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ABSTRACT

Environmental pollution is a major threat to all life, which needs to be addressed. Heavy
metals are well-known environmental pollutants due to their toxicity and, persistence in

the environment toxicity for living organisms and having a bioaccumulative nature.

Environmentally, the most common hazardous heavy metals are: Cr, Ni, Cu, Zn, Cd, Pb,
Hg, and As. Remediation using conventional physical and chemical methods is

uneconomical and generates waste chemicals in large quantities.

This study focuses on the extraction and determination of heavy metals (Nickel, Copper
and Cobalt) by chelating Schiff base ligands of the type [O,N,N,O] with these metal ions.
Two Schiff base ligands [N,N-ethylenebis(salicylimine)] (Salen) and ligand [1,3-
bis(salicylideneamino)-2-propanol] (Sal-DAP) were synthesized and characterised using
FTIR, H and 3C NMR spectrometry and GC-MS techniques. Electrochemical detection
of heavy metal ions in this work was achieved via ligand-metal complexation via two
approaches. The in-situ method ‘in° which the metal ‘and ligands were added to the
electrochemical cell and stirred to allow complexation to occur and monitored by square
wave voltammetry. While the ex-situ approach involved modifying the electrode surface
by depositing a thin film of Schiff base on the electrode surface and immersed into a
heavy metal solution to allow the complexation. Three modified GCE were used viz.
Salen coated GCE, reduced graphene oxide-Salen coated GCE and a nafion-Salen coated
GCE. The two approaches used for the electrochemical detection were successful and
effective. The ex-situ approach was selected for the modification of the electrode surface

since it demonstrated a higher capacity for heavy metal ion extraction.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 Introduction

This chapter aims to give a brief background on the topic of interest, which are Schiff
bases such as Salen and the Salen family type ligands and their complexes with different
metal ions. Several of these Schiff base ligands have been synthesized and characterised
and their coordination with the transition metals have been investigated via two separate

methods, namely an in-situ approach and an ex-situ approach.

The salen-type ligands prepared in this work were used to extract heavy metal ions and
were also immobilised by graphene oxide and nafion to enhance the ability of these

ligands for the extraction and determination of heavy metal ions.

The electrochemical behaviour of these metal-ligand complexes has been inherently
studied and discussed in this work. Electrochemical extractions and determinations of the
heavy metal ions were done using the square-wave voltammetry technique, which is one
of the most sensitive electroanalytical techniques. The sensitivity of the results obtained
using this technique was enhanced using modifiers such as graphene oxide. Graphene is
used innovatively due to its excellent electronic, mechanical and thermal properties.
Graphene Oxide has a high surface area, which makes it attractive for use as a support to
immobilize the Salen ligands. RGO sheets were deposited on to pencil-graphite electrodes
by cyclic voltammetric reduction from a graphene oxide (GO) solution. Immobilization

of Salen ligands on RGO enhanced the extraction and detection of heavy metal ions.
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1.2 Background

Schiff Bases

The azomethine compounds, commonly referred to as Schiff bases, are a group of ligand
compounds containing the imine nitrogen group (-C=N) and are formed from the
condensation of primary amines with carbonyl precursors [1]. Schiff bases were
discovered by and named after the German Nobel Prize winner, Hugo Schiff, in 1864
[2]. They are widely used and have been considerably investigated attributing to their
ease and convenience of synthesis and their interesting coordination chemistry. The
synthesis of these compounds is relatively straightforward with the condensation
reactions usually taking place in alcoholic solutions (such as ethanol and methanol) and
without the requisite of a catalyst. Higher yields may require refluxing, as well as reacting
in organic solutions [3]. The general procedure for the preparation of these Schiff bases
is to add two equivalents of salicylaldehyde with one-part diamine. This would produce
the chelating complex characteristically defined by having four coordination sites. A
more general term relating to Schiff bases is Salen or Salen-type ligands. These have been
used more often to describe the tetradentate SB derived from ethylene diamine and carry
the class of [O,N,N,O, imine nitrogen and phenolate oxygen groups] making their

structures distinctly attractive [4]. Their structures are given in Fig. 1.

Schiff bases have found immense notability in various fields of application such as
medicine, pharmaceutics, and biology and have been found to be quite influential in
chemistry fields such as inorganic chemistry, analytical chemistry and organic chemistry.
Properties of these compounds which are uniquely interesting cover a broad spectrum of
biological activities such as anti-inflammatory and antimicrobial making them useful for

medicinal and pharmaceutical studies. Other properties such as their specific geometries
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lead them to be extensively studied in inorganic fields such as coordination chemistry and
metal-ligand complexes [1]. Schiff base ligands are essential in the field of coordination
chemistry, especially in the development of complexes of Schiff bases because these

compounds are potentially capable of forming stable complexes with metal ions [2].

=N N=

OH HO

Figure 1: Salen ligand with N2O- group available for metal complexation

Schiff Base Metal Complexes

The high affinity for the chelation of the Schiff bases towards transition metal ions is
utilized in preparing their solid complexes [5]. The coordination of the TM ions with the
Schiff base ligand is prompted by the tetradentate property, which is due to the four donor
atoms, and their electronic relevance. The tetradentate property is interesting because the
nitrogen and oxygen present on the Salen ligand induce opposing electronic effects. This
unique effect enables the Salen to form stable complexes as the phenolate oxygen atoms,
which are the hard donors, stabilise higher oxidation states of the metal ions while the
atoms of the imine nitrogen stabilise the lower oxidation state and are the soft donors [6].
Besides the stabilising effect of the Schiff base C=N donor system, the synthesis of these
ligands are relatively easy and inexpensive to prepare making them viable options for

complexation [7].
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Complexes of Schiff bases may be formed from various metal ions such as copper, nickel,
cobalt, zinc, manganese and iron, all in their +2 oxidation states. These complexes can be
easily formed under reflux conditions by reacting the Salen ligand with the metal ion of

interest in a 1:1 ratio in ethanol for a couple of hours [8].

The considerable amount of interest and attention being paid to these transition metal
complexes is due to the ease and flexibility of the synthetic procedure, use as biologically
active compounds, ability to tune their electronic and steric properties, and also other
attractive properties such as their optical, catalytic, chromophoric, thermochromic and
photochromic properties [6,9]. All of the above stated properties play a major part in the
wide array of applications which include antibacterial, antifungal and antitumor activity
in the biological fields [10]. Other applications of interest include catalysis, anti-

inflammatory agents [11] and pharmacology [9].

1.3 Problem statement

Heavy metal pollution

Our environment is referred to as our surroundings that exist all around us. These include
land, water, atmosphere; as well as other forms of life which exist within our ecosystem
such as animals, plants and microorganisms. All of these have some influencing
relationship on human health, well-being and may bring uniquely essential value to our
environment [12]. One of the major aspects and key role players in the survival and
existence of our environment is water. Water is essential to life and good, clean, quality
water is a basic necessity for all human life as it aids in the survival of our species.
Unfortunately, our water supplies have been polluted recently by minerals known as

heavy metals. Heavy metals refer to any metal or metalloid element or ion which has a
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relatively high density ranging from 3.5 to 7 g.cm™ [13] which is 5 times greater than

water and also have high atomic weights [12].

Heavy metals removal from waste water has attracted great attention from scientists and
environmentalists alike due to their toxic nature. Some of these metals are essential and
play important roles in biological processes when they are present in small amounts in
the human body [14], while others such as cadmium, arsenic, lead, mercury, cobalt, and
copper are toxic even at low concentrations. This has brought about major concerns since
the level of these heavy metals are increasing at a rate which poses a great threat to human
health and our environment. Pollution of this nature originates through anthropogenic
sources, such as untreated domestic and industrial wastewater discharges, accidental
chemical spills, direct soil waste dumping and from agricultural residues [15]. Compared
to other forms of pollution, heavy metals pose a distinguishable threat owing to their non-

biodegradable nature [13].

Heavy metal toxicity

Due to the increasing generation of metal waste from technological activities, our water
quality has become much worse. Other problems which have raised interest include the
tendency for these metals to be transported with sediments, their persistence in our
environment and their bioaccumulation in the food chain [13]. This has resulted in a
dramatic increase in human exposure causing ecological and global public health concern

[16].

Most of these metals have been reported to be important requirements for various
biological and physiological functions and a deficiency of these metals may induce

illnesses or diseases. Metals like cobalt, chromium, copper, iron, manganese, nickel and
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zinc are vital constituents of several important enzymes and are also actively involved in
various oxidation-reduction reactions [16]. Hence, it is acknowledged by many that heavy
metals in low concentration are supportive for a range of health benefits. However, they

become noxious once they surpass certain threshold concentrations [17].

The toxicity of heavy metals is related to their ability to spawn adverse effects on
microorganisms, and is also dependent on its bioavailability(determined by physical,
chemical and biological factors [18]) and absorbed dose [19]. Heavy metals are ingested
differently, and these differing methods affect the toxicity. They may enter our bodies
chronically through food, water, air or skin or they may result from inhalation or skin
poisoning from vapours, fumes or dust which is known as acute poisoning [18]. Acute
intoxication may damage the central nervous system function, the cardiovascular and
gastrointestinal systems, lungs, Kidneys as well as some other organs [20]. Chronic
exposure to copper has also been linked to cellular damage while other elements have
been known to cause tissue damage. Both of these pose detrimental effects on human

health and result in illness [16].

Environmental monitoring

It is impossible to avoid these pollutants completely since they exist all around us and
we’re constantly coming into contact with them. It is, however, possible to reduce the
amount of exposure through proper lifestyle choices such as dietary measures [20], or
specific treatment depending on the exposure circumstance [18]. Looking forward, global
solutions should be sought out to reduce the amount of these pollutants being generated.
In addition, their levels should always be properly monitored to ensure adequate quality

of our water and air. Remediation has acquired considerable attention in recent times for
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separation and purification via various methods such as precipitation and coagulation,
ion-exchange, membrane filtration, bioremediation, heterogeneous photocatalysis and
adsorption [13]. This has urged scientists and environmentalists to come up with
innovative solutions to our heavy metal contamination problem. Many techniques have
been developed to monitor heavy metal ions being usually carried out in laboratories and

are summarized in Table 1.

These techniques include ICP spectroscopy, Atomic absorption spectroscopy and
Graphite furnace spectroscopy. These techniques have been reported to give sensitive
results and can be performed to include multiple elemental analyses. However, the
limitations are that they require well-equipped laboratories and highly trained personal
and are also relatively expensive [21].  Electrochemical methods for heavy metal
determination have hence provided ways for inexpensive, sensitive and environmentally
friendly determination of heavy metals to be carried out. One such EC technique is the
square-wave voltammetry (SQW) technique. This technique is able to achieve improved
sensitivity owing to a pre-concentration step which is necessary for the determination of

low concentrations of metal ions [22].
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Table 1: Summary of analytical techniques available for Heavy Metal detection

Analytical Techniques

Advantages

Disadvantages

Atomic absorption
Spectroscopy

Graphite Furnace

Low detection limits
Small sample volumes
Increased sensitivity

e Relatively expensive

e Wasteful of inert gas

e Require well-
equipped

electroanalytical
technique

4-6 simultaneous multi-
element analysis

ppb concentration range
can be determined
relatively inexpensive
non-destructive

Spectroscopy laboratories

ICP Spectroscopy Large amount of samples  Need highly trained
Can perform personal
simultaneous analysis
Low detection limits

SQW-SV Most sensitive e limited to a range of

about 30 metals

e intermetallic
interference can
occur

e maximum of 6
element can be
analysed
simultaneously

1.4 Research questions and challenges for this study

I.  Testing the Salen and Sal-DAP ligands for selective extraction and determination

of heavy metal ions using in-situ and ex-situ methods

ii.  Determining if the heavy metals can be removed via complexing on the modified

glassy carbon electrodes using the ex-situ method.

iii.  Will the immobilization of these ligands onto graphene oxide enhance their ability

for extraction?

iv.  Will the modification of the electrode surface with nafion-ligand substrate

improve the heavy metal extraction capabilities?




Vi.
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Determining if the in-situ mixing will provide a method for
extraction/determination between the metals and ligands.
Determining which method can be more effective to prepare the electrode with

the Salen for the electrochemical determination of heavy metal ions.

1.5 Hypotheses

Vi.

Schiff base ligands can be used for selective extraction and determination of heavy
metal ions by forming metal-complexes.

Salen-type ligands can be used as a thin film for the electrochemical determination
of heavy metal ions.

Immobilising of the salen-type ligands onto Graphene Oxide will enhance the
properties.

Modification of nafion-salen ligands onto the electrode will improve the
extraction ability for heavy metal ion removal.

The in-situ method can be used as an appropriate method for the extraction-
determination of the heavy metal ions

Electrochemical methods for heavy metal determination will provide ways for
inexpensive, sensitive and environmentally friendly determination of heavy

metals.

1.6 Objectives

To synthesize Salen and salen-type ligands viz. Sal-DAP and use them for heavy

metal extraction
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ii.  To characterize the chelating ligands using *H and *C NMR, FT-IR and GC-MS
spectroscopy.
iii.  To synthesize metal and Salen/Sal-DAP ligand complexes and characterize them
using FTIR and Square-wave voltammetry
iv.  To explore in-situ and ex-situ modification methods for the extraction and
determination of selected heavy metal ions
v. To modify the GCE surface using the Graphene-oxide immobilised Salen/Sal-
DAP ligand to enhance the ex-situ results
vi.  To modify the GCE surface using the nafion modified Salen/Sal-DAP ligand to
enhance the ex-situ results
vii.  To develop an efficient analytical procedure for the extraction and determination

of heavy metals ions

1.7 Research approach

Various methods were adopted to determine whether Salen/Salen-type ligands could be
used to extract heavy metal ions and to electrochemically determine these metals. The
technique used to conduct these experiments was the Square-Wave Anodic Stripping
Voltammetry electrochemical analytical technique. Two differing procedures were used:
in-situ mixing whereby the metal and ligand was mixed in-situ in the EC cell and as an
alternative, another method, ex-situ, where the ligand was coated onto the electrode and
then submerged into the EC cell containing the heavy metals. Both procedures allow for
the metal and ligands to form complexes in the cell. Graphene oxide was then used for its
enhancement properties to modify the electrode for immobilisation onto the ligand for

ex-situ experimentation. The graphene oxide properties of interest which were utilised in

10
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this work were its ability to enhance the activity of the surface area of a material and to
thereby improve the electrical conductivity. Nafion was used to form an ink with the
ligand providing remarkable ion-exchange properties, excellent electrical conductivity as

well as a higher charge transfer rate at the electrode interface.

1.8 Research outlines

Chapter 1: Introduction - Presents a brief background on the study, summarises the

problem identification and includes a synopsis of the research approach and thinking.

Chapter 2: Literature Review - Reports key concepts discussed in literature and how it
relates to the present work by clarifying the inputs contributed from various authors in a

clear and concise manner.

Chapter 3: Experimental Procedure — This chapter presents the reagents, instrumentation,
characterization methods and synthesis protocols used for the experiments. It provides

the details of the experimental procedure of the work.

Chapter 4 and 5: Results and Discussion: Provides the results and discussion for the
synthesis and characterization of the Salen [N,N'-bis(salicylidene)ethylenediamine] and
Sal-DAP [1,3-bis(salicylideneamino] -2-propanol) ligands and their complexes as well as

the electrochemical results for the removal of the heavy metals.:

Chapter 6: Conclusion And Recommendations: This section summarises the results of the
experiment by drawing together the findings with the main objectives and hypothesis of

the experiment. Suggestions on future work related to this work are discussed.

11
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter highlights the use of voltammetry for electroanalytical studies on Schiff
bases and their metal complexes and water purification as well as emphasising stripping
voltammetry. It also elaborates on the use of various electrodes which used in
electrochemistry while describing modified electrodes and how they are made for
enhanced and environmentally friendly approaches. Further attention is placed on the use
of nanomaterials, specifically graphene to improve sensitivity owing to its specific
advantageous properties. Water treatment methods are discussed, specifically the
techniques for heavy metal ion removal from water are reviewed as well as the

electrochemical method as a viable water treatment solution.

2.2 Electrochemical analysis

Electrochemical reduction

Augusto et al. previously studied the electrochemical behaviour between various Salen
complexes at mercury electrodes. For the electrochemical behaviour of copper(ll)Salen
and nickel(Il)Salen complexes; phosphate buffer (pH 7.0) was used in tandem with
mercury electrodes. Voltammetric techniques such as DPV, CV and SQW were run using
the static mercury electrode while polarographic techniques such as DC (Direct current)
and DPP (Differential pulse polarography) were performed using the hanging mercury
drop electrode. The mercury electrode allowed for a “new electrode” to be used after each
run. From the papers, copper and nickel Salen complexes were run from more positive
potentials to more negative potentials causing reduction of the complexes using the

voltammetry techniques. For copper-Salen, the voltammetric runs were from 0 to -1.3 V,
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while for nickel complexes it was run from -700 mV to -1500 mV. Figure 2 is the
common voltammogram obtained by Augusto et al. for the square-wave voltammogram
of their copper(l1)Salen complex. The signals refer to specific adsorption peaks where 1
refers to reduction of copper ions, 2 refers to electrochemical reduction of Cu(ll)Salen
complex to Cu(l)Salen, signal 3 is the reduction from Cu(l)Salen to Cu(0)-Salen and 4 is

the reduction of the free dianionic ligand.

2
A
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Figure 2: SQW Voltammogram of 7.5 x 10-8 mol L-1 Cu(ll)Salen complex. Supporting
electrolyte, 0.02 mol L-1 PBS (pH 7.0). Initial pot., 0.1 V. Final pot., -1.3V. E step, 2
mV. SQW amplitude, 25 mV. SW freq., 15 mV. Accumulation time, 30 s, Eq. time, 10 s
[23]

The results obtained by Augusto et al. for their work on the electrochemical behaviour
investigation of copper and nickel complexes using CV and SQW with aqueous
phosphate buffer proved that the complexes absorb at the mercury electrode with a one-
electron reduction reaction. Detection limits of 1.0x10® M and 3.4x10° M for
Cu(IhSalen and Ni(ll)Salen, respectively, were obtained and were fairly decent compared

to other adsorptive methods [9, 23].
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In-situ mixing

Bastos et al. investigated the in-situ mixing of uranyl ions with the salen ligand in aqueous
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer (with pH ranging
from 6.3 to 8.0). Initially suitable amounts of uranyl ions were added to the voltammetric
cell and purged for a couple of minutes after which an appropriate aliquot of Salen was
added. Cyclic voltammetry and DPV were performed using the hanging mercury drop
electrode. This work was aimed at determining whether the electrochemical reaction
between UO.(Il) and Salen in aqueous HEPES-buffered solution could be used for a
quantitative uranium determination using Salen. From the results obtained, Bastos was
able to conclude that this analytical method was successful in that it managed to adsorb
the complex formed between the uranyl ions and the Schiff base Salen ligand. The method
was even applied to a 610-SRM glass-certified sample and the results established the
selectivity and sensitivity of the method. The limit of detection of the uranyl ion
concentrations were below 5.0x10° M and was selective in the presence of other metal

ions such as thorium and iron [5]

CH,
n
—N_ N=
yaNy
O (@]

Figure 3: General structure of metal-salen complexes where M refers to metal ion
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Electrochemical oxidation

Some insights into the oxidation chemistry of metal(ll)Salen complexes (Fig. 3) were
provided by Shimazaki. He showed that oxidised Salen-type complexes have a variety of
oxidation products. These one-electron oxidised products have varying electronic
structures which are dependent on the central metal ion, aromatic ring substitutions and

the chelate effect of the dinitrogen backbone [24].

Sibous and his group synthesized Schiff base compounds with Co(ll) and Ni(II) with 4,4°-
(biphenyl-4,4’-diyldinitrilo) dipentan-2-one under refluxing conditions in 1:1 ratio The
oxidation of these complexes, using cyclic voltammetry from -1.8 to +1.8 V, were shown

to exhibit a quasi-reversible behaviour [8].

Abayneh et al. synthesized a Schiff base ligand from glyoxal and 4-aminoantipyrine and
used to form complexes with cupric chloride and copper nitrate. The complexes were
dissolved in DMF and electrochemical studies were performed using cyclic voltammetry.
The working electrode of ' choice 'was the glassy carbon electrode with

tetrabutylammonium hexafloro-phosphate (0.01 M) as the supporting electrolyte [2].

The CV was run from 0 to 1.6 V for the complex (Fig. 4). Two oxidation peaks were

obtained one for the oxidation of the ligand and the other for oxidation of Cu(ll)Salen [2].
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Figure 4: Cyclic voltammogram of 1 x 10—4 M of Cu(Il) nitrate complex at glassy carbon
electrode in DMF solution containing (0.01 M) tetra butyl ammonium hexafluoro
phosphate

Working electrode

The working electrode is of particular interest because the choice of the electrode is
dependent upon specific properties of interest. Polarography uses the hanging mercury
drop electrode (HMDE) as the working electrode. This type of electrode, while allowing
for high sensitivity and providing a “new” electrode surface after every run has two main
drawbacks viz., its possible toxicity and rapid deterioration of the electrode response
[25]. This in turn, has led scientists to look for greener, environmentally more friendly
working electrodes while still maintaining a high degree of sensitivity. Carbon based
electrodes have been commonly used as alternatives as to mercury based electrodes [26].
Common carbon based electrodes are glassy carbon electrodes, graphite electrodes,

carbon paste electrodes [26] and pencil graphite electrodes [27].

Glassy carbon electrodes have been widely used owing to their excellent electrical and
mechanical properties. GCE’s have the ability of being easily altered via the drop-casting

method forming a modified electrode with proven enhanced sensitivity, detection limits
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and selectivity capabilities. Therefore modified electrodes have become a hot topic due
to their high electrical conductivity, stability, reusability and, as previously mentioned,
their sensitivity and selectivity [28]. Materials which are used to modify these surfaces

are nanomaterials such as graphene carbon nanotubes [26].

Chooto discussed the advantages of modifying the working electrodes using
nanomaterials to solve the problem of poor sensitivity and limit of detection. This has
assisted many electrochemistry applications and continues to provide innovative
solutions for further electrochemistry applications. Nanomaterials have prompted new
research to be conducted in order to obtain more sensitive modified electrodes opening

up new opportunities in the areas of electrochemical research [29].

2.3 Nanoscience & Nanotechnology

Introduction

There are many different definitions for nanoscience and how it may be defined may
differ from one scientist to the next but the underlying interpretation is that nanoscience
is the study of phenomena and manipulation of materials in the nano-range allowing for
properties which may be significantly different from the bulk material. The products of
such manipulations are generally referred to as nanomaterials (NM) or nanoparticles (NP)
and have at least one dimension confined within the 1-100 nm range where novel, size-
dependent properties are manifested [30]. Typical examples of the NM’s include

molecules, atomic clusters, nanocrystals, nanoparticles, and nanolayers. [31].

Richard Zsigmondy, the 1925 Nobel Prize Laureate in chemistry, introduced the concept
of a “nanometer” which he used to characterise the size of particles in the nanorange. The

prefix “nano” is derived from the Greek word for dwarf. One nanometer (nm) is
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equivalent to one-billionth of a meter, 10°°m. Contextually, a human hair is 80,000 nm
wide while a red blood cell is approximately 7,000 nm wide. Atoms are below a nm in
size, whereas numerous molecules, such as proteins, range from a nanometer upwards.
The notion of nanotechnology was fostered by physicist, Richard Feynman, in 1959 in a
meeting at Caltech where he presented a lecture called “There’s plenty of room at the
bottom”. This lecture introduced the concept of manipulating matter at the atomic scale
[32]. Feynman’s contribution to the scientific community led him to be considered as the

father of modern technology as his ideas expressed a new way of thinking for many [33].

Properties

Particles which exist within the nanorange (from 100 nm down to the atomic level) have
distinct properties compared to the bulky materials due to the competition between the
high interfacial energy and the quantum nature [34]. An increase in surface area (per unit
mass) correlates to superior chemical reactivity, making them effective as catalysts. The
quantum effect comes in to play once particles are reduced to tens of nanometers or less
resulting in significantly augmented optical, magnetic or electronic properties [33].
Emphasis is placed on the significant electronic properties originating from better
ordering of the microstructure since the surface scattering is decreased [35] making them
valuable as electrode modifiers. The size, structure and morphology of a nanoparticle also

plays a role in their properties as well their chemical reactivity [36].

Nanomaterials

The synthesis and fabrication of nanomaterials and nanostructures involve two methods,

namely a top-down and a bottom-up approach. The top-down method comprises
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successive cutting and breaking down of the material into smaller segments while the
bottom-up approach combines smaller systems, atom by atom, in a specific way to create
a material. Examples of the top-down approach include attrition, milling and etching
whereas colloidal dispersion and self-assembly are common examples of bottom-up

methods [35].

Nanomaterials are defined as inorganic, organic or organometallic materials possessing
chemical, physical and electrical properties which arise due to varying shape and size
[37]. Common examples of nanomaterials that have been discovered and are known to
show unique properties compared to their bulky materials include nano-titania, nano-
silica, nano-iron oxide, nano-clay composites, carbon nanotubes, and also graphene and

graphene derivatives [38].

Carbonaceous materials have been widely used in Analytical and Industrial
electrochemistry for many years as electrode materials. In addition to these electrode
systems, performance enhancers have been readily researched in the form of electrode
modifiers in order to achieve enhanced chemical characteristics. Graphene has acquired
an enormous amount of attention owing to its exceptional physical, chemical and

electrical properties [39].

Graphene

During the mid-2000’s, two scientists Geim and Novoselov developed a 2D hexagonal,
single-atom-thick flat material consisting of sp? hybridised carbon atoms known as
Graphene [40]. It is among the thinnest material to have be discovered, with a theoretical
thickness of 0.335 nm, a band length of 0.142 nm and a bond angle of 120°. However,

single layered graphene sheets are hard to achieve as they are known to irreversibly
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agglomerate and form multi-layered graphite (which are sheets of graphene held together
by strong van der Waal’s forces). Graphene displays extraordinary physical, thermal,
mechanical properties as well as high thermal conductivity and good elasticity. It has a
huge specific surface area of 2,630 m?g™ and a carrier charge mobility larger than 200,000
cm?V1st making it a useful material [41]. Graphene materials may find a wide array of
applications in fields such as batteries, capacitors, medicine, solar cells, sensors, films,
electronics, medical devices and composites. For these applications to become a reality,

low-cost graphene material production on a large scale needs to be achieved [42]

Graphene Oxide (GO)/Reduced Graphene Oxide (RGO)

Graphene oxide (Fig. 5) is derived from graphene and contains epoxy (C-O-C) and
hydroxyl (-OH) functional groups on the basal planes while situated on the sheet edges
are carbonyl (C=0) and carboxyl (-COOH) groups permitting large scale graphene based
material production [43]. GO has many advantageous properties over Graphene such as
a higher solubility and the attractive property of surface functionalisation. In order for
GO to attain near-graphene properties, various synthesis methods have been established
to synthesize reduced GO which has less functional groups and therefore higher

conductivity [44].

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 5: diagrammatic representation of graphene, graphene oxide and reduced
graphene oxide
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Synthesis of Graphene oxide

With graphene becoming the hot topic that it is; a great deal of attention has been placed
on discovering the best procedures for its manufacture. Various factors come into play
when selecting the most suitable synthesis method such as the materials, the cost of
synthesis, the quantity, instrumentation, efficiency and finally the most important facet is
the quality of the graphene achievable by the selected method. The processes for the
production of graphene can be split into two formats, namely the top-down and bottom-
up methods. The top-down method separates graphite by exfoliating its layers into
individual layers of graphene. For this to be accomplished, the van der Waals forces
within the graphite layers need to be overcome by physical methods. The problems with
the top-down methods are that during the separation of the sheets, surface defects may
occur as well as the separated sheets may agglomerate again afterwards. These types of
mechanisms also offer low yields and are quite tedious compared to bottom-up
approaches. Carbon molecules are integrated as the building blocks of the bottom-up

method in the production of graphene sheets offering high yields [45].

Various techniques have been adopted in order to produce graphene sheets (Fig. 6). In
2004, physicists Geim and Novoselov developed a rather simple technique, known as the
Scotch tape method, to produce graphene layers by using a common adhesive tape to
mechanically exfoliate a layer of graphite into layers of graphene. This discovery
disproved the notion held by many in the scientific community at the time about
graphene being too thermodynamically unstable to exist. To the surprise of many
researchers, the scotch tape method produced high quality graphene spawning a major
advancement in graphene research and leading to many great breakthroughs within

graphene synthesis research in years to follow [46].
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Since the scotch tape method is not scalable, scientists had to search for innovative
production methods in order to overcome the low throughput of the former mechanical
exfoliation method. Thus, novel techniques for graphene synthesis such as the chemical
vapour deposition technique, liquid phase exfoliation [47], chemical exfoliation, chemical

synthesis, microwave synthesis [48] and gas wave synthesis [49] were developed.

Gas phase synthesis is a method that hasn’t acquired vast attention due to its low
production. Graphene powder is continually synthesized in the gas phase using
atmospheric plasmas in a single step. This whole process occurs at ambient temperature,

without the use of substrates, solvents, acids or catalysts [49].

Chemical vapour deposition is another promising large-scale graphene production
method producing graphene with low defects, good uniformity and controllable amounts
of graphene layers. It involves the activation followed by the chemical reaction of gaseous
reactants accompanied by formation of a stable solid support over suitable metal

substrates or their alloys [50].

Another widely used method of synthesis is the liquid-phase exfoliation method. This
method incorporates three steps: (i) dispersion of graphite in a suitable solvent, (ii)
exfoliation, and (iii) purification of the final products. This process has some
disadvantages in that the correct solvent has to be used, the sonication process might
produce unwarranted surface defects whereas one of the positives of this method is that
it can produce high quality graphene and the synthesis is rather versatile for allowing for

functionalisation [51].

One of the most important factors, if not the most important, is the scalability of the

graphene synthesis for large-scale production. This has led researchers to develop new
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methods of synthesis such as using chemical synthesis procedures using strong oxidising
agents to obtain Graphene oxide. In this method, GO is readily synthesized by the
oxidation of the natural flake graphite powder. This procedure of GO synthesis is
attractive due to its low cost, and widespread availability of graphene [52]. Three popular
methods exist for the synthesis of GO viz., the Brodie method, Staudenmaier method and
Hummers method and all involve the oxidation of graphite using strong acids and
oxidants. The Brodie and Staudenmaier methods encompass the use of a combination of
potassium chlorate (KCIO3) with nitric acid (HNO3) to oxidise graphite [53]. These two
methods, however, rely on a lengthy oxidation step which may take up to a week.
Hummer’s method is, thus, the most commonly preferred method. This method uses
H2.SO4 as the intercalant while the oxidising agents used are NaNO3/KMnOs. The
oxidation step in this method is much shorter than for other methods and can be completed
within 2 hours. One problem which has arisen from this method is the release of NOx and
ClO2, which are toxic gases, into the environment and has led researchers to develop
improved Hummers methods in.which the production;of these toxic gases are eliminated.
These new methods were dubbed modified-Hummer’s methods and their synthesis
processes have proven to yield higher quality graphene sheets with distinct properties

[54].
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Figure 6: Synthesis methods of Graphene

Allahresani synthesized a Mn(I1)Salen complex immobilized onto graphene oxide, which
was modified by 3-chloropropyltrimethoxy silane. This synthesized material was used as
a heterogeneous catalyst. The advantages of this catalyst is its enhanced properties due to
the immobilisation of the graphene oxide material improving the surface area and thus

enhancing the catalytic properties [55].

Saroja and Bhat described an easy pathway for the immobilisation of a cobalt-Schiff base
complex onto graphene oxide using APTMS to functionalise the GO. The synthesized
sample was characterised using various techniques such as FTIR, SEM, and TEM. From
their experimentation, it was deduced that GO as a supporting material, was extremely
advantageous as it possesses high surface area as well as thermal and chemical stability

[56].

Graphene and reduced graphene oxide is appealing for electrochemistry, specifically for
electrode modification as it facilitates a direct electron transfer process and improves the
electron transfer efficiency [41] and has been used extensively in various voltammetric

applications as a means to improve the sensitivity offering more desirable results.
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Graphene oxide may also be immobilized onto ligands and metal complexes acting as a

support while also providing these augmented properties.

Nanoscience in South Africa

In order for South Africa (SA) to progress from a resource-based economy towards a
knowledge-based economy, it had to look for innovative solutions to provide promising
contributions for economic progression. This has led SA to turn to Science and
technological based strategies in coming up with a suitable 10-year plan to achieve its
national goals, which includes enhancing economic growth, industrial competitiveness,
as well as social and developmental aspirations. South Africa thus integrated a National

Research and Development strategy in 2002 to help achieve these goals.

One of the widely sought-after areas of interest which were highlighted by the National
Research and Development Strategy was Nanoscience and Nanotechnology (N&N) as it
is believed that it may provide a meaningful contribution to the economy through
promising scientific breakthroughs. Nanoscience may also have a positive impact on our
economy through various productive collaborations with international countries and
institutions as well as publications in the research communities. The transition toward a
knowledge-based economy and away from a resource-based economy has the ability to
promote advancement and support various key areas in South Africa such as health, water

and energy.

The government has supported these objectives by establishing Nanotechnology
innovation centres to produce cutting-edge research and extending research grants
relating to nanoscience and nanotechnology research and by implementing an N&N

master’s research programme [57].
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2.4 Nafion

Nafion is a conductive and water-insoluble perfluorinated polymer used to coat the
electrode surface. Khanfar et al. investigated the enhancement of the detection sensitivity
and selectivity through modification using nafion which provides a higher binding
affinity towards the analyte and increases the electrical double layer’s charge transfer-
rate [58]. Modification of nafion onto electrode surfaces is commonly effected through
dip-coated or electrodeposited methods [59]. The remarkable properties of nafion for
electrode coating which may be useful for metal extraction includes the great mechanical
and chemical stability that nafion coating provides while the exceptional ion-exchange

properties enables rapid extraction via metal-ligand complexation [60].

2.5 Water Treatment (WT)

The water treatment industry has progressed rapidly due to the improvement of science
and technology and has seen the industry reach new heights. Removal of heavy metal
ions is one form of WT and various methods have been established for this specific
purpose. These methods include advanced techniques such as chemical precipitation,
ion-exchange, electrochemical removal [61], ultrafiltration and reverse-osmosis [62]
which have been applied successfully to remove pollutants that are not able to be

completely removed by conventional methods.

Chemical Precipitation (CP)
Zamboulis et al. described the conventional methods for treating metal containing
effluent and its disadvantages [63]. The chemical precipitation method is one of the most

widely used heavy metal removal methods in industry for inorganic effluent due to its
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convenient operation. In the chemical precipitation method, water containing the heavy
metals is treated using chemicals to increase the pH causing precipitation and promoting
flocculation. The insoluble solid precipitate is then removed by sedimentation,
dehydration and then must be disposed in expensive landfills. The main drawbacks of the
chemical precipitation method is that the problem is only diverted from liquid to solid

form and that the chemicals used are non-recyclable [64].

lon-exchange (IE)

The ion-exchange technique along with many other techniques was researched by
Gunatilake as an industrial water treatment process. The ion-exchange method is a cost-
effective method in which soluble ions are attracted from the liquid to the solid phase.
It’s widely used in industry due its simple operation and low-cost materials and has been
proven to effectively remove low concentrations of heavy metals. Cations and anions
consisting of water-insoluble solid special ion exchangers, such as organic ion exchange
resins, are used for the heavy metal ion removal from solution. These IE resins are able
to absorb positively or negatively charged ions from an electrolyte solution while
releasing equivalent amounts of same charged ions [65]. Zhang et al. synthesized a new
type of adsorbent material, utilising reduced graphene oxide grafted by 4-sulfophenylazo
groups, which was used to adsorb heavy metal ions via ion-exchange. The maximum
adsorption capacities for Cu(Il), Ni(I1), Cr(11), Cd(I1) and Pb(Il) were found to be 59, 66,
191, 267 and 689 mg/g, respectively. Therefore an efficient water treatment method was

established for the removal of these metal ions using the ion-exchange method [66].
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Reverse Osmosis (RO)

Arezoo Azimi reviewed the reverse osmosis method of water treatment. The reverse
osmosis process has found application in various industries such like desalination, food
processing, biotechnology and pharmaceutics. It is a rudimentary separating
technological treatment used for the removal of heavy metal ions. RO is characterised by
a pressure-driven membrane process using a hydraulic operating pressure and a semi-
permeable membrane which prohibits the flow of certain particles through it. The
underlying principle of reverse osmosis includes the absorption of heavy metals onto the
membrane surface once the polluted water passes through. Then diffusion occurs through
the membrane due to the concentration gradient causing the water molecules to move
down the gradient to the membrane’s permeate side. Once the separation is completed,
the feed side of the membrane will contain the concentrated heavy metal solution while
the permeate side will contain the treated solution. The resulting pollutants must be
treated according to certain standards. The efficiency of the separation is related to the
solute properties such as size, charge: exclusion and physico-chemical interactions

between the solute, solvent and membrane [67].

Electrochemical Methods

Electrochemical methods as a means of water treatment have gained considerable
attention in recent years as cost effective and convenient heavy metal removal
technologies. The advantages of this type of method over others is that it does not require
high temperatures or high pressures like other techniques and is still able to provide
robust performance [68]. In this method, electricity is applied to remove the metal ion in

its metallic form. The electrodeposition occurs at the electrode surface and does not
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require any chemicals for its usage causing no un-wanted by-products. Since the electron
is the main reagent of the reaction, the EC method is considered to be a clean,

environmentally friendly technological method for the removal of heavy metals [64].

The electrode is important in this process and has attracted lots of interest from
researchers for enhanced performance electrode surfaces to be achieved. Modification of
these electrodes has been at the forefront of electrochemical wastewater treatment

research and nanoscience has been earmarked to provide desirable electrode.

2.6 Novelty of this work

As previously discussed, several methods of water treatment exist, each with its own
benefits and drawbacks. The electrochemical method was selected for the removal of
heavy metal ions in that it is cheaper, environmentally friendly and does not produce any
unwanted by-products. The electrode is of utmost importance in this process, and its
ability to be modified has been the core focus of this research. The electrode of interest
was the glassy carbon electrode due its remarkable electrical and mechanical properties
and the ability for modification. The electrode surface was modified with Salen and salen
type ligands by way of the formation of a modification ink. The salen-type ligand was
also immobilised onto graphene, via functional groups, affording even greater sensitivity,
selectivity and electrical conductivity. The ligands were also modified with nafion and
coated onto the GCE and their extraction ability as well as detection abilities were
researched. Salen and salen-type ligands were chosen as they are easily synthesized and

form complexes with most metals via the chelating effect.

In this work, the square-wave voltammetry electrochemical method was used for

experimentation owing to its high sensitivity to surface-confined electrode reactions. The
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voltammetric experiments were run from more positive to more negative potentials
thereby inducing oxidation of the analytes (the oxidative properties were investigated due
to the reduction peaks being much smaller as seen in the results section). The salen
modified electrodes were used to allow removal of the heavy metals via complexation on
the glassy carbon electrode double layer. Salen-type modified electrodes were explored
to determine their chelation with the heavy metal ions. This was the ex-situ method of
experimentation. Another method, called the in-situ method, was investigated whereby
the heavy metal ions were added to the voltammetric cell along with the ligand solution
and the contents of the cell were stirred allowing for complexation to proceed.
Subsequently, the resulting metal complex was analysed. The metal complexes of interest
were all synthesized prior to experimentation in order to compare with the results of the
in-situ and ex-situ methods. Extraction studies were conducted to investigate the

extraction performance of each extraction method.

30



Chapter 3: Experimental Methodology

CHAPTER 3: EXPERIMENTAL METHODOLOGY

3.1 Introduction

This chapter entails the materials, instrumentation, experimental procedures and synthesis

protocols. It also describes the preparation of the electrodes as well as the electrode

modification procedures. The various characterization techniques and their specificity for

this work is described with emphasis placed on the electroanalytical techniques.

3.2 Materials

All reagents used in this work were analytical reagent grade and used without further

purification. The table below indicates the reagents and their origin.

Table 2: Table of reagents and their source

Reagents Supplier
Meta atomic absorption standard solution 1000 mg/L Fluka

Salen Aldrich
Salicylaldehyde Aldrich
Diethylenetriamine Sigma-Aldrich
1,3-Diamino-2-propanol Sigma-Aldrich
Cobalt chloride B & M Scientific
Nickel chloride Fluka

Copper nitrate Saarchem
Sodium acetate Sigma-Aldrich
Acetic acid Sigma-Aldrich
Sodium phosphate dibasic stock Sigma
Sodium phosphate monobasic stock Sigma-Aldrich
Nafion (5 wt%) Aldrich
Glacial acetic acid Saarchem
Hydrochloric acid Sigma-Aldrich
Dimethylformamide Kimix
Absolute ethanol Kimix
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3.3 Characterisation

The ligands, chelating complexes and as- synthesized graphene were characterised using
various techniques such as: FTIR, GC-MS and NMR Spectroscopy. These techniques are

briefly discussed and summarized.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a vibrational spectroscopic technique used to provide the molecular fingerprint
of a sample by analysing its chemical composition information [69]. In FTIR, information
is obtained by how much light (i.e. infrared) a sample absorbs at a certain wavelength
owing to the fact that molecular bonds absorb infrared light at frequencies characteristic
to their vibrations [70]. FTIR analysis is dependent on the atoms involved in the bonds
and the strength of the intermolecular interactions rendering unique spectrums for each
molecule. IR spectroscopy is a simple, low-cost technique which requires simple sample

preparation for it usage [71].

Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful and robust analytical
method that exploits the magnetic properties of certain nuclei such as 1H, 13C, 21P and
19F. NMR can be applied to liquid and/or solid materials and it is mainly used to measure
the concentration of various molecules in a sample, study the interaction between them,
and elucidate the structure of organic compounds and biomolecules. [75]. In NMR
spectroscopy, individual atoms are studied yielding information about the relationship
between all Hs and Cs and selected heteroatoms of a molecule [76] as well as contributing

structural information [77]. Two methods of NMR Spectroscopy exist, *H NMR and 3C
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NMR, both operating under the same underlying principles with the only difference being
their gyromagnetic ratio and resonance frequencies [78] with the one providing

information on the molecules Hydrogen bonds and the other the Carbon bonds.

Gas chromatography/ Mass Spectrometry (GC-MS)

GC-MS is an advanced separation chromatographic system which is robust and provides
highly reproducible results for compound identification [79]. Characterization of
compounds are usually achieved through sufficient information obtained by a molecular

ion (equivalent to molecular weight) and pattern of fragment ions [80].

3.4 Electrochemical Characterisation

Electrochemistry

Electrochemistry is a handy and powerful method of probing electron transfers within
reactions by relating the flow of electrons to chemical changes observed [81]. Therefore,
electrochemistry can give researchers and analytical scientists information on reaction

mechanisms, electron Kinetics, electron thermodynamics and ion transfer processes [82].

History of electrochemistry and voltammetry

Electrochemistry forms part of many branches of chemistry and is well integrated in the
disciplines of physical, organic, inorganic and analytical chemistry. Although
electrochemistry forms a part of these main branches of chemistry, modern
electrochemistry was founded long before these other sciences ever existed. It dealt with
the electron a whole century before the electron was discovered at the dawn of the 20"

century. “Modern electrochemistry” was started in the 18" and 19" century by Alessandro
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Volta and other scientists. This modern electrochemistry allowed scientists of the time to
isolate and discover about ten chemical elements and various applicable products in a
short time span. Thus, electrochemistry provided support and assistance for the

progression of other sciences.

Although Volta was credited as the founder of electrochemistry, due to his invention of
the first D.C power source which was able to split water into oxygen and hydrogen, Luis
Galvani was initially the first to discover electricity. Galvani’s discovery came accidently
as he brought two metals into contact, generating electricity which made dead body parts

move (for e.g. The frogs leg) [83].

From electrochemistry, a further branch was developed called VVoltammetry. The term
“Voltammetry” originates from the root word, “Veoltam-" which refers to potential (volt)
and current (am) [84]. In 1922, the Czech chemist Jaroslav Heyrovsky discovered
voltammetry from polarography, which is a class of valtammetry incorporating a hanging
mercury drop electrode as the working electrode, earning him the 1959 Nobel Prize in
chemistry. However, these early voltammetric methods encountered numerous
difficulties, preventing them for commercial routine analysis application. In the 1960’s
and 1970’s, major advances in all aspects of voltammetry such as theory, methodology
and instrumentation were made leading to enhanced sensitivity. These advances coupled
with the emergence of relatively inexpensive amplifiers accelerated the

commercialisation of low-costing voltammetric instrumentation [85].

Basics of voltammetry
In the voltammetry method of electroanalysis, a chemical signal (either concentration or

amount of analyte) is converted into a physical signal (potential or current) which is then
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transformed into an appropriate electrical signal which is processed by the electronic
instrument and displayed as a readable signal for the operator to understand [86]. The
excitation of the sample occurs simply by applying a potential (V) to the electrode. The
current (i) is thus monitored as it flows through the electrochemical cell over a certain
time (t). All voltammetric techniques can, hence, be described as some function of E

(potential), i (current) and t (time).

The analytical advantages of voltammetric techniques include excellent sensitivity with
a wide concentration range for both organic and inorganic species, a broad temperature
range, various useful solvents and electrolytes, simultaneous multi-element analysis,
rapid analysis times, able to determine kinetic and mechanistic parameters and the ability
to reasonably estimate unknown parameters [85]. Further advantages of voltammetric
techniques are characterised by the instrument simplicity, moderate cost, portability and

low sample consumption [87].

Voltammetry theory

The transfer of electrons is associated with the electrode process taking place across the
electrode/solution interface (also known as the Electrical Double Layer). The double layer
consists of several layers: an inner layer, also called the Helmholtz or Stern layer, closest
to electrode which contains the solvent molecules and sometimes other species (ions or
molecules) which have been specifically adsorbed. The diffuse layer is the layer between
the adsorbed layer and the bulk of the solution and contains ions which are said to be non-
specifically adsorbed. The structure of this electrical double layer influences the electrode

processes rate [88].
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The electrode process causes the reduction or oxidation of the electroactive species A

according to the following general reversible reaction:
Ox (A) +ne s Red (B)

Upon oxidation, species A is consumed, and B is produced at the electrode surface. The
mass transport of A to the electrode surface and B from the surface occurs through three

possible classifications [89]:

e Migration: dependent on the potential drop in the solution
e Diffusion: due to the concentration gradient at the electrode surface

e Convection: originating in flowing systems

The relationship between the applied potential and the surface concentrations of oxidation
and reduction is described by two well-known laws; the Nernst equation and the Butler-
Volmer equation. Eq. 1 is a typical redox reaction and its equilibrium state is governed
by the Nernst equation. The Nernst equation stays true for thermodynamically reversible
electrochemical reactions because as the potential is varied, the equilibrium is re-

established. The Nernst equation is given below:

o RT c(0x)x=0
E=E"+ nFl c(Red)x=o

Equation 1
Where,

E = cell potential

E° = standard redox potential for the ox/red couple

R = Gas constant (8.314 J K'* mol?)

T = Absolute temperature (K)

n = number of electrons transferred

F = Faradays constant (9.648 x 10* C mol™)
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At room temperature (25°C), I;—T may be treated as a constant and replaced by 25.693 mV

for cells.

It is often useful to know the relation that links current, potential and concentration. The
rate of a reaction is controlled only by the rate of the electrical charge transfer process
and is given by the Butler-Volmer equation, which is an activation-controlled reaction
[21]. This equation allows for the estimation of the standard rate constant of electron

transfer k, and is given by:

nﬁ = k°{cox’ exp[—af] — cyeq exp[(1 — @)6]} Equation 2

Where,
0 = nF(E-E%)/RT
k° = heterogeneous rate constant
o = transfer coefficient

A = electrode area

Common voltammetric techniques

Various voltammetric techniques have been adapted in recent times for a range of
applications such as cyclic voltammetry (CV), differential pulse voltammetry (DPV),
square-wave voltammetry (SQW) and linear sweep voltammetry (LSV). These methods
give both guantitative and qualitative data with magnificent precision (< 1%), enhanced
sensitivity and a wide linear dynamic range [90]. Cyclic voltammetry and Square-wave

Voltammetry are discussed as they are specific techniques related to this work.
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Cyclic Voltammetry (CV)

Cyclic Voltammetry is the most conventional electroanalytical technique utilised for the
acquisition of qualitative information relating to electrochemical reactions. CV provides
a swift location of both the oxidation and reduction potentials of the electroactive species

reaction which takes place at the working electrode.

In CV, the voltage is swept between two values at a fixed rate and starts from an initial
potential until it reaches a set final potential value. The sweep is then reversed until the
voltage reaches the initial potential value [91]. If the scan begins at a negative potential,
the forward scan will be oxidation and vice-versa. The peak current, peak potential and
characteristic shapes of the voltammograms essentially fingerprint the individual
electrochemical properties of the redox system -illustrating information such as the type
of electrode reaction, number of electrons exchanged and as well as adsorption reactions
[88, 92]. The magnitude of the current and the current are directly proportional to one

another (Fig. 7) [84].

current
A

T

Vo voltage

Figure 7: A typical cyclic voltammogram recorded for a reversible single electrode
transfer reaction for a solution containing only a single EC reactant
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Square-Wave Voltammetry (SQW)

Square-wave voltammetry is one of the most advanced of the four major voltammetric
techniques along-side CV, DPV and LSV. It has achieved widespread application over
the last decade owing to the commercialisation of the voltammetric instrument as an
electroanalytical tool. Other factors leading to SQW application include its theory being
well-developed and because of its high sensitivity to surface-confined electrode reactions
[93]. This high sensitivity is achieved by replacing the continuous potential ramp of the
CV technique with a staircase potential combined with small potential pulses, equal in
height but opposite directed potential [94], thereby diminishing the contribution of the
charging current. The current is measured at the end of each potential pulse diminishing
the charging current drastically, thus enhancing the sensitivity and improving upon the
voltammetric data achieved. The main parameters of the SQW method include the height
of a single pulse, called the square-wave amplitude (Esw), the scan increment (AE) and

the square-wave frequency (f), which is the duration of the potential pulse (Fig. 8) [95].

[ o P —

current magnitude

0.54

0.0

potential

Figure 8: A typical Square-wave voltammogram including the potential cycle
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The peak-like shape of the SQW component is advantageous as it provides measurable
parameters such as peak height and peak position improving the techniques resolution.
Since the overall shape of the SQW resembles the forward and reverse components of

CV, mechanistic information is obtainable from the SQW method [95].

Square-wave voltammetry has been extensively used for the analysis of heavy metal ions
due its advantageous properties. However, many other instruments have similar, if not
better, properties so due diligence must be done before selecting the instrumentation for
analysis. Other analytical methods such as Inductively coupled plasma spectroscopy
(ICP) and Graphite furnace atomic absorption spectroscopy (GFAAS) have been used for
heavy metal analysis. These methods hold some superiority in that they have a higher
sensitivity, yet they are quite expensive and require highly skilled personal to operate

them.

Voltammetric Instrumentation

The voltammetric electrochemical cell (Fig. 9) and equipment typically consists of two
or three electrodes (depending on the electrode system), electrolyte solution, sample of
interest and the equipment represents the electrical instrument, or potentiostat, whereby
the voltage and other parameters are controlled. The potentiostat contains three electric
terminals through which the electrodes are connected [96]. These electrodes are the
working electrode (WE), the counter electrode (CE) and the reference electrode (RE).
The applied potential from the potentiostat is measured against the reference electrode;
the counter electrode allows the current to pass by closing the electrical circuit. The REs

mainly used are Ag/AgCl (3 M KCI) and the saturated calomel electrode while commonly
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used CEs are platinum wire, Au or even graphite. The electrochemical cell in which the
sample and electrolyte is contained may come in various shapes, sizes and materials
depending upon the amount of sample and technique used. The most important of the
electrodes is the working electrode and thus a large emphasis is placed on selecting the

appropriate one [97].

1-O—

Reference electrode
Working electrode Counter electrode

Figure 9: Schematic representation of a three-electrode electrochemical system
consisting of a working; reference and a,counter electrode

3.5 Instrumentation

Electro-analytical studies were performed using the 797 VA Computrace Potentiostat
(Metrohm) connected to a computer for recorded data to be measured and evaluated (Fig.
10). The three-electrode system comprises a GCE/PGE, Ag/AgCI/KCI and a platinum
wire as the working electrodes, reference electrode and counter electrode, respectively.
The glassy carbon electrode was obtained from Basi and the Pencil graphite electrodes
were HB, Pentel graphite rods. The measuring techniques performed were the square-

wave voltammetry and cyclic voltammetry techniques. SQW was also used as a water
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treatment method to remove metal ions via in-situ and ex-situ methods. All experiments

were performed in an electrochemical cell at ambient temperature.

Figure 10: Computrace Potentiostat instrument 797 VA

FTIR results were recorded using a Perkin Elmer FTIR Spectrometer to provide
information on the structures of the analytes of interest. IR spectra of the sample was
recorded either as a neat using ATR (Attenuated total reflectance) (Fig. 11) or the sample

was diluted with the IR-inactive KBr
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Figure 11: Image of FTIR Spectrometer

NMR experiments were performed using a Bruker 400 MHz NMR spectrometer to

provide information on the molecular structure of the samples.

3.6 Synthesis Protocols

Schiff base ligands

Two Schiff base ligands were prepared by reacting primary amines with carbonyl
precursors of interest to achieve the intended salen-type ligands. The reactants were
dissolved in ethanol in a 1:2 molar ratio (amine: carbonyl precursor) and kept in a round-
bottom flask which was subjected to reflux for 4 hours. Thereafter, the product was

collected, recrystallized and dried.

Salen ligand
For the synthesis of Salen (Fig. 13); ethylenediamine and salicylaldehyde in a 1:2 molar

ratio is reacted under reflux for 4 hours as described in the protocol above.
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[\

HO HO

Figure 12: Chemical structure of Salen ligand (MW= 268.31 g/mol)

Sal-DAP
1,3-bis(salicylideneamino)-2-propanol (Fig. 14) was synthesised by reacting a 2:1 molar

ratio of salicylaldehyde to 1,3-diamino-2-propanol under reflux as described above.

OH

Figure 13: Chemical structure of 1,3-bis(salicylideneamino)-2-propanol (MW= 298.33
g/mol)

Metal Complexes

Metal complexes were produced by reaction of the ligand with the specific metal ion
(nickel, copper and cobalt) in 1:1 molar ratio under reflux. The ligand was dissolved in
ethanol followed by the addition of the metal ion (nickel, copper and cobalt) and the

reaction was heated under reflux for 3 hours. The reaction mixture was left overnight.
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The complex was collected by filtration, washed with ethanol and distilled water and left

to dry.

Stock Solutions
The stock metal ion solutions were prepared by diluting 1,000 mg L™, atomic

adsorption standard solutions in nitric acid (2%).

Buffer/Acid Solutions
A 0.1 M Acetate buffer (pH=4.6) was prepared by mixing suitable amounts of sodium

acetate salt with acetic acid in ultrapure water.

0.1 M Phosphate buffer (pH=7.2) was prepared by adding appropriate amounts of 0.1 M
sodium phosphate monobasic solution to 0.1 M sodium phosphate dibasic solution until

the desired pH of 7.2 was achieved.

Ammonia/ammonium chloride, NH3—-NH3xCl, buffer solution (0.1 M and 1 M, pH 9.4)
was prepared by mixing ammonium chloride and ammonia followed by dilution with

ultrapure distilled water.

Glacial Acetic Acid

For the voltammetric experiments, a single drop of glacial acetic acid was added to the

electrochemical cell containing phosphate buffer.

Graphene Oxide (GO)

Graphene oxide was synthesized according to the modified Hummers method [98].
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Approximately, 1g of graphite powder and 1 g of NaNO3z were placed in a 500 ml round
bottom flask. 70ml of H.SO4 was added to the round bottom flask (containing NaNO3
and graphite) and magnetically stirred for 15 minutes in an ice bath. The temperature was
kept below 5 °C. Thereafter 5g of KMnOs was slowly added over a period of one hour to
maintain a temperature below 5 °C. Once all the KMnO4 was added, the solution was
stirred for an additional hour. The colour of the solution changed from grey to dark green.
Hereafter, 46 ml of deionized (DI) water was gradually added to the solution, controlling
the temperature to not exceed 90 °C. Upon the addition of DI water, the colour of the
solution changed from dark green to dark brown. The solution was left to stir for another
30 minutes. Subsequently, 5.5 ml of oxidizing agent H>O> was added and the remaining
addition of 140 ml of DI water. The colour of the solution changed, once more, from a
dark brown solution to a yellow, brown (mustard) colour. Once all the additions of
solvents and reagents were completed, the reaction was left to stir for an additional hour
to maintain a homogeneous suspension. The prepared GO was filtered and washed

through centrifugation with 30% HCI solution.

Nafion-Ligand Modifying Ink
The Nafion-ligand ink was prepared by adding 1 x 10 M ligand (0.03 g for Salen) to 5

mL of 1 wt% nafion solution and was sonicated for 20 minutes.

3.7 Working Electrode

The working electrode used for the experimentation was the glassy carbon electrode

(BASi) (Fig. 16).
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Figure 14: Glassy carbon electrode

Electrode Preparation

The glassy carbon electrode required meticulous and thorough cleaning to obtain a “new
electrode” after each run without damaging the electrodes. This was achieved by soft
polishing the electrode with 1, 0.3 and 0.05 micrometer alumina for a few minutes and

was rinsed with ethanol, ultrapure water and allowed to dry.

Electrode Modification

Drop-cast method

The GCE was modified by drop-casting 2 pL of a modified ink on the electrode surface
and allowed to dry. The modification process had to be meticulous ensuring reproducible

results.

Electrochemical reduction

GCE surfaces were modified with graphene oxide using electrochemical methods. The
graphene oxide was reduced on the electrode by applying a deposition potential of -0.7 V
for 120 s using cyclic voltammetry. The sweep conditions were set to a starting potential

of -1.5V, first vertex potential of 0.3 V and a second vertex potential of -1.5 V. the voltage
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step and sweep rate was 0.005 V and 0.1 V/s, respectively. The number of sweeps was
set to record 5 sweeps. The electrode was rinsed with ultrapure water to remove non-

reduced graphene oxide and then allowed to dry.

3.8 Experimental Procedure

Cleaning of the voltammetric cell

To avoid contamination, the electrochemical cell and electrode were cleaned by rinsing
with ethanol, water and the electrode was polished with alumina powder of 0.05 micron
respectively, on a wet polishing cloth by pressing the electrode softly against the polishing
surface. A SQW voltammetric was performed in 3 M HCI for 30 seconds to remove any
other impurities and finally washing the whole system and cell with ultra-pure water and

then allowing it to dry.

Square-wave voltammetry procedure

The electrode was inserted into the cell containing 10 mL of the buffer solution. The cell
was purged with nitrogen gas for 300s before each run. The potentiostat was set to apply
a potential from negative to positive causing oxidation of the sample. The parameters
which were kept constant throughout were set as follows: Voltage step (V) = 0.004 V,
Amplitude (V) =0.02 V, Frequency (Hz) = 50 Hz) and Sweep rate (\V/s) =0.198 V/s. For
oxidative voltammetric scans, the SQW experiments were run from more negative to

more positive potentials (-1.5V to 1.5 V).
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Metal complex analysis
SQW analysis was performed to determine the peaks of metal complexes. Two methods
of mixing were used to deposit a metal film which is capable of detecting selected heavy

metal ions and yield admirable detection limits.

In-situ mixing method (1M)

The in-situ method involved the mixing of solutions of ligand and metal ion, which were
added to the buffer, in the electrochemical cell. The cell contents were stirred for 600-
900s to allow complexation to occur. Square-wave voltammetry was used for the analysis

by varying the working electrodes being used.

Ex-situ mixing method (EM)

In the ex-situ method, a glassy carbon electrode was selected as the working electrode
due to its ease of modification via the drop-casting method. The modification ink was
drop-casted onto the GCE and allowed to dry. The modified electrode was then immersed
in the electrochemical cell containing suitable amounts of the specific metal ion. The
system was purged for 300 s with N2 gas and a deposition time of 600s was selected to

ensure that complexation took place at the electric double layer of the GCE.

Extraction of metal ions studies

Calibration curve

A calibration curve of concentration versus current was conducted to show the
relationship between the metal concentration and the complex peak formation through

the current detected. It was assumed that the complex formation took place on the
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electrode surface via complexation between the metal ion and ligand in a 1:1 molar ratio.

The studied concentrations were in the range of 100 ppb to 30 ppm.

Removal efficiency
Removal efficiency studies were also performed to show the effect of time on complex

formation [99].

Percentage removal (%) = @ * 100 Equation 3

4

Where,
Ci = initial metal concentration
Cobs = Observed metal concentration

Effect of buffer solution
The effect of various buffer solutions on the extraction ability of the ex-situ method was
investigated to determine the best buffer to provide the optimum results. The buffers used

are acetate buffer, ammonia-ammonium chloride buffer and phosphate buffer.

Reusability

The reusability of the modified electrode for heavy metal extraction was examined by
extracting the heavy metals from a buffer solution containing metal ions and then
stripping the metals ion off in a clean buffer solution. The electrode was then immersed
once more into the metal containing buffer solution and the ex-situ method was applied

to determine the reusability of the modified electrode.
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CHAPTER 4: RESULTS AND DISCUSSION

4 Introduction

This chapter reports on the synthesis and characterisation of the Salen ligand and its metal
complexes. The electrochemical studies screened the removal and detection of heavy
metal ions using Salen ligand as a chelating agent via different electrochemical methods.
The extraction ability in various buffer solutions via ex-situ and in-situ methods are
reported in this chapter using cobalt and nickel Salen complexes. Calibration curves are
included to investigate the effect of the concentration of the metal ions on complexation.
The removal efficiency for both methods is examined as well as the reusability of the

modified electrode.

4.1 Fourier-Transform Infrared Spectroscopy (FTIR)

FT-IR analysis was performed in order to obtain information on the functional groups of
the samples. The samples were prepared by mixing small amounts of the compound with
KBr powder. The mixture was pressed as a pellet to be analysed by the FT-IR instrument.
The infrared spectral bands of the ligand and its copper complexes are are shown in Figs.
15-18. The FTIR spectrum of the free ligand exhibits the characteristic bands at ~ 3056
and 1634 cm? corresponding to v (OH) and v (C=N) of the azomethine group,
respectively [3]. However, the FTIR spectra of complexes showed v (C=N) band around
1624 cm™ compared with free ligand 1634 cm™. The lowering of v (C=N) indicated that
the azomethine nitrogen atom coordinated to the metal ions. The disappearance of v OH

band and appearance of two new additional bands at ~ 625 and 470 cm® for v (M-O) and
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v (M-N) confirms the deprotonation of the -OH group and coordination of metal ions with

the phenolate oxygen atom.
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Figure 15: FTIR spectrum of Salen ligand
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Figure 16: FTIR spectrum of nickel-Salen complex
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Figure 17: FTIR spectrum of copper-Salen complex
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Figure 18: FTIR spectrum of cobalt-Salen complex
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4.2 GC-MS

The Salen ligand was further characterized using GC-MS and the molecular ion and
pattern of fragment ions are shown in Figure 19. The molecular ion (m/z) 268.2 [M*]

confirmed the ligand synthesis.
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Figure 19: GC-MS chromatogram of Salen ligand

4.3 Electrochemical characterisation

The ligand (L) and copper(ll) complexes were subjected to cyclic voltammetric studies
to examine their electrochemical behaviour. A glassy carbon electrode was used as
working electrode, platinum wire as auxiliary electrode and Ag/AgCl as reference
electrode. The electrochemical studies were conducted in aqueous solution where the
ligands and complexes concentrations were (1 x 10~* M). Phosphate buffer solution (0.1
M) was used as supporting electrolyte. Measurements were made over a potential range

between -1.5 to +1.5 V with a scan rate of 0.1 V/s
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Electrochemical studies of Salen ligand

SQW of Salen Solution and Naf-Sal GCE

The Salen ligand solution and Salen-coated GCE electrode were electrochemically
investigated to determine the Salen oxidation peak. This information provides a platform
for further electrochemical investigations in order to compare the Salen ligand oxidation
peak after complexing with various metal ions. To achieve that, a 2.5 x 10 M solution
of Salen was added to the electrochemical cell and stirred for 300 s. The SQW was run
from -1.5 to 1.5 V at a deposition time of 120 s. While Naf-Sal@GCE was modified by
drop-casting 2 pL of the Naf-Sal ink onto the electrode surface and immersing it into the
electrochemical cell containing the buffer solution to run SQW (Fig. 20). The oxidation
peaks with shoulders were observed at 850 mV and 970 mV for the salen solution and
Naf-Sal@ GCE, respectively. The oxidation peak is attributed to the oxidation of the
imine bond (-C=N) of the ligand [5] which was shifted to a positive value in Naf-
Sal@GCE indicating that this bond is harder to oxidize since electrons are not easily

lost.
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Figure 20: SQW voltammogram of Salen ligand and Naf-Sal@ GCE

SQW of Salen ligand and Cobalt metal ion

The electrochemical behaviour of the cobalt metal ion was examined by testing a 2.5 x
10* M solution thereof via an oxidation scan run from -1.5 to 1.5 V. At -1.5 V reduction
takes place at the electrode surface which in turn causes the reduction of Co(ll) to Co(l)
until the reduction stops and oxidation proceeds. Thus, Co(l) is oxidised to Co(Il) and
Co(I1) at specific potentials. Figure 21 exhibits a unique SQW oxidation voltammogram
with three oxidation states for (Co). Two oxidation peaks are observed at -500 mV and

1.3 V attributed to the oxidation of Co(l) to Co(Il) and Co(ll) to Co(l11), respectively.
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Figure 21: SQW oxidation scan of Co ion at bare GCE with expanded region (inset)

The oxidation scan of cobalt-Salen complex (2.5 x 10 M) illustrates oxidation peaks for
the cobalt ion at -500 mV and 1.3 V and the Salen peak at 900 mV with a shoulder. The
cobalt-Salen complex displayed a well-defined peak at 20 mV. The in-situ method (IM)
voltammogram was tested by mixing equimolar amounts of cobalt ion and Salen ligand
for 900 s and scanned from -1.5 to 1.8 V. The oxidation scan provided peaks similar to
the cobalt-Salen complex confirming that complexation between cobalt and Salen took
place.

In ex-situ method (EM), the Naf-Sal@ GCE was immersed into the EC cell containing
2.5 x 10 M cobalt ion in buffer solution. The oxidative scan was run with a deposition
time of 900 s. All peaks resemble the cobalt-Salen complex with the main complex peak
present at 20 mV confirming that the complex was formed on the GCE’s electrical double

layer (Figs. 22 and 23).
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Figure 22: SQW oxidative voltammogram of cobalt-Salen complex at bare GCE, (IM)
of Co and Salen at bare GCE and (EM) of Naf-Sal@GCE with Co.
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Figure 23: CV scan of cobalt-Salen complex at bare GCE
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Electrode modification via the Ex-situ method (EM)
The Ex-situ mixing method as discussed in, Chapter 3, involves the extraction of heavy
metal ions using a modified electrode. The glassy carbon electrode was modified with the

Salen ligand, RGO-Salen and with the Naf-Salen ink as shown in Figure 24.
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Figure 24: Comparison of SQW oxidative voltammogram for EM using Sal, Naf-Sal
and RGO-Sal/GCE at 2.5 x 10* M Co

The Salen modified GCE was tested for the removal of cobalt ion (2.5 x 10 M) in the
buffer solution. The SQW voltammogram, showed that the cobalt was unable to complex

with the Salen ligand on the electrode surface as no peak for the complex was observed.

The RGO-Sal@GCE was prepared by reducing the graphene oxide electrochemically
onto the glassy carbon surface as described in Chapter 3. The RGO modified electrode

was allowed to dry and 2uL of 5 x 102 M Salen was drop-casted forming the RGO-Sal
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modified GCE. This electrode was tested for its extraction ability to remove cobalt ions
via complexation at the electrode surface. The results proved that the RGO-Sal was
successful in complexing with cobalt ion confirmed by the appearance of complex

oxidation peak at 20 mV.

The Naf-Sal@GCE modified electrode prepared by coating the electrode with a Nafion-
Salen ink was immersed into the electrochemical cell containing the metal ion of interest.
Square-wave voltammetry oxidation scan was applied to extract the cobalt metal ion from
the buffer by forming a complex at the electrode surface. This complexation was observed

by the oxidation peak at 20 mV in the voltammogram above.

It can be concluded that for the ex-situ method, the modified electrode Naf-Sal@GCE

demonstrated the most distinct and well-defined peak for the extracted heavy metal ion.

Extraction of heavy metal ions studies by ex-situ method

Calibration curve of EM of Cobalt ions with Naf-Sal@GCE

The calibration curve was constructed to evaluate the effect of concentration of the
solution (Fig. 25) by adding certain concentrations of cobalt metal ion. These cells were
purged for 300 s and then a SQW oxidative scan was run using Naf-Sal@GCE (2uL of
the Salen-nafion ink was precisely drop casted onto the GCE surface to ensure
reproducibility). The parameters of the scan were set to run the potential from -1.5t0 1.5
V at a deposition time of 600 s for each run. The result showed that on increasing the
concentration from 100 ppb to 40 ppm, the cobalt-Salen complex peak increased until it
reached a certain concentration (30 ppm) where oversaturation of the electrode surface

occurred.
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Figure 25: Calibration curve of EM of cobalt ions with Naf-Sal@GCE

From the calibration curve, the equation of the graph is

y = 0.3608x + 1.5547 Equation 4

From this equation, the peak height used to determine the extracted concentration of the
Determination of unknown metal ion concentration

An unknown concentration of cobalt metal ion was added to the electrochemical cell via
the Ex-situ mixing and the metal ion was extracted via complexation on the Naf-
Sal@GCE surface. The electrode was then removed, rinsed lightly with ultrapure water
and allowed to dry. The electrode containing the extracted metal was then immersed into

a clean phosphate buffer solution and the complex was stripped off (Fig. 26). The
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resulting peak height was in tandem with the calibration curve above to determine the

extracted amount of metal ion by applying equation 4.
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Figure 26: Extraction of unknown sample
Calculation

y = 0.3608x + 1.5547

—_y _ = i =
X == 1.5547, where y = peak height = 1.32 pA
X = —2 _ 15547
0.3608
X = 2ppm

Therefore, the unknown extracted metal ion concentration was found to be 2 ppm.

Extraction percentage

Ci—
Ci

Extraction percentage (%) = I x100
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from

Figure 26 the

3.41 pA-1.32 pA

extraction percentage = 34104

x 100=61%

Factors affecting the removal efficiency of metal ions

Effect of concentration

The effect of cobalt concentration on the percentage removal via the ex-situ method is
shown in Figure 27. It is clear the adsorption capacity increases as the concentration

increases until it reaches a plateau where the electrode becomes oversaturated.
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Figure 27: Effect of concentration on % removal of Co ion
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Effect of accumulation time

Figure 28 demonstrates the influence of deposition time on the peak currents for the
extraction of Co ions using Naf-Sal@GCE. The deposition time was varied from 0 to 900
s at 150 s increments. The cobalt-Salen complex peak current, through the stripping
responses of the metals, steadily increases with increasing deposition time from 0 to 750
s, thereafter the detection limit starts decreasing due to the saturation of the electrode
surface. Therefore, a deposition time of 600 s was selected for all subsequent
experimentation ensuring that the peak of the complexes is enhanced using the ex-situ

method and to avoid possible saturation of the electrode surface.
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Figure 28: Effect of deposition time on % removal of Co ions
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Effect of buffer solution

The effect of varying buffer solutions via the ex-situ method was investigated to
determine the best buffer medium for the analysis. The type of the buffer solution was
varied while keeping all other parameters fixed throughout the process. The EM method

was run with 2.5 x 10 M of Co in the buffer solutions.

Three buffer solutions were used in this study. The results illustrated (Fig. 29) that using
an ammonia-ammonium buffer chloride solution (0.1M, pH 9.66), complexation did not
take place at high pH since the concentration of hydroxyl ion hinders the adsorption of

metal ions on the electrode surface for complexation [96].

On using an acetate buffer (0.1 M, pH 4.6), active sites on the adsorbent material are H*
ions. The metal i.e. Co of the complex is reduced resulting in increasing the current. Using
a phosphate buffer (0.1 M, pH 7.2) an increase in Co(OH). and a decrease in Co(ll) ions
result which are easier to oxidize to Co(OH)*. Therefore, the phosphate buffer was chosen

as the optimum buffer solution for all experiments.
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Figure 29: Effect of various buffer solutions on ex-situ mixing of Naf-Sal@GCE with
cobalt

Reusability

Reusability studies were performed using the Naf-Sal modified GCE to test whether the
electrode could be reused after extraction of the metal ions and subsequent stripping off
of the metal in a fresh clean buffer solution. The electrode was then re-immersed into the
cobalt containing buffer solution and the ex-situ method was applied. It was determined
that the electrode was not reusable and had to be prepared over successive

experimentation.
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Extraction of heavy metal ions studies by the in-situ method

Calibration curve of Cobalt ion and Salen using IM

Extraction studies were also performed using the in-situ method. A calibration curve was
constructed by varying the concentration of the cobalt ions from 100 ppb to 15 ppm while
fixing the Salen concentration at 20 ppm and deposition times of 600 s and 150 s,
respectively (Fig. 30). Square wave voltammetry was performed from -1.5 V to 1.5V for
each scan. The result showed that as the concentration of cobalt increased the peak height
(current) of the complex increased linearly until the electrode became oversaturated
(curve flattened out). From the graph, a straight line was drawn to determine the

concentration of an unknown extracted sample.
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Figure 30: Calibration curve of cobalt and Salen using (IM)
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The equation of the graph as extrapolated is
y = 0.143x + 0.781 Equation 5

Determining unknown concentration

An unknown concentration of metal ion was added to the cell containing 20 ppm Salen
at in-situ conditions, and the electrode was removed and rinsed lightly. The same
electrode was then immersed into an EC cell containing fresh buffer and square wave and
an oxidative scan was run. The resulting voltammogram was recorded and the height of
the complex peak was obtained (0.356 pA). The obtained result was used to determine

the amount of metal extracted according to the following calculations.

Calculation

y = 0.143x + 0.781

x =———0.781  where y = peak height = 0.356 HA

0.143

x =236 _ 0781
0.143

x =17 ppm

Therefore, the calculated concentration of the unknown sample which was extracted is

1.7 ppm.

68



Chapter 4: Results and Discussion: Salen Ligand

Removal efficiency

Effect of concentration

The effect of cobalt concentration on the removal efficiency for the in-situ method was
studied and shown in Figure 31. The graph depicts that a linear relationship was obtained
up to 10ppm of Co concentration indicating that as the concentration increases, the
amount of metal extracted increases i.e. current peak intensifies. The detection limit starts

decreasing after 10ppm concentration. This is due to saturation of the electrode surface.
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Figure 31: Effect of concentration on % removal of cobalt ion

Effect of accumulation time
The effect of deposition time using the in-situ method was investigated by varying the
deposition time from 0 to 900 s at 150 s increments while fixing a concentration of 2 ppm

and 10 ppm for cobalt and Salen, respectively. Square wave voltammetry was undertaken
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from -1.5 to 1.5 V for each run. The results indicated that increasing the deposition time

had a negligible effect on the complexation between the metal and ligand.

Electrochemical study of the Salen ligand and nickel complex
In order to study the % removal of heavy metal ions, nickel was selected for complexation
with Salen. Figure 32 shows an oxidation peak position of Ni(Il) ion (2.5 x 10* M) at -

270 mV (inset).

The SQW voltammogram (Fig. 33) shows the oxidation peaks for the Ni-complex at -270
mV, 850 mV and 1.25 V which are assigned to nickel, the Salen ligand, and the nickel-
Salen complex, respectively. It is evident from the figure that the oxidations peaks are
clearly observed while the reduction peaks are not that pronounced. Hence, this work

focuses mainly on the oxidation sweep region of the Salen complexes.

For the in-situ mixing (IM), equimolar quantities of Salen and nickel ion were added to
the electrochemical cell. The cell was allowed to stir for 900 s for complexation to occur
and the SQW voltammetric oxidation scan was run from -1.5 to 1.8 V. The
voltammogram displayed similar results to the nickel-complex showing peaks at -250
mV, 829 mV and 1.31 V confirming that nickel-Salen complexation was successful. On
the other hand, the ex-situ mixing method (EM) was used to form the nickel-Salen
complex on the electrode surface. The electrode surface, which was modified using the
Naf-Sal ink, was immersed into the EC cell containing 2.5 x 10* M nickel ions. The cell
was purged for 300 s and the SQW oxidation scan was run from -1.5to 1.8 V at a
deposition time of 600 s. with slight shifting as the metal is harder to oxidize on the GCE

surface The oxidation peak positions are observed at -240 mV, 750 mV and 1.6 V for
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nickel, Salen and nickel-Salen complex, respectively. The peaks observed via (IM) and
(EM) were comparable to the nickel-Salen complex with slight shifting as the metal is

harder to oxidize on the GCE surface.

0,000006 -
0,00010
0,000005 -
<
0,00008 F 0000
13
0,000003 -
0,00006 0,000002 -
<
= 0,000001 r r r . .
9] 10 05 0,0 05 1.0
E 0,00004 + Potential (V)
O
0,00002 —
Ni (1) -> Ni (11)
0,00000 +
T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
Potential (V)

Figure 32: SQW Voltammogram Nickel of (2.5 x 10*-M) at bare GCE with expanded
region (inset)
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Figure 33: SQW oxidative voltammogram of nickel-Salen complex at bare GCE (blue),
(IM) (black) and (EM)(blue), (left), Expanded region (right)
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Figure 34: Cyclic voltammogram of nickel-Salen complex (2.5 x 10* M) at bare GCE

SQW of Salen ligand and Copper ion

Figure 35 shows the oxidation peakposition for the copper metal ion. The peak is
observed at a potential of -90 mV. The copper-Salen complex (2.5 x 10 M) was analysed
by CV and SQW (Figs. 36 and 37). The oxidation peaks for the copper metal ion and
Salen are observed at -100 and 870 mV,; while a new peak was observed at 130 mV due

to the copper-Salen complex.

For the IM method (Fig. 37), 1 x 10° M copper metal ion and 2.5 x 10* M Salen were
added to the buffer and stirred for 900 s. The oxidation scan showed the copper metal ion

and Salen peaks indicating that no complexation had occurred.

The EM voltammetric scan consisted of the Naf-Sal@GCE immersed into the EC cell
containing 1 x 10° M copper metal ion in the buffer solution. The oxidation
voltammogram showed no new peaks related for the copper-Salen complex formation. It
can thus be concluded that complexation was not achieved by both in-situ or ex-situ

methods (Fig. 37).
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Figure 35: SQW of oxidation scan of copper metal ion (2.5 x 10* M) at bare
GCE, (inset) expanded region
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Figure 36: CV of copper-salen complex (2.5 x 10 M)
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Figure 37: SQW oxidative voltammogram of Cu-Salen complex at bare GCE, in-situ
mixing of Cu and Salen at bare GCE and ex-situ mixing of Naf-Sal@GCE with copper
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CHAPTER 5: RESULTS AND DISCUSSION:

5.1 Introduction

This chapter involves the synthesis and characterisation of 1,3-bis(salicylideneamino)-2-
propanol abbreviated as Sal-DAP. The ligand was identified using various techniques
including FTIR, H, 3C NMR and GC-MS. This ligand was used as a chelating agent for

the removal of heavy metal ions by electrochemical methods discussed in this chapter.

Sal-DAP ligand

Sal-DAP ligand was characterized using ATR-IR to confirm its structure and the
functional groups present. The IR spectrum shown in Figure 38 displays a strong broad
band at 3380 cm™ which is assigned to the O-H bond. The C-H bands of aromatic rings
and from the methylene CH> groups are present as weak bands at 3062, 3010 and 2895
cmt. The azomethine group appeared as strong band at 1631.5 cm™ which confirms the
formation of the ligand. The medium peaks between 1578.3 to 1439.5 cm™ are assigned
to CH groups bending as well as C=C and =C-H stretching vibrations. Medium to strong
bands being observed between 1274.2 and 1025.7 cm™ are assigned to CH2 bending and
C-O and C-C stretching. The peaks at 855.6 and 749.9 cm™ are due to the aromatic ring
vibrations. The disappearance of the NH: stretching vibration peak confirmed the

formation of the ligand.

The FTIR of metal-Sal-DAP complexes showed characteristic peaks such as a strong peak
at 1470-1479 cm™ assigned to the C=C stretching vibration. The shift in the C=N
streching peak to lower frequency (1628-1625 cm™) indicates coordination of the
nitrogen of azomethine to metal. New medium bands at 473 and 476 cm™ are observed

due to M-N bonds for the nickel and copper, respectively.
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Figure 38: FTIR spectrum of Sal-DAP ligand
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Copper-Sal-DAP complex
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Figure 40: FTIR Spectrum of Cu-Sal-DAP ligand
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5.2 GC-MS

GC-MS confirms the formation of Sal-DAP ligand by the peak at 298.3 m/z for the

molecular ion of the ligand (Fig. 42).
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Figure 42: GC-MS chromatogram of Sal-DAP ligand
5.3 NMR
'H NMR

The *H NMR spectrum of the ligand is shown in Figure 43. The broad signal at 13.19 (br
s, 2H) ppm is assigned to phenolic -OH protons. The aliphatic -OH proton showed a peak
at 4.24 (br s, 1H) ppm. The aromatic hydrogens peaks are at 7.30 (dt, 2H), 7.23 (d, 2H)),
6.94 (dt, 2H) and 6.86 (d, 2H) ppm. The proton of -CH=N appears as a peak at 8.36 (s,
2H) ppm. The peaks at 3.82 (d, 1H) and 3.68 (m, 4H) ppm are assigned to the protons

attached to the alcoholic carbon and methylene groups, respectively.
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Figure 43: *H NMR spectrum of Sal-DAP ligand dissolved in CDCls using 400 MHz
NMR instrument

13C NMR

The 3C NMR spectrum is shown. in Figure 44. The signal at 167.37 ppm is assigned to
the C-OH of the phenolic systems. The C=N peak appeared at 161.15 ppm, the peaks of
aromatic carbons observed at 132.69, 131,73, 118.75, 118.59 and 117.31 ppm. The CH>

group showed a signal at 63.10 ppm while CH(OH) peak appeared at 70.68.
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Figure 44: 3C NMR spectrum of Sal-DAP ligand in CDCls using 400 MHz NMR

instrument

5.4 Electrochemical studies Characterisation

Sal-DAP and Naf-Sal-DAP GCE

A solution of the Sal-DAP ligand (2.5 x 10 M) was electrochemically investigated to
determine its oxidation peaks in phosphate buffer solution. SQW was scanned from -1.5
to 1.8 V and showed an oxidation peak at 850 mV with a shoulder at 660 mV.

SQW voltammetry of Naf-Sal-DAP GCE in a phosphate buffer solution was scanned

from -1.5 to 1.8 V with a deposition time of 600 s and showed an oxidation peak at 940

mV (Fig. 45).
Sal-DAP ligand solution
0,000025 ——— Naf-Sal-DAP GCE
0,000020 -
Sal-DAP
0,000015 ~
<
<
2 0,000010 -
)
O
0,000005 -
0,000000
T T T T T T

T T
20 15 -0 -05 00 0,5 1,0 1,5 2,0
Potential (V)

Figure 45: SQW oxidative voltammogram of Sal-DAP (2.5 x 10 M) and Naf-Sal-
DAP@ GCE in buffer solution
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SQW of Nickel metal ion and Sal-DAP

Figure 46 shows SQW of nickel metal ion where the oxidation peak was positioned at -
270 mV. The voltammograms of the Ni-Sal-DAP complex bare along with the complex
via IM and EM is shown in Figure 47. The SQW voltammetry of in-situ method was
achieved by mixing equimolar amounts of Nickel ion and Sal-DAP ligand in the buffer
and allowed to stir for 900 s. The oxidation peaks were found to be similar to the Ni-Sal-
DAP complex confirming that complexation took place. The Nickel peak appeared at -
290 mV and sal-DAP peak at 710 mV. A new peak was observed at 1400 mV for Ni-Sal-

DAP complex which confirmed the complex formation.
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Figure 46: SQW oxidation scan of nickel metal ion (2.5 x 10* M)

Figure 47 shows the ex-situ approach for the removal of the nickel metal ion. The GCE
was modified via the drop-cast method in this approach with the Naf-Sal-DAP modifying
ink which was then submerged into the cell containing the nickel metal ions. SQW was

applied within the potential range of -1.5 V to 1.8 V for 600 s to allow for complexation
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on the electrode surface. The voltammogram proved that complexation had occurred and
confirmed by the appearance of the newly observed complex peak at 1.5 V. This peak
was shifted to a more positive potential due to of it being harder to oxidize the metal. This

was confirmed by the CV of nickel-Sal-DAP complex at bare GCE.

—— IM Nickel and Sal-DAP
0,00012 - —— EM Nickel and Sal-DAP
— IM of Nickel and Sal-DAP — Nickel-Sal-DAP complex
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Figure 47: SQW oxidative voltammogram of Ni-Sal-DAP complex@GCE, in-situ and
ex-situ methods for Ni-Sal-DAP@GCE
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Figure 48: CV of Nickel-Sal-DAP@GCE

SQW of Copper metal ion and Sal-DAP

The cyclic voltammogram (Figure 49) showed the copper peak at a position of -90 mV
while the Sal-DAP ligand illustrated a peak at 850 mV with a shoulder at 660 mV. The
Cu-Sal-DAP complex, in-situ and ex-situ method experiments were run while taking note

of the positions of the copper metal and Sal-DAP peaks.
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Figure 49: CV of Cu-Sal-DAP complex at bare GCE

For the Cu-Sal-DAP complex, (2.5 x 10* M) of the complex was added into the EC cell.
The SQW voltammetry measurement was done from -1.5 V to 1.8 V and a new peak was
detected for the Cu-Sal-DAP complex at a position of 1.0 V (Fig. 50). The new peak is

proven to be true by its absence in Figure 50, which is a SQW voltammogram of copper.
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Figure 50: SQW voltammogram copper metal (2.5 x 10 M) at bare GCE

To run the in-situ mixing method, 2.5 x 10 M Sal-DAP of ligand and 1 x 10 M copper
metal ion was added to the buffer in the EC cell and allowed to stir. The SQW oxidative

scan detected a new peak at 1.1 mV due to complex formation.

Complexation via the ex-situ method consists of coating the GCE with Naf-Sal-

DAP@GCE and inserted this into the buffer containing 2.5 x 10°> M copper metal ion.

The SQW scan was run from -1.5 V to 1.8 V at a deposition time of 600s to allow for the
complexation at the electrode surface. A new peak was detected for the Cu-Sal-DAP
complex at a position of 1.4 V, which was at a more positive potential indicating that it
was harder to oxidize the metal. This new peak showed that the ex-situ method was
successful for removal of the heavy metal ions by forming the complex at the electrical

double layer (Fig. 51).
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Figure 51: SQW oxidative voltammogram of Cu-Sal-DAP complex at bare GCE, (IM)

and (EM)

SQW of Cobalt metal ion and Sal-DAP

SQW and CV voltammograms for cobalt metal and Sal-DAP are shown in Figure 52 and

53 as a basis to investigate whether complexation occurred. The Co-Sal-DAP complex

was run first to determine the position of the complex peak.
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Figure 52: SQW oxidative voltammogram of Co metal ion (2.5 x 10 M) at bare GCE
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Figure 53: CV of 2.5 x 10* M Co-Sal-DAP complex at bare GCE

From Figure 54, the peaks for the complex, in-situ mixing, and ex-situ mixing showed no
new peak and only the Co and Sal-DAP peaks were observed. This lack of a new peak
indicates that the complexation between Sal-DAP was unsuccessful in the PBS buffer via

the in-situ and ex-situ method.
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Figure 54: SQW oxidative voltammogram of Co-Sal-DAP complex at bare GCE, in-
situ mixing of Co and Sal-DAP ligand and ex-situ mixing Naf-Sal-DAP GCE with Co.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Heavy metal pollution is one of the most serious environmental problems and thus

regulations need to be made more severe.

Many efforts have been developed for different strategies to remove heavy metals from
the environment. Electrochemical methods for heavy metal determination provide ways
for inexpensive, sensitive and environmentally friendly determination of heavy metals.
This work focused on using electrochemical techniques for the simultaneous detection of

heavy metal ions such as square-wave anodic stripping voltammetry.

Electrochemical detection of heavy metal ions described in this work was achieved via
ligand-metal complexation using Salen-type Schiff base ligands. Two approaches were
examined for the complexation of these Schiff base ligands with heavy metal ions, namely
in-situ and ex-situ methods. The ex-situ method featured a modification on the glassy
carbon electrode (GCE) with Schiff base ligand substrates. The three modified GCE are:
Salen coated GCE, reduced graphene oxide-Salen coated GCE and a nafion-Salen coated

GCE.

The nafion-Salen coated GCE provided an enhanced sensitive platform suitable for
electrochemical extraction. The heavy metals of interest were cobalt, nickel and copper.
Two Schiff base ligands viz. Salen and Sal-DAP ligand were used for complexation in
which the Salen ligand with Co and Ni ions and Sal- DAP ligand with Cu and Ni metal
ions was found to be the best. Results were compared for both approaches in which the

ex-situ method demonstrated enhanced electrochemical determination capabilities with
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greater sensitivity. This work provided an inexpensive, sensitive and environmentally

friendly approach for heavy metal removal.

6.2 Recommendations and future work

Future work related to this study involves the use of alternative, more sensitive and
cheaper working electrodes modified with the Schiff base ligands. Since the results of
this study proved that modification of electrode surfaces with salen-type ligands shows

encouraging proof for electrochemical extraction and determination of heavy metal ions.

Therefore, synthesizing new Schiff base ligands and investigating them for extraction
studies should be investigated. In addition, modifying the electrode surface by
immobilizing the Schiff base ligand substrates should be explored in order to enhance

the removal capacity and detection sensitivity.
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