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Abstract

Natural deep eutectics solvents (NADESs) are being pursued
actively for many biological as well as technological
applications due to their higher thermal stability, solvation
capacity and nontoxicity. Herein, we report a series of plant-
based polyphenol derived deep eutectic solvents with high
viscosity, thermal activity, and wide liquid temperature range.
All the three NADESs are well studied by spectroscopic studies
and established the possible bonding interactions between the
hydrogen bonding species. Further,the application of DES as a
green approach for the hydrometallurgical recycling process has
been very well studied in recent years. However, the use of
NADES:s to leach the Li-ion battery cathode materials is rarely
explored. We have proposed a green method for the leaching of
valuable metals such as lithium, cobalt, manganese, and nickel
from mixed spent Li-ion battery powders. Importantly, the
mechanism of the leaching process has been further evaluated
using spectroscopic techniques. We further highlight the
prepared NADESs as an economical and environmentally

friendly medium for metal recovery from spent LIBs.
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1. Chapter 1

Introduction

1.1.What are deep eutectic solvents (DESs)?

Eutectic solvents are a special category of solvents which are obtained
by combining two or more components in specific proportions and the
resulting mixture shows a lower melting temperature than that of
individual components. The temperature, below which both the
components of the eutectic solvent exist in solid form, is known as
eutectic point. The depression in melting point of the bicomponent
mixture attributed to that at a specific molar ratio, both component A
and B shows eutectic behavior irrespective of the structure and

reactivity of each component (Figure 1).!

Liquid
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M.P. (A)
8 M.P. (B)
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Figure 1. A eutectic system of component A and component B
showing depression in melting point. Point A and B represents the
melting point of Component A and Component B respectively. Point E
represents the melting point and eutectic composition of the eutectic
system. Points C and D show depressions in melting point at non-

eutectic compositions.'



Some eutectic solvents show unexpectedly high depressions in their
melting points. Such eutectic solvents are called deep eutectic solvents.
The presence of hydrogen-bond donors (HBDs) and hydrogen-bond
acceptors (HBAs) or Lewis/Bronsted acids and bases as the
constituting unit of the DESs reveals the main cause for deep
depression in melting points.!*> The complex hydrogen-bonding
between HBAs and HBDs results in the depression of the melting point
of the DESs.!

1.2. Types and properties of deep eutectic solvents

DESs can be classified majorly into 5 types:!

Table 1: Types of Deep Eutectic Solvents based on their

components.

Type 1 consists of quaternary ammonium salt and a metal
chloride

Type 11 consists of a metal chloride hydrate and quaternary
ammonium salt

Type 111 formed by combining quaternary ammonium salt
and hydrogen bond donors (an amide, carboxylic
acid, polyphenols, or polyols)

Type IV combining HBDs and metal chloride hydrate’

Type V composed of non-ionic HBAs and HBDs®

DESs which are formed by combining natural products such as
Choline halide (HBA), Urea, amino acids, sugars, organic acids,
natural polyols etc. as potential hydrogen bond donors are called
natural DESs (NADESs).>® NADESs are biodegradable,
biocompatible, have chemical renewability and reduced toxicity
(Figure 2). DESs which contains active pharmaceutical ingredient as

their components are called therapeutic DESs (THEDESs).>>
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Figure 2. Various properties of deep eutectic solvents.

DES:s are typically viscous, non-volatile, low toxic, low vapor pressure
and can show high thermal stabilities, excellent solubility, fluidity, and
conductivity. DESs turn opaque solid below its eutectic temperature.
The properties of DESs are highly dependent on the nature of
components.! This emerging class of solvents has numerous

prospective applications in various research areas.

1.3. Applications of DESs

DESs can show widespread applications in various areas such as
pharmaceuticals, metallurgy, battery technologies etc. (Figure 3).
Tremendous research is on the way to explore the potential
applications of DESs.! Some of the applications of DESs that have

been explored are included in this section:

1.3.1. Metallurgic applications

Deep eutectic solvents (DESs) demonstrate considerable potential for
the extraction and recycling of metals in solution, ore refining and
electrodeposition due to the notable high solubilities and electrical
conductivities exhibited by metals and metal salts in these
solvents. 19111213 Tn the early 2000s, Abbott ef al. conducted a series
of initial investigations on deep eutectic solvents (DESs). Their studies
focused on the electroplating applications of DESs, showcasing their

considerable potential.'*!> The positive outcomes of these studies have
3



spurred the interest of numerous research groups, and motivated for

exploration and examination of these innovative materials.

1.3.2. Batteries and Power systems

Rechargeable batteries are widely used in laptops, mobiles, and electric
vehicles. The demand for rechargeable batteries has increased in the
era of fast urbanization and electrification. The electrolytes currently
used in the batteries resulted in several batteries failures.! DESs are
considered as a potential substitute for the electrolytes in rechargeable
batteries due to their wide liquid range, high thermal stabilities, and

electrical conductivities, etc.!

1.3.3. Biocatalysis

Biocatalysis refers to the use of natural catalysts, such as enzymes and
microorganisms, to facilitate and accelerate chemical reactions.
Biocatalysis plays a crucial role in the synthesis of pharmaceuticals,
fine chemicals, and other products, contributing to the development of
sustainable and efficient methods in the field of chemistry. Generally,
Biocatalysis is usually conducted in aqueous solution. Therefore, the
meticulous selection of both the enzyme and the solvent is crucial to
produce valuable end products. DESs constitutes of amino acids,
sugars, and vitamins, etc. which can support varieties of enzymes and
substrates. Thus, DESs can be a potential candidate to facilitate

biocatalytic reactions.!®!7:18

1.3.4. Biomass processing

Biomass refers to organic materials derived from living or dead
organisms, primarily plants and microorganisms. Biomass includes a
wide range of biological materials such as wood, crop residues, animal
waste and algae, etc. Biomass is a renewable and sustainable source of
energy and feedstock for various applications. The conversion of this
plentiful and inexpensive biomass into useful products such as biofuel
or energy is called biomass processing. Many reaction pathways

involved in the pretreatment of biomass are found to be toxic,

4



unscalable, and expensive processes.'”?’ Deep eutectic solvents
(DESs) exhibit noteworthy potential to address this issue. They possess
multifunctionality, specifically in the domains of solubilization,
extraction, and the subsequent generation of value-added products

from lignocellulosic material 2122232425

1.3.5. Medicine

Researchers are looking for new ways to deliver drugs to the targeted
areas. Many pharmaceutical compounds are found to form DESs.
Thus, DESs could serve as drug solubilization vehicles.?*?® Morrison
et al. demonstrated that deep eutectic systems comprising reline and
malonic acid-choline chloride exhibited solubility levels for various
solutes, such as benzoic acid, danazol, itraconazole, and griseofulvin,

up to 22,000 times greater than that of water.?

Biomass Processing
Biocatalysis

Metallurgical
Applications

Applications of
DES

Pharmaceuticals

Power Systems

Figure 3. Various applications of deep eutectic solvents.!

1.4. What are natural deep eutectic solvents (NADESs)?

Natural deep eutectic solvents (NADESs) are a subclass of deep
eutectic solvents that are derived from natural resources. These
solvents are composed of naturally occurring compounds, such as
organic acids (e.g., citric acid, malic acid), sugars, polyphenols, and
natural bases (e.g., choline, amino acids). NADESs are biodegradable,

biocompatible, have chemical renewability and reduced toxicity

5



(Figure 4). DESs which contains active pharmaceutical ingredient as
their components are called therapeutic DESs (THEDESs).>>® These
bioactive molecules are bio-accessible, biocompatible and show
valuable properties as non-toxic, antioxidants, anti-inflammatory,

anticancer, and antibacterials and anti-obesity etc.’!

r Cost efficient

——  Properties E\_ Lesser toxic
Natural deep Biodegradability
eutectic solvents ——
(NADES) Biocompatiblity
. Components — Sugars

Amino acids

Organic Acids

Plant-derived
Polyphenols

Figure 4. Various properties and components of natural deep eutectic

solvents.

Vegetables and fruits are rich in polyphenols, phenolics and flavones.
These polyphenols, due to the presence of multiple non-covalent
bonding sites, can serve as a potential hydrogen bond donor (HBD) for
deep eutectic systems. Polyphenols are naturally obtained from fruits,
vegetables, nuts, mushrooms etc. and are also synthesized chemically.
Among them, anthocyanins, catechins, flavones, phenolic acids, tannic
acid, gallic acid, pyrogallol, and caffeic acid are some of the examples

of naturally extracted polyphenols (Figure 5).3!



Choline (Figure 6), a non-toxic, inexpensive quaternary ammonium
cation, is typically used as a supplement in animal feed and is

commonly used as a component (HBA) in most of the DESs reported

to date.>’

Antihyperglycemic|
L Antibesty

Anti-infl.
Y

Polyphenals —{
Phenolic Acids ]" -

4 Antimicrobial

Figure 5. Various properties and components of Polyphenols.

Table 2: Source of common polyphenols.
Name Common source
Tannic acid Oak
Gallic acid Tea leaves
Pyrogallol Eurasian watermilfoil
Caffeic acid Coftee bean
Ellagic acid Oak
L-Dopa Velvet beans

Plant-derived polyphenols-based NADES (Table 2) are found to
exhibit a wide liquid range and high thermal stability above 150 °C.? It
is noteworthy that polyphenols are serving as potential therapeutic
agents, antioxidants, adhesives, and redox-active compounds.
Therefore, Plant-derived polyphenols-based NADES are of supreme

importance and can exhibit many unexplored applications.
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Figure 6. Structures of hydrogen bond donors and acceptor of
naturally occurring polyphenol based natural deep eutectic solvents

(NADES).3

The journey of digitalization and development of a country results in
increased energy consumption and requires a good source of energy to
fulfil the overloading requirements. Electrification is one of the best
solutions sought for increased energy consumption because no
pollutants are emitted as by-products. The electrification of
automobiles to avoid the emission of greenhouse gases requires Li-ion
batteries. Lithium-ion batteries (LIBs) are popularly used in laptops,
mobiles and electric automobiles which also leads to piles of LIB
waste. Lithium-ion batteries contain valuable materials such as lithium
cobalt oxide, lithium nickel manganese oxide as their cathode
component, aluminum foil, electrolytes and polyvinylidene fluoride
binder etc. LIBs contain 15 weight% of cathodes as Cobalt. Cobalt,
accumulated in large amounts, is an environmental and health concern.
Thus, Safe disposal of spent LIB waste and supply of the raw materials
for the manufacturing of the Li-ion batteries is a challenging task.*
Maximizing the use of metal elements limits the risks of material
shortages and reduces the dependency on supply chains. The recycling
of these components from spent LIBs can minimize the impact of spent

LIB waste on human health and the natural environment and will also



lead in relieving the stress from the supply chain of raw materials

required for batteries production.*

At present, the common methodologies involved in the recycling of
valuable elements in cathode of lithium-ion batteries includes
pyrometallurgy,  bio-metallurgy  and  hydrometallurgy  etc.
Pyrometallurgy uses high operating temperatures (>1400 °C), high
energy consumptions and harmful off-gas emissions. Thus, high safety
and precautionary measures involved in pyrometallurgy. On the other
hand, recycling of cathode of spent LIBs using hydrometallurgy
exhibits high leaching rate and lower energy cost than that of
pyrometallurgy but involves large amount of harmful chemicals
(caustic agents) and long processing times which makes it
inconvenient to environment and involved workers. To overcome
drawbacks of the above methodologies, new methodologies for

recycling of e-waste still needed to be developed.®!

Nowadays, DESs are emerging as a popular class of leaching agent for
the extraction of valuable metals such as lithium, cobalt, nickel, and
manganese present in spent lithium-ion batteries due to their high
affinity towards metal oxides and their salts. This method requires
lower temperature than pyrometallurgy and no additional solvent
extractants are required in the process. Petrochemicals based molecules
have been used as the components in DESs used for recycling process,
so far. NADESs are potential candidates for extraction and recycling of
metals from e-waste which also reduces the dependency on
petrochemicals. Hence, NADESs based recycling method is a greener
method for extraction of valuables from e-waste. The standard
recycling of LIBs (Figure 7) using NADES commences with the
disassembly of the lithium-ion battery (LIB), followed by immersing
the cathode in a deep eutectic solvent (DES). After heating and
agitation, the resultant leachate undergoes filtration, enabling the

separation of residual conductive carbon. Through precipitation, the



dissolved metal ions, including lithium or cobalt, can be reclaimed for

utilization in alternative energy applications.®!

Potential Recycling method of spent
Cathode of Li-ion batteries (LIBs)

Leaching
Copperfol | _ Li-ion Battery
Separator %L :t;su/:’ng Cathode in DES Cond Carb
3% onductive Carbon
Recyclable a9 Polymers
Atumini Fric =
Arode T Cobalt, Lithium, Nickel and
4% Manganese Metal Salts

Figure 7. Recycling process for cathode of spent LIBs using
NADES.*!
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2. Chapter 2

Literature Overview

Deep eutectic solvents are the solvents which are formed by mixing
hydrogen-bond acceptors and hydrogen-bond donors in a specific
proportion. These solvents exhibit high thermal stability, low melting
point and non-toxic to health, biodegradable and ecofriendly. Thus,
DESs can find potential applications in diverse research areas. In 2003,
Abbott et al. reported an unusual depression in melting at the eutectic
composition, (2:1) of urea (HBD, T =~ 133 °C) and choline chloride
(HBA, Tm = 302 °C) respectively resulted in a liquid showing melting
point at 12 °C. Using symmetry and functional group as factors for
DES synthesis, this group reported numerous DESs. Among all these
DESs, ChCl-Urea DES exhibit the lowest melting point (Tm =~ 12 °C).
Abbott et al. named this mixture as “deep eutectic mixture or solvent”.
This obvious depression in melting point was attributed to possible

hydrogen bonding between choline chloride and urea.*’

In 2004, Abbott ef al. demonstrated that deep eutectic solvents (DES)
can be synthesized through the interaction of choline chloride and
carboxylic acids (monocarboxylic acid, dicarboxylic acid, and
tricarboxylic acid). The diverse properties of these solvents are notably
influenced by the structural features of the carboxylic acid component.
DES found to be efficient to solubilize metal oxides and metal salts,

suggesting potential applications in metal extraction processes. '°

Some deep eutectic solvents constitute of naturally occurring sugars,
biomolecules, and amino acids as HBDs and choline chloride as
HBAs. Such DESs are called natural deep eutectic solvents which are
biodegradable, biocompatible, and non-hazardous to health. Matias L.
Picchio ef al. in 2022, synthesized a series naturally occurring plant
derived polyphenols-based NADES using choline chloride as
hydrogen-bond acceptor (Figure §). The group demonstrated the ability
of wvanillyl alcohol-based NADES to behave like bio-adhesives in
11



combination with gelatin. Also, tannic acid-based NADES exhibits the
properties of corrosion protector of mild steel when combined with an

acrylic layer.?

Figure 8: Various plant derived polyphenols based NADES.3

In 2019, Ganguli Babu et al. reported an exciting technology to recycle
valuable elements from spent LIBs effectively using ethylene glycol-
based DES where choline chloride was used as hydrogen-bond
acceptor (Figure 9). This technology minimizes the usage of harmful
chemicals and high temperatures for the purpose of recycling e-waste.

This method shows leaching efficiency of 99.3% at 180 °C.*

P R w—

25 S0 60 80 106 120 135 160 180 185 220

>

Increasing temperature ('C)

Figure 9. Recycling process for cathode of spent LIBs using ChCLLEG

DES at different temparature scale.

In 2021, Yanhong Chao et al. outlined a leaching method to recycle
spent LIBs for recovery of valuable metals (lithium, cobalt, and
manganese) using mixture of deep eutectic solvent and organic acids.
Leaching efficiency for this method was reported to be 99% from LIB

waste (Figure 10).34

12
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Figure 10. Proposed mechanism for recycling process for cathode of

spent LIBs using NADES.**

Qi Meng et al. proposed a novel multistep directional precipitation
method for extraction of beneficial metals from the end-of life batteries
(Figure 11). The group used sodium hydroxide and sulphuric acid in 3
vol% H20> solution as a leaching agent followed by multistep
directional precipitation method for extraction of metals such as
lithium, cobalt, mangenese and nickel from spent batteries at different

pH and respective reaction conditions®’.

13
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Figure 11. Multistep selective chemical precipitation method.
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3. Chapter 3

Experimental Section

In this report, we are mainly working on the synthesis of natural
polyphenols (pyrogallol, gallic acid and tannic acid) hydrogen bond
donor-based Type III binary DES using Choline chloride as hydrogen

bond acceptor for their potential recycling applications.

3.1. Materials

Choline chloride was purchased from Avra, India. Tannic acid, gallic
acid and pyrogallol were purchased from Sigma-Aldrich. HPLC water
purchased from SRL, India was used throughout the experiments.
Lithium cobalt oxide (LCO) was purchased from TCI India. Durapore
membrane filter of 0.2 pm pore size was purchased from Axiva.
Ammonium persulfate, dimethylglyoxime, sodium carbonate, sodium
hydroxide and hydrochloric acid were purchased from SRL, India. All

the chemicals were used without further purification.
3.2. Spent Lithium-ion battery cathode extraction

A variety of end-of-life lithium-ion batteries from sources like laptops
and mobile phones were collected from scrap markets. In these
batteries, the cathode consisted of a mix of active materials applied to
both sides of an aluminum foil (Al). Generally, the active material
contained 80 - 85% metal oxide powder, 10% polyvinylidene fluoride
(PVDF), and 5% black acetylene. Initially, the cathodes were crushed
with a metal crusher, then heated at 700 °C for 2 hours to remove the
PVDF. Following this, the treated foils were ground in a ball mill for
20 minutes. The final product was sieved with a 100 pm mesh to

separate aluminum fragments from the active material.

15



3.3. Instrumentation
UV-visible Spectroscopy

The physical and chemical interactions among the components of
NADES were monitored by UV-visible in a PerkinElmer Lambda 750
UV Spectrometer at 10 mM concentration of all the components of
NADES and NADESs. To understand the leaching mechanism, UV-
visible spectroscopy was used with a setup where Deep Eutectic

Solvents (DESs) were sandwiched between quartz plates for analysis.
Fourier transformed IR (FTIR) Spectroscopy

The physical and chemical interactions among the components of
NADES were monitored by FTIR spectroscopy using a Bruker Alpha II
instrument in the range of 500-4000 cm™ with resolution of employing

an ATR module with a diamond window.

NMR Spectroscopy

"H nuclear magnetic resonance (NMR) spectrum for all three NADESs
were recorded in a Bruker Avance NEO 500 ascend Bruker BioSpin
international AG equipment with TMS as the standard using deuterated

dimethyl sulfoxide (DMSO-ds) as solvent at room temperature.

Rheological measurements

Rheological tests were carried out on a rheometer using a PP25 mm
cone-plate geometry of 25 mm radius with a gap of 0.5 mm. The
viscosity vs. shear rate measurements for Tannic acid and pyrogallol
based NADESs were recorded from 0.1 s to 1000 s at 25 °C at a
constant strain of 1 %. The viscosity vs. shear rate measurements for
Gallic acid-based NADES could not be measured because of its
crystallinity point at 35 °C. The logarithmic value of Viscosity is
plotted with shear rate. To measure temperature-dependent viscosity,
the deep eutectic solvents (DESs) were positioned in a parallel plate

geometry, and the temperature was varied from 2 °C to 80 °C.

16



The natural logarithmic values of viscosity were plotted against (1/T)

(K1) correlated with Arrhenius equation.
ICPAES Measurements

The metal concentrations in the leaching solutions were determined
using an Inductively Coupled Plasma Atomic Emission Spectrometer
(ICPAES) (ARCOS, Spectro-Analytical Instruments, Germany). The
leachate samples were diluted with 2% HNO; solution prior to
analysis. Similarly, to determine metal concentrations in the solid
samples of lithium cobalt oxide (LCO) and spent lithium-ion battery
(LIB) powders, the solid samples were processed with a microwave
digester (Anton Paar Microwave Go) at 150 °C for 15 minutes in a
solution containing 3 ml of HCI, 1 ml of HNO3, and 2 ml of HF acids.
After microwave digestion, the samples were diluted with HPLC-grade

water for analysis.
Scanning Electron Microscopy

The morphological behavior and Energy Dispersive X-ray (EDX)
microanalysis of the recovered metal compounds were analyzed using
a Carl-Zeiss Supra 55 Field Emission scanning electron microscope

(FE-SEM) with a gold coating on the thoroughly dried samples.

3.4. Synthesis of NADESs

Plant-derived polyphenol-based NADESs were prepared using the
common method of heating and stirring. Initially, the hydrogen bond
donors and hydrogen bond acceptors for the NADESs were combined
and heated at high temperatures with continuous stirring to create a

homogeneous liquid, known as HBD-ChCI.

3.4.1. Synthesis of Tannic acid-ChCl NADES (TA-ChCl DES)

The NADES containing tannic acid (as the hydrogen bond donor) and
choline chloride (as the hydrogen bond acceptor) was synthesized

using a simple heating and stirring method, as illustrated in Scheme 1.
17



A 50 mL round-bottom flask was used, into which choline chloride and

tannic acid were added in a molar ratio of 20:1. Specifically, 1.39

grams of choline chloride were taken, followed by the addition of 850

milligrams of tannic acid to the flask. The reaction mixture was then

stirred at 100 °C for 12 hours, resulting in a homogeneous, viscous,

translucent brownish liquid identified as TA-ChCI DES.

Choline Chloride

Scheme 1. Synthesis of TA-ChCI DES.

3.4.2. Synthesis of Gallic acid-ChCl NADES (GA-ChCl DES)

HO. o_0
0 OH I
o . OH OH HO/\/gl? 100°C
HO o" 0 + stirring
LSS

¥
-

TA-ChCl

The gallic acid-based NADES was synthesized using the same heating

and stirring method, as depicted in Scheme 2. A 50 mL round-bottom

flask was used to combine choline chloride (HBA) and gallic acid

(HBD) in a molar ratio of 3:1. Specifically, 3.125 grams of choline

chloride were taken to which 1.41 grams of gallic acid were added.

The reaction mixture was stirred at 100 °C for 12 hours to obtain a

homogeneous viscous yellowish liquid termed GA-ChCl DES.
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Scheme 2. Synthesis of GA-ChCI DES.

3.4.3. Synthesis of Pyrogallol-ChCl NADES (Py-ChCl DES)

The pyrogallol-based NADES was synthesized by using the same
method (Scheme 3). In a 50 mL round bottom flask, choline chloride
(HBA) and pyrogallol (HBD) are taken in molar proportion of 2:1,
specifically 1.39 g of Choline chloride and 630 mg of pyrogallol was
mixed and stirred at 80 ‘C for 12 hours. A homogeneous brownish

transparent solution was obtained termed Py-ChCl DES.

ol -

on |

7
N7 0
N HO/\/ \ 100 °C (
OH Cl stirring d
Choline Chloride
Pyrogallol

Py-ChCl DES

Scheme 3. Synthesis of Py-ChCl DES.

3.5. Dissolution of Lithium cobalt oxide (LiCoQO:2) and leaching
efficiency determination for prepared NADESs

Lithium cobalt oxide (LiCoO2) powder is a key active material in the

cathodes of lithium-ion batteries. Leaching experiments were

conducted with three different NADESs, using LiCoO; as a model

compound, to examine their efficiency in extracting lithium and cobalt.

To calculate the leaching efficiency for these experiments, a specific

formula was employed, as detailed below:

Leaching efficiency = % x 100
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where, C represents the final concentration of metal(mg/L), V is the
volume of initial leaching solution(L), and M is the mass of the initial

amount of metal ions (Li, Co, Mn and Ni) in the substrate.
3.5.1. Time-dependent leaching of LCO using prepared NADESs

The solubility of lithium cobalt oxide (LCO) in the prepared NADESs
was quantitatively determined using a method described by Babu et al.
For the metal extraction experiments, LCO powder (50 mg) was mixed
with the prepared NADESs (2.5 g) in separate round-bottom flasks.
The mixtures were stirred at 140 °C for up to 24 hours. Small aliquots
(50mg) were taken from the reaction mixture at 1, 2, 4, 8, 12, 18, and

24-hour intervals to assess the change in leaching efficiency over time.

After collection, the samples were diluted with aqueous HNO3. The
leachates, containing metal ions from the NADES, were then filtered
through 0.2 pm nylon syringe filters to remove any unreacted LCO
powder. The filtrates were analyzed using inductively coupled plasma
atomic emission spectroscopy (ICPAES) to determine the

concentrations of lithium and cobalt metal ions in the solution.

3.5.2. Temperature-dependent leaching of LCO using prepared
NADESs

The optimal temperature for metal extraction was identified through a
series of leaching experiments. In these experiments, lithium cobalt
oxide (LCO) powder (20 mg) was mixed with prepared NADESs (1 g)
in separate round-bottom flasks. The reaction mixtures were stirred at
various temperatures, ranging from 80 °C to 160 °C, for 24 hours.
After leaching, the NADESs were diluted with 2% aqueous HNO; and
thoroughly sonicated. The dissolved metal ion rich NADESs were
filtered through 0.2 pm nylon syringe filters to remove any unreacted
LCO powder. The concentrations of metal ions in the resulting
leachates were then determined using inductively coupled plasma

atomic emission spectroscopy (ICPAES).
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3.6. Dissolution of Spent Lithium-ion batteries and leaching
efficiency determination for prepared NADESs
To extend the leaching experiments conducted with lithium cobalt
oxide (LCO) powder to spent lithium-ion batteries, these batteries were
mechanically disassembled, crushed, and calcinated to create spent
battery powder for effective dissolution in leaching agents. In the
extended leaching experiments, 50 mg of spent battery powder was
mixed with 2.5 g of prepared NADESs in three separate round-bottom
flasks. The mixtures were stirred at 140 °C for up to 24 hours. Samples
of 50 uLL were extracted from the reaction mixtures at 1, 2, 4, 8, 12, 18,
and 24-hour intervals to monitor the effect of time on leaching
efficiency. After dilution with 2% aqueous HNOs, the leachates were
filtered through 0.2 pm nylon syringe filters to separate unreacted
battery components. The concentrations of lithium, cobalt, manganese,
and nickel ions in the filtrates were determined using inductively

coupled plasma atomic emission spectroscopy (ICPAES).

3.7. Recovery of dissolved metal ions from the NADESs

Metal ions dissolved in the leachate from treated lithium cobalt oxide
(LCO) were recovered through a simple chemical precipitation
method.??> In the case of leachate from spent lithium-ion batteries
(LIB), the metal ions were converted into insoluble precipitates using a
multi-stage directional chemical precipitation method.*’” This involved
adding appropriate chemical precipitants to transform the soluble metal
ions in the NADES into sparingly soluble or insoluble compounds,

facilitating their recovery.

In the case of LCO leachate, the soluble Co’>" metal ions were
precipitated out in form of insoluble black colored CoCOj3 precipitate
due to its low solubility in water by treating the leachate with saturated
sodium carbonate solution. The precipitation reaction can be

summarized as:
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Co** + CO;> —— CoCO;
(Insoluble)

For LIB leachate, the soluble metal ions were precipitated using
selective precipitation method as followed by Qi meng et al. The
multistage precipitation begins with the precipitation of Mn?" ions. The
leachate was treated with aqueous ammonium persulphate solution (3
times more concentrated than the concentration of Mn?* ions) at 90°C
for 2 hours resulting into a mixture of MnO2 and Mn2Os;. The

precipitation reaction can be given as:

Mn?* + 8,04* + 2H,0 ——— MnO, +2S0,> + 4H"
(Insoluble)

and,

Mn?* + 8,04% + 3H,0 —> Mn,0; + 250, + 6H*
(Insoluble)
The resultant precipitate was filtered out using cellulose filter paper
and the left filtrate was treated with alcoholic solution of
dimethylglyoxime for 30 min to separate out nickel in form of a water
insoluble cherry red colored compound, Ni(DMG),. The precipitation

can be written as:

Dimethylglyoxime / \

Ni(DMG),
(Insoluble)
The precipitate was filtered out and resultant filtrate was further treated
with NaOH to obtain cobalt metal ions into insoluble Co(OH),. The
precipitation reaction goes as per the equation given below:
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Co** +20H- ——> Co(OH),
(Insoluble)

All the recovered metal precipitates were washed with deionized water
and methanol and dried at 55°C. All the precipitates were analyzed
using morphological analysis and Energy-Dispersive X-ray (EDX)
microanalysis to obtain more detailed information about their

composition.
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4. Chapter 4

Result and Discussion

4.1. Synthesis and Characterization of the prepared NADESs

Herein, Type III binary deep eutectic solvents (DESs) were
synthesized using the heating and stirring method, with choline
chloride serving as the hydrogen bond acceptor and plant-derived
polyphenols such as tannic acid, gallic acid, and pyrogallol acting as
hydrogen bond donors. A homogeneous liquid was obtained after 12

hours of heating and stirring.

The DESs made with tannic acid and pyrogallol were deep brown
viscous liquids at room temperature, while the DES made with gallic
acid was a transparent, low-viscosity yellowish liquid above 40 °C,
which solidified below 35 °C. Various natural Deep Eutectic Solvents
(NADESs) based on Choline chloride and organic acids are at risk of
degradation due to the possibility of an esterification reaction
occurring between the carboxylic groups and the alcohol moiety of the

choline chloride.

Consequently, the purities and stabilities of all three NADES were
assessed using proton nuclear magnetic resonance (NMR)
spectroscopy, UV-visible spectroscopy, and Fourier transformed

Infrared (FTIR) spectroscopy.

4.2. UV-visible spectroscopy

UV-visible spectra for all three DES were recorded at 10* mM
concentration. From the UV-visible spectrum of tannic acid, choline
chloride and TA-ChCI DES (Figure 12a), it is observed that the peak at
276 nm and 213 nm of tannic acid remains unshifted in the case of
DES with slight increase in intensity. The peak value at 276 nm and

213 nm in the UV spectrum shows that tannic acid has not undergone
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any structural changes and is intact in DES. This shift in the intensity
of TA-ChCI DES is attributed to possible hydrogen-bonding due to the
presence of HBA and HBD as DES constituents.
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Figure 12. UV-visible spectra of the prepared DESs with respect to
their components. a. TA-ChCI DES, b. GA-ChCI DES and ¢. Py-ChCl

DES.

Following the trend, in the case of gallic acid and pyrogallol based
DES (Figure 12b, c), the peaks of corresponding polyphenols remain
intact with minimal decrease in intensity. This suggests that the
properties of the individual polyphenols as well as choline chloride in
the DES form remains unchanged and only non-covalent weak
interactions are taking place. As hydrogen bond donor-acceptor
components are involved in the DES formation, hydrogen bonding

interactions are most likely to happen.
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4.3. Fourier transformed IR (FTIR) Spectroscopy

The interactions playing role in the formation of NADESs were
analyzed using IR spectroscopy. No emergence of new stretching
frequencies in the spectrum of prepared NADESs and minor shifts in
the stretching frequencies of the potential hydrogen-bonding sites
present in their components confirms non-covalent interactions such as
hydrogen-bonding among their components playing a crucial role in
the formation of natural deep eutectic solvents. These non-covalent
interactions between choline chloride and three different HBDs are

evident from FTIR spectra of all three NADESs and its components.
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Figure 13. a. FTIR spectra of TA-ChCI DES with respect to their
components and b. extended FTIR spectra to 1800-600 cm™! range.

Table 3. Vibrational frequencies of TA-ChCl DES with respect to
their components.
Tannic Choline TA-ChCl Mode
Acid Chloride DES

1699 cm™ | - 1715 ecm™ | C=O0 stretching

1181 cm™ | - 1197 em™ | Ar_ _ C-O stretching

1019 cm™ | 1051 cm™ | 1033 cm™ | Alcoholic C-O stretching

- 952 cm™ | 949 cm™! C-N stretching quaternary
ammonium salt

Table 3 and Figure 13 show FTIR spectral details for TA-ChCI
NADES. As shown in the table 3, a blue shift in the (C=0 ) stretching
frequency from 1699 cm™ in tannic acid to 1715 cm™ in TA-ChCl
DES. This noticeable shift reveals that carbonyl group of tannic acid is

participating in strong hydrogen bonding. There is obvious shifting of
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the peaks of alcoholic (C-O ) stretching in tannic acid and choline
chloride from 1019 cm™ and 1051 cm™ respectively to 1033 cm™ in the
DES. A minor red shift in (C-N ) stretching frequency quaternary
ammonium salt is noticeable from 952 cm™ and emerged at 949 cm™ in
TA-ChCl NADES. All these shifting in the vibrational frequencies of
tannic acid and choline chloride in DES are attributed to the hydrogen-

bonding between tannic acid and choline chloride.
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Figure 14. a. FTIR spectra of GA-ChCl DES with respect to their
components and b. extended FTIR spectra to 1800-600 cm™! range.

Table 4: Vibrational frequencies of GA-ChCl DES with respect to
their components.
Gallic Choline | GA-ChCl Mode
Acid Chloride DES
1697 em | - 1670 em | C=0 stretching
1306 cm_l - 1323 cm_l Phenolic O-H bending
1019 cm_l 1054 cm'l 1033 cm_l Alcoholic C-O stretching
- 952 cm'l 048 cm_l C-N stretching quaternary
ammonium salt

Table 4 and Figure 14 show FTIR spectral details for GA-ChCI
NADES. As shown in the table 3, a red shift in the (C=0 ,) stretching
frequency from 1697 cm™ in gallic acid to 1670 cm™ in GA-ChCl

DES. This shift reveals that carbonyl group of gallic acid is
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participating in strong hydrogen bonding. There is obvious shifting of
the peaks of alcoholic (C-O v) stretching in gallic acid and choline
chloride from 1019 cm™ and 1054 cm™ respectively to 1033 cm™ in the
DES. A minor red shift in (C-N ) stretching frequency quaternary
ammonium salt is noticeable from 952 cm™ and emerged at 948 cm™! in
GA-ChCl NADES. All these shifts in the vibrational frequencies of
gallic acid and choline chloride in DES are attributed to the hydrogen-

bonding between gallic acid and choline chloride.
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Figure 15. a. FTIR spectra of Py-ChCl DES with respect to their
components and b. extended FTIR spectra to 1800-600 cm™! range.

Table 5. Vibrational frequencies of Py-ChCIl DES with respect to
their components.

Pyrogallol | Choline Py-ChCl Mode
Chloride DES
1323 em” | - 1306 cm - | Phenolic O-H bending

- 1056 em” | 1060 cm” | Alcoholic C-O stretching

- 951 cm’ | 949 cm | C-N stretching quaternary
ammonium salt

Table 5 and Figure 15 show FTIR spectral evidence for Py-ChCl
NADES. From Table 5, a red shift in the (O-H ) stretching frequency
from 1323 cm! in pyrogallol to 1306 cm™ in Py-ChCl DES. This shift
suggests that phenolic O-H of pyrogallol is involved in hydrogen
bonding. Also, there is a shifting of the peaks of alcoholic (C-O )
stretching in choline chloride from 1056 cm™ to 1060 cm™ in the DES.
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A minor shift in (C-N ,) stretching frequency quaternary ammonium
salt is noticeable from 951 cm™! and emerged at 949 cm™ in Py-ChCl
NADES. All these shifts in the vibrational frequencies of pyrogallol
and choline chloride in DES are attributed to the hydrogen-bonding

between gallic acid and choline chloride.

4.4. "H-NMR Spectroscopy

The purity and stability of all three natural polyphenols-based DES
was checked using proton NMR spectroscopy. For all choline chloride
and HBDs (tannic acid, pyrogallol, gallic acid), proton NMR suggests
no chemical changes but broadening and slight shifting of the peak due

to the non-covalent interactions among the components of NADES.
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Figure 16. "H-NMR Spectrum of TA-ChC1 DES.

In the 'H-NMR spectrum of the TA-ChCI DES (Figure 16), all the
characteristics peaks of the constituents are intact in the NMR
spectrum of the DES. Also, any characteristics ester peaks were not
observed which suggest that tannic acid and choline chloride binds

only through non-covalent interactions.

In the '"H NMR spectrum of the DES formed from tannic acid and
choline chloride (TA-ChCl), all the characteristic peaks corresponding
to the individual constituents were present, suggesting that their

fundamental structures remained intact. Additionally, no characteristic
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ester peaks were observed in the spectrum, indicating that tannic acid

and choline chloride bind solely through non-covalent interactions.
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Figure 17. "H-NMR Spectrum of GA-ChCI DES.
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Figure 18. "H-NMR Spectrum of Py-ChCI DES.

The same analysis can be inferred in the case of GA-ChCI (Figure 17)
and Py-ChClI DES (Figure 18).
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4.5. Physical properties of prepared NADESs

All three NADESs were prepared with different molar ratios of HBD
and HBA. The tannic acid-based NADES is a highly viscous, brown-
colored, translucent homogeneous liquid. It was prepared using a 1:20
HBD: HBA molar ratio and demonstrates high solubility in water. The
gallic acid-based DES is a transparent, yellowish, viscous liquid
formed by combining gallic acid with choline chloride in a 1:3 ratio.
The DES containing pyrogallol is a brownish, transparent, viscous
liquid. All three polyphenol-based NADESs exhibit a wide range of
liquid properties. The physical characteristics of these prepared

NADESSs are summarized in the Table 6 below:

Table 6. Summary of NADESs prepared (physical features).

Hydrogen | Hydrogen | Molar ratio Water Liquid Aspects
bond bond (HBD:HBA) | solubility range
donor acceptor (mg/mL) | temperature
(W)
Tannic Highly
acid . .
(TA) 1:20 2850 20-220 viscous
brownish
translucent
liquid
Gallic Choline Viscous
acid . . .
(GA) Chloride 1:3 11.9 35-240 yellowish
(ChCl) transparent
liquid
Pyrogallol Viscous
(Py) 1:2 625 20-220 brownish
transparent
liquid

Viscosity is one of the key properties of liquid solvents, as it directly
affects their ionic conductivity. Therefore, viscosity is a critical factor
in exploring the potential applications of NADESs. The relationship
between viscosity and shear rate was measured across a range of shear

rates from 0.01 to 10,000 s at 25 °C.
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The viscosity of NADESs is determined by the size and number of
functional groups present in the hydrogen bond acceptors (HBAs) and
hydrogen bond donors (HBDs). The viscosity tends to increase with
the number of functionalities, such as -COOH or -OH groups, in the
hydrogen bond donor. This explains why the viscosity of the tannic
acid-based DES (TA-ChCl) is higher than that of the pyrogallol-based
DES (Py-ChCl).

However, the viscosity versus shear rate for the gallic acid-based
NADES could not be measured, as this DES exists as a solid below 35
°C. The size of the hydrogen bond donor can also influence the
viscosity of the prepared NADESs, with the larger size of the tannic
acid molecule possibly contributing to the higher viscosity observed in
the TA-ChCl DES.
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Figure 19. a. Viscosity vs. shear rate plot for the Py-ChCl DES and
TA-ChCI DES, b. Lnn vs 1/T plots derived from the Arrhenius model.

The viscosities of the NADESs decreases with the increase in the

temperature which can be correlated using Arrhenius equation given

by:

where 1 represents the viscosity in Pa s, g gives a pre-exponential
factor in Pa s, E, is the activation energy in J mol™!, R the ideal gas
constant in (Jmol K)-1, and T is the temperature in kelvin (K). The

slopes of the logarithmic plots of viscosities of NADESs with 1/T(K"!)
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tells us about their activation energy of the ionic movements in the
NADES which can reveal about the extent of interactions among the

components of the resulting NADES (Figure 19b, Table 7).

Table 7. E, values as a function of temperature.
NADES E, (Jmol?) R?
TA-ChCl 776 0.9874
GA-ChCl 646.89 0.9855
Py-ChCl 787.93 0.9937

The trend for activation energy of different prepared NADES can be

represented as follows:

Py-ChCI>TA-ChCI>GA-ChCl

This trend suggests that the gallic acid-based DES (GA-ChCl), having
a lower activation energy, may exhibit better solubilizing capacity for
metal oxides compared to the other DESs. Thus, we can conduct a
temperature dependent leaching study for insoluble metal oxides using
the prepared DESs aiding us in achieving the most effective leaching

medium.
4.6. Dissolution of metal ions into Prepared NADES

The dissolution of metal ions is influenced by several factors,
including leaching temperature, the type of hydrogen bond donors
(HBDs) used in NADESs, and the duration of the leaching process. In
a typical experiment, 20 mg of LCO powder was added to 1 g of the
prepared DES, and this mixture was leached at temperatures ranging

from 80 °C to 160 °C for a fixed duration of 12 hours.

Although color changes can indicate the solubilization of metal salts in
DESs, the inherently dark color of these NADESs made it difficult to
visually detect any changes as the temperature varied. Consequently,
metal dissolution was quantified using Inductively Coupled Plasma

Atomic Emission Spectroscopy (ICPAES). The ICPAES results
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showed that the concentration of dissolved metals increased as the
temperature rose from 80 °C to 140 °C. Among the DESs tested, the
gallic acid-based DES (GA-ChCl) exhibited the best performance,
yielding the highest concentrations of dissolved cobalt and lithium
(Figure 20). This result implies with the activation energy calculations
of the DESs, inferring that the less activation energy is improving the

metal solubility using the DESs.
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Figure 20. Leaching efficiencies of Py-ChCl DES, GA-ChCI DES and
Ta-ChCl DES towards Lithium cobalt oxide (LCO) powder at variable

temperature scale.

Based on the Figure 20, the metal extraction efficiencies for all three
prepared NADESs increased as the temperature rose, reaching a peak
at 140 °C. However, a slight decline in efficiency was observed when
the temperature reached 160 °C. Therefore, 140 °C appears to be the

optimal temperature for leaching treatment within the given range.

4.6.1. Solubilization of LCO powder as a model compound for

leaching treatment at variable timescale

After optimizing the leaching temperature, the solubility of LCO
powder was analyzed over a 24-hour period, with measurements taken
at intervals of 1, 2, 4, 8, 12, 18, and 24 hours at a constant temperature
of 140 °C. The filtered leachates were then subjected to quantitative

analysis using Inductively Coupled Plasma Atomic Emission
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Spectroscopy (ICPAES) to determine the leaching efficiency of the
prepared NADESs. The results, which indicated the leaching efficiency

of various metals for each NADES, were plotted against time (in

hours).
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Figure 21. Extraction of lithium and cobalt from LCO powder using a.
Py-ChCl DES, b. GA-ChCI DES and ¢. TA-ChCI DES at variable time

scale.

From Figure 21, the amount of extracted metal ions increases with
time, reaching its peak at 24 hours. The Py-ChCl NADES showed high
recovery rates for cobalt and lithium, with extraction efficiencies of
93% for cobalt and over 70% for lithium. The extraction rate for cobalt

exhibited a rapid rise in the first few hours, doubling within 2 hours.

The GA-ChCI DES also demonstrated strong leaching efficiency, with
extraction rates of 92% for cobalt and 70% for lithium at 24 hours. In
the case of TA-ChCl NADES, the amount of leached cobalt almost
tripled between 4 and 8 hours, increasing from 26.7% to 71.3%.
Ultimately, TA-ChCI NADES achieved a remarkable extraction rate of
99.4% for cobalt from LCO powder at 24 hours of leaching.
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Overall, the leaching efficiencies for both lithium and cobalt were
found to be highest at the 24-hour mark for all three NADESs. This
indicates that a longer extraction time leads to more effective recovery

of these metal ions.

4.6.2. Solubilization of spent Li-ion battery (LIB) powder for

leaching treatment

The increasing use of lithium-ion batteries in electric vehicles and the
high demand for mobile devices have led to a significant accumulation
of waste lithium-ion batteries, therefore leading to a need for green
recycling methods. In this context, optimized leaching experiments
were conducted to extract valuable metals like cobalt, lithium, nickel,
and manganese from end-of-life battery cathode materials. These
metals are crucial to produce new batteries and other high-tech
applications, making their recovery from spent batteries not only

environmentally beneficial but also economically advantageous.

From Figure 22, it is evident that lithium is the most leached metal ion,
while nickel is the least leached among all the metal ions. These
soluble metal ions from the lithium cobalt oxide (LCO) and lithium-ion
battery (LIB) leachates can be separated by converting them into

insoluble precipitates through a chemical precipitation method.
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Figure 22. Extraction of valuable metals from spent lithium-ion
batteries using a. Py-ChCl DES, b. GA-ChCI DES, ¢. TA-ChCI DES

as a leaching agent.
4.7. Leaching Mechanism

Understanding the mechanism of the leaching process is crucial for
gaining deeper insights into how it works. Abbott et al. highlighted the
importance of oxygen acceptors in DES for dissolving metal oxides. In
the case of cobalt dissolution in NADES, a color change was observed,
transitioning from the solvent's original color to green during leaching,

and eventually to dark brown?>?°,

UV-visible spectroscopic studies on the leachate showed three distinct
peaks near 630 nm, 668 nm, and 698 nm, indicating the formation of a
tetrahedral cobalt complex. Given the high concentration of CI" ions in
the solvent, this tetrahedral complex is likely to be [CoCls]*, which

aligns with the observed UV-visible spectrum.

The complete leaching process can be broken down into 2 crucial

steps>®:
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1. Formation of Clsion as oxidizing agent

The first step of leaching process involves the oxidation of CI” ion
of choline chloride to Cl, followed by the formation of Cls3™ ions as

per the equation mentioned below:

2CI—> Cly+2¢

CL+CIr === (|5

This Cls” ion acts as oxidizing agent and the metal in metal oxide
gets reduced from M>" to M?* ion.

2. Formation of chlorometallates

The metal oxide reacts in-situ with chloride ions present in solvent
media to form soluble chlorometallates. This step can be precisely

represented by the given reaction:

Ch3+2¢ =— 3CI

2MO + 8Cr 2[MCL >+ O, + 3¢

4.8. Metal Recovery from selective precipitation method

The dissolved metal ions in the leachates from treated lithium cobalt
oxide (LCO) and lithium-ion batteries (LIB) were recovered using a
chemical precipitation method for LCO and a multistage chemical
precipitation method for LIB, following the approach of Qi Meng et al.
The resulting precipitates were analyzed using Scanning Electron
Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) to gain

insights into the characteristics of the precipitation products.

In the case of the LCO leachate, the precipitated cobalt product
appeared as a black-colored powder, as shown in the inset. SEM-EDS
images were used to examine the precipitation products before and
after calcination, providing valuable information on their morphology

and elemental composition. This analysis allows researchers to
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evaluate the quality and structure of the precipitates, as well as to

identify potential impurities or changes resulting from calcination.

Spectrum 1

et Electronimage 1 o 1 2 3 4 3 6 7 8 9 10

Calcination
400 °C

Spectrum 1

Figure 23. SEM-EDS images of recovered Cobalt (a,b) CoCOs (¢,d)
C0304 form LCO leachate.

Figure 23a represents morphology of the initial product after chemical
precipitation as cobalt carbonate, CoCO3 with the EDX graph inferring
the formation of cobalt carbonate. Again, after calcination of the
CaCO:s salts a homogeneous Co304 formed which can be shown by the

morphology (Figure 23¢) and the EDX graphs (Figure 23d).

In this study, we employed a multi-step directional precipitation
strategy to recover metals from the leachates of spent lithium-ion
battery (LIB) cathode material. After the leachates from the LIB
powder treated with DESs were collected, they were filtered through
nylon filters to remove polymers and carbon black residues. The
selective precipitation process was then used to separate manganese

(Mn), nickel (Ni), and cobalt (Co) in a step-by-step manner>’.

Due to the lower abundance and reactivity of lithium (Li) in the LIB

powders, it was not possible to selectively precipitate the Li ions.
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Although selective precipitation is a well-established technique, its
application for recovering metal ions from leachates obtained via DES

leaching is relatively underexplored.

The precipitates of LIB leachate were analyzed using SEM-EDS
images. Dissolved Mn?" ions were precipitated into black colored
mixture of MnO; and MnxOs3 (Figure 24 a.b) (inset). The EDS map

also agrees with the components of mixture of metal oxide.

Spectrum 1

Spectrum 1

B T 2 4 6 8 1

Figure 24. SEM-EDS images of recovered Mn (a,b), Ni (¢,d) from
spent LIB powder.

The Ni** ions were precipitated into a cherry red colored water
insoluble Ni(DMG). as shown in SEM EDS images and EDX graphs
(Figure 24 c,d).
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Spectrum 1

Figure 25. SEM-EDS images of recovered cobalt (a,b) from spent LIB
powder.

The Co?" ions were precipitated into a pink colored water insoluble
Co(OH); as shown in SEM image and EDX graph (Figure 25).
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5. Chapter 5

Conclusion

Natural Deep eutectic solvents are an emerging class of green solvent
due to their less hazardous properties to health and environment. These
DESs constitute hydrogen-bond acceptors and hydrogen bond donors
which participate in hydrogen-bonding to give DESs. Report reveals
that Type 3 DES can be useful for spent Li-ion batteries treatment with

high recovery rate of metals from spent LIBs.

In this report, we have prepared three DES namely TA-ChCl, GA-
ChCI and Py-ChCl using choline chloride as hydrogen bond acceptor
and tannic acid, gallic acid and pyrogallol as hydrogen bond donors
respectively. The stability and purity of NADESs was assessed by
proton NMR spectroscopy, UV-spectroscopy and FT-IR spectroscopy
are found to be stable at room temperature. The gallic acid-based
NADES is transparent, low viscous yellowish liquid above 35 °C.
Pyrogallol and tannic acid-based NADESs are dark brown viscous
liquid at room temperature. The viscosity has been evaluated and
activation energies of the DESs are calculated by correlating with

Arrhenius equation.

The prepared Deep Eutectic Solvents (DESs) were used as a potential
leaching medium for the extraction of lithium cobalt oxide, a model
cathode material, as well as spent lithium-ion battery cathode powder,
aiming to recover valuable metals such as cobalt, lithium, nickel, and
manganese. All the DESs demonstrated a potential ability to leach the
battery waste powder, but among them, the gallic acid-based DES
outperformed the others due to its lower activation energy, leading to

greater solubility of metal oxides.

A unique method for selectively precipitating metal ions from the
leachate has been implemented, allowing cobalt, nickel, and

manganese to be efficiently extracted with high selectivity. The
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precipitated metal salts were then analyzed for their morphology and

chemical composition using energy-dispersive X-ray spectroscopy.

Future Scopes of the Work Plan

The presence of tea-derived polyphenols in DESs makes it a potential
candidate for leaching applications for the end-of-life Li-ion battery.
The leaching treatment using NADESs can be applied to the extraction
of metal ions from the mixture of metal salts and various precious
metals such as gold, platinum etc. present in e-waste. The DESs
reported for recycling process so far, contains choline chloride as its
hydrogen-bond acceptor. There are many other possible moieties such
as phosphonium ions which can act as hydrogen-bond acceptors. The
selection of appropriate hydrogen-bond donor and acceptor can also
lead to appreciable results. With the help of computational modelling,
the eutectic parameters for desirous properties can be calculated

precisely for the target DES as per the applications in section 1.3.

Designing an appropriate catalytic moiety can also boost the metal

extraction process from different chemistries.
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