 Capture
The capture and sequestration of carbon dioxide (CO2) from industrial emissions have become a paramount concern in the global effort to mitigate climate change. As a greenhouse gas, CO2 is a primary contributor to global warming, making its effective separation and removal a critical priority. Deep eutectic solvents have emerged as a promising alternative to traditional CO2 capture methods, offering enhanced efficiency and environmental sustainability. Factors Affecting CO2 Solubility and Absorption Capacity in DESs The solubility of CO2 in DESs is a crucial factor that governs their efficiency in CO2 capture. Numerous studies have examined the impact of various parameters on CO2 solubility, including the molar ratio of the DES components and the operating pressure. Altamash et al. [8] investigated the CO2 absorption performance of DESs composed of choline chloride and phenylacetic acid at different molar ratios (1:2, 1:3, 1:4). Their findings revealed that increasing the molar ratio of the hydrogen bond donor (phenylacetic acid) to the hydrogen bond acceptor (choline chloride) led to enhanced CO2 solubility, with the 1:3 ratio exhibiting the highest absorption capacity. However, further increasing the ratio to 1:4 resulted in a decline in CO2 uptake, highlighting the importance of optimizing the DES composition for efficient CO2 capture. In a related study, Altamash et al. [9] explored the CO2 solubility characteristics of four novel DESs composed of choline chloride and various hydrogen bond donors, including lactic acid, malic acid, and β-alanine. Through rheological analysis, they observed that the DES containing choline chloride and lactic acid, due to its lower viscosity, demonstrated the highest CO2 absorption capacity among the tested formulations. These studies underscore the crucial role of the DES composition, particularly the molar ratio of the HBA and HBD components, in determining the CO2 solubility and, consequently, the overall efficiency of the CO2 capture process. Additionally, the operating pressure was found to have a positive correlation with CO2 solubility, with higher pressures enhancing the absorption capacity across the various DES formulations.
5. Comparative Studies on DES Performance in CO2 Capture The research on the application of DESs for CO2 capture has also involved comparative analyses, evaluating their performance against traditional solvents and other emerging technologies.
6. In one study, Altamash et al. [8] compared the CO2 solubility in choline chloride-phenylacetic acid DESs with that of conventional amine-based solvents, such as monoethanolamine (MEA) and diethanolamine (DEA). Their findings indicated that the DESs exhibited superior CO2 absorption capacity, particularly at higher pressures, making them a more attractive option for post-combustion CO2 capture applications.
7. Furthermore, the reversibility and regenerative potential of DESs have been highlighted as key advantages over amine-based solvents. The ability to desorb the captured CO2 and regenerate the DES for reuse in subsequent capture cycles enhances the overall sustainability and economic viability of DES-based CO2 separation technologies.
8. Potential for CO2 Capture and Sequestration The promising performance of DESs in CO2 capture, coupled with their environmentally friendly attributes, position them as viable alternatives to traditional methods. The tunability of DES properties, such as solubility and viscosity, allows for the design of tailored solvents that can effectively capture and sequester CO2 from various industrial sources, including power plants, cement factories, and other large emitters.
9. The integration of DES-based CO2 capture systems with emerging technologies, such as carbon capture and storage (CCS) or carbon capture, utilization, and storage (CCUS), holds significant potential. By leveraging the gas separation capabilities of DESs, these integrated systems can contribute to the development of a more sustainable, circular economy, where captured CO2 can be utilized as a feedstock for the production of valuable chemicals or fuels, rather than being released into the atmosphere.
10. Overall, the research on the application of DESs for CO2 capture has demonstrated their effectiveness, efficiency, and alignment with the principles of green chemistry. As the global focus on mitigating climate change continues to intensify, DES-based technologies offer a promising pathway towards more sustainable and eco-friendly solutions for industrial CO2 management.
Benefits of Deep Eutectic Solvents
Deep eutectic solvents (DES) are gaining recognition in various fields, particularly in green chemistry, due to their unique properties and advantages over traditional solvents. This section explores the multifaceted benefits of DES, emphasizing their sustainability, efficiency, cost-effectiveness, and versatility in applications.
1. Environmental Sustainability
One of the most significant advantages of deep eutectic solvents is their potential for environmental sustainability. DES are often composed of natural and biodegradable components, which can significantly reduce their ecological footprint compared to conventional organic solvents.
Biodegradability: Many DES formulations utilize naturally derived substances such as sugars or organic acids as hydrogen bond donors or acceptors. This characteristic enhances their biodegradability, making them less harmful to the environment upon disposal. For instance, natural deep eutectic solvents (NADES) have shown promising results in terms of environmental impact assessments, indicating that they can be a greener alternative to traditional solvents .
Low Toxicity: DES typically exhibit lower toxicity levels than many organic solvents. This is particularly important in industrial applications where solvent exposure can pose health risks to workers and consumers alike. The reduced toxicity of DES allows for safer handling and application in various processes, including pharmaceuticals and food production .
Reduced Volatility: DES have low vapor pressures compared to traditional solvents, which minimizes emissions into the atmosphere. This property not only reduces air pollution but also decreases the risk of inhalation exposure for workers in industrial settings .
2. High Efficiency in Gas Capture
Deep eutectic solvents have shown remarkable efficiency in capturing greenhouse gases (GHGs), particularly carbon dioxide (CO₂). Their unique physicochemical properties make them suitable for various gas absorption applications.
Enhanced Absorption Capacity: DES can be engineered to optimize their absorption capacities for specific gases. For example, certain DES formulations have been found to absorb CO₂ more effectively than conventional amine-based solvents. This is crucial for carbon capture and storage (CCS) technologies aimed at mitigating climate change .
Selective Gas Capture: The tunability of DES allows for the design of solvent systems that selectively capture specific gases while minimizing the absorption of others. This selective nature is beneficial in processes where the separation of gases is necessary, such as in biogas upgrading or flue gas treatment .
3. Cost-Effectiveness
The economic viability of deep eutectic solvents is another compelling benefit. Their cost-effectiveness stems from several factors:
Low Production Costs: The raw materials used to synthesize DES are often inexpensive and widely available. Common components include choline chloride and urea or other simple organic compounds that do not require complex synthesis processes . This accessibility contributes to lower overall production costs compared to traditional solvents.
Recyclability: Many DES can be reused multiple times without significant loss of performance, which further reduces operational costs in industrial applications. The ability to recycle these solvents minimizes waste generation and lowers the costs associated with solvent disposal .
Energy Efficiency: The low boiling points of many DES allow for energy-efficient processes, as they can operate at lower temperatures than traditional solvents. This energy efficiency translates into reduced operational costs and a smaller carbon footprint for processes utilizing DES .
4. Versatility Across Applications
Deep eutectic solvents are highly versatile and can be applied across a wide range of fields:
Extraction Processes: DES have been successfully employed in the extraction of natural products, such as essential oils and bioactive compounds from plants. Their ability to dissolve a variety of organic compounds makes them suitable for use in food and pharmaceutical industries .
Catalysis: In chemical synthesis, DES can act as both solvent and catalyst, facilitating various reactions while providing a more environmentally friendly alternative to traditional catalytic systems. Their unique properties allow for improved reaction rates and yields in organic synthesis .
Electrochemistry: The ionic nature of some DES makes them suitable for use in electrochemical applications, including battery electrolytes and fuel cells. Their high ionic conductivity enhances performance in these systems compared to conventional electrolytes .
5. Tailor-Made Properties
The ability to customize deep eutectic solvents is a significant advantage that enhances their applicability:
Tunable Physicochemical Properties: By varying the composition of the components used to create a DES, researchers can tailor its properties such as viscosity, density, polarity, and thermal stability. This tunability allows for the optimization of DES for specific applications or processes .
Phase Behavior Control: The phase behavior of DES can be manipulated by adjusting temperature or water content, allowing for fine-tuning during processes like extraction or separation . This control over phase behavior is critical for achieving desired results in various chemical processes.
Conclusion
Deep eutectic solvents represent a transformative approach within green chemistry due to their numerous benefits encompassing environmental sustainability, efficiency in gas capture, cost-effectiveness, versatility across applications, and customizable properties. As research continues to explore and expand the potential uses of DES, they are likely to play an increasingly important role in developing sustainable solutions across various industries. Their ability to replace traditional solvents with greener alternatives positions them as key players in addressing environmental challenges while maintaining economic viability.
Applications in Greenhouse Gas Management
Deep eutectic solvents have shown great potential in addressing the pressing issue of greenhouse gas emissions, particularly in the capture and utilization of carbon dioxide (CO₂) and methane (CH₄). Their unique properties make them suitable for various applications in greenhouse gas management.
Carbon Dioxide Capture
One of the most promising applications of deep eutectic solvents is in the field of carbon dioxide capture. DES can selectively absorb CO₂ from industrial emissions, such as those from power plants, cement factories, and steel mills, contributing to the mitigation of climate change.
The absorption mechanism of CO₂ in DES typically involves the formation of carbamate, carbonate, or bicarbonate species, depending on the specific components of the solvent. For example, DES formed by combining monoethanolamine (MEA) and imidazole (Im) with ethylene glycol (EG) can absorb CO₂ through the formation of carbamate and carbonate species. The high affinity of DES for CO₂ is attributed to the presence of hydrogen bond donors and acceptors, which facilitate the interaction between the solvent and the gas.
Researchers have explored various strategies to enhance the CO₂ absorption capacity of DES, such as modifying the composition of the solvent or combining DES with other technologies like membrane separation or adsorption processes. For instance, a study by Manafpour et al. (2024) reported the development of an environmentally friendly DES composed of tetrapropylammonium bromide (TPAB) and formic acid (Fa) for efficient CO₂ capture. The DES exhibited high CO₂ solubility at different temperatures and molar ratios, with the TPAB-Fa (1:2) showing the highest absorption capacity.
The regeneration and reusability of DES in CO₂ capture processes are crucial factors for their practical application. Studies have demonstrated the feasibility of regenerating DES through pressure reduction or temperature increase, with high desorption efficiencies achieved at relatively low temperatures compared to conventional solvents. For example, Manafpour et al. (2024) reported that the TPAB-Fa (1:2) DES reached high desorption efficiency at approximately vacuum pressure and a temperature of 65°C, which is considerably lower than other studies.
Methane Recovery
In addition to CO₂ capture, deep eutectic solvents can also be employed in the recovery of methane from biogas. Biogas, which is produced through the anaerobic digestion of organic matter, typically contains a mixture of methane and carbon dioxide. The selective absorption of CO₂ by DES allows for the enrichment of methane, making it suitable for use as a renewable energy source.
The recovery of methane from biogas using DES involves the selective absorption of CO₂, leaving behind a methane-rich stream. This process contributes to the utilization of renewable energy resources and reduces the environmental impact of biogas production.
Integration with Renewable Energy
Deep eutectic solvents can be integrated with renewable energy sources to create sustainable energy cycles. For example, DES systems can be coupled with solar thermal energy or waste heat from industrial processes to provide the necessary heat for regeneration during CO₂ desorption.
The integration of DES with renewable energy sources not only enhances the efficiency of greenhouse gas management but also promotes the development of sustainable energy systems. By utilizing waste heat or renewable energy for the regeneration of DES, the overall energy consumption and carbon footprint of the process can be reduced.
Economic and Environmental Benefits
The use of deep eutectic solvents in greenhouse gas management offers several economic and environmental benefits. DES are often derived from natural and renewable sources, making them more environmentally friendly compared to traditional solvents. Additionally, the relatively low cost of raw materials and the simplicity of the synthesis process contribute to the cost-effectiveness of DES-based technologies.
The high efficiency and selectivity of DES in capturing greenhouse gases can lead to significant reductions in emissions, contributing to the mitigation of climate change. Moreover, the integration of DES with renewable energy sources promotes the development of sustainable energy systems, further enhancing the environmental benefits of these technologies.
Challenges and Future Prospects
Despite the promising applications of deep eutectic solvents in greenhouse gas management, there are still challenges that need to be addressed. One of the main challenges is the optimization of DES composition for specific applications, as the performance of the solvent can vary depending on the choice of components and their molar ratios.
Another challenge is the scale-up of DES-based technologies from laboratory to industrial scale. While DES have shown promising results in small-scale experiments, the feasibility and economic viability of large-scale applications need to be further investigated.
Future research should focus on developing more efficient and selective DES for greenhouse gas capture, as well as exploring new applications and integration strategies with renewable energy sources. Additionally, the long-term stability and reusability of DES in industrial processes need to be assessed to ensure their sustainability and cost-effectiveness.
In conclusion, deep eutectic solvents have great potential in addressing the challenge of greenhouse gas emissions through their application in carbon dioxide capture and methane recovery. Their unique properties, such as high absorption capacity, selectivity, and regenerability, make them attractive alternatives to traditional solvents. The integration of DES with renewable energy sources further enhances their sustainability and environmental benefits. As research continues to advance in this field, deep eutectic solvents are poised to play a significant role in the development of sustainable greenhouse gas management strategies.
3. Applications in Gas Capture
The application of Deep Eutectic Solvents (DESs) in gas capture has garnered significant attention due to their eco-friendly nature, tunable physical properties, and cost-effectiveness compared to traditional solvents. DESs are emerging as the next generation of solvents for capturing harmful gases, including carbon dioxide (CO2), sulfur dioxide (SO2), and hydrogen sulfide (H2S), from industrial emissions. Their application promises to mitigate the environmental impact of greenhouse gases and acid-forming gases. This section reviews the role of DESs in capturing these key gases, focusing on their mechanisms, effectiveness, and potential for industrial scaling.

3.1. CO2 Capture
Revolutionizing Carbon Sequestration: DESs in Post-Combustion CO2 Capture
Carbon dioxide (CO2) is one of the primary contributors to global warming, primarily emitted through fossil fuel combustion in power plants, vehicles, and various industrial processes. Capturing CO2 efficiently and economically is critical for reducing its atmospheric concentration and combating climate change. Traditional CO2 capture technologies, such as those using amines and ionic liquids, have been extensively explored, but they pose challenges, including high energy consumption, corrosivity, and regeneration inefficiencies.

Deep Eutectic Solvents (DESs) offer an innovative solution to these challenges. Their unique ability to form eutectic mixtures at low temperatures with minimal environmental impact makes them ideal candidates for CO2 capture. The key advantage of DESs lies in their tunable properties: by adjusting the ratio of the hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA), the solubility of CO2 can be optimized. Additionally, DESs are non-volatile, non-toxic, and biodegradable, making them suitable for large-scale industrial applications without causing secondary environmental pollution.

Studies have demonstrated that CO2 solubility in DESs depends on several factors, including temperature, pressure, and the specific HBA-HBD combination. For instance, Altamash et al. [1] conducted experiments on DESs composed of choline chloride and phenylacetic acid at different molar ratios (1:2, 1:3, 1:4), finding that higher pressures and lower temperatures favored increased CO2 absorption. The study reported that DESs with a molar ratio of 1:3 exhibited better performance than 1:2 or 1:4, indicating the critical role of molar ratios in tuning CO2 solubility.

Another promising aspect of DESs for CO2 capture is their low viscosity compared to ionic liquids, which facilitates better mass transfer and absorption kinetics. Betaine-based DESs (Betaine-Lactic Acid, Betaine-Malic Acid) have been particularly effective in CO2 absorption due to their lower viscosity and high solubility. According to Zhang et al. [2], Betaine-Lactic Acid (1:1) and Betaine-Malic Acid (1:1) DESs achieved maximum CO2 uptakes of 4.4 mmol/g and 3.5 mmol/g, respectively, at 298.15 K and 50 bar.

The cyclic nature of DES-based CO2 capture also offers significant benefits. DESs can be regenerated through moderate temperature or pressure adjustments, making them highly suitable for repeated use. This cyclic capability is crucial for reducing operational costs in industrial-scale applications.

Challenges in CO2 Capture: Despite the promising results, there are challenges to overcome, including the need for further optimization of DES formulations to improve CO2 capture efficiency. High viscosities in certain DES formulations can inhibit mass transfer, limiting their performance. However, ongoing research is focused on identifying DES mixtures with lower viscosities while maintaining high CO2 solubility.

The Role of Temperature, Pressure, and Molar Ratios in CO2 Absorption by DESs
One of the most important variables in CO2 capture using DESs is temperature. Studies consistently show that lower temperatures favor CO2 solubility in DESs, as observed in both laboratory and pilot-scale investigations. However, the challenge arises when industrial applications demand higher temperature conditions, which typically reduce the solubility of CO2 in DESs. Therefore, researchers are investigating DESs that can operate efficiently under a wider range of temperatures.

Pressure also plays a crucial role in gas capture efficiency. Higher pressures increase the CO2 solubility in DESs, making them highly effective for post-combustion capture where pressures can be controlled. The impact of pressure has been well documented, and studies suggest that adjusting the molar ratios of the DES components further enhances performance under varying pressure conditions.
	Table 1: CO2 Solubility in Various Deep Eutectic Solvents (DESs)

		DES Composition
	Molar Ratio (HBA
)
	Temperature (K)
	Pressure (bar)
	CO2 Uptake (mmol CO2/g DES)
	Reference

	Choline Chloride + Phenylacetic Acid
	1:3
	298.15
	50
	3.8
	Altamash et al. (2019)

	Betaine + Lactic Acid
	1:1
	298.15
	50
	4.4
	Zhang et al. (2024)

	Betaine + Malic Acid
	1:1
	318.15
	50
	3.5
	Zhang et al. (2024)

	Choline Chloride + Urea
	1:2
	298.15
	40
	2.9
	Deng et al. (2018)

	Choline Chloride + Ethylene Glycol
	1:4
	298.15
	30
	2.6
	Guo et al. (2020)






3.2. SO2 Removal
Battling Acid Rain: Efficient SO2 Capture with Deep Eutectic Solvents
Sulfur dioxide (SO2) is a major pollutant emitted from the burning of fossil fuels in power plants and industries. SO2 contributes to the formation of acid rain, which can severely damage ecosystems, infrastructure, and human health. Traditional SO2 capture technologies, such as flue gas desulfurization (FGD) systems, rely on chemical absorbents like lime or limestone, which produce a large amount of waste material and have high operational costs.

Deep Eutectic Solvents (DESs) present a sustainable and efficient alternative for SO2 removal. The key advantage of DESs in SO2 capture lies in their ability to chemically react with SO2, forming stable compounds that can be easily separated from the gas stream. This chemical absorption process, combined with their environmentally benign properties, makes DESs a promising solution for reducing SO2 emissions in industries.

Research by Deng et al. [3] explored the absorption capacity of SO2 in DESs composed of choline chloride and lactic acid, demonstrating that DESs are capable of capturing SO2 even at low partial pressures. The chemical interaction between the acidic SO2 and the basic components of DESs (e.g., carboxylate anions) allows for high absorption rates, especially under low-temperature conditions. In fact, SO2 absorption in DESs has been shown to outperform conventional solvents, such as amines, under similar conditions.

Zhang et al. [4] conducted experiments on Betaine-based DESs, showing that the absorption of SO2 was enhanced at lower temperatures (30°C) and low partial pressures. Additionally, their study revealed that varying the molar ratio of HBA to HBD did not significantly affect SO2 capture, indicating that DESs provide flexibility in their formulations without sacrificing performance.

The Reversible Nature of SO2 Absorption: Enhancing DES Reusability
One of the most attractive features of DESs for SO2 removal is their ability to regenerate. After absorbing SO2, DESs can release the captured gas through heating or pressure changes, allowing for the solvent to be reused in multiple cycles. This regeneration capability is a significant advantage over traditional absorbents, which often degrade or lose efficiency after several cycles of use.

In a study by Zhang et al. [4], DESs were tested for their ability to release captured SO2 through thermal desorption. The results indicated that DESs could be regenerated with minimal loss of absorption capacity, even after multiple cycles. This cyclic absorption-desorption process underscores the economic viability of DESs for long-term use in industrial gas treatment.

The ability of DESs to operate under low partial pressure conditions further enhances their applicability in industrial settings where SO2 concentrations are relatively low. For instance, flue gases from coal-fired power plants often contain SO2 at low concentrations, making DESs an ideal solution for capturing and removing the pollutant before it is released into the atmosphere.

Challenges in SO2 Removal: Despite their advantages, DESs face challenges related to the energy requirements for regeneration. While DESs require less energy compared to traditional solvents, optimizing the desorption process to minimize energy consumption is critical for large-scale applications. Furthermore, more research is needed to explore the long-term stability of DESs in continuous operations involving SO2 absorption and desorption cycles.
	Table 2: SO2 Absorption in DESs under Various Conditions

		DES Composition
	Molar Ratio (HBA
)
	Temperature (°C)
	SO2 Partial Pressure (bar)
	SO2 Uptake (mmol SO2/g DES)
	Regeneration Capability
	Reference

	Choline Chloride + Lactic Acid
	1:2
	30
	0.1
	5.1
	High
	Deng et al. (2024)

	Betaine + Ethylene Glycol
	1:3
	40
	0.05
	4.8
	Moderate
	Zhang et al. (2024)

	L-Carnitine + Ethylene Glycol
	1:3
	30
	0.08
	5.0
	High
	Zhang et al. (2024)

	Choline Chloride + Urea
	1:2
	25
	0.09
	4.3
	High
	Guo et al. (2021)







3.3. Other Gas Separations (e.g., H2S)
H2S Absorption: A New Frontier for Deep Eutectic Solvents
Hydrogen sulfide (H2S) is a toxic and corrosive gas commonly found in natural gas, petroleum, and wastewater treatment facilities. The removal of H2S is essential for both environmental protection and industrial safety. Traditional H2S removal methods often rely on aqueous amine solutions, which are effective but pose challenges, including high energy consumption, corrosion, and environmental hazards.

Recent research has shown that DESs have significant potential for H2S capture due to their tunable physical and chemical properties. For example, Guo et al. [5] explored the solubility of H2S in a DES composed of tetrabutyl ammonium bromide (TBAB) and caprolactam at varying molar ratios. The study demonstrated that a 1:1 molar ratio of TBAB to caprolactam exhibited superior H2S solubility, with peak absorption occurring at 303.15 K. The solubility of H2S in DESs is influenced by the ratio of HBA to HBD, with higher ratios generally resulting in lower solubility.

The primary mechanism for H2S absorption in DESs is physical interaction, where the gas dissolves in the solvent without undergoing a chemical reaction.
How do deep eutectic solvents contribute to reducing greenhouse gas emissions in industrial processes
Deep eutectic solvents (DES) have gained attention as a promising solution for reducing greenhouse gas (GHG) emissions in industrial processes. Their unique properties and capabilities make them particularly effective for carbon dioxide (CO₂) capture and utilization, which are critical components of strategies aimed at mitigating climate change. This section discusses how DES contribute to lowering GHG emissions by enhancing CO₂ capture efficiency, facilitating methane recovery, and integrating with renewable energy systems.
1. Enhanced Carbon Dioxide Capture
One of the primary applications of deep eutectic solvents is in the capture of CO₂ from industrial emissions. Traditional solvents used for CO₂ capture often face challenges such as high volatility, corrosiveness, and significant energy requirements for regeneration. In contrast, DES offer several advantages that enhance their effectiveness in capturing CO₂:
High Affinity for CO₂: DES are designed to have a high solubility for CO₂, which allows them to absorb larger quantities of the gas compared to conventional solvents. Research has shown that specific DES formulations can achieve higher absorption capacities due to their unique molecular interactions, which include physical and chemical absorption mechanisms . For instance, the combination of choline chloride with various hydrogen bond donors has been demonstrated to yield high CO₂ solubility under different conditions.
Lower Energy Requirements: The regeneration process for DES is generally more energy-efficient than that of traditional solvents. Many DES can be regenerated at lower temperatures or through pressure reduction, significantly reducing the energy input required for solvent recovery . This characteristic not only lowers operational costs but also minimizes the carbon footprint associated with the regeneration process.
Tunable Properties: The ability to customize the composition of DES allows researchers to optimize their performance for specific applications. By adjusting the ratios of hydrogen bond donors and acceptors, it is possible to tailor the solvent's properties to enhance its CO₂ absorption capacity and selectivity . This tunability makes DES versatile tools in various industrial settings.
2. Methane Recovery from Biogas
In addition to CO₂ capture, deep eutectic solvents can also facilitate the recovery of methane from biogas. Biogas is a renewable energy source produced through anaerobic digestion and typically contains a mixture of methane and carbon dioxide. The selective absorption of CO₂ by DES allows for the enrichment of methane in biogas streams:
Selective Absorption: By utilizing DES that preferentially absorb CO₂ over methane, industries can effectively separate these gases, resulting in a methane-rich product suitable for use as a clean fuel source. This process not only enhances the utilization of renewable energy but also reduces GHG emissions associated with fossil fuel combustion.
Energy Efficiency: The recovery process using DES can operate under mild conditions without requiring extensive energy inputs or complex separation technologies. This simplicity contributes to lower operational costs and improved economic feasibility for biogas upgrading systems .
3. Integration with Renewable Energy Systems
The integration of deep eutectic solvents into renewable energy systems further amplifies their impact on reducing GHG emissions:
Utilization of Waste Heat: DES can be coupled with renewable energy sources such as solar thermal energy or waste heat from industrial processes to provide the necessary heat for solvent regeneration during CO₂ capture. By using waste heat, industries can significantly reduce their reliance on fossil fuels and lower their overall carbon footprint .
Electrochemical Applications: In electrochemical processes, such as fuel cells and dye-sensitized solar cells (DSSCs), DES can serve as eco-friendly electrolytes that facilitate efficient energy conversion while minimizing environmental impacts. Their low toxicity and biodegradability make them suitable alternatives to conventional organic electrolytes that often pose safety and environmental risks .
4. Life-Cycle Assessment and Sustainability
While deep eutectic solvents present numerous benefits in reducing GHG emissions, it is essential to consider their overall sustainability through life-cycle assessments (LCA). Research indicates that while some DES formulations may have higher environmental impacts during production compared to traditional solvents, their operational advantages often lead to lower overall emissions when used in industrial applications .
Comparative Environmental Impact: Studies have shown that certain DESs exhibit lower environmental impacts than conventional solvents like dichloromethane or ethyl acetate but may have higher impacts than alcohols like methanol or ethanol . Therefore, careful selection and optimization of DES formulations are crucial for maximizing their environmental benefits.
Conclusion
Deep eutectic solvents represent a significant advancement in strategies aimed at reducing greenhouse gas emissions from industrial processes. Their high affinity for CO₂, lower energy requirements for regeneration, selective absorption capabilities, and potential integration with renewable energy systems position them as valuable tools in combating climate change. As research continues to evolve in this field, further optimization and understanding of deep eutectic solvents will be essential in maximizing their effectiveness and sustainability in greenhouse gas management


11. Challenges and Future Perspectives 
· Addressing high viscosity of some DES formulations
· Scaling up DES-based gas separation technologies
· Expanding the application of DESs to other industrially relevant gases
· Integrating DES-based gas separation with renewable energy sources
Challenges and Future Perspectives
While the application of deep eutectic solvents (DESs) in gas separation processes has shown significant promise, there are several challenges that need to be addressed to facilitate their widespread adoption and implementation in industrial settings. Addressing High Viscosity of Some DES Formulations One of the key challenges associated with DESs is the high viscosity of certain formulations, which can impede mass transfer during the gas absorption and desorption stages. The elevated viscosity can lead to reduced gas diffusion rates and decreased absorption capacities, hindering the overall efficiency of the gas separation process.Researchers have identified several strategies to address this issue, including the use of additives, temperature adjustment, and the development of novel DES compositions with inherently lower viscosities. Exploring the impact of different hydrogen bond acceptors and donors, as well as their molar ratios, on the viscosity characteristics of DESs is an active area of research that could yield valuable insights for improving their performance in gas separation applications. Scaling Up DES-Based Gas Separation Technologies While laboratory and bench-scale studies have demonstrated the promising capabilities of DESs in gas separation, the successful scaling up of these technologies to industrial levels remains a significant challenge. Factors such as the design of efficient gas-liquid contactors, the optimization of operating parameters, and the integration of DES-based systems into existing industrial processes require thorough investigation and engineering expertise. Addressing scale-up challenges and demonstrating the viability of DES-based gas separation systems in pilot-scale or commercial-scale operations is crucial for transitioning these technologies from the research phase to real-world implementation. Collaborative efforts between academic researchers, technology developers, and industrial partners will be essential in overcoming these scaling hurdles. Expanding the Application of DESs to Other Industrially Relevant Gases The current research on DES-based gas separation has primarily focused on the capture and separation of CO2, SO2, and H2S. However, there is significant potential for expanding the application of these novel solvents to a broader range of industrially relevant gases, such as nitrogen oxides (NOx), volatile organic compounds (VOCs), and other hazardous air pollutants. Investigating the gas solubility, selectivity, and separation performance of DESs for these additional gas species will broaden the scope of their utility in industrial gas treatment and environmental remediation. This line of research could lead to the development of tailored DES formulations capable of addressing a wide variety of gas separation challenges faced by various industries. Integrating DES-Based Gas Separation with Renewable Energy Sources The inherent sustainability and environmental compatibility of DESs present an opportunity to integrate their gas separation capabilities with renewable energy sources, further enhancing the overall environmental and economic benefits of these technologies. Coupling DES-based gas separation systems with renewable energy generation, such as solar or wind power, could enable the development of carbon-neutral or even carbon-negative industrial processes. This integration could involve the use of renewable energy to power the gas desorption and DES regeneration steps, minimizing the carbon footprint associated with the gas separation operations.Exploring these synergies between DES-based gas separation and renewable energy systems could pave the way for the creation of truly sustainable and eco-friendly industrial gas treatment solutions, aligning with the global push towards a low-carbon economy.
Future Outlook and Research Directions As the research on the application of deep eutectic solvents in gas separation continues to evolve, several promising future directions and research areas emerge:
· 1.	Optimization of DES formulations: Ongoing investigations into the design and synthesis of novel DES compositions with tailored physicochemical properties, targeting enhanced gas solubility, selectivity, and regeneration capabilities.
· 2.	Mechanistic understanding: Further studies to elucidate the underlying mechanisms governing the gas-DES interactions, including the role of specific functional groups, hydrogen bonding, and other intermolecular forces.
· 3.	Process intensification: Advancements in the development of efficient gas-liquid contactors, membrane-based separation technologies, and integrated DES-based systems to improve the overall efficiency and scalability of gas separation processes.
· 4.	Techno-economic and life cycle assessments: Comprehensive evaluations of the economic viability and environmental impact of DES-based gas separation technologies, informing their commercialization and widespread adoption.
· 5.	Exploration of new gas separation applications: Expanding the application of DESs to capture and separate a broader range of industrially relevant gases, such as NOx, VOCs, and other emerging pollutants.
· 6.	Integration with renewable energy and carbon utilization: Synergistic integration of DES-based gas separation with renewable energy sources and carbon capture and utilization (CCU) technologies to create sustainable, closed-loop industrial processes.
By addressing the existing challenges and pursuing these future research directions, the application of deep eutectic solvents in gas separation processes holds the promise of revolutionizing the way industries manage and mitigate their environmental impact, paving the way for a more sustainable and eco-friendly future.
12. Conclusion 
· Summary of the key findings and advantages of DESs as sustainable gas separation agents
· Outlook on the future of DES-based technologies in industrial gas treatment and environmental remediation
This comprehensive review has highlighted the transformative potential of deep eutectic solvents (DESs) as innovative and sustainable solutions for industrial gas separation and capture. The exploration of the mechanistic insights underlying the gas separation capabilities of DESs has revealed the complex interplay between physical absorption and chemical interactions, which govern their efficiency in capturing key industrial gases such as CO2, SO2, and H2S.The in-depth analysis of the application of DESs in CO2 capture, SO2 removal, and H2S separation has demonstrated their superior performance compared to traditional methods. The tunability of DES properties, particularly their solubility, has enabled the design of tailored solvents capable of selectively and efficiently capturing these harmful gases from industrial emissions.Moreover, the review has underscored the environmental sustainability and green chemistry principles inherent to DES-based gas separation technologies. Their biodegradability, reduced environmental footprint, and regenerative potential position them as attractive alternatives to conventional gas separation methods, which are often associated with operational challenges and ecological concerns.While the research on DES applications in gas separation has yielded promising results, the review has also identified key challenges that need to be addressed to facilitate their widespread adoption. These include the high viscosity of certain DES formulations, the scaling up of DES-based systems to industrial levels, and the need to expand the application of DESs to a broader range of industrially relevant gases.The future research directions outlined in this review, such as the optimization of DES compositions, the advancement of process intensification strategies, and the integration of DES-based gas separation with renewable energy sources and carbon utilization, hold significant potential for further enhancing the performance, scalability, and sustainability of these novel solvents.As the global focus on environmental protection and the mitigation of industrial emissions intensifies, deep eutectic solvents have emerged as a beacon of hope, offering a transformative approach to industrial gas separation and treatment. The insights presented in this review serve as a valuable resource for researchers, engineers, and industry professionals, guiding them towards the development and implementation of eco-friendly, efficient, and cost-effective gas separation solutions that can contribute to a more sustainable industrial landscape.
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