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1. INTRODUCTION 

 

1.1. GENERAL INTRODUCTION TO DEEP EUTECTIC SOLVENTS 

Since the potential for new chemical technology was recognized two decades ago, 

research into ionic liquids (ILs) has exploded. During the previous two decennia, ionic 

liquids (ILs) have a noticeable effect, particularly in the fields of catalysis, 

electrochemistry, material chemistry, and new for the pre-treatment of biomes [1-3]. At the 

onset of this investigation, researchers mostly concentrated on the development of ionic 

liquids by blending metal salts, chiefly Zinc, Aluminium, Tin, and Iron chlorides, with 

quaternary ammonium salts. Although both salts have very high melting points, their 

decent blending provided the production of a liquid phase known as eutectic mixtures 

are usually characterized by a large depression of freezing point, probably higher than 

150°C.  After the introduction of the interpretation of green chemistry at the beginning of 

the 1990s, the inquiry for metal-free ionic liquids (ILs) has developed of spreading 

significance [4].  

The ionic liquids (IL) play a noteworthy role recently in chemical applications 

because of their recognized physicochemical properties such as low toxicity, indistinct 

vapor pressure, high solubility, and their existence in the liquid state [5-7] over a wide range 

of temperatures. Due to these reasons ionic liquids are commonly used as solvents in 

chemical laboratories and for industrial processes such as CO2 capture [8-10], extraction [9] 

and biomedical applications [9] battery development [11-12], electrochemical applications [13] 

and biocatalysts [14-15], organic synthesis [16], material synthesis [17].In this chapter, 

enormous works were carried to the improvement of Ionic Liquids by adding an organic 

cation (normally imidazolium-based cations) with a huge kind of anions, the most 

frequent ones being Cl2, BF4, PF6.  From that point in time, ionic liquids have developed 
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as innovative types of promising solvents.  The chance to change chemically the cationic 

moiety in a mixture with a large choice of anions offers researchers a wide range of ionic 

liquids showing various physical properties such as melting point, solubility, viscosity, 

density, conductivity, and refractivity.  For example, Seddon and co-workers have 

reported that 1018 different ionic liquids can be theoretically produced in 2009. Among 

them, 250 ionic liquids were already commercialized [18].  Due to their low vapour 

pressure and high boiling point, they are eco-friendly and thus ionic liquids (ILs) were 

accepted as green solvents. 

Many reports mentioned the harmful toxicity and the poor biodegradability of 

most ILs as reported by Romero et.al [19].   ILs with very high purity are mandatory since 

impurities even in little amounts change their physical properties.  In addition, their 

synthesis is fair to be eco-friendly since it generally requires many salts and solvents to 

exchange the anions completely.  Unfortunately, these drawbacks altogether with the high 

price of common ILs, slow down their industrial materialization.  Thus, new concepts are 

now strongly desired to develop these systems in a more balanced way.  

Qinghua Zhang et al. reported that to surmount the high price and toxicity of 

ILs, an invention of solvent, named Deep Eutectic Solvents (DES) [20], have emerged 

at the early stage of this century. Production of these DESs can be obtained by simple 

mixing of two safe components (cheap, renewable, and biodegradable), which has the 

capability of forming a eutectic mixture. One of the most common components used for 

the formation of these DESs is choline chloride (ChCl). Choline chloride is a very cheap, 

biodegradable, and non-toxic quaternary ammonium salt that can be either extracted from 

biomass or readily synthesized from fossil reserves (million metric tons) through a very 

high atom economy process.  ChCl can form a DES quickly when combined with safe 

hydrogen bond donors like urea, renewable carboxylic acids (e.g., oxalic, citric, 
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succinic, or amino acids), or renewable polyols (e.g., glycerol, polysaccharides).  

Although most of DESs are made from ChCl as an ionic species, DESs cannot be 

considered as ILs due to two reasons. Firstly, DESs are not fully composed of ionic 

species and secondly, can also be obtained from non-ionic species. 

When compared with the usual ionic liquids, deep eutectic solvents obtained 

from ChCl draw together many advantages as listed below. 

1. Cheap 

2. Chemical inertness with water (i.e., safe, and easy storage) 

3. Easy to synthesize since DESs are obtained by simply mixing two components, thus 

overcoming all problems of purification and waste disposal generally encountered with 

ILs. 

4. Most of them are biodegradable [21], biocompatible [22] and non-toxic [23], reinforcing the 

greenness of these media [24] as reported by Y. Yu et al., K. D Weaver et al., F. Ilegan, et 

al., D. Reinhardt. 

Cooper et al. [25] first announced another sort of solvothermal combination in which 

ILs were utilized as both the solvent and the structure-directing agent (SDA) in the blend 

of zeolites. This approach has been named ionothermal synthesis and, since this original 

work, has gotten perhaps the most broadly utilized synthetic strategies among the zeolite 

area. Curiously, it was likewise reached out to the preparation of not just other open-system 

structures metal–natural systems, covalent–natural structures or polymer–natural systems 

among others—yet in addition periodic mesoporous silicas and organosilica. While 

perceiving the enormous concepts in this theme, the focal point of this audit won't be on 

the utilization of ILs helped synthetic measures for the readiness of open-system structures, 

on the grounds that there are now excellent reviews and books that cover most of the new 

advances here [26]. 
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DESs have physico-chemical properties that are extremely similar to those of 

typical ILs (density, viscosity, refractive index, conductivity, surface tension, chemical 

inertness, etc.). For this reason, DESs derived from ChCl are named “biocompatible” or 

“renewable” ionic liquids in a few studies. Due to their low environmental path and 

attractive price, DESs have now become of rising interest both at intellectual and 

manufacturing levels.  The number of publications dedicated to the use of DESs is now 

rapidly growing in the present literature and further indicating the magnetism of these 

media. 

1.2. DEEP EUTECTIC SOLVENTS-DEFINITION 

A Deep Eutectic Solvent is commonly a combination of two or three cheap and  

safe components which can blend with each other, through hydrogen bond interactions, 

to form a eutectic mixture. The prepared DES is characterized by a melting point lower 

than that of the individual component. Generally, DESs are characterized by a huge 

depression of freezing point and are liquid at temperatures lower than 150°C.  Most of 

them are liquids between room temperature and 70°C.  In most cases, mixing of a 

quaternary ammonium salt with a metal salts or a hydrogen bond donor (HBD) that can 

form a complex with the halide anion of the quaternary ammonium salts a DES is 

obtained. Large, nonsymmetric ions with low lattice energy and thus low melting points 

are found in DESs. A quaternary ammonium salt is normally complexed with a metal salt 

or a hydrogen bond donor (HBD) to prepare DES. The decrease in the melting point of the 

mixture compared to the melting points of the individual components is due to charge 

delocalization caused by hydrogen bonding between, for example, a halide ion and the 

hydrogen-donor moiety. Scheme1 summarizes the different quaternary ammonium salts 

that are broadly used in combination with various HBDs in the formation of DESs.  

 



5 
 

 

Scheme 1: Typical structures of the halide salts and hydrogen bond donors used for 

DES   syntheses 

 

In 2007, Abbott and co-workers defined DESs using the general formula R1 R2 R3 R4 

N+ X- Y- [27]. 

Type1:  DES Y=MClx, M=Zn, Sn, Fe, Al, Ga, 

Type2:  DES Y=MClx. yH2O, M=Cr, Co, Cu, Ni, Fe 

Type3:  DES Y= RZ with Z=-CONH2, -COOH, -OH 

The same group also defined a fourth type of DES which is composed of metal 

chlorides (e.g., ZnCl2   mixed with different HBDs such as urea, ethylene glycol, 

acetamide or hexanediol (Type 4 DES). 

Recently, deep eutectic solvents (DES) have emerged as the alternatives for ionic 

liquids at room temperature. Deep eutectic solvents commonly indicate a mixture of a 
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halide salt and a hydrogen bond donor (HBD) to give a liquid below 100°C. The amazing 

qualities such as acceptance to humidity, non-combustible due to irrelevant vapour 

pressure, stability at high temperature, cheap, non-hazardous, reusable and recyclable [28] 

natures of DES make them replace ionic liquids. 

1.3. PHYSICOCHEMICAL PROPERTIES OF DEEP EUTECTIC SOLVENTS 

DESs are chemically modified solvents since they can be planned by properly 

combining various quaternary ammonium salts (e.g., ChCl) with different hydrogen bond 

donors (HBD).  Hence, task-specific DESs with different physicochemical properties such 

as freezing point, viscosity, conductivity, and pH, among others, can be identified.  Due 

to their potential applications, many works have been committed to the physicochemical 

characterization of DESs. 

1.3.1 Freezing point (Tf) 

We know DESs are formed by mixing two solids capable of generating a new 

liquid phase by self-combination through hydrogen bonds.   This new phase is generally 

characterized by a lower freezing point than that of individual components.  For example, 

when ChCl and urea are mixed in a molar ratio of 1:2, the freezing point of the eutectic 

mixture is 12°C, which is considerably lower than that of ChCl and urea (melting point of 

ChCl and urea are 302 and 133°C, respectively).  The significant depression of the 

freezing point shows from an interaction between the halide anion and the hydrogen 

bond donor component, here urea.  For all reported DESs, their freezing points are below 

150°C.  In general, DESs with a freezing point lower than 50°C are more attractive since 

they can be used as economical and eco-friendly solvents in many fields. 

1.3.2. Density  

The density is one of the most vital physical properties of solvents.  In general 

densities of DESs are calculated by means of a specific gravity meter.  Most of DESs 
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show higher densities than water.  For instance, type IV ZnCl2-HBD eutectic mixtures 

have densities higher than 1.3 g cm-3.  Among them, density of ZnCl2-urea (1:3.5) and 

ZnCl2-acetamide (1:4) are different (1.63 and 1.36 g cm-3, respectively.  This 

significant difference in density might be attributed to a different molecular group or 

packing of the DES.  Note that densities of both DESs are higher than those of pure HBDs 

(acetamide: 1.16 and urea: 1.32g cm-3).  This phenomenon may be explained by the hole 

theory.  Like imidazolium-based ILs, DESs are composed of holes or empty vacancies.  

When ZnCl2   was mixed with urea, for instance, the average hole radius was decreased, 

resulting in a slight increase of the DES density as compared to that of urea [27]. 

1.3.3. Viscosity 

Like most of the ILs, the viscosity of DESs is a significant topic that needs to be 

concerned.  Except for the ChCl-ethylene glycol (EG) eutectic mixture, most of the 

DESs exhibit relatively high viscosities (˃100cP) at room temperature.  The high 

viscosity of DESs is often accepted to the presence of an extensive hydrogen bond system 

between each component, which results in lower mobility of free species within the 

DES. The large ion size and very small void volume of most DESs but also other forces 

such as electrostatic or Vander Waals interaction may contribute to the high viscosity of 

DES. Owing to their potential applications as green media, the development of DESs 

with low viscosities is highly enviable.  In general, viscosities of eutectic mixtures are 

mainly exaggerated by the chemical nature of the DES components (type of the 

ammonium salts and HBDs, organic salt/HBD molar ratio, etc.), the temperature, and 

the water content.  As discussed above, the viscosity of DES is also dependent on the 

free volume. Hence, the hole theory can also be used to design DESs with low viscosities.  

For example, the use of small cations or fluorinated hydrogen-bond donors can lead to the 

formation of DES with low viscosity [29]. 
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1.3.4. Ionic conductivity 

Due to their comparatively high viscosities, most of DESs show poor ionic 

/conductivities (lower than 2 mS cm-1 at room temperature).  Conductivities of DESs 

generally increase noticeably as the temperature increases due to a decrease in the DES 

viscosity. Hence, the Arrhenius-like equation can also be used to calculate the conductivity 

behaviour of DESs.  Taking into explanation the changes of the organic salt/HBD molar 

ratio greatly impact the viscosities of DES, this factor also radically influences the 

conductivities of DESs [30]. 

1.3.5 Acidity or Alkalinity 

The Hammett function has been broadly used to calculate the acidity and basicity 

of non-aqueous solvents by determining the ionization ratio of indicators in a system.  

For a basic solution, the Hammett function shows the affinity of the solution to 

attracting protons.  When weak acids are selected as indicators, the Hammett function H  

is defined by the following equation. 

H+= pK (HI) + log([I-] / [HI] ) 

Where pK (HI) is the thermodynamic ionization constant of the indicator in water, 

[I-] and [HI] represent the molar concentrations of anionic and neutral forms of the 

indicator respectively. A medium with a large H+
 value has strong basicity. Note that when 

the system contains 1-3wt% of water, the H values decreases somewhat due to partial 

solvation of basic sites [31]. 

1.4. BINARY DEEP EUTECTIC SOLVENTS (BDES) 

Deep eutectic solvents are eutectic mixtures of Lewis or Bronsted acids and bases 

that can contain a wide range of anionic and cationic species [32].  They are categorized as 

ionic solvents with unique properties. The combination of two compounds forms a eutectic 

with a melting point that is much lower than any of the individual components [33].  
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A 1:2 mole ratio of choline chloride and urea created one of the most important 

deep eutectic phenomena ever observed. The resulting mixture has a melting point of 12 

°C (much lower than choline chloride's melting point of 302 °C or urea's melting point of 

133 °C), making it liquid at room temperature [34]. 

The first generation of eutectic solvents is composed of quaternary ammonium salts 

coupled with hydrogen bond donors including amines and carboxylic acids [35]. 

1.4.1 Types of Deep Eutectic Solvents: 

Eutectic solvents are divided into four categories:  

 

DES has a low density and can be liquid at a wide range of temperatures, up to -50 

°C in some cases [36]. DESs are much less costly to manufacture and are often 

biodegradable.   As a result, DES can be used as a solvent that is safe, efficient, simple, and 

inexpensive [37]. A Binary deep eutectic solvent (BDES) is a fluid made up of 

two inexpensive and harmless components that can self-associate, usually by hydrogen 

bond interactions, to form a eutectic mixture with a melting point lower than the melting 

point of each component individually as reported by Zhang et al [20]. 

For the first time, binary and ternary deep eutectic solvent (DES) mixtures based 

on choline chloride, ethylene glycol, oxalic acid, urea, and fructose were used as a medium 

for electropolymerized of poly(methylene blue) (PMB) on glassy carbon electrodes (GCEs) 

Types of DES Components 

Type I Quaternary ammonium salt + metal chloride 

Type II Quaternary ammonium salt + metal chloride hydrate 

Type III Quaternary ammonium salt + hydrogen bond donor 

Type IV Metal chloride hydrate + hydrogen bond donor 
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and GCEs changed with multiwalled carbon nanotubes (MWCNTs) as reported by Lucía 

Abad-Gil et al[38]. 

The use of DESs and NADESs in biofuel [39,40–42] and bio-oil extraction [43,44], as 

reaction media or extractive factors [45], and as media to control intermolecular interactions 

[46] as one of broad lists of applications [20,47,48]. 

1.5. TERNARY DEEP EUTECTIC SOLVENTS (TDES) 

The combination of three components forms ternary deep eutectic solvents. Yu-

Ting Liu et.al. prepared and reported that Imidazolium halides, zinc halides, and amides 

were used to generate a set of room-temperature ternary deep eutectic solvents (TDESs). 

In the sequence, the [BMIM]Cl–ZnCl2–acetamide (1:1:1) system has the lowest freezing 

point (-60 °C) and density [49]. Deep eutectic solvents (DESs) can be used as designer media 

with a wide range of physical, chemical, electrochemical, and spectroscopic properties [50]. 

TDES is more thermally stable than BDES and has a larger free volume, making it 

potentially beneficial for high-temperature sorption applications. Because of its 

environmentally benign preparation procedure, the TDES is predicted to be capable of 

large-scale industrial applications [51]. 

Ternary deep eutectic solvents (DESs) were designed to facilitate quick and high-

solid biomass pretreatment as well as the production of concentrated sugar hydrolysate 

reported by Chen et al [52]. TDES loses less weight than BDES as the temperature rises, 

indicating that it is more thermally stable. Because of its lower viscosity and higher 

conductivity, as well as its low freezing points, TDES is suitable for enhancing polar 

reactions. Furthermore, since TDESs based on zinc halides have a Lewis acidic centre, they 

can be used as both a catalyst and a dye [49]. 

https://www.sciencedirect.com/science/article/pii/S1388248121000515#!
https://www.sciencedirect.com/science/article/pii/S1388248121000515#!
https://www.sciencedirect.com/science/article/abs/pii/S1001841713004294#!
https://www.sciencedirect.com/science/article/abs/pii/S1001841713004294#!
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Two series of liquids at room temperature, choline chloride–urea–glycerol and 

choline chloride–malic acid–glycerol, were synthesized in different molar ratios and their 

properties were investigated by Mohammed A.Khadhom and associates [53]. 

Yu-hui Chi et.al. reported as the proportions of lignin and hemicellulose removed 

was 88.39 per cent and 84.38 per cent, respectively, under optimal conditions (DES ratio 

of 1: 1: 1.5, 120°C, 4 h), with enzymatic intake reaching 59.3 per cent in the subsequent 

enzymatic saccharification with a short period (5 days) and low enzyme load (30 FPU g-1) 

[54].  TDESs with the best composition is made from choline chloride, oxalic acid, and 

ethylene glycol (n/n/n, 1/1/3). Water-TDESs (50 vol per cent TDES in water-TDESs) 

prepared by Weiyang Tang et al., was used as solvents in a heating phase (60°C) for 30 

minutes at a solid/liquid ratio of 1:10 g/mL to extract flavonoids [55]. 

1.6. ZINC CHLORIDE-BASED DEEP EUTECTIC SOLVENTS 

In 2015 Fatemeh S.Ghareh Bagh and associates reported  Deep mixture solvents 

(DESs)  have gained interest due to their melting temperatures, viscosities, electrical 

conductivities, refractive indices, likewise as an electrical window over a good vary of 

temperatures, The ammonium-based deep mixture solvents possessed lower melting 

temperatures, lower viscosities and higher electrical conductivities as compared to 

phosphonium-based ones. The deep mixture solvents made from B complex chloride and 

metal (II) chloride at a mole magnitude relation of 1:1 possessed high conductivities, 574-

4779µS cm-1, comparatively low viscosities, 0.8278-0.2842 Pa-s, and wide 

electrochemical window, 3.74 V among the studied temperature vary [56]. 

ZnCl2: Acetamide DES (in 1:4 molar proportion) keeps up its fluid-structure till 

temperatures as low as -16 °C [57] accordingly giving a wide scope of temperature whereby 

it can be utilized as a solvent. The freezing point of ZnCl2 is 293oC, that of acetamide is 
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81oC, while the DES shaped out of these in the salt: H-bond bond factor molar proportion 

of 1: 4 is pretty much as low as- 16oC [58] as reported by Tripti Kumari & co-workers. 

The use of a DES containing zinc chloride and choline chloride as a non-volatile 

solvent and catalyst for one-step heterogeneous production of acetylated chitin 

nanocrystals is reported. This type of DES acts as better catalysis of the functional reaction. 

The thermal stability of Chitin Nano Crystals decreased after being treated by Choline 

Chloride/ZnCl2 and showed less expenditure and toxicity as reported by Shu Hong et.al [59]. 

Lian. H reported that the incorporation of Zn improved the stability even at various 

temperatures and upgraded lignin's reactivity towards phenol-formaldehyde resin 

arrangement [60]. DES containing Choline chloride (ChCl) and Zinc chloride (ZnCl2) is 

widely used as a Lewis acid catalyst and reaction medium for a variety of reactions, 

including Diels–Alder reactions [61], Fischer indole annulation [62], esterification of long-

chain carboxylic acid [63], O-acetylation of cellulose and monosaccharides [64], and car 

protection [65]. 

Patil et al. [66] examined the performance of the most used Lewis-acid type DES 

ChCl-ZnCl2 as a catalyst and solvent in the synthesis of primary amides from aldehydes 

and nitriles. The use of DES in the reactions generated green and atom efficient synthesis 

by reducing waste and toxic material, according to the authors. 

A deep eutectic solvent based on choline chloride–zinc chloride is a green and 

effective reaction medium for the [2+3] cycloaddition reaction of organic nitriles with 

sodium azide to yield 5-substituted 1H-tetrazoles [67]. 

Yu-Ting Liu and associates reported that a series of novel room-temperature ternary 

deep eutectic solvents (TDES) were successfully prepared using imidazolium ionic liquids, 

zinc halides, and amides. TDES is ideal for enhancing polar reactions due to its lower 

viscosity and higher conductivity, in addition to its low freezing points. Furthermore, the 
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presence of a Lewis acidic core in TDESs based on zinc halides allows them to be used as 

both a catalyst and a dye [68]. 

By replacing AlCl3 with more stable metal halides such as ZnCl2 to form eutectic 

derived ionic liquids, the moisture sensitivity of these systems can be reduced somewhat 

[69]. DESs based on choline chloride and zinc chloride was first introduced by Abbott et al. 

as low-cost, readily available substitutes to ILs in synthesis. Diels–Alder cycloaddition, 

Fischer indole annulation, and polymerizations have all been successfully carried out with 

these ChCl–ZnCl2 Lewis acidic solvents [70,71]. 

Since starch is soluble in choline chloride: oxalic acid and choline chloride: ZnCl2, 

these DESs could be used as a solvent for chemical changes of starch as reported by Biswas 

et al [72]. 

The presence of metal salts such as ZnCl2 in Types I, II, and IV DESs gives them a 

Lewis acidic character. ChCl-ZnCl2 (1:3) had several advantages, including low toxicity, 

low cost, and ease of handling. It could also be reused up to five times without losing its 

catalytic activity as reported by Ayşe Ezgi Ünlü et. al [73]. 

In Friedel-Crafts acylation reactions, Tran et al. used ChCl-ZnCl2 as a catalyst and 

a green solvent. Under microwave irradiation, they achieved high regio- and chemo- 

selectivity in reactions involving acid anhydrides and the catalyst ChCl-ZnCl2 (1:3 molar 

ratio) [74]. 

1.7. MALONIC ACID-BASED DEEP EUTECTIC SOLVENTS 

A deep eutectic solvent (DES) made from choline chloride and malonic acid was 

made quickly and cheaply. In a one-pot, the four-component reaction of amines, aldehydes, 

1, 3-dicarbonyl compounds, and nitromethane, was used as a dual catalyst and reaction 

medium for the synthesis of functionalized pyrroles [75]. 
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Some ChCl with Carboxylic-acid-based DESs has also been reported to undergo 

chemical reactions such as esterification between DES components. As a result, it was 

discovered that a number of DESs containing ChCl and carboxylic acids (lactic acid, 

glutaric acid, glycolic acid, malic acid, malonic acid, oxalic acid, and levulinic acid) 

undergo an esterification reaction between the hydroxyl group of choline chloride and the 

carboxylic acid [76]. 

The efficiency of two DESs - choline chloride-malonic acid of molar ratios 1:1 and 

1:0.5 - in enhancing oil recovery was investigated for the first time by Iman Al-Wahaibi et. 

al [77]. Gunny et al investigated the use of the DES-cellulase mechanism to hydrolyze 

lignocellulose from rice husk. The DES is comprised of choline chloride and a hydrogen-

bond donor molecule (glycerol, ethylene glycol, or malonic acid) [78]. 

1.8. MANGANESE BASED DEEP EUTECTIC SOLVENTS 

Five novel manganese (II)-based DESs were successfully synthesized by Koon-Kee 

Kow et al and they reported that the MnCl2.4H2O acetamide DES has the lowest freezing 

point (27.5 °C), the highest thermal stability (193 °C point of dehydration), the lowest 

viscosity (ŋ = 112.8 cP), and the highest conductivity (0.12723 mS/cm [79]. 

Mesoporous alpha-manganese dioxide (MnO2) was synthesized by Xiaochen Lai et 

al., using a 1:7 molar ratio of manganese (II)-based deep eutectic solvent (DES) of 

MnCl2•4H2O and acetamide. The DES can be used as both a solvent and a reducing agent. 

Congo red (CR) was removed from aqueous solutions using as-prepared samples that were 

characterised and used as absorbents [80]. 

1.9. SUGAR-BASED DEEP EUTECTIC SOLVENTS 

The glucose-based novel DESs have the potential to be used for a variety of 

industrial applications, including food processing and separation, pharmaceutical 

applications, and chemical reaction mediums as reported by Adeeb Hayyan[81].  
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Two DESs d-glucose: choline chloride: water (GCH) and d-glucose: citric acid: 

water (GCiH) has been characterized by Fernando Bergua et al.,[82] and the used techniques 

to analyze both the supramolecular structure and the role of water and to calculate the 

diffusion coefficients. 

For the first time, deep eutectic solvents (DESs) made NMR up of natural 

compounds like choline chloride (ChCl) and sugars were proposed as NH3 absorbents by 

Zi –Liang Liu et al. The absorption of NH3 in DESs exhibits non-ideal behaviour due to 

the abundance of hydroxyl groups that allow strong hydrogen-bond interaction with NH3, 

and the NH3 capacities show a small decrease as temperatures rise. The absorption of NH3 

in ChCl + sugar DESs also exhibits strong selectivity over other components in industrial 

tail gas (e.g., N2, H2, and CO2), as well as reversibility [83]. 

Ionic liquids are used in a unique technique to separate sugars from combinations 

of fructose and glucose in a liquid phase or a solid mixture containing the fructose and 

glucose patented by AlNashef et al.,[84]. 

Deep eutectic solvents (DES) containing chiral hydrogen-bonded donors derived 

from biomass, glucose, and fructose, as well as the hydrogen bond acceptor 

tetrabutylammonium chloride ([TBA]Cl) can be used as solvents in (CPL) Circularly 

polarized light-emitting materials [85]. The magnitude of induced CPL is influenced by the 

polarity of the DES and the anomeric form of the monosaccharide, according to results 

from the glucose DES. 

1.10. SIGNIFICANCE OF DEEP EUTECTIC SOLVENTS 

Deep eutectic solvents (DESs) are a novel class of solvents that potentially 

overcome the major problems of traditional ILs, such as high toxicity, non-

biodegradability, complex synthesis that necessitates purification, and expensive starting 

material costs [86]. DESs are made by blending two safe components (cheap, renewable, 
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and biodegradable) into a eutectic mixture. Deep Eutectic Solvents (DESs), also known in 

the literature as Deep Eutectic Ionic Liquids (DEILs), Low Melting Mixtures 

(LMMs), Low Transition Temperature Mixtures (LTTMs), or Natural Deep Eutectic 

Solvents (NADES). According to the literature, at least two components are required to 

synthesize the desired DES: I a hydrogen-bond donor (HBD), and ii) a hydrogen-bond 

acceptor (HBA) [87]. The hydrogen bond donor causes a weaker anion/cation coupling, 

allowing the DES to melt at low temperatures. 

1.11. COMPARISON OF IONIC LIQUIDS WITH DEEP EUTECTIC SOLVENTS 

As compared to ionic liquids, Deep Eutectic Solvents has many advantages [87], 

i) low cost,  

ii) chemical inertness with water, 

iii) simple to create (because DESs are made by just mixing two components, 

bypassing the purification and waste disposal issues that typical ILs have), and 

iv) biodegradable, biocompatible, and non-toxic, strengthening the greenness of these 

media. 

Table 1.1  Comparison of Ionic liquids with Deep Eutectic solvents 

 

Ionic Liquids Deep Eutectic Solvents 

Low melting point ionic compounds Low melting eutectic mixture of 

compounds 

Not always environmentally friendly, 

can be toxic 

Biodegradable and nontoxic starting 

materials 

Solution conductivity-moderate to 

high 

Highly conductive 

Expensive: recycling is critical Cheaper than ILs 

 

  

https://www.sciencedirect.com/topics/engineering/eutectics
https://www.sciencedirect.com/topics/engineering/ionic-liquid
https://www.sciencedirect.com/topics/engineering/lower-transition-temperature


17 
 

1.12. APPLICATIONS OF DEEP EUTECTIC SOLVENTS  

Matthijs et al. investigated the environmental effects of DES in electroplating 

applications based on choline chloride and ethylene glycol [88]. Nanocellulose materials 

have developed as a fascinating new class of nanomaterials. This is owing to its 

environmental benefits, which include renewable resource production, biodegradability, 

biocompatibility, and high potential availability reported by Angeles et al [89]. 

Since DESs are less expensive than conventional ILs and are considerably easier to 

create in large batches, DES-based procedures in the metal polishing and metal extraction 

industries are being scaled up and commercialized [90]. Metal processing research has been 

classified into three broad categories: metal electrodeposition, metal electropolishing, 

metal extraction, and metal oxide processing [32]. 

In suitable DES systems, the replacement of ecologically harmful metal coatings, 

the deposition of novel alloys and semiconductors, and new coating technologies for the 

deposition of corrosion-resistant metals such as Ti, Al, and W (91-93) are all possible.  

Zn, (94, 95, 96) Sn, Cu, (97, 98) Ni, (99) Ag, (100) Cr, (101) Al, (102) Co, (103) are among the 

metal reduction processes investigated in DESs and reported. Addition reactions, 

cyclization reactions, replacement reactions, multicomponent reactions, condensation 

reactions, oxidation reactions, and reducing reactions are among the organic reactions 

studied in DES as reported by Peng Liu in a review [104]. 

When compared to a conventional solvent, a betaine-based DES with glycerol 

(molar ratio 1:2) was shown to be the most effective for extracting phenolic chemicals 

[105]. DES was used as a novel solvent and catalyst in a typical organic synthesis method, 

mainly including halogenation reaction, Diels-Alder reaction, Knoevenagel reaction, 

Henry reaction, Perkin reaction, Paal-Knorr reaction, Biginelli reaction [106]. 



18 
 

1.12.1. APPLICATIONS OF DEEP EUTECTIC SOLVENTS IN 

NANOTECHNOLOGY 

Ali Abo- Hamed et al., reported that due to the unique qualities as novel green 

solvents, effective dispersants, and large-scale media for chemical and electrochemical 

production of sophisticated functional nanomaterials, deep eutectic solvents (DESs) have 

recently piqued attention in a variety of sectors, including nanotechnology [107]. 

DESs are used to synthesize and fabricate a variety of nanomaterials, including 

zeolite analogues [25], carbon nanomaterials [108, 109], micro-and nanostructured 

semiconductors [110-112], and DNA nanostructures [113].   

As a result of their excellent chemical and physical features, DESs have shown to 

be adaptable media for nanoscale synthesis [114, 107]. Despite the ubiquitous influence of 

DESs, their involvement in the synthesis of noble metal nanoparticles, notably gold and 

silver nanoparticles, has received less attention [115]. 

DES has been utilized as a reaction medium for nanomaterial production and 

electrodeposition, as well as a nanoparticle dispersion medium. The most popular 

nanomaterials include carbon, metal oxide, and gold nanoparticles, inorganic 

(bio)nanomaterials, and metal (bio)organic framework materials as reported by Abo-

Hamed [107]. 

Muzamil Khatri et.al. used an electrospinning process to construct Zein nanofibers 

from DES and achieved extremely hydrophilic Zein nanofibers without any post-treatment. 

Choline chloride (HBA) and Furfuryl alcohol (HBD) in a 1:2 ratio was utilized to make the 

DES needed for electrospinning [116]. 

The use of DESs as a solvent for the shape-controlled production of metal 

nanoparticles is an intriguing and growing application that could have a significant impact 

on the science of electrocatalysts. Without the use of any surfactants or seeds, gold 
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nanoparticles were produced to generate Au-based catalysts using a DES as the solvent 

[32,117]. DESs are a new type of reaction media for the synthesis of noble metal 

nanomaterials that holds a lot of promise. They have a lot of advantages that have been 

studied [118]. 

Due to the advantages of their small particle size, large specific surface area, 

reproducibility, environmentally friendly materials, and easy solid-liquid separation, 

literature has recently confirmed that the combination of DESs and magnetic nanoparticles 

(MNPs), such as Fe3O4-DES [119] and SiO2@Fe3O4-DES, has a broad application prospect 

in the magnetic solid-phase extraction method [120]. 

Ionic liquids (ILs) and Deep eutectic solvents (DESs) are being used in the 

development of nano-sorbents such as nanoparticles, nanogels, and nanofluids as good 

alternative solvents. In the extraction process, ILs and DESs are frequently utilised as 

carriers/modifiers/dispersers of nano-sorbents to improve adsorption capacity and 

selectivity [121]. 

Different metallic nanoparticles have been used by Ingrid Hagarová et.al.,[122] to 

separate and pre-concentrate organic and inorganic analytes in a variety of environmental, 

biological, pharmacological, and dietary samples. Iron oxide magnetic nanoparticles are 

useful in a variety of fields, including chemistry, physics, and materials science [123]. In 

ChCl/EG or urea DES, Anicai et al. described the electrochemical synthesis of high-grade 

TiO2 nanopowders, a nanomaterial that is widely employed in industrial applications such 

as solar cells, photocatalysis, chemical sensors, microelectronics, and electrochemistry [124]. 

For the manufacture of Fe3O4 magnetic nanoparticles, a novel oxidative precipitation-

combined ionothermal approach is reported [125].  The nanoparticles created were stable and 

had a higher catalytic efficiency for degrading organic contaminants in water treatment.  
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The presence of stable and uniform ZnO nanoparticles, with increased dispersion 

stability and catalytic efficacy, was demonstrated using an ionothermal precipitation 

technique in ChCl/EG [126]. Laser ablation targeting a silver metal blank immersed in the 

DES produced silver nanoparticle colloidal suspensions in a ChCl/urea eutectic mixture. 

The silver nanoparticles' luminous characteristics were found to be superior to those 

obtained in aqueous solutions [127]. Karimi et al. [128] examined the ternary role of DES as a 

medium for the synthesis of monetite nanoparticles in ChCl-EG eutectic mixture. 

A.J. Exposito et.al.,[129] used a combination of ChCl and Urea as the reaction 

medium, as well as the high heat and mass transfer rate given by microreactors, to 

demonstrate for the first time fast continuous synthesis of Ceria nanoparticles under mild 

temperatures. For the development of more effective nanoparticle-based catalysts, deep 

eutectic solvents (DES) have been employed as sustainable media [130]. Bruna et al. 

investigated how the deposition of DES onto TiO2 surfaces modifies the catalytic activity 

of TiO2 in the photodecomposition of organic dyes. The DES consisting of choline chloride 

(ChCl) and maleic acid is used to make Spinel ferrites, phase-pure nanoparticles MFe2O4 

(M=Mg, Zn, Co, Ni) at temperatures significantly lower than the solid-phase reactions of 

the metal oxides. As a result, the approach lowers the total amount of energy required to 

make nanoparticles examined by Anika Soldner et.al [131]. 

Surface modification of graphene oxide (GO) nanosheets with different functional 

groups have recently shown interest in using DESs [132].  Mehrabi et.al. predicted that 

surface functionalization of GO (and other carbon nanomaterials) using DESs based on 

choline chloride and urea will allow resynthesized Fe3O4 nanoparticles to be conjugated 

onto GO nanosheets at various GO: Fe3O4 ratios. Cojocaru et.al. described the experiments 

using a choline chloride – glycerol deep eutectic solvent with pulse reversed current to 

synthesize silver nanoparticles (Ag NPs) at 25°C [133]. 
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Jakubowska. et.al., extracted metal oxide NPs from plant material via NADES [134]. 

The root accumulated larger cerium (IV) oxide NPs, but the radish leaves accumulated 

smaller ones. The titanium (IV) oxide NPs were agglomerated and found in tiny amounts 

in radish leaves, with most of them aggregating in the root. 

1.13. METAL NANOPARTICLES 

Metallic nanoparticles have stimulated the interest of scientists for over a century, 

and they are now widely used in biological and engineering fields. Because of their 

enormous potential in nanotechnology, they have attracted a lot of attention. Even though 

the phrase is new, it has become widely employed in the development of more efficient 

technologies. Due to its applications in the fields of electronic storage systems [135], 

biotechnology,[136] magnetic separation and preconcentration of target analytes, targeted 

drug delivery, [137,138] and vehicles for gene and drug delivery, nanotechnology has recently 

been adopted by industrial sectors [135,137-139]. In general, nanoparticles utilised in 

biotechnology have particle sizes ranging from 10 to 500 nm, seldom reaching 700 nm.  

1.13.1. Silver nanoparticles (Ag NPs) 

Silver nanoparticles are ranging with the size of 1–100 nm. While many are 

classified as "silver," due to the enormous ratio of surface to bulk silver atoms, some have 

a high amount of silver oxide. There is now an endeavour to include silver nanoparticles 

into a variety of medical products, such as bone cement, surgical instruments, surgical 

masks, and so on. Furthermore, it has been demonstrated that ionic silver can be used to 

cure wounds in the correct amounts. [140–142]. They are usually made by reducing a silver 

salt in the presence of a colloidal stabiliser using a reducing agent like sodium borohydride. 

To develop silver nanoparticles, newer revolutionary ways include the use of d-glucose as 

reducing sugar and starch as a stabiliser, as well as ion implantation [143]. Furno et al. 

produced biomaterials by employing supercritical carbon dioxide to impregnate silicone 
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covered with silver oxide nanoparticles [144].  These new biomaterials were created with the 

goal of reducing antimicrobial infection.  

In general, three different approaches have been used to synthesize silver 

nanoparticles, including physical, chemical, and biological processes [145]. Several efforts 

have been made in the recent decade to develop green synthesis processes that prevent 

hazardous consequences [146]. The most common approach for developing Ag-NPs is 

chemical reduction [147,148,149] by using reducing agents like poly-ethylene glycol block 

copolymers, sodium citrate, Tollen’s reagent, Ascorbate, essential hydrogen, N, N-

dimethyl formamide (DMF), and sodium borohydride (NaBH4)
 [149,150,151].  Silver 

nanoparticles (AgNPs) offer a lot of potential applications as antimicrobial agents, 

biomedical device coatings, drug delivery carriers, imaging probes, and diagnostic and 

optoelectronic platforms [152]. 

Chemical synthesis of nanoparticles has the advantages of ease of manufacture, low 

cost, and high yield; nevertheless, chemical reducing agents are toxic to living organisms 

[153]. Abbasi et al. have published a full review of AgNPs synthesis methods, characteristics, 

and bio-application [154]. High electrical and thermal conductivity [155], surface-enhanced 

Raman scattering [156], catalytic activity [157], and non-linear optical properties [158] are just 

a few of the physicochemical properties of AgNPs that have led to many of the innovative 

products and related technologies [159]. Even if well-established methodologies for the 

manufacture of metallic nanoparticles exist, simple synthesis approaches with fast reaction 

times and inexpensive costs must be investigated in order to create nanoparticles with 

enhanced antibacterial activity [160]. To optimise the synthesis of AgNPs derived using the 

chemical reduction approach, a Face Centered Central Composite Design (FCCCD) was 

used by Quiroz et.al [161]. 
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1.13.2. Copper nanoparticles (Cu NPs) 

In recent years, the usage of copper (Cu) and Cu-based nanoparticles, which are 

based on abundant and inexpensive copper metal, has sparked a lot of attention, particularly 

in the field of catalysis. Cu NPs are particularly appealing due to copper's abundant natural 

resources and low cost, as well as the numerous practical and simple approaches to 

synthesize Cu-based nanomaterials [162]. Cu-based nanocatalysts offer a wide range of 

applications in nanotechnology, including catalytic organic transformations, 

electrocatalysis, and photocatalysis, due to their unique qualities and properties. Copper 

nanoparticles have two functions: (i) they operate as an antibacterial agent, though not as 

well as other metal nanoparticles, and (ii) they increase the porosity of the beads, making 

the scattered AgNPs in the beads more accessible to bacteria [163]. Cu nanoparticles are 

frequently coated with a capping substance to prevent oxidation and control crystal 

formation by lowering the surface energy of crystals [164]. Laser ablation, thermal 

degradation, chemical reduction, and polyol synthesis are some of the currently developed 

nanoparticle synthesis methods. Chemical reduction is commonly favoured among these 

procedures because it is simple, cost-effective, and efficient, and it can provide better size 

and size dispersion control [165]. The size management of Cu NPs, as well as the presence 

of a surface coating to prevent oxidation, are essential to obtain Cu NPs with excellent 

antibacterial capabilities. For industrial applications, a simple route producing oxide-free 

Cu NPs by thermal disintegration of a copper precursor has recently been reported by 

Adner et.al [166]. 

On the other hand, the production of copper oxides at the nanoscale has a wide 

range of applications [167]. Transition metal oxides, particularly cupric oxide (CuO), have 

unique catalytic and photocatalytic characteristics [168]. Cu-NPs synthesised in polymer 
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media have various advantages over conventional agents, including simplicity of 

processing, solubility, low toxicity, and nanoparticle growth control [169]. 

1.13.3. Cadmium nanoparticles (Cd NPs) 

Cadmium sulphide nanoparticles were chosen as a compound of interest Because 

of its great stability, good physical, chemical, and structural qualities, and ease of synthesis 

and handling. CdS nanoparticles are commonly utilised for cancer detection and 

antibacterial treatment [170]. Gas phase reaction (with H2S or sulphur vapour), solvothermal 

technique, solution precipitation, microwave-assisted solution precipitation, and several 

other ways are used to synthesize CdS nanoparticles [171]. Cadmium sulphide (CdS) has 

captivated researchers' interest not only because of its excellent semiconductor optical and 

electrical capabilities but also because of its wide spectrum absorption range [172,173]. CdS 

has a bandgap of 2.4 eV and can absorb visible light when the semiconductor bandgap is 

small (i.e 3.0 eV) [174]. CdS nanoparticles have been employed in a variety of applications, 

including photocatalytic hydrogen production, solar batteries, and redox process [175-

177].  CdS was chosen to generate NADH by transferring electrons to the coenzyme NAD+. 

To speed up the biocatalytic reaction, an efficient coenzyme self-circulation reaction was 

created by Chang et.al [178]. he ability of microbes to manufacture green Cd-containing 

nanocrystals has been attributed to their ability to oppose heavy metals via bioreduction 

and precipitation of soluble metallic ions, resulting in insoluble nanometric complexes [179]. 

Because of their smaller size, excellent optical fluorescence property, and ease of 

functionalization, the development of innovative cadmium-based quantum dots has 

significant potential in the treatment and identification of cancer as well as targeted drug 

delivery [180]. CdS is employed as a pigment in paints and engineered plastics because of 

its good thermal consistency and dirt repelling capabilities [181,182]. For its photochemical 

and catalytic characteristics CdS NPs can be utilised as an air-water cleaner as well as a 
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source of hydrogen [183]. CdS nanoparticles can be employed for both visualisation and 

medication distribution to soft tissues such as the retina and cornea [184,185]. Durga et.al. 

chose Annona muricata leaf extract to produce cadmium sulphide nanoparticles and 

attempted green synthesis, evaluation of structural and morphological properties, and 

analysis of microbial activity [186]. 

1.13.4. Mercury Nanoparticles (HgNPs) 

Mercury is the only metal element in nature that exists as a liquid at room 

temperature, posing a challenge for material scientists to investigate Hg nanoparticles [187]. 

Nanoparticles have features that differ from bulk materials, and they frequently lead to 

major technological applications [188-192]. For the synthesis of mercury metal nanoparticles, 

Harika et.al., used liquid mercury as the starting material, eliminating the need of reducing 

agents [193]. In aqueous solutions, mercury sulphide (HgS) nanoparticles (NPs) were 

generated by Kuno et.al., with water-soluble thiols as capping ligands [194]. Mazrui et.al 

studied the development and fate of -HgS(s) nano produced in combination with marine 

dissolved organic matter collected from the North Atlantic Ocean, as well as low molecular 

weight thiols [195]. Chemical deposition [196], solvothermal [197], microwave heating [198], 

photochemical [199], wet chemical [200], and electrochemical [201] are all well-established 

processes for the synthesis of Hg nanoparticles. Because of its uses as acoustic optical 

materials [202] and infrared sensing [203], HgS has gotten increased attention. By using pulsed 

laser ablation on a pellet of mercuric sulphide (-HgS) stilled in distilled water, 

J.Mohammed et.al., succeeded in a simple and straightforward technique for preparing the 

meta-cinnabar phase of mercuric sulphide (-HgS)[204]. For the preparation of β -HgS 

nanocrystals, Xin xu. et. al. employed a solvent-based method, followed by sonication and 

nitrogen purging at room temperature [205]. 
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1.14. REVIEW OF LITERATURE  

1.14.1. Deep eutectic solvents –synthesis and characterization 

Ionic liquids (ILs) are green solvents that can be used in a variety of applications. 

However, their production via chemical reactions with waste or by-products is 

incompatible with the concept of green chemistry, and the purity issue and cost feasibility 

restrict their use in several large-scale industrial applications. DES is produced, when 

halide salts and hydrogen bond donors (such as alcohol or acid) combine, resulting in a 

combination having a lower freezing/melting point than the individual components [206]. In 

green chemistry and processing, DES is becoming increasingly essential [207, 208]. Extensive 

research is being carried out to investigate the properties of newly synthesized DES [209–

211]. The traditional DES is a binary deep eutectic solvent made up of two single 

components (BDES). The addition of a third component to the ternary deep eutectic solvent 

(TDES) improved the designable property much more than the standard BDES. TDES has 

been synthesized and used in a variety of applications so far [212-214]. BDES were prepared 

by mixing the two components at a molar ratio of 1:1. By heating the binary mixture to 

80°C with continuous stirring, clear liquids were obtained [215]. After cooling to room 

temperature, the binary mixture remains at a liquid state [216] and the evaporating method 

was employed in water as given by Dai et al. [217]. Their cost of production is less and used 

as safer solvents in several fields [218]. It is possible to create endeavor DESs with various 

physicochemical parameters, such as freezing point, viscosity, conductivity, and pH, 

among others. 

1.14.2. Copper nanoparticles 

Metallic nanoparticles have a lot of potential because of their chemical, physical, 

and catalytic capabilities [219]. Copper nanoparticles are a type of colloidal transition metal 

nanoparticle that receives a lot of interest since they are employed as an advanced material 
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with electrical, optical, and thermal properties [220]. A chemical reduction is a popular 

approach for making copper nanoparticles because it is low-cost, high-yielding, and 

requires little equipment. It is simple, and the control of particle size and shape obtained 

under-regulated parameters may be shown [221]. The copper nanoparticles were made using 

a wet chemical reduction method as reported by Jain et.al [222]. Mustafa G, et al. reported 

the synthesis of monoclinic CuO nanoparticles that were characterized by XRD analysis 

[223].  

CuO nanoparticles can be manufactured in a variety of methods, and synthesis 

parameters such as technique, solvents, surfactants, starting precursors, and temperature 

are employed to regulate the form and size of desired nanoparticles, according to Suleiman 

M, et al [224]. Wongpisutpaisana N, et al. suggested that well-defined CuO nanoparticles are 

generated by a sonochemical synthesis with ultrasound help, with a reaction duration of up 

to 30 minutes and pyrolysis at 600-700 °C [225]. CuO nanoparticles with a rectangular form 

and a monoclinic structure were generated by an aqueous precipitation technique, 

according to Lange AS, et al [226].  

H. Zhu et al. suggested a wet chemical approach for the large-scale production of 

stable CuO nanofluids [227]. Mousa MK suggested a rapid, economical, and simple method 

of precipitation with temperature control at 65, 75, and 85 ° C. The size of nanoparticles 

reduces as the temperature increases [228]. The latest research reports on the new production 

of Copper and Copper oxide nanoparticles utilizing the chemical reduction approach, as 

well as their physicochemical characterization according to Karthik AD et.al [229]. 

Copper materials are synthesized first and then oxidized to copper oxide. UV-

visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

measurements (XRD), and scanning electron microscopy (SEM) were used to characterize 

the nanoparticles, according to the researchers. S. Srivastava and co-workers reported the 
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chemical approach was used to synthesize cupric oxide (CuO) nanoparticles, which 

involved calcination at temperatures ranging from 300 to 400 ° C [230]. K. Phiwdanga et al. 

CuO nanoparticles were produced using a precipitation approach with different precursors 

such as copper nitrate (Cu (NO3)2) and copper chloride (CuCl2), and post-heating was used 

to compare the as-synthesized and after-calcination of CuO nanoparticles [231]. Thermal 

decomposition was used to generate spherical CuO nanoparticles with a mean diameter of 

170 nm as reported by Darezereshki E, et al [232]. This process does not necessitate the use 

of organic solvents, costly raw materials, or sophisticated machinery. As a result, the given 

process to produce CuO nanoparticles from dilute CuSO4 solution is better than the other 

methods. Cu nanoparticles (CuNPs) were made using a simple chemical reduction method 

at ambient temperature, with sodium borohydride and polyvinylpyrrolidone, the Cu2+ ions 

were lowered and stabilized, respectively as reported by Aguilar et.al [233]. Chatterjee et al. 

proposed a straightforward approach for the manufacture of metallic copper nanoparticles 

with a size of 50-60 nm utilizing Cucl2 as a reducing agent and gelatin as a stabilizer [234]. 

Copper nanoparticles were made by reducing aqueous copper chloride solution with 

NaBH4 in non-ionic water-in-oil (w/o) microemulsions [235]. To generate copper 

nanoparticles, chemical methods such as chemical reduction, photochemical, 

electrochemical, and thermal decomposition are used, with the chemical reduction being 

the most used method for the creation of stable, colloidal dispersions in organic solvents 

[236]. Chemical reduction is the most practical way for fabricating nanoparticles out of all 

the methods. The chemical reduction process yielded a high yield of metallic nanoparticles. 

By manipulating the experimental conditions, this method is cost-effective, simple, and 

speedier, and it may produce a superior size distribution of nanoparticles [237]. Copper 

nanoparticles were generated by chemically reducing copper sulfate with sodium 

borohydride in water without the use of inert gas. During the synthesis process and during 
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storage, ascorbic acid was used as a protective agent to prevent the nascent Cu 

nanoparticles from oxidation. The use of polyethylene glycol served as a size controller as 

well as a capping agent. Under inert argon-purged conditions, copper nanoparticles were 

successfully produced by borohydride reduction of copper nitrate salt in a water/CH3CN 

mixed solvent. For the first time, Cu nanoparticles were generated in large-scale production 

by injecting CH3CN into the water and preventing oxidation throughout the nanoparticle 

preparation [238]. 

1.14.3. Silver nanoparticles 

Metal nanoparticles can be synthesized in a variety of ways, including physical and 

chemical processes. Even though physical methods can make nanoparticles, the literature 

is full of data on chemical approaches. The reduction of metal ions in solution is the most 

common chemical technique (chemical reduction method) [239]. The polyol technique [240] 

and the liquid-liquid method [241] are two chemical methods for the manufacture of silver 

nanoparticles that have been developed in recent years. Chemical reduction, on the other 

hand, is the most widely used method due to its simplicity. Examples of bottom-up methods 

include metal reduction, electrochemical processes, and decomposition. Silver 

nanoparticles are fascinating because of their unique features, which can be used in 

antibacterial applications, biosensor materials, composite fibres, cryogenic 

superconducting materials, cosmetics, and electronic components. Silver NPs have been 

synthesized and stabilized using a variety of physical and chemical processes [242, 243]. 

Chemical reduction with organic and inorganic reducing chemicals is the most frequent 

method for producing silver NPs. For the reduction of silver ions (Ag+) in aqueous or non-

aqueous solutions, several reducing agents such as sodium citrate, ascorbate, sodium 

borohydride (NaBH4), elemental hydrogen, polyol process, Tollen’s reagent, N, N-

dimethylformamide (DMF), and poly (ethylene glycol)-block copolymers are utilized [244]. 
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In nanoparticle synthesis, it is necessary to observe nanosilver content, size, shape, 

surface charge, crystal structure, surface chemistry, and surface change. Ojha et al. 

combined AgNO3 and citrate in a solution and added NaOH to it. Then, while stirring, an 

ice-cold NaBH4 solution was added [245]. The aqueous solution containing AgNO3 was 

made by Ajitha et al. with sodium citrate dihydrate as a stabilizer. Then, while vigorously 

stirring, a solution of sodium borohydride (a reducing agent) was added into the above 

solution all at once. The color of the solution was lightened [246]. Gebeyehu et al. used a 

simple polyol technique to make silver nanowire.  Polyvinylpyrrolidone was utilized as a 

stabilizing and capping agent, along with sodium chloride and potassium bromide salts, 

ethylene glycol as a solvent and reducing agent, and silver nitrate as a silver precursor [247]. 

The reduction of silver nitrate with ethylene glycol in the presence of polyvinylpyrrolidone 

resulted in cubic silver nanoparticles (PVP). Ethylene glycol with hydroxyl groups serves 

as both a solvent and a reducing agent in the polyol process. The cubic form was developed 

using polyvinylpyrrolidone as a capping agent [248-250]. By adding a trace quantity of sodium 

sulfide (Na2S) or sodium hydrosulfide (NaHS) to the traditional polyol synthesis, Siekkien 

et al. achieved a quicker approach to produce cubic silver nanoparticles. For the synthesis 

of NPs with various chemical compositions, sizes, and morphologies, as well as regulated 

disparities, the reduction agent is critical [251]. Sun et al. investigated how reaction 

circumstances, such as the ratio of PVP to silver nitrate, reaction temperature, and seeding 

conditions, may change the shape of silver nanostructures, ranging from nanoparticles to 

nanorods to long nanowires. They discovered that silver nanowires with diameters ranging 

from 30 to 40 nm and lengths up to 50 m could be synthesized on a huge scale [252]. For the 

manufacture of silver nanoprisms, Métraux and Mirkin used the chemical reduction 

process. They used a reagent mixture of AgNO3 / NaBH4 / polyvinylpyrrolidone/trisodium 

citrate / H2O2 in an aqueous solution to make silver nanoprisms at room temperature [253]. 
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Silver nanoparticles have attracted a lot of attention in recent years due to their good 

conductivity, chemical stability, use as catalysts [254] and applications in a variety of 

industries (e.g., medical sciences to prevent the HIV virus, food industries as anti-bacterial 

agents in food packaging [255], anti-bacterial properties) [256], as well as their unique 

electrical and optical properties [257, 258]. The antibacterial action of silver ions and silver 

nanoparticles is related to morphological and structural changes in the bacterial cell, 

according to research [259, 260].  

1.14.4. Cadmium nanoparticles: 

Cadmium Sulfide Nanoparticles (CdS. nps) confirmed the bulk-sized material's 

distinct physical, chemical, and structural features. Cadmium Sulfide NPs are employed in 

everyday life because of their distinctive melting point, crystal arrangement, bandgap 

energy, optoelectronic absorption spectra, high stability, availability, and ease of 

manufacture and handling. The atomic distribution over the nanoparticle shell, in addition 

to the surface/volume ratio, has a significant effect on semiconductivity[261].  

Due to advantages in several areas, CdS NPs have been industrially developed. 

Chemical precipitation [262], Chemical Vapor Deposition [263], laser ablation [264], physical 

evaporation [265], template synthesis [266], thermal evaporation [267], hydrothermal synthesis 

[268], pulsed laser deposition [269], solvothermal [270], and biosynthesis using bacteria, fungi, 

yeast, and plants [271] and Electrodeposition [272] have all been used to create nano-forms of 

CdS films or powder.  

Chemical precipitation is commonly used since it requires ambient environmental 

conditions, simple lab equipment, and consistent findings, as opposed to other procedures 

that require extreme environmental conditions, sophisticated equipment, and are time-

consuming. Limiting the reaction area with capping agents such as EDTA, long-chain alkyl 

xanthates, mercaptoacetic acid, phosphates, phosphine oxides, thioglycerol, thiols, and 
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thiourea [273] controls the stability and size of CdS NPs. Chemical precipitation of cadmium 

sulfide (CdS) nanoparticles was carried out using cadmium chloride (CdCl2), sodium 

sulfide (Na2S), and water as a solvent at temperatures ranging from 20 to 80 degrees Celsius 

[274].  

CdS NPs were formed by adding aqueous CdCl2, KOH, NH4NO3, and CS(NH2)2 

for 30 minutes at pH 10, temperature 80°C, and centrifugation at 6000 rpm for 1 hour [275]. 

Chemical precipitation of deionized aqueous CdCl2 and thiourea solution with continuous 

stirring at 100 °C for 15 hours yielded CdS NPs. As a capping agent, ammonia was used 

by R.Gupta [276]. M.M.Kamble & co. developed Cadmium sulfide nanocrystals with 

oleylamine as the solvent, surfactant, and capping ligand by using the Hot Injection Method 

[277]. 

1.14.5. Mercury Nanoparticles 

Mercury is one of the few metal elements that may exist as liquids in nature under 

normal conditions, posing a challenge to material scientists to learn more about Hg 

nanoparticles (NPs) [278]. Nanoparticles have properties that differ from bulk materials, and 

they frequently lead to significant technological applications [279-283]. Alireza et al. proposed 

an innovative processing method for manufacturing HgO nanoparticles by solid-state 

thermal decomposition of mercury (II) acetate nanostructures generated by sublimation at 

150 °C for 2 hours [284]. Using ultrasonication under ambient conditions, V.K.Harika et al. 

proposed a simple synthetic technique for producing very stable crystalline mercury 

nanoparticles supported on solid carbon sources such as reduced graphene oxide, graphene, 

graphite oxide, graphite, and others [285]. Avik. J.G generated oxidized mercury nanoparticles 

using two methods i.e., vapor-phase condensation and aqueous nebulization using three 

basic chemicals like mercury (II) bromide, mercury (II) chloride, and mercury (II) oxide 

[286]. Synthesizing nano-sized β-HgS particles in a practical and simple manner remains a 
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difficulty. A lot of established methods such as chemical deposition [287], photochemical 

[288], wet chemical [289], and electrochemical [290] have been used for the synthesis of Hg 

nanoparticles. At room temperature, nanocrystals are synthesized via sonication and 

nitrogen purging by Xin Xiu et.al. Surfactants and stabilizing ligands were not employed 

in the analyses of the NPs to avoid changing their chemical and toxicological behavior [291]. 

For the first time, Mercury Cadmium Telluride (MCT) nanoparticles are synthesized by 

R.R. Arnepelli using the Solvothermal technique. In the Teflon-Stainless-Steel autoclave, 

Mercury, Cadmium, and Tellurium in compound/elemental form were added to 

Ethylenediamine (solvent) together with a reducing agent [292]. 

A new type of base fluid known as Deep Eutectic Solvents (DESs) is proposed in 

this work, which is generated by mixing solid substances that turn liquid under specified 

conditions, offering another option to utilizing traditional organic solvents. At room 

temperature, many of these combinations are liquids. Since their discovery, these deep 

eutectic solvents have been the subject of significant research. Because of sharing many 

characteristics and properties with ionic liquids (e.g., similar conductivities, polarities, 

viscosities, densities, surface tensions, refractive indexes, chemical inertness, etc.,) deep 

eutectic solvents (DESs) are now commonly recognized as a new family of Ionic liquids 

(IL) substitutes. They are typically affordable due to the comparatively inexpensive 

components and their straightforward synthesis, which produces little waste and requires 

no additional purifying procedures. In addition, the components of DESs are frequently 

biodegradable and non-toxic. 

The first part of this research focused on the synthesis of six novel Binary DESs 

using Malonic acid (MA), Zinc chloride (ZC) with Glucose (GLU), Fructose (FRU), Lactic 

acid (LA), and Glycerol (GLY) followed by measuring the physical properties like Density, 

pH, Conductivity, Viscosity, and Fourier Transform Infra-Red absorptions. 
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The second part of this research focused on the synthesis of six novel Malonic acid-

based ternary DESs, six Zinc chloride-based ternary DESs, six Manganese chloride (MC) 

based ternary DESs with sugars (Glucose and Fructose), and Amino acids (Glutamine, 

Histidine, and Glycine). These solvents are also measured by physical properties like 

Density, pH, Conductivity, Viscosity, and Fourier Transform Infrared absorptions. 

Nanoscale structures have sparked a lot of interest in the research world, making 

them a good intermediate between large size and atomic/molecular formations. The third 

part of the research deals with the synthesis of nanoparticles (NPs) like Copper, Cadmium, 

Mercury, and silver using the above synthesized Malonic acid with Glucose and Fructose 

binary DESs. This research is continued by the synthesis of Copper and Silver 

Nanoparticles using Zinc chloride with Glucose and Fructose binary DESs. They were 

prepared via chemical reduction and co-precipitation method and the synthesized 

nanoparticles were characterized by Scanning Electron Microscopy (SEM), Ultraviolet 

Spectroscopy (UV), and Fourier Transform Infrared absorptions (FTIR), X-Ray 

Diffraction Pattern (XRD), and Energy Dispersive X-ray Analysis (EDAX) techniques. 

The next part of the work focused on the synthesis of Nanoparticles like Copper 

and silver nanoparticles using the above synthesized ternary DESs. They were prepared via 

chemical reduction and co-precipitation method and the synthesized nanoparticles were 

characterized by the techniques followed for the binary DESs based nanoparticles. 

The final part of the research deals with the application of Copper Nanoparticles in 

Malonic acid based binary DESs to determine the anti-microbial activity by using the Disc 

Diffusion method. 
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1.15. AIM, SCOPE, AND OBJECTIVES OF THE PRESENT WORK  

The aim of the present study is to develop an eco-friendly a better alternative 

solvent. It should be cheap, harmless, bio-degradable and it should be highly stable even at 

high temperatures. The work proposes a new form of base liquid known as Deep Eutectic 

Solvents (DESs) as a viable replacement for conventional base fluid due to their unique 

solvent properties. Using the newly developed DESs, metal nanoparticles are synthesized 

and to study the antimicrobial activities. 

The objectives of the present work are   

• To use an efficient method to develop DESs  

• To find the cost-effective, cheaper, and low-cost method. 

• To synthesize less toxic, most usable metal nanoparticles. 

• To find any one application of the synthesized nanoparticles. 

The implication of this study was the preparation of newer Malonic acid (MA), Zinc 

chloride (ZC), Manganese chloride (MC) based BDES, and TDES. The physicochemical 

parameters such as viscosity, conductivity, pH, density were measured for the prepared 

BDESs and TDESs. To find out whether they depict the nature, characteristics, and features 

of DES to substitute as the common solvents. 

The peak of this research was the synthesis of metal nanoparticles like Copper, 

Cadmium, Mercury, Silver using chemical reduction methods in presence of deep eutectic 

solvents which were eliminating surfactants or seeds for the preparation of nanomaterials 

and also by achieving less toxic, bio-degradable, fewer by-products. Then, the study was 

extended to characterize the nanoparticles by Scanning Electron Microscopy (SEM), 

Ultraviolet Spectroscopy (UV), Fourier Transform Infrared absorptions (FTIR), X-Ray 

Diffraction patterns (XRD), and Energy Dispersive X-ray Analysis (EDAX) techniques. 

We have studied the antimicrobial activities of some nanoparticles. 
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Chapter 1 deals with the introduction about the deep eutectic solvents and their 

applications, metal nanoparticles and their applications, also include a literature review. 

Chapter 2 explains the experimental procedures and the instrumentations for the study.    

Chapter 3 explains the preparation, characterization studies of Malonic acid-based binary 

Deep Eutectic Solvents. 

Chapter 4 explains the preparation, characterization studies of Zinc chloride-based binary 

Deep Eutectic Solvents. 

Chapter 5 explains the preparation, characterization studies of Malonic acid-based ternary 

Deep Eutectic Solvents. 

Chapter 6 explains the preparation, characterization studies of Zinc chloride-based ternary 

Deep Eutectic Solvents. 

Chapter 7 explains the preparation, characterization studies of Manganese chloride-based 

binary Deep Eutectic Solvents. 

Chapter 8 deals with the synthesis of copper, silver, cadmium, and mercury nanoparticles 

in binary deep eutectic solvents and the characterization studies of the nanoparticles. 

Chapter 9 deals with the synthesis of copper and silver nanoparticles in ternary deep 

eutectic solvents and the characterization studies of the nanoparticles. 

Chapter 10 explains the antimicrobial studies of some nanoparticles. 

Chapter 11 highlights the summary and conclusion of the investigations of the present 

study. 
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2. MATERIALS AND METHODS 

 

2.1 Materials 

All the reagent grade chemicals used for this investigation such as Malonic acid, 

Zinc chloride, Manganese chloride, D-glucose, D-fructose, Glycerol, Lactic acid, Glycine, 

Histidine, Glutamine, Copper nitrate trihydrate, Cupric chloride, Copper sulfate 

pentahydrate, Copper acetate, Hydrazine hydrate, Silver nitrate, Sodium hydroxide, 

Cadmium chloride, Mercuric chloride, Yellow Ammonium Sulfide,  Sodium borohydride 

and methanol were purchased from Sigma – Aldrich, India and used as received without 

any further purifications. The deionized water used for this investigation was completely 

free from ions. 

Table: 2.1 Chemicals used for the investigation 

       S.No. Chemical components Molecular formula Molecular 

weight (g/mol) 

1. Malonic acid C3H4O4 180.156 

2. Zinc chloride ZnCl2 136.286 

3. Manganese chloride MnCl2 125.844 

4. D-Glucose C6H12O6 180.156 

5. D-Fructose C6H12O6 180.156 

6. Glycerol C3H8O3 92.09382 

7. Lactic Acid C3H6O3 90.08 

8. L-Glycine C2H5NO2 75.067 

9. L-Histidine C6H9N3O2 155.1546 

10. L-Glutamine C5H10N2O3 146.14 

11. Copper (II) nitrate 

trihydrate 

Cu (NO3)2.3H2O 241.60 



70 
 

       S.No. Chemical components Molecular formula Molecular 

weight (g/mol) 

12. Copper (II) chloride 

dihydrate 

CuCl2.2H2O 170.48 

13. Copper sulfate 

pentahydrate 

CuSO4.5H2O 249.69 

14. Copper (II) acetate 

monohydrate 

Cu (COOCH3) 2.H2O 199.65 

15. Hydrazine hydrate H6N2O 50.061 

16. Silver nitrate AgNO3 169.87 

17. Sodium hydroxide NaOH 39.997 

18. Cadmium chloride 

dehydrate 

CaCl2.2H2O 147.01 

19. Mercuric chloride HgCl2 271.52 

20. Yellow Ammonium 

Sulfide 

(NH4)2S 68.14 

21. Sodium borohydride NaBH4 37.84 

22. Methanol CH3OH 32.04 

 

2. 2 Experimental methods 

2.2.1 General Preparation of Binary Deep Eutectic Solvents (BDES) 

Nine types of Binary DESs were prepared from a 1:1 mole ratio of the two 

components is given in table 2.2. The 1:1 mole ratio of respective substances for the 

preparation of these nine DESs was decided using the plot of a freezing point versus the 

percent composition of the above mixtures. The evaporating method was employed in 

water as reported by Dai et al. [1].  The 1:1 mole ratio of the components was taken, 
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dissolved in double distilled water and excess water was removed by heating until the 

weight of the components remains constant.   The mixtures were kept in a desiccator 

containing anhydrous CaCl2 for about two weeks and as there was no turbidity appeared 

during this period. Then the DESs were subjected for the measurement of physical 

properties such as density, pH, conductivity, and viscosity. The H- bonded interactions 

between the components were characterized by FTIR. 

Table: 2.2. Prepared BDESs  

 S.No. Type of DES Component-1       Component-2 Mole ratio 

1.  Malonic Acid           Glucose 1:1 

2.  Malonic Acid           Fructose 1:1 

3.  Malonic Acid           Glycerol 1:1 

4. Type – IV Zinc Chloride           Glucose 1:1 

5. Type – IV Zinc Chloride           Fructose 1:1 

6. Type – IV Zinc Chloride           Lactic acid 1:1 

7. Type – IV Manganese chloride           Glucose 1:1 

8. Type – IV Manganese chloride           Fructose 1:1 

9. Type – IV Manganese chloride           Citric acid 1:1 

 

2.2.2 General Preparation of Ternary Deep Eutectic Solvents (TDES) 

Eighteen types of Ternary DESs were prepared from a 1:1:1 mole ratio of the 

components is given in Table 2.3. The 1:1:1 mole ratio of respective substances for all the 

preparation of these DESs was decided using the plot of a freezing point versus the percent 

composition of the above mixtures. The evaporating method was employed in water as 

reported by Dai et al. [1].  The components at a 1:1:1 mole ratio was taken, dissolved in 

double distilled water and excess water was removed by heating until the weight of the 
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components remains constant.   The mixtures were kept in a desiccator containing 

anhydrous CaCl2 for about two weeks and as there was no turbidity appeared during this 

period. Then the DESs were subjected for the measurement of physical properties such as 

density, pH, conductivity, and viscosity. The H- bonded interactions between the 

components were characterized by FTIR. 

Table: 2.3. Prepared TDESs  

S. No. Type of 

DES 

Component-1 Component-2 Component-3 Mole ratio 

1.  Malonic Acid Glucose Glycine 1:1:1 

2.  Malonic Acid Glucose Glutamine 1:1:1 

3.  Malonic Acid Glucose Histidine 1:1:1 

4.  Malonic Acid Fructose Glycine 1:1:1 

5.  Malonic Acid Fructose Glutamine 1:1:1 

6.  Malonic Acid Fructose Histidine 1:1:1 

7. Type - IV Zinc chloride Glucose Glycine 1:1:1 

8. Type - IV Zinc chloride Glucose Glutamine 1:1:1 

9. Type - IV Zinc chloride Glucose Histidine 1:1:1 

10. Type - IV Zinc chloride Fructose Glycine 1:1:1 

11. Type - IV Zinc chloride Fructose Glutamine 1:1:1 

12. Type - IV Zinc chloride Fructose Histidine 1:1:1 

13. Type - IV Manganese 

chloride 

Glucose Glycine 1:1:1 

14. Type - IV Manganese 

chloride 

Glucose Glutamine 1:1:1 

15. Type - IV Manganese 

chloride 

Glucose Histidine 1:1:1 

16. Type - IV Manganese 

chloride 

Fructose Glycine 1:1:1 
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2.2.3. General procedure for the synthesis of nanoparticles 

Nanoparticles were synthesized by various methods, including physical method, 

chemical reduction method, and biological method. We had followed the chemical 

reduction method for the synthesis of nanoparticles using various reducing agents such as 

hydrazine hydrate, sodium borohydride, yellow ammonium sulfide, and sodium hydroxide 

was used as a stabilizing agent. Then the nanoparticles were washed with deionized water 

followed by methanol. 

2.2.3.1 Synthesis of copper nanoparticles 

Nanoparticles were obtained by putting 10 ml of 0.01M Copper salts (such as 

Copper nitrate trihydrate, Copper (II) chloride dehydrate, Copper sulfate pentahydrate, 

Copper (II) acetate monohydrate) with BDES /TDES in a beaker and stirring for 30 minutes 

at 1200 RPM with a magnetic stirrer. During vigorous stirring, 0.01 M Hydrazine Hydrate 

(about 8-10 ml) was slowly introduced into the mixture, followed by 20 ml of 1 M sodium 

hydroxide [2]. The copper oxide nanoparticles were ultra-centrifuged, and then washed with 

deionized water followed by methanol, and finally dried. 

2.2.3.2 Synthesis of silver nanoparticles 

In a beaker, 10 ml of 0.01M silver nitrate was mixed with 15 ml of BDES/ TDES 

and agitated at 1200 RPM for 30 minutes using a magnetic stirrer. During vigorous stirring, 

0.01 M hydrazine hydrate/ sodium borohydride (about 8-10 ml) was added drop by drop, 

followed by 20 ml of 1 M sodium hydroxide [3]. The silver oxide nanoparticles were ultra-

centrifuged, then washed in deionized water followed by methanol, and dried [4]. 

S. No. Type of 

DES 

Component-1 Component-2 Component-3 Mole ratio 

17. Type - IV Manganese 

chloride 

Fructose Glutamine 1:1:1 

18. Type - IV Manganese 

chloride 

Fructose Histidine 1:1:1 
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2.2.3.3 Synthesis of cadmium and mercury nanoparticles 

Cadmium and mercury nanoparticles were synthesized in two binary deep eutectic 

solvents: MA-GLU & MA-FRU. Cadmium nanoparticles were synthesized by combining 

cadmium chloride with MA-GLU DES, and MA-FRU DES in two different beakers. 

Similarly, Mercury nanoparticles were made by combining mercury chloride with MA-

GLU DES and MA-FRU DES separately. They were stirred for 30 minutes using a 

magnetic stirrer at 1200 RPM after mixing. 0.01 M Yellow Ammonium Sulfide (about 8-

10ml) was added drop by drop in all beakers with vigorous shaking. The metal sulfide 

nanoparticles precipitate was ultra-centrifuged, then washed with deionized water followed 

by methanol, and dried. 

2.2.4. Instrumentations used for the characterization of deep eutectic solvents and 

nanoparticles 

2.2.4.1 pH meter 

A pH meter measures the movement of hydrogen ions in water-based solutions and 

displays the acidity or alkalinity as pH.  pH is an important feature that has a lot of 

consequences for designing and controlling industrial-scale applications. The pH of these 

DESs at different temperatures was measured using the digital pH meter of ELICO make 

model no LI120 using the combined electrode CL- 51B. 

2.2.4.2 Viscometer 

The digital viscometer is a new digital instrument for measuring liquid viscosity 

capacity and absolute viscosity. The digital display rotational viscometer of Labman 

WENSAR make model LMDV 60 was employed to measure the viscosities of the DESs at 

different temperatures. In various applications, such as grease, painting, pharmaceuticals, 

and adhesives, it is commonly used to determine and measure liquid viscosity.  

  



75 
 

2.2.4.3 Conductivity meter 

The Systronics Conductivity Meter 304 was used to measure the conductivities of 

the newly prepared DESs. Digital Conductivity Meters are reliable and accurate test 

instruments for the measurement of Conductivity of aqueous solutions.  

2.2.4.4 Density calculation 

The mass was measured by the known volume of the prepared DESs using a digital 

weighing balance. The densities were measured at room temperature using a standard 5 ml 

specific gravity bottle. Then the density was calculated using the formula as follows: 

Density = 
𝑀𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 

2.2.4.5 Fourier Transform Infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is a technique for obtaining 

infrared frequencies of absorption or emission of solid, liquid, or gas. FTIR spectrum was 

recorded using a Shimadzu FTIR-8900 spectrometer between 4000 and 400 cm−1. FTIR is 

a very versatile tool for the functional group characterization of solvents and nanoparticles 

[5]. FTIR spectrum consists of absorption peaks that correspond to the frequencies of 

vibration between the bonds of atoms in the nanoparticles. 

2.2.4.6 Ultraviolet-Visible spectroscopy 

UV-Visible spectroscopy (UV-Vis) analyses the extinction (scatter + absorption) 

of light passing through a substance. UV-Vis is a great tool for discovering, characterizing, 

and investigating nanomaterials because nanoparticles have unique optical properties that 

are sensitive to size, shape, concentration, aggregation state, and refractive index near the 

nanoparticle surface. The preliminary investigation of nanoparticles was done by Perkin - 

Elmer make Lambda 35 UV-Visible Spectrophotometer range from 190 nm to 1100 nm. 
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2.2.4.7 Scanning Electron Microscopy 

One of the most extensively used tools for the characterization of nanomaterials 

and nanostructures is the scanning electron microscope (SEM). The signals generated by 

electron-sample interactions disclose information about the surface morphology (texture) 

of the sample, as well as its particle size [6]. The morphology of nanoparticles was examined 

in their natural state under a range of conditions including very high-water vapor pressure 

up to 3000 Pa using Carel Zeiss made model EVO 18Scanning Electron Microscope. 

2.2.4.8 X-Ray Diffractometer 

The analytical technique of X-ray diffraction (XRD) is based on the diffraction of 

X-rays by matter, particularly crystalline materials. As a more ordered material is studied, 

X-ray diffraction is elastic scattering (without loss of photon energy) that results in 

increasing interference [7]. The XRD pattern of nanoparticles was recorded on PANalytical 

made model X’pert3 powder X-ray diffractometer. 

2.2.4.9 Energy Dispersive X-ray Analysis 

EDAX works on the principle of generating X-rays from a specimen using an 

electron beam. The features and type of the elements contained in the sample are used to 

generate the X-rays [8]. The Energy Dispersive X-Ray Analysis of nanoparticles was 

recorded on EDAX Inc., USA made TEAM EDS model. From this, the elemental 

composition and the purity of the nanoparticles were known. 

2.2.5 Disc diffusion method 

The antimicrobial activity of some of the nanoparticles was determined by the disc 

diffusion method as reported by NCCLS (1993) [9] and Awoyinka. et al., (2007) [10]. The 

antibiogram was created using samples by the disc diffusion method. 30 mL of Nutrient 

agar (NA) medium were poured into Petri plates. With the use of a micropipette, the test 

organism was inoculated on a solidified agar plate, spread out, and left to dry for 10 
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minutes. Bacteria from a broth culture were injected on the surfaces of the medium. The 

entire surface of the Nutrient agar plates is equally inoculated with a sterile cotton swab 

soaked in a standardized microorganism’s test mixture. In a Roux bottle, a loop containing 

each of the bacteria was suspended in around 10ml of physiological saline to maintain 

living tissues. Then these were traced onto the appropriate culture slants and incubated for 

24 hours at 37°C. When growth was observed after the incubation period, the tubes were 

stored at 2-8° C until used. 

The basic culture medium used for the growth of fungi is Potato Dextrose Agar 

(PDA-Himedia). In 1000 mL distilled water, dissolve 28.0 g of PDA-Himedia, boil, mix 

them completely. Then it was autoclaved at 15 Ibs,121°C for 15 minutes to sterilize using 

tartaric acid. After that, it was poured into sterile Petri plates. In a Roux bottle, a loop 

containing each of the bacteria was suspended in around 10ml of physiological saline to 

maintain living tissues. Then these were traced onto the appropriate culture slants and 

incubated for 48 hours at 25°C. When growth was observed after the incubation period, the 

tubes were stored at 2-8° C until used. 
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3. Malonic acid Based Binary Deep Eutectic Solvents (BDES) 

 

3.1. Introduction  

A deep eutectic solvent (DES) based on choline chloride and malonic acid was 

easily made at a cheap cost and with high purity [1]. This eco-friendly solvent could be 

recycled and reused three times without losing effectiveness [1]. We had prepared 3 types 

of Malonic acid-based binary deep eutectic solvents by combining Malonic acid with 

Glucose, Fructose and Glycerol separately. We had followed the evaporation method [2] as 

reported by Dai et.al, to prepare the BDESs. Then the BDESs were subjected to measure 

physical properties such as Density, pH, Conductivity, Viscosity, and the hydrogen-bonded 

interactions between the chemicals taken for the preparation of binary deep eutectic 

solvents. 

3.2. Preparation of Malonic acid- Glucose (MA-GLU) BDES 

The 1:1 mole ratio of Malonic acid and Glucose were taken in a beaker for the 

preparation of BDES, which was dissolved in water. Then excess water was allowed to 

evaporate by heating until the weight of the components remains constant [2]. Then the 

beaker was kept in a desiccator containing anhydrous calcium chloride for about two weeks 

to remove the water molecules if any were present and there was no turbidity formed during 

this period, then the prepared MA-GLU BDES was subjected to measure the physical 

properties. 

3.3. Preparation of Malonic acid- Fructose (MA-FRU) BDES 

The 1:1 mole ratio of Malonic acid and Fructose were taken in a beaker for the 

preparation of BDES which was dissolved in water. Then excess water was allowed to 

evaporate by heating until the weight of the components remains constant [2]. Then the 

beaker was kept in a desiccator containing anhydrous calcium chloride for about two weeks 
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to remove the water molecules if any were present and there was no turbidity formed during 

this period, then the prepared MA-FRU BDES was subjected to measure the physical 

properties. 

3.4. Preparation of Malonic acid- Glycerol (MA-GCL) BDES 

For the preparation of MA-GCL BDES, a 1:1 mole ratio of malonic acid and 

glycerol was taken in a beaker, which was dissolved in water. Then it was allowed to 

evaporate the excess water molecules until the weight of the components remains constant 

[2]. The beaker was then placed in a desiccator with anhydrous calcium chloride for around 

two weeks to reduce any excess moisture particles and ensure that no turbidity appeared 

during this time. The generated MA-GCL BDES was then submitted to physical property 

measurements. 

3.5. Results and Discussion 

3.5.1 Characterization of Malonic Acid- Glucose BDES 

3.5.1.1 Density and Conductivity 

Density is an important property of any liquid. The density of the DESs was 

calculated at room temperature using a standard Pycnometer. By taking 5 ml of MA-GLU 

BDES, the mass was measured and the density of MA-GLU BDES was calculated as 

follows. 

Density= 
𝑀𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 

The density of MA-GLU BDES is calculated as 1.018 g/cm3.  

The conductivity of the prepared MA-GLU BDES was measured at room 

temperature by Systronics Conductivity Meter. The conductivity of BDES is highly 

affected by its viscosity and ion concentration [4, 5]. The conductivity decreases as viscosity 

of BDES increases [3, 5]. It is measured as 0.0012 mS/cm. 
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3.5.1.2 pH 

The pH is an important physical parameter that has a considerable impact on 

chemical reactions. The influence of temperature on the pH of newly generated BDESs was 

investigated in this study. Fig.3.1.1 shows the effect of temperature on pH of MA-GLU 

BDES. The H-bonded interactions of malonic acid with the hydrogen bond donor, glucose, 

decrease as the temperature rises [6].  As a result, an increase in the number of free malonic 

acid molecules at higher temperatures could be the reason of an increase in acidic character 

of MA-GLU. 

3.5.1.3 Viscosity 

The interaction of molecules in a liquid mixture is reflected in viscosity [4]. The 

lower the viscosity of DES, the better it may be employed as a solvent [3]. Fig.3.1.2 shows 

the viscosity as a function of temperature for MA-GLU BDES. The viscosity of MA-GLU 

reduces as the temperature rises. 

3.5.1.4 FTIR spectral analysis of MA-GLU 

The FTIR spectrum of MA-GLU BDES is shown in fig.3.1.3. The broad peak at 

3440.64cm-1 revealed the presence of H- bonded alcoholic O –H groups [3], the peaks at 

2978.53 cm-1 and 2938.58 cm-1 in this spectrum are due to >CH2 stretching vibrations [7] of 

malonic acid and glucose. The broad peaks noticed between 2500 and 3000 cm-1 showed 

the presence of H- bonded carboxylic O –H groups of Malonic acid [7]. The carboxylic C = 

O stretching in Malonic acid, the aldehydic C = O stretching in glucose are also involved 

in intramolecular H- bond formations, seen as a broad peak at 1717 cm-1[3, 7-9]. The O – H 

deformations of MA-GLU BDES are observed at 1425.28 cm-1 [7, 10]. Further the peaks 

found at 1300 cm-1 are assigned to C – O stretching of carboxylic groups of malonic acid 

[7]. The C – O stretching of alcoholic OH groups are observed at 1013.59 cm-1 in MA-GLU 
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BDES [3]. The >CH2 rocking and O –H out of plane bending vibrations of glucose are seen 

around 770 and 650 cm-1 respectively [10]. 

3.5.2 Characterization of Malonic Acid- Fructose BDES 

3.5.2.1 Density and Conductivity 

The density of the DESs was calculated at room temperature using a standard 

Pycnometer.  By taking 5 ml of MA-FRU BDES, the mass was measured, and the density 

of MA-FRU BDES was calculated as follows. 

Density= 
𝑀𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 

The density of MA-FRU BDES is calculated as 1.127 g/cm3.  

The conductivity of the prepared MA-FRU BDES was measured at room 

temperature by Systronics Conductivity Meter. The conductivity of BDES is highly 

affected by its viscosity and ion concentration [3, 4]. The conductivity decreases as the 

viscosity of BDES increases [3, 5]. It is measured as 0.0024 mS/cm. 

3.5.2.2 pH 

Fig.3.2.1 shows the effect of temperature on pH of MA-FRU BDES. The H-bonded 

interactions of malonic acid with the hydrogen bond donor, fructose, decrease as the 

temperature rises [6].  As a result, an increase in the number of free malonic acid molecules 

at higher temperatures could be the reason for an increase in the acidic character of MA-

FRU. 

3.5.2.3 Viscosity 

Fig.3.2.2 shows the viscosity as a function of temperature for MA-FRU BDES. The 

viscosity of MA-FRU reduces as the temperature rises. The less viscous DES is, the better 

it may be used as a solvent [4]. 
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3.5.2.4 FTIR spectral analysis of MA-FRU 

The FTIR spectrum of MA-FRU BDES is shown in fig.3.2.3. The broad peak at 

3443.36cm-1 is due to the presence of H- bonded alcoholic O –H groups [3], the peaks at 

2978.95 cm-1 and 2940.30 cm-1 in this spectrum are due to > CH2 stretching vibrations [7] 

of malonic acid and fructose. The strong, broad peaks noticed between 2500 and 3000 cm-

1 showed the presence of H- bonded carboxylic O –H groups of Malonic acid [7].  The O – 

H deformations of MA-FRU BDES are observed at1426.74 cm-1 [7, 10]. Further the peaks 

found at 1300 cm-1 are assigned to C – O stretching of carboxylic groups of malonic acid 

[7]. The C – O stretching of alcoholic OH groups is observed at 1014.63 cm-1 in MA-FRU 

BDES [3]. The >CH2 rocking and O –H out-of-plane bending vibrations of fructose are seen 

around 778 and 650 cm-1 respectively [10]. 

3.5.3 Characterization of Malonic Acid- Glycerol (MA-GCL) BDES 

3.5.3.1 Density and Conductivity 

The density of the MA-GCL BDESs was calculated at room temperature using a 

standard Pycnometer.  The density of MA-GCL BDES was calculated after measuring the 

mass of 5 ml of MA-GCL BDES as follows. 

Density= 
𝑀𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 

The density of MA-GCL BDES is calculated as 1.252 g/cm3.  

At room temperature, the conductivity of the developed MA-GCL BDES was 

measured using a Systronics Conductivity Meter. The viscosity and ion concentration of 

BDES have a significant impact on its conductivity [3, 4]. As the viscosity of BDES 

increases, the conductivity reduces [3, 5] hence the very high viscous BDES, MA-GCL has 

the lowest conductivity value of 0.0002 mS/cm. 
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3.5.3.2 pH 

The effect of temperature on pH of MA-GCL BDES is shown in Fig.3.3.1. As the 

temperature rises, the H-bonded interactions of malonic acid decrease with the hydrogen 

bond donor, glycerol [6]. As a result, at higher temperatures, an increase in the number of 

free malonic acid molecules could be the reason for an increase in the acidic character of 

MA-GCL BDES. 

3.5.3.3 Viscosity 

Fig.3.3.2 shows the viscosity as a function of temperature for MA-GCL BDES. The 

viscosity of MA-GCL reduces as the temperature rises. The less viscous DES is, the better 

it may be used as a solvent [4]. High viscous DES is not ideal since it has limits [3, 11]. The 

application of DES with a high viscosity needs a higher temperature [3], which could reduce 

the viscosity of a particular DES [11]. MA-GCL BDES has high viscosity of 16111mPa.s at 

room temperature. So, it is not suitable for applications at a temperature below 100°C. 

3.5.3.4 FTIR spectral analysis of MA-GCL 

The FTIR spectrum of MA-GCL BDES is shown in fig.3.3.3. The broad peak at 

3500 cm-1 is due to the presence of H- bonded alcoholic O –H groups [3], the peak at 2960.44 

cm-1 is due to > CH2 stretching vibrations [7] of malonic acid and fructose. The C = O 

stretching vibrations are seen as a broad peak in 1754.43cm-1[3]. The O – H deformations 

of MA-GCL BDES are observed at1411.22 cm-1 [7, 10]. Further, the peaks found at 1342.55 

cm-1 are assigned to the C – O stretching of carboxylic groups of malonic acid [7]. The C – 

O stretching of alcoholic OH groups is observed at 1049.03 cm-1 in MA-GCL BDES [3]. 

The >CH2 rocking and O –H out-of-plane bending vibrations of glycerol are seen around 

787.89 and 652.27 cm-1 respectively [10]. 
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3.6 Conclusion 

The innovative MA-GLU, MA-FRU, and MA-GCL were successfully prepared at 

room temperature. The acidic nature of these BDESs reduces viscosity significantly below 

100°C, and their conductivity makes them ideal solvents for supporting polar reactions as 

well as industrial uses. The high viscosity of MA-GCL BDES significantly below 100°C 

and low conductivity make it not suitable for solvent for supporting polar reactions as well 

as industrial uses. 

  



86 
 

References 

[1]. Hai-Chuan Hu, Yu-Heng Liu, Bao-Le Li, Zhen-Shui Cui and Zhan-Hui Zhang; Deep 

eutectic solvent based on choline chloride and malonic acid as an efficient and reusable 

catalytic system for one-pot synthesis of functionalized pyrroles; RSC Adv., 5, 7720-7728 

(2015) 

[2]. Y.T. Dai, J. van Spronsen, G.J. Witkamp, R. Verpoorte, Y.H. Choi, Natural deep 

eutectic solvents as new potential media for green technology, Anal. Chim. Acta 766 

(2013) 61 – 68. 1. https://doi.org/10.1016/j.aca.2012.12.019 

[3]. Koon-Kee Kow, Kamaliah Sirat, Novel manganese (II)-based deep eutectic solvents: 

Synthesis and physical properties analysis, Chinese Chemical Letters, 26 10 (2015) 1311 

–1314. https://doi.org/10.1016/j.cclet.2015.05.049. 

[4]. W. J. Guo, Y. C. Hou, S. H. Ren, S. D. Tian, W. Z. Wu, Formation of deep eutectic 

solvents by phenols and choline chloride and their physical properties, J. Chem. Eng. Data 

58 (2013) 866 – 872. https://doi.org/10.1021/je300997v 

[5]. Q. H. Zhang, K. De Oliveira Vigier, S. Royer, F. Jeŕome, Deep eutectic solvents: 

syntheses, properties, and applications, Chem. Soc. Rev. 41 (2012) 7108 – 7146. 

https://doi.10.1039/C2CS35178A  

[6]. Andrea Skulcova, Albert Russ, Michal Jablonsky, JozefSima, “pH of eutectic 

solvents,” BioResources 13(3), (2018) 5042 - 5051. https://doi.10.15376/biores.13.3. 5042-

5051 

[7]. Donlad L. Pavia, Gary M. Lampman, George S. Kriz, Introduction to Spectroscopy, 

3rd Edition, BROOKS/COLE, Thomson Learning, USA, 2001.  

[8]. P.G. Ramesh, D. Ilangeswaran, Thermal and physical properties of L-Lysine based 

deep eutectic solvents, International Journal of Advanced Scientific Research and 

Management, Special Issue 4, 2019 (ICAMA-18), 100 – 104. 



87 
 

[9]. P.G. Ramesh, D. Ilangeswaran, Thermal and physical properties of some deep eutectic 

solvents, Springer Nature Switzerland AG 2019, Springer Proceedings in Materials: (ICON 

2019), 2019, 1–8, https://doi.org/10.1007/978-3-030-25135-2_4 

[10]. B.D. Mistry, A Handbook of Spectroscopic Data, Oxford Book Company, India, 

2009. 

  



88 
 

 

 

Figure 3.1.1 pH as a function against T of MA-GLU BDES 

 

Figure 3.1.2 Viscosity of MA-GLU BDES at Different Temperatures 
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Figure 3.1.3 FTIR spectrum of MA-GLU BDES 

 

 

Figure 3.2.1 pH as a function against the temperature of MA-FRU BDES 
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Figure 3.2.2 Viscosity of MA-FRU BDES at different temperatures 

 

Figure 3.2.3 FTIR spectrum of MA-FRU BDES 
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Figure 3.3.1 pH as a function against temperature of MA-GCL BDES 

 

Figure 3.3.2 Viscosity of MA-GCL BDES at different temperatures 
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Figure 3.3.3 FTIR spectrum of MA-GCL BDES 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 
 

4. Zinc chloride-based Binary Deep Eutectic Solvents 

 

4.1 Introduction 

Zinc (II) based metal chloride was used to make deep eutectic solvents (DESs). All 

the DESs that have been developed have good electrochemical characteristics. The DES 

electrochemical windows widen as the temperature rises. Different electrolysis techniques 

can use these DESs as electrolytes [1]. Abbott et al. were the first to introduce DESs based 

on choline chloride and zinc chloride as low-cost, readily available alternatives to ILs in 

synthesis [2]. 

By mixing Zinc chloride with Glucose, Fructose, and Lactic acid separately, we 

were able to make three different forms of binary deep eutectic solvents. To make the 

BDESs, we used the evaporation method as reported by Dai. et.al [3]. The BDESs were then 

tested for physical properties like density, pH, conductivity, and viscosity. The FTIR 

spectra were used to find the hydrogen-bonded interactions amongst the compounds. 

4.2. Preparation of Zinc chloride- Glucose (ZC-GLU) BDES 

For the preparation of BDES, a 1:1 mole ratio of zinc chloride and glucose was 

placed in a beaker, dissolved in water.  The excess water molecules were allowed to 

evaporate by heating until the weight of the composition remains constant [3]. The 

synthesized ZC-GLU BDES was then placed in a desiccator containing anhydrous calcium 

chloride for around two weeks to eliminate any remaining water molecules and to ensure 

that no turbidity formed during this time. Then the prepared BDES was subjected to 

measure their physical properties. 

4.3. Preparation of Zinc chloride- Fructose (ZC-FRU) BDES 

For the manufacture of BDES, a 1:1 mole ratio of zinc chloride and fructose was 

put in a beaker containing water to dissolve. The excess water molecules were allowed to 
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evaporate by heating until the weight of the composition remains constant [3]. The produced 

ZC-FRU BDES was then stored in a desiccator containing anhydrous calcium chloride for 

around two weeks to eliminate water molecules and to ensure that no turbidity formed 

during this time. Then the prepared BDES was subjected to measure their physical 

properties. 

4.4. Preparation of Zinc chloride- Lactic Acid (ZC-LA) BDES 

For the manufacture of BDES, a 1:1 mole ratio of zinc chloride and lactic acid was 

taken in a beaker, dissolved in water. The excess water molecules were allowed to 

evaporate by heating until the weight of the composition remains constant [3]. The newly 

developed ZC-LA BDES was then stored in a desiccator containing anhydrous calcium 

chloride for around two weeks to eliminate any remaining water molecules and to ensure 

that no turbidity formed during this time. Then the prepared BDES was subjected to 

measure their physical properties. 

4.5. Results and Discussion 

4.5.1 Characterization of Zinc chloride- Glucose BDES 

4.5.1.1 Density and Conductivity 

The density of a liquid is one of its most important properties. The densities of ionic 

liquids and DES are subjected to a great deal of uncertainty. The conductivity of newly 

generated Zinc chloride-based BDESs with hydrogen bond donors like Glucose is 0.06 

mS/cm and the density is calculated by measuring its mass of volume 5 ml as 1.002 g/cm3. 

The viscosity and ion concentration of DES have a significant impact on its conductivity 

[4, 5].  

4.5.1.2 pH 

The pH is an important physical parameter that considerably impacts chemical 

reactions. The pH levels dropped as the temperature goes up. The influence of temperature 
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on the pH of freshly generated DESs was investigated in this study for ZC-GLU BDES, as 

shown in Fig.4.1.1. At room temperature (299 K), the DESs had an acidic pH, which 

reduces as the temperature rises [6]. The rise in acidic nature at higher temperatures could 

be due to an increase in the number of free zinc chloride molecules. 

4.5.1.3 Viscosity 

The interaction of molecules in a liquid mixture is indicated in the viscosity [7]. The 

lower the viscosity, the better the BDES as a solvent can be employed [3, 4]. Because of its 

limits, DES with higher viscosity is not recommended [3, 4]. The application of DES with a 

high viscosity necessitates a higher temperature [4] so that the viscosity of a particular DES 

can be reduced [8]. As a result, the viscosity of the prepared DESs is measured at various 

temperatures to determine their appropriate application. The viscosity of ZC-GLU was 

plotted Vs temperature in Fig.4.1.2. The viscosity of this solution reduces dramatically as 

the temperature rises. 

4.5.1.4 FTIR spectral analysis of ZC-GLU 

The broad peak found near 3433.24cm-1 revealed the presence of H bonded 

alcoholic O – H groups, as shown in the FTIR spectra of ZC-GLU BDES [4] in Fig. 4.1.3. 

The CH2 stretching vibrations of glucose create the peak at 2939.39 cm-1 in this spectrum 

[9]. They form strong intramolecular H bond interactions with Zn2+ ions. The O – H 

deformations in DESs are measured at 1422 cm-1[9, 10], while the O – H out-of-plane bending 

vibration of glucose is measured at 650 cm-1[10]. Metal interacting O – H deformations are 

responsible for the various peaks observed near 800cm-1 [11]. These findings showed that 

zinc chloride and glucose can coexist due to H-bonded interactions. 

  



96 
 

4.5.2 Characterization of Zinc chloride- Fructose BDES 

4.5.2.1 Density and Conductivity 

One of the most significant qualities of a liquid is its density. ZC-FRU BDES has a 

conductivity of 0.012 mS/cm and a density of 1.125 g/cm3. The conductivity of DES is 

significantly affected by its viscosity and ion concentration [4, 5]. 

4.5.2.2 pH 

The pH is a critical physical parameter that influences chemical processes 

significantly. As the temperature was increased, the pH levels decreased. For ZC-FRU 

BDES, the effect of temperature on the pH of freshly formed DESs was examined, as 

shown in Fig.4.2.1. The DESs had an acidic pH at room temperature (299 K), which 

decreases as the temperature rises [6]. The increase in the number of free zinc chloride 

molecules at higher temperatures could be the cause of the acidic nature. 

4.5.2.3 Viscosity 

The viscosity of a liquid mixture indicates the interaction of molecules [7]. The 

lower the viscosity, the more effectively BDES can be used as a solvent [3, 4]. Higher 

viscosity DES is not suggested due to its limitations [3, 4]. The use of DES with a high 

viscosity needs a higher temperature [4] to reduce the viscosity of a specific DES [8]. As a 

result, the viscosity of the prepared DESs is evaluated at different temperatures to 

determine their suitability for use. In Fig.4.2.2, the viscosity of ZC-FRU was plotted against 

temperature. As the temperature rises, the viscosity of this solution decreases considerably. 

4.5.2.4 FTIR spectral analysis of ZC-FRU 

The existence of H bonded alcoholic O – H groups was shown by the broad peak 

of about 3438.54cm-1, as shown in the FTIR spectra of ZC-FRU BDES [4] in Fig. 4.2.3. The 

peaks at 2987.39 cm-1 and 2931 cm-1 in this spectrum are caused by the > CH2 and CH3 

stretching vibrations of fructose [9]. With Zn2+ ions, they create strong intramolecular H 
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bond connections. DESs have O – H deformations of 1424.01 cm-1[9, 10], whereas fructose 

has an O – H out-of-plane bending vibration of 650.37 cm-1[10]. The multiple peaks detected 

near 800-900 cm-1 are due to metal interacting O – H deformations [11]. Zinc chloride and 

fructose can coexist due to H-bonded interactions, according to these studies. 

4.5.3 Characterization of Zinc chloride- Lactic Acid BDES 

4.5.3.1 Density and Conductivity 

The density of a liquid is one of its most important characteristics. The conductivity 

of ZC-LA BDES is 0.0046 mS/cm, and the density is 1.325 g/cm3. The viscosity and ion 

concentration of DES have a considerable impact on its conductivity [4, 5]. Because of its 

high viscosity, ZC-LA BDES has low conductivity. 

4.5.3.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. The pH levels dropped as the temperature was raised. The influence of 

temperature on the pH of freshly generated DESs in ZC-LA BDES was investigated, as 

shown in Fig.4. 3.1. At room temperature (299 K), the DESs had an acidic pH, which 

lowers as the temperature rises [6]. The acidic character could be due to an increase in the 

quantity of free zinc chloride molecules at higher temperatures. 

4.5.3.3 Viscosity 

The interaction of molecules is indicated by the viscosity of a liquid mixture [7]. 

BDES can be utilized as a solvent more effectively with a lower viscosity [3, 4]. Due to its 

limits, higher viscosity DES is not encouraged [3, 4]. To reduce the viscosity of a certain 

DES [8], a higher temperature [4] is required when using DES with a high viscosity. As a 

result, the viscosity of DES is measured at various temperatures to determine its 

appropriateness for application. The viscosity of ZC-LA was plotted against temperature 

in Fig.4.3.2. The viscosity of this solution reduces dramatically as the temperature rises. 
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Because of its high viscosity, zinc chloride is thought to have significant H-bound 

interactions with lactic acid. 

4.5.3.4 FTIR spectral analysis of ZC-LA 

The broad peak of about 3497.28cm-1 in the FTIR spectra of ZC-LA BDES [4] in 

Fig. 4.3.3 demonstrated the presence of H bonded alcoholic OH groups. The CH3 and > 

CH2 stretching vibration of lactic acid create the peak at 2942 cm-1 in this spectrum [9]. 

Lactic acid has a carboxylic C = O stretching at 1730.40 cm -1[30]. They form strong 

intramolecular H bond interactions with Zn2+ ions. The O – H deformations of DESs are 

1455.72 cm-1[9, 10], whereas the O – H out-of-plane bending vibration of lactic acid is 650 

cm-1 [10]. The multiple peaks detected near 811.01 cm-1 are due to metal interacting O –H 

deformations [11]. According to research, zinc chloride and lactic acid can coexist due to H-

bonded interactions. 

4.6 Conclusion 

The preparation of three types of novel room-temperature binary deep eutectic 

solvents based on zinc chloride was successful. DESs are ideal solvents for encouraging 

polar reactions as well as industrial applications due to their acidic character, significantly 

less viscosity below 100° C, and conductivity. Because of its high viscosity, ZC-LA BDES 

requires a high temperature and is difficult to utilize at room temperature. 
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Figure 4.1.1 pH as a function against T of ZC-GLU BDES 

 

 

Figure 4.1.2 Viscosity of ZC-GLU BDES at Different Temperatures 
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Figure 4.1.3 FTIR spectrum of ZC-GLU BDES 

 

Figure 4.2.1 pH as a function against T of ZC-FRU BDES 



103 
 

 

 Figure 4.2.2. Viscosity of ZC-FRU BDES at Different Temperatures 

 

 

 

Figure 4.2.3 FTIR spectrum of ZC-FRU BDES 
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Figure 4.3.1 pH as a function against T of ZC-LA BDES 

 

Figure 4.3.2. Viscosity of ZC-LA BDES at Different Temperatures 
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Figure 4.3.3 FTIR spectrum of ZC-LA BDES 
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5. Manganese chloride-based Binary Deep Eutectic Solvents 

 

5.1 Introduction 

The generation of metal-based eutectics from metal salts in combination with 

various hydrogen-bond donors (HBDs) is known as Type IV deep eutectic solvent (DES) 

[1]. The evaporation method was utilized to synthesize potential BDESs in this 

investigation. The successfully produced BDESs were characterized using physical 

properties like density, pH, viscosity, and conductivity studies. As revealed in this study, 

three novel manganese chloride-based BDESs were successfully synthesized. 

5.2. Preparation of Manganese chloride- Glucose (MC-GLU) BDES 

For the preparation of BDES, a 1:1 mole ratio of manganese chloride and glucose 

was placed in a beaker, dissolved in water. The mixture was allowed to evaporate by 

heating on a hot water bath until all the weight of components remains constant [2] so that 

excess water molecules are getting removed. The synthesized MC-GLU BDES was then 

placed in a desiccator containing anhydrous calcium chloride for around two weeks to 

eliminate any remaining water molecules and to ensure that no turbidity formed during this 

time. Then the prepared BDES was subjected to measure their physical properties. 

5.3. Preparation of Manganese chloride- Fructose (MC-FRU) BDES 

For the manufacture of BDES, a 1:1 mole ratio of manganese chloride and fructose 

was put in a beaker containing water to dissolve.  The mixture was allowed to evaporate 

by heating on a hot water bath until all the weight of components remains constant [2] so 

that excess water molecules are getting removed. The produced MC-FRU BDES was then 

stored in a desiccator containing anhydrous calcium chloride for around two weeks to 

eliminate water molecules and to ensure that no turbidity formed during this time. Then the 

prepared BDES was subjected to measure their physical properties. 
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5.4. Preparation of Manganese chloride- citric Acid (MC-CA) BDES 

For the manufacture of BDES, a 1:1 mole ratio of manganese chloride and citric 

acid was taken in a beaker, dissolved in water. The mixture was allowed to evaporate by 

heating on a hot water bath until all the weight of components remains constant [2] so that 

excess water molecules are getting removed. The newly developed MC-CA BDES was 

then stored in a desiccator containing anhydrous calcium chloride for around two weeks to 

eliminate any remaining water molecules. But the prepared BDES crystallized, and it was 

subjected to test the solubility in both aqueous and non-aqueous solvents. The crystals were 

dissolved in all the above-mentioned solvents, and it was confirmed that it was not stable. 

5.5. Results and Discussion 

5.5.1 Characterization of Manganese chloride- Glucose (MC-GLU) BDES 

5.5.1.1 Density and Conductivity 

The density of a liquid is one of its most important properties. The densities of ionic 

liquids and DES are subjected to a great deal of uncertainty. The conductivity of newly 

generated Manganese chloride-based BDESs with hydrogen bond donors like Glucose is 

0.165 mS/cm and the density is calculated by measuring its mass of volume 5 ml as 1.123 

g/cm3. The viscosity and ion concentration of DES have a significant impact on its 

conductivity [1, 3].  

5.5.1.2 pH 

The pH is an important physical parameter that considerably impacts chemical 

reactions. The pH levels dropped as the temperature goes up. The influence of temperature 

on the pH of freshly generated DESs was investigated in this study for MC-GLU BDES, 

as shown in Fig.5.1.1. At room temperature (299 K), the DESs had an acidic pH, which 

reduces as the temperature rises [4]. The rise in acidic nature at higher temperatures could 

be due to an increase in the number of free manganese chloride molecules. 



109 
 

5.5.1.3 Viscosity 

The interaction of molecules in a liquid mixture is indicated in the viscosity [5]. The 

lower the viscosity, the better the BDES as a solvent can be employed [1, 2]. Because of its 

limits, DES with higher viscosity is not recommended [1, 2]. The application of DES with a 

high viscosity necessitates a higher temperature [1] so that the viscosity of a particular DES 

can be reduced [6]. As a result, the viscosity of the prepared DESs is measured at various 

temperatures to determine their appropriate application. The viscosity of MC-GLU was 

plotted Vs temperature in Fig.5.1.2. The viscosity of this solution reduces dramatically as 

the temperature rises. 

5.5.2 Characterization of Manganese chloride- Fructose (MC-FRU) BDES 

5.5.2.1 Density and Conductivity 

One of the most significant qualities of a liquid is its density. MC-FRU BDES has 

a conductivity of 0.062 mS/cm and a density of 1.002 g/cm3. The conductivity of DES is 

significantly affected by its viscosity and ion concentration [1, 3]. 

5.5.2.2 pH 

The pH is a critical physical parameter that influences chemical processes 

significantly. As the temperature was increased, the pH levels decreased. For MC-FRU 

BDES, the effect of temperature on the pH of freshly formed DESs was examined, as 

shown in Fig.5.2.1. The DESs had an acidic pH at room temperature (299 K), which 

decreases as the temperature rises [4]. The increase in the number of free zinc chloride 

molecules at higher temperatures could be the cause of the acidic nature. 

5.5.2.3 Viscosity 

The viscosity of a liquid mixture indicates the interaction of molecules [5]. The 

lower the viscosity, the more effectively BDES can be used as a solvent [1,2]. Higher 

viscosity DES is not suggested due to its limitations [1, 2]. The use of DES with a high 
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viscosity needs a higher temperature [3] to reduce the viscosity of a specific DES [6]. As a 

result, the viscosity of the prepared DESs is evaluated at different temperatures to 

determine their suitability for use. In Fig.5.2.2, the viscosity of MC-FRU was plotted 

against temperature. As the temperature rises, the viscosity of this solution decreases 

considerably. 

5.6. Conclusion  

Three manganese chloride-based binary deep eutectic solvents were prepared. The 

physical properties such as density, pH, conductivity, and viscosity were measured for the 

prepared BDESs. The FTIR characterization of the BDESs was not studied. The MC-CA 

BDES crystallized, and it is not stable. 
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Figure 5.1.1 pH as a function against T of MC-GLU BDES 

 

 Figure 5.1.2 Viscosity of MC-GLU BDES at Different Temperatures 
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Figure 5.2.1 pH as a function against T of MC-FRU BDES 

 

 Figure 5.2.2 Viscosity of MC-FRU BDES at Different Temperatures 
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6. Malonic acid-based Ternary Deep Eutectic Solvents (TDES) 

 

6.1 Introduction 

The conventional DES is a binary deep eutectic solvent consisting of only two 

components (BDES). The designable property of the ternary deep eutectic solvent (TDES) 

was significantly improved when a third component was added. To date, TDES has been 

synthesized and employed in several applications [1-3].  Bengi Taysun et.al used choline 

chloride, citric acid, and glycerol to make a ternary deep eutectic solvent [4]. The effect of 

adding glycerol was studied using measurements of freezing point, density, viscosity, 

conductivity, and pH [4]. TDES is more thermally stable than BDES and has a greater free 

volume, making it a good potential for high-temperature absorption. The TDES is expected 

to be capable of large-scale industrial applications due to its environmentally friendly 

preparation technique [1]. 

By mixing Malonic acid with Glucose/Fructose and amino acids such as Glutamine, 

Glycine, and Histidine separately, we were able to make six different types of Malonic 

acid-based ternary deep eutectic solvents. To make the TDESs, we used the evaporation 

method [5] described by Dai et al. The physical parameters of the TDESs were then 

measured, including density, pH, conductivity, and viscosity. The hydrogen-bonded 

interactions amongst the components used to make ternary deep eutectic solvents were 

characterized by FTIR. 

6.2. Preparation of Malonic acid- Glucose- Glutamine (MA-GLU-GLUT) TDES 

Malonic acid, glucose, and glutamine at a 1:1:1 mole ratio were dissolved in double-

distilled water and allowed to evaporate the water in a water bath till the constant weight 

was attained [5]. The obtained mixtures were kept in desiccators containing anhydrous 

CaCl2 for about two weeks. As no turbidity developed during this time, the ternary DESs 
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were subjected to measure physical properties such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

6.3. Preparation of Malonic acid- Fructose- Glutamine (MA-FRU-GLUT) TDES 

At a 1:1:1 mole ratio, malonic acid, fructose, and glutamine are dissolved in double 

distilled water and allowed to evaporate in a water bath until the weight of the components 

remains constant [5]. The ternary DESs were subjected to physical properties such as 

density, pH, conductivity, and viscosity. The H-bonded interactions between the 

components were characterized using FTIR after being kept in a desiccator containing 

anhydrous CaCl2, because no turbidity developed during this time. 

6.4. Preparation of Malonic acid- Glucose- Glycine (MA-GLU-GLY) TDES 

Malonic acid, glucose, and glycine are dissolved in double distilled water at a 1:1:1 

mole ratio and allowed to evaporate in a water bath until the constant weight of the 

components was attained [5]. After being stored in a desiccator containing anhydrous CaCl2, 

the ternary DESs were exposed to physical parameters such as density, pH, conductivity, 

and viscosity. The H-bonded interactions between the components were characterized 

using FTIR, because no turbidity occurred throughout this time. 

6.5. Preparation of Malonic acid- Fructose- Glycine (MA-FRU-GLY) TDES 

Malonic acid, fructose, and glycine are dissolved in a 1:1:1 mole ratio in double-

distilled water and evaporated in a water bath until the weight of the components remains 

constant [5]. The ternary DESs were exposed to physical properties such as density, pH, 

conductivity, and viscosity after being stored in a desiccator containing anhydrous CaCl2, 

The H-bonded interactions between the components were characterized using FTIR 

because no turbidity occurred during this time. 
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6.6. Preparation of Malonic acid- Glucose- Histidine (MA-GLU-HIS) TDES 

Malonic acid, glucose, and histidine are dissolved in a 1:1:1 mole ratio in double-

distilled water and evaporated in a water bath until the weight of the components remains 

constant [5]. The ternary DESs were exposed to physical characteristics such as density, pH, 

conductivity, and viscosity after being stored in a desiccator containing anhydrous CaCl2. 

The H-bonded interactions between the components were characterized using FTIR 

because no turbidity occurred during this time. 

6.7. Preparation of Malonic acid- Fructose- Histidine (MA-FRU-HIS) TDES 

In double distilled water, malonic acid, fructose, and histidine are dissolved in a 

1:1:1 mole ratio and evaporated in a water bath until the weight of the components remains 

constant [5]. After being stored in a desiccator containing anhydrous CaCl2, the ternary 

DESs were exposed to physical parameters such as density, pH, conductivity, and viscosity. 

The H-bonded interactions between the components were studied using FTIR because no 

turbidity occurred during this period. 

6.8. Results and Discussion 

6.8.1 Characterization of Malonic Acid-Glucose-Glutamine TDES 

6.8.1.1 Density and Conductivity 

Density is one of the most essential physical properties of solvents. The densities 

of ionic liquids and DES are quite largely unexplored. When compared to water, TDESs 

have a larger density. At room temperature, MA-GLU-GLUT TDES has a density of 

1.3624 g/cm3. The density of ionic liquids ranges from 1.0 to 1.6 g/cm3 due to the influence 

of their ionic structure [6]. DESs are ionic liquid substitutes with densities that are like those 

of ionic liquids. 

The conductivity of DES is influenced by its viscosity and ion concentration. At 

room temperature, the conductivity of MA-GLU-GLUT TDES is 4.7mS/cm. According to 
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certain literature assessments, the value is in the range of 0.1-14 mS/cm. As the temperature 

rises, the conductivity of the TDES rises due to a decrease in viscosity [7-9].  

6.8.1.2 pH 

The pH is a critical physical parameter that influences chemical processes 

significantly. Andrea Skulcova et al. [10] studied the effect of temperature on pH for a 

variety of DESs and discovered that as temperature rises, pH values decrease. This study 

investigated the effect of temperature on the pH of newly formed DESs. The hydrogen-

bond donor has a considerable impact on the pH of the final product, according to the pH 

behavior analysis. The nature of the hydrogen bond donor determines the acidity of the 

mixture. The pH values of the solvent, MA-GLU-GLUT decrease somewhat as the 

temperature rises, as seen in Fig.6.1.1.  

6.8.1.3 Viscosity 

The viscosity of a liquid mixture represents the attraction between molecules [11]. 

The viscosity of DES determines how well it may be used as a solvent. Because of its 

limitations, higher viscosity DES is not appropriate [12, 5]. When using DES with a high 

viscosity, a higher temperature is required [12], which may reduce the viscosity of a 

particular DES [13]. DESs with strong hydrogen bonding in their structures had higher 

viscosity and surface tension [14]. As a result, the viscosity of the prepared MA- GLU-

GLUT TDES was assessed at three different temperatures to determine their suitability for 

usage. As seen in Fig.6.1.2, increasing the temperature causes a gradual reduction in 

viscosity of the solvent. 

6.8.1.4 FTIR spectrum of MA-GLU-GLUT TDES 

The FTIR spectrum of MA-GLU-GLUT TDES is shown in Fig.6.1.3. The peak 

noticed at 3389cm-1 is due to N - H stretching. The broad peak at 2620.80cm-1 is due to the 

intramolecular O - H stretching [15]. The peak at 1667.83cm-1 is due to C = N stretching and 
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the peaks at 1402.32cm-1 [15, 16] are due to O - H bending of the carboxylic acid of malonic 

acid. The peak observed at 1287.75cm-1 is due to strong C - N stretching and the peaks 

observed between 1200 and 1020cm-1 are due to C - OH stretching [12]. Furthermore, there 

are some peaks in the fingerprint region [17].  

6.8.2 Characterization of Malonic Acid-Fructose-Glutamine TDES 

6.8.2.1 Density and Conductivity 

One of the most important physical features of solvents is density. The density of 

TDESs is higher than that of water. MA-FRU-GLUT TDES has a density of 1.3192g/cm3 

at room temperature. Due to the influence of their ionic structure, the density of ionic 

liquids ranges from 1.0 to 1.6 g/cm3 [6]. Ionic liquid substitutes with densities similar to 

ionic liquids are known as DESs. 

The viscosity and ion concentration of DES affect its conductivity. MA-FRU-

GLUT TDES has a conductivity of 4.9mS/cm at normal temperature. According to certain 

estimates in the literature, the value is between 0.1 and 14 mS/cm. The conductivity of the 

TDES increases as the temperature rises due to a decrease in viscosity [7-9]. 

6.8.3.2 pH 

The pH is an important physical parameter that has a big influence on chemical 

processes. Andrea Skulcova et al. [10] studied the influence of temperature on pH for several 

DESs and discovered that as temperature raises, pH values decrease. This study 

investigated the effect of temperature on the pH of newly formed DESs. The hydrogen-

bond donor has a substantial impact on the pH of the final product, according to the pH 

behavior analysis. The type of hydrogen bond donor determines the acidity of a 

combination. The pH values of MA-FRU-GLUT fall somewhat when the temperature rises, 

as seen in Fig.6.2.1. 
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6.8.2.3 Viscosity 

The attraction between molecules is represented by the viscosity of a liquid mixture 

[11]. The viscosity of DES is what defines how effective it is as a solvent. Higher viscosity 

DES is not recommended due to its limitations [12, 5]. A greater temperature is necessary 

when utilizing DES with a high viscosity [12], which may lessen the viscosity of a particular 

DES [13]. The viscosity and surface tension of DESs with significant hydrogen bonding in 

their structures were higher [14]. As a result, the viscosity of MA-FRU-GLUT TDES was 

evaluated at three different temperatures to determine their appropriateness for use. As 

shown in Fig.6.2.2, increasing the temperature causes the solvent to gradually decrease its 

viscosity. 

6.8.2.4 FTIR spectrum of MA-FRU-GLUT TDES 

Figure 6.2.3 shows the FTIR spectrum of MA-FRU-GLUT TDES. The 

intermolecular O-H stretching of the alcoholic group causes a large peak at 3435.76cm-1 

[12]. The peaks at 1667.33cm-1 and 1422.45cm-1 [15, 16] are due to C = N stretching and O - 

H bending of the carboxylic acid of malonic acid, respectively. Strong C - N stretching 

causes the peak at 1292.88cm-1 [12], while C - OH stretching causes the peaks between 

1100.59 and 1080.80cm-1 [12]. In addition, certain peaks can be found in the fingerprint 

region [17]. 

6.8.3 Characterization of Malonic Acid-Glucose-Glycine TDES 

6.8.3.1 Density and Conductivity 

Density is one of the most essential physical characteristics of solvents. TDESs 

have a density greater than that of water. At room temperature, MA-GLU-GLY TDES has 

a density of 1.1792g/cm3. Ionic liquids have a density of 1.0 to 1.6 g/cm3 due to the 

influence of their ionic structure [6]. DESs are ionic liquid substitutes with densities similar 

to ionic liquids. 
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The conductivity of DES is affected by its viscosity and ion concentration. At room 

temperature, MA-GLU-GLY TDES has a conductivity of 1.4mS/cm. The value is between 

0.1 and 14 mS/cm, according to several estimations in the literature. Due to a decrease in 

viscosity, the conductivity of the TDES increases as the temperature rises [7-9]. 

6.8.3.2 pH 

The pH is an important physical parameter that has a big influence on chemical 

processes. Andrea Skulcova et al. [10] studied the influence of temperature on pH for a few 

DESs and discovered that as temperature raises, pH values decrease. This study looked into 

the effect of temperature on the pH of newly formed DESs. The hydrogen-bond donor has 

a substantial impact on the pH of the final product, according to the pH behavior analysis. 

The type of hydrogen bond donor determines the acidity of a combination. The pH values 

of MA-GLU-GLY fall somewhat when the temperature rises, as seen in Fig.6.3.1. 

6.8.3.3 Viscosity 

The viscosity of a liquid mixture represents the attraction between molecules [11]. 

The viscosity of DES determines its ability to act as a solvent. Due to its limitations, higher 

viscosity DES is not advised [12, 5]. When using DES with a high viscosity, a higher 

temperature is required [12], which may reduce the viscosity of a particular DES [13]. DESs 

with strong hydrogen bonding in their structures had increased viscosity and surface 

tension [14]. As a result, the viscosity of MA-GLU-GLY TDES was measured at three 

different temperatures in order to determine its suitability for an application. The viscosity 

of solvent steadily decreases as the temperature rises, as illustrated in Fig.6.3.2. 

6.8.3.4 FTIR spectrum of MA-GLU-GLY TDES 

Figure 6.3.3 shows the FTIR spectrum of MA-GLU-GLY TDES. The 

intermolecular O - H stretching of the alcoholic group causes a large peak at 3458.27cm-1 

[12]. The peak in 1730.85cm-1 is due to the aldehydic stretching of glucose. The peaks at 
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1632.39cm-1 and 1414.53cm-1 [15, 16] are due to C = N stretching and O - H bending of the 

carboxylic acid of malonic acid, respectively. NO2 stretching causes the peak at 1328.41cm-

1 [12], while strong peaks between 1020-1200cm-1 are seen due to C - OH stretching [12]. In 

addition, certain peaks can be found in the fingerprint region [17]. 

6.8.4 Characterization of Malonic Acid-Fructose-Glycine TDES 

6.8.4.1 Density and Conductivity 

Density is one of the most essential physical characteristics of solvents. TDESs 

have a density greater than that of water. At room temperature, MA-FRU-GLY TDES has 

a density of 1.3564g/cm3. Ionic liquids have a density of 1.0 to 1.6 g/cm3 due to the 

influence of their ionic structure [6]. DESs are ionic liquid substitutes with densities similar 

to ionic liquids. 

The conductivity of DES is affected by its viscosity and ion concentration. At room 

temperature, MA-FRU-GLY TDES has a conductivity of 2.5mS/cm. The value is between 

0.1 and 14 mS/cm, according to several estimations in the literature. Due to a decrease in 

viscosity, the conductivity of the TDES increases as the temperature rises [7-9]. 

6.8.4.2 pH 

The pH is an important physical parameter that has a big influence on chemical 

processes. Andrea Skulcova et al. [10] studied the influence of temperature on pH for several 

DESs and discovered that as temperature raises, pH values decrease. This study 

investigated the effect of temperature on the pH of newly formed DESs. The hydrogen-

bond donor has a substantial impact on the pH of the final product, according to the pH 

behaviour analysis. The type of hydrogen bond donor determines the acidity of a 

combination. The pH values of MA-FRU-GLY fall somewhat when the temperature rises, 

as seen in Fig.6.4.1. 
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6.8.4.3 Viscosity 

The viscosity of a liquid mixture represents the attraction between molecules [11]. 

The viscosity of DES determines its ability to act as a solvent. Due to its limitations, higher 

viscosity DES is not advised [12, 5]. When using DES with a high viscosity, a higher 

temperature is required [12], which may reduce the viscosity of a particular DES [13]. DESs 

with strong hydrogen bonding in their structures had increased viscosity and surface 

tension [14]. As a result, the viscosity of MA-FRU-GLY TDES was measured at three 

different temperatures to determine its suitability for application. The viscosity of the 

solvent steadily decreases as the temperature rises, as illustrated in Fig.6.4.2. 

6.8.4.4 FTIR spectrum of MA-FRU-GLY TDES 

Figure 6.4.3 shows the FTIR spectrum of MA-FRU-GLY TDES. The 

intermolecular O - H stretching of the alcoholic group causes a large peak at 3396.22cm-1 

[12]. The peaks at 1675.56 cm-1 and 1402.19 cm-1 [15, 16] are due to C = N stretching and O - 

H bending of the carboxylic acid of malonic acid, respectively. The peak at 1300.80 cm-1 

is due to NO2 stretching. The strong peaks between 1020-1200cm-1 are seen due to C - OH 

stretching [12]. In addition, certain peaks can be found in the fingerprint region [17]. 

6.8.5 Characterization of Malonic Acid-Glucose-Histidine TDES 

6.8.5.1 Density and Conductivity 

Density is one of the most essential physical characteristics of solvents. TDESs 

have a density greater than that of water. At room temperature, MA-GLU-HIS TDES has 

a density of 1.2456g/cm3. Ionic liquids have a density of 1.0 to 1.6 g/cm3 due to the 

influence of their ionic structure [6]. DESs are ionic liquid substitutes with densities similar 

to ionic liquids. 

The conductivity of DES is affected by its viscosity and ion concentration. At room 

temperature, MA-GLU-HIS TDES has a conductivity of 0.56mS/cm. The value is between 
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0.1 and 14 mS/cm, according to several estimations in the literature. Due to a decrease in 

viscosity, the conductivity of the TDES increases as the temperature rises [7-9]. 

6.8.5.2 pH 

The pH is an important physical parameter that has a big influence on chemical 

processes. Andrea Skulcova et al. [10] studied the influence of temperature on pH for a 

number of DESs and discovered that as temperature raises, pH values decrease. This study 

looked into the effect of temperature on the pH of newly formed DESs. The hydrogen-bond 

donor has a substantial impact on the pH of the final product, according to the pH behavior 

analysis. The type of hydrogen bond donor determines the acidity of a combination. The 

pH values of MA-GLU-HIS fall somewhat when the temperature rises, as seen in Fig.6.5.1. 

6.8.5.3 Viscosity 

The viscosity of a liquid mixture represents the attraction between molecules [11]. 

The viscosity of DES determines its ability to act as a solvent. Due to its limitations, higher 

viscosity DES is not advised [12, 5]. When using DES with a high viscosity, a higher 

temperature is required [12], which may reduce the viscosity of a particular DES [13]. DESs 

with strong hydrogen bonding in their structures had increased viscosity and surface 

tension [14]. As a result, the viscosity of MA-GLU-HIS TDES was measured at three 

different temperatures to determine its suitability for applications. The viscosity of the 

solvent steadily decreases as the temperature rises, as illustrated in Fig.6.5.2. 

6.8.5.4 FTIR spectrum of MA-GLU-HIS TDES 

Figure 6.5.3 shows the FTIR spectrum of MA-GLU-HIS TDES. The intermolecular            

O – H stretching of the alcoholic group causes a large peak at 3461.17cm-1 [12]. The peak at 

1733.85cm-1 is due to the aldehydic stretching of glucose. The peak at 1632.84 cm-1 [15, 16] 

is due to C = N stretching, NO2 stretching causes the peak at 1383.56cm-1 [12], while strong 



125 
 

peaks between 1020-1200cm-1 are seen due to C - OH stretching [12]. In addition, certain 

peaks can be found in the fingerprint region [17]. 

6.8.6 Characterization of Malonic Acid-Fructose-Histidine TDES 

6.8.6.1 Density and Conductivity 

One of the most important physical features of solvents is density. The density of 

TDESs is higher than that of water. MA-FRU-HIS TDES has a density of 1.2742g/cm3 at 

room temperature. Due to the influence of their ionic structure, the density of ionic liquids 

ranges from 1.0 to 1.6 g/cm3 [6]. Ionic liquid substitutes with densities similar to ionic 

liquids are known as DESs. 

The viscosity and ion concentration of DES affect its conductivity. MA-FRU-HIS 

TDES has a conductivity of 0.505 mS/cm at normal temperature. According to certain 

estimates in the literature, the value is between 0.1 and 14 mS/cm. The conductivity of the 

TDES increases as the temperature rises due to a decrease in viscosity [7-9]. 

6.8.6.2 pH 

The pH is an important physical parameter that has a big influence on chemical 

processes. Andrea Skulcova et al. [10] studied the influence of temperature on pH for a 

number of DESs and discovered that as temperature raises, pH values decrease. This study 

looked into the effect of temperature on the pH of newly formed DESs. The hydrogen-bond 

donor has a substantial impact on the pH of the final product, according to the pH behavior 

analysis. The type of hydrogen bond donor determines the acidity of a combination. The 

pH values of MA-FRU-HIS fall somewhat when the temperature rises, as seen in Fig.6.6.1. 

6.8.6.3 Viscosity 

The attraction between molecules is represented by the viscosity of a liquid mixture 

[11]. The viscosity of DES is what defines how effective it is as a solvent. Higher viscosity 

DES is not recommended due to its limitations [12, 5]. A greater temperature is necessary 
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when utilizing DES with a high viscosity [12], which may lessen the viscosity of a particular 

DES [13]. The viscosity and surface tension of DESs with significant hydrogen bonding in 

their structures were higher [14]. As a result, the viscosity of MA-FRU-HIS TDES was 

evaluated at three different temperatures to determine their appropriateness for use. As 

shown in Fig.6.6.2, increasing the temperature causes the solvent to gradually decrease its 

viscosity. 

6.8.6.4 FTIR spectrum of MA-FRU-HIS TDES 

Figure 6.6.3 shows the FTIR spectrum of MA-FRU-HIS TDES. The intermolecular            

O - H stretching of the alcoholic group causes a large peak at 3435.77cm-1 [12]. The strong 

peaks at 2928.47cm-1 and 1713 cm-1 are due to carboxylic O - H stretching and the ketonic 

group of fructose respectively [12]. The peaks at 1632cm-1 and 1411.67cm-1 [15, 16] are due to 

C = N stretching and O - H bending of the carboxylic acid of malonic acid, respectively. 

Strong C - N stretching causes the peak at 1272.02cm-1 [12], while C-OH stretching of 

secondary alcoholic groups causes the peaks between 1200 and 1020.80cm-1 [12]. In 

addition, certain peaks can be found in the fingerprint region [17]. 

6.9 Conclusion 

In this study, six types of malonic acid-based ternary deep eutectic solvents were 

prepared successfully. The physical properties were measured for all the solvents. The H- 

bonded interactions were also characterized by FTIR. The MA-based TDESs have 

appreciable conductivity as their viscosity went on decreasing when the temperature was 

increasing.  
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Figure 6.1.1 pH as a function against T of MA-GLU-GLUT TDES 

 

 

Figure 6.1.2 Viscosity of MA-GLU-GLUT TDES At Different Temperatures 
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Figure 6.1.3 FTIR spectrum of MA-GLU-GLUT TDES 

 

 

Figure 6.2.1 pH as a function against T of MA-FRU-GLUT TDES 
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Figure 6.2.2 Viscosity of MA-FRU-GLUT TDES At Different Temperatures 

 

 

Figure 6.2.3 FTIR spectrum of MA-FRU-GLUT TDES 
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Figure 6.3.1 pH as a function against T of MA-GLU-GLY TDES 

 

Figure 6.3.2 Viscosity of MA-GLU-GLY TDES At Different Temperatures 
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Figure 6.3.3 FTIR spectrum of MA-GLU-GLY TDES 

 

 Figure 6.4.1 pH as a function against T of MA-FRU-GLY TDES 
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Figure 6.4.2 Viscosity of MA-FRU-GLY TDES at Different Temperatures 

 

 Figure 6.4.3 FTIR spectrum of MA-FRU-GLY TDES 
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Figure 6.5.1 pH as a function against T of MA-GLU-HIS TDES 

 

Figure 6.5.2 Viscosity of MA-GLU-HIS TDES at Different Temperatures 
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 Figure 6.5.3 FTIR spectrum of MA-GLU-HIS TDES 

 

Figure 6.6.1 pH as a function against T of MA-FRU-HIS TDES 
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 Figure 6.6.2 Viscosity of MA-FRU-HIS TDES at Different Temperatures 

 

Figure 6.6.3 FTIR spectrum of MA-FRU-HIS TDES 
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7. Zinc chloride-based Ternary Deep Eutectic Solvents (TDES) 

 

7.1 Introduction  

When the concept of DES was first presented, it was defined as a eutectic mixture 

of two or more components. The melting point of the eutectic mixture was lower than the 

melting points of both separate components [1]. We investigated ternary deep eutectic 

solvents by blending zinc chloride, glucose/fructose and amino acids such as glutamine, 

histidine and glycine. TDESs are prepared by the evaporating method as reported by Dai. 

et.al. and then characterized by physical properties such as density, conductivity, pH, 

viscosity and FTIR. 

7.2. Preparation of Zinc chloride- Glucose- Glutamine (ZC-GLU-GLUT) TDES 

At a 1:1:1 mole ratio, zinc chloride, glucose, and glutamine were dissolved in 

double distilled water and allowed to evaporate in a water bath until the weight of the 

components remains constant [2]. The mixture as a clear liquid was kept in a desiccator 

containing anhydrous CaCl2 for about two weeks. As no turbidity developed during this 

time, the ternary DESs were subjected to physical property measurements such as density, 

pH, conductivity, and viscosity. The H-bonded interactions between the salts were 

characterized using FTIR. 

7.3. Preparation of Zinc chloride- Fructose- Glutamine (ZC-FRU-GLUT) TDES 

At a 1:1:1 mole ratio, zinc chloride, fructose, and glutamine were dissolved in 

double distilled water and allowed to evaporate the water in a water bath until the weight 

of the components remains constant [2]. The mixtures were kept in a desiccator containing 

anhydrous CaCl2 for about two weeks. There was no turbidity developed during this time, 

the ternary DESs were subjected to physical property measurements such as density, pH, 
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conductivity, and viscosity. The H-bonded interactions between the components were 

characterized using FTIR. 

7.4. Preparation of Zinc chloride- Glucose- Glycine (ZC-GLU-GLY) TDES 

Zinc chloride, glucose, and glycine were dissolved in double distilled water and 

evaporated at a 1:1:1 mole ratio in a water bath till the constant weight was attained [2]. The 

mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for about two 

weeks. As no turbidity developed during this time, the ternary DESs were measured for 

physical properties such as density, pH, conductivity, viscosity. The H-bonded interactions 

between the components were characterized using FTIR. 

7.5. Preparation of Zinc chloride- Fructose- Glycine (ZC-FRU-GLY) TDES 

In a water bath, zinc chloride, fructose, and glycine at a 1:1:1 mole ratio were 

dissolved in double distilled water and allowed to evaporate till the constant weight was 

attained [2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous 

CaCl2 for about two weeks. As no turbidity developed during this time, the ternary DESs 

were measured for physical properties such as density, pH, conductivity, viscosity. The H-

bonded interactions between the components were characterized using FTIR. 

7.6. Preparation of Zinc chloride- Glucose- Histidine (ZC-GLU-HIS) TDES 

Zinc chloride, glucose, and histidine are dissolved in double distilled water and 

evaporated at a 1:1:1 mole ratio in a water bath till the constant weight was attained [2]. The 

mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for about two 

weeks. As no turbidity developed during this time, the ternary DESs were measured for 

physical properties such as density, pH, conductivity, viscosity. The H-bonded interactions 

between the components were characterized using FTIR. 
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7.7. Preparation of Zinc chloride- Fructose- Histidine (ZC-FRU-HIS) TDES 

In a water bath, zinc chloride, fructose, and histidine at a 1:1:1 mole ratio were 

dissolved in double distilled water and allowed to evaporate till the constant weight was 

attained [2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous 

CaCl2 for about two weeks. As no turbidity developed during this time, the ternary DESs 

were measured for physical properties such as density, pH, conductivity, viscosity. The H-

bonded interactions between the components were characterized using FTIR. 

7.8. Results and Discussion 

7.8.1 Characterization of Zinc chloride-Glucose-Glutamine TDES 

7.8.1.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-GLU-GLUT TDES is 

1.4292 g/cm3 and its conductivity is 0.0531 mS/cm at normal temperature.  

7.8.1.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 

range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 

the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-GLU-GLUT TDES decrease slightly, 

as seen in Fig.7.1.1. 
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7.8.1.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.1.2 

shows the viscosity of ZC-GLU-GLUT TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.1.4 FTIR spectrum of ZC-GLU-GLUT TDES 

Figure 7.1.3 shows the FTIR spectrum of ZC-GLU-GLUT TDES. The 

intermolecular   O - H stretching of the alcoholic group causes the large peak at 3411.87cm-

1[9] and the broad peak at 2935.80cm-1 is due to the carboxylic O - H stretching [10]. The 

peak at 1658.99cm-1 is due to amide C = O stretching and 1401.61cm-1[10, 11] is due to the 

C - H bending of the methyl group of glucose. The C - O stretching of the carboxylic acid 

of malonic acid is seen at 1290.49 cm-1[11], while C - OH stretching causes peaks between 

1100.39 and 1034.77cm-1[11].  

7.8.2. Characterization of Zinc chloride-Fructose-Glutamine TDES 

7.8.2.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-FRU-GLUT TDES is 

1.3046 g/cm3 and its conductivity is 0.0132 mS/cm at normal temperature.  

7.8.2.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 

range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 
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the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-FRU-GLUT TDES decrease slightly, 

as seen in Fig.7.2.1. 

7.8.2.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.2.2 

shows the viscosity of ZC-FRU-GLUT TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.2.4 FTIR spectrum of ZC-FRU-GLUT TDES 

Figure 7.2.3 shows the FTIR spectrum of ZC-FRU-GLUT TDES. The 

intermolecular O - H stretching of the alcoholic group causes the large peak at 3404.30cm-

1[9] and the broad peak at 2928.48cm-1 is due to the carboxylic O - H stretching [10]. The 

peak at1659.01cm-1 is due to amide C = O stretching and 1402.05cm-1[10, 11] is due to the C 

- H bending of the methyl group of glucose. The C - O stretching of the carboxylic acid of 

malonic acid is seen at 1290.9 cm-1[11], while C - OH stretching causes peaks between 

1151.8 and 1060.7cm-1[11].  

7.8.3 Characterization of Zinc Chloride-Glucose-Glycine TDES 

7.8.3.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-GLU-GLY TDES is 

1.3498 g/cm3 and its conductivity is 0.00145 mS/cm at normal temperature.  

7.8.3.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 
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range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 

the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-GLU-GLY TDES decrease slightly, 

as seen in Fig.7.3.1. 

7.8.3.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.3.2 

shows the viscosity of ZC-GLU-GLY TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.3.4 FTIR spectrum of ZC-GLU-GLY TDES 

Figure 7.3.3 shows the FTIR spectrum of ZC-GLU-GLY TDES. The 

intermolecular O - H stretching of the alcoholic group causes the large peak at 3417.06   

cm-1[9] and the broad peak at 2932.15cm-1 is due to the carboxylic O - H stretching [10]. The 

peak at 1633.91cm-1 is due to amide C = O stretching and the peaks at 1439.03cm-1, 

1410.66cm-1[10, 11] are due to the C - H bending of the methyl group of glucose. The C - OH 

stretching causes peaks between 1099.32 and 1033.20cm-1[11]. 

7.8.4 Characterization of Zinc chloride-Fructose-Glycine TDES 

7.8.4.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-FRU-GLY TDES is 

1.3054 g/cm3 and its conductivity is 0.0043 mS/cm at normal temperature.  

  



145 
 

7.8.4.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 

range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 

the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-FRU-GLY TDES decrease slightly, 

as seen in Fig.7.4.1. 

7.8.4.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.4.2 

shows the viscosity of ZC-FRU-GLY TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.4.4 FTIR spectrum of ZC-FRU-GLY TDES 

Figure 7.4.3 shows the FTIR spectrum of ZC-FRU-GLY TDES. The intermolecular 

O - H stretching of the alcoholic group causes the large peak at 3425.11cm-1[9] and the broad 

peak at 2928.48cm-1 is due to the carboxylic O - H stretching [10]. The peaks at 1659.14  

cm-1 and 1633.61 cm-1 are due to amide C = O stretching and 1401.96cm-1[10, 11] is due to 

C - H bending of the methyl group of glucose. The C - O stretching of the carboxylic acid 

of malonic acid is seen at 1291.55 cm-1[11], while C - OH stretching causes peaks between 

1152.38 and 1061.03cm-1[11].  
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7.8.5 Characterization of Zinc Chloride-Glucose-Histidine TDES 

7.8.5.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-GLU-HIS TDES is 1.312 

g/cm3 and its conductivity is 0.004 mS/cm at normal temperature.  

7.8.5.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 

range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 

the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-GLU-HIS TDES decrease slightly, 

as seen in Fig.7.5.1. 

7.8.5.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.5.2 

shows the viscosity of ZC-GLU-HIS TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.5.4 FTIR spectrum of ZC-GLU-HIS TDES 

Figure 7.5.3 shows the FTIR spectrum of ZC-GLU-HIS TDES. The intermolecular 

O - H stretching of the alcoholic group causes the large peak at 3385.87cm-1[9] and the broad 

peak at 2927.6cm-1 is due to the carboxylic O -H stretching [10]. The peak at 1630.24cm-1 

is due to amide C = O stretching and the peak at 1406.12cm-1[10, 11] is due to the C - H 
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bending of the methyl group of glucose. The C - N stretching shows a peak at 1195.8cm-1 

and C - OH stretching causes the peak at 1076.11cm-1[11]. 

7.8.6 Characterization of Zinc chloride-Fructose-Histidine TDES 

7.8.6.1 Density and Conductivity 

The most significant property of any liquid is density. There is very little 

information about TDES densities. Because it is affected by ion concentration, the high 

viscous liquid will have low conductivity [3-6]. The density of ZC-FRU-HIS TDES is 1.2949 

g/cm3 and its conductivity is 0.0116 mS/cm at normal temperature.  

7.8.6.2 pH 

The pH is a critical physical parameter that considerably impacts chemical 

reactions. Andrea Skulcova et al. [7] investigated the influence of temperature on pH for a 

range of DESs and discovered that pH values fell as the temperature rose. The influence of 

temperature on the pH of newly generated DESs was investigated in this work. According 

to a pH behaviour study, the hydrogen-bond donor has a significant impact on the pH of 

the final product. The acidity of the mixture is determined by the type of the hydrogen bond 

donor. As the temperature rises, the pH values of ZC-FRU-HIS TDES decrease slightly, as 

seen in Fig.7.6.1. 

7.8.6.3 Viscosity 

The interaction between molecules in a liquid mixture is replicated by viscosity [8]. 

The lower the viscosity of DES, the better it may be employed as a solvent [9]. Fig. 7.6.2 

shows the viscosity of ZC-FRU-HIS TDES as a function of temperature. The viscosity 

reduces significantly as the temperature rises. 

7.8.6.4 FTIR spectrum of ZC-FRU-HIS TDES 

Figure 7.6.3 shows the FTIR spectrum of ZC-FRU-HIS TDES. The intermolecular 

O - H stretching of the alcoholic group causes the large peak at 3399.68cm-1[9] and the broad 
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peak at 2937.88cm-1 is due to the carboxylic O - H stretching [10]. The peak at 1631.25     

cm-1 is due to amide C = O stretching and 1405.77cm-1[10, 11] is due to the C - H bending of 

the methyl group of glucose. The C - O stretching of the carboxylic acid of malonic acid is 

seen at 1287.27 cm-1[11], while C - OH stretching causes peaks between 1181.59 and 

1058.79cm-1[11].  

7.9. Conclusion  

Six types of zinc chloride-based ternary deep eutectic solvents were prepared. The 

physical parameters such as density, conductivity, pH, viscosity were studied. The 

hydrogen-bonded interactions between the components were also characterized. 
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 Figure 7.1.1 pH as a function against T of ZC-GLU-GLUT TDES 

 

Figure 7.1.2 Viscosity of ZC-GLU-GLUT TDES at Different Temperature 
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Figure 7.1.3 FTIR spectrum of ZC-GLU-GLUT TDES 

 

 

Figure 7.2.1 pH as a function against T of ZC-FRU-GLUT TDES 
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Figure 7.2.2 Viscosity of ZC-FRU-GLUT TDES at Different Temperatures 

 

 

Figure 7.2.3 FTIR spectrum of ZC-FRU-GLUT TDES 
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Figure 7.3.1 pH as a function against T of ZC-GLU-GLY TDES 

 

Figure 7.3.2 Viscosity of ZC-GLU-GLY TDES at Different Temperatures 
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Figure 7.3.3 FTIR spectrum of ZC-GLU-GLY TDES 

 

 

Figure 7.4.1 pH as a function against T of ZC-FRU-GLY TDES 
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 Figure 7.4.2. Viscosity of ZC-FRU-GLY TDES at Different Temperatures 

 

 

Figure 7.4.3 FTIR spectrum of ZC-FRU-GLY TDES 
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Figure 7.5.1 pH as a function against T of ZC-GLU-HIS TDES 

 

Figure 7.5.2 Viscosity of ZC-GLU-HIS TDES at Different Temperatures 
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Figure 7.5.3 FTIR spectrum of ZC-GLU-HIS TDES 

 

 

Figure 7.6.1 pH as a function against T of ZC-FRU-HIS TDES 
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 Figure 7.6.2 Viscosity of ZC-FRU-HIS TDES at Different Temperatures 

 

 

Figure 7.6.3 FTIR spectrum of ZC-FRU-HIS TDES 
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8. Manganese chloride-based Ternary Deep Eutectic Solvents (TDES) 

 

8.1 Introduction  

The formation of metal-based eutectics from metal salts or metal salt hydrate in 

combination with various hydrogen-bond donors (HBDs) [1] is known as Type IV deep 

eutectic solvent (DES). In this study, we had synthesized six types of ternary deep eutectic 

solvents by mixing manganese chloride, glucose/ fructose, and amino acids such as 

glutamine, glycine, and histidine as reported by Dai. Et.al [2]. The successfully synthesized 

ternary deep eutectic solvents were subjected to measure physical properties such as 

density, conductivity, pH, viscosity, and FTIR. 

8.2 Preparation of Manganese Chloride-Glucose-Glutamine (MC-GLU-GLUT) 

TDES  

Manganese chloride, glucose, and glutamine at a mole ratio of 1:1:1 were dissolved 

in double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 

subjected to physical property measurements such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.3 Preparation of Manganese Chloride-Fructose-Glutamine (MC-FRU-GLUT) 

TDES  

Manganese chloride, fructose, and glutamine at a mole ratio of 1:1:1 were dissolved 

in double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 
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subjected to physical property measurements such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.4 Preparation of Manganese Chloride-Glucose-Glycine (MC-GLU-GLY) TDES  

Manganese chloride, glucose, and glycine at a mole ratio of 1:1:1 were dissolved in 

double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 

subjected to physical property measurements such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.5 Preparation of Manganese Chloride-Fructose-Glycine (MC-FRU-GLY) TDES  

Manganese chloride, fructose, and glycine at a mole ratio of 1:1:1 were dissolved 

in double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 

subjected to physical property measurements such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.6 Preparation of Manganese Chloride-Glucose-Histidine (MC-GLU-HIS) TDES  

Manganese chloride, glucose, and histidine at a mole ratio of 1:1:1 were dissolved 

in double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 

subjected to physical property measurements such as density, pH, conductivity, and 
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viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.7 Preparation of Manganese Chloride-Fructose-Histidine (MC-FRU-HIS) TDES  

Manganese chloride, fructose, and glycine at a mole ratio of 1:1:1 were dissolved 

in double distilled water and evaporated in a water bath till the constant weight was attained 

[2]. The mixture as a clear liquid was kept in a desiccator containing anhydrous CaCl2 for 

about two weeks. As no turbidity developed during this time, the ternary DESs were 

subjected to physical property measurements such as density, pH, conductivity, and 

viscosity. The H-bonded interactions between the components were characterized using 

FTIR. 

8.8. Results and Discussion 

8.8.1 Characterization of Manganese Chloride-Glucose-Glutamine TDES 

8.8.1.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-GLU-GLUT 

TDES has a density of 1.5296 g/cm3 and a conductivity of 0.016 mS/cm.  

8.8.1.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 

a variety of DESs and discovered that as the temperature increased, pH values decreased. 

This study investigated the effect of temperature on the pH of newly formed DESs. The 

hydrogen-bond donor has a considerable impact on the pH of the final product, according 

to pH behavior research. The type of hydrogen bond donor determines the acidity of the 
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combination. The pH values of MC-GLU-GLUT TDES fall slightly as the temperature 

rises, as shown in Fig.8.1.1. 

8.8.1.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

GLU-GLUT TDES as a function of temperature is shown in Figure 8.1.2. As the 

temperature rises, the viscosity decreases dramatically. 

8.8.1.4 FTIR spectrum of MC-GLU-GLUT TDES 

Figure 8.1.3 shows the FTIR spectrum of MC-GLU-GLUT TDES. The 

intermolecula O - H stretching of the alcoholic group causes a large peak at 3389.97cm-1[1]. 

The peak at 1655.07cm-1 is due to amide C = O stretching and the peaks at1403.25cm-1 & 

1302.89 cm-1[9, 10] is due to the C - H bending of the methyl group of glucose. The C - OH 

stretching causes peaks between 1079.65 and 1034.43cm-1[10].  

8.8.2 Characterization of Manganese Chloride-Fructose-Glutamine TDES 

8.8.2.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-FRU-GLUT 

TDES has a density of 1.5096 g/cm3 and a conductivity of 0.018mS/cm.  

8.8.2.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 

a variety of DESs and discovered that as the temperature increased, pH values decreased. 

This study investigated the effect of temperature on the pH of newly formed MC-FRU-

GLUT TDES. The hydrogen-bond donor has a considerable impact on the pH of the final 
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product, according to pH behavior research. The type of hydrogen bond donor determines 

the acidity of the combination. The pH values of MC-GLU-GLUT TDES fall slightly as 

the temperature rises, as shown in Fig.8.2.1. 

8.8.2.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

FRU-GLUT TDES as a function of temperature is shown in Figure 8.2.2. As the 

temperature rises, the viscosity decreases dramatically. 

8.8.2.4 FTIR spectrum of MC-FRU-GLUT TDES 

Figure 8.2.3 shows the FTIR spectrum of MC-FRU-GLUT TDES. The 

intermolecular O - H stretching of the alcoholic group causes a large peak at 3365.55        

cm-1[1]. The peak at 1658.63cm-1 is due to amide C = O stretching and the peaks 

at1411.33cm-1 & 1348.08 cm-1[9, 10] is due to the C - H bending of the methyl group of 

glucose. The C - OH stretching causes peaks between 1144.44 and 1059.99cm-1[10]. 

8.8.3 Characterization of Manganese Chloride-Glucose-Glycine TDES 

8.8.3.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-GLU-GLY 

TDES has a density of 1.5454 g/cm3 and a conductivity of 0.058 mS/cm.  

8.8.3.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 

a variety of DESs and discovered that as the temperature increased, pH values decreased. 

This study investigated the effect of temperature on the pH of newly formed DESs. The 
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hydrogen-bond donor has a considerable impact on the pH of the final product, according 

to pH behaviour research. The type of hydrogen bond donor determines the acidity of the 

combination. The pH values of MC-GLU-GLY TDES fall slightly as the temperature rises, 

as shown in Fig.8.3.1. 

8.8.3.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

GLU-GLY TDES as a function of temperature is shown in Figure 8.3.2. As the temperature 

rises, the viscosity decreases dramatically. 

8.8.3.4 FTIR spectrum of MC-GLU-GLY TDES 

Figure 8.3.3 shows the FTIR spectrum of MC-GLU-GLY TDES. The 

intermolecular O - H stretching of the alcoholic group causes a large peak at 3367.08        

cm-1[1]. The peak at 1626.61cm-1 is due to amide C = O stretching and the peaks 

between1445.37cm-1 & 1333.59 cm-1[9, 10] is due to the C - H bending of the methyl group 

of glucose. The C - OH stretching causes peaks between 1077.03 and 1033.33cm-1[10]. 

8.8.4 Characterization of Manganese Chloride-Fructose-Glycine TDES 

8.8.4.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-FRU-GLY TDES 

has a density of 1.4288 g/cm3 and a conductivity of 0.0121 mS/cm.  

8.8.4.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 

a variety of DESs and discovered that as the temperature increased, pH values decreased. 
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This study investigated the effect of temperature on the pH of newly formed DESs. The 

hydrogen-bond donor has a considerable impact on the pH of the final product, according 

to pH behavior research. The type of hydrogen bond donor determines the acidity of the 

combination. The pH values of MC-FRU-GLY TDES fall slightly as the temperature rises, 

as shown in Fig.8.4.1. 

8.8.4.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

FRU-GLY TDES as a function of temperature is shown in Figure 8.4.2. As the temperature 

rises, the viscosity decreases dramatically. 

8.8.4.4 FTIR spectrum of MC-FRU-GLY TDES 

Figure 8.4.3 shows the FTIR spectrum of MC-FRU-GLY TDES. The 

intermolecular O - H stretching of the alcoholic group causes a large peak at 3368.79        

cm-1[1]. The peak at 1626.94cm-1 is due to amide C = O stretching and the peaks at 

1448.20cm-1 & 1333.38 cm-1[9, 10] are due to the C - H bending of the methyl group of 

glucose. The C - OH stretching causes peaks between 1181.67 and 1059.24cm-1[10]. 

8.8.5 Characterization of Manganese Chloride-Glucose-Histidine TDES 

8.8.5.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-GLU-HIS TDES 

has a density of 1.5014 g/cm3 and a conductivity of 0.208 mS/cm.  

8.8.5.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 
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a variety of DESs and discovered that as the temperature increased, pH values decreased.  

This study investigated the effect of temperature on the pH of newly formed DESs. The 

hydrogen-bond donor has a considerable impact on the pH of the final product, according 

to pH behaviour research. The type of hydrogen bond donor determines the acidity of the 

combination. The pH values of MC-GLU-HIS TDES fall slightly as the temperature rises, 

as shown in Fig.8.5.1. 

8.8.5.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

GLU-HIS TDES as a function of temperature is shown in Figure 8.5.2. As the temperature 

rises, the viscosity decreases dramatically. 

8.8.5.4 FTIR spectrum of MC-GLU-HIS TDES 

Figure 8.5.3 shows the FTIR spectrum of MC-GLU-HIS TDES. The intermolecular 

O - H stretching of the alcoholic group causes a large peak at 3400.36cm-1[1]. The peak at 

1627.00 cm-1 is due to amide C = O stretching and the peak at1408.18 cm-1[9, 10] is due to 

the C - H bending of the methyl group of glucose. The C - OH stretching causes peak at 

1078.37 cm-1[10]. 

8.8.6 Characterization of Manganese Chloride-Fructose-Histidine TDES 

8.8.6.1 Density and Conductivity 

The density is the most important feature of a liquid. There is little known 

information about the TDES densities. The high viscous liquid will have low conductivity 

because it is affected by ion concentration [3-6]. At room temperature, MC-FRU-HIS TDES 

has a density of 1.4804 g/cm3 and a conductivity of 0.006 mS/cm.  
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8.8.6.2 pH 

The pH scale is an important physical parameter that has a significant impact on 

chemical processes. Andrea Skulcova et al. [7] studied the effect of temperature on pH for 

a variety of DESs and discovered that as the temperature increased, pH values decreased. 

This study investigated the effect of temperature on the pH of newly formed DESs. The 

hydrogen-bond donor has a considerable impact on the pH of the final product, according 

to pH behaviour research. The type of hydrogen bond donor determines the acidity of the 

combination. The pH values of MC-FRU-HIS TDES fall slightly as the temperature rises, 

as shown in Fig.8.6.1. 

8.8.6.3 Viscosity 

Viscosity [8] replicates the interaction between molecules in a liquid mixture. The 

lower the viscosity of DES, the better it may be used as a solvent [1]. The viscosity of MC-

FRU-HIS TDES as a function of temperature is shown in Figure 8.6.2. As the temperature 

rises, the viscosity decreases dramatically. 

8.8.6.4 FTIR spectrum of MC-FRU-HIS TDES 

Figure 8.6.3 shows the FTIR spectrum of MC-FRU-HIS TDES. The intermolecular 

O - H stretching of the alcoholic group causes a large peak at 3411.99 cm-1[1]. The peak at 

1626.72cm-1 is due to amide C = O stretching and the peak at1407.92cm-1[9, 10] is due to the 

C - H bending of the methyl group of glucose. The C - OH stretching causes peaks between 

1082.96 and 1059.66 cm-1[10]. 

8.9. Conclusion 

Six types of Manganese chloride based ternary deep eutectic solvents. The physical 

properties such as density, conductivity, pH, and viscosity. The FTIR spectra were taken 

for the characterization of hydrogen-bonded interactions. 
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Figure 8.1.1 pH as a function against T of MC-GLU-GLUT 

 

Figure 8.1.2. Viscosity of MC-GLU-GLUT TDES at different temperatures 
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Figure 8.1.3 FTIR spectrum of MC-GLU-GLUT TDES 

 

Figure 8.2.1 pH as a function against T of MC-FRU-GLUT TDES  
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Figure 8.2.2 Viscosity of MC-FRU-GLUT TDES at different temperatures 

 

Figure 8.2.3 FTIR spectrum of MC-FRU-GLUT TDES  
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Figure 8.3.1 pH as a function against T of MC-GLU-GLY TDES 

 

Figure 8.3.2 Viscosity of MC-GLU-GLY TDES at different temperatures 
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Figure 8.3.3 FTIR spectrum of MC-GLU-GLY TDES 

 

Figure 8.4.1 pH as a function against T of MC-FRU-GLY TDES 
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Figure 8.4.2 Viscosity of MC-FRU-GLY TDES at different temperatures 

 

Figure 8.4.3 FTIR spectrum of MC-FRU-GLY TDES 
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Figure 8.5.1 pH as a function against T of MC-GLU-HIS TDES 

 

Figure 8.5.2 Viscosity of MC-GLU-HIS TDES at different temperatures 
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Figure 8.5.3 FTIR spectrum of MC-GLU-HIS TDES 

 

Figure 8.6.1 pH as a function against T of MC-FRU-HIS TDES 
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Figure 8.6.2 Viscosity of MC-FRU-HIS TDES at different temperatures 

 

Figure 8.6.3 FTIR spectrum of MC-FRU-HIS TDES 
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9. Synthesis and characterization of Nanoparticles in Binary Deep Eutectic Solvents 

 

9.1 Introduction 

A nanoparticle is a tiny particle with a diameter of 1 to 100 nanometres. 

Nanoparticles, which are invisible to the naked eye, can have radically different physical 

and chemical properties than their bigger material counterparts. Nanoparticles have gotten 

a lot of attention in the scientific community and business in recent years because of their 

unusual physicochemical qualities, which are attributed to their small size and the high 

surface-area-to-volume ratio [1,2]. Because of its simplicity, solubility, inexpensive 

reagents, and fast reaction durations, the chemical reduction of copper (II) salts in an 

aqueous solution is one of the most versatile techniques [3]. Nanoparticles must be protected 

by adding surface-protecting stabilizing agents such as organic ligands, surfactants, or 

polymers that can form complexes with copper ions [4]. Among the many metallic 

nanoparticles used in biomedical applications, silver nanoparticles are one of the most 

important and fascinating nanomaterials. Scientists and technologists are interested in 

developing nano silver-based disinfectant products because of the unique properties of the 

high antimicrobial activity of silver nanoparticles [5]. Cadmium nanoparticles are used as a 

significant material in solar cells and light-emitting diodes [6]. Electrochemically, the solid-

state of mercury nanoparticles were investigated, revealing unique characteristics. In the 

domains of electroanalytical chemistry and electrocatalysis, solid mercury nanoparticles 

have the potential to be very useful [7].  

In this work, we focussed on synthesizing the metal nanoparticles such as copper, 

silver, cadmium, mercury, and characterizing the synthesized nanoparticles by FTIR, UV, 

SEM, XRD, and EDAX techniques. We had synthesized copper, silver nanoparticles by 
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chemical reduction method and cadmium, mercury nanoparticles by chemical co-

precipitation method.   

9.2 Synthesis of copper nanoparticles in Malonic acid-based binary deep eutectic 

solvents 

Copper nanoparticles were synthesized in our prepared BDES such as MA-GLU 

BDES, MA-FRU BDES, and MA-GCL BDES separately using the chemical reduction 

method [3]. Nanoparticles were made by combining 10 ml of 0.01M Copper nitrate 

trihydrate [Cu (NO3)2.3H2O] with 15 ml of MA-GLU, MA-FRU, and MA - GCL BDES in 

separate beakers and stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During 

vigorous stirring, about 8-10 ml of 0.01 M Hydrazine Hydride as a reducing agent was 

added drop by drop, followed by 20 ml of 1 M sodium hydroxide as a stabilizing agent was 

injected slowly into the mixture. The obtained copper oxide nanoparticles in two beakers 

were centrifuged, rinsed with deionized water, then methanol, and dried separately. 

9.3 Synthesis of silver nanoparticles in Malonic acid-based binary deep eutectic 

solvents 

Silver nanoparticles were made by mixing 10 ml of 0.01 M silver nitrate [AgNO3] 

with 15 ml of MA-GLU BDES and MA-FRU BDES in separate beakers using the chemical 

reduction method [3] and stirring at 1200 RPM for 30 minutes with a magnetic stirrer. The 

reducing agent, 0.01 M sodium borohydride (about 8–10 ml) was added drop by drop under 

vigorous stirring, and a further 20 ml of stabilizing agent, 1 M sodium hydroxide was 

injected drop by drop using an injector. The silver oxide nanoparticles were centrifuged, 

then washed with deionized water, methanol, and finally dried.  

  



183 
 

9.4 Synthesis of cadmium nanoparticles in Malonic acid-based binary deep eutectic 

solvents 

Cadmium nanoparticles were synthesized by mixing cadmium chloride with MA-

GLU BDES & MA-FRU BDES separately in two beakers using the chemical co-

precipitation method [8]. After mixing, they were stirred using a magnetic stirrer at 1200 

RPM for 30 minutes. During the vigorous stirring, approximately 8-10 ml of 0.01 M 

Yellow Ammonium Sulfide was added drop by drop in the beakers.  The precipitate of 

cadmium sulfide nanoparticles obtained was centrifuged, washed with deionized water 

followed by methanol, and dried. 

9.5 Synthesis of mercury nanoparticles in Malonic acid-based binary deep eutectic 

solvents 

Mercury nanoparticles were synthesized by mixing cadmium chloride with MA-

GLU BDES & MA-FRU BDES separately in two beakers using the chemical co-

precipitation method [8]. After mixing, they were stirred using a magnetic stirrer at 1200 

RPM for 30 minutes. During the vigorous stirring, approximately 8-10 ml of 0.01 M 

Yellow Ammonium Sulfide was added drop by drop in the beakers.  The precipitate of 

mercuric sulfide nanoparticles obtained was centrifuged, washed with deionized water 

followed by methanol, and dried. 

9.6 Synthesis of copper nanoparticles in Zinc chloride-based binary deep eutectic 

solvents 

Copper nanoparticles were synthesized in our prepared BDES such as ZC-GLU 

BDES and ZC-FRU BDES separately using the chemical reduction method [3]. 

Nanoparticles were made by combining 10 ml of 0.01M Copper nitrate trihydrate [Cu 

(NO3)2.3H2O] with 15 ml of ZC-GLU and ZC-FRU BDES in separate beakers and stirring 

for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 
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ml of 0.01 M Hydrazine Hydride as a reducing agent was added drop by drop, followed by 

20 ml of 1 M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. 

The obtained copper oxide nanoparticles in two beakers were centrifuged, rinsed with 

deionized water, then methanol, and dried separately. 

9.7 Synthesis of silver nanoparticles in Zinc chloride-based binary deep eutectic 

solvents 

Silver nanoparticles were made by mixing 10 ml of 0.01 M silver nitrate [AgNO3] 

with 15 ml of ZC-GLU BDES and ZC-FRU BDES in separate beakers using the chemical 

reduction method [3] and stirring at 1200 RPM for 30 minutes with a magnetic stirrer. The 

reducing agent, 0.01 M hydrazine hydrate (about 8–10 ml) was added drop by drop under 

vigorous stirring, and a further 20 ml of stabilizing agent, 1 M sodium hydroxide was 

injected drop by drop using an injector. The silver oxide nanoparticles were centrifuged, 

then washed with deionized water, methanol, and finally dried.  

9.8 Results and discussion 

The synthesized copper, silver nanoparticles were characterized by UV-Visible 

spectroscopy, Fourier transform infrared spectroscopy, Scanning electron microscopy, X-

Ray diffraction pattern, and Energy dispersive X-ray analysis. Cadmium and mercury 

nanoparticles were characterized by UV-Visible spectroscopy, Fourier transform infrared 

spectroscopy, and Scanning electron microscopy. 

9.8.1 Characterization studies of copper nanoparticles in malonic acid-based binary 

deep eutectic solvents 

9.8.1.1 UV-Visible spectra of copper oxide nanoparticles 

UV-Visible absorption spectra of copper oxide nanoparticles in ethanolic solution 

are shown in figure 9.1.1. The characteristic absorption peak of the copper metal was 

observed at 503 nm [9]. The broad peaks noticed at 503 and 470 nm in were assigned for 
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the copper oxide nanoparticles obtained in MA-GLU (Fig. 9.1.1a) and MA-FRU (Fig. 9.1.1 

b) DES respectively [9]. So, it is concluded that copper nanoparticles were formed in MA-

GLU and MA-FRU BDES. But the UV-Visible spectrum for the sample obtained in MA-

GCL BDES did not give any surface plasmon peak around 400 – 600 nm as seen in the 

figure 9.1.1c and hence it is confirmed that no copper oxide nanoparticles formed in MA – 

GCL . This is due to fewer voids in MA-GCL BDES as it has high viscosity. 

9.8.1.2 FTIR spectra of copper oxide nanoparticles 

The FTIR spectra in the range of 400 to 4000 cm-1 for copper oxide nanoparticles 

prepared from MA-GLU and MA-FRU are reported in “a” and “b” of figure 9.1.2 

respectively. The several peaks noticed in the range of 400 to 850 cm-1 are correlated to Cu 

– O vibrations of CuO nanoparticles [10]. The sharp peak observed at 623 cm-1 in both the 

spectra “a” and “b” clearly indicated the Cu – O stretching [11]. Here a few of the malonic 

acid molecules are capped on the surface of CuO nanoparticles. These are indicated by the 

peaks at 1042 and 1117 cm-1 corresponding to the C – O stretching of the carboxylic acid 

group in both the spectra “a” and “b” of figure 9.1.2. The peak due to CH2 deformations of 

malonic acid is seen at 1384 cm-1 in both spectra. The peak was noticed at 1600 cm-1denoted 

O – H bending of malonic acid. The peaks observed at 2854 cm-1and 2923 cm-1are due to 

C – O asymmetric stretching [11]. Further, the broad peaks seen around 3420 cm-1 in both 

the spectra due to different vibrations modes of water molecules adsorbed on the surface 

of copper oxide nanoparticles [10]. 

9.8.1.3 XRD patterns of copper oxide nanoparticles 

The powder x-ray diffraction patterns of copper oxide nanoparticles prepared from 

the deep eutectic solvents, MA-GLU and MA-FRU are given in “a” and “b” of figure 9.1.3 

respectively. The XRD patterns give information about the grain size, structure, and phase 

cleanliness of the materials. In the case of CuO particle obtained in MA-GLU DES, the 
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diffraction peaks noticed at 36.4°, 43.3°, 50.4°, 61.4°and 74.1°are indexed as (034), (404), 

(440), (610) and (183) respectively. Similarly, the diffraction peaks seen at 36.6°, 

43.2°,50.4°and 74.1°are also indexed as (034), (404), (440) and (183) respectively for the 

CuO particles prepared using the MA-FRU BDES. This indexing corresponds to the 

orthorhombic structure of CuO [11]. The observed peaks are matching well with the JCPDC 

Card No. 77- 1898. The grain size of CuO nanoparticles is determined by using the Debye–

Scherer formula,  

𝑫 =𝑘 𝜆/𝛽 𝑐𝑜𝑠𝜃 

where D denotes the grain size, K refers to a constant, λ refers to the wavelength of 

X-ray used, β denotes the fullwidth half-maximum of the diffraction peaks and θ is the 

angle of the diffraction [10]. By using this formula, the average grain size of CuO 

nanoparticles prepared from the BDES of MA-GLU is found to be 32 nm. Similarly, the 

average grain size of CuO nanoparticles prepared using the DES of MA-FRU is determined 

to be 58.66 nm. 

9.8.1.4 Morphological analysis of copper oxide nanoparticles by SEM 

The surface morphology and particle size of the CuO nanoparticles prepared using 

the BDESs have been analyzed by scanning electron microscope [10]. In figure 9.1.4, the 

SEM images of copper oxide nanoparticles prepared using MA-GLU BDES are labelled as 

“a” and “b” while the CuO nanoparticles obtained from the MA-FRU BDES are labelled 

as “c” and “d”. The morphology of CuO nanoparticles seems to be buds-like grains with 

an average diameter of 102.77 nm in the case of particles obtained from MA-GLU BDES. 

The CuO nanoparticles obtained in MA-FRU BDES look like a spongy scale-like 

morphology with an average diameter of 107.28 nm. 
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9.8.1.5 Energy Dispersive X-ray Analysis 

The elemental composition of the CuO nanoparticles was carried out by energy 

dispersive x-ray analysis (EDAX) spectroscopy [12]. In figure 9.1.5, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MA-GLU whereas 

the EDAX spectrum of CuO nanoparticles prepared using the DES of MA-FRU is denoted 

in figure 9.1.5 b. In figure 9.1.5 a, it is shown that the atomic percentage of Cu is 65.5 and 

O is 34.5, which revealed that pure CuO nanoparticles are formed in MA-GLU BDES. But 

in figure 9.1.5 b, it has been noticed that the atomic percentage of Cu, O, N and C are 5.8, 

44.72, 28.66, and 20.82 respectively. Thus, it is observed that in the DES of MA-FRU, the 

more the atomic percentage of C and N due to the surface capping of malonic acid and 

adsorption of atmospheric nitrogen on CuO nanoparticles formed. 

9.8.2 Characterization studies of silver nanoparticles in malonic acid-based binary 

deep eutectic solvents 

9.8.2.1 UV–Visible spectra of silver oxide nanoparticles 

UV–Visible spectroscopy is a very useful, consistent method for foremost 

nanoparticle characterization, as well as monitoring Ag2O NPs synthesis and stability [13]. 

In Ag2O NPs, conduction and valence bands are near together, allowing electrons to travel 

freely [14–17]. Due to the simultaneous oscillation of electrons of metal nanoparticles in 

resonance with light waves, these free electrons create a surface plasmon resonance (SPR) 

absorption band. According to Njagi et al [18], this band corresponds to colloidal silver 

nanoparticle absorption in the 400–450 nm region due to surface plasmon vibration 

stimulation. In the event of Ag2O NPs formed in MA-GLU, a surface plasmon resonance 

peak (SPR) is visible in a strong absorption band around 430 nm, confirming the formation 

of Ag2O NPs, as suggested by W. Wei. et.al. [19]. In both the malonic acid-based solvents 

(MA-GLU, MA-FRU), the UV–visible spectrum of Ag2O NPs obtained in Fig. 9.2.1a & 
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Fig.9.2.1b clearly demonstrates a larger absorption throughout the entire UV–Visible light 

band of 200–800 nm [20].  

9.8.2.2 FTIR spectra of silver oxide nanoparticles 

Silver oxide nanoparticles generated from Malonic acid-based solvents had FTIR 

spectra in the region of 4000 to 400 cm-1, as shown in ‘‘a” and ‘‘b” of Fig. 9.2.2. The Ag – 

O vibrations of Ag2O nanoparticles are associated with multiple peaks observed in the 

region of 500 to 650 cm-1. The sharp peak around 542 and 544 and 1546.18 cm-1 in the 

spectrum of malonic acid-based BDESs (Fig. 9.2.2a) clearly indicated Ag – O stretching 

[21]. The peak at 1543.52 cm-1 is due to the N - O stretching vibration and at 1384.05 cm-1 

is due to the C - H bending vibration. The peaks observed at 2851 cm-1 and 2921 cm-1 are 

due to C – O asymmetric stretching. Furthermore, the broad peaks seen around 3420 cm-1 

in both spectra are due to the strong intermolecular bonded stretching of water molecules 

adsorbed on the surface of silver oxide nanoparticles [22].  

9.8.2.3 XRD analysis of silver oxide nanoparticles 

The synthesized Ag NPs are characterized using X-Ray Diffraction analysis. The 

crystalline nature of the particles was confirmed by XRD, which showed intense peaks at 

2θ values of 37.68, 43.89, 64.10, 77.08 in the case of NPs obtained in MA-GLU BDES 

Fig.9.2.3a and at 37.78, 43.95, 64.12, 77.10 in case of NPs obtained in MA-FRU BDES 

Fig. 9.2.3 b, both which indexed at planes (111), (200), (220), (311) of silver respectively 

[23]. The structure of Ag2O nanoparticles is crystalline in nature and it is face-centered cubic 

in both cases. The observed peaks are matching well with JCPDC Card No. 89–3722. The 

Debye–Scherrer equation was used to calculate the average crystallographic size of silver 

nanoparticles, D = kλ/ βcosθ. The average particle size obtained in the case of MA-GLU 

BDES is calculated to be 35 nm and in MA-FRU BDES is calculated to be 29 nm by 

measuring the breadth of (111) Bragg’s reflection [24]. 
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9.8.2.4 SEM images of Ag2O nanoparticles 

Scanning electron microscopy was used to examine the morphological structure and 

particle size of Ag2O nanoparticles prepared using BDESs. In Fig. 9.2.4, the SEM images 

of silver oxide nanoparticles prepared using MA-GLU BDES are labeled as ‘‘a” and ‘‘b” 

while the Ag2O nanoparticles obtained from the MA-FRU BDES are labeled as ‘‘c” and 

‘‘d”.  The morphology of Ag2O nanoparticles seems to be polygonal beads shaped with an 

average diameter of 95.42 nm in the case of particles obtained from MA-GLU BDES and 

it seems to be irregular droplets shaped with an average diameter of 132.21 nm in the case 

of particles obtained from MA-FRU BDES. 

9.8.2.5 Energy Dispersive X-ray analysis 

The elemental components and also the relative abundance of the synthesized Ag2O 

NPs was determined by Energy Dispersive X-ray Analysis (EDAX), as shown in Fig.9.2.5. 

The purity and complete chemical composition of Ag2O NPs were revealed by the EDAX 

spectrum obtained in the case of MA-GLU (Fig. 9.2.5 designated as ‘a’). The percentage 

of Ag metal was discovered to be quite high. Because of surface Plasmon resonance, the 

reduced silver nanoparticles were submitted to EDAX analysis with an optical absorption 

characteristic peak at 3 keV [25]. Silver produced a strong signal on EDAX, showing that 

silver ions had been reduced to elemental silver. In comparison to oxygen, the EDAX study 

revealed that Ag has a major percentage relative composition of 77.98. (22.02). In the case 

of Ag2O NPs obtained via MA-FRU (Fig.9.2.5designated as ‘b’), it was discovered that 

100% of the product is made up of silver exclusively, with no other purity in the sample. 
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9.8.3 Characterization studies of cadmium nanoparticles in malonic acid-based 

binary deep eutectic solvents 

9.8.3.1 UV-Visible spectra of Cadmium sulfide (CdS) nanoparticles 

The characteristic absorption peak of the cadmium metal was observed from 300 to 

650 nm. The peaks were observed at 258 nm in MA-GLU BDES and at 410nm in MA-

FRU BDES [26] as shown in Fig.9.3.1. CdS NPs are obtained due to their high viscosity. 

The large peaks created correlate to the surface plasmon resonance, showing that stable 

nanoparticles are present. 

9.8.3.2 FTIR spectrum of Cadmium sulfide nanoparticles 

FTIR spectra were measured to identify the functional groups and to confirm the 

formation of cadmium nanoparticles shown in Fig.9.3.2. The peak at 3901.32 cm-1 

corresponds to the free O - H group in the case of nanoparticles formed in MA-GLU BDES. 

The peak at 2940.76 cm-1 is due to the C - H stretching vibration in the case of nanoparticles 

formed in MA-FRU BDES [27, 28]. The peaks at 3399.80cm-1 and 3408cm-1 are due to the O 

- H stretching group of both spectra. The peak in 1717.27cm-1 and 1726cm-1 corresponds 

to the C = O asymmetric stretching of both spectra [27, 28]. The peak at 1587.44cm-1 is due 

to the presence of a hydroxyl group of water. The peaks at 1163.39 cm-1 correspond to the 

S - O bond and 702.37 cm-1 is due to the S - S bond, at 467.27 cm-1 [29] response to the 

formation of the Cd - S nanoparticles. There are some peaks around 1300cm-1 that 

correspond to C - H bending in both spectra [27,28]. 

9.8.3.3 SEM images of Cadmium sulfide nanoparticles 

The morphological structure and particle size of CdS nanoparticles are taken by 

Scanning electron microscopy. In Fig.9.3.3a the CdS nanoparticles seem to be a flower-

like structure taken up to 200 nm in the case of particles obtained from MA-GLU BDES 

with an average diameter of 150nm. The CdS nanoparticles obtained in MA-FRU BDES 
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look like a disc-shaped structure taken up to 1µm with an average diameter of 130 nm 

shown in Fig.9.3.3b. 

9.8.4 Characterization studies of mercury nanoparticles in malonic acid-based binary 

deep eutectic solvents 

9.8.4.1 UV-Visible spectra of mercury sulfide nanoparticles 

UV-Visible absorption spectra of mercury nanoparticles in DMSO solution are 

shown in figure 9.4.1. The characteristic absorption peak of the mercury metal was 

observed around 250 nm [30]. The peaks observed at 259.40 and 258.80 nm were assigned 

for the mercury sulfide nanoparticles obtained in MA-GLU BDES and MA-FRU BDES 

respectively. So, it is concluded that mercury nanoparticles were formed in MA-GLU and 

MA-FRU BDESs due to their high viscosity. 

9.8.4.2 FTIR spectra of mercury sulfide nanoparticles 

In figure 9.4.2, FTIR spectrum for mercury sulfide nanoparticles shows a peak at 

3428.97cm-1 & 3429.07 cm-1 corresponds to the free O - H group in both spectra, and the 

peak at 2922.35 & 2922.88 cm-1 is due to the presence of thiol groups in both spectra [31]. 

The peak at 1724.89 cm-1 and 1719.10 cm-1 corresponds to the C = O asymmetric stretching 

of both spectra. The peaks observed at 1384 to 1400cm-1 corresponds to the C - H bending 

vibration of both spectra. The peaks observed at 1618.93cm-1 & 1592.85cm-1 are due to the 

presence of two amide bands [31] and the peaks around 1200- 1000cm-1 corresponds to the 

S - O bond and peaks around 600cm-1 due to the C - S stretching vibration [32]. Further, 

there are some weak peaks also in both spectra. 

9.8.4.3 Morphological analysis of mercury sulfide nanoparticles by SEM 

The surface morphology and particle size of the HgS nanoparticles prepared using 

the DESs have been analyzed by scanning electron microscope [33]. In figure 9.4.3, the SEM 

images of mercury sulfide nanoparticles prepared using MA-GLU DES are labeled as “a” 
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and “b” while the HgS nanoparticles obtained from the MA-FRU DES are labeled as “c” 

and “d”. The morphology of HgS nanoparticles seems to be a sponge-like structure taken 

up to 200 nm in the case of particles obtained from MA-GLU DES. The HgS nanoparticles 

obtained in MA-FRU DES look like a spherical-shaped structure taken up to 1µm. 

9.8.5 Characterization studies of copper nanoparticles in zinc chloride-based binary 

deep eutectic solvents 

9.8.5.1 UV-Visible spectra of copper nanoparticles 

Figure 9.5.1 shows the UV-visible absorption spectra of copper oxide nanoparticles 

in ethanolic solution. The characteristic absorption peak of copper was discovered at 550-

570 nm [9,34]. The copper oxide nanoparticles obtained in ZC-GLU BDES (Fig. 9.5.1a) and 

MA-FRU (Fig. 9.5.1 b) BDES were assigned to the broad peaks at 503 and 470 nm in 

figure 9.5.1 [9,34]. As a result, copper nanoparticles were found in the MA-GLU and MA-

FRU BDESs. 

9.8.5.2 FTIR spectra of copper nanoparticles 

The FTIR spectra in the range of 4000 to 400 cm-1 for copper oxide nanoparticles 

prepared from ZC-GLU and ZC-FRU are reported in “a” and “b” of figure 9.5.2 

respectively. The several peaks noticed in the range of 400 to 850 cm-1 are correlated to Cu 

– O vibrations of CuO nanoparticles [10]. The sharp peak observed at 609 cm-1 in both the 

spectra “a” and “b” clearly indicated the Cu – O stretching [11]. Here zinc chloride molecules 

are capped on the surface of CuO nanoparticles. These are indicated by the peaks at 1077.41 

and 1078.16 cm-1 corresponding to the C – O stretching of the carboxylic acid group in 

both the spectra “a” and “b” of figure 9.5.2. The peak due to CH2 deformations of malonic 

acid is seen at 1384 cm-1 in both spectra. The peak was noticed at 1600 cm-1denoted O – H 

bending of malonic acid. The peaks observed at 2923.09 cm-1and 2924.66 cm-1are due to 

C – O asymmetric stretching [11]. Further, the broad peaks seen around 3436 cm-1 in both 
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the spectra due to different vibrations modes of water molecules adsorbed on the surface 

of copper oxide nanoparticles [10]. 

9.8.5.3 XRD patterns of copper oxide nanoparticles 

The powder x-ray diffraction patterns of copper oxide nanoparticles prepared from 

the deep eutectic solvents, ZC-GLU and ZC-FRU are given in “a” and “b” of figure 9.5.3 

respectively. The XRD patterns give information about the grain size, structure, and phase 

cleanliness of the materials. In the case of CuO particles obtained in ZC-GLU DES, there 

were no sharp diffraction peaks as they were a little amorphous structure. The diffraction 

peaks seen at 23.50°, 27.45°, 41.85° and 66.04° are indexed as (040), (021), (420), (300) 

respectively. Similarly, the diffraction peaks seen at 23.92°, 27.18°, 35.65° and 61.05° are 

also indexed as (101), (021), (240) and (220) [35] respectively for the CuO particles prepared 

using the ZC-FRU BDES. The grain size of CuO nanoparticles is determined by using the 

Debye–Scherer formula,  

𝑫 =𝑘 𝜆/𝛽 𝑐𝑜𝑠𝜃 

where D denotes the grain size, K refers to a constant, λ refers to the wavelength of 

X-ray used, β denotes the fullwidth half-maximum of the diffraction peaks and θ is the 

angle of the diffraction [10]. By using this formula, the average grain size of CuO 

nanoparticles prepared from the BDES of ZC-GLU is found to be 25 nm. Similarly, the 

average grain size of CuO nanoparticles prepared using the DES of ZC-FRU is determined 

to be 52.54 nm. 

9.8.5.4 Morphological analysis of copper oxide nanoparticles by SEM 

The surface morphology and particle size of the CuO nanoparticles prepared using 

the ZC- BDESs have been analyzed by scanning electron microscope [10]. In figure 9.5.4, 

the SEM images of copper oxide nanoparticles prepared using ZC-GLU BDES are labelled 

as “a” and “b” while the CuO nanoparticles obtained from the ZC-FRU BDES are labelled 
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as “c” and “d”. The morphology of CuO nanoparticles seems to be grains with an average 

diameter of 65.29 nm in the case of particles obtained from ZC-GLU BDES. The CuO 

nanoparticles obtained in ZC-FRU BDES look like leaves-like morphology with an 

average diameter of 95.23 nm. 

9.8.5.5 Energy Dispersive X-ray Analysis 

The elemental composition of the CuO nanoparticles was carried out by energy 

dispersive x-ray analysis (EDAX) spectroscopy [12]. In figure 9.8.5, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of ZC-GLU whereas 

the EDAX spectrum of CuO nanoparticles prepared using the DES of ZC-FRU is denoted 

in figure 9.5.5 b. In figure 9.5.5 a, it is shown that the atomic percentage of O is 74.49 and 

Cu is 20.73, which revealed that CuO nanoparticles are formed in ZC-GLU BDES. In 

figure 9.5.5 b, it has been noticed that the atomic percentage of Cu, O are 69.36 and 23.77 

respectively. Thus, it is observed that in the ZC-BDES, there are some impurities due to 

surface capping of solvents. 

9.8.6 Characterization studies of silver nanoparticles in zinc chloride-based binary 

deep eutectic solvents 

9.8.6.1 UV–Visible spectra of silver oxide nanoparticles 

The conduction and valence bands in Ag2O NPs are close together, allowing 

electrons to freely move [14–17]. These free electrons generate a surface plasmon resonance 

(SPR) absorption band due to the simultaneous oscillation of electrons of metal 

nanoparticles in resonance with light waves. This band corresponds to colloidal silver 

nanoparticle absorption in the 400–450 nm area due to surface plasmon vibration 

stimulation, according to Njagi et al [18]. A surface plasmon resonance peak (SPR) in a 

strong absorption band of about 300 nm is evident in the case of Ag2O NPs synthesized in 

ZC-GLU, 256 nm in the case of ZC-FRU confirming the formation of Ag2O NPs. The UV-
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Visible spectra of silver oxide nanoparticles synthesized in ZC BDES are given in the 

figure.9.6.1 

9.8.6.2 FTIR spectra of silver oxide nanoparticles 

Silver oxide nanoparticles generated from Zinc chloride-based solvents had FTIR 

spectra in the region of 4000 to 400 cm-1, as shown in ‘‘a” and ‘‘b” of Fig.9.6.2. The Ag – 

O vibrations of Ag2O nanoparticles are associated with multiple peaks observed in the 

region of 500 to 650 cm-1[21]. The peak due to glucose/fructose is seen at 1384 cm-1 in the 

spectrum of zinc chloride-based DESs. The peak at 1543.52 cm-1 is due to the N - O 

stretching vibration and at 1384.05 cm-1 is due to the C - H bending vibration. The peaks 

observed at 2851 cm-1 and 2921 cm-1 are due to C – O asymmetric stretching. Furthermore, 

the broad peaks seen around 3420 cm-1 in both spectra are due to the strong intermolecular 

bonded stretching of water molecules adsorbed on the surface of silver oxide nanoparticles 

[22]. 

9.8.6.3 XRD patterns of silver oxide nanoparticles 

Ag nanoparticles obtained in the case of ZC-GLU BDES (Fig.9.6.3a) show intense 

peaks at 31.44°, 37.85°, 45.25°, 64.28 and 77.32 indexed at the planes of (110), (111), 

(110), (220) and (311) respectively, and in the case of ZC-FRU BDES (Fig.9.6.3 b) at 

37.75°, 43.88°, 64.17°, and 77.13° indexed at the planes of (111), (200), (220), and (311) 

respectively. The structure of silver nanoparticles is crystalline in nature, and it is face-

centered cubic in both cases. The average particle size obtained in the case of ZC-GLU 

BDES is calculated to be 44 nm, and in ZC-FRU BDES it is calculated to be 15 nm by 

measuring the breadth of (111) Bragg’s reflection. 

9.8.6.4 SEM images of silver oxide nanoparticles 

Scanning electron microscopy was used to examine the morphological structure and 

particle size of Ag2O nanoparticles prepared using BDESs. The morphology of Ag2O 
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nanoparticles seems to be irregularly shaped with an average diameter of 110.27 nm in the 

case of particles obtained from ZC-GLU BDES (Fig.9.6.4. a,b)and it seems to be granular 

shaped with an average diameter of 185.99 nm in the case of particles obtained from ZC-

FRU BDES (9.6.4.c,d). 

9.8.6.5 Energy Dispersive X-ray Analysis 

The weight percent composition of Ag2O NPs prepared in the case of ZC-GLU 

(Fig.9.6.5a) is 3.60, and other elements such as zinc, chlorine, and oxygen acted as capping 

agents bonded to the surface of the silver nanoparticles [36]. In the instance of ZC-FRU, 

Ag2O NPs were synthesized with a weight percent composition of 9.80, while other 

elements such as zinc, chlorine, silicon, and oxygen served as capping agents (Fig.9.6.5. 

b). 

9.9. Conclusion  

Using Malonic acid-based Binary Deep Eutectic Solvents and Zinc chloride-based 

Binary Deep Eutectic Solvents, Copper, Cadmium, Mercury, and Silver nanoparticles were 

successfully synthesized. The nanoparticles were characterized by many techniques. There 

were no nanoparticles formed in MA – GCL BDES as it has high viscosity. Viscosity is an 

important property for a solvent. When the level of water is high, the viscosity decreases. 

By this way, the particle size was controlled. The nanoparticles were synthesised in a 

simple and convenient manner. There was no surfactant and seed were needed for the 

formation of nanoparticles. 
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Figure 9.1.1. UV-Visible spectra of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 

Figure 9.1.1. c UV-Visible spectra of copper oxide nanoparticles obtained using 

Malonic acid - Glycerol BDES   
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Figure 9.1.2 FTIR spectra of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 

Figure 9.1.3 XRD patterns of copper oxide nanoparticles obtained using  

(a) Malonic acid Glucose BDES and (b) Malonic acid – Fructose BDES 
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Figure 9.1.4 SEM images of copper oxide nanoparticles obtained using  

(a) Malonic acid Glucose BDES and (b) Malonic acid – Fructose BDES 

 

 

Figure 9.1.5 EDAX Spectra of copper oxide nanoparticles obtained using 

 (a) Malonic acid –Glucose BDES and (b) Malonic acid – Fructose BDES 
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Figure 9.2.1 UV-Visible spectra of silver oxide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 
9.2.2. FTIR spectra of silver oxide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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Figure 9.2.3 XRD patterns of silver oxide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 

Figure 9.2.4 SEM images of silver oxide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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Figure 9.2.5 EDAX spectra of silver oxide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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Figure 9.3.1 UV-Visible spectra of Cadmium sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

Figure 9.3.2. FTIR spectra of Cadmium sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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Figure 9.3.3 SEM images of Cadmium sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 

Figure 9.4.1. UV-Visible spectra of Mercury sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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9.4.2. FTIR spectra of Mercury sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 

 

 

Figure 9.4.3. SEM images of Mercury sulfide nanoparticles obtained using  

(a) Malonic - Glucose BDES  (b) Malonic acid – Fructose BDES 
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Figure 9.5.1. UV-Visible spectra of copper nanoparticles obtained using 

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 

 

 

Figure 9.5.2. FTIR spectra of copper nanoparticles obtained using  

     (a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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Figure 9.5.3. XRD patterns of copper nanoparticles obtained using 

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 

 

 

 

Figure 9.5.4. SEM images of copper nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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Figure 9.5.5. EDAX spectra of copper nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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Figure 9.6.1. UV-Visible spectra of silver nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 

 

 

Figure 9.6.2. FTIR spectra of silver nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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Figure 9.6.3. XRD patterns of silver nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 

 

 

Figure 9.6.4. SEM images of silver nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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Figure 9.6.5. EDAX spectra of silver nanoparticles obtained using  

(a) Zinc chloride - Glucose BDES  (b) Zinc chloride – Fructose BDES 
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10. Synthesis and characterization of nanoparticles using Ternary Deep Eutectic 

Solvents 

 

10.1. Introduction 

Nanotechnology is a future era in material science that develops and upgrades 

particle qualities like size and morphology, allowing non-materials to enter future high-

quality material construction in practically all fields [1]. Nanotechnologies have been 

employed to create targeted medication carriers based on nanoparticles [2]. Because of their 

1physicochemical properties, metal nanoparticles have a large specific surface area and a 

high fraction of surface atoms [3, 4]. Catalytic activities, optical and electrical properties, 

antimicrobial qualities, and magnetic properties are among them [5,6]. Because of its 

simplicity, solubility, inexpensive reagents, and fast reaction durations, the chemical 

reduction of copper (II) salts in an aqueous solution is one of the most versatile techniques 

[7]. Among the many metallic nanoparticles used in biomedical applications, silver 

nanoparticles are one of the most important and fascinating nanomaterials. Scientists and 

technologists are interested in developing nano silver-based disinfectant products because 

of the unique properties of the high antimicrobial activity of silver nanoparticles [8]. 

In this work, we used chemical reduction to make copper and silver nanoparticles. 

FTIR, UV, SEM, XRD, and EDAX techniques to characterize the synthesized 

nanoparticles such as copper and silver.  

10.2. Synthesis of copper nanoparticles in Malonic acid-sugar-amino acids based 

ternary deep eutectic solvents 

Copper nanoparticles were synthesized in our prepared TDES such as MA-GLU-

GLY TDES, MA-FRU-GLY TDES, MA-GLU-HIS TDES, and MA-FRU-HIS TDES 

separately using the chemical reduction method [9]. Nanoparticles were made by combining 
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10 ml of 0.01M Copper sulfate pentahydrate [CuSO4.5H2O] with 15 ml of all TDESs in 

four separate beakers and stirring for 30 minutes at 1200 RPM with a magnetic stirrer. 

During vigorous stirring, about 8-10 ml of 0.01 M Hydrazine Hydrate as a reducing agent 

was added drop by drop, followed by 20 ml of 1 M sodium hydroxide as a stabilizing agent 

was injected slowly into the mixture. The obtained copper oxide nanoparticles in the 

beakers were centrifuged, rinsed with deionized water, then methanol, and dried separately. 

10.3. Synthesis of silver nanoparticles in Malonic acid-sugar-amino acids based 

ternary deep eutectic solvents 

Silver nanoparticles were synthesized in our prepared TDES such as MA-GLU-

GLUT TDES, and MA-FRU-GLUT TDES separately using the chemical reduction method 

[9]. Nanoparticles were made by combining 10 ml of 0.01M silver nitrate [AgNO3] with 15 

ml of the above-mentioned two TDESs in two separate beakers and stirring for 30 minutes 

at 1200 RPM with a magnetic stirrer. During vigorous stirring, about 8-10 ml of 0.01 M 

sodium borohydride as a reducing agent was added drop by drop, followed by 20 ml of 1 

M sodium hydroxide as a stabilizing agent was injected slowly into the mixture. The 

obtained silver oxide nanoparticles in the beakers were centrifuged, rinsed with deionized 

water, then methanol, and dried separately. 

10.4 Synthesis of silver nanoparticles in Zinc chloride-sugar-amino acids based 

ternary deep eutectic solvents 

Silver nanoparticles were made by mixing 10 ml of 0.01 M silver nitrate [AgNO3] 

with 15 ml of ZC-GLU-GLUT TDES, MA-FRU-GLUT TDES, ZC-GLU-GLY TDES, 

MA-FRU-GLY TDES, ZC-GLU-HIS TDES, MA-FRU-HIS TDES in separate six beakers 

using the chemical reduction method [3] and stirring at 1200 RPM for 30 minutes with a 

magnetic stirrer. The reducing agent, 0.01 M sodium borohydride (about 8–10 ml) was 

added drop by drop under vigorous stirring, and a further 20 ml of stabilizing agent, 1 M 
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sodium hydroxide was injected drop by drop using an injector. The silver oxide 

nanoparticles were centrifuged, then washed with deionized water, methanol, and finally 

dried.  

10.5. Synthesis of copper nanoparticles in Manganese chloride-sugar-amino acids 

based ternary deep eutectic solvents 

Copper nanoparticles were synthesized in our prepared TDES such as MC-GLU-

GLY TDES, MC-FRU-GLY TDES, MC-GLU-HIS TDES, MC-FRU-HIS TDES, MC-

GLU-GLUT TDES, and MC-FRU-GLUT TDES separately using the chemical reduction 

method [9]. Nanoparticles were made by combining 10 ml of 0.01M Copper chloride 

dihydrate [CuCl2.2H2O] (for glucose-based TDESs) and Copper acetate monohydrate [Cu 

(COOCH3) 2.H2O] (for fructose-based TDESs), with 15 ml of all TDESs in six separate 

beakers and stirring for 30 minutes at 1200 RPM with a magnetic stirrer. During vigorous 

stirring, about 8-10 ml of 0.01 M Hydrazine Hydrate as a reducing agent was added drop 

by drop, followed by 20 ml of 1 M sodium hydroxide as a stabilizing agent was injected 

slowly into the mixture. The obtained copper oxide nanoparticles in the beakers were 

centrifuged, rinsed with deionized water, then methanol, and dried separately. 

10.6. Results and discussion 

 The synthesized copper, silver nanoparticles were characterized by UV-Visible 

spectroscopy, Fourier transform infrared spectroscopy, Scanning electron microscopy, X-

Ray diffraction pattern, and Energy dispersive X-ray analysis.  

10.6.1 Characterization studies of copper nanoparticles in malonic acid-sugar-amino 

acids based ternary deep eutectic solvents 

10.6.1.1 UV-Visible spectra of copper oxide nanoparticles 

UV-Visible absorption spectra of copper oxide nanoparticles in ethanolic solution 

are shown in figure 10.1.1. The characteristic absorption peak was assigned at 398 nm and 
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399 nm for the copper oxide nanoparticles obtained in MA-GLU-GLY (Fig. 10.1.1a) and 

MA-FRU- GLY (Fig. 10.1.1 b) DES respectively [10]. The characteristic absorption peak 

was assigned at 397 nm and 398 nm for the copper oxide nanoparticles obtained in MA-

GLU-HIS (Fig. 10.1.1c) and MA-FRU-HIS (Fig. 10.1.1d) DES respectively [10].  So, it is 

concluded that copper nanoparticles were formed in malonic acid-based ternary DES. 

10.6.1.2 FTIR spectra of copper oxide nanoparticles 

The FTIR spectra in the range of 4000 to 400 cm-1 for copper oxide nanoparticles 

prepared from MA-GLU- GLY, MA-FRU-GLY, MA-GLU-HIS, and MA-FRU-HIS are 

reported in “a”, “b”, “c”, and “d” of figure 10.1.2 respectively. The several peaks noticed 

in the range of 400 to 850 cm-1 are correlated to Cu – O vibrations of CuO nanoparticles 

[11]. The sharp peak observed around 600 cm-1 of all the spectra clearly indicated the Cu – 

O stretching [12]. Here a few of the malonic acid molecules are capped on the surface of 

CuO nanoparticles. The peaks around 1300 – 1000 cm-1 correspond to the C – O stretching 

of the carboxylic acid group in figure 10.1.2. The peaks due to CH2 deformations of malonic 

acid are seen around 1385 cm-1 in all spectra. The peaks noticed at 1627.71 cm-1, 1603.01 

cm-1, 1629.94 cm-1 denoted the O – H bending of malonic acid in the figure 10.1.2 “a, c, d” 

spectra. The peaks were observed at 2852.26 cm-1, 2850.57 cm-1, 2925.02 cm-1, and 

2850.19 cm-1are due to C – O asymmetric stretching [12]. Further, the broad peaks seen 

around 3400 cm-1 in all the spectra are due to different vibrations modes of water molecules 

adsorbed on the surface of copper oxide nanoparticles [11]. 

10.6.1.3 XRD patterns of copper oxide nanoparticles 

The powder x-ray diffraction patterns of copper oxide nanoparticles prepared from 

the deep eutectic solvents, MA-GLU- GLY, MA-FRU-GLY, MA-GLU-HIS, and MA-

FRU-HIS are given in “a, b, c, d” of figure 10.1.3 respectively. The XRD patterns give 

information about the grain size, structure, and phase cleanliness of the materials. In the 
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case of CuO particle obtained in MA-GLU-GLY TDES, the diffraction peaks noticed at 

42.9°, 50.2°, and 73.9°are indexed as (111), (200), and (220) respectively.  The diffraction 

peaks seen at 42.9°, 50.2°, and 73.8° are also indexed as (111), (200), and (220) 

respectively for the CuO particles prepared using the MA-FRU- GLY TDES. This indexing 

corresponds to the fcc structure of CuO and the peaks are matching well with JCPDC card 

no:04-0836 [13]. The diffraction peaks seen at 37.7°, 40.6°, 54.8°, and 69.56°are also 

indexed as (111), (200), (211) and (301) respectively for the CuO particles prepared using 

the MA-FRU- HIS TDES. The diffraction peaks seen at 32.7°, 47.4°, 59.2°, and 68.2° are 

also indexed as (034), (404), (440) and (183) respectively for the CuO particles prepared 

using the MA-FRU-HIS TDES. This indexing corresponds to the orthorhombic structure 

of CuO [11]. The observed peaks are matching well with the JCPDC Card No. 77- 1898. 

The grain size of CuO nanoparticles is determined by using the Debye–Scherer formula,  

𝑫 =𝑘 𝜆/𝛽 𝑐𝑜𝑠𝜃 

where D denotes the grain size, K refers to a constant, λ refers to the wavelength of 

X-ray used, β denotes the fullwidth half-maximum of the diffraction peaks and θ is the 

angle of the diffraction [11]. By using this formula, the average grain size of CuO 

nanoparticles prepared from the TDES of MA-GLU-GLY and MA-FRU-GLY are found 

to be 15.454 nm. Similarly, the average grain size of CuO nanoparticles prepared using the 

TDES of MA-GLU-HIS and MA-FRU-HIS are determined to be 22.15 nm and 10.4 nm 

respectively. 

10.6.1.4 Morphological analysis of copper oxide nanoparticles by SEM 

The surface morphology and particle size of the CuO nanoparticles prepared using 

the BDESs have been analyzed by scanning electron microscope [10]. In figure 10.1.4.1, the 

SEM images of copper oxide nanoparticles prepared using MA-GLU-GLY TDES are 

labelled as “a” and “b” while the CuO nanoparticles obtained from the MA-FRU-GLY 
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TDES are labelled as “c” and “d”. In figure 10.1.4.2, the SEM images of copper oxide 

nanoparticles prepared using MA-GLU-HIS TDES are labelled as “e” and “f” while the 

CuO nanoparticles obtained from the MA-FRU-HIS TDES are labelled as “g” and “h”. The 

morphology of CuO nanoparticles seems to be clusters of grains with an average diameter 

of 121.3 nm in the case of particles obtained from MA-GLU-GLY TDES and in MA-FRU-

GLY TDES seems to be scale like structure with an average diameter of 113.85nm. The 

CuO nanoparticles obtained in MA-GLU-HIS and MA-FRU TDES look like a trigonal 

beads-like morphology and worm like morphology with an average diameter of 245.5 nm 

and 98.67nm respectively. 

10.6.1.5 Energy Dispersive X-ray Analysis 

The elemental composition of the CuO nanoparticles was carried out by energy 

dispersive x-ray analysis (EDAX) spectroscopy [14]. In figure 10.1.5 a, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MA-GLU-GLY 

TDES whereas the EDAX spectrum of CuO nanoparticles prepared using the DES of MA-

FRU-GLY TDES is denoted in figure 10.1.5 b. In figure 10.1.5c, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MA-GLU-HIS 

TDES whereas the EDAX spectrum of CuO nanoparticles prepared using the DES of MA-

FRU-HIS TDES is denoted in figure 10.1.5 d.  In figure 10.1.5 a, it is shown that the atomic 

percentage of Cu is 66.62 and O is 33.38, which revealed that pure CuO nanoparticles are 

formed in MA-GLU-GLY TDES. But in figure 10.1.5 b, it has been noticed that the atomic 

percentage of Cu, O, and C are 17.51, 16.97, and 65.52 respectively. In figure.10.1.5 c, the 

atomic percentage of Cu, N, O, and C is 30.89, 35.36, 32.45, and 1.30. In figure. 10.1.5 d, 

the atomic percentage of Cu, N, O, and C is 30.89, 35.36, 32.45, and 1.30. It is confirmed 

that the atmospheric nitrogen and the carbon atoms of malonic acid are capped on the Cuo 

nanoparticles obtained in MA-GLU-HIS and MA-FRU-HIS TDES.   
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10.6.2 Characterization studies of silver nanoparticles in malonic acid-sugar-amino 

acids based ternary deep eutectic solvents 

10.6.2.1 UV-Visible spectra of silver oxide nanoparticles 

UV-Visible absorption spectra of silver nanoparticles in ethanolic solution are 

shown in figure 10.2.1. The characteristic absorption peak of the silver metal was observed 

between 461 and 467 nm were assigned for silver nanoparticles obtained in MA-GLU-

GLUT and MA-FRU-GLUT ternary deep eutectic solvents respectively [15, 16]. 

10.6.2.2 FTIR spectra of silver oxide nanoparticles 

Silver nanoparticles generated from Malonic Acid-Glucose-Glutamine and 

Malonic Acid-Fructose-Glutamine TDESs had FTIR spectra in the region of 4000 to 400 

cm-1, as shown in Fig. 10.2.2. The spectrum shows different peaks at 3431.57 cm-1- N-H 

stretching; 2921.68cm-1- O-H stretching; 2851.67cm-1- aldehydic C-H stretching of 

glucose; 1596.55cm-1- C-C stretching; the peaks found at 1383cm-1 are due to the silver 

nanoparticles in case of MA-GLU-GLUT TDES. The spectrum shows different peaks at 

3430.29 cm-1- N-H stretching; 2922.23cm-1- O-H stretching; 2851.62cm-1- aldehydic C-

H stretching of glucose; 1595.85cm-1- C-C stretching; 1383.95cm-1 are due to silver 

nanoparticles. There are some prominent peaks in the fingerprint region [17, 18, 19, 20, 21]. 

10.6.2.3 XRD patterns of silver oxide nanoparticles 

The crystalline structure of silver nanoparticles are predicted using X-Ray 

Diffraction analysis, which showed intense peaks at 2θ values of 37.69°, 43.85°, 64.15°, 

77.16° in case of silver nanoparticles obtained in MA-FRU-GLUT TDES( Fig.10.2.3 a) 

and at 37.78°, 43.95°, 64.12°, 77.11° in case of silver nanoparticles obtained in MA-

GLUU-GLUT TDES (Fig.10.2.3 b), both which indexed at planes (111), (200), (220), 

(311) of silver respectively [22]. The structure of the obtained nanoparticles is crystalline in 

nature, and it is face centered cubic in both cases. The observed peaks are matching well 
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with JCPDC Card No. 89-3722. The Debye–Scherrer equation was used to calculate the 

average crystallographic size of silver nanoparticles, D=0.9λ/βcosθ. The average particle 

size obtained is calculated to be 30nm by measuring the breadth of (111) Bragg's reflection 

in both solvents [23]. 

10.6.2.4 Morphological analysis of silver oxide nanoparticles by SEM 

To examine the morphological structure and particle size of silver nanoparticles, 

Scanning Electron Microscopy was used. In Fig.10.2.4, the SEM images of the obtained 

silver nanoparticles prepared using MA-GLU-GLUT TDES are labeled as "a" and "b" 

while the silver nanoparticles obtained from MA-FRU-GLUT TDES are labeled as "c" and 

"d". The morphology of silver nanoparticles seems to be sponge like structure with an 

average diameter of 83.05nm in the case of particles obtained from MA-GLU-GLUT TDES 

and it seems to grain shaped with an average diameter of 97.85nm in the case of particles 

obtained from MA-FRU-GLUT TDES. 

10.6.2.5 Energy Dispersive X-ray Analysis 

The elemental composition and the purity of the obtained silver nanoparticles are 

confirmed by Energy Dispersive X-ray Analysis. EDAX spectrum reveals strong signal in 

the silver region and silver nanoparticles formation were confirmed. Metallic silver 

nanoparticles generally show optical absorption peak approximately at 3 KeV [24] due to 

surface plasmon resonance. The percent composition of silver is high in MA-FRU-GLUT 

TDES as compared to MA-GLU-GLUT TDES. Silver (80.12%) was the major constituent 

element and oxygen (19.06%) as shown in Fig.10.2.5b. In MA-GLU-GLUT TDES, the 

silver composition is low (19.59%) and oxygen is high (66.68%) as shown in Fig.10.2.5a. 

some impurities are acting as capping agents of silver nanoparticles [25]. 
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10.6.3 Characterization studies of silver nanoparticles in zinc chloride-sugar-amino 

acids based ternary deep eutectic solvents 

10.6.3.1 UV-Visible spectra of silver oxide nanoparticles 

UV-Visible absorption spectra of silver nanoparticles in ethanolic solution are 

shown in figure 10.3.1. The reduction of silver ions present in the solution of silver nitrate 

with TDESs was observed using UV-Visible spectroscopy with wavelengths ranging from 

200 to 800nm. The UV-Visible spectra show surface plasmon resonance peaks around 397-

432nm [26, 27] of silver nanoparticles synthesized in ZC-GLU-GLY, ZC-FRU-GLY and ZC-

GLU-GLUT TDESs. The silver nanoparticles obtained in ZC-FRU-GLUT, ZC-GLU-HIS, 

and ZC- FRU-HIS TDESs show peak at 273nm, 296nm and 297nm respectively. 

10.6.3.2 FTIR spectra of silver oxide nanoparticles 

Figure 10.3.2 shows the FTIR spectra of silver nanoparticles generated in all ZC 

based TDESs. The hydroxyl and amine stretching vibrations in the TDESs cause peaks 

spanning from 3200 to 3600cm-1 [12]. C-H stretching is responsible for the peaks about 

2920- 2930 cm-1. N-H bending from TDESs is represented by the peaks around 1600 cm-1 

[21]. The C-O stretching of the alcohol group of solvents causes peaks about 1100cm-1. In 

all solvents, the silver nanoparticles show peaks around 1383cm-1 [28], and peaks around 

577cm-1 [29] are caused by Ag-O vibrations because the nanoparticles are covered by 

oxygen. 

10.6.3.3 XRD patterns of silver oxide nanoparticles 

The crystalline structure of silver nanoparticles are predicted using X-Ray 

Diffraction analysis, which showed intense peaks at 2θ values of 32.02°, 46.02°, 54.34°, 

67.07°, 76.67° in case of silver nanoparticles obtained in ZC-GLU-GLY TDES( Fig.10.3.3 

a), at 32.02°, 46.02°, 54.34°, 77.06° in case of silver nanoparticles obtained in ZC-FRU-

GLY TDES (Fig.10.3.3b), at 31.73°, 45.73°, 54.54°, 76.37° in case of silver nanoparticles 
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obtained in ZC-GLU-GLUT TDES (Fig.10.3.3c), at 32.02°, 46.02° in case of silver 

nanoparticles obtained in ZC-FRU-GLUT TDES (Fig.10.3.3d), at 32.02°, 46.02°, 54.34°, 

77.18° in case of silver nanoparticles obtained in ZC-GLU-HIS TDES (Fig.10.3.3e), at 

31.73°, 45.73°, 54.54°, 75.98° in case of silver nanoparticles obtained in ZC-FRU-HIS 

TDES (Fig.10.3.3f).  This was also evident in many studies when the XRD pattern included 

the relevant 2° range [30, 31]. The silver nanoparticles indexed at planes (111), (200), (220), 

(311) which are like JCPDS file no.89-3722 [22]. The structure of the obtained nanoparticles 

is crystalline in nature, and it is face-centered cubic in all cases. The Debye–Scherrer 

equation was used to calculate the average crystallographic size of silver nanoparticles, 

D=0.9λ/βcosθ. The average particle size obtained is calculated to be 30nm by measuring 

the breadth of (111) Bragg's reflection in all solvents [23]. 

10.6.3.4 Morphological analysis of silver oxide nanoparticles by SEM 

To examine the morphological structure and particle size of silver nanoparticles, 

Scanning Electron Microscopy was used. In Fig.10.3.4.1, the SEM images of the obtained 

silver nanoparticles prepared using ZC-GLU-GLY TDES are labeled as "a" and "b" while 

the silver nanoparticles obtained from ZC-FRU-GLY TDES are labeled as "c" and "d".  In 

Fig.10.3.4.2, the SEM images of the obtained silver nanoparticles prepared using ZC-GLU-

GLUT TDES are labeled as "a" and "b" while the silver nanoparticles obtained from ZC-

FRU-GLUT TDES are labeled as "c" and "d". In Fig.10.3.4.3, the SEM images of the 

obtained silver nanoparticles prepared using ZC-GLU-HIS TDES are labeled as "a" and 

"b" while the silver nanoparticles obtained from ZC-FRU-HIS TDES are labeled as "c" and 

"d". The morphology of silver nanoparticles seems to be spherical shape with an average 

diameter of 189 nm in the case of particles obtained from ZC-GLU-GLY TDES and it 

seems to disc shaped with an average diameter of 226 nm in the case of particles obtained 

from ZC-FRU-GLY TDES. Likewise, the morphology of silver nanoparticles obtained 
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from ZC-GLU-GLUT TDES and ZC-FRU-GLUT TDES seem to be irregular in shape, 

clavor shape with an average diameter of 150nm and 192 nm respectively. The morphology 

of silver nanoparticles seems to be irregular shaped with an average diameter of 99.64 nm 

and triangular prism like structure with an average diameter of 58.48 nm in case of ZC-

GLU-HIS and ZC-FRU-HIS TDESs respectively. 

10.6.3.5 Energy Dispersive X-ray Analysis 

The elemental composition and the purity of the obtained silver nanoparticles are 

confirmed by Energy Dispersive X-ray Analysis. EDAX spectrum in figure. 10.3.5 reveals 

strong signal in the silver region and silver nanoparticles formation were confirmed. 

Metallic silver nanoparticles generally show optical absorption peak approximately at 3 

KeV [24] due to surface plasmon resonance. The atomic percentage of Ag, Cl, O is 35.74, 

32.32, 31.94 in case of silver nanoparticles obtained from ZC-GLU-GLY TDES. The 

atomic percentage of Ag, Cl, O and C is 16.14, 15.28, 12.63, and 55.95 in case of silver 

nanoparticles obtained from ZC-FRU-GLY TDES. The atomic percentage of Ag, Cl, O 

and Zn is 16.36, 32.15, 38.93, and 12.56 in case of silver nanoparticles obtained from ZC-

GLU-GLUT TDES. The atomic percentage of Ag, Cl, O, C, and Zn is 1.81, 9.82, 29.34, 

49.94, and 9.10 in case of silver nanoparticles obtained from ZC-FRU-GLUT TDES. The 

atomic percentage of Ag, Cl, O and Zn is 4.02, 11.45, 75.81, and 8.72 in case of silver 

nanoparticles obtained from ZC-GLU-HIS TDES. The atomic percentage of Ag, Cl, O and 

Zn is 3.25, 11.09, 76.80, and 8.87 in case of silver nanoparticles obtained from ZC-FRU-

HIS TDES. The silver nanoparticles were capped by some atmospheric elements such as 

carbon, oxygen and by the TDESs [25]. 
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10.6.4 Characterization studies of copper nanoparticles in manganese chloride-sugar-

amino acids based ternary deep eutectic solvents 

10.6.4.1 UV-Visible spectra of copper oxide nanoparticles 

UV-Visible absorption spectra of copper oxide nanoparticles in ethanolic solution 

are shown in figure 10.4.1. The characteristic absorption peak was assigned at 236 nm and 

393 nm for the copper oxide nanoparticles obtained in MC-GLU-GLY (Fig. 10.4.1a) and 

MC-FRU- GLY (Fig. 10.4.1 b) DES respectively [10]. The characteristic absorption peak 

was assigned at 547 nm and 360 nm for the copper oxide nanoparticles obtained in MC-

GLU-GLUT (Fig. 10.4.1c) and MC-FRU-GLUT (Fig. 10.4.1d) TDES respectively [10].  

The copper oxide nanoparticles show an absorption peak at 397nm in the case of Cu NPs 

obtained from MC-GLU-HIS TDES.  

10.6.4.2 FTIR spectra of copper oxide nanoparticles 

The FTIR spectra in the range of 4000 to 400 cm-1 for copper oxide nanoparticles 

prepared from MC-GLU-GLY, MC-FRU-GLY, MC-GLU-GLUT, MC-FRU-GLUT, and 

MA-FRU-HIS are reported in “a”, “b”, “c”, “d” and “e” of figure 10.4.2 respectively. The 

several peaks noticed in the range of 400 to 850 cm-1 are correlated to Cu – O vibrations of 

CuO nanoparticles [11]. The sharp peak observed around 700 cm-1 of all the spectra clearly 

indicated the Cu – O stretching [12]. Here a few of the malonic acid molecules are capped 

on the surface of CuO nanoparticles. The peaks around 1300 – 1000 cm-1 correspond to the 

C – O stretching of the carboxylic acid group in figure 10.4.2. The peaks due to CH2 

deformations of malonic acid are seen around 1385 cm-1 in all spectra. The peaks noticed 

at 1614.20 cm-1, 1603.25 cm-1, 1611.44 cm-1, 1619 cm-1,1602.23 cm-1 denoted the O – H 

bending of malonic acid. The peaks were observed at 2926.10 cm-1, 2922.38 cm-1, 2937.62 

cm-1 are due to C – O asymmetric stretching [12]. Further, the broad peaks seen around 3400 
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cm-1 in all the spectra are due to different vibrations modes of water molecules adsorbed 

on the surface of copper oxide nanoparticles [11]. 

10.6.4.3 XRD patterns of copper oxide nanoparticles 

The powder x-ray diffraction patterns of copper oxide nanoparticles prepared from 

the deep eutectic solvents, MC-GLU- GLY, MC-FRU-GLY, MC-GLU-GLUT, MC-FRU-

GLUT and MC-GLU-HIS are given in “a, b, c, d, e” of figure 10.4.3 respectively. The 

XRD patterns give information about the grain size, structure, and phase cleanliness of the 

materials. In the case of CuO particle obtained in MC-GLU-GLY TDES, the diffraction 

peaks noticed at 42.91°, 49.72°.  The diffraction peaks seen at 43.87°, 53.17° for the CuO 

particles prepared using the MC-FRU- GLY TDES. This indexing corresponds to the fcc 

structure of CuO and the peaks are matching well with JCPDC card no:04-0836 [13]. The 

diffraction peaks are seen at 37.7°, 40.6°, 54.8°, and 69.56°are also indexed as (111), (200), 

(211) and (301) respectively for the CuO particles prepared using the MA-GLU- GLUT 

TDES. The diffraction peaks are seen at 31.87°, 52.29°, are also indexed as (034), (440) 

for the CuO particles prepared using the MA-FRU-GLUT TDES. The diffraction peaks are 

seen at 44.83°, 50.46°, 65.14°. This indexing corresponds to the orthorhombic structure of 

CuO [11]. The observed peaks are matching well with the JCPDC Card No. 77- 1898. The 

grain size of CuO nanoparticles is determined by using the Debye–Scherer formula,  

𝑫 =𝑘 𝜆/𝛽 𝑐𝑜𝑠𝜃 

where D denotes the grain size, K refers to a constant, λ refers to the wavelength of 

X-ray used, β denotes the fullwidth half-maximum of the diffraction peaks and θ is the 

angle of the diffraction [11]. By using this formula, the average grain size of CuO 

nanoparticles prepared from the MC based TDES are determined to be 20nm. 
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10.6.4.4 Morphological analysis of copper oxide nanoparticles by SEM 

The surface morphology and particle size of the CuO nanoparticles prepared using 

the BDESs have been analyzed by scanning electron microscope [10]. In figure 10.4.4.1, the 

SEM images of copper oxide nanoparticles prepared using MC-GLU-GLY TDES are 

labelled as “a” and “b” while the CuO nanoparticles obtained from the MC-FRU-GLY 

TDES are labelled as “c” and “d”. In figure 10.4.4.2, the SEM images of copper oxide 

nanoparticles prepared using MC-GLU-GLUT TDES are labelled as “a” and “b” while the 

CuO nanoparticles obtained from the MC-FRU-GLUT TDES are labelled as “c” and “d”. 

In figure 10.4.4.3, the SEM images of copper oxide nanoparticles prepared using MC-

GLU-HIS TDES are labelled as “a” and “b”.The morphology of CuO nanoparticles seems 

to be rod shaped with an average diameter of 115.3 nm in the case of particles obtained 

from MC-GLU-GLY TDES and in MC-FRU-GLY TDES seems to be spherical shaped 

with an average diameter of 123.65nm. The CuO nanoparticles obtained in MC-GLU-

GLUT and MC-FRU-GLUT TDES look like leaves-like morphology and cylindrical 

shaped morphology with an average diameter of 150.5 nm and 108.27nm respectively. The 

CuO nanoparticles obtained in MC-GLU-HIS TDES look like disc shaped morphology 

with an average diameter of 198.26nm.  

10.6.4.5 Energy Dispersive X-ray Analysis 

The elemental composition of the CuO nanoparticles was carried out by energy 

dispersive x-ray analysis (EDAX) spectroscopy [14]. In figure 10.4.5 a, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MC-GLU-GLY 

TDES whereas the EDAX spectrum of CuO nanoparticles prepared using the DES of MC-

FRU-GLY TDES is denoted in figure 10.5.5 b. In figure 10.5.5c, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MC-GLU-GLUT 

whereas the EDAX spectrum of CuO nanoparticles prepared using the DES of MC-FRU-
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GLUT TDES is denoted in figure 10.5.5 d.  In figure 10.5.5e, it is given the EDAX 

spectrum of copper oxide nanoparticles synthesized using the DES of MC-GLU-HIS.  In 

figure 10.5.5 a, it is shown that the atomic percentage of Cu is 66.62, O is 33.38, Mn is 

6.57, and Cl is 20.25. In figure 10.5.5 b, it has been noticed that the atomic percentage of 

Cu, O, Cl, and C are 17.20, 79.65, 2.87, and 0.28 respectively. In figure.10.5.5 c, the atomic 

percentage of Cu, Mn, O, and C is 17.90, 5.47, 59.73, and 16.90. In figure. 10.5.5 d, the 

atomic percentage of Cu, Mn, O, and Cl is 10.80, 16.50, 70.07, and 2.63. In figure. 10.5.5 

e, the atomic percentage of Cu, Mn, O, and Cl is 6.56, 20.01, 70.85, and 2.58. It is 

confirmed that the atmospheric oxygen and the carbon atoms of malonic acid and the 

solvents are capped on the CuO nanoparticles obtained in MC-based TDES [25].  

10.7. Conclusion  

Seventeen types of nanoparticles were synthesized successfully using malonic acid, 

zinc chloride and manganese chloride-based ternary deep eutectic solvents. The copper and 

silver nanoparticles were characterized by techniques such as UV spectroscopy, FTIR 

spectroscopy, X-Ray diffraction, Scanning Electron Microscopy, and Energy Dispersive 

X-ray Analysis. The copper nanoparticle synthesized from MC-FRU-HIS TDES was sticky 

in nature. The nanoparticles were synthesised in a simple and convenient manner. There 

was no surfactant and seed were needed for the formation of nanoparticles. The size of the 

particles formed was controlled by varying proportions of the water present in the TDESs. 
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Figure. 10.1.1. UV-Visible spectra of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glycine (MA – GLU - GLY) TDES 

(b) Malonic acid – Fructose- Glycine (MA – FRU - GLY) TDES 

(c) Malonic acid – Glucose – Histidine (MA – GLU - HIS) TDES 

(d) Malonic acid – Fructose- Histidine (MA -FRU – HIS) TDES 
 

 
Figure. 10.1.2. FTIR spectra of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glycine (MA – GLU - GLY) TDES 

(b) Malonic acid – Fructose - Glycine (MA – FRU - GLY) TDES 

(c) Malonic acid – Glucose – Histidine (MA – GLU - HIS) TDES 

(d) Malonic acid – Fructose - Histidine (MA -FRU – HIS) TDES 
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Figure. 10.1.3. XRD patterns of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glycine (MA – GLU - GLY) TDES 

(b) Malonic acid – Fructose- Glycine (MA – FRU - GLY) TDES 

(c) Malonic acid – Glucose – Histidine (MA – GLU - HIS) TDES 

(d) Malonic acid – Fructose- Histidine (MA -FRU – HIS) TDES 
 

 
Figure. 10.1.4.1. SEM images of copper oxide nanoparticles obtained using  

(a), (b) Malonic acid - Glucose – Glycine (MA – GLU - GLY) TDES 

(c), (d) Malonic acid – Fructose- Glycine (MA – FRU - GLY) TDES 
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 Figure. 10.1.4.2 SEM images of copper oxide nanoparticles obtained using  

(e), (f) Malonic acid – Glucose – Histidine (MA – GLU - HIS) TDES 

(g), (h) Malonic acid – Fructose- Histidine (MA -FRU – HIS) TDES 

 

 
Figure. 10.1.5. EDAX spectra of copper oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glycine (MA – GLU - GLY) TDES 

(b) Malonic acid – Fructose- Glycine (MA – FRU - GLY) TDES 

(c) Malonic acid – Glucose – Histidine (MA – GLU - HIS) TDES 

(d) Malonic acid – Fructose- Histidine (MA -FRU – HIS) TDES 
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Figure. 10.2.1. UV-Visible spectra of silver oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glutamine (MA – GLU - GLUT) TDES 

     (b) Malonic acid – Fructose- Glutamine (MA – FRU - GLUT) TDES 

 

Figure. 10.2.2. FTIR spectra of silver oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glutamine (MA – GLU - GLUT) TDES 

(b) Malonic acid – Fructose- Glutamine (MA – FRU - GLUT) TDES 
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Figure. 10.2.3. XRD patterns of silver oxide nanoparticles obtained using  

(a) Malonic acid - Glucose – Glutamine (MA – GLU - GLUT) TDES 

           (b) Malonic acid – Fructose- Glutamine (MA – FRU - GLUT) TDES 

 

 
 Figure. 10.2.4. SEM images of silver oxide nanoparticles obtained using  

(a) (b) Malonic acid - Glucose – Glutamine (MA – GLU - GLUT) TDES 

           (c) (d) Malonic acid – Fructose- Glutamine (MA – FRU - GLUT) TDES 
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 Figure. 10.2.5. EDAX spectra of silver oxide nanoparticles obtained using  

(a) Malonic acid – Fructose- Glutamine (MA – FRU - GLUT) TDES 

(b) Malonic acid - Glucose – Glutamine (MA – GLU - GLUT) TDES 
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Figure. 10.3.1. UV-Visible spectra of silver oxide nanoparticles obtained using  

(a) Zinc chloride - Glucose – Glycine (ZC – GLU - GLY) TDES 

(b) Zinc chloride – Fructose- Glycine (ZC – FRU - GLY) TDES 

(c) Zinc chloride – Glucose – Glutamine (ZC – GLU - GLUT) TDES 

(d)  Zinc chloride – Fructose- Glutamine (ZC -FRU – GLUT) TDES 

(e) Zinc chloride – Glucose – Histidine (ZC – GLU - HIS) TDES 

(f) Zinc chloride – Fructose- Histidine (ZC -FRU – HIS) TDES 

 

 
 Figure. 10.3.2. FTIR spectra of silver oxide nanoparticles obtained using  

(a) Zinc chloride - Glucose – Glycine (ZC – GLU - GLY) TDES 

(b) Zinc chloride – Fructose- Glycine (ZC – FRU - GLY) TDES 

(c) Zinc chloride – Glucose – Glutamine (ZC – GLU - GLUT) TDES 

(d)  Zinc chloride – Fructose- Glutamine (ZC -FRU – GLUT) TDES 

(e) Zinc chloride – Glucose – Histidine (ZC – GLU - HIS) TDES 

(f) Zinc chloride – Fructose- Histidine (ZC -FRU – HIS) TDES 
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Figure. 10.3.3. XRD patterns of silver oxide nanoparticles obtained using  

(a) Zinc chloride - Glucose – Glycine (ZC – GLU - GLY) TDES 

(b) Zinc chloride – Fructose- Glycine (ZC – FRU - GLY) TDES 

(c) Zinc chloride – Glucose – Glutamine (ZC – GLU - GLUT) TDES 

(d)  Zinc chloride – Fructose- Glutamine (ZC -FRU – GLUT) TDES 

(e) Zinc chloride – Glucose – Histidine (ZC – GLU - HIS) TDES 

(f) Zinc chloride – Fructose- Histidine (ZC -FRU – HIS) TDES 

 
 
 

 
Figure. 10.3.4.1 SEM images of silver oxide nanoparticles obtained using 

(a) (b) Zinc chloride - Glucose – Glycine (ZC – GLU - GLY) TDES 

      (c) (d) Zinc chloride – Fructose- Glycine (ZC – FRU - GLY) TDES 



244 
 

 

 

Figure. 10.3.4.2 SEM images of silver oxide nanoparticles obtained using 

(a) (b) Zinc chloride - Glucose – Glutamine (ZC – GLU - GLUT) TDES 

(c) (d) Zinc chloride – Fructose- Glutamine (ZC – FRU - GLUT) TDES 
 

 

Figure. 10.3.4.3 SEM images of silver oxide nanoparticles obtained using  

(a) (b) Zinc chloride - Glucose – Histidine (ZC – GLU - HIS) TDES 

(c) (d) Zinc chloride – Fructose- Histidine (ZC – FRU - HIS) TDES 
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Figure. 10.3.5. EDAX spectra of silver oxide nanoparticles obtained using  

(a) Zinc chloride - Glucose – Glycine (ZC – GLU - GLY) TDES 

(b) Zinc chloride – Fructose- Glycine (ZC – FRU - GLY) TDES 

(c) Zinc chloride – Glucose – Glutamine (ZC – GLU - GLUT) TDES 

(d)  Zinc chloride – Fructose- Glutamine (ZC -FRU – GLUT) TDES 

(e) Zinc chloride – Glucose – Histidine (ZC – GLU - HIS) TDES 

(f) Zinc chloride – Fructose- Histidine (ZC -FRU – HIS) TDES 
 



246 
 

 
 Figure. 10.4.1. UV spectra of copper oxide nanoparticles obtained using  

(a) Manganese chloride - Glucose – Glycine (MC – GLU - GLY) TDES 

(b) Manganese chloride – Fructose- Glycine (MC – FRU - GLY) TDES 

(c) Manganese chloride – Glucose – Glutamine (MC – GLU - GLUT) TDES 

(d)  Manganese chloride – Fructose- Glutamine (MC -FRU – GLUT) TDES 

(e) Manganese chloride – Glucose – Histidine (MC – GLU - HIS) TDES 
 

 

 
Figure. 10.4.2. FTIR spectra of copper oxide nanoparticles obtained using  

(a) Manganese chloride - Glucose – Glycine (MC – GLU - GLY) TDES 

(b) Manganese chloride – Fructose- Glycine (MC – FRU - GLY) TDES 

(c) Manganese chloride – Glucose – Glutamine (MC – GLU - GLUT) TDES 

(d)  Manganese chloride – Fructose- Glutamine (MC -FRU – GLUT) TDES 

(e) Manganese chloride – Glucose – Histidine (MC – GLU - HIS) TDES 
 



247 
 

 

Figure. 10.4.3. XRD Patterns of copper oxide nanoparticles obtained using  

(a) Manganese chloride - Glucose – Glycine (MC – GLU - GLY) TDES 

(b) Manganese chloride – Fructose- Glycine (MC – FRU - GLY) TDES 

(c) Manganese chloride – Glucose – Glutamine (MC – GLU - GLUT) TDES 

(d)  Manganese chloride – Fructose- Glutamine (MC -FRU – GLUT) TDES 

(e) Manganese chloride – Glucose – Histidine (MC – GLU - HIS) TDES 

 

Figure. 10.4.4.1 SEM images of copper oxide nanoparticles obtained using 

(a) (b) Manganese chloride - Glucose – Glycine (MC – GLU - GLY) TDES 

      (c) (d) Manganese chloride – Fructose- Glycine (MC – FRU - GLY) TDES 
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Figure. 10.4.4.2 SEM images of copper oxide nanoparticles obtained using 

(a) (b) Manganese chloride - Glucose – Glutamine (MC – GLU - GLUT) TDES 

(c) (d) Manganese chloride – Fructose- Glutamine (MC – FRU - GLUT) TDES 

 

 

 

 

Figure. 10.4.4.3 SEM images of copper oxide nanoparticles obtained using  

(a) (b) Manganese chloride - Glucose – Histidine (MC – GLU - HIS) TDES 
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Figure. 10.4.5. EDAX spectra of copper oxide nanoparticles obtained using  

(a) Manganese chloride - Glucose – Glycine (MC – GLU - GLY) TDES 

(b) Manganese chloride – Fructose- Glycine (MC – FRU - GLY) TDES 

(c) Manganese chloride – Glucose – Glutamine (MC – GLU - GLUT) TDES 

(d)  Manganese chloride – Fructose- Glutamine (MC -FRU – GLUT) TDES 

(e) Manganese chloride – Glucose – Histidine (MC – GLU - HIS) TDES 
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11. Antimicrobial studies of some nanoparticles 

 

11.1 Introduction 

The rise of nanotechnology in recent decades has sparked a great interest in research 

into the antibacterial properties of nanoscale metals. Metallic NPs with a lower 

concentration have a higher antibacterial and antifungal action [1]. Antimicrobial agents are 

compounds that can kill microorganisms without giving any toxic effects to the 

surrounding areas. Antibacterial compounds are utilized in a variety of industries, including 

textiles, water disinfection, food packaging, and medicine [2]. The antimicrobial effects of 

different metallic nanoparticles such as Alumina [3-5], silver [6,7], magnesium [8-10], and zinc 

oxide [11, 12] have been widely studied. In our study, we focussed to find the antimicrobial 

activities of some of our synthesized nanoparticles. Using few copper and silver 

nanoparticles, the antibacterial and the antifungal activities were studied respectively. 

11.2 Antibacterial studies of copper nanoparticles 

The antibacterial activity of synthesized copper nanoparticles was tested against a 

variety of bacteria, including Gram-positive and Gram-negative bacteria. Copper is a 

commonly available metal that is required by most living organisms as a trace element. 

Copper nanoparticles have a wide range of applications; this metal has also been employed 

as a potential antibacterial agent since antiquity. The anti-microbial activity was performed 

by the disc diffusion method followed by NCCLS [13] and Awoyinka et al. [14]. 

11.2.1. Growth of bacterial media 

The bacteria used in this study were Gram-positive bacteria: Staphylococcus aureus 

(MTCC 3160), Bacillus subtilis (MTCC 441), and Gram-negative bacteria: Escherichia 

coli (MTCC 732), Pseudomonas aeruginosa (MTCC 741) obtained from Microbial type 

culture collection (MTCC) at the Institute of Microbial Technology (IMTECH), 
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Chandigarh, India.  The basic culture medium used for the growth of bacteria is nutrient 

agar Hi media. In 1000 mL distilled water, dissolve 28.0 g of nutrient agar Hi media, boil, 

mix them completely. Then it was autoclaved at 15 Ibs,121°C for 15 minutes to sterilize. 

After that, it was poured into sterile Petri plates. In a Roux bottle, a loop containing each 

of the bacteria was suspended in around 10ml of physiological saline to maintain living 

tissues. Then these were traced onto the appropriate culture slants and incubated for 24 

hours at 37°C. When growth was observed after the incubation period, the tubes were 

stored at 2-8° C until used [15].  

11.2.2 Preparation of dried filter paper discs 

The standard solution of Chloramphenicol is used to compare the antibacterial 

activities with the sample solutions. The sample solutions were prepared by weighing 10mg 

of the copper nanoparticles in 10ml of deionized water. Then the filter paper discs were 

loaded with these standard and sample solutions of various concentrations after the paper 

was sterilized in hot air [15]. 

11.2.3. Antimicrobial assay 

The bacteria were inoculated, distributed, and allowed to dry for 10 minutes on a 

hardened agar plate. To evenly inoculate the whole surface of the Nutrient agar plates, a 

sterile cotton swab was dipped into a standardized microorganism’s test suspension. Then, 

on Nutrient agar plates, inoculums containing each bacterial strain were dispersed. 50µl, 

100µl, and 150µl of each sample solution were put into sterile filter paper discs, and 30µl 

of the standard solution was applied. The plates were incubated for 24 hours at 37°C. 

Triplicates of each sample were tested. The mean diameter of the zone of inhibition around 

the disc in millimeters, measured using a millimeter scale, was used to measure the 

antibacterial potential of test samples of copper nanoparticles synthesized in MA-GLU and 



253 
 

MA-FRU [15]. The measured values were expressed as Mean ± SD for triplicates as 

tabulated in Table 11.1.  

The antibacterial activities were tested for the copper nanoparticles using the disc 

diffusion method. The results revealed that the tested samples showed a significant 

reduction in the growth of each bacteria The growth inhibition of bacteria from the copper 

NPs obtained using MA-GLU is more than that from MA-FRU.  There is a significant 

increase in the inhibition when the concentrations of the sample solutions increase. The 

nanoparticles show comparatively growth inhibition activity, which is like the standard 

taken, Chloramphenicol. The images of the zone of inhibition of the copper nanoparticles 

synthesized in MA-GLU, MA-FRU were shown in Figures 11.1.1 and 11.1.2. 

11.3. Antifungal studies of Silver Nanoparticles 

Silver nanoparticles are well-known for having excellent antimicrobial action 

against different pathogens such as bacteria, viruses, and fungus [16]. Antifungal [17], anti-

inflammatory [18], and anti-viral [19] characteristics are all common uses for silver 

nanoparticles. This study aims to determine the antifungal activity of the synthesized silver 

nanoparticles against Candida albicans and Aspergillus niger strains by the disc diffusion 

method followed by NCCLS [13] and Awoyinka et al. [14]. 

11.3.1. Growth of fungal media 

The fungi used in this study were Candida albicans (MTCC 183) and Aspergillus 

niger (MTCC 10180) obtained from Microbial type culture collection (MTCC) at the 

Institute of Microbial Technology (IMTECH), Chandigarh, India.  The basic culture 

medium used for the growth of fungi is Potato Dextrose Agar (PDA-Himedia). In 1000 mL 

distilled water, dissolve 28.0 g of PDA-Himedia, boil, mix them completely. Then it was 

autoclaved at 15 Ibs,121°C for 15 minutes to sterilize using tartaric acid. After that, it was 

poured into sterile Petri plates. In a Roux bottle, a loop containing each of the bacteria was 
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suspended in around 10ml of physiological saline to maintain living tissues. Then these 

were traced onto the appropriate culture slants and incubated for 48 hours at 25°C. When 

growth was observed after the incubation period, the tubes were stored at 2-8° C until used 

[15].  

11.3.2 Preparation of dried filter paper discs 

The standard solution of Fluconazole is used to compare the antifungal activities 

with the sample solutions. The sample solutions were prepared by weighing 10mg of the 

silver nanoparticles in 10ml of DMSO. Then the filter paper discs were loaded with these 

standard and sample solutions of various concentrations after the paper was sterilized in 

hot air [15]. 

11.3.3. Antimicrobial assay 

The fungi were inoculated, distributed, and allowed to dry for 10 minutes on a 

hardened PDA-Himedia plate. To evenly inoculate the whole surface of the PDA-Himedia 

plates, a sterile cotton swab was dipped into a standardized microorganism’s test 

suspension. Then, on PDA-Himedia plates, inoculums containing each fungal strain were 

dispersed. 50µl, 100µl, and 150µl of each sample solution were put into sterile Whatman 

no:1 filter paper disc, and 30µl of the standard solution was applied. The plates were 

incubated for 24 hours at 37°C. Triplicates of each sample were tested. The mean diameter 

of the zone of inhibition around the disc in millimeters, measured using a millimeter scale, 

was used to measure the antifungal potential of test samples of silver nanoparticles 

synthesized in MA-GLU-GLUT and MA-FRU-GLUT [15]. The measured values were 

expressed as Mean ± SD for triplicates as tabulated in Table 11.2. 

The antifungal activities were assayed both in solvents and silver nanoparticles. The 

results revealed that the tested samples showed a significant reduction in the growth of 

Candida albicans. The growth inhibition of Candida albicans from MA-GLU-GLUT TDES 
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and MA-FRU-GLUT TDES were found to be 3.50±0.24mm and 2.70±0.18mm 

respectively and their activities in silver nanoparticles were found to be 6.70±0.46mm and 

4.90±0.34mm which is like the standard taken, Fluconazole. There is a significant decrease 

in the growth of Aspergillus niger both in solvents and silver nanoparticles than Candida 

albicans. The growth inhibition of Aspergillus niger from MA-GLU-GLUT and MA-FRU-

GLUT were found to be 3.00±0.21mm and 2.40±0.16mm respectively and their activities 

in silver nanoparticles were found to be 5.50±0.38mm and 4.00±0.28mm which is like the 

standard taken, Fluconazole. Among the tested samples, the highest growth inhibition 

activity is observed from the silver nanoparticles than the solvents as shown in Fig. 11.2.1 

and 11.2.2. 

11.4 Conclusion  

Some synthesized nanoparticles were studied by antimicrobial activities using Disc 

Diffusion Method. The copper nanoparticles were studied for antibacterial activities and 

the silver nanoparticles were studied for antifungal activities. The synthesized 

nanoparticles show anti – activities against some bacteria and fungi. Copper nanoparticles 

obtained using MA-GLU BDES taken as 150µl show significant antibacterial activities on 

Escherichia coli. Comparatively the copper nanoparticles show highest inhibition effect on 

gram positive and gram negative bacteriae as the standard taken, Chlorampenicol. Silver 

nanoparticles had a significant anti- fungal effect on the growth of Candida albicans which 

was comparable to the standard taken, Flucanazole. Among the silver nanoparticles 

obtained using MAGGT and MAFGT TDESs, the silver nanoparticles using MAGGT has 

highest growth inhibition activity than the silver nanoparticles using MAFGT. 
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Table 11.1. Comparison of antibacterial activity of copper nanoparticles obtained 

using Malonic Acid-Glucose (MA-GLU) and Malonic Acid-Fructose (MA-FRU) 

sample solutions with a standard solution, Chloramphenicol (Std). 

 

 

Bacterial 

strains 

 

Solvent 

Samples at different 

concentrations 

Std. Control 

50µL 100 µL 150 µL 30 µL 50 µL 

Escherichia 

coli 

MA-GLU 3.50±0.24 6.35±0.44 9.80±0.68 12.20±0.85 0.00±0.00 

MA-FRU 3.35±0.23 6.20±0.43 9.50±0.66 12.25±0.85 0.00±0.00 

Pseudomonas 

aeruginosa 

MA-GLU 3.05±0.21 5.90±0.41 9.10±0.63 11.20±0.78 0.00±0.00 

MA-FRU 3.00±0.21 5.75±0.40 9.00±0.63 11.25±0.78 0.00±0.00 

Staphylococcus 

aureus 

MA-GLU 3.25±0.22 6.20±0.43 9.40±0.65 11.30±0.79 0.00±0.00 

MA-FRU 3.10±0.21 6.00±0.42 9.25±0.64 11.40±0.79 0.00±0.00 

Bacillus 

subtilis 

MA-GLU 2.80±0.19 5.60±0.39 8.70±0.60 11.00±0.77 0.00±0.00 

MA-FRU 2.50±0.17 5.45±0.38 8.50±0.59 11.10±0.77 0.00±0.00 

  

 

 

Table 11.2. Comparison of antifungal activity of silver nanoparticles obtained using 

Malonic Acid-Glucose- Glutamine (MA-GLU-GLUT) and Malonic Acid-Fructose-

Glutamine (MA-FRU-GLUT) sample solutions with a standard solution, Fluconazole 

(Std). 

 

 

 

Fungal 

strains 

 

Solvent 

 

Samples 

 

Std. 

 

Control 

30µL       30µL        30 µL         30 µL 

Candida 

albicans  

MA-GLU-

GLUT 

3.50±0.24        6.70±0.46        7.10±0.49       0.20±0.01 

MA-FRU-

GLUT 

2.70±0.18       4.90±0.34       6.90±0.48       0.10±0.01 

Aspergillus 

niger  

MA-GLU-

GLUT 

3.00±0.21      5.50±0.38        7.00±0.49       0.20±0.01 

MA-FRU-

GLUT 

2.40±0.16    4.00±0.28       6.80±0.47       0.20±0.01 
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Figure.11.1.1 Images of the zone of inhibition at various concentrations of  

copper nanoparticles obtained using MA-GLU 

 

 

Figure.11.1.2 Images of the zone of inhibition at various concentrations of 

copper nanoparticles obtained using MA-FRU 
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Figure.11.2.1 Images of the zone of inhibition at various concentrations of  

silver nanoparticles obtained using MA-GLU-GLUT 

 

 

 

Figure.11.2.2 Images of the zone of inhibition at various concentrations of silver 

nanoparticles obtained using MA-FRU-GLUT 
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12.1 Summary and conclusion 

 

In this investigation, we had used a common method, evaporating method to 

develop novel deep eutectic solvents. Nine types of binary deep eutectic solvents and 

eighteen types of ternary deep eutectic solvents were successfully synthesized and their 

physical properties such as pH, viscosity, conductivity, density were measured and the 

bonding interactions between the materials taken were also characterized by FTIR. The 

binary deep eutectic solvents are far better than ternary deep eutectic solvents as they are 

clear liquids for more than two weeks and their viscosities are not so high. The three binary 

deep eutectic solvents such as MA – GCL, ZC – LA, MC – CA are more viscous than other 

deep eutectic solvents. Except the above three, others are stable until 100°C. The binary 

and ternary deep eutectic solvents are well suitable for using as greener solvents.  

We used the chemical reduction method for the synthesis of copper, silver 

nanoparticles, and the chemical co-precipitation method for the synthesis of cadmium, 

mercury nanoparticles using our prepared DESs. These methods are simple and very 

convenient as no surfactant or seed needed for the formation of nanoparticles. The size of 

the particle was controlled by adjusting the amount of water. The formation of 

nanoparticles was confirmed by UV, FTIR, XRD, SEM, and EDAX techniques. The 

method used for the synthesize of nanoparticles is a simple and eco-friendly method. We 

had got many nanoparticles as efficient, and these nanoparticles were used for the studies 

of antibacterial, antifungal activities.  

We had studied antimicrobial activities for some specified solvents and 

nanoparticles. The nanoparticles show more anti-microbial activities than their respective 

solvents used for the synthesis of the nanoparticles. Notably, silver nanoparticles show 

more activity toward the microorganisms than copper nanoparticles.  
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Viscosity is an important property to be used as solvents. The liquids with a 

moderate viscosity are well suitable for the synthesis of nanoparticles due to the availability 

of fewer voids. If the solvents are too viscous, it is difficult to dissolve the materials in 

them and there is less possibility for the formation of nanoparticles. For this reason, there 

was no formation of nanoparticles in Malonic acid- glycerol binary deep eutectic solvent. 

It is confirmed by UV-Visible spectroscopy. During the preparation of copper 

nanoparticles in Zinc chloride- Lactic acid, the particles were crystallized, and the 

solubility of crystals in various solvents. But the crystals were dissolved. So, we had not 

taken for further investigations. 

The copper nanoparticles in Manganese chloride- fructose- histidine ternary deep 

eutectic solvents yield sticky products. So, these nanoparticles were not considered for 

further characterization studies.  

In summary, it was observed that the simple method for both the preparation of 

deep eutectic solvents and the synthesis of nanoparticles are the advantages of our study. 

The nanoparticles also show more antimicrobial behaviours than solvents, which is a 

beneficial added to our investigation. 

12.2 Future perceptive of the work 

• Investigation of some other deep eutectic solvents by combining various hydrogen-

bonded donors with metal salts.  

• Applying these solvents for various organic reactions. 

• For synthesizing different nanoparticles such as Zinc, Manganese, Zirconium using 

these solvents. 

• To check the antimicrobial studies for the remaining nanoparticles. 

• To study the physical properties such as surface tension for these deep eutectic 

solvents. 
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• To study the industrial applications of these deep eutectic solvents. 

• To check the reusability and recyclability of deep eutectic solvents. 
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