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Green solvents, such as bio-based (derived from renewable sources), water-based (dissolved in water), supercritical

fluids (above their critical point), and deep eutectic solvents (formed by mixing two or more components), offer alternatives

to conventional organic solvents for bio-oil extraction. These solvents are characterized by being non-toxic, non-volatile,

recyclable, and biodegradable.
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1. Introduction

Green solvents can be classified into different categories based on their properties and origins. One common

classification scheme divides green solvents into four main categories: bio-based solvents, water-based solvents,

supercritical fluids, and deep eutectic solvents , as shown in Figure 1.

Figure 1. The scheme of green solvent classification.

Bio-based Solvents:

Composition: Bio-based solvents are derived from renewable biomass sources, such as plants, algae, or

microorganisms.

Properties: Bio-based solvents are typically non-toxic and biodegradable, and have low VOC content. They offer

favorable health and environmental profiles compared to petroleum-based solvents.

Applications: Bio-based solvents find applications in various industries, including extraction processes, cleaning

agents, coatings, and personal care products .

Water-based Solvents:

Composition: Water is the primary component of water-based solvents, often supplemented with small amounts of

other solvents or additives.
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Properties: Water-based solvents are non-toxic, non-flammable, and have low VOC emissions. They are readily

available, inexpensive, and have high heat capacity.

Applications: Water-based solvents are extensively used in industries such as paints and coatings, adhesives, cleaning

products, and textile manufacturing .

Supercritical Fluids:

Composition: Supercritical fluids are typically gases or liquids that are above their critical temperature and pressure,

resulting in a distinct supercritical state.

Properties: Supercritical fluids are a hybrid between a gas and a liquid. Their solvating power is adjustable, they have

low viscosity, and high diffusivity. The most popular choice for supercritical fluids is supercritical carbon dioxide (CO ).

Applications: Supercritical fluids are widely employed in extraction processes, such as herbal extraction, decaffeination,

and essential oil extraction. They are also utilized in various fields, including pharmaceuticals, food processing, and

materials science .

Deep Eutectic Solvents (DES):

Composition: DES are liquid solvents composed of a eutectic mixture of two or more components, typically a hydrogen

bond donor (HBD) and a hydrogen bond acceptor (HBA) . These components can include both bio-based and non-

bio-based compounds.

Properties: They often have low toxicity, low volatility, and high thermal stability. DES can be tailored to possess

specific characteristics, such as tunable polarity, viscosity, and solubility, by selecting different combinations of HBD

and HBA components .

Applications: DES find applications across various industries and processes. They have been used as green solvents

in extraction processes for natural products, such as extraction of bioactive compounds from plant materials. DES have

also shown promise in catalysis and electrochemistry, and as reaction media for organic synthesis. In addition, DES

have been explored for their potential in industrial applications such as metal processing, biomass conversion, and

separation processes .

Listed below is an in-depth description of each class of environmentally friendly solvents.

2. Bio-Based Solvents

The term “bio-based extraction solvents” refers to solvents that are produced from renewable biomass sources. These

solvents are utilized in extraction processes to separate desired compounds or components from various materials. Bio-

based extraction solvents offer several advantages over conventional solvents, including lower environmental impact,

reduced toxicity, and potential biodegradability . There are several bio-based extraction solvents, such as ethyl lactate

, limonene , 2-methyltetrahydrofuran (2-MeTHF) , γ-valerolactone (GVL) , dimethyl carbonate (DMC) , Ionic

liquids (ILs) , terpenes (e.g., pinene, terpinene, etc.)  which are reported in literature. The detailed explanation about

these solvents is discussed below.

2.1. Ethyl Lactate

Ethyl lactate is primarily composed of two isomers: L-lactic acid and D-lactic acid, which are produced through the

fermentation of renewable resources. The esterification of lactic acid with ethanol yields ethyl lactate. The schematic

diagram of the ethyl lactate production is shown in Figure 2.
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Figure 2. The production of ethyl lactate process from renewable sources.

This solvent exhibits a unique combination of desirable properties, making it suitable for various extraction processes.

Ethyl lactate possesses excellent solvating power and can dissolve a wide range of organic compounds, including natural

products, essential oils, and pharmaceutical compounds. It is commonly used as a solvent in the extraction of natural

products, such as plant-derived bioactive compounds, due to its ability to selectively extract target compounds while

leaving behind unwanted impurities. One of the advantages of ethyl lactate is its low toxicity compared to traditional

solvents. It has a relatively low vapor pressure and does not contribute significantly to volatile organic compound (VOC)

emissions. This makes it safer for workers and reduces potential harm to the environment. Additionally, ethyl lactate is

biodegradable, further enhancing its sustainability profile .

2.2. Limonene

Limonene is obtained through the steam distillation or cold-press extraction of citrus peels. It is composed of two isomers:

d-limonene and l-limonene. D-limonene is the more common and commercially available isomer. Due to its natural origin,

limonene is considered a sustainable and renewable solvent option. Limonene exhibits excellent solvency power and can

dissolve a wide range of organic compounds. It is particularly effective in extracting non-polar compounds, such as

essential oils, terpenes, and hydrocarbons. This makes it a suitable solvent for various applications, including natural

product extraction, flavor and fragrance production, and cleaning formulations. One of the notable advantages of limonene

is its low toxicity and environmentally friendly characteristics. It has low volatility and low vapor pressure, reducing the risk

of inhalation exposure. The United States Food and Drug Administration (FD) has classified limonene as a “Generally

Recognized as Safe (GRAS)” substance, meaning it is safe for use in food and cosmetics. Moreover, limonene is readily

biodegradable, which means it can break down naturally in the environment without causing long-term harm. This

biodegradability contributes to its reduced environmental impact compared to petroleum-based solvents .

2.3. 2-Methyltetrahydrofuran (2-MeTHF)

2-MeTHF is typically produced through the hydrogenation of levulinic acid, as depicted in Figure 3. The production

process involves several steps. First, biomass feedstock, such as lignocellulosic materials or waste streams, is subjected

to pretreatment to break down the complex polymers into simpler sugars. These sugars are then fermented to produce

levulinic acid through microbial or enzymatic processes. Once levulinic acid is obtained, it undergoes hydrogenation in the

presence of a catalyst to convert it into 2-MeTHF.

Figure 3. The schematic diagram of 2-MeTHF and GVL production from biomass.

This synthesis route allows for the utilization of renewable feedstocks, reducing reliance on fossil resources. One of the

key advantages of 2-MeTHF is its excellent solvency power for a wide range of organic compounds. It is useful in many

extraction processes because it dissolves both polar and non-polar substances. It has been used in the extraction of

bioactive compounds, natural products, and chemicals from biomass. Compared to its predecessor, THF, 2-MeTHF offers

improved stability and lower flammability, making it a safer alternative. It has a higher boiling point, wider liquid range, and

is less prone to form peroxides, enhancing its handling and storage characteristics. 2-MeTHF also exhibits lower toxicity

compared to other commonly used solvents. It has a lower vapor pressure, reducing the risk of inhalation exposure.

Studies have shown that 2-MeTHF is less toxic to aquatic organisms and has a lower impact on the environment

compared to traditional solvents .
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2.4. γ-Valerolactone (GVL)

GVL can be made by dehydrating levulinic acid derived from biomass in the presence of an acid catalyst (as shown in

Figure 4). It can also be obtained as a co-product of the sugar platform, where glucose is converted into levulinic acid and

GVL in the presence of acid catalysts. This synthesis route allows for the utilization of renewable resources and offers a

sustainable alternative to petroleum-based solvents. One of the significant advantages of GVL is its versatile solvency

power. It is effective at dissolving both polar and non-polar organic compounds. This makes it suitable for various

extraction processes, such as the extraction of lignin, cellulose, and other valuable compounds from biomass. GVL

exhibits a high boiling point, which allows for its efficient recovery and recycling during extraction processes. It has a lower

vapor pressure compared to traditional solvents, reducing the risk of inhalation exposure and improving workplace safety.

Furthermore, GVL has been recognized for its low toxicity compared to other commonly used solvents. It has a lower

impact on human health and the environment, making it a more sustainable option. GVL is biodegradable, which means it

can naturally break down in the environment, minimizing its long-term ecological impact .

2.5. Dimethyl Carbonate (DMC)

Dimethyl carbonate (DMC) is a bio-based extraction solvent that has gained attention as a green solvent alternative to

traditional petroleum-based solvents. It is a clear, colorless liquid with a pleasant odor. DMC is produced through the

reaction of methanol with carbon dioxide (CO ), making it a sustainable option as it utilizes CO  as a feedstock and

reduces reliance on fossil resources. DMC offers several advantages as a green solvent. It has a low toxicity profile and is

considered safe for use in various applications. It has a low vapor pressure and low volatility, reducing the risk of

inhalation exposure. DMC also exhibits good solvating power for a wide range of organic compounds and can dissolve

both polar and non-polar substances effectively.

One of the significant advantages of DMC is its environmentally friendly nature. It is biodegradable, meaning it can

naturally break down in the environment without causing long-term harm. Additionally, DMC has a low impact on air

quality and does not contribute significantly to VOCs emissions. These properties make DMC a desirable option for

industries seeking to reduce their environmental footprint. DMC finds application as a solvent in various fields, including

pharmaceuticals, coatings, adhesives, and cleaning products. It is also used as a reactant in the synthesis of chemicals

and as a fuel additive due to its high oxygen content. Its compatibility with existing infrastructure and processes further

supports its potential as a green solvent alternative .

2.6. Ionic Liquids (ILs)

The special properties of ionic liquids (ILs) have made them a popular choice as a green solvent for bio-based extraction

processes. ILs are composed of ions, typically consisting of organic cations and inorganic or organic anions. Their name,

“ionic liquids”, comes from the fact that they are liquids at or near room temperature. Advantages of ILs include high

solubility for a wide variety of compounds, low volatility, and the ability to modify the IL’s properties. They have low vapor

pressure, reducing the risk of inhalation exposure and making them safer to handle. Additionally, ILs have high thermal

stability, allowing them to be used at elevated temperatures without significant degradation.

One of the notable advantages of ILs is their tunable nature. The combination of different cations and anions provides the

ability to tailor the physical and chemical properties of ILs to suit specific applications. This includes adjusting their

solvating power, polarity, viscosity, and other characteristics to meet the requirements of different extraction processes.

ILs exhibit high solubility for a wide range of compounds, including polar and non-polar substances. This property makes

them suitable for the extraction of various target compounds from different sources, such as natural products,

pharmaceuticals, and biofuels. ILs can selectively dissolve specific compounds, allowing for efficient separation and

purification. Moreover, ILs are considered environmentally friendly due to their negligible volatility and low toxicity. They

have a reduced impact on air quality, as they do not readily evaporate into the atmosphere. ILs are also biodegradable,

and some ILs derived from renewable sources offer a sustainable alternative to traditional solvents .

2.7. Terpenes

Terpenes are naturally occurring compounds found in the essential oils of plants. They are typically extracted from plant

material through methods such as steam distillation or cold-press extraction. Pinene and terpinene are examples of

terpenes that have been investigated for their potential as green solvents. Terpenes offer several advantages as

extraction solvents. They have low toxicity profiles, making them safer to handle compared to traditional solvents. They

have excellent solvating power and can dissolve many different kinds of organic compounds, both polar and non-polar.

That is why they are great for obtaining the desired results when it comes to natural remedies, essential oils, and bioactive

compounds.
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One of the notable features of terpenes is their pleasant aroma. Their characteristic scents can be beneficial in

applications where odor is a consideration, such as the formulation of fragrances, cosmetics, and personal care products.

Terpenes can also contribute to the sensory experience of food and beverage products. In addition to their low toxicity and

biodegradability, terpenes are derived from renewable plant sources, making them a sustainable alternative to petroleum-

based solvents. The use of plant sources for their production is consistent with green chemistry and aids in the transition

to less resource-intensive methods .

3. Water-Based Solvents

Water-based green solvents refer to solvents where water acts as the primary solvent, providing a sustainable and

environmentally friendly alternative to traditional organic solvents. These solvents leverage the unique properties of water,

such as its abundance, low cost, low toxicity, and high boiling point, making them suitable for various applications while

minimizing the environmental impact. Water-based green solvents offer several advantages over organic solvents,

including reduced flammability, reduced health and safety risks, and lower emissions of VOCs. They are widely used in

green chemistry practices, as they align with the principles of sustainability, waste reduction, and hazard minimization 

. There are several water-based solvents such as water , aqueous solution of acids (e.g., acetic acid, citric acid)

, aqueous solution of bases (e.g., sodium hydroxide, ammonia) , aqueous alcohol solution (e.g., ethanol,

methanol)  and aqueous organic solvents (e.g., water/ethanol, water/acetone)  which are reported in the

literature and a brief description is given below.

3.1. Water

Water-based extraction involves utilizing water as the primary solvent for extracting target compounds from various

sources, such as plants, food products, and natural materials. Water acts as a polar solvent, making it particularly

effective in extracting polar compounds, including sugars, organic acids, phenolic compounds, and hydrophilic bioactive

compounds. One of the advantages of water as an extraction solvent is its low toxicity. Compared to organic solvents,

water is generally considered safe for human consumption and has minimal health risks. This is especially important in

applications where the extracted compounds are intended for use in food, pharmaceuticals, or cosmetics. Water-based

extraction methods can be performed under mild conditions, reducing the need for high temperatures or harsh chemical

reagents. This not only saves energy but also helps preserve the integrity and bioactivity of the extracted compounds.

Water-based extraction is often preferred for sensitive compounds that may degrade under harsher extraction conditions.

Furthermore, water is a sustainable and readily available solvent. Its abundance and low cost contribute to its

attractiveness as an extraction solvent, providing economic benefits and reducing reliance on non-renewable resources 

.

3.2. Aqueous Solution of Acids

Aqueous solutions of acids are commonly used as extraction solvents due to their ability to selectively dissolve and

extract specific compounds. The acid component provides acidic conditions, which can influence the solubility and

extraction efficiency of different substances. Acids such as acetic acid and citric acid are particularly popular due to their

low toxicity, wide availability, and compatibility with food and pharmaceutical applications. In the case of acetic acid, its

presence in water forms acetic acid–water mixtures that can enhance the solubility of polar and semi-polar compounds.

Acetic acid–water mixtures can be used for the extraction of various natural products, including organic acids,

polyphenols, and pigments.

Similarly, citric acid, a weak organic acid, can form aqueous solutions with desirable extraction properties. Citric acid

solutions are known for their chelating abilities and pH-dependent extraction selectivity. These solutions can be used for

the extraction of metal ions, alkaloids, and other compounds that exhibit pH-dependent solubility characteristics. The pH

of the acid solution plays a crucial role in the extraction process, as it can influence the solubility and interaction of the

target compounds. By adjusting the pH of the acid solution, specific compounds can be selectively extracted or

precipitated, providing a means to isolate desired components from complex mixtures .

3.3. Aqueous Solutions of Bases

Aqueous solutions of bases are commonly used in extraction processes due to their ability to alter pH and enhance

solubility of target compounds. Sodium hydroxide and ammonia are frequently utilized bases in aqueous solutions for

extraction purposes. Sodium hydroxide (NaOH) is a strong base that can increase the pH of an aqueous solution,

resulting in alkaline conditions. Alkaline solutions can enhance the extraction efficiency of certain compounds, particularly

those that are acidic in nature. Alkaline conditions can deprotonate acidic functional groups, thereby increasing their
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solubility. This is especially useful for the extraction of organic acids, phenolic compounds, and other acid-sensitive

substances.

Ammonia (NH ) is a weak base that can also be used in aqueous solutions for extraction purposes. Similar to sodium

hydroxide, ammonia can modify pH and solubility of compounds. Ammonia-based solutions are particularly effective in the

extraction of nitrogen-containing compounds, such as alkaloids and amines. The alkaline conditions provided by ammonia

can facilitate the solubility and extraction of these nitrogen-rich compounds. By adjusting the concentration of the base

and the pH of the solution, aqueous solutions of bases allow for selective extraction of specific compounds. The pH-

dependent solubility of various substances can be exploited to selectively extract desired components from complex

mixtures .

3.4. Aqueous Alcohol Solutions

Aqueous alcohol solutions combine the properties of water and alcohol, providing an effective solvent system for

extraction. Ethanol and methanol are commonly used alcohols in aqueous solutions for extraction purposes. The

presence of alcohol in the aqueous solution can enhance the solubility of both polar and non-polar compounds. Alcohols

can disrupt intermolecular interactions, allowing for the extraction of a wider range of compounds compared to water

alone. This makes aqueous alcohol solutions particularly suitable for the extraction of various natural products, including

bioactive compounds, phenolic compounds, and essential oils.

Ethanol, as a polar alcohol, can effectively solubilize polar and semi-polar compounds. It is commonly used in extraction

processes for its ability to extract a diverse range of compounds, including flavonoids, alkaloids, and terpenes. Ethanol

also acts as a co-solvent with water, further expanding its solubilizing power. Methanol, another commonly used alcohol,

is highly polar and can efficiently dissolve both polar and non-polar compounds. Methanol-based extraction solvents are

often employed in the extraction of bioactive compounds, natural products, and metabolites.

The use of aqueous alcohol solutions allows for the adjustment of the polarity of the solvent system by changing the

concentration of alcohol. This flexibility provides control over the extraction selectivity and efficiency, allowing for the

extraction of specific compounds or classes of compounds from complex mixtures .

3.5. Aqueous Organic Solvents

Aqueous organic solvents are solvent systems that consist of a combination of water and an organic solvent, such as

ethanol or acetone. These mixtures provide a versatile extraction solvent option, leveraging the solubilizing power of both

water and organic solvents.

Water/ethanol mixtures are commonly used as extraction solvents due to their ability to solubilize a wide range of

compounds. Ethanol, as an organic solvent, can dissolve both polar and non-polar compounds, including bioactive

compounds, flavonoids, and phenolic compounds. The addition of water to ethanol improves the solubility of polar

compounds, expands the range of compounds that can be extracted, and provides a more environmentally friendly

solvent system.

Water/acetone mixtures are also utilized as extraction solvents in various applications. Acetone, an organic solvent, is

particularly effective at dissolving non-polar compounds and lipophilic substances. The addition of water to acetone

enhances its solubility for polar compounds and expands its extraction capabilities.

Aqueous organic solvent systems allow for control over the polarity and solubility characteristics of the solvent system by

adjusting the ratio of water to organic solvent. This flexibility enables tailored extraction selectivity and efficiency, making

these solvent systems suitable for the extraction of specific compounds or classes of compounds from complex mixtures.

The use of aqueous organic solvents offers several advantages, including enhanced extraction efficiency, expanded

solubility range, and reduced reliance on purely organic solvents. These solvents also align with the principles of green

chemistry by reducing the use of hazardous organic solvents and promoting sustainable extraction processes .

4. Supercritical Fluids

The properties of both liquids and gases are present in supercritical fluids, which are substances that are kept above their

critical temperature and pressure. In the context of green solvents, supercritical fluids, particularly supercritical carbon

dioxide (scCO ), are considered environmentally friendly solvents for various applications. Supercritical fluids, including

scCO , offer several advantages as green solvents. They have low toxicity and are non-flammable, making them safer to
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handle compared to traditional organic solvents. Additionally, supercritical fluids can be easily separated from the

extracted compounds, allowing for their efficient recovery and recycling.

Both polar and non-polar compounds are soluble in supercritical fluids due to their exceptional solvating properties. By

adjusting the temperature and pressure, the solvating power of supercritical fluids can be fine-tuned, enabling selective

extraction of target compounds while leaving impurities behind. One of the key environmental benefits of supercritical

fluids is their low environmental impact. Supercritical carbon dioxide is abundant, non-toxic, and non-polluting, making it a

sustainable alternative to organic solvents derived from fossil fuels. Furthermore, the use of supercritical fluids eliminates

or significantly reduces the need for VOCs, leading to reduced emissions and air pollution .

4.1. Supercritical Carbon Dioxide (scCO )

Supercritical carbon dioxide (scCO ) is carbon dioxide above its critical temperature (31.1 °C) and critical pressure (74

bar), where it possesses properties of both a gas and a liquid. These conditions enable scCO  to function as an efficient

and selective extraction solvent. One of the major advantages of scCO  is its low critical temperature, which allows for the

extraction of temperature-sensitive compounds without degradation. This makes it particularly suitable for extracting heat-

sensitive bioactive compounds and natural products, such as essential oils and flavors. scCO ’s solvating power is so

high that it can dissolve both polar and non-polar compounds. Extraction conditions, such as pressure, temperature, and

the addition of a co-solvent, can be adjusted to maximize its solvating power. This versatility enables the selective

extraction of specific compounds from complex matrices .

Another advantage of scCO  is its environmental friendliness. Carbon dioxide is a byproduct of many manufacturing

procedures, so it is abundant, safe, and nonflammable. It can replace dangerous organic solvents in the extraction

process, lowering both the environmental and health risks. scCO  also offers advantages in terms of easy solvent removal

and product recovery. The extracted compounds and scCO  can be easily separated by lowering the pressure after

extraction. This facilitates downstream processing and minimizes the need for extensive post-extraction purification steps

.

4.2. Supercritical Water (scH O)

Supercritical water (scH O) offers several advantages as an extraction solvent. Firstly, its high temperature and pressure

(p > 22.064 MPa, T > 373.946 °C) enhance the solubility and diffusivity of solutes, allowing for efficient extraction of

various compounds. scH O is especially effective at extracting polar and ionic compounds due to its high polarity in the

supercritical state. One of the notable features of scH O is its unique ability to undergo ionization, resulting in the

generation of reactive hydroxyl radicals. These radicals can promote the degradation of organic pollutants or complex

molecules, making scH O a potential solvent for waste treatment and environmental remediation applications .

Furthermore, scH O offers benefits in terms of selectivity. The solubility of different compounds in scH O varies with

temperature and pressure, allowing for the selective extraction of specific target compounds from complex matrices. This

selectivity can be fine-tuned by adjusting the extraction conditions, offering control over the extraction process. Organic

pollutants, natural products, and bioactive compounds can all be extracted using supercritical water. Various heat-

sensitive substances, including essential oils and phenolic compounds, have been extracted using this method .

4.3. Supercritical Ethanol (scEtOH)

When ethanol is heated and compressed beyond its critical temperature (243 °C) and critical pressure (6.38 MPa), it

changes phase and takes on characteristics of both a gas and a liquid, giving rise to the term “supercritical ethanol”

(scEtOH). In this state, ethanol has enhanced solvating power and can efficiently extract various compounds from

different matrices. Supercritical ethanol has a higher solvating power compared to subcritical ethanol due to its increased

density and diffusion coefficient. This facilitates the removal of polar and non-polar compounds, expanding its usefulness.

Ethanol is known for its ability to extract a variety of bioactive compounds, including natural products, pharmaceuticals,

and flavors. In its supercritical state, ethanol can further enhance its extraction capabilities, improving the extraction

efficiency and selectivity .

Extracting essential oils, bioactive compounds from plant material, and other compounds from natural products are just

some of the many applications of supercritical ethanol in the extraction process. The specific conditions of temperature

and pressure can be adjusted to optimize the extraction process and target specific compounds of interest . While

the use of supercritical ethanol as an extraction solvent is not as extensively documented as supercritical carbon dioxide,

it shows potential for various applications and can be further explored in research and development .
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4.4. Supercritical Propane (scC H )

Propane that has been subjected to conditions above its critical temperature (96.7 °C) and critical pressure (42.5 bar) is

said to be supercritical, or scC H  for short. In this state, propane can possess unique solvating properties and may be

explored as an extraction solvent in certain applications. Propane is known for its non-polarity and low critical

temperature, which may limit its solvating power compared to other supercritical fluids. However, it can still potentially be

utilized for the extraction of non-polar compounds and lipophilic substances . The use of supercritical propane as an

extraction solvent may have applications in specific industries or processes where its solvating properties and unique

characteristics can provide advantages over other solvents. Supercritical propane shows promise as an extraction

solvent, but there is a lack of data on its use so far; more study is needed to fully understand its capabilities.

4.5. Supercritical Nitrogen (scN )

Supercritical nitrogen (scN ) is nitrogen that has been subjected to conditions above its critical temperature (−147.1 °C)

and critical pressure (33.5 bar), at which it becomes a hybrid between a gas and a liquid. In this state, nitrogen may

possess unique solvating properties and can potentially be used as an extraction solvent in specific applications. Nitrogen

is an inert gas and generally considered nonpolar, which may limit its solvating power for polar compounds compared to

other supercritical fluids. However, it can still potentially be used for the extraction of nonpolar or low-polarity compounds

.

The use of supercritical nitrogen as an extraction solvent may have applications in certain industries or processes where

its inertness and specific solvating properties can provide advantages over other solvents. However, it is important to note

that the literature on supercritical nitrogen as an extraction solvent is limited, and further research and development would

be necessary to explore its full potential.

5. Deep Eutectic Solvents

Solvents that fall into the category of “deep eutectic solvents” (DES) are eutectic mixtures of two or more components,

typically a hydrogen bond donor (HBD) and an acceptor (HBA). These solvents exhibit unique properties that make them

attractive alternatives to conventional organic solvents. DES can be composed of bio-based or non-bio-based

components, and they possess characteristics such as low toxicity, low volatility, high thermal stability, and tunable

physical properties. The formation of DES occurs when the mixture of HBD and HBA components forms a eutectic

system, characterized by a lower melting point than the individual components alone. The hydrogen bond interactions

between the components contribute to the unique properties of DES, including their ability to dissolve a wide range of

solutes.

Many different fields, such as catalysis, extraction, electrochemistry, and separation processes, have taken an interest in

DES because of their potential utility. These solvents offer advantages such as high solubility for polar and non-polar

compounds, tunable properties through the selection of different HBD-HBA combinations, and their ability to serve as

reaction media for a variety of chemical reactions. The mixtures of choline chloride and urea, glycerol, and ethylene glycol

are all examples of DES. Applications utilizing these DES have included biomass pretreatment, metal extraction, and

organic synthesis .

5.1. Choline Chloride–Urea

Choline chloride–urea DES is made by reacting the quaternary ammonium salt choline chloride with the hydrogen bond

acceptor urea. This DES exhibits a unique eutectic behavior, characterized by a lower melting point compared to the

individual components. Choline chloride–urea DES has been extensively studied for its excellent solubility power, which

makes it effective against a wide variety of organic and inorganic compounds in need of dissolution. It has been explored

in various applications, such as biomass processing, metal extraction, and catalysis. In biomass pretreatment, choline

chloride–urea DES has been shown to effectively dissolve cellulose, aiding in the extraction of valuable components 

.

5.2. Choline Chloride–Glycerol

When choline chloride and the hydrogen bond donor glycerol are mixed together, they form choline chloride–glycerol

DES. This DES has many positive characteristics that make it an attractive choice, such as its low volatility, high thermal

stability, and high solvating power. Choline chloride–glycerol DES has been widely investigated for its potential

applications in extraction processes, synthesis of nanoparticles, and organic transformations. Because of its versatility as
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a solvent, it has been put to use in the environmentally friendly extraction of natural products such as bioactive

compounds from plants .

5.3. Choline Chloride–Ethylene Glycol

The reaction between choline chloride and ethylene glycol produces choline chloride–ethylene glycol DES. The viscosity,

solubility, and thermal stability of this DES are just a few of its remarkable characteristics. Choline chloride–ethylene glycol

DES has been investigated for various applications, including solvent extraction, catalysis, and biomass processing. Its

potential as a solvent for removing valuable compounds from plants such as essential oils and bioactive molecules has

been demonstrated. The ability of choline chloride–ethylene glycol DES to dissolve and extract target compounds

efficiently makes it a promising solvent in green extraction processes .

The overall production flow of chemical reactions for DES production has been summarized in Figure 4. The choline

chloride salt (HBA) contributes a hydrogen ion, which binds with the hydrogen of the hydroxyl group (HBD) in the DES to

form a hydrogen bond.

Figure 4. Overall Reactions mechanism for DES Production.

6. Properties of Green Solvents

Green solvents, as opposed to traditional solvents, are safer for human health and the environment because they are

made from renewable resources. The unique properties and characteristics of these solvents make them desirable for a

wide range of uses. Green solvents’ key properties and characteristics are illustrated and explained in Figure 5 

.
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Figure 5. Key properties of the green solvents.

Renewable Source: Renewable plant materials, biomass, or food waste are the building blocks of green solvents. They

are more environmentally friendly than solvents made from fossil fuels, which deplete natural resources and increase

greenhouse gas production.

Low Toxicity: In comparison to traditional solvents, green solvents are safer to use. They pose less of a threat to human

health and the environment because of their lower volatility and lower levels of hazardous components.

Biodegradability: Green solvents are biodegradable, meaning they can be broken down by microbes or enzymes in the

environment. This feature lessens their ability to persist in ecosystems and the damage they do to groundwater, surface

water, and atmospheric chemistry.

Low VOCs Content: Chemical compounds that can evaporate into the air are called VOCs. Cleaner indoor and outdoor

air, less smog, and fewer health risks are all benefits of using green solvents because of their typically low VOC content.

High Solubility Power: Many environmentally friendly solvents have high solubility and can be used to dissolve a wide

variety of organic and inorganic compounds. Because of this quality, they can be used in a wide range of contexts, such

as extraction, synthesis, and formulation.

Selectivity: Some environmentally friendly solvents can be selective toward a given compound or group of compounds,

allowing for more precise extraction and separation. This selectivity can improve process efficiency by zeroing in on useful

components and eliminating unnecessary purification steps.

Non-Flammability: In comparison to traditional solvents, many eco-friendly options are less flammable. This quality makes

handling, storage, and transport less likely to result in fires.

Compatibility: Most environmentally friendly solvents work well with a wide variety of substrates, from metals to plastics to

even natural fibers. Because of this compatibility, they can be used in many different fields without posing a threat to

machinery or degrading raw materials.

Reduced Carbon Footprint: Green solvents help cut down on pollution and carbon dioxide emissions. Carbon dioxide

(CO ) emissions from their production and use are lower than those of traditional solvents, lending support to climate

change mitigation efforts.

Regulatory Compliance: The standards for health, safety, and environmental protection that go into making green solvents

are rigorous. To guarantee their usefulness in particular contexts and their conformity with applicable rules, they are put
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through extensive testing and evaluation.

Some of the physiochemical properties of green solvents are listed in detail in Table 1. Green solvents are a more

sustainable and environmentally friendly alternative to traditional solvents due to their unique properties and

characteristics.

Table 1. Physicochemical Properties of Green solvents.

Solvents
Molar
Mass
(g.mol )

Solubility in
Water

Boiling
Point
(°C)

Melting
Point
(°C)

Density
(g/mL)

Vapor
Pressure Viscosity Appearance Ref.

Water 18   100 0 1.000 at
3.98 °C

23.8
mmHg at

25 °C

0.8949
mPa·s at

25 °C
colorless

Ethanol 46.07
10  mg/mL

at 25 °C 78.24 −114.4 0.7893 at
20 °C

10 kPa at
29.2 °C

1.074
mPa·s at

25 °C
colorless

EA 88.1 8.3 g/100
mL at 20 °C 77.1 −83.6

0.9006 at
20 °C

0.8945 at
25 °C

73.0 Torr
at 20 °C

0.45 cP at
20 °C colorless

Diethyl ether 74.12 6.05 g/100
mL at 25 °C 34.55 −116.3

0.7133 at
20 °C

0.7076 at
25 °C

442 Torr
at 20 °C

0.24 cP at
20 °C colorless

MTBE ** 88.2 4.2 g/100
mL at 20 °C 55 −109 0.74 at

25 °C
27 kPa at

20 °C
0.36 cP at

25 °C colorless

MeTHF * 86.13 15 g/100 mL
at 25 °C 80.2 −136 0.854 at

25 °C

3.6 kPa at
20 °C

34.5 kPa
at 50 °C

4 mPa·s at
25 °C colorless

DME ++ 46.07 71 g/L at 20
°C −24 −141

0.735
(liquid, at
−25 °C)

592.8 kPa
at 25 °C   colorless

gas

Cyclohexane 84.161 immiscible 80.7 6.47
0.7739,
liquid at

25 °C

78 mmHg
at 20 °C

1.02 cP at
17 °C colorless

Benzene 78.114 immiscible 80.5 5.5 0.8765 at
20 °C

12.7 kPa
at 25 °C

0.6076 cP
at 25 °C colorless

Carbon
disulfide 76.13 slightly

soluble 46.5 −111.5 1.266 at
25 °C

48.1 kPa
at 25 °C

0.363 cP
at 20 °C colorless

Glycerol 92.094 miscible 290 17.9 1.26 at
25 °C

0.40 Pa at
50 °C

1.412 Pa·s
at 20 °C colorless

GVL 100.116 100 mg/mL 205 −31 1.0546 at
20 °C

3.5 kPa at
80 °C   colorless

CPME +   1.1 g/100 g
at 23 °C 106 −140 0.86 at

25 °C
59.9 hPa
at 25 °C

0.57 cP at
20 °C colorless

-limonene 136.238 insoluble 176 −74.35 0.844 at
25 °C

190 Pa at
20 °C

0.8462
mPa·s at

25 °C
colorless

p-cymene 134.222 insoluble 177 −68 0.86 at
25 °C

1.5 mmHg
at 20 °C

0.81–7.1
mm /s colorless

DMC 90.078 13.9 g/100
mL at 25 °C 90 2–4 1.069 at

25 °C
18 mmHg
at 21.1 °C

0.625 cP
at 20 °C colorless

Ethyl lactate 118.131 miscible 154.2 −25 1.0328 at
20 °C

1.16
mmHg at

25 °C

0.0261 cP
at 20 °C colorless

−1
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* Methyltetrahydrofuran, ** Methyl tert-Butyl Ether, ++ Dimethyl ether, + Cyclopentyl methyl ether.
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