tt D U DURBAN
R UNIVERSITY OF

TECHNOLOGY

Synthesis, Characterization and Application of

Novel lonic liquids

Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy
in Chemistry in the Faculty of Applied Sciences at the Durban University of
Technology

Mr. Vasanthakumar Arumugam
MSc (B.U)

March 2018

Supervisor: Prof G. G. Redhi

Co-Supervisor: Prof R. M. Gengan

Synthesis, characterization and application of novel ionic liquids



Declaration

This thesis is being submitted to the Durban University of Technology for the degree of Doctor of
Philosophy in Chemistry. | declare that this work is my own and has not been submitted before for
any degree or examination to this or any other university or institution for this or any other degree

or award.

Student Number: 21452731

Student: ___ Date:_ 15.03.2018

Mr. Vasanthakumar Arumugam

Supervisor: ___ Date:_ 15.03.2018

Prof G. G. Redhi

Co-supervisor:_\ Date:  15.03.2018

Prof R. M. Gengan

Synthesis, characterization and application of novel ionic liquids i



Plagiarism
| declare that this thesis is my own work. | have appropriately referenced the work of other people

that | have used. | have not and will not allow anyone to copy my work with the intentions of

passing it as his or her own work.

Vasanthakumar Arumugam

Student Number: 21452731

Synthesis, characterization and application of novel ionic liquids i



Abstract:

lonic liquids (ILs) or molten salts at room temperature presently experience significant attention
in many areas of chemistry. The most attractive property is the “tenability” of the physical and
chemical properties of ILs by varying structure. The use of ILs in solvents demands information
about their behaviour in the presence of other compounds including organic solvents such as
alcohols or carboxylic acids or water, commonly used for products extraction. In addition, the
efficiency of chemical processes (synthesis, extractions and separations) is strongly influenced by
the nature of ILs. In this study describes the synthesis and characterization of novel epoxy propyl
substituted ionic liquids (ILs). The thermophysical properties of ILs and their binary mixtures with
either water, alcohol or carboxylic acids were investigated and the results are discussed in terms
of interactions through thermodynamic properties. Furthermore, 2-oxopyrrolidine (Pyr), 2-
aminopicoline (Apic) and 1,4-diazabicyclo [2.2.2] octane (DABCO)-based dihydroxypropyl
substituted ILs are synthesised and characterised successfully. These ILs were then used to
synthesize and characterize a novel 4"-generation multi-ionic IL. A significant application of this
IL is the synthesis of a unique nanomaterial using magnetic iron nanoparticles, h-boron nitride and
titanium dioxide. The nanomaterial was strategically used to reduce selected dyes and series of

nitroanilines (NAS).

The chapter 1 to 4 explains about the introduction, literature review, synthesis and thermophysical
properties of ILs as well as thermodynamic properties of ILs.

The fifth chapter of this study describe the synthesis, characterization and thermophysical
properties of a novel 2', 3-epoxypropyl-N-methyl-2-oxopyrrolidinium chloride IL and its binary
mixtures, with either water or ethanol. The density (p), and speed of sound (u), were measured
for the above IL and its corresponding binary systems with either water or ethanol at different
temperatures ranging from (293.15 to 313.15) K. The derived thermodynamic properties for
instance excess molar volumes (V,£), isentropic compressibility (k;) deviation in isentropic

compressibility (Akg) and intermolecular free length (L) were investigated from the p and u data,
respectively. It is noted thatVj;;, ks Aks and Ly values increase with increasing temperature.

Derived properties such as V,£, and Ak, data were fitted to the Redlich-Kister polynomial equation.
The measured and calculated data were interpreted in terms of intermolecular interfaces and

structural effects between similar and dissimilar molecules upon mixing (Paper: I)
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The chapter six describes the synthesis and characterization of 2', 3'-epoxypropyl-N-methyl-2-
oxopyrrolidinium salicylate and 2', 3'-epoxypropyl-N-methyl-2-oxopyrrolidinium acetate ILs.
These ILs and their binary mixtures with either water or methanol were then studied to determine
their thermophysical properties. The temperature dependent p and u for IL, methanol, water, and
their corresponding binary mixtures of {IL (1) + methanol or water (2)} were measured over the
entire range of mole fractions at temperatures from T = (293.15 to 313.15) K in intervals of 5 K,

under atmospheric pressure. The calculated thermodynamic properties such as Vy; , ks Akg andLg,
were derived from the investigated p and u data. The resulting experimental data for V;/;, Ly,

and Ak, were well fitted to the Redlich-Kister polynomial equation. (Paper: 11 & 111)

The chapter seven reports the thermophysical properties of binary mixtures for the combination of
2', 3'- epoxypropyl-N-methyl-2-oxopyrrolidinium chloride with carboxylic acids either ethanoic
or propionic acids. The novel IL [EPMpyr]*[CI]” was synthesized, and it has been mixed with
ethanoic or propanoic acids. The influence of an epoxy group in this IL was more strongly affected
with the acids, and their thermophysical properties at varied temperatures are discussed in term of
density (p), viscosity (7), speed of sound (u), and refractive index (n) measurements. The p, u, 7,
and n of the IL, ethanoic acid, propanoic acid, and their corresponding binary mixtures
{[EPMpyr]*[CI]” (1) + ethanoic or propanoic acid (2)} were measured at T = (293.15-313.15) K
and at P = 0.1 MPa. The theoretical thermodynamic properties of V;, k, Ak, and L are calculated
using experimental p and u data. The V;£ and Ak, values for both binary mixtures were found to
be negative over the entire mole fraction range of compositions at all the investigated temperatures.
These results suggest the existence of specific interactions between components in the molecules.
The experimental data could be helpful to understand the molecular interactions between the IL
and carboxylic acid combinations. The experimental data were fitted to the Redlich-Kister
polynomial equation. This study is very important for industries because most of the ILs are
viscous and have high pH values, so making their applications in industries are difficult. Hence
these main disadvantages could be addressed and rectified simultaneously without drastically
altering the nature of the IL by using various carboxylic acid combinations. Moreover, the
thermophysical data and information about acid and IL mixtures will provide insight into the use
of these ILs in acidic conditions, thereby enabling the development of processes for future

industries. Additionally, the measurements of thermophysical properties were used to calculate
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thermodynamic properties, which lead to a better understanding of the interactions amongst unlike

molecules and hydrogen bonds in binary mixtures. (Paper: 1V)

In summary, the first four publications describes the synthesis, characterization and
thermophysical properties of 2’,3'-epoxypropyl substituted 2-oxopyrrolidinium cation-based novel
ILs with various anions such as chloride, acetate and salicylate. These ILs were characterized by
FTIR, *H NMR, 3C NMR and elemental analysis to confirm the chemical structure of the ILs.

The binary mixtures of ILs with either water or methanol or ethanol were carefully prepared.
Experimental measurements of the thermophysical properties of p, u, n and n, selected solvents,
and their binary mixtures at various temperatures, across the entire mole fraction ranges of ILs,
were determine. Thermodynamic properties of V;5, ks, Ak and Ly were calculated from p, and u
data. These thermodynamic properties were correlated using the Redlich-Kister polynomial
equation. Molecular interactions, especially H-bonding and other interaction effects that occur

between ILs and molecular solvents were discussed.

The chapter eight discusses the synthesis and characterization of novel 4" generation amino tris
methyl phosphonate (ATMP) based IL such as [DABCO, PYR, APIC-PDO]'[ATMP] and their
application to the synthesis and characterization of partially oxidized h-boron nitride modified
nanomaterial with copper ferrite magnetic nanoparticles (NPs). This nanomaterial was
characterized through various spectroscopic, microscopic and surface morphological techniques.
Thereafter it was used as environmentally friendly heterogeneous catalyst for the reduction of a
series of NAs and dyes such as 2-nitroaniline (2-NA), 3-nitroaniline (3-NA), 4-nitroaniline (4-
NA), 4-nitro-1,2-phenylenediamine (4-NPD), methylene blue and allura red to their corresponding
amino analogues. The rate constant, order of reaction, activation energy and constant ratio were
calculated for each substrate. The order of reduction, was 4-NPD > 4-NA > 3-NA > 2-NA. Kinetic
studies indicated either zero or pseudo-first order reactions. Furthermore, Kinetic studies at various
temperatures such as 25, 30, 40, 50 and 60 °C as well as the range of various quantities of catalyst
such as 0.015, 0.030 and 0.045 ml (0.2mg/ml concentration) showed that either an increase in
temperature or the amount of catalyst increased the rate of the reaction. It was found that the
nanomaterial is an efficient catalyst in aqueous solution at ambient temperature, and the processes

for recovery were simple. It was re-used more than seven times with negligible loss of its catalytic
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activity. It is envisaged that new industrial applications of the ILs and their nanomaterials will

emanate in the future. (Paper: V)

The chapter nine describes the synthesis, characterization and application to the reduction of NAs
which were made using 2’,3'- epoxypropyl-N-methyl-2-oxopyrrolidinium salicylate IL, NiFe2O4
NPs and titanium dioxide (TiOz). Here IL was used as a bonding or capping agent to synthesize
NiFe2O4 NPs doped TiO2 nanocomposite. This nanocomposite was characterized by various
microscopic and surface morphological studies. The nanocomposite displayed a good catalytic
activity for the reduction of 2-NA to 2-aminoaniline and can be recovered as well as recycled
easily. (Paper: VI)
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Motivation

Room temperature ionic liquids (RTILs) are important materials for modern industries due to the
wide variety of applications because of their excellent thermophysical properties. They are used
as green solvents, electrolytes, sensors and catalysts for organic synthesis. For example,
pyrrolidinium-based ILs are used in the battery industries due to their outstanding electrolyte
properties. This class of IL-based electrolytes is popular in lithium-ion battery research, and it is
envisaged that the current study will contribute immensely to the future development of better

industries.

The current study aim to develop oxopyrrolidinium ILs and rectify the general drawbacks of ILs,
such as high viscosity (see Table. 1). Chemical industries desperately require new ILs to avoid
difficulties encountered with highly viscosity of ILs. Highly viscous ILs are unpopular in research
and development processes in chemical industries due to their difficulties in mixing with solvents.
Also, the overall recovery, purification and re-usability of ILs are poor. Hence these disadvantages
of ILs, prompted this study to synthesize better ILs and determine their thermophysical and

thermodynamic properties.

The viscosity of some of the ILs are reported in Table.l. As a result of strong interionic
interactions, ILs usually show higher viscosities than commonly used organic fluids. The high
viscosities of ILs narrow their applications in synthesis and extraction techniques which involve
mixing and/or mass transfer operations. This study helps to rectify these drawback for example,
high viscous ILs have been modified to lower viscosity via the addition of relatively cheap
molecular solvents to make binary mixtures of ILs with negligible loss of their properties.
Nowadays, reputed chemical companies such as SIGMA ALDRICH and FLUKA are selling dilute
ILs for example 1-Methyl-3-propylimidazolium methyl carbonate solution ~50 % in methanol in

Sigma.

Mixing of the ILs with molecular solvents is one of the alternative steps to minimize the usage of
expensive ILs. lonic liquid mixtures with molecular solvents shows reduced viscosity without
affecting their advantages as green solvents. Mixtures of ILs and molecular organic solvents are
gaining IL interest of researchers, as resultant liquid mixtures have the advantages over both IL

and molecular organic solvents.
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The measurement and interpretation of physical properties of ILs and their binary mixtures are
necessary to develop applications and to explain the physical and chemical behaviour of ILs. In
spite of importance of properties of ILs in aqueous or non-aqueous solutions, there is limited
information available on the thermodynamic properties of IL mixtures with other fluids and these
properties still lacking. However, due to the enormous number of possible binary systems, a lot of
work still remains to be done. Many efforts in this field have been devoted to the study of (RTIL
+ water), (RTIL + carboxylic acid) and (RTIL + alcohol) binary systems, mainly motivated by

solubility of ILs in these molecular solvents as well as low environmental impact of these mixtures.

Many researchers have focused on the synthesis of ILs from pyrrolidine whilst few have attempted
the synthesis of ILs from oxopyrrolidine. In comparison with pyrrolidine, oxopyrrolidine based
ILs are considerably less viscous (see Table. 1) whilst the choice of anion could also be account
for decreased. Hence this study interrogates oxopyrrolidinium ILs. Furthermore, since salicylate
based organic molecules are already used in drug formulations because of their good biological
activity, this study utilized a salicylate anion to combine with oxopyrrolidinium cation. Their
thermophysical and thermodynamic properties are elaborated. It is hoped that the results emanating
from this study will encourage investigation of these new systems in drug discovery programs.

In this study fourth-generation IL, like tricationic phosphonated multi ionic-ionic liquid i.e., multi-
ions with the same or different cations and anions were also presented. The synthesis of a fourth-
generation multi-ionic phosphonate IL will become useful because, this is a starting point for
synthesizing new ILs: it will also give a basic insight into the synthesis of other innovative multi-
ionic ILs. The studied ILs contains various cations, for instance five, six and seven membered
heterocyclic cations with multi-membered anionic groups, making them multi-ionic entities.
Since, this is a good route to synthesize new types of ILs, it is hoped that this will lead to the
synthesis of other novel ILs with new combinations of cations and anions. These IL have good

physical and chemical properties because they contain many large cations and anions.

ILs in nanotechnology is developing into a significant research area, especially for the synthesis
of nanocomposites. There excellent thermophysical properties of ILs enabled extraordinary
applications in various research areas such as pharmaceuticals, catalysis, censors, adhesives and
electrolyte devices. ILs, h-boron nitride modified material, titanium dioxide and magnetic

nanoparticles are industrially viable materials, for new development. Hence this study uses these
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three materials to synthesize novel nanomaterials which possess excellent catalytic activities for
the reduction of a series of NAs and dyes. The synthesis of the novel type of catalyst can lead to

further catalyst development in the near future.

The pyrrolidinium-based ILs were used in the preparation of a novel class of polymer electrolytes
based on polymer-ionic liquid gels, which can be applied in electrochemical devices, especially in
chemical capacitors. Specifically in this case epoxy substituted ILs were synthesized, for possible
use in the capacitors industries. Furthermore, in this study salicylate anion based IL was
synthesized, for possible the pharmaceutical industries, because of its biological activity of

salicylate.
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2 Aim and outline of the thesis
2.1 Aim

The aims of this study were to:

Synthesize and characterize the epoxypropyl and dihydroxypropyl substituted ILs were
investigated. Furthermore, the thermophysical and thermodynamic properties of epoxypropyl
substituted ILs and its corresponding binary mixtures with either molecular solvents or carboxylic

acids in fixed mole fractions at various temperatures, under atmospheric pressure were determined.

Synthesize and characterize phosphonated anion based novel ionic liquid-modified magnetic
nanoparticles decorated with either partially oxidized boron nitride or titanium dioxide

nanomaterials and assess their excellent catalytic effect for reduction of a series of NAs and dyes.

2.2 Outline of the thesis

This study completely describes the synthesis and characterization of ILs and IL based
nanomaterials, as well as the catalytic application of synthesized nanomaterials in terms of
reduction of series of nitroanilines and dyes. Six new ILs were synthesized and characterized
successfully. All ILs has been analysed by FTIR, *H NMR, *C NMR and elemental analysis in
order to identify and ascertain their chemical structure. The first three ILs were based on N-2',3'-
epoxypropyl substituted N-methyl-2-oxopyrrolidinium cations with various anions such as
chloride, acetate and salicylate, through the ILs like N-2',3’-epoxypropyl-N-methyl-2-
oxopyrrolidinium chloride, N-2’,3"-epoxypropyl-N-methyl-2-oxopyrrolidinium salicylate and N-
2',3"-epoxypropyl-N-methyl-2-oxopyrrolidinium  acetate. The next three ILs N-2'3'-
dihydroxypropyl-N-methyl-2-oxopyrrolidinium chloride, N-2',3'-dihydroxypropyl-1,4-
diazabicyclo [2.2.2] octanium chloride and N-2’,3'-dihydroxypropyl-2-amino-4-methylpyridinium
chloride ILs were synthesized by the substitution of propanediol with chloride anion. The above
three ILs as mentioned like {{DABCO]*[PDOL]’, [APIC]*[PDOL] and [PYR]'[PDOL] }. These
were used to synthesize a unique 4" generation multi-ionic tri-cationic phosphonate ionic liquid
(TCPIL) through the exchange of chloride anions by metathesis reaction with amino trimethyl
phosphonate (ATMP) anion. A multi-ionic IL was one that contains more than one cation linked
to the same type of anions. A 4™ generation ionic liquid (4-1Ls) is a new concept and is described

as one that contains more than one cation linked to a single substrate that contains multiple anionic
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sites. This is the first synthesized 4-1Ls which was not documented in any scientific journals world-
wide, so a patent has been filed for this work. Particularly, this 4-1Ls have fascinating physical and

chemical properties, therefore it will be certainly providing for unique applications in future.

These novel ([Epmpyr]*[CI];, [Epmpyr]'[SAL], [Epmpyr]'[OAC] [APIC-PDOL]J'[CI]" and
[PYR-PDOL]'[CI]) ILs have not been reported in literature. Moreover, the thermophysical and
thermodynamic properties of ILs and their corresponding binary mixtures with the molecular
solvents including either water, alcohols or carboxylic acids were investigated for fixed mole
fractions at various temperatures under atmospheric pressure. The thermophysical properties
of p,u, n and n were determined experimentally. In addition, the derived thermodynamic
properties were calculated from these experimental data. The interaction in between IL and solvent
molecules were explained in terms of studies like H-bonds, dipole interactions and chemical
structure related properties. The comparison studies of FTIR spectra of the IL and their
corresponding mixtures also provided information about the interaction between the molecules
and H-bonding. Furthermore, these thermodynamic properties were fitted to correlate for

smoothing using the Redlich-Kister polynomial equation.

The application of ILs in nanotechnology is becoming a trend in recent years. The extraordinary
thermophysical properties of ILs contribute incredibly to the development of nanotechnology. In
this study, bimetallic magnetic nanoparticles were used namely CuFe204 and NiFe2QO4, this being
due to particularly the d-block elements having considerably more catalytic activity because of
their ability to change their oxidation state or in the case of the metals, to adsorb other substances
on to their surface and activate them in the process. The reason for choosing magnetic
nanoparticles were that they could be recovered easily with external magnets and recycled. The
purification and re-using abilities were simple and it works well even after using the above
products up to seven times. Graphene-like layered h-boron nitride was modified to synthesize
partially oxidized h-boron nitride nanosheets (BNONS). In this study two efficient nanomaterials
i.e., TCPIL/CuFe;O4/BNONS and NiFexO4/IL/TiO2 were synthesized and characterized
successfully. Advanced microscopic and surface analysing techniques such as FTIR, XRD, SEM,
EDS, TEM, HRTEM, STEM, ED, XPS, and AFM were used to investigate the functional groups
and physical nature of the nanomaterials. The first nanomaterial was composed by CuFe>O4
nanoparticles, tri-cationic phosphonate ionic liquid (TCPIL), and BNONS in the mass ratio of

chemicals 2:1:1. Moreover, these nanomaterials were used as effective catalyst for the reduction
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of series of NAs such as 2-NA, 3-NA, 4-NA and 4-nitro-2-phenylene diamine to corresponding
1,2-diaminobenzene; 1,3-diaminobenzene; 1,4-diaminobenzene; 4-triaminobenzene as well as
dyes like methylene blue and allura red. The kinetic studies of these reduction reactions were
investigated to determine the rate constant, order and activation energy of the reactions. Also,
kinetic studies were undertaken at several temperatures and various concentration of catalyst. This
reduction reaction was monitored by the time dependent UV-visible spectroscopy in an aqueous
solution and this catalyst was eco-friendly, easily recoverable and re-usable after 7 times with
negligible loss of its activity. The second catalyst was synthesized by the blending of NiFe204
nanoparticles, [EPmpyr]*[SAL] and TiO2 with the same mass ratio of chemicals 2:1:1. However,
this mass ratio could be changed, depending on the reaction conditions and type of reactions. This
reaction shows that the reduction of 2-NA to 1,2-diamino benzene in aqueous solution at room
temperature under atmospheric pressure and it was monitored by time-dependent UV-visible
spectroscopy. Advantage of this synthesized nanomaterial was that they were environmentally
friendly, easily recoverable, re-usable after 5 times with negligible loss of activity, economically

viable and chemically effective.
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3 Objective
3.1 Chapter: |

e Introduction

3.2 Chapter: 2

e Literature Review

3.3 Chapter: 3

e Synthesis of ionic liquids
e Thermophysical properties

3.4 Chapter: 4

e Thermodynamic properties

3.5 Chapter: 5

The objectives of this study were to:

Synthesize a novel [Epmpyr][CI]" IL and confirm the chemical structure by
characterization with FTIR, 'H NMR and *C NMR as well as elemental analyses
techniques.

Determine the percentage of moisture content in the synthesized IL by Karl Fisher titration.
Measured the thermophysical properties of p and u for [Epmpyr]*[CI]" IL as well as its
corresponding binary mixtures with either water or ethanol at various mole fractions (0.1
t01.0) at temperatures (293.15 to 313.15) K, in intervals of 5 K under atmospheric pressure.
Calculate the theoretical thermodynamic properties such as V5, ks Akgsand Ly experimental
data.

Investigate the molecular interactions, such as Van-der-Waals interactions, dipole
interaction, ionic interaction and hydrogen bonds among the molecules present in the liquid
mixtures.

Explain the interfaces of intermolecular interactions and effects of chemical structure
among the similar and dissimilar molecules upon mixing, in terms of the experimental data

obtained.
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e Fit the Redlich-Kister polynomial equation for smoothing the thermodynamic data
of V£, and Aks,.

3.6 Chapter: 6
The objectives of this study were to:

e Synthesize novel N-2',3-epoxypropyl-N-methyl-2-oxopyrrolidinium salicylate and
[Epmpyr] [SAL]" N-2’,3"-epoxypropyl-N-methyl-2-oxopyrrolidinium acetate
[Epmpyr] [OAC] ILs successfully.

e Characterize these ILs using FTIR, *H NMR and *C NMR as well as elemental analysis
techniques.

e Inspect the physicochemical properties of p and u, for [Epmpyr]*[SAL]" IL and its related
binary mixtures with either water or methanol in fixed mole fractions (0.1 to 1.0) from
temperatures (293.15 to 313.15) K, at 5 K interval, under atmospheric pressure.

e Determine the thermophysical properties of p, u, n and n for [Epmpyr]* [OAC]" IL and its
equivalent binary mixture system with either ethanoic or propanoic acid in standard mole
fraction ranges of the IL (0.1 to 1.0) at temperatures (288.15 to 313.15) K, intervals of 5 K
under atmospheric pressure.

e Compute and analyse the important thermodynamic data which were derived from
experimental properties such as V,;, kg, Aksand Ly.

e Investigate the nature of the interactions that provide valuable information, for example
Van-der-Waals interactions, dipole interactions, ionic interactions, and formation of
hydrogen bonds among the molecules present in the liquid mixtures.

e Analyse the experimental and derived data for information about the influence of the
functional group's interaction and possible hydrogen bond formation between IL and
solvents were studied.

e Correlate the thermodynamic data such as V.Z, k; Ak.and Ly with the Redlich-Kister

polynomial equations.
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3.7 Chapter: 7

Objectives of this study were to:

Investigate the thermophysical properties and influence of the epoxypropyl group on

[EPMpyr]"[CI]" IL as a result of the mixing with carboxylic acids.

e Determine the experimental thermophysical properties of p, u, n and n for this IL
([Epmpyr]"[CI]) and its related binary mixtures with either ethanoic acid or propanoic acid
across the whole mole fraction range from 0.1 to 1.0 at temperatures (288.15 to 313.15) K
in steps of 5 K at atmospheric pressure.

e Calculate and analyse the derived thermodynamic data of V,;, k, Aksand Ly..

 Correlate the measured similar quantities viz., thermophysical data of Vj;;, ks Aksand Ly

with the Redlich-Kister polynomial smoothing equations.

3.8 Chapter: 8
Obijectives of this study were to:

e Synthesize and characterize the three different unique ILs namely, [DABCO-PDOL]*[CI]
, [APIC-PDOL]*[CI]" and [PYR-PDOL]*[CI]" effectively and evaluate the chemical
structure of the IL by FTIR, *H NMR, *C NMR and elemental analysis.

e Synthesize the novel 4-IL, {[(DABCO, PYR, APY)-PDO]*[ATMP]} and characterize
and elucidate the chemical structure of the IL with the aid of FTIR, 'H NMR, C NMR
and 3P NMR.

e Synthesize a partially oxidised h-boron nitride nanosheets (BNONS) material for
increasing the surface area, active sites on surface and binding efficiency of the h-BN for
improving the ability to interact strongly with nanoparticles and ILs to get highly stable
more efficient nanocomposite.

e Synthesize copper ferrite (CuFe2O4) bi-magnetic nanoparticles.

e Synthesize novel multi-ionic, IL-bonded CuFe.O4 nanoparticles (NPs) and dope with
BNONS nanocomposite (TCPIL/CuFe.O4/BNONS).

e Characterize the nanocomposite using an advanced microscopic, morphological, and
surface analysing techniques such as FTIR, XRD, SEM, EDS, TEM, HRTEM, STM, ED,
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XPS and AFM to evaluate the surface information, functional group identifier, electronic
concentration, elements and its bonds.

e Investigate the catalytic activity by reducing a series of NAs such as 2-NA, 3-NA, 4-NA
and 4-nitro-2-phenylene diamine and dyes like allura red and methylene blue in aqueous
solution at ambient temperature.

e Undertaken kinetics studies for find the rate constant, order of the reaction and activation
energy for reduction reactions at various temperatures as well as different concentration of
catalyst.

e Recover and re-use the nano catalyst TCPIL/CuFe>O4/BNONS as a function of activity.

3.9 Chapter: 9
Objectives of this study were to:

e Apply the synthesized [EPMpyr]*[SAL] IL for the creation of novel nanocomposites for
improving their effectiveness in terms of catalytic activity.

e Synthesize the NiFe,O4 magnetic ferrite nanoparticles through co-precipitation method.

e Synthesize the novel IL-bonded NiFe.O4 magnetic nanoparticle doped TiO as an efficient
nanocomposite.

e Characterize the above nanocomposite by advanced microscopic and surface analysing
technologies such as FTIR, SEM, EDS, TEM and HRTEM.

e Determine catalytic efficiency using the reduction reaction of 2-NA to 1,2-diamino
benzene with the help of sodium borohydride in an aqueous solution at room temperature.

e Recover and re-use the synthesized nanocomposite catalysts around more than five times,

with negligible loss of catalytically activity.
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4 Chapter 1

4.1 Introduction

4.1.1 lonic Liquids

4.1.1.1 General aspects

lonic liquids (ILs) are organic salts which are mainly composed of organic cations and inorganic
or organic anions with melting points less than 100 °C [1, 2]. Generally, many ILs are thermally
stable up to 250 °C, but may decompose at higher temperatures. One of the most important property
of an ILs is their strong solubilizing nature and is been used to dissolve a wide range of inorganic
and organic compounds [3], and many polymers such as cellulose [4], chitin [5, 6], chitosan [7],
polyvinylchloride [8] and polystyrene [9]. All these polymers are insoluble in conventional
solvents. The classical molten salts are distinguished from modern ILs, by their high-melting point,
high viscosity and very corrosive nature. Usually, bulky asymmetric organic cations are present in
ILs, examples of which are imidazolium, pyridinium, pyrrolidinium, quaternary ammonium, tetra-
alkyl phosphonium and sulfonium which all have weak intermolecular interactions, low symmetry,
and low charge densities [10-14]. Therefore, the crystal lattice in ILs are not closely-packed due
to these large cations [15]. The use of an anion with delocalized charge enhances this effect [16].
A selection of distinctive cations and anions is shown in Fig. 1.

Figure 1: Schematic representation of selected structures depicting common cations and anions in ionic
liquids
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The characteristics of ILs are their interesting physical properties especially their negligible vapour
pressure and non-flammability. The various ions such as organic compounds and other materials
significantly influence the actual properties of ILs, therefore, the composition of functional ions
contributes more to thermophysical properties of ILs. The properties of ionic salts can be
completely and solely attributed to their ionic nature since strong ionic bonds hold their particles
together. lonic salts are mostly made of small monoatomic ions in the close vicinity of one and
other in their lattice crystal network. The lattice energy of crystalline compounds is proportional
to the inverse of the distance between their lattice points. The ionic bonds in salts are very strong
due to the relatively short distance between the small ions contributing to high values of melting
point. On the contrary, ILs are made up of larger multi-atomic cations and anions resulting in
weaker ionic bonds. This explains the considerably low melting point and viscosity of ILs
compared to those of ionic salts (see Table.1 show viscosity of various cations based ILS).

The multi atomic nature of cations and anions in ILs is a great opportunity for researchers to fine
tune their properties with customizing them for different applications. In ILs, cations, and
occasionally anions, are composed of alkyl side chain groups (CH2, CHa, etc.) which can be
accompanied with a number of functional groups (OH, NH2, COOH, etc.) to functionalize ILs for
different applications. A vast number of ILs (estimated to be about 1014) can be potentially
synthesized through distinct combinations of different cation-cores, alkyl groups, functional
groups, and anions. Careful evaluation of experimental data from literature on the physical and
thermodynamic properties of ILs shows that substituting functional groups can drastically alter a

property of interest in ILs.

Furthermore, ILs can be recovered and recycled easily due to their hydrophilic or hydrophobic,
low vapour pressure, and solubility nature in a wide range of different solvents [13, 17-20]. ILs
are used for many applications such as solvents for catalyst synthesis [21, 22], chemical reactions
[23, 24], extractions [25] and electrochemical purposes due to their fascinating properties. ILs are
classified as green solvents or designer solvents [17, 18, 26-29] due to their non-volatile nature.
The important thermophysical properties of ILs such as viscosity, polarity, melting point,
solubility, thermal and electrochemical stability can be determined by choosing a suitable
combination of cations and anions. Therefore, ILs are always labelled as designer solvents or task-
specific ionic liquids (TSIL) [1]. The selected combination of cations and anions are able to change

their chemical properties and not only change their physical properties. Furthermore, the influence
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of the substituting or functional group plays an important role, and it may depend on the attached
alkyl group chain length as well as functionality. Substitution of the functional groups which are
incorporated on the cations, include, imidazolium, pyrrolidinium and pyridinium, while

functionalized anions are also developing rapidly [30-33].

The green chemistry aspect of ILs are simple for recovery and recyclability, chemical waste
reduction and an increased lifetime of the liquid. The other special characteristics of ILs are their
hydrophilic and hydrophobic properties. This means that the IL which is hydrophilic can be reacted
with other hydrophilic compounds to form hydrophobic products.

Table 1: The viscosity for various types of cationic ionic liquids

IL viscosity/mPa s Refs
[PYR][TFSAM] 0.19 34
[PYR][DCA] 0.28 34
[1m(C1py)2Ca]** 473 35
[1m4m(C1py).C4]* 506 35
[3m(C1py).Cs]** 1026 35
[3m2(C1py)2Cs]2+ 1138 35
[1m(C1C4im),C5]%* 266 35
[BMPYR][FSI] 53.24 36
[P2225][FSI] 69.38 36
[BMPYR][TFSI] 71.76 36
[P222201][TFSI] 48.14 37
[P2225] [TFSI] 85.3 37
[BMP[TFSI] 188.9 36
[EtS][TFSI] 33.36 38
[Et;MeS][TFSI] 40.71 38
[C1(C20(CO)OC3)Py][NTf,] 571 39
[BMPY][BF4] 202.8 40
[BMPy][DCA] 35.2 40
[BMpyr] [Br] 5 41
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4.2 The History of ionic liquids

Although red oil [42] was discovered as a by-product of the AICI; catalysed Friedel-Crafts
reaction, only recently it was identified as a carbocation containing a tetrachloro aluminate anion
and categorized as an IL [43]. The first true IL was ethyl ammonium nitrate (Fig. 2a) and widely
credited to Paul and Walden in 1914: its melting point was found to be 12 °C [10, 42, 44-46]. The
synthesis of ILs resulted in their use over a wide range of applications such as separation processes
[47-49], as a solvent for organic synthesis [50-52] and use as a catalyst [53-55]. In the 1940°s high-
temperature electroplating processes were developed with aluminium chloride based molten salts.
At the same time low-temperature electroplating was also established for aluminium which was
performed by using an IL, based on warmed mixtures of 1-ethylpyridinium chloride and
aluminium chloride (Fig. 2b), as reported by Hurley et al. in 1951 [56, 57]. Robinson et al. [58,
59] and Hussey et.at [60-62] investigated ambient temperature ILs, which were based on organic
chloride and aluminium chloride mixtures. In the 1970’s, researchers faced problems related to the
use of molten salt electrolytes at low temperatures. During that time molten salts were used at high
temperatures, but at low temperatures, the solids crystallized out. As a direct consequence, Wilkes
et al. [63] created lower melting point electrolytes to solve these problems. The first review based
on RTILs was written by Hussey in 1983 [64]. However organic synthesise were achieved using
lower melting point ILs in the 1980s [65, 66]. Generally, ILs are more sensitive in nature, because
they are highly hygroscopic, easily affected by air, and hence it is difficult to synthesize their free
of H.O. However, in 1992, air and water free stable ILs based on 1-ethyl-3-methylimidazolium
cation with various anions such as tetrafluoro borate (Fig. 2c) and hexafluoro phosphate were

synthesized successfully (Fig. 2d) [67].
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Figure 2: a) Ethyl ammonium nitrate, b) 1-Ethylpyridinium tetrachloro aluminate, c) 1-Ethyl-3-
methylimidazolium tetrafluoro borate, d) 1-Ethyl-3-methylimidazolium hexafluoro phosphate

This was a good starting point for encouraging interest in ILs, and many researchers began to focus
on synthesizing ILs with good stability, whilst industries were developing rapidly. Industries
wanted to use ILs in their processes even though the cost of ILs is high (see Table. 2) [68]. lonic
liquids are generally expensive but due to their outstanding properties and applications, are being
used in chemical, pharmaceutical and battery industries. However, due to many companies now
producing ILs, the cost of ILs is expected to be lower. In 1998, Davis et al. [69] prepared a new
type of IL known as functionalized ILs in which the cation was derived from the antifungal drug
miconazole. These types of ILs have covalently embedded functional groups attached either to the
cation or anion or even for both. The fine tuning of this structure allows for the creation of new
applications for ILs, which are significant to introducing functional groups into the ILs. Currently,
researchers in academia and industries are focusing on ILs, due to their outstanding physical and
chemical properties and obviously the fascinating applications of ILs as well. More than 18000
research papers and 4000 patents were published in the field of ILs [70]. The simple combination
of various cations and anions has resulted in more than one million ILs being synthesized [71].
However, currently only about 300 commercialized ILs (see Table. 3 show some commercially
available ILs and its processes) are used and therefore the synthesis of new ILs provides good

challenging opportunities.
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Table 2: Price and quantity of commercially available pyrrolidinium based ILs (In SIGMA ALDRICH)

Price in Quantity in
Name of ILs ILs ushD grams
o (@]
1-Butyl-1-methylpyrrolidinium @ FaC*#*N@*:S:*CFZ' 505.00 50
bis(trifluoro methyl sulfonyl)imide N~ _-° °
1-Butyl-1-methylpyrrolidinium
bromide i—:@ Og, 167.00 50
>99.0% /N\/\/
S
1-Butyl-1-methylpyrrolidinium o) © 313.00 50
bromide N~
1-Butyl-1-methylpyrrolidinium [ﬁﬁ &) 1195.00 50
dicyanamide ST
S}
1-Butyl-1-methylpyrrolidinium @) re 283.00 50
hexafluoro phosphate N
©
1-Butyl-1-methylpyrrolidinium [y ! 321.50 50
iodide N
o
1-Butyl-1-methylpyrrolidinium @ H3co)Lo@ 124.00 10
methyl carbonate solution AN
o)
1-Butyl-1-methylpyrrolidinium [&) F3c—§—o® 526.00 50
trifluoro methane sulfonate N~ _~0
@] O
1-Ethyl-1-methylpyrrolidinium o\ FiC-S-N-S—cr, 328.50 50
bis(trifluoro methyl sulfonyl)imide ONL_~  © o
s [o ) Br 116.50 50
1-Ethyl-1-methylpyrrolidinium N '
bromide g
{ \ ©
1-Ethyl-1-methylpyrrolidinium i-? PFs 281.00 50
hexafluoro phosphate ancd
S)
i \ BF4
1-Ethyl-1-methylpyrrolidinium ﬁ) 3717.50 50
tetrafluoro borate e

Synthesis, characterization and application of novel ionic liquids



5 Chapter 2

5.1 Literature Review

Apart from imidazolium ILs, pyrrolidinium analogue ILs were also important because of their
fascinating thermophysical properties and applications [72]. Low viscosity, more stable and good
electrolytic nature were reasons for the development of pyrrolidinium based ILs [73, 74]. The
viscosity of some oxopyrrolidinium, pyrrolidinium, imidazolinium, phosphonium and sulfonium
based ILs are shown in Table. 1. New technologies are planned and developed using ILs, therefore
ILs have a chance to revolutionize chemical processes in industries. The measurements of phase
equilibria and activity coefficients at infinite dilution provides important advantage of
pyrrolidinium based ILs [75-81].

The fascinating thermophysical properties are a significant reason for the tremendous growth and
development of ILs. These fundamental thermophysical properties of ILs were established, using
chromatographic and spectroscopic methods, resulting in more than 200 ILs including
pyrrolidinium based ILs being characterized and described by those methods [82]. The attractive
thermophysical properties of pyrrolidinium based ILs include low viscosity, low melting points,
low volatility, ease of recycling, high conductivity, large electrochemical windows, negligible
vapour pressure, thermal stability, use for the separation of aromatic hydrocarbons from aliphatic
hydrocarbon mixtures and lower toxicity in nature [83-91]. Reverse phase high-performance liquid
chromatography (RP-HPLC) and ion chromatography (IC) were used to analyse pyrrolidinium
cations in ILs [92-94]. The substitution of functional groups in cations plays important role in their
physical properties. For example, the chain length of the alkyl group in the pyrrolidinium cation
influences solubility, i.e., long chains substitution can increase the solubility or vice versa [95].
Moreover, the solubility of the ILs in water is very important for industrial applications, and the
hydrophobic natured pyrrolidinium cation based ILs exhibit enhanced solubility in water and when
this is compared with other ILs, it is much more soluble than piperidinium based ILs, whilst less

soluble than imidazolium and pyridinium based ILs.

The investigation of toxicity and bio-degradability for ILs are very important. In recent years they
are being used in various industries especially, pharmaceutical and greener solvents industries. It
was found that most of the quaternary pyrrolidinium cations are degradable. Pure Corynebacterium

sp. and Sphingomonas paucimobilis or isolated enzymes readily degrades pyridinium based ILs
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(80-100 % degradation) including long chain alkyl substitutions. In about 3 cases out of 10,
unwanted accumulation of metabolites occurs during biodegradation processes [96]. On the
contrary, pyrrolidinium based ILs are also readily biodegradable from longer alkyl chain to lower
alkyl chain substitution, for example, an ethyl substituent is not readily biodegradable but a butyl
and octyl substituted quaternary pyrrolidinium compounds are readily biodegradable [97]. The
toxicity of the ILs can be reduced significantly using oxygenated alkyl chains instead of alkyl
substitutions in the pyrrolidinium cation. Algae are not affected by this class of ILs due to their
less toxic in nature. Furthermore, these ILs were tested with crustaceans and the results confirm

that pyrrolidinium ILs with alkoxy substitutions were less toxic than the alkyl analogues [98].

Additionally, some of the mixtures of pyrrolidinium based ILs with the common cations butyl-1-
methylpyrrolidinium  ([CsMPyrr]*) or 1-ethyl-1-methylpyrrolidinium ([C.MPyrr]*) were
investigated: [CsMPyrr]Cl + [C4sMPyrr]Br; [CsMPyrr]Br + [C4sMPyrr][BF4]; [CaMPyrr]Cl +
[C4MPyrr][BF4]; and [CoMPyrr][NTf2] + [C2MPyrr][BF4] (where [NTf.] = bis(trifluoromethyl
sulfonyl) amide) [99]. Moreover, some other important pyrrolidinium based ILs have been
established such as [pyr][C7CO] [100], [EMpyr][ESO4] [101], [BMpyr][CFsSOs] [102-104],
[BMpyr][N(CN)-] [100, 104] and [BMpyr][SCN] [105].

The main interest of Pyrrolidinium ionic liquids (PyrILs) are their outstanding electrochemical
properties. The N-butyl-N-methyl pyrrolidinium bis(trifluoromethyl sulfonyl) imide (BMPyNTf)
(Fig. 3c) IL is one of an important pyrrolidinium based IL that was reported [106]. The oxide,
Eu203, and perhaps other oxides of lanthanides and actinides can be conveniently dissolved by
treating with HNTf, followed by dilution in BMPyNTf2, which could act as the electrolytic
medium for non-aqueous reprocessing application. The determination of toxic chemical species in
the environment is not easy, so there is increasing demand for simple, selective and inexpensive
methods. RTILs could avoid these problems by replacing the conventional electrochemical
solvents. Novel N,N-dimethyl pyrrolidinium dicyanamide ([Cimpyr][N(CN).]) (Fig. 3b), N-
methyl-N-ethyl pyrrolidinium bis(trifluoro methane sulfonyl)imide (Fig. 3a), and N-methyl-N-
ethyl pyrrolidinium iodide (Fig. 3d) ILs were synthesized and used for development of dye-
sensitized solar cells due to the stability and electrolytic nature of PyriLs. [107-110]. DCA anion
based PyrlLs such as N-methyl-N-propyl pyrrolidinium dicyanamide (Fig. 4a), N-butyl-N-methyl
pyrrolidinium dicyanamide (Fig. 4b) and N-methoxy ethyl-N-methyl pyrrolidinium dicyanamide
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(Fig. 4c), have been used in placed of organic solvents as electrolytes in electric double layer

capacitors (EDLCs) because of their strong electrochemical properties [111].
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Figure 3: a) 1-Methyl-1-ethylpyrrolidinium bis(trifluoro methane sulfonyl)imide, b) N, N -Dimethyl
pyrrolidinium dicyanamide ([Cimpyr][N(CN).]), c) N- Butyl-N- methyl pyrrolidinium bis (trifluoro
methyl sulfonyl) imide (BMPyNTf,) and d) 1-Methyl-1-ethyl pyrrolidinium iodide
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Figure 4: a) N-Methyl-N-propyl pyrrolidinium dicyanamide, b) N-Butyl-N-methyl pyrrolidinium
dicyanamide and c) N-Methoxy ethyl-N-methyl pyrrolidinium dicyanamide

The anionic effect plays an important role in Li-S battery electrolyte solutions with N-methyl-N-
butyl-pyrrolidinium ILs [112, 113]. The combination of organic electrolytes with PyrlLs like
Campyr-TFSI leads to capacity retention during cycling and the polysulfide stabilization occurs
due to the performance of ILs [114]. LiNOs additives in the PyrILs leads to higher efficiency with
the solid electrolyte interphase in the lithium-sulphur battery [115]. In a largely parallel stream of
research, LINOs has come to be known as an additive for improving Li-S battery performance
through its influence on protecting the lithium anode and beneficial interaction with the polysulfide
shuttle. It was found that the PyrILs develop synergistic effects in a hybrid electrolyte (HE), for
instance, 38 % of N-methyl-N-propyl-pyrrolidinium bis(trifluoromethane sulfonyl) imide
([Campyr][TFSI]) with the conventional electrolyte mixtures such as LiPFe and alkyl carbonate

solvents act as a better electrolyte compared traditional electrolytes [116]. PyrILs were used in
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rechargeable IL based lithium ion batteries, other electrochemical devices and electrochemical
development industries [85, 117-120].

The conductor like screening model for real solvents (COSMO-RS) was used to predict the liquid-
liquid equilibria (LLE) for [PMpyr][NTf,] and [BMpyr][NTf.] with water [93, 122]. Toxic
aromatic compounds such as benzene, toluene, ethylbenzene and xylene were separated from a
reformate fraction using novel 2-oxopyrrolidinium based ILs such as [BMpyr]*[Br]" ILs [123,
124]. PyrlLs have excellent extracting properties, therefore it can be used for extraction of olefins
from paraffin, separation of sulphur or nitrogen compounds from aliphatic hydrocarbons with great
selectivity, extraction of Cu(ll) ions and finally extraction of cycloalkanes from cycloalkenes at

infinite dilutions. The partial molar excess Gibbs free energy, AGf'°°, enthalpy, AHf‘°°and entropy

term Tret ASf"’o at infinite dilution over the range of temperatures (308.15 to 378.15) K were
computed from experimental data [125, 126]. Compared with imidazolium ILs, PyrILs are more

eco-friendlier.

The current advanced development of sensor manufacturing, the thermophysical properties of ILs
or ionic liquid carbon nanomaterial (IL-CNM) hybrids, incorporating the biologically-derived
component to measure and detect the analyte, are called biosensors. [127, 128]. Due to the strong
attractive and specific properties of ILs, they have been using in pharmaceutical and biomedical
applications [129-131], as electrolytes in batteries [132-134], fuel cells [135, 136], nanotechnology
[137, 138], polymerization [139-141] as well as industrial and technical applications [142-149].
PyrlLs are chemically more stable, biologically active and environmentally readily biodegradable,
therefore researchers synthesized herbicidal active unique pyriLs with phenoxy carboxylate

anions, which is cheap, reactive and act as an environmentally friendly herbicide [150].

Conventional organic solvents are one of the important causes of environmental pollution,
therefore RTILs are used as an alternative green solvent for the metathesis of oleo chemical
feedstocks [151]. Pyrrolidinium based ILs are used as a green solvent for the extraction of aromatic

compounds such as benzene from aliphatic hydrocarbon mixtures [124].

The capture and separation of CO> is a one of the important process to reduce global warming
impact on the environment. The polymerization of ILs to synthesize polyionic liquids are very
useful for the manufacturing of active membranes. These membranes are used in fuel cells and

CO: capture. For example, a composite membrane containing N-ethyl-N-methyl-pyrrolidinium
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fluoro hydrogenate as IL and poly (vinylidene fluoride hexafluoro propylene) as copolymer were
used for non-humidified fuel cells [152]. High-performance membranes were developed using
cyano counter anions based new polymeric pyrrolidinium ILs for the separation of CO> via post-
combustion method [153]. The low volatility and significant chemically tunable nature of task
specific ionic liquids (TSILs), led to the design and development of ILs for their specific and
remarkable affinity for CO2 over other fuel gases. These reasons have stimulated attention on ILs

as an alternative media for CO capture and separation [154-158].

Generally, ILs have outstanding catalytic activities due to their excellent thermophysical properties
and ionic nature in a liquid state, which facilitates electron transfer movements. The recovery and
recycling of IL, is easy because they are soluble in water and have low vapour pressures. The IL
of [HNMP]*[HSOa4]" was used for the conversion of styrene oxides to 2-phenylnaphthalenes. In
this reaction, the ILs act as recyclable Brgnsted acids catalyst [159]. PyriLs also have a highly
effective catalytic nature, good recovery and recycling properties with acceptable costs compared
with other ILs. For instance, N-butyl-N-methyl pyrrolidinium triflate is a simple and an effective
catalyst for the direct asymmetric aldol reaction of cyclic ketones with aromatic aldehydes [160].
ILs are not only used as catalysts in organic reactions but they also act as solvents as well. [161-
163].

The thermophysical and thermodynamic properties of binary mixtures of pyriLs with molecular
solvents were determined. N-butyl-N-methyl-2-oxopyrrolidinium bromide IL was synthesized and
characterized by FTIR and NMR spectroscopic techniques. Furthermore, the thermophysical
properties of this IL and its binary mixtures with either water or methanol was investigated at
various temperatures [164]. It was found that effect of transfer and storage of heat may change
with concentration of mixtures, temperature and pressure [165]. The thermodynamic properties of
binary mixtures of N-butyl-N-methyl pyrrolidinium dicyanamide IL with molecular solvents were
examined and the experimental data were modelled with the PC-SAFT equation [166]. The phase
diagrams and thermodynamic properties of binary mixture systems of {N-propyl-N-methyl
pyrrolidinium trifluoro methane sulfonate (triflate) [PMpyr][CF3SOs] + water or alcohol (1-
butanol, 1-hexanol, 1-octanol and 1-decanol)} were investigated and they got good results in terms

of interactions and the data were plotted [167].
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This investigation has been carried the compatibility, miscibility and interactions of IL with either
water, alcohol or carboxylic acids. Many industries such as the batteries, pharmaceutical, and
chemical industries use ILs in their processes. The compatibility of ILs with other solvents be
determined from the experimental data obtained. Furthermore the ILs are generally highly viscous,
so the use of either water, alcohol or carboxylic acid to reduce that properties without affecting the
nature of the ILs would be ascertained for possible for commercial applications. Since ILs are
expensive, therefore using relatively cheap solvents like water or other organic solvents will help
to reduce cost. In addition there are negligible side effects and eco-friendly as well. Water is the
“‘greenest’” solvent; its adventitious presence influences the performance of ILs, sometimes
dramatically with consequences for reactions that are carried out therein [168-170]. Therefore it is
important to understand the properties of these mixtures, in particular solvation, at the molecular
level [171-173].

The epoxy group is widely used because of its high reactivity and good specific properties (ionic
conductivity, aqueous solubility, thermodynamic stability and electrochemical/chemical
durability): therefore, epoxy functionalized compounds have merited much attention. For instance,
Jayalak-shmi et al. [174] synthesized high performance cellulose acetate membranes using epoxy
functionalized poly(ether-sulfone), which improved the membrane morphology, pure water flux,
water content porosity, hydrophobicity as well as a remarkable effectiveness in removing
chromium ions. Sydlik et al. [175] synthesized epoxy-functionalized multi-walled carbon
nanotubes (EpCNTSs) by multiple covalent functionalization method, which improved adhesive
properties and notably increased lap shear strength compared to commercial epoxy. Dou et al.
[176] prepared epoxy-functionalized magnetic polymer core-shell microspheres with high
magnetic responsiveness and a single hydrophilic monomer. The combination of the epoxy group
and magnetic properties introduces the microspheres to a wide range of applications in stabilizers,
targeted drug delivery and biological detection [177]. In our previous studies, epoxy propyl
dodecyl dimethyl ammonium chloride [178], diethyl-2,3-epoxypropyl-[3-methyldimethoxyl]
isopropyl ammonium chloride and mono epoxy-terminated polydimethylsiloxane [179] were
synthesized and applied to modify gelatin, a renewable and biodegradable material. Therefore, the

synthesis and property investigation of epoxy functionalized ILs will be more useful in future.
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Due to relatively few reports available in the literature regarding epoxy substituted ionic liquids,
this provided the motivation for this research work. Current epoxy functionalised compound while
significantly improved over earlier materials have lower flammability issues, especially in

confined environments.

Researchers developed IL-bonded graphene based carbon nanotube gel on graphene paper: Pt(Au)
alloy nanoparticles were loaded to make high-performance flexible electrodes for electrochemical
bio-sensing of blood glucose [180]. The investigations of tramadol (TRA) in pharmaceutical and
biological samples were done using a new glassy carbon electrode modified with ILs and
nanofibers [181]. The 1,3-dipropylimidazolium bromide IL was used as a conductive binder for
synthesizing a new CuFe>Os-modified highly sensitive paste electrode, which was utilized for the
selective determination of adrenaline in real samples [182]. A highly selective sensor which is an
IL modified nanostructure material, was developed for the detection of vitamin C and nicotinamide
adenine dinucleotide (NADH). This sensor was used to determine vitamin C selectively in the
presence of NADH [183]. A selective sensor for the determination of 4-chlorophenol, in the
presence of nitrite, was made using a carbon paste electrode by a combination of graphene oxide
and NiO NPs modified with the IL [184]. Recently, an IL-altered ZnFe>O4 carbon paste electrode
was revealed for the sensing of the 5-fluorouracil anticancer drug [185]. Additionally, high
performance micro-supercapacitors were created using protic IL-adapted diamond-coated SiINW

nanostructured electrode [186].

The high-performance anode material, a combination of FesOs/void/N-doped carbon, was
established for a Li-ion battery which showed outstanding reversible capacity [187]. The IL was
used as a dispersing phase for superparamagnetic FesOs NPs to prepare a magnetically responsive
pickering emulsion [188]. Ethylene glycol was oxidized and reduced using a unique synthesized
gold-platinum alloy nano dendrites as an effective electrocatalyst [189]. FesO4 NPs were bonded
with ILs to synthesize an effective recyclable catalyst for the Mannich reaction under ultrasonic
irradiation and also for the synthesis of polyhydroquinolines [190, 191]. A heterogeneous catalyst
which was an iron (111)-doped IL matrix-immobilized mesoporous silica NP, was synthesized. It
was a successful recyclable catalyst for pyrimidine synthesis in water [192]. An innovative carbon
IL electrode modified with electrodeposited palladium NPs was used as an efficient electrocatalyst
to investigate and quantify isoniazid [193]. A metal NPs-decorated ILs were act as effective

electrocatalysts. For example, the IL/metal sputtering method and tunable electrocatalytic material
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were developed using Pt-supported Au NPs monolayer on IL [194]. Chemo selective effective
reduction of nitroarenes to aniline based compounds were performed using an iron metal-
immobilized IL heterogeneous catalyst [195]. Dispersed graphene-supported Au and FezOs NPs
were developed as an efficient catalyst for the catalytic conversion of 4-nitrophenol to 4-
aminophenol [196]. Ultra-small CuNi NPs were spread over graphene layers to synthesize a stable

nanocomposite for the reduction of aromatic nitro compounds [197].

The IL, 1-octyl-3-methylimidazolium hexafluoro phosphate was used for the liquid-liquid micro
extraction of silver NPs in water [198]. Furthermore, applications have emerged using the
combination of ILs and NPs hybrid systems [199]. The nanomaterial (BNNSs/AgNPs) which was
reported by Wang, F. et al. shows high thermal conductivity due to the composition of the material
such as silver NPs deposited on h-boron nitride nanosheets [200]. Additionally, a silver NPs-
decorated h-boron nitride nanosheet based polymer nanocomposite with high thermal conductivity
was developed [201]. The thermostability of the nanomaterials which were composited by the ILs
and nanoparticles have excellent thermostability. Generally nanoparticles are less thermostable,
but when using IL to make nanomaterial it will be thermally stable due to IL being strongly bonded

with NPs, as well as IL develops a layer over the NPs
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6 Chapter 3
6.1 Synthesis of lonic Liquids

Most ILs can easily be synthesized by common methods, which are outlined in Fig. 5.
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Figure 5: Synthetic paths for preparing quaternary ammonium ionic liquids

Where, R1, Rz, Rz, Raare organic substituting groups such as alkane, alkene, alkyne and aromatic

compounds, M = metal ion, X = anion, A = sulfate, phosphates.

Generally, ILs are synthesizing from amines, phosphates or sulphonates depending on what class
of ILs are required (Fig. 5). The quarterisation reaction of amines (NRs) such as alkylation and
functional group substitution with an organic molecule, attached by appropriate reagents (RX) to
obtain the corresponding ILs, is the first step. This is the first generation ILs. The drawback of this
method is that it is not possible to synthesize ILs with preferred anions since halides might be the
anions used for these types of ILs. Therefore, anion exchange reactions or metathesis reactions are
necessary to obtain the desired anions. The metathesis reaction or Lewis acid (MXy) is used to
replace the existing anion while reacting with previously synthesized ILs. Metal salt (MA),
Brensted acid (HA) or ion exchange resin is used for metathesis reactions. Currently, many
companies such as Sigma-Aldrich, Fluka, Acros Organics, Merck, Solvent Innovation, Covalent
Associates and Waco are involved in the production and sale of commercial ILs as shown in Table.
3.
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Imidazole plays a vital role in the field of ILs, and a number of imidazolium ILs with good stability
were reported. The reasons are ease to synthesis, increased yields, excellent stability, and their
wide range of applications. 1- Methyl imidazole reacts with dimethyl carbonate to give the 1,3-
dimethylimidazolium-2-carboxylate zwitterion with high yield as reported by Holbrey, J. D et al.
in 2003 [164]. The imidazolium based ILs were synthesized from their zwitterions using
microwave or ultrasonic techniques. These techniques especially help to avoid solvent and excess
reagent for the substitution reaction in synthesis, reduces the reaction time and improves the quality
in terms of purity and yield [1, 10, 202-205]. The presence of trace quantities of water, halides,
residual solvents, acids, unreacted starting materials or metal salts could be the impurities that were
encountered in the synthesis of ILs. These contaminants which were strongly affect the physical
and chemical properties of the ILs were reported by Seddon and co-workers [202-206]. Halide
contaminations normally increase the viscosity, while water or co-solvents impurities decrease the
viscosity of the IL [206].

Generally, the method of purification for ILs is difficult due to their thermophysical properties. In
particular, only a few methods are available to purify ILs, viz., decolourisation with activated
charcoal, column chromatography with alumina or silica gel, crystallization, solvent washing or
distillation as in the current study [207-210]. SWOT (Strengths, Weaknesses, Opportunities and
Threats) analyses provide a critical assessment of the sustainability of IL and this was the first
reported purification method by Seddon and Co-worker. Researchers used this method to find the
drawbacks in existing method of preparation and purifications and determined the preferred routes

to optimize the production parameters for ILs [211].
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6.2 Commercial ionic liquids manufacturing industries

Table 3: Overview of chemical processes and relevant applications of ionic liquids and their
manufacturing industries.

Company Reaction Process Application of IL as Scale
] o ] Batteries, Supercaps, solvent,
lolitch (lonic liquids Electrolytes, Analytics, Heat transfer, ) - )
. ) . Photonics, Performance additive =~ Commercial
technologies) Process Technology, Functional fluids.
and fuel cells
BASILTM (Biphasic Acid Scavenging
utilizing ILs), Chlorination, Extractive N )
BASF R ) Auxiliary, solvent, Extractant, Commercial
distillation (Breaking water-ethanol and
water-tetrahydrofuran azeotropes),
Eastman Chemical Production of 2,5-dihydrofuran Catalyst Commercial
Bioscience, Enzymes and Antibodies and ) ]
TCI Europe N. V. ) Pharmaceuticals Commercial
Glycoscience.
Metal Plating, Electro polishing,
Scionix Electrolytes, Analytics. Metal Reprocessing, and Phase Commercial
transfer media.
Sigma-Aldrich Analytics, synthesis, Catalyst, solvent Commercial
Eli Lilly Cleavage of ethers Catalyst/ reagent Pilot
Degussa Hydrosilylation, Compatibilizer Solvent, Performance additive Commercial
Arkema Fluorination Solvent Commercial
IFP (Axens) Olefin dimerization (Dimersol process) Solvent Commercial
Chevron Phillips Olefin oligomerization Catalyst Commercial
University of Twente  Extraction Extractant Pilot
Storage of gasses (Phosphine (PH3),
Air Products arsinarsine (AsHs) and boron trifluoride Liquid support for PH3 and Pilot
(BF3)
Linde Gas compression Liquid piston Pilot
Central Glass Sonogashira coupling reaction (to )
o ) Catalyst Commercial
Company produce pharmaceutical intermediates
SASOL Metathesis and Olefin trimerisation Solvent Commercial
PetroChina Alkylation Catalyst Commercial
BP Aromatic alkylation Catalyst Commercial
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6.3 Thermophysical Properties

Generally, the properties of ILs are dependent on the ions, which are present in the IL and it may
be a either cation, anion or the composition of both. These ions influence the physical and chemical
properties of ILs. It might also vary with the type of ILs or functional groups. For instance, some
of them are related to cations whilst others may be influenced by anions. The most important
thermophysical properties are p, u, n and n, these properties can be tuned by specific cations,
anions and substituting groups [212-214]. The thermodynamic, acoustic and transport properties
of ILs and liquid mixtures are used to study the molecular interactions between the various
components of the mixtures and also to understand engineering applications concerning heat
transfer, mass transfer and fluid flow. In chemical process industries, materials are normally
handled in fluid form and as a consequence, the physical, chemical and transport properties of
fluids, assume importance. Thus, data on some of the properties associated with the liquids and
liquid mixtures like density, viscosity, refractive index and ultrasonic velocity find extensive

application in solution theory and molecular dynamics.

Furthermore, binary or ternary systems of ILs are made via the mixing of various other components
of ILs to obtain different physical and chemical properties. The unsymmetrical ions play an
important role in lowering the melting point because of the charge distribution over a large volume,
ILs have zero vapour pressure and therefore it will not easily evaporate but after a certain
temperature it will be decomposes. The influence of the anion plays a vital role in thermal stability.
lonic liquids are popular and their applications also vast due to their unexpected thermophysical
properties. These occur especially after the invention of the third generation ILs or TSILs.
Eventually, the properties of these ILs are tunable, therefore, researchers are interested in the
development of this class of ILs. Furthermore, they help to improve the biological properties of
drugs [215, 216].

Normally, ILs are miscible with polar solvents, but not with non-polar solvents. The reason is that
the anions influence the solubilizing effect significantly more than cations. However, the
substituted alkyl group chain length also helps to fine tune the solubility. The non-polar solvents
are miscible with ILs which contain longer alkyl chain substituents. More importantly, ILs
generally possess multiple solvation interactions [217], enhanced H-bond basicity [218] and H-

bonding interaction [219, 220]. Previously researchers, synthesized three new long-chain
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carboxylate ILs with asymmetric phosphonium cations that had relatively low viscosity and good
thermal stability, and exhibited very high solubility and excellent selectivity for hydrocarbons with
different carbon number at ambient condition [221]. The solubility of ILs in water is a desirable
and significant property, especially in industrial applications and these are strongly influenced by
the anions. Usually, ILs having common anions such as halides, tetrafluoro borate and triflate are
miscible with water, whilst ILs containing hexafluoro phosphate and bis(trifluoromethyl sulfonyl)
imide anions are immiscible with water. Most of the ILs are non-flammable and recyclable. The
unique properties of ILs are their negligible vapour pressure, non-flammability, wide
chemical/electrochemical/thermal stability, high ionic conductivity, good tunable solubilizing
nature, liquid crystal structure, high electro-elasticity, high heat capacity and hydrophobicity [24,
222]. These are the prime reasons for using ILs in a wide range of applications. The structure of
ILs have a significant impact on their physical properties. The standard uncertainties related to the
measurements of p, u, n, temperature and pressure are estimated to be +2.0 x 1074 g-cm™3, 1.0
m-s%, and +1.0 mPa.s, + 0.01 K and 0.09 kPa respectively. The estimation of uncertainty excludes
the effects of minor impurities due to ILs sometimes containing a bit of water, and it may affect

the uncertainty.

6.3.1 Density

The mass of the substance per unit volume is called density. Density is one of the most important
properties for academic as well as industrial research, due to the fact that this is the basic property
used to calculate other theoretical thermodynamic properties, and if it is intended to use ILs for
industrial research and development, that process will require these properties. Normally ILs are
denser than water. When the alkyl chain length of the substituting group in cation is increased, the
associated density of the corresponding ILs could be decreased [223-225]. The equation (6.1) is

defined as the calculation of the density (p) as follows:

M

p= (6.1)
Where M stands for the molecular weight of the compound. For a mixture, a weighted average of
the molecular weights of the compounds and here the molar volume (V) is used in the numerator

of equation (6.1).
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ILs containing anions and their molar masses have a substantial effect on the density. For example,
the pyrrolidinium ILs with the bis(trifluoro methane sulfonyl) amide [Tf,N] anion is denser than
the bis(methane sulfonyl) amide [Ms2N] anion [144]. These anions have similar molecular weight,
but fluorine atom has a larger mass compared to others and is a possible reason for this relatively
large difference in densities. The density of the ILs decreases when increasing the water content
for both hydrophobic and hydrophilic ILs as reported by Rogers and co-workers [216], while the
presence of halide impurities influences the density of ILs by increasing their density as described
in Seddon et al. [216].

6.3.2 Viscosity

Viscosity is the quantity that describes a fluid's resistance to flow. Generally, the viscosity of ILs
and their mixtures is an important property, since in chemical industries as well as research
laboratories developing chemical processes, mixing, stirring and pumping operations are strongly
influenced by viscosity parameters. Viscosity plays a significant role in the application of ILs.
Moreover, transport properties such as diffusion are also affected by viscosity. Viscosity varies
widely from 20 cP to 30000 cP, therefore viscosity of the molecular solvents such as water and
other common organic solvents are necessary to know [223, 226]. The two major types of
viscosities are dynamic viscosity (n) and kinetic viscosity (v). The resistance of a fluid to flow is
a way to measure is known as dynamic viscosity. Viscosity relates to the force per unit area it is
essential to maintain a unit velocity gradient among two equivalent planes a unit distance
separately (Riddick et al. 1986). It is defined via Newton’s law of viscosity as shown in equation
(6.2)

Vx

Tyx = ~N.7

(6.2)

Where tyx is the force in the x-direction on a unit area perpendicular to the y-direction, % is the

component in the x direction of the velocity vector of the fluid, and n acts as the proportionality
constant. Those fluids whose resistance to flow is well described by equation (6.2) are referred to
as Newtonian fluids.

The method of calculating the dynamic viscosity (1) is derived from kinematic viscosity (v) and

density (p), using equation (6.3).

n=vp (6.3)
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The viscosity of the ILs is strongly affected by the ions which are present in the ILs. Therefore,
the choice of cations and anions are very important in the synthesis of the desired ILs. Toduka et
al. explained the influence of alkyl chain groups and anions in imidazolium ILs [12, 227]. The
hydrogen bonds are formed due to the symmetric nature of the anion and its ability of H-bond
formation. These will be the stimulus for the viscosity of the ILs. Besides, the viscosities of the
ILs are fundamentally influenced by the formation of hydrogen bonds but it also helps to
strengthen their Van der Waals interactions [228]. The presence of the ions obviously affects the
hydrogen bonds in their corresponded ILs. lonic liquids containing fluorinated anions such as
[BF4] and [PFs]" are mostly viscous in nature, due to the capability for formation of complex
between anions of ILs and solvent, high molecular weight and electro negativity of fluorine. The
substituted longer alkyl chain of the ILs could be the reason for the increased Van der Waals forces
between the cations, and this effect increases the viscosity, and therefore it satisfies the requirement
of high energy in molecular motions. One of the significant disadvantage of the ILs is high
viscosity, and this is a problem for some industrial applications. To addition of organic solvents
overcomes this drawback and reduces the viscosity of the ILs drastically [216]. Moreover, the
temperature also has strongly inverse effect on the viscosity of the ILs.

6.3.3 Speed of sound

The Anton Paar DSA-5000 M vibrating tube densitometer was used to measure the speed of sound
for the ILs and their corresponding binary liquid mixtures. This instrument is more sensitive and
its precision in sound velocity is +1.00 m s, Generally, speed of sound is independent of the sound
amplitude, frequency or wavelength but it may only change with temperature. The interaction of
(solvent + solvent), (solute + solvent) and (solute + solute) has been revealed through the u, so it

can be used to understand the molecular interaction in liquid mixtures [229].

6.3.4 Refractive index

The Anton Paar refractometer was used to measure the refractive index of ILs and their binary
mixtures with +2.10* precision at various temperatures. The temperature fluctuation of the
refractometer is £0.02 K, which gave a resolution better than £0.1 K of measured values, with 0.02
K uncertainty in temperature. Degassed water and toluene were used to calibrate the instrument.
The refractive index was investigated for the entire mole fraction ranges of IL mixtures at the
different required temperatures. The behaviour of solutions and the force among the molecules are

derived from electronic polarizability of molecules. It is measured using the n. The molar
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refraction or molar polarizability was expressed by the electronic polarizability with n could being

related to the equation of Lorenz-Lorentz [230].
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7 Chapter 4

7.1 Thermodynamic properties

Thermodynamic properties are very useful for ILs, because it is a powerful tool to investigate the
interactions amongst unlike molecules, H-bonding, interaction forces and ionic interactions in

liquid mixtures. This study focusses on V.., ks, Ak and Ly for binary mixtures of ILs. These

theoretical properties were computed from experimental p and u values. The strong interactions
among molecules in a binary liquid mixture indicates that the competing effect plays a vital role
to decrease the free spaces in the liquid mixtures; the negative Akg. Another reason for the negative
thermodynamic computing value is due to how the structural effects influence in the geometrical
fitting of one component into the another, because of the size differences and shape of the
component molecules in the liquid mixtures. The positive values of thermodynamic data occur due
to the chemical effects such as breaking of molecular association in the liquid mixtures as well as

dispersion forces or weak interactions

7.1.1 Excess molar volume
The excess molar volume (V,£) is calculated from the experimental p data using the following

equation (7.1).
2

Vi = xM(p™ = pi) (7.1)

i=1
Where x, M and p are the mole fractions, molecular weights, and densities of pure components,
respectively.

The intermolecular interaction of a binary mixture is identified via V,E. The small magnitude in the
change of the components in binary mixtures is recognized with the help of ;E. The composition,
molecular size, shape of the component and temperature have a relatively strong influence on the
behaviour or properties of the binary mixture in the solution. The differences in V£ reveal the
interactions among the species, which are present in the binary solutions. The effects which impact
on the excess molar functions arise as a result of the physical, chemical, and structural
contributions. lonic interactions, dispersive forces, dipolar interactions and hydrogen bonds
occurred in the binary mixture of IL and solvents, due to the organic components molecules which
are present in the ILs for example imidazolium, pyrrolidinium, pyridinium etc. which have the

properties enhancing these interactions [231, 232]. The appropriate cubic equation of state (EOS)
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model was used to predict the (vapour + liquid) equilibria from excess volume data and it was
shown that the proposed models predict vapour pressure with greater accuracy and consistency.
Water is a universal green solvent and it could completely solubilize the many ILs, albeit some of
them only partially. ILs were separated after completion of their chemical processes using water
as extracting agent and distillation processes [231, 232]. It was found that the addition of water in
IL had a major effect on the physicochemical properties and applications of ILs [233]. The strong
chemical effects of the specific interactions such as the formation of H-bonds, ion-dipole
interactions, donor-acceptor complexes and strong dipole-dipole interactions among solvent and
solute molecules resulted in negative values for the excess molar functions. Normally the positive

V.E represent the weak interactions and breaking up of the molecular associates or dissociation.

7.1.2 Isentropic compressibility

The Newton-Laplace equation is used to calculate the isentropic compressibility (k) from
experimental p and u. The k, is a value which is characterized by the sound waves passing through
a fluid, each microscopic volume fluctuating with the temperature and pressure, but the entropy of
the whole system remaining constant. If the u is measured using a generator which is low
frequency (DSA 5000M transducer produces approximately 3 MHz frequency) [234] it obeys the
conditions, but at high frequency, there is absorption of sound waves as well as velocity dispersion,
due to the coupling with molecular processes within the fluid [235, 236]. The sequence of
compressions and rarefactions are produced by sound waves travelling via liquid mixture fluid.
The existing molecular interaction of the solution depends upon the composition of the liquid
mixtures, and it is described by the variation of kg [237, 238]. The molecules from solvents
surrounded by IL, creates an electrostatic field and give a low value of kg. At the same time,
nonlinear kg increases due to attraction and the nature of solute present in the liquid mixture. In
particular, the influence of the chemical structure of the solute plays a vital role in k. The
significant contribution to the formation of ion-dipole interactions and charge transfer complexes

are established by the negative Akg.
Isentropic compressibility (k) defined as equation (7.2) as follows
ks =ptu? (7.2)

The error is estimated for k, and Ak,, and it is found to be less than +0.40 x 108 Pa! and +1.00 x

108 Pa’l, respectively.
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As predictable, generally kg increases with increasing temperature and decreases with increase
concentration of the IL in the liquid mixtures. Similarly Ak, also follows the same

pattern/relationship in the same manner.

7.1.3 Deviation in Isentropic Compressibility
The deviation in isentropic compressibility (Ak,) is defined from the k; as illustrated in equation.
(7.3)

2
Ak, = k, — Z xiks. (7.3)
i
The u increases with increasing X; of the liquid mixture and decreases with increasing temperature.

The k, is inversely proportional to the mole fraction and directly proportional to the temperature.

7.1.4 Intermolecular free length

The intermolecular forces, which in one way or another determine the said properties of liquids,
consist of attractive forces and repulsive forces. These forces have opposite directions but are
numerically equal under given external conditions. The attractive forces are dependent on the
distance between what are called the centres of attraction of the molecules, whereas the repulsive
forces are dependent on the distance between the surfaces of the molecules. The distance between
centres of attraction is a property extremely difficult of definition, one reason being that this centre
does not coincide with the geometrical centre of the molecules of the liquid (Hildebrand [239],
Hudleston [240]). The distances between the surfaces of the molecules, on the other hand, have a
clear physical significance, and thus lend themselves more easily to clear definition. For these

reason, we may anticipate the simplest relations if the intermolecular free length is used.
The intermolecular free length Ly is given by the following equation (7.4) below.
Ly = k;(ks)'/? (7.4)

Where k; is the Jacobson’s constant and is a temperature dependent constant. Its value is (93.875

+0.375T) 108,

Ly is calculated from equation 7.4. The Ly describes the distance between the adjacent molecules

in the liquids mixtures. This distance depends upon the attractive and repulsive forces between the
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solute and solvent molecules in the solutions. This is one of the methods which may be used to

investigate the nature of the molecular interactions among the components in the liquid mixtures.
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ARTICLE INFO ABSTRACT
Am'cl_e history: A novel ionic liquid, namely, N-methyl-N-(2’,3’-epoxypropyl)-2-oxopyrrolidinium chloride [Epmpyr] T [Cl]~ was
Received 24 February 2016 synthesized and characterized by different techniques such as NMR ('H and '3C), FTIR, and elemental analysis.
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The water content of the ionic liquid was checked by Karl Fisher titration. Further, the density, p, and speed of
sound, u, were measured for the above ionic liquid and the corresponding binary systems with water or ethanol
at different temperatures ranging from (293.15 to 313.15) K. The derived thermodynamic properties for instance
excess molar volumes, VE, isentropic compressibility, K, and deviation in isentropic compressibility, Axs, were

gz,v:ii;ds' investigated from the density and speed of sound data, respectively. It is noted that density and speed of
Speed of sound sound of the ionic liquid and its binary mixtures were decreased with increase in temperature, whereas excess
Tonic liquid molar volume, isentropic compressibility, and deviation in isentropic compressibility values increased. Derived
Water properties such as excess molar volumes, and deviation in isentropic compressibility data were fitted to the
Ethanol

Redlich-Kister polynomial equation. The measured and calculated data were interpreted in terms of intermolec-

Redlich-Kister equation

ular interfaces and structural effects between similar and dissimilar molecules upon mixing.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

lonic liquids (ILs) which have acquired labels such as “green” and
environment-friendly solvents are the combination of cations and
anions, which exist as salts with low melting points [1,2]. In the past de-
cade, ILs, have been increasingly used for applications; inter alia organic
synthesis, catalysis, manufacture of electrochemical devices and solvent
extraction for a variety of compounds [2-6]. In addition, ILs are used as
designer solvents [7-9]. Examples of the latter include those used in dis-
solution of CO,, O, and N, gases [10-14]. ILs have received considerable
attention for their use as possible replacements for the conventional
volatile organic solvents in liquid-liquid extraction because of their
notable unique properties [15-20]. For separation processes, ILs have
been considered as “green solvents” with countless applications in
an extensive range of disciplines due to their interesting and unique
physicochemical properties [21-23].

[Bmpyr]*[Cl]~ is an ionic liquid which was used as an extracting
agent in the separation of benzene, toluene, ethyl benzene, and xylene
(BTEX) from the reformate fraction of an oil refinery process [23]. Com-
pared to the conventional extractants such as sulpholane and tetra

* Corresponding authors.
E-mail addresses: bahadur.indra@gmail.com (1. Bahadur), redhigg@dut.ac.za
(G.G. Redhi).

http://dx.doi.org/10.1016/j.molliq.2016.03.080
0167-7322/© 2016 Elsevier B.V. All rights reserved.

ethylene glycol, [BMIM]*[BF4]~ ionic liquid showed higher extraction
efficiency [24,25]. To optimize the use of [Epmpyr]*[Cl]~ in separation
processes designed by industry, the knowledge of thermo-physical
properties of [Epmpyr]T[Cl] ™~ is essential. The properties of ILs can be
finely tuned by changing the cation or the anion. The information re-
garding the thermo-physical properties of pure ILs as well as their mix-
tures with other compounds is required for the design and development
of new equipment for commercial applications [26]. The physical prop-
erties of an IL are changed when mixing with water, and play a major
role in industrial applications [24,25,27]. N-vinyl-2-pyrrolidinone is
used as co-solvent in the petroleum industry to increase the selectivity
and solvent influence for extracting aromatic hydrocarbons. Further, it
has excellent thermal and chemical stability and was used as an absor-
bent of sour gases from crude natural gas [28].

In the light of the foregoing, [Epmpyr]|T[Cl]~ IL was selected for in-
vestigation of the thermophysical properties of its binary mixtures
with water or ethanol since the pyrrolidinone based ionic liquids have
attracted huge interests because they possess low viscosity, low melting
points and high conductivity and also the separation ability of which al-
ready been demonstrated for separation of aromatic hydrocarbons from
aliphatic hydrocarbon mixtures, an additional feature of these ILs is
their lower toxicity than ILs containing other cations [29-31]. The
above properties of IL make the selection of this IL for the present
work. In addition, the aqueous and alcohol miscibility of ILs is applicable
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regarding their environmental impacts. Although it is well known that
ILs reduce air pollution risks because of their negligible vapor pressures,
their release into aquatic environments could result in contamination
because of their potential toxicity and limited biodegradability. The
present work is aimed at studying the thermophysical properties and
intermolecular interactions of binary mixtures of the [Epmpyr]*[Cl]~
with water or ethanol, and is a continuation of our systematic studies
in the same area [32-42].

2. Experimental
2.1. Materials

N-methyl pyrrolidone, epichlorohydrin, acetonitrile, methanol, ace-
tone and hexane were purchased from Fluka with purity of >99%. The
densities and speed of sound of the pure compounds in comparison
with literature [43,44] values at 298.15 K are presented in Table 1.
Ultra-pure deionized water was used in the experiments. The water
content was found to be 0.06% in [Epmpyr][Cl]~ using a Metrohm
702 SM Titrino Metter before the experiments.

2.2. Synthesis of N-methyl-N-(2',3'-epoxypropyl)-2-oxopyrrolidinium

The reaction system was set up as follows: The heating oil bath with
internal thermometer was fixed over the mechanical magnetic stirrer. A
500 mL three-necked round bottomed flask with a thermometer inlet
over cold water flowing condenser was suspended. The round bottom
flask was flushed with nitrogen gas and thereafter 1 mol of newly
distilled N-methyl-pyrrolidone in 100 mL of acetonitrile and 1.1 mol
of epichlorohydrin was added and then brought to a moderate reflux
(90-100) °Cinternal temperature. The resulting solution was then heat-
ed under reflux for 48 h and thereafter cooled to room temperature. The
volatile materials were removed under reduced pressure from the
resulting solution, to yield the yellow coloured ionic liquid, N-(2',3’-
epoxypropyl)-N-methyl-2-oxopyrrolidinium chloride. This product
was purified by solvent washing with acetone and hexane, to remove
the unwanted starting materials, and then further distilled again at
80 °C for 48 h to obtain pure moisture free lonic liquid. The afforded
yield was established with FTIR, NMR (proton and carbon) and elemen-
tal analysis. The purity of the synthesized ionic liquid was checked using
HPLC. Scheme 1 shows the schematic diagram for the synthetic route of
[Epmpyr]*[Cl]".

2.3. Characterization
oxopyrrolidinium chloride

of  N-(2',3-epoxypropyl)-N-methyl-2-

The [Epmpyr]T[Cl]~ was characterized by the following methods:
NMR ('H & '3C), elemental analysis, FTIR and HPLC. Analytical data for
the synthesized ionic liquid, [Epmpyr]"[Cl]~ was checked by HPLC
and found to have a purity of 98.1%. The structure of [Epmpyr]*[Cl] ™
is shown in Fig. 1.

FTIR: (v=cm™) 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113,
967, 856, 756, 679, 561, 479. '"H NMR (400 MHz, DMSO): & 3.48-3.51
(m, 1H), 3.30-3.32 (t, 2H), 2.76-3.29 (s, 1H), 2.61-2.62 (s, 3H). 2.26-
2.30 (d, 2H) 1.96-1.98 (t, 2H) 1.90-1.94 (m, 2H) '3C NMR (100 MHz,
DMSO0): 6 175.03, 51.22, 49.38, 45.72, 45.00, 30.62, 29.50, and 17.59.

Table 1
Comparison of experimental densities, p, and speeds of sound, u, of pure liquids with liter-
ature values at 298.15 K.

Component % purity  u/(m-s~ 1) p/(g-cm™3)

Exp. Lit. Exp. Lit.
Water 99.0 1497.4 1497.0[43] 0.9971 0.99704[43]
Ethanol 99.0 11454 1145.0[44] 0.7858 0.78640[44]
[Epmpyr]*[Cl]~  98.0 14836 - 10637 -

H3;CN
C3C} © N—

A Cloz

Scheme 1. Schematic diagram for the synthetic route of the [Epmpyr]T[CI]".

EN\Fo + ol A
\

Elemental Analysis: theoretical calculation for (in %): CgH;4NO5: C,
50.14; H, 7.36; N, 7.31; the values found (in %): C, 50.45; H, 7.10; N, 7.17.

2.4. Density and speed of sound measurement

The density and speed of sound measurements were done according
to literature [40-41,43,45]. The measurements of densities and speed of
sound were done using an Anton Paar DMA 5000 vibrating U-tube with
a temperature uncertainty of 4 0.01 K. An OHAUS analytical balance
with a precision of 4 0.0001 g was used to prepare the binary mixtures.
The instrument was calibrated with dry air and freshly distilled
degassed water once a day. The speed of sound was measured using a
propagation time technique with frequency around 3 MHz [39]. The de-
tails about the speed of sound measurements can be found elsewhere
[39]. The estimated uncertainty in density and speed of sound was
less than 2 x 10™* g-cm™2 and + 1.0 m-s™ ', respectively. The esti-
mated uncertainty in excess molar volume, isentropic compressibility,
and deviation in isentropic compressibility was 4+ 0.005 cm3-mol ™!,
+0.2x1078Pa~'and +0.7 x 108 Pa~!, respectively.

3. Result and discussion
3.1. Density measurement

Thermo-physical properties of ILs and their binary mixtures with
solvents are of fascinating and great practical impact in understanding

the structural features of the pure ILs and its interactions when mixed
with solvents. The comparison between literature and experimental

Fig. 1. Structure of the ionic liquid [Epmpyr]*[Cl] .
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Table 2
Density, p, excess molar volume, VE, speed of sound, u, isentropic compressibility, , and deviation in isentropic compressibility, Ak, for the binary system {[Epmpyr]*[Cl]~ (x;) + water
(x2)} at (293.15 to 313.15) K.

X1 p/(g-cm?) VE /(cm®-mol 1) u/(m-s~") Ks/(108Pa™") Ars/(10°Pa™ ")
T=29315K

0.0000 0.9982 0.000 1483.5 455 00
0.0067 1.0044 —0.038 15222 429 —26
00143 1.0113 —0.096 1558.3 407 —47
0.0229 1.0185 —0.164 1589.8 388 —66
0.0327 1.0258 —0243 1615.2 373 -8.1
0.0441 1.0329 —0327 1628.6 365 -838
0.0574 1.0397 —0415 1639.4 35.7 —96
0.0731 1.0461 —0506 16463 352 —-100
0.0921 1.0522 —0.604 1650.2 349 —102
0.1153 1.0578 —0.706 1650.7 347 —103
0.1446 1.0630 —03817 1647.1 347 —102
0.1822 1.0674 0926 1639.0 348 -99
02333 1.0708 —1.021 1625.0 353 -92
0.3054 1.0728 —~1.075 1604.6 36.2 -8.1
0.4149 1.0734 —1.055 1577.7 374 —64
0.6034 1.0717 —0.790 1543.5 39.1 -39
1.0000 1.0685 0.000 1502.4 414 00
T=29815K

0.0000 09971 0.000 1497.4 447 00
0.0067 1.0030 —0.038 1532.2 424 -23
00143 1.0096 —0.092 15643 404 -43
0.0229 1.0164 —0.157 1591.9 388 —538
00327 1.0233 —0232 1613.8 375 -71
0.0441 1.0301 —0313 1624.5 36.7 -79
0.0574 1.0365 —039% 1633.0 36.1 -85
0.0731 1.0426 —0.484 1637.8 35.7 -838
0.0921 1.0483 —0575 1639.6 354 —91
01153 1.0537 —0676 1638.0 353 -92
0.1446 1.0587 —0.785 1632.7 354 —-9.0
01822 1.0628 —03888 1623.1 35.7 -86
02333 1.0661 —0984 1607.9 36.2 -80
0.3054 1.0680 -1.038 1586.7 37.1 -70
04149 1.0685 —~1.018 1559.5 384 -55
0.6034 1.0669 —0771 1525.0 403 -32
1.0000 1.0637 0.000 1483.6 427 00
T=30315K

0.0000 0.9957 0.000 1509.7 441 00
0.0067 1.0014 —0038 1540.8 421 —20
00143 1.0077 —0.090 1569.1 403 -338
0.0229 1.0142 —0.153 1593.2 388 -53
0.0327 1.0207 —0223 1611.7 37.7 —64
0.0441 1.0271 —0300 1619.7 37.1 ~7.0
0.0574 1.0331 —0377 1626.0 36,6 -75
0.0731 1.0390 —0.464 1628.6 36.3 -78
0.0921 1.0444 —0551 16283 36.1 -80
0.1153 1.0496 —0.651 16248 36.1 —80
0.1446 1.0543 —0.754 1617.7 36.2 -78
01822 1.0582 —03854 1606.8 36,6 —74
02333 1.0613 —0.946 1590.6 37.2 —638
0.3054 1.0631 —0.999 1568.5 382 -58
04149 1.0636 —0984 1540.8 396 —44
0.6034 1.0620 —0.744 1506.1 415 -25
1.0000 1.0589 0.000 1464.6 440 00
T=308.15K

0.0000 0.9941 0.000 1520.6 435 00
0.0067 0.9996 —0.037 1548.0 417 -18
00143 1.0055 —0.086 1572.8 402 -33
0.0229 1.0117 —0.146 15935 38.9 —46
0.0327 1.0179 —0213 1608.9 379 —56
0.0441 1.0240 —0287 16143 375 —6.1
0.0574 1.0297 —0360 1618.4 37.1 -65
0.0731 1.0352 —0.441 1618.9 36.8 —638
0.0921 1.0405 —0529 1616.6 36.8 -69
01153 1.0454 —0623 16113 36.8 -69
0.1446 1.0498 —0.720 1602.6 37.1 —67
01822 1.0536 —0.820 1590.3 375 -63
02333 1.0565 —0.906 1573.1 382 —57
0.3054 1.0582 —0957 15503 393 —47
0.4149 1.0587 —0.944 1522.2 408 -35
0.6034 1.0572 0718 1487.2 428 -19

(continued on next page)
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Table 2 (continued)

X1 p/(g-cm™?) VE J(cm?-mol~1) u/(m-s~") Ke/(10% Pa™ 1) AKy/(108Pa™")
1.0000 1.0542 0.000 1445.8 454 0.0
T=313.15K

0.0000 0.9922 0.000 15304 43.0 0.0
0.0067 0.9975 —0.037 1554.2 41.5 —1.6
0.0143 1.0033 —0.087 1575.5 40.1 —2.9
0.0229 1.0091 —0.142 1592.9 39.0 —4.1
0.0327 1.0150 —0.207 1605.4 38.2 —4.9
0.0441 1.0208 —0.277 1608.3 37.9 —53
0.0574 1.0262 —0.347 1610.2 37.6 —5.7
0.0731 1.0315 —0.426 1608.7 375 —58
0.0921 1.0364 —0.507 1604.5 375 —5.9
0.1153 1.0411 —0.599 1597.4 37.6 —5.8
0.1446 1.0453 —0.693 1587.2 38.0 —5.6
0.1822 1.0489 —0.788 15735 38.5 —5.2
0.2333 1.0517 —0.874 1555.4 393 —4.6
0.3054 1.0533 —0.923 1531.9 40.4 —3.7
0.4149 1.0537 —0.907 1503.4 42.0 —2.6
0.6034 1.0523 —0.693 1468.3 441 —1.2
1.0000 1.0494 0.000 1427.2 46.8 0.0

values of density and speed of sound corresponding to pure compo-
nents was performed. In the present study, the IL [Epmpyr]"[Cl] ™ is
completely miscible with ethanol and water over the entire mole frac-
tion range and at all studied temperatures. Studies on structural features
of combinations of ILs with water or ethanol as a function of tempera-
ture are very interesting and useful to the chemical industry. The exper-
imental p values for pure [Epmpyr]*[Cl]~, ethanol, water and binary
mixtures are presented in Tables 2 and 3 as well as plotted in Figs. 2
and 3, respectively, as a function of IL concentration for the entire com-
position range at temperatures from (293.15 to 313.15) K in steps of 5 K
under atmospheric pressure. The p values for pure IL as well as both sys-
tems decreases as temperature increases are shown in Figs. 2 and 3. In
general, it can be observed that the p values increase as composition in-
creases for both systems. Virtually, The IL is completely miscible with
medium-to-high dielectric liquids and immiscible with low dielectric
liquids [12-14].

3.2. Speed of sound measurements

The speed of sound data for pure [Epmpyr]"[Cl]~, ethanol, water
and their binary mixtures are presented in Tables 2 and 3 as well as
plotted in Figs. 4 and 5, respectively, for the entire composition range
at temperatures from (293.15 to 313.15) K in steps of 5 K under
atmospheric pressure. The results show that the value of u decreases
as temperature increases.

3.3. Excess molar volume

Excess molar volumes of binary mixtures were calculated from the
density data by using the following equation:

VE _ XM+ %My XMy XM,
" p P1 P2

(M

where x; and x; are mole fractions; M; and M, denote molar masses; p;
and p, are the densities; where 1 refers to [Epmpyr]*[Cl]~ and 2 refers
to water or ethanol, while p is the density of their binary mixtures. In
endeavoring to elucidate the communications among ILs and water or
an alcohol, it is significant to bear in mind the self-associations among
the IL moieties which can be (ion + ion) association and also van der
Waals associations between the alkyl epoxide and other organic parts
of the ILs; and the robust H-bonding among H,0 molecules. The excess
molar volume results for both systems are tabulated in Tables 2 and 3 as
well as plotted in Fig. 6. It is evident from the results reported in Tables 2

and 3, that the VE values are negative for both systems. ILs are complex
solvents, and have a capability to interact with water or ethanol mole-
cules simultaneously through, dispersive, ionic, hydrogen bonding,
and dipolar interaction [46]. The negative VE values for the both binary
system suggest that a more efficient packing and/or attractive interac-
tion occurred when the [Epmpyr]*[Cl]~ and water or ethanol were
mixed [46]. The water or ethanol molecules tends to fill the interstices
of [Epmpyr]*[Cl]~, and the ion-dipole interactions between the water
and ethanol molecules, all contribute to the negative values of excess
molar volumes [46].

The negative VE values of {[Epmpyr]T[Cl]” + water
(x2)} > {[Epmpyr]T[Cl]~ (x;) + ethanol (x;)} are an indication
that the interaction of [Epmpyr]*[Cl]~ with water is stronger
than [Epmpyr]*[Cl]~ with ethanol. The VE values were

m, min

—1.075 cm®-mol~ ' and —0.694 cm®-mol~ ! and occurs at x; =
0.3054 and 0.4375, respectively for the systems {[Epmpyr]*[Cl]~
+ water or ethanol (x,)} at all temperatures. The VE, minimum values
increase with an increase in temperature for both the systems. An
association among the [Epmpyr]*[Cl]~ and H,0 must compete with the
two comparatively strong self-associations of ion-ion and H-bonded
water. The results display a robust association between H,O and
[Epmpyr]*[Cl]~, perhaps through H-bonding with the chloride anion
and the proton of H,0.

3.4. Isentropic compressibility and deviation in isentropic compressibility

Tables 2 and 3, illustrates a significant thermodynamic properties of
the [Epmpyr]*[Cl]~, namely, the isentropic compressibility. The isen-
tropic compressibility ;s is designed from the Newton-Laplace equation

Ks=p~lu2. (2)

The isentropic compressibility has been defined as the inverse of the
product of the density and the square of the speed of sound. The isentro-
pic means that as the sound waves pass through a fluid, the pressure
and temperature oscillate within respectively microscopic volume, but
the entropy of the system should be constant. This situation holds true
when we measure the speed of sound using a low-frequency generator
(DSA 5000 M transducer produces around 3 MHz frequency) [47], but at
high frequency (>100 MHz) there is velocity dispersion as well as ab-
sorption of sound waves due to the coupling with molecular processes
within the fluid [48,49].
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Table 3
Density, p, excess molar volume, VE , speed of sound, u, isentropic compressibility, , and deviation in isentropic compressibility, Ak, for the binary system {[Epmpyr]*[Cl]~ (x;) + ethanol
(x2)} at (293.15 to 313.15) K.

X1 p/(g-cm?) VE /(cm®-mol 1) u/(m-s~") Ks/(108Pa™") Ars/(10°Pa™ ")
T=29315K

0.0000 0.7901 0.000 1162.0 937 00
0.0170 0.8044 —0.093 1180.2 89.2 -36
0.0356 0.8189 —0.172 11983 85.0 —638
0.0565 0.8336 —0225 1215.8 81.2 —96
0.0797 0.8489 —0290 12347 773 —123
0.1053 0.8647 —0373 12542 73.5 —147
0.1346 0.8813 —0.467 12746 69.8 —168
0.1679 0.8980 —0529 1295.1 66.4 —185
0.2059 09150 —0577 1316.0 63.1 —198
0.2500 09325 —0616 1337.2 60.0 —206
03019 0.9505 —0637 1358.8 57.0 —208
03635 0.9691 —0657 1387.2 536 —210
04375 0.9885 —0.694 1405.2 51.2 —194
0.5290 1.0076 —0611 1436.6 48.1 —178
0.6450 1.0285 —0626 1453.4 46.0 —137
0.7957 1.0479 —0329 1485.9 432 -86
1.0000 1.0685 0.000 1510.6 41.0 00
T=29815K

0.0000 0.7858 0.000 1145.4 97.0 0.0
0.0170 0.8000 —0.089 11633 924 —37
0.0356 08145 —0.171 1181.4 88.0 -7
0.0565 0.8292 —0.227 1198.7 83.9 —100
0.0797 0.8444 —0.287 1217.6 79.9 —1238
0.1053 0.8602 —0374 1236.7 76.0 —152
0.1346 0.8767 —0.462 1257.0 722 —174
0.1679 0.8934 —0.528 1277.3 68.6 —192
0.2059 0.9104 —0578 1298.1 65.2 —205
0.2500 0.9279 —0619 13192 61.9 —214
03019 0.9458 — 0633 1340.6 58.8 216
03635 0.9644 —0.655 1369.2 553 —218
04375 0.9837 —0.684 1386.7 52.9 —202
0.5290 1.0029 —0611 14184 496 —185
0.6450 1.0237 —0616 14349 474 —142
0.7957 1.0431 —0317 1467.4 445 -89
1.0000 1.0638 0.000 1492.0 422 00
T=30315K

0.0000 0.7815 0.000 11285 1005 00
00170 0.7957 —0.093 11463 95.6 -39
0.0356 08101 ~0.170 1164.2 91.1 —~74
0.0565 0.8247 —0222 1181.4 86.9 —104
0.0797 0.8399 —0286 1200.2 82,6 —133
0.1053 0.8556 —0.368 1219.4 786 —159
0.1346 0.8721 —0.459 12393 747 —182
0.1679 0.8887 —0520 1259.8 70.9 200
0.2059 0.9057 —0573 1280.2 67.4 —214
0.2500 0.9232 —05617 1301.4 63.9 —223
03019 0.9411 —0634 1322.9 60.7 —226
03635 0.9597 —0.658 1351.0 57.1 —227
04375 0.9790 —0.691 1368.6 54,5 210
0.5290 0.9982 —0621 1399.8 51.1 —192
0.6450 1.0189 —0616 14163 489 —148
0.7957 1.0384 —0331 1448.6 459 -93
1.0000 1.0590 0.000 1472.8 435 00
T=308.15K

0.0000 0.7771 0.000 11116 104.1 00
0.0170 0.7912 —0.088 11293 99.1 —40
0.0356 0.8057 —0.177 1147.1 943 —7.7
0.0565 0.8202 —0223 1164.2 89.9 —1038
0.0797 0.8353 0282 1182.8 85.6 —138
0.1053 0.8510 —0366 1202.0 81.3 —166
0.1346 0.8675 —0461 122138 77.2 —189
0.1679 0.8841 —0524 1242.2 73.3 —209
0.2059 0.9010 —0571 1262.5 69.6 —223
0.2500 0.9184 —0.607 1283.5 66.1 —232
03019 09364 —05635 1305.1 62.7 —235
03635 0.9549 —0651 1332.9 58.9 —237
04375 0.9742 —0.684 1350.4 563 —219
0.5290 0.9934 —0614 1381.4 527 —200
0.6450 1.0141 —0.609 1397.7 505 —154
0.7957 1.0337 —0334 1429.8 473 -97

(continued on next page)
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Table 3 (continued)

X1 p/(g-cm™?) VE J(cm?-mol~1) u/(m-s~") Ke/(10% Pa™ 1) AKy/(108Pa™")
1.0000 1.0543 0.000 1453.7 449 0.0
T=313.15K

0.0000 0.7727 0.000 1094.9 107.9 0.0
0.0170 0.7868 —0.092 11124 102.7 —4.2
0.0356 0.8012 —0.176 1130.1 97.7 —8.0
0.0565 0.8157 —0.225 11471 93.2 —113
0.0797 0.8308 —0.287 1165.6 88.6 —14.5
0.1053 0.8464 —0.367 1184.6 84.2 —173
0.1346 0.8628 —0.456 1204.6 799 —19.8
0.1679 0.8794 —0.522 1224.7 75.8 —21.8
0.2059 0.8963 —0.572 1245.2 719 —233
0.2500 0.9137 —0.611 1265.9 68.3 —24.2
0.3019 0.9316 —0.631 1287.5 64.7 —246
0.3635 0.9502 —0.659 1315.0 60.8 —24.7
0.4375 0.9694 —0.684 13324 58.1 —229
0.5290 0.9886 —0.615 1363.1 544 —209
0.6450 1.0093 —0.612 1379.3 52.1 —16.1
0.7957 1.0289 —0.336 1411.2 48.8 —10.1
1.0000 1.0495 0.000 14349 46.3 0.0

The deviations in isentropic compressibility, Axs, were calculated
using Eq. (3)

2
AKs = Ks— ) Xikig; (3)
i

where, K;; and x; are the isentropic compressibility and mole fractions of
the pure component i, respectively.

The results of isentropic compressibility, s, and deviation in isentro-
pic compressibility, Aks, for {{Epmpyr]"[Cl]~ (x;) 4+ water or ethanol
(x2)} systems at (293.15 to 313.15) K are also given in Tables 2 and 3.
It is evident from the results reported in Tables 2 and 3 that in general,
the isentropic compressibility, s, values increases with an increase in
temperature at a fixed composition for both systems due to an increase
in thermal agitation, making the solution more compressible [50].

Fig. 7, shows the negative values of deviation in isentropic compress-
ibility, Axs, over the entire composition range of [Epmpyr]|"[CI]™ for
both systems indicating that these mixtures are less compressible
than the ideal mixture and in addition the closer approach of unlike
molecules as well as a stronger interaction between water or ethanol
and [Epmpyr]"[Cl]~ mixtures, leads to a decrease in the compressibility
of mixtures. These results are in good agreement with those obtained
from the volumetric studies for both systems. In general, the Ak
values decrease with an increase in temperature for the system
{[Epmpyr]*[Cl]~ (x;) + ethanol (x,)} and increase for the system
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Fig. 2. Density, p, of [Epmpyr] "[Cl]™ at temperatures from (293.15 to 313.15) K.

{[Epmpyr]*[Cl]~ (x;) + water (x)} at a fixed composition of
[Epmpyr]*[Cl]~ as shown in Fig. 7. The Ak values for {{[Epmpyr]*[Cl]~
(x1) + water (x2)}> {[BMIM] "[SCN]~ (x;) + ethanol (x;)} indicate that
there is a decrease in compressibility from the ideal mixture in the
order: water > ethanol. The decrease in compressibility is due to stron-
ger interaction between components of mixtures due to the proximity
of unlike molecules [51]. The AKg min values are —10.3 x 108 x Pa™!
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Fig. 3. Density, p, for the mixture of (a) {[Epmpyr]*[CI]~ (x;) + water (x,)} and
(b) {[Epmpyr]*[Cl]~ (x;) + ethanol (x»)} as function of the composition expressed in
the mole fraction of [Epmpyr]*[Cl]~ at 293.15 K (@), 298.15 K (@), 303.15 K (@),
308.15K () and 313.15K (@).
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Fig. 4. Speed of sound velocity of {[Epmpyr]*[CI]~ at temperatures from (293.15 to
313.15) K.

and —24.7 x 108 x Pa~! and occurs at x; = 0.1153 and 0.3635, respec-
tively, for each system at all temperatures.

3.5. Correlation of derived properties
The excess/deviation properties calculated from the density and
speed of sound data for {{[Epmpyr]*[Cl]~ (x;) + water or ethanol

(x2)} systems were fitted to the Redlich-Kister equation [52] given
below:

k X
X=x1%)_ A (1-2x) ! 4)
i=1

a 1650
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Fig. 5. Speed of sound, u, for the mixture of (a) {[Epmpyr]*[CI]~ (x;) + water (x,)} and
(b) {[Epmpyr]*[Cl]~ (x;) + ethanol (x»)} as function of the composition expressed in
the mole fraction of [Epmpyr]*[Cl]~ at 293.15 K (@), 298.15 K (@), 303.15 K (@),
308.15K () and 313.15K (@).
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Fig. 6. Excess molar volumes, VE, for the mixture of (a) {[Epmpyr]*[Cl]™ (x;) + water
(x2)} and (b) {[Epmpyr]*[Cl]™ (x;) + ethanol (x,)} as function of the composition
expressed in the mole fraction of [Epmpyr]*[Cl]™ at 293.15 K (@), 298.15 K (@),
303.15K (@), 308.15K () and 313.15K (@).

where X is the excess molar volumes,VE , and deviation in isentropic
compressibility, Aks. The values of the fitting parameters A; have been
determined using a least-square method. These results are summarized
in Table 4, together with the corresponding standard deviations, o, for
the correlation as determined using the equation given below:

N (Xexpt_xcalc)2 v
oX) Zl[ N } (5)
where N is the number of experimental points and k is the number of
coefficients used in the Redlich-Kister equation. The plots of the
Redlich-Kister model together with the experimentalvﬁj, and Ak are
displayed in Figs. 6(a), (b) and 7(a) and (b), respectively. The standard
deviations show very low values for both VE and Ak; at the investigated
temperatures for both systems indicate that these data have a very good
correlation with Redlich-Kister equation.

4. Conclusions

In this study N-(2’,3’-epoxypropyl)-N-methyl-2-oxopyrrolidinium
chloride [Epmpyr]|T[Cl]~ was synthesized and characterized by differ-
ent techniques such as NMR ('H and '3C), FTIR, and elemental analysis.
Thermo-physical properties of [Epmpyr]"[Cl]~ and its binary mixture
with water and ethanol were measured at temperatures from (293.15
to 313.15) K under atmospheric pressure, from which various acoustical
and thermodynamic parameters such as excess molar volume, isentro-
pic compressibility and deviation in isentropic compressibility were
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Fig. 7. Deviation of isentropic compressibility, Ak, for the mixture of (a) {[Epmpyr]*[Cl]~
(x1) + water (x,)} and (b) {{[Epmpyr]*[Cl]~ (x;) + ethanol (x,)} as function of the
composition expressed in the mole fraction of [Epmpyr]™[Cl]™ at 293.15 K (@),
298.15K (@),303.15K (®),308.15K () and 313.15K (@).

calculated. The intermolecular interactions between the binary mixture
of [Epmpyr] T[Cl]~ with water or ethanol were analyzed by studying the
variations in the parameters determined. Structural readjustments, and

efficient packing upon mixing of the liquids. The negative values of an
suggest that water or ethanol molecules give a relatively more
packed arrangement in [Epmpyr]*[Cl]~ as compared to the pure
state, due to smaller molar volume of water or ethanol compared to
[Epmpyr]*[Cl] . The negative values are attributed to the strong attrac-
tive interactions due to the solvation of the ions in the mixture, specific
interactions between unlike molecules in the liquid mixture and struc-
tural readjustments in the liquid mixture. Satisfactory correlations for
the excess thermodynamic parameters were obtained by fitting with
the Redlich-Kister polynomial equation.
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9.2 Critical review for 1%t Publication

Synthesis, characterization and thermophysical properties of ionic liquid N-methyl-N-(2’,3"-
epoxypropyl)-2-oxopyrrolidinium chloride and its binary mixtures with water or ethanol at

different temperatures.

In this research publication, a novel N-2',3'-epoxypropyl-N-methyl-2-oxopyrrolidinium chloride
IL was successfully synthesized and characterized by FTIR, 'H NMR, 3C NMR and elemental
analysis in order to confirm the chemical structure of the IL. The significant thermophysical
properties such as p and u were measured experimentally for this IL and its related binary mixtures
with either water or ethanol at temperatures from (293.15 to 313.15) K at 5 K intervals under
atmospheric pressure. Furthermore, the derived thermodynamic properties of V£, k., Ak.and

Ly were computed from investigated density and velocity of sound data. These experimentally

derived thermodynamic data were correlated using the Redlich-Kister polynomial equation.

The physicochemical properties of p and u of the IL and its corresponding binary mixtures
increased with increasing temperature. In this case, the IL (N-2',3'-epoxypropyl-N-methyl-2-
oxopyrrolidinium chloride) was completely miscible with water or ethanol to form homogeneous
binary liquid mixtures. The u measurement helps to get information about solute-solute, solute-
solvent and solvent-solvent interactions. These physicochemical properties are very important for
research and development processes in chemical industries. Generally, many chemical industries
are trying to use ILs in their “Research and Development” processes but the main disadvantages
of ILs are their high viscosity. The designed IL, with its low viscosity and comparatively low costs
to synthesize, satisfies many of the challenges faced with current ILs and holds great promise for
future use in industry. The experimental p and u data obtained in this study as a function of
temperature may also be used to “solvent designers” in the future for commercialization. The

methods of synthesis and recovery are simple, and reusability was easily accomplished.

The derived thermodynamic properties such as V%, ks, Aksand Ly (shown in Fig. 6 and 7 as well
as Table 4 and 5) decreased with increasing temperature. Theoretical principles help to explain the
interactions between the various types of molecules, such as hydrogen bonding, ionic interactions
and dipole moment effect. The substitution of epoxy group to effectively interacted with water or
ethanol and reduces self-association of ILs and enhances the ionic interaction, Van der Waals

associations and significant H-bonding among water and IL molecules. The negative values of
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the V,E for both the binary systems indicated the packing or filling effects. Water or ethanol
molecules perfectly fitted in the free space of the interstices in [Epmpyr]*[CI]" and ion-dipole
strong interaction contributed to creating the negative effect or packing effects. The synthesized
IL has a higher dielectric constant, resulting in strong interaction occurring for the binary system
with water {[Epmpyr]*[CI] (x1) + water (x2)} when compared with the other binary system with
ethanol{[Epmpyr]*[CI]" (x1) + ethanol (x2)}. The minima values of (,£) corresponding binary
mixtures are V5, ,.;,= -1.075 cm®-mol™ at the mole fraction of x; = 0.3054 and V. ,.;,,= -0.694
cm?® mol? at the mole fraction of x1 = 0.4375 respectively for the related binary mixtures of
[Epmpyr]*[CI] (x1) + water and [Epmpyr] [CI] + ethanol (x2) at various investigated temperatures.
These values for both binary system increased with increasing temperatures. The decreasing order
in term of competing effect of the binary systems is as follows [Epmpyr]*[CI]" + water (x2)} >
{[Epmpyr]"[CI] (x1) + ethanol (x2)} from computed thermodynamic properties data.

The product of the inverse of the p and square of the u is defined as the k.
ke =ptu? (9.1)

The resulting data for kg shows that the kg increases with increasing temperature across the entire
mole fraction ranges for both binary systems. This possibly increased due to the thermal agitation
enhancing the compressibility efforts. The Ak, gave negative values for the entire mole fraction
ranges, confirming the presence of filling or packing effects operating in both binary systems. The
strong interactions of [Epmpyr]*[CI] with water or ethanol is due to increased dielectric constant
values, more H-bonds, and the closer attractions together of uneven molecules (such as IL and
solvent molecules). The solvent molecules exactly fitted into the free space of the [Epmpyr]*[CI]
moiety. There was a decrease in k, values with increasing temperature for both the binary systems.
In particular, the graphical images of these derived thermodynamic properties data show that, these
values initially decrease with increasing mole fraction of IL then after reaching their saturation
point, increases in both systems due to the concentration of IL in binary mixture is more, compare
molecular solvents. This phenomenon could be due to the fact that the initial concentration was
low, so the IL molecules are not able to interact properly but after addition of more ILs, the
interaction becomes stronger and effective. The minima values of Ak ;, = -10.3 x 108 Pa and
-24.7 x 108 Pa and occurs at x; = 0.1153 and x; = 0.3635, mole fraction of IL respectively, for both

binary system at all investigated temperatures. Good correlation was obtained using the Redlich-
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Kister polynomial equation for all derived thermodynamic properties in both binary mixtures at

fixed temperatures.

Table 4: Intermolecular free length (L¢/107 m) for binary mixture of [EPMpyr]*[CI]” with ethanol at
temperatures from 293.15 to 313.15 K

X1 293.15K 298.15K 303.15K 308.15K 313.15K
0.0000 19731 2.0257 2.0805 2.1371 2.2473
0.0157 19253 19767 2.0297 2.0849  2.1920
0.0331 1.8794 19291 1.9807 2.0340 2.1382
0.0526 1.8360 1.8843 19345 1.9863  2.0877
0.0743 1.7914 18383 18869 19372 2.0357
0.0984 1.7475 1.7932 1.8401 1.8887  1.9845
0.1260 1.7030 1.7476 1.7932 18402 1.9331
0.1576 16606 1.7035 1.7476 1.7930  1.8833
0.1938 1.6189 1.6605 1.7036 1.7476  1.8347
0.2361 15782 1.6185 1.6598 1.7026  1.7875
0.2862 15384 15774 16173 16582 1.7405
0.3461 14922 15295 15681 1.6078 1.6873
0.4190 1.4587 1.4954 15326 15713  1.6487
0.5101 14131 14480 1.4839 15211 1.5958
0.6275 1.3827 1.4167 14517 14878 1.5610
0.7831 13398 13724 14060 1.4407 1.5110
1.0000 1.3051 1.3364 13694 14030 1.4713
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Figure 6: Intermolecular free length for binary mixture of [EPMpyr]*[CI] with ethanol at temperatures
293.15 to 313.15K

Table 5: Intermolecular free length (Lf/107 m) for binary mixture of [EPMpyr]*[CI]” with water at
temperatures from 293.15 to 313.15 K

X1 293.15K 298.15K 303.15K 308.15K 313.15K

0.0000 13747 13751 13777 13813 1.4189
0.0067 1.3349 13393 13460 1.3531 1.3934
0.0143 13002 13073 13176 1.3279 1.3706
0.0229 1.2695 1.2812 12928 13065 1.3517
0.0327 1.2447 1.2595 12744 1.2902 1.3372
0.0441 1.2313 1.2460 1.2642 12820 1.3313
0.0574 12177 12358 1.2556 1.2751 1.3260
0.0731 1.2091 1.2289 12501 1.2713 1.3239
0.0921 1.2040 1.2238 1.2472 1.2699 1.3240
0.1153 1.2005 1.2220 1.2467 12712 1.3270
0.1446 1.2005 1.2238 1.2494 1.2755  1.3328
0.1822 1.2022 1.2289 12556 1.2828 1.3421
0.2333 12109 1.2375 12666 1.2951  1.3560
0.3054 1.2262 1.2528 12833 13132 1.3757
0.4149 12463 1.2746 13061 1.3371 1.4015
0.6034 1.2744 13057 13370 13695 1.4359
1.0000 1.3113 13440 13770 1.4107 14794
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Figure 7: Intermolecular free length for binary mixture of [EPMpyr]*[CI]" with water at temperatures
293.15t0 313.15 K
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Important physico-chemical properties of ionic liquids (ILs) can be manipulated by adjusting the nature of
the cation or anion. These properties are exploited in applications such as organic synthesis, catalysis and
electrochemical processes to mention a few. In this work, the novel pyrrolidone ionic liquid N-(2/,3'-
epoxypropyl)-N-methyl-2-oxopyrrolidinium salicylate [EPMpyr]*[SALI~ was synthesized using two steps
and characterized. The temperature dependent density and speed of sound for ionic liquid, methanol,
water, and their corresponding binary mixtures of {IL (1) + methanol or water (2)} were measured over
the entire range of mole fractions at temperatures from T = (293.15 to 313.15) K in steps of 5 K, under
atmospheric pressure. The calculated thermodynamic properties such as excess molar volume
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1. Introduction

Ionic liquids (ILs) are low melting salts which are a combination
of cations and anions; cations are usually found in the organic
part of the molecule whilst the anion may be inorganic or organic
in nature. These ILs have been developed in the last two decades.
Nowadays ILs are an important research area of study, with many
researchers focusing on fundamental physical and chemical
properties, such as density, p, viscosity, n sound velocity, u, low
vacuum pressure, Pa, low melting point, high conductivity, S, and
solubility." The density, viscosity, and sound velocities are
essential for developing industrial processes and design.'™
Industrial chemicals are being manufactured by using
environment-friendly green solvents ILs, instead of toxic organic
volatile solvents.>” In the last decade, concerted attention by the
scientific community has significantly improved the nature and
potential applications of ILs, in particular, because of their
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temperature and concentration on thermophysical properties was also provided.

exclusive physico-chemical properties.*** Most of the industrial
technological applications of ILs are occurring in mixtures, whilst
the number of research groups has increased worldwide.'*™*¢
Properties such as vapor-liquid equilibrium, liquid-liquid equi-
librium and importantly the physico-chemical properties of
mixtures are studied. ILs have interesting properties such as
negligible vapor pressure,”” high ionic conductivity.’® high
thermal stability," chemical and electrochemical stability, non-
flammability*® and low or negligible toxicity; these are the
potential variables to completely substitute or replace the
conventional organic solvents as electrolyte solutions or as co-
solvents or additives to improve productivity and performance
in industrial applications. The more important physico-chemical
properties of ILs such as density, p, speed of sound, u, refractive
index, n, conductivity, s, polarity and dielectric permittivity's can
be adjusted by exchanging cations or anions. These significant
properties have been exploited in a several successful applica-
tions such as organic synthesis, catalysis, separation technology,
extraction and electrochemical processes. In the modern world
ILs are used as environment-friendly green and clean solvents for
an excessive diversity of materials: pharmaceuticals,> biomass
feedstocks®>* and greenhouse gases.*

Ionic liquids have materialized as a successful alternative to
substitute for traditional toxic volatile organic solvents for sepa-
ration of aromatic hydrocarbons from liquid mixtures,*® due to
their exclusive properties such as non-flammability, reusable

This journal is © The Royal Society of Chemistry 2016
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capability, negligible volatilities, high thermal stabilities, non-
corrosiveness, to be co-ordinate to a specific application by the
combination of altered cation and anion with aliphatic hydro-
carbons,”?* Currently ILs have been applicable more in phar-
maceutical industries, solvent and anti-solvent for active
pharmaceutical ingredient (API),>>* thereby improving water
solubility of APP** used to extract biological components from
active materials,® and as a medium to synthesize pharmaceuti-
cally active materials.*® Ionic liquids are often used for those
applications to reduce cost as well as the viscosity of the materials.

Pyrrolidinium based ILs are potentially applicable as an
electrolyte in batteries due to its attractive properties, some of the
research done using pyrrolidinium based ILs in lithium batteries
such as 1-(2-methoxyethyl)-1-methylpyrrolidinium-bis-(trifluoro
methylsulfonyl)imide are used as a potential alternate for elec-
trolyte components to substitute volatile toxic organic solvents in
supercapacitors and lithium batteries.**** Pyrrolidinium dicya-
namide ILs are successful candidates for application as electro-
lytes in electrochemical double layer capacitors (EDLCs).*”

In recent years, the usage of ILs have been increased as
potential solvents to extract aromatic hydrocarbons from
aliphatic hydrocarbons.?****° The thermo-physical properties of
N-butyl-N-methyl-2-oxopyrrolidinium bromide was measured
and reported at several temperatures from (293.15-343.15) K.**
The present work discloses, the synthesis, characterization and
determination of thermo-physical properties of novel N-2/,3'-
epoxy propyl-N-methyl-2-oxo pyrrolidinium salicylate and its
binary mixtures of water or methanol to understand the
molecular interactions which occurs in this solutions. The
present work is a part of our investigations on physicochemical
properties of ILs with solvents at different temperatures.*'->

2. Experimental section
2.1. Materials

N-methyl-2-pyrrolidone, epichlorohydrin, sodium salicylate,
acetonitrile, methanol, acetone, and hexane were purchased
from Fluka Chemicals with purity of =99%. The purity and
density of the pure compounds in comparison with litera-
ture®> values are presented in Table 1. Ultra-pure deionized
water was used in all experiments. The water content using
a Metrohm Karl Fishcher coulometer (model KF Titrando) was
found to be 0.05% in N-2',3'-epoxy propyl-N-methyl-2-oxo pyr-
rolidinium salicylate [EPMpyr][SAL]".

2.2. Step 1: synthesis of N-(2,3’-epoxypropyl)-N-methyl-2-oxo
pyrrolidinium chloride

The reaction system was set up as follows: a 500 mL three-
necked round bottomed flask with a thermometer inlet over
cold water flowing condenser was used. Nitrogen gas was
flushed into the round bottomed flask 1.0 mol of freshly
distilled N-methyl-2-pyrrolidone was mixed with 100 mL of
acetonitrile, followed by 1.10 mol of epichlorohydrin. The
mixture was now brought to a moderate reflux (90-100) °C, then
heated under reflux for 48 hours with constant stirring and
finally cooled to room temperature. The volatile materials were

This journal is © The Royal Society of Chemistry 2016
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Table 1 Comparison of experimental densities, p, of pure liquids with
literature values at different temperatures

plg cm™3

% Mass

Component Supplier purity T/K Exp. Lit.

Water 293.15 0.9982 0.9998 54

298.15 0.9971

303.15 0.9957 0.9974 54

308.15 0.9941 0.9940 54

313.15 0.9922

293.15 0.7914 0.7915 55
0.7912 56
0.7910 58
0.7912 57

298.15 0.7867 0.7868 55
0.7866 56
0.7865 57
0.7866 59

303.15 0.7820 0.7821 55
0.7818 56
0.7819 58
0.7817 57
0.7819 59

308.15 0.7772 0.7770 57
0.7772 59

313.15 0.7724 0.7726 55
0.7726 56
0.7720 58
0.7722 57
0.7727 61

293.15 1.0685 —

298.15 1.0637 —

303.15 1.0590 —

308.15 1.0542 —

313.15 1.0495 —

Methanol Fluka =99.0

[EPMPYR][SAL]~

removed under reduced pressure to give a yellow coloured ionic
liquid, N-(2/,3"-epoxypropyl)-N-methyl-2-oxopyrrolidinium chlo-
ride. The structure was confirmed by FTIR, "H NMR, 13C NMR
and elemental analysis.

2.3. Characterization of N-(2/,3’-epoxypropyl)-N-methyl-
pyrrolidonium chloride

The [EPMpyr]'[Cl]” was characterized by the following tech-
nique: NMR (*H and '*C), elemental analysis and FTIR. FTIR (v
= em™Y): 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113, 967,
856, 756, 679, 561, 479. [EPMpyr]'[CI]” "H NMR (400 MHz,
DMSO): 6 3.48-3.51 (m, 1H), 3.30-3.32 (t, 2H), 2.76-3.29 (s, 1H),
2.61-2.62 (s, 3H). 2.26-2.30 (d, 1H) 1.96-1.98 (t, 2H) 1.90-1.94
(m, 2H) *C NMR (100 MHz, DMSO): § 175.03, 51.22, 49.38,
45.72, 45.00, 30.62, 29.50, and 17.59. Elemental analysis (in %):
theoretical calculation for: CgH,,NO,: C, 50.14; H, 7.36; N, 7.31;
the values found (in %) are C, 50.45; H, 7.10; N, 7.17.

2.4. Step 2: synthesis of N-(2/,3’-epoxypropyl)-N-methyl-2-oxo
pyrrolidinium salicylate

The N-(2',3', epoxypropyl)-N-methyl-2-oxopyrrolidinium salicy-
late was synthesized by dissolving the desire quantity 1.12 mole
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of sodium salicylate separately in methanol to make a clear
solution in round bottomed flask. Then, the above synthesized
intermediate IL N-(2',3'-epoxypropyl)-N-methyl-2-
oxopyrrolidium chloride was added to exchange the salicylate
anion. The product was purified by a solvent wash with acetone,
petroleum ether and hexane to remove unwanted starting
materials and sodium chloride, then distilled again at 80 °C for
48 h to get pure moisture free ILs. The product identity was
established with FTIR, NMR (proton and carbon) and elemental
analysis. Scheme for synthesis of 2/,3’-epoxy propyl-N-methyl-2-
oxopyrrolidinium salicylate given below:

{ s NS HCZCN ec'@&

(o]
~

' S>
0

View Article Online
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speed of sound of IL and their binary mixtures simultaneously.
Temperature and pressure are important parameters to
affecting physical properties, and were controlled to +0.01 K
and 101 kPa respectively. Doubly distilled ultra-pure water was
used to calibrate the instrument according to the method of
Lagourette et al.® The {IL (1) + methanol or water (2)} binary
mixture samples were prepared by weighing on a Mettler Toledo
AG245, which has a precision of 0.0001 g. The estimated
uncertainty in density and speed of sound was less than +2 x
10~* g em™® and +0.09 m s, respectively.

o
COONa coo

+ HO\© LLOH»HO\() O
>

Scheme for synthesis of 2’, 3'-epoxy propyl - N-methyl-2- oxopyrrolidinium salicylate

2.5. Characterization of N-(2/,3'-epoxypropyl)-N-methyl-
pyrrolidonium salicylate

The [EPPY]'[SAL] ™~ was characterized by the following methods:
NMR (*H and "C), elemental analysis and FTIR. The structure
of [EPMpyr] [SAL] ™ is as shown in Fig. 1. FTIR (v = cm ™ '): 3442,
2995, 1621, 1501, 1403, 1332, 1256, 1113, 967, 856, 756, 679,
561, 479. [EPPYR]'[SAL]” 'H NMR (400 MHz, DMSO): 6 1.9-2.0
(M, 2H), 2.15-2.3 (t, 2H), 2.7-2.8 (s, 3H), 3.3-3.4 (m, 3H), 3.5-
3.65 (d, 2H), 3.66-3.90 (m, 1), 4.0-4.2 (m, 1), 6.75-6.85 (t, 1H),
6.86-7.00 (m, 1H), 7.10-7.30 (t, 1H), 7.40-7.60 (m, 1H), 7.65-
7.95 (d-d, 1H). "*C NMR (100 MHz, DMSO): 6 18, 30, 33, 51, 65,
72, 75, 115, 120, 122, 132, 134, 138, 163 and 178. Elemental
analysis (in %) Theoretical calculation for: C;5H,,NO,: C, 64.50;
H, 7.58; N, 5.01; O, 22.91; the values found (in %) are C, 64.95;
H, 7.10; N, 5.28; O, 23.36.

2.6. Apparatus and procedure

Anton Parr DSA 5000 M vibrating tube digital densitometer and
speed of sound analyzer were used to determine the density and

Fig. 1 Structure of the ionic liquid [EPMpyr]*[SAL] .
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3. Result and discussion

The density p, and speed of sound u, are interesting volumetric
properties which are important for industrial processes and
development. Fig. 2 to 5, show the investigated values of density
and speed of sound data, the volumetric properties of pure ionic
liquid (IL) [EPMpyr]'[SAL]” and their binary mixtures with
methanol or water, were measured under atmospheric pressure
from T = (293.15-313.15) K.

Tables 2 and 3, show the experimental values of density, p,
speed of sound u, excess molar volume V&, isentropic
compressibility ks, deviation in isentropic compressibility Akg
and intermolecular free length L¢ corresponding to several mole
fractions of IL systems.

Those systems are formed by ionic liquids and it's binary
mixtures of methanol or water, viz. {{EPMpyr]'[SAL]™ (1) +
methanol (2)}; {{EPMpyr]'[SAL]™ (1) + water (2)} at (293.15,
298.15, 303.15, 308.15 and 313.15) K, respectively. All

293.00 298.00 303.00 308.00 313.00
T/K

Fig. 2 Density, p, of [EPMpyr]*[SALI~ at temperatures from (293.15 to
313.15) K. The solid line represents the smoothness of these data.
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0.0 02 0.4 0.6 0.8 1.0
X1

(b)

Fig.3 Denisity, p, for the mixture of (a) {{IEPMpyr]*[SAL]~ (1) + water (2)}
and (b) {[EPMpyr*[SAL]~ (1) + methanol (2)} as function of the
composition expressed in the mole fraction of {{[EPMpyr]*[SAL] "} at T
=29315K (®), T=298.15K (e), T=303.15K (®), T=308.15K (¢)and T
= 313.15 K (®). The solid line represents the smoothness of these data.

1640.00

1630.00
1620.00
1610.00

1600.00

u/m.s?!

1590.00
1580.00
1570.00

1560.00 f >

1550.00 . . . £
293.00 298.00 303.00 308.00 313.00

T/K

Fig. 4 Speed of sound velocity of {[EPMpyr]*[SAL]"} at temperatures
from (293.15 to 313.15) K. The solid line represents the smoothness of
these data.

combinations were mixed well to give a homogeneous solution
across the entire mole fraction range.

The measured data of p and u of pure [EPMpyr][SAL],
methanol, water, and their binary mixtures are display in Tables
2 and 3 as a function of IL mole fraction (x;) for entire
composition range at temperature from (293.15 to 313.15) K in

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Speed of sound, u, for the mixture of (a) {(EPMpyr]*[SAL]™ (1) +
water (2)} and (b) {[EPMpyr]*[SALI™ (1) + methanol (2)} as function of
the composition expressed in the mole fraction of {[EPMpyr]*[ClI "} at
T=29315K(e), T=298.15K (®), T=303.15K (@), T=308.15K (#) and
T = 313.15 K (®). The solid line represents the smoothness of these
data.

steps of 5 K under atmospheric pressure. The Fig. 6 to 8 were
plotted based on the investigated values and these are V5, Ak,
and L; as a function of the IL mole fraction at different
temperatures of binary mixtures.

Here see the figures, in water with IL binary mixtures graphs,
look like waves, that mean its accelerating due to initially, at the
time of mixing pyrrolidonium salicylate IL interact with water to
forms slight white precipitates, after shaking it becomes
homogeneous liquids in every mole fraction of combinations.
These are because of anionic effect, here salicylate anion plays
a major role in that interaction.

In addition, the curves obtained with the parameters listed
in Tables 2 and 3, have also been included. Normally, ILs is
completely miscible with solvents, which have more dielectric
constants otherwise ILs are not completely miscible.**"** The
Fig. 2 and 3 shows the temperature dependent density values.
From the measured data, the density of pure IL was greater then
it's starting organic compound. Additionally, the densities of
the binary mixture or pure ILs decreases with increase the
temperature.

The excess molar volume, V&, was calculated from the
investigated density data list by using the following eqn (1):
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Table 2 Density, (p) speed of sound, (u) excess molar volume,
(VE) isentropic compressibility (), intermolecular free length, (L¢) and
deviation in isentropic compressibility, (Aks) with mole fraction of N-
(2/,3"-epoxypropyl)-N-methyl-2-oxopyrrolidinium salicylate in the
binary mixture of {[EPMpyr]*[SAL]™ (1) + methanol (2)} at (293.15 to
313.15) K and at pressure P = 0.1 MPa

View Article Online

Vil Li Ak

Xy plg em™ w/ms™t em®mol™ ky/10°Pa' 10’ m 10°Pa!
T =293.15 K

0.0000 0.7914 1119.30 0.000 100.86 2.047 0.00
0.0360 0.8769 1210.33 —0.488 77.84 1.798 —20.50
0.0724 0.9377 1278.51 —0.768 65.24 1.646 —30.56
0.1023 0.9756 1320.95 —-0.910 58.74 1.562 —34.96
0.2034 1.0587 142491 -1.106 46.52 1.390 —40.11
0.3189 1.1115 1493.34 —1.103 40.34 1.294 —38.21
0.4018 1.1360 1525.85 —1.023 37.81 1.253 —34.95
0.5117 1.1592 1556.94 —-0.861 35.59 1.216 —29.48
0.5978 1.1726 1575.19 —-0.692 34.37 1.195 —24.67
0.7189 1.1874 1596.43 —0.510 33.04 1.171 —-17.53
0.8099 1.1962 1609.51 —-0.370 32.27 1.158 —11.94
0.9201 1.2046 1624.27 —-0.151 31.47 1.143 —5.04
1.0000 1.2098 1635.20 0.000 30.91 1.133 0.00
T = 298.15 K

0.0000 0.7867 1103.13 0.000 104.46 2.102 0.00
0.0360 0.8723 1194.56 —0.502 80.34 1.844 —-21.51
0.0724 0.9332 1262.85 —0.791 67.19 1.686 —32.02
0.1023 0.9711 1305.29 —0.936 60.44 1.599 —-36.60
0.2034 1.0543 1409.15 —-1.137 47.77 1.422 —41.93
0.3189 1.1071 1477.40 —-1.134 41.38 1.323 —39.93
0.4018 1.1317 1509.76 —1.051 38.77 1.281 —36.53
0.5117 1.1549 1540.54 —0.885 36.48 1.242 —-30.83
0.5978 1.1682 1558.46 —0.712 35.24 1.221 —25.82
0.7189 1.1831 1579.01 —-0.530 33.90 1.198 —18.37
0.8099 1.1919 1590.91 -0.391 33.14 1.184 —12.53
0.9201 1.2003 1604.17 —0.160 32.37 1.170 —5.30
1.0000 1.2055 1613.45 0.000 31.87 1.161 0.00
T=303.15K

0.0000 0.7820 1086.78 0.000 108.27 2.160 0.00
0.0360 0.8676 1178.57 —0.515 82.97 1.891 —22.58
0.0724 0.9286 1247.02 —-0.811 69.25 1.727 —33.56
0.1023 0.9666 1289.44 —0.959 62.22 1.637 —38.33
0.2034 1.0499 1393.18 —1.164 49.07 1.454 —43.84
0.3189 1.1027 1461.27 —1.158 42.47 1.353 —41.72
0.4018 1.1273 1493.52 —1.072 39.77 1.309 —38.16
0.5117 1.1506 1524.09 —-0.900 37.42 1.270 —32.22
0.5978 1.1639 1541.79 —-0.721 36.14 1.248 —26.99
0.7189 1.1789 1561.88 —0.534 34.77 1.224 —19.21
0.8099 1.1877 1573.56 —0.395 34.00 1.210 —-13.11
0.9201 1.1961 1585.61 —0.162 33.25 1.197 —5.54
1.0000 1.2013 1593.94 0.000 32.76 1.188 0.00
T = 308.15 K

0.0000 0.7772 1070.51 0.000 112.28 2.292 0.00
0.0360 0.8630 1162.62 —0.533 85.73 1.939 —23.72
0.0724 0.9240 1231.23 —-0.837 71.39 1.770 —35.20
0.1023 0.9620 1273.61 —0.987 64.08 1.731 —40.15
0.2034 1.0454 1377.25 —-1.194 50.43 1.536 —45.85
0.3189 1.0984 1445.22 —1.186 43.59 1.428 —43.61
0.4018 1.1230 1477.38 —1.097 40.80 1.382 —39.88
0.5117 1.1463 1507.82 —-0.919 38.37 1.340 —33.66
0.5978 1.1596 1525.37 —-0.734 37.06 1.317 —28.19
0.7189 1.1746 1545.16 —0.539 35.66 1.292 —-20.07
0.8099 1.1834 1556.54 —0.397 34.88 1.277 —13.70
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Table 2 (Contd.)
Vil L Aky/
X, plgem™ uw/ms' em®mol™! k/10°Pa ' 10°m 10° Pa?
0.9201 1.1919 1568.38 —0.162 34.11 1.263 —5.80
1.0000 1.1971 1576.18 0.000 33.62 1.254 0.00
T=313.15K
0.0000 0.7724 1054.36 0.000 116.46 2.301 0.00
0.0360 0.8583 1146.78 —0.550 88.59 2.036 —24.95
0.0724 0.9194 1215.52 —0.861 73.61 1.856 —36.99
0.1023 0.9575 1257.88 —1.015 66.01 1.732 —42.17
0.2034 1.0410 1361.41 —-1.225 51.83 1.535 —48.16
0.3189 1.0940 1429.29 —-1.214 44.74 1.426 —45.90
0.4018 1.1186 1461.37 —1.122 41.86 1.379 —42.07
0.5117 1.1419 1491.75 —0.938 39.35 1.337 —35.67
0.5978 1.1553 1509.20 —0.749 38.00 1.314 —30.05
0.7189 1.1703 1528.79 —0.546 36.56 1.289 —21.69
0.8099 1.1792 1539.98 —0.399 35.58 1.272 —15.30
0.9201 1.1877 1551.55 —0.160 34.98 1.261 —6.99
1.0000 1.1929 1559.03 0.000 35.49 1.270 0.00
2
E -1 -1
V. = inMi (P - P; ) (1)
=1

According to Fig. 6(a) and (b), the excess molar volume
values are negative for all temperatures over entire composition
range, so the volume of the solution was contracted due to the
interaction between the IL and their binary mixture of water or
methanol and are significant. Furthermore, the Fig. 6(a) and (b)
indicates, the greater negative values of excess molar volume
occurs when the temperatures increases. Higher temperature
has been helpful to reduce the distance between unlike mole-
cules, so the molecules are interacted more strongly. Moreover,
Fig. 6(a) and (b) indicates the excess molar volume, minima
occurs with water and methanol at x; = 0.3026 and at x; =
0.2034, respectively. The quasi-clathrates perhaps occurred in
the mixture of an IL with organic components are reported in
Wang et al.*** In this case, it may happen in our binary
mixtures such as [EPMpyr]|'[SAL]™ with methanol in the nearby
[EPMpyr|[SAL]™ at x; = 0.2034. Similar results were also
investigated for binary mixtures of [EPMpyr][SAL]~ with water
at x; = 0.3026. Fig. 6(a) and (b), the excess molar volume graph
indicates that 0.2000 and 0.3000 mole fraction of IL has low
values and all binary mixture have negative excess molar values.
In addition, the value of V&, is fully based on the effect of the
hydrogen bond, polarity and interstitial accommodation in
entire compositions. The packing/filling effect of methanol or
water molecules in the interstices of IL, ion-dipole interactions
between water and methanol with the pyrrolidonium ring of 1L,
all contributes to the negative values of V&, The excess molar
volume V%, decreases with increasing temperature for both
binary systems. The Tables 2 and 3 show that the result of excess
molar volume data summaries for binary mixtures of IL with
methanol or water. The results suggest the presence of the
competing effect. These competing effect could be used to
better understand the partial molar volumes of corresponding
mixtures at infinite dilution.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/C6RA11327C

Published on 22 June 2016. Downloaded by University of Kwazulu-Natal on 24/11/2016 10:29:07.

Paper

Table 3 Density, (p) speed of sound, (u) excess molar volume
(VE) isentropic compressibility (), intermolecular free length, (L¢) and
deviation in isentropic compressibility (Aks) of N-(2,3'-epoxypropyl)-
N-methyl-2-oxopyrrolidinium salicylate in the binary liquid mixture of
{[EPMpyrl*[SAL]™ (1) + water (2)} from at (293.15 to 313.15) K and at
pressure P = 0.1 MPa

Vinl ks Aky/

X p/lg em ™ u/m s~ em® mol ™! 10® x Pa~! L¢/10” m 10® x Pa!
T =293.15 K

0.0000 0.9982 1482.63  0.000 45.57 1.376 0.00
0.0332 1.0633 1620.29 0.034 35.82 1.220 —9.27
0.0630 1.1115 1662.43 —0.384 32.55 1.163 —12.10
0.1031 1.1432 1682.43 —0.616 30.90 1.133 —13.16
0.2067 1.1772 1680.87 —0.828 30.07 1.118 —12.49
0.3026 1.1897 1668.20 —0.849 30.20 1.120 —10.96
0.4170 1.1970 1657.88 —0.747 30.39 1.123 —9.10
0.5059 1.2014 1650.02 —0.756 30.57 1.127 —7.63
0.6171 1.2040 1645.98 —0.582 30.66 1.128 —5.92
0.7118 1.2060 1639.62 —0.493 30.84 1.132 —4.36
0.8123 1.2070 1635.67 —0.291 30.97 1.134 —2.77
0.9029 1.2073 1635.80 —0.039 30.95 1.134 —1.46
1.0000 1.2089 1633.54 0.000 31.00 1.135 0.00
T = 298.15 K

0.0000 0.9971 1496.81 0.000 44.76 1.376 0.00
0.0332 1.0607 1620.01 0.047 35.92 1.233 —8.42
0.0630 1.1082 1656.29 —0.365 32.89 1.180 —11.06
0.1031 1.1394 1671.86 —0.589 31.40 1.153 —12.04
0.2067 1.1730 1666.47 —0.797 30.70 1.140 —11.41
0.3026 1.1855 1652.74 —0.819 30.88 1.143 —10.00
0.4170 1.1927 1641.78 —0.720 31.11 1.147 —8.31
0.5059 1.1972 1633.35 —0.736 31.31 1.151 —6.97
0.6171 1.1997 1628.78 —0.570 31.42 1.153 —5.43
0.7118 1.2017 1621.52 —0.490 31.65 1.157 —3.99
0.8123 1.2027 1616.27 —0.291 31.83 1.160 —2.52
0.9029 1.2031 1616.32 —0.042 31.82 1.160 —1.37
1.0000 1.2046 1612.10 0.000 31.94 1.162 0.00
T =303.15 K

0.0000 0.9957 1509.18 0.000 44.10 1.378 0.00
0.0332 1.0581 1620.83 0.060 35.97 1.245 —7.75
0.0630 1.1048 1649.66 —0.344 33.26 1.197 —10.13
0.1031 1.1355 1660.90 —0.562 31.92 1.173 —11.02
0.2067 1.1688 1651.82 —0.763 31.36 1.162 —10.42
0.3026 1.1812 1637.14 —0.785 31.59 1.167 —9.11
0.4170 1.1884 1625.65 —0.687 31.84 1.171 —7.57
0.5059 1.1929 1616.81 —0.706 32.07 1.175 —6.34
0.6171 1.1954 1611.80 —0.544 32.20 1.178 —4.95
0.7118 1.1975 1604.08 —0.472 32.45 1.182 —3.63
0.8123 1.1985 1598.17 —0.279 32.67 1.186 —2.29
0.9029 1.1989 1598.15 —0.031 32.66 1.186 —1.28
1.0000 1.2003 1592.76  0.000 32.84 1.189 0.00
T = 308.15 K

0.0000 0.9941 1519.86  0.000 43.55 1.427 0.00
0.0332 1.0553 1619.78 0.068 36.12 1.259 —7.11
0.0630 1.1014 1642.56 —0.326 33.65 1.215 —9.28
0.1031 1.1316 1649.65 —0.536 32.76 1.238 —9.77
0.2067 1.1645 1637.15 —0.730 32.04 1.224 —9.48
0.3026 1.1769 1621.61 —0.752 32.31 1.229 —8.26
0.4170 1.1841 1609.66 —0.655 32.59 1.235 —6.85
0.5059 1.1885 1600.53 —0.677 32.85 1.240 —5.73
0.6171 1.1911 1595.26 —0.518 32.99 1.242 —4.49
0.7118 1.1932 1587.27 —0.451 33.26 1.247 —3.28
0.8123 1.1943 1580.93 —0.263 33.50 1.252 —2.06
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Table 3 (Contd.)

VE ky/ INY
X plgem ™ w/ms' em® mol™! 10® x Pa~! Ly/10" m 10% x Pa™’
0.9029 1.1946 1580.83 —0.019 33.50 1.252 —1.17
1.0000 1.1961 1574.75 0.000 33.71 1.256 0.00
T=313.15K
0.0000 0.9922 1528.91 0.000 43.115 1.400 0.00
0.0332 1.0525 1617.85 0.077 36.299 1.303 —6.53
0.0630 1.0979 1634.94 —0.308 34.074 1.263 —8.50
0.1031 1.1277 1638.19 —0.511 33.042 1.225 —9.19
0.2067 1.1603 1622.49 —0.699 32.739 1.220 —8.61
0.3026 1.1726 1606.13 —0.720 33.058 1.226 —7.48
0.4170 1.1797 1593.86 —0.625 33.367 1.231 —6.19
0.5059 1.1842 1584.48 —0.649 33.635 1.236 —5.16
0.6171 1.1868 1578.98 —0.493 33.796 1.239 —4.05
0.7118 1.1889 1570.82 —0.429 34.088 1.245 —2.95
0.8123 1.1900 1564.25 —0.246 34.343 1.249 —1.84
0.9029 1.1903 1564.09 —0.003 34.341 1.249 —1.07
1.0000 1.1919 1557.61 0.000 34.581 1.254 0.00

Tables 2 and 3, shows that the increasing concentration of IL
results in decreases the intermolecular free length, L of binary
mixture. The Fig. 7(a) and (b), and Tables 2 and 3 indicates that
as the speed of sound increases as corresponding decrease in
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Fig. 6 Excess molar volumes, for the mixture of (a) {(EPMpyr]*[SAL]~
(1) + water (2)} and (b) {[EPMpyr]*[SAL]~ (1) + methanol (2)} as function
of the composition expressed in the mole fraction of
{[EPMpyr]*[SAL] }at T=293.15K (8), T=298.15K (®), T = 303.15 K (@),
T=30815K (¢) and T = 313.15 K (®). The solid lines were generated
using Redlich—Kister curve-fitting.
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Fig. 7 Intermolecular free length, L for the mixture of (a)
{[EPMpyr]*[SALI™ (1) + water (2)} and (b) {[EPMpyr]*[SAL]~ (1) + meth-
anol (2)} as function of the composition expressed in the mole fraction
of {[EPMpyr|*[SALI "} at T=293.15K (@), T=298.15K (e), T = 303.15 K
(@), T=308.15K (#) and T = 313.15 K (®). The solid lines were generated
using Redlich—Kister curve-fitting.

intermolecular free length and the intermolecular free length
also increases with increasing temperature. Moreover inter-
molecular free length explains the greater distances between
the surfaces of the two molecules, and this behavior leads to
a corresponding decrease in the speed of sound.
Intermolecular free length (L¢) has been calculated from the

eqn (2)
Li = ki(ky)'" (2)

where k; is the Jacobson's constant and is a temperature
dependent constant. Its value is (93.875 + 0.3757) x 10™ %,
Isentropic compressibility (k) defined as eqn (3)

ks=p""u™? (3)

The deviation in isentropic compressibility (Aks) can be
defined from the isentropic compressibility as illustrated in

eqn (4)
2
Aks = ks - Z xiks‘i (4)
This property is related to density and speed of sound by the
Newton-Laplace equation.

Generally, the speed of sound increases with an increase in
mole fraction of the mixture but decreases with temperature.
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Fig. 8 Deviation of isentropic compressibility, Ak, for the mixture of
(a) {[EPMpyrl*[SALI™ (1) + water (2)} and (b) {[EPMpyr]*[SALI” (1) +
methanol (2)} as function of the composition expressed in the mole
fraction of {{EPMpyr]*[SAL] "} at T=293.15K (®), T=298.15K (e), T =
303.15K (@), T=308.15K (¢) and T = 313.15 K (®). The solid lines were
generated using Redlich—Kister curve-fitting.

The molar fractions increase linearly with temperatures and
decays the isentropic compressibility exponentially. This
performance elucidated due to the isentropic compressibility
has been well defined as the inverse of the product of the
density and square of the speed of sound. The free space was
decreased due to the interaction between the molecules in
binary mixtures, and in this way contributing to the negative
deviation in isentropic compressibility. Fig. 8(a) and (b) display,
the negative value of deviation in isentropic compressibility
occurs over the entire composition of {{[EPMpyr][SAL]” +
methanol or water} at all temperatures. The minimum value of
deviation in isentropic compressibility of the binary mixtures
was —40.11 x 10° Pa~' and —13.16 x 10° Pa~ " with methanol
and water are occurring at x; = 0.2034 and 0.1031, respectively.
The ideal mixtures are more compressible then these mixtures
due to the performance of deviation in isentropic compress-
ibility. In this case, the unlike molecules approach closely and
a stronger interaction between methanol or water with
[EPMpyr]'[SAL]™ mixtures that lead to a decrease in compress-
ibility. Normally, the deviation in isentropic compressibility
values decreases with an increasing temperature for both binary
systems at a several composition of [EPMpyr]'[SAL]™ as shown
in Fig. 8(a) and (b). The compressibility decreases because of the
unlike molecules are contiguity, due to the mixture of compo-
nents have strongly interacted.
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Table 4 Coefficients A, and standard deviations, ¢, obtained for the binary systems {{EPMPYR]*[SAL]~ (1) + water or methanol (2)} at different

temperatures for the Redlich—Kister equation

T/K Ao Ay A, A, A, 7
{{EPMpyr][SAL]™ (1) + methanol (2)}
Ve /(em?® mol ™) 293.15 —3.513 —2.855 —1.889 —3.213 —3.655 0.02
298.15 —3.608 —2.903 —2.060 —3.284 —3.688 0.03
303.15 —3.669 —3.013 —2.098 —3.335 —3.386 0.03
308.15 —3.749 —3.118 —2.056 —3.479 —4.109 0.03
313.15 —3.831 —3.207 —2.067 —3.662 —4.260 0.03
Le 293.15 5.331 —0.980 —6.602 7.909 39.533 0.9
298.15 5.449 —1.008 —6.782 8.116 40.536 0.9
303.15 5.571 —1.039 —6.976 8.344 41.567 0.9
308.15 5.855 —0.963 —6.772 8.302 42.519 0.9
313.15 5.886 —1.175 —7.752 9.912 44.780 0.9
Aky/(10% x Pa™") 293.15 —121.99 —88.49 —47.92 —175.78 —201.65 1.0
298.15 —127.59 —91.93 —49.65 —184.93 —212.81 1.0
303.15 —133.35 —95.64 —51.45 —194.88 —224.49 1.1
308.15 —139.35 —99.81 —53.13 —204.97 —237.44 1.2
313.15 —147.59 —102.88 —56.59 —207.97 —258.37 1.3
{[EPMpyr]'[SAL]™ (1) + water (2)}
Via/(em® mol ™) 293.15 —2.770 -1.762 —4.611 —2.374 6.514 0.08
298.15 —2.685 —~1.625 —4.639 —2.283 6.674 0.09
303.15 —2.561 —1.544 —4.665 —2.226 6.917 0.09
308.15 —2.444 —1.478 —4.586 —2.192 6.991 0.09
313.15 —2.330 —1.416 —4.521 —2.193 7.139 0.09
Le 293.15 4.823 —1.054 —4.048 3.691 28.909 0.60
298.15 4.922 —~1.060 —4.029 3.638 29.277 0.70
303.15 5.022 —1.062 —4.007 3.591 29.632 0.70
308.15 5.272 —-1.011 —3.669 3.332 29.957 0.70
313.15 5.283 —1.124 —4.230 3.728 31.158 0.70
Aky/(10% x Pa™") 293.15 —32.53 —-19.15 9.05 —102.12 —151.96 0.80
298.15 —29.73 —17.46 8.36 —-93.11 —-139.15 0.70
303.15 —27.09 —~15.87 8.22 —85.31 —128.94 0.70
308.15 —24.57 —14.48 8.12 ~76.83 —117.74 0.70
313.15 —22.17 —12.81 7.86 —72.15 —110.40 0.60

4. Correlation of derived properties

The derived properties have been correlated by Redlich-Kister
equation® as below in eqn (5):

k
X = X1 XQZAJ(I - 2X1)’71 (5)
i=1

where X is excess molar volumes (VEm), deviation in isentropic
compressibility (Aks) and intermolecular free length, L. The
least-square method has been used to determine the fitting
parameters A; values. Table 4 shows that the summarized
results.

Composed with the corresponding standard deviations, o.
For the correlation as investigated using eqn (6).

_ . chpt — Xcalc] i
o) =3 [T ©)
where N the number of is experimental points and k is the
number of coefficients used in the Redlich-Kister equation. The
values of V&, and Ak, as well as the plots of the Redlich-Kister
model. Both binary systems of the standard deviations indicate
very low values for both excess molar volumes and deviations in
isentropic compressibility at all inspected temperatures.

This journal is © The Royal Society of Chemistry 2016

5. Conclusions

In this study, the synthesis, characterization and investigation
of important physical parameters of novel pure ionic liquid and
their binary mixtures with water or methanol at (293.15 to
313.15) K in steps of 5 K under atmospheric pressure are pre-
sented. The physical parameters such as density and speed of
sound for pure ionic liquid and their binary mixtures of
{[EPMpyr]'[SAL]~ with methanol or water} were measured. The
excess molar volume, Vi, isentropic compressibility, k,, devia-
tion in isentropic compressibility, Aks and intermolecular free
length, L¢ were calculated and discussed. The above calculated
parameters of excess molar volume, Vi, and deviation in isen-
tropic compressibility's, Aks shows negative values. These
indicate strong intermolecular interactions occurring between
unlike molecules; the compacting effect is a major role in these
binary mixtures because of the strong interaction between
pyrrolidonium cation and salicylate anion. The binary combi-
nation of IL mixtures has strong attractive interaction, read-
justments in structure and packing effect due to the great
negative values of Ak,. The methanol with [EPMpyr]'[SAL]™ has
more effective packing arrangement than water due to their
more negative values in Ak, and V& as well as ion-dipole
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interactions between methanol and [EPMpyr]'[SAL]". The
salicylate anion has carboxylate as well as hydroxyl groups so it
can form hydrogen bonds easily. Acceptable correlations for the
excess thermodynamic parameters occurred by fitting with the
Redlich-Kister polynomial equation.
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10.2 Critical review for 2" Publication

Synthesis, characterization of 2, 3'-epoxy propyl - N-methyl-2- oxopyrrolidinium salicylate ionic

liquid and study of its interaction with water or methanol.

This article describes the synthesis and characterization of a novel N-2’, 3’-epoxypropyl-N-methyl-
2-oxopyrrolidinium salicylate [Epmpyr][SAL]" IL. The chemical structure of the IL was identified
by FTIR, *H NMR, *C NMR and elemental analysis techniques. In addition, investigation of the
thermophysical and thermodynamic properties and its related binary mixtures with either water or
methanol in mole fraction ranges from 0.1 to1.0 at temperatures (293.15 to 313.15) K, in interval
of 5 K under atmospheric pressure were undertaken. The required combinations of binary liquid
mixtures were prepared to make a homogeneous solution across the entire mole fraction range.
Both p and u were found to be decrease with increasing temperatures, whereas both increases with
increasing mole fraction of the IL. Particularly, the temperature has a significant effect on the
interaction among the presiding molecules present in the liquid mixtures, and this could be the
reason for decreases in p and u with increasing temperature. Density (p) and speed of sound (u)
are significant volumetric properties which are essential for research and development processes

in industries.

This IL was completely soluble in water which is a useful in industrial applications because water
is a universal cheap solvent and easy to use, recoverable, reusable and cost effective as well. In
addition, this type of water soluble ILs are easily separated from organic solvents. Nowadays ILs
are used as a dilute solution in industrial applications because of their fascinating physical
properties and also economic viability. In particular, this strong solubility nature is indicative of
the high dielectric constant values. According to the experimental data, it was found that the

density of the IL was low due to the source of starting organic compound.

Furthermore, the thermodynamic properties for example V.Z, k, Ak.and Ly were computed from

the measured experimental thermophysical properties. It was found that ;£ gives negative values
for both liquid mixtures across the entire mole fraction ranges at all temperatures, and this further
confirms, the “contraction or competing effect” occurred, due to significant attraction among the
molecules in the liquid mixtures. The high temperature affects the interactions between uneven
molecules which implies that the shape and structure of IL and molecular solvents are different,
= -0.849 (cm®

resulting in more negative values for ;£ and Akg. The minima value of V5, ...
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mol ™) for binary mixtures with water at the x; = 0.3026 and V5, .., = -1.106 (cm® mol ™) for
mixtures with methanol at x;= 0.2034. In particular, V;E has depended on inter and intramolecular
hydrogen bonds, polarity of the solution and interstitial accommodation of molecules in whole
compositions for binary mixtures. These negative values of V£ clearly indicate the strong
packing/filling effects obtained with either water or methanol molecules upon mixing with the 2-
oxopyrrolidinium ring in this IL. lon-dipole interactions also influence the negative deviations
inVE,

The excess molar volumes for binary mixtures at infinite dilution is obviously better understood
by examining these competing effects. The intermolecular free length also increases with
increasing temperature due to temperature influence on the interactions to increase the bond length
among the uneven solute and solvent molecules. The molecules in the binary mixtures acquired
more energy while increase the temperature, these energies influence to create some repulsion to
get away each other, this is the reason for more Ly values. Generally, k; is defined as the square
root of u and inverse value of the p. The free space in the liquid mixtures was reduced because the
strong interactions amongst the molecules contribute to making the Ak, negative. The deviation
in isentropic compressibility minima for binary mixtures were Akg i, = -40.11 (cm® mol™) with
methanol and Ak i, = -13.16 (cm® mol™*) with water were obtained at mole fraction x; = 0.2034
and x; = 0.1031, respectively for each system. In these binary mixtures, unlike molecules are
approached closely to make a strong interaction among the water or methanol with IL, and this
leads to a decrease in compressibility.
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Novel 2/, 3'-N-epoxypropyl-N-methyl-2-oxopyrrolidinium acetate ([EPMpyr]T[OAC] ™) ionic liquid (IL)
was successfully synthesized and characterized by FTIR, "H NMR, '*C NMR and elemental analysis. This
ionic liquid was utilized to produce binary mixtures with water or methanol, and their density (p), viscosity
(m), velocity of sound (u) and refractive index (np) were measured at varied temperatures from 288.15 to
313.15 K, at atmospheric pressure of P = 0.1 MPa. This investigation resulted in significant thermo-
physical data being measured for pure IL, water, methanol and its binary mixtures of water or methanol
over the entire range of mole fractions at fixed temperature and atmospheric pressure. Thermodynamic
physicochemical properties of excess molar volume (V%,), isentropic compressibility (k), deviation in isen-
tropic compressibilities (Ak;), and intermolecular free length (Ly), were computed from the resulting exper-
imental data of density and speed of sound. Furthermore, the calculated thermodynamic properties from
these experimental data were successfully correlated using the Redlich-Kister equation. The obtained
data were analyzed and interesting information about the influence of the functional group interactions
and hydrogen bonds between IL and solvents were studied. The correlations and resulting data gave insight
about the molecular interactions of binary mixtures as well as possible new applications for pyrrolidonium
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based ILs.
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1. Introduction

Nowadays, the most interesting term “ionic liquids” (ILs) is gen-
erally assigned to molten organic salts [1]. The composed combina-
tion of organic cations with different anions which may be organic
or inorganic in nature and having lower melting points below
373 K, are known as room temperature ILs [2-5] Owing to their
unique physical properties such as low melting points, low flamma-
bility, negligible vapor pressures, high ionic density, significant tune-
ability, high electrochemical and thermal stability, good conductivity
and favorable solubility in both organic and inorganic compounds,
research on ILs is growing tremendously [2,6]. Moreover, the major
advantage of the IL is, that their physical properties can be tuned
simply by changing the cation or anion, for instance, change in
substituting groups of cations or anions will yield the required de-
signer solvent [7-9].

The intermolecular forces exhibited between the components
of molecules in the liquid mixtures are directly related to their

* Corresponding author.
E-mail address: redhigg@dut.ac.za (G.G. Redhi).
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0167-7322/© 2017 Elsevier B.V. All rights reserved.

density and speed of sound [10]. Furthermore, the better under-
standing about theoretical interactions, modeling and technolog-
ical applications of ILs can be provided by the thermo-physical
properties of IL and its binary mixtures [11]. Currently, scientific
communities and the chemical and applied industries are fo-
cused on the room temperature stable, environment-friendly
ILs due to their unique physicochemical properties and extraor-
dinary applications [2,12,13]. The physiochemical properties
also help in analyzing structural properties and enhanced pre-
dictive modeling by providing the details about hydrogen
bonds [14,15].

The study about binary mixture of RTILs with water is very im-
portant for industrial applications, and it is necessary to under-
stand the nature of the interaction between RTIL with water
[16,17]. It is found that most of these RTILs are highly hygroscopic
in nature. The industrial applications of ILs are also significantly
influenced by their viscosities. Some industries are not able to
utilize RTILs as they are too viscous. The partial amphiphilic na-
ture of RTILs plays an important role in these more straightfor-
ward interactions [18]. Viscosity and conductivity may change
when the addition of small amount of water cause significant ef-
fects [19,20].
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Table 1
Density of water, methanol and ionic liquids data at various temperatures (293.15 K to 313.15 K) from literature.
Component Supplier % Mass purity T/K p/gcm ™3
Exp. Lit.
Water 293.15 0.9982 0.9998 [45]
0.9996
298.15 0.9971
303.15 0.9957 0.9974 [45]
308.15 0.9941 0.9940 [45]
313.15 0.9922
Methanol Fluka 299.0
29,315 0.7914 0.7915 [46]
0.7912 [47]
0.7910 [49]
0.7912 [48]
298.15 0.7867 0.7868 [46]
0.7866 [47]
0.7865 [48]
0.7866 [50]
303.15 0.7820 0.7821 [46]
0.7818 [47]
0.7819 [49]
0.7817 [48]
0.7819 [50]
308.15 0.7772 0.7770 [48]
0.7772 [50]
313.15 0.7724 0.7726 [46]
0.7726 [47]
0.7720 [49]
0.7722 [48]
0.7727 [52]
[EPMPYR]*[CI]~ 293.15 1.0685 1.0685 [44]
298.15 1.0637 1.0637 [44]
303.15 1.0590 1.0589 [44]
308.15 1.0542 1.0572 [44]
313.15 1.0495 1.0494 [44]
[EPMPYR]"[OAC] ™~ 288.15 1.0677 -
293.15 1.0634 -
298.15 1.0590 -
303.15 1.0547 -
308.15 1.0503 -
313.15 1.0459 -

Due to their significant characteristic properties, ILs have
been applicable in the development of most important industries
involved in solar cells, capacitors, chromatography, synthesis,
catalysis, biotechnology and liquid-liquid extractions [2,21-24].
The alternative designer solvent to conventional organic volatile
solvents, ILs have been used in a wide range of applications such
as solvent effects [2,3] [2,3] electrochemistry [25-27] pharma-
ceutical [28-30] separation technologies [2,31-33]and modern
advanced catalytic reactions [34]. Currently, global research is
moving towards greener sustainable development processes
and the usage of ILs in chemical industries is growing rapidly
due to their biodegradability, low toxicity and their outstanding
thermo-physical properties, particularly negligible vapor pres-
sure, [32] good thermal stability and high conductivity [33].

In the last decade, researchers began to investigate the impor-
tant physicochemical properties such as density, speed of
sound, viscosity, conductivity, surface tension and refractive
index of pure ILs and their mixtures with water or molecular
solvents. The most important IL groups investigated include
imidazolium, pyrrolidinium, pyridinium, piperidinium, ammoni-
um and phosphonium-based ILs, however industries still require
more information about newly synthesized novel ILs. The inves-
tigation of physicochemical properties of aqueous solutions of
synthesized ILs are a continuation of our systematic research
on IL mixtures.

In the present work, the synthesized novel IL was used
to make binary mixtures with water or methanol, and their
physicochemical properties were determined. The investigation

& + >-"ci CHiCN S @A\o MeOH o @%o
N0 @ B ~ 1 CHsc0O0Na ——— cHscoo N< NGl
| A K'> A + '

(o)

Scheme 1. Synthesis of 2’,3'-N-epoxypropyl-N-methyl- pyrrolidonium acetate.
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Density,(p) Speed of sound,(u) viscosity, (1)) and refractive index, (np) with mole fraction (x;) of N-(2’,3’-epoxypropyl)-N-methyl-2-oxopyrrolidinium acetate in the binary liquid mixture
of {[EPMpyr]*[OAC]~ (1) + water (2)} from T/K = 288.15 to 313.15 at pressure P = 0.1 MPa.

X1 p/(g-em?) u/(m-s~") n(mpa-s) np
288.15 K

0.0000 0.9991 1466.4 1.03 1.3330
0.0346 1.0316 1653.1 2.67 1.3735
0.0775 1.0538 1726.6 5.19 1.4022
0.1028 1.0611 1735.6 6.62 1.4131
0.2008 1.0715 17124 9.75 1.4361
0.3054 1.0727 1675.2 10.40 1.4470
0.4045 1.0722 1648.8 10.09 1.4517
05113 1.0713 1628.4 9.60 1.4557
0.6049 1.0701 1614.2 9.08 1.4575
0.7052 1.0693 1603.0 8.66 1.4589
0.8048 1.0686 1594.3 8.31 1.4602
0.9047 1.0682 1587.6 8.04 1.4617
1.0000 1.0677 1582.0 7.80 1.4619
293.15K

0.0000 0.9982 1482.3 0.91 1.3330
0.0346 1.0293 1651.3 226 1.3728
0.0775 1.0503 1715.8 427 1.4010
0.1028 1.0573 1722.6 5.40 1.4117
0.2008 1.0673 1696.2 7.75 1.4346
0.3054 1.0684 1658.4 8.32 1.4446
0.4045 1.0678 1631.8 8.17 1.4500
05113 1.0669 1611.3 7.82 1.4539
0.6049 1.0658 1597.0 7.47 1.4559
0.7052 1.0650 1585.8 7.16 1.4572
0.8048 1.0643 1580.0 6.92 1.4581
0.9047 1.0639 1570.2 6.73 1.4593
1.0000 1.0634 1564.5 6.55 1.4602
298.15 K

0.0000 0.9971 1496.5 0.81 1.3339
0.0346 1.0268 1648.8 1.94 1.3724
0.0775 1.0467 1704.5 3.56 1.4000
0.1028 1.0535 1709.1 445 1.4104
0.2008 1.0630 1679.6 6.28 1.4329
0.3054 1.0641 1641.1 6.76 1.4431
0.4045 1.0635 1614.3 6.70 1.4487
05113 1.0626 1593.7 6.47 1.4519
0.6049 1.0614 1579.3 6.23 1.4542
0.7052 1.0606 1568.0 6.01 1.4555
0.8048 1.0599 1559.3 5.83 1.4565
0.9047 1.0595 1552.5 5.68 1.4577
1.0000 1.0590 1546.7 5.55 1.4584
303.15K

0.0000 0.9957 1508.9 0.73 1.3332
0.0346 1.0241 1645.6 1.67 1.3715
0.0775 1.0427 1693.0 3.01 1.3990
0.1028 1.0496 1695.4 3.71 1.4092
0.2008 1.0587 1662.8 5.18 14313
0.3054 1.0597 1623.7 5.57 1.4413
0.4045 1.0591 1596.8 5.56 1.4466
05113 1.0582 1576.2 541 1.4501
0.6049 1.0571 1561.7 5.23 1.4524
0.7052 1.0563 1550.4 5.10 1.4534
0.8048 1.0556 1541.6 497 1.4549
0.9047 1.0552 1534.7 487 1.4559
1.0000 1.0547 1528.9 477 1.4563
308.15 K

0.0000 0.9941 1519.6 0.69 1.3332
0.0346 1.0214 1641.6 1.46 1.3709
0.0775 1.0384 1681.3 2.60 1.3978
0.1028 1.0457 1681.6 3.13 1.4079
0.2008 1.0543 1646.0 433 1.4296
0.3054 1.0553 1606.3 467 1.4393
0.4045 1.0547 1579.3 4.69 1.4449
05113 1.0538 1558.6 4.60 1.4481
0.6049 1.0527 1544.1 4.47 1.4504
0.7052 1.0519 1532.7 438 1.4515
0.8048 1.0512 1523.9 428 1.4527
0.9047 1.0508 1517.1 421 1.4543
1.0000 1.0503 1511.2 413 1.4549

(continued on next page)
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Table 2 (continued)
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X1 pl(g-cm™?) u/(m-s™1) n(mpa-s) np
313.15K

0.0000 0.9922 1528.7 0.65 1.3336
0.0346 1.0185 1637.0 1.29 1.3706
0.0775 1.0336 1669.5 228 1.3967
0.1028 1.0417 1667.7 2.67 1.4068
0.2008 1.0497 1629.1 3.63 1.4280
0.3054 1.0509 1588.9 3.95 1.4380
0.4045 1.0503 1561.4 4.00 1.4430
0.5113 1.0494 1541.0 3.94 1.4471
0.6049 1.0483 1526.6 3.85 1.4483
0.7052 1.0475 1515.1 3.79 1.4502
0.8048 1.0468 1506.3 3.72 1.4503
0.9047 1.0464 1499.4 3.67 1.4530
1.0000 1.0459 1493.6 3.62 1.4520

of thermodynamically derived properties elucidated the molecu-
lar interaction between IL and water or methanol. Calculated
thermodynamic properties data are fitted to Redlich-Kister equa-
tions. Our previous work was also related with 2’,3’-epoxypro-
pyl-N-methyl-2-Oxopyrrolidinium cation with chloride anion
[35,36].

2. Experimental Section
2.1. Materials and methods

Materials: N-methyl-2-pyrrolidone, epichlorohydrin, sodium ace-
tate, acetonitrile, methanol, acetone, and hexane were purchased from
Fluka Chemicals with purity of >99%. The purity and density of the
pure compounds in comparison with literature [34-45] values are pre-
sented in Table 1. Ultra-pure deionized water was used in all the exper-
iments. The water content using a Metrohm Karl Fischer coulometer
(model KF Titrando) was found to be 0.065% in 2’,3’-N-epoxypropyl-
N-methyl-2-Oxopyrrolidinium [EPMpyr]*[OAC]™ IL. The thermo-
physical properties of density are shown in Table 1 and compared
with literature data as well.

2.1.1. Synthesis of 2',3'-N-epoxypropyl-N-methyl-2-Oxopyrrolidinium
acetate

2.1.1.1. Step I. synthesis of 2, 3'- N-epoxypropyl-N-methyl-2-
oxopyrrolidinium chloride [EPMpyr]*[Cl]~. Synthesis of 2’,3’-N-epoxy-
propyl-N-methyl-2-oxopyrrolidinium chloride [EPMpyr]*[Cl]~ IL was
reported previously and the methodology of synthesizing and charac-
terization was also described [35,44,45]. The structure of the IL given
in the Scheme (1) compound (I).

2.1.2. Characterization of 2’,3'-N-epoxypropyl-N-methyl-2-oxopyrrolidinium
chloride [EPMpyr]*[Cl]~

The structure of the [EPMpyr]*[Cl]~ IL was confirmed by the follow-
ing characterizations "THNMR, >CNMR, FTIR and elemental analysis of
CHN was reported in previous publications [35,44,45].

2.1.2.1. Step II: synthesis of 2’,3'-N-epoxypropyl-N-methyl-2-oxo pyrrolidinium
acetate. The 2’,3'-N-epoxypropyl-N-methyl-2-oxopyrrolidinium ac-
etate [EPMpyr] *[OAC]~ was synthesized by dissolving the desired
quantity 1.12 mol of sodium acetate separately in methanol to
make a clear solution in round-bottomed flask. Then, the above
synthesized intermediate I, IL 2/,3’-N-epoxypropyl-N-methyl-2-
oxopyrrolidium chloride was added to exchange the acetate
anion. The reaction temperature was kept at 80 to 90 °C for 10 h
with constant stirring. The product was purified by a solvent

wash with acetone, petroleum ether, and hexane to remove un-
wanted starting materials and sodium chloride, then distilled
again at 60 °C for 48 h to get pure moisture-free IL. The product

o \O¢

O

Fig. 1. a: Structure of the ionic liquid [EPMpyr]*[OAC] . b: 3D Structure of the ionic liquid
[EPMpyr]*[OAC] .
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identity was established with FTIR, NMR ('H and'3C) and elemen-
tal analysis.

2.1.3. Characterization of 2’,3'-N-epoxypropyl-N-methyl- pyrrolidonium
acetate

The [EPMpyr]"[OAC]~ was characterized by the following methods:
NMR ('H and'3C) (shown in Figs. SI:2a, SI:2b, SI:3a and SI:3b), elemen-
tal analysis and FTIR (see Fig. SI: 1). The structure of [EPMpyr] T[OAC]
is confirmed by the following techniques as shown in FTIR (v=cm™!):
3442,2995, 1621, 1501, 1403, 1332, 1256, 1113, 967, 856, 756, 679, 561,
479. [EPMpyr]T[OAC]~ 'H NMR (400 MHz, DMSO): 61.08-1.12(t, 2H),
2.00 (s, 3H), 2.05-2.08(q, 2H), 2.28-2.32(t, 2H), 2.35-2.39(t, 2H), 2.83
(s, 3H), 3.44-3.48 (t, 2H), 5.39 (s, 1H) '*C NMR (100 MHz, DMSO): 9,
18, 20, 28, 30, 31, 49, 50, 177.4 and 177.77. Elemental Analysis (in %)
Theoretical calculation for: C;oH;7NO4: C, 55.80; H, 7.96; N, 6.51; O,
22.91; the values found (in %) are C, 55.24; H, 7.86; N, 6.28.

2.2. Measurements

Mettler AB 204-N balance was used to prepare the binary mixtures
of the sample for measurements, at the time of doing investigation.
This balance maintained the uncertainty =+ 1.10~” kg for the mass mea-
surements. Anton Paar DSA 5000 M oscillating U-tube densitometer,
speed of sound analyzer with automatic micro-viscometer were used
to determine the density, speed of sound and viscosity simultaneously
at different investigated temperatures from 288.15 to 313.15 K under
atmospheric pressure. The temperature and pressure are an important
parameter for the determination of physico-chemical properties, so
both properties are maintained at 0.01 K temperature and 101 kPa at-
mospheric pressure. Doubly distilled freshly degassed water and dry
air were used to calibrate the instruments before the start experiment.
The important thermo-physical properties of refractive index (np) was
measured for pure compounds and their binary mixtures using the Bel-
lingham and Stanley instrument, RFM 340+ refractometer which
maintains the uncertainty less than +2.10~* units. The specification
of the instruments clearly informs one about the accuracy and repeat-
ability, therefore p, u and 1 were estimated and their errors found to
be less than 2.0 x 1074 g-cm™3, £1.0 m-s~ !, and 4 1.0 mPa-s
respectively. The estimated uncertainty in V&, k, and Ak,
was +0.05 cm®-mol~!, +0.40 x 1078 Pa~'and +1.00 x 1078 Pa~ !,
respectively. The investigation of the physicochemical properties of
the pure [EPMpyr]*[OAC] ™ IL and their binary mixtures with concen-
tration from 0.0 to 1.0 mol fraction was undertaken. The special
stoppered glass tubes were used to prepare the samples for the mea-
surements at the time of the investigation. The IL which is used in
these experiments will be recycled, purified and reused. The method
of procedure for measurements has been described previously [35,44,
45].

3. Result and discussion

The experimental density (p), speed of sound (u), viscosity () and
refractive index (np) of the pure IL [EPMpyr]T[OAC]~, water, methanol
and their binary mixtures were measured respectively. Those physico-
chemical properties were investigated as a function of IL mole fraction
(x1), for the whole composition ranges at temperatures from 288.15 to
313.15 K, in steps of 5 K under atmospheric pressure. The results obtain-
ed for the thermophysical properties are presented in Table 2 and relat-
ed graphs were shown in the Figs. SI: 8a, SI: 8b, SI: 9a, SI: 9b, SI: 10a, SI:
10b, SI: 11a and SI: 11b. The values of p and u is directly proportional to
mole fraction at all investigated temperatures and inversely proportion-
al to the temperature. This means that both p and u values are gradually
increasing while mole fraction of [EPMpyr]*[OAC|~ (x;) increases, Fig.
SI: 84, SI: 8b, SI: 9a and SI: 9b shows that the p of the pure IL decreases
with an increase in temperature. Fig. SI: 4a indicate that the u for the
mixtures of IL with water initially increases and thereafter decreases

with mole fraction (x;) whilst Fig. SI: 9a shows u increases with mole
fraction (x;). Solvent-solvent, solute-solvent and solute-solute interac-
tions occur in the investigated binary mixtures, and the u is important
to understand these interactions [46,47]. Dielectric constant significant-
ly influences the miscibility of ILs with solvents [48]. Moreover, solvents
which have strong dielectric constants are completely miscible with sol-
vents, while low dielectric constant solvents are not completely misci-
ble [12,49,50]. The nature of the thermodynamic properties of binary
mixtures is difficult to understand due to the fact that they depend on
many parameters. The nature of the components mostly related to
shape, size and chemical nature of the components used for the investi-
gated binary systems [51,52]. Interstitial accommodation influence in
the structural effects occurs, primarily because of the difference in
molar volumes of the binary mixtures [53].

The refractive index (np) can reflect the molecule electronic polariz-
ability and provide useful information about the interaction forces in
solution systems. Refractive index (np) increases with increasing con-
centration of IL for the binary systems shown in Figs. SI: 11a, SI: 11b
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Fig. 2. a: 2Excess molar volumes, V£, for the mixture of {{[EPMpyr]*[0AC]~ (1)
+ water (2)} as function of the composition expressed in the mole fraction of
[EPMpyr]T[OAC]"at T = 288.15 K (4),T = 293.15K (o), T = 298.15K (m), T =
303.15K( ), T=308.15K (¢) and T = 313.15 K (@®). b: Excess molar volumes,
VE, for the mixture of {[EPMpyr]"[OAC]™ (1) + methanol (2)} as function of the
composition expressed in the mole fraction of [EPMpyr]*[0AC] " at T = 288.15 K
(4)T=293.15K (), T=298.15K (m), T=303.15K (), T = 308.15K (o) and
T=313.15K (®).



1220 V. Arumugam et al. / Journal of Molecular Liquids 242 (2017) 1215-1227

Table 3
Excess molar volume, (V%) Isentropic compressibility (ks), Intermolecular free length,(Ly) Deviation in isentropic compressibility, (Aks) with mole fraction (x;) of N~(2’,3'-epoxypropyl)-N-
methyl-2-oxopyrrolidinium acetate in the binary liquid mixture of {{EPMpyr] *[OAC] (1) + water (2)} from T/K = 288.15 to 313.15 at pressure P = 0.1 MPa.

X1 VE/(cm®-mol ™) ks/(108 Pa~1) Akg/(10%Pa— 1) L/(10~"m)
288.15K

0.0000 0.00 46.5 0.0 1.38
0.0346 —0.30 355 —10.7 1.20
0.0775 —0.66 318 —135 1.14
0.1028 —0.82 313 —143 1.13
0.2008 —1.12 318 —131 1.14
0.3054 —1.15 332 —104 1.16
0.4045 —1.07 343 —9.0 1.18
0.5113 —0.94 352 —6.5 1.20
0.6049 —0.75 359 —5.6 1.21
0.7052 —0.56 36.4 —4.0 1.22
0.8048 —0.37 36.8 —2.7 1.23
0.9047 —0.20 371 —1.1 1.23
1.0000 0.00 374 0.0 1.24
293.15K

0.0000 0.00 45.6 0.0 1.38
0.0346 —0.29 372 —8.1 1.24
0.0775 —0.63 323 —121 1.16
0.1028 —0.79 319 —13.0 1.15
0.2008 —1.08 32.6 —11.8 1.16
0.3054 —1.11 34.0 —93 1.19
0.4045 —1.04 352 —8.0 1.21
0.5113 —0.91 36.1 —5.6 1.22
0.6049 —0.73 36.8 —4.9 1.24
0.7052 —0.55 373 —34 1.25
0.8048 —0.35 37.6 —2.5 1.25
0.9047 —0.19 38.1 —0.9 1.26
1.0000 0.00 38.4 0.0 1.26
298.15K

0.0000 0.00 448 0.0 1.38
0.0346 —0.28 358 —8.7 1.23
0.0775 —0.60 329 —10.9 1.18
0.1028 —0.76 325 —11.8 117
0.2008 —1.05 334 —10.6 1.19
0.3054 —1.09 349 —8.2 1.22
0.4045 —1.02 36.8 —6.3 1.25
0.5113 —0.89 37.1 —4.38 1.25
0.6049 —0.71 37.8 —43 1.26
0.7052 —0.54 384 —29 1.27
0.8048 —0.35 38.8 —2.0 1.28
0.9047 —0.20 39.2 —0.7 1.29
1.0000 0.00 39.5 0.0 1.29
303.15K

0.0000 0.00 44.1 0.0 138
0.0346 —0.27 36.1 —7.9 1.25
0.0775 —0.57 335 —9.38 1.20
0.1028 —0.73 332 —10.6 1.20
0.2008 —1.01 34.2 —9.5 1.21
0.3054 —1.05 35.8 —7.1 1.24
0.4045 —0.99 37.0 —6.1 1.26
0.5113 —0.87 38.0 —4.0 1.28
0.6049 —0.69 38.8 —3.7 1.29
0.7052 —0.52 394 —25 1.30
0.8048 —0.34 399 —1.7 1.31
0.9047 —0.18 40.2 —0.6 132
1.0000 0.00 40.6 0.0 132
308.15K

0.0000 0.00 43.6 0.0 1.38
0.0346 —0.27 36.3 —7.1 1.26
0.0775 —0.53 34.1 —8.7 1.22
0.1028 —0.71 338 —9.6 1.22
0.2008 —0.98 35.0 —84 1.24
0.3054 —1.03 36.7 —6.1 1.27
0.4045 —0.97 38.0 —53 1.29
0.5113 —0.85 39.1 —33 1.31
0.6049 —0.68 39.8 —3.1 132
0.7052 —0.51 40.5 —2.1 133
0.8048 —0.33 41.0 —1.4 1.34
0.9047 —0.18 414 —04 135

1.0000 0.00 41.7 0.0 1.35
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Table 3 (continued)

X1 VE/(cm®-mol 1) ky/(108 Pa—1) Aky/(108Pa™") Ly/(10~"m)
313.15K

0.0000 0.00 431 0.0 1.42
0.0346 —0.26 36.6 —6.4 1.31
0.0775 —048 34.7 —78 1.27
0.1028 —0.69 34.5 —8.6 1.27
0.2008 —0.95 359 —74 1.30
0.3054 —1.00 37.7 —52 133
0.4045 —0.94 39.1 —4.5 135
0.5113 —0.83 40.1 —2.6 137
0.6049 —0.66 40.9 —2.6 1.38
0.7052 —0.50 41.6 —1.6 1.39
0.8048 —0.33 421 —1.1 1.40
0.9047 —0.18 42.5 —03 141
1.0000 0.00 429 0.0 142

Standard uncertainties for V&, = +0.05 cm®-mol !, k, = + 04 x 1078 Pa~' and Ak, + 1.0 x 1078 Pa~".

and SI:7. The viscosity of the binary mixtures for [EPMpyr]*[OAC]
with the water combination initially increases with increasing mole
fraction but it reaches a certain maximum concentration of IL, then de-
creases thereafter with increasing IL concentration. The above men-
tioned two physicochemical properties decrease with increasing
temperatures for both systems. The viscosity (7)) of the IL and its binary
mixtures are shown in Figs. SI: 10a, SI: 10b and SI:6. The binary mixture
plot of [EPMpyr]*[OAC]~ IL with methanol differs when compared with
IL with water, since the viscosity of the methanol is very low, and the
competing effect is less pronounced compared to the water mixture.
The addition of IL to methanol makes a significant change to the nature
of the viscosity plot. The viscosity of the binary mixtures exponentially
increase due to the crowding of solute ions which enhance the interac-
tions among ions of anion-anion, cation-anion, and cation-cation. Gen-
erally, hydrogen bonds are influential in increasing the viscosity of the
binary systems. The spatial structure clearly shows the different H-
bonding interactions in the liquid mixtures including intra and intermo-
lecular H-bonding.

3.1. Excess molar volume

The calculated thermodynamic properties of excess molar volumes
(VE,) were derived from the experimental density data of the pure com-
ponents (p; and p;) and binary mixture (p) using the equation as
below:

VE = YL xiMi(p ' —pi ) 1)

The experimental density data was used to calculate VE, and the re-
sults are tabulated in Table 2. The VZ, increases with increasing mole
fraction and decreases with increasing temperature as indicated in
Fig. 2(a) and (b) as well as Table 2 and 3 respectively. The results
show that the competing effects plays an important role in this binary
mixture, due to the presence of stronger interactions. Here the volume
contraction “negative” effect is possibly due to the ion-polar interaction
between the molecules of IL and water or methanol, gathering varied
species closer together. The small molecules fitting in between the larg-
er molecules may happen in this composition and the negative effects
are due to the ill-fitting molecules mixed together. Observation and in-
terpretation of the resulting data shows the competing effects in the in-
vestigated binary mixtures as indicated in Tables 2 and 3, could be
better understood in terms of the partial molar volumes at infinite dilu-
tion. The intermolecular interaction between IL moieties and water or
methanol also to suggest self-association between the moieties of IL
which has been considered as the ion + ion association, and weak

force of Van der Waals associations among the bulky alkyl group and
other part of the ILs, as well as the strong H-bond of water molecules in-
fluence in that interactions. ILs are peculiar solvents, which interact
with solvents such as water or methanol through ionic interactions,
inter- and intramolecular hydrogen bonding, and dipolar interactions.
The results indicate a particularly strong association between the IL
and H,0 probably via H-bonding between the negative COO™ group
and the relatively H' of H,0. The size of the ions in the ILs strongly in-
fluences and decides the association of ion + ion in the binary mixture.
(See Fig. 1.)

The charge effect of the ion varies inversely with its surface area. Cat-
ions in the IL significantly influence the polarity of ILs, and as a result the
polarity of the ILs is largely dependent on the cations, this being con-
firmed by the spectroscopic studies. The reason is the substituted floppy
alkyl groups in cations are more significantly influenced compared with
anions. Negative VE, values are seen for the ILs involving pyrrolidinium
cations with hydrophilic anions containing electronegative oxygen
atoms in [CH3COO] . The effect is manifests itself at both ends of the
concentration scale. The combination of [EPMpyr]*[OAC]™ (1)
+ water (2) or methanol (2) gave a negative value for the whole mole
fraction range of composition, and Fig. 2(a) and (b) show plots which
virtually symmetrical with a maximum around x; = 0.5 and initially de-
creases then increases with increasing temperature from (288.15 to
313.15) K. The values of V£, ., are —40.53 cm® mol~!(for water),
and —33.56 cm® mol ™ '(for methanol) obtained at x; = 0.4894 and
0.5489, respectively for the binary systems of {[EPMpyr]T[OAC]™ (1)
+ water or methanol (2)} at all investigated temperatures [see
Fig. 2(a) and (b)].

3.2. Isentropic compressibility (ks) and deviation in isentropic compressibil-

ity (Aks)

Newton-Laplace equation (Eq. 2) was used to calculate the isentro-
pic compressibility, ks from experimental resulting data.

ks=p~lu=? 2)

The deviations in isentropic compressibility,Ak,, were calculated
using Eq. (3):

2
Ak = ks— le‘ks_j (3)
7

The chemical composition, temperature, and pressure are fixed for the
investigated binary mixtures in order to determine the thermodynamic
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Table 4
Density,(p) Speed of sound,(u) viscosity, (1)) and refractive index, (np) with mole fraction (x;) of N-(2’,3’-epoxypropyl)-N-methyl-2-oxopyrrolidinium acetate in the binary liquid mixture
of {[EPMpyr]"[OAC]~ (1) + methanol (2)} from T/K = 288.15 to 313.15 at pressure P = 0.1 MPa.

X1 p/(g-cm™3) u/(m-s~") 7 (mPa-s) np
288.15 K

0.0000 0.7961 1136.2 0.64 1.3307
0.0360 0.8446 12104 0.77 1.3538
0.0744 0.8830 1271.0 1.01 13725
0.1088 0.9095 13139 123 1.3851
0.2024 0.9587 1395.5 1.88 1.4091
03033 0.9919 1451.8 2.67 1.4248
0.4042 1.0138 1489.2 3.46 1.4354
0.5040 1.0295 1516.4 446 1.4429
0.6015 1.0408 1535.6 499 1.4481
0.7036 1.0501 1551.8 5.78 1.4529
0.8051 1.0576 1564.6 652 1.4561
0.9086 1.0639 1575.5 7.28 1.4589
1.0000 1.0677 1582.0 7.80 14613
293.15K

0.0000 0.7914 11200 0.60 1.3287
0.0360 0.8400 11942 0.71 13523
0.0744 0.8784 12546 0.92 13713
0.1088 0.9049 1297.5 112 1.3845
0.2024 0.9542 13788 1.69 1.4077
03033 0.9874 14349 235 1.4235
0.4042 1.0094 147222 3.02 1.4344
0.5040 1.0251 1499.2 3.68 1.4413
0.6015 1.0364 15184 428 1.4467
0.7036 1.0458 1534.5 491 1.4516
0.8051 1.0532 1547.4 551 1.4547
0.9086 1.0596 1558.2 6.14 14574
1.0000 1.0634 1564.5 655 1.4599
298.15 K

0.0000 0.7867 11035 055 13273
0.0360 0.8353 1177.7 0.66 1.3508
0.0744 0.8738 1238.0 0.85 1.3702
0.1088 0.9004 1280.7 1.03 1.3831
0.2024 0.9497 1361.7 152 1.4063
03033 0.9829 1417.5 2.09 14218
0.4042 1.0049 1454.7 2.66 14326
0.5040 1.0207 1481.6 322 1.4396
0.6015 1.0320 1500.7 371 1.4449
0.7036 1.0414 1516.8 423 1.4495
0.8051 1.0489 1529.6 472 14531
0.9086 1.0552 1540.3 521 1.4559
1.0000 1.0590 1546.7 555 1.4582
303.15K

0.0000 0.7820 1087.3 051 1.3257
0.0360 0.8307 1161.3 0.62 1.3499
0.0744 0.8692 12214 0.78 1.3690
0.1088 0.8958 1264.0 0.94 1.3812
0.2024 0.9452 13446 1.38 1.4046
0.3033 0.9784 1400.3 1.87 1.4208
0.4042 1.0005 14374 236 1.4305
0.5040 1.0162 1464.2 2.83 1.4379
0.6015 1.0276 1483.2 325 1.4433
0.7036 1.0370 1499.2 3.68 1.4475
0.8051 1.0445 15119 4.09 1.4509
0.9086 1.0508 15226 449 1.4546
1.0000 1.0547 1528.9 477 1.4567
308.15 K

0.0000 0.7773 1071.4 047 1.3245
0.0360 0.8260 1145.2 057 1.3492
0.0744 0.8645 1205.1 0.72 1.3672
0.1088 0.8911 1247.5 0.87 1.3795
0.2024 0.9406 1327.7 126 1.4030
03033 0.9739 1383.3 1.69 14184
0.4042 0.9960 14202 2.10 1.4297
0.5040 1.0118 1447.0 251 1.4364
0.6015 1.0231 1466.0 2.86 14424
0.7036 1.0326 14819 323 1.4454
0.8051 1.0401 1494.4 357 1.4495
0.9086 1.0465 1505.1 3.90 1.4525

1.0000 1.0503 1511.2 4.14 1.4545
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Table 4 (continued)

X1 p/(g-cm™3) u/(m-s—") 7 (mPa-s) np
313.15K

0.0000 0.7725 1055.8 043 1.3231
0.0360 0.8212 11293 0.52 1.3474
0.0744 0.8598 1189.0 0.73 1.3664
0.1088 0.8865 1231.2 0.80 1.3786
0.2024 0.9360 1311.0 1.15 1.4008
0.3033 0.9694 1366.3 1.53 14164
0.4042 0.9915 1403.2 1.89 1.4280
0.5040 1.0073 1429.8 224 1.4341
0.6015 1.0187 1448.9 2.54 1.4400
0.7036 1.0282 1464.6 2.85 1.4437
0.8051 1.0357 14771 3.14 1.4475
0.9086 1.0421 1487.6 3.42 1.4500
1.0000 1.0459 1493.6 3.62 1.4531

properties of k. Tables 3 and 4 indicates the isentropic compressibility
(ks) and deviation in isentropic compressibility (Aks) data for
{[EPMpyr]*[OAC]™ (x;) + water or methanol (x,)} binary systems at
temperatures 288.15 to 313.15 K under atmospheric pressure.

Generally, increasing the temperature of the solution will help to in-
crease the ks values due to the thermal agitation creating more compres-
sion in the binary mixtures [54]. From the results, the k; increases with
increasing investigated temperatures for both binary systems as
shown in Tables 3 and 5. The negative Aks occurs because of the in-
creased interactions between the molecules in the binary mixtures.
The free space in binary mixtures was decreased by the interaction of
both mixtures, and this is most probably why the deviation in isentropic
compressibility becomes more negative. In the binary mixtures of
[EPMpyr]T[OAC]~ with water or methanol, negative Aks over the
whole range of compositions at all investigated temperature, is obtained
as given by Fig.3a and b. Comparing both binary mixtures the
[EPMpyr]|T[OAC]~ with water gave a stronger interaction, and this
was confirmed from the plot (Fig. 3a) that the values of Aks,min is —
14.3 at mole fraction x; = 0.2990, and for [EPMpyr]*[OAC]~ with meth-
anol system give Aks, min is —31.6 at x; = 02847. The Aksvalues slightly
differ for the two binary systems; {[EPMpyr]t[OAC]~ (1) + water (2)}
is more compressible than {[EPMpyr]"[OAC]~ (1) + methanol (2)}
due to the presence of both epoxy and carboxylic groups are strongly
interacted with water via hydrogen bonds. The compressibility of the in-
vestigated binary mixtures were decreased due to the closer approach of
unlike molecules and a stronger interaction between water or methanol
with [EPMpyr]"[OAC] ™ IL. In these binary mixtures, H-bond plays an
important role due to the presence of water or methanol. Water has a
higher dielectric constant and increased possibilities of high H-
bonding, so the water binary system is more compressible compared
with the methanol binary systems. The order of the Ak values for
both the mixtures {[EPMpyr]"[OAC]™ (x;) + water (x,)} >
{[EPMpyr] "[OAC]~ (x;) + methanol (x,)} showing that there is a com-
pressibility decrease from water to methanol due to water having higher
number of hydrogen bonds. One of the reasons for decreasing compress-
ibility is because of greater interactions among the components of mix-
tures due to the proximity of unlike molecules. The resulting data
indicate that the negative V£, and Ak values due to the chemical effects
include the specific interactions such as ion dipole interactions, forma-
tion of H-bonds, strong dipole — dipole interactions, and donor
— acceptor complexes between solute and solvent molecules. The struc-
tural effects also play an important role in the binary mixtures.

Intermolecular free length (Lr) was calculated from the Jacobson de-
rived equations (see Eq. 4) which helps to better understand the inter-
molecular interactions.

Lp = kj(ks)'? (4)

Table 3 indicates the intermolecular free length for both binary sys-
tems of [EPMpyr]t[OAC]~ + water or methanol was investigated over

several temperatures at fixed compositions. From Fig. 4a and b, it is ev-
ident that the decrease of intermolecular free length with increasing
mole fraction of IL, and increases with increasing temperature given as
in Table 3 occurs. The intermolecular free length is inversely proportion
to the experimental speed of sound as shown in Fig. 4a and b and
Tables 4 and 5. As Ly increases with increasing temperatures due to the
temperature influence affecting the molecular interaction, the bonding
between the unlike molecules are get weaker. The distance between
the centre of the molecules and surface of the molecules increases
when increase the temperatures, which leads to decrease in u. The
Ly values significantly explain the distance between the two molecules,
and this information helps to understand the forces among the
molecules in the binary mixture, indicating whether it can be attractive
or repulsive forces. These are important in the properties of fluid consis-
tency. These forces are numerically similar but they have opposite direc-
tions under external conditions. The distance between the centres of
attraction of the molecules decides the attraction forces, while the dis-
tance between the surfaces of the molecules decides the repulsive
forces. Normally, geometrical centres of the molecules in liquids do
not coincide those counters, so it is very difficult to define the distance
between the centres of attraction. Moreover, the experimental sound
velocity is a predominant factor to investigate the intermolecular free
length in liquid mixtures. Jacobson's empirical relation is one of the
best methods to calculate and understand the intermolecular free
length using ks [54].

3.3. FTIR discussion

The comparison of the FTIR spectrum of pure [EPMpyr]T[OAC]~ IL
and its combination of [EPMpyr]T[OAC]~ with water or methanol
give some information about their interactions. Furthermore, these
spectra will be explained to some extent regarding hydrogen bonds
and molecular interactions. Fig. 5 shows FTIR spectrum of pure IL and
their binary interactions; here mole fraction 0.2 for both binary mix-
tures gave more negative values of V£ and Ak, so FTIR also gave some
extra peaks; and these are due to hydrogen bonds and interaction of
IL with solvents. The FTIR spectrum of pure IL [EPMpyr]"[OAC] ™ is
shown in Fig. 5, The peaks are at 2934 cm~ ! and 2886 cm ™! and are
C—H stretching vibration for aliphatic asymmetry and symmetry re-
spectively. The bending vibration of the methyl group appeared at
peaks 1195 cm~! and 1114 cm™ . Quaternary amine salt obtained
peaks at 3502 and 3371 cm™ . Respectively broad shoulders of peaks in-
dicated the presence of C—C and C—N stretching's at 1508 cm™~ ' and
1458 cm™ ! respectively. The broad peaks at 1664 cm™ ' indicate the
presence of -C = O in the cyclic amide group in cation of IL.

Fig. 5 shows the binary mixture of [EPMpyr]"[OAC]~ with water or
methanol for FTIR spectrum. The C=O0 stretching vibration of the IL was
decreased from 1680 cm™ ' to 1640 cm™ ' in the binary mixtures due to
the ion-dipole interactions between [EPMpyr]*[OAC]~ and water or
methanol. The spatial ion-dipole interactions influence in the C=C
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Table 5
Excess molar volume, (V%) Isentropic compressibility (ks), Intermolecular free length,(Ly) Deviation in isentropic compressibility, (Aks) with mole fraction (x;) of N~(2’,3'-epoxypropyl)-N-
methyl-2-oxopyrrolidinium acetate in the binary liquid mixture of {{EPMpyr]"[OAC]™ (1) + methanol (2)} from T/K = 288.15 to 313.15 at pressure P = 0.1 MPa.

X1 VE/(cm3.mol 1) kg/(108 Pa—1) Akg/(10%Pa™ 1) Ly/(10~"m)
288.15K

0.0000 0.00 97.3 0.00 1.99
0.0360 —0.31 80.8 —143 1.82
0.0744 —0.53 70.1 —22.7 1.69
0.1088 —0.66 63.7 —271 1.61
0.2024 —0.81 53.6 —31.6 148
0.3033 —0.86 47.8 —313 1.40
0.4042 —0.82 44.5 —28.6 135
0.5040 —0.76 422 —24.9 1.31
0.6015 —0.63 40.8 —20.5 1.29
0.7036 —0.51 39.6 —15.6 1.27
0.8051 —0.39 38.6 —10.5 1.25
0.9086 —0.27 379 —5.0 1.24
1.0000 0.00 374 0.0 1.24
293.15K

0.0000 0.00 100.7 0.0 2.05
0.0360 —0.32 83.5 —15.0 1.86
0.0744 —0.54 72.3 —23.8 1.73
0.1088 —0.67 65.6 —283 1.65
0.2024 —0.82 55.1 —33.0 1.51
0.3033 —0.87 492 —32.7 1.48
0.4042 —0.83 45.7 —29.8 1.38
0.5040 —0.77 434 —25.9 1.34
0.6015 —0.64 419 —214 132
0.7036 —0.52 40.6 —16.3 1.30
0.8051 —0.39 39.7 —10.9 1.28
0.9086 —0.27 38.9 —5.2 1.27
1.0000 0.00 38.4 0.0 1.26
298.15K

0.0000 0.00 1044 0.0 2.10
0.0360 —0.33 86.3 —15.7 191
0.0744 —0.56 74.7 —249 1.78
0.1088 —0.69 67.7 —29.6 1.69
0.2024 —0.84 56.8 —345 1.55
0.3033 —0.89 50.6 —34.1 1.46
0.4042 —0.85 47.0 —31.1 1.41
0.5040 —0.79 44.6 —27.0 137
0.6015 —0.65 43.0 —223 135
0.7036 —0.53 41.7 —17.0 1.33
0.8051 —0.40 40.8 —114 1.31
0.9086 —0.28 39.9 —55 1.30
1.0000 0.00 39.5 0.0 1.29
303.15K

0.0000 0.00 108.2 0.0 2.16
0.0360 —0.33 89.3 —16.5 1.96
0.0744 —0.57 771 —26.0 1.82
0.1088 —0.70 69.9 —31.0 1.73
0.2024 —0.85 58.5 —36.0 1.59
0.3033 —0.91 52.1 —355 1.50
0.4042 —0.86 48.4 —325 1.44
0.5040 —0.79 459 —28.2 141
0.6015 —0.66 442 —233 1.38
0.7036 —0.53 429 —17.7 1.36
0.8051 —0.40 419 —11.8 1.34
0.9086 —0.28 41.1 —5.7 133
1.0000 0.00 40.6 0.0 1.32
308.15K

0.0000 0.00 1121 0.0 2.22
0.0360 —0.34 92.3 —17.2 2.01
0.0744 —0.58 79.7 —27.2 1.87
0.1088 —0.71 72.1 —323 1.78
0.2024 —0.87 60.3 —375 1.63
0.3033 —0.92 53.7 —371 1.53
0.4042 —0.88 49.8 —33.8 148
0.5040 —0.81 47.2 —294 144
0.6015 —0.67 455 —243 141
0.7036 —0.55 44.1 —18.5 1.39
0.8051 —041 43.1 —124 137
0.9086 —0.28 422 —5.9 1.36

1.0000 0.00 41.7 0.0 1.35
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Table 5 (continued)

X1 VE/(cm?-mol 1) ky/(108 Pa~ 1) Aky/(10%Pa™ ") L/(10~"m)
313.15K

0.0000 0.00 116.1 0.0 233
0.0360 —035 95.5 —18.0 211
0.0744 —0.59 823 —284 1.96
0.1088 —0.73 744 —33.7 1.87
0.2024 —0.89 62.2 —39.1 1.71
0.3033 —0.94 553 —38.7 1.61
0.4042 —0.89 51.2 —353 1.55
0.5040 —0.83 48.6 —30.6 1.51
0.6015 —0.69 46.8 —253 1.48
0.7036 —0.56 453 —19.2 1.46
0.8051 —0.42 443 —129 1.44
0.9086 —0.29 434 —6.2 1.42
1.0000 0.00 429 0.0 1.42

Standard uncertainties for V£, = +0.05 cm®-mol !, k, = + 04 x 1078 Pa~' and Ak, + 1.0 x 1078 Pa~".

stretching, resulting in a decrease from 1664 cm~! to 1658 cm ™!

respectively. The quaternary amine in IL peak values were changed
from 3508 cm™ ! to 3441 cm ™! due to solvent interactions. From the
FTIR investigation it is evident that the addition of solvents to IL

0.0000 0.2000 0.4000 0.6000 0.8000
‘ 1 1 1 1

-1.0000 4 [
z ]
 {

3

1.0000

.—.

X

-3.0000 4

.0
1> 60

-5.0000 - °

*0
>om
>on

(4
-7.0000 4{ ¢

g _|
-9.0000 4 ™ #* - i
.

AR, /(108 Pa-T)

4110000 { A= "

-13.0000 - ® A

-15.0000

Xy

0.0000 0.2000 0.4000 0.6000 0.8000 1.0000
0.0020 # 4 i . . 8

-0.0980 -

-0.1980 -

®

-0.2980 -

@

-0.3980 -

«®

-0.4980 -

[ >4
«

-0.5980 -

[ >4

-0.6980 -

A&, /108 Pa-)

@ >
o*>

-0.7980 -

D>
[ g

-0.8980 -

[ > 4

-0.9980

X7

Fig. 3. a: Deviation of isentropic compressibility for the mixture of {[EPMpyr]*[OAC]~ (1)
+ water (2)} as function of the composition expressed in the mole fraction of
[EPMpyr]*[OAC]~at T = 288.15 K (a),T = 293.15 K (o), T = 298.15 K (m), T =
303.15K ( ), T=308.15K (¢) and T = 313.15 K (@). b: Deviation of isentropic
compressibility for the mixture of {{EPMpyr]*[OAC]~ (1) + methanol (2)} as function
of the composition expressed in the mole fraction of [EPMpyr]*[OAC]~at T = 288.15 K
(4),T=293.15K (&), T=1298.15K (m), T = 303.15K (), T=308.15K (¢)and T =
313.15K (@).

[EPMpyr]|T[OAC]~ does influence (i) C—H vibrations in [EPMpyr]*|-
OAC]|™ (ii) Hydrogen bonding between epoxy group in cation and
anion group to solvents, (iii) C—O vibration in cation; (iv) C, N
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Fig. 4. a: Intermolecular free length, Ly, for the mixture of {[EPMpyr]"[OAC]~ (1) + water
(2)} as function of the composition expressed in the mole fraction of [EPMpyr]"[OAC] ~at
T=288.15K(4)T=293.15K (), T=298.15K (m),T=303.15K ( ), T=308.15K (¢)
and T = 313.15 K (@®). b: Intermolecular free length, L; for the mixture of
{[EPMpyr]*[OAC]~ (1) + methanol (2)} as function of the composition expressed in
the mole fraction of [EPMpyr]"[OAC] at T = 288.15 K (a),T = 293.15K (o), T =
298.15K (m), T=303.15K ( ), T=308.15K (¢)and T = 313.15K (@).
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Fig. 5. FTIR spectrum of [EPMpyr] "[OAC] ™ IL and its binary mixture of water or methanol.

stretching in cation of [EPMpyr] "[OAC]™ IL, Overall the FTIR study indi-
cates the ion-dipole interactions in binary mixture of [EPMpyr] "[OAC] .

3.4. Correlation of derived properties

The Redlich-Kister equation as shown below Eq. (5) was used to cor-
relate the derived properties:

k .
X=x1% Y Aj(1-2x)"" (5)

i=1

where X is excess molar volumes (V£) and deviation in isentropic
compressibility (Ak;), the least-squares method has been used to deter-
mine the fitting parameters A; values. Table 4 shows the summarized re-
sults, and the corresponding standard deviations o,for the correlation as
investigated using Eq. 6.

o) = iy [T " (®)

(N—K)

Where N the number of is experimental points and k is the number of
co-efficient used in the Redlich-Kister equation. The values of V£,
andAks, as well as the plots of the Redlich-Kister model. Both binary
systems have very low standard deviation values for V&, Aks and Ly
case at all temperatures (Table 6).

4. Conclusion

This article reports on the experimental results of densities (p),
speed of sound (u), viscosity (7)), and refractive index (np) for novel IL
and their mixtures. From the measured values their derived properties
of excess molar volumes (V£,), isentropic compressibility (k;), intermo-
lecular free length (Ls), and deviation in isentropic compressibility
(Aks) of binary mixtures with water or methanol where calculated.
This investigation experimental data for temperatures from 288.15 to
313 K in steps of 5 under atmospheric pressure at fixed compositions
across the mole fraction ranges. The resulting data shows the dissocia-
tion of self-associated IL and solvents such as water and methanol
causes negative excess molar volume and negative deviation in isentro-
pic compressibility; this information confirm the presence of competing
effect, which explains the strong molecular interaction between IL with
water or methanol. FTIR studies also support these arguments due to
peaks related to the hydrogen bond and interaction being obtained.
The experimental investigation conforms the strong interactions, self-
ionization, and hydrogen bonding. It has been confirmed that the IL
[EPMpyr]*[OAC]~ with water binary system have strongly interaction
and greater competing effect. The binary mixture of [EPMpyr]"[OAC]~
with methanol, showed less interaction than water, due to strong hy-
drogen bond and high dielectric constant of water. The derived

Table 6

Coefficients A; and standard deviations, 0, obtained for the binary systems {[EPMpyr| |-
OAC]™ (1) + water or methanol (2)} at different temperatures for the Redlich-Kister
equation.

Derived T/K Ao Ay A, As o
properties

{[EPMpyr] "[OAC]™ (1) + water (2)}

VE/(cm®-mol~') 28815 —3.730 —3327 —2664 —1.167 0014
20315 —3.629 —3245 —2486 —1.086 0013
29815 —3560 —3.142 —2385 —0900  0.013
30315 —3459 —3.085 —2.185 —0.807 0012
30815 —3393  —3.018 —2048 —0571 0013
31315 —3328 —2964 —1.866 —0282 0018
Ly/(10~7m) 288.15 4.156 —1745 12714 5252 0.520
293.15 4247 —1794 12974 5399 0.527
298.15 4.365 —1738 13172  5.167 0.531
303.15 4452 —1.794 13453 5236 0.537
308.15 4.556 —1812 13715 5233 0.543
313.15 4.773 —1873 14314 5355 0.563

Aky/(108 x Pa~1) 288.15 —24.300
29315 —21.452

—14.068 —89.145
—14.774 —79.593

—134.497 1.143
—113.461 0.756

298.15 —17429 —8.889 —75829 —115.663 0.86
303.15 —15468 —9.740 —67.656 —101.607 0.829
308.15 —12.831 —8334 —61.696 —92.77 0.751
313.15 —10315 —6912 —56.282 —84.897 0.682

{[EPMpyr]"[OAC]™ (1) 4+ methanol (2)}

VE/(cm®mol~1) 28815 —2.887 —1773 —3001 —1260  0.023
293.15 —2.930 —1.818 —3.028 —1.362 0.024
298.15 —2.999 —1.841 —3.142 —1.351 0.025
303.15 —3.03 —1.894 —3.144 —1.453 0.024
308.15 —3.091 —1.921 —3.223 —1.445 0.025
313.15 —3.154 —1953 —3318 —1.486 0.026

L/(10~7m) 288.15 4392 —2185 1673 12442 0675
293.15 4.520 —2.033 17.155 12.418 0.692
298.15 4.595 —2303 17.563 13.152 0.71
303.15 4.700 —2.365 18.001 13.525 0.729
308.15 4.808 —2.427 18.447 13.909 0.748
313.15 5.034 —2.55 19.352 14.637 0.785

Aks/(108 x Pa~!) 288.15 —96.86 —69.537 —115.023 —125.763 0.816
293.15 —100.926 —72.368 —120.594 —132.228 0.863
298.15 —105.215 —75.401 —126.403 —139.072 0.908
303.15 —109.680 —78577 —132.325 —146,002 0.957
308.15 —114319 —81.82 —138377 —152.896 1.007
313.15 119.168 —85.135 —144.785 —160.417 1.058

Standard uncertainties for V&, = +0.05 cm®>-mol~!, ks = + 0.4 x 10"8Pa~! and
Aks+1.0 x 1078 Pa~ ",

thermodynamic properties were successfully correlated by Redlich-
Kister equation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.molliq.2017.07.099.
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Figure Sl: 1. FTIR spectra of synthesized [EPMpyr]*[OAC]- IL
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Figure Sl: 2b Figure SI:3 THNMR spectra of [EPMpyr]*[OAC]




Table Sl:1 Integral values, peak area and peak purity of the IHNMR spectra.

Integral Values Peak

Peaks () area Peak purity

Cations

N-CH3 2.8398 0.02 0.0070

Cc3 2.3621 0.05 0.0212

2.3722 0.05 0.0211

Cc4 1.0080 0.08 0.0794

1.1319 0.08 0.0707

C5 2.0785 0.07 0.0337

2.0570 0.07 0.0340

c1' 3.6196 0.06 0.0166

3.6073 0.06 0.0166

c2' 3.6873 0.08 0.0217

c3' 4,1428 0.07 0.0169
Anion

CHs- 2.0058 0.03 0.00863

Note: The above 'HNMR spectra confirms the structure of [EPMpyr]*[OAC] IL as well as its purity. The
Table SI:1 which explains the peak purity of the compound using peak area and integral values. In the
cationic group —N-CHj3 at (02.8398) peak singlet with three protons and —CH, next to carbonyl group with
at (02.3621) triplet, two protons which are explain the N-methyl group substituted five membered
oxopyrrolidinium cationic group. Furthermore the singlet at 6 5.4 with a single proton shows the —CH next
to ether group (—CH-C-0), actually it supposed to be multiplet but in this case, the peak indicates broad
singlet like —OH group due to this proton interacted with oxygen via hydrogen bond formation and the
resulting like hydroxyl group, it might be the reason for that. The singlet around at 6 2.0 with three protons
represent the anionic group.
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Table SI:2 Peak purity and integral values of 23CNMR spectra.

Integral Values Peak

Peaks () area Peak purity

Cations

N-CH3 73.9807 0.07 0.0009

C=0 177.47 0.03 0.0002

C3 24.8253 0.06 0.0024

c4 18.6960 0.04 0.0021

C5 64.3719 0.19 0.0030

c1' 59.5380 0.05 0.0008

c2' 50.8355 0.07 0.0014

c3' 31.8151 0.13 0.0041
Anions

C=0 177.77 0.03 0.0002

Note: From the 2CNMR clearly explain the carbonyl groups which are present in cationic and anionic
group. The two peaks at 0 177 confirms the acetate anion and oxo group in pyrrolidinium cation. Overall
the peak area and integral values further explain the whole structure of the [EPMpyr]*[OAC]" IL.
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10.4 Critical review for 3 Publication

Synthesis, characterization and thermophysical properties of novel 2', 3'- N-epoxypropyl- N-

methyl-2-oxopyrrolidinium acetate ionic liquid and their binary mixture with water or methanol

In this research article, a novel N-2'.3'-epoxypropyl-N-methyl-2-oxopyrrolidinium acetate
[Epmpyr]'[OAC] IL was synthesize and characterized by FTIR, 'H NMR, *C NMR as well as
by elemental analysis to identify their chemical structure. The experimental physicochemical
properties like p, u,  and n were measured. These physicochemical properties were determined
for IL and their binary mixtures with either water or methanol in the desired mole fractions of 0.1
to 1.0 at fixed temperatures from 288.15 to 313.15 K in interval of 5 K under atmospheric pressure.
These properties and data are very important in industrial applications and research development
processes when using this IL. The above mentioned thermophysical properties were found to
increase with increasing mole fraction of the IL and decreases with increasing temperature of both

binary systems. Density (p) and speed of sound (u) are temperature dependent properties.

Generally, the dielectric constant decides the degree of solubility: the ILs which have high
dielectric constant values are highly soluble in solvents or vice versa. The thermodynamic
properties and their behaviour for binary mixtures are hard to understand fully because they are
dependent on many parameters. Primarily, they depend on the nature of the chemical compounds
and the significant interactions that occur in the desired composition of binary mixtures. Normally,
the nature of the components is typically correlated with the shape, size and chemical activity of
the chemical components used for the investigated binary mixtures. In particular, the viscosity of
the binary mixtures initially increases and after the saturation tends to decrease with the mole
fraction of the IL. Both n and n decreases with increasing temperature. The viscosity of the binary
mixtures with methanol is different from that with water due to the fact that the n of methanol is
very low compared with water. The n of the binary mixtures of methanol increases exponentially
due to the crowding of the solute ions to improve the attractions among the ions namely, anion-
anion, cation-anion, and cation-cation. Commonly, the influence of the hydrogen bonds plays a

vital role in the resulting viscosities for binary mixtures.
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The computed thermodynamic properties of V£, was derived from experimental density data of
IL and binary mixtures of the solution. The V£ increases with increasing mole fraction but
decreases with increasing temperature. The negative values for V£ confirmed the presence of
filling or packing effects occurring as a result of the strong interactions between the molecules
which are present in the binary mixtures. Furthermore, volume constriction represents the obtained
negative effect due to the ion-polar interaction between the molecules present in the liquid mixture
and unlike species getting closer together. The small molecules fitting in between the larger
molecules may also happen in these compositions and the negative effects are due to the ill-fitting
molecules mixed together. Effective interactions among the IL moieties with water or methanol
suggest that the self-association between the IL which could be considered as the ion + ion
association and weak Van der Waals forces between the bulky alkyl substituted group of the IL,
and of course the strong H-bond contributions to the interactions. The size of the ions in the ILs
strongly influences and decides the association of ion + ion in the binary mixture.

The polarity of the IL is mostly dependent on the cation present in the IL and could be confirmed
and represented by spectroscopic techniques. In this case, the floppy alkyl substitution group in
the cation is significantly influenced by the anion. The thermodynamic properties gave negative
values for the entire mole fraction ranges of the binary mixtures, and the resulting data shows that
these values initially decreases, but after mole fraction of 0.5, it was increases at all investigated
temperatures. The values of V5 ,.....= -40.53 cm® mol™(for water), and V5, ..., = -33.56 cm® mol*
(for methanol) were obtained at x; = 0.4894 and x; = 0.5489, respectively for the binary systems

of {[Epmpyr] [OAC] (x1) + water or methanol (x2)} at all examined temperatures.

The k, is derived from experimental u data at desired mole fractions at all examined temperatures
under atmospheric pressure for both binary systems. The isentropic compressibility increases with
increasing temperature due to the increased compressibility which occurs, resulting from increased
thermal agitation in the binary mixtures. In contrast, k, decreases with increasing mole fraction of
the IL at all investigated temperatures for both binary systems. The negative Akg occurred since
strong interactions create a strong packing effect for both binary mixtures. Comparing both binary
mixtures, the [Epmpyr]"[OAC]™ with water gave stronger interactions. The values of Ak ;= -
14.3 (108 Pat) at mole fraction x; = 0.2990 and [Epmpyr] [OAC]" with the methanol system gave
Akg min=-31.6 (10® Pa™t) Akg i at x; =0.2847. Generally, when comparing both binary systems,
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the one that containing water was more compressible than methanol in IL binary mixtures, due to
the dielectric constant and more possibilities of H-bonding among water and IL molecules. The
decreasing order of Ak for binary systems is as follows {[ Epmpyr]'[OAC] (x1) + water (x2)} >
{[ Epmpyr]"[OAC] (x1) + methanol (x2)} which indicates that, the compressibility decreases from

water to methanol.

The Ly was computed from the experimental speed of sound data for both binary systems, in fixed
mole fractions at temperatures from 288.15 to 313.15 K at 5 K intervals under atmospheric
pressure. Intermolecular free length increases with increasing temperature and decreases with
increasing mole fraction of the IL. The Ls is inversely proportion to the u and it is strongly
influenced by temperature due to the bonding or interactions between unlike molecules becoming
weaker, and this is a reason for the surface of the molecules to migrate from the centre of other
molecules. The distance between the centre and surface of the adjoining molecules could be
increased and L also explains the forces between the molecules present in the liquid mixtures,
whether it can be attractive or repulsive forces. The magnitude of the forces is similar however
directions are different. The numerical sign of the forces is same but in opposite directions under
external conditions. Jacobson's Empirical relation is one of the best methods to calculate and

understand the Ly using k.

The FTIR spectra of IL and its corresponding binary mixtures were compared to get further
information about the interactions studies. The spectrum of the IL confirms the functional groups
present in the IL moiety and the spectrum for IL with water or methanol binary system revealed
the occurrence of some interaction among the molecules in liquid mixtures. The FTIR was
examined for both binary system at the mole fraction of 0.2, due to the fact that both
thermodynamic properties of V£ and Ak, gave higher negative values at the 0.2 mole fraction.
FTIR also showed extra peaks due to hydrogen bonds and interaction of the IL with solvents. The
C = O stretching vibration decreased from 1680 cm™ to 1640 cm™ in the binary mixtures due to
the ion-dipole interactions between [Epmpyr]'[OAC] and water or methanol. The spatial ion-
dipole interactions influence the C = O stretching so it was decreased from 1664 cm™ to 1658 cm"
1. The quaternary amine in IL peak values shifted from 3508 cm™ to 3441 cm™ due to solvent
interactions. From the investigation of FTIR, it is evident that the addition of solvents to
[Epmpyr]* [OAC] does influence (i) C-H vibrations in [Epmpyr]'[OACT, (ii) Hydrogen bonding
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between epoxy group in cation and anion group to solvents, (iii) C-O vibration in cation; (iv) C-N
stretching in cation of [Epmpyr]"[OAC] Overall the FTIR study confirms the ion-dipole
interactions in binary mixture of [Epmpyr]" [OAC]".

The Redlich-Kister polynomial equation was used to correlate the derived thermodynamic

properties such as V;, Akg, and Ly at all investigated temperatures.
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Influence of Epoxy Group in 2-Pyrrolidonium lonic Liquid
Interactions and Thermo-Physical Properties with Ethanoic or
Propanoic Acid at Various Temperatures

Arumugam Vasantha Kumar,” G. G. Redhi,*" and R. M. Gengan.}'

"Department of Chemistry, Durban University of Technology, P. O. Box 1334, Durban 4000, South Africa

ABSTRACT: In this present study, the interaction between a carboxylic
acid and ionic liquids, in terms of their binary mixtures and corresponding
thermo-physical properties, was investigated. Here, the novel ionic liquid
(IL) [EPMpyr]*[Cl]~ was synthesized, and it has been mixed with ethanoic
or propanoic acids. The influence of the epoxy group in this ionic liquid was
more strongly affected with the acids, and their physicochemical properties
at varied temperatures are discussed in term of density (p), viscosity (1),
speed of sound (u), and refractive index (1) measurements. The density (p),
speed of sound (u), viscosity (77), and refractive index (n) of the IL, ethanoic
acid, propanoic acid, and their corresponding binary mixtures {[([EPM-
pyr]*[Cl]~ (1) + ethanoic or propanoic acid (2)} have been measured at
T = (293.15—313.15) K and at P = 0.1 MPa. The theoretical thermodynamic
properties of excess molar volumes (V%), isentropic compressibility (k;),
deviation in isentropic compressibility (Ak;), and intermolecular free length

| . 5,
& X
L] v*\‘&ﬁ) )

(Ly) are calculated using experimental density and speed of sound data. The VE and Ak, values for both binary mixtures were
found to be negative over the entire mole fraction range of composition at all the investigated temperatures. These results suggest
the existence of specific interactions between components in the molecules. The experimental data could be helpful to
understand the molecular interactions between the IL and carboxylic acid combinations. The experimental data were fitted to the

Redlich—Kister polynomial equation.

KEYWORDS: Density, Speed of sound, Viscosity, Refractive index, N-(2',3"-epoxypropyl)-N-methyl-2-oxopyrrolidinium chloride,

Redlich—Kister equation

Bl INTRODUCTION

Ionic liquids are emerging new materials of molten state
organic salts which contain a combination of cations and
anions. The cations are normally organic molecules, while the
anions may be inorganic or organic molecules.' In many cases,
ILs are distinguished as newly generated solvents or greener
solvents, which are liquid at room temperature and are
composed totally of ions.” ILs are generally viscous and have
boiling points below 100 °C.> Generally, cations of ILs have a
low degree of symmetry due to the large difference in size of
the cations and anions in the ionic liquid.” During the past
decade, most researchers concentrated their attention on the
creation of novel room-temperature ionic liquids (RTILs)
because of their unique properties as well as significant
applications.”” The new generation of stable room temperature
ionic liquids (RTILs) have been applicable in both industrial
and academic communities due to their fascinating properties
such as a large li(}uid range, good electrical conductivity, and
low volatilities.”"" The glass transition temperature of an IL is
one of the most attractive properties, which strongly defines the
electrolyte nature of the IL, and it may also change the derived
thermodynamic properties and is apparently related to the
combination of the structure of the cations and anions,'***
The scientific society needs a better understanding of the

-4 ACS Publications  © 2016 American Chemical Society

4951

intermolecular interactions in binary and ternary mixtures of
the ionic liquids which is obviously related to the molecular
structure and thermo-physical properties of ILs."*

The main advantages of ILs are flexibility of their
physicochemical properties by appropriately creating novel
ionic liquid architectures, for example, changing the side chain
length or substitution group of cations/anions or introducing
novel functional groups in the cation/anion structure.'>'® The
thermo-physical properties are important to investigate
interactions between molecules in liquid mixtures as well as
those interactions that depend on the molecular geometry and
charge distribution of the solvents.'” The extraordinary prop-
erties of ILs are high conductivity,” negligible vapor pressure, *
high thermal and chemical stability,"” and low flammabilities.”’
For use of ILs as solvents, a good understanding of the thermo-
physical properties of ionic liquids and its liquid mixtures, such
as density, sound velocity, refractive index, and viscosity, is
necessary.

Carboxylic acids are an important family of chemicals which
are used in several industries for the manufacture of
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Table 1. Comparison of Experimental Density and Speed of Sound of Pure Liquids with Literature Values at Temperatures from
293 Kto 313 K

p (g em™) u (ms™')
components T (K) exp lit ref exp lit ref
ethanoic acid 293.15 1.0524 1.0497 49 1168.3 1152.7 49
1.0493 S1 1149.0 S1
1.0492 52 1150.0 56
298.15 1.0468 1.0441 49 1152.4 1135.7 49
1.0440 53 1132.0 S1
1.0437 S1
303.15 1.0412 1.0385 49 11358.5 1118.4 49
1.0380 51 1115.0 51
308.15 1.0299 1.0328 49 1118.5 1101.2 49
1.0326 S3
313.15 1.0272 49 1101.4 1084.0 49
propanoic acid 293.15 0.9915 0.9933 49 1171.5 1164.7 49
0.9938 54 1165.6 54
0.9939 N 1165.0 5§
298.15 0.9861 0.9879 49 1153.4 1146.0 49
0.9884 54 1127.7 54
0.9885 5§ 1147.0 5§
303.15 0.9808 0.9825 49 1134.8 1127.1 49
0.9831 54 1127.7 54
0.9831 5§ 1128.0 55
308.15 0.9754 0.9771 49 1116.3 1108.3 49
0.9776 54 1108.9 54
0.9777 5§ 1109.0 5§
313.15 0.9701 0.9717 49 1097.8 1089.0 49
0.9722 54 1090.2 54
0.9723 5§ 1090.0 5§
N-methyl-N-(2’,3"-epoxypropyl)-2-oxopyrrolidinium chloride 293.15 1.0694 1.0685 57 1502.2 1502.4 N
298.15 1.0646 1.0637 57 1483.6 1483.6 57
303.15 1.0598 1.0589 57 1464.4 1464.6 57
308.15 1.0550 1.0572 57 1445.5 1487.2 57
313.15 1.0502 1.0494 57 1426.8 14272 57

Figure 1. (a) 3D structure of the ionic liquid [EPMpyr]*[Cl]™. (b) Structure of the ionic liquid [EPMpyr]*[CI] .

pharmaceutical products, cleaning agents, separation processes, agents, fungicides, insecticides, catalysts, and in other chemical
polyesters resins, and food preservatives, and they are also industries. Indeed, the combination of acid with ionic liquid
used in beverages as an acidulant and as buffers, flavoring makes for more effective usages in the future.”' ™ Generally,

4952 DOI: 10.1021/acssuschemeng.6b01262
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Table 2. Density (p), Speed of Sound (u), Viscosity (), and Refractive Index (n), with Mole Fraction (x,) of N-(2’,3’-
Epoxypropyl)-N-methyl-2-oxopyrrolidinium Chloride in a Binary Liquid Mixture of {{EPMpyr]*[Cl]™ (1) + Ethanoic Acid (2)}

from T (K) = 293.15 to 313.15 at Pressure P = 0.1 MPa

% p (g em™) u (ms™") 7 (mPa s) n
293.15 K
0.0000 1.0524 1168.32 1.2875 1.3737
0.0373 1.0593 1219.71 1.5920 1.3908
0.0644 1.0633 1253.04 1.8300 1.3991
0.1087 1.0697 1296.59 2.2336 1.4048
0.2041 1.0765 1368.77 2.7282 1.4221
0.3022 1.0788 1415.20 2.8028 1.4336
0.4053 1.0783 1443.58 2.5868 1.4414
0.5054 1.0769 1461.31 2.3239 1.4470
0.6050 1.0750 1474.31 2.1072 14512
0.7073 1.0723 1484.01 1.9194 1.4547
0.8065 1.0718 1493.03 1.8169 1.4583
0.9047 1.0719 1501.20 1.7517 1.4606
1.0000 1.0710 1506.65 1.6765 1.4636
298.15 K
0.0000 1.0468 1152.40 1.1805 1.3722
0.0373 1.0538 1202.53 1.4480 1.3892
0.0644 1.0579 1235.65 1.6520 1.3976
0.1087 1.0645 1278.66 1.9999 1.4032
0.2041 1.0715 1350.94 2.4253 1.4204
0.3022 1.0738 1397.40 24924 1.4317
0.4053 1.0734 1425.76 2.3139 1.4394
0.5054 1.0721 1443.37 2.0946 1.4450
0.6050 1.0702 1456.22 1.9080 1.4491
0.7073 1.0675 1465.74 1.7465 1.4525
0.8065 1.0670 1474.64 1.6574 1.4561
0.9047 1.0672 1482.71 1.6018 1.4592
1.0000 1.0662 1488.04 1.5368 1.4616
303.15 K
0.0000 1.0412 1135.48 1.0853 1.3708
0.0373 1.0483 1185.11 1.3220 1.3874
0.0644 1.0526 1218.06 1.5000 1.3957
0.1087 1.0593 1260.49 1.8022 1.4015
0.2041 1.0665 133291 2.1724 1.4185
0.3022 1.0689 1379.32 2.2345 1.4299

% p (g em™) u (ms™) 7 (mPa s) n
0.4053 1.0686 1407.64 2.0867 1.4375
0.5054 1.0673 1425.16 1.9000 1.4431
0.6050 1.0654 1437.85 1.7379 1.4471
0.7073 1.0627 1447.22 1.5968 1.4505
0.8065 1.0622 1455.99 1.5213 1.4539
0.9047 1.0624 1463.94 1.4729 1.4572
1.0000 1.0615 1469.17 14154 1.4595

308.15 K
0.0000 1.0355 1118.48 1.0016 1.3691
0.0373 1.0429 1167.68 1.2130 1.3862
0.0644 1.0474 1200.41 1.3710 1.3944
0.1087 1.0540 124241 1.6324 1.3998
0.2041 1.0615 1314.96 1.9585 1.4167
0.3022 1.0640 1361.31 2.0176 1.4281
0.4053 1.0637 1389.57 1.8920 1.4356
0.5054 1.0624 1406.98 1.7308 14412
0.6050 1.0606 1419.52 1.5911 1.4452
0.7073 1.0579 1428.73 1.4691 1.4484
0.8065 1.0575 1437.37 1.4022 1.4519
0.9047 1.0576 1445.22 1.3603 1.4548
1.0000 1.0567 1450.37 1.3089 1.4573
313.15 K
0.0000 1.0299 1101.41 0.9283 1.3677
0.0373 1.0374 1150.19 1.1150 1.3842
0.0644 1.0418 1182.27 1.2560 1.3927
0.1087 1.0488 1224.57 1.4893 1.3981
0.2041 1.0565 1297.19 1.7761 1.4151
0.3022 1.0591 1343.42 1.8313 1.4263
0.4053 1.0588 1371.57 1.7234 1.4337
0.5054 1.0576 1388.88 1.5859 1.4393
0.6050 1.0557 1401.28 1.4646 1.4431
0.7073 1.0531 1410.32 1.3559 1.4465
0.8065 1.0527 1418.85 1.2974 1.4498
0.9047 1.0529 1426.60 1.2606 1.4531
1.0000 1.0519 1431.64 1.2147 1.4551

ionic liquids are basic in nature and more viscous due to the
nitrogenous compounds present there, so their basicity and
viscosity makes them less attractive to use in some applications.
This research focuses on assisting in solving these problems.
The attention of the scientific community and chemical
industry is now more than ever focused on exploring new
applications of ILs due to their interesting properties, which
makes them more useful as greener solvents. The application of
ILs includes, among others, use as green solvents, heteroge-
neous catalysts, synthesis of organometallics,26 nanocomposite
synthesis,”” and biocatalysis.”® An important application of ILs
as working fluids is in different electrochemical industries, such
as for batteries,””® solar cells,>' transistors,** capacitors,33
chemical sensors,”* and fuel cells.”> Moreover, they have also
been used in separation and extraction technologies®®*” and
in thermal fluids,® liquid crystals,39 lubricants, and fuel
additives,”’ along with the generation of high conductivity
materials*' and in preparation of polymer gel catalytic mem-
branes. The important industries, such as catalysis,** electro-
chemistry,6 biotechnology,43 nanotechnology,44 and energy
generation,”” have been using ILs to promote research and
development in order to make novel functional materials in
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efficient and cost-effective ways by using various technologies.
The capturing of CO, and separation processes are advanced
applications of ILs. These alternative technologies take into
account their low volatility and highly tunable nature, which
permit the creation of task-specific ILs with notable affinity for
CO, over other gases.*

Another popular family of ILs which are relatively less
expensive and have wide electrochemical windows of great
interest in electrochemical applications are the pyrrolidonium
group of ILs."” However, the physical properties especially
melting points are significantly higher than the corresponding
imidazolium ILs with same anion and equivalent cationic sub-
stituent groups. The separation of aromatic from aliphatic hydro-
carbons and the extraction of sulfur compounds from hydro-
carbon mixtures, are possible and favorable with pyrrolidinium
based ionic liquids due to their greater selectivity."® Pyrrolidi-
nium and piperidinium based ILs exhibit greater cathodic sta-
bility and lower viscosities compared to other groups of ILs and
ultimately these are the important and attractive properties
required for use in the field of electrochemistry.”’ N-butyl-N-
methylpyrrolidinium bis(trifluoro methansulfonyl) imide has
been used as electrolytes for metal/air battery systems due to
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Table 3. Excess Molar Volume (V},), Isentropic Compressibility (k,), Intermolecular Free Length (Lf), Deviation in Isentropic
Compressibility (Ak,) with Mole Fraction (x;) of N-(2’,3’-Epoxypropyl)-N-methyl-2-oxopyrrolidinium Chloride in a Binary
Liquid Mixture of {{EPMpyr]|*[Cl]™ (1) + Ethanoic Acid (2)} from T (K) = 293.15 to 313.15 at Pressure P = 0.1 MPa

%, Ve (em® mol™)  k, (10°Pa™') Ak, (10°Pa™')  L(10" m)
293.15 K
0.0000 0.0000 69.6130 0.0000 1.7003
0.0373 —0.2841 63.4550 —-5.0932 1.6235
0.0644 —0.4639 59.8980 —7.8792 1.5773
0.1087 —0.7989 55.6070 —10.9078 1.5197
0.2041 —1.2056 49.5820 —14.2164 1.4350
0.3022 —1.3621 46.2830 —14.7204 1.3864
0.4053 —-1.3072 44.5010 —13.5663 1.3595
0.5054 —1.1412 43.4850 —11.7302 1.3440
0.6050 —0.8743 42.7970 —9.5836 1.3332
0.7073 —0.4684 42.3450 —7.1198 1.3262
0.8065 —0.3087 41.8550 —4.7859 1.3185
0.9047 —0.2391 41.3960 —2.4488 1.3113
1.0000 0.0000 41.1320 0.0000 1.3070
298.15 K
0.0000 0.0000 71.9330 0.0000 1.7440
0.0373 —0.2880 65.6220 —5.2056 1.6661
0.0644 —0.4724 61.9100 —-8.1171 1.6183
0.1087 —-0.8177 57.4570 —11.2594 1.5591
0.2041 —1.2340 51.1370 —14.7590 1.4708
0.3022 —1.3944 47.6900 —15.3040 1.4203
0.4053 —1.3381 45.8290 —14.1165 1.3924
0.5054 —1.1699 44.7720 —12.2123 1.3762
0.6050 —0.8990 44.0630 —-9.9782 1.3652
0.7073 —0.4863 43.6030 —7.4108 1.3581
0.8065 —0.3228 43.0980 —4.9838 1.3503
0.9047 —0.2519 42.6220 —2.5567 1.3427
1.0000 —0.0000 42.3570 —0.0000 1.3386
303.15 K
0.0000 0.0000 74.4910 0.0000 1.7913
0.0373 —-0.2972 67.9190 —-5.4212 1.7104
0.0644 —0.4831 64.0320 —8.4733 1.6606
0.1087 —0.8348 59.4150 —11.7234 1.5998
0.2041 —1.2603 52.7760 —15.4209 1.5078
0.3022 —1.4221 49.1730 —15.9972 1.4553

%, Ve (em® mol™)  k, (10°Pa™") Ak, (10°Pa™')  L(10" m)
0.4053 —1.3631 47.2280 —14.7628 1.4263
0.5054 —1.1901 46.1300 —12.7724 1.4096
0.6050 —0.9129 45.4000 —10.4329 1.3984
0.7073 —0.4922 44.9280 —7.7475 1.3912
0.8065 —0.3231 44.4090 —5.2085 1.3831
0.9047 —0.2489 43.9200 —2.6698 1.3754
1.0000 0.0000 43.6450 —0.0000 1.3712

308.15 K
0.0000 —0.0000 77.1950 —0.0000 1.8401
0.0373 —0.3007 70.7040 —5.2951 1.7610
0.0644 —0.4941 66.2690 —8.8582 1.7049
0.1087 —0.8592 61.4650 —12.234S 1.6419
0.2041 —1.2951 54.4820 —16.1453 1.5458
0.3022 —1.4599 50.7150 —16.7512 1.4915
0.4053 —1.3980 48.6870 —15.4585 1.4613
0.5054 —1.2223 47.5480 —13.3719 1.4441
0.6050 —0.9394 46.7910 —10.9231 1.4325
0.7073 —0.5109 46.3070 —8.1094 1.4252
0.8065 —0.3374 45.7700 —5.4526 1.4168
0.9047 —-0.2607 45.2700 —2.7904 1.4091
1.0000 0.0000 44.9870 —0.0000 1.4047
313.15 K
0.0000 0.0000 80.0390 —0.0000 1.9351
0.0373 —0.3109 72.8640 —-5.9211 1.8463
0.0644 —0.5095 68.6720 —9.2018 1.7924
0.1087 —0.8796 63.5820 —12.7999 1.7247
0.2041 —1.3272 56.2500 —-16.9214 1.6222
0.3022 —1.4949 52.3160 —17.5520 1.5645
0.4053 —1.4307 50.2050 —16.1929 1.5326
0.5054 —1.2516 49.0170 —14.0100 1.5144
0.6050 —0.9638 48.2400 —11.4369 1.5023
0.7073 —0.5273 47.7410 —8.4898 1.494S
0.8065 —0.3499 47.4870 —5.4062 1.490S
0.9047 —0.2708 46.6660 —2.9226 1.4776
1.0000 —0.0000 46.3820 0.0000 1.4730

their low vapor pressure, high gas affinity and great conductivity
in nature.”

Generally the anions of ILs such as bis(trifluoromethyl-
sulfonyl)imide (Tf,N) and PF, are hydrophobic in nature due
to their highly delocalized charged molecules and other types of
ILs like halide anions and carboxylate (COO~), while alkyl
phosphate R,PO, is hydrophilic in nature as reported by Anouti
et al>' Anouti et al.>” reports that pyrrolidinium alkyl carbox-
ylates protic ILs have been used as surfactants in aqueous media
because of their aggregation behavior.”® The present work is
related to our investigation of thermo-physical properties of
liquid mixtures of ILs.””>> The combination of N-2,3'-epoxy-
propyl-N-methyl-2-oxopyrrolidinium chloride with water or
ethanol was investigated to determine its physicochemical
properties.,”>*> In the present work, the thermo-physical
properties of N-2’,3’-epoxypropyl-N-methyl-2-oxopyrrolidi-
nium chloride with ethanoic or propanoic acid at several
temperatures are investigated. The present research may create
new applications for ionic liquids in other industries because
these experiments clearly tell us about how to reduce the
basicity and viscosity of ionic liquids simultaneously by using a
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simple mixing of acids, without affecting the nature of the ionic

liquids.

B EXPERIMENTAL SECTION

Materials. N-Methyl pyrrolidone, epichlorohydrin, ethanoic acid,
propanoic acid, methanol, acetonitrile, hexane, and acetone were
purchased from Fluka Chemicals with purity of >99% by mass. The
densities and speed of sound of the pure ethanoic acid, propanoic acid,
and ionic liquids were compared with literature at 298.15 K and are
presented in Table 1.°7% The percentage of moisture content was
found to be 0.05% in [EPMpyr]*[Cl]™ using Karl Fischer instrument.

Synthesis of N-2',3'-Epoxypropyl-N-methyl-2-oxopyrrolidinium
chloride [EPMpyr]*[Cl]. N-2',3'-Epoxypropyl-N-methyl-2-oxopyrroli-
dinium chloride [EPMpyr]*[Cl]~ ionic liquid was synthesized>” in our
previous publication, and the methodology of synthesis and character-
ization was also described.””®> The synthesized ionic liquid was
purified by using different solvent washing and redistillation methods.
The structure of the IL is given in the Figure la and b.

Characterization of N-2’,3'-Epoxypropyl-N-methyl-2-oxopyrroli-
dinium chloride [EPMpyr]*[Cl]". The structure of the [EPMpyr]*[Cl]~
was confirmed by the following characterizations '"HNMR, '*CNMR,

FTIR, and elemental analysis of CHN was reported in our previous
62,63
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Table 4. Density (p), Speed of Sound (u), Viscosity (#), and Refractive Index (n), with Mole Fraction (x,) of N-(2’,3'-
Epoxypropyl)-N-methyl-2-oxopyrrolidinium Chloride in a Binary Liquid Mixture of {{EPMpyr]*[Cl]™ (1) + Propanoic Acid
(2)} from T (K) = 293.15 to 313.15 at Pressure P = 0.1 MPa

o p (g em™) u (ms7h) n (mPa s) n
293.15 K
0.0000 0.9915 1171.53 1.0697 1.388S
0.0325 1.0014 1207.70 1.3050 1.3980
0.0638 1.0102 1242.11 1.5770 1.4055
0.1089 1.0193 1279.79 1.8356 1.4102
0.2050 1.0353 1348.53 2.3329 1.4240
0.3036 1.0462 1396.90 2.5435 1.4340
0.4076 1.0538 1432.50 2.5365 1.4414
0.5049 1.0580 1448.42 2.2882 1.4463
0.6079 1.0614 1464.19 2.0880 1.4507
0.7037 1.0640 1475.94 1.9353 1.4541
0.8065 1.0661 1487.14 1.8080 1.4577
0.9028 1.0687 1489.89 1.6425 1.4603
1.0000 1.0694 1502.21 1.6227 1.4625
298.15 K
0.0000 0.9861 1153.40 0.9963 1.3866
0.0325 0.9962 1189.23 1.2090 1.3963
0.0638 1.0051 1223.86 1.4500 1.4038
0.1089 1.0143 1261.94 1.6730 1.4084
0.2050 1.0304 1330.76 2.1043 14221
0.3036 1.0414 1379.07 2.2846 1.4320
0.4076 1.0490 1414.70 22775 1.4394
0.5049 1.0532 1430.51 2.0691 1.4444
0.6079 1.0567 1446.12 1.8952 1.4486
0.7037 1.0592 1457.72 1.7628 1.4521
0.8065 1.0614 1468.77 1.6503 1.4556
0.9028 1.0640 1471.46 1.5074 1.4582
1.0000 1.0646 1483.61 1.4894 1.4603
303.15 K
0.0000 0.9808 1134.81 0.9294 1.3848
0.0325 0.9910 1170.77 1.1200 1.3944
0.0638 1.0000 1205.63 1.3350 1.4018
0.1089 1.0093 1243.84 1.5330 1.4066
0.2050 1.0255 1312.72 1.9086 1.4202
0.3036 1.0366 1360.95 2.0638 1.4301

% p (g cm™) u (ms™h) n (mPa s) n
0.4076 1.0442 1396.62 2.0588 1.4375
0.5049 1.0485 1412.33 1.8818 1.4424
0.6079 1.0519 1427.80 1.7293 1.4467
0.7037 1.0544 1439.24 1.6129 1.4500
0.8065 1.0566 1450.13 1.5164 1.4535
0.9028 1.0592 1452.40 1.3898 1.4561
1.0000 1.0598 1464.36 1.3733 1.4584

308.15 K
0.0000 0.9754 1116.26 0.8692 1.3831
0.0325 0.9858 1152.43 1.0410 1.3929
0.0638 0.9949 1187.47 1.2330 1.4004
0.1089 1.0043 1225.77 1.4100 1.4048
0.2050 1.0206 1294.71 1.7383 1.4185
0.3036 1.0318 1342.89 1.8758 1.4283
0.4076 1.0394 1378.53 1.8704 1.4356
0.5049 1.0437 1394.18 1.7183 1.4404
0.6079 1.0472 1409.50 1.5859 1.4447
0.7037 1.0497 1420.81 1.4846 1.4479
0.8065 1.0518 1431.54 1.3991 1.4515
0.9028 1.0544 1433.69 1.2860 1.4540
1.0000 1.0550 1445.50 1.2703 1.4563
313.15 K
0.0000 0.9701 1097.77 0.8166 1.3812
0.0325 0.9806 1134.18 0.9710 1.3909
0.0638 0.9898 1169.39 1.1440 1.3984
0.1089 0.9993 1207.77 1.3009 1.4033
0.2050 1.0158 1276.76 1.5919 1.4164
0.3036 1.0269 1324.90 1.7120 1.4268
0.4076 1.0347 1360.55 1.7068 1.4332
0.5049 1.0389 1376.09 1.5776 1.4394
0.6079 1.0424 1391.29 1.4619 1.4414
0.7037 1.0449 1402.45 1.3715 1.4462
0.8065 1.0471 1413.04 1.2955 1.4488
0.9028 1.0496 1415.09 1.1937 1.4526
1.0000 1.0502 1426.78 1.1801 1.4531

Apparatus and Procedure. Density, speed of sound, viscosity,
and refractive index are significant physicochemical properties and
were analyzed by using a vibrating tube digital densitometer, speed of
sound, and viscosity analyzer, Vis., Anton Parr DSA 5000 M. To deter-
mine the density, sound velocity, viscosity, and refractive index of pure
ethanoic acid, propanoic acid, ionic liquid, and its binary mixture have
been measured simultaneously at different temperatures. Physical
properties are most sensitive with pressure and temperature, which
were controlled to +0.01 K and 101 kPa, respectively. The refractive
index of the pure components and its binary liquid mixtures were
investigated at varied temperature by the Anton Parr refrac-
tometer with a digital display with accuracy of 0.01 K in temperature.
An airtight syringe was used carefully to transfer the pure liquids into
stoppered bottles. The airtight glass stoppered 10 cm® glass vials were
used to fill ILs and to weigh. The pure components and its binary
mixtures [IL (1) + ethanoic or propanoic acid (2)] were prepared by
weighing, with the help of OHAUS analytical mass balance with
0.0001 g of precision to measure the weight of each component of the
liquid mixtures. The experimental procedure has been reported in
detail elsewhere.”* The determination of physicochemical properties
of density and speed of sound with temperatures tolerant limits was
as follows: less than +2 X 10™° g cm™, £0.6 ms™', and * 0.02 K,
respectively.
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B RESULTS AND DISCUSSION

The industrially useful properties of density, viscosity, speed
of sound, and refractive index were investigated at tempera-
tures from T = 293.1S5 to 313.15 K at P = 0.1 MPa for IL
[EPMpyr]*[Cl]", ethanoic acid, propanoic acid, and their corre-
sponding binary systems. {{EPMpyr]*[Cl]7(1) + ethanoic or
propanoic acid (2)} experimental data are given in Tables 2—S5.
Each property of the pure components and their binary mixtures
was plotted against mole fraction of IL at experimental temper-
atures and are given in Figures 3, 5, 7, 9—12. Tables 2 and 4
show that the properties of density, sound velocity, viscosity and
refractive index values decreases when the temperature for both
binary systems and pure components is increased as indicated in
Figures 2, 4, 6, and 8. Density increases with increasing concen-
tration, which is due to the strong interaction of [EPM-
pyr]*[Cl]~ with propanoic acid.”®

It is very difficult to understand the interactions in the liquid
mixtures; sound velocity clearly describes the interaction
among the solvent—solvent, solute—solute, and solute—solvent
in liquid mixtures.”® The refractive index is also an important
property which helps to better understand the molecular
interactions of like and unlike molecules. The speed of sound
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Table 5. Excess Molar Volume (V7}), Isentropic Compressibility (k,), Intermolecular free length (Lf), Deviation in Isentropic
Compressibility (Ak,) with Mole Fraction (x;) of N-(2’,3’-Epoxypropyl)-N-methyl-2-oxopyrrolidinium Chloride in a Binary
Liquid Mixture of {{EPMpyr]|*[Cl]” (1) + Propanoic Acid (2)} from T (K) = 293.15 to 313.15 at Pressure P = 0.1 MPa

x, Vi (cm® mol™)  k, (10°Pa™') Ak, (10°Pa™') L (10" m) %, Vi (cm® mol™)  k, (10°Pa™') Ak, (10° Pa™') L (10" m)
293.15 K 0.4076 —1.6178 49.10 —15.7387 1.4542
0.0000 0.0000 73.49 —0.0000 1.7471 0.5049 —1.4272 47.81 —13.6003 1.4351
0.0325 —0.3207 68.47 —3.9829 1.6864 0.6079 -1.1772 46.63 —11.1611 1.4173
0.0638 —0.6241 64.16 ~7.2826 1.6324 0.7037 -0.9151 45.79 —8.6380 1.4043
0.1089 —0.8579 59.90 —10.1007 1.5773 0.8065 —0.6073 45.01 —5.8008 1.3923
02050 -1.3007 53.11 —13.8066 1.4852 0.9028 -0.4507 44.76 —2.6672 1.3884
0.3036 —1.5145 48.98 —14.7758 1.4263 1.0000 —0.0000 44.00 0.0000 1.3767
0.4076 —1.5330 46.24 —14.1825 1.3858 308.15 K
0.5049 -1.3497 45.05 —12.2546 1.3678 0.0000 —0.0000 8228 —0.0000 1.8997
0.6079 —1.1105 43.95 —10.0616 1.3510 0.0325 —0.3597 76.38 —4.6996 1.8303
0.7037 -0.8617 43.14 —7.7928 1.3385 0.0638 —0.6925 7128 —8.6417 1.7682
0.8065 —0.5681 4241 —5.2291 1.3272 0.1089 —0.9464 66.27 —11.9894 1.7048
0.9028 —0.4245 42.15 —2.4038 1.3231 0.2050 —1.4216 58.45 —16.2604 1.6011
1.0000 0.0000 41.44 —0.0000 1.3119 0.3036 —1.6451 53.74 —17.3283 1.5352
298.15 K 0.4076 —1.6626 50.63 —16.6033 1.4901
0.0000 —0.0000 76.23 —0.0000 1.7957 0.5049 —1.4678 49.29 —14.3457 1.4703
0.0325 —0.3357 70.98 —4.1620 1.7328 0.6079 —-1.2117 48.07 —-11.7713 1.4520
0.0638 —0.6487 66.42 ~7.6636 1.6763 0.7037 —0.9424 47.19 —9.1085 1.4386
0.1089 —0.8890 61.91 —10.6669 1.6183 0.8065 —0.6272 46.39 —6.1103 1.4264
0.2050 —1.3415 54.80 —14.5511 1.5226 0.9028 —0.4633 46.14 —2.8104 1.4225
0.3036 —1.5587 50.49 —15.5529 1.4614 1.0000 —0.0000 45.36 0.0000 1.4105
0.4076 —1.5774 47.63 —14.9210 1.4195 313.15 K
0.5049 —1.3904 46.40 —12.8897 1.4010 0.0000 0.0000 85.54 0.0000 2.0004
0.6079 —1.1455 45.25 —10.5808 1.3836 0.0325 —0.3682 79.28 —5.0016 1.9259
0.7037 —0.8900 44.43 —8.1885 1.3709 0.0638 -0.7118 73.88 -9.1820 1.8592
0.8065 —0.5888 43.67 —5.4943 1.3593 0.1089 —0.9728 68.60 —12.7157 17915
0.9028 —0.4385 43.41 —2.5312 1.3551 0.2050 —1.4602 60.39 —17.2016 1.6808
1.0000 0.0000 42.68 0.0000 1.3436 0.3036 —1.6869 55.48 —18.2937 1.6111
303.15 K 0.4076 —1.7037 52.21 —17.5271 1.5629
0.0000 0.0000 79.17 0.0000 1.8467 0.5049 —1.5050 50.83 -15.1351 1.5421
0.0325 —0.3438 73.62 —4.4115 1.7808 0.6079 —1.2430 49.56 —12.4160 1.5227
0.0638 —0.6664 68.80 —8.1294 1.7218 0.7037 —0.9668 48.66 —9.6036 1.5088
0.1089 —0.9136 64.04 —11.3030 1.6609 0.8065 —0.6448 47.83 —6.4449 1.4959
0.2050 —1.3781 56.59 —15.3741 1.5613 0.9028 —0.4737 47.58 —2.9667 1.4920
03036 —1.5988 52.08 —16.4105 1.4978 1.0000 —0.0000 46.78 0.0000 1.4794
1.072 5 inversely proportional to temperature plots (Figures 4 and 8),
but both properties show an increase with mole fraction of IL
1.067 4 as shown in Figures S and 9.

Derived Properties. Excess Molar Volume. The excess
~ molar volumes are important thermo-physical properties which
an 1.062 1 are calculated from experimental density data. Equation 1 is
;’b used to calculate the excess molar volume VE as follows:

E 1.057 A 2

V=Y aM(p™ = p7h)

1.052 - ) i=1 @

where x; and x, denote mole fractions; M, and M, represent

1.047 . ; . molar masses; p; and, p, indicate the densities of IL and their

293.15 298.15 303.15 308.15 313.15 binary mixtures of acid, and p is the density of their binary
T/K mixtures.

Figure 2. Density (p) of [EPMpyr]*[Cl]™ at temperatures from
293.15 to 313.15 K.

and refractive index decreases with an increasing tempera-
ture for both binary liquid mixtures of {{EPMpyr]*[Cl]7(1) +
ethanoic or propanoic acid (2)} as given in Tables 2 and 4.
These properties of sound velocity and refractive index are

4956

The calculated excess molar volume data for the binary
mixtures of {{EPMpyr]*[Cl]7(1) + ethanoic or propanoic acid
(2)} are shown in Tables 3 and S. The plots of excess molar
volumes versus mole fraction of ILs for both systems are given
in Figure 10a and b. The Tables 3 and S indicate the derived
values of V& for [EPMpyr]*[Cl]~ with ethanoic or propanoic
acid. The V% are negative for both binary systems for the entire
composition range at all investigated temperatures. Ionic liquids
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Figure 3. Density (p) for the mixture of (a) {{[EPMpyr]*[CI]™ (1) +
ethanoic (2)} and (b) {[EPMpyr]*[Cl]~ (1) + propanoic (2)} as a
function of the composition expressed in the mole fraction of
{[EPMpyr]*[Cl]™ at T = 293.15 K (light blue circle), T = 298.15 K
(orange circle), T = 303.15 K (gray circle), T = 308.15 K (yellow
circle), and T = 313.15 K (dark blue circle).
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Figure 4. Speed of sound velocity of {[EPMpyr]*[Cl]™ at temper-
atures from 293.15 to 313.15) K.

are peculiar solvents, which interact with acids such as ethanoic
or propanoic acid via ionic interactions, inter- and intramolec-
ular hydrogen bonding, and dipolar interactions.”” The higher
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Figure S. Speed of sound (u) for the mixture of (a) {[EPMpyr]*[Cl]~
(1) + ethanoic (2)} and (b) {[EPMpyr]*[Cl]~ (1) + propanoic acid
(2)} as a function of the composition expressed in the mole fraction of
{[EPMpyr]*[Cl]™ at T = 293.15 K (light blue circle), T = 298.15 K
(orange circle), T = 303.15 K (gray circle), T = 308.15 K (yellow
circle), and T = 313.15 K (dark blue circle).
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Figure 6. Viscosity (17) of [EPMpyr]*[Cl]™ at temperatures from
293.15 to 313.1S K.

negative values of VZ for both binary systems confirms efficient
packing or competing effects that occur in the binary system
of IL with acid due to the strong interaction between
[EPMpyr]*[CI]~ and ethanoic or propanoic acids®® or the
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Figure 7. Viscosity (17) for the mixture of (a) {[EPMpyr]*[Cl]™ (1) +
ethanoic acid (2)} and (b) {[EPMpyr]*[Cl]~ (1) + propanoic acid
(2)} as a function of the composition expressed in the mole fraction of
{[EPMpyr]*[Cl]™ at T = 293.15 K (light blue circle), T = 298.15 K
(orange circle), T = 303.15 K (gray circle), T = 308.15 K (yellow
circle), and T = 313.15 K (dark blue circle).
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Figure 8. Refractive index ( n) of [EPMpyr]*[Cl]™ at temperatures
from 293.15 to 313.15 K.

negative excess molar volumes due to the contribution (ion +
dipole) interaction of IL [EPMpyr]*[Cl]™ with ethanoic or
propanoic acid, and in addition, the interaction interstices of
[EPMpyr]*[Cl]™ give some space for ethanoic or propanoic
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Figure 9. Refractive index (1) for the mixture of (a) {[EPMpyr]*[Cl]~
(1) + ethanoic acid (2)} and (b) {[EPMpyr]*[Cl]~ (1) + propanoic
acid (2)} as a function of the composition expressed in the mole
fraction of {[EPMpyr]*[Cl]™ at T = 293.15 K (light blue circle), T =
298.15 K (orange circle), T = 303.15 K (gray circle), T = 308.15 K
(yellow circle), and T = 313.15 K (dark blue circle).

acid to fulfill the structural alignment.69 The VE minima values
occur at x; = 0.3022 and 0.4076 for the IL + ethanoic or
propanoic acid binary mixture, respectively, and V7, is negative
over the entire mole fraction range of compositions at all
investigated temperature.

The negative values of VZ also disclose the unlike molecular
interactions, formation of hydrogen bond, and charge transfer
complexes. The values of V% the minima decrease with an
increase in the temperature of the binary systems. Moreover,
the minima goes toward the lower mole fraction of IL
[EPMpyr]*[Cl]™ for the ethanoic acid and propanic acid binary
systems due to the asymmetric curves of binary systems.
Actually, the occurrences of the asymmetric nature of excess
molar volume curves, because of the components present in the
binary mixtures, have a large molar volume difference. Further-
more, the present investigation gives the negative VE curves at
higher mole fraction of IL [EPMpyr]*[Cl]” and may be
ascribed because of the superior fitting effect in the molecules
of carboxylic acid in the ionic liquid interstices. Related work of
binary mixtures IL with ethanoic or propanoic acid was also
reported.”
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Figure 10. Excess molar volumes (VE) for the mixture of (a)
{[EPMpyr]*[Cl]~ (1) + ethanoic acid (2)} and (b) {[EPMpyr]*[Cl]~
(1) + propanoic acid (2)} as a function of the composition expressed
in the mole fraction of {[EPMpyr]*[Cl]™ at T = 293.15 K (light blue
circle), T = 298.15 K (orange circle), T = 303.15 K (gray circle), T =
308.15 K (yellow circle), and T = 313.15 K (dark blue circle).

Isentropic Compressibility and Deviation in Isentropic
Compressibility. The Newton—Laplace eq 2 was used to
calculate the isentropic compressibility’s (k,) as below:

@)

i l 3)
where k; represents the isentropic compressibility and i and x;
denote the mole fractions of the pure component and binary
liquid mixtures, respectively.

Tables 3 and S show the calculated results of isentropic com-
pressibility (k,) and deviation in isentropic compressibility (Ak,)
for the binary system of {[EPMpyr]*[Cl]” (1) + ethanoic or
propanoic acid (2)} over the entire composition range for
both binary mixtures at investigated temperatures. From the
above tables, it is also evident that increases in k, values with
increasing temperature over the entire composition range for
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Figure 11. Intermolecular free length (Lf) for the mixture of (a)
{[EPMpyr]*[Cl]~ (1) + ethanoic acid (2)} and (b) {[EPMpyr]*[Cl]~
(1) + propanoic acid (2)} as a function of the composition expressed
in the mole fraction of {{EPMpyr]*[Cl]™ at T = 293.1S5 K (light blue
circle), T = 298.15 K (orange circle), T = 303.15 K (gray circle), T =
308.15 K (yellow circle), and T = 313.15 K (dark blue circle).

both binary mixtures are due to an increase in the thermal
agitation of solution making the solution more compressible.”’
The free space in binary mixtures was decreased by the
interaction among the mixtures, and this is most probably why
the deviation in isentropic compressibility become more
negative.”' Figure 11 indicates the deviation in isentropic
compressibility (Ak,) of the binary system for [EPMpyr]*[Cl]~
with ethanoic or propanoic acid are negative over the whole
composition range of IL for all investigated temperatures. The
mole fractions x; = 0.3022 and 0.3036 gives the minima values
of Ak, as —17.5520 (10® Pa™!) and —18.2937 (10® Pa™!), which
occurs correspondingly for both ethanoic and propanoic acid
binary systems. These values of Ak, suggest that the unlike
molecules approach closely, and strong interactions are formed
among the ethanoic or propanoic acids with [EPMpyr]*[Cl]~
mixtures that contribute to a decrease in compressibility.

As shown in Figure 11 the values of Ak, decrease with an
increase in temperature for both binary systems for all com-

positions of [EPMpyr]*[Cl]~. The Ak, values slightly differ for
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Figure 12. Deviation of isentropic compressibility (Akg) for the
mixture of (a) {{EPMpyr]*[Cl]~ (1) + ethanoic acid (2)} and (b)
{[EPMpyr]*[Cl]~ (1) + propanoic acid (2)} as a function of the
composition expressed in the mole fraction of {{EPMpyr]*[Cl]™ at
T = 293.15 K (light blue circle), T = 298.15 K (orange circle),
T = 303.15 K (gray circle), T = 308.15 K (yellow circle), and T =
313.15 K (dark blue circle).

the two binary systems; {{EPMpyr]*[Cl]” (1) + propanoic
acid (2)} is more compressible than {[EPMpyr]*[CI]™ (1) +
ethanoic acid (2)} due to the presence of an additional alkyl
and epoxy group. These groups strongly interacted with a
similar structure of propionic acid. The theoretical interactions
in between the molecules are shown in Figure 13, and this may
help to better understand the nature of the interaction. There is
a slight difference in the term of interactions between the two
acids. The unlike molecules are closer together in the binary
mixtures due to the strong interaction among the components
of mixtures, and this is why the compressibility has been
decreasing.”” The order of compressibility increases for the
binary mixtures as follows {{EPMpyr]*[Cl]” (1) + ethanoic
acid (2)} < {[EPMpyr]*[Cl]~ (1) + propanoic acid (2)}.
The important points which are established from the above
thermo-physical properties, interactions, and structural effects

4960

are follows. The resulting data show that the negative V}, and
Ak, values due to the chemical effects include the specific
interactions such as ion dipole interactions, formation of
H-bonds, strong dipole—dipole interactions, and donor—
acceptor complexes between solute and solvent molecules.
The structural effects play an important role in the binary
mixtures because the unlike molecules interact closer together.
The sizes of the molecules are different, but the skeletal fitting
for component molecules into cavities of others results in
negative V& and Ak, values.

Intermolecular Free Length. Jacobson’s empirical relation
and isentropic compressibility’s were used to calculate the
thermo-physical property of the intermolecular free length (L)
from Equation 4 as follows:

1/2
Ly = k() )
where k; is the temperature-dependent Jacobson’s constant, and
its value is (93.875 + 0.375 T)107%,

Tables 3 and S show the resulting data of intermolecular free
length (L;) for {{EPMpyr]*[CI]™ (1) + ethanoic or propanoic
acid (2)} binary mixtures across the entire mole fraction of the
liquid mixtures at investigated temperatures seen in the L
versus x; of IL plot in Figure 12. The properties of fluids consist
of attractive and repulsive forces and were investigated by using
the intermolecular free length. It helps to determine the dis-
tance among the centers between the two molecules in the
liquid mixtures, which is called intermolecular forces, that is the
great significance of the intermolecular free length. The values
of forces are numerically equal but in opposite directions under
given external conditions. The center of attraction of the mole-
cules plays a vital role in the attractive forces, and it depends on
the distance among the molecules, while the distance between
the surfaces of the molecules describes clearly the repulsive
forces and is dependent on them.

The important properties of the distance among the centers
of attraction is enormously hard to define because the centers
cannot coincide with the structural centers of the molecules in
the liquid. Additionally, the sound velocity variations in liquid
mixtures play an important role in determining the inter-
molecular free length. Figure 12 and Tables 3 and S indicate
that the intermolecular free length and speed of sound are
related in an inverse manner. The large distance among the sur-
faces of the two molecules is clearly identified by the increasing
intermolecular free length, as well as a decrease in the speed of
sound. This is a useful method for investigating the nature of
molecular interactions between the components in the liquid
mixtures.

FTIR Studies for Liquid Mixtures. Figure 14 shows the FTIR
spectrum of the IL and binary mixture of IL + ethanoic or
propanoic acids. These spectrum explain the interaction of ILs
with acids. The FTIR characteristic vibrations for ILs at
3443 cm™' is for the ammonium group. The vibration peaks at
2931 and 2881 cm™! stretching are for the C—H bond, and the
peak at 1508 cm™ is for the bending vibration for C—H. The
vibration bands of C—N and C—O obtained peaks at 1404 and
1303 cm™), and chlorine stretching appeared at 666 cm™L. The
FTIR spectrum of binary mixture {[EPMpyr]*[CI]™ (1) +
ethanoic acid (2)} represents the violet color in Figure 13. The
characteristic vibrations at 3453 and 3405 cm™' denotes the
—OH and ammonium group, respectively. The bands at 2954
and 2879 cm™' indicate the stretching vibrations for C—H
bonding, and the band at 1508 cm™' is for C—H bending
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Figure 13. Chemical structure and theoretical interaction of ionic liquid with propanoic acid.
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Figure 14. FTIR spectra of ionic liquid (green), ionic liquid with acetic acid (blue), and ionic liquid with propanoic acid (red).

vibration. Peaks at 1719 and 1655 cm™" represent the C=0
group of ethanoic acid and IL, respectively. Thepeaks at 1409,
1472, and 1447 cm™ tell us about the C—N vibrations. The
C—0 bond gives the peak at 1306 cm™", and chloride appeared
at 661 cm™". FTIR for binary mixtures of {{EPMpyr]*[CI]™ (1) +
propanoic acid (2)} shows the red color spectrum in Figure 13.
Characteristic vibrations at 3453 cm™" are for the —OH and
ammonium group. The C—H stretching vibrations are at 2966
and 2903 cm™', and the bending vibration of C—H is at
1508 cm™". Carbonyl groups appeared at 1724 and 1657 cm™.
Stretching vibrations at 1408 and1464 cm ™' represent the C—N
vibrations, and 1432 cm™! represents the C—N bending vibra-
tions. The C—O vibration is at 1306 cm™, and the chloride
peak is shown at 660 cm™. FTIR indicates that the addition of
acid to IL does influence (1) C—H and C—N vibrations of
the cation in ILs, (2) C—O vibrations of ILs and acid, and (3)
C=O0 vibrations of ILs and acid. Thus, the FTIR spectra
analysis gave an explanation about the interaction of ion +
dipole and the interaction between ILs and acids in a binary mix-
ture of {{EPMpyr]*[CI]™ (1) + ethanoic or propanoic acid (2)}.

Correlation of Derived Properties. Tables 3 and S show the
calculated thermo-physical properties of excess/deviation of
the {[EPMpyr]*[Cl]™ (1) + ethanoic or propanoic acid (2)}.
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The Redlich—Kister equation®” (eq 5) given below was used to
fit those properties such as V&, Ak, 7, and Lg

k
X =ap, ), A1 = 2x) 7"
i=1 (5)

where X is an excess molar volume (V%), deviation in isentropic
compressibility (Ak;), and intermolecular free length (L),
and viscosity (7). The least-squares method has been used
to determine the corresponding fitting parameters A; values.
Table 6 shows the summarized results as well as including

corresponding standard deviations. Here, ¢ as given by eq 6.

1/2
] (6)

where N denotes the number of experimental points and K
represents the number of coefficients in the Redlich—Kister
equation. The plots of the Redlich—Kister model together
with the experimental V%, Ak, L; and 7 data are displayed in
Table 6. For both binary systems, the standard deviations
indicate very low values for both excess molar volumes and
deviations in isentropic compressibility at all investigated
temperatures.

“ Xex t Xcac
o(X) = Z [7(11:’ _ K)l

i=1
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Table 6. Coefficients (A;) and Standard Deviations (6) Obtained for Binary Systems {[EPMpyr]*[Cl]~ (1) + Ethanoic or
Propanoic Acid (2)} at Different Temperatures for the Redlich—Kister Equation

T (K) Ay A A, A, c
{[EPMpyr]*[Cl]~ (1) + ethanoic acid (2)}
VE (cm’mol™") 293.15 —4.489 —5.432 —0.848 2.87 0.032
298.15 —4.602 —5.534 —0.905 2.99 0.033
303.15 —4.685 —5.656 —0.898 2.968 0.033
308.15 —4.812 —5.787 —0.966 3.084 0.034
313.15 —4.928 —5.895 —-1.04 3.126 0.035
Ly (10" m) 293.15 4.542 —2.367 16.237 11.202 0.6
298.15 4.65 —2432 16.653 11.523 0.6
303.15 4761 —2.499 17.084 11.856 0.6
308.15 4.875 -2.576 17.537 12.231 0.6
313.15 5.111 -2.712 18.431 12.856 0.6
Ak, (10% x Pa™") 293.15 —46.857 —39.438 —38.068 —25.646 0.1
298.15 —48.817 —41.246 —38.902 —25.169 0.1
303.15 —51.067 —43.189 —40.374 —25.882 0.1
308.15 —53.551 —45.88 —41.472 —24.594 0.1
313.15 —56.079 —48.081 —42.646 —27.875 0.1
7 (mPa s) 293.15 8.744 4332 18.947 1.643 0.5
298.15 8.967 0.053 14.332 8.922 0.5
303.15 7.093 2.938 15.661 1.816 0.4
308.15 6.446 2446 14.363 1.821 0.4
313.15 5.891 2.045 13219 1.804 0.4
{[EPMpyr]*[Cl]~ (1) + propanonic acid (2)}
VE (em® mol™) 293.15 —5.41 —4.131 —-1.935 1.618 0.029
298.15 —5.569 —4.208 —2.057 1.542 0.031
303.15 -5.716 —4.299 -2.131 1.556 0.031
308.15 —5.875 —4.392 —2.262 1.47 0.032
313.15 —6.024 —4.493 -2.338 1.466 0.032
L10” m) 293.15 4.609 —2432 16.704 12.158 0.6
298.15 4719 —2.502 17.141 12.523 0.6
303.15 4.831 -2.574 17.594 12.898 0.6
308.15 4.947 —2.648 18.059 13.286 0.6
313.15 5.186 —2.789 18.978 14.012 0.7
Ak, (10° x Pa™") 293.15 —49.618 —37.956 —28.478 —-18.515 0.1
298.15 —52.186 —40.099 —30.134 -19.371 0.1
303.15 —55.03 —42.202 -32.16 —21.135 0.1
308.15 —58.019 —44.479 —34.452 —23.225 0.1
313.15 —61.185 —46.921 —36.907 —25.305 0.1
n (mPa s) 293.15 8.722 2.977 15.133 0.545 0.5
298.15 7.849 2422 14.007 0.983 0.4
303.15 7.108 1.987 13.004 1.245 0.4
308.15 6.47 1.625 12.105 1.439 0.4
313.15 592 1319 11.294 1.605 0.3

B CONCLUSIONS

In this study, a synthesized ionic liquid was used to make
a binary mixture of {[EPMpyr]*[Cl]™ (1) + ethanoic or pro-
panoic acid (2)}, and physicochemical properties such as
density, viscosity, speed of sound, and refractive index across
the entire mole fraction ranges from 0.03 to 1.0 at temperatures
from T =293.15 to 313.15 K in steps of 5 K under atmospheric
pressure were determined. From the resulting data, derived
properties of excess molar volume, isentropic compressibility,
deviation in isentropic compressibility, and intermolecular free
length have been calculated and discussed. The negative values
of excess molar volume and deviation in isentropic compres-
sibility indicates the presence of strong interactions between
unlike molecules. Comparing propanoic acid and ethanoic acid,
ethanoic acid interacted weakly because of the extra methyl
group present in the propanoic acid and the epoxy propyl

group strongly interacted with propanoic acid. The propanoic
acid binary system has more negative values in V% and Ak, as
well as ion—dipole interactions between propanoic acid and
[EPMPyr]*[Cl]". L; has been calculated for both binary
systems from experimental isentropic compressibility data and
is discussed as well. The Redlich—Kister polynomial equation
was used to correlate the excess thermodynamic parameters
obtained from the results. Good correlation was obtained in
all cases.
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11.2 Critical review for 4™ Publication

Influence of epoxy group in 2-pyrrolidonium ionic liquid interactions and thermo-physical

properties with ethanoic or propanoic acid at various temperatures.

This paper study the thermophysical properties of N-2'.3’-epoxypropyl-N-methyl-2-
oxopyrrolidinium chloride [EPMpyr]*[CI]" IL, and its corresponding binary mixtures with either
ethanoic or propanoic acid at temperatures from 288.15 to 313.15 K, intervals of 5 K at
atmospheric pressure for the whole mole fraction ranges of both binary systems. Specifically,
investigation for the influence of the epoxypropyl group substitution in the cation of this IL reveals
a significant contribution in both binary mixtures. Density(p), sound velocity (u), viscosity (17)
and refractive index (n) for the IL binary mixtures have been measured experimentally. The
experimental data of these properties were evaluate and useful information was obtained on how
the chemical structures are related to these thermophysical properties, and these in turn provide
valuable insights on how to synthesize the targeted ILs. Moreover, these physicochemical
properties were decreased with increasing temperature or increases with increasing mole fraction
of the IL. In addition, this thermophysical property data of ILs could be useful for industrial applied
research and developments, as many industries and researchers are trying to use eco-friendly
solvents to replace traditional volatile solvents. The resulting data were plotted against entire mole
fraction ranges for both binary systems. The thermodynamic properties of liquid mixtures play an
important role in understanding the specific interaction, geometrical effects, molecular
arrangements and molecular modelling in the binary mixtures. The molecular interactions between

the unlike molecules were also comprehended using n data.

The thermodynamic properties, for instance Vi, ks, Aksand Lywere computed from experimental
p and u data. Furthermore, the ;£ data decreases with increasing temperature, but increases with
increasing mole fraction of the IL. The negative V£ represents the strong competing or filling
effects between components of molecules in this liquid mixture. This also implies that the IL is
completely miscible with acids due to its high dielectric constant values and strong interaction
occurs between the unlike molecules across the entire range of composition in the liquid mixtures
of both binary systems at the inspected temperatures. In addition, the excess properties gave more
detailed information about ionic interactions, inter and intramolecular H-bonding and dipole-

dipole interactions.
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The strong interaction of ion-dipole in [EPMpyr]*[CI]" with ethanoic or propanoic acid contribute
significantly to the negative V,E. The interaction interstices and the functional group in the IL
structure gave a free space for ethanoic or propanoic acid to fill through structural alignment. The
minima values for V.5 ..., were obtained at x; = 0.3022 and x;=0.4076 for the (IL + ethanoic or
propanoic acid) binary mixtures, respectively. In addition, the negative values of V£ also reveals

the unlike molecular interactions and charge transfer complexes.

The k, increases with increasing temperature over the whole range of mole fraction for both binary
systems, which means the solutions become more compressible while increasing the thermal
agitation of the solution. The increased interactions among the molecules reduces the free space in
the solution of binary liquid mixtures which accounts for a greater negative Ak. The Ak, gave a
higher negative value for the entire mole fraction ranges of both binary systems at all examined
temperatures. The minimum values of Ak, occurs at mole fraction of x; = 0.3022 and 0.3036 and
gives Akg values of Akg i, =-17.5520 (108Pa™') and Akg i = -18.2937 (108Pa™?)

respectively.

In both binary systems, Ak values of the binary mixture {[Epmpyr]*[CI]" (x1) + propanoic acid
(x2)} is more compressible than {[Epmpyr][CI]" (x1) + ethanoic acid (x2)} due to the epoxypropyl
group interacting more strongly with propanoic acid than ethanoic acid, resulting in a slight
difference in the molecules of the Ak, value for ethanoic acid mixture. Thermodynamic properties
such as V£ and Ak, gives negative values due to significant effects and exact interactions such as
H-bonds, strong dipole-dipole interactions, ion-dipole interactions and donor-acceptor complexes
among the solute and solvent molecules. The higher V£ values observed for the {[Epmpyr]*[CI]
(x1) + propanoic acid (x2)} system compared with the {[Epmpyr]*[CI]" (x1) + ethanoic acid (x2)}
system is due to the higher electron donating capacity of propionic acid relative to acetic acid. This
accounts for interactions such as structural effects and size of the molecules. It could also be the
reason for the attraction of unlike molecules becoming closer together, and skeletal fitting for both

molecules in the liquid mixtures.

Another important thermodynamic property is intermolecular free length (L) which evaluates the
fluid consisting of attractive and repulsive forces in the liquid mixtures. In addition, it could also
be used to investigate the distance between the centres from two adjoining molecular surfaces. The

Ly is found to be inversely proportional to the u , and temperature predominantly influences the L.
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Heat gives some additional energies to these molecules resulting in increased separation. This is
one of the important tools used to investigate the molecular distances, forces operating in the liquid

mixtures and interactions.

FTIR in particular, also establishes the molecular solute and solvent interactions for the binary
mixtures of IL + ethanoic or propanoic acids. The FTIR spectrum indicates that the addition of
acid to IL does influence the bonding of C-H and C-N bands of the cation in IL, C-O vibrational
bands in IL and acid as well as C=0 band in IL and acid. Therefore, the evaluation of FTIR spectra
gave better clarification about the interaction among the ion + dipole interaction between IL and

acids in the binary mixture of {[Epmpyr]*[CI] (x1) + ethanoic or propanoic acid (x2)}.

Derived thermodynamic properties of V,;, Akgand Ly was correlated with the Redlich-Kister
polynomial equation. For both binary systems the standard deviations indicate very low values for

both V,E, and Ak, at all experimental temperatures.
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ARTICLE INFO ABSTRACT

In this study a nanomaterial containing a novel tri-cationic phosphonate ionic liquid (TCPIL), copper ferrite
magnetic nanoparticles (CuFe,O, NP) and partially oxidized modified boron nitride nanosheet (BNONS) was
synthesized, characterized and used as an efficient catalyst to reduce a series of nitro-anilines (NAs), and dyes.
Three different ionic liquids (ILs) [DABCO] *[PDOL] ~, [APIC] " [PDOL]~ and [PYR]*[PDOL]~ were synthe-
sized separately, characterized and used to prepare a novel TCPIL {[DABCO, PYR, APIC-PDOL] *[ATMP] ™ }ionic
liquid. Thereafter CuFe,O, NPs and BNONS were used to synthesize the nanomaterial (TCPIL/CuFe,0,/BNONS):
spectroscopic, microscopic and surface morphological studies were undertaken. The catalytic reduction of a
series of NAs such as 2-nitroaniline (2-NA), 3-nitroaniline (3-NA), 4-nitroaniline (4-NA) and 4-nitro-2-pheny-
lenediamine (4-NPDA) and dyes methylene blue (MB) and allura red (AR) in aqueous solution at ambient
temperature were effective in all compounds tested: the order of reduction, based on reaction time, was 4-
NPD > 4-NA > 3-NA > 2-NA. Kinetic studies indicated either zero order or pseudofirst order. The rate
constant, order of the reaction, activation energy and constant ratio were also calculated for each substrate.
Furthermore kinetic studies at various temperatures showed that an increase in temperature speeded the re-
action whilst by increasing the amount of catalyst the reaction occurred faster. In addition, the nanomaterial was
easily recovered and re-used for more than seven times with negligible loss of its catalytic activity. Moreover, it
is possible to make different nanomaterial by combining different d-block metals such Zn, Pd, Pt and Mn with
BNONS:s for potential applications in biomedical, sensors and catalytic fields.
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1. Introduction [15,16]. This is because of their higher surface area, extraordinary

stability of monolayer’s and the significant role of BNNS in preventing

Ionic liquids (ILs) are low melting salts which are a combination of
cations and anions. They are used in various fields due to their out-
standing physical and chemical properties such as having low melting
point, zero vapor pressure, high solubility and either low or high
viscosities depending on its structure. ILs are used in various applica-
tions such as a leading solvent for the green synthesis of nanomaterials
[1,2], battery electrolytes [3], absorption of CO, [4,5] lignocellulosic
biomass [6], biopharmaceutical applications [7], and catalyst in syn-
thetic organic chemistry [8-10]. Recently, multi-cationic and multi-
anionic compounds for the development of supramolecular ionic net-
works have been reported [11-13], whilst liquid exfoliated h-BN na-
nosheets (BNNS) have been stabilized using ILs [14]. It is reported that
a combination of magnetic iron oxide NPs and ILs supported by BNNS
have displayed better chemical activity than the IL’s or NPs used alone
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the aggregation and conductivity of NPs in ILs [15,16]. A multi-ionic
ionic liquid is one that contains more than one cation linked to the same
type of anion and is usually a mixture of ILs. This is commonly prepared
by mixing pre-existing ILs. A 4th generation IL (4-ILs) is a new concept
and is described as one that contains more than one cation linked to a
single substrate that contains multiple anionic sites.

Copper NPs has received significant attention owing to their ex-
ceptional and interesting applications in catalysis, photonics, and
electronics [17-19] whilst magnetic iron oxide (Fe30,4) and (Fe,O3) NPs
exhibit an excellent properties in water treatment, magnetic imaging,
biosensor, cell labelling and drug delivery because of their low toxicity
and low cost, high chemical stability and saturation in magnetization
and easy manipulation in low magnetic field [20].

Graphene and hexagonal boron nitride (h-BN) are the two most
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important members of the layered materials family possessing hex-
agonal lattice structures with virtually similar physicochemical prop-
erties. However in the last decade h-BN has attracted greater attention
because of its fascinating features such as wide energy band gap [21],
chemical inertness [22], electrical insulating properties [23], high
surface area [24], and high thermal conductivity [25]. Furthermore, h-
BN is more suitable for fabrication of hybrids due to its unique physi-
cochemical properties [26-29] and can promote organic reactions such
as the adsorption of CO which is catalyzed by Pd (III) loaded onto h-BN
[30]. Recent reports shows that h-BN serves as a good platform to
stabilize and disperse the noble metal NPs and their oxides [31-34]
whilst tannic acid and ferric ion complex modified with h-BN exhibit
exceptional catalytic activity for the reduction of 4-NA. Also h-BN is
used in industries for various applications such as sensors [29,35,36],
energy [37,38], catalysts [39-43], antibacterial agents [44,45] and
biomedical fields [31].

h- Boron nitride nanosheets and nanotubes have better chemical
stability than their carbon analogues. A recent report indicated that the
formation of B—N—O bond by slow and strong oxidation at high tem-
peratures shortened the BN nanosheets [28]. Recently, researchers
[46,47] have investigated the oxidized structure of 2D h-BN by a che-
mical oxidation method and studied the electronic properties of h-
BNONS. They found that chemisorption of oxygen plays an important
role in the oxidation process of h-BN sheets and in modifying the
properties of h-BN [48]. Although, these approaches have shown a
feasible pathway for the preparation of h-BNONS, further improvement
in their electronic properties are desirable for catalytic applications.
Herein, we propose the use of novel TCPILs for improving their con-
ductivity and stability of CuFe,O4 NP and h-BNONS nanosheets.

Generally, NAs are an important intermediate in organic synthesis,
pharmaceuticals and dyeing industries. Many industries dispose of
untreated effluent containing NAs thereby polluting the environment
and ground-water [49]. Recently public health and environmental
pollution issues are reported on low concentration of 2-NA especially in
contaminated water [50-52]. The Unites States Environmental Pro-
tection Agency have listed the NAs as dangerous wastes and toxic
pollutants [51,52]. Hence better protocols are required to convert the
NAs to less toxic and more useful products. One such methodology is to
use catalysts which could be effective in ambient reaction conditions
and preferably in aqueous solution [53]. Such methodology is based on
reduction of NAs to their corresponding amines derivatives [54,55]
Recently, researchers developed an immobilized iron metal containing
IL which was used as an effective and versatile heterogeneous catalyst
for the chemoselective hydrogenation of nitroarenes into anilines [56].

The present study describes the facile synthesis and full character-
ization of three ILs, a unique TCPILs and their utility in the preparation
of the nanomaterial containing CuFe,04 and BNONS. Furthermore, the
catalytic activity of the nanomaterial was assessed for the reduction of a
series of NAs to their respective amino aromatics whilst two dyes were
also included in this study. The kinetic studies of reduction reaction at
different temperature and various quantity of catalyst (TCPIL/
CuFe,04/BNONS) was investigated and data were plotted.

2. Experimental
2.1. Materials and Method

Boron nitride (99.8% purity), copper sulphate (99.5% purity), ferric
chloride (99.8% purity), ferrous sulpate (99.9% purity), liquid am-
monia (30% solution), amino trimethylene triphosphonic acid (ATMP)
(98% purity), 1-methyl-2-pyrrolidinone (99.8% purity), 3-chloro-1,2-
propanediol (99.8% purity), 1,4-diazobicyclo[2.2.2]octane, 2-amino
pyridine, methanol, ethanol, acetonitrile, sodium nitrite (99.9%), po-
tassium permanganate (99% purity), sulphuric acid (98% purity), hy-
drogen peroxide (98% purity), 2-nitroaniline (98% purity), 3-nitroani-
line (98% purity), 4-nitroaniline (99% purity), 4-nitro-2-
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phenylenediamine, methylene blue dye (95% purity) and allura red dye
(80% purity) were purchased from Sigma Aldrich, South Africa.

The surface morphology of the composite was investigated by JSM-
6701F (JEOL, Japan) scanning electron microscope (SEM): the sample
was coated with gold. The energy dispersive X-ray spectrometry (EDS)
analysis was carried out using a JEM-2100F at an accelerating voltage
of 200 k. The sample was dissolved in ethanol and sonicated for 10 min
to disperse the NPs and to make a stable dispersion (0.1 mg/mL). A
D5000 Siemens diffractometer with copper source (K = 154.18) was
used for recording XRD spectra. During XRD analysis, 100 mg sample
was weighed and degassed at 110 °C for 2 hrs under 140 mbar pressure.
XPS spectra were obtained using an ESCALAB 250 spectrometer oper-
ated in a fixed analyzer transmission mode (pass energy 150 eV) and Al-
K (1486.6 eV) excitation. Prior to AFM analysis, the composite was
dissolved in ethanol and further deposited onto mica substrates and
dried. Shimadzu UV-2600 instrument was calibrated and fix the re-
quired parameters then run the blank solutions before start the ex-
periment.

2.1.1. Synthesis of ionic liquids

2.1.1.1. 1, Synthesis of [DABCO-PDO] * [CI] ~. N-2’, 3’ dihydroxy propyl
1,4-diazobicyclo [2.2.2]octanium chloride [DABCO-PDO] " [Cl] ~ (I) IL
was synthesized, characterized and purified by known protocol [57]
(Scheme 1).

2.1.1.2. II, Synthesis of [PYR-PDO] " [CI]~. In a 100 mL three-necked
round bottom flask, fitted with a thermometer and water condenser,
was added 1-methyl-2-pyrrolidinone (4.45g, 50 mmol) in ethanol
(50 mL). Thereafter 3-chloro-1,2-propanediol (6.0819 g, 55 mmol)
was added slowly in an ice box set-up at the temperature of 8-10 °C
with constant stirring and thereafter the content was brought to a
moderate reflux to 90-100 °C on an oil bath, with constant stirring for
24 hrs. The flask was cooled and any volatile and unreacted materials
were removed in vacuo to give a yellow colored liquid identified as N-
2/,3’-dihydroxy  propyl-1-methyl-2-pyrrolidonium chloride [PYR-
PDO] *[Cl]~ (compound II): reaction Scheme 2. The yield of the
product was 98.20% and it was characterized by techniques such as
FTIR, '"HNMR, '>CNMR and elemental analyses. [PYR-PDO]*[CI] .
FTIR (v = cm™1): 3309, 2940, 2871, 1644, 1505, 1407, 1304, 1262
and 1036. "H NMR (400 MHz, CDCl,): & 4.3 (s, 2H), 3.8 (s, 1H), 3.7 (d,
2H), 3.4-3.6 (m, 2H), 3.3 (d, 2H), 2.7 (s, 3H), 2.2 (t, 2H), (1.9-2.0 (m,
2H). *C NMR (100 MHz, CDCl,): 8 158, 135, 132, 130, 125, 88, 25, 15.
The elemental composition (%) calculated for CgH;6CINO3 is: C, 45.83;
H, 7.69; N, 6.68, which are close to the values found: C, 45.56; H, 7.10;
N, 6.29.

2.1.1.3. III, Synthesis of [APIC-PDO]*[Cl]~. In a 100 mL three-necked
round bottom flask, fitted with a thermometer and water condenser,
was added 2-amino pyridine (APIC) (4.57 g, 50 mmol) in ethanol
(50 mL). Thereafter 3-chloro-1,2-propanediol (6.0819 g, 55 mmol)
was added slowly in an ice box setup at the temperature of 8-10 °C
with constant stirring and the content was brought to a moderate reflux
to 90-100 °C on an oil bath, with constant stirring for 24 hrs. The flask
was cooled and volatile unreacted materials were removed in vacuo to
give a yellow colored N-2’,3’- dihydroxy propyl 2-amino pyridinium
chloride [APIC-PDO]*[Cl]~ ionic liquid (compound III) shown in
reaction Scheme 3. The yield of the product was 96% and it was

R

Scheme 1. Synthesis of [DABCO-PDO] *[CI] ~.
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characterized by the following techniques FTIR, "HNMR, '>*CNMR and
elemental analyses. [APIC-PDO] " [Cl] . FTIR (v = cm™Y): 3323, 3170,
2953, 2884, 1583, 1444, 1373, 1046 and 1034. 'H NMR (400 MHz,
CDs0D): 6 7.8 (d, 1H), 7.0 (s, 1H), 6.8 (d, 1H), 4.5-4.6 (d, 1H), 4.2-4.4
(d, 1H), 4.0-4.1 (d, 1H), 3.5-3.8 (m, 2H), 2.5-3.0 (s, 3H). '*C NMR
(100 MHz, CD30D): 8 156, 142, 118, 115, 70, 65, 55, 22. The elemental
composition (%) calculated for CoH;5CIN5O, is: C, 49.43; H, 6.91; N,
12.81, which are close to the values found: C, 49.56; H, 6.60; N, 12.59.

2.1.1.4. 1V, Synthesis of [DABCO, PYR, APIC-PDO] " [ATMP] . In a
100 mL three-necked round bottom flask, fitted with a thermometer
and water condenser, was added a sodium hydroxide (0.4 g, 20 mmol)
in 50 mL of methanol. Thereafter amino tris (methyl phosphonic acid)
(ATMP) (5.981g, 20 mmol) was added dropwise, with constant
stirring, on an ice bath. The reaction mixture was maintained at
8-10 °C for 1 h. Then 20 mmol of each [DABCO-PDO]*[Cl]~, [PYR-
PDO] " [CI]~ and [APIC-PDO]*[Cl]™ IL were added. The flask was
transferred into an oil bath and the content was brought to reflux at
120 °C for 24 hrs. The flask was cooled and any volatile and unreacted
materials were removed in vacuo to give a yellow colored [DABCO,
PYR, APIC-PDO] " [ATMP] ~ ionic liquid (compound IV) which was
subsequently further purified by solvent washing, reaction Scheme 4.
The yield of the product was 85% and it was characterized by the
following techniques: FTIR, 'HNMR, '*CNMR, *'PNMR and elemental
analysis. [DABCO, PYR, APIC-PDO] +*[ATMP]~. FTIR (v =cm™b):
3416, 3323, 2953, 2884, 1744, 1658, 1513, 1453, 1382, 1243, 1182,
1034, 915, 736, 654 and 569 (see Fig. 1b). 'H NMR (400 MHz, D,0): §
7.5 (d, 2H), 6.6-6.8 (m, 3H), 4.3-4.4 (s, 2H), 4.0-4.1 (s, 6H), 3.9-4.0 (t,
5H), 3.8-3.9 (m, 10H), 3.5-3.7 (m, 23H), 3.3-3.4 (t, 2H), 3.1-3.2 (s, 3H),
2.2-2.4 (m, 6H), 1.7-2.1 (m, 2H). **C NMR (100 MHz, D,0): § 180, 160,
155, 145, 135, 118, 72, 68, 67, 65, 64, 63, 62, 61, 58, 56, 55, 54, 53,
52, 50, 48, 46, 32, 30, 22, 18.

2.1.2. Synthesis of CuFe;04 nanoparticles

Magnetic CuFe,04 nanoparticles were synthesized by chemical co-
precipitation of Fe** and Cu®* ions in an alkaline solution, followed by
treatment under hydrothermal conditions [58,59].

2.1.3. Preparation of partially oxidized BNONS

The BNONS was prepared by modifying the chemical oxidation
method [46,48]. Briefly, h-BN powder (1 g, 40 mmol) was added to a
solution of sodium nitrite (0.8 g), in concentrated sulphuric acid
(50 mL), on an ice bath. Thereafter potassium permanganate (5.6 g)
was added, vigorously stirred and maintained at 10 °C. The reaction
vessel was removed from the ice bath, agitated for 3 hrs and heated at
40 °C. Then deionized water (100 mL) was subsequently added, the
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reaction vessel was transferred to an oil bath and heated at 120-130 °C
for 45 minutes. The solution was diluted with 200 mL of deionized
water followed by the addition of a 30% solution of hydrogen peroxide
(50 mL). The as-obtained partially oxidized BNONS powder (white
color) was repeatedly washed with deionized water and dilute HCI to
remove sulphate ions. The final washings were tested with BaCl, so-
lution for sulphate. The as-purified partially oxidized BN (BNONS)
powder was filtered and dried at 60 °C for 24 hrs.

2.1.4. Preparation of nanomaterial

The TCPIL/CuFe;0,/BNONS nanomaterial (See Fig. 1) was syn-
thesized by co-precipitation of the as-prepared TCPIL/CuFe,O4 nano-
particles in BNONS aqueous solution. In a typical synthesis, 1 g of T-
CPIL {[(DABCO-PYR-APIC)-PDOL] *[ATMP] "} was dissolved in
deionized water (20 mL). Then, CuFe,O, (2 g) NPs was added into the
above solution and heated at 120 °C for 24 hrs with constant stirring.
Thereafter sodium dodecyl lauryl sulfate (0.1 g) was added followed by
addition of BNNONS solution (1.0 g in 10 mL) and 30% ammonia so-
lution (25 mL) with vigorous stirring to dissolve all materials. This so-
lution was heated at 150 °C with constant stirring for 12 hrs. Then the
pH of the solution was adjusted to 9-10 with dilute ammonia solution.
The mixture was stirred for 1 h and cooled to reach ambient tempera-
ture. Finally, the mixture was centrifuged and filtered to obtain TCPIL/
CuFe,04/BNONS powder (brown). The product was washed several
times with deionized water and dried under vacuum at 70 °C. The final
product was dispersed in ethanol (20 mL). The mass ratio of CuFe,0,,
IL and BNONS in the TCPIL/CuFe,O,/BNONS nanomaterial was cal-
culated as 2:1:1. The outline method of the preparation shown in Fig. 1
as below.

2.1.5. Catalytic reduction of nitroanilines and dyes

The catalytic activity of TCPIL/CuFe,04/BNONS was investigated
by the reduction of a series of NAs and dyes (Scheme 5). Briefly, 2-NA
(0.5mL, 0.05M), 3-NA (0.75mL, 0.05M), 4-NA (0.75, 0.01 M), 4-
NPDA (0.75, 0.005 M) as well as MB (0.75, 0.01 M)and AR (0.50 mL,
0.05 M) solution was added separately into a quartz cuvette followed by
NaBH,4 (0.75 mL, 0.5 M) and finally by deionized water (1.485 mL). A
smaller quantity of 4-NPDA was used due to its poor solubility. Then an
aqueous solution of TCPIL/CuFe,O4/BNONS (0.015 mL, 0.2 mg/mL)
was added into the quartz cuvette and the reaction was monitored by
UV-Vis. The UV-vis absorption spectra were recorded after every five
minutes (Fig. 11(a)-(f)). The kinetics of the reaction was investigated to
compute the rate constant, order of the reaction and activation energy.
In addition, several temperatures such as 298 K, 303 K, 313K, 323K,
333K and different dosage of the catalyst such as 0.015, 0.030 and
0.040 (2 mg/ml) were used for kinetic studies. During the reduction of
NAs and dyes, the solution changed to colourless thereby indicating a
visual confirmation of the reduction process. After completion of the
reaction, small aliquots of NH,4CI solution was added to neutralize ex-
cess NaBH,. The catalyst was recovered by external magnets as shown
in Fig. 2.

3. Results and Discussion

The FTIR spectrum of TCPIL/CuFe,0,/BNONS nanomaterial (Figure
ES-1a (Electronic Supplementary)) showed the characteristic peaks at
3317, 2910, 1762, 1620, 1398, 1058, 808, and 559 cm !, revealing the
presence of functional groups such as —NH,, —C-H, —C=0, —C—N,
—C—0, —PO3, —B—N and FeO. In addition to these peaks, C-H and
—OH peaks were also observed at 2910 cm ™' and 3317 cm ™%, re-
spectively. The BNONS (Figure ES-1c) showed surface bonds such as B-
N (1446 cm™'), B-OH/B-NH, (3325 cm™' and 3190 cm™ '), B—N—B
(802cm™ %), B-N—0O (1107 cm™'), C—O (1045cm™'), and B-N-O
(1026 cm ™ 1) [31]. FTIR results showed that non-covalent functionali-
zation of BNONS occurred via van der Waals forces as consistent with a
previous report [60]. When compared to the pristine h-BN, the band at
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1100 cm ™~ ! for OH-BNONS shifted slightly. Furthermore, the absorption
peak was assigned to B-O deformation originating from the hydroxyl
group of the OH—BNONS [31]. The absorption peaks were in correla-
tion with those reported previously for activated BN [61]. The FTIR of
nanomaterial also exhibited typical absorption bands at 925 and
970 cm ™! corresponding to the stretching vibrations of the P-OH group
in IL shown in (Figure ES-1b and 1d). The characteristic peaks of POsH
were also observed at 1762, 1620 and 1058 cm™ ' [61]. The char-
acteristic absorption band of Fe—O in CuFe,O4 NP were observed at 559
and 466 cm . In addition, peaks at 1629, 1539, 1338 and 950 cm !
corresponded to metal-metal and metal oxygen bonds. Regarding the IL
to metal and BN-P vibrations, the stretching vibration of the Cu—N
bonds were also observed at 456 cm ™ *.

X-ray diffraction (XRD) analysis was an important technique which
provided valuable information for interpretation of the crystalline
nature of the metal, metal oxide and BNONS. The typical XRD pattern
of the TCPIL/CuFe,0,/BNONS nanomaterial (Figure ES-2) displayed
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Scheme 4. Synthesis of [DABCO, PYR, APIC-
PDO] " [ATMP] .

two characteristic peaks at the 26 values of 27.3° and 55.3° for (212),
(423) planes, which corresponded to the two crystalline phases such as
hexagonal BNONS (JCPDS 45-896) and cubic CuFe,O4 (JCPDS 77-10).
The CuFe,O, phase exhibited sharp peaks at 26 value of 311, sug-
gesting they were nano-crystalline. The other phases such as copper
(JCPDS, no. 851326); copper (I) oxide, Cu,O (JCPDS, no. 741230);
copper (II) oxide, CuO (JCPDS, no. 410254); and magnetite, Fe304
(JCPDS, no. 751609) were also observed. By using the formula of Debye
Scherrer (D = KA/(P cosB) and the full width at half maximum of the
diffraction peak at the Bragg angle 26, the size of CuFe,O, was de-
termined to be 20 nm. The crystallinity of CuFe,O4NP in the composite
was confirmed by XRD patterns. Figure ES 2 shows discrete char-
acteristic peaks at the 20 values of 27.3°, 28.4 °, 32.9 °, 46.8°, 55.3° and
58.0° which were assigned to the (220), (117), (1114), (311) (552) and
(443) crystallographic planes of Fe3O,. The XRD peaks of Fe;O, at
around 26.8° and 55.6° overlapped with the (220) and (443) facets of
the h-BN.
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Fig. 1. Preparation of TCPIL/CuFe,0,/BNONS Nanomaterial.
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NH 2 Scheme 5. Reduction of various NAs such as (a) 4-
NH, NPDA, (b) 2-NA, (c) 3-NA (d) 4-NA and dyes (e) MB
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Raman spectra provided useful information to identify the bonding
states of the h-BN films, thus providing complementary evidence of the
successful formation of modified h-BN [31,46,60,62]. The character-
istics peaks in the Raman spectra of h-BN were similar to that of the
BCN film prior to etching, revealing that B and N atoms were dom-
inating the edge effect. The greatly imperfect SP, hybridized graphene-
like structure of BN on Cu foil was observed. The E,g symmetric vi-
bration mode in h-BN indicated the peaks at 1365 and 1872 cm ™!
which were similar to that of h-BN (Fig. 3b) [63-65]. Subsequently, the
additional sharp peak at 1707 cm ™! indicated the B-O-N bond. The
Raman spectra of h-BNONS (Fig. 3a) exhibited some extra peaks cor-
responding to oxygen coordinated boron and nitrogen. The intensity of
the peak at 1707 cm ™! (806) was close to the peak at 1872 cm !
(662.5), providing ample evidence for the formation of h-BNONS. The
arrangement of layers of h-BNONS was different from normal h-BN, due
to the interaction of oxygen with boron and nitrogen.

Those interactions create an angle strain and some steric hindrances
or slight distraction of the electronic cloud of h-BN. As a result, some of
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the layers were perpendicularly allocated as shown in Fig. 9a and b.
Although it does not cause any significant change in the overall struc-
ture of the h-BN, slight modification in the surface of the h-BN material
occurred. The SEM images (Fig. 9a) showed the multilayers of the
material. Further investigation of the SEM images revealed each layer
was a single crystal. Thus, Raman spectra results clearly indicated the
crystallinity level in the sample and Full Width at Half Maximum
(FWHM).

X-ray photoelectron spectroscopy (XPS) was used to investigate the
surface chemical composition of the TCPIL/CuFe,O,/BNONS. Fig. 4
shows the survey scan of the XPS spectrum which evidently indicates
the presence of elements such as boron, nitrogen, oxygen, phosphorus,
carbon, copper and iron. The exact spectra and peak area intensity were
obtained by subtracting the Shirley type backgrounds for all. The de-
convoluted Bys, C15 and Ny spectra are displayed in The By spectrum
(Fig. 4b) has the peaks at the binding energy (B.E) values of 191.0 and
189.9 eV, which were attributed to B-N and B-C bonding, respectively,
while the peak at 192.1 eV showed the existence of BNONS. The curve



V. Arumugam et al.

Applied Catalysis B: Environmental 222 (2018) 99-114

\J/

Magnetic nanocatalyst
in reaction mixture

Fig. 2. Magnetic separation of TCPIL/
CuFe,0,/BNONS Nanomaterial.

Recovery of nanocatalyst from reaction
mixture using external magnet

Fig. 3. Raman spectra of pure BN (3a) and
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BNONS nanosheet (3b).
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fitted C;s spectrum and displayed two main peaks at 284.8 and
285.8 eV, which were ascribed to C-C and C-N, respectively (Fig. 4c)
[66-68]. The deconvoluted Ny, spectra showed two peaks at 398.4 and
398.9 eV (Fig. 4d). The former one was attributed to N-B bonding and
the latter one was ascribed to the N-C bonding [69]. The TEM, XRD and
XPS results confirmed that BNONS coating was successfully prepared on
the TCPIL/CuFe,O, surface via the direct impregnation method.
Meanwhile, the surface modification of TCPIL/CuFe,O4 by BNONS
formed rich hydroxyl and phosphonate groups on the surface of the
nanomaterials, which improves the surface area and dispersing ability
of TCPIL/CuFe,04/BNONS matrix.

In general, the BN nanomaterials have thin sheets with less than 8-
10 layers and lateral size of the nanosheets ranges from 1.5 to 2 pm.
Fig. 5a and b displays the AFM images of TCPIL/CuFe,0,/BNONS with
different height profiles (50 and 500 nm). The height profile of the
nano-sheets revealed that they have multilayered nano-sheets and their
thickness were ~2.5nm and this information was further confirmed
from literature.”! It has been reported that there were no wrinkles on
the surfaces of the CVD-grown BNONS even after transferring to sub-
strate [70,71].

Fig. 6a and b, shows the characteristic low-magnification TEM
images of the TCPIL/CuFe,0,/BNONS nanomaterials. The CuFe,O4 NP
and TCPIL were uniformly spread over the BN modified partially oxi-
dized BNONS that have fairly rough surfaces. The thickness of the
BNONS are ~ 2.5 nm, which was consistent with our AFM results. The

T
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average size of CuFe;O4 NP is 20 nm. The TCPIL/CuFe,O4 NPs were
anchored on the BNONS without forming any aggregates. TEM images
showed that some of the nano layers of BNONS were arranged in par-
allel in comparison with that of normal h-BN. These arrangements ac-
tually give a compact space for nanoparticles and IL binding. The
combination of CuFe;O,4 NP, ILs and BNONS should provide good cat-
alytic efficiency.

Fig. 7a and b shows single nanosheets in the composites. The
HRTEM images of the nanomaterial revealed that BNONS have multi-
layered sheets with an outer diameter and thickness of ~20 nm and
~ 2.5 nm, respectively. Actually, the HRTEM images are not clear due
to more electron concentration and ILs interferes while focusing on
microscope. However, the diameter of the nanosheets in the BNONS
increased to 20-50 nm after IL modification, confirming the coating of
IL on the surfaces of BNONS. The thickness of the few layers in the
BNONS was around 2.5 nm as confirmed from the height profile AFM
image as described previously (Fig. 5a and b). Furthermore, the TCPIL/
CuFe,04/BNONS retained their perfect crystallization after coating
with TCPIL/CuFe,O, as observed from TEM images. As shown in
Figure. ES-4a the distance between the two lattices fringes in the T-
CPIL/CuFe,0,/BNONS nanomaterial were determined to be ~0.5 nm,
which corresponds to the 311 plane of the CuFe,O,4 crystal (Fig. 9b).
The low accelerating voltage of 60 KV was enough to perform high-
angle annular dark-field scanning transmission electron microscopy
(STEM) and to avoid the structural damage by the electron beam.
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Fig. 4. 4a) XPS spectra of TCPIL/CuFe,04/
BNONS nanomaterial. 4b) The Bls spec-
(b) trum of the peaks at the binding energy
(B.E), 4¢) C—C and C—N binding energies,
) 4d) N1 s spectrum of the nanomaterial.
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From the representative bright-field image, shown in Fig. 8a, it was
clearly observed that the particles are irregular spheres with an average
diameter of 20-50 nm. The CuFe,O, NPs appear black as indicated by
the CuFe,04 and Cu NPs in Fig. 8a and b with arrows. Cu NPs appeared
as bright dots due to the greater electronic conductivity of Cu than Fe.
The AC-STEM images of TCPIL/CuFe,O4/BNONS and the

corresponding elemental distribution of Cu and Fe clearly showed that
most of the Cu NPs were grown near the edges of the BNONS where
Fe,04 NPs were present. STEM image, displayed in Fig. 8b, confirmed
that CuFe,O,4 NP were uniformly modified onto the iron oxide surface.

Fascinatingly, analysis of the selected area electron diffraction (ED)
patterns establish the differences between the nanomaterial and two

(a)

236.9nm

e 1 Heght Sensar 11

(b)

515.6nm

(1] 1 Hewght Senast 23pm

Fig. 5. AFM images of TCPIL/CuFe,0,/BNONS nanomaterial (4a-4b).
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Fig. 6. TEM images of PTCIL/CuFe204/BNONS nanomaterial taken at different magnifications (a-b). TEM images of pure CuFe,O4 nanoparticles (c).

constituents. Figures ES-3a and ES-3b shows the ED patterns of IL/
CuFe,04/BNONS nanomaterial and the CuFe,O4 NP, respectively. The
presence of rings in ED pattern showed the polycrystalline nature of the
CuFe,04 NPs. The hexagonal ED pattern of TCPIL/CuFe,O4/BNONS
nanomaterial showed the single crystalline nature. Compared to the
CuFe,04 NP, ED pattern of the composite showed more bright spots due
to greater electronic conductivity resulting from IL and BNONS, re-
vealing the formation of the TCPIL/CuFe,0,/BNONS nanomaterial.
The surface morphology and particle size of the synthesized nano-
material were additionally investigated using SEM and EDS, with the
results shown in Fig. 9a, b and Fig. 10, respectively. The SEM images of
the CuFe,O4 NPs revealed that the NPs were densely packed with a
grain size in the range of 20-30 nm. The BNONS were composed and
the sheets have layered thin platelet morphology. The distribution of
the CuFe,04/IL on the TCPIL/CuFe,0,/BNONS nanomaterial surface
was clearly seen, with the size of the NPs and ILs similar and were
uniformly spread over the BNONS layer. This confirmed the presence of
the BNONS, IL, and CuFe,;O,4 NP in the TCPIL/CuFe,04/BNONS nano-
material. Further investigation of the EDS indicated the presence of
elements such as B, N, C, O, P, Fe and Cu in the nanomaterial (Fig. 10).
Table 1 lists the amounts of B, N, C, O, P, Fe and Cu in the nanomaterial.
The mapping of elements in the nanomaterial using SEM & EDS re-
vealed the distribution of B, N, C, O, P, Fe and Cu (Fig. 9b and c). The
thermal stability of the nanomaterial was investigated by TGA analysis
as shown in Fig. 11. There was no significant weight loss up to 700 °C,
revealing the good thermal stability of the nanomaterial. The decom-
position profile of the material was also compared to BN sheets. The
nanomaterial exhibited three distinct steps of weight losses upon
heating from room temperature to 1000 °C under air flow as displayed
in both TG-DTG curves (Fig. 11). The first weight loss (ca. 8.0%) at

100 °C was attributed to the removal of moisture. The second weight
loss at 250 °C (ca. 12%) was due to the pyrolysis of the oxygenated
functional group on the BNONS surface. Interestingly, compared to
normal BN, the decomposition temperature (at 200 °C) of the oxygen
functional groups in material increased, suggesting the BNONS and the
IL moieties were stabilized mutually. Final weight loss at 700 °C (ca.
12%) was attributed to the decomposition of the IL moiety in the
BNONS layer. The results represented indirect proof for the covalent
linkage of the Cu ferrite magnetic NPs and BNONS through the phos-
phonate IL linker.In this study, h-BN surface modified with partially
oxidized BN nanosheets were prepared for the first time. This in-
vestigation developed the modified graphene oxidized method because
BN underwent low and strong oxidation at high temperature to create
the interaction between oxygen and the B-N bond and to reduce the
electron cloud in-between the B-N. The modified BNONS was confirmed
by FTIR, Raman spectroscopy and XRD. Those spectra exhibit different
peaks compared to normal hexagonal BN. The physical nature of the
material was also different from the normal h-BN due to its smooth
texture. The surface morphology of the partially oxidized boron nitride
nanosheets was changed from normal h-BN due to the angle and posi-
tion of some of the sheets were changed to perpendicular. So, random
sheets position arrangement perpendicular and the normal surface area
could help to increase the stability and it gives some space for IL bound
CuFe,04 NP and thus it was used as a base material for the nanoma-
terial. Another important aspect was the synthesis of novel tri-cationic
phosphonate ILs, which contains DABCO, amino picoline and pyrroli-
donium cations coordinated with triphosphonated amino trimethylene
amino phosphonate (ATMP) based anions. The chemical compounds
such as heterocyclic compounds, organic components, and substituted
propane diol groups does help ILs to bind efficiently with BNONS and

20 nm

10 nm

106

Fig. 7. HRTEM images of PTCIL/CuFe,04/
BNONS nanomaterial at (a) 20 nm and (b)
10 nm.
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Fig. 8. a) Bright-field STM image for nano-

material, b) Dark-field STM image for nano-
( b ) material.
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v

Fig. 9. SEM images of TCPIL/CuFe,0,/BNONS nanomaterial (9a), mapping of all elements in the nanomaterial (9b) mapping of individual elements.

magnetic NPs, subsequently, cation’s and anions were catalytically ac- occur between CuFe,04 and ILs. The ILs were coated with CuFe,O4 NPs
tive in nature. The bimetallic NPs such as CuFe,O4 magnetic NPs also as well. These copper and iron particles were strongly interacted with
have great catalytic activity. The co-ordination or binding interactions ILs because of its metallic charge, ionic interaction and good chelating
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Fig. 10. EDS spectrum of TCPIL/CuFe,0,/BNONS nanomaterial.

Table 1
The EDS elemental analysis results for the TCPIL/CuFe;0,/BNONS nanomaterial.

Elements Weight % Atomic %
B 26.24 0.98

C 13.31 0.81

N 26.60 0.60

o 16.97 0.36

P 1.70 0.05

S 0.60 0.03

Fe 8.91 0.17

Cu 5.68 0.13
Total 100

ability of phosphonate groups in ILs. The resulting material was coated
with partially oxidized BNONS because of heteroatoms such as oxygen
helps to coat BNONS perfectly. This nanomaterial has good physical
and chemical properties. The stability, metal identification, composi-
tions, functional groups and morphologies were confirmed by special
characterizations as discussed above. The method for preparing TCPIL/
CuFe,04/BNONS was described in an experimental. The preparation of
TCPIL has three active organic molecules DABCO, N-methyl pyrroli-
done and amino picoline as cations with the tri-phosphonate anion
ATMP. Hence it was hypothesized that this material would expect to

have more catalytic activity. The final nanomaterial was made by these
ILs capped CuFe,O4 NPs through noncovalent functionalization of
partially oxidized BN nanosheet because it has strong affinity with the
basal plane BNONS. The main strategy for uniform and dense assem-
bling of inorganic magnetic NPs and ILs on the BNONS was proposed to
be due to the surface functionalization of BNONS with high densities of
active heterocyclic compounds and phosphonate groups.The reduction
of NAs was investigated with NaBH, in the absence of nanomaterial.
The UV spectrum showed a slow decrease in the typical absorbance
peak at 380 nm: only 3% of the NA was reduced even after 24 hrs [72]
thereby suggesting that electron transfer from the donor, NaBH, to the
acceptor NA might be prevented by a kinetic barrier. The catalytic
activity of the prepared TCPIL/CuFe,O,/BNONS nanomaterial was
evaluated for the reduction of 4-NA to PPD (para phenylenediamine) in
the presence of NaBH, The typical absorption peaks of 2-NA to OPD
(ortho phenylene diamine) is at Ao, 410 nm and 240 nm (Fig. 12a), 3-
NA to MPD (meta phenylenediamine) is at 360 nm and 300 nm
(Fig. 12b), 4-NA and PPD at 380 nm and 240 nm (Fig. 12¢) and 4-NPDA
to 2, 3, 4-triaminobenzene (Fig. 12d) at 401 nm were monitored. The
absorption of MB is at Apge 300 nm, 600 nm as well as 680 nm
(Fig. 12e) and AR at 500 nm (Fig. 12f) were monitored: as observed, the
absorbance decreased with time corresponding to a recent report [73].
Some of the peaks in the UV spectrum was split at the top of the area
due to high concentration of NAs, therefore it further explains about the

Fig. 11. TGA-DSC curve of the TCPIL/CuFe,0,/BNONS nanomaterial
100 8 recorded under air atmosphere.
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Fig. 12. UV-vis absorption spectrum for reduction reactions by nanomaterial (TCPIL/CuFe,0,/BNONS): 12a) Reduction of 2-NA to OPD 12b) Reduction of 3-NA to MPD material. 12c)
Reduction of 4-NA to PPD 12d) Reduction of 4-nitro-OPD 12e) Reduction of MB dye 12f) Reduction of AR.
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Fig. 13. Proposed mechanism for reduction of p-Nitroaniline to p-Phenylenediamine by TCPIL/CuFe,0,/BNONS nanomaterial.

catalytic activity of the nanomaterial. The catalytic activity was also
compared with other BNNS supported NPs (Table ES-1). It was ob-
served that the reduction of nitroarenes to amino-compounds using the
new nanomaterial was equivalent to Pd/BNNS however the latter took
a longer reaction time. The use of BNNS/Ag and Ag/BCN was reported

109

to cause slower reduction. To show the conversion of NAs to the amino
compounds, the FTIR spectrum (Figure ES-9) was elucidated for the
reduction process. Although the absorption at 1400 and 1643 cm ™ * for
the nitro group were observed for the amino product, a significant in-

crease of an additional amino group at 3460 cm™ ! was observed
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thereby confirming the reduction of 4-NA (Figure ES-9).

3.1. Chemical kinetics for reduction reaction of series of nitroanilines and
dyes

The nanomaterial IL/CuFe,0,/BNO was used as an effective cata-
lyst to reduce a series of nitroanilines and dyes as shown in Fig. 12. The
progress of the reduction reaction was indicated by the gradual de-
crease in the intensity in the UV spectrum of each substrate. It is sug-
gested that due to the lower band gap of CuFe,O, NPs, the catalyst
provides relatively better reduction ability. Therefore the IL most
probably acts as a medium for electron movement whereas BNO and
CuFe,04 can accept as well as transfer the electrons from NaBH, to the
substrate investigated at room temperature. It was observed that the
reduction of 2-NA, 3-NA, 4-NA, 4-NPDA, AR and MB, in the presence of
the catalyst, was completed within 80, 60, 30, 50, 40 and 120 minutes,
respectively. Furthermore, by increasing the temperature of the reac-
tion, it was observed that time decreased which indicated that the re-
action occurred faster. The kinetics of the reaction was determined by
varying the temperature of the reactions from 25 to 60 °C and con-
centration of the catalyst from 0.015 to 0.045 ml (2 mg/ml). The con-
centration of 2-NA, 3-NA, 4-NA, 4-NPDA, AR and MB used was 0.05 M,
0.05M, 0.05M, 0.05M, 0.02M and 0.02 M, respectively, whilst aqu-
eous NaBH, was maintained at 0.5 M. The concentration of NaBH, was
significantly higher than the concentration of NAs and dyes and it was
maintained constant throughout the series of reaction. The value C/Co,
measured in terms of the relative intensity of UV-vis absorbance at the
specific wavelength of the substrate was obtained. The linear correla-
tion In(C/Cy) or C/Cy verses reaction time, as shown in Figs. 14-17,
ES.5, ES.6, ES.7 and ES.8, demonstrates the reaction to be zero-order or
pseudofirst-order with respect to series of NAs and dyes concentration
[75,76]. The kinetic equation for the catalytic reduction is given by In

Applied Catalysis B: Environmental 222 (2018) 99-114

(s™1, and t is the reaction time. The rate constant and activation en-
ergy of the reduction reaction at several temperature as well as different
concentration of catalyst dose was computed and presented in Tables
ES-2, ES-3 and ES-4. It was observed that k increased whilst increasing
the dosage of the catalyst .The catalyst dosage of 0.015 ml (2 mg/ml)
was minimal and it was the optimal dosage for the reduction reaction.
For a quantitative comparison, the activity parameter k_ = k/M was
introduced, and defined as the ratio of the rate constant k to the weight
of the catalyst added, where M is the total mass of the catalyst added in
the reaction. Thus, the reaction rate constant per unit mass was cal-
culated as shown in Table 2.

It was observed that the reaction mixture became turbid when
higher amount of catalyst was used. This is probably due to less pe-
netration of UV light into reaction mixture and due to light scattering
thereby accounting for the decrease in the rate of the reaction. Also
there is a possibility that the adsorption of product on the surface of the
catalyst might block the active sites of the catalyst [74].

This investigation showed that the nanomaterials produced an ex-
cellent reduction profiles for the NAs. These results suggest that an
efficient electron transfer from BH,~ anion to NAs occurs via Fermi
level shift of NPs indicting its high catalytic activity [86]. Normally,
efficacy of the catalyst depends on its available active surface area and
number of active sites on the surface [87]. In addition, the hydride
could be formed whilst the nanomaterial reacted with borohydride and
this may subsequently interacted with NA molecules which might have
been adsorbed onto the metal surface [88]. Furthermore, after quick
reaction at the active sites, the reaction was rapidly completed whilst
the product desorbed almost immediately from the surface of the na-
nomaterial. On comparing the NAs used, it was observed that the re-
duction of 4-NPDA was quicker than 4-NA followed by 3-NA then 2-NA.
Interestingly, less amount of the catalyst was used in this study com-
pared to other reported studies. These results also suggest that the
amino group might contribute significantly to the reduction reaction.

(C/Cy) = —kt, where k is the apparent pseudofirst-order rate constant
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Fig. 14. Kinetic studies for reduction reaction of series of nitroanilines in presence of TCPIL/CuFe,0,/BNONS at various temperatures such as 250C, 300C, 40 °C, 50 °C and 60 °C: a) 2-
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Fig. 15. Kinetic studies for reduction reaction of dyes in presence of TCPIL/CuFe,04/BNONS at various temperatures such as 25 °C, 30 °C, 40 °C, 50 °C and 60 °C a) AR. b) MB.

Based on the position of the amino group, electron donating effect is
better at the para and meta position whilst the ortho position takes less
prominence. However 4-NPDA has an additional NH, group and
therefore the electron donating contribution is the greatest (Table 3).
Several reports are available (Ref ES 1-3) on the catalytic reduction
of NAs especially 2-NA and 4- NA however none is available for 3-NA.
This is probably due to resistance of 3-NA against the action of catalyst
because generally the 3-substituted position is more rigorous. However
the nanomaterial was able to reduce all NAs easily thereby suggesting
its stronger catalytic property. As a typical example, a plausible me-
chanism for the reduction of 4-NA to PPD (Fig. 13) is proposed. Herein
the hydride ions derived from sodium borohydride initiates the reaction
via CuFe,04 NPs. The IL is strongly bonded among the NPs borohydride

and BNONS, and this enhances the electron transitions: there is nu-
merous cations and anions, so ionic moments occurs effectively. In this
reaction initially due to some strong Van der Walls interaction, NA
could be absorbed by BNONS and a high density of electrons stimulates
more hydride ions for attacking nitro group for hydration. It is sug-
gested that the formation of p-n junction among p-type CuFe,O4 NPs
and thin layered n-type BNO semiconductors in the catalyst nanoma-
terial probably facilitates the reduction reaction by decreasing the hole
and electron recombination rate. Furthermore, the hydride ion together
with the electrons are easily released from BH, . After the reduction
reaction, desorption of PPD probably occurs rapidly hence allowing for
the cycle to continue on the nanomaterial. In this mechanism, there is a
sequential loss of water thereby promoting the reduction of the nitro
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Fig. 16. Kinetic studies for reduction reaction of series of nitroanilines at various dosage of catalyst (TCPIL/CuFe,0,4/BNO) such as 0.015 mL, 0.030 mL and 0.045 mL (2 mg/mL): a) 2-

NA. b) 3-NA. c) 4-NA. d) 4-NPDA.
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Table 2

Comparison of rate constant and order of the reaction with reported catalyst.

S.NO Catalyst Reducing Catalyst Conversion time Order of the Rate Constant (k) Ref Compound
Agent quantity (in mint) Reaction
1 AgNPs NaBH, - 55 Pseudo first order 0.1408 x 107 3s™! [771 2-NA
2 AgNPs/graphene oxide NaBH,4 - 20 Pseudo first order 0.4384 x 10~ 3s~! [771 2-NA
3 CuNi/Co30, NaBH, 2mg 30 0.78 X 10~ *min~?! [82] 2-NA
4 AgNPs/PDOP/AAOs NaBH4 - 20 Zero order 3.4 x107°M [78]1 2-NA
5 AgNPs NaBH,4 - 20 Zero order 2,683 x 10~ *mim™! [79] 2-NA
6 gold nanoparticles assisted by =~ NaBH,4 - 59 first order 45 x 10" 2kmin~'  [80] 4-NA
soapnut shells extract
7 CuNi/Co304 NaBH, 2mg 21 - 1.71 X 10 *min~! [82] 4-NA
8 AgNPs/T indica seed coat NaBH,4 - 10 - 6.22 x 107 357! [81] 4-NA
extract
9 CuNi/Co30, NaBH, 2mg 30 - 1.26 x 10 3 min~?! [82] 3-NA
10 AgsoNiso/RGO nanocomposites ~ NaBH, - 0.2 - 1.79 x 10~ 457! [83] 3-NA
11 12.5Cu @ SBA-15 NaBH,4 - 8 Pseudo first order 0.56 min ' [84] MB
12 gold nanoparticles capped by NaBH,4 - 9 Pseudo first order 0.241 min~! [85] MB
salmalia malabarica gum
13 TCPIL/CuFe,04/BNO NaBH,4 0.015ml 80 Zero order 1.93 x 10"*Ms™'  This 2-NA
(2 mg/ml) work
14 TCPIL/CuFe,0,/BNO NaBH, 0.015 ml 65 Pseudofirst order 2.52 x 10745~ ! This 3-NA
(2 mg/ml) work
15 TCPIL/CuFe,04/BNO NaBH,4 0.015 ml 40 Zero order 343 x 10 *“Ms! This 4-NA
(2 mg/ml) work
16  TCPIL/CuFe,04/BNO NaBH,4 0.015 ml 40 Zero order 3.6 x 107 *Ms™! This 4-Nitro-2-
(2 mg/ml) work Phenylenediamine
17 TCPIL/CuFe,04/BNO NaBH,4 0.015 ml 120 Pseudo first order 1.44 x 10~ %s™ ! This MB
(2 mg/ml) work
18 TCPIL/CuFe;0,/BNO NaBH, 0.015 ml 50 Zero order 7.15 x 107 *Ms™* This Allura red
(2 mg/ml) work
Table 3

Kinetic studies of rate constant, order of the reaction, ratio constant and activation energy.

S.No  Compound Quantity of Catalyst (mg)  Order of the Reaction  Rate Constant Ratio Constant (s 'g)  Activation Energy (10~ * KJmol ~*)
1 2-NA 0.3 Zero-Order 1.93 x 10 *Ms™"  0.6433 2.94
2 3-NA 0.3 Pseudofirst-Order 2.52 x 107%s7! 0.8400 1.31
3 4-NA 0.3 Zero-Order 3.43 x 107*Ms™ ! 1.1433 7.74
4 4-Nitro-2-phenylenediamine 0.3 Zero-Order 3.6 x 107*Ms™! 1.2000 1.14
5 Allura red 0.3 Zero-Order 715 x 107 *Ms™' 23833 5.96
6 Methylene blue 0.3 Pseudofirst-Order 1.62 x 107 *s7! 0.5400 2.58

group. Furthermore, the nanomaterial did not show any loss in its
catalytic activity even after being re-used for seven times, revealing its
good reusability. It is expected that the greater catalytic performance of
the TCPIL/CuFe,0,/BNONS nanomaterial can be elucidated as follows:
(a) BNONS exhibit excellent physicochemical properties as that of its
structural analogue, graphene and the multi heterocyclic structure of
phosphonate IL enable NA to absorb via ionic interactions, resulting in
a high concentration of NA near the CuFe,O, bimetallic NPs on the
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surface of the BNONS (b) The small size of NPs and uniform distribution
of ILs on the surface of BNONS led to an efficient catalytic reaction.
The difference of morphologies between NP and IL may be related
to the oxidation-reduction potential and dosage of the copper and iron
metal ions. The nanomaterial acted as a medium to relay the electrons
from the donor NaBH, to the acceptor NA and dye molecule thereby
facilitating the reduction reaction. Due to their greater surface area,
high electron density and charge dispersion, the hydride ion, after
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electron transfer to the material, approaches NAs to reduce it to PDs
[89-91]. Two main parameters are important for catalytic activity of
material, viz., the surface area available for electron transfer and the
catalyst active sites on the surface for the electron transfer thereby
removing the kinetic barrier [92].

4. Conclusions

In conclusion, a novel tri-cationic phosphonate IL, with different
heterocyclic cations, was successfully synthesized and characterized.
Furthermore, a partially oxidized BNONS and CuFe,O4NP were pre-
pared and subsequently used to prepare a novel nanomaterial TCPIL/
CuFe,04/BNONS which was characterized by techniques such as FTIR,
XRD, SEM, EDS, TEM, HRTEM, STEM, ED, XPS, AFM and DSC-TGA.
This nanomaterial was effectively used as a heterogeneous catalyst for
the efficient reduction of series of NAs to corresponding PDs, as well as
for AR and MB. From kinetic studies, the rate constant, order of the
reaction, constant ratio and activation energy was computed.
Furthermore kinetic studies at various temperatures showed that an
increase in temperature speeded the reaction whilst by increasing the
amount of catalyst the reaction also occurred faster. The recovery and
reusability (see Figure ES-10) of the nanomaterial is simple and per-
forms well in aqueous solution, without heating or reducing agent and
without the use of any special equipment. Moreover, it is possible to
make different nanomaterials by combining different d-block metals
such Zn, Pd, Pt and Mn with BNONSs for potential applications in
biomedical, sensors and catalytic fields.
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Fig. ES-1: FTIR spectra of PTCIL/CuFe;04/BNONS nanomaterial (a), CuFe;O4 nanoparticles

(b) partially oxidized h-BNONS (c).
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Fig. ES-2: Shows the XRD spectrum of PTCIL/CuFe,0,/BNONS nanomaterial.
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Fig. ES-3: The lattice spacing distance determined for PTCIL/CuFe,04,/BNONS nanomaterial (a) and Cu nanoparticles (b).



Fig. ES-4: Electron diffraction images for the PTCIL/CuFe;04/BNONS nanomaterial (a) and Cu ferrite nanoparticle (b).
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Fig ES- 5.: Kinetics studies of reduction reactions at various temperatures, the graph C/Coverse time a) 2-NA, b) 3-NA, c) 4-NA, d)
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Fig. ES-10: Recycle and reusability graph for the reduction of (a-h) 1.0 mm 4-nitro aniline by the

PTCIL/CuFe,04/BNONS nanomaterial.

Table. ES-1 Catalytic performance of different boron nitride based catalysis

Catalyst Tir(r;s N Conversion  Reference
BNNS/Ag 0.10 95 1
Pd/BNNS 1.00 100 2
Ag/BCN 0.06 % 3
PTCIL/CuFe;O/BNONS ~ 0.14 100 Current

work




Table ES-2: Rate constant of reduction reactions at various temperatures.

Compounds Rate Constant
298 K 303K 313K 323K 333K

2-NA 1.93E-04 | 1.87E-04 | 2.32E-04 | 4.15E-04 | 7.49E-04
3-NA 2.52E-04 | 3.03E-04 | 2.46E-04 | 4.78E-04 | 4.70E-04
4-NA 3.43E-04 | 3.77E-04 | 5.94E-04 | 1.37E-03 | 4.06E-03
4-NPDA 3.60E-04 | 2.37E-04 | 4.19E-04 - -

AR 7.15E-04 | 6.27E-04 | 7.80E-04 | 1.15E-03 | 1.81E-03
MB 1.44E-04 | 1.30E-04 | 1.11E-04 | 4.06E-04 | 6.04E-04

Table ES-3: Activation of reduction reactions at several temperatures.

Activation Energy
Compounds
298K 303K 313K 323K 333K

2-NA 3.70E-03 | 3.58E-03 | 4.45E-03 | 7.94E-03 | 1.43E-02
3-NA 4.83E-03 | 5.80E-03 | 4.72E-03 | 9.16E-03 | 9.00E-03
4-NA 6.57E-03 | 7.21E-03 | 1.14E-02 | 2.63E-02 | 7.77E-02
4-NPDA 6.90E-03 | 4.55E-03 | 8.03E-03 - -

AR 1.37E-02 | 1.20E-02 | 1.49E-02 | 2.19E-02 | 3.46E-02
MB 2.75E-03 | 2.49E-03 | 2.12E-03 | 7.78E-03 | 1.16E-02

Table ES-4: Catalytic dosage at various quantity in reduction reactions

Rate Constant Activation Energy

Compounds 0.015cat | 0.030cat | 0.045 O'CthS 0.;;3;0 O'C(Z:;S

2-NA 1.93E-04 | 2.60E-04 | 2.89E-04 | 3.70E-03 | 4.98E-03 | 5.53E-03
3-NA 2.52E-04 | 1.35E-04 | 2.48E-04 | 4.83E-03 | 2.59E-03 | 4.76E-03
4-NA 3.43E-04 | 3.87E-04 | 1.24E-03 | 6.57E-03 | 7.41E-03 | 2.38E-02
4-NPDA 3.60E-04 | 3.79E-04 | 1.10E-03 | 6.90E-03 | 7.26E-03 | 2.11E-02
AR 5.06E-04 | 6.43E-04 | 8.15E-04 | 9.69E-03 | 1.23E-02 | 1.56E-02
MB 1.44E-04 | 1.16E-04 | 8.49E-05 | 2.75E-03 | 2.23E-03 | 1.63E-03
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12.2 Critical review for 5" Publication

Nano-material as an excellent catalyst for reducing a series of nitroanilines and dyes:
triphosphonated ionic liquid- CuFe204-modified boron nitride.

This research article describes the synthesis of a novel 4" generation multi-ionic I1L-bonded copper
ferrite magnetic nanoparticles decorated, partially oxidized h-boron nitride nanomaterial, its
characterization and use as effective catalyst for the reduction of a series of nitroanilines. This
class of 4™ generation IL, which was synthesized for the first time, certainly provides hope for
researchers wishing to synthesize different ILs in future. Initially, the synthetic part of this work
was long, since three unique first step ILs were needed for synthesis of the novel 4™ generation tri-
cationic phosphonate IL (TCPIL). First of all synthesis of the three different ILs namely as
[DABCO-PDOL]'[CI], [APIC-PDOL]J'[CI]" and [PYR-PDOL]'[CI]" was undertaken and
therefore characterized with FTIR, *H NMR, 3C NMR and elemental analyses. Another important
aspect was the synthesis of novel TCPILs, which contains DABCO, 2-amino picoline, and 2-
oxopyrrolidinium cations coordinated with aminotris (methylene phosphonic acid) (ATMP) based
anions. The above synthesized ILs were joined together with the help of ATMP-like
triphosphonates replacing the three chloride anions from those ILs. The synthesized novel TCPIL
{[DABCO, PYR, APY-PDO]*[ATMP] } was characterized using FTIR, *H NMR, **C NMR and

3P NMR techniques to confirm the chemical structure of the IL.

Graphene-like layered h-boron nitride (h-BN) nanosheet material was modified using some
oxidizing chemicals in different ratios to get h-boron nitride modified partially oxidized h-BN.
This is first time that this material has been reported for making a nanocomposite. These types of
h-BN surface modified partially oxidized materials have more hetero atoms such as B, N and O
and therefore they could help to create better bonds with other materials. The method of
preparation of this material was developed from the method which is used to synthesize graphene
oxide from graphite. The reason is that both are from a similar class of structures however h-BN
is more stable than graphene, therefore the method was modified. The oxidation processes create
a new interaction among the oxygen and B-N bonds and also reduces the electron cloud around
the B-N atoms. The FTIR, XRD and Raman spectroscopy techniques were used to identify the
modified h-boron nitride oxide material. These spectra showed new peaks compared to normal h-
BN spectra. Furthermore, the texture and physical nature of the modified h-boron nitride partially

oxidized material was different from the normal h-BN. The morphological changes were occurred
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in the BNONS, for example, the nano layers or sheets were perpendicularly arranged. Additionally,
these arrangements gave a specific space for the nanoparticles, so that, this will be helpful for their
stability of the material and IL also support for thermostability, due to increasing in surface area
of the catalytic activity further increases.

The heterocyclic compounds, organic moieties and substituted functional group of propanediol
could help the IL to enhance its efficacy and interaction or bonding with BNONS and magnetic
nanoparticles. Consequently, the cations and anions in the IL were catalytically active in nature.
Generally, iron oxide magnetic nanoparticles alone has a good catalytic activity but the influence
of the copper metal, further enriches its efficacy, Finally, CuFe204 NPs display significant catalytic
activity. The synthesized IL was perfectly coated with CuFe2O4 NPs, and therefore copper and
iron atoms interacted strongly with the phosphonate groups due to their metallic charges, ionic
interaction and the extraordinary chelating power of the phosphonate groups in the IL. The
resulting intermediated composition of the IL with bimetallic nanoparticles was further reacted
with partially oxidized h-boron nitride modified material to fulfil the nanomaterial. This
nanomaterial has good physical and chemical properties and of course outstanding catalytic
efficiency as well. Characterization of the nanomaterial established which functional groups are

present, element identification, chemical composition and morphological information.

The more active organic compounds such as DABCO, N-methyl-2-oxopyrrolidine and 2-amino
picoline were used as cations with triphosphonate as an anion in this composition with the IL.
Hence as expected, hypothetically it is more catalytically efficient. Finally, the three active
environmental friendly materials were used to synthesize the novel nanomaterial. The inorganic
CuFez04, TCPIL containing organic functional group compounds and surface functionalized

BNONS modified materials were synthesized to produce this amazing nanocomposite material.

Characterization is very important since it can be explain the actual nature of the material, physical
characterization, surface morphology and activity of the material, and will decide the application
of this nanomaterial. FTIR identifies the functional groups which are present in the nanomaterial
and furthermore it confirms the presence of the IL in the synthesized nanomaterial. EDS is one of
the important techniques used to identify the elements and chemical composition of the
nanomaterial and additionally confirms the presence of IL in this nanomaterial. The morphological

information was obtained by SEM, TEM, and HRTEM techniques. This information provides
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details about how the nanoparticles arrange or spread over the BNONS and the nanosheets of
BNONS positions and their arrangements in the nanomaterial. In STEM, identification of the Cu
and Fe metallic elements in the nanomaterial via bright and dark field investigated images was
revealed. XPS is one of the most important techniques used to examine the bonding, for instance
C-C, C-N, and C-P like that which is present in the nanocomposite. XRD clearly shows the
crystalline natures and oxides of iron of the nanomaterial. In general, the h-BN nanomaterials have
thin sheets with less than 8-10 layers and the lateral size of the nanosheets range from 1.5 to 2 um.
The AFM images of PTCIL/CuFe2O4/BNONS were obtained with different height profiles (50 nm
and 500 nm). The height profile of the nanosheets revealed that they have multilayered nanosheets
and their thickness was approximately ~2.5 nm. It was reported that there were no wrinkles on the

surfaces of the CVD-grown BNONS even after transferring to the substrate.

The catalytic activity of the nanocomposite (PTCIL/CuFe>O4/BNONS) was determined by the
reduction of a series of nitroanilines such as 2-NA, 3-NA, 4-NA and 4-nitro-2-diamino benzene to
corresponding amine derivatives with NaBH4 in aqueous solution at room temperature. The
concentration of electrons in the nanomaterial was high and it contains IL, so it could provide
support for the movement of the electrons in the nanomaterial. The NaBH4 alone only slightly
reduces 4-NA probably only reduced by a negligible percentage of 3 to 5 % even after one day.
The electron transfer was prohibited from donor NaBH4 to acceptor NA by some Kinetic barrier.
The catalytic activity of the prepared TCPIL/CuFe.04/BNONS nanomaterial was evaluated for the
reduction of 4-NA to 1,4-diamino benzene in the presence of NaBHa. The typical absorption peaks
of 2-NA to 1,2-diamino benzene at around 410 nm and 240 nm, 3-NA to 1,3-diamino benzene at
around 360 nm as well as 300 nm, 4-NA and 1,4-diamino benzene at 380 nm and 240 nm and 2-
nitro-3, 4-diamino benzene to 2, 3, 4-triaminobenzene were monitored. The absorption of
methylene blue at 300 nm, 600 nm as well as 680 nm and allura red at 500 nm were monitored: as
observed, the absorbance decreased with time corresponding to a recent report (Shown in Paper
V). For example, the FTIR spectrum of 4-NA and 1,4-diamino benzene further confirms the
reduction of 4-NA through the peaks at 1400 cm™ and 1674 cm™,
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Chemical kinetics for reduction reaction of series of nitroanilines and dyes:

The progress of the reduction reaction was indicated by the gradual decrease in the intensity in the
UV-visible spectrum of each substrate. It is suggested that due to the lower band gap of CuFe>O4
NPs, the catalyst provides relatively better reduction ability. Therefore, the IL most probably acts
as a medium for electron movement whereas BNONS and CuFe204 can accept as well as transfer
the electrons from NaBHjs to the substrate investigated at room temperature. It was observed that
the reduction of 2-NA, 3-NA, 4-NA, 4-NPDA, AR and MB, in the presence of the catalyst, was
completed within 80, 60, 30, 50, 40 and 120 minutes, respectively. Furthermore, by increasing the
temperature of the reaction, it was observed that time decreased which indicated that the reaction
occurred faster. The kinetics of the reaction was determined by varying the temperature of the
reactions from 25 to 60 °C and concentration of the catalyst from 0.015 to 0.045 ml (0.2 mg/ml).
The concentration of 2-NA, 3-NA, 4-NA, 4-NPDA, AR and MB used was 0.05 M, 0.05 M, 0.05
M, 0.05 M, 0.02 M and 0.02 M, respectively, whilst aqueous NaBH4 was maintained at 0.5 M. The
concentration of NaBH4 was significantly higher than the concentration of NAs and dyes and it
was maintained constant throughout the series of reaction. The value C/Co, measured in terms of
the relative intensity of UV-visible absorbance at the specific wavelength of the substrate was
obtained. The linear correlation In(C/Co) or C/Co verses reaction time, as shown in Paper V
demonstrates the reaction to be zero or pseudo first-order with respect to series of NAs and dyes
concentration. The kinetic equation for the catalytic reduction is given by In(C/Co) = -kt. The rate
constant and activation energy of the reduction reaction at several temperatures as well as different

concentrations of catalyst dose was computed and presented in Paper V.

The proposed mechanism for this reduction reaction was discussed in this article. Here the
nanomaterial acts as an electronic medium for this reaction mixture and the hydrated ions from
NaBH; acquired more energy via electrons from this nanomaterial. Moreover, the heterogeneous
catalyst loses only a negligible amount of catalytic activity, even after being re-used 7 times, and

thus it has been established that it is easy to recover and shows good reusability.

TCPIL/CuFe;04/BNONS nanomaterial has extraordinary catalytic activity, and this has been
expected due to the following reasons:
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(@) The chemical composition of the nanomaterial was made by the effective materials such as
BNONS, TCPIL, and CuFe.O4 nanoparticles.

(b) The significant physicochemical properties of BNONS and TCPIL.

(c) The TCPIL which is used for making of the nanomaterial has some unique properties like the

formation of crabbing or chelation of metallic elements, resulting in greater stability and activity.

(d) The TCPIL in the nanomaterial easily absorbed the NA from the reaction mixture, and therefore

the reaction was quick and effective.

(e) BNONS tightly held the TCPIL-bonded nanoparticles, therefore it did not lose its activity

easily.

(F) The small sized of the nanoparticles spread uniformly on the surface of the BNONS, so these

nanoparticles have a greater surface area compared to the normal one.

The morphological variations among the materials like nanoparticles, TCPIL and BNONS might
be related to the oxidation-reduction potential with copper and iron metal ions that were used in
different doses. Due to their greater surface area, high electron density and charge dispersion, the
hydride ions, after electron transfer to the composite, approached NA to reduce it to corresponding
amine compounds. The fast electron transfer via surface area of the catalyst and more active sites
on the surface of the catalyst, combine two important qualities enabling the nanocomposite to act
as an efficient catalyst. The mass ratio of chemical composition for the nanocomposite was 2:1:1
with respect to CuFe>04, TCPIL and BNONS, respectively. However, this mean ratio may change
depending on the reaction condition. Most important of this study is a simple, reliable,
economically viable, eco-friendly and highly efficient approach was developed to synthesize a
PTCIL/CuFe204/BNONS nanomaterial which displayed outstanding catalytic efficacy in a short

reaction time.
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Efficient Catalytic Activity of lonic Liquid-Supported
NiFe,O, Magnetic Nanoparticle Doped Titanium Dioxide
Nano-Composite

Vasanthakumar Arumugam, Gyanasivan G. Redhi, and Robert M. Gengan

Abstract—In this work the author disclose an effective and
environment-friendly approach to the preparation of an ionic
liquid supported, magnetic nanoparticle doped titanium oxide
nanocomposite. The novel ionic liquid N-(2,
3’-epoxypropyl)-N-methyl-2- pyrrolidonium salicylate was first
synthesized and characterized by *H-NMR, *C-NMR, elemental
Analysis and FTIR. It was subsequently used for the
preparation of a composite material by traditional protocols.
This ionic liquid is able to connect the NiFe,O, magnetic
nanoparticles with titanium dioxide via strong ionic liquid
interactions. The composite was characterized by FT-IR,
Scanning Electron Microscopy (SEM), Energy Dispersive
X-Ray (EDS) analysis, Transmission Electron Microscopy
(TEM), High-Resolution Transmission Electron Microscopy
(TEM) and Diffraction studies (DF). The catalytic activities of
these composites were assessed by the reduction of nitro aniline
with the aid of UV spectroscopy. Furthermore, the composite
material was easily recovered and re-used with negligible loss of
its catalytical activity.

Index Terms—Pyrrolidone, NiFe,O,, salicylate, epoxypropyl,
nanocomposite, nitroaniline, ionic liquid.

. INTRODUCTION

In the last decade, many researchers have focused on
nanoscale metal oxide particles and found fascinating
properties for novel applications [1], [2]. Many industries
such as cosmetic, pharmaceutical, textile, food-processing
and printing are using dyes and pigments in their products [3],
however some environmental-friendly microorganisms are
affected by highly toxic dyes due to those industries
discarding them illegally [3]. Generally metal nanoparticles
have some extraordinary physical and chemical properties
such as large specific surface area, high number of active sites,
high physical, chemical and thermal stabilities, strong
electron transfer abilities and high activity and efficiency;
these are the properties which are extensively exploited in the
degradation of dyes [4], [5].

Most of the nanoscience scientists are doing their research
with TiO, due to its interesting applications in numerous
fields of materials engineering, dye-sensitized cells, paint
industry, sensors and chemical engineering [6], [7]. The high
number of applications of TiO, is because of their strongly
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influenced physiochemical properties such as phase structure,
surface area and crystallite size [8], [9]. Titanium dioxide is a
successful material which can be applied for the
functionalization of magnetic nanoparticle and coating
material [10]-[13]. In recent years, researchers have
developed and improved heterogeneous catalyst systems
which have solid phase supported nanoparticles such as
titanium dioxide (NPS), gum and FesO, [6], [14], [15].

lonic liquid coated titanium dioxide composites have more
applications due to their enhanced chemical properties and
physical nature of the material. In general important
properties of the room temperature ionic liquids such as low
surface tension and vapor pressure enables it to act as a
stabilizer to produce lower particle growth [16]-[18], and
reduce the formed nanoparticle surface area [19]. In particular,
the 1-pentyl-3-methylimidazolium bromide coated titanium
dioxide ([PMIM]Br@TiO,) dispersed in an organic solvent
surrounded by a porous membrane and supported by capillary
force and sinification [20].

Applications of magnetic nanoparticles include bioimaging
[21] and easily separable and recyclable of heterogeneous
nanoparticle catalysts [22]. Polystyrene -magnetite
mesoporous titanium dioxide nanocomposite
(PS/Fe;0,/mTiO,) was synthesized by a facile method and
these have potential application in the management of
pollutants in water such as cyanobacteria [23]. The
degradation of methylene blue under ultraviolet light
irradiation was investigated with Fe;O,-TiO, nanocomposite
and Abbasil. At.al. confirmed the photocatalytic activity of
magnetite-titanium dioxide nanocomposite [24].
NiFe,0,/PAMA/Ag-TiO, nanocomposite was synthesized
inexpensively and eco-friendly by facile reproducible
citrate-gel methodology, these composites has been used as
recyclable antibacterial material. [25].

The sono-catalytic activity and good magnetism of
nanocomposite gama-Fe,03 and TiO, NTs/c-Fe,O3 have been
synthesized by a facile polyol method and exploited the
principle of the isoelectric point method [26]. The phases of
the titanium analogue such as anatase/rutile and silicon
dioxide combined to form the nanocomposite with cobalt iron
magnetite (CoFe,O4) nanoparticle, which has highly
photocatalytic activity for oxidation of methylene blue under
UV light. [27] Photo degradation of phenol under UV
irradiation was investigated by using photo-catalytically
active iron oxide (FezO,4) nanoparticle functionalized TiO,.

The present work related to synthesis of the novel N-(2 ~,
3~ -epoxypropyl)-N-methyl-2- pyrrolidonium salicylate and
its use to make the nanocomposite have been shown excellent
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catalytic activity which was verified by the reduction of
2-nitroaniline to 2-aminoaniline, monitored using UV-vis
spectroscopy.

Il. MATERIALS AND METHODS

A. Materials

N-methyl-2-pyrrolidone, epichlorohydrin, sodium
salicylate, 2-nitroaniline, nickel sulphate, ferrous sulphate,
ferric chloride, liqguid ammonia, titanium dioxide acetonitrile,
methanol, acetone, and hexane were purchased from Fluka
with purity of > 99%. Ultrapure deionized water was used in
these experiments. The water content was found using a
Metrohnm Karl Fishcher coulometer to be 0.05% in
[EPPYRO]'[SAL].

B. Synthesis of [EPPY]+[CI]-

A 50 mL three-necked round bottom flask with a
thermometer inlet over cold water flowing condenser was
used. Nitrogen gas was flushed into the round bottom flask
and addition of 0.1 mol of freshly distilled
N-methyl-2-pyrrolidone mixed with 10 mL of acetonitrile,
followed by 0.11 mol of epichlorohydrin. The mixture was
brought to a moderate reflux (90-100)°C, then heated under
reflux for 48 hours with constant stirring and then cooled to
room temperature. The volatile materials were removed under
reduced pressure to give a yellow coloured ionic liquid, N-(2’,
3'-epoxypropyl)-N-methyl-2-pyrrolidonium chloride
[EPPY]'[CI] [28] see the scheme: 1. It was characterized by
the following techniqgue: NMR (1H and13C), elemental
analysis and FTIR. Analytical data of the synthesized ionic
liquid was checked by HPLC and found to be 98.1%. FTIR
(v=em™): 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113,
967, 856, 756, 679, 561, 479. [EPPY]'[CI] 1H NMR (400
MHz, DMSO): § 3.48 - 3.51 (m, 1H), 3.30 - 3.32 (t, 2H), 2.76
- 3.29 (s, 1H), 2.61 - 2.62 (s, 3H). 2.26-2.30 (d, 1H) 1.96 -
1.98 (t, 2H) 1.90 - 1.94 (m, 2H) 13C NMR (100 MHz,
DMSO): 6 175.03, 51.22, 49.38, 45.72, 45.00, 30.62, 29.50,
and 17.59. Elemental Analysis (in %): Theoretical calculation
for: CgH1sNO,: C, 50.14; H, 7.36; N, 7.31. The values found
(in %): C, 50.45; H, 7.10; N, 7.17.

Scheme: 1

COONa
OH

\@O

N\

»

.0 EtoH

¢}
E MeOH

A

C. Synthesis of [EPPY]*[SAL]

In a 50 mL round-bottomed flask, the desired quantity of
sodium salicylate (0.112 mol) was dissolved in methanol to
make a clear solution. Then the above synthesized
intermediate ionic liquid [EPPY]'[CI] was added to
exchange salicylate anion. The product was purified by a
solvent wash with acetone, followed by petroleum ether and
hexane to remove unwanted starting materials and sodium
chloride then distilled again at 80°C for 10 hrs to get pure
moisture-free ILs see the scheme: 1. The [EPPY]'[SAL] was
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characterized by the following methods: NMR (*H and **C),
elemental analysis and FTIR. Analytical data of the
synthesized ionic liquid was checked by HPLC and found to
be 98.9%. The structure of [EPPY]'[SAL] is as shown in
FTIR (v=ecm™): 3442, 2995, 1621, 1501, 1403, 1332, 1256,
1113, 967, 856, 756, 679, 561, 479.[EPPY][SAL]” 1H NMR
(400 MHz, DMSO): 81.9 - 2.0(M, 2H), 2.15 - 2.3(t, 2H), 2.7 -
2.8(s, 3H), 3.3 - 3.4(m, 3H), 3.5 -3.65(d, 2H), 3.66 - 3.90(m,
1),4.0-4.2(m, 1), 6.75 - 6.85(t, 1H), 6.86 - 7.00(m, 1H), 7.10
- 7.30(t, 1H), 7.40 - 7.60(m, 1H), 7.65 - 7.95(d-d, 1H). 13C
NMR (100 MHz, DMSO): 818, 30, 33, 51, 65, 72, 75, 115,
120, 122, 132, 134, 138, 163 and 178. Elemental Analysis:
Theoretical calculation for: C15H21NO4: C, 64.50; H, 7.58;
N, 5.01; O, 22.91. The values found: C, 64.95; H, 7.10; N,
5.28; O, 23.36.

D. Preparation of IL/Fe;0,/TiO, Nanocomposite

The nickel ferrite magnetite nanoparticle was prepared
according to the previous method [29], [30]. Briefly, 1.0 gram
of nickel ferrite magnetic nanoparticle NiFe,O,4 and N-(2 ~,
3 ~ -epoxypropyl)-N-methyl-2- pyrrolidonium salicylate
ionic liquid (IL) were taken separately. The ionic liquid was
dissolved in ultra-pure deionized water to which the
above-weighed nickel ferrite magnetic nanoparticle was
added slowly at constant stirring for 24 hrs at room
temperature; it was then dried at 80°C for 12 hrs to produce a
dry brown powder then without purification of the material
further it was dispersed in 20 mL of ultra-pure water and
sonicated. Separately 2.0 gram of TiO, was dispersed in 20
mL water and sonicated for 15 minutes and this solution was
add to above magnetic nanoparticle dispersion at constant
stirring. The reaction mixture was transferred to round
bottomed flask and placed in a temperature controlled oil bath
with a magnetic stirrer. The temperature of the reaction was
maintained at 140°C for 16 hrs. The final product was dried
under vacuum for 10 hrs to produce light brown coloured
nanocomposite. It was purified by washing with ultrapure
water and dispersed in ethanol. The composite was then
characterized by FTIR, SEM, EDS and TEM.

1. INVESTIGATION OF CATALYTIC ACTIVITY OF

NANOCOMPOSITE

The investigation of the catalytic activity of ionic liquid
nickel-iron magnetite titanium dioxide nanocomposite for the
reduction of 2-nitroaniline was carried out in room
temperature monitoring under UV spectroscopy. In a general
procedure, 2-nitroaniline (0.5 mL of 0.5 mM) was mixed with
0.5 mL of freshly prepared aqueous NaBH, solution (0.4M)
and 1.95 mL of deionized water to form a deep yellow
solution. Then, 0.05 mL of IL/NiFe,0,/TiO, nanocomposite
dispersion (0.2 mg/mL) was added into the quartz cuvette.
The above-mixed solution was detected by using UV-Vis
spectrophotometer every ten minutes to monitor the variation
of 2-nitroaniline concentration. After the solution became
colorless, the IL/NiFe,04/TiO, hybrid was separated from the
reaction mixture under a magnetic field and it was then used
for another cycle of 4-Nitroaniline (4-NA) reduction. The
samples were filtered, centrifuged and their concentration was
determined by UV-visible spectrometry.
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IV. RESULT AND DISCUSSION

The novel synthesized nanocomposite was investigated by
FT-IR spectroscopy to identify the valuable information on
the shift in the stretching frequencies. The FT-IR spectra of
TiO, and IL/NiFe,04/TiO, nanocomposite are shown in Fig.
1 and 2. The peak at 3294 cm™ corresponds to the OH
stretching vibration of the IL. A band with medium intensity
at 1252 cm™ with two shoulders 1103 at and 1300 cm™
corresponds to the stretching vibrations of C-O-C group and
ring vibrational modes in the composition of cyclic structures
was observed.
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Fig. 2. FT-IR spectrum for NiFe,O4/IL/TiO2 nanocomposite.

A broad band with low intensity arises at 1644 cm™
indicates the carbonyl group nearby the amine group. The
C-H aromatic stretching and bending vibrations of the IL is
observed at 2997 cm™ and 2344 cm™. The peak at 2850 cm™
shows aliphatic C-H stretching and bending vibrations of IL.
The OH stretching of the TiO, gives a peak at 3396 cm™. The
peaks at 624 cm™ and 471 cm™ are attributed to Ti-O
stretching mode [31], [32]; the main absorption bands at 578
cm™ and 453 cm™ belong to the metal-oxygen stretching
vibrations of NiFe,0, nano structures [33]. The C-O
stretching vibration of the carboxylic group gives a peak at
1676 cm™ The spectrum displays a band at 3420 cm™,
corresponding to the stretching mode of OH group of
adsorbed hydroxyl group. The strong absorption band at 442
and 580 cm™ corresponding to the NiFe,O,-TiO, lattice and
broad absorption band at 3392 cm™ are allocated to adsorbed
OH group on the surface of the nanocomposite. There are no
other important peaks related our nanocomposite. The peak
441 cm™ could be corresponding to Ti-O stretching in rutile
phase [34].These observations confirm the incorporation of
IL/NiFe,O,4 nanoparticle into the TiO, matrix

The surface morphology of the samples was observed by
SEM (Fig. 1); the highly agglomerated porous foam-like
structure of NiFe,O,, TiO, and IL, which is characteristic of
the synthesized composite is observed in contrast to the bare
NiFe,0,. The nanoscale crystallites could be noticeably
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distinguished from the SEM image of TiO, and NiFe,0,/TiO,
nanocomposites. The NiFe,O4 nanoparticles are bonded or
capped with IL to form the intermediate composite and the
intermediate composite mixture was combined with titanium
dioxide matrix that's why it showed cluster like images. Also,
the NiFe,O, nanoparticles with the average particle size
around 150 nm dispersed on synthesized nanocomposites is
observable. The SEM picture also reveals that the doping of
NiFe,O, magnetite nanoparticles has increased the surface
area of the catalyst surface.

[

Fig. 3. SEM image of NiFe,O4/IL/TiO, nanocomposite.

The SEM image indicates (Fig. 3) that the spreading of
NiFe,O, on the surface of titanium dioxide is not uniform and
the NiFe,O4/IL/TiO, catalyst contains irregularly shaped
particles which may be due to the aggregation of ionic liquid
and tiny crystals magnetic nanoparticles. The actual
percentage of the elements in the composites was confirmed
by energy dispersive spectroscopy [EDS] analysis. The
identification of the elements from EDS spectra indicates the
presence of Iron (4.46%), titanium (33.05%) oxygen
(46.21%), carbon (14.76%) and nickel (1.51%) (Table 1)
which explains that the composite has been confirmed. Then
EDS image (Fig. 4 and Table I) displays the percentage of all
elements such as Ni, Fe, Ti, C, O except nitrogen due to the
ionic liquids binding with the inner layer of titanium oxide
and the percentage of the nitrogen is also low. The colouring
map shows (Fig. 5) the presence of nitrogen but the EDS
indicates zero percentage. The EDS only indicates the
presence of ILs in composite via the presence of the C, O and
N. The morphology of the resultant NiFe,O4/IL/TiO,
nanocomposites was investigated.

i

T T02COM 1

10V

Fig. 4. EDS image of NiFe,O4/IL/TiO, nanocomposite.

TEM image of the resulting NiFe,O,/IL/TiO,
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nanocomposite clearly indicates that the surface was covered
by IL, NiFe,O4 nanoparticle on titanium dioxide. Morphology
of the synthesized hanocomposites was examined by TEM as
shown in Fig. 6. The nickel-iron magnetic nanoparticles have
been a cubic unit cell with both octahedral and tetrahedral.

TABLE I: EDS CoMPOSITION FOR NIFE;O4/IL/TIO; NANOCOMPOSITE

TiO,COM Wit% Wit% Sigma

C 14.76 0.33
N 0 0

0 46.21 0.39
Ti 33.05 0.26
Fe 4.46 0.09
Ni 151 0.08

Total 100

Fig. 5. EDS colouring map for NiFe,O4/IL/TiO2 nanocomposite.

Co-ordinated Fe** and Ni**. A typical high-resolution TEM
image Fig. 7 display the lattice fringes with a spacing 0.51 nm;
the average of these synthesized nanoparticles is about 30 nm.
The diameter of the magnetite nanoparticle was increased
when the temperature increased from 100 to 300°C. The
above results clearly explain the growth of the NiFe,O,
catalyst during thermal treatment [35]. The formation of
NiFe,O,4/IL/TiO, nanocomposite was further analyzed by low
and high magnification to identify the clear structure and
crystallinity of nanoparticles.

TEM images of the nanocomposites also expose the nickel
iron nanoparticle with ionic liquid was decorated in TiO,. The
HRTEM image shows (Fig. 7) the crystal lattice of the
nickel-iron nanoparticles. Furthermore, to the characteristic
diffraction peaks (Fig. 8) correspond to NiFe,O4 and TiO,.

Fig. 6. TEM image of NiFe,O4/IL/TiO, nanocomposite.
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The reduction and oxidation properties of TiO,
nanocomposite are dependent on the negative conduction or
positive valence band; more negative bands could be the
reason for high reducing power, and high oxidation occurs
due to the greater positive valence band in nature. Compatible
band configuration and contact among NiFe,O, and TiO,
could extend the lifetime and stimulate spatial separation of
generated charge carriers. Interestingly the catalytic
performance of NiFe,O4/IL/TiO, nanocomposites might
depend on the enhanced synergistic effect of the high
reducing capability of TiO, and IL, exhaustive absorbance at
the long wavelength light by NiFe,O, particles, at preferred
fractions of two kinds of IL and NPS materials. The
appropriate amount of NiFe,O, could act as a linker for an
electron to increase the effectiveness of charge separation and
inhibit the recombination of electrons and holes [36]. The
catalytic activity of the Ni ferrite ionic liquid TiO,
nanocomposite was investigated by monitoring the reduction
of 2-nitroaniline in the presence of NaBH, in an aqueous
solution, at room temperature. The synthesized composite is a
good medium for electron transfer of BH,; ions and the
reaction was checked by recording of time-dependent UV-vis
absorption spectra at 10 mints intervals. In Fig. 9, the
absorption peak at 400 and 550 nm corresponding to 2-NA
shows slow reduction and disappearance after 150 minutes,
respectively.

10 1/nm

Fig. 8. Diffraction image of NiFe;04/IL/TiO2 nanocomposite.

Fig. 9. UV spectrum for reduction of 2-nitroaniline.by NiFe,O4/IL/TiO;
nanocomposite.
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V. CONCLUSION

A nickel ferrite ionic liquid titanium dioxide
(NiFe,O4/IL/TiO,)  nanocomposite  was  synthesized,
characterized and applied to catalysis. The mass ratio of the
nanocomposite is 2:1:1 of TiO,, IL and NiFe,O,4, due to the
facilitation of interfacial charge transfer and inhibition of
electron-hole recombination. The composite was successfully
characterized by using SEM, EDS, TEM, HRTEM, DF and
FT-IR techniques to identify the morphology, composition,
crystallinity and important functional groups which are
present in the composite. The advantage of this method is that
it is an environmentally friendly safe protocol; less toxic,
inexpensive and less harmful chemical are used; water is the
solvent for the synthesis of nanocomposite under a green
condition. In addition, it was easily recovered and re-used
with negligible loss of catalytic activity. Moreover, the
nanocomposite exhibited high catalytic activity for the
reduction of 2-nitroaniline in water at room temperature.
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13.2 Critical review for 6™ Publication

Efficient catalytic activity of ionic liquid-supported NiFe2Os4 magnetic nanoparticle doped

titanium dioxide nanocomposite.

In this study the synthesis and characterization of a catalytically active novel nanocomposite using
N-2’,3'-epoxypropyl-N-methyl-2-oxopyrrolidinium salicylate, TiO. and NiFe2Os bimetallic
magnetic  nanoparticles were reported. The new N-2',3’-epoxypropyl-N-methyl-2-
oxopyrrolidinium salicylate IL was synthesized and characterized by FTIR, *H NMR, *C NMR
and elemental analysis to identify the structure of the IL. In addition, the synthesis of nickel ferrite
(NiFe204) magnetic nanoparticles was undertaken by the traditional method. Finally, this IL and
NiFe>04 as well as TiO2 was used to synthesize a unique environmental friendly catalytically
active nanocomposite. The characterization was investigated using FTIR, SEM, EDS, TEM and
ED techniques, to identify the functional groups, morphology, crystallinity and chemical
compositions. In particular, this nanocomposite has been used as a catalyst for the reduction of 2-
nitroaniline (2-NA) to 1,2-diamino benzene in aqueous solution at ambient temperature and this
reaction was monitored by time dependent UV-visible spectroscopy. Since the used
nanocomposite catalyst could be recovered easily and reused more than five time with negligible

loss of activity, it is regarded as environmentally friendly.

The physical nature of the material was light brown, fine powdered and easily separated from the
reaction mixture by an external magnet. The functional groups present in the nanocomposite were
analysed and identified by FTIR spectroscopy. Furthermore, EDS also confirms the elements
which are present in the nanocomposite, this information further confirmed the presence of IL in
the nanocomposite. SEM and TEM images indicate the nature of the surface for the nanocomposite
where the nanoparticles were speared over the titanium dioxide. Here titanium dioxide acts as a
basal material for the nanocomposite, when it supports the nanoparticles. Electronic diffraction
studies help to elucidate the electronic concentrations in the nanocomposite. Ultimately these

characterizations disclose the whole physical nature of the nanocomposite.

This nanocomposite has an effective catalyst due to the chemical composition, and it does contain
the unique IL, NiFe2O4 nanoparticles, and TiO2. These are all somewhat catalytically active in
nature when used individually, but in this case, all are clustered together to improve the efficacy

tremendously. The IL could help to create bonds between nanoparticles and TiO2. The
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nanoparticles were also coated with the IL, and therefore they became more stable and reactive
compared with normal nanoparticles. The catalytic activity of the nanocomposite was investigated
by the reduction of 2-NA to 1,2-diamino benzene. The negative conduction and positive valence
band of the TiO> determines the catalytic reduction or oxidation behaviour of TiO>. Generally,
high reducing power which occurs due to the negative band, could be the reason, whilst the
oxidation reaction occurs because of the positive valence band in nature. The NiFe2O4 NPs and
TiO, are responsible for increasing the stability and stimulate the charge carriers in the
nanocomposite. The enhanced synergistic effect of the TiO2 and IL could possibly be the reason
for the effectiveness of the catalytic performance of the NiFe>O4/IL/TiO2 nanocomposite. A
suitable quantity of the NiFe>O4 NPs does act as a link for the moment of the electrons via increase
of an activity and following the principle of the charge separation and electron holes
recombination. Overall the synthesized nanocomposite was a good medium for the transfer of
electrons from BH4 to reaction mixtures. The above reduction reaction was monitored by time-
dependent UV-visible spectroscopy, and spectra of the reaction mixture were run every 5 minutes.
Moreover, this reaction was effectively done in an aqueous solution at room temperature with
NaBH4. The initial absorbance at 400 nm and 550 nm is due to the presence of the nitro groups,
but after completion of the reaction, the absorbance started decreasing after 150 minutes in the
same regions and the colour of the solutions turned from yellow to colourless. After completion
of the reaction, the catalyst was recovered using external magnets and reused with negligible loss
of its activity. The mass ratio of the chemical compositions in the nanocomposite was 2:1:1 for
TiOo, [Eppyr]*[SAL]" IL and NiFe>O4 NP respectively, due to the recombination of the electron-
hole and charge transfer of interfacial facilitation. Important advantages of this study are an
environmental friendly, economically viable, safe protocol, low toxicity and relatively harmless
chemicals were used to make this nanomaterial. In addition the reaction occurs in aqueous solution
at room temperature and is easy to handle under green experimental conditions. Moreover, the
heterogeneous catalyst loses only a negligible amount of catalytic activity, even after being re-
used 5 times, and thus it has been established that it was easy to recover and shows good reusability
(see Fig. 8). In future, this nanocomposite may also be used in some other applications for instance

in sensors and as a catalyst for some other reactions.
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Figure 8: Recyclability and yield of the NiFe,O4 bonded TiO, nanocomposite
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14 Interrelationship of the publications in this dissertation

The title of this dissertation is ""Synthesis, characterization and applications of novel ionic liquids".
This study is more related to and appropriate for this title of this dissertation. The title of the thesis
mentioned that the synthesis and characterization of novel ILs and hence in this study, six novel
ILs were synthesized and characterized successfully. Moreover, the binary mixtures of ILs with
either molecular solvents or carboxylic acids, were investigated regarding their thermophysical
properties such as density(p), speed of sound(w), viscosity(n), and refractive index(n).
Furthermore, these thermophysical properties data were used to calculate the thermodynamic
properties of excess molar volume(V;£), isentropic compressibility(k,), deviations in isentropic
compressibility(Ak,) and intermolecular free length(Ly). Particularly, the information from the
thermophysical and thermodynamic properties data explained the interactions, H-bonding, ion-
dipole interactions and ionic interactions between the molecules of IL and solvents. In addition,
these derived thermodynamic properties were correlated with the Redlich Kister polynomial
equation. In the application part of this dissertation, the synthesized ILs were used to produce novel
efficient nanomaterials. These nanomaterials were characterized using advanced microscopic and
surface analysing techniques such as FTIR, XRD, SEM, EDS, TEM, HRTEM, STM, ED, XPS,
TGA-DSC and AFM to determine their physical properties. In addition, this nanomaterial acts as
an effective catalyst for the reduction reaction of a series of NAs and dyes. Furthermore, the
kinetics studies of these reduction reaction were investigated to find the rate constant, order of the

reaction and activation energy of the reduction reaction.
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15 Conclusion

The N-2’,3"-epoxypropyl substituted N-methyl-2-oxopyrrolidinium cation with different anions
such as acetate, chloride and salicylate based novel ILs were successfully synthesized and
characterized. The thermophysical properties for these ILs and their binary mixtures with either
water, ethanol, methanol, ethanoic acid or propanoic acid were investigated. The important
thermophysical properties of p, n, u and n for binary mixtures of ILs were measured
experimentally for the mole fraction ranges of 0.1 to 1.0 at various temperatures from 288.12 to
313.12 K at 5 K intervals, under atmospheric pressure. Additionally, the thermodynamic
properties V., kg, Aks and Ly were calculated. These thermodynamic values produced more
information about the interactions amongst the molecules present in the liquid mixtures such as,
hydrogen bonds and ionic interactions. Correlation for the calculated thermodynamic properties

such as V;, Akg and Ly values was done using the Redlich-Kister polynomial equation.

Novel propanediol substituted N-methyl-2-oxopyrrolidinium, 2-amino picoline, and DABCO ILs
were effectively synthesized and characterized. Moreover, these ILs were used to synthesize a
more effective novel 4" generation multi-ionic TCPIL and it was characterized successfully.
Magnetic copper ferrite (CuFe204) and nickel ferrite (NiFe204) nanoparticles were synthesized
and characterized. Novel h-boron nitride modified BNONS were prepared and characterized
effectively. These three effective starting materials such as TCPIL, magnetic nanoparticle and
boron nitride modified materials were used to synthesize the more efficient novel nanomaterial.
Characterization of this nanomaterial (PTCIL/CuFe2O4/BNNS) using advanced techniques were
used to analyse for functional groups, whilst surface analysing instruments such as FTIR, XRD,
SEM, EDS, TEM, HRTEM, STEM, ED, XPS, and AFM. This nanomaterial has more effective
catalytic activity, and this has been confirmed by using the reduction reaction of a series of NA to
corresponding amine compounds in aqueous solution at room temperature, the reaction being
monitored by time dependent UV-visible spectroscopy. The reaction was conducted in aqueous
solution at room temperature and the nanocomposites were found to be easily recoverable and
reusable for more than seven times. Finally, one more IL-bonded nanocomposite was synthesized
using TiO2, NiFe204 bimetallic magnetic nanoparticles and novel N-2’,3"-epoxypropyl-N-methyl-
2-oxopyrrolidinium salicylate. The synthesized IL and the nanomaterial were characterized by
various microscopic and surface analysing techniques. This nanocomposite was used for the

reduction of 2-NA to 1,2-diamino benzene which was monitored by time-dependent UV-visible
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spectroscopy. The reaction was conducted in aqueous solution at room temperature and these

nanocomposites were found to be easily recoverable and reusable for more than five times.
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16 Methodology
16.1 Materials

1-Methyl-2-pyrrolidinone (99.8 % purity), epichlorohydrin (99.0 % purity), acetonitrile (99.2 %
purity), methanol, ethanol, acetone, sodium salicylate, ethanoic acid, propanoic acid, 2-nitroaniline
(99.5 % purity), 3-nitroaniline (98.0 %), 4-nitroaniline (99.0 % purity), 4-nitro-2-
phenylenediamine (95.0 % ) nickel sulfate (99.8 % purity), titanium dioxide (99.8 % purity),
sodium acetate (99.8 % purity), and hexane were purchased from Fluka with purity of >99 %. h-
boron nitride (99.8 % purity), copper sulfate (99.5 % purity), ferric chloride (99.8 % purity),
ferrous sulfate (99.9 % purity), liquid ammonia (30 % solution), amino trimethylene triphosphonic
acid (ATMP) (98 % purity), 3-chloro-1,2-propanediol (99.8 % purity), 1,4-
diazobicyclo[2.2.2]octane (99.2 % purity), 2-amino pyridine (APIC) (99.0 % purity), sodium
nitrite (99.9 %), potassium permanganate (98.0 % purity), sulfuric acid (98 % purity) and hydrogen
peroxide (30 % purity) were purchased from sigma Aldrich, South Africa.

16.2 Synthesis and characterization of N-(2',3"-epoxypropyl)-N-methyl-2-
oxopyrrolidinium chloride
Synthesis
The reaction system was set up as follows: The heating oil bath with an internal thermometer was
mounted on a mechanical magnetic stirrer. A 500 mL three-necked round-bottomed flask with a
thermometer inlet and cold water condenser was used (Fig. 9). The round bottom flask was flushed
with nitrogen gas and thereafter 1 mol of freshly distilled N-methyl-2-oxopyrrolidine in 100 mL
of acetonitrile and 1.1 mol of epichlorohydrin was added and then brought to a moderate reflux
(90-100) °C internal temperature. The resulting solution was then heated under reflux for 48 hrs
and thereafter cooled to room temperature. The volatile materials were removed in vacuum, to
yield the yellow coloured IL, N-(2',3’- epoxypropyl)-N-methyl-2-oxopyrrolidinium chloride. This
product was purified by solvent washing with acetone and hexane, to remove the unwanted starting
materials, and then further distilled again at 80 °C for 48 hrs to obtain moisture free IL. In 99.22
% yield was characterized by FTIR, *H NMR, 3C NMR and elemental analysis. (Scheme: 1)
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Schemel:- Synthesis of N-(2’, 3"-epoxypropyl)-N-methyl-2-oxopyrrolidinium chloride

Characterization

The [Epmpyr]*[CI]- was characterized by the following techniques: FTIR, *H NMR, *C NMR and
elemental analysis. FTIR: (v =cm™) 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113, 967, 856,
756, 679, 561, 479. *H NMR (400 MHz, DMSOds): ¢ 3.48-3.51 (m, 1H), 3.30-3.32 (t, 2H), 2.76-
3.29 (s, 1H), 2.61-2.62 (s, 3H). 2.26- 2.30 (d, 2H) 1.96-1.98 (t, 2H) 1.90-1.94 (m, 2H) *C NMR
(100 MHz, DMSOds): 6 175.03, 51.22, 49.38, 45.72, 45.00, 30.62, 29.50, and 17.59. Elemental
Analysis: theoretical calculation for (in %): CsH14NO2: C, 50.14; H, 7.36; N, 7.31; the values found
(in %): C, 50.45; H, 7.10; N, 7.17.

16.3 Synthesis and characterization of N-(2',3"-epoxypropyl)-N-methyl-2-
oxopyrrolidinium salicylate

Synthesis

In a round bottom flask, sodium salicylate (179.2 g, 1.12 mol) is dissolved in methanol. Then, N-
(2',3"-epoxypropyl)-N-methyl-2-oxopyrrolidium chloride (200.90 g, 1.10 mmol) was added to
exchange the salicylate anion. The reaction mixture in a round bottom flask were placed on a
magnetic stirrer with an inner thermometer. The reaction temperature was kept at 80-90 °C for 10
hrs, with constant stirring. The product was partially purified by a solvent wash with acetone,
petroleum ether, and hexane, sequentially, to remove unwanted starting materials and sodium
chloride. The partially purified product was distilled at 80 °C for 48 hrs to produced moisture-free
ILs. The product identity was established FTIR, *H NMR, *C NMR and elemental analysis and
the yield of the product was 97.5 %. The scheme for synthesis of N-2',3’-epoxypropyl-N-methyl-

2-oxopyrrolidinium salicylate is given below: (Scheme: 2)
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Scheme 2: synthesis of N-(2’, 3"-epoxypropyl)-N-methyl-2-oxopyrrolidinium salicylate
Characterization

The [Epmpyr]*[SAL]" was characterized by the following techniques: *H NMR, *C NMR,
elemental analysis and FTIR (v=cm™) 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113, 967, 856,
756, 679, 561, 479.[Epmpyr]*[SAL] *H NMR (400 MHz, DMSOds): 6 1.9 - 2.0(M, 2H), 2.15 -
2.3(t, 2H), 2.7-2.8(s, 3H), 3.3 - 3.4(m, 3H), 3.5 - 3.65(d, 2H), 3.66 - 3.90(m, 1), 4.0 - 4.2(m, 1),
6.75 - 6.85(t, 1H), 6.86 - 7.00(m, 1H), 7.10 - 7.30(t, 1H), 7.40 - 7.60(m, 1H), 7.65 - 7.95(d-d, 1H).
13C NMR (100 MHz, DMSOde): ¢ 18, 30, 33, 51, 65, 72, 75, 115, 120, 122, 132, 134, 138, 163
and 178. Elemental Analysis (in %) Theoretical calculation for: C15sH21NOs: C, 64.50; H, 7.58; N,
5.01; O, 22.91; the values found (in %) are C, 64.95; H, 7.10; N, 5.28; O, 23.36.

16.4 Synthesis and characterization of N-2',3’-epoxypropyl-N-methyl-2-
oxopyrrolidinium acetate

Synthesis

In a round bottom flask, sodium acetate (91.87 g, 1.12 mol) is dissolved in methanol. Then, N-
(2',3"-epoxypropyl)-N-methyl-2-oxopyrrolidium chloride (200 g, 1.10 mmol) was added to
exchange the acetate anion. The reaction mixture in a round bottom flask were placed on a
magnetic stirrer with an inner thermometer. The reaction temperature was kept at 80-90 °C for 10
hrs, with constant stirring. The product was partially purified by a solvent wash with acetone,
petroleum ether, and hexane, sequentially, to remove unwanted starting materials and sodium
chloride. The partially purified product was distilled at 80 °C for 48 hrs to produced moisture-free
ILs. The product identity was established FTIR, 'H NMR, *C NMR and elemental analysis and
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the yield of the product was 98.3 %. The scheme for synthesis of N-2',3’-epoxypropyl-N-methyl-
2-oxopyrrolidinium salicylate is given below (Scheme: 3).
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Scheme 3: Synthesis of N-2',3"-epoxypropyl-N-methyl-2-oxopyrrolidinium acetate

Characterization

The [Epmpyr]* [OAC] was characterized by the following techniques: *H NMR, *C NMR,
elemental analysis and FTIR. The structure of [Epmpyr] [OAC] is confirmed by the following
techniques as shown in FTIR (vzcm'l): 3442, 2995, 1621, 1501, 1403, 1332, 1256, 1113, 967, 856,
756, 679, 561, 479.[Epmpyr] [OAC] H NMR (400 MHz, DMSOds): 6 1.1 — 1.2(t, 2H), 2.0 -
2.1(s, 3H), 2.1 - 2.2(q, 2H), 2.2-2.3(t, 2H), 2.3 - 2.4(t, 2H), 2.8(s, 3H), 3.4 - 3.5(t, 2H), and 5.3-
5.6(s, 1H) *C NMR (100 MHz, DMSOds): 6 19, 26, 30, 33, 52, 55, 65, 75, 178 and 180. Elemental
Analysis (in %) Theoretical calculation for: C10H17NOa4: C, 55.80; H, 7.96; N, 6.51; O, 22.91; the
values found (in %) are C, 55.24; H, 7.86; N, 6.28.

16.5 Synthesis and characterization of N-2',3'-dihydroxypropyl-N-methyl-2-
oxopyrrolidinium chloride [PYR-PDO]*[CI]

Synthesis

Into a 100 mL three-necked round bottom flask, fitted with a thermometer and water condenser,
was added 1-methyl-2-oxopyrrolidinine (4.45 g, 50 mmol) in ethanol (50 mL). Thereafter 3-
chloro-1,2-propanediol (6.0819 g, 55 mmol) was added slowly in an ice box setup at a temperature
of 8-10 °C with constant stirring and thereafter the content was brought to a moderate reflux to 90-
100 °C on an oil bath, with constant stirring for 24 hrs. The flask was cooled and any volatile and
unreacted materials were removed in vacuo to give a yellow coloured N-2’,3" dihydroxy propyl-1-
methyl -2-oxopyrrolidinium chloride [PYR-PDO]'[CI]" IL with 99.0 % of vyield, reaction.
(Scheme: 4).
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Scheme 4: Synthesis of N-2', 3"-dihydroxypropyl-N-methyl-2-oxopyrrolidinium chloride
[PYR-PDO]*[CIT

Characterization

It was characterized by the following techniques: FTIR, 'H NMR, *C NMR and elemental
analyses. [PYR-PDOJ'[CI]". FTIR (v=cm™): 3309, 2940, 2871, 1644, 1505, 1407, 1304, 1262 and
1036. 'H NMR (400 MHz, CDCls): 6 4.3 (s, 2H), 3.8 (s, 1H), 3.7 (d, 2H), 3.4-3.6 (m, 2H), 3.3 (d,
2H), 2.7 (s, 3H), 2.2 (t, 2H), (1.9-2.0 (m, 2H). *3C NMR (100 MHz, CDCls): § 158, 135, 132, 130,
125, 88, 25, 15. The elemental composition (%) calculated for CsH1sCINO3 is: C, 45.83; H, 7.69;
N, 6.68, which are close to the values found: C, 45.56; H, 7.10; N, 6.29.

Figure 9: Reaction setup for synthesis of ionic liquids

Synthesis, characterization and application of novel ionic liquids 92



16.6 Synthesis and characterization of N-2',3’-dihydroxypropyl-2-Amino-4-
methylpyridinium chloride [APIC-PDO]*[CI]

Synthesis

Into a 100 mL three-necked round bottom flask, fitted with a thermometer and water condenser,
was added 2-amino-4-methyl-pyridine (APIC) (4.57 g, 50 mmol) in ethanol (50 mL). Thereafter
3-chloro-1,2-propanediol (6.0819 g, 55 mmol) was added slowly in an ice box setup at a
temperature of 8-10 °C with constant stirring and the content was brought to a moderate reflux to
90-100 °C on an oil bath, with constant stirring for 24 hrs. The flask was cooled and any volatile
and unreacted materials were removed in vacuo to give a yellow coloured N-2',3" dihydroxy propyl
2-amino pyridinium chloride [APIC-PDO][CI]" IL with 98.6% of yield shown in reaction Scheme
5.
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Scheme 5: Synthesis of N-2/,3"-dihydroxypropyl-2-Amino-4-methylpyridinium chloride [PYR-PDO]*[CI]

Characterization

It was characterized by the following techniques: FTIR, 'H NMR, ¥*C NMR and elemental
analyses. [APIC-PDO]*[CI]". FTIR (v=cm™): 3323, 3170, 2953, 2884, 1583, 1444, 1373, 1046 and
1034. 'H NMR (400 MHz, CDzODda): & 7.8 (d, 1H), 7.0 (s, 1H), 6.8 (d, 1H), 4.5-4.6 (d, 1H), 4.2-
4.4 (d, 1H), 4.0-4.1 (d, 1H), 3.5-3.8 (m, 2H), 2.5-3.0 (s, 3H). 3C NMR (100 MHz, CDs0Dds): &
156, 142, 118, 115, 70, 65, 55, 22. The elemental composition (%) calculated for CgH15sCIN20O- is:
C, 49.43; H, 6.91; N, 12.81, which are close to the values found: C, 49.56; H, 6.60; N, 12.59.
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16.7 Synthesis and characterization of [DABCO, PYR, APIC-PDO]'[ATMP]
Synthesis

Into a 100 mL three-necked round bottom flask, fitted with a thermometer and water condenser,
was added sodium hydroxide (0.4 g, 20 mmol) in 50 mL of methanol. Thereafter amino tris (methyl
phosphonic acid) (ATMP) (5.981 g, 20 mmol) was added dropwise, with constant stirring, on an
ice bath. The reaction mixture was maintained at 8-10 °C for 1h. Then 20 mmol of each of the ILs
[DABCO-PDO]'[CI], [PYR-PDO]'[CI] and [DABCO-PDO]'[CI]" were added. The flask was
transferred into an oil bath and the content was brought to reflux at 120 °C for 24 hrs. The flask
was cooled and any volatile and unreacted materials were removed in vacuo to give a yellow
colored [DABCO, PYR, APY-PDO]'[ATMP]" IL which was subsequently further purified by

solvent washing and the yield was 97.3 % shown in reaction (Scheme 6).
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Scheme 6: Synthesis of [DABCO, PYR, APIC-PDO] " [ATMP]
Characterization

It was characterized by the following techniques: FTIR, *H NMR, C NMR, 3P NMR and
elemental analysis. [DABCO, PYR, APY PDOJ'[ATMP]. FTIR (v = cm™): 3416, 3323, 2953,
2884, 1744, 1658, 1513, 1453, 1382, 1243, 1182, 1034, 915, 736, 654 and 569 (see Fig. 1b). *H
NMR (400 MHz, D20dy): d 7.5 (d, 2H), 6.6-6.8 (m, 3H), 4.3-4.4 (s, 2H), 4.0-4.1 (s, 6H), 3.9-4.0
(t, 5H), 3.8-3.9 (M, 10H), 3.5-3.7 (M, 23H), 3.3-3.4 (t, 2H), 3.1-3.2 (s, 3H), 2.2-2.4 (m, 6H), 1.7-
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2.1 (m, 2H). 13C NMR (100 MHz, D20dy): ¢ 180, 160, 155, 145, 135, 118, 72, 68, 67, 65, 64, 63,
62, 61, 58, 56, 55, 54, 53, 52, 50, 48, 46, 32, 30, 22, 18.
16.8 Moisture content

The percentage of the water content in synthesized ILs was determined using a Metrohm 702 SM
Titrino Metter as below (Table. 6)

Table: 6 Moisture content in synthesized ILs

Synthesized ILs Moisture content in %
[EPMpyr]*[CI] 0.060
[EPMpyr]*[SAL] 0.050
[EPMpyr] [OAC] 0.065
[DABCO-PDOJ'[CI] 0.055
[PYR-PDOJ*[CI] 0.060
[APIC-PDOJ*[CIT 0.070
[DABCO-PYR-APY-

PDOJ*[ATMP] 0.075

17 Preparation of partially oxidized h-BN (BNONS)

The BNONS was prepared by modifying a chemical oxidation method. Briefly, h-BN powder (1
g, 40 mmol) was added to a solution of sodium nitrite (0.8 g) in concentrated sulfuric acid (50 mL)
on an ice bath. Thereafter potassium permanganate (5.6 g) was added with vigorous stirring and
maintained to 10 °C. The reaction vessel was removed from the ice bath, agitated for 3 hrs and
heated at 40 °C. Then deionized water (100 mL) was subsequently added, the reaction vessel was
transferred to an oil bath and heated at 120-130 °C for 45 minutes. The solution was diluted with
200 mL of deionized water followed by the addition of a 30 % solution of hydrogen peroxide (50
mL). The as-obtained partially oxidized BNONS powder (white colour) was repeatedly washed

with deionized water and dilute HCI to remove sulfate ions. The final washings were tested with
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BaCl> solution for sulfate. The as-purified partially oxidized BN (BNONS) powder was filtered
and dried at 60 °C for 24 hrs.

18 Preparation of nanocomposite (TCPIL/CuFe204/BNONYS)

The TCPIL/CuFe.O4/BNONS nanocomposite was synthesized by co-precipitation of the as-
prepared TCPIL /CuFe2O4 nanoparticles in BNONS aqueous solution. In a typical synthesis, 1g of
TCPIL {[(APIC-DABCO-PYR)-PDOL]*[ATMP]} was dissolved in deionized water (20 mL).
Then, CuFe204 (2 g) nanoparticles were added to the above solution and heated at 120 °C for 24
hrs with constant stirring. Thereafter sodium dodecyl lauryl sulfate (0.1 g) was added followed by
addition of BNNONS solution and 30% ammonia solution (25 mL) with vigorous stirring to
dissolve all materials. This solution was heated at 150 °C with constant stirring for 12 hrs. Then
the pH of the solution was adjusted to 9-10 with dilute ammonia solution. The mixture was stirred
for 1 h and cooled to reach ambient temperature. Finally, the mixture was centrifuged and filtered
to obtain TCPIL /CuFe2O4/BNONS brown powder. The product was washed several times with
deionized water and dried under vacuum at 70 °C. The final product was dispersed in ethanol (20
mL). The mass ratio of CuFe2Os, IL, and BNONS in the TCPIL /CuFe>O4/BNONS nanocomposite

was calculated as 2:1:1.

19 Catalytic reduction of serious of nitro anilines and dyes

The catalytic activity of TCPIL/CuFe204/BNONS was investigated by the reduction of series of
NAs (Scheme: 5) and dyes. Briefly, 2-NA (0.5 mL, 0.05 M), 3-NA (0.75 mL, 0.05 M), 4-NA (0.75,
0.01 M), 4-NPDA (0.75, 0.005 M) as well as MB (0.75, 0.01 M) and AR (0.50 mL, 0.05 M)
solution was added separately into a quartz cuvette followed by NaBH4 (0.75 mL, 0.5 M) and
finally by deionized water (1.485 mL). However, a smaller quantity of 4-nitro-2-phenylene
diamine derivative (0.75 mL, 0.1 mmol) was used due to its poor solubility. Finally, an aqueous
solution of TCPIL/CuFe.04/BNONS nanol2 material (0.03 mL, 0.2 mg/mL) was added into the
quartz cuvette and the reaction was monitored by UV-visible spectrophotometry. The UV-visible
absorption spectra were recorded every three minutes. During the reduction of NAs and dyes, the
solution changed to colourless thereby indicating a visual confirmation of the reduction process.
After completion of the reaction, small aliquots of NH4CI solution was added to neutralize excess

NaBHj solution and the catalyst was recovered by external magnets.
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20 Preparation of IL/NiFe20O4/TiO2 nanocomposite

The nickel ferrite magnetite nanoparticle was prepared according to the previous method. Briefly,
1.0 g of nickel ferrite magnetic nanoparticle NiFe2Os and N-(2',3"-epoxypropyl)-N-methyl-2-
oxopyrrolidinium salicylate IL were taken separately. The IL was dissolved in ultra-pure deionized
water to which the above weighed nickel ferrite magnetic nanoparticle was added slowly with
constant stirring for 24 hrs at room temperature; it was then dried at 80 °C for 12 hrs to produce a
dry brown powder then without purification of the material further it was dispersed in 20 mL of
ultra-pure water and sonicated. Separately 2.0 gram of TiO2 was dispersed in 20 mL water and
sonicated for 15 minutes and this solution was added to above magnetic nanoparticle dispersion at
constant stirring. The reaction mixture was transferred to round bottomed flask and placed in a
temperature controlled oil bath with a magnetic stirrer. The temperature of the reaction was
maintained at 140 °C for 16 hrs. The final product was dried under vacuum for 10 hrs to produce
the light brown coloured nanocomposite. It was purified by washing with ultrapure water and
dispersed in ethanol. The composite was then characterized by FTIR, SEM, EDS and TEM.

21 Investigation of catalytic activity of nanocomposite (IL/NiFe2O4/Ti03)

The investigation of the catalytic activity of IL nickel-iron magnetite titanium dioxide
nanocomposite for the reduction of 2-nitroaniline was carried out in room temperature monitoring
under UV-visible spectroscopy. In a general procedure, 2-nitroaniline (0.5 mL of 0.5 mM) was
mixed with 0.5 mL of freshly prepared aqueous NaBHj solution (0.4M) and 1.95 mL of deionized
water to form a deep yellow solution. Then, 0.05 mL of IL/NiFe;04/TiO2 nanocomposite
dispersion (0.2 mg/mL) was added into the quartz cuvette. The above mixed solution was
measured using a UV-Visible spectrophotometer every five minutes to monitor the variation of 2-
nitroaniline concentration by absorbance measurements at 400 and 550 nm. After the solution
became colourless, the IL/NiFe204/TiO2 hybrid was separated from the reaction mixture under a
magnetic field and it was then used for another cycle of 2-nitroaniline (2-NA) reduction. The
samples were filtered, centrifuged and their concentration was determined by UV-visible

spectrometry.
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22 Appendix

22.1 The Fourier Transform Infra-Red spectra (FTIR) for synthesized novel ILs
22.1.1 FTIR spectrum of [Epmpyr]*[Sal]
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22.1.3 FTIR spectrum of [Epmpyr] [OAC]”
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22.1.5 FTIR spectrum of [APIC- PDOL]'[CI]”
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22.1.6 FTIR spectrum of [DABCO, PYR, APIC-PDO]' [ATMP]
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22.2 The Proton Nuclear Magnetic Resonance spectra (*H NMR) of synthesized
novel ILs

22.2.1 *H NMR spectrum of [Epmpyr]*[CI]”
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22.2.3 'H NMR spectrum of [Epmpyr]'[OAC]
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22.2.5 'H NMR spectrum of [APIC-PDOL]*[CI]™
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22.3 The Carbon Nuclear Magnetic Resonance spectra (:3C NMR) for synthesized
novel ILs

22.3.1 3C NMR spectrum of [Epmpyr]*[CI]”
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22.3.3 3C NMR spectrum of [Epmpyr] [OAC]
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22.3.5 13C NMR spectrum of [APIC-PDOL]*[CI]
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22.4 The Phosphorus Nuclear Magnetic Resonance spectra (*:P NMR) for
synthesized novel ILs

22.4.1 3P NMR spectrum of [DABCO, PYR, APY-PDO]*[ATMP]"

E : <)

S =

T I Bzaggn
HO, Curvent Data Paraneters

NAME  Sep29-2015-RMG-Vasanth
EXPNO 22

HO (o) PROCNO 1
o N

e n QNS F2 - Acquisition Parameters
~ O— n O 1z 2015093
Ne 0-F— P-O OH Time 01925 0
J OH N—/ OH INSTRUM spect
N < o PROBED 5 mm PABBO BB~
o=R" H OH PULPROG  2gpg30
=R ™ 6553
O¢ SOLVENT D20
H NS 64
O/Y\N N DS 4
HO @ SwWil 64102.563 117
= FIDRES  0.97R127 Hzx
HzN
2 AQ 0.5111808 sec
RG 2050
DW 7.800 usec
DE 6.50 usec

TE 2978 K

2.00000000 sec
an Q03000000 sec
DELTA 1.89999998 sec
TDO
SFO1 162.0039250 MHz
NUC 3Ir
Pl 9.10 usec
PLW1  —1,00000000 W
Sro2 400.2216009 MHe
NLC2 [
CPDPRG[2 wallzl6

PCPD2 90.00 vsec
PLW2  —LOGOO0O0 W
PLWI2  —1.00000000 W
PLWI3 10000000 W

F2 — Processing parameters
1

SF 1620120260 MH7.
WDW EM

SSB 0

LB L00 He

)N L1 e 0

Synthesis, characterization and application of novel ionic liquids 107



	CHAPTER ONE
	CHAPTER TWO
	CHAPTER THREE
	CHAPTER FOUR
	CHAPTER FIVE
	CHAPTER SIX
	CHAPTER SEVEN
	CHAPTER EIGHT
	CHAPTER NINE
	REFERENCES



