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1. INTRODUCTION 

Globally, there is a gradual shift in modern scientific research through the utilization of non-toxic 
precursor materials for solvent formulation. The 21

st
 century concepts of ―green chemistry‖ forms the 

basis of most today’s scientific research. The key idea behind this concept is to provide alternative 

routes that can reduce the production and utilization of harmful materials that affect both human and 
the environment through the use of renewable, cheap and environmentally safe precursor materials. 

Almost all branches of chemistry have embraced this notion since its formal emergence in the early 

1990’s by adhering to the twelve (12) green principles proposed by Anastas and Warmer [1]. Based 
on these principles, the concept of ―green solvents‖ was proposed with the view to reduce the 

industrial impact on the environment by using safer and non-toxic solvents than the conventional 

solvents. The green solvents’ concepts that were proposed for implementations were summarized by 
[2]. They include: 

i. Replacing all volatile organic compounds (VOCs) that are used as solvents with non-volatile 

benign solvents, i.e. solvents that have negligible vapour pressure 

ii. Replacing all hazardous solvents with one that are non-toxic and environmentally friendly 

iii. Using bio-solvents that are obtained from renewable materials 

Since this idea ―green‖ was proposed in chemistry, there are considerable efforts to replace the use of 

toxic solvents in chemical productions and processes by finding new and benign solvents that are safe 

to both man and the environment. The current trends widely employed for the extraction of 

phytochemical and bioactive constituents from plant materials involves the use of volatile organic 

solvents [3, 4]. However, most of these conventional solvents used in the extraction of plant extracts 

are associated with high quantity of solvent utilization with long extraction times [5], they produce 

unacceptable residues in extract [6], highly volatile and therefore ends up in the atmosphere or in 

ground water [7-12] which results in environmental pollution. In addition, the critical temperature 

(>200 
o
C) of most of these traditional organic solvents are not suitable for isolation of bioactive 

compounds [13], since this may result in losing most of the volatile components in the plants. 

Abstract: The 21st century idea of “green chemistry” is gradually changing the modern scientific research 

towards the use of sustainable, safe and benign solvents as alternative to volatile organic solvents which are 

toxic and may be hazardous. One of such novel solvent that has been proposed to replace these harmful 

solvents is the use of deep eutectic solvents (DESs) because of their fascinating properties which have 

attracted the interest of many researchers since it was proposed in 2003 with a total of about 1,553 scientific 
publications in this area. Their high solubility property for solutes has envisaged their application as a 

benign solvent for extraction of bioactive substances in plants. In this overview, we have summarized the 

recent research progress of DES in its application as a solvent in the extraction of bioactive compounds from 

plants with the view to advance the concept of using non-toxic solvent in extraction processes. 
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Therefore, in the present modern extraction processes, there are high interests to reduce or completely 

eliminate environmentally harmful solvents as an extraction media by considering the use of ―green 

solvent‖ as an alternative due to its safe and high quality of extracts [14]. 

In the quest to find ―greener‖ solvents, researchers are therefore looking for environmentally benign, 

less expensive, non-toxic, renewable, biodegradable, less volatile and easy to produce precursor 
materials in formulating solvent. And to this, a new class of novel solvent called deep eutectic 

solvents (DESs) was developed more than a decade ago by Andrew Abbott and his co-workers [15]. 

According to the Abbott group, a solid organic salts and a complexing agent when mixed in the right 

proportion/ratio and upon heating results in producing liquid that have freezing point lower than the 
individual components. In addition, the temperature of the eutectic mixture is below the boiling point 

of water. The lowering of freezing point (Figure 1) is brought about as a result of hydrogen bond 

interaction between the complexing agent and the organic salts. The earliest and most widely studied 
eutectic mixture is that reported by [15] consisting of choline chloride (ChCl) and urea with melting 

point of 302 
o
C and 133 

o
C respectively. In this study, when the ChCl and urea was mixed at a molar 

ratio of 1:2 and was heated at 80 
0
C, room temperature solvents were obtained with freezing point of 

12 
o
C.  

 
Figure1. Eutectic point representation on a two component phase diagram 

Source: [16] 

Since the versatile discovery of the applications of DESs by the Abbott group, they have been termed 
as ―green solvent‖ because their properties (table 1) fulfil most of the twelve principles of green 

chemistry as outlined by Anastas and Warmer [1]. Some of the outstanding properties of DES 

include; wide electrochemical window, negligible volatility, non-flammable, non- toxic, consists of 
cheap and biodegradable components that can be found from natural occurring materials. 

Table1. Properties of DES in comparison with some of the principles of green chemistry 

S/No Principles of Green Chemistry Properties of DES 

1 Atom economy 

 

The atom economy of DES is 100% as its formulation does not 

involve chemical reactions [17, 27]. Thus, synthesis of DES 

involves the incorporation of 100% of the starting materials in 

the final product since DES formation involves simply mixing 

the basic components without lost of any atom. In addition, no 

waste or by-products are generated during the preparation of 

deep eutectic solvents. 

2 Less hazardous constituents and 
products 

Nearly all the precursors used in the formulation DESs are non-
toxic. For instance, choline chloride (vitamin B4) is non-toxic 

which is one of the most widely used components of DES and is 

approved by the European Food Safety Authority  either as an 

additive in chicken feed as well an essential micronutrient and 

human nutrients [29, 30]. 

3 Use of renewable feedstock The components of DES are generally obtained from inexpensive 

and renewable materials e.g. quaternary ammonium salts are 

readily available. 

4 Design for degradation Most of the components of DES are biodegradable [31] and as 

such do not persist in the environment for a longer period of 

time. For example, cholinium alkanoates based DESs are 

environmentally benign and biodegradable [32, 33]. 
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Moreover, these novel solvents can be formulated by simply mixing the appropriate components with 
100% atom economy without further purification [17]. Owing to their physical properties, many 

researchers have reported that DESs have feasible industrial applications [18-23]. As reviewed by 

Zhang et al., [24] and Tang et al., [25], there are many potential areas to which DESs can be applied. 

Their outstanding properties have been proposed as alternatives to most conventional solvents [26]. 

Generally, there is high interest by researchers in recent times and significant increase in the number 

of studies exhibited by scholars as evidenced in the DES publications in the literature [27, 28]. In 

order to highlight the growing interest of DES as green solvents, the authors have searched through 
Web of Science citation database and a total of 1,553 publications with the word ―deep eutectic 

solvent‖ were obtained as at 23
rd

 August, 2017. Out of which 120, 59, 22, and 5 are respectively 

reviewed articles, proceedings paper, meeting abstracts and correction and the rest (1,374) are 

research findings in the area of DES. However, readers should note that the Web of Science database 
will always be updating once there are articles published with the word ―deep eutectic solvent‖ and 

therefore the number of citations will be higher after the date quoted since more articles are possible 

to be published in this area. This clearly indicates that since the period from 2003 i.e. the year in 
which the Abbott group proposed for the first time the versatile use of DES to the present time, there 

is a wide acceptability for deep eutectic solvent as a green solvent in alternative to conventional 

solvents. 

In figure 2, the number of published articles from 2003 – 23
rd
 August, 2017 is presented. It is clear 

from this figure that the number of articles keeps increasing year after year and this could be 

attributed to a number of factors. For instance, the simplicity in formulating the solvents, its non-

toxicity and as well the interest in exploring it for potential application in many areas of chemistry as 
benign solvent. 

It is worth to mention to readers that, there were dearth of research reports with regard to eutectic 

mixtures in the literature before the work of Abbott and co-workers in 2003.  In this review, the 
authors have focused only on the description of the utilization of DES as a green solvent in the 

extraction/isolation of bioactive components from plants. 

 

Figure2. Recent trends in DES publications. Source: Web of Science Citation Database, 23rd August, 2017 

2. DEEP EUTECTIC SOLVENT AS A NOVEL BENIGN EXTRACTANT FOR BIOACTIVE COMPOUNDS IN 

PLANTS 

Solvent extraction remains one of the traditional basic ways of isolating bioactive compounds from 

plants. The process is based on mixing the plant samples with a suitable solvent using any of the 
extraction methods. There are several extraction techniques that have been reported in the literature 

such as ultrasound-assisted extraction (UAE), pressurized liquid extraction (PLE), microwave-assisted 

extraction (MAE), heat reflux extraction (HRE) and headspace-solvent micro-extraction (HS-SME) 
[34-39]. Traditional solvents commonly used are mostly volatile organic compounds (VOCs). 

However, there are environmental concerns due to their toxicity as well as low yield resulting from 

the use of VOCs as an extraction media. Hence, such class of solvents limits their application in areas 
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where purity of products is vital such as in pharmaceutical and food industry. This has necessitated 
the search of sustainable and benign solvents as extractants. To this, deep eutectic solvents have 

emerged as an alternative due to the aforementioned desirable properties that qualify them as green 

solvent (table 1). Furthermore, there is suggestion in the literature that for water insoluble compounds, 

DESs have a superior dissolution and extraction ability [24]. This has been confirmed where the 
solubility of rutin in DESs was found to be at least 50-fold higher than in water [40].  In this section, 

the authors intend to summarise some of the scientific findings relating to the use of DES as a green 

solvent for the separation of phytochemical components from plants. Though, it has been reported that 
there are relatively few number of articles in the literature of DESs used as media for the extraction of 

natural products in plants [41]. However, the authors have tried in this review to present the available 

literature to them on DESs application as solvent in the extraction of plant components.  

Different types of DESs have been reported by [42] for the extraction of phenolic metabolites from 
safflower. A significant amount (between 75% and 97%) of phenolic metabolites was recovered from 

the DES. Hydrogen bonding occurring between DES molecules and phenolic compounds according to 

the authors was responsible for the high extraction efficiency. In a similar manner, Bi and co-workers 
[43] studied the application of seven alcohol-based DESs to extract myricetin and amentoflavone 

(flavonoids) from Chamaecyparis obtuse. In this study, ChCl/1, 4-butanediol DES at a molar ratio of 

1:5 was found to be the best DES to extract myricetin and amentoflavone. It was further observed that 
the use of DESs enhanced the solubility of flavonoids, which indicates the extraction efficiency of 

DES for bioactive compounds from plant materials. Tang et al., [38], have used headspace-solvent 

microextraction (HS-SME) as an extraction technique to extract three terpenoids from chamaecyparis 

obtuse leaves using deep eutectic solvents which was based on ChCl/ethylene glycol at different 
ratios. The terpenoids were recovered at a very high percentages ranging between 79.4 – 103 %. 

Zhao et al., [31] investigated the extraction of flavonoid from the flower buds of Sophora japonica 

using several choline based deep eutectic solvents. It was found that eutectic solvents based on 

choline/triethylene glycol can be efficiently used as a potential green solvent for the removal of rutin 

in sophora japonica with an extraction efficiency of 194.17 ±2.31 mg.g
-1
. In an attempt to broaden the 

usage of DESs in the extraction of bioactive compounds from plants, Duan et al., [44] have used 

many choline chloride, betaine (Bet)-, and L-proline (Pro)-based DESs to extract alkaloids, phenolic 

acids, saponins, flavonoids and anthraquinones from five Chinese herbal medicines (Berberidis Radix, 

Epimedii Folium, Notoginseng Radix et Rhizoma, Rhei Rhizoma et Radix, and Salviae Miltiorrhizae 

Radix et Rhizoma).Their findings showed that most of the DESs used were more effective in 

extracting alkaloids than anthraquinones. The researchers concluded that the extraction ability of DES 

may be associated with their physicochemical properties, including hydrogen bonding interactions, 

polarity, viscosity, and pH. In a review article by [28], the authors pointed out that polarity is an 

important property of solvent for its ability to dissolve solutes. However, it was found that there are 

little available information with regards to the polarity of DESs in the literature. In their studies, Nisar 

et al., [45] have used deep eutectic solvent composed of choline chloride and glycerol to extract some 

phytochemicals from Catharanthus roseus roots, stems, leaves, and flower petal. The results indicated 

the presence of many active chemical constituents including alkaloids, saponins, steroids, terpenoids, 

phenol, flavanoids and reducing sugar. 

 Recently, Piemontese et al., [46] have compared the extraction efficiency of volatile organic solvents 

and deep eutectic solvents to extract ochratoxin A in wheat and derived products. It was discovered 

that DES based on choline chloride with a mixture of urea and glycerol can be an excellent substitute 

for conventional solvents in the extraction of ochratoxin A. It has been shown that deep eutectic 

solvents can be used as an additive of conventional solvents to extract bioactive compounds from 

plants. For instance, Park et al., [47] have used DESs based on tetramethyl ammonium chloride/ urea 

(molar ratio of 1:4) as an additive to methanol to extract two active compounds (chlorogenic and 

caffeic acids) from Herba Artemisiae Scopariae. Under optimal experimental conditions, about 9.35 

mg/g of chlorogenic acid and 0.31 mg/g of caffeic acid were extracted. Tang et al., [48] have further 

demonstrated the use of DES as an additive to extract three flavones (quercetin, myricetin and 

amentoflavone) from Chamaecyparis obtusa leaves. Methanol was also used as a conventional 

solvent and when the DES was added as an additive, the author observed a remarkable increase in the 

amounts of the flavones extracted. Thus, it can be concluded that using DES as an extraction additives 

can affect solvent properties. 
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Utilizing a microwave-assisted extraction (MAE) technique with a series of choline chloride based 
DESs, Li et al., [49] have extracted catechins from the leaves of camellia sinensis. They found that 

DESs made of ChCl and lactic acid possessed the highest ability to extract catechins from the plant 

sample. In that study, the recovery yields were in the range 75.2 – 86.1 %. The extraction of phenolic 

acids (rosmarinic acid and salviaflaside) in Prunella vulgaris was carried out by [50]. In this study, an 
alcohol based DESs were used as the media solvent at different extraction conditions. About 3.658 mg 

g
-1

 and 1.049 mg g
-1

 of rosmarinic acid and salviaflaside respectively were extracted. The results 

obtained in this work proved that the amount of rosmarinic acid and salviaflaside extracted were 
higher compared to the previously reported extraction technique and conventional solvents in the 

findings of Chen et al., [51-53]. Nam et al., [54] have compared the extraction efficiency of DES with 

conventional solvent (methanol) to extract bioactive compounds from a biomass. The investigation 

showed that DES based solvent was more effective than methanol in extracting quercetin, kaempferol 
and isorhammetin glycosides from flos sophorae. The antioxidant activity measured in this study 

further revealed that DES based solvent have the ability to enhance the bioactivity of the extracts and 

the recovery of flavanoids was far much higher than the use of methanol as conventional solvent. 

Generally, DES tends to exhibit a very high viscosity and thus will limit their solubility property to 

extract bioactive compounds in plants. However, it has been suggested that the reduction of the 

viscosity via addition of water can lower the viscosity and hence increase their solubility behaviour 
[55]. A few numbers of studies have reported the addition of water in other to reduce the viscosity of 

DES and these have significantly enhanced the extraction yields. For instance, the viscosity of ChCl-

oxalic acid based DES was reduced by adding 25% of water and used to extract flavanoids from grape 

skin. It was found that the mixture produced a maximum yield of the bioactive compounds where a 
high amount of flavanoids ((+) catechin) was obtained in comparison with pure ChCl-oxalic acid DES 

[56]. In a further study, a microwave-assisted extraction method was reported by [57] to extract 

phenolic compounds from cajanus cajan leaves using different types of DESs. Addition of 20% (v/v) 
of water was found to increase the extraction efficiency of the phenolic compounds from 40 to 60 % 

owing to decrease in the viscosity of the eutectic mixture. 

3. CONCLUSION  

Since from the year (2003) in which the Abbott group proposed the versatile use of DES to the 
present time, there is a wide acceptability for it as a green solvent and therefore be an alternative to 

conventional solvents. In this overview, we have presented that DES has the potential to replace 

conventional organic solvents in the extraction of bioactive compounds from plants. Though, there are 
very few numbers of articles published in the use of the solvent for extraction. We suggest that the 

concept of using non-toxic solvents as well as its precursors should be the paramount priority of 

modern chemists. 
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