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Abstract 
Recently, deep eutectic solvent (DES); being as novel and green solvent has 

attracted increasing interest in different areas of sciences, engineering, and 

medicine due to its excellent physicochemical and thermal properties. The 

formulation and classification of DES is dependent solely on the hydrogen 

bond acceptor (HBA) and hydrogen bond donor (HBD) components and 

their proportions. Its superiority to ionic liquids (ILs) encompasses the 

cheap and available starting/raw materials, and the ease of formulation and 

storage. DESs has gained a very wide distribution and application in 

various researches and industrial processes; the widest distribution being 

its application in synthesis. Its uses span as solvent for laboratory and 

industrial pretreatment, extraction, separation and purification of both 

inorganic metallic components and organic compounds. Though they 

possess core characteristics that are similar to those of ILs, DESs has been 

pronounced as capacity options attributive to its physicochemical 

properties. Notwithstanding the innumerable uses and application of DESs, 

their chemical, biological and physical characteristics have not been 
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completely investigated. Despite the benefits the solvent has limitations of 

corrosion, high viscosity, mixture instability and lack of physicochemical 

information. This review seeks to provide a brief introduction to DES while 

highlighting some latent potentials and limitations of the novel solvent in 

the various fields of application. 

 

Keywords: Deep eutectic solvents, Formulation, Classification, 

Applications, Limitations 

 

 

Introduction 
The increasing demand of new 

materials is on the rise due to 

continuous search for innovation and 

new technology so as to improve the 

previous ones. Also, interest in 

developing and advancing more 

efficient solvents has been the focus of 

researcher lately due to rise in 

applications of green chemistry (Duan 

et al., 2020). Solvents are central to 

development of new chemicals, 

compounds and systems; and to 

ensuring the use of eco-friendly 

industrial and domestic materials. The 

demand for solvents in the chemical, 

medical, pharmaceutical, cosmetics, 

food and beverage processing 

industries; and in biotechnology has 

grown exponentially. Hence, the 

continuous search for new solvents is 

on the rise. Interest in developing and 

advancing more efficient solvents has 

been the focus of researcher lately due 

to rise in applications of green 

chemistry. Numerous challenges and 

limitations have been identified 

during production and recovery of 

products in the above fields using the 

conventional solvents such as acids, 

bases or volatile organic solvents. 

Therefore, to increase yield and 

purity, and to achieve eco- 

friendliness; green solvents can be 

substituted for the traditional organic 

solvents (VOCs). Green solvents 

(ionic liquids) has minimal or no 

generation of hazardous by-products 

thus assure effective production of 

products that achieve environment 

friendliness (Chen et al., 2019). 

Recently, Deep eutectic solvent (DES) 

have been introduced as a novel green 

solvent having the typical clean, 

reneweable and sustainable properties 

(Duan et al., 2020 and Triyani and 

Herman, 2021). DES is a key solvent 

in solving the persisting challenges of 

toxicity, non-biodegradability, non-
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recyclability and volatility of the current used organic solvents.  Therefore, 

studies into the production of these valuable green solvent which has numerous 

applications in various fields calls for more attention. Therefore, chiefly, this 

review seeks to highlight the ideal applicability of DES in the production of 

lactic acid from agricultural feedstock.  

DESs have attracted increasing interest thus have become the subject of 

intensive research in various areas of science. They are readily available green 

solvents resulting from the availability and cheapness of their formulation raw 

materials, and the ease in their synthesis and storage (Triyani and Herman, 

2021). As pretreatment and/or extraction solvents, their applications have 

shown great promise in ensuring recyclability, biodegradability, less volatile, 

non-toxic, non-flammability, high tunability, high dissolution capability, ease 

and short time of preparation, and low costs (Emami and Shayanfar, 2020). It 

has shown very good applicability in the extraction of biological materials 

including DNA and RNA (Mondel et al., 2014, Sanap and Shankarling 2014). 

 

 
Figure 1: Total publications for DESs by 2020 (Emami and Shayanfar, 2020). 

 

DESs has numerous applications in various industries. It can be used as solvent 

for extraction and separation of both inorganic metallic components and organic 

compounds consisting of phenolic compounds, flavonoids, sugars, and aromatic 
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amines from food samples (Chen et al. 2019 and Duan et al., 2020). Its 

application extents to enhance crude oil recovery, CO2 captured, pretreatment 

of biomass, metal processing, extraction/separation, solvent electro-catalysis, 

development/reaction medium, electro-polishing, and as catalyst or catalyst 

carrier, etc. (Degam, 2017). Figure 1 shows the total publication of DESs from 

2004 to 2020 indicating the rapid acceptability and versatility of this green and 

novel solvent. In the pharmaceutical industries, DES serve as reaction media in 

the designing and preparation of drug delivery systems (DDSs) (Emami and 

Shayanfar, 2020). That is, they have exclusive application in nanotechnology, 

biotechnology, Catalysis, oil exploration, hydrometallurgy, electrochemistry, 

Extraction and Seperation processes, medicine (uniquely as vehicles for 

delivery of problematic drugs), etc. The suitability of DES has been revealed in 

metal electro-deposition (Ayşe and Serpil 2020), enzyme-catalyzed reactions 

(Lynam et al., 2017; Sheldon, 2016 and Wu et al., 2014), liquid separation and 

nanoparticle functionalization (Chen et al., 2018), extraction in biological 

materials (Mondel et al., 2014, Sanap and Shankarling 2014). There are very 

numerous areas remaining to authenticate the wide applicability of the DES; 

specifically, in food processing, the use of DES has not been examined for the 

production of lactic acid. 

 
Figure 2: Structures for a number of hydrogen bond acceptors (HBAs) and 

hydrogen bond donors (HBDs) used for deep eutectic solvent (DES) synthesis 

(Payam and Ghandi, 2019). 
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DESs were pronounced lately as capacity options to ionic liquids (ILs). 

Although they possess core characteristics that are similar to those of ILs such 

as low volatility, non-flammability, low melting points, low vapor pressure and 

dipolar nature; DESs have better properties spanning higher chemical and 

thermal stability, good biocompatibility, high solubility, low toxicity, 

biodegradable and higher tuneability. Moreover, DES has been reported to be 

better in all the characteristics it shares with the Ionic Liquids (Tang et al., 2014; 

Juneidi et al., 2017). 

DES is a liquid that is usually made up of two or more compounds that can self-

associate, often by hydrogen bond interactions, to form a eutectic mixture with 

a temperature lower than the temperature of each individual component (Abbott 

et al., 2004). DESs constitute majorly of non-flammable organic salts which are 

suggested substitute for volatile conventional organic solvents; usually 

hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs) with 

negligible vapor pressure (Juneidi et al., 2017). They usually consist of large 

nonsymmetrical ions, most commonly a quaternary ammonium cation coupled 

with a halide anion, which is complexed with a metal salt or a hydrogen bond 

donor (HBD). Figure 2 shows a number of common salts as HBAs and HBDs 

used to make DESs. 

 

DES Formulation and Classification 

DESs samples can be formulated in different molar ratios of hydrogen bond 

acceptor (HBA) such as Choline Chloride (ChCl), betaine and L-proline, and 

hydrogen bond donor (HBD) such as Urea, polyols, sugar, carboxylic acid 

(Triyani and Herman, 2021), glucose, sorbitol, oxalic acid, glycerol, ethylene 

glycol, etc. in an incubator shaker at an appropriate molar ratio.  The preparation 

is simple; no solvent or final product purification is required because no side 

products are formed (Li and Row, 2019). DES is formed by cation, anion and 

complex agents while Ionic liquids are formed by cation and anion only. DESs 

are prepared either by vacuum evaporation or heating. In the Vacuum 

Evaporating method (VEM), various components are dissolved in water and 

evaporated at 50oC with a rotatory evaporator. The liquid obtained is cooled to 

a constant weight in a desiccator. Using the Heating method DESs of known 

water content is formulated. In a bottle with a stirring bar and cap, the two-

component mixture with calculated amounts of water is heated for 30 - 90 min 

in a water bath below 50oC with agitation till a clear homogeneous liquid is 

formed (Chen and Tiancheng , 2019). Typical combination of two component 

in the formation of a DES can be represented as shown in figure 3 bellow. It is 

worthy of note that altering the components (different quaternary ammonium, 

phosphonium or sulfonium salts) and their ratios can yield a broad array of 

DESs with variation in the following physiochemical and thermal properties: 
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pH, density, refractive index (RI), viscosity, solvatochromic parameters, 

surface tension, octanol-water partition coefficient (Kow), conductivity, freezing 

temperature (Tf), glass transition temperature (Tg), melting temperature (Tm), 

decomposition temperature (Td), flammability, miscibility, miscibility and 

polarity (Degam, 2017; Payam and Ghandi, 2019). This component alteration 

brings about the formulation of different types of DESs that can be classified as 

types I to IV.  

 

Type (I) - a quaternary salt + a metal chloride (e.g. C2mimCl + AlCl3),  

Type (II) - a quaternary salt + a hydrated metal chloride (e.g. ChCl + MgCl2 · 

6H2O),  

Type (III) - a quaternary salt (HBA) + a hydrogen bond donor (HBD) (e.g. ChCl 

+ Urea), 

 

Type (IV) - a metal chloride + HBD (e.g. ZnCl2 + Urea) (Abbott et al., 2004) 

DES can also be classified as Natural and Hydrophobic DESs. Natural DESs 

(NADESs) which meet the green chemistry objectives are bio-based primary 

metabolites (plant cellular metabolites) (Payam and Ghandi, 2019) consisting 

of organic acids, sugars, alcohols, amines and amino acids. The Hydrophobic 

DESs are typical of exhibiting low or even negligible water miscibility, low 

vapor pressure, wide liquid range, low flammability, and high solvation 

capability. They can be simply prepared by mixing low-cost constituents in the 

right molar ratio. 
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Figure 3: Schematic representation of a eutectic point on a two component 

phase that formed DESs. (Degam, 2017). 

 

Distribution in the Research Field 

The Summary of the distribution of the DESs in research and industry, as seen 

in Fig. 4, gives an idea of the general direction of this new concept. The result 

shows that synthesis, the output of virtually every industrial process has the 

highest proportion of all fields, making approximately one-third of the chart. 

These proportions show advancement in the wide application of DESs with 

highest applicability (more than half of the references chart) in synthesis and 

electrochemistry. 

 
Figure 4: Percentage breakdown of references related to the DES research field 

(Degam, 2017) 

 

Uses and Application 

The uses of DES for biotransformation are gaining a lot of interest owing to its 

enhancement in the stability and action on enzymes like cellulose, lipase and 

protease, etc. Thus, there is need to evaluate biological interactions of DES and 

their utilization in biotransformation. The important features of DES has 

increased its potentials for utilization in various biochemical applications when 

compared to ionic liquids or conventional organic solvents (Domínguez et al., 

2011). Usually, although biotransformations have been performed using 

conventional organic solvents such as methanol, hexane and acetone; they are 
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typical to cause enzymes denaturation (Juneidi et al., 2017). Consequently, with 

the use of DES; enhance substrates dissolution and enzyme activation have been 

observed (Juneidi et al., 2017). 

DESs can be easily synthesized in high purity at low cost due to the low cost 

and high purity of the starting materials. Their synthesis procedure is very 

simple and straightforward, only requires the mixing of the quaternary 

ammonium, phosphonium or sulfonium salts and HBDs mechanically in an 

appropriate mole ratio and no waste products are formed during this reaction. 

Therefore, according to the twelve principles of green chemistry, synthesis of 

DESs is green and environmentally benign because their reaction has zero 

emissions, zero E-factor value, and 100 % mass efficiency (Deetlefs and 

Seddon, 2010). In terms of an economic perspective, DESs are inexpensive and 

approximately tenfold less expensive than the components of ILs (Degam, 

2017). 

The main advantage of DESs are their potential as more designable solvents 

attributive to their tunable physical, chemical and thermal properties (Smith et 

al., 2014). Considering that no chemical reactions occur during their formation, 

disrupting the complex structures in their matrix can be easy making the starting 

materials of DESs more easily recoverable. Considering the significant edge of 

the DES over other ILs in teams of applicability, DES is typically desirable as 

green alternatives for large-scale industrial applications.  Some DESs (ChCl-U- 

and ChCl-G based) are already available on commercial scale and are 

industrially applied in biodiesel synthesis (Zhao et al., 2013), purification 

(Abbott et al., 2007) and electrodeposition of metals (Abbott and McKenzie, 

2006). 

The DES has been reported applicability in the bulk processing of metals in the 

Fabrication of novel metal surfaces and Coatings (Ali et al., 2014, De Vreese et 

al., 2014 and Yanai et al., 2014) polymer synthesis (Liao et al., 2005), carbon-

carbon nanotube composite preparation (Gutiérrez et al., 2010) , biodiesel 

purification (Abbott et al., 2007), Pharmaceutical: drug solubilization 

(Morrison et al., 2009), biological transformations in Biotechnology and 

nanotechnology (Gutierrez et al., 2010) and CO2 absorption (Li  et al., 2008, Ali 

et al., 2014 and Lu  et al., 2015), extraction and separation of organic 

compounds in biomass pretreatment  and conversion, Enhanced oil recovery, 

and Medicine. DESs were also found to be viable solvents for the fabrication of 

novel metal surfaces and coatings and thermos-chromic polyvinylidene fluoride 
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composite film (Gu et al., 2011). DESs have been attracting significant attention 

as a greener media for organic synthesis (Serrano et al., 2012 and Dai et al., 

2014), materials synthesis and processing (Carriazo, et al., 2012) and 

biotransformations (Krystof et al., 2013, Pöhnlein et al., 2015). They have been 

the choice for a number of enzyme-based biotransformation, because of their 

excellent properties for a wide variety of solutes, including enzymes and 

substrates (Krystof et al., 2013, Pöhnlein et al., 2015). DESs have taken the 

place of ILs in the industrial synthesis of zeolite analogs (Cooper et al., 2004), 

nanoparticles (Liao et al., 2008), gold nanostars (Degam, 2017); extraction of 

aromatics from naphtha (Kareem et al., 2012), removal of excess glycerol from 

biodiesel fuel (Stassi et al., 2012), and electrochemical applications (Degam, 

2017). Recently DES is reported applicable as high-performance size exclusion 

chromatography packing materials (Tang and Row, 2015), sorbent for solid-

phase extraction (Karimi, et al., 2016), in pretreatment for nanofibrillation of 

wood cellulose (Sirviö et al., 2015), dissolution of biological samples (Helalat-

Nezhad  et al., 2015), biomass valorization (Vigier  et al., 2015), processing of 

leather (Abbott  et al., 2015), pulp fiber, and killing bacteria (Tenhunen  et al., 

2016). These copious application of DES caught the interest of many 

researchers in green chemistry. Table 1 shows the summary of applications of 

DESs in various fields. 

Most common in the aforementioned are the applications in biomasses 

pretreatment, and the subsequent extraction, separation and purification 

processes of the essential organic compounds and chemicals. In pretreatment of 

biomasses: carbohydrates, various conventional solvents like ILs have been 

reported toxic, high cost and environmentally unfriendly. Ren et al., (2016) 

produced a DES allyltriethylammonium chloride: oxalic acid at ratio of 1:1 for 

pretreatment of cellulose and they enhanced solubility of 64.8%. Sirvio et al., 

(2015) utilized 1:2 molar ratio of ChCl:Urea as DES for pretreatment of 

cellulose into individual nanofilbrils: a novel success in nanofibrils without 

chemical or mechanical modification of cellulose. In synthetic pretreatment, the 

intra-molecular hydrogen bonds in DES is particular in aiding the cleavage of 

hydrogen bonds in lignocellulosics materials, making the materials soluble for 

conversion, extraction and separation enhancement (Juneidi et al., 2017 and 

Chen and Tiancheng, 2019). It aids in overcoming the challenges of separation 

and purification of sugar based chemicals from lignocellulosics materials; that 

is, it guarantee only the solubility of sugar molecules in biomass rather further 
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conversion to undesirable products (Chen and Tiancheng, 2019). Also, DESs 

are reported to serve as both solvent and catalyst for the synthesis of bioactive 

compounds. Wan et al. (2018) reported their good interactions with enzymes 

and microorganism. Despite existed applications in biomass pretreatment and 

conversion, there are many contingencies for designing more efficient DESs to 

broaden applicability and to suit the complexity of some biomass. The above 

applications in lactic acid production have not been reported. However, DESs 

have been applied to examine the isomeric distribution of fructose, N-acetyl-D-

glucosamine, glucose and xylose in D2O; thus revealing its tendency in lactic 

acid synthesis from glucose. 

 

Limitations in DES Applications 

Regardless of the numerous possible applications of DESs and the advantages 

of their use, reports of the fundamental properties of these solvents are still 

rather scarce in the current literature. Few research works have dealt with 

measuring the properties of DESs (Degam, 2017). More studies is encouraged 

to reveal the full properties of this versatile solvent. Investigating the properties 

of novel solvents will increase the possibility of many future applications. For 

instance, having a knowledge of viscosity may help in the proper selection of a 

solvent and temperature that is suitable for a particular application which 

consequently saves material and energy (Degam, 2017). Therefore, the 

physicochemical and thermal properties of every applicable DES: industrial or 

laboratory scale, needs to be reported. 

 

Conclusion  

A variety of deep eutectic solvents can be prepared with properties superior to 

those reported for conventional solvents and ILs since DESs is less toxic, more 

biodegradable, and quicker and easier to prepare. Their unfavorable 

physicochemical properties can be surmounted by tailoring them: that is, 

altering the nature of the component salts, cosolvents and other 

physicochemical properties. Examining the properties and application of this 

novel solvent will increase the possibility of many future applications. 
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