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Preface

The fourth edition of the International Conference on Pure and Applied Chemistry
(ICPAC 2016) was held from 18 to 22 July 2016 at Sofitel Mauritius 1’ITmpérial
Resort & Spa, Wolmar, Flic en Flac, in Mauritius. The theme of the conference was
“Emerging Trends in Chemical Sciences”. ICPAC 2016 was attended by 210 par-
ticipants coming from 43 countries. The conference featured 90 oral and 80 poster
presentations. The keynote lecture was addressed by Mr Philippe Denier, Director
of Verification Division of the Organisation of the Prohibition of Chemical
Weapons (OPCW). OPCW was awarded the 2013 Nobel Peace Prize.

The participants of ICPAC 2016 were invited to submit full papers. The latter
were subsequently peer reviewed, and the selected papers are collected in this book
of proceedings. This book encloses 24 chapters covering a wide range of topics
from fundamental to applied chemistry.

In the first chapter, Stephen and Ramracheya reviewed the controversies, chal-
lenges and future directions of the modulation of the pancreatic hormone, glucagon,
by the gut peptide. Nete et al. analysed tantalite minerals by glow discharge optical
emission spectrometry. Mlala et al. investigated the chemical composition and
antioxidant activity of the essential oil extracted from Tagetes minuta L. Babu
and Gupta reported on the emerging therapeutic compounds used for treating the
different devastating neurological disorders. Sekwati-Monang et al. investigated on
the potential health risks of heavy metals in vegetables irrigated with treated
wastewater. Chakraborty focused on the removal of fluoride ion from groundwater
by adsorption using fly ash. Masesane et al. provided a comparative review of the
synthesis of flavanones via two different pathways. Moyo et al. studied the use of
calcium alginate—Mangifera indica seed shell composite as potential biosorbent for
electroplating wastewater treatment. Nyamai and Oballa reported on the nitrogen
absorption and immobilization patterns as catalysed by the roots of Acacia plants.
Mashile and coworkers studied the ultrasonic-assisted dispersive solid-phase
microextraction using silica@multiwalled carbon nanotube hybrid nanostructure
sorbent for preconcentration of trace Aflatoxin B in liquid milk samples. Pholosi
et al. studied the mechanism for the removal of Ni(I[) and Co(Il) from aqueous
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solution using pine cone. Nomngongo developed a simple, sensitive and selective
method for speciation analysis of Sb, Se and Te in environmental samples using
modified TiO, multi-walled carbon nanotube nanocomposite packed microcolumn
prior to hydride generation inductively coupled plasma optical emission spectrom-
etry. Ross and Iwuoha functionalized lithium manganese oxide cathodes with
nanotransition metal alloy to enhance lithium-ion battery power densities. Khalid
et al. synthesized 5-substituted 1,3,4-oxadiazole-2-yl-4-(piperidin-1-ylsulfonyl)
benzyl sulfide and reported on their spectral and biological characteristics. Lotter
et al. studied the influence of cation on zirconium/hafnium fluoride coordination.
Nete and Purcell reported on the beneficiation of niobium and tantalum from
tantalite ore using physical and chemical processes including magnetic separation,
leaching, solvent extraction and ion exchange methods. Koloti et al. reviewed the
recent applications of laccase-modified membranes in the removal of bisphenol A
and other organic pollutants. Taka et al. synthesized and characterized a novel
bio-nanosponge filter as potential adsorbent for wastewater purification. Forbes
reviewed some novel approaches to environmental monitoring such as use of
denuders, lichens and fluorescence sensors. Mhlongo et al. isolated endosymbiotic
bacteria from Algoa and Kalk Bay in South Africa as source of antimicrobial
compounds. Rahman et al. synthesized and characterized Pd-MCM-41 and Ni-
boride-silica catalysts for reducing substituted aromatics. Ndinteh investigated the
antidiabetic potential of Erythrina abyssinica via protein tyrosine phosphate 1B
inhibitory activity. Mmonwa and Mphahlele studied the use of 2-amino-5-bromo-3-
iodoacetophenone and 2-amino-5-bromo-3-iodobenzamide as synthons for novel
polycarbo-substituted indoles and their annulated derivatives. The last chapter
by Jeng and Krisnamoorthy related to processability issue in inverted organic
solar cells.

We would like to thank all those who submitted full manuscripts for consider-
ation and the reviewers for their timely help in assessing these manuscripts for
publication.

We would also like to pay a special tribute to all the sponsors of ICPAC 2016.

We hope that this collection of papers will serve as a useful resource for
researchers.

Reduit, Mauritius P. Ramasami
June 2017 M. Gupta Bhowon
S. Jhaumeer-Laulloo

H. Li Kam Wah
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Chapter 1

Modulation of the Pancreatic Hormone,
Glucagon by the Gut Peptide, GLP-1:
Controversies, Challenges and Future
Directions

Sam Stephen and Reshma Ramracheya

Abstract Type 2 diabetes (T2D) is a chronic disease characterised by a combi-
nation of insufficient insulin release and an excess of glucagon secretion. The gut
hormone glucagon-like peptide-1 (GLP-1) is a successful therapy for the treatment
of diabetes as it can both potentiate glucose-induced insulin secretion as well as
inhibit glucagon secretion from the pancreatic alpha cells. Another major gut
hormone called peptide tyrosine tyrosine (PYY) has recently been reported to
restore impaired insulin and glucagon secretion in islets from severely diabetic
rats and humans. Whilst the mechanism by which both PYY and GLP-1 normalise
insulin secretion is well characterised, to date the regulation of glucagon release by
the two gut hormones remains unclear. Given that the GLP-1 receptor is expressed
at extremely low levels on alpha-cells, it has been argued that the effects of GLP-1
may be mediated by paracrine (indirect) mechanisms. In contrast, there is also
evidence that GLP-1 directly regulates glucagon secretion in isolated alpha-cells,
excluding the possibility of islet cross-talk. Likewise, no receptors for PYY have
been demonstrated in the alpha-cells that can explain the robust effects of the
hormone on glucagon release. Elucidation of the mechanism of GLP-1 (and
PYY) action on alpha cells necessitates further work. Specifically it will be impor-
tant to determine if GLP-1 can mediate its effects via another receptor on alpha-
cells.

1.1 Introduction

The classical definition of T2D is an inadequate beta-cell response to increased
insulin resistance in peripheral tissues. However, accumulating evidence demon-
strates that glucagon secretion from the alpha-cells is also impaired in patients with
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the disease. T2D should therefore be classed as a bihormonal disease characterised
by both insufficient insulin secretion and excess of glucagon release. Importantly,
the role of glucagon in the pathophysiology of T2D had been mainly overlooked.

The function of glucagon is to enhance glucose production in the liver via
suppression of glycogenesis and stimulation of gluconeogenesis and glycogeno-
lysis. In healthy people, glucagon is released when plasma glucose levels fall and is
reduced when plasma glucose levels rise. Thus, glucose homeostasis is tightly regu-
lated by the joint actions of both glucagon and insulin in maintaining blood glucose
levels within a narrow physiological range of 4-6 mmol/L. In diabetes, there is
marked dysregulation of glucagon secretion such that there is a paradoxical
increase in plasma glucagon levels during fasting (or absence of glucose) and a
lack of suppression of glucagon secretion in the presence of glucose [1]. Thus,
glucagon dysregulation plays a critical role in the hyperglycaemic phenotype.

Food intake triggers the release of gastrointestinal hormones known as incretins,
which can modulate glucose homeostasis. Generally, incretin hormones potentiate
glucose-stimulated insulin secretion (GSIS) from pancreatic beta-cells but can
influence glucagon release differentially. For instance, the gastrointestinal factor,
glucose-dependent insulinotropic peptide (GIP), stimulates glucagon secretion
whereas GLP-1 released from the intestinal L cells, strongly suppresses glucagon
release. Consequently, GLP-1 analogues have become successful diabetes therapy.
Presently, GLP-1-based drugs are the only available therapeutics which can reduce
blood glucose levels by both enhancing insulin secretion and suppressing glucagon
release in patients with T2D. However, their application is severely restricted due to
significant poor tolerance and side effects such as nausea and vomiting [2, 3]. We
have recently demonstrated that the rapid remission of diabetes following weight-
loss surgery is associated with a marked increase in the levels of another major
incretin hormone called PYY [4]. We report that in addition to restoring impaired
insulin secretion in diabetes, PYY can also potently inhibit glucagon secretion
[4]. These results strongly suggest that drugs promoting PYY release or action
can potentially address both insulin and glucagon impairments and may constitute
an efficient treatment for T2D. Therefore, further studies are warranted to explore
the therapeutic potential of PYY.

Several studies have demonstrated that GLP-1 can modulate alpha-cell function
and glucagon secretion. However, whether the glucagon-suppressing actions of
GLP-1 are mediated by a direct action on the alpha-cell, or via a paracrine mech-
anism remains essentially unexplored. It is well documented that GLP-1 potentiates
insulin and somatostatin secretion from the pancreatic beta and delta cells respec-
tively. Both of these hormones have been shown to directly suppress glucagon
secretion and therefore it has been hypothesised that GLP-1-evoked inhibition of
glucagon secretion occurs via a paracrine interaction.

However, there is some compelling data in support of a direct (autocrine) effect
of GLP-1 on the suppression of glucagon secretion from the alpha-cells, as opposed
to a paracrine mechanism. In this paper, we first discuss evidence for and against
this theory, highlight the challenges faced when elucidating the underlying
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mechanisms of GLP-1 action on alpha-cells and finally discuss the major questions
which remain to be answered in the field to date.

1.2 Expression of GLP-1 Receptor on Pancreatic
Alpha-Cells

In the search for the mechanism underlying the action of GLP-1 on glucagon
release, efforts have focussed on investigating whether the pancreatic alpha-cells
express the putative GLP-1 receptor (GLP-1R).

The GLP-1R belongs to the glucagon receptor family of G-protein coupled
receptors (GPCRs). Originally cloned from a rat pancreatic cDNA library in
1992, the receptor has since been identified in several human tissues including
the lung, heart, and GI tract. However, whether or not the alpha-cells express the
GLP-1R has been specifically hard to demonstrate, despite the application of
several experimental approaches.

GLP-1 has been shown to bind to pancreatic alpha- and delta-cells by means of
radiographic density measurements from freshly (within 2 h) isolated islets. Inter-
estingly, binding was enhanced in insulin-positive cells, demonstrating that beta-
cells express higher levels of GLP-1R. However, there was a three-fold reduction in
the signal in all cell types following 12-24 h culture of the islets, indicating that
GLP-1R expression in islets is sensitive to culture (reviewed in [1]).

Whilst GLP-1R expression has been reproducibly shown in beta-cells at both the
gene and protein level, expression on alpha-cells has been inconclusive. By means
of in-situ hybridisation and double and triple immunofluorescence, Tornehave and
colleagues have demonstrated localisation of GLP-1R in rodent and human beta-
cells [5].

Recent approaches have been based on antibody-independent methods to deter-
mine the expression profile of the receptor in islets. By means of a transgenic mouse
model expressing the Venus fluorescent protein under the proglucagon promoter
and flow-sorting of the isolated islets to obtain pure alpha cells, it has been demon-
strated that both alpha and beta-cells express the GLP-1R, but expression levels in
alpha cells were only 0.2% of those in beta-cells [6]. There have also been remark-
able efforts in identifying more specific antibodies against the GLP-1R. Thus, Pyke
et al. have reported that by using a monoclonal antibody in healthy monkey and
human pancreas, GLP-1R co-localisation was observed almost exclusively with
insulin, although some expression was also documented in a very small subset of
non-beta cells [7].

A major challenge in the determination of GLP-1R expression has been poor
sensitivity and specificity of antibodies used to date. Concerns have also been raised
regarding data generated by means of gene expression studies based on the use of
quantitative real-time PCR (RT-PCR). Collectively, differences in experimental
approaches and species tested can account for the discrepancies in the literature.
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However, currently the consensus is that alpha-cells do express GLP-1Rs but at
significantly reduced levels than in other islet-cell types.

1.3 Involvement of Paracrine Processes in GLP-1 Effects
on Glucagon Suppression

With the prevailing lack of consensus on GLP-1R expression on pancreatic alpha-
cells, the involvement of paracrine effects from the neighbouring beta- and delta-
cells has been proposed. Both the beta- and delta-cells express very high levels of
GLP-1Rs and cross-communication arising from the secretion of insulin and
somatostatin respectively, would potentially affect how GLP-1 influences glucagon
release. However, the role of insulin as a paracrine mediator is unlikely since
infusion of GLP-1 in type 1 diabetic patients without detectable levels of
C-peptide, led to a suppression in glucagon secretion. The level of glucagon inhi-
bition was consistent with that observed in patients with T2D, who responded with
a 20-fold potentiation in plasma insulin and C-peptide, implying that GLP-1-
induced inhibition of glucagon release was independent of insulin secretion
[1]. In addition, persistence of the inhibitory effect of GLP-1 on glucagon secretion
in the absence of any insulin under a low glucose condition has also been
documented [6].

The involvement of somatostatin released from the pancreatic delta-cells, as a
potential paracrine modulator has subsequently been postulated. Alpha-cells
express somatostatin receptors (SSTRs), of which the subtype 2 (SSTR2) is highly
dominant. The effect of somatostatin on GLP-1-evoked suppression of glucagon
secretion has been investigated in a whole rat pancreas perfusion system. Pharma-
cological antagonism of the SSTR2 was shown to reverse the inhibitory effects of
GLP-1 on glucagon secretion, demonstrating involvement of somatostatin.

However, immunoneutralisation of somatostatin could not fully reverse the inhi-
bitory effects of GLP-1 on glucagon, pointing to the involvement of additional
factors [6].

1.4 Can the Effects on Glucagon Release Be Explained by
a Direct Action of GLP-1?

Further work by De Marinis and colleagues has indicated that the action of GLP-1 on
glucagon secretion cannot be accounted for fully by a paracrine effect mediated by
somatostatin. Thus, the authors have demonstrated that in the absence of glucose,
when there is no insulin and somatostatin secretion, GLP-1 retains its ability to inhibit
glucagon secretion by ~50%. They also report preservation of the inhibitory effects
of GLP-1 during blockade of the somatostatin receptor 2 (SSTR2). Finally, the
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authors demonstrate that glucagon secretion can still be suppressed by GLP-1 in
dispersed mouse islet cells, lacking cell-to-cell communication. Collectively, these
findings rule out the involvement of somatostatin or insulin as paracrine mediators
of the effects of GLP-1 on alpha-cell [6].

Thus, we hypothesise that the GLP-1-induced suppression of glucagon release is
a consequence of a direct effect of GLP-1 on the alpha-cell. The binding of GLP-1
to its receptors (expressed at very low levels) activates Gs-coupled membrane
receptors, resulting in a small increase in intracellular cAMP and activation of the
intracellular secondary messenger protein kinase A (PKA). These events subse-
quently lead to PKA-dependent phosphorylation of P/Q-type Ca®* channels [8] and
suppression of their activity, resulting into reduced exocytosis of glucagon-
containing granules.

It is known that in mice, both glucose and GLP-1 inhibit glucagon secretion via
the P/Q-type Ca**-channels. However, the effects of GLP-1 occur independently of
the ATP sensitive potassium channels (Katp). Thus, the Katp channel activator,
diazoxide, reverses the inhibitory effects of glucose but is unable to block GLP-1
action. These results imply that glucose regulates P/Q-type Ca”* channels by an
indirect mechanism induced by changes in the alpha-cell membrane potential
arising from closure of the Krp channels, whereas GLP-1 suppresses alpha-cell
secretion by a direct effect on Ca** channel activity and glucagon exocytosis [6].

Given the reported physiological differences in rodent and human islets, it is
critical to validate these reports in human studies. Early findings from our group
point to a direct effect of GLP-1 on glucagon release in donor human islets. Thus,
our data demonstrate that the action of GLP-1 on glucagon secretion can only be
partially accounted for by somatostatin, and is sensitive to GLP-1R blockade
(Ramracheya, unpublished).

1.5 Facing Challenges in the Field

Elucidation of the process by which GLP-1 regulates glucagon secretion is faced
with countless challenges. First and foremost, highly specific and sensitive detec-
tion systems are needed for measuring islet hormones in supernatant samples.
Second, more robust techniques are required to explore receptors/mechanisms
involved in incretin biology and action.

Despite the elapse of more than 50 years since the development of glucagon
radioimmunoassay (RIA), there are still significant concerns regarding antibody
sensitivity for glucagon, GLP-1 and GLP-1R due to structural overlap. These
limitations may be responsible for the lack of consensus in the field.
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1.6 Future Directions

1.6.1 Improving Methods for GLP-IR Detection

Among differences in experimental approaches, concerns have been raised on the
reliability of both commercial and in-house detection assays. Thus, non-specific
bands were reported in lysates from GLP-1R knockout mice from pre-validated
antisera, whereas application on lysates over-expressing the GLP-1R did not detect
any immunoreactivity [9]. More recently, out of three commercial antibodies for
the GLP-1R, a study was unable to confirm the specificity or sensitivity of all three
antibodies in the determination of GLP-1R expression in positive and negative
control samples [9]. To address this shortcoming, Pyke and colleagues have gen-
erated their own monoclonal antibody. However, this is also likely to be challeng-
ing due to high levels of homology between GPCRs and their low cellular
density [7].

1.6.2 Need for More Specific Antibodies for GLP-1
and Glucagon

There is presently a lack of highly specific antibodies available for GLP-1 and
glucagon. This is mainly due to the fact that both GLP-1 and glucagon are synthe-
sised from the same precursor protein, proglucagon. Proglucagon is a 158 amino
acid peptide, synthesised in intestinal L-cells and the pancreatic alpha-cells. Cell-
specific cleavage events subsequently generate protein moieties unique to each cell
type. Thus, breakdown by the enzyme prohormone convertase 2 (PC2) in alpha-
cells leads to the formation of glucagon and major proglucagon fragment (MPGF)
whereas breakdown by another enzyme PC1/3 in L-cells gives rise to GLP-1,
GLP-2 and glicentin, which can be further processed to GRPP and oxyntomodulin.

L-cells and alpha-cells process the proglucagon peptide into GLP-1 and gluca-
gon respectively. Both glucagon and GLP-1 are secreted in human serum or plasma.
Therefore, the formation of multiple proteins from a single precursor peptide
necessitates stringent antibody selection due to potential cross-reactivity. It is
thought that antibodies targeted to the N-terminus (amino acid 33) or to the
C-terminus (amino acid 61) would constitute more precise quantification of circu-
lating glucagon in circulation. However, this entails the risk that N-terminal
glucagon antibodies can also detect oxyntomodulin produced in the intestine whilst
C-terminal glucagon antibodies can cross-react with proglucagon 1-61. As for
GLP-1, antibodies directed to the N-terminus can cross-react with MPGF secreted
from the alpha-cells whereas it would not be possible for C-terminal antibodies to
distinguish between the active (7-36) and inactive (9-36) forms of the peptide.
Thus, antibodies designed to recognise one end of the peptide may not provide
specific detection in plasma. Sandwich assays based on antibodies targeting both
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ends of GLP-1 and glucagon may constitute a reliable and robust means of
detection.

1.6.3 Reconciling Species Differences and Dealing
with Major Challenges

Important differences in islet cell density and configuration, complement of ion
channels and signalling cascades are known to exist between mice and man
(reviewed in [10]). However, to date, most of GLP-1 based studies have been
conducted in mouse islets and human data is missing. Given the compelling differ-
ences, data cannot be directly extrapolated between the species. Therefore, key
observations made in animal studies necessitate validation in human models, which
will aid development of novel treatments for diabetes in humans.

1.6.4 How Are the Effects of GLP-1 on Glucagon Release
Mediated?

It is well-established that GLP-1 can suppress glucagon release from alpha-cells
despite the fact that these cells express less than 1% of GLP-1Rs detected in beta-
cells. This discrepancy has also been reported in other tissues such as the liver,
adipose tissue and skeletal muscle where GLP-1Rs have not been conclusively
demonstrated. Moreover, Ramracheya et al. have observed retention of the inhi-
bitory effects of GLP-1 on glucagon secretion in islets obtained from mice lacking
the GLP-1R (Ramracheya et al., unpublished). This raises the possibility of another
receptor or mechanism for GLP-1 which operates in the alpha-cells. GLP-1R is a
member of the glucagon receptor family of GPCRs. These receptors are known to
exhibit similar conformations and can therefore be activated by ligands generated
from the same proglucagon precursor. This is exemplified by oxyntomodulin,
derived from proglucagon, which has been demonstrated to act as a partial agonist
for the GLP-1R. Therefore, future work should investigate the potential existence
of new/novel receptors for GLP-1, which may explain its effects on the alpha-cells
and other tissues.

1.6.5 Does the Metabolite GLP-1(9-36) Play a Role in Islet
Physiology?

GLP-1 (7-36) constitutes the active form of GLP-1, which has a half-life of less
than 2 min. In circulation, GLP-1 (7-36) is rapidly broken down to GLP-1 (9-36)
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by the proteolytic enzyme dipeptidyl peptidase-IV (DPP-1V). Although GLP-1
(9-36) constitutes ~80% of circulating GLP-1, this metabolite is thought to be bio-
logically inactive. Moreover, unlike its active counterpart, GLP-1 (9-36) has been
reported to have no effects on insulin secretion in mouse islets and in healthy
volunteers (Rolin et al., reviewed in [11]).

However, there have since been a number of studies reporting biological effects
of GLP-1 (9-36) in organs/tissues such as the heart, liver and adipose tissue. More
recently, a study by Robinson and colleagues has shown that GLP-1 (9-36) can
confer protection against post myocardial infarction remodelling [10]. Moreover,
GLP-1 (9-36) infusion has been reported to enhance glucose clearance in anaes-
thetised pigs by an insulin independent process, implying that the metabolite may
exert glucose-lowering effects (reviewed in [11]). Likewise, several other studies
have explored the action of GLP-1 (9-36) on peripheral tissues [12].

Thus, based on evidence from recent studies, it is clear that the breakdown
product of GLP-1 is not biologically inactive and may have important physiological
roles. Findings from our own laboratory indicate that GLP-1 (9-36) has no effect on
glucose-induced insulin secretion but it can suppress glucagon release in both
mouse and human islets as strongly as active GLP-1 (Ramracheya et al.,
unpublished). Elucidating the mechanism by which GLP-1 (9-36) can affect glu-
cagon secretion remains an important puzzle to solve as it will lend insight into the
processes via which active GLP-1 influences alpha-cell function. Given the role of
glucagon in the pathophysiology of diabetes, understanding its regulation by GLP-1
and GLP-1 (9-36) may facilitate the generation of effective anti-diabetic therapies.
However, if GLP-1 (9-36) regulates glucagon levels in the body, this argues against
the use of DPP-1V inhibitors as a diabetes therapy.
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Chapter 2

Analysis of Non-Conducting Tantalite Minerals
by Glow Discharge Optical Emission
Spectrometry

M. Nete, W. Purcell, and J.T. Nel

Abstract Capabilities of the radio frequency glow discharge optical emission
spectroscopy (RF-GD-OES) for analysis of Ta;Os/Nb,O5 and tantalum and nio-
bium in electrically non-conducting geological samples were investigated. The
metal pentoxides (Ta,Os and Nb,Os) and the tantalite mineral powders were
mixed with a thermally conductive copper powder in ratios of up to 1:10 sample:
copper and pressed into a disc sample for glow discharge sputtering. Studies were
carried out to determine and optimize all the parameters affecting the analyses by
the RF-GD-OES technique. This included the determination of the ability of the
methodology to generate usable analytical curves for the target elements. Good
calibration curves which were used for analyses of Ta and Nb in the tantalite
minerals were obtained at optimized experimental conditions. Respective tantalum
and niobium recoveries were in the order of 99.78-104.91% and 98.34-102.03%
from the mineral analyses.

Keywords Tantalite « Tantalum oxide ¢ Niobium oxide * Glow discharge
Analysis
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2.1 Introduction

Tantalum and niobium are group VB elements with very similar chemical proper-
ties and as such they are always found together in nature. These elements have
recently been found to have a great potential for use in strategic energy technologies
such as nuclear, solar, carbon capture and capacitor manufacturing [1]. Tantalum is
used for manufacturing of capacitors [2, 3], which offer high capacitance density
needed in the smallest possible size. Niobium oxide is used in the manufacturing of
high refractive index lenses as well as high dielectric and multilayer ceramic
capacitors [3, 4]. Niobium oxide powder material has many desirable properties
as a solid electrolyte capacitor. These properties include a better load resistance,
reduced costs and significant reduction in ignition failure [5].

The demand for highly precise quantitative methods for accurate characteriza-
tion of niobium and tantalum in various sample matrices has increased significantly
due to their importance in the production of modern industrial products [1]. Con-
ventional wet analytical methods such as inductively coupled plasma spectroscopy
(ICPS) and flames which require complete sample dissolution are the most suc-
cessful and commonly used techniques. However, the different sets of impurities in
natural samples such as tantalite mineral can alter the performance of the dissolu-
tion method and thereby require a modification of the already existing methods or
even developing a new alternative dissolution method.

The use of glow discharge spectrometry (GDS) for bulk analysis of mineral
samples has been relatively poorly explored. The general challenge in using solid
analysis techniques such as GDS and X-ray fluoresence (XRF) is the sample
preparation, especially for powder samples which require homogenization of the
sample prior to analysis. In addition, the most limiting factor is the requirement that
the samples be electrically conductive for successful measurements using GDS
analysis. Challenging as the sample preparation may be, the direct analysis of solid
samples is important for the reduction of acidic liquid waste which in turn ensures a
safe environment free of chemical contamination. Compared to XRF, glow dis-
charge optical emission spectroscopy (GD-OES) has a higher sensitivity for the
light metals such as B, Be and Li (ppm range), better precisions and lower %RSD
values [6].

Compared to wet spectrometric methods, such as AAS and ICPS, GDS has
advantages of being partially non-destructive, multi-elemental, fast and requiring
simpler sample preparation [7]. Moreover, the GD-OES analysis is non-destructive;
hence the samples can be stored and reused for other investigations at a later stage
or be kept as archival samples [8]. GDS is superior for rapid depth profiling [9],
surface, interface and bulk qualitative and quantitative analyses of solids
[10]. Metallic bar or disc samples can be analyzed directly without any preparation
or slightly polished to ensure that they are vacuum-tight when pressed against a
silicone O-ring. Powdered conductive samples on the other hand need to be pressed
into discs for analysis by GDS. Non-conductive powders such as metal oxides and
minerals are either pressed into very thin discs that can be analyzed using the radio
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frequency GD lamp or mixed with conductive host material such as copper powder
(to make them electrically conductive) and then pressed into a disc [7]. The main
challenge in this method of sample preparation is obtaining a homogenous mixture.
The accuracy of analysis depends strongly on the even distribution of the particles
of the analyte. These requirements cannot always be fulfilled, especially when the
amount of sample is very small.

The sample introduction into the GD-OES instrument involves mounting of the
sample over an O-ring at the lamp opening (Fig. 2.1) where it is held in place by
vacuum. This method of sample introduction into the system requires preparation of
non-porous and flat polished sample surfaces. Once the sample is properly mounted
the next requirement is the production of sufficiently energetic ions by the lamp to
sputter the atoms on the sample surface.

The aim of this study was to investigate the capability of the GD-OES in quanti-
tative and accurate determination of Ta and Nb in tantalite minerals. Samples were
prepared for analysis by mixing the non-conductive metal oxide and mineral sam-
ples with the conductive copper powder. Optimum experimental conditions were
investigated extensively during the developments to obtain a good calibration
curve. These included the determination of an optimum sample:host material
ratio, preburn times as well as optimal voltage and current.

2.2 Experimental

2.2.1 Reagents and Equipment

Tantalite samples (manganotantalite (Tan A) and ferrocolumbite (Tan C)) were
sourced from Mozambique. High purity Ta,Os, Nb,Os and 99.5% copper powder
(particle size <425 pm) were purchased from Sigma Aldrich South Africa.
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Powdered samples were mixed using a Retsch mixer mill MM 200 and the mixtures
were pressed into discs using an Altech hydraulic press. Sample discs were ana-
lyzed by a LECO GDS850A glow discharge optical emission spectrometer
(GD-OES).

2.2.2 Sample Preparation

Calibration samples were prepared by mixing the non-conducting (Ta/Nb),Os
mixture with the host (conductive) copper powder. Samples were mixed in ratios
ranging between 1:99 and 1:1 m/m (sample to host) with copper powder. The
mixture was shaken for 10 min using a Retsch mixer mill MM 200. Samples
were pressed into 2.0 mm X 25 mm discs at a pressure of at least 10 MPa for
30 s with a hydraulic press (Fig. 2.2). The mineral samples (maximum particle
sizes = 250 pm) were prepared in a similar manner to the calibration samples. The
sample discs were analyzed using GD-OES. Experimental factors which were
investigated include the influence of sample to host material ratio, power effects
and pre-burn time.

2.3 Results and Discussion

2.3.1 Optimization of the Sample Preparation

The development of the sample preparation method was begun by investigation of
the niobium/tantalum pentoxide:copper mixtures at ratios ranging between 1:99
and 1:1. The experimental results indicated that at higher relative metal pentoxide
concentrations sample discs were not vacuum-tight. The results indicated that the
porosity of the discs increased as the sample content was above the 15% concen-
tration. Another observation which was made was the obvious segregation between
the metal oxide particles and those of the copper metal at 10% metal oxide and
above. Lastly, metal oxide concentrations between 10 and 15% were not sputtered
even though they were vacuum-tight on the instrument (Fig. 2.3). The observed
particle separation between the oxide materials and the copper metals could be due
to the difference in the densities and/or the particle sizes of these samples. This
could also be due to the diffusional migration of the non-conducting metal oxide
and copper particles [12] which may occur during the pressing of the samples. This
separation may be occurring even at lower metal pentoxide concentrations but only
become visible at relatively higher metal pentoxide concentration which would
imply potentially poor homogeneity of the discs.
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Fig. 2.2 Hydraulic press for preparation of pellets for analysis by GD-OES

2.3.2 Calibration Curves

The limit of detection (LOD) estimates of 0.0024% for Nb and 0.0028% for Ta
(which were comparable and in the same magnitude to those of inductively coupled
plasma optical emission spectroscopy (ICP-OES)) were obtained by using a copper
powder sample (~7 g) as blank in this study. The copper powder (host matrix),
which is responsible for the spectral background has a different sputtering rate from
the oxide materials to be analyzed. The analytical calibration curve was investi-
gated for the metal pentoxide with concentrations of less than 10%. Measurements
were initially performed under default instrument conditions of 700 V, 20 mA and
1 min pre-burn time at three different positions (to determine the reproducibility of
intensities) of each standard and a plot of intensities against concentrations was
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Fig. 2.3 Influence of sample concentration on the homogeneity and porosity of the sample/copper
powder mixture
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Fig. 2.4 Standard curve for intensity versus concentration for analysis of Nb,Os by RF-GD-OES
under default instrument conditions

established. The calibration curves (Figs. 2.4 and 2.5) exhibited good linearity in
the ranges of 0.13-1.01% of niobium and 0.15-4.20% of tantalum. At these lower
concentrations correlation coefficient values (R?) for Ta and Nb linear curves were
0.988 and 0.990 respectively. Above the 1.01% Nb,Os concentration there is a clear
loss of linearity in the calibration curve but generally good reproducibility of the
signal intensities for all the standard samples.

Literature study has indicated that this loss of linearity with the Nb,Os5 concen-
tration increase could be due to the slow sputtering rate of the oxide material
[13]. Another literature study has shown that the increase in oxide concentration
leads to decrease in discharge voltage and subsequently to decreased sputter yields
[14]. The stronger molecular bonding in oxide material is responsible for the slower
sputtering of these materials compared to metals. The Ta,Os calibration curve on
the other hand displayed less or no loss of linearity over a concentration of
0.154.20% Ta,0Os. The linear calibration curves (0.13-1.01% Nb,Os and
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Table 2.1 Quantities and %RSD values of Ta,0O5 and Nb,Os in tantalite minerals determined by
RF-GD-OES under default instrument conditions and comparison to ICP-OES results

ICP-OES [15] RF-GD-OES Average % recovery
Sample ID Ta,Os5 Nb,Os5 Ta,O5 Nb,Os Ta,0s5 Nb,Os
Tan A 27.8(3) 27.0(2) 23(1) 9(1) 82.73 34.02
%RSD 4.94 13.34
Tan C 33.0(2) 13.7(2) 29(2) 6(1) 87.88 46.50
%RSD 6.94 20.96

0.15-4.20% Ta,0Os) were used for quantification of Ta and Nb in the tantalite
minerals, under the default instrument conditions. The results were compared to
the previous ICP-OES analysis results [15] and unsatisfactory recoveries of less
than 90% Ta,0Os and 50% Nb,Os were obtained (Table 2.1) in this study. In
addition to the poor analyte recoveries were the high %RSD values (up to
20.96%) which indicated poor reproducibility of the data points.

In the next step, it was decided to investigate the effect of the pre-burn time to try
and improve the recovery of the analytes during the mineral analysis. The influence
of the pre-burn time was studied at the current of 23 mA, voltage of 700 V and the
pre-burn times of 1, 2 and 5 min (Fig. 2.6). Experimental results obtained in this
part of the study indicated a significant improvement of Nb,Os recoveries from
34.02 to 76.40% when the pre-burn time was increased from 1 to 5 min. The Ta,O5
recoveries also increased from 82.73 to 98.17% during the same pre-burn time
increase. The %RSD of Nb,Os analysis improved from 13.34 to 2.52% and 4.94 to
3.44% for TayOs for the 1 to 5 min pre-sputtering times during analysis of Tan
A. The longer pre-sputtering maximizes the sputtering of the oxide material thereby
improving the stability of the RF power discharge which results in achievement of
reproducible intensities.

The influence of power was studied to improve both the linear range of the
standard curves as well as the recovery of the analytes. The influence of power on
the intensities obtained was studied by analyzing three Nb,Os standard samples
(each sample disc was sputtered at three different positions) at a current of 23 mA
and 5 min pre-burn time while changing the discharge voltage from 600 to 900 V
(Fig. 2.7). The results obtained in this part of the study indicated an increase in the
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intensities of the standard samples with increasing discharge voltage. Similar
results were also obtained for Ta,O5 standard samples under the same experimental
conditions. It is clear from these results that more power and pre-sputtering time are
essential for better sputter rates of the oxide materials. A higher power is mainly
required to break the stronger molecular bonds of the oxide material while longer
pre-burn times are important for stable RF power discharge and steady sputter rates
and excitations.

The combination of longer pre-burn times and a higher discharge voltage was
used to establish the calibration curves of both Ta and Nb (Figs. 2.8 and 2.9). As
previously, measurements were performed in triplicate for each standard and the
lowest and highest data values are indicated by vertical error bars. These calibration
curves (Figs. 2.8 and 2.9) exhibit improved linear range (0.13-2.6%) and good
linear regression (R? value = 0.9992) for Nb,Os. The Ta,Os calibration curve was
not studied beyond the 0.15-4.20% range due to the fear of particle segregation and
poor sputtering, which were previously observed for higher oxide concentrations.
However, the new experimental conditions greatly improved the linear regression
of the standard curve (R? = 0.9995).

Percentage recoveries of the analytes in the two minerals also improved signifi-
cantly (Table 2.2) under these new set of experimental conditions (23 mA, 900 V and
5 min pre-burn time). The %RSD values of the analytes’ recoveries were less than 5%.
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Table 2.2 Quantities and %RSD values of Ta,0Os and Nb,Os in tantalite minerals determined by
RF-GD-OES under optimized experimental conditions and comparison to ICP-OES results

ICP-OES [15] RF-GD-OES Average % recovery
Sample ID Ta,O5 Nb,Os5 Ta,O5 Nb,Os5 Ta,O5 Nb,Os5
Tan A 27.8(3) 27.0(2) 28.1(9) 26.8(5) 101.08 99.26
%RSD 1.55 1.99
Tan C 33.02) 13.7(2) 32.709) 12.9(8) 99.09 94.16
%RSD 3.19 1.65

2.4 Conclusion

The analytical capabilities of RF-GD-OES for tantalum and niobium analyses in
powdered tantalite minerals were investigated. Studies were carried out to develop
a sample preparation method for successful analysis of non-conducting (Ta/Nb),O5
and Ta/Nb in tantalite samples. Optimization of sample preparation and analytical
parameters was successfully achieved for satisfactory determination of Ta/Nb in
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non-conducting tantalite samples. Good calibration curves were obtained using a
RF lamp at lower sample:copper ratios. The figures of merit (R? and standard
deviations indicated by error bars) obtained for the standard curves were highly
satisfactory. Studies were carried out to investigate the influence of operating para-
meters such as the applied voltage and the pre-sputtering time. At optimal condi-
tions the respective tantalum and niobium recoveries from the mineral analyses
were in the order of 99.78—-104.91% and 98.34-102.03% respectively. The %RSD
values were decreased from 13.34 to 1.99% for Nb,Os5 and 4.94 to 1.55% for Ta,O5
by increasing both the pre-burn time and the applied voltage during analysis of Tan
A sample. Comparison of the mean results obtained in this study to those recorded
using ICP-OES analysis indicated high comparable values. The Student t-test gave t
values which ranged from 0.391 and 2.191 and which were all below the tabulated
value of 2.447 at the 95% confidence level.
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Chapter 3

Chemical Composition and Antioxidant
Activity of Tagetes minuta L. in Eastern Cape,
South Africa

Sithenkosi Mlala, Opeoluwa Oyehan Oyedeji,
Constance Rufaro Sewani-Rusike, Adebola Omowunmi Oyedeji,
and Benedicta Ngwenchi Nkeh-Chungag

Abstract The purpose of this study was to determine the chemical composition of
essential oils from Tagetes minuta from the Eastern Cape of South Africa and
evaluate their antioxidant potential for medicinal end use. The essential oils were
extracted by hydrodistillation method from fresh and dry parts (stem, leaves and
flowers) of Tagetes minuta collected from Komga, Eastern Cape Province,
South Africa and analyzed by gas chromatography coupled with mass spectrometry
(GC-MS) and gas chromatography (GC). This analysis has led to the identification
of 12, 31, 10, 37, 4 and 39 compounds representing 99.16, 98.07, 98.86, 98.30,
100 and 97.66% of fresh stem (TMFS), dry stem (TMDS), fresh leaves (TMFL), dry
leaves (TMDL), fresh flower (TMFF) and dry flower (TMDF) essential oil respec-
tively. The major components were identified to be cis-f-ocimene (38.03%) for
TMES; caryophyllene oxide (18.04%) for TMDS; trans, cis-alloocimene (25.35%)
for TMFL; isopropyl tetradecanoate (17.02%) for TMDL; cis-f-ocimene (38.14%),
for TMFF and trans-f-ocimene (37.03%), for TMDF. The dry parts (TMDS,
TMDL and TMDF) essential oil were evaluated for antioxidant activity using
DPPH and FRAP bioassays. Standard equivalent values from DPPH assay were
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between 6.74 £+ 0.27 and 18.7 + 0.35 pg/mL AAE with scavenging ability in
descending order: TMDF > TMDL > TMDS. Standard equivalent values from
FRAP assay were between 26.30 £+ 0.41 and 113.0 £ 1.2 pg/mL AAE with
antioxidant activity in descending order: TMDF > TMDL > TMDS. These results
suggest that T. minuta may be used as a potential natural source of antioxidant.

Keywords Tagetes minuta « Hydrodistillation « Essential oil « GC-MS « GC -
DPPH « FRAP

3.1 Introduction

Most essential oils are reported to possess antioxidant, anti-inflammatory and
antimicrobial activities [1]. Natural antioxidants are known to display an extensive
range of biological properties such as antibacterial, anti-inflammatory, antiallergic,
antithrombotic and vasodilatory activities [1, 2]. Hypertensive effects of oxidative
stress are typically caused by endothelial dysfunction resulting from disturbances of
vasodilator system, mainly degradation of nitric oxide (NO) by oxygen free radicals
[3]. The increase in reactive oxygen species (ROS) may lead to the reduction of
nitric oxide levels which could be part of the mechanism that leads to hypertension
and other oxidative stress related diseases [4]. Antioxidants are able to trap ROS
and thus reduce their ability to induce oxidative damage and may therefore be
useful in preventing oxidative stress and consequently chronic diseases such as
hypertension [5]. Therefore, it is important to investigate the antioxidant activity of
essential oils from Tagetes minuta. To the best of our knowledge, there have not
been any literature evidence reporting about isolation of essential oil from Tagetes
minuta in the Eastern Cape Province, South Africa.

Tagetes genus consists of 56 different species, of which 29 grow perennially and
27 grow annually [6]. This genus belongs to the Asteraceae family with some
common species such as Tagetes tenuifolia, Tagetes erecta, Tagetes minuta and
Tagetes patula [7]. T. minuta traditionally known as nukayo in Xhosa [8] is native
to the temperate grasslands and mountains of the southern part of South America
and North America. It was introduced to Europe, Asia, Africa, India, Australia,
Madagascar and Hawaii [9]. T. minuta is one of the annual plants of 1-2 m in
height, with upright erect stems that bear leaves of up to 15 cm in length that are
glossy green in colour with 17-19 leaflets and creamy-yellow flowers of 10 mm
long and 2 mm wide in size [10]. T. minuta is used for wound healing,
bronchodilatory, microbial and anti-inflammatory problems, kidney trouble, piles
and muscular pain. It is also used for fevers, indigestion, gastritis and as a mild
laxative [11].

It has been reported that T. minuta contains a varying number of secondary
metabolites that include flavanoids, terpenoids, saponins, thiophenes, monocyclic,
bicyclic and acyclic monoterpenes [11, 12]. Previous phytochemical analysis of
essential oils from T. minuta showed that the major components were cis-ocimene,
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p-ocimene, rosefuran, limonene, dihydrotagetone, trans-tagetone, cis-tagetone and
cis-tagetenone [11, 13]. Previous studies showed high antioxidant capacity (LCsq of
1.49 g/L) of essential oil from T. minuta collected in Uganda when assessed using
the stable free radical DPPH [14]. T. minuta essential oil (from Iran) also showed
potency in vitro reactive oxygen species (ROS), reactive nitrogen species (RNS)
and hydrogen peroxide (H,0,) scavenging activity with ICsy of 12—-15 pg/mL
[15]. T. minuta essential oil (from Iran) also showed a concentration dependent
ROS and RNS scavenging ability. Inhibition concentration (ICsy) were reported to
be 12 + 2 and 13 + 4 pg/mL for ROS and RNS, respectively [16]. To the best of our
knowledge, as literature is concerned, this research study represents a first report on
chemical composition and antioxidant activity from 7. minuta in the Eastern Cape
Province, South Africa. Therefore, our primary aim was to determine the chemical
composition of essential oil from the selected plant and evaluate their antioxidant
activity in an attempt to contribute to their uses as alternatives in hypertension and
other oxidative related diseases.

3.2 Materials and Methods

3.2.1 Chemicals

Hexane, DPPH (2,2-diphenyl-1-picrylhydrazyl), ascorbic acid, methanol, ferric tri-
pyridyltriazine (Fe*>*-TPTZ), sodium acetate trihydrate, and hydrochloric acid were
all purchased from Sigma-Aldrich (Germany) except for n-hexane which was
purchased from Merck-Schuchardt (Germany).

3.2.2 Plant Material

Tagetes minuta was collected on March 2014 along Komga road, and deposited at
Selmar Schonland Herbarium, Rhodes University for identification by T. Dold and
deposition of voucher specimen (MS/PL4).

3.2.3 Isolation of Essential Oil

Hydrodistillation is a simple form of steam distillation which is often used to isolate
volatile compounds. 300 g of fresh and dry plant material were subjected to the
hydrodistillation set-up using Clevenger apparatus as prescribed by British pharma-
copeae [17]. Two litres distilled water were poured to 300 g of either fresh or dry
plant material and boiled at 100 °C for 4 h consecutively; the essential oils were



26 S. Mlala et al.

collected into hexane and transferred to a dark vial which is stored at 4 °C in a
refrigerator.

3.2.4 Gas Chromatography-Mass Spectrometry

An HP 5890 Series II gas chromatograph equipped with an Agilent mass spectro-
metry detector was used. The mass spectrometer (MS) was operated in the full scan
mode from 30 to 350 amu. Helium was used as a carrier gas at constant pressure of
100 kPa, and flow of 1.2 mL/min with linear velocity 30.1 cm/s. A 1 pL volume of
sample was injected at a temperature of 280 °C. An HP-5MS fused silica column
with 30 m length by 0.25 mm internal diameter and 0.25 pm film thickness capillary
was used. The oven temperature was programmed from 40 °C for 2 min and at
10 °C/min to 280 °C with split ratio of 1:30.

3.2.5 Gas Chromatography

An HP 5890 Series II gas chromatograph equipped with a flame ionization detector
(FID) was used. The detector was operated in the full scan mode from 30 to
350 amu. Helium was used as a carrier gas at constant pressure of 100 kPa, and
flow of 1.2 mL/min with linear velocity 30.1 cm/s. A 1 pL. volume of sample was
injected at a temperature of 280 °C. An HP-5MS fused silica column with 30 m
length by 0.25 mm internal diameter and 0.25 pm film thickness capillary was used.
The oven temperature was programmed from 40 °C for 2 min and at 10 °C/min to
280 °C with split ratio of 1:30.

3.2.6 DPPH Assay

The scavenging reaction between DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
and an antioxidant (H-A) is expressed as:

DPPH +(H-A) — DPPH-H +(A)
(Purple) (Yellow)

This test is based on the principle that antioxidants react with DPPH, which is a
stable free radical and is reduced to DPPH-H and as a result the absorbance
decreases. Ascorbic acid (standard) stock was prepared by dissolving 0.1 g of
ascorbic acid in 100 mL of dH,O (distilled water). The working solution was
obtained by diluting 640 pL of ascorbic acid with 3360 pL to give a concentration
of 160 pg/mL which was then double diluted serially into several concentrations
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(160, 80, 40, 20, 10, and 5 pg/mL). 0.01 mmol/L DPPH (MW = 394.32 g/mol) was
dissolved in 500 mL methanol to make up to 0.01 mM and the absorbance (OD) was
1.5 at 517 nm. Prepared DPPH was kept in the dark covered in aluminium foil.
TMDS, TMDL, and TMDF essential oil stocks were prepared by dissolving 300 pL.
of oil which is equivalent to 0.3 g in 0.2 mL Tween 80 and diluted to 5 mL by
dH,O0. 120, 60, 30 and 15 pg/mL for TMDS, TMDL and TMDF were prepared in
duplicates for each essential oil. Three millilitres DPPH were added to the sample/
standard and 1 mL methanol was used as blank. The solutions were incubated in the
dark for 30 min and absorbance was read at 517 nm [2].

3.2.7 Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay evaluates antioxidants according to their reducing activity in a
redox-linked colorimetric method which is a direct indicator of total antioxidant
power [18]. Reduction of a ferric tripyridyltriazine (Fe**-TPTZ) complex which is a
FRAP agent results in a ferrous complex which produces an intense blue color to
confirm its formation. Absorption of FRAP reagent was read at 593 nm. FRAP
reagent is made up of acetate buffer, FeCl; (20 mM) and TPTZ. Acetate buffer was
prepared by dissolving 3.1 g of sodium acetate trihydrate (C,HoNaOs) in 500 mL
dH,O0; afterwards 16 mL of glacial acetic acid was added to the mixture which was
made up to 1 L with dH,O and stored at room temperature. FeCl; (20 mM) was
prepared by dissolving 1.1 g in 200 mL dH,O. 0.156 g TPTZ was dissolved in
50 mL HCI (40 mM). FRAP reagent was prepared by combination of 100 mL
acetate buffer, 10 mL TPTZ and 10 mL FeCls. Ascorbic acid (AA) stock was
prepared by dissolving 0.1 g of ascorbic acid (C¢HgOg) in 100 mL dH,O. The
working solution was prepared by adding 640 pL of AA stock to 3360 pL of dH,O
to give a concentration of 80 pg/mL which was then double diluted serially to the
following concentrations: 160, 80, 40, 20, 5 and 2.5 pg/mL. A 1 mg/mL of TMDS,
TMDL, and TMDF essential oils were prepared respectively by dissolving 300 pL
which is equivalent to 0.3 g in 0.2 mL Tween 80 and diluted to 5 mL by dH,O.

A procedure for standard curve and sample/standard was started by pipetting
100 pL of sample into labeled test tube. Three millilitres of freshly mixed FRAP
reagent were added to 100 pL of samples/standard and the prepared solutions were
incubated in a water bath at 40 °C for 4 min. The absorbance was read at 593 nm. A
standard curve was drawn and the antioxidant activity of samples was extrapolated
(as ascorbic acid equivalent/mg) from the standard curve [2].

3.2.8 Statistical Analysis

The data were analyzed using Graphpad Prism (v5). Analysis of variance
(ANOVA) followed by Dunnet’s post-hoc test were used to compare the
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Table 3.1 Percentage yield (w/w) of essential oil extracted from Tagetes minuta

Stem Leaves Flowers
Fresh oil (%) 0.20 0.65 1.12
Dry oil (%) 0.20 0.91 1.10

differences between fractions of T. minuta. Data was expressed as mean =+ standard
error of mean. P values lower than 0.05 will be considered significant.

3.3 Results

Essential oils from fresh and dry materials of 7. minuta were extracted and analysed
by GC-MS and GC. The essential oils extracted from this plant were yellow in color
with a pleasant herbal odor and have thick viscosity. The oils were stored in a
refrigerator before analysis. The percentage yields of essential oil in the present
study are reported (Table 3.1).

3.3.1 Essential Oil Composition

The identification of 12, 31, 10, 37, 4 and 39 compounds representing 99.2, 98.1,
98.9, 98.3, 100 and 97.7% of fresh stem (TMFS), dry stem (TMDS), fresh leaves
(TMFL), dry leaves (TMDL), fresh flower (TMFF) and dry flower (TMDF) essen-
tial oil respectively was achieved. The major components were identified to be
cis-f-ocimene (38.0%), trans,cis-alloocimene (12.3%), spathulenol (12.1%) and
a-cadinol (5.89%) for TMFES; f-caryophyllene (8.38%), a-caryophyllene (6.58%),
elemol (9.31%), spathulenol (10.7%) and caryophyllene oxide (18.0%) for TMDS;
trans-p-ocimene (7.39%), trans,cis-alloocimene (25.4%), p-caryophyllene
(22.9%), caryophyllene oxide (15.81%), octadecanoic acid (5.88%) and tricosane
(5.80%) for TMFL; cis-f-ocimene (6.73%), trans-tagetone (7.01%), terpin-4-ol
(10.2%) and isopropyl tetradecanoate (17.0%) for TMDL; cis-f-ocimene
(38.1%), valeric acid (30.9%), limonene (19.1%) and linalool (11.9%) for TMFF;
cis-f-ocimene (6.53%), trans-p-ocimene (37.0%), trans,cis-alloocimene (12.3%)
and m-tert-butylphenol (5.94%) for TMDF as displayed in Table 3.2.

3.3.2 Antioxidant Activity

The free radical scavenging ability of TMDS, TMDL and TMDF essential oil from
T. minuta was determined from reduction absorbances of DPPH radical at 517 nm.
The capacity of natural products to donate electrons can be measured by DPPH
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radical color change from purple to yellow DPPHH. In this assay, the color change
was observed indicating reduction from purple DPPH to yellow DPPHH signifying
that the tested essential oils have antioxidant activity. The TMDF essential oil
(standard equivalent value = 18.7 £ 0.35 pg/mL AAE) has the highest radical
scavenging ability as compared to the other essential oils in the descending order:
TMDF > TMDL > TMDS as displayed in Table 3.3. Antioxidant activity of TMDF
(p < 0.001) was recorded to be significantly better compared to the other essential
oils.

The antioxidant activities of T. minuta essential oils (TMDS, TMDL and TMDF)
were further established through their reducing power. In this assay, the reducing
ability (Fe**—Fe”*) was established by the resulting noticeable intense blue colour
indicating the formation of ferrous complex which further confirmed that T. minuta
essential oils have antioxidant activity. The TMDF essential oil (standard equi-
valent value = 113.7 + 1.2 pg/mL AAE) has highest reducing power and differs
significantly (p < 0.001) in comparison with the other essential oils in the activity
order: TMDF > TMDL > TMDS as shown in Table 3.3.

3.4 Discussion

In the present study, the essential oil content was higher in dry tissue parts than
fresh tissue parts of the T. minuta. This could be due to the loss of water content
during the drying process [19]. Essential oils from T. minuta were rich in terpenes,
with monoterpene hydrocarbons more abundant than other secondary metabolites
such as oxygenated sesquiterpenes, oxygenated monoterpenes, sesquiterpene
hydrocarbons, diterpene hydrocarbons, esters and others. There is a chemical
composition variation of essential oil from 7. minuta amongst different parts
namely stem, leaves and flowers as observed in Table 3.2. There is also a variation
in chemical composition between fresh and dry parts essential oil. These variations
may be due to a number of factors, namely type of soil, levels of nitrogen, amount
of exposure to sunlight, age of a plant, climate changes, geographic origin/location,
drying of plant prior to distillation of oils, plant parts distilled, hydrolysis and
storage of oils prior to analysis [10, 20, 21]. The main constituents of essential oils
isolated from T. minuta parts (stem, leaves and flowers) in the present study are in
agreement with previous research. The previous study done in Pretoria,
South Africa reported the main chemical components of 7. minuta as cis-ocimene,
p-ocimene, dihydrotagetone, piperitone and 3-methyl-2-(2-methyl-2-butenyl)-
furan [22]. Another study in the United States reported the major components of
leaves and flower essential oil extracts from 7. minuta as cis-ocimene,
dihydrotagetone, trans-tagetone, cis-tagetone and limonene [23]. The results in
the present study are similar to the previous studies by Nchu et al. and Weaver
et al. mentioned above although the composition and the number of major compo-
nents slightly differ when compared to other provinces of South Africa and selected



34 S. Mlala et al.

Table 3.3 Antioxidant activity of essential oils from Tagetes minuta

TMDS TMDL TMDF
DPPH 6.74 £ 0.27 144 £ 0.17* 18.7 £ 0.35*
(pg AAE/mL extract)
FRAP 26.30 + 0.41 63.56 + 1.46 113.7 + 1.2*
(pg AAE/mL extract)

AAE = Ascorbic acid equivalent. Reported as mean + standard error of mean (X + SEM);
p* < 0.001 = statistically different

countries in the world and this may be due to the type of soil, climatic changes and
geographical origin where the plant grows [22, 23].

The antioxidant activity may be due to the high percentage of oxygenated
terpenes from the dry part essential oil as indicated in Table 3.2 [24]. The high
percentage of the major components might also have significant input on 7. minuta
strong antioxidant activity. In general the antioxidant activity of essential oils
depends on the phenolic compound content and the reaction of phenol compounds
against chain-carrying peroxyl radicals [25]. Phenolic compounds are not fully
responsible for antioxidant activity of plants but other constituents such as ascor-
bates, terpenes, carbohydrates, tocopherols, carotenoids, pigment and synergistic
effect amongst others could possibly contribute to the total antioxidant activity
[2]. The dry flower essential oil (TMDF) showed high antioxidant activity when
evaluated by DPPH and FRAP biossays. The highest antioxidant activity on TMDF
essential oil can be attributed to the presence of two phenolic compounds namely
m-thymol and m-tert-butylphenol. Hence, TMDF essential oil may act as electron
donor to react with free radicals to form suitable product and stop the free radical
chain reaction [26]. Previously, Christine et al. reported that T. minuta exhibits
strong antioxidant properties when measured by DPPH which is in agreement with
this current study [14]. Another study showed that T. minuta essential oil possesses
radical oxygen species (ROS), radical nitrogen species (RNS) and peroxide (H,0,)
scavenging properties [15]. Shiraz et al. also reported that T. minuta essential oil
showed ability to scavenge ROS and RNS [16]. In the current investigation, the
essential oils (TMDS, TMDL and TMDF) from Tagetes minuta showed antioxidant
properties with varying activity depending on the part of the plant as shown in
Table 3.3.

However, the TMDF essential oil (standard equivalent value = 113.7 4 1.2 pg/
mL AAE) has highest reducing power and differs significantly (p < 0.001) in
comparison with the other essential oils in the activity order:
TMDF > TMDL > TMDS for both DPPH and FRAP assays as revealed in
Table 3.3. Therefore, this plant could be a potential source of natural antioxidants
which are more preferable as compared to the synthetic antioxidants.
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3.5 Conclusion

The chemical composition of essential oils from 7. minuta in the present study was
different from previous studies in some of the major components. The use of DPPH
and FRAP provide an easy and rapid way to determine antioxidant activity. Tagetes
minuta essential oils (TMDS, TMDL and TMDF) showed strong antioxidant
activity when evaluated by DPPH and FRAP assays which is in agreement with
some of the previous reports. This can be attributed to the presence of oxygenated
monoterpenes and sesquiterpenes which may act as free radical scavenging and
reducing agents. T. minuta essential oil also showed the ability to reduce DPPH by
donating hydrogen ions which are considered as antioxidant having free radical
scavenging activity. Therefore, this study suggests that 7. minuta could be used as a
potential natural antioxidant source to treat various oxidative stress related diseases
such as hypertension.
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Chapter 4
Therapeutics in Neurodegenerative Disorders:
Emerging Compounds of Interest

G. Nagesh Babu and Manjeet Gupta

Abstract Neurodegenerative diseases are a heterogeneous group of disorders.
They are characterized by progressive degeneration of the structure and function
of the central nervous system or peripheral nervous system. Neurodegenerative
diseases include Parkinson’s Disease (PD), Alzheimer’s Disease (AD), Amyo-
trophic Lateral Sclerosis (ALS) and Huntington’s Disease (HD). Key characteristic
feature of neurodegenerative diseases is aggregation of misfolded proteins in the
cytoplasm and nucleus of central nervous system (CNS) neurons. In this review we
discuss about the emerging therapeutic compounds and targets for treating these
devastating neurological disorders. Oxidative stress appears to be a common deno-
minator and transcription factors are also involved. Compounds that can scavenge
free radicals showed some potential. Some protein and peptide compounds also
exhibited good therapeutic activity. Ligand binding domains are targeted for effi-
cacy and showed promise. Agonists and antagonists of receptors and enzyme
inhibitors are playing a remarkable role in controlling the symptoms of these
diseases. Chemical chaperones and compounds that can inhibit the protein aggre-
gation are widely tried and showing therapeutic potential.
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4.1 Introduction

4.1.1 Parkinson’s Disease

Parkinson’s Disease (PD) is a neurodegenerative disease that affects millions of
people worldwide. Common symptoms are tremor, bradykinesia, rigidity and
postural instability. These are due to the progressive loss of dopaminergic neurons
in substantia nigra pars compacta (SNpc) [1, 2]. Neurodegeneration in PD is
accompanied by the accumulation of Lewy bodies, which are abnormal aggregates
of protein that develop inside nerve cells. Alpha-synuclein (a-syn) is the main
component of Lewy bodies and it plays a major role in PD pathogenesis [3]. Homeo-
stasis of intracellular protein is maintained by chaperone, ubiquitin proteasome, and
autophagy system. But this homeostasis is found altered in this disease. Accumu-
lation of a-syn reciprocally inhibits the protein control system [4]. Loss of SNpc
dopaminergic neurons results in dopamine depletion and it leads to an impaired
nigro-striatal system, thereby improper movement. PD till today is an incurable
disease. The precursor of dopamine, Levodopa is given to the patients. Environ-
mental toxins and aging are also risk factors for the onset of PD [5]. Oxidative stress
also leads to the PD pathogenesis. Reactive oxygen species (ROS) generating
enzymes, tyrosine hydroxylase and monoamine oxidase, are present in dopaminer-
gic neurons [6]. Dopamine metabolism, inflammation, and mitochondrial dysfunc-
tion are the major sources of ROS in SNpc [7]. Neurotoxicity of glutamate is well
known. It increases ROS and decreases the mitochondrial permeability and anti-
oxidant glutathione [8]. But the same deleterious action is prevented by the
treatment of acetyl-/-carnitine and —dl-a-lipoic in rat brain by altering mitochon-
drial function [9].

4.1.2 Alzheimer’s Disease

In brain, Alzheimer’s disease (AD) features as intracellular neurofibrillary protein
aggregates called as neurofibrillary tangles (NFT), an accumulated form of hyper-
phosphorylated tau protein, amyloid-f (AP) and extracellular aggregates. AP pep-
tide causes lipid destabilization and aggregation of Ap into Ca®* channels. It forms
synapse-suppressing oligomeric complexes. Another AD pathogenesis is the abnor-
mal proteolytic processing by § and y secretase of amyloid precursor protein (APP)
that increases the self-aggregating form of Ap. Mutations in APP, PS1 and PS2, and
in secretase enzymes involved in APP processing cause insoluble amyloid-f pep-
tide (AP) aggregation resulting in massive accumulation of fibrillary protein.
Amyloid peptides can also destroy the cell membrane integrity, disturb the influx
of extracellular Ca** and interrupt the homeostasis. Aggregation of f-amyloid
peptides compromises the acetylcholine (Ach) neurotransmission, and conse-
quences are the AD neurological signs [10, 11].
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4.1.3 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized
by the death of motor neurons and skeletal muscle atrophy. Characteristic features
of ALS are muscles stiffness, muscle twitching and weakness due to muscles
decreasing in size. Prominent symptoms are difficulty in speaking, swallowing,
and breathing. Familial ALS (FALS) is characterized by mutations in genes includ-
ing superoxide dismutase 1 (SOD1), transactive response DNA-binding protein
43 kDa (TARDBP, TDP-43), fused in sarcoma (FUS) and chromosome 9 open
reading frame 72 (COORF72). Levels of pro-inflammatory molecules like tumor
necrosis factor-alpha (TNF-a), interferon-y (IFN-y) and nitric oxide (NO) were
found increased in the patients of ALS [12]. Increase in lipid peroxidation was
observed with decrease in catalase, glutathione reductase and glucose-6-phosphate
dehydrogenase enzyme activities in the erythrocytes of ALS patients. These studies
confirm the involvement of oxidative stress in the progression of ALS [13]. The 'H
NMR study of ALS serum revealed abnormal metabolite patterns in ALS patients
and the observations could be used to monitor ALS disease progression [14].

4.1.4 Huntington’s Disease

Huntington’s disease (HD) is a neurodegenerative disorder caused by expansion in
autosomal dominant huntingtin (HTT) gene, in short arm of chromosome 4 (4p63),
protein encoded by CAG repeats. In normal population CAG repeat is polymorphic
and varies from 10 to 35 repeats but in the expanded form it has about 36 to
120 repeats, which transcribe in the first exon of the HTT gene, an expanded
polyglutamine (polyQ) at the N-terminus of HTT. It is also reported that higher
the CAG expansion, the earlier the onset of HD symptoms. HTT is a protein
composed of approximately 3100 amino acids with a molecular mass of 349 kDa
and involved in many functions like protein trafficking, vesicle transport and
anchoring to the cytoskeleton, clathrin-mediated endocytosis, postsynaptic signal-
ing, transcriptional regulation, and anti-apoptotic function. Expansion in
polyglutamine (polyQ) is a marker for mutant HTT (mHTT). The pathological
hallmark of HD is the gradual atrophy of the striatum. Mutant huntingtin causes
neuronal dysfunction and degeneration of striatal medium spiny neurons (MSNs)
and cortical neurons resulting in the cardinal disease features of movement, cogni-
tive, and psychiatric symptoms.

Two mechanisms have been suggested for the formation of aggregates of mutant
huntingtin. HTT proteins are destabilized due to the expanded polyQ. First is polar
zipper model which suggests about the formation of insoluble p-pleated sheets
between the polyQ-bearing proteins and second is the transglutaminase model.
Transglutaminases are cross-linking enzymes of glutamine residues and they are
also involved in polyQ aggregation. HTT mutation and CAG repeat expansion are
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not checked by DNA repair system. It is found that DNA methylation leads to the
down regulation of DNA repair genes involved in mismatch/loop-out repair
[15]. HTT promotes vesicular transport of brain-derived neurotrophic factor
(BDNF) with microtubules. Huntingtin-associated protein-1 (HAP1) and the p150
glued subunit of dynactin are essential components of molecular motors [16].

4.2 Therapeutic Compounds in PD

4.2.1 Transcription Factors

As the oxidative stress is directly proportional to mitochondrial malfunction, it
plays a major role in apoptosis, necrosis and neurodegeneration. Nrf2 is a tran-
scription factor that regulates the expression of many antioxidant proteins. On
depletion of GSNOR, Nrf2 upregulates its expression and protects against PD
toxins-induced cell death [17]. The overexpression of Nrf2 has become a potential
therapeutic avenue for various neurodegenerative disorders such as PD [18].

In an animal model of PD, Nurrl agonists are used to enhance its function. Nurrl
is a transcription factor essential for maturation of dopaminergic neurons. Two
drugs, Amodiaquine and Chloroquine are found to interact with ligand binding
domain of Nurrl and stimulate transcriptional activation of mid brain dopamine
specific gene. It also suggests that Nurrl could be a potential drug target [19].

4.2.2 Lipid Carriers for Levodopa Co-Drugs

Tristearin and Tricaprylin are used to constitute nanostructured lipid carriers (NLC)
to encapsulate and for better delivery of lipophilic levodopa (LD) with co-drugs,
named PDA (3.4-diacetyloxy-LD-caffeic acid co-drug), PDB (lipoic acid-
dopamine co-drug), PDC (lipoic acid-3,4-diacetoxy-dopamine co-drug), and PDD
(dimeric LD co-drug containing an alkyl linker), with therapeutic potential in
Parkinson’s disease [20].

4.2.3 Levodopa Adjuncts

Safinamide was found to be a safe and effective first adjunct therapy in Levodopa-
treated patients and improved cardinal symptoms of PD while providing benefits to
mild and non-mild fluctuators and patients receiving other concomitant dopami-
nergic therapies [21]. Treatment of Opicapone as adjunct to Levodopa helps in
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significant reduction in mean daily off-time in Levodopa-treated patients with
PD [22].

Oral medication may lose its effectiveness due to several reasons, like dyspha-
gia, impaired absorption from the gastro-intestinal tract and delayed emptying of
the stomach. Levodopa-Carbidopa intestinal gel is an effective treatment developed
for patients with advanced PD. It provides a stable Levodopa plasma concentration
compared with oral administration because of continuous infusion into the duode-
num/jejunum by a portable pump [23].

4.2.4 Receptor Targets

Treatment with Rotigotine causes overexpression of dopamine transporter (DAT).
DAT upregulation by rotigotine in an opposite direction with respect to early PD
compensatory mechanisms might reduce the risk of dyskinesia, but it could imply
less motor benefit because of less stimulation by the dopamine itself on dopami-
nergic receptors [24].

Mavoglurant is a subtype-selective, non-competitive antagonist at the
metabotropic glutamate receptor-5 binding site. The efficacy of Mavoglurant in
Levodopa-induced dyskinesia patients was assessed and failed to meet the primary
objective of demonstrating improvement of dyskinesia [25].

Preladenant combined with Eltoprazine was found to counteract dyskinesia and
maintain full therapeutic effects of a low dose of Levodopa in animal model
[26]. Eltoprazine has been found to have beneficial antidyskinetic effects without
altering normal motor responses to Levodopa. Eltoprazine inhibits the sensitization
of striatonigral medium-sized Gamma-aminobutyric acid (GABA) spiny neurons to
Levodopa and their over-activation associated with dyskinesias appearance
[27, 28].

Enantiopure indolo[2,3-a]quinolizidine is synthesized from enantiopure trypto-
phanol. This compound was evaluated as NMDA receptor antagonist and found to
be 2.9-fold more potent as NMDA receptor blocker amantadine [29].

Caffeine consumption was found associated with a reduced accrual of motor and
non-motor disability in de novo PD, showing the rationale for using as adenosine
A2A antagonists. C8 substitution on the caffeine core identified 8-(2-phenylethyl)-
1,3,7-trimethylxanthine as a non-selective adenosine receptor antagonist. Various
C8 two-chain-length linkers are applied to enhance adenosine receptor affinity.
Benzyloxy linker displayed the highest affinity for the Al adenosine receptor and
the para-chloro-substituted phenoxymethyl linker showed the best A2A adenosine
receptor affinity [30, 31].

Derivatives of 2-aminopyrimidine were synthesized. 4-(5-Methylfuran-2-yl)-6-
[3-(piperidine-1-carbonyl) phenyl] pyrimidin-2-amine was found to have high
affinity for antagonists of adenosine Al and A2A receptors. In a molecular docking
study, it was also revealed that the interactions between the synthesized compounds
and the adenosine A2A binding site most likely involve Phenylalanine 168 and
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Asparagine 253, interactions which are similar for structurally related adenosine
A2A receptor antagonists [32]. Sulfanylphthalimide analogues were found to
possess high binding affinity to adenosine Al receptors as antagonists. These
compounds are also reported to inhibit monoamine oxidase (MAQO) B. Such dual-
target-directed compounds are expected to be advantageous over single-target
treatments of PD [33].

4.2.5 Supplements

Creatine and coenzyme Q10 combination therapy delays the decline of cognitive
function in PD-mild cognitive impairment (MCI) patients and could lower their
plasma phospholipid levels; therefore, this combination therapy may have a neuro-
protective function [34]. It is reported that ubiquinol-10 (reduced form of Coen-
zyme Q10) may significantly improve PD with wearing off [35].

4.2.6 PEG Polymer

Fibrillation of a-syn plays an important role in PD. A hyperbranched PEG polymer
containing dopamine is developed by RAFT polymerization and one-spot reaction.
This can be used for anti-fibrillation activity as dopamine is an inhibitor of a-syn
fibril formation. However, it may also alter biological activity [36].

4.2.7 Metabolites

"H magnetic resonance spectroscopy has shown that the concentration of certain
metabolites like 2-hydroxybutyrate, glutamine, and dimethyl sulphone are altered
in sporadic and Leucine-rich repeat kinase 2 (LRRK?2) Parkinson’s disease. These
three metabolites are involved in neurodegeneration. Glutamine removes excess
nitrogen in brain; 2-hydroxybutyrate is a component in glutathione metabolism and
dimethyl sulphone is an anti-inflammatory agent [37]. These metabolites could be
used as therapeutic targets. We performed one dimensional 'H NMR study in PD
patients and observed that the peaks of glutamate are increased in the patients of
multiple system atrophy (MSA), a disease control of PD (unpublished
observations).
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4.2.8 Protein Targets

a-Syn is a major constituent of Lewy bodies, protein clumps that are the patholog-
ical hallmark of PD. Immunization with monoclonal antibodies targeting the
C-terminus truncation site of a-syn has therapeutic potential (in mouse model),
not only as a-syn reducing agents, but also as inhibitors of its pathological
propagation [38].

PD protein 7 (DJ-1) is a multifunctional protein, involved in transcriptional
regulation, anti-oxidative stress reaction, chaperone, protease, and mitochondrial
regulation [39]. Mutation in DJ-1 gene leads to early onset of PD, which is an
autosomal recessive familial disorder. Chaperone activities of PARK 7 inhibit
aggregation of a-syn and anti-oxidative action reduces neurodegeneration. A pep-
tide ND-13 is created, which is a 13 amino acid fragment from DJ-1 protein and
7 amino acid fragment from protein transduction domain of Trans-Activator of
Transcription (TAT), also known as cell penetrating peptide. By enhancing the
Nrf2 activity, ND-13 is able to protect the cells against oxidative stress, neurotoxic
compounds and promote cell survival [40]. Therapeutic effect of ND-13 is also
evaluated against MSA and yielded positive results [41]. Another compound
getting attention is compound 23. This is from Zinc compound library,
identified as N-[4-(8-methyl(4-hydroimidazo[1,2-a]pyridin-2-yl))phenyl](3,4,5-
trimethoxyphenyl) carboxamide, and is a DJ-1-binding compound. It has DJ-1
dependent activity, protects neuronal cell death, and supports anti-oxidative redox
reaction [42]. Involvement of DJ-1 in the regulation of dopamine level is also
observed. It interferes with the dopamine transporter (DAT) activity. It is shown by
the co-expression of DAT and DJ-1 gene in HEK-293T cells [43].

Glia Maturation Factor (GMF) has a role in the induction of pro-inflammatory
cytokines and granulocyte-macrophages in the CNS. This role of GMF is also
involved in PD pathogenesis. It was shown that the decreased expression of GMF
leads to decreased production of ROS and down regulation of nuclear factor-kf3
(NF-kB) mediated production of TNF-a and Interleukin 1 beta (IL1f). But the
overexpression of GMF induces dopaminergic neurodegeneration, which makes
GMF a target for PD therapeutics [44].

4.2.9 Other Potential Targets

Inosine, a nucleoside, increased plasma antioxidant capacity in PD [45]. Rasagiline,
a mono amino oxidase-B inhibitor, showed improvement in motor symptoms of PD
[46]. Zonisamide, a sulfonamide anticonvulsant, improved wearing-off in PD
[47]. Dalframpidine is an organic compound with the chemical formula CsH,N-
NH,. This molecule is one of the three isomeric amines of pyridine. Dalframpidine
completed phase 2 clinical trials for PD (US government data on clinical trials).
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4.3 Therapeutic Compounds in AD

4.3.1 Anxiolytics

Clomethiazole (CMZ) is an anxiolytic and anticonvulsant with sedative and hyp-
notic effects; it allosterically increases the GABA receptor conductance and found
to be neuroprotective. At the same time it potentiates the function of the inhibitory
neurotransmitter GABA in the brain and therefore attenuates glutamate-induced
excitotoxic cascade leading to mitochondrial damage and neuronal loss. CMZ is
re-engineered to 4-methyl-5-(2-(nitrooxy) ethyl) thiazol-3-ium chloride (NMZ). It
can activate NO/cGMP/CREB signaling and also retains the activity of CMZ.
The cAMP-response element binding protein (CREB) is required for the memory
emergence and effective synapses. Phosphorylation and nitric oxide (NO) induced
release of cyclic guanosine 3, S5-monophosphate (cGMP) is important for
CREB [10].

4.3.2 Alginate-Derived Oligosaccharide

Well known AD pathogenesis is due to neuroinflammation and Ap aggregation.
Alginate-derived oligosaccharide (AdO) is found to be tackling both the conditions.
It inhibits the microglia-mediated neuroinflammation and enhances the microglial
phagocytosis of AP. The expression of nitric oxide synthase (iNOS) and cyclo-
oxygenase (COX-2) produces NO and Prostaglandin E2 (PGE2) and these are
involved in lipopolysaccharide (LPS) mediated neuroinflammation. It is found
that AdO suppresses transcriptional activation of iNOS and COX-2 in BV2
microglial cells. Toll like receptor 4 (TLR4) is involved in NF-«xB signaling path-
way and plays a role in the neuroinflammatory responses. AdO treatment attenuates
the nuclear translocation of the NF-kB p65 subunit. Af aggregates should be
cleared and degraded by the microglia and macrophages, otherwise, impaired
phagocytosis of Ap is observed. The AdO-induced uptake of Ap may be directly
or indirectly involved in TLR4 actions [48].

4.3.3 Tricyclic Pyrones

In vivo treatment of animal models of AD by CP2, a member compound of tricyclic
pyrone, resumes axonal trafficking and overcomes cognitive and motor deficit. CP2
enhances the mitochondrial function and restores the mitochondrial trafficking
which protects against AD cognitive dysfunction [49].
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4.3.4 Molecular Chaperones and Receptor Targets

Sigma-1 receptor (S1R), a molecular chaperone and M1 muscarinic receptor (M1R)
are also major therapeutic targets in AD. M1R is a subclass of G-protein-coupled
receptors (GPCRs). Muscarinic receptors (mAChR) are common in cortex, hippo-
campus and striatum and play a role in cognitive processing. Agonists of M1R and
SIR are developed. AF102B, AF267B and AF710B (bicyclic heterocyclic spiro
compounds) are able to enhance the reduction of Tau-hyperphosphorylation, and
Glycogen synthase kinase-3f (GSK-3f) activation. It reduces apoptosis and mito-
chondrial dysfunction by enhancing Bcl2/Bax [50].

H3 receptor is a G-protein coupled receptor. It is a presynaptic autoreceptor on
histamine-containing neurons. H3 receptor regulates the release of histamine and
several key neurotransmitters. Antagonists of H3 receptor cause increase in neuro-
transmitter levels in brain and may be beneficial for neurodegenerative diseases. A
series of H3 receptor antagonists were designed by the incorporation of 1-phenyl-3-
hydroxy-4-pyridinone and 3-hydroxy-4-pyridinone moiety (metal chelating). 5c is
the most promising compound of these derivatives. Sc has shown good scavenging
effect, copper and iron chelating properties and inhibits against self- and Cu**-
induced AP1—42 aggregation. 5c also showed blood brain barrier penetration
behavior in vivo [51].

4.3.5 Immunosuppressive Drugs

For amyloid-p plaque clearance, immunosuppressive drugs were used but were not
successful. Pharmacological inhibition or depletion of Foxp3+ regulatory T cells
(Tregs) helps in the clearance of amyloid-p plaque [52].

4.3.6 Tau-Centric Targets and Drugs

The failure of several Phase II/III clinical trials in Alzheimer’s disease (AD) with
drugs targeting f-amyloid accumulation in the brain drove attention to alternative
treatments against tau pathology, including approaches targeting tau phosphatases /
kinases, active and passive immunization, and anti-tau aggregation. The most
advanced tau aggregation inhibitor (TAI) is methylthioninium (MT), a drug
existing in equilibrium between a reduced (leuco-methylthioninium) and oxidized
form (MT (+)). MT chloride (methylene blue) was investigated in a 24-week Phase
IT clinical trial in 321 patients with mild to moderate AD that failed to show
significant positive effects in mild AD patients, although long-term observations
(50 weeks) and biomarker studies suggested possible benefit [53].
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4.3.7 Acetylcholinesterase and Other Compounds

Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are the enzymes
that hydrolyze acetylcholine and make cholinergic neurons to return to the resting
state following activation. The N-methyl-p-aspartate (NMDA) receptor is a gluta-
mate receptor that controls synaptic plasticity and memory function. Hence, AChE,
BChE and NMDA receptors are targeted in AD patients. For AD treatment cholin-
esterase’s inhibitors like Donepezil, Rivastigmine, Galantamine and Memantine are
used; low-affinity antagonist is used for NMDA receptor [54].

4.3.8 Combination Drug Targets

Currently a combination of glutamatergic and cholinergic drugs are considered for
the treatment of AD. The y-carboline fragment of Dimebon (Latreperdine) and
Phenothiazine core of Methylene Blue (MB) are conjugated to a single drug. These
conjugates selectively inhibit BChE and block NMDA receptors. ACh interacts
with amyloid peptide and disturbs its oligomerisation, thereby modulates choliner-
gic transmission. ACh could also be used in AD therapeutics [55].

AChE promotes the assembly of AP fibrils. NMDA receptor antagonist,
Memantine, and three acetylcholinesterase inhibitors (AChEIs): Galantamine,
Rivastigmine and Donepezil are the currently approved drugs for AD. AChEIs
act on peripheral anionic site of AChE. In the same sequence, new multitarget-
directed-ligands (MTDLs), benzochromenopyrimidinimines are developed for AD
therapy. Benzochromenopyrimidinimine inhibits the AChE, Ap1-42 aggregation,
and is a strong antioxidant [56].

Triazolopyrimidine-quinoline and cyanopyridine-quinoline hybrids are also syn-
thesized which can inhibit the AChE-induced A aggregation [57].

4.3.9 Peptide Therapeutics

VDACI1-N-Ter peptide is a voltage-dependent anion channel 1 (VDAC1), which
mediates the transport of many metabolites across the mitochondrial outer mem-
brane. Overexpression of VDACT is observed in AD patients. Interaction of Ap
with VDACT increases its conductance about twofold and results in mitochondria-
mediated cell death. But the VDAC1 N-terminal peptide (VDAC1-N-Ter) checks
the Af interaction and mitochondria-mediated apoptosis. Thus the VDAC1-N-Ter
peptide could be a therapeutic target for AD [58].
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Deficiency of insulin and glucagon-like peptide-1 (GLP-1) signaling raises the
risk of AD. Treatment with or an analog of GLP-1 prevents declination of
glucose metabolism (CMRglc). It signifies the metabolic role of glucose in cogni-
tive impairment and synaptic dysfunction [59].

4.3.10 Targetting RNA and MicroRNA

B-oligomers enhance endocytosis that reduces NMDA receptors (NMDAR) and
long-term potentiation (LTP). At the same time it activates the metabotropic gluta-
mate receptors (mGluRs), which induce long-term depression (LTD). Apolipo-
protein E (ApoE) receptor, ApoER2 opposes the suppression of LTP and
induction of LTD and strengthens the synapse. Alteration was found in ApoER2
exon 19 splicing in AD patients. ApoER2 splicing treated with single dose of
antisense oligonucleotide (ASO) improves the synaptic function, learning and
memory. These are the splicing therapeutics for AD [60].

Expression of MicroRNA (miR-29) is found to be decreased in AD patients and
increased level of human B-secretase (hBACEL). So to prevent Amyloid-f (AP)
peptide it is intended to employ miR-29 so as to suppress the hBACE1 expression.
Highly pure and biologically active pre-miRNAs are purified by arginine-affinity
chromatography and encapsulated in polyplexes for better delivery in
cytoplasm [61].

4.4 Therapeutic Compounds in ALS

4.4.1 Riluzole

Currently Riluzole is the only FDA approved drug for ALS. It is a TTX-sensitive
sodium channel blocker and also has anti-glutamatergic activity.

4.4.2 Dopamine D2 Receptor Agonists

Bromocriptine methylate (BRC) is a dopamine D2 receptor agonist, which protects
against oxidative stress-induced cell death by upregulating neuronal apoptosis
inhibitory proteins (NAIP) in a clinical trial [62].
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4.4.3 Potassium Channel Blockers

4-Aminopyridine (4AP) is a potassium channel blocker. 4AP induced activity
rescues hypoexcitable motor neurons from ALS patient-derived induced pluri-
potent stem cells by restoring ion-channel imbalances, decreasing endoplasmic
reticulum (ER) stress and caspase activation [63].

4.4.4 Chemical Chaperone

Lead compound 14 (3-((5-((4,6-dimethylpyridin-2-yl)methoxy)-5-oxopentanoyl)
oxy)-N,N-dimethylpropan-1-amine oxide) improved neurological functions in
ALS mouse model. Compound 14 is a lipophilic derivative of TMAO and acts as
a chemical chaperone. It decreases the misfolded aggregation [64].

4.4.5 HI Receptor Antagonists

Clemastine is a well known H1 receptor antagonist. Histamine plays a major role in
the pathogenesis of neuroinflammatory and neurodegenerative diseases. Microglial
cells are sensitive to histamine. Administration of Clemastine in ALS mouse model
reduces microgliosis and enhances motor neuron survival [65].

4.4.6 Bile Acids

Tauroursodeoxycholic acid (TUDCA) is a hydrophilic bile acid, produced by
humans in the liver, by combination of taurine to ursodeoxycholic acid (UDCA).
It has shown anti-apoptotic, immunomodulatory and antioxidant effects in ALS
patients [66].

4.4.7 NOX Inhibitors

Thioridazine is found to improve motor performance in ALS mouse model. This
compound inhibits NADPH oxidases (NOX) and reduces the oxidative stress [67].
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4.4.8 New Drug Entities

Kenpaullone and Anacardic acid are newly discovered drugs for ALS but different
ALS models showed different responses to these compounds [68].

4.4.9 Targetting Microtubules

Stathmin is a 17 kDa protein, which regulates microtubule dynamics. In ALS
models, it is found that Stathmin triggers microtubule destabilization and causes
Golgi fragmentation [69].

4.4.10 Natural Compounds

Ginsenosides (G-Re) are found to suppress the expression of pro-inflammatory
proteins such as CD14 and TNF-a and inhibit TLR4 signaling pathway in ALS
mouse model. G-Re are major bioactive components of Ginseng, 20(S)-
protopanaxatriol, Re, Rgl, Rg2, and Rb3 [70]. Neuroinflammation and apoptosis
are key players in the progressive damage of the neurons in AD and ALS.

44.11 AMPA Receptor Antagonists

Perampanel is a non-competitive antagonist of a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor. Perampanel rescues neurons in ALS
mouse model by maintaining Ca?* influx through the abnormal AMPA
receptors [71].

4.5 Therapeutic Compounds in HD

4.5.1 Natural Products

Xyloketal B, a natural product from mangrove fungus, has also shown protective
effect against neurodegenerative diseases. Xyloketal B has unique bicyclic acetal
moieties fused to its aromatic core structure and has the ability to hydrogen bond
with mHTT proteins and disrupt the aggregation. In Caenorhabditis Elegans
Huntington’s disease model, Xyloketal B showed a protective effect [72].
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4.5.2 Dopaminergic Stabilizers

Pridopidine is a new drug that helps in the reduction of involuntary movements in
HD. But it is still in the developing stage. Mechanism of action is not clear but it is
expected to regulate hypoactive and hyperactive function in areas of the brain that
receive dopaminergic input. Observation from animal studies reflects it as a “dopa-
minergic stabilizer” [73].

4.5.3 Mitochondrial Targets

MitoQ (Mitoquinone) and SS31 are mitochondria targeting antioxidant molecules
and are found to be protective against mHTT-induced mitochondrial and synaptic
damage in HD neurons. MitoQ with the molecular formula C3;;H4s04PB,4 and
molecular weight of 665.65 is conjugated with antioxidants and positively charged
lipophilic phosphonium cations. These moieties have the ability to reduce mito-
chondrial dysfunction by scavenging free radicals and maintain neuronal viability.
SS31 has H-D-Arg-Dmt-Lys-Phe-NH, aromatic residues and basic amino acids.
Because of the sequence motif, SS31 can target mitochondria and scavenge free
radicals [74].

4.5.4 Peptides Targeting Proteins

To prevent misfolding and aggregation of the expanded polyQ protein, certain
peptides are used that can interact with HTT protein. These therapeutic peptides
have been found to significantly slow down the progression of HD in experimental
models. They prevent the abnormal HTT protein from sticking together. P42 is a
peptide which is derived from the 480-502 amino acid (aa) region of HTT. P42
interacts with the N17 domain of HTT and disturbs the aggregation process by
inhibiting the initial step of nucleation of abnormal HTT.

4.5.5 Intracellular Antibodies

Many intracellular antibodies were identified, also known as intrabodies and they
have specific binding affinity with the N-terminal HTT. Some bind on first 17aa of
HTT, whereas some bind to proline rich region (PRR) domain. They amplify the
degradation of mutant protein. PRR tract causes degradation by ubiquitin-
proteasome system. It might also alter the conformation of mutant HTT [75].
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4.5.6 Pro-Apoptotic Proteins

Pro-apoptotic proteins get influenced during mutation. Bax/Bak and Bcl-2/adeno-
virus E1B 19-kDa interacting protein 3 (BNip3) are the proteins whose activation
triggers mitochondrial depolarization and fragmentation inducing cell death. In
case of HTT mutation, its effect on mitochondrial dysfunction and cell death
depends on BNip3 rather than Bax/Bak. Hence, BNip3 could be a potential target
towards HD therapy [76].

4.5.7 Antisense Oligonucleotides

RNA interference (RNAI) technology is used to reduce the level of HTT mRNA. To
make it more specific, single nucleotide polymorphisms (SNPs) are targeted. Many
SNPs have been identified in the HTT gene that are associated with mutant
huntingtin allele. For a long period effect, antisense oligonucleotides (ASOs) are
chemically modified and administered intraventricularly in mouse models,
YAC128 and BACHD. Zinc finger proteins (ZFPs) are shown to bind and repress
the mHTT.

In humans it is difficult for ASO and siRNAs to cross the blood brain barrier. So
to introduce RNAI, some delivery systems are used. Virus-coupled siRNAs have
shown high efficiency in transducing cells in the striatum. Coupling siRNAs with
lipids or cholesterol was also found to give good results. Adeno-associated virus
(AAV2) vector expressing HTT-silencing micro RNA (miRNA) and intra-
ventricular delivered ASOs are also being used [77].

4.6 Conclusion

Current approaches in neurodegenerative diseases are multi-targeted. Several stud-
ies are being carried out to find a cure to these diseases; some are successful at least
in animal models. Proteins and other chemical compounds are used to target gene
expression and oxidative stress. Nrf2, ND-3 and compound 23 are found to check
oxidative stress in PD. In the case of AD, CWZ are re-engineered into NWZ to
enhance its effect. AdO suppresses transcriptional activation of iNOS and subse-
quently oxidative stress and apoptosis. CP2 resumes axonal trafficking. AF102B,
AF267B and AF710B are able to reduce Tau hyperphosphorylation. VDAC1 N Ter
interferes with A interaction and mitochondrial apoptosis. Compound 5c inhibits
AP aggregation. In ALS, BRC, which is a dopamine D2 receptor agonist, is used
with the only approved drug Riluzole. Compound 14 acts as a chemical chaperone
and reduces aggregation. G-Re suppresses the expression of pro-inflammatory
proteins. In HD, Xyloketal B has the ability to hydrogen bond with mHTT and
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reduce the protein aggregation. Same is the case for P42 peptide. Pridopidine is
found to be a dopaminergic stabilizer and MitoQ and SS31 are scavenging moieties
for free radicals which are being explored for clinical efficacy.
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Chapter 5

Investigation of Heavy Metal Hazards Status
and Their Potential Health Risks in Vegetables
Irrigated with Treated Wastewater in Oodi
Gardens

Bonno Sekwati-Monang, Kabelo Gilbert Gaboutloeloe,
and Sello Alfred Likuku

Abstract This study was conducted in Oodi Village, Botswana to investigate
human health risk associated with heavy metals: Mn, Fe, Cu, Ni and Zn intake
via consumption of contaminated locally grown vegetable: Spinacia oleracea
L. (spinach) collected from wastewater irrigated farms. The results showed that
the highest concentrations of metals found in spinach at the study site were Fe and
Mn whereas Ni and Cu were the lowest. Nickel was found to be 20 fold above the
prescribed safe limit whereas all the other studied metals were below the prescribed
safe limits by the international scientific expert committee administered jointly by
the Food and Agriculture Organization of the United Nations and the World Health
Organisation. Moderate to significant enrichment of Ni and Fe, respectively, were
observed in spinach which suggested that the two metals were transferred from the
soils to the edible parts of spinach. Based on the oral reference values for Mn, Fe,
Cu, Ni and Zn, respectively, the estimated daily intake of metal values for Mn, Fe
and Ni were greater than unity, suggesting that consumption of spinach irrigated
with treated wastewater had the potential to pose health risk to consumers.
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5.1 Introduction

Botswana has over a decade experienced growing problems of water scarcity which
has significant negative influence on economic development, human livelihoods,
and environmental quality. Volumes of wastewater released from domestic use and
industries are increasingly utilized as a valuable resource for irrigation particularly
in peri-urban agriculture. Thus, it drives significant economic activity, supports
countless livelihoods particularly those of poor farmers, and substantially changes
the water quality of natural water bodies [1].

There is evidence to indicate that agricultural soil also has increased levels of
heavy metals partly due to increased anthropogenic activities [2, 3]. Wastewater
irrigation may also lead to accumulation of heavy metals in the soil [3-5]. Sewage
waste has been implicated as a potential source of heavy metals in the edible and
non-edible parts of vegetables [6] and it often carries appreciable amounts of trace
toxic metals such as copper (Cu), cadmium (Cd), zinc (Zn), lead (Pb), nickel
(Ni) and iron (Fe) which often lead to degradation of soil health and contamination
of food chain mainly through the vegetable grown on such soils [7]. Although
certain trace elements are essential in plant nutrition, plants growing in a polluted
environment can accumulate trace elements at high concentrations causing a
serious risk to human health when they are consumed [8]. The toxic elements
accumulated in organic matter in soils are taken up by growing plants and ulti-
mately exposing humans to this contamination [9], which becomes one of the most
serious environmental concerns in terms of the food safety issues and potential
health risks to man. A number of studies have been conducted worldwide and have
reported the uptake of heavy metals in crops and vegetables irrigated with waste-
water and/or grown in the vicinity of polluted areas.

It is a well-known fact that treated wastewater used for livelihood activities in
many parts of Botswana, in particular, the urban and peri-urban areas, is a reality
that planners and policy makers must face. The opportunities of treated wastewater
cultivation include increased food production and improvement in the living stan-
dards of crop cultivators both through crop consumption and income generation.
Although this might be of potential value for livelihood activities, there is inade-
quate information either by being under-reported or underestimated, on the tempo-
ral changes in the heavy metal concentration in treated wastewater irrigated crops
and the potential health risks in the long term.

In general, heavy metals are not removed even after the treatment of wastewater
at sewage treatment plants [10], and thus cause risk of heavy metal contamination
of the soil and subsequently to the food chain [11]. Literature on heavy metal intake
through the food chain by humans is widely available throughout the world
[12]. Heavy metals are non-biodegradable and persistent in nature; thus, if ingested;
they accumulate in vital organs in the human body such as the kidneys, bones and
liver and are associated with numerous serious health disorders [13]. On an
individual basis, each metal may exhibit specific signs of toxicity as listed in
USEPA [14].
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The objective of this investigation was to: (1) determine the concentrations of
manganese, iron, copper, nickel and zinc in the vegetables grown under treated
wastewater irrigation at Oodi vegetable gardens, and (2) assess the risk to human
health through the intake of locally grown vegetables using spinach as a case study.
This would provide knowledge that guides future research into protection of the
environment and people from exposure to heavy metals through oral intake. Thus,
the information would be useful from a policy point of view. This work supple-
ments earlier findings by Likuku and Obuseng [15] who reported heavy metal
concentrations and their potential health risks in vegetables cultivated at the Glen
valley farms in Gaborone, Botswana.

5.2 Materials and Methods

5.2.1 Site Description

Oodi is a small village approximately 10 km from the south-eastern part of the
capital city of Botswana, Gaborone, and located at 24.56 °S; 26.03 °E. Three
cultivated vegetable farms were identified and selected. Two of the selected
farms were irrigated with treated wastewater (WWI) and the other, located about
3 km from the river bank was irrigated with ground water (GWI) and used as a
reference or control site. Figure 5.1 shows a map indicating the relative positions of
the farms.

The two treated wastewater farms were located along the gently undulating
terrain of about 2-5% slope of the Oodi river bed. The river flows through the
village of Oodi, receiving secondary treated wastewater discharged from the Gabo-
rone sewage ponds location, which is an effluent catchment from the city and its
surroundings. Vegetables grown at the Oodi horticultural gardens include spinach
(Spinacia oleracea L.), Rape (Brassica rapa var. rapa), green peppers (Capsicum
annuum L.) and tomatoes (Solanum lycopersicum L.). The gardens are irrigated
with hosepipes connected to pumps drawing water from the river. Irrigation is
mostly done by hand sprinkling from the hosepipes. The vegetation is tree-shrub
dominated by Vachellia tortilis, widely known as Acacia tortilis and the soil type is
silty clay.

5.2.2 Sampling Strategy and Sample Preparation

Sampling expedition was conducted at Oodi Farms in September 2015. Samples of
Spinacia oleracea were uprooted with the consent of the cultivators from a cluster
of gardens located within the farms (see Fig. 5.1), and five other samples from the
groundwater irrigated farm. Soil samples were obtained from each sampling site
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Fig. 5.1 Map of Botswana showing relative positions of wastewater irrigated (WWTI) and ground
water irrigated (GWI) farms. Photograph: (a) shows aerial view of some of the WWI farms and (b)
a closer view the of the Oodi river carrying wastewater discharge

from the depth of 0—20 cm, the root penetration depth of the sampled vegetable. All
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samples were transported in a cooler box to the laboratory for further analysis.

At the laboratory, the edible part of each spinach sample and the roots were
sectioned out and thoroughly washed with water, and then rinsed three times with
distilled water to remove the soils adhered to the samples. Soils were pre-sieved
through 2 mm mesh sieve to remove stones, and roots that remained on the sieve
were discarded.

Soil and vegetable samples were air dried at 50 °C to constant weight, homo-
genised and then transported to the Nation Environment Laboratory for elemental
analysis.

5.2.3 Quality Assurance, Quality Control and Heavy Metal
Analysis

At the fields, the sampling cores were first washed with tap water and then thor-
oughly rinsed with distilled water prior to each vegetable plot, to avoid cross-
contamination. Similarly, the cutting knives used for harvesting were also thor-
oughly washed with distilled water prior to each harvesting to avoid cross-
contamination from dust adhered on the cutting knives. Samples were transported
in clean polyethylene unit-packs for laboratory analysis. The pestle and mortar used
for grinding the samples were first blown with a high air pressure hose and then
wiped with cleaning tissues in 70% ethanol to ensure effective sanitisation.

Implementation of laboratory methods and laboratory quality assurance
included the use of standard operating procedures, calibration with standards and
analysis of reagent blanks. Levels of Mn, Fe, Cu, Ni, and Zn in the solutions were
determined by flame atomic absorption spectroscopy (FAAS) at the Department of
Waste Management and Pollution Control. The AAS was optimised and a calibra-
tion curve was produced using standards prepared from pipetting of 5 pl each of the
1000 mg/L stock solutions of Cu, Mn, Zn, Ni and 10 pl Fe stock solutions (5 pg/ml
for Cu, Mn, Zn, Ni;10 pg/ml for Fe). Calibration curves were then prepared using
the stock solutions. The instrumental parameters were set depending on the type of
analysis done and samples were analysed in triplicate.

5.2.4 Analysis of Data

Mobilisation of the measured metals from the root to the edible part of spinach was
determined by means of Translocation Factor (TF), described as the ratio of
heavy metals in plant shoot to that in plant root as defined in Eq. (5.1). Transloca-
tion Factor values greater than 1 infer effective metal transfer from the roots to
shoot [16—18].
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TF = ([Metals]shoot ) (51)
[ME’[dlS] root / Dry Weight
Accumulation of the measured metals in plant shoot from the soils is determined
by means of Bioaccumulation Factor (BAF'), described as the ratio of heavy metals
in plant shoot to that in soil as defined in Eq. (5.2). Similarly, BAF > 1 would imply
that the vegetable under study had accumulated metals from the soil.

shoot

[Metals) )
[Metals] soil / Dry Weight

BAF = ( (5:2)

The degree of soil contamination by heavy metals transfer from the soil to the
edible portion of test plants was estimated by means of the Enrichment Factor (EF),
calculated by using the formula given by Buat-Menard and Chesselet [19]
[Eq. (5.3)]:

EF — (Conc.in plant at WWI/Conc.in soil at WWI (53)

Conc.in plant at GWI/Conc.in soil at GWI >Dry Weight

Enrichment factor categories proposed by Sutherland [20] were then used as
follows:

EF < 2 = deficient to minimal enrichment
2 < EF < 5 = moderate enrichment

5 < EF < 20 = significant enrichment

20 < EF < 40 = very high enrichment
EF > 40 = extremely high enrichment.

Statistical tests of significance using t-tests and analysis of variance (ANOVA)
to assess pairs of results in both soils and vegetables were performed. A two-tailed
probability value less than 0.05 was considered to be statistically significant.
Analysis was performed by IBM SPSS Statistics 24 software.

5.2.5 Potential Health Risk from Consuming Vegetable

The risk to human beings resulting from consumption of spinach grown from the
area was calculated by employing the estimated daily intake of metals (DIM) and
health risk index (HRI) described by Cui et al. [21], Zheng et al. [22] and Islam et al.
[23] as shown in Eq. (5.4):
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Cplant(mg/kg) x Intake (kg/person)

DIM =
BM (kg) factor

(5.4)

where Cpjan is the metal concentration of heavy metal in spinach,

Intake is the ingestion rate and
BM is the body mass in kilogram.

Literature reports average adult daily vegetable intake rate of 0.345 kg/person/
day and body mass of 55.9 kg [24]. For the case of Botswana, the daily intake of
vegetables was 0.116 kg/person and the body weight was 66.4 kg reported by
Jackson et al. (2012) [25]. Thus, the DIM values in this study were determined
based on vegetable consumption rate and body weight reported for the local
population.

The health risk indexes (HRI) for Mn, Fe, Cu, Ni and Zn were determined from
the ratio of the DIM to oral reference dose RfD, values obtained from Integrated
Risk Information Systems (IRIS) [26] and the Department of Environment, Food
and Rural Affairs (DEFRA) [27] as shown in Eq. (5.5). The Oral Reference Dose
(RfD,) is used by the U.S. Environmental Protection Agency and is a measure of
daily exposure that should not be associated with non-cancer adverse effects. The
oral reference dose values used in this study for Mn, Fe, Cu, Ni and Zn were 0.014,
0.7, 0.04, 0.02 and 0.3 mg/kg body weight/day respectively (USEPA) [28].

DIM
HRI = 55
RPD, (mg/kg/day) 5-5)

If the value of HRI is above 1, it implies a high risk of non-carcinogenic effects,
since the accepted standard is 1.0 at which there will be no significant health
hazard [29].

5.3 Results and Discussion

5.3.1 Metal Concentrations, Uptake and Enrichment

The mean concentrations of Cu, Fe, Mn, Ni and Zn in soils and in sites where the
spinach were irrigated with treated wastewater and ground water are presented in
Table 5.1.

The magnitude of metal concentrations in soils compared to that in the vegetable
varied greatly and there was no significant correlation (P = 0.05) in the shoot-root-
soil system between the WWI and GWI sites. This was also explained by the
varying degree in the translocation and bioaccumulation of individual metals in
the plant system from both sites. Translocation and bioaccumulation of individual
metals in plants are key parameters to the determination of the degree of human
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Table 5.1 Metal concentration (mg/kg) and uptake in treated wastewater irrigated (WWI) and
ground water irrigated (GWI) sites, metal uptake and enrichment factors

(WWI) (GWD)
Metal uptake Metal uptake
Metal |Sample | (mg/kg) TF BAF (mg/kg) TF BAF EF
Cu Shoot 23+ 6 0.9 0.9 19+2 1.0 - 0.04
Root 26 £4 20 £ 10
Soil 27+9 ND
Fe Shoot 1727 £ 1403 |04 0.4 413 £ 69 0.1 0.1 8.00
Root 4855 + 4146 6897 £ 1394
Soil 4109 + 633 7859 £ 9069
Mn Shoot 158 + 42 2.0 0.3 676 £ 400 10 8.0 -
Root 67 £ 76 71 £ 21
Soil 551 + 38 90 + 11
Ni Shoot 30+5 0.7 - 21+ 1 0.6 3.0 4.74
Root 44 £33 33+5
Soil ND 8§+1
Zn Shoot 65 + 20 0.8 0.5 94 + 8 2.0 1.0 0.50
Root 77 £ 83 51+9
Soil 124 £ 34 91 +20

exposure through the food chain [30]. Moderate (EF = 4.74) to significant
(EF = 8.00) enrichment of Ni and Fe, respectively, were however observed in
spinach which suggested that the two metals were in overall, transferred from the
soils to the edible parts of spinach as described by Eq. (5.3). Among all the metal
concentrations in both soil and plant systems, Fe and Mn were highest whereas Ni
and Cu were lowest. Nickel was found to be 20 fold above the prescribed safe limit
whereas all the other studied metals were below the prescribed safe limits by the
international scientific expert committee administered jointly by the Food and Agri-
culture Organization of the United Nations and the World Health Organisation.

Nickel is readily accumulated in different parts of plants due to its mobile nature
in plants [31]. Exposure to Ni by humans through consumption may lead to
lung fibrosis, cardiovascular and kidney diseases, among others [31].

The uptake mechanism of each element by the plant species was measured by
means of the bivariate Pearson correlation coefficient, » and all elemental pairs
except Zn and Cu (r = 0.92; p < 0.01) showed insignificant relationship with
each other. This was possibly due to their differences in mechanisms controlling
their bioavailability to the plant (Table 5.2).
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Table 5.2 Pearson product Mn Fe Cu Ni 7n

moment correlation Mn (100 [-023 (005 [-030 024

coefficient (r) among the

metals in the plant Fe 1.00 0.34 0.18 0.28
Cu 1.00 0.06 0.92*
Ni 1.00 —0.13
Zn 1.00

Correlation is significant at p < 0.01 (2-tailed)

Table 5.3 Daily intake of metals, DIM (mg/kg body weight/day) and the health risk index, HRI/
for individual trace metals in the plant

Mn Fe Cu Ni Zn
DIM 1.18 0.72 0.03 0.04 0.16
HRI 19.8 4.3 1.0 2.6 0.4

5.3.2 Metal Daily Intake and Health Risk Assessment

The daily intake of metals provides an estimate of the degree of toxicity of heavy
metals by human beings through consumption of the vegetable. Our estimated daily
intake of all metals by humans were far below the tolerable daily intake for all the
metals studied, as per the established reference values for tolerable intake published
in the Joint FAO/WHO [32]. The DIM values (in mg/kg body weight /day) for the
individual metals were: Mn (1.18), Fe (0.72), Cu (0.03), Ni (0.04) and Zn (0.16).
Based on the oral reference values of 0.014, 0.7, 0.04, 0.02 and 0.3 mg/kg body
weight/day for Mn, Fe, Cu, Ni and Zn, respectively, the DIM values suggest that
consumption of spinach irrigated with the treated wastewater is free of risks of
Cu and Zn, but not from Mn, Fe and Ni.

The HRI estimated from Eq. (5.5) for Mn, Fe, Cu, Ni and Zn were 19.8, 4.3, 1.0,
2.6 and 0.4 respectively. The results of HRI showed that Mn, Fe and Ni contami-
nation in the plant had the potential to pose health risk to the consumers. Table 5.3
shows the measured HRI values.

5.4 Conclusion

This study was conducted to assess the risk to human health by Mn, Fe, Cu, Ni and
Zn through the intake of locally grown vegetable: Spinacia oleracea L. (spinach)
from treated wastewater irrigated site in Oodi Farms, in Botswana. The results
showed that the highest concentrations of metals found in spinach at the study site
were Fe and Mn, whereas Ni and Cu were the lowest. On comparison with the
prescribed safe limits of heavy metal concentrations in plants, all except Ni, were
found to be below the prescribed safe limits. Moderate and significant enrichment
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of Ni and Fe, respectively, were observed in spinach which suggested that the two
metals were transferred from the soils to the edible parts of spinach. Based on the
oral reference values for Mn, Fe, Cu, Ni and Zn, respectively, the DIM values
suggest that consumption of spinach irrigated with the treated wastewater is free of
risks except from Mn, Fe and Ni. Therefore, based on the results from the HRI
calculations, Mn, Fe and Ni had the potential to pose health risk to the consumers.
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Chapter 6

Removal of Fluoride from Ground Water
by Adsorption Using Industrial Solid Waste
(Fly Ash)

Gargi Maitra Chakraborty, Saroj Kumar Das, and Sailendra Nath Mandal

Abstract The fluoride removal ability of industrial waste (fly ash) from ground
water was studied at different concentrations, contact times, reaction temperatures,
adsorbent dosage, coexisting anions and pH of the solution. The rate constants of
adsorption, intraparticle transport, mass transfer coefficients and thermodynamic
parameters have been calculated at 303 K, 313 K and 323 K. The empirical model
has been tested at various concentrations for the present system. The removal of
fluoride is favourable at low concentration (5 ppm), high temperature (313 K) and
under highly acidic conditions. The batch adsorption process fitted well the Lang-
muir isotherm and the adsorption kinetics followed the pseudo-second-order rate
equation. The physicochemical properties of fly ash were characterized by X-ray
diffraction, Fourier Transform infrared spectroscopy and scanning electron
microscopy.
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Abbreviations

Nomenclature

a; Elovich constant which gives an idea of the reaction rate constant (mg/g/
min)

b Langmuir constant (L/mg)

by Elovich constant and represents the rate of chemisorption at zero coverage
(g/mg)

br Temkin constant

C Intra-particle diffusion constant

C, Amount of F~ (mg) adsorbed on the adsorbent per liter of the solution at
equilibrium

C.rs Amount of F~ ion adsorbed onto sorbent surface (mol/g)

C. F~ ion concentration in solution at equilibrium (mg/L)

Co Initial F~ ion concentration (mg/L)

C, F~ ion concentration at time t (mg/L)

D, Effective diffusion coefficient of adsorbates in the sorbent phase (m?/s)

E Mean sorption energy (kJ/mol)

AG°® Gibbs free energy (kJ/mol)

AH°  Enthalpy (kJ/mol)

K, Pseudo first-order rate constant (minfl)

K, Pseudo second-order rate constant (mg/g/min)

K; Intra-particle rate constant (mg/g/min'/?)

Ksq  The constant obtained by multiplying qumax and b

K°.  Thermodynamic equilibrium constant

Ké Apparent equilibrium constant

Kt Temkin isotherm constant

M Mass of the sorbent per unit volume (g/L)

K¢ Freundlich constants, intensity of sorption (mg/g)/(mg/L)""

n An integer

Qe Amount adsorbed per gram of the sorbent at equilibrium (mg/g)

dmax Maximum sorption capacity (mg/g)

qs Amount adsorbed per gram of sorbent at any time t (mg/g)

Ju Amount adsorbed per gram of sorbent at infinite time (mg/g)

qum  Amount adsorbed per gram of adsorbent from model (mg/g)

r? Correlation coefficient

R Ideal gas constant (J/mole/K)

RL Separation factor

R, Radius of the sorbent particle (m)

Ss External surface area of the sorbent per unit volume (m Y

AS°  Entropy [kJ/(mole K)]

t Time (min)

T Temperature (K)
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to Elovich constant equals to 1/(a;-b;)

\'% Volume (mL)

w Amount of sorbent (g)

Xm Maximum sorption capacity of sorbent (mmole/g)

Greek Letters

Mass transfer coefficient (cm/s)

Constant related to sorption energy (mol*/kJ?)
Polanyi potential (kJ*/mol?)

Chi-square value

7=y (q,;qm,)z
m

X M >

6.1 Introduction

United Nations had declared 20052015 as the “decade of water for life”. Fluoride
is a persistent, non-biodegradable pollutant and an accumulative toxin. It is “more
toxic than Pb but less toxic than As”. Water (inherent ion dissolving capacity) picks
up F~ from minerals and salts in the earth crust during runoff/percolation.

Fluoride is widely distributed in the geological environment [1] and is generally
released into the ground water by slow dissolution from the fluorine-containing
rocks [2]. The various fluoride minerals include Sellaite (MgF,), Fluorspar (CaF,),
Cryolite (Na3AlF¢), Topaz (Al,F,S10,), Fluoroapatite [CasF(PO,)s], Apophyllite
[KFCay(SigO,5)18H,0]. These are associated with the rocks of either igneous or
metamorphic origin whereas fluoroapatite is associated with the rocks of sedimen-
tary origin [3] and apophyllite is found in the inner lining of cavities of the
amygduales in basaltic rocks [4, 5]. In streaming surface fresh water, fluoride
concentrations are usually lower than in ground water because of the shorter contact
time between water and the rocks. The natural concentration of fluoride depends on
the geological, chemical and physical characteristics of the aquifer, the porosity and
acidity of the soil and rocks, the temperature and the action of other chemical
elements such as sulfate, phosphate, etc. [6]. However elevated fluoride concentra-
tions in the ground water occur in various parts of the world [7-16] as shown in
Table 6.1.

In India, the problem has reached alarming proportion affecting at least
19 states, with the highest value of fluoride of 48 mg/L being found in Haryana
and the lowest in Jammu and Kashmir of 4.21 mg/L. Andhra Pradesh, Gujarat and
Rajasthan have 50 to 100% of the districts affected by fluoride, whereas Bihar,
Jharkhand, Haryana, Karnataka, Madhya Pradesh, Maharashtra, Orissa, Punjab,
Tamil Nadu and Uttar Pradesh have 30 to 50% of districts affected. Chhattisgarh,
Delhi, Jammu and Kashmir, Kerala and West Bengal have less than 30% of
districts affected [17].
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Table 6.1 Major fluoride affected regions in the world

North
Continent | Africa | South Africa | Asia Europe
Countries | Egypt, |Zambia, China, Hong Kong, India, | Austria, Belgium, Germany,
Libya, |Zimbabwe Israel, Japan, South Greece, France, Ireland,
Nigeria Korea, Malaysia, Singa- Sweden, Spain, Norway,
pore, Vietnam Hungary, Latvia,
Switzerland

Among the 25 districts of West Bengal, the prominent districts which are
severely fluoride-affected are (i) Purulia; (ii) Bankura; (iii) Birbhum; (iv) South
24  Parganas (Baruipur); (v) Malda; (vi) Uttardinajpur; and (vii)
Dakshindinajpur [17].

In West Bengal, during the pre-monsoon season, fluoride level was found lower
as compared to other places in the newly developed areas or in those locations
which are located at higher altitude. Fluoride level was found higher in thickly
populated areas or nearer the populated zone of river or in slum area [18].

The fluoride levels of food depend upon the nature of soil and quality of water
used for irrigation and thus vary from village to village and town to town [17].

Fluoride is attached to positively charged calcium in bones and teeth because of
its strong electronegativity. Depending on the concentration and the duration of
continuous uptake, the impact of fluoride in drinking water can be beneficial or
detrimental to mankind. Small amounts in ingested water are usually considered to
have a beneficial effect (concentration of fluoride range: 0.8—1.20 ppm) on the rate
of occurrence of dental caries, particularly among children below 8 years old
[19]. On the contrary, excess intake of fluoride leads to various diseases such as
osteoporosis, arthritis, brittle bones, cancer, infertility, brain damage, Alzheimer
syndrome and thyroid disorder [20, 21]. Fluorosis is a common symptom of high
fluoride ingestion manifested by mottling of teeth in mild cases and embrittlement
of bones and neurological damage in severe case [Dental caries (<0.5 ppm),
optimum dental health (0.5-1.5 ppm), dental fluorosis (1.5-4.0 ppm), dental and
skeletal fluorosis (4—10 ppm), cripping fluorosis (>10.0 ppm)] [22]. There are some
reports indicating that fluoride may also interfere with DNA synthesis [23]. The
excess concentration of fluoride can also interfere with carbohydrates, lipids, pro-
teins, vitamins and mineral metabolism [24]. Pineal gland is a major site of fluoride
accumulation within the body, with higher concentrations of fluoride than either
teeth or bone [25]. Fluoride exposure has also been linked to bladder cancer,
particularly among workers exposed to excess fluoride in the workplace
[25]. According to human health demand WHO had set a limit to fluoride concen-
tration in drinking water of 0.5-1.0 mg L! [26].

Various industries are also responsible towards fluoride pollution to a great
extent [27]. The industries (including pharmacy) which discharge wastewater
containing high fluoride concentrations into water bodies include glass and ceramic
production, semiconductor manufacturing, electroplating, coal fired power stations,
beryllium extraction plants, brick and iron works, rubber and fertilizer production



6 Removal of Fluoride from Ground Water by Adsorption Using Industrial Solid. . . 73

and aluminium smelters. Such excessive fluoride content has been drained into
water bodies. USEPA has established the effluent standard of 4 mg L' for fluoride
from wastewater treatment plants. Water resources substitution is impossible; so the
removal of fluoride from aquatic environment is necessary.

Among various methods used for defluoridation of water, the adsorption pro-
cess is widely used and offers satisfactory results in terms of economic feasibility,
simplicity of design, high efficiency and easy operation [28, 29]. Coagulation
methods have generally been found effective in defluoridation, but they are
unsuccessful in bringing fluoride to the desired concentration levels [30]. Further-
more, membrane processes do not require additives but these are relatively
expensive to install and operate and prone to fouling, scaling or membrane
degradation [31]. Also, the electrochemical techniques, in general, suffer due to
the high cost factor during installation and maintenance [30]. Nalgongda tech-
nique is widely used for defluoridation of water in developing countries but suffers
from the disadvantage that the treated water has high residual aluminium
concentration [30].

Fly ash, as a by-product of the burning of fossil fuels, is a particulate waste
material originating in great amounts from the combustion of coal in thermoelectric
power plants, steel mills, etc. Landfill of fly ash is the current management strategy
(Fig. 6.1). Because of its spherical shape and pozzolanic properties, fly ash is a
valuable and desirable additive to cement concrete and is effectively used in many
other areas. It is an alternative to activated carbon or zeolites for adsorption in water
pollution treatment. Raw fly ash usually has low adsorption capacity. Utilization of
fly ash would help to reduce the environmental burden and enhance economic
benefit.

Fly ash scenario in india: Production v/s Utilisation
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Fig. 6.1 Fly ash production and utilization in India from 1990 to 2030
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6.2 Adsorption Experiments

6.2.1 Preparation of Adsorbent

Coal fly ash was collected from Bandel Thermal Power Station, near Kolkata, West
Bengal, India. It was dried at 110 °C for 24 h to remove the adherent moisture. After
drying, the sample was cooled at room temperature and was then sieved to obtain
particle size of 100—150 pm prior to use for present studies. The anhydrous
powdered adsorbent was stored in an airtight plastic container.

6.2.2 Preparation of Synthetic F~ Solution

An artificial 1000 ppm F~ solution was prepared by dissolving 2.21 g of amorphous
anhydrous NaF (Merck Specialties Private Limited, Mumbai, India) in 1 L of
ultrapure water.

This stock solution was subsequently diluted to the required concentrations for
the adsorption experiments.

6.2.3 Reagents and Instruments

* All chemical reagents were of analytical grade (Merck Specialties Private
Limited, Mumbai, India).

¢ Ultrapure water was used in all experiments.

* Only plastic wares and vials were used for handling fluoride solutions and for
analysis.

» The pH of the solution was measured with a pH 5500 dual channel pH/ion
(Eutech Instrument, Singapore) using FET solid electrode calibrated with stan-
dard buffer solutions.

» Electrically thermostatted reciprocating shaker.

¢ Fluoride ion selective electrode (HQ 40d) (Hach, USA) was used to measure the
F~ ion concentration in solution.

* FTIR (Jasco FT/IR-670 Plus) studies were carried out for the fresh and fluoride
loaded adsorbents to determine the type of functional group responsible for the
adsorption process.

* XRD (Rigaku MiniFlex, Japan)

* SEM (HITACHI,S-530)
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6.2.4 Adsorption Experiments and Analytical Method

Batch adsorption experiments were conducted to determine the optimum condi-
tions. The effects of pH, adsorbent dosage, initial fluoride concentration and contact
time on adsorption were studied by varying the pH, dose, concentration and contact
time respectively. All the experiments were carried out in 250 mL conical flasks
with 100 mL test solution at room temperature (30 °C). These stoppered flasks
(6-9), along with desired test solution and fixed amount of adsorbent were shaken
for the desired contact time in an electrically thermostatted reciprocating shaker at
the rate of 110-125 strokes/min at desired temperature to study the various para-
meters. At regular interval of time the conical flasks from the shaker were with-
drawn and allowed to stand for 5 min for the adsorbent to settle, then the adsorbent
was separated from the F~ ion solution by filtration (Whatman filter paper No. 42),
and the filtrate was analysed using a fluoride ion selective electrode. The initial pH
of the F~ solution was adjusted by adding 0.1 M HCl or 0.1 M NaOH solutions as
required. The amount of F~ (q., mg/g) retained in the adsorbent phase was esti-
mated using Eq. (6.1):

9 =W (6.1)

The percentage removal of F~ ion from the solution is calculated using Eq. (6.2):

E= (Co _ C“> 100 (6.2)
Co

The ground water sample collected from Baruipur, West Bengal (India) was
studied for defluoridation, under the feasible optimized condition for justification of
above experiment.

Our aim of the study is the removal of fluoride from ground water as per WHO
guidelines and optimization of the other parameters.

6.3 Results and Discussion

6.3.1 Effects of Operating Parameters
6.3.1.1 pH

pH is a key factor affecting fluoride adsorption at the water adsorbent interface. The
removal of fluoride by adsorption on fly ash was found to increase from pH 10 to pH
2. The optimum pH is 2 (% of fluoride removal is 99). The effect of pH was
investigated by maintaining the other parameters (T = 303 K, W = 2.5 g L™,
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Co=10mg L', t = 600 min). Such type of changes is particularly observed in the
case of adsorption of strong hydrolyzable cations [31]. Fly ash contains metal
oxides which are hydroxylated in aqueous solution. Such an interface on acid
base dissociation develops positive and negative charges on the surface [32, 33]
generating more H* ions which led to greater adsorption. Due to anionic adsorption,
the removal of fluoride will be more at lower pH.

Causes for reduction of fluoride removal in alkaline medium:

¢ Increasing electrostatic repulsion between the fluoride ions and the negatively
charged surface sites of fly ash

e On considering charge and ionic radii, F~ is similar to OH ", leading to compe-
tition between them for the adsorption sites.

6.3.1.2 Contact Time

The adsorption capacity increased with time up to about 180 min (range
15-600 min) and then the reaction attained equilibrium. Hence the optimum time
is found to be 180 min (T = 303K, W =2.5gL"',Cy=10mgL™", pH = 2). If the
adsorption process was only controlled by an ion exchange mechanism, equilibrium
time would have been short [34].

6.3.1.3 Initial Fluoride Concentration

The adsorption of fluoride decreased with an increase in the fluoride concentration
from 5 to 20 ppm. Further, it was observed that the removal efficiency is smooth
and continuous indicating the possibility of the formation of monolayer coverage of
fluoride ion at the interface of adsorbent.

6.3.1.4 Adsorbent Dosage

It had been observed that up to a certain level, higher doses of adsorbent resulted in
higher removal of fluoride. This might be because of higher availability of surface
and pore volume at higher doses. This fact has been well established in adsorption
study. The fluoride removal efficiencies increased from 1.0 to 2.5 g L™ " dosage of
adsorbent; from 2.5 to 3.0 g L' there was no significant change in the percentage
removal of fluoride probably due to the overlapping of active sites at higher dosage,
thus reducing the net surface area.
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6.3.1.5 Coexisting Ions

The initial fluoride concentration in solution was fixed (10 mg/L) while the initial
concentrations of the coexisting anions were 5, 10 and 20 mg/L. Decreasing order
of co-existing anions was found to be as follows: comprehensive (mixture of
sulfate, nitrate and dihydric phosphate in the concentration ratio 1:2:2) > dihydric
phosphate > nitrate > bicarbonate > sulfate. This may be due to the competition
between the fluoride anions and the coexisting anions for the active sites on the
adsorbent surfaces.

6.3.2 Adsorption Kinetics Study

Different rate equations have been used to correlate the present experimental data
of the adsorption processes. With the average shaking speed of 125 rpm, it was
assumed to offer no mass transfer (both external and internal) resistance to the
overall adsorption process. The equations used are:

6.3.2.1 Pseudo 1st-Order Model [34]

K,
2.303

log(q, — ¢,) = logq, — t (6.3)

The adsorption of fluoride from a liquid phase to solid phase can be considered
as a reversible process with equilibrium being established between the solution and
the solid phase. Adsorption phenomenon can be described as a diffusion controlled
process, assuming a non-dissociation molecular adsorption of fluoride on fly ash.
Eq. (6.3) is known as the Lagergren equation. The value of K; is determined from
the slope of the linear plot of log (q. — q;) Vs. time.

6.3.2.2 Pseudo 2nd-Order Model [35]

t 1 1
—_—=—t—t (6.4)

a K q,
This model is based on the assumption of the chemisorption of the adsorbate
on an adsorbent. K, can be calculated from the slope and intercept of the linear

t
plot — vs. t (Fig. 6.2).
4q;
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Fig. 6.2 Pseudo-second-order plot for fluoride adsorption by fly ash (pH = 2.0; T = 313 K;
W=25gL™")

6.3.2.3 Elovich Model [36]

1 1
q,=—1In(a1b;) +—In(t+ 1) (6.5)
b b

6.3.2.4 Pore Diffusion, Intra-Particle Diffusion Model [37]

q, =K +C (6.6)

The adsorbate transport from the solution phase to the surface of the adsorbent
particles occurs in several steps; the overall adsorption process may be controlled
either by one or more steps.
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Table 6.2 Parameters and correlation coefficients of the different kinetic models

Pseudo Ist-order | Pseudo 2nd-order | Intra-particle Elovich Mass transfer control
model model diffusion model process

K, (min™": K, (mg/g/min): % 0.973 a;: 0.49 B (cm/s) x 107:
0.041 0.027 by: 2.35 8.002

1% 0.7884 1% 0.996 ?:096 |1%0.953

6.3.2.5 Mass Transfer Control Process [38]

1 MK 1+ Mb
m(&o L )y be | _ (2 Mg g
Co 1+MK,, 1+ MK, MK,

The mechanism of adsorption process depends on several factors including
structure of the adsorbent, physical and chemical characteristics of solute and
adsorbent. Pseudo 1st-order kinetic model was based on the assumption of physi-
sorption process. Equation (6.3) was initially used successfully to describe the
chemisorption of gas molecule onto the sorbent [39]. In this model, a variation in
the energy of chemisorption is attributed to a change in the surface coverage or to a
continuous and specific range of site reactivates. The Elovich equation is used to
describe the sorption system if it is chemisorption [40]. Intra-particle diffusion in
liquid-porous solid systems may be described by surface diffusion, pore-volume
diffusion or both the processes. Equation (6.6) represents the intra-particle diffusion
model. The diffusion of solute molecules through the liquid pores to the adsorption
sites was known as pore-volume diffusion. Surface diffusion was described by the
adsorption at the outer surface of the adsorbents [41]. The mass transfer coefficient
is determined by applying Eq. (6.7) to identify the film mass transfer control
process. The value of rate constants and statistical parameters for each model are
shown in Table 6.2. Pseudo-2nd order model is more applicable for the adsorption
process as evidenced from the statistical data.

(6.7)

6.3.3 Adsorption Mechanism

It is important to predict the rate-limiting step in the adsorption process to under-
stand the adsorption mechanism. For a solid-liquid adsorption process, the solute
transfer is characterized by either external mass transfer (boundary layer diffusion)
or intra-particle diffusion or both.
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6.3.3.1 Determination of Rate Limiting Step

The Fick’s equation (Eq. (6.8)) was used to describe the rate limiting step of F~ ions
adsorption as film diffusion, intra-particle diffusion or adsorption onto the
active functional group in inner and outer surface of the adsorbent [42, 43].

Det (6.8)

q: _E
q, Ru b4

The plot of (¢,/g.) (4, Was replaced by q.) vs. t represents the different stages of
adsorption process.

6.3.4 Adsorption Isotherm Study

The four-parameter adsorption isotherm models were used to explain the F~ ion
adsorption from aqueous solution. The applicability of the isotherm models was
compared by judging the statistical parameters value. These four-parameter models
are as follows:

(a) Langmuir isotherm model [44]

c, 1 C,
_|_

qs' B qmax h Qmax

(6.9)

The values of ¢g,, and b are calculated from the slope and the intercept of the
linear plot % vs. C, (Fig. 6.3).

(b) Freundlich isotherm model [45]
1
logg, = logK; + ;logCg (6.10)

(c) Temkin isotherm model [46]

qe:branT—l—lenCe (611)

(d) Dubinin—Radushkevich isotherm model

Sorption energy was calculated by Dubinin—Radushkevich [47] isotherm model
to predict the nature of adsorption process, i.e. physical or chemical. The linear
form of the model is described as:
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Fig. 6.3 Linearization of the Langmuir isotherm for fluoride removal (pH = 2.0; W =2.5 g L™
t = 600 min)

InCapy = InX,, — 1> (6.12)

The Polanyi potential [48] is equal to:

1
€=RTIn (1 +C—> (6.13)

e

The plot of In Cyys Vs. € gave a straight line from which the values of A and X,
for all the adsorbents were calculated. Using the value of A, the mean sorption
energy, E, was evaluated as:

1

E=—— (6.14)

The E (kJ/mole) value gives the information about sorption type: physical (E < 8
kJ/mole) or chemical (E = 8-16 kJ/mole). It was found to be chemical in nature in
the present study [49].

The Langmuir isotherm best describes chemisorption processes. The Langmuir
adsorption isotherm model was applied for the estimation of maximum adsorption
capacity corresponding to complete monolayer coverage onto the adsorption sur-
face of a finite number of the identical sites. Feasibility of the Langmuir isotherm in
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Table 6.3 Ry values and R, Type of isotherm

isotherm type Ry > 1 Unfavorable
Ry=1 Linear
0<R.<1 Favorable
RL=0 Irreversible

Table 6.4 Comparison of correlation coefficients and y> values of the different isotherm
parameters

Langmuir Freundlich Temkin Dubinin—Radushkevich
Qmax (Mg/g): 5.70 K¢ 4.33 Kr: 5.01 X x 10%: 8.21

b (L/mg): 6.11 n: 5.61 br (kJ/mole): 6.02 E (kJ/mole): 10.51

1’1 0.997 1’1 0.963 1’1 0.977 1’1 0.996

x> 0.12 x> 0.62 x*: 0.32

terms of a dimensionless constant was expressed by the separation factor or equili-
brium parameter, Ry [50].

1

R = —
L1 c,

(6.15)

For favorable adsorption the value of Ry should lie in between O and
1 (Table 6.3). The Ry, values for the adsorption process were estimated at lower
initial concentration of 5 ppm and higher initial concentration of 20 ppm of F~ ion.
All these values were found to lie between 0 and 1 and indicated favorable
adsorption.

The Freundlich isotherm is based on an empirical equation where the adsorption
took place on the heterogeneous surface of the adsorbent. The Freundlich isotherm
constants n and Ky were empirical parameters that vary with the degree of hetero-
geneity and are related to adsorption capacity. The values of n should lie between
1 and 10 for the favorable adsorption process. Temkin isotherm model was applied
to evaluate the adsorption potentials of adsorbents for adsorbates, i.e. F~ ion from
aqueous solution. All the isotherm parameters along with correlation coefficient (r%)
and Chi-square (x°) are shown in Table 6.4, and it can be concluded that the
Langmuir isotherm model was more applicable than other three isotherm models
studied.

6.3.5 Thermodynamic Study

Different thermodynamic parameters for the adsorption process were studied at
different initial F~ ion concentrations and temperature. The thermodynamic equi-
librium constant (K(C)) was obtained by calculating the apparent equilibrium constant
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Table 6.5 Thermodynamic parameters of fluoride adsorption onto fly ash

Temperature (K)

AG’ (kJ/mole)

AH (kJ/mole)

AS’ [kJ/(mole/K)]

303

—-14

11.66

0.05

313

-1.9

11.66

0.05

323

—2.1

11.66

0.05

(Kg) at different temperatures and initial F~ concentration for each system and
extrapolating to zero [51]. Table 6.5 represented all the thermodynamic param-
eters. The negative value of Gibbs free energy at all temperatures indicated
the spontaneous nature of the adsorption process. Decreasing values of AG
with increasing temperature indicated that higher adsorption occurred at higher
temperatures. Positive values of AH” showed that the process was endothermic
under the given conditions. The value of AS® was positive which indicated the
increased randomness at the solid/solution interface during the adsorption
process [52].

C
K/ :C—; (6.16)
= — n .
AG® = —RTInK" 6.17
AH® AS°
1IIKS = —ﬁ‘f‘T (618)

6.4 Properties of Fly Ash

SEM The fly ash had a uniform smooth surface (Fig. 6.4).

XRD In comparison to JCPDS standard cards, the approximate composition of
fly ash was mainly composed of mullite (AlgSi,O;3) and sillimanite (Al,SiOs)
in addition to the main amorphous glassy phase and quartz crystal (SiO,)
(Fig. 6.5).

FTIR The broad band around 3449.7 cm™" was due to the stretching vibration of
H,O. A sharp band at 1084.1 cm ™' was related to the stretching vibrations of the
Si-O groups and the band at 458.5 cm ™" is due to Si—O—Si bending vibrations. The
bands centered at 795.7 cm ™' and 553.4 cm ™' are assigned to Al-O bending vibra-
tions and Fe—O stretching vibrations (Fig. 6.6).
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Fig. 6.4 SEM images of fly ash
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Fig. 6.5 XRD pattern of fly ash

6.5 Conclusions

Batch experiments have been carried out for the removal of F~ ion from synthetic
solution and ground water using industrial waste (fly ash). The results obtained in
this study indicated the ability of fly ash for the removal of F~ ion.
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Fig. 6.6 FTIR spectrum of fly ash

e Maximum F~ ion adsorption occurred at the initial pH 2 for all the adsorbents.

e Percentage removal of F~ ion increases with the increase of contact time,
adsorbent dosage but it is the reverse for initial fluoride ion concentration.

¢ Pseudo-2nd-order model was more applicable for the adsorption process as
evidenced from the statistical parameters.

e Langmuir isotherm model was more applicable than the other isotherm models
studied.

e The diffusion coefficient and sorption energy indicated that the interactions
between F~ ion and natural sorbents were chemical in nature.

¢ The thermodynamic study indicated that the sorption process is spontaneous and
endothermic in nature.

» Active functional groups for the F~ ion adsorption process were identified by
FTIR studies.

¢ Industrial waste (fly ash) is suitable for F~ ion removal from aqueous solutions
as well as from ground water at highly acidic condition but in neutral and less
acidic conditions the removal efficiency is very low.

The present investigation thus indicates the ability of fly ash to remove
fluoride from water in a simple way. However this may be slightly difficult for
designing a treatment plant for the defluoridation of water due to highly acidic
condition.
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Chapter 7

Comparative Review of the Synthesis

of Flavanones via the Reaction of Cinnamic
Acids and Phenols and the Reaction

of 2-Hydroxyacetophenones

and Benzaldehydes

Ishmael B. Masesane, Kenamile Rabasimane, and Kibrom G. Bedane

Abstract This review compares the efficiency of a three-step procedure developed
by the authors for the synthesis of flavanones that relied on the boron trifluoride
diethyl etherate (BF3-OEt,)-mediated reaction of cinnamic acid and phenols to the
one-step or two-step procedures reported in literature involving the reaction of
2-hydroxyacetophenones and benzaldehydes. The three-step procedure was found
to give the flavanones in comparable yields to both the one-step and the two-step
literature methods.

7.1 Introduction

The isolation and characterization of flavonoids from medicinal and economically
relevant plants has been the main focus of research in the Department of Chemistry,
University of Botswana since the 1980s. These research endeavors have contributed
several novel flavonoid structures and promising biological activities of these
isolated compounds [1]. It however became evident that the limited quantities of
compounds that are isolated from plants made it difficult to develop them further
into useful chemicals.

In an effort to subvert the quantity problem mentioned above, we develop a
synthetic method for the preparation of flavanones from the reaction of cinnamic
acids and phenols. Flavanones are a class of flavonoids that has attracted our
interest because of their presence in the genus Erythrina. The genus Erythrina
has been at the centre of our phytochemical work for over a decade [2—4]. In this
review, our cinnamic acid method for the synthesis of flavanones will be compared
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Scheme 7.1 Biosynthesis of flavanones

to the conventional methods that rely on the reaction of 2-hydroxyacetophenones
and benzaldehydes.

At this juncture, it is instructive to draw attention to the fact that our cinnamic
acid route for the synthesis of flavanones was inspired by the biosynthetic pathway.
Flavanones biosynthesis involves the chalcone synthase(CHS)-catalyzed conden-
sation of three molecules of malonyl-CoA 1 and one molecule of p-coumaroyl-CoA
2 to give the polyketide intermediate 3 that cyclizes and aromatizes to afford
chalcone 4. The chalcone is then cyclized to the corresponding flavanone 5 in
a reaction catalyzed by the enzyme chalcone isomerase (CHI), as shown in
Scheme 7.1 [5].

Section 7.2 of this chapter will discuss the authors’ procedure for the synthesis of
flavanones via the reaction of cinnamic acid derivatives with phenols. Section 7.3
will review the literature methods for the synthesis of flavanones via the reaction of
2-hydroxyacetophenone derivatives with benzaldehydes and compare the effi-
ciency of these methods to the authors’ procedure.

7.2 Preparation of Flavanones via the Reaction
of Cinnamic Acids and Phenols

The preparation of flavanones that involves BF;-OEt,-mediated reaction of
cinnamoyl chlorides and phenols was recently reported by our group [6]. The
procedure involved conversion of cinnamic acids into the corresponding cinnamoyl
chlorides using thionyl chloride, reaction of the cinnamoyl chlorides with phenols
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in the presence of BF3-OEt, to give chalcones and finally cyclisation of chalcones in
the presence of a base to give the flavanones. For example, the reaction of cinnamic
acid 6 with thionyl choride (SOCl,) gave cinnamoyl chloride 7 which was not
isolated. Excess SOCI, was removed under vacuum and cinnamoyl chloride 7 was
reacted with resorcinol in the presence of BF;-OEt, under reflux to give chalcone
8 in 72% yield (Scheme 7.2). Cyclisation of chalcone 8 in the presence of NaOH
gave flavanone 9 in overall yield of 68% [6].

Further reactions involving cinnamoyl chloride 7 and phenols 10, 11 and 12 in
the presence of BF;-OEt, followed by cyclisation using NaOMe instead of KOH
gave flavanones 16, 17 and 18 in 49, 57 and 36% yields respectively (Scheme 7.3)
[6]. It is important to note that 4-nitrophenol and 3-nitrophenol failed to react with
cinnamoyl chloride 7 to give the corresponding chalcones. The nitro group is a
strongly electron-withdrawing group that deactivates the aromatic ring against

©/\/C02H SOCl, ©/\/COC|

Resorcinol,
BF3.OEt2

NaOH,
HO MeOH
HO OH

9 (68% from 6

Scheme 7.2 Synthesis of flavanone 9 from cinnamic acid 6

cocl
SN s BF3 OEt, m
Reflux

10 (R=H)
1 (R 35d|OH) 14
12 (R =4-Br) 15
NaOMe, MeOH
25°C
(0]
(0]

A
| —R
=
16 (49%) from 10
17 (57%) from 11
18 (36%) from 12

Scheme 7.3 Synthesis of flavanones 16-18
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electrophilic substitution reactions, therefore these results were not surprising.
However, bromophenol 12, a phenol with a less electron-withdrawing bromo
group, reacted with acid chloride 7 to give chalcone intermediate 15 in lower
yield of 42%. Cyclisation of chalcone 15 afforded flavanone 18 in 36% overall
yield.

The effects of both electron donating and withdrawing groups attached to the
cinnamic acid on the efficiency of the reaction were also investigated. Thus,
3-methoxycinnamic acid 19 was converted to its acid chloride using SOCl,, reacted
with resorcinol to give chalcone 24 in 75% yield and then cyclized using KOH to
give flavanone 29 in 92% yield (Scheme 7.4) [6]. Interestingly, subjection of
4-methoxycinnamic acid 20 to the same reaction conditions failed to give the
corresponding chalcone 25. Similarly, 3-nitrocinnamic acid 21 was converted to
chalcone 26 in 66% yield and chalcone 26 was subsequently cyclized in the
presence of KOH to afford flavanone 30 in 90% yield. However, attempts to convert
4-nitrocinnamic acid 22 to the corresponding chalcone 27 under the same reaction
conditions failed. 4-Chlorocinnamic acid 23, on the other hand was successively
converted to its acid chloride and reacted with resorcinol in the presence of
BF3-OEt, to give chalcone 28 in lower yield of 44%. Cyclisation of chalcone 28
afforded flavanone 31 in 93% yield.

The logical explanation for the similar effect of 4-OMe and 4-NO, groups is that
BF;-OEt;, coordinates with the oxygen atom of the methoxy group and turns it into
an electron-withdrawing group. The effect is less pronounced for 3-OMe and

1. SOCl,, Reflux

2. HO OH
N COH j@( HO OH
RL R
= BF; OEt,, Reflux X

(0]
19 (R = 3-OMe) 24 (75%)
20 (R = 4-OMe) 25 (0%)
21 (R = 3-NO,) 26 (66%)
22 (R = 4-NO,) 27 (0%)
23 (R = 4-Cl) 28 (44%)
KOH, MeOH
25°C, 4 h
/ 1
-TR
HO (@) X

Scheme 7.4 Synthesis of flavanones 29-31

O
29 (69% from 19)
30 (59% from 21)
31 (41% from 23)
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3-NO, substituted cinnamic acid substrates because of lack of conjugation between
the substituents and the acid carbonyl group.

To the best of the knowledge of the authors, this is the only method in the
literature for the synthesis of flavanones from cinnamic acids. Flavanones were
prepared in three steps in overall yields of 36—69%.

7.3 Preparation of Flavanones via the Reaction
of 2-Hydroxyacetophenones and Benzaldehydes

Unlike the preparation of flavanones from the reaction of cinnamic acids and
phenols described above, the synthesis of flavanones through the reaction of
2-hydroxyacetophenones and benzaldehydes has been reported extensively in the
literature. The synthesis of flavanones through this route can be achieved either by a
one-step process or a two-step procedure. Zhou and co-workers achieved the
one-step synthesis of flavanones 37-40 in 54-68% yields from acetophenone 32
and benzaldehydes 33-36 in the presence of catalytic amount of pyrrolidine and
BF3-OEt, (Scheme 7.5) [7]. The benzaldehydes 34, 35 and 36 with electron-
withdrawing groups afforded the corresponding flavanones in lower yields when
compared to the benzaldehyde 33. This procedure afforded flavanones with
electron-withdrawing groups on ring B in better yields that the authors’ procedure
described in Sect. 7.2.

A one-step Julia-Kocienski olefination reaction was used by Kumar and
co-workers in the synthesis of an array of flavanones. The reaction involved the
refluxing of sulphone 41 with benzaldehydes 33, 42, 43 and 44 in the presence of
the base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) to give flavanones 45, 46, 47
and 48 respectively in 40—68% yields (Scheme 7.6) [8]. Benzaldehyde 43 with an
unprotected hydroxyl group gave the flavanone with the lowest yield. It is important
to note that the authors’ procedure discussed in Sect. 7.2 tolerated free hydroxyl
groups and afforded the corresponding flavanones in better yields.

o NH
O
F CHO BF;.0Et, F
+ /©/ EtOH O
OH R Reflux 0 O
R
32 33 (R=H) 37 (68%)
34 (R = NO,) 38 (54%)
35 (R = CO,Me) 39 (60%)
36 (R = CHO) 40 (60%)

Scheme 7.5 One-step synthesis of flavanones 37—40 from 32
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g (0]
SOy O e
Reflux o O
R
41 33 (R=H) 45 (62%)
42 (R = OMe) 46 (68%)
43 (R = OH) 47 (40%)
44 (R = Br) 48 (65%)
Scheme 7.6 One-step synthesis of flavanones 45-48
o O
Piperidine, pme
0,
oH 25°C o O
Br Br R
33(R=H) 50 (75%)
42 (R = OMe) 51 (75%)

Scheme 7.7 One-step synthesis of flavanones 50 and 51

In their one-step approach to flavanones 50 and 51, Mahalle and Khaty relied on
the reaction of diketone 49 with benzaldehydes 33 and 42 respectively in the
presence of the base piperidine [9]. Thus, flavanones 50 and 51 were prepared in
75% vyields by the condensation of diketone 49 with benzaldehydes 33 and 42
respectively in ethanol for two hours in the presence of catalytic amount of
piperidine (Scheme 7.7). The products were purified by recrystallization and were
afforded in slightly better yields than those achieved in the authors’ procedure
discussed in Sect. 7.2.

Albogami and co-workers have described the use of microwave irradiation in the
one-step synthesis of flavanones. Their procedure involved reactions of
acetophenones 52—54 with benzaldehyde 33 to give the corresponding flavanones
5658 in 81-88% yield. Further reactions of 4-chlorobenzaldehyde 55 and
acetophenones 52 and 53 afforded the corresponding flavanones 59 and 60 in
92 and 88% yield respectively (Scheme 7.8) [10]. This method showed an excellent
tolerance of different functional groups on both the acetophenone and benzalde-
hyde reagents and gave yields of the flavanone that were considerably higher that
those achieved by the authors’ procedure discussed in Sect. 7.2.

It is important to note that the yields of the majority of the one step-procedures
discussed above were not significantly different from those achieved in the authors’
three-step procedure discussed in Sect. 7.2. The exceptions that gave significantly
higher yields of the flavanones are the reactions catalyzed by an organic base and
the one performed under microwave irradiation.

In addition to the one-step procedures discussed above, flavanones have been
prepared  via  two-step  procedures  involving the  reaction  of
2-hydroxyacetophenones and benzaldehydes to give chalcones followed by
cyclisation of the chalcones. The expedient synthesis of flavanone 64 for example
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o) o)

Ry CHO KOH/MeOH R
+ MW (100 W) O
OH Rs 2 minutes 0 O
R2

52 (R4= Cl) 33 (Rp = H) 56 (85%)
53 (R = OMe) 33 (R, = H) 57 (81%)
54 (R = Me) 33 (R, = H) 58 (88%)
52 (R, = Cl) 55 (R, = Cl) 59 (92%)
53 (R{ = OMe) 55 (R, = Cl) 60 (88%)

Scheme 7.8 Microwave mediated one-step synthesis of flavanones 56—60
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Scheme 7.9 Synthesis of flavanone 64 in two steps

was achieved by the condensation of 2-hydroxyacetophenone 61 and benzaldehyde
62 in the presence of KOH in ethanol to give chalcone 63 that was subsequently
cyclized in the presence of sodium acetate (NaOAc) under reflux, Scheme 7.9
[11]. The overall percentage yield of this reaction was 39% and was significantly
lower than that of the authors’ three-step procedure discussed in Sect. 7.2.

A similar two-step procedure was used by Rao and co-workers in the preparation
of the protected derivative of a prenylated flavanone isolated from Dalea boliviana.
Condensation of 2-hydroxyacetophenone 65 and benzaldehyde 66 in the presence
of KOH gave chalcone 67 that was cyclized in the presence of NaOAc under reflux
to give flavanone 68 in overall yield of 38% (Scheme 7.10) [12]. The prenyl units
did not significantly affect the yield of the reaction when compared to the reaction
summarized in Scheme 7.9.

A third approach to flavanones in two steps by Mardjan and co-workers involved
condensation of 2-hydroxyacetophenone 69 with benzaldehydes 42 and 70 to give
the corresponding chalcones 71 and 72 in 81 and 71% yield respectively.
Cyclisation of chalcones 71 and 72 in the presence of NaOAc gave the
corresponding flavanones 73 and 74 in overall yields of 54 and 42% respectively
(Scheme 7.11) [13]. The presence of the acid group in the 2-acetophenone reagent
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MOMO O N OMOM
CHO KOH, EtOH
+ _—
O OH
%
65 66
NaOAc, EtOH
Reflux
MOMO O

68 (38% from 65)

Scheme 7.10 Synthesis of flavanone 68 in two steps

o)
HO,C R4 CHO 1. KOH, EtOH HO,C R
DO = O L,
0
OH Ry 25 C OH

69 42 (R; =H, R, = OMe) 71 (81%)
70 (R; =R, = OMe) 72 (71%)
NaOAc,
H,O/EtOH(4:1)
Reflux

Ry

73 (54% from 42)
74 (42% from 70)

Scheme 7.11 Synthesis of flavanones 73 and 74 in two steps

is suspected to be responsible for the increase in the overall yield of this procedure.
The overall yields are comparable to those achieved by the authors’ procedure
discussed in Sect. 7.2.

In another approach to the chalcone intermediate, Ketabforoosh and co-workers
used NaOH instead of KOH as the base in the condensation of
2-hydroxyacetophenone and aldehydes as illustrated in Scheme 7.12. Reactions
of 2-hydroxyacetophenone 61 and benzaldehydes 70, 75 and 76 gave chalcone
intermediates 77, 78 and 79 respectively [14]. It is worth noting that the reaction
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Scheme 7.12 Synthesis of flavanones 80-82 in two steps
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Scheme 7.13 Synthesis of flavanone 85 in two steps

that involved the chloro-substituted benzaldehyde 76 gave the corresponding inter-
mediate 79 in a very poor yield of 36%. Subsequent cyclisation of the chalcone
intermediates 77-79 afforded the corresponding flavanones 80-82 in overall yields
of 57, 54 and 10% respectively.

Bhasker and co-workers have reported the piperidine-mediated condensation of
2-hydroxyacetophenone 83 and benzaldehyde 42 in the synthesis of chalcone
intermediate 84 that was subsequently cyclized in the presence of NaOAc to give
flavanone 85 in overall yield of 49% (Scheme 7.13) [15].
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An interesting two-step procedure was reported by Lee and co-workers and it
involved the lithium diisopropylamide (LDA)-mediated condensation of
2-hydroxyacetophenones 53, 61 and 86 and benzaldehydes 22, 33 and 42 in THF
to give an array of 3-hydroxyketone intermediates that were subsequently cyclized
to give flavanones [16]. The condensation of benzaldehyde 33 and
2-hydroxyacetophenones 53, 61 and 86 under these conditions afforded the
corresponding 3-hydroxyketone intermediates 89, 87 and 88 respectively.
Cyclisation of intermediates 87, 88 and 89 by treating them with
triphenylphosphine/diethyl azodicarboxylate (Ph;P/DEAD) in CH,Cl, at 0 °C
afforded the corresponding flavanones 45, 92 and 57 in overall yields of 63—69%,
as shown in Scheme 7.14. In a parallel sequence of reactions,
2-hydroxyacetophenone 61 underwent condensation reactions with benzaldehydes
22 and 42 to give the corresponding hydroxyketone intermediates that were
cyclised to afford flavanones 93 and 46 respectively.

In general, the two-step procedures involving the reaction of
2-hydroxyacetophenones or its derivatives and benzaldehydes afforded the flava-
nones in comparable yields to those achieved in the authors’ three-step procedure
for the synthesis of flavanones from cinnamic acids described in Sect. 7.2.

(0]

R, CHO
. /©/ 2eqLDA, THE THE O O
T g0~

R, OH Ry 78°C OH

61 (R, =R, = H) 33 (Ry = H)

86 (R;=OMe, Ry=H) 33 (Ry = H) 88

53 (R, =H,Ry=OMe) 33 (R, =H) 89

61 (R, = H, Ry = H) 42 (Ry = OMe) 90

61 (R, = H, R, = H) 22 (Ry = Cl) 91
Ph,P, DEAD
CH,Cl,, 0°C

0

Rs

45 (64% from 61)
92 (63% from 86)
57 (69% from 53)
46 (64% from 61)
93 (60% from 61)

Scheme 7.14 Synthesis of flavanones 45, 46, 57, 92 and 93
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7.4 Conclusion

A comparative review of the synthesis of flavanones via the reaction of cinnamic
acids and phenols and via the reaction of 2-hydroxyacetophenones and benzalde-
hydes was achieved. Both methods afforded the flavanones in yields that were not
in general significantly different. The two methods are highly complementary.
Flavanones that are not accessed through one method are easily prepared using
the other procedure.
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Chapter 8

Calcium Alginate-Mangifera indica Seed Shell
Composite as Potential Biosorbent

for Electroplating Wastewater Treatment

Malvin Moyo, Vusumzi E. Pakade, and Sekomeng J. Modise

Abstract Surface functionalized biosorbent was developed from mango seed shell
powder through ethylenediaminetetraacetic acid (EDTA) grafting and encapsu-
lation in calcium alginate gel beads. Introduction of EDTA to the sorbent surface
was established by elemental analysis and Fourier transform infra-red spectroscopic
analysis. The performance of the composite biosorbent in the removal of copper,
chromium, nickel and iron from electroplating wastewater was evaluated through
consecutive batch column adsorption and desorption experiments. At innate initial
pH of 3.4, metal removal varied within the following ranges: 5.5-12.3% for copper,
2.3-14.8% for chromium, 2.3—4.4% for nickel, and 2.3—13.8% for iron. Acidifi-
cation of the wastewater to initial pH of 1.8 yielded generally higher metal removal.
This hinted at chromic ester formation followed by a redox reaction involving oxi-
dation of —CH,OH groups on the cellulosic components of the mango material to
more potent —COOH groups simultaneously with reduction of chromium from
hexavalent to trivalent state.

8.1 Introduction

Mango seeds constitute the bulk of solid waste from mango fruit processing in
South Africa [1], hence massive potential for sustainable use of mango seed waste
exists in the country’s mango producing regions. Mango seed shells are typical
lignocellulosic biomass that have lignin, cellulose and hemicelluloses as their major
constituents [2]. These plant components possess hydroxyl, carbonyl and carboxyl
functional groups capable of acting as metal ion binding sites.
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In their natural state, however, lignocellulosic biosorbents often exhibit low
sorption capacities and tend to increase the chemical oxygen demand and total
organic content of treated water through leaching of water soluble organics
[3]. Moreover, application of fine biosorbent powders in column mode presents
problems of clogging and development of high pressure drop, sorbent swelling and
poor regeneration for reuse.

To date, no literature is available on ligand grafted mango biosorbents for
removal of metal ions from aqueous solutions. This paper reports the preparation
of EDTA grafted mango seed shell biosorbent. The functionalized biomass was
adapted for column adsorption by immobilization in calcium alginate. The bio-
sorbent composite was applied to electroplating wastewater sample treatment in a
preliminary study of its performance.

8.2 Materials and Methods

8.2.1 Mango Seed Shell Preparation and Characterization

Waste mango seeds obtained from a farm in Tzaneen were washed, dried, milled
and sieved with subsequent use of powder particles within the 90-425 pm diameter
range. Alkali treated mango seed shell powder (MSSP-AT) was then prepared by
treatment with 5 M sodium hydroxide solution at room temperature under stirring
for 3 h. The residue was filtered off and washed once with 1% (v/v) acetic acid
solution and then repeatedly with distilled water until the rinse water was approx-
imately pH 7. Thereafter, the MSSP-AT was dried in an oven set at 90 °C for 24 h
and left to cool in a desiccator before storage in a stoppered glass bottle.

Carboxyl functionalized mango seed shell powder (MSSP-CF) was prepared by
treating 10.0 g of MSSP-AT with EDTA dianhydride in 400 mL DMF under stirring
and reflux at 75 °C for 20 h. The suspension was then filtered and washed with DMF
followed by distilled water, then saturated sodium hydrogen carbonate solution,
then once more by distilled water and finally 95% ethanol. The MSSP-CF was then
dried in an oven at 90 °C for 24 h, cooled and stored in a stoppered glass bottle.
Schematic representation of the MSSP-CF preparation by carboxyl functional-
ization is shown in Fig. 8.1.

Elemental, thermal degradation and functional group analysis of the mango seed
shell powders were carried out using a CHNS-O analyser (Flash 2000, Thermo
Scientific, USA), a thermogravimetric analyser (TGA 400, PerkinElmer, USA) and
a Fourier transform infra-red (FTIR) spectrometer (Spectrum 400, PerkinElmer,
USA), respectively.
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Fig. 8.1 MSSP-CF synthetic scheme
8.2.2 Composite Sorbent Preparation

Two percent (w/v) alginate solution was prepared by dissolving sodium alginate in
distilled water warmed to between 60 and 70 °C. Thereafter, a 2% (w/v) suspension
was prepared by adding MSSP-CF to the alginate solution and stirring overnight to
ensure homogeneity. The suspension was then pumped through a micropipette tip
and dropped into a 0.1 M aqueous solution of calcium chloride. The beads formed
on contact were left in the calcium chloride solution for 20 h to allow hardening.
Afterwards the solution was filtered off and the hydrogel beads were thoroughly
washed with distilled water. The beads were frozen at —4 °C and then freeze dried
for 48 h. Thus prepared, the calcium alginate-carboxyl functionalized M. indica
seed shell composite sorbent was designated CA-MS.

8.2.3 Sorption Experiments

Two biosorption columns were prepared by packing 4.1 and 4.2 g of CA-MS in
polythene tubes of 100 mm length and 15.5 mm internal diameter stoppered on
either end using caps fitted with ceramic frits. Electroplating wastewater was
obtained from an electroplating plant in Cape Town. The wastewater was split
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into two sets of 1 L aliquots. The first set was acidified to pH 1.8 by addition of
concentrated sulfuric acid whilst the second was used in its natural state at pH 3.4.

In an individual sorption experiment, an aliquot of wastewater was pumped from a
reservoir and fed upward through a column at a constant flow rate of 30 mL min '
The effluent was channeled back to the reservoir and the sorption cycle was run for
24 h (see Fig. 8.2). A sample was collected from the reservoir at the beginning and
end of each sorption cycle and analyzed for copper, chromium, nickel and iron
content on an inductively coupled plasma optical emission spectrophotometric
(ICP-OES) analyzer (iCAP 7000, Thermo Scientific, USA). The column was then
rinsed with distilled water prior to desorption cycle commencement to complete each
experiment.

Desorption was carried out analogous to sorption with only 500 mL of 0.2 M
hydrochloric acid solution as an eluent in place of the wastewater. After desorption,
a sample of the spent eluent was collected from the reservoir and taken for
metal content determination using ICP-OES. The column was flushed with
0.01 M sodium carbonate solution and then rinsed with distilled water prior to
reuse in repeated sorption and desorption cycles. Percentage metal removal was
calculated using Eq. (8.1):

(Ci—Cr)

i

%Removal = x 100% (8.1)

where C; (mg L ! and C; (mg LY represent metal concentration in the wastewater
before and after sorption, respectively. Metal recovery (mg g ') was calculated
using Eq. (8.2):
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CetuentVetuent (8.2)

Recovery = M

where Ceent (Mg L") and Ve (L) represent metal concentration in the
spent eluent and eluent volume, respectively. M (g) is the dry mass of immobilized
sorbent packed in the column.

8.3 Results and Discussion

8.3.1 Carboxyl Functionalization

Evidence of surface modification was provided by elemental analysis data summar-
ized in Table 8.1. Nitrogen composition rose from 0.25% in MSSP-AT to 2.84% for
MSSP-CF, which translated to introduction of 0.925 mmol of EDTA per gram of
MSSP-CF. Additionally, MSSP-CF had the highest oxygen content of 49.37%, up
from 46.17% for MSSP-AT thus substantiating the introduction of the oxygen rich
EDTA chains.

The FTIR spectra of MSSP-AT and MSSP-CF are illustrated in Fig. 8.3. Pres-
ence of the ester C=O stretch vibration peak at 1733 cm™' on the MSSP-CF
spectrum signaled grafting through esterification [4]. Occurrence of the esterifi-
cation reaction was corroborated by signal attenuation at 1027 cm™ ! indicating

Table 8.1 Elemental composition of MSSP-AT and MSSP-CF

Composition (%)
Material C H N o* Cepra (mmol g™ 1)
MSSP-AT 46.79 6.79 0.25 46.17 -
MSSP-CF 42.64 5.15 2.84 49.37 0.925

“Computed by difference

Fig. 8.3 FTIR spectra of 1027
MSSP-AT and MSSP-CF

— MSSP-AT

1590
--- MSSP-CF

—~—

Absorbance (a. u.)

Saen

T T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’™)
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conversion of primary alcoholic groups to ester links while EDTA ligand grafting
was confirmed by signal strengthening at 1403 cm ™' and 1590 cm ™" attributed to
carboxylate symmetric and asymmetric C—O stretching, respectively [5, 6].

Introduction of nitrogen, suggested earlier by the results of elemental analysis,
was evidenced by appearance of the peak at 1203 cm™ ' assigned to C—N stretch
vibrations of the tertiary amine groups of the grafted ligand. Amplification of the
band at 1328 cm ™" attributable to CH, wagging supported grafting of EDTA sub-
stituents, each comprising six methylene groups.

The thermogravimetric mass loss curves of the mango seed shell powders
presented in Fig. 8.4 showed initial mass loss in the 40—150 °C range corresponding
to loss of physically bound water accounting for 6.94% and 9.87% mass loss from
MSSP-AT and MSSP-CF, respectively. Higher moisture content in MSSP-CF was
due to widespread hydrogen bonding between water molecules and more accessible
hydroxyls in the amorphous cellulose regions that resulted from modification [7] as
well as ion-dipole interactions with carboxyl groups of the grafted ligand species.
Thereafter, in the 220-340 °C range for MSSP-CF and 240400 °C for MSSP-AT,
mass loss was largely due to thermolysis of cellulose and hemicelluloses as well as,
to a lesser extent, lignin [8, 9]. Above 400 °C thermal degradation was character-
ized by sustained, less rapid thermolysis of lignin and residual tar.

Mass loss during carbohydrate thermolysis was higher for MSSP-AT (66.94%)
than MSSP-CF (47.54%). This can be explained by occurrence of competing dehy-
dration and depolymerization pathways of the mechanism of carbohydrate thermo-
lysis in disproportionate extents. Dehydration involved cross-linking of the
cellulose chains together with evolution of water to form dehydrocellulose, which
was then decomposed to char and volatile products. In the depolymerization path-
way, cellulose chains were unzipped with scission of glucosidic bonds to produce
laevoglucosan, which was further decomposed to volatile tars and gas [10]. The
results therefore suggest that depolymerization was dominant in MSSP-AT carbo-
hydrate degradation whereas for MSSP-CF the extent of dehydration was higher.

Fig. 8.4 Thermogravimetr- 100
ic mass loss curves of ] R m——
MSSP-AT and MSSP-CF 30 - ™

g 60

Z .

= 4071 — MSSP-AT |\

20 4 --- MSSP-CF
0

T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700
T(°0)
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The temperatures corresponding to maximum degradation rate are clearly depicted
in Fig. 8.5.

Maximum rate of degradation occurred at a lower temperature for MSSP-CF
(313.0 °C) than MSSP-AT (370.9 °C). Since dehydration precedes depolymeriza-
tion, this observation corroborated dominance of the former in MSSP-CF degrada-
tion as well as the latter during that of MSSP-AT. Suppression of depolymerization
in MSSP-CF thermolysis can be explained by blockage of -CH,OH groups required
for laevoglucosan formation [11] through reaction with the modifying agent
resulting in a stable network of amorphous crosslinked cellulose as depicted in
Fig. 8.1 [12].

8.3.2 Sorption of Cu, Cr, Ni and Fe from Electroplating
Wastewater

Four consecutive column experimental runs using acidified (pH 1.8) as well as raw
(pH 3.4) wastewater were carried out. Acidification was deemed desirable in order
to boost chromium uptake on the basis of several works in the literature [13, 14].

8.3.2.1 Sorption from Acidified Wastewater (pH 1.8)

Fig. 8.6 illustrates observed copper, chromium, nickel and iron removal from raw
electroplating wastewater with initial pH 1.8. Generally, removal of all four metals
increased successively throughout the four experimental runs.

Progressive increase in metal removal was attributed to widespread oxidation of
secondary hydroxyl to carboxyl groups. At initial pH of 1.8, it can be envisaged that
binding of cationic metallic species would be greatly suppressed by competing H*
ions. This apparent lack of adverse competitive effect of high initial H*
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concentration on metal cation removal can be explained by consumption of
large amounts of H* ions via a series of redox reactions as initiated by chromate
ester formation as shown in Fig. 8.7.

Most of the H" ions in acidified solution were used in the protonation of HCrO,~
and H2Cr20727 to form chromic and dichromic acid, respectively. Thereafter,
chromate esters were formed on both alginate and MSSP-CF surfaces (reaction I)
followed by reduction of Cr(VI) to Cr(V) with subsequent esterification of the
product with a vicinal hydroxyl (reaction II). Subsequently, the bound chromium
was reduced to the +4 and +3 oxidation states as depicted by reactions III and IV,
respectively. Occurring simultaneously with reactions II, III and IV was oxidation
of primary and secondary hydroxyls to carboxyl and keto groups, respectively
[15, 16]. The overall reaction involving oxidation of hydroxyls at C6 of cellulose
chains of MSSP-CF is given in Fig. 8.8.

Higher affinity of carboxyl and ketone groups in comparison to their parent
hydroxyls therefore accounted for enhanced successive irreversible binding capa-
bilities of the calcium alginate immobilized ATMS-CF.

Metal recovery from the acidified wastewater treatment column is presented in
Fig. 8.9.

The amount recovered per unit mass of CA-MS packed in the column decreased
from experimental runs 1-3. This suggested growing extent of irreversible binding
on carboxyl groups as well as diminishing extent of reversible binding on hydroxyl
groups thus corroborating occurrence of the redox reaction alluded to earlier.
Moving on to run 4 there was an increase in recovery in all instances. This indicated
possible saturation of the irreversible binding sites.

8.3.2.2 Sorption from Raw Wastewater (pH 3.4)

Figure 8.10 illustrates observed copper, chromium, nickel and iron removal from
raw electroplating wastewater. For copper, chromium and iron highest removal,
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Fig. 8.9 Copper, chromium, nickel and iron recovery from acidified wastewater treatment column

noted as 12.3, 14.8 and 13.8%, respectively, occurred in the first experimental run.
Thereafter, there was progressive decrease in removal which was ascribed to
decrease in the number of unoccupied irreversible binding sites. Lowest removal
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for all metals was observed in the fourth experimental run and was attributed to
binding on reversible binding sites, which, throughout all the desorption compo-
nents of the experiments, were amenable to regeneration by hydrochloric acid
scrubbing [17].

Nickel removal was lower in comparison to that of the three other metals largely
due to significantly higher initial concentration in the wastewater. In contrast,
however, nickel removal gradually increased from 3.8% in run 1 through 4.0% in
run 2 and to a peak value of 4.4% in run 3. This suggested progressive increase in
the proportion for irreversible binding sites, which was attributed to oxidation of
hydroxyls to ketones and carboxyls, the oxidation products having the ability to
form strong ionic interactions with metal cations. Mild oxidation was facilitated by
prevailing slightly acidic conditions at pH 3.4.

Figure 8.11 presents the amounts of metal recovered from the loaded raw waste-
water treatment column.

The amount of desorbed copper, chromium and iron varied slightly in the first
three experimental runs. These results reflected the fraction metallic species bound
reversibly on the sorbent surface, which were amenable to elution by dilute hydro-
chloric acid. Reduction in recovery observed in run 4 therefore confirmed conver-
sion of reversibly binding secondary hydroxyls to irreversibly binding carboxyl
groups by oxidation. Nickel recovery, however, progressively decreased from run
1 to run 3 thus corroborating the suggested change in nature of the binding func-
tional groups. The change was only noticeable with nickel primarily because of its
high initial concentration, which, owing to much higher driving force for sorption,
resulted in preferential binding by freshly produced carboxyl groups. No significant
change in nickel recovery was noted in run 4 signaling cessation of the oxidation
process.
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8.4 Conclusions

EDTA functional groups were grafted on the surfaces of mango seed shell powder.
After carboxyl functionalization, the nitrogen content of the mango material
increased from 0.25 % to 2.84%. Emergence of an FTIR peak corresponding to
C-N bond vibration together with attenuation of carboxylate stretch vibration peaks
confirmed grafting. The carboxyl functionalized mango seed shell powder was
encapsulated in alginate, packed in a column and used for removal of copper,
chromium, nickel and iron from electroplating wastewater. Experimental results
for sorption from raw wastewater with initial pH 3.4 revealed diminished metal
removal in successive sorption experimental runs. Conversely, sorption from
wastewater that was acidified to pH 1.8 featured consecutively higher metal
removal demonstrating conversion of surface secondary hydroxyl groups to car-
boxylate groups simultaneously with reduction of Cr(VI) to Cr(III).
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Chapter 9

Nitrogen Absorption and Immobilization
Patterns as Cataysed by the Roots of Acacia
Plants

Nancy Nyamai and Phanuel Oballa

Abstract Large tracts of soil in sub-Saharan Africa are nutrients deficient while
inorganic fertilizers are unaffordable for most subsistence farmers. Rotations and/or
intercropping of nitrogen fixing trees like Acacia species with crops may alleviate
the nitrogen deficiency through biological nitrogen (N,) fixation and redistribution
of subsoil nitrogen to the surface. The study was conducted on an N-deficient, sandy
loam (Alfisol) under bimodal rainfall conditions at Kendu Bay, Nyanza Province in
Kenya to compare the effectiveness of A. nilotica, A. senegal and A. xanthophloea.
This was carried out in order to improve degraded lands by fixing nitrogen from the
air, extracting water and nutrients from the soil and investigating the resulting
effects on maize yields. Optimal spacing for the Acacia trees for the nitrogen
fixation was also evaluated in two seasons to enhance maize yields and nutrients
extractions from the soil. Assessment of the relationship between the amount of
phosphorus in the soil and nitrogen fixation/availability by the Acacias were also
carried out simultaneously. There was poor response in the first season but there
was significant increase (P < 0.05) in maize yield due to planting A. nilotica,
A. senegal and A. xanthophloea in the second season. The planting of A. nilotica at
different spacing in the second season also contributed to the significant increase in
the maize yield. In the first season, the Acacias intercropping reduced maize yields.
The yield reduction in the first season might be attributed to competition with maize
plants when the trees had not grown long enough roots for effective nodulation, and
nitrogen fixation while in the second season the Acacia trees had grown long roots
that were effective in the nitrogen fixation. Again in the first season close planting
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spacing of the Acacia reduced yields of the maize. In the second season there was
significant (P < 0.05) maize yield increase under closely spaced Acacia trees. These
results demonstrate that the benefits of Acacia intercropping in increasing maize
yields are more effective after the Acacias have grown and the close spacing of
Acacia may be more beneficial in effective nitrogen fixation and supply in the long
run. There was increase in phosphorus concentration in maize plants in season two
whereby A. nilotica had an increase in phosphorus from 0.183% in season one to
0.363% in season two. The close spacing of the trees was important in phosphorus
build up and nitrogen fixation as shown by higher amounts of nitrogen in the soil
and maize plants in season two. Soil pH did not vary and remained almost neutral
with soil moisture content increasing due to added organic matter from the trees.
The findings of this study can be used to intensify agroforestry at the farm level to
increase food security in the Lake Victoria Basin and the work should involve all
the stakeholders (farmers, extension officers, researchers, non-governmental orga-
nizations, leaders, and community based organizations) in decision making and
implementation.

Keywords Acacia nilotica * Acacia senegal * Acacia xanthophloea * Nitrogen
fixation ¢ Soil rehabilitation » Wood « Maize

9.1 Introduction

All over Africa, Acacias have been grown traditionally as farm trees within and
adjacent to arable crops. The main reason for this agroforestry system is that some
Acacia species, such as A. nilotica, A. senegal, A. xanthophloea are rich in nitrogen
because of their association with rhizobia bacteria which helps the Acacias to fix
nitrogen and therefore provide long-term benefits to neighbouring plants [1].

In addition, the use of acacia leaves from alley cropping systems, biomass
transfer systems, and improved tree fallows in the tropics have been shown to
significantly contribute N to crops, and hence improve crop yields [2]. One of the
consideration for selecting leguminous trees (acacia) for such systems is the net rate
of N mineralization from the leaves, and hence the N benefit obtained by the crop.

However, the nitrogen nutrition of higher plants is dominated by two paradoxes.
The reserve of molecular nitrogen in the atmosphere ca. 4 x 10" tonnes (about
40,000,000 times what is involved in the biological cycle of the element) cannot be
used by higher plants except when they are associated in symbiosis with nitrogen
fixing bacteria. This is due to the high energy bond of the diatomic molecule N,
(AH = +945 kJ mol ") [3]. The only forms of mineral nitrogen that higher plants
can use are NO;~, nitrate ion and NH4*, ammonium ion (Diagrams 9.1 and 9.2).
The assimilation pathways of these two ions are represented in Fig. 9.1. In this
biochemical reaction sequence, the first two stages, in which the nitrogen atom
proceeds from its state of maximum reduction, require eight reduction equivalents,
that is, the energy equivalent of 15-16 moles of adenosine triphosphate, ATP [3, 4].



9 Nitrogen Absorption and Immobilization Patterns as Cataysed by the Roots. . . 115

Symbiotic
a) N, y_» NO5’
(Air) Rhizobium

Non-symbiotic

N » NO3
b) ( Aizr) i) Azotobacter :
ii) Clostridium
iii) Algae
1. From the return of ammonia (NH3) and nitrate (NOs ) in rainwater
rain o
a) Nz »>NOj3” > Org-N =—= NO; ——-Virgin__ Org-N
(Air) lands
b) Residues NOy Microorganisms Soil Org-matter Mineral Metallo-organic
(Plant) matter and Organo-clay

Ammonifi ation? complexes

C}':lemical reaction
—
c) Excreta ————NH, NH;=—=NH,
(Animal)

,+ Clay Exchangeable
and fixed clay complexes

Diagram 9.1 Fixation of molecular N, by micro-organisms [3-5]

In comparison, the incorporation of ammonia in a carbon molecule by the
GS-GOGAT pathway only consumes 5 ATP (Fig. 9.1) [4, 6]. This is the second
paradox of nitrogen nutrition: in spite of the cost of this reduction all higher plants
that are autotrophic for nitrogen possess the two enzymes nitrate and nitrite
reductase necessary for the reduction of nitrate into ammonia, and nitrate appears
to be the predominant form of their nitrogen supply.

9.2 The Nitrogen Cycle

The nitrogen cycle in soil is an integral part of the overall cycle of nitrogen in nature
[6]. The source of the soil N is the atmosphere, where the strongly bonded gaseous
molecule (N,) is the predominant gas (79.08% by volume of the gases). The
significance of N varies from the fact that after carbon, hydrogen, and oxygen, no
other element is so intimately associated with the reactions carried out by living
organisms [7]. The cycling of other nutrients notably phosphorus and sulphur is
closely associated with biochemical nitrogen transformations [8].

The breakdown of biological nitrogen molecules causes the liberation of ammo-
nia which is then oxidized to nitrate (Diagram 9.1). The last two stages of this
mineralization form the process of nitrification, which has a particular biological
and agronomical importance.

Bacteria of the Nitrosomonas type oxidize ammonia into nitrite, and bacteria of
the Nitrobacter type oxidize nitrite into nitrate [3, 4, 6—8]. Both are chemosynthetic
bacteria, using the energy produced by these oxidations to synthesize the ATP they
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Fig. 9.1 Energy requirement for nitrate reduction and ammonium assimilation [3, 4, 6]. NADH
nicotinamide adenine dinucleotide, ATP adenosine triphosphate, GS glutamine synthetase, ADP
adenosine diphosphate, GS-GOGAT glutamine synthetase-glutamate synthase

require for the CO, reduction. These two oxidations are highly exergonic [8] and
can be represented by the general reactions:

NH;" +3/20, — NO,~ +H,0 4+ 2H" AG, = —272 kJ mol ™!
NO,™ + %0, — NO;~ AG, = —71 kI mol ™!

These equations only express part of the reality. Molecular oxygen acts mainly
as a terminal acceptor of electrons from the oxidation of nitrogen atom [6—9] and in
the nitrite oxidation, the oxygen atom of the nitrate anion comes from water.

In soils, good aeration and good water availability are indispensable ecological
factors for nitrification. The activity of nitrifying bacteria is also favoured by pH
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close to neutrality and by fairly medium temperatures. These are the characteristics
of fertile soils.

The free enthalpies of the two above reactions are high. The systems of electron
carriers involved in these oxidations should make possible the recuperation of
2 ATP molecules per atom of oxygen consumed by Nitrosomonas, and 1 ATP for
Nitrobacter, which would correspond to P/O ratios of 2 and 1 respectively.

9.3 Effect of Land Degradation in Lake Victoria Basin

Land degradation in the lake basin is of a major concern, not only for the health of
the lake, but also for livelihood and food security of its rapidly expanding popula-
tion. Soils around Lake Victoria are widely degraded and infertile due to continuous
cropping with little or no fertilizers. This leads to poor crop production and requires
use of high amounts of inorganic fertilizers to improve crop yields. Most residents
around the Lake basin are poor and cannot afford the inorganic fertilizers. It is
necessary that cheap methods, which reduce soil degradation and improve soil
fertility be sought to improve the livelihood of residents around the basin. In some
regions, lack of protective tree cover or removal of protective tree cover may lead to
uncontrolled water runoff that erodes the soil and washes away nutrients. This can
effectively shorten the growing season, again reducing crop yields.

9.4 Justification

In recent years, the most urgent problems around Lake Victoria region are directly
or indirectly due to the invasion by water hyacinth on fishery, water transport and
health. Fishermen are forced to engage in increasingly desperate and unsustainable
use of natural resources on the land. These include exploitation of fragile areas such
as wetlands, and clearing of vital forests to open up new arable lands and to gather
firewood, thereby intensifying erosion. The destruction of the basins wetlands to
create space for cultivation and grazing of cattle has in turn led to loss of biodiver-
sity and to decreased agricultural returns and filtering effect on the water entering
the lake via watercourses. By introducing multipurpose plant species like Acacias,
these problems can be overcome.

9.5 Soil Fertility

Declining soil fertility as a result of continuous cropping without adequate input of
fertilizers has been identified as one of the major biophysical problems facing
smallholder farmers in sub-Saharan Africa. The result of which, is the perpetual
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low per-capita food availability experienced in this region [7-9]. The problem of
low crop yields is aggravated by the pressure on agricultural lands due to the ever-
increasing human population. Shifting cultivation, a familiar practice that intro-
duces a period in sequence referred as fallow, the resting state of an agricultural
field, used to be a remedial measure for degraded farmlands [10]. During fallow
periods, the naturally regenerating secondary vegetation is expected to restore soil
fertility by building up nutrient stocks through biological processes, retrievals from
subsoil, and through nutrient capture from subsurface lateral flow.

Shifting cultivation practice can effectively restore soil nutrient status provided
the natural fallow periods are long enough; this may take 3—15 years for most
nutrients, except for nitrogen which may be shorter [11]. After long periods of
fallowing, burning vegetation and woody biomass may add additional nutrient
reserves to the soil through ash, as well as help clear agricultural lands of weeds
[12]. The nutrients accumulated in the topsoil through litter fall and in the vegeta-
tion during fallow period represent a capital gain for farmers. However, natural
fallow periods have become shorter because of agricultural demands that the
vegetation no longer impact sound ecological effects on degraded farmlands
[13, 14]. Consequently, restoring soil fertility of degraded farms through natural
fallowing has become unattainable in densely populated regions like the Lake
Victoria basin, particularly Kendu bay, where land size per household is small
and land is continuously under cultivation [15].

An obvious strategy to improve crop yields would be to apply inorganic nitrogen
and phosphorus based fertilizers, since these two mineral nutrients have been
diagnosed as most limiting for tropical soils. Significant yield responses are often
observed in trials involving inorganic fertilizer applications [15, 16]. The major and
most serious constraints to inorganic fertilizer use by resource-poor farmers in
sub-Saharan Africa are associated with their high costs and low market availability
[16]. Consequently, efforts to improve crop yields in nutrient depleted soils like
Lake Victoria basin and other parts of Sub-Saharan Africa by low cost and
sustainable agroforestry practices such as alley cropping and improved fallows
have been proposed [17].

Alley cropping where crops are grown in alleys simultaneously with trees was
the best-known agroforestry technology [18]. However, the soil ameliorating effect
of trees in alleys varies according to the tree species [18], age of plantation [19], soil
type and climate [19]. Improved fallow systems involve planting of selected fast
growing trees/shrubs like Acacias during the fallow period that are expected to not
only provide readily available nutrients for the subsequent crop, but also increase
soil organic matter and hence improve soil physical conditions. The strategy of the
system is to plant leguminous trees like Acacia that (1) accumulate nutrients in their
biomass and subsequently recycle them through litter fall and green manure or
mulch applications; (2) improve soil physical and chemical properties; and (3) act
as a break crop to smother weeds [18, 19]. Such agroforestry interventions to meet
the growing need for productive and environmentally friendly agricultural systems
for resource-poor farmers have stimulated renewed interest in the mechanisms by
which fallows restore ecosystem fertility [19].
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Generally, Acacia alleys or fallows are established to overcome constraints to
crop production by enhancing soil fertility during the cropping period. Acacia trees
are successful pioneers in alley or fallow systems partly because, like many other
members of the legume plant family, they have associations with two types of
microorganism: rhizobia and mycorrhizae [20]. Rhizobia are defined as a group of
small, soil-dwelling bacteria that produce nodules on the roots of leguminous
plants. Within these nodules, rhizobia fix nitrogen from the soil environment,
thereby supplying the legume with an essential element. The relationship between
rhizobia and legumes is symbiotic, that is mutually beneficial. The bacteria obtain
food (in the form of sugars) and amino acids from the plant and are provided with a
beneficial environment in which to form their protective nodules. In return, the
plant obtains nitrogen from rhizobial activity [20]. Since nitrogen is often lacking in
depleted soils, rhizobia allow many legumes, including Acacias, to thrive in
conditions that other plants cannot tolerate [18—20]. Mycorrhizae are specialised
soil fungi that attach to the roots of many plants, including Acacias [19, 20]. These
fungi form an elaborate network of fine threads, or hyphae, through which they are
able to absorb phosphorus and other relatively immobile nutrients. These nutrients
are passed on to the plant via its roots and, in return, the mycorrhizal fungi obtain
sugars and amino acids. Phosphorus is a vital nutrient for plants as it facilitates the
absorption of water and other nutrients, encourages root growth, improves disease
resistance and thereby increases plant growth and yield [21]. Therefore, trees in
fallow or alley systems improve soil fertility through the supply of N, P and cations;
adjustment of soil pH and building up of soil organic matter; and improving soil
physical structure [21].

9.6 Contributions of N through Biological N,-Fixation

The contribution of nitrogen by leguminous trees through biological N, fixation
(BNF) is well recognized for replenishing soil N [22, 23] although it is important to
note that not all legumes fix atmospheric nitrogen. There are non-nodulating
legumes such as Acacia erioloba, and Senna siamea that have been widely tested
in some agroforestry systems and found to extract more soil N that they accumulate
in their biomass [24]. Quantification of N,-fixation, particularly for older trees, has
proven difficult due to constraints in methodologies for measuring N,-fixed
[25]. Nonetheless, high variability is sometimes observed among provenances or
isolines of tree species in percentages of total plant N derived from the atmosphere-
%Ndfa [26]. The ranking of provenances for %Ndfa is also dependent on growth
stage, and differences observed in short duration studies may not reflect long-term
N,-fixation in the field. Therefore, estimates of N,-fixation by legume tree species
are, to a large extent, site specific. For instance deficiency of available
phosphorus, P, which is a characteristic of many tropical soils, can limit
N-fixation and growth of legume [24-26]. So how well a species is adapted to a
given site/environmental conditions may determine the quantity of atmospheric
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N,-fixed. Efficient absorption and utilization of P can be a critical factor for
legumes growing in low P soils, lest their productivity and BNF potentials are
adversely affected. Thus, increases in N,-fixation by trees can be achieved through
correct selection of tree germplasm and proper fertilization, particularly with
phosphorus [26].

High phosphorus requirement for nodulation is considered to be responsible, at
least in part, for the interactions between mycorrhizae and many legume species,
including Acacias. Mycorrhizal infection of roots increases the acquisition of
phosphorus in plants grown in low phosphorus soils [25, 26] and, thus increased
root nodulation is realized.

9.7 Nutrients and Plants Growth

Nitrogen occupies a unique position among the elements essential for plant growth
because of the rather large amounts required by most agricultural crops. A defi-
ciency of N is shown by yellowing of the leaves and by slow and stunted growth.
Other factors being favourable, an adequate supply of N in the soil promotes rapid
plant growth and the development of dark-green colour in the leaves. Major roles of
N in plant nutrition include: (1) component of chlorophyll, (2) component of amino
acids, the building blocks of protein, (3) essential for carbohydrate utilization,
(4) component of enzymes, vitamins, and hormones, (5) stimulates root develop-
ment and activity, and (6) supports uptake of other nutrients [27].

Phosphorus is an essential constituent of all living organisms [27]. Plants defi-
cient in P are stunted in growth and maturity is delayed. The lower leaves are
typically yellow and tend to wither and drop off. Leaf tissue is usually abnormally
dark green, often shading to red and purple hues because of excess anthocyanin
accumulation. Phosphorus is needed for seed formation, root development, strength
of straw in cereal crops, and crop maturity [28].

Potassium is essential for the healthy growth of the plants and cannot be replaced
even by closely related elements such as sodium and lithium [29]. In plants it occurs
as part of the cation of organic acids or as a soluble inorganic salt in the tissues. The
formation and movement of carbohydrates in plants is contributed by potassium
and its deficiency quickly reduces the carbohydrate content [30]. However, potas-
sium determination was not carried out in this study since soil types around Kendu
Bay are high P-sorbing Alfisols and oxisols, originally quite fertile but now widely
depleted of N and P [30, 31].

9.7.1 Gains in Soil Nitrogen

Gains in soil N occur through fixation of molecular N, by microorganisms and from
the return of ammonia (NHj3) and nitrate (NO3 ™) in rainwater; while losses occur



122 N. Nyamai and P. Oballa

through crop removal, leaching, and volatilization [30, 31]. The conversion of
molecular N, to combined forms occurs through biological N, fixation. Organic
forms of nitrogen, in turn, are converted to NH3 and NO3™ through mineralization
[31]. The conversion to NH; is termed ammonification; the oxidation of this
compound to NO; ™ is termed nitrification [32]. The utilization of NH; and NO3;™
by plants and soil organisms constitutes assimilation and immobilization, respec-
tively [30-32]. Combined N is ultimately returned to the atmosphere as molecular
N>, such as through biological denitrification, thereby completing the cycle [32].

Transformations of N in the soil are not solely mediated by microorganisms.
Ammonia and nitrite (NO, ), produced as products of the microbial decomposition
of nitrogenous organic materials, are capable of undergoing chemical reactions
with organic substances, in some cases leading to the evolution of N gases
[31, 32]. Through the association of humic materials with mineral matter, organo-
clay complexes are formed whereby the N compounds are protected against attack
by microorganisms. The positively charged ammonium ion (NH,*) undergoes
substitution reactions with other cations of the exchange complex, and it can be
fixed by clay minerals [5].

The basic feature of biological N transformations centres on oxidation and
reduction reactions. Typical oxidation states are —3 for NH;, +3 for NO,, and
+5 for NO; . Other compounds have intermediate values (N = 0) [5].

9.8 Chemical Properties of Soil Phosphorus

In the pedosphere, P is found largely in its oxidized state as orthophosphate,
(H,PO4 ) mostly as complexes with Ca, Fe, Al, and silicate minerals. Some
secondary minerals of phosphate are wavellite [Al;(PO4),(OH);-5H,0], vivianite
[Fe5(PO,4),-8H,0], dufrenite [FePO,Fe(OH)s], strengite [Fe(PO,)-H,O], and
variscite [Al(PO4)-2H,0]. Small amounts of phosphine gas, PH3, often occur in
lakes or marshes under highly reducing conditions [5].

9.9 Description of A. nilotica, A. senegal
and A. xanthophloea

A. nilotica is a medium to large tree that can reach a height of 10 m, with an average
of 4-7 m in height [33]. The crown is somewhat flattened or rounded, with a
moderate density and the branches have a tendency to drop downwards if the
crown is roundish [34]. The bark is blackish grey or dark brown in mature trees
and deeply grooved, with longitudinal fissures while young branches are smooth
and grey to brown in colour [34, 35]. The young twigs are covered with short paired
hairs; slender, straight spines grow from a single base and sometimes curve
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backwards, are up to 80 mm long and whitish but often reddish brown in colour.
The leaves are twice compound, elliptical leaflets that can be bottle to bright green
in colour [36]. The leaf stalks are very heavy. Very small glands, almost not
noticeable with naked eye, are found at the base of most of the upper pinnae pairs
[36, 37].

A. xanthophloea is a tree up to 25 m high with straight white thorns arranged in
pairs and its bark is yellow [34-37]. Leaves are compound with 8-17 pairs of
leaflets, while the flowers are in heads, and white [38]. Mature pods are yellow—
brown, 4-12 cm long and slightly constricted between seeds, always in drooping
position, never opening but breaking into segments, each with 5-10 pale dark green
seeds [38].

A. senegal has a very variable growth form from a multi-stemmed shrub about
2 m high to a single-stemmed tree up to 12 m tall with hooked prickles arranged in
threes, the central one hooked downwards, the two laterals curved upwards
[39]. The bark is yellowish brown or grey-brown, peeling and papery and the leaves
are compound with 8—18 pairs of tiny leaflets. Flowers are in spikes, white or cream,
mature pods are grey-brown or red-brown, straight and tapering at both ends, up to
10 cm long, splitting open on the tree with 3—5 greenish brown seeds [39].

9.10 Ecology of Acacias

A. nilotica is a tropical species, growing where average annual temperatures range
from 15 to 28 °C, being frost sensitive when young and withstanding daily maxi-
mum temperatures of 50 °C and it grows from sea level to over 2000 m altitude
[38, 39]. A. nilotica prefers dry conditions, with an annual rainfall of 100-2300 mm,
however the extremes are only found under irrigation or where planted outside its
natural range, for instance in south-east Asia [39]. It occurs in both unimodal and
bimodal rainfall regions with summer or winter regimes [37-39]. Depending on the
subspecies, it will tolerate both drought and flooded conditions for several months.
The sub-species nilotica and tomentosa are restricted to riverine habitats and
seasonally flooded areas on alluvial clay soils. In the Indian subcontinent, sub
sp. indica occurs in dry forests at low altitudes, usually on alluvial soils subject to
flooding or on black cotton soils [39]. It is now widely planted on farms throughout
the plains and will also grow on saline, sodic or alkaline soils and on soils with
calcareous pans [40].

All over Africa, Acacias have been grown traditionally as farm trees within and
adjacent to arable crops and livestock. The main reason for this agroforestry system
is that some acacia species, such as Faidherbia albida, produce green leaves, which
are in full growth during the wet season, providing shade to cattle and farm workers
when the sun is hottest and does not obstruct the light needed by many field crops
during the wettest part of the year [41].

Acacias also provide more long-term benefits to neighbouring plants
[41]. Because of their association with rhizobia bacteria, acacias are rich in nitrogen
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and, when parts of the trees die and decay, they fertilize the surrounding soil [39—
41]. On the poor sandy soils of arid areas in sub-Saharan Africa, this cycle can help
improve the growth and yield of field crops [41].

9.11 Experimental Site

This study was carried out on degraded soils in Kendu Bay location of Rachuonyo
District, Nyanza Province of Western Kenya (0°06'N, 34°34'E, 1120 m above mean
sea level). The rainfall distribution of the site is bimodal with the long (March—
June) and short rains (September—December). This is due to the daily westerly wind
from Lake Victoria which converges with the south-east wind (or trade wind),
causing the air to rise, thus producing heavy showers, especially in the afternoon
[42]. In western Kenya these relatively wet agro-ecological zones dominate except
near the lake, where the air masses fall again (mean annual rainfall of 430 mm). The
soil has been described as fine kaolinitic, isohyperthermic Kandiudalfic Eutrudox.
The soil here is well-drained, sandy clay to clay with acid humic topsoil [43].

9.12 Experimental Design and Sampling Methods

Two experiments were set up in a randomized complete block design replicated
three times. In the first trial, three species were evaluated: A. nilotica, A. senegal
and A. xanthophloea. Unfertilized continuous maize (maize monoculture) was
included as control and each plot was 6 m x 6 m in area. The Acacia species
were planted at spacing of 2 m X 2 m.

In the second trial, effects of planting spacing were assessed using A. nilotica at
different spacing of 2m x 2m, 3 m X 3 m, and 4 m x 4 m with maize monoculture
as control. Maize in all plots was planted at spacing of 70 cm x 30 cm. In season
one, the maize and Acacia seedlings were planted at the same time. In the second
season, the maize was planted on the previous plots with Acacia.

Four months old Acacia seedlings were planted together with maize in the first
trial that was followed by weeding to control weed growth while soil sampling was
done two times per season at 0—15 cm depth to monitor nitrogen fixing capacity of
various trees. Maize was planted at 70 cm by 30 cm in rows between the trees and
on control plots twice a year at the beginning of the long and short rains. Total
destructive samplings of the maize leaves were done at 10 weeks after planting. The
harvested parts were chopped into small pieces of about 2 mm and put into
sampling paper bags for analyses. The plant and soil samples were analyzed for
nitrogen, phosphorus, and pH. The maize yields from the experimental sites were
recorded.
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9.13 Sources of Seeds and Seed Scarification

Acacia seeds were obtained from Kenya Forestry Research Institute, (KEFRI), Seed
Centre in Muguga. The seeds were pre-treated by boiling in water for 10-15 s and
then soaked for 24 h in cold water before sowing in a seed-bed. After germination,
the seedlings were transplanted in polytubes where they were maintained until the
plants were 25-30 cm. The type of maize that is grown in the region is PH 1 and its
seed was sourced from Western seed distribution store at Kendu Bay.

9.14 Soil and Plant Sample Preparation

Soil samples were collected at 0—15 cm depth and placed in plastic bags, whereas
plant samples were taken from blades opposite and below cob and placed in paper
bags to reduce decomposition prior to preparation for analysis. The soil samples
were dried in an oven at 40 °C until a constant dry weight was obtained. The soil
lumps were crushed to separate gravel, roots and large organic residues. Smashing
of any gravel was avoided to prevent getting unwanted results as the gravels could
contain unwanted nutrients.

The soils were sieved through a 2 mm sieve, gently rubbing the crumbs through
the mesh leaving the gravels and roots in the sieve. Coning and quartering retained a
representative sample of approximately 250 g. Soils were further ground in a mortar
in order to pass through a 60 mesh screen for total N and P analysis.

Plant samples were dried at 70 °C in an oven until a constant dry weight was
obtained. The dried plant material was then chopped and ground using a Wiley mill
and passed through a 2 mm sieve. The dried sample was further ground using a
stainless steel cyclotec mill and the sample passed through 1.0 mm sieve. Repre-
sentative samples of 25 g were retained by coning and quartering [44].

9.15 Soil pH in Water

This standard method used a soil: water ratio of 1:2.5. Analyses were conducted in
batches of 33 with 30 soil samples, two repeated samples and 1 standard soil sample
to monitor any contamination during analyses. Addition of 50 ml deionized water to
20 g soil followed before stirring the mixture for 10 min. The mixture was allowed
to stand for 30 min, stirred again for 2 min then the pH of the soil suspension
measured using a Rinna pH meter [44].
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9.16 Analysis of Total Nitrogen and Phosphorus in Plants
and Soils

Analysis of total nutrients required complete oxidation of organic matter. This was
accomplished through acid/alkaline digestion of the plant and soil samples. Wet
acid oxidation was based on Kjeldahl oxidation method [44, 45]. Hydrogen perox-
ide was added as an additional oxidizing agent, selenium was used as a catalyst
while lithium sulphate was added to raise the boiling point of the mixture. The main
advantages of this method are that single digestion was required (for either soil or
plant) to bring all nutrients into solution; no volatilization of metals, N and P takes
place. The procedure was fast, accurate and reproducible [44, 45].

9.16.1 Procedure Using a Block Digester

Digestions were carried out in batches of 20, with 17 samples, 1 standard soil
sample and two blanks. The soil weight was 0.4 g while plant material weight was
0.2 g, ground to pass through 0.3 mm mesh and 0.1 mm mesh respectively and were
weighed separately to the nearest 0.001 g, into labeled digestion tubes and the
weight recorded. Addition of 1.8 g K,SO, to each digestion tube for the soils
followed, then 4.4 ml and 7.5 ml of digestion mixture were added to plant and
soil in the digestion tubes respectively, swirled gently, and covered before allowing
standing overnight. The next morning, the digestion tubes rack was placed into the
block digester and the temperature was raised slowly from room temperature to
about 330 °C for the plants and 360 °C for the soils. The plants were digested at
330 °C for 4 h after which the solution remained colourless and the remaining solid
material was white.

The soils were digested by heating the samples at 100 °C for 1 h before removing
the tube rack from the digestion block and allowing to cool. Three successive 1-ml
aliquots of 30% H,0, were added, mixing well after each addition, and making sure
to allow the reaction to subside before the next addition. The rack was replaced in
the digestion block and the temperature raised to 250 °C and heated for one hour,
then the temperature was raised to 360 °C. Anti-bumping granules were added to
reduce frothing and boiling over the tubes. The digestion took 5 h at 360 °C.

After digestion, the samples were allowed to cool before adding 70 ml of
deionized water and mixed well, until there was no dissolution of more sediment.
The tubes were stoppered immediately after cooling. Deionized water was added to
the 75 ml mark and mixed well before allowing to settle overnight so that a clear
solution could be taken from the top of the tube for analysis.
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9.16.2 Determination of Total Nitrogen and Phosphorus
in Soil

Acid digestion of the soil material was followed by colorimetric determination
[45, 46].

9.16.3 Determination of Total Nitrogen and Phosphorus
in Plant Tissue

The resultant solution from the digestion procedure was strongly acid. Colorimetric
procedure for P estimates in such solutions was used while colorimetric analysis of
nitrogen required the determination of ammonium which resulted from the Kjeldahl
digestion of the plant tissue [45—47].

9.17 Data Analysis

The data generated were analyzed using SAS 8.2 (SAS Institute Inc. 1999) and
MSTAT-C version 2 [48]. One-way and two-way analysis of variance (ANOVA)
were performed on each data set and where there were significant differences means
were separated by Tukey’s range test at P < 0.05 in a randomized complete block
design with three replicates.

9.18 Results

9.18.1 Nutrients Concentrations in Maize Leaves
Intercropped with A. nilotica at Three Different
Spacings

The level of nitrogen found in the leaves of maize plants intercropped with
A. nilotica at different spacings in season one (March—May 2006) and in season
two (Oct—-Dec 2006) are presented respectively in Table 9.1 and Table 9.2. In
season one, A. nilotica (4 m x 4 m spacing) + maize and maize monoculture had
significantly (P < 0.05) low nitrogen content in the maize leaves compared to
A. nilotica (2 m X 2 m spacing) + maize which had twice the percent nitrogen
levels in A. nilotica (4 m x 4 m spacing) + maize and maize monoculture. The
concentration of nitrogen in A. nilotica (2 m X 2 m spacing) + maize was also
significantly (P < 0.05) higher than A. nilotica (3 m x 3 m spacing) + maize.
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Table 9.1 Concentrations of nitrogen and phosphorus nutrients in maize leaves and maize grain
yields from maize plants intercropped with A. nilotica at different spacings in season 1 and season 2

Season 1 Season 2

Maize grain Maize grain
Treatment %N | %P (Mg ha ") %N | %P (Mg ha™")
2m x2m 0.67a |0.183a |8.33c 2.10a |0.363a |20.33a
3mx3m 0.54b [0.127b | 11.33b 1.83b [0.310a | 13.33b
4mx4m 0.31c [0.113b |15.33a 1.39¢ [0.250b | 12.00b
Maize 0.31c [0.107b | 16.00a 0.95d [0.317a |6.33¢
monoculture
LSDg 05 0.04 [0.03 2.38 0.15 |0.06 3.21

Within the columns, values with the same letters are not significantly different at the 0.05 level of
probability. LSDy s = Least significant difference at the 0.05 level of probability

Table 9.2 Percent nitrogen in maize leaves as affected by A. nilotica spacing in the two seasons

Spacing
Maize Mean

Item Season 2m x2m |[3m X 3m [4m X 4m | monoculture |season
% N conc in Season 1 0.67 0.54 0.31 0.31 0.46
maize leaves Season 2 2.10 1.83 1.39 0.95 1.57

Mean 1.38 1.19 0.85 0.63

CV % 6.02

LSD < 0.11 S

0.05

Interactions S

S = Significant at P < 0.05 level of probability

In season two, nitrogen concentration in maize leaves was significantly (P <
0.05) different, A. nilotica (2 m x 2 m spacing) + maize being the highest, 2.10%
followed closely by A. nilotica (3 m x 3 m spacing) + maize while maize
monoculture was slightly lower than A. nilotica (4 m x 4 m spacing) + maize.
However, it was observed that the nitrogen content in the maize leaves was much
higher in season 2 than in season 1 (Fig. 9.2) and there was significant difference
(P < 0.05) in the two seasons.

Phosphorus uptake by the maize significantly (P < 0.05) varied with the spacing
of A. nilotica during season one (Table 9.1), A. nilotica (3 m X 3 m spacing) +
maize, A. nilotica (4 m X 4 m spacing) + maize and maize monoculture were more
or less the same but differed significantly with A. nilotica (2 m x 2 m spacing) +
maize. In season two, A. nilotica (2 m x 2 m spacing) + maize, A. nilotica (3 m X
3 m spacing) + maize and maize monoculture were about the same in P concentra-
tion in maize leaves while A. nilotica (4 m x 4 m spacing) + maize was the lowest
(Table 9.1). And there was significant (P < 0.05) difference in the two seasons
(Table 9.3 and Fig. 9.3).
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Fig. 9.2 Percent nitrogen levels in maize leaves as affected by A. nilotica spacing in the two
seasons. (I) A. nilotica 2 m x 2 m, (I) A. nilotica 3 m x 3 m, (Ill) A. nilotica 4 m x 4 m and
(IV) maize monoculture

Table 9.3 Percent phosphorus, P in maize leaves as affected by A. nilotica spacing in the two
seasons

Spacing
Maize Mean

Item Season 2mx2m [{3mx3m |[4m X 4m |monoculture |season
%P conc in Season 1 0.18 0.13 0.11 0.10 0.13
maize leaves | Season 2 0.36 0.31 0.25 0.32 0.31

Mean 0.27 0.21 0.18 0.21

spacing

CV % 9.34

LSD < 0.04 S

0.05

Interactions S

S= Significant at P < 0.05 level of probability

9.18.2 Nutrient Levels in Soils Derived from Plots
of Different A. nilotica Spacings

Nitrogen levels in the soil did not differ significantly in season one (Table 9.4).
However, significant (P < 0.05) differences in nitrogen levels occurred in season
two where A. nilotica (2 m x 2 m spacing) + maize had the highest concentration
followed by A. nilotica (3 m x 3 m spacing). Concentration of nitrogen in soils
derived from plots with A. nilotica (4 m x 4 m spacing) and maize monoculture
were about half the concentration of nitrogen in A. nilotica (2 m X 2 m spacing).
However there was no significant (P < 0.05) difference when the N content of the
soil was compared between the seasons, as shown in Table 9.5.

In season one, there was significant (P < 0.05) difference in phosphorus levels in
the soil with A. nilotica (2 m x 2 m spacing) and maize monoculture being the
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Fig. 9.3 Percent phosphorus levels in maize leaves as affected by A. nilotica spacing in the two
seasons

highest, followed by A. nilotica (3 m x 3 m spacing) and lastly by A. nilotica (4 m
x 4 m spacing) as shown in Table 9.4. In season two, there was significant
difference among the treatments even though A. nilotica (2 m X 2 m spacing)
and A. nilotica (3 m x 3 m spacing) both recorded high levels of phosphorus which
were higher than the A. nilotica (4 m x 4 m spacing) and maize monoculture. When
the %P level of the soils in the two seasons were compared statistically (Table 9.6),
there was no significant (P < 0.05) difference.

There were no significant (P < 0.05) differences in soil moisture content in the
two seasons (Table 9.7). During season one, A. nilotica (2 m X 2 m spacing) +
maize plot had the highest moisture retention followed by A. nilotica (3 m x 3 m
spacing) + maize plot, A. nilotica (4 m x 4 m spacing) + maize plot and finally by
maize monoculture plot. In season two, A. nilotica (2 m x 2 m spacing) was
highest, followed by A. nilotica (3 m X 3 m spacing), A. nilotica (4 m X 4 m
spacing) and maize monoculture.

There was no significant (P < 0.05) difference in soil pH in the two seasons
(Table 9.8). When A. nilotica of different spacing were compared in season one
(Table 9.4), there was no significant (P < 0.05) difference in soil pH. In season two,
there was significant (P < 0.05) difference in soil pH. A. nilotica (3 m x 3 m
spacing) and A. nilotica (4 m X 4 m spacing) were not different from one another
while A. nilotica (2 m x 2 m spacing) and maize monoculture were different from
each other and from A. nilotica (3 m x 3 m spacing) and 4 m x 4 m spacing.
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Table 9.5 Soil nitrogen levels as affected by A. nilotica spacing in the two seasons

N. Nyamai and P. Oballa

Spacing
Maize Mean

Item Season 2m x2m |[3m x3m |[4m x4 m |monoculture season
% N conc Season 1 0.22 0.20 0.19 0.21 0.20
in soil Season 2 0.34 0.22 0.16 0.14 0.21

Mean 0.28 0.21 0.18 0.17

spacing

CV % 9.17

LSD < 0.03 NS

0.05

Interactions 0.05

NS = Not significant at P < 0.05 level of probability

Table 9.6 Soil phosphorus levels as affected by A. nilotica spacing in the two seasons

Spacing
2m X 3m X 4m x Maize Mean
Item Season 2 m 3m 4m monoculture season
% P conc in Season 1 0.23 0.19 0.15 0.21 0.20
soil Season2 | 0.27 0.21 0.15 0.13 0.19
Mean 0.25 0.20 0.15 0.17
spacing
CV% 12.29
LSD < 0.04 NS
0.05
Interactions NS

NS = Not significant at P < 0.05 level of probability

Table 9.7 Moisture content (%) of the soil in the two seasons as affected by A. nilotica spacing
when intercropped with maize

Spacing
2m X 3m X 4m x Maize Mean
Item Season 2m 3m 4 m monoculture season
% Moisture Season 1 10.46 8.66 8.39 7.71 8.81
content Season 2 11.23 9.32 8.66 7.74 9.54
Mean 10.84 9.59 8.53 7.73
spacing
CV % 10.80
LSD < 1.82 NS
0.05
Interactions NS

NS = Not significant at P < 0.05 level of probability
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Table 9.8 Soil pH in the two seasons as affected by A. nilotica spacing when intercropped with
maize

Spacing
Maize Mean

Item Season 2mx2m [3mx3m [4m X 4m | monoculture season
Soil Season 1 7.04 7.08 7.09 7.04 7.06
pH Season 2 6.98 7.00 7.02 6.98 6.99

Mean 7.01 7.06 7.03 7.01

spacing

CV % 0.42

LSD <0.05 0.05 NS

Interactions NS

NS = Not significant at P < 0.05 level of probability

9.18.3 Influence of A. nilotica Spacing on Maize Grain Yield

Maize grain yields differed significantly (P < 0.05) in season one (Table 9.1).
Maize monoculture and A. nilotica (4 m x 4 m spacing) were the highest followed
by A. nilotica (3 m x 3 m spacing) and A. nilotica (2 m x 2 m spacing). Maize grain
yield for season two also differed significantly (P < 0.05) among spacing.
A. nilotica (2 m x 2 m spacing) grain yield was about three times higher than the
grain yield obtained in maize monoculture treatment while A. nilotica (3 m X 3 m
spacing) and A. nilotica (4 m x 4 m spacing) grain yield were almost doubled.
When the two seasons were compared statistically, there was no significant (P <
0.05) difference, as shown in Table 9.9 and Fig. 9.4.

9.18.4 Concentration of Nutrients in Leaves of Maize Plants
Intercropped with Various Acacia Species

There was significant (P < 0.05) variation in the maize leaf nitrogen content with
seasons when the Acacia species were interplanted with maize. Table 9.10 and
Fig. 9.5 show the concentration of nitrogen in leaves of maize plants when
intercropped with three Acacia species. In the first season, there was significant
(P < 0.05) difference (Table 9.11). Maize monoculture had about half the concen-
tration as A. nilotica (2 m x 2 m spacing) + maize while A. senegal (2 m X 2 m
spacing) + maize and A. xanthophloea (2 m X 2 m spacing) + maize were also
higher than maize monoculture but did not differ significantly from one another.
In season 2 the maize N content in the Acacia plots did not significantly (P <
0.05) vary from one another (Table 9.11). Maize monoculture had the lowest N
concentration in the maize leaves but there were no differences in A. nilotica (2 m x
2 m spacing) + maize, A. senegal (2 m x 2 m spacing) + maize and A. xanthophloea
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Table 9.9 Maize grain yields as affected by A. nilotica spacing in the two seasons when
intercropped with maize

Spacing
Maize Mean
Item Season 2mx2m [3mx3m [4m x4m | monoculture |season
Yield (Grain) | Season 1 8.33 11.33 15.33 16.00 12.75
in Mg/ha Season 2 20.33 13.33 12.00 6.17 12.96
Mean 14.33 12.33 13.67 11.08
spacing
CV % 13.21
LSD <0.05 3.12 NS
Interactions NS
24 DOSeason 1 M Season 2
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Fig. 9.4 Maize grain yield as affected by A. nilotica spacing in the two seasons

Table 9.10 Nitrogen uptake in maize leaves as influenced by different Acacia species in the two
seasons

Species
Maize Mean

Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture | season
% N in Season 1 0.67 0.52 0.47 0.31 0.49
maize Season 2 2.10 1.81 1.74 0.95 1.65
leaves  Mean 139 1.17 1.10 0.63

CV % 16.37

LSD <0.05 0.32 S

Interactions S

(2 m x 2 m spacing) + maize although A. nilotica (2 m x 2 m spacing) + maize was
the highest.

Phosphorus uptake in maize as influenced by different Acacia species in the two
seasons varied (P < 0.05) significantly (Table 9.12). When the Acacia species were
compared per season, phosphorus concentration in maize leaves did not vary (P <
0.05) significantly in the three Acacia species but was significantly different from
maize monoculture for season one (Table 9.11).
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Table 9.11 Nutrients concentrations in maize leaves and maize grain yields for Acacia species of
2 m X 2 m spacing when intercropped with maize in the two seasons

Season 1 Season 2

Maize grain Maize grain
Treatment %N %P (Mg ha™" %N %P (Mg ha™h
A. nilotica 0.67a 0.183a 8.33b 2.10a 0.363a 20.33a
A. senegal 0.52b 0.180a 7.33b 1.81a 0.330a 18.33a
A. xanthophloea 0.47b 0.170a 8.33b 1.74a 0.333a 13.67ab
Maize monoculture 0.31c 0.107b 16.00a 0.95b 0.317a 6.33b
LSDg 05 0.08 0.022 2.64 0.52 0.060 7.41

Within the columns, values with the same letters are not significantly different at the 0.05 level of

probability

Table 9.12 Phosphorus uptake in maize as influenced by different Acacia species in the two

seasons
Species
Maize Mean

Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture | season
% P in Season 1 0.18 0.18 0.17 0.11 0.16
maize Season 2 0.36 0.33 0.33 0.32 0.34
leaves  Mean 027 025 0.25 0.21

CV % 9.26

LSD <0.05 0.04 S

Interactions S

S = Significant at P < 0.05 level of probability
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9.18.5 Soil Characteristics in Acacia Species Experiments

Comparison of A. nilotica, A. senegal, and A. xanthophloea in nitrogen availability
and fixation in the soil (Table 9.13 and Fig. 9.6) shows that there was significant
(P < 0.05) difference in the two seasons. And when each season was compared
separately, there was still significant (P < 0.05) difference (Table 9.14). In season
one, there was significant difference between species, and A. xanthophloea (2 m X
2 m spacing) had lower soil N than maize monoculture. Differences occurred also in
season two. A. nilotica (2 m X 2 m spacing) was high in nitrogen concentration as
compared to the rest of the Acacia species and maize monoculture. A. senegal and
A. xanthophloea did not differ from each other but had higher soil N compared to
maize monoculture.

There was no significant (P < 0.05) difference in soil phosphorus when season
one and season two were compared, as illustrated in Table 9.15 and Fig. 9.7. In
season two, there was significant (P < 0.05) difference (Table 9.14). A. nilotica
(2 m x 2 m spacing), A. senegal (2 m x 2 m spacing) and A. xanthophloea (2 m X
2 m spacing) were higher in phosphorus levels than maize monoculture which was
half the concentration of A. nilotica (2 m x 2 m spacing). On the other hand, there
was no significant (P < 0.05) difference in soil phosphorus in season one.

In both seasons, when treatments were analysed according to Acacia species,
A. nilotica (2 m x 2 m spacing), A. senegal (2 m X 2 m spacing) and
A. xanthophloea (2 m x 2 m spacing) showed high moisture retention but there
was no significant (P < 0.05) difference among the three treatments but when the
above Acacias were compared to maize monoculture treatment, there was signifi-
cant (P < 0.05) difference, as shown in Table 9.14. However, there were no
significant (P < 0.05) differences when comparing season one and season two as
given in Table 9.16.

Acacia species treatments showed no significant difference in soil pH in both
seasons (Tables 9.14 and 9.17). A. nilotica, spacing 2 m x 2 m, A. senegal, spacing
2m X 2m, A. xanthophloea, spacing 2 m x 2 m, and maize monoculture treatments
had an average soil pH of about 7.04 and 6.98 respectively in seasons 1 and 2.

Table 9.13 Soil nitrogen as affected by A. nilotica, A. senegal and A. xanthophloea in the two
seasons

Species
Maize Mean

Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture | season
% N in | Season 1 0.22 0.23 0.19 0.21 0.21
soil Season2 | 0.34 0.23 0.27 0.14 0.25

Mean 0.28 0.23 0.23 0.17

CV % 8.39

LSD <0.05 0.03 S

Interactions S
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Fig. 9.6 Soil nitrogen levels as affected by A. nilotica, A. senegal and A. xanthophloea in the two
seasons

9.18.6 Influence of Intercropping with Various Acacia
Species on Maize Yield

In season one (Table 9.11), maize monoculture produced the highest maize grain
yield while the remaining treatments, A. xanthophloea (2 m X 2 m spacing),
A. nilotica (2 m X 2 m spacing), and A. senegal (2 m X 2 m spacing) were not
statistically different. In season two maize yield intercropped with A. nilotica (2 m
x 2 m spacing) was the highest followed closely by A. senegal (2 m x 2 m spacing).
Yield obtained from maize monoculture was about half that obtained in
A. xanthophloea (2 m X 2 m spacing) and about a third of that in either
A. nilotica or A. senegal. When the two seasons were compared, there was signif-
icant (P < 0.05) difference (Table 9.18 and Fig. 9.8).

9.19 Discussion

9.19.1 Nutrients Concentrations in Maize Leaves
in A. nilotica of Three Different Spacings

The results show that time of A. nilotica planting, relative to maize planting, and
tree spacing are important factors that affect nutrients uptake. The time of planting
and tree spacing affected N uptake of maize. Planting of A. nilotica at the beginning
of season one showed higher N uptake by maize when the trees were spaced at 2 m
x 2 m as compared to 3 m X 3 m and 4 m x 4 m (Table 9.1). This occurred as a
result of the age and proximity of the A. nilotica trees to the maize plants. In season
one, the A. nilotica trees had not developed extensive root system and could not
provide much nitrogen as compared to season two. However, in season two, the root
system of the trees had been developed extensively to distribute the captured
nitrogen to reach the maize that were intercropped by A. nilotica at 2 m x 2 m
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Table 9.15 Soil phosphorus as affected by A. nilotica, A. senegal and A. xanthophloea in the two

seasons
Species
Maize Mean
Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture | season
% P in | Season 1 0.23 0.22 0.23 0.22 0.22
soil Season2 | 0.27 0.24 0.27 0.13 0.23
Mean 0.25 0.23 0.25 0.17
CV % 8.76
LSD < 0.04 NS
0.05
Interactions 0.05
OA. nilotica BA. senegal DA. xanthophloea BMaize monoculture
o 0.3+
2
g
£ -
] 0.2 1
o
&
=™
=01 ; .

Season 2

Season

Fig. 9.7 Soil phosphorus levels as affected by A. nilotica, A. senegal and A. xanthophloea in the
two seasons

Table 9.16 Moisture content (%) of the soil in the two seasons as affected by A. nilotica,
A. senegal and A. xanthophloea when intercropped with maize

Species
Maize Mean

Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture | season
% Mois- | Season 1 10.46 10.16 10.33 7.71 9.66
ture Season 2 11.23 10.62 10.96 7.74 10.14
content | Nean 10.84 10.39 10.64 7.73

CV % 9.59

LSD <0.05 1.74 NS

Interactions NS

but the nitrogen distribution was lower in 3 m X 3 m and 4 m x 4 m. This trend
indicates that there was not much dilution effect on the nitrogen availed to the
maize by the roots of the A. nilotica trees at 2 m x 2 m as compared to 3 m x 3 m
and 4 m x 4 m. The results in this study clearly indicate that the root systems of
trees in arid lands can scavenge water and nutrients by being extensive, extending
up to 50 m from the trees in some species [48, 49] or by rooting deeply.
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Table 9.17 Soil pH in the two seasons as affected by A. nilotica, A. senegal and A. xanthophloea
when intercropped with maize

Species
Maize Mean
Item | Season A. nilotica | A. senegal | A. xanthophloea | monoculture season
Soil Season 1 7.04 7.05 7.03 7.04 7.04
pH Season 2 6.98 6.98 6.97 6.98 6.98
Mean 7.01 7.03 7.00 7.01
CV % 0.62
LSD <0.05 0.76 NS
Interactions NS
Table 9.18 Influence of intercropping with various Acacia species on maize yield
Species
Maize Mean
Item Season A. nilotica | A. senegal | A. xanthophloea | monoculture |season
Yield Season 1 8.33 7.33 8.33 16.00 10.00
(Grain) Season 2 20.33 18.33 13.67 6.16 14.62
Mg/ha Mean 14.33 12.83 11.00 11.08
CV % 21.33
LSD <0.05 55.5 S
Interactions S
25 A
DOSeason 1 B Season 2
§ 20
)
2 15-
£
s
&b 10 -
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S 5
0

A. nilotica

A. senegal

T
A. xanthophloea ~ Maize monoculture

Treatment

Fig. 9.8 Maize grain yield as affected by A. nilotica, A. senegal, and A. xanthophloea in the two

seasons

The increase in P concentration in the maize leaves in season 2 (Tables 9.1 and
9.3) for the A. nilotica of different spacing shows that 2 m x 2 m increased P and
that spacing of the trees is an important factor in P build up and its subsequent
uptake by the intercropped plants. These results confirm that mycorrhizal associa-
tions formed by the A. nilotica facilitated the capture of phosphate ions by effec-
tively enhancing the volume of soil exploited by the roots and the efficiency with
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which P is extracted. Lajtha and Harrison [50] and Tinker [51] similarly reported
that mycorrhizae are key facilitators for P capture by plants in P-depleted soils and
that Acacia trees are successful pioneers partly because, like many other members
of the legume plant family, they have associations with two types of microorgan-
ism: rhizobia and mycorrhizae.

The other contributions to the above results could have been through P cycling
processes whereby plants convert inorganic P absorbed from the soil solution into
organic forms in their tissues. The addition of plant material grown in situ to the soil
as litter-fall, root decay, green manure incorporation, crop-residue returns and its
subsequent decomposition results in the formation of organic forms of soil P.

9.19.2 Soil Nitrogen and Soil Phosphorus in A. nilotica
of Different Spacings

The amounts of N reported in this study are within the range reported by Okalebo
et al. [44, 51]. The difference in N amount in A. nilotica spacing can be partly
explained by the low and erratic rainfall received during the cropping period, March
2006 to December 2006. Therefore, the growth and survival of the A. nilotica trees
could have been hindered. As a result of such constraint, arable cropping becomes
risky resulting in unstable crop yields since water is an important limiting factor in
these arid and semi-arid ecosystems. The N response under 2m by 2m spacing
during March-May 2006 rainy season (Tables 9.4 and 9.5) was that the seedlings
competed with the maize for growth resources, such as water and nutrients, thereby
reducing the residual effect, N fixation/availability of A. nilotica trees on maize.

In Oct—Dec 2006 rainy season, the A. nilotica trees had grown and the biomass
produced was incorporated into the soil before planting of the second maize crop.
As aresult, the incorporated biomass and long roots of the A. nilotica trees resulting
in effective N fixation was a source of N to maize as shown by increase in N
concentrations (Tables 9.4 and 9.5). Maize monoculture and 4 m x 4 m recorded a
decrease in N concentration in season two as there was no replacement of N taken
up by the maize crop and amount of N fixed or made available to the maize was
minimal as the A. nilotica trees were far apart thereby reducing the amount of N
available to maize. The above results agree with other studies where the levels of N
in the plant-available NH,* and NO;~ forms fluctuate during the cropping season
and are dependent on factors such as soil moisture (rainfall pattern), cropping
history, litter inputs and microbial activity [51].

According to this study, it is less clear what factors favoured higher N levels in
A. nilotica, 2 m x 2 m as compared to A. nilotica, 3 m x 3 m spacing (Table 9.4).
Becky [1, 51] reported that N levels decrease with distance from, or depth beneath
each Acacia tree. Soil pH did not vary much in the two seasons and therefore had
little or no effect on N and P availability.
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The difference in P level in the soil in A. nilotica of different spacing did not vary
greatly (Tables 9.4 and 9.6). However, this could have been as a result of the pH of
the soil and the effect of organic matter. These findings are consistent with other
studies where the greatest degree of P fixation occurs at very low and very high soil
pH. As pH increases from below 5.0 to about 6.0 the Fe and Al-P become more
soluble. Also as pH drops from greater than 8.0 to below 6.0, Ca—P compounds
increase in solubility. Therefore, as a general rule in most mineral soils, P fixation is
at its lowest (and plant availability is highest) when soil pH is maintained in the
6.0-7.0 range [52]. Organic matter (OM) generally has little capacity to strongly fix
P ions. Soils high in OM especially active fractions of organic matter generally
exhibit relatively low levels of P fixation. Several mechanisms are responsible for
the reduced P fixation associated with high soil OM. First large humic molecules
can adhere to the surfaces of clay and metal hydrous oxides particles, masking the P
fixation sites and preventing them from interacting with P ions in solution. Second,
organic acids produced by plant roots and microbial decay can serve as organic
anions, which are attracted to positive charges and hydroxyls on the surface of clays
and hydrous oxides. The organic anions may compete with P ions for fixation.
Third, certain organic acids and similar compounds can entrap the reactive Al and
Fe in stable organic complexes called chelates. Once chelated these metals are
unavailable for reaction with P ions in solution.

When organic residues are added to soils, organic acids may be added directly to
the soils with the residue or be produced as by-products during decomposition of
the residues by microbial activity. The main acids are usually oxalic, malic, maleic,
malonic, succinic, formic and acetic acids [51, 52]. These acids tend to be signif-
icantly lower in cultivated soils than uncultivated soils [53]. Organic acids in soil
tend to form complexes with such metals as Al or Fe, which readily react with
orthophosphate thus reducing P sorption and hence increasing orthophosphate
availability to plants [54].

9.19.3 Maize Grain Yield

The plots used in this trial were continuously cultivated for several years with
minimal inorganic fertilizer input. Therefore, the low yields observed were due to
low soil fertility. The increase in yields recorded in season two in the A. nilotica,
2 m X 2 m spacing system as compared to A. nilotica, 3 m x 3 m, A. nilotica, 4 m X
4 m and maize monoculture (Table 9.1 and Fig. 9.4) was as a result of maximum N
availability and fixation and lack of dilution effect in the available N or fixed N
from the trees thereby enhancing nutrients uptake by the maize plants. A. nilotica
trees resulted in the export of nitrogen through the thinned branches, harvested
wood (Table 9.1). Although a sizeable proportion of nitrogen in A. nilotica could be
due to a net input of nitrogen to the soil-plant system through biological N, fixation,
the capture of nitrate from below the rooting depth of crops could have been higher
in A. nilotica of close spacing as compared to other Acacia spacings and maize
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monoculture. Becky [1, 54] similarly reported this interaction. Thus, A. nilotica
trees and their respective spacing collectively served towards effective nitrogen
availability for maize.

9.19.4 Concentration of Nutrients in Leaves of Maize Plants
Intercropped with Various Acacia Species

According to the results of this study, the time of Acacia planting, relative to maize
planting, and tree species are important factors that affect nutrients uptake.

A. nilotica exhibited a higher N uptake in the maize as compared to A. senegal
and A. xanthophloea (Fig. 9.5). There was more direct benefit to the non-legume
(maize) as the result of the nitrogen excretion by the legume (A. nilotica) as
compared to A. senegal and A. xanthophloea. These results indicate that the
potential for intensification of tree planting with species such as A. nilotica to
enhance the soil N status will depend on the relative importance of N, fixation or
N acquisition from a wide area in the enhancement of soil fertility and subsequent
nutrient uptake by the intercropped non-legume plant [49, 52, 54]. In this study, the
results show that A. nilotica can potentially absorb leached nutrients accumulated in
subsoil below the rooting depth of the annual crop and that nutrients taken up by the
trees from below the rooting zone of annual crops like maize become an input when
transferred to surface soil in the form of leaves, litters, roots and prunings of the tree
leaves and branches. The quality and quantity of the biomass produced by the trees
which tend to be relatively higher for A. nilotica as compared to A. senegal and
A. xanthophloea may be due to the fact that A. nilotica biomass degrades more
rapidly than those of A. senegal and A. xanthophloea. The implications of this are
that fast-decomposing biomass such as those of A. nilotica applied at planting,
beginning of season two as compared to planting of the trees with maize together at
the beginning of season one, would release some N to meet the maize N require-
ments. Similar results were found in the alfisols of sub humid tropics of Nigeria
[4, 7, 48, 54]. A. senegal and A. xanthophloea biomass could have had a higher
protein-binding capacity than A. nilotica; therefore, they released N more slowly.

The increase in P concentration in the maize leaves in season 2 (Tables 9.11 and
9.12) in the presence of the Acacia trees shows that A. nilotica increased P from
0.183 to 0.363%, indicating that Acacia species is an important factor in P build up
and its subsequent uptake by the intercropped plants. These results clearly suggest
that mycorrhizal associations formed by the Acacias facilitated the capture of
phosphate ions by effectively enhancing the volume of soil exploited by the roots
and the efficiency with which P is extracted [50, 54]. Mycorrhizae are key facili-
tators for P capture by plants in P-depleted soils [51-54].
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9.19.5 Nitrogen and Phosphorus in Soils Derived from Plots
with Acacia Species Intercropping

The amounts of N reported in this study are in the range reported in the literature
[44, 52, 54]. The difference in N amount in Acacia species (Tables 9.14, 9.13 and
Fig. 9.6) can be partly explained by the low and erratic rainfall received during the
cropping period, March 2006 to December 2006 (c.f. Sect. 9.19.2).

The difference in P level in the soil in the three Acacia species did not vary
greatly (Table 9.14 and Fig. 9.7). However, this could have been as a result of the
pH of the soil and the effect of organic matter (c.f. Sect. 9.19.2).

9.19.6 Maize Grain Yield with Acacia Species

The plots used in this trial were continuously cultivated for several years with
minimal inorganic fertilizer input. Therefore, the low yields observed were due to
low soil fertility. The increase in yields recorded in season two in the Acacia species
variation can presumably be attributed to the supply of plant-available N from
decomposing litter and biomass (Table 9.11 and Fig. 9.8). Although a sizeable
proportion of nitrogen in A. nilotica was due to a net input of nitrogen to the soil-
plant system through biological N, fixation, the capture of nitrate from below the
rooting depth of crops was higher in A. nilotica as compared to A. senegal and
A. xanthophloea. Sheikh [35-37, 54] similarly reported this interaction. Thus, all
Acacias collectively served towards effective nitrogen availability for maize.

Acacia trees, as compared to maize monoculture, increased grain yield of
intercropped maize (Table 9.11 and Fig. 9.8) in season 2. The trend in yield increase
was A. nilotica > A. senegal > A. xanthophloea. The species effect on maize grain
yield can be explained in terms of the amount of nutrients captured by the Acacia
trees, the ability of the trees to fix nitrogen, and the rainfall received in the growing
season.

A. nilotica could have produced high-quality biomass with low contents of lignin
and polyphenols, and high N content. The polyphenols of A. nilotica could be
having low protein binding capacity as compared to A. xanthophloea, hence they
can release N rapidly [48, 50, 54]. A. xanthophloea presumably had high contents of
polyphenols with high protein binding capacity relative to A. nilotica and
A. senegal [7, 16, 48, 54]. In terms of biomass quality produced, the species can
be ranked in the order A. nilotica > A. senegal > A. xanthophloea. Sanginga et al.
[26, 54] showed that high-quality biomass of legumes led to more N in the light
fractions of soil organic matter, high pre-season soil inorganic N, and high aerobic
N mineralization. Pre-season soil inorganic N at planting has been shown to be
directly correlated with maize grain yield following legume-maize intercropping
[26, 48, 51, 54]. The relatively lower biomass quality of A. xanthophloea and
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A. senegal, as compared to A. nilotica, could result in greater duration of residual
benefits to maize.

The low maize yield in the first season in Acacias as compared to maize
monoculture was as a result of competition between the trees and the intercropped
maize. Graham and Vanice [23, 52-54], in which it was observed that any increase
in nutrient availability in the soil was used by the plant to produce more biomass
rather than to increase nutrient concentrations, similarly observed this relationship.

9.20 Summary and Conclusions

The results suggest that the inclusion of Acacia trees into the maize cultivation by
small scale farmers in western Kenya has potential to increase maize production by
simultaneously improving soil fertility through N fixation, preventing losses of soil
organic matter and increasing internal nutrient cycling. The system is more effec-
tive with closer spacing of the Acacia trees. Although all the acacia species
improved maize yields, A. nilotica was more effective than A. senegal and
A. xanthophloea.

The capability of A. nilotica to produce enough quantity of biomass and accu-
mulate more nutrients was tested in a given area. A. nilotica is preferred as a
suitable tree in Africa because of its ability to grow fast and produce nutrient-rich
biomass. Production of more biomass that is of high quality, readily decomposable,
is a key factor considered in the selection of desirable Acacia species. The process
of symbiotic N,-fixation is also affected by other environmental factors such as soil
nutrient availability, especially P [1, 50, 54]. Nonetheless, all over Africa, Acacias
have been grown traditionally as farm trees within and adjacent to arable crops and
livestock. The main reason for this agroforestry system is that Acacia species like
A. nilotica pods and seeds are themselves an important source of protein-rich fodder
for both livestock and humans in times of food scarcity. In addition, the thorny
armament of Acacia trees can provide brushwood fencing to protect crops, gardens
and livestock. The trees also provide shade to cattle and farm workers when the sun
is hottest and do not obstruct the light needed by many field crops during the wettest
part of the year.

Acacias also provide more long-term benefits to the neighbouring plants. This is
because of their association with rhizobia bacteria; when parts of the trees die and
decay, they fertilize the surrounding soil. On the poor sandy soils of semiarid areas
like Kendu Bay [42, 51, 54] and other areas in sub-Saharan Africa, this cycle can
help improve the growth and yield of field crops.
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9.21 Future Research

Since this study was carried out in one area, results might be different when carried
out in other areas with varied field conditions within the Lake Basin. It is
recommended that additional field studies be carried out in other areas within the
region to confirm these results. Correlation studies between the amount of nitrogen
fixed and biomass produced in the three Acacias were not carried out in this study
but are important aspects that will help in understanding the already obtained
results.

The economic importance of A. nilotica, A. senegal and A. xanthophloea needs
to be explored since these trees have multipurpose applications and if put to use, the
small scale farmers can get more income thereby improving their livelihood. There
is need to collect more data so that some of the variations occurring can be
authenticated, especially root study of the three Acacia species in taping nutrients
below and making those nutrients available to other crops.

The age and canopy of the trees will affect the nitrogen levels in the soil. More
data should be collected to determine the optimum level of the trees in fixing
nitrogen and the effect of tree canopy on the other plants.
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Chapter 10

Ultrasonic-Assisted Dispersive Solid Phase
Microextraction (UA-DSPME) Using
Silica@Multiwalled Carbon Nanotubes Hybrid
Nanostructures Sorbent for Preconcentration
of Trace Aflatoxin B, in Liquid Milk Samples

Geaneth P. Mashile, Anele Mpupa, and Philiswa N. Nomngongo

Abstract A reliable, simple, rapid and cost-effective extraction method based on
ultrasonic-assisted dispersive solid phase microextraction (UA-DSPME) method
using silica@multiwalled carbon nanotubes hybrid nanostructures combined with
spectrophotometric detection was developed for the first time for preconcentration
and determination of aflatoxin B; (AFB1) in liquid milk samples. Two level
factorial design and central composite design in combination with response surface
methodology were used to evaluate the factors affecting extraction and
preconcentration procedure. The influence of different variables including mass
of adsorbent, extraction time, eluent volume and sample volume was investigated in
the optimization study. Under the optimal conditions, a dynamic linear range of
0.3-250 pg L™ with detection limit of 0.1 pg L™" was obtained. The intraday and
interday precisions expressed as relative standard deviations were 3.2% and 4.3%
respectively. The developed UA-DSPME/UV-Vis method was applied for extrac-
tion and preconcentration of AFBI in real milk samples. As a result of relatively
high enrichment factor (108), satisfactory extraction recoveries (96.8-99.2%) using
only 62 mg of an adsorbent were achieved.
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10.1 Introduction

The most basic human right is access to safe food and drinking water. However this
basic right can be affected by natural contaminants such as mycotoxins [1]. The
agricultural and food industries are already threatened by mycotoxins, as these
toxins produce carcinogenic secondary metabolites called aflatoxins (AFs) [2]. The
AFs contaminate mostly dietary staple food such as maize, groundnuts, rice,
cassava and sorghum [3]. As a result, this creates a great loss in agriculture and
the economy for developed and developing countries particularly African nations
where food is already scarce. Six out of 18 AFs have been designated as important.
These include aflatoxin By, B,, G, G,, M; and M, [4]. Among these six, the most
significant is AFB1which accounts for 75% of all aflatoxin contaminations of crops
and animal feeds [3]. Aflatoxin B, is widely spread in food crops such as grain, nuts,
corn, cotton seeds, figs, spices as well as milk and other dairy products [3]. The
presence of aflatoxins especially AFB1 in food poses a health risk as AFB1 has
been classified by the International Agency for Research on Cancer (IARC) as a
group 1 human carcinogen while aflatoxins G, G, and B, are categorised as group
2 human carcinogens [5-7].

In view of the above, many researchers have developed analytical methods for
the determination of AFs. These methods include liquid chromatography with
fluorescence detector (HPLC—FLD) or mass spectrometry (LC—MS/MS) which
have been regarded as standard analytical methods for AFs due to their good
accuracy and their capability to simultaneously detect total AFs in a single test
[8]. However these methods are relatively expensive, time-consuming, and labori-
ous, and require sophisticated equipment and highly skilled personnel. Currently,
SPE with OASIS HLB, C18, ion exchange cartridges, and automated size-exclusion
cartridge have been used for extraction of AFM1 from milk. Wang and Li [6]
evaluated the effects of matrix interference in the analysis of 4 mycotoxins (OTA,
ZEN, AFB1 & AFM1) in 21 liquid and powder milk samples using an automated
size-exclusion SPE-UPLC-MS/MS method. The results demonstrated that the
method was an appropriate approach for preventing problems associated with
matrix effects. The recoveries of the four mycotoxins in fortified milk ranged
between 98—120% and RSDs between 2-9%. The method LOD for the liquid and
powder milk were 0.05-2 ng L ™" and 0.25-10 ng kg ' respectively, while the LOQ
for both liquid and powder milk were between 0.1-5 ng L™" and 0.5-25 ng kg™
respectively. Another concern is the lack of studies in the detection of toxins like
AFB1 from milk residues other than AFM1

The AFs are compounds that are pentaheterocyclic (Fig. 10.1) and highly
conjugated, with natural fluorescence [9]. Thus, analytical methods developed for
their analysis are either based on native fluorescence or acquired fluorescence
properties. These fluorescence properties are known to be sensitive in the AFs
natural environment and can be controlled by solvents, pH and water quenching. As
a result this has enabled the development of more sensitive and selective methods
based on the materials used [10]. Generally, the determination of AFs in real
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Fig. 10.1 Chemical
structure of AFB1

aflatoxin B,

samples requires an enrichment or pre-treatment procedure. Thus, pre-treatment
procedures include dispersion-solid phase extraction (DSPE) [11], microwave
assisted extraction-SPE [12], magnetic solid phase extraction (MSPE) [9, 13] and
solid phase extraction [14]. These methods are known to have an ability to elim-
inate matrix interferences in milk and preconcentrate the AFs.

This study aimed at developing a simple, accurate and rapid method based on
dispersive solid phase microextraction procedure combined with UV-Vis spectro-
photometry for the extraction, preconcentration and determination of AFB1 in
liquid milk samples. This was achieved by synthesizing the silica/multiwalled
carbon nanotubes (SiO,@MWCNT) hybrid nanostructures via sol-gel method but
firstly functionalizing MWCNTs with mild acids methods. This study focused on
AFB1 in milk because it is the most prevalent and toxic of all aflatoxins contam-
inating a wide range of agricultural products [1]. The motivation behind the study is
that most of the studies investigated the amount of AFM1 in milk and neglected the
trace amount of AFB1 that might remain when the AFB1 is metabolized into its
hydroxylated metabolite AFM1. In addition, studies on the determination of AFB1
in other milk products such as rice milk and soymilk which might contain traces are
limited.

10.2 Experimental

10.2.1 Materials and Reagents

All chemicals and reagents were of analytical grade except unless otherwise stated.
Chromatographic grade acetone (MeCO), acetonitrile (MeCN), ethanol (EtOH) and
methanol (MeOH) were obtained from Sigma-Aldrich (St Louis, MO, USA).
Aflatoxin B standard was purchased from Sigma-Aldrich (St Louis, MO, USA).
Triton-X 114, tetraethyl orthosilicate (TEOS), sulphuric acid, nitric acid,
multiwalled carbon nanotubes (D x L 110-170 nm x 5-9 pm) and ammonia
solution (25% w/w) were also purchased from Sigma-Aldrich (St Louis, MO,
USA).
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10.2.2 Samples

Three different milk products (soymilk, rice milk and cow milk) were purchased in
a local supermarket (Johannesburg, South Africa). All samples were stored at room
temperature before analysis.

10.2.3 Cautions and Safety Considerations

Aflatoxins are carcinogenic compounds, thus when handling their solutions and
extracts, precautions must be warranted. Gloves and other protective gear were
worn as safety measure during the handling of the compounds. To guarantee the
safety of research workers and avoid risk the stock solutions were prepared under a
laminar flow and fume hood. Glassware and any material used during preparation of
standards and samples were soaked in dilute sulphuric acid for several hours to
remove any active absorption sites. Thereafter the glasswares were thoroughly
rinsed with distilled water to remove all traces of acid [15]. Upon completion of
all analysis all materials used for standards or sample preparation were
decontaminated with sodium hypochlorite solution. Since aflatoxins are subject to
light degradation, all analytical work was protected from daylight by keeping them
in amber vials and standard solutions were stored at —20 °C.

10.2.4 Instrumentation

UV-Vis absorption spectra were acquired on a UV-2450 spectrophotometer
(Shimadzu, Japan). The excitation and emission slits were both 5 nm and all
measurements were performed in a quartz microcell at 25 £ 0.1 °C. A TESCAN
VEGA 3 XMU LMH instrument (Czech Republic) scanning electron microscope
(SEM) was used to characterize the size and morphology of adsorbent coupled with
energy dispersive X-ray spectroscopy (EDS) for elemental composition analysis at
an accelerated voltage of 20 kV. Chemical interactions were studied using a Perkin
Elmer Spectrum 100 FT-IR spectrometer in the range of 400-4000 cm ™' with KBr
pellets (Waltham, MA, USA). All pH measurements were done using an H1 9811-5
(HANNA instruments, Smithfield, Rhode Island, USA) pH meter supplied with a
combined electrode.



10  Ultrasonic-Assisted Dispersive Solid Phase Microextraction (UA-DSPME). . . 153
10.2.5 Preparation of SiO,@MWCNTs Adsorbent

The functionalization of MWCNTSs by mild acid sonication was based on the
procedure described by Fatin and colleagues [16]. Diluted acids (6 mol L™ nitric
acid and 6 mol L™ sulphuric acid) were mixed in the ratio of 1:3. A mass of 500 mg
MWCNTs was added to 100 ml of acid mixture in a conical flask. The mixture was
then sonicated for 4 h in an ultrasonic bath and the temperature was maintained at
40 °C. Thereafter the sonicated mixtures were filtered through a filter paper and
rinsed with distilled water until the filtrate was neutral. The yields on the filter paper
were dried in a vacuum oven overnight at 80 °C. The synthesis strategy of the
adsorbent was based on a reported method [17]. The modified MWCNTs were
again added to the deionised water and sonicated for 10 min in an ultrasonic bath.
This was then stirred vigorously for 20 min. Briefly, a solution of TEOS (0.0225
mol) and ethanol 1:1 (v/v) was prepared and left to mix for 20 min, after which 2 ml
of H,O was added and the solution was stirred for a further 5 min. The prepared
TEOS solution was slowly added in the above mentioned solution using a dropping
funnel. The pH value of the solution was adjusted to 9 with ammonia. The reaction
was conducted at 80 °C for 6 h before allowing to rest for 24 h, and then filtered.
The hybrid material was calcined at 500 °C in a chamber-type electric resistance
furnace.

10.2.6 UA-DSPME Procedure

Liquid milk (10.00 ml) was measured accurately into 50 ml centrifuge tubes and
centrifuged (4000 rpm) for 15 min. After centrifuging the fat layer was removed.
The supernatant was then spiked with appropriate amounts of AFB1 and diluted
with 30 ml phosphate buffer saline solution in a capped container with intensive
shaking. The diluted aqueous solution phase was then transferred to a 50 ml sample
tube that contains SiO,@MWCNTSs. The mixture was sonicated for 5 min to
facilitate adsorption of AFB1 to the SiO,@MWCNTs. The sample was then
transferred and separated into centrifugation tubes which were centrifuged at max
rpm for 10 min after which the supernatant was decanted. The eluent (MeCN:
MeCO) 1:1 (v/v) was added to the centrifuge tube which was stirred for another
10 min. After desorption, the eluent was separated into amber vials and evaporated
to dryness under nitrogen gas flow at room temperature. The dried residue was then
dissolved in a mixture of 2 ml of 0.5mM Triton X-114 in 15% (v/v) acetonitrile:
water and stirred for 5 min. The final solution was then taken for UV-Vis spectro-
photometric and HPLC analysis.

The factors affecting the extraction and preconcentration of AFB1 were opti-
mized using experimental design approaches. The screening process was achieved
by a two-level fractional factorial (2*') design. The factors investigated included
mass of adsorbent, extraction time, eluent and sample volume (Table 10.1). In the
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Table 10.1 Factors and levels of experimental designs

Variable Low level (—) Center point (0) High level (+)
Mass of adsorbent (mg) 25 62.5 100
Extraction time (min) 5 17.5 30
Eluent volume (ml) 1 2 3
Sample volume (ml) 1 3 5

second step, the central composite design was used to optimize the most influential
factors such as mass of adsorbent, extraction time and eluent volume. Minitab
17 software was used for processing the experimental data.

10.3 Results and Discussion

10.3.1 Characteristics of SiO@MWCNTs

MWCNTs were functionalised by sonication treatment in order to increase the
interaction between MWCNTSs and acids. Moreover, the sonication treatment was
applied at 40 °C as functionalization by acid alone would take longer. Therefore the
sonication caused the excitation of electrons in the acid solution in which electro-
philic reactions would take place. As a result oxygenated species were formed due
to opening of the aromatic ring on the carbon atom of the MWCNTSs surface
attracted by the electrophiles generated from acid attack.

The FT-IR spectra of MWCNTs and SiO,@MWCNTs are shown in Fig. 10.2.
As can be seen, the adsorbent spectrum (Fig.10.2b) showed characteristic absorp-
tion bands at 1086 and 801 cm ™' for Si-O-H and Si-O-Si respectively. They both
have absorption peak around 1658 cm ™' for C=0 because acidification generates
carboxyl groups on the surface of CNTs. The large adsorbent peak around 3500 cm ™'
was attributed to the O-H stretching vibration.

The morphology of the SIO,@MWCNT adsorbent and functionalised MWCNTs
was examined TEM as shown in Fig. 10.3. It can be seen in Fig. 10.3a that MWCNTSs
are intertwined into a complex network. In addition, the TEM image shows the
one-dimensional hollow tubular structure of several MWCNTs. Figure 10.3b show
the TEM images of the composite. It can be seen from this the MWCNTSs were coated
with spherical structure which are due to the incorporation of SiO,.

10.3.2 Optimization of UA-DSPME
10.3.2.1 Factorial Design

A 2*! factorial design was used to determine the best extraction conditions for the
UA-DSPME/UV-Vis method. The factors investigated included mass of adsorbent
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Fig.10.2 (a) and (b) FT-IR
spectra for MWCNTs and
Si0,@MWCNTs
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(MA), extraction time (ET), eluent volume (EV) and sample volume (SV). The
effect of factors in the UA-DSPME procedure was investigated by using analysis of
variance (ANOVA) and the percentage recovery (%R) was considered as the
analytical response. The typical design matrix and the analytical response (%R)
are presented in Table 10.2.

The ANOVA results presented in terms of Pareto charts (Fig. 10.4) showed that
the investigated factors were significant at 95% confidence level. However, looking
at the bar length of the Pareto chart, sample volume was found to have little effect
on the analytical response. Therefore, MA, ET and EV required a final optimization
and the sample volume was fixed at 5.0 ml.
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Fig. 10.3 TEM images for (a) functionalized MWCNTs, (b) SiO.@MWCNTSs

Table 10.2 List of experiments in the factorial design (actual values) for UA-DSPME optimiza-
tion and the response values

Experiment MA (mg) ET (min) EV (ml) SV (ml) %R
1 25 5 1 1 73.6
2 100 5 1 5 90.9
3 25 30 1 5 69.7
4 100 30 1 1 65.7
5 25 5 1 5 90.3
6 100 5 1 1 94.3
7 25 30 1 1 91.5
8 100 30 1 5 89.7
9 62.5 17.5 2 3 93.7
10 62.5 17.5 2 3 93.9
11 62.5 17.5 2 3 94.1

10.3.2.2 Further Optimization

A central composite design (CCD) matrix containing a total of 15 experiments and
analytical response based on each of the experimental runs (Table 10.3), was used
for further optimization of mass of adsorbent, eluent volume and extraction time.
The CCD was chosen in order to provide a statistical model that is used to identify
variables that lead to quantitative retention of AFB1. Percentage recoveries of the
target analyte were investigated as the response function of CCD model in order to
optimize the aforementioned variables. The experimental runs were randomized in
order to minimize the effect of uncontrolled factors.
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Fig. 10.4 Pareto charts of Term 43
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Table 10.3 Experimental design using CCD and analytical response values
Run MA (mg) ET (min) EV (ml) % Recovery
1 25.0 5.0 1.25 73.7
2 100.0 5.0 1.25 78.1
3 25.0 30.0 1.25 433
4 100.0 30.0 1.25 96.0
5 25.0 17.5 0.50 53.9
6 100.0 17.5 0.50 33.1
7 25.0 17.5 2.00 98.8
8 100.0 17.5 2.00 97.8
9 62.5 5.0 0.50 76.2
10 62.5 30.0 0.50 54.5
11 62.5 5.0 2.00 82.8
12 62.5 30.0 2.00 98.9
13 62.5 17.5 12.5 99.7
14 62.5 17.5 1.25 99.3
15 62.5 17.5 1.25 99.9

The ANOVA results for the predicted response surface quadratic model for the
recoveries of AFB1 were obtained (equation not shown). The quadratic equation for
the model illustrated the dependence of the analytical response (% recovery) with
respect to the evaluated variables [18]. In addition, the obtained 3D response
surface plots (Fig. 10.5) were used to evaluate the interactive relationship between
the independent variables and the analytical response [18]. It was observed that the
maximum percentage recovery of AFB1 was obtained when MA = 62 mg, ET =
10 min and EV = 1.3 ml. Based on results obtained from FFD and CCD the
optimum conditions for quantitative preconcentration of AFB1 were selected to
be: MA = 62 mg, ET = 10 min, EV = 1.3 ml and SV = 5 ml.
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Fig. 10.5 Response surfaces obtained for AFBI1 after extraction and preconcentration by
UA-DSPME

10.3.3 Analytical Figures of Merit

Under optimum experimental conditions, a linear calibration graph for AFB1 was
obtained over the range of LOQ to 250 pg L™' with a correlation coefficient of
0.9997. The limits of detection and quantification calculated using these formulae:
LOD = % and LOQ = w;—Sd, where Sd is the standard deviation of 10 replicate
of 10 blank measurements and b is the slope of the calibration curve, were 0.1 and
0.3 pg L™'. The possible matrix effect on the extraction and determination of AFB1
in milk samples, matrix-matched limit of detection (LOD) was evaluated from
matrix-matched calibration [19]. The matrix-matched calibration was prepared by
spiking appropriate amounts of AFB1 working solutions to the milk samples. The
spiked solutions were then processed using the experimental procedure described
above. The obtained matrix-matched LOD was 0.12 pg L™". This suggested that the
sample matrix did not significantly affect the preconcentration and determination of
AFBI1. The precision of the developed method expressed as relative standard
deviation (RSD%) was assessed through the investigation of repeatability (intraday,
n = 10) and reproducibility (interday, n = 5). The intraday and interday precisions
were found to be 3.2 and 4.3%, respectively. The enrichment (preconcentration)
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Table 10.4 Determination of AFB1 in spiked soy milk sample using UA-DSPME/UV-Vis

Spiked (pg LY Found (pg LY Recovery (%) HPLC-PDA Recovery (%)
0 0.52 + 0.08 - 0.49 £0.12

5 5.36 £ 0.95 96.8 5.40 + 0.87 98.2

10 10.49 + 0.53 99.7 10.51 £ 0.78 100.2

25 25.32 +1.23 99.2 2529 +1.53 99.2

factor (EF or PF) defined as the ratio of sensitivity of UA-DSPME/UV-Vis proce-
dure to sensitivity of direct UV-Vis analysis of liquid sample was found to be 108.

10.3.4 Validation and Application

To evaluate the validity and the accuracy of the developed UA-DSPME/UV-Vis
method, it was employed for the determination of AFB1 in liquid milk samples
spiked with the aflatoxin B; at three different concentrations. It can be seen in
Table 10.4 that AFB1 was found in soy milk liquid samples at concentration level
of >0.50 pg L™'. This implied that the raw material which is soy bean was
contaminated by AFB1 and the decontamination method was not effective.

In addition, the accuracy and precision of the method were validated by com-
parative analysis of the spiked samples with HPLC-PDA analysis. It can be seen
from Table 10.4 that the average recoveries of AFB1 from the liquid milk samples
ranged from 96.8 to 99.7% and 98.2 to 100.2% for the developed and reference
methods, respectively. The results demonstrated that there was no significant
difference between the developed and reference method at 95% confidence level.
These observations confirmed that the silica@multiwalled carbon nanotubes
nanoadsorbent was suitable for the effective preconcentration of trace level of
AFBI in real milk samples. The developed method was further applied to determi-
nation of AFB1 in three different commercial milk samples (cow, soy and rice milk)
that are widely consumed in South Africa. The concentration of AFB1 was found to
be below the detection limit in cow milk while trace amounts ranging from 0.10 to
0.52 pg L' were detected in rice and soy milk samples. These observations
suggested that in the cow-based milk, AFBI1 is converted to AFM1 while in
grain-based milk, traces of AFB1 are present.

10.4 Conclusions

In this study, a dispersive solid phase microextraction method employing
silica@multiwalled carbon nanotubes as an adsorbent and UV-vis spectrophotom-
eter were successfully applied to preconcentration and determination of AFB1 in
liquid milk samples. The developed UA-DSPME method improved the LODs of
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the UV-Vis spectrophotometer for quantification of AFBI1, thus allowing its deter-
mination at trace concentrations. In addition, the use of UA-DSPME provided an
acceptable enrichment factor and relatively high precision and accuracy. The
developed system was successfully applied for the determination of AFB1 in real
milk samples.
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Chapter 11

Removal of Ni(II) and Co(II) from Aqueous
Solution Using Pine Cone: A Mechanism Study

Agnes Pholosi, Eliazer B. Naidoo, and Augustine E. Ofomaja

Abstract This study examines the uptake mechanism of pine cone for the removal
of nickel and cobalt from aqueous solution. Surface characteristics of pine cone
powder were analysed by Fourier Transform Infrared (FTIR) spectroscopy and
scanning electron microscopy (SEM). To explain the mechanism of adsorption,
change in solution pH and adsorption isotherms were applied. Increasing solution
pH led to increased Ni(Il) and Co(II) uptake with Ni(Il) being more adsorbed.
Adsorption capacities correlated well with change in solution hydrogen ion con-
centration when solution pH was varied between 3 and 8 and metal ion concen-
trations were varied between 5 and 150 mg/dm>. FTIR analysis before and after
adsorption showed C=0, C-O and phenolic-OH peaks changed in intensity and
shifted in position. Dubinin—Radushkevich isotherm better fitted the experimental
data than the Temkin isotherm. The affinities of the metals for functional groups on
pine cone depended on ionic radius, surface precipitation complexes and covalent
bond strength. The equilibrium binding constants increased with temperature, while
heat of biosorption decreased with temperature suggesting biosorbent—biosorbate
interaction effect. Desorption studies confirmed the ion-exchange mechanism. It
was observed that Ni(II) showed stronger ion-exchange properties than Co
(IT) biosorption.

Keywords Ion-exchange mechanism ¢ Biosorption ¢ Pine cone ¢ Hydrogen ion
concentration ¢ Ni(IT) and Co(II) ion

11.1 Introduction

Application of cobalt in the areas of pigment production, alloy manufacturing and
as catalyst in the chemical industry have been recorded as far back as the nineteenth
century [1]. Cobalt exists naturally in the earth’s crust with a composition averaging
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about 17.3 mg/kg [2] but has higher concentration in mafic—ultramafic igneous
rocks where it is closely associated with nickel [3]. Laterite ores containing cobalt
are found in combinations of cobalt with other metals, for example, Cu—Co sulfide,
Ni—Cu—Co sulfide or Ni—Co sulfide. On the average, the Ni—Co grade ore can range
from 0.1 to 1% Co and 0.5-2% Ni [1].

Due to the increased demand for cobalt in various industries and manufacturing
processes such as nuclear power plants, mining, metallurgical, electroplating,
paints, pigments, and electro-engineering, the need to separate cobalt and nickel
efficiently in hydrometallurgical process is desirable [4, 5]. Unfortunately, the
separation of cobalt and nickel has traditionally presented problems due to their
similar chemical and physical properties [6, 7]. Separation techniques such as
membrane separation [8], oxidation/reduction and precipitation [9], reverse osmo-
sis [10], electrodialysis [11] and electrocoagulation [12] have been applied for the
removal of Co(Il) and Ni(Il) from industrial effluents.

There has been increased interest in the removal of Ni(Il) and Co(II) by various
types of biomass from aqueous solution in recent times. Some examples of these
studies include the use of moss [13], natural hemp fibre [14] and sunflower biomass
[15] for the removal of cobalt from aqueous solution while Mucor hiemalis [16],
pine cone [17] and sugarcane bagasse [18] have been applied for nickel removal
from waste water.

Uptake mechanism of some biomass has been studied but this has not been the
case for pine cone. Even though pine cone has been shown to bind well with metal
ions in our previous studies [19, 20], its uptake mechanism for Ni and Co is not well
understood. The aim of this research is to compare the uptake of Ni(II) and Co
(II) onto pine cone biomass and to evaluate the uptake mechanism of both metals so
as to determine the possibility of the application of this adsorbent for selective
removal of these metals from binary solutions. The mechanism of the adsorption
process was determined by changes in solution pH during adsorption, evidence of
interaction by FTIR and desorption test using different desorption agents. Equili-
brium and thermodynamic data of Ni(II) and Co(II) adsorption onto pine cone bio-
mass were modelled using near regression program of the KyPlot 2.0 software
which uses Quasi-Newton algorithm for finding the parameter values which min-
imize the sum of the squares of the errors (ERRSQ).

11.2 Materials and Methods

11.2.1 Materials

Pine tree cones were collected from a plantation in Vanderbijlpark, South Africa.
The cones were washed to remove impurities such as sand and leaves. The washed
cones were then dried at 90 °C for 48 h in an oven. The scales on the cones were
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removed and crushed using a pulveriser. The pine cone powder was then sieved and
particles between 45 and 90 pm were collected and used for analysis.

11.2.2 Methods
11.2.2.1 Determination of Charge Properties of Pine Cone

The quantities of acidic and basic functional groups on the pine surface were
determined by Boehm titration [21], while the point zero charge (pH,,.) was
determined using the salt addition method [22].

11.2.2.2 Effect of Initial Solution pH on Ni(II) and Co(II) Adsorption

Mass of 0.5 g pine cone samples was added to five beakers each containing 100 cm®
solution of 100 mg/dm? of either Ni(II) or Co(II) set at pH ranging from 3.0 to 8.0
using 0.1 mol/dm® of either HCI or NaOH solution. The mixture was then agitated
at 200 rpm for 2 h at room temperature. At the end of the agitation, the mixtures
were separated by centrifugation at 1000 rpm and the clear liquid was analysed for
Ni(II) or Co(II) using atomic absorption spectrophotometer (AAS) Shimadzu AA
700.

11.2.2.3 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The FTIR spectra of pine cone before and after Ni(II) and Co(II) biosorption were
recorded on a Fourier Transform Infrared, Perkin Elmer (USA) 400 spectrometer to
elucidate the functional groups present.

11.2.2.4 Scanning Electron Microscope (SEM)

SEM images were obtained on a LEO 1430 instrument that has a tungsten filament
as electron source. Imaging was done at 3 kV to further alleviate charge build-up.
On each sample about 10 images were obtained at 75 x magnification and a further
5 images at 150 x magnification in order to provide a representative overview of
each sample.

11.2.2.5 Equilibrium Isotherm and Desorption Studies

100 cm® solutions of Ni(Il) and Co(Il) with concentration ranging from 2 to
40 mg/dm?, set at pH 7.0 were placed in 250 cm® conical flasks. Accurately
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weighed amount of 0.5 g of ground pine cone was then added to the solutions. The
conical flasks were then agitated at a constant speed of 145 rpm in a water bath set at
298, 303, 308 and 313 K. After shaking the flasks for 2 h, the pine cone powder was
separated by filtration. The filtrates were analysed for remaining Ni(I[) and Co
(IT) concentration by AAS. Desorption studies were performed by shaking the spent
adsorbent in contact with the 40 mg/dm> solution in different desorbing agents
(sodium hydroxide, hydrochloric acid, acetic acid and water) and determining the
amounts of the metal ions released into solution.

11.3 Results and Discussion

11.3.1 Acidic and Basic Functional Groups on Pine Cone

The amount of acidic and basic groups on pine cone surface determined by Boehm
titration revealed that the prevalent acidic group is the hydroxylic group which
amounted to 2.03 mmol/g accounting for 79% of the total acidic sites. The hydro-
xylic groups are made up of hydroxylic groups of cellulose and hydroxylic groups
of phenol in lignin. The carboxylic groups on the other hand make up 12.5% of the
total acidic groups and amount to 0.32 mmol/g. The lactonic group makes up the
least amount (8.2%) on pine surface with the value of 0.21 mmol/g. The quantity of
basic groups on the pine surface was quite low (0.02 mmol/g), and this result is
typical of some biosorbents acquired from agricultural waste materials
[23, 24]. Since pine cone incorporates a number of acidic functional groups on its
surface, the net charge on the material will depend on solution pH.

11.3.2 pH at Point Zero Charge (pH ;)

pHp,. gives an idea of the charge characteristic of the biosorbent surface. The
results of pHy,. test performed on the pine cone (Fig. 11.1) show that at low solution
pHs below pH 7, pine cone surface carries a net positive charge. This is due to the
interaction of the acidic groups on the pine surface with hydrogen ions in solution at
low pH. As solution pH increases towards pH 7, the net positive charge on the
pine surface reduces while the net negative charge increases and at solution pH of
7.02 the net charge on the pine surface becomes zero. Several other authors have
obtained similar pH,,. values of known agricultural wastes used as adsorbent.
Pirbazari et al. [25] obtained a pH,,. value of 6.7 for Foumanat tea waste;
Reddy et al. [26] obtained a pHy,. value of 7.0 for Jujuba seeds while Ranga-
bhashiyam and Selvaraju [27] obtained a pHp,. value of 7.0 for Caryota urens
inflorescence waste biomass.
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Fig. 11.1 pH,,. for raw pine cone powder

11.3.3 Effect of Solution pH During Uptake of Ni(I1l) and Co
(II) by Pine Cone

The solution pH does not only influence the surface charge of the biosorbent but
also the speciation of the metal ions, and the degree of ionization of the biosorbate
during the reaction [28]. The effect of solution pH on the Ni(II) and Co
(I) adsorption capacity was studied at different solution pHs ranging from 1 to
8 and the results are shown in Fig. 11.2. Higher solution pHs above 8 were not used
in this study since Ni(I) and Co(II) exist predominantly as Ni** and Co* until
solution pH 8.

The pH profile shows that the Ni(IT) and Co(II) biosorption capacities of pine
cone increased rapidly as the solution pH increases from pH 1 to 6. Two reasons can
be put forward to explain the low biosorption capacities which are: (1) the net
surface charge on the pine cone is positive at this range of pH, and (2) competition
between H* ions with Ni** and Co®* for biosorption sites on the pine cone [29]. As
solution pH is increased up to pH 7, the net negative charge on the surface increases
until it equals the magnitude of positive charge at solution pH of 7. At solution pH
7, the biosorption capacities of Ni(II) and Co(II) are given as 3.15 and 2.52 mg/g
respectively. Above pH 7, the net surface charge becomes negative and the
biosorption capacities increase to 3.27 and 2.78 mg/g respectively.

Generally, for all solution pHs studied, the biosorption capacity of pine cone for
Ni(II) was higher than Co(II) but the trend in the pH-adsorption profile was the
same. This finding has two implications: (1) the mechanism for Ni(Il) and Co
(II) uptake by pine cone is the same due to the similarity in the pH profile; and
(2) although both metals are divalent cations, certain characteristics of the metal
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Fig. 11.2 Effect of initial 3.5
solution pH on Ni(II) and
Co(II) biosorption 3
® 25
g
&
£ 5]
B
<o
515
£
Z 14 —e—Ni(ll)
<
—&— Co(Il)
0.5
0 T T T T )
0 2 4 6 8 10
Solution pH

ions give them different affinities for the functional groups on the biosorbent. The
affinities of the metal ions to the functional groups on the pine cone surface are
dependent on parameters such as ionic radius of the metal ion, surface precipitation
complexes and covalent bond strength [30]. Some characteristics of Ni(II) and Co
(IT) are shown in Table 11.1.

Of the two metals, Ni(II) has a smaller ionic size of 0.72 A, which implies that its
charge density is higher than that of Co(IT) with a larger ionic size of 0.74 A. The
higher charge density of Ni(Il) gives it a greater coulombic attraction for the
functional groups on the pine cone surface as compared with the Co(II) [30]. The
small ionic size may also affect the migration rate of the metal ions into the matrix
of the adsorbent, as the smaller size of Ni(Il) allows it to penetrate and reach inner
sites on the pine cone better than the Co(Il) ion. The selectivity of metal ions for
adsorption sites also depends on the ease with which metal ions form hydroxyl
complexes as shown below:

M** + H,0 < MOH' + H

This implies that the equilibrium constant, pK,, value of the above reaction can
be used to determine the adsorption behaviour of the metals [31]. The affinity of the
metal for the functional groups increases with decrease in the pK, value of the metal
ion. Ni(II) ion has the lower pKa value as compared with Co(Il), meaning that Ni
(I) will have a lower degree of solvation. The implication is that Ni(Il) ions remain
longer in solution as Ni** and will more readily reach the solid-solution surface in
this form for interaction [31].

Interaction between metal cations and electronegative atoms such as oxygen or
nitrogen in acidic functional groups of biosorbents may involve the formation of a
covalent bond, by sharing of lone pair of electrons with the metal cation. The
preference for the formation of this covalent bond depends on the similarity
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Table 11.1 Parameters characterizing the bonding strength of Ni(II) and Co(II)

Ionic radius Parameter for covalent binding,
Metal ion Charge A K, x*(Tonic radius + 0.85) (A)
Ni(Il) 2 0.72 9.4 5.73
Co(II) 2 0.74 9.6 5.62

between the electronegativity of the metal ion and the coordinating atom in the
functional group. Therefore, the closer the electronegativity of the metal ion to the
coordinating atom, the higher the covalent character [32]. Since selectivity or
bonding strength increases with increasing polarizability of the metal ion, the
parameter Xz (Tionic crystal + 0.85) was introduced to measure the strength of the
covalent bond [33]. The constant 0.85 in the parameter represents the contribution
of N or O donor atom radii to the distance, Iionic ragius 1S the cationic radius and y is
the electronegativity of the metal ion [34]. The values of the parameter in
Table 11.1 show that Ni(II) has a value of 5.73 while Co(II) has a value of 5.62.
Therefore, Ni(I) has the higher tendency to form strong covalent bond with the
oxygenated groups on pine cone due to the higher electronegativity and smaller
ionic radius.

11.3.4 Changes in Equilibrium pH

If it is assumed that the uptake of Ni(Il) and Co(Il) onto pine cone was due to
interaction between the metal ion and the lone pair of electrons on the O atom via
covalent bonding, then two mechanisms are possible as shown below:

2B — OH +M*" < 2B — 0 — M +2H"  (Ion exchange reaction)
2B -0 +M*" — 2B -0 M** (Complexation reaction)

where B—OH is the functional group containing the electronegative atom (oxygen)
on the pine (carboxylic —OH, phenolic —OH, etc), M>" is the metal cation and H* the
displaced hydrogen ion in solution. Ion exchange mechanism usually predominates
below pHy,., while complexation mechanism predominates above pHp,. [35].

Ion exchange reactions are usually accompanied by changes in hydrogen ion
concentration at the end of the biosorption process and the change in hydrogen ion
concentration follows similar trends as the adsorption capacities at all solution pHs
while for complexation reaction, the trend is absent at low pHs [36, 37].

Experimental data for initial and equilibrium solution pH, change in hydrogen
ion concentration and adsorption capacity at constant initial concentration of
100 mg/dm? at varying pH and for varying initial concentrations between 5 and
150 mg/dm3 at constant pH for Ni(II) and Co(II) are shown in Table 11.2.
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Table 11.2 Change in solution pH at constant initial Ni(II) and Co(II) concentration (100 mg/dm3)
and at varying initial Ni(I) and Co(II) concentration (5—150 mg/dm3)

A[H'] | Adsorption
Initial conc. [H*]; [H*]¢ mmol/ | capacity
Metal | (mg/dm®) pHi |pHr | ApH |mol/dm? mol/dm?® | dm? (mg/g)
Constant Conc.
Ni(Il) | 100 3 271 10.29 |0.001 0.00195 |0.9498 |1.36
100 4 2.95 |1.05 |0.0001 0.00112 | 1.0220 |1.64
100 5 2.94 {2.06 |0.00001 0.00115 | 1.1315 |1.89
100 6 2.86 |3.14 |0.000001 0.00138 | 1.3794 |3.04
100 7 2.85 |4.15 |0.0000001 0.00141 |1.4124 |3.15
100 8 2.89 [5.11 |0.00000001 |0.00145 |1.4454 |3.27
Co 100 3 2.79 10.21 |0.001 0.00162 |0.6218 |0.20
an
100 4 3.09 [0.91 |0.0001 0.00081 |0.7128 |0.90
100 5 3.08 [1.92 |0.00001 0.00083 |0.8218 |1.18
100 6 2.96 [3.04 |0.000001 0.00110 | 1.0955 |2.52
100 7 2.93 [4.07 |0.0000001 0.00117 |1.1748 |2.78
100 8 291 [5.09 |0.00000001 |0.00123 |1.2303 |2.87
Varying Conc.
Ni(Il) |5 791 [2.90 |5.01 [1.23 x 107% |0.00126 |1.2558 |0.42
20 7.97 {289 [5.08 |1.07 x 107 [0.00129 |1.2882 |1.58
50 7.96 [2.87 [5.09 [1.10 x 107% |0.00135 |1.3490 |3.67
100 7.95 [2.85 [5.10 [1.12 x 107% |0.00141 |1.4125 |5.30
150 7.93 [2.83 [5.10 [1.17 x 107® |0.00148 |1.4791 |5.87
Co 5 7.08 [3.02 |4.06 [8.32x 107% |0.00095 |0.9549 |0.38
(In
20 7.10 [2.99 |4.11 |7.94 x 107% |0.00102 |1.0232 |1.48
50 713 [2.97 |4.16 |7.41 x 107% |0.00107 |1.0714 |3.39
100 7.03 [2.93 [4.10 933 x 107® |0.00117 |1.1748 |4.98
150 7.05 (291 [4.14 [891 x 107® |0.00123 |1.2302 |5.36

The results show that the biosorption capacities of pine cone for Ni(Il) and Co
(IT) increased with increasing initial solution pH and that the equilibrium pHs at the
end of the biosorption process were all lower than the initial solution pHs.
Table 11.2 also reveals that the adsorption capacity increased with increasing
difference between the final and initial solution pH. This kind of trend is indicative
of ion exchange process in which hydrogen ions are displaced from active sites and
replaced by the metal ion [36, 37]. These trends imply that the fewer the H* ions in
solution competing with metal ions for biosorption sites, the higher the adsorption
capacity will be and that the amount of metal biosorbed is proportional to the
amount of H* ions displaced. It was also observed that the change in solution pH
and [H'] in the reaction medium were higher for the Ni(II) biosorption system than
for the Co(II) biosorption system. This result is also in line with the observed
biosorption capacities (Ni(II) biosorption > Co(II) biosorption). A linear
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relationship can therefore be drawn between the change in [H] and the biosorption
capacities of pine cone for Ni(Il) and Co(II) as shown below:

Ni(Il) system: g, = 3.948AH" —2.442 > =0.9911

Co(II) system: g, = 3.855AH" — 1.807  r* = 0.9860

When the solution pH was fixed at pH 7 or 8 and the initial concentrations of Ni
(IT) and Co(II) varied between 5 and 150 mg/dm3, the biosorption capacities and the
change in [H™] of the reacting medium increased with increasing initial metal ion
concentration. Therefore it can be concluded that as metal ion concentration
increases in solution, the amount of exchange reaction increases and the hydrogen
ions displaced into solution also increased [36]. Comparing the relationship
between the initial metal ion concentrations, change in [H] and biosorption
capacities for Ni(Il) and Co(II), it was observed that the change in [H*] and
biosorption capacities for Ni(I[) were higher than those of Co(Il) and they both
increased with increasing initial concentration. These results again indicate the
active participation of ion exchange mechanism in the uptake of Ni(II) and Co
(II) onto pine cone. Linear relationships were therefore drawn between the initial
metal ion concentrations, change in [H*] and the biosorption capacities of pine cone
for Ni(II) and Co(II) as shown below:

For Ni(Il) system: Co = 661.1AH" —832.5 1% = 0.9904
g, = 25.36AH" —31.06 r*> = 0.9500
For Co(II) system: Co = 526.6AH" —509.5 r*> =0.9675
g = 18.97AHT — 17.58 12 = 0.9567

11.3.5 FTIR Spectra of Pine Cone Before and After
Biosorption

The FTIR spectra of pine cone before and after biosorption of Ni(Il) and Co(II) are
shown in Fig. 11.3a—d. As expected it was observed that the spectrum for pine cone
is composed of a variety of peaks associated with lignocellulosic materials
(Fig. 11.3a). FTIR peaks characteristic of cellulose include the broad band at
3336.92 cm ™' representing hydrogen bond stretching vibration of a-cellulose
[38]. The peaks at 2929.18 and 2880.95 cm ™' represent C-H stretching vibration
from CH and CH, of the cellulose component [39]. The peak at 1371.20 cm ™' is
assigned to C—H bending of methyl groups related to crystalline cellulose [39]. The
shoulder at 1145.59 and peak at 898.14 cm ™' are indicative of C—O—C stretching at
B-(1-4)-glycosidic linkage [40]. The peak at 1726.71 cm ™' represents the C=0
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Table 11.3 FTIR peaks for pine cone before and after Ni(II) and Co(II) adsorption

Functional group
OH —CH Cc=0 C-0 C-0-C
Sample (em™)  [(em™ [(m™ |(m ™) |(m™") |Phenolic-OH (cm™")
Pine cone 3336.92 [2929.18 [1726.71 |1607.06 |1022.44 |1337.88
Pine + Ni(Il) 1730.71 |1601.95 1330.71
Pine + Co(II) 1732.03 | 1602.85 1332.90

stretching vibration of lignin in the acetyl groups of hemicellulose [41] whereas the
peak at 1022.44 cm™ ' indicates C—O of secondary alcohol in cellulose.

Lignin in the biomaterial can be observed at characteristic peaks at 1607.06 cm™
which is indicative of C—O stretching of lignin [38], while the peak at 1509.07 cm ™'
represents C=C stretching vibrations of aromatic rings of lignin [42]. The peak at
1317.01 cm™ " is assigned to the asymmetric C~O—C stretching of lignin [43] while
that at 1337.88 cm ™' denotes presence of phenolic hydroxyl group [44].

After the biosorption of Ni(II) onto the pine cone, the FTIR spectra are compared
in Fig. 11.3b and Table 11.3.

The spectra show that there were few differences in the pine cone and Pine + Ni
(IT) spectra except in the intensities and peak positions of the groups at 1726.71 cm ™"
representing the C=0, at 1607.06 cm ™' which is indicative of C—O stretching and at
1337.88 cm ™! due to phenolic hydroxyl group. This suggests that these three groups
were responsible for adsorption of Ni(II). After Ni(Il) adsorption, the C=0 peak
decreased in intensity and shifted from 1726.71 to 1730.71 cm™ ', the C-O stretching
reduced and shifted from 1607.06 to 1601.95 cm ™", while the phenol hydroxyl group
peak shifted from 1337.88 to 1330.71 cm ™ ". These results confirm the contribution of
ion exchange mechanism between the acidic and phenolic sites on the pine cone with
Ni(IT) from aqueous solution.

After the adsorption of Co(Il) onto the pine cone, the FTIR spectra are compared
in Fig. 11.3c and Table 11.3. Observable differences can be seen in the intensities and
peak positions of groups such as C=0, C-O and phenol-OH. After Co(II) adsorption,
the C=0 peak decreased in intensity and shifted from 1726.71 to 1732.03 cm™ ', the
C-O stretching reduced and shifted from 1607.06 to 1602.85 cm ™', while the phenol
hydroxyl group peak shifted from 1337.88 to 1332.90 cm ™.

Figure 11.3d shows a comparison between the FTIR spectra of pine + Ni(II) and
pine + Co(II). The difference can be seen only in the intensity and peak position of
the C=0 peak. This peak is slightly more intense for pine + Co(II) than for the pine
+ Ni(II) and was respectively at position 1732.03 and 1730.71 cm ™', the C—O peak
was of equal intensity and at the same position and the phenol hydroxyl peak was at
1332.71 cm ™" for pine + Co(II) and 1330.71 cm ™" for pine + Ni(II) with the pine +
Co(Il) peak being slightly more intense.

Therefore it can be concluded that the C=0, C-O and phenolic —OH are the
adsorption sites for Ni(IT) and Co(II) and that Ni(II) were held more strongly on the
C=0 and phenol-OH than Co(II) probably leading to its higher uptake.

1



174 A. Pholosi et al.

Mag= 366KX Date 7 Mar 2014 ZEINS
WD = 7.0 mm Time 12:23.07

Fig. 11.4 SEM image of pine cone powder
11.3.6 Scanning Electron Microscope Analysis of Pine Cone

SEM image was used to observe the surface physical morphology of pine cone and
it is shown in Fig. 11.4. From the image, the pine cone surface can be seen to be
rough showing the presence of few large pores which provide access and large
surface area for adsorption of nickel and cobalt ions [20].

11.3.7 Equilibrium Biosorption of Ni(Il) and Co(Il) onto
Pine Cone

The relationship between pollutant molecules retained on the biosorbent surface
and that remaining in solution at equilibrium at a fixed temperature can be described
by a biosorption isotherm. From the curve plotted as solid phase concentration
against liquid phase concentration, certain constants whose values express the
surface properties and affinity or energy relationship between biosorbent and
pollutant can be obtained [45].

The isotherm plots for the biosorption of Ni(II) and Co(II) onto pine cone from
metal ion solutions of concentrations ranging from 5 to 40 mg/dm? and at temper-
atures 25, 30, 35 and 40 °C are shown in Fig. 11.5a, b.

The results reveal that the uptake of Ni(II) was higher than that of Co(II) at all
temperatures and that uptake of the metals increased with increasing temperature.
Metal ion uptake increased rapidly with initial concentration from 5 to 20 mg/dm?
after which saturation of available surface for biosorption began to set in. With
higher concentrations, uptake of metal ions increased only slightly leading to
saturation of the surface. The phenomenon occurred at all temperatures for both
Ni(IT) and Co(II) biosorption.
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Fig. 11.5 Equilibrium biosorption of (a) Ni(II) and (b) Co(Il) onto pine cone at different
temperatures

11.3.7.1 Dubinin—-Radushkevich (D-R) Isotherm
The Dubinin—Radushkevich (D-R) isotherm has the non-linear form
de = quexp(—pe?)
where ¢, is the Dubinin—Radushkevich monolayer biosorption capacity (mg/g), f is

a constant related to biosorption energy (mol?/kJ?), and ¢ is the Polanyi potential
which is related to the equilibrium concentration as follows:

1
=RTIn(1+—
& n( +Ce)

where R is the gas constant (8.314 J/mol K) and T is the absolute temperature. The
constant £ (kJ/mol) is the mean free energy change when 1 mol of the ion is
transferred to the surface of the solid from infinity in the solution and can be
computed using the relationship:

E =

9l

The magnitude of E can be related to the reaction mechanism. If £ is in the range
of 8-16 kJ/mol, sorption is governed by ion exchange [46]. In the case of E <
8 kJ/mol, physical forces may affect the sorption mechanism.

Table 11.4 shows values of the Dubinin—Radushkevich isotherm constants along
with two error estimation (variable error and coefficient of determination, ;2) for Ni
(II) and Co(II) biosorption onto pine cone at temperatures ranging from 298 to
313 K.
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Table 11.4 Dubinin—Radushkevich isotherm parameters for Ni(II) and Co(II) biosorbed onto
pine cone

Metal ion | Temp (K) | g (mol*kJ*) |g, (mol/g) |E (kJ/mol) |r° Variable error
Ni(I) 313 —2.65 x 1077 |2.46 x 107* |13.74 0.992 [0.021

308 —273 x 1077 [1.99 x 107* [13.53 0.9925 |0.028

303 —3.03 x 1077 |1.86 x 107* [12.77 0.9902 |0.030

298 —327 x 1077 |1.69 x 10°* [12.36 0.9949 |0.040
Co(II) 313 —285x 107 |2.17 x 107* | 13.24 0.9904 | 0.025

308 —3.10 x 107 |1.96 x 107* | 12.69 0.9912 |0.032

303 —3.19 x 1077 |1.67 x 107* [12.32 0.9903 |0.048

298 —326 x 1077 |1.42x 10°* [12.38 0.9916 |0.057

The results reveal that the Dubinin—Radushkevich monolayer biosorption capa-
city for Ni(II) biosorption were all higher than for Co(II) biosorption onto pine cone
at all temperatures and the monolayer capacity increases with increasing temper-
ature. The increasing monolayer capacity with increasing temperature suggests that
the biosorption reaction is endothermic and is not physical in nature. The magnitude
of increase in monolayer capacity with temperature is more pronounced with Ni
(IT) biosorption than for Co(II) biosorption suggesting stronger bonding of Ni(II) to
pine cone than Co(II). The constant, j, is inversely related to the mean free energy
change when 1 mol of the ion is transferred to the surface of the solid from infinity
in the solution [47]. Table 11.4 shows that the values of # were higher for Ni
(II) biosorption than for Co(II) biosorption except at 298 K and that the values
increased with increasing temperature. This suggests that the transfer of Ni(II) ions
from bulk solution to the biosorbent is more favoured than that of Co(II) and the
spontaneity of the transfer reduces with temperature. The lower ease of transfer at
higher temperatures may be due to higher surface coverage of the pine material
leading to site saturation. Finally, the change in free energy values for Ni(II) and Co
(IT) biosorption were in the range of 8§ to 16 kJ/mol, indicating that the biosorption
mechanism is ion exchange [47]. The values of change in free energy were all
higher for Ni(II) than for Co(II) biosorption except at 298 K.

11.3.7.2 Temkin Isotherm

The Temkin isotherm model assumes that the biosorption energy decreases linearly
with the surface coverage due to biosorbent—biosorbate interactions and the bio-
sorption is characterized by a uniform distribution of binding energies, up to some
maximum binding energy. The non-linear form of Temkin isotherm model is given
by the equation:
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RT
q, = ? In (KTCe)

where b (J/mol) is the Temkin constant related to the heat of sorption and K+ (dm3/g)
is the equilibrium binding constant related to the maximum binding energy. The free
energy change associated with the maximum binding energy is given as:

K7 = Exp(—AGuu /RT)

The corresponding enthalpy (AH) and entropy (AS) associated with the maxi-
mum binding energies can be obtained from the equation:

AGmw = AH max — T ASmax

The values of equilibrium binding constant, K7, were found to be higher for Ni
(II) biosorption than for Co(Il) adsorption suggesting that stronger bonds are
created for the pine cone-Ni(Il) system than the pine cone-Co(II) system. The
constant K7 increased with increasing temperature for the biosorption of both
metal ions indicating that biosorption is favoured by temperature increase (endo-
thermic). These results also revealed that the heat of biosorption reduced with
increasing biosorption temperature indicating biosorbent—biosorbate interactions.

The values of change in free energy, enthalpy and entropy associated with the
maximum binding energy are calculated and shown in Table 11.5.

The free energy changes associated with the maximum binding energies at each
temperature were found to be negative indicating a spontaneous process for both
metals at all temperatures. The free energy change became increasingly negative
with increasing temperature indicating a chemical activated process and the mag-
nitude of negative charge was higher for the pine cone-Ni(Il) system than in the
pine cone-Co(II) system. A positive enthalpy indicates that biosorption was endo-
thermic and the endothermic nature was stronger for the Ni(II) than the Co
(II) biosorption. The negative values of entropy show the preference of Ni(Il) and
Co(II) ions for the pine cone surface and suggest the possibility of some structural
changes or readjustments in the Ni(II)/Co(II)—pine cone complex [48].

11.3.7.3 Comparison of Fit of Isotherm Model

The calculated values of the errors are shown in Tables 11.4 and 11.5 and plots of
the predicted values of the isotherm models along with the experimental equili-
brium values are displayed in Fig. 11.6a, b.

Generally, both isotherms fitted the equilibrium data to a reasonable extent
considering the low values for the variable error and the correlation coefficient
values above 0.94. The results for modelling of experimental data with the
Dubinin-Radushkevich and Temkin isotherm show that the 1 values for Ni
(II) adsorption were generally higher than those of the Co(Il) adsorption. The
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Fig. 11.6 Comparison of isotherm fit for (a) Ni(II) and (b) Co(II) onto pine cone at 298 K

results also indicate that the Dubinin—Radushkevich isotherm fitted the equilibrium
isotherm data better than the Temkin isotherm as seen from the results of the
correlation coefficient. The variable error values also follow similar trends as the
correlation coefficient error method but they do not show the wide margin of
difference reflected in the correlation coefficient values. When the experimental
data were plotted against the Dubinin—Radushkevich and Temkin isotherm
predicted values of the Ni(Il) and Co(Il) adsorption at 298 K (Fig. 11.6a, b), it
was observed that Ni(IT) adsorption shows better fit for Dubinin—Radushkevich than
Temkin isotherm but at high concentration the fit reduced while the Temkin model
seems to remain at constant difference over the range of concentrations used. For
the Co(II) adsorption the difference between the model values and the experimental
data was higher as compared with the Ni(Il) adsorption. The Dubinin—
Radushkevich model deviated more strongly from the experimental data at higher
concentrations for the Co(II) biosorption while the Temkin model remained at an
almost constant difference.

11.3.8 Desorption

The ability of pine cone biosorbents to adsorb and desorb Ni(II) and Co(II) ions was
examined in an adsorption/desorption test in which 0.5 g of pine cone in contact
with 50 ecm® of 40 mg/dm3 of Ni(II) and Co(II) solutions and the amount of Ni
(Il) and Co(II) ions adsorbed was determined. Figure 11.7 shows the results from
the desorption studies carried out on the pine cone using sodium hydroxide,
hydrochloric acid, acetic acid and water as desorbing agents.

The results show that HCl and NaOH desorbing agent gave the highest percent-
age desorption for Ni(Il) and Co(Il) and the percentage desorption of Ni(Il) was
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Fig. 11.7 Desorption 45
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higher than that of Co(II). These results suggest that the biosorption is governed by
a cation-exchange reaction of the type:

2Pine-OH + Ni** (Co?") « 2Pine-O~Ni*" (Co?")+2H"

The percentage of Ni(Il) and Co(II) displaced by HC1 and NaOH were 41.56 and
38.47% and 38.25 and 36.57% respectively. When water was used as desorption
agent on the other hand, only 17.32 and 22.53% of Ni(II) and Co(II) was desorbed
indicating that the biosorption reaction was more chemical ion-exchange than
physical biosorption. Finally, desorption by acetic acid which represents chemi-
cally non-reversible biosorption accounted for only 2.65 and 2.70%.

11.4 Conclusion

A comparative study on the uptake of pine cone for nickel and cobalt adsorption has
been successfully studied. Ni(II) and Co(II) biosorption by pine cone were found to
be dependent on the initial concentration and initial solution pH and were better
under basic conditions. FTIR analysis have shown that hydroxylic and carboxylic
groups play a major role in Ni(II) and Co(Il) uptake by pine cone. Equilibrium
analysis revealed that the monolayer coverage increased with temperature and the
mean free energies were higher than 8 kJ/mol indicating ion-exchange mechanism
which was also confirmed by the desorption studies.
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Chapter 12

Speciation Analysis of Inorganic Sb, Se and Te
in Environmental Samples Using Modified
TiO,@MWCNTSs Nanocomposite Packed
Microcolumn prior to Hydride Generation-

Inductively Coupled Plasma Optical Emission
Spectrometry (HG-ICP-OES)

Philiswa N. Nomngongo

Abstract A simple, sensitive and selective method based on the combination of
micro solid phase extraction and HG-ICP-OES for speciation analysis of Sb, Se and
Te in environmental samples, has been developed. Titanium dioxide/multiwalled
carbon nanotubes (TiO,@MWCNTSs) nanocomposite functionalized with Aliquat
336 was used as the sorbent material. Optimization of factors affecting the speci-
ation of the target analytes was achieved using fractional factorial and
Box-Behnken designs. Under optimum conditions, the limit of detection (n = 25)
ranged from 1.0 to 1.6 ng L™". The repeatability and reproducibility (expressed in
terms of relative standard deviation) ranged from 1.2-2.3% and 3.1-4.2%, respec-
tively. The accuracy of the developed method was tested by the analysis of a
certified reference material and spiked samples and the recovery percentages
ranged from 96 to 109%. The proposed method was applied for the quantification
of Sb, Se and Te species in real samples. The concentrations of total trace metals
determined using the developed method were compared with those obtained using
ICP-MS and the results obtained were in close agreement as statistically confirmed
using Student paired t-test.
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12.1 Introduction

Selenium is an essential element for human beings and its major sources are from
diet [1]. Selenium is a fundamental constituent of enzymes and plays a role as an
antioxidant in the human body displaying redox activity through essential enzymes.
The latter include thioredoxin reductase, iodothyronine deiodinase and glutathione
peroxidase, among others [1-3]. Selenium is required in trace amounts, for this
reason it becomes toxic when present in elevated concentrations (three to five times
higher than the bio-essential dose). However, the toxicity of Se strongly depends on
the chemical form or species of the element [2, 3]. Antimony on the other hand, is a
cumulative toxic element with unknown biological function [2, 4]. The physico-
chemical and toxic properties of this element depend on the binding form and
oxidation state [4].

Antimony occurs in trace levels; however, due to the increase in modern
applications, its concentration in the environment is increasing [2, 5-9]. In recent
years Sb is used in a wide range of products, such as rubber and plastics, packaging
materials, flame retardants, bactericides, and fungicides, among others [2, 4]. For
this reason, the living organisms are subjected to an increasing antimony exposure
[2, 5-9]. In view of the above, there is a need to identify and quantify the chemical
forms of antimony to provide comprehensive information about its toxicity and
human health relevance [4-9].

Tellurium (Te) has similar chemical and physical characteristics as Se and they
are usually associated together in minerals and earth crust at trace to ultratrace
levels. The most frequent inorganic species of this element in natural samples are
tellurite and tellurate [5—10]. Tellurium is regarded as a rare, non-essential element
and is known to be toxic to humans [11]. Similar to other elements, the toxicity of
tellurium depends on the oxidation state, for example, the toxicity of Te(VI) is more
serious than that of Te(IV) [10, 11]. Te tends to be accumulated in kidneys, heart,
liver and spleen and it should not exceed 0.002 g kg™ ', as if exceeded it could lead
to degeneracy of the liver and kidneys. Moreover, the emission of inorganic
tellurium compounds in the environment may create serious problems due to the
readily reactivity and chronic toxicity of this element [10].

In view of the above the determination of Sb, Se, Te in different sample matrices
is of great importance due to their health effects [5—12]. However, compared to
other trace elements, these elements are more difficult to detect by conventional
techniques such as flame atomic absorption spectrometry (FAAS), graphite furnace
atomic absorption spectrometry (GFAAS) and inductively coupled plasma-optical
emission spectrometry (ICP-OES). This is because in ICP techniques, Sb, Se and Te
suffer from low sensitivity due to their poor ionization efficiency in ICP, thus
limiting their determination in real samples since they are present in ultra-trace
low concentration [12-14]. In addition, FAAS and GFAAS are not suitable for
determination of refractory metals such as Te and Sb. For this reason hydride
generation (HG) coupled to spectrometric techniques have been widely used [5—
9, 12, 13]. The advantages of using the HG include the elimination of matrix effects,
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high sample introduction efficiency, improved sensitivity and selectivity, thus
providing lower limits of detection [14]. In order to obtain the best performance
using the HG system, parameters such as flow rate, concentration of reagents (HCI
and NaBH,), carrier gas and sample flow rate, among others need to be optimized.
However, depending on the type of sample being analyzed, separation/pre-
concentration technique coupled to spectrometric techniques such as ICP-OES,
even if HG is being used, is required. For this reason, in the last decade, solid
phase extraction (SPE) has been widely applied for trace element separation/pre-
concentration [1, 15, 16]. This is because SPE displays excellent advantages such as
high sensitivity, simultaneous enrichment and matrix elimination, reduced matrix
interferences, easy automation, relatively high enrichment factors, and low cost
[1, 15-17]. In addition, SPE has become more attractive due to the use of different
adsorbent materials with high adsorption capacities [17]. In recent years, the use of
nanometer sized adsorbents has received more attention; this is due to their superior
properties. The latter include increased adsorbent reusability, stability and high
adsorption capacity for metal ions in wide pH ranges [18, 19].

Therefore, this study reports the application of SPE-HG-ICP-OES procedure for
pre-concentration and speciation of inorganic antimony, selenium and tellurium
species in environmental samples. The separation/pre-concentration step was
achieved using a microcolumn packed with Aliquat 336 coated-titanium dioxide/
multiwalled carbon nanotubes nanocomposite. Two-level fractional factorial and
Box-Behnken designs were used for the optimization of the experimental variables.

12.2 Experimental Section

12.2.1 Reagents and Materials

All reagents were of analytical grade unless otherwise stated and ultrapure water
(specific conductance 0.05 pS cm ') from a Millipore Waters MilliQ purification
unit (Merck Millipore, Bedford, MA, USA) was used throughout the experiments.
Titanium butoxide, ammonia and ultrapure concentrated nitric acid (65%) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Multi-walled carbon
nanotubes (MWCNTs) with the outer diameter of 10 nm, core diameter of 4.5
nm, BET surface area of 280-350 m” g~ ' and >98% purity were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The MWCNTs were further purified by
stirring them in concentrated nitric acid at 70 °C for 12 h, followed by filtering
and washing with distilled water, and then drying at 110 °C for 6 h [20]. Spectrascan
single element standard (1000 mg L") of Sb, Se and Te species (Teknolab,
Norway) were used to prepare the working multi-element solutions. A Spectrascan
multi-element standard solution at a concentration of 100 mg L' (Teknolab,
Norway) was used to prepare the calibration standard solutions for quantification
of analyte concentrations in model and real sample solutions.
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12.2.2 Instrumentation

The quantification of the target analytes (Sb, Se and Te) was performed using an
ICP-OES spectrometer (iCAP 6500 Duo, Thermo Scientific, UK) equipped with a
charge injection device detector. In addition, the system was equipped with an
integrated unit for HG. The samples were introduced via a concentric nebulizer and
a cyclonic spray chamber.

An on-line pre-concentration system was performed using a MinipulsTM 3 peri-
staltic pump (Gilson, Villiers le Bel, France). Sample injection was achieved using
a Rheodyne (Cotati, CA, USA) Model 50, four-way rotary valve. A self-made
PTFE micro-column (2.85 mm i.d.), packed with nanoadsorbent was used in the
manifold for extraction and pre-concentration of metals. PVC peristaltic pump
tubing (Black/Black 0.76 mm i.d.) was employed to propel the sample, buffer and
eluent, respectively. Minimum lengths of PTFE tubing were used for all connec-
tions. UV photoreduction was achieved with a 400 W mercury vapour lamp (15W
G15T8 UV-C, Philips) that ignited with a suitable starter and choke, surrounded by
10 m PTFE tubing. The Sb 206.833, Se 196.026 and Te 214.281 nm spectral lines
were used. The setup for the online solid phase extraction system was carried out
according to Escudero et al. [1].

The morphological structure of the nanoadsorbent was observed using a scan-
ning electron microscope (SEM) (JSM-6360LVSEM, JEOL Co., Japan) after gold
coating. The specific surface area of the adsorbent was determined by Surface Area
and Porosity Analyzer (ASAP2020 V3.00H, Micromeritics Instrument Corpora-
tion, Norcross, USA). All the gases used for analysis were instrument grade. X-ray
powder diffraction (XRD) measurements were carried out with a Philips X-ray
generator model PW 3710/31 diffractometer with automatic sample changer model
PW 1775 (scintillation counter, Cu-target tube and Ni-filter at 40 kV and 30 mA).

12.2.3 Synthesis, Modification and Characterization
of TiO,@f-MWCNTs

The MWCNTs were first functionalized according to the method reported by
Es’haghi et al. [19]. The preparation of TiO,@f-MWCNTSs composite was carried
out according to the method reported by Gupta et al. [20] with some modification.
Briefly, -MWCNTs (500 mg) were dispersed into deionized water and magneti-
cally agitated for 6 h at which acceptable level of dispersion was observed.
Nanometer sized titania were synthesized by the sol-gel method. Appropriate
amount (8.0 mL) of titanium butoxide was dissolved in ethanol, and the solution
was then diluted with double distilled deionized water. The pH of the resulting
solution was adjusted to 2 using 1.0 mol L' nitric acid. The titanium butoxide
solution was carefully added (dropwise) into the dispersed f-MWCNTs. After that,
the suspension was dried at 110 °C. The obtained material was heated up to 400 °C
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for 90 min, where the pyrolysis process resulted in titania formation supported onto
the f-MWCNTSs’ surface.

The resulting material was characterized by SEM, BET and XRD. The SEM
images illustrate that the TiO, nanoparticles were well attached to the MWCNTs
and the nanocomposites were well dispersed. The XRD patterns revealed that the
synthesised TiO,@MWCNTSs nanocomposite material had crystalline peaks, which
are attributed to anatase TiO,. The nitrogen adsorption/desorption isotherms
showed that the nanoadsorbent had a surface area of about 209 m?> g~'. These
observed characterization results were similar to those reported in the literature
[21, 22].

The functionalization of the resulting nanocomposite material was performed
according to Bahadir et al. [23], with some modifications. Briefly, 500 g of TiO,@f-
MWCNTs were mixed with 100 mL of 5% Aliquat 336 in methanol. The mixture
was sonicated for 6 hours at room temperature and the suspension was separated by
centrifugation at 5000 rpm. The resultant solid was washed with ultrapure water
and dried in an oven at 110 °C.

12.2.4 Sample Preparation

The certified reference material NIST 1643e (fresh water) was obtained from the
National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA).
Tap water and river water samples were collected from Soweto area (Johannesburg,
South Africa) using pre-cleaned polypropylene sample bottles. For transportation
from the sample site to the laboratory the samples were chilled in a cooler. All
samples were filtered through 0.45 pm pore size membrane filters immediately after
sampling without preservations. It should be noted that the acid was not added
because it will alter the species of each metal present.

12.2.5 Multivariate Optimization of SPE-HG-ICP-OES
System

The general pre-concentration procedure was adopted from previous studies
[1]. The optimization of the parameters affecting the SPE-HG-ICP-OES system
was performed using two level factorial and Box-Behnken designs. Five variables
i.e. sample pH, eluent concentration (EC), eluent flow rate (EFR), reagent flow rate
(RFR) and sample flow rate (SFR) were regarded as important factors. The con-
centration of NaBHy, the Ar flow rate and the sample volume were 1.0 M and 0.8%,
0.65 L min~' and 20 mL, respectively. These values have been optimized in
previous studies [1, 13]. Maximum, central point and minimum levels in
Table 12.1 for each factor were chosen according to the data from previous
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Table 12.1 Factors and levels used for optimization strategy

Variables Low (—) Central point (0) High (+)
Sample pH 2 6 10
Sample flow rate (SFR) (mL min~") 5.0 75 10.0
Reagent flow rate (RFR) (mL minfl) 2.0 3.0 4.0
Eluent concentration (EC) (mol LY 1.0 1.5 2.0
Eluent flow rate (EFR) (mL min ") 5.0 7.5 10.0

experiments. All the experiments were carried out in random order. The experi-
mental data was processed by using the Statistica software program.

12.3 Results and Discussion

12.3.1 Multivariate Optimization of the SPE-HG-ICP-OES
Method

Two level (2°!) fractional factorial design was used as a screening method for
optimization of SPE-HG-ICP-OES method. Analysis of variance (ANOVA) was
used to investigate the effect of the most influential factors and the percentage
recoveries were used as the analytical response (Table 12.7). The ANOVA results
produced in the form of Pareto charts (Figs. 12.1, 12.2 and 12.3) presented the main
effects and their interactions. It was observed from the ANOVA results that sample
pH, sample flow rate and eluent concentration were the most important variables for
the determination of the studied analytes. Therefore, reagent and eluent flow rates
were fixed at 3.0 and 5.0 mL min~", respectively. The most influential factors were
further optimized using Box-Benhken design composed of a total of 14 experiments
(Table 12.8). The response surface methodology 3D graphics (Fig. 12.4) of the
quadratic models were used to evaluate the interactive relationships between the
independent variables and the response [17]. The overall outcome revealed that as
the sample pH, sample flow rate and eluent concentration increase the analytical
response also increases. Therefore, based on the quadratic equations resulted from
the 3D surface response plots, the optimum sample pH, sample flow rate and eluent
concentration were found to be respectively 6, 8.5 mL min~' and 2.0 mol L™". In
view of the above, the results obtained from the screening analysis using 2!
fractional factorial and Box-Benhken designs revealed that optimum sample pH,
reagent flow rate, sample flow rate, eluent concentration and eluent flow rate were
6,3.0 mL min~!, 8.5 mL min—', 2.0 mol L™} and 5.0 mL min~!, respectively.
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12.3.2 Analytical Figures of Merit

The SPE-HG-ICP-OES system had a linear dynamic range of calibration from
LOQs up to 350 pg L™ for all the studied analytes (R* = 0.9989-0.9991). Under
optimum conditions, the limits of detection (LOD) and quantification (LOQ) were
calculated according to IUPAC recommendation from Cpop = 3 X SDm ' and
CLog =10 x SDm ', where SD is the standard deviation of the blank (n = 25) and
m is the slope of the calibration curve. The LOD and LOQ were found to be 1.3, 1.6
and 1.0 ng L™' and 4.3, 5.3 and 3.3 ng L' for Sb(V), Se(VD) and Te(VD),
respectively. The repeatability and reproducibility in terms of standard deviation
obtained for 15 repetitive analyses of 20 mL of multielement standard (10 pg L")
were evaluated. The RSDs for repeatability and reproducibility for Sb, Se and Te
were 1.7, 2.3 and 1.2% and 3.1, 4.2 and 3.5%, respectively. The pre-concentration
factor was found to be 22,500 (50 for pre-concentration system, and 450 for HG).
The throughput sample was found to be 25 samples/h (2.4 min pre-concentration
time and 20.0 mL sample volume).

The analytical figures of merit of the current method were compared with those
recently reported in the literature by different researchers (Table 12.2). As it can be
seen, the LOD, precision and enrichment factor of the proposed SPE-HG-ICP-OES
method are comparable or better than the other procedures, and the enrichment
factor is significantly higher than others. These findings demonstrated that the
SPE-HG-ICP-OES method has some advantages over the reported methods.
These advantages include lower detection limit, higher pre-concentration factor,
simplicity and low cost. For this reason, it can be concluded that the developed
method was suitable for the analysis of ultratrace species of Se, Sb and Te.

12.3.3 Reusability

The regenerability of an adsorbent is one of the key performance factors that needs
to be evaluated. Generally, an ideal adsorbent should not only possess a high
sorption capacity, but also exhibits a long-term stability [22]. The microcolumn
was found to be reusable after regeneration with 5 mL of 2.0 mol L' HCI solution
and 5 mL deionized water, respectively. It was observed that the column is stable up
to 150 percolation and elution cycles. This phenomenon shows that the prepared
nanocomposite had good stability under acidic conditions, which can significantly
reduce the overall cost for the adsorbent [27].
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Table 12.2 Comparison of analytical figures of merit of the current method with those recently

reported in the literature by different researchers

Analytical Sample Preconcentration | LOD
Analyte procedure matrices factor (ng L) |RSD (%) |Ref.
Se(IV) FI-HG-ICP- Water and 14875 30 0.17 [1]
OES beverages
Sb(V) HG-ICP-OES | Bottled - 110 18 [14]
water
Sb, Se HG-ICP-OES- | Water and 18, 19 90, 100 3.0, 4.1 [13]
slurry soft drinks
introduction
Te(VI) DLLME- Water 125 4 3.7 [11]
ETAAS
Se(VD), SPE/ICP-MS Water - 7,3 5-13 [24]
Te(VI)
Se(1V), HG-AFS Milk - 12,23 10, 12 [25]
Te(VI)
Sb FI-HG-DC- Water 26.6 2.5 4.8 [26]
AFS
Se HG-HSSPME- | Water, beer, |— 800 34 [10]
ICP-OES wort and
yeast
Sb(V), Se | SPE-HG-ICP- | Water 22,500 1.3,1.6, |[1.7,2.3, |This
(VI), Te OES 1.0 1.2 work
(VD

12.3.4 Validation and Application of the Developed Method

The accuracy of target element analysis was evaluated using spike recovery tests.
This was done in order to control possible analyte matrix effect [1]. The recoveries
of analytes from environmental matrices spiked at two concentration levels of
25 and 50 times the quantification limits for Sb (0.11 and 0.21 pg L"), Se (0.13
and 0.26 pg L™") and Te (0.08 and 0.17 pg L") were determined. The analytical
results are presented in Table 12.3. It can be seen from this table that quantitative
recoveries of 96—109% for all the studied analytes were obtained.

In order to further validate the accuracy of the proposed method, the certified
reference material (1643e) was analysed for elemental species and total content. It
can be seen from Table 12.4 that the analytical results of the developed method are
in agreement with certified values. In addition, the recoveries ranged from 97.2 to
100.1%, proving that the SPE-HG-ICP-OES method has a high accuracy.

The developed SPE-HG-ICP-OES procedure was successfully applied for the
determination of trace amounts of Sb, Se and Te species in different water samples.
It should be noted that the concentrations of Sb(III), Se(IV) and Te(IV) were
mathematically calculated from the total content and the determined Sb(V), Se
(VI) and Te(VI). The results are presented in Table 12.5. To verify the validity of
the results obtained by the current method, the samples were also analyzed by
ICP-MS (Table 12.6). The results were in good agreement and are not significantly
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Table 12.3 Analytical results obtained in the analysis of spiked samples. The concentration
values are expressed as the mean =+ standard deviation of five replicates

Added Sb(V) Added Se(VI) Added Te(VD)
Sample (el™) el ™ el |pel™ (gl™) [(uegl™
Tap water 1 0 0.05 £0.01 |0 1863 +09 |0 < LOD*

0.11 0.16 £ 0.01 |0.13 186.4 + 0.04 |0.08 0.08 + 0.03
Recovery (%) 96.4 100 98.8

0.21 0.26 £0.03 |0.26 186.6 £ 0.3 |0.17 0.17 £ 0.03
Recovery (%) 98.1 104 97.1
River water 1 |0 0.32+0.06 |0 455+ 1.0 0 3.10 £ 0.90

0.11 0.44 +0.02 |0.13 45.6 +£ 0.2 0.08 3.18 £ 0.01
Recovery (%) 109 108 96.3

0.21 0.52 £0.02 |0.26 458 £ 1.2 0.17 3.28 +£0.03
Recovery (%) 98.2 96.2 106

Total metal ion content Sb: 0.085 + 0.005 pg L™" in tap water 1 and 0.91 + 0.04 ug L™" in river
water 1; Se: 188.7 + 1.2 pg L™" in tap water 1 and 52.3 & 0.7 pg L™ in river water 1; Te:
478 £ 0.15 pg L™" in river water 1

#< LOD: below the limits of detection

Table 12.4 Determination of Sb, Se and Te concentration (n = 6) in NIST 1643e (fresh water)

Certified values
Analyte (gL Obtained values (ug L") Recovery (%)
Sb 58.30 + 0.11 58.33 + 0.09 100.1
Se 11.97 £ 0.11 11.94 + 0.12 99.7
Te 1.09 £ 0.14 1.05 + 0.09 97.2

different at 95% confidence level. These findings proved that the developed method
was suitable for the determination of trace Sb, Se and Te species.

12.4 Conclusion

This study reports the development of a SPE-HG-ICP-OES method for the determi-
nation of inorganic Sb, Se and Te species in water samples. The TiO,@MWCNTs-
Aliquat 336 was used as a solid phase material for selective pre-concentration of
Sb(V), Se(VI) and Te(VI) species. The optimization of the experimental parameters
affecting the speciation of analytes of interest was achieved using 2>~ fractional
factorial and Box-Benhken designs. Under optimized conditions, the SPE-HG-ICP-
OES method proved to be suitable for the speciation of the target elements. In addition,
the developed method was found to be simple, sensitive, selective, accurate and
precise.
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Table 12.6 Determination of
total antimony, selenium and
tellurium concentration (ug L™")

in water samples using
ICP-MS

Supplementary Data
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Sample Sb(total) Se(total) Te(total)
River water 2 1654 £2.3 451+ 1.3 < LOD
River water 2 119.7 £ 1.6 69.8 £2.3 4.98 £ 0.23
Tap water 2 1.52 £ 0.32 559+18 < LOD
Tap water 3 5.89 £0.12 30.1£1.2 1.11 £ 0.13

Table 12.7 Matrix of 2> full factorial design and the analytical response (% recovery) for each

experiment
Column 1 SPH SFR EC RFR EFR Sb(V) Se(VI) Te(VI)
1 2 5 1 2 10 49.45 57.97 53.32
2 10 5 1 2 5 50.23 56.96 57.10
3 2 10 1 2 5 63.55 69.93 70.10
4 10 10 1 2 10 64.12 70.98 72.60
5 2 5 3 2 5 69.63 72.92 63.01
6 10 5 3 2 10 70.57 74.83 70.89
7 2 10 3 2 10 78.96 84.40 83.01
8 10 10 3 2 5 79.87 90.59 89.99
9 2 5 1 4 5 75.32 66.55 70.75
10 10 5 1 4 10 76.32 68.76 73.08
11 2 10 1 4 10 83.69 98.05 79.07
12 10 10 1 4 5 84.65 100.97 80.89
13 2 5 3 4 10 95.32 84.54 82.43
14 10 5 3 4 5 96.01 86.11 84.20
15 2 10 3 4 5 94.36 93.32 94.96
16 10 10 3 4 10 95.15 94.89 95.67
17 6 7.5 2 3 7.5 80.69 82.72 81.20
18 6 7.5 2 3 7.5 80.52 82.56 81.20
19 6 7.5 2 3 7.5 80.45 82.79 81.27
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Tal?le 12'.8 Experimental Sb(V) | Se(VI) ‘ Te(VD)

design using Box-Behnken  p - lopy |SFR | EC | Recovery (%)

design and analytical

response values 1 2 5 2 74.74 78.47 70.56
2 10 5 2 70.12 74.54 80.18
3 2 10 2 84.13 82.62 84.25
4 10 10 2 67.62 68.38 92.43
5 2 7.5 1 57.32 59.99 64.05
6 10 7.5 1 48.33 51.49 90.18
7 2 7.5 3 98.81 98.02 101.2
8 10 7.5 3 85.25 87.24 96.48
9 6 5 1 63.23 67.36 67.67
10 6 10 1 54.33 53.56 78.26
11 6 5 3 89.23 93.61 89.29
12 6 10 3 100.51 100.21 101.53
13 6 7.5 2 98.96 98.17 99.87
14 6 7.5 2 98.77 98.22 100.12
15 6 7.5 2 98.72 98.29 99.89

Pareto Chart of the Standardized Effects
(response is %R; o = 0,05)

Term 43

n o

BERREMRRB»R0Bw

0 100 200 300 400
Standardized Effect

Fig. 12.1 Pareto chart of standardized effects for variables related to the preconcentration of Sb
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Pareto Chart of the Standardized Effects
(response is %R: o = 0,05)
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Fig. 12.2 Pareto chart of standardized effects for variables related to the preconcentration of Se

Pareto Chart of the Standardized Effects
(response is %R; a = 0,05)
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Fig. 12.3 Pareto chart of standardized effects for variables related to the preconcentration of Te
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Surface Plot of %R vs SFR; SPH

Fig. 12.4 Response surfaces obtained for Sb, Se and Te
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Chapter 13

Nano Transition Metal Alloy Functionalized
Lithium Manganese Oxide Cathodes-System
for Enhanced Lithium-Ion Battery Power
Densities

Natasha Ross and Emmanuel Iwuoha

Abstract A new generation of battery technologies is necessary to address the
challenges of the increasingly complex energy systems our society requires. A
lithium-ion battery (LIB) is an advanced battery technology that uses lithium ions
as a key component of its electrochemistry. Manganese oxide cathode material of
rechargeable lithium-ion batteries offers a unique blend of lower cost and toxicity
compared to the normally used cobalt, and has been demonstrated to be safer on
overcharge. The common disadvantages affecting its performance are amendable
through morphological and electrochemical properties changes. In this research
work, alloy nanoparticles were synthesized and used as coating material with the
objective to improve the microstructure and catalytic activities of pristine
LiMn,0,4. Co-precipitation and calcination methods were used to coat the
LiMn,0O,. The pristine LiMn,0O, and modified materials were examined using a
combination of spectroscopic and microscopic techniques along with in detail
galvanostatic charge—discharge tests. Microscopic results revealed that the novel
composite cathode materials had high phase purity, well-crystallized particles
and consistent morphological structures with narrow size distributions. The
LiPtAu,Mn,_,O, cathode effectively accommodated the structural transformations,
which occur during Li* ion insertion with exchange current density iy (A cm™?) of
1.83 x 10 *and 3.18 x 10~ for LiMn,O, The enhancement of the capacity retention
and higher electrode coulombic efficiency of the LiPtAu,Mn,_,O4 were significant,
especially at high C rate. At enlarged cycling potential ranges the LiM;Mn,_,O4 (x =
0.02) sample delivered relevant discharge capacity of 90 mAh g~' compared to
LiMn,O4 (45 mAh g ").
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13.1 Introduction

The high specific energy and power available from lithium-ion batteries and the
possibility to charge and discharge them hundreds of times are the reason for their
key importance in electronic portable devices and future development of hybrid
vehicles [1]. When a battery is operative, the redox reactions alter the electrode
materials molecular/crystalline structure, affecting their stability, and hence require
frequent replacement after several cycles. The high rate exchange of lithium ions
requiring more power and faster charging generates significant stresses and strains
in the electrodes that ultimately lead to performance degradation [2]. Therefore,
improvement of the cathode materials is pivotal. The LiMn,0, in LIB’s perfor-
mance remain inferior to other systems and consequently have a limited market, but
are promising in industrial and electrical vehicles applications, as a result of their
safety and cost/performance characteristics [3]. The need of a cathode catalyst to
reversibly reduce oxygen and re-oxidize the oxide species back to oxygen largely
stems from addressing the large overpotentials in the discharge—charge reactions.
The challenges rise from the effort to increase the cycle life and stability of the
cathode materials in standard commercial LIB’s [4].

This work on AuPt alloy transition metal alloy-surface modified spinel LiMn,O,
cathode materials can provide a better connecting network for electron diffusion
due to a shortened transportation path, i.e., highly crystalline nanostructures [5],
enhanced phase transition kinetics of lithium ion intercalation/deintercalation and
high rate discharge capabilities [6]. Lithium-ion batteries made using nanotechnol-
ogy were found to demonstrate ultrahigh lithium storage [7].

13.2 Nanoalloys

Since their commercialization in the 1960s, bimetallic catalysts are widely utilized in
many catalytic [8] and electrocatalytic applications [9]. Bimetallic nanoparticles are
the combination of two metals in the nanoscale size range [10]. Alloying of metals is
a way of developing new materials with better technological usefulness than their
starting substances. The use of bimetallic nanoparticles may give rise to synergism
with improvement of structural and physical properties [11]. Bimetallic nanoparticles
often exhibit enhanced catalytic performances in terms of activity, selectivity, and
stability, compared to the separate components [12]. Hence, bimetallic nano-catalysts
provide a way to utilize smaller amounts of expensive catalyst material. This,
together with the ability to make them in different sizes and shapes, makes them
potentially useful for catalysis [13]. For example, the most favorable size for
platinum-based electrocatalysis is in the range of 2—4 nm [14]. Therefore, synthesis
of bimetallic nanoparticles that could exhibit well-controlled shapes, sizes, chemical
composition, and structure has been explored in order to enhance their performances.
Bimetallic nanoparticles have wide application in emerging technologies due to
additional degrees of freedom as compared to monometallic nanoparticles [15].
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13.3 Active Materials for the Positive Electrode
of the Li-Ion Batteries

In general, the active materials for positive electrodes are compounds based on
transition metals which can release lithium ions from the structure by oxidation of
the transition metal cations. To obtain high rate capability and high reversibility, it
is important that during intercalation the structure of the active material remains
unaltered. Most of the active materials for the positive electrode of the lithium-ion
batteries have a layered structure, with transitional metal ions ordered in a layer
(slab) and lithium ions in the following layer (interslab). The disorder of the
structure can be quantified from the amount of transition metals, which are in the
interslab. Li* can diffuse rapidly in the structure only if the material is highly
ordered [16]. Moreover, to obtain high enough specific energy density, it is neces-
sary that at least one Li* per transition metal can be removed from (accommodated
in) the structure. Also the electronic conductivity of the compounds is important. If
it is too low, some conductive additives (mainly carbonaceous) have to be mixed in
the electrode composition, thus lowering the specific energy. In this case, the
reaction can occur only in the regions where the three phases (conductive additives,
active material and electrolyte) meet together. LiCoO, was the first active material
for positive electrode commercialized in large scale [17]. The LiCoO, has a layered
structure. The complete removal of the lithium ions from the interslab results in
structural changes leaving it electrochemically inactive with respect to Li* inter-
calation. LiNiO, has the same structure of the cobalt equivalent, but with the
advantage of the lower cost. Studies suggest an excess of nickel in the structure,
localized in the interslab and causes a reduction of the diffusion coefficient and
consequently of the power capability. Moreover, the deintercalated compound
seems to be unstable and therefore dangerous in contact with organic liquids
[18]. LiFePQ, is the first positive material, which is low cost, environmentally
benign, and can be charged reversibly up to 1 Li" per Fe. The compound is an
olivine and electrochemically active to Li* intercalation. However, its low elec-
tronic conductivity (10~? S/cm) does not permit to use them “as they are”, hence
they have to be mixed with carbonaceous compounds [19]. Second-generation
cathodes include modifications of the LiNiO,, spinel cathodes LiMn,0, and lay-
ered LiMnO,. LiMnO;, is a low cost compound and environmental friendly. The
LiMn,0, spinel compound has three equilibrium potentials for lithium ion inter-
calation, two are at 4.0 and 4.1 V (Li/Li"), and one at 3.0 V (Li/Li"). Often only the
lithium intercalation at 4.0 and 4.1 V (Li/Li") is used, so that the cell is constructed
in the discharged state [20]. The average oxidation state of the manganese is critical
to obtain effective cycle life. When the oxidation state of the manganese is 3.58 or
higher, the dissolution of the manganese is reduced and the spinel compound has a
lengthier cycle life [21]. However, in the deintercalated state, the structure is not
stable and changes to spinel [22]. To stabilize the structure, many transition metals
have been used as substitutes of Mn [23].
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13.4 Modification Techniques to Advance Cathode
Performances

The challenges remaining for cathode materials include: stabilization during
prolonged cycling, improving their rate capabilities, and demonstrating acceptable
safety features. The best approaches appear to be addressing both their synthetic
processes and exploit of the surface coating technique. One of the main strategies to
improve the rate capability and safety of LiMn,O, cathode materials is to develop
powders with core—shell structures: active mass particles coated with protective
layers that reduce detrimental reactions of the cathode material with solution
species, yet allow fast migration of Li ions through them. If the surface reactivity
of nanoparticles is properly attenuated, this can significantly increase the rate
capabilities. Exchange of lithium ions with the electrolyte during charge and
discharge process depends critically on the electrode microstructure, morphology
as well as the inherent electrochemical properties.

13.5 Nanocoating

Electrochemical reactions start at the electrode-electrolyte interface, hence control
of the interfaces via coating can decrease the interface side-reactions and improve
the Li-ion diffusivity. The surface coating may also improve the electrochemical
performance of the Li; ., Mn,_,O, spinel due to a decrease in the dissolution of Mn**
and enhance the transportation of the Li* ions in the cathode material [4] and deliver
enhanced capacity retention after cycling. After coating, M, (M = AuPt) replaces
the Mn>* prone to disproportionation and forms LiM,Mn,_,O,, which obstructs the
structural degradation of LiMn,0,4. Among the cathode materials, spinel LiMn,O,
has the most destabilized structure at elevated temperatures. Hence, coating can
lead to the decreased exothermic reactions on the delithiated cathode with electro-
Iyte above 200 °C. Also capacity fade upon cycling largely depends on Mn
dissolution: Mn** — Mn** + Mn** (with Mn** going into solution). The coating
layer can also act as a resistance against Li* ion diffusion into the bulk. Therefore,
the coating layer materials should have a dual contribution to both tolerance for
Li-ion diffusion and hindrance of dissolution of transition metal ion during the
lithiation [24].
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13.6 Methodology

13.6.1 Synthesis of Spinel LiMn,0,

LiMn,0,4 powders were prepared via a traditional solid state reaction method with
minor modification. A stoichiometric amount of lithium and manganese acetate
salts with a cationic ratio of (Li:Mn) 1:2 was dissolved in distilled water and
completely mixed by gentle stirring. The resulting solution was evaporated at
80-100 °C for 10 h until a sol precursor was obtained. The precursor was further
preheated at 400 °C for 1 h. To remove water further, the precursor was subjected to
calcination at 880 °C for 10 h in a muffle furnace.

13.6.2 Synthesis of Nanoparticles in Microemulsion

The use of water-in-oil microemulsion for the synthesis of nanoparticles is one of
the most promising methods. The application of this technology allows the prepa-
ration of the bimetallic nanoparticles with narrow size distribution. The particle size
of the nanoparticles ranges between 1 to 50 nm but is strongly dependent of the
surfactant employed. In principle, the process can be easily scaled up because of its
straightforward synthetic strategy. This process was proven to be adaptable to the
synthesis of a series of bimetallic nanoparticles with narrow size distribution.
Scheme 13.1 shows the protocol for the fabrication of mono-dispersed bimetallic
nanoparticles.

13.6.3 Synthesis of Bimetallic Pt/Au NPs

The synthesis employs HAuCl, and H,PtClg as precursors and oleylamine as the
solvent, stabilizer, and reducing reagent. Since oleylamine is amphiphilic, it pro-
vides a polarized solvent environment and thus further allows the interaction of the
two metal precursors to lower the thermal energy of Pt reduction. In a typical
synthesis, HAuCl, and H,PtClg in a total amount of 0.02 M were dissolved in 5 mL
of oleylamine and 5 mL oleic acid in ethylene glycol (EG) at 40 °C under Ar and
then heated to 160 °C at a rate of 2 °C/min. The solution color changed from reddish
yellow to pale yellow at 50-70 °C and then changed to dark purple at 80-90 °C. The
reaction temperature was maintained at 160 °C for 2 h to give the final products.
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13.6.4 Synthesis of Alloy Functionalized LiMn,0,
and Coin-Cell Assembly

For the surface modification of LiMn,Oy, the transition metal alloy nanoparticles
were added to de-ionized water, dissolved completely and heated at 100 °C until the
solvent evaporated. The product was annealed at 650 °C for 10 h in air. The
electrodes were prepared by mixing 80 wt% of the LiM,Mn,_,O, material with
15 wt% acetylene black (current collector) and 5 wt% polyvinylidene fluoride
binder (PVDF, dissolved in N-methyl-2-pyrrolidone) to form a slurry. The slurry
was cast on the aluminium foil with a thickness of about 66 pm. Rechargeable 2032
button cells (LR2032, 20d x 3.2 mm) were assembled and sealed in an argon-filled
glove box with LiM,Mn,_ ,O, as the working electrode, lithium foil as counter
electrode, 1 M LiPF¢ dissolved in ethylene carbonate (EC, battery grade) and
dimethyl carbonate (DMC, battery grade) (1:1 by volume) as the electrolyte.

13.7 Characterization

The shape and size of the microstructure of LiM;Mn,_ ,O, nanopowders were
determined using a Hitachi model X-650 scanning electron microanalyser (SEM)
and a Tecnai G* F20 X-twin MAT 200 kV transmission electron microscope



13 Nano Transition Metal Alloy Functionalized Lithium Manganese Oxide. . . 207

(TEM). The materials were characterized by X-ray diffraction (XRD). The diffrac-
tion patterns were taken at room temperature in the range of 5 < 20 < 90° using step
scans. Test cells for electrochemical performance evaluation were cycled between
2.4 V and various preset charge cut-off potentials (vs. Li) galvanostatically with
various current densities.

13.7.1 Charge/Discharge Profile at High and Low Current
Densities

1
1

All charge/discharge rates were denoted using C-rate, where 1 C equals to 148 mA g~
of the theoretical capacity of LiMn,O,. At such a current density of 148 mA g~
the charge or discharge of LiMn,O, from initial state requires 1 h. The actual
charge/discharge process is not an equilibrium process unless the charge/discharge
is carried out at low current density. Excellent cyclability at high C rates is
advantageous in traction applications, where the ability of a battery to sustain fast
(0.5—-1 h) charging would solve the problem of the limited range in electric vehicles,
and render superfluous the need for battery interchange. Therefore, all cathode
materials were tested at charge and discharge rates of 0.1, 0.5, 1 and 10 C in a
voltage range 2.4—4.8 V using a BST8-WA 220V 8 Channels Battery Analyzer.

Rate capability of all cathode materials synthesized was measured at discharge
current densities from 0.1 to 10 C. Before each discharge, a full charge process was
carried out at the same specific current rate of 29.4 mA g~ ' (0.1 C). The discharge
profiles at different rates were compared and analyzed. The capacitance of each
sample was determined using Eq. (13.1), where C: capacitance (F), I: current (A), t:
charge and discharge time (s), V: voltage difference between electrodes (V) and m:
mass of anode and cathode respectively [26].

c—ﬂ<i+L> (13.1)

VvV \m, m.

13.7.2 Effect of Heating

Thermogravimetric analysis (TGA) was employed to determine the preheating and
minimum calcination temperature applying a heating rate of 10 °C/min from room
temperature to 880 °C. The compositions of the calcined powders were analyzed
with an inductively coupled plasma-atomic emission spectrometer (ICP-AES).
Figure 13.1 showed that weight loss occurred in three temperature regions:
20-200 °C, 200-500 °C and 500-600 °C. The little weight loss of the first region
was attributed to the superficial water loss due to the hygroscopic nature of the
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Fig. 13.1 TGA curves of
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Table 13.1 Chemical composition by ICP (after sintering at 880 °C)

Content Li Mn
wt % 0.97 1.98

precursor complex. In the third region, the noticeable weight loss in the TG curve is
due to the decomposition of the inorganic and the organic constituents of the
precursor followed by crystallization of LiMn,O, phase. In the last region the
TGA curve became flat, indicating that no phase transformation occurred, and
that any further heating only makes the structure of the samples more crystalline
[27]. From the TGA trace, there is about 2.5% weight loss when the sample was
heated up to 200 °C, which is due to the adsorbed water. Between 200 and 350 °C,
about 5.5% weight loss is due to removal of acetates, which was followed by 2 wt%
loss due to the removal of the surfactant.

13.7.3 Chemical Composition and Particle Morphology

The elemental ratio of LiMn,O,4 was determined by ICP-AES measurements. The
results are shown in Table 13.1.

The high resolution scanning electron micrograph (HRSEM) of the spinel
LiMn,O, is shown in Fig. 13.2a. The pure LiMn,O, appears to have apparent
primary particles around 50 nm and have the shape of spinel. The secondary
particles of LiMn,O, are about 100 nm, which are glomeration congregated tightly
by primary particles, indicating that the crystals of the spinel LiMn,0, grow very
well and have inter-particle boundaries. Tapping mode AFM image is shown in
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(b)

Fig. 13.2 HRSEM (a) and AFM (b) of LiMn,0, sample consisting of round-bar-shaped spherical
particles of <100 nm

Fig. 13.2b. Evidently, a rough structure with closely distributed micro-pores of
less than 5 nm in diameter was observed with clear globular features and a large
degree of surface roughness. HRTEM and EDX results of LiMn,O, are displayed
in Fig. 13.3a, b and c, respectively. Figure 13.3a shows the bright-field TEM
micrographs of the LiMn,0,4 nanoparticles corresponding to that of a single-crystal
with a cubic structure with crystallite size distribution less than 100 nm.
Figure 13.3b is an enlarged section of the areas shown in Fig. 13.3a. Figure 13.3c
is a selected area diffraction (SAD) pattern corresponding to the (1 1 1) facet plane
of the cubic lattice of LiMn,O,, The lattice fringes are clearly visible in the powder
with a separation of 4.76 A, indicating highly ordered crystallite. The fact that the
(1 11) plane, the intercalated plane of the spinel structure, was well ordered from
the inside to the surface reflects good cycling quality.

The TEM of LiPtAuyp,Mn; 930, is displayed in Fig. 13.4. Despite having an
asymmetrical coating layer, LiPtAug,,Mn; 9gO4 nanoparticles consist of lattice
fringes. The selected area diffraction pattern of LiPtAugp,Mn; 9gO4 corresponds
to a cubic lattice. Based on the diffraction spots from the super-lattice structure
shown in Fig. 13.4c for the LiPtAug 0,Mn; 9sO4 SAED images, both LiMn,0O, and
LiPtAug p,Mn; 93O, adopt a typical spinel structure with Fd3m space group. This is
well in agreement with the Rietveld refinement result that all transitional metal ions
are randomly distributed at the octahedral sites. The formation of
LiPtAug oMn; 9304 nanoparticles is further validated by AFM. Tapping mode
AFM are shown in Fig. 13.5. LiPtAug¢,Mn; ¢gO4 nanoparticles are distributed
evenly and confirm that PtAu alloy adhered well to the LiMn,O, surface. The
three-dimensional image in Fig. 13.5b shows surface globules with irregular islands
and some smoother regions. The reduction in size may be due to the nanoparticles
that carry a negative surface charge and strongly interact with the cationic
LiMl’l204.
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Fig. 13.3 TEM images of LiMn,0, powders calcined at 880 °C (a) with lattice image (b) and
electron diffraction patterns (c)

Fig. 13.4 HRTEM images of LiPtAu,Mn, ,O, cathode (a) and (b) with lattice image (c) and
electron diffraction pattern (d)

13.7.4 Crystal Structure and Phase Composition Analysis by
X-ray Diffraction

The XRD patterns of PtAu coated-LiMn,0, are shown in Fig. 13.6. Figure 13.6a
shows that the lattice constant increases with temperature from 8.21 A at 600 °C to
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Fig. 13.5 AFM images of the LiPtAuj(>,Mn; 93O, in tapping mode (a) and three-dimensional
views (b)

8.26 A at 880 °C. This behavior suggests the gradual formation of stoichiometric
spinel. The XRD peak positions of LiMn,0O, at room temperature shifted towards
lower diffraction angles. The shift of diffraction peaks towards higher diffraction
angles means that the crystal lattice is compressed and if the peaks are shifted
towards lower diffraction angle that means the lattice is expanded. This is synon-
ymous with enhanced stability of the spinel. Figure 13.6b shows that the
LiPtAug ,Mn; 93O, composite crystallizes in a cubic spinel. Compared with that
of pure LiMn,0y, the (1 1 1) peak of bimetallic nanoparticle modified material is
intensified and shifted to a lower angle. The d spacing of (1 1 1) peak is 0.227 nm
and 0.232 nm for LiMn,0, and coated sample, respectively, which indicates that
the LiPtAuggoMn; 930, composite was formed. The LiPtAugp,Mn; 9304
nanoparticles are highly crystalline and this could influence positively their elec-
trochemical behavior in the lithium ion battery. The inset shows the PtAu alloy
which exhibits a broad band at 38.35° (20) that matches with the (1 1 1) plane. The
broad peak at 44.58° (20) is attributed to the (2 0 0) plane. Two additional bands are
observed at 65° and 77.73° (20) corresponding to PtO,. The particle size calculated
on the base of (1 1 1) peak is 7 nm which is in close proximity to the value obtained
from TEM measurements. The peak of the PtAu nanoparticles is between those of
monometallic gold and platinum nanoparticles. Hence, the PtAu nanoparticles used
to coat are not the mixtures of individual nanoparticles but bimetallic
nanostructures [28]. The lattice constant of LiPtAug¢,Mn; 93O, increased slightly
than that of LiMn,0O, from 8.2600 A (7) to 8.2609 A (5). This increase may be due
to the lattice disparity between Pt and Au atoms [29] and the larger ionic radii
compared to Mn>".
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Fig. 13.6 XRD pattern of LiMn,0O, with peaks shifting towards higher diffraction angles after
consecutive calcinations (a) and LiPtAug 0,Mn; 93O, cathode powder (b)
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13.7.5 Fourier-Transform Infrared and Raman Vibrational
Spectroscopic Sample Analysis

The FTIR spectra of pure LiMn,O, and LiPtAugo,Mn; ¢gO4 nanoparticles are
shown in Fig. 13.7a, b respectively. For LiMn,O,, the main distinct absorption
peaks caused by the Mn—O vibration of the MnOg as shown in Fig. 13.7a, are in
good agreement with previous reports. The high local symmetry of the parent cubic
spinel LiMn,O, is reflected in the observation of only two absorption bands
centered at 602 and 515 cm ™' [30]. In Fig. 13.7b, major changes are observed in
the region between 1600 and 3600 cm™'; the peaks in the spectrum appear much
smoother as those for LiMn,0O4. This can be ascribed to the change in bending
vibrations with formation of the LiPtAugp,Mn; 93O, complex, which masks the
absorption peaks of LiMn,O,. Other spectral changes were observed at 447, 596
and 817 cm ™', It is evident that the peak at 596 cm ™' of LiPtAuggMn, 930y is
more intensified than for LiMn,O,4 at 602 cm™'. However, the peak at 596 cm™
exhibits similar behavior on the Li-Mn-O stretching vibration band but with a
shoulder at 447 cm ™! due to the PtAu [30].

Figure 13.8 shows the Raman spectrum (RS) of LiPtAug ¢,Mn; 9304 Comparing
the RS features with those of LiMn,0,, the Raman band located at approximately
613 cm™ ! can be viewed as the symmetric Mn—O stretching vibration of MnOg

160 (a}

Fig. 13.7 FTIR spectra of LiMn,0O, (a) and LiPtAug 0,Mn; 9504 (b)
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Fig. 13.8 Raman spectra of LiPtAug0,Mn; 9304 and LiMn,Oy (inset)

units. RS peaks at lower frequencies are attributed to the deformation modes of the
metal-oxygen chain of Mn—O-Mn in the MnOg lattice. However, the other vibra-
tional signals in the low-frequency domain of the RS are much weaker than those
obtained from LiMn,O,4 due to the higher electronic conductivity of the PtAu
coated-LiMn,O,4 material for which the laser beams penetration depth is very
low. In metals there are many energy levels near the Fermi level, i.e., many
electrons available to move. Hence the high electronic conductivity is due to Pt—
Au instead of the reduced carbon component. Carbon particles in the cathode
provide electron pathways but can also obstruct pores that are the pathways for
ions. Hence it is lessened as it can limit the overall cell functioning [31].

13.8 Electrochemical Performances

Figure 13.9 shows the cyclic voltammograms of LiPtAu,Mn,_,O4 at 0.01 (a) and
0.1 mV s™" (b). The peaks with increasing voltage are ascribed to oxidation of the
constituents in the cathode materials. The two-step lithium intercalation/
deintercalation process in LiPtAu,Mn, O, which is induced by lithium-ion
ordering on the 8« tetrahedral sites, became less pronounced at 0.01 mV s~ '. The
decrease in peak currents of the reversible reaction at higher voltage can be
associated with the redox of Mn**"**  which implies that the system is less prone
to ion exchange with the PtAu®*** ions on the 164 octahedral sites in the spinel
framework as it requires more energy. Figure 13.9c, d show the cyclic
voltammograms for LiMn,0, and LiPtAug0,Mn; 93O, cycled at 0.1 mV s’!. The
peak separation at 4 V region (0.2 V) suggests an easier lithium intercalation and
deintercalation process. Due to the expansion in the lattice parameter, the PtAu
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Fig. 13.9 Cyclic voltammograms of LiPtAuyp,Mn; 93O, at 0.01 (a) and 0.1 mV s! (b) and
LiMn,Oy (¢) and LiPtAug(>Mn 9304 (d) at 0.1 mV s !in EC: DMC, 1 M LiPFg

coated spinel structure is able to provide larger diffusion channels and hence lower
activation energy to facilitate faster transportation of Li* ions, i.e., better high rate
performances including structural stability. The weak peak around 3 V indicates a
small ratio of Mn>* which fades out at extremely low scan rates [32]. At this rate, it
is in the electrochemically inactive oxidation state of 4+ [33]. Concomitantly the
LiMn,O4 has improved electrochemical activity and improved -electrolyte
accessibility.
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13.8.1 Charge/Discharge Performance
ofLiPtAuo.onnngOz, Cathode

Figure 13.10a shows the LiPtAugp,Mn; 93O, cathode having a clear two-staged
lithium intercalation behavior at a voltage of 3 V and 4.2 V, which is indicative of a
single-phase spinel LiMn,Q, structure. The initial charge and discharge capacities
were 139 mAh g~ ' and 143 mAh g~ ', respectively. The initial charge/discharge
capacity improved when compared to LiMn,O,4 powder (119 mAh g~ ') because of
the improved crystallinity and stability of the spinel structure. The discharge curve
trend in the entire range from 2.4 to 4.5 V was comparable to a slightly oxygen-
deficient spinel LiMn,O, and about 70 mAh g ' due to the lower ratio of Mn>*/Mn**
ions [34]. To evaluate the cycling behavior of LiPtAugy,Mn; 9304, conditions up to
50 cycles were performed at 0.1 °C. The discharge capacity of LiPtAugo,Mn; 9gO4
shows very good retention (Fig. 13.10b). After the first 10 cycles at 0.1 °C, the cell
showed slight capacity loss with coulombic efficiency of 98%. The capacity retention
after 50 cycles decreased to 78% with a coulombic efficiency of 98%.

13.8.2 Rate Capability

Figure 13.10b shows that the discharge capacity vs. number of cycles at different
current rates of 14.8, 74, 148, 740 and 1480 mA g_1 are 140, 128.2, 116, 100 and
82 mAh g, respectively. At the transition from 0.1 to 1 °C, the cell showed
moderate capacity loss with a coulombic efficiency of about 92%. The
LiPtAug ,Mn; 9O, cell showed enhanced capacity retention at high current rate
(10 C), with an average coulombic efficiency of 99%. The structure of
LiPtAug,Mn; 93O, exhibits a more tolerable response to recurring charge-
discharge processes at high C rates which is attributed to the alloy-induced reduc-
tion in the valency of Mn, as well as the favorable particle surface morphology.
Furthermore, the decrease of discharge capacity for PtAu modified LiMn,0O, was
much smaller than that of the pure LiMn,O,4. The higher lithium storage capacity
may be due to PtAu-Li intermetallic compound formation and catalytic effects of
PtAu on the reaction of Li* with LiMn,O,_

13.8.3 Discharge Performance of LiPtAuyo,Mnj 9504

The charge/discharge rate affects the rated battery capacity. If the battery is being
discharged very quickly (i.e., the discharge current is high), then the amount of
energy that can be extracted from the battery is reduced and the battery capacity is
lower. This is due to the necessary components for the reaction to occur do not
necessarily have enough time to move to their necessary positions. Only a fraction
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Fig. 13.10 LiPtAug (,Mn; 93O, charge/discharge curve at 0.1 mA cm™2 cycled at 2.44.5 V (a)
and discharge behaviour of the cell (b)
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of the total reactants is converted and therefore the energy available is reduced.
Alternately, when the battery is discharged at a very slow rate using a low current,
more energy can be extracted from the battery and the battery capacity is higher.

The LiPtAug g>Mn; 93O, material can release 90 mAh gf1 at the first cycles and
maintain at 88.7 mAh g~ at the 50th cycle (99% capacity retention). Evidently,
even a small amount of the alloy, (0.02) species improved the kinetic properties of
the parent compound due to the modification of both its microscopic and spectro-
scopic properties. These results indicate that the spinel phase is stabilized by the
applied surface modification technique, and the large size of the coating species
does not block the lithium pathway, instead it provides easier lithium ions diffusion
[35]. The losses that reduce coulombic efficiency are primarily due to the loss in
charge due to secondary reaction.

13.9 Conclusion

Novel transition metal alloy (M, = PtAu) coated LiMn,0O, with improved high rate
performances have been successfully designed and synthesized. The smaller poten-
tial differences of alloy functionalized-LiM;Mn,_,O, cathodes suggest smaller
polarization due to faster insertion/extraction of Li* ions in the spinel structure.
The improvement in diffusivity of Li* ions may be attributed to three reasons.
Firstly, the enhanced electronic conductivity in M coated-LiMn,O, spinel struc-
ture is beneficial for more rapid Li* transportation. Secondly, the vacancies at the
octahedral sites created by M, coating provide additional diffusion paths for lithium
ions. Thirdly, the increase in lattice parameter after My coating enabled faster
lithium diffusion. Faster lithium mobility initiated better high rate performances
including low polarization and better structural stability. The diameter of the
nanoparticles is <100 nm, so the required Li" diffusion distance is effectively
shortened. It can be concluded that the LiPtAugo,Mn; 93O, has a lower energy
barrier for Li* ions diffusion hence being more kinetically favorable. Since the
metal alloy nanoparticles slightly penetrate the surface of the spinel LiMn,0,, the
modified LiM,Mn,0, suppressed the Jahn-Teller distortion. These improvements
are due to enhanced electronic conductivity and lithium diffusivity resulting from
transition metal alloy coating. The results suggest that the PtAuy o, coating particles
act as a protective layer that prevents the oxygen from outgoing which led to major
improvements and could be a new viable approach for producing advanced lithium
ion battery cathodes with improved electrochemical properties. Further efforts are
directed toward developing a coating to make the development of the 5-V batteries
a reality.
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Chapter 14

Synthesis, Spectral Analysis and Biological
Evaluation of 5-Substituted 1,3,4-Oxadiazole-
2-yl-4-(Piperidin-1-ylsulfonyl)Benzyl Sulfide

Hira Khalid, Aziz-ur-Rehman, M. Athar Abbasi, Rashad Hussain,
Abdul Malik, Muhammad Ashraf, and M. Qaiser Fatmi

Abstract 1,3,4-Oxadiazole bearing compounds are one of the most attractive
class for researchers due to their biological activities. In the undertaken research,
a new series of S5-substituted 1,3,4-oxadiazole-2-yl-4-(piperidin-1-ylsulfonyl)
benzylsulfides (6a—k) were synthesized. The synthesis was carried out by
converting different organic acids sequentially into corresponding esters, hydra-
zides and 5-substituted-1,3,4-oxadiazole-2-thiols (4a-k). Finally, the target com-
pounds, 6a-k were prepared by stirring S-substituted-1,3,4-oxadiazole-2-thiols
with 1-(4-(bromomethyl)phenyl sulfonyl)piperidine (5) in the presence of N,N-
dimethylformamide (DMF) and sodium hydride. All the structures were elucidated
by modern spectroscopic techniques. The synthesized compounds were screened
against butyrylcholinesterase (BChE) enzyme and also subjected for molecular
docking studies to find ligand-BChE binding affinity and ligand orientation in
active sites of human BChE protein. Amino acid residues such as Glyl16,
His438, Tyr332 and Ser198 are found to be important common residues for binding
of highlighted compounds and are likely to be involved in the ligands’ stabilization
in the binding site.
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14.1 Introduction

Organic chemists are interested to design and synthesize new and therapeutically
active compounds, useful to alleviate different disorders and diseases. Scientists
have to face a serious confront of increased resistance against the traditional
antimicrobial drugs and so are in search to develop new biologically active com-
pounds with excellent therapeutic activity. Oxadiazole is a class of heterocyclic
organic compounds that is known because of its magnificent therapeutic potential.
Thousands of oxadiazole and their derivatives have been synthesized and evaluated
for different antimicrobial and enzyme inhibition activities. Oxadiazoles possess
interesting anti-inflammatory [1, 2], fungicidal [3], insecticidal [4], herbicidal [5],
antibacterial [6], antitumor [7], antitubercular [8], antiviral, anticonvulsant and
analgesic activities [9]. Piperidine nucleus is famous for its therapeutic potential.
A large number of compounds have been synthesized and studied to evaluate their
pharmaceutical potentials [10]. Compounds containing piperidine moiety are useful
to normalize the insulin level, level of plasma glucose and for the treatment of
cocaine abuse, etc. Such compounds are also used as anesthetics [11].

The present work involves the poly-functional synthesis of compounds having
both 1,3,4-oxadiazole sulfonamide and piperidine moiety in continuation of our
previously reported works [12—15]. It was speculated that 2,5-disubstituted 1,3,4-
oxadiazole ring along with the potential piperidine ring moiety will boost the
activity of the molecule. The synthesis was carried out through the intermolecular
cyclization of different phenyl/aryl/aralkyl/ heterocyclic organic acid hydrazides to
the corresponding  5-substituted-1,3,4-oxadiazol-2-thiols and finally to
5-substituted-1,3,4-oxadiazole-2-yl 4-(piperidin-1-ylsulfonyl)benzyl sulfide prod-
ucts. Furthermore, the synthesized compounds were screened against
butyrylcholinesterase (BChE) enzyme and it was observed that the different elec-
trophilic substitutions influenced significantly the enzyme inhibition activity from
moderate to excellent level. Molecular docking studies were carried out to ratio-
nalize these ligand-BChE interactions at molecular level by identifying the binding
patterns and predicting the affinities of inhibitors in the binding pockets of BChE.
Binding models of compounds 6a, 6d and 6i were found to be highly potent from
the presented series of synthesized compounds.
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14.2 Experimental Section

14.2.1 Measurements

All the chemicals (Merck & Alfa Aesar) and analytical grade solvents were
purchased through local suppliers. Melting points were taken on a Griffin and
George melting point apparatus by open capillary tube method. TLC plate F;sq
20 x 20 cm coated with silica gel, developed by different ratios of n-hexane and
EtOAc as solvent system, was used to detect the purity of the synthesized com-
pounds. With the help of KBr pellet, IR spectra were recorded by using a Jasco-320-
A spectrophotometer. 'H-NMR spectra were recorded on Bruker spectrometers at
two different frequencies i.e. 300 and 400 MHz, taken in deuterated chloroform and
methanol, demonstrating chemical shifts value in ppm taking TMS as reference
standard. ">C-NMR spectra were recorded at 75 MHz. EIMS spectra were taken by
a JMS-HX-110 spectrometer.

14.2.2 Synthesis

14.2.2.1 General Procedure for the Synthesis of Different Aralkyl/Aryl
Substituted Ethyl Esters (2a—-2k)

The aralkyl/aryl carboxylic acids (5g, 1a-1k) were taken in 250 mL round bottom
flasks and dissolved in 20 mL ethanol along with 2.5 mL conc. H,SO,4. The mixture
was refluxed for 3—4 h. Thin layer chromatography was used to monitor the reaction
by using n-hexane and EtOAc as solvent system. On completion, the reaction
contents were transferred to a separating funnel containing distilled water
(30 mL). Na,COj5 solution was added to neutralize the contents till no efferves-
cence. Diethyl ether was added to the separating funnel followed by vigorous
shaking and the contents were left to set up two layers. All the unreacted organic
acids and sulfuric acid (in the form of salts) and methanol were shifted to aqueous
layer which was discarded. The ethyl esters (2a-2k) were afforded from the organic
layer after distilling off the diethyl ether.

14.2.2.2 General Procedure for the Synthesis of Different Aralkyl/Aryl
Substituted Hydrazides (3a-3k)

Aralkyl/aryl substituted ethyl esters (0.025 mol, 2a-2k) were taken in 250 mL
round bottom flasks and dissolved in methanol (50 mL). Hydrazine hydrate (80%,
0.05-0.07 mol) was introduced into the reaction flask along with stirring for 2-3 h
at room temperature. Some of the hydrazides were formed at room temperature
while some esters got transformed on refluxing with continuous stirring.
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Completion of reaction was confirmed by TLC using n-hexane and EtOAc as
solvent system. On completion, excess of methanol was distilled off and cold
distilled water was added to obtain the precipitates. Precipitates were filtered,
washed with water and dried. The purity of aralkyl/aryl substituted hydrazides
(3a-3k) was cross-checked again by TLC.

14.2.2.3 General Procedure for the Synthesis of 5-Aralkyl/Aryl-1,3,4-
Oxadiazole-2-Thiols (4a—4k)

Aralkyl/aryl substituted hydrazides (0.01 mol, 3a-3k) were taken in 250 mL round
bottom flasks, dissolved in ethanol followed by the addition of KOH (0.03 mol) to
provide basic media and CS, (0.01 mol). The reaction mixture was set to reflux for
4-6 h and the reaction progress was monitored by TLC using different ratios of n-
hexane and EtOAc as solvent system. On completion, the reaction mixture was
acidified (pH = 2) to remove unreacted hydrazides in the form of salts and also to
convert thiol group of oxadiazole into acidic form. Distilled water was added and
the reaction mixture was vigorously shaken to get rid of unreacted contents and to
afford the precipitates of products (4a—4k). The precipitates were filtered, washed
with water and dried. To get the pure product, the precipitates were re-crystallized
from methanol.

14.2.2.4 Procedure for the Synthesis of 1-(4-(Bromomethyl)
Phenylsulfonyl)Piperidine (5)

Piperidine (0.005 mol) was taken in a round bottom flask containing basic aqueous
solution with pH maintained at 9.0 and set to stir. Equimolar amount of
4-(bromomethyl)benzenesulfonyl chloride was introduced into the reaction flask
with continuous stirring under dynamic pH control. Reaction completion was
monitored via TLC utilizing different ratios of n-hexane and EtOAc. On comple-
tion, reaction mixture was acidified (pH = 2) to remove the remaining piperidine in
the form of salt and shaken well to obtain the product (5). The precipitate was
filtered, washed with water and dried. "H-NMR (CD;0D, 400 MHz): 6 (ppm) 7.71
(d,J = 8.4 Hz, 2H, H-3" & H-5"), 7.63 (d, J = 8.4 Hz, 2H, H-2" & H-6"), 4.62 (s,
2H, H-7"), 2.96 (t, J = 5.6 Hz, 2H, H.-2"" & H.-6"), 2.01 (br.t, J = 9.6 Hz, 2H,
H.-2" & H,-6""), 1.64-1.59 (m, 4H, H-3" & H-5"), 1.56-1.52 (m, 2H, H-4"").

14.2.2.5 General Procedure for the Synthesis of 5-Aralkyl/Aryl-1,3,4-
Oxadiazole-2-yl 4-(Piperidin-1-ylsulfonyl)Benzyl Sulfide (6a—6k)

5-Aralkyl/aryl-1,3,4-oxadiazole-2-thiols (0.1 g, 4a—4k) were taken in 100 mL
round bottom flasks and dissolved in DMF used as reaction media. On complete
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dissolution, 2 mg NaH was added and stirred for half an hour. Then equimolar
amount of synthesized electrophile i.e. 1-(4-(bromomethyl)phenylsulfonyl)piperi-
dine (5) was introduced into the reaction flask and stirring was continued for a
further 1-2 h. TLC was used to follow the reaction completion using n-hexane and
EtOAc solvent system. On completion, the contents were basified (pH = 9) to
remove the unconverted oxadiazole by changing it to corresponding salt and cold
distilled water was added to yield the precipitates. The precipitates were filtered,
washed with water and dried. In cases where products did not transform into
precipitates, the latter were obtained by solvent extraction.

14.2.2.6  5-(1-(Phenylsulfonyl)Piperidin-4-yl)-1,3,4-Oxadiazole-2-yl-4-
(Piperidin-1-ylsulfonyl)Benzyl Sulfide (6a)

White powder; Yield: 87%; M.P. 138—139 °C; Mol. For.: C;5H30N405S3; Mol. Wt.:
562.7; IR (KBr, cm ™ '): vpax: 3021 (C—H stretching of aromatic ring), 1631 (C=N
stretching of oxadiazole ring), 1519 (C=C aromatic stretching), 1339 (-SO,
stretching), 1257 (C=S bond stretching), 1247 & 1065 (C—O-C bond stretching).
"H-NMR (CDCls, 300 MHz): § (ppm) 7.75 (d, J = 8.4 Hz, 2H, H-3" & H-5"),7.73
(d,J = 8.4 Hz, 2H, H-2" & H-6"), 7.67 (d,J = 8.4 Hz, 2H, H-2"" & H-6""), 7.54-
7.56 (m, 2H, H-3"" & H-5""), 7.62-7.58 (m, 1H, H-4""), 4.44 (s, 2H, H-7"), 3.69-
3.72 (m, 2H, H.-2' & H.-6'), 2.97-2.95 (m, 2H, H.-2"" & H.-6""), 2.85-2.80 (m, 1H,
H-4"), 2.60-2.53 (m, 2H, H,-2' & H,-6'), 2.12-2.07 (m, 2H, H,-2"" & H,-6""), 1.93-
1.87 (m, 4H, H-3' & H-5'), 1.62-1.59 (m, 4H, H-3"" & H-5"), 1.43-1.39 (m, 2H,
H-4"). BC-NMR (CDCl;, 75 MHz): 6 (ppm) 169.1 (C-5), 166.8 (C-2), 140.7
(C-1"), 137.9 (C-4"), 137.3 (C-1"""), 132.9 (C-4"""), 129.6 (C-3"" & C-5"""), 129.1
(C-2" & C-6"), 128.1 (C-3" & C-5"), 127.6 (C-2"" & C-6""), 46.9 (C-2"" & C-6"),
45.1 (C-2' & C-6'), 35.8 (C-4'), 32.5 (C-7"), 28.3 (C-3' & C-5), 25.1(C-3" &
C-5"), 23.5 (C-4"). EI-MS (m/z): 562 (12%)[M*], 252 (16%), 238 (53%),
224 (12%), 170 (5%), 156 (100%), 141 (12%), 82 (91%), 77 (35%).

14.2.2.7 5-(4-Methylphenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl) Benzyl Sulfide (6b)

White powder; Yield: 75%; M.P. 119-120 °C; Mol. For.: C,;H,3N305S,; Mol. Wt.:
429.5. IR (KBr, cm ™ 1): vpmax: 3022 (C—H stretching of aromatic ring), 1635 (C=N
stretching of oxadiazole ring), 1514 (C=C aromatic stretching), 1339 (-SO,
stretching), 1273 (C=S bond stretching), 1242 & 1073 (C—O-C bond stretching).

"H-NMR (CDCls, 400 MHz): § (ppm) 7.83 (d, J = 8.0 Hz, 2H, H-2' & H-6'), 7.69
(d,J = 8.0 Hz, 2H, H-3" & H-5"), 7.60 (d, J = 8.0 Hz, 2H, H-2" & H-6"), 7.29 (d,
J =8.0 Hz, 2H, H-3' & H-5'), 4.52 (s, 2H, H-7"),2.97 (t,J = 5.2 Hz, 2H, H.-2"" &
H.-6"),2.40 (s, 3H, CH;-4"), 2.03 (br.t,J = 5.2 Hz, 2H, H,-2"" & H,-6""), 1.62-1.59
(m, 4H, H-3"" & H-5"), 1.40-1.38 (m, 2H, H-4""). EI-MS (m/z): 429 (12%)[M*],
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345 (21%), 281 (32%), 238 (21%), 205 (35%), 191 (41%), 148 (81%), 119 (53%),
117 (100%), 91 (78%), 84 (73%), 77 (45%), 66 (42%), 51 (49%).

14.2.2.8 5-(4-Hydroxyphenyl)-1,3,4-Oxadiazole-2-yl-4,4-(Piperidin-1-
ylsulfonyl)Benzyl Sulfide (6¢)

Pale yellow powder; Yield: 81%; M.P. 123—-125 °C; Mol. For.: Cy0H;1N304S,;
Mol. Wt.: 431.5. IR (KBr, cmfl): Vmax: 3027 (C-H stretching of aromatic ring),
1634 (C=N stretching of oxadiazole ring), 1516 (C=C aromatic stretching), 1338
(-SO, stretching), 1275 (C=S bond stretching), 1247 & 1074 (C-O-C bond
stretching). "H-NMR (CDCls, 400 MHz): & (ppm) 7.86 (d, J = 8.8 Hz, 2H, H-2
& H-6'),7.70 (d, J = 8.0 Hz, 2H, H-3" & H-5"), 7.61 (d, J = 8.0 Hz, 2H, H-2" &
H-6"),6.91 (d,J = 8.8 Hz, 2H, H-3' & H-5"), 4.51 (s, 2H, H-7"), 2.98-2.94 (m, 2H,
H.-2" & H-6"), 2.01 (br.t, J = 9.6 Hz, 2H, H,-2" & H,-6"), 1.62-1.60 (m, 4H,
H-3" & H-5""), 1.40-1.39 (m, 2H, H-4""). EI-MS (m/z): 431 (15%)[M™], 347 (21%),
283 (32%), 238 (21%), 207 (35%), 193 (41%), 148 (81%), 121 (53%), 119 (100%),
91 (81%), 84 (73%), 77 (45%).

14.2.2.9 5-(4-Aminophenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl)Benzyl Sulfide (6d)

Shiny yellow powder; Yield: 79%; M.P. 110-112 °C; Mol. For.: C;oH,,N403S,;
Mol. Wt.: 430.5. IR (KBr, cmfl): Vmax: 3037 (C-H stretching of aromatic ring),
1627 (C=N stretching of oxadiazole ring), 1523 (C=C aromatic stretching), 1343
(-SO, stretching), 1274 (C=S bond stretching), 1239 & 1076 (C—O-C bond
stretching). "H-NMR (CDCls, 400 MHz): & (ppm) 7.89 (d, J = 8.0 Hz, 2H, H-2
& H-6'), 7.71 (d, J = 8.0 Hz, 2H, H-3" & H-5"),7.62 (d,J = 7.6 Hz, 2H, H-2" &
H-6"),7.49 (d,J = 7.6 Hz, 2H, H-3' & H-5"),4.53 (s, 2H, H-7"),2.99 (t,J = 5.6 Hz,
2H, H.-2" & H.-6"),2.03 (br.t,J = 5.2 Hz, 2H, H,-2"" & H,-6""), 1.62-1.60 (m, 4H,
H-3" & H-5""), 1.40-1.39 (m, 2H, H-4""). EI-MS (m/z): 430 (15%)[M™], 346 (21%),
282 (32%), 238 (21%), 206 (35%), 192 (41%), 148 (81%), 120 (53%), 118 (100%),
90 (81%), 84 (73%), 77 (45%).

14.2.2.10 5-(4-Nitrophenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl)Benzyl Sulfide (6¢)

Turmeric powder; Yield: 75%; M.P. 122—-123 °C; Mol. For.: C5oH,0N405S,; Mol.
Wt.: 460.5. IR (KBr, cm™'): vpay: 3037 (C-H stretching of aromatic ring), 1629
(C=N stretching of oxadiazole ring), 1524 (C=C aromatic stretching), 1331 (-SO,
stretching), 1269 (C=S bond stretching), 1245 & 1071 (C-O-C bond stretching). !
H-NMR (CDCl3, 300 MHz): § (ppm) 8.33 (d, / = 9.0 Hz, 2H, H-3' & H-5), 8.14
(d, J = 8.7 Hz, 2H, H-2' & H-6"), 7.73 (d, J = 8.1 Hz, 2H, H-3" & H-5"), 7.64
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(d,J = 8.1 Hz, 2H, H-2" & H-6"), 4.58 (s, 2H, H-7"), 3.10-2.95 (m, 4H, H-2" &
H-6"), 1.62-1.60 (m, 4H, H-3" & H-5"), 1.40-1.39 (m, 2H, H-4""). EI-MS (m/z):
460 (15%)[M*], 376 (21%), 312 (32%), 238 (21%), 236 (35%), 223 (41%),
150 (53%), 148 (81%), 122 (100%).

14.2.2.11 5-(2-Chlorophenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl) Benzyl Sulfide (6f)

Buff colored shiny crystals; Yield: 78%; M.P. 90-91 °C; Mol. For.:
C0H,0CIN303S,; Mol. Wt.: 449.9. IR (KBr, cmfl): Vimax: 3033 (C-H stretching
of aromatic ring), 1629 (C=N stretching of oxadiazole ring), 1524 (C=C aromatic
stretching), 1331 (-SO, stretching), 1269 (C=S bond stretching), 1245 & 1071 (C—
O—C bond stretching). "H-NMR (CD;30D, 400 MHz): 6 (ppm) 7.87 (dd,J =7.6, 1.6
Hz, 1H, H-3'),7.72 (d, J = 8.0 Hz, 2H, H-3" & H-5"), 7.60 (dt, J = 8.0, 1.6 Hz, 1H,
H-4'),7.57 (dd,J = 7.6, 1.6 Hz, 1H, H-6'), 7.56 (d, J = 8.0 Hz, 2H, H-2" & H-6"),
7.50 (dt, J = 7.6, 1.2 Hz, 1H, H-5"), 4.63 (s, 2H, H-7"), 2.93 (t, J = 5.2 Hz, 2H,
H.-2" & H.-6"), 2.03 (br.t, J = 5.2 Hz, 2H, H,-2"" & H,-6"), 1.61-1.57 (m, 4H,
H-3" & H-5""),1.39-1.37 (m, 2H, H-4""). EI-MS (m/z): 449 (15%)[M*], 365 (21%),
301 (32%), 238 (21%), 225 (35%), 211 (41%), 148 (81%), 139 (100%), 137 (53%),
111 (81%), 84 (73%), 76 (45%).

14.2.2.12 5-(4-Chlorophenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl) Benzyl Sulfide (6g)

Mustard granular solid; Yield: 78%; M.P. 112-113 °C; Mol. For.:
CaoH20CIN305S,; Mol. Wt.: 449.9. IR (KBr, cm ™ '): vy 3013 (C-H stretching
of aromatic ring), 1617 (C=N stretching of oxadiazole ring), 1507 (C=C aromatic
stretching), 1347 (—SO, stretching), 1243 (C=S bond stretching), 1237 & 1087 (C—
O-C bond stretching). 'H-NMR (CD;0D, 400 MHz): 6 (ppm) 7.91 (d, J = 8.8 Hz,
2H, H-2' & H-6'), 7.71 (d, J = 8.0 Hz, 2H, H-3" & H-5"), 7.58 (d, J = 8.4 Hz, 2H,
H-3' & H-5),7.57 (d,J = 8.4 Hz, 2H, H-2" & H-6"), 4.62 (s, 2H, H-7"), 2.91-2.85
(m, 4H, H-2"" & H-6""), 1.84-1.81 (m, 4H, H-3"" & H-5""), 1.61-1.57 (m, 2H, H-4"").
EI-MS (m/z): 449 (15%)[M*], 365 (21%), 301 (32%), 238 (21%), 225 (35%),
211 (41%), 148 (81%), 139 (100%), 137 (53%), 111 (81%), 84 (73%), 76 (45%).

14.2.2.13 5-Benzyl-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-ylsulfonyl)
Benzyl Sulfide (6h)

Peach colored gummy solid; Yield: 86%; Mol. For.: C,1H,3N305S,; Mol. Wt.:
429.5. IR (KBr, cm™1): vpax: 3019 (C-H stretching of aromatic ring), 1637 (C=N
stretching of oxadiazole ring), 1521 (C=C aromatic stretching), 1329 (-SO,
stretching), 1241 (C=S bond stretching), 1231 & 1083 (C—O-C bond stretching).
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'H-NMR (CDCls, 300 MHz): & (ppm) 7.74 (d, J = 8.4 Hz, 2H, H-3" & H-5"), 7.61
(d,J = 8.4 Hz, 2H, H-2" & H-6"), 7.50 (dd, J = 8.0, 1.2 Hz, 2H, H-2' & H-6'), 7.42-
7.38 (m, 3H, H-3' to H-5"), 7.38-7.34 (s, 2H, H-7'), 4.53 (s, 2H, H-7"), 2.98 (t, ] =
5.2 Hz, 2H, H.-2" & H.-6"), 2.05 (br.t, J = 5.2 Hz, 2H, H,-2" & H,-6""), 1.62-1.59
(m, 4H, H-3" & H-5"), 1.40-1.39 (m, 2H, H-4"). EL-MS (m/z): 429 (12%)[M™],
345 (21%), 281 (32%), 238 (21%), 205 (35%), 191 (41%), 148 (81%), 119 (53%),
117 (100%), 91 (78%), 84 (73%), 77 (45%), 65 (42%).

14.2.2.14 5-(2-Phenylethenyl)-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-
ylsulfonyl) Benzyl Sulfide (61)

Light green powder; Yield: 84%; M.P. 156-158 °C; Mol. For.: C5,H»3N305S,;
Mol. Wt.: 441.5. IR (KBr, cmfl): Vmax: 3019 (C-H stretching of aromatic ring),
1623 (C=N stretching of oxadiazole ring), 1515 (C=C aromatic stretching), 1341
(-SO, stretching), 1253 (C=S bond stretching), 1229 & 1073 (C-O-C bond
stretching). "H-NMR (CDCls, 400 MHz): & (ppm) 7.70 (d, J = 8.4 Hz, 2H, H-3"
& H-5"),7.61 (d,J = 8.4 Hz, 2H, H-2" & H-6"),7.50 (dd, J = 8.0, 1.2 Hz, 2H, H-2/
& H-6"), 7.42-7.38 (m, 3H, H-3' to H-5'), 7.38 (d, J = 16.4 Hz, 1H, H-7), 6.94 (d,
J=16.4Hz, 1H, H-8"),4.53 (s, 2H, H-7"),2.98 (t,J = 5.2 Hz, 2H, H.-2"" & H.-6""),
2.05 (br.t,J = 5.2 Hz, 2H, H,-2" & H,-6""), 1.62-1.59 (m, 4H, H-3"" & H-5""), 1.40-
1.39 (m, 2H, H-4"). EI-MS (m/z): 441 (12%)[M*], 357 (21%), 293 (32%),
238 (21%), 217 (35%), 203 (41%), 171 (81%), 131 (53%), 129 (100%),
103 (78%), 84 (73%), 77 (45%).

14.2.2.15 5-(Naphthalen-1-ylmethyl)-1,3,4-Oxadiazole-2-yl-4-
(Piperidin-1-ylsulfonyl)Benzyl Sulfide (6j)

Creamy white sticky solid; Yield: 80%; Mol. For.: C,5sH;5N305S,; Mol. Wt.: 479.6.
IR (KBr, cm™"): vpax: 3021 (C-H stretching of aromatic ring), 1625 (C=N
stretching of oxadiazole ring), 1519 (C=C aromatic stretching), 1353 (-SO,
stretching), 1247 (C=S bond stretching), 1229 & 1075 (C—O-C bond stretching).
"H-NMR (CDCls, 400 MHz): § (ppm) 8.06 (d, J = 8.0 Hz, 1H, H-4'), 7.86 (dd, J =
8.8, 1.6 Hz, 1H, H-8'), 7.82 (dd, J = 6.8, 2.8 Hz, 1H, H-5'), 7.57 (d, J = 8.4 Hz, 2H,
H-3" & H-5"),7.51 (dt,J = 8.0, 1.2 Hz, 1H, H-7') , 7.44-7.42 (m, 3H, H-2', H-3' &
H-6"), 7.36 (d, J = 8.4 Hz, 2H, H-2" & H-6"), 4.59 (s, 2H, H-11"), 4.34 (s, 2H,
H-7"), 297 (t, J = 5.2 Hz, 2H, H.-2" & H.-6"), 2.10-2.06 (m, 2H, H,-2" &
H,-6"), 1.63-1.57 (m, 4H, H-3"" & H-5"), 1.40-1.38 (m, 2H, H-4""). EI-MS (m/z):
479 (12%)[M*], 395 (21%), 331 (32%), 255 (35%), 241 (34%), 238 (21%),
169 (23%), 167 (45%), 141 (81%), 127 (53%), 84 (73%), 76 (45%).
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14.2.2.16 5-Phenyl-1,3,4-Oxadiazole-2-yl-4-(Piperidin-1-ylsulfonyl)
Benzyl Sulfide (6k)

Off-white powder; Yield: 76%; M.P. 71-72 °C; Mol. For.: Cy0H;1N305S,; Mol.
Wt.: 415.5. IR (KBr, cm ™) viax: 3020 (C-H stretching of aromatic ring), 1631
(C=N stretching of oxadiazole ring), 1511 (C=C aromatic stretching), 1335 (-SO,
stretching), 1269 (C=S bond stretching), 1249 & 1079 (C—O-C bond stretching). !
H-NMR (CD;0D, 400 MHz): § (ppm) 7.91 (dd, J = 8.4, 1.6 Hz, 2H, H-2' & H-6'),
7.72 (d,J = 8.0 Hz, 2H, H-3" & H-5"), 7.59 (d, J = 8.0 Hz, 2H, H-2" & H-6"), 7.57-
7.54 (m, 3H, H-3' to H-5'), 4.62 (s, 2H, H-7"), 2.91 (t, J = 5.6 Hz, 2H, H.-2" &
H.-6"), 2.01 (br.t, J = 9.6 Hz, 2H, H,-2" & H,-6"), 1.82-1.78 (m, 4H, H-3" &
H-5"), 1.56-1.53 (m, 2H, H-4"). EI-MS (m/z): 415 (12%)[M*], 331 (21%),
267 (32%), 191 (35%), 177 (41%), 105 (53%), 103 (100%), 77 (45%).

14.2.3 Butyrylcholinesterase Assay

The BChE inhibition activity was performed in accordance with the literature
method [16] with small alterations. Total volume of the reaction mass was
100 pL containing 60 pL Na,HPO, buffer, 50 mM and pH 7.7. 10 pL test
compound, 0.5 mM well_l, was added followed by the addition of 10 pL BChE
(0.5 unit wellfl). The contents were mixed, pre-read at 405 nm and then
pre-incubated for 10 min at 37 °C. 10 pL of substrate (butyrylthiocholine chloride,
0.5 mM well ') was used to initiate the reaction followed by the addition of 10 pL
DTNB, 0.5 mM well ™!, After 15 min of incubation at 37 °C, absorbance was
measured at 405 nm using a 96-well plate reader Synergy HT, Biotek, USA. All
experiments were carried out with their respective controls in triplicate. Eserine
(0.5 mM well™ ") was used as positive control. The percent inhibition was calculated
using the following equation:

Inhibition (%) = (Abs of Control — Abs of Test comp) x 100/(Abs of Control)

where,
Control = Total enzyme activity without inhibitor; Test = Activity in the presence
of test compound.

ICs( values were calculated using EZ-Fit Enzyme kinetics software (Perrella
Scientific Inc. Amherst, USA) and were the mean of three different independent
values taken at different dilutions.
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14.2.4 Molecular Docking

The 3D coordinate file of human BChE (PDB accession code, 2WID) was retrieved
from protein data bank, and the missing residues were constructed by aligning it to
the other pdb file (PDB accession code, /POP). All water molecules were removed
from the retrieved crystal structure using Visual Molecular Dynamics, VMD 1.9
[17]. The 3D structures of all compounds were constructed in pdb format and
subsequently optimized at semi-empirical RM1 level of theory using the program
Gabedit [18] and MOPAC 2012 [19] respectively and were allowed to dock with
human BChE, which was accomplished by the software, Auto Dock Vina [20]. A
total of 20 runs were performed for each docking and the remaining parameters
were set to default values.

The search space was restricted to a grid box size of 46 x 46 X 46 in X,y and z
dimensions, respectively, centered on the binding site of protein with x, y, and z
coordinates of 120.491, 106.059 and —136.443 A, respectively. All the docking
runs were performed on Intel(R) Core(TM) i5-2410M CPU @ 2.30 GHz of Sony
origin, with 6.0 GB DDR RAM. Auto Dock Vina was compiled and run under
Windows 7 Professional 64-bit operating system.

14.3 Results and Discussion

14.3.1 Chemistry

The 2,5-disubstituted 1,3,4-oxadiazoles, 6a—6k were synthesized according to the
protocol given in Scheme 14.1 and the different 5-substituted molecules are men-
tioned in Table 14.1. The general reaction conditions and the structure character-
ization are described in the experimental section.

Aim of presented research work was to synthesize therapeutically active com-
pounds that can be considered in drug development program. We have synthesized
some new 2,5-disubstituted 1,3,4-oxadiazole compounds and investigated the
BChE enzyme activity of all the synthesized compounds. The synthesis was
performed in different steps. First, the phenyl/aryl/aralkyl/heterocyclic organic
acids (la-1k) were converted into their corresponding ethyl esters (2a-2k) by
refluxing in conc. H,SO,4 and ethanol for 5-6 h. Second, the ethyl esters (2a-2Kk)
were subsequently converted into hydrazides (3a-3k) by refluxing and stirring
them with hydrazine hydrate (80%) using methanol as solvent for 3—4 h. Third,
the synthesized hydrazides (3a—3k) were subjected to cyclization to prepare
5-substituted-1,3,4-oxadiazole-2-thiols (4a—-4k) by refluxing for 46 h with CS,
in the presence of KOH as base. The products were obtained by acidifying
the mixture. The electrophile 5 was synthesized by stirring piperidine with
4-bromomethylbenzenesulfonyl chloride in basic aqueous media and the
product was obtained by the addition of acid followed by filtration. Fourth,
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Scheme 14.1 Outline for the synthesis of 5-substituted-1,3,4-oxadiazole-2-yl 4-(piperidin-1-
ylsulfonyl)benzyl sulfide. Reagents and conditions: (I) H,SO,/EtOH/refluxing for 3—4 h;
(I) N,H4/MeOH/stirring for 4-6 h; (III) CS,/KOH/EtOH/refluxing for 3-6 h; (IV) 4-
bromomethylbenzene sulfonylchloride/H,O/5% Na,CO5 soln/stirring for 1 h; (V) DMF/
NaH/stirring for 2-3 h

Table 14.1 Different 5-substituted aralkyl groups

Compound R Compound R Compound R
6a o\\s//o 6e 6i z, o
98 5
s ON
6b 6f a 6j o
:

: 0
6¢ 6g 6k
6d 6h .

HoN

these 5-substituted-1,3,4-oxadiazole-2-thiols (4a—4Kk) were treated with
1-(4-(bromomethyl)phenylsulfonyl)piperidine (5) in the presence of DMF as sol-
vent and NaH as base. The final products (6a—6k) were collected by the addition of
cold water and filtration or solvent extraction depending upon the conditions. The
structures of the synthesized compounds were ascertained by '"H-NMR, IR and
mass spectral data as illustrated in the experimental section.
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Compound 6a was synthesized as a white powder having yield 87% and melting
point 138—139 °C. In the IR spectrum, the characteristic peaks appeared at 3021,
1631, 1519 and 1339 cm ™! corresponding to C—H stretching, C=N stretching, C=C
stretching and stretching of sulfonyl group respectively. The molecular formula
C,5H30N,405S3 was established by HR-MS showing [M]* at m/z 562.728 (calcd for
C,5H30N405S5 562.723). In the EI-MS spectrum the molecular ion peak appeared
at 562 while base peak showed at m/z 156. One distinct peak appeared at mi/z
224 which indicated the presence of 1-(phenylsulfonyl)piperidin-4-yl group in the
molecule. In the "H-NMR spectrum, signals appeared at § 7.75 ppm as doublet with
coupling constant equal to 8.4 Hz having integration of two protons and a doublet at
6 7.73 ppm with coupling constant 8.4 Hz having integration of two protons which
confirmed the presence of 1,4-disubstituted benzene ring in the molecule. The
mono-substituted benzene ring is affirmed by a doublet appearing at 6 7.67 ppm
with J value of 8.4 Hz corresponding to two protons while the remaining three
protons of the ring appeared as multiplets at chemical shift 7.62-7.58 and 7.56-7.54
ppm. Signals for piperidine ring attached directly to oxadiazole ring appeared at &
(ppm) 3.69-3.72 (m, 2H, H.-2' & H.-6'), 2.60-2.53 (m, 2H, H,-2' & H,-6), 1.93-
1.87 (m, 4H, H-3’ & H-5") and 2.80 (m, 1H, H-4') and that for other piperidine ring
appeared at 2.97-2.95 (m, 2H, H.-2"" & H.-6"), 2.12-2.07 (m, 2H, H,-2"" & H,-6""),
1.62-1.59 (m, 4H, H-3" & H-5") and 1.43-1.39 (m, 2H, H-4""). In broad band
(BB) and distortionless enhancement by polarization transfer (DEPT) BC.NMR
spectra, 17 signals appeared disclosing the presence of 5 quaternary carbons,
6 methine carbons and 6 methylene carbons. Downfield signals appearing at &
(ppm) 169.1 and 166.8 were assigned to C-5 and C-2, quaternary oxygenated
carbons of oxadiazole ring. Signals of methylene carbons of piperidine ring
attached to oxadiazole ring at fourth position resonated at 45.1 ppm for C-2' &
C-6/, and 28.3 ppm for C-3’ & C-5' with double intensity indicating two carbon
atoms while methine carbon appeared at 35.8 ppm for C-4’ with single intensity.
Three signals at 46.9, 25.1 and 23.5 ppm were assigned to the other piperidine ring
attached to sulfonyl group; the first two for methylene carbons, C-2"” & C-6" and
C-3" & C-5" respectively with double intensity, and the third for methine carbon
C-4". Aromatic methine carbons of p-disubstituted phenyl ring resonated at &
(ppm) 129.1 (C-2" & C-6") and 128.1 (C-3" & C-5") corresponding to two carbons
each because of double intensity as compared to other signals while quaternary
signals of this ring emerged at 6 (ppm) 140.7 and 137.9 for C-1” & C-4". Other
phenyl ring gave signals of methine at 6 (ppm) 129.6 (for C-3""" & C-5""") and 127.6
(for C-2""" & C-6""") with large intensity revealing presence of two carbons while
one methine signal was revealed at § (ppm) 132.9 (for C-4""") and the quaternary
carbon (C-1""") appeared at § (ppm) 137.3. All these signals collectively confirmed
the structure of compound 6a and named as 5-(1-(phenylsulfonyl) piperidin-4-yl)-
1,3,4-oxadiazole-2-yl-4-(piperidin-1-ylsulfonyl)benzyl sulfide. Similarly, the struc-
tures of all the other synthesized compounds were elucidated by the help of above
mentioned analytical techniques. The mass fragmentation pattern of the compound
6a is provided in Fig. 14.1.
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Fig. 14.1 Mass fragmentation pattern for 5-(1-(phenylsulfonyl)piperidin-4-yl)-1,3,4-oxadiazole-
2-yl 4-(piperidin-1-ylsulfonyl)benzyl sulfide (6a)

14.3.2 Enzyme Inhibition Activity (In vitro)

The results of in vitro enzyme inhibition activity of the synthesized compounds
against BChE are described in Table 14.2. The screening of the synthesized
5-substituted-1,3,4-oxadiazole-2-yl 4-(piperidin-1-ylsulfonyl)benzyl sulfide com-
pounds revealed that almost all of them showed promising inhibitory potential
against BChE except 5-(4-methylphenyl)-1,3,4-oxadiazole-2-yl-4-(piperidin-1-
ylsulfonyl) benzyl sulfide (6b) and 5-phenyl-1,3,4-oxadiazole-2-yl 4-(piperidin-1-
ylsulfonyl)benzyl sulfide (6k). The compound 5-(2-phenylethenyl)-1,3,4-
oxadiazole-2-yl-4-(piperidin-1-ylsulfonyl)benzyl sulfide (6i) showed promising
inhibitory potential having I1Csy value 12.15 £ 0.17 pmol/L as compared to the
reference standard, eserine having ICs value 0.04 £ 0.001 pmol/L, probably due to
the presence of 2-phenylethenyl group in the molecule. Another compound
5-(4-aminophenyl)-1,3,4-oxadiazole-2-yl-4-(piperidin-1-ylsulfonyl)benzyl sulfide
(6d) also showed good inhibitory potential with an ICs, value of 22.13 £ 0.14
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Table 14.2 Results for BChE enzyme inhibition of the synthesized compounds
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BChE

Conc./well ICso
Sample Code (mM) Inhibition (%) (pmol/L)
6a 0.5 95.81 £+ 0.44 10.51 £ 0.21
6b 0.5 29.61 + 0.68 -
6¢ 0.5 73.59 £0.17 129.71 £ 0.21
6d 0.5 83.47 £ 0.81 22.13 +0.14
6e 0.5 64.51 £ 0.31 189.61 £ 0.11
6f 0.5 71.25 £ 0.21 148.71 £ 0.19
6g 0.5 75.69 £ 0.71 116.31 £ 0.11
6h 0.5 61.63 £ 0.55 165.21 £ 0.14
6i 0.5 91.63 £ 0.45 12.15 £ 0.17
6j 0.5 69.25 + 0.18 161.21 £ 0.14
6k 0.5 53.22 £ 0.47 -
Eserine 0.25 91.29 + 1.17 0.040 £ 0.001

pmol/L, probably due to the attachment of the para-amino substituted phenyl group
at the C-5 position of the 1,3,4-oxadiazole nucleus. The compound
5-(1-(phenylsulfonyl)piperidin-4-yl)-1,3,4-oxadiazole-2-yl-4-(piperidin-1-
ylsulfonyl) benzyl sulfide (6a) exhibited the best potential, having ICs, value of
10.51 4+ 0.21 pmol/L, presumably because of the presence of two sulfonamide
linkages and an oxadiazole ring that collectively enhanced its bioactivity potential.
The activity order of the synthesized compounds was 6a > 6i > 6d > 6g > 6¢ > 6f
> 6j > 6e > 6h. Such type of compounds can further be exploited and their
derivatives could be synthesized to get closer to ICs, values of the standard, eserine.
In this way, the compounds could be potential targets in the drug invention and drug
development program.

14.3.3 Molecular Docking Analysis

In order to elucidate the probable mechanism by which the title compounds could
enhance anti-BChE activity and to rationalize the ligand-protein interaction at
molecular level for establishing structure activity relationship, molecular docking
of the potent inhibitors from a series of compounds was executed into the receptor
site of the crystal structure of BChE. The highly potent compounds from the series
were selected on the basis of IC5y values which were determined experimentally.
The enzyme inhibition data are provided for all the synthesized compounds in
Table 14.2. Compounds 6a, 6i and 6d were found to be the most active against
BChE among the series of the compounds in respective order. Their candidacy of
being highly potent was also supported by their docking score as these compounds
possessed good binding affinity with the BChE protein. The binding energies of
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compounds 6a, 6i and 6d are found to be —11.1, —10.2 and —9.9 kcal/mol,
respectively, with BChE which are significantly lowered as compared to the
reference inhibitor, eserine i.e., —7.50 kcal/mol, indicating a strong binding affinity
of these compounds with BChE. The binding energies and binding residues of the
highlighted compounds are given in Table 14.3.

The compounds 6a, 6i and 6d were the most potent inhibitor of BChE with ICsq
values of 10.51 + 0.21, 12.15 + 0.17 and 22.13 + 0.14 pmol/L, respectively, with
eserine, the reference standard having ICsy value of 0.040 £ 0.001 pmol/L. The
binding models of compounds 6d, 6i and 6a in the active site of BChE are depicted
respectively in Fig. 14.2a, b, and c. Compound 6d was found to bind to the BChE
through nitrogen of its amino group projecting toward the backbone amino group of
Pro285 (bond distance= 3.22 A) and Ser287 (2.82 A) and the oxygen atoms of
sulfonyl group and oxadiazole ring oriented toward the hydroxyl group of Tyr332
(3.03 and 3.04 A) and backbone amino group of Gly116 (3.39 A). Both nitrogen
atoms of oxadiazole ring are involved in H-bonding with the amino group of His438
(2.87 and 3.20 A) and hydroxyl group of Ser198 (2.85 and 2.88 A). Tyr332 and
Leu286 are involved in van der Waals interactions (VDW) with 6d (Fig. 14.2c¢).
Compound 6i was bound to the BChE through its oxygen atoms of sulfonyl group
with the amino groups of Gly116 (3.26 A), Gly117 (2.80 A), His438 (2.84 A) and
hydroxyl group of Ser198 (3.03 A). There is one arene-H interaction between
His438 and the inhibitor (Fig. 14.2b). A number of van der Waals interactions are
involved in binding of 6i with BChE including Trp231, Leu286, Val288, Trp82,
Phe398, Phe329 and Gly439 amino acid residues. Compound 6a being the most
potent is not only ranked top in the list of ICsq values but also exhibited the highest
docking score with a binding energy value of —11.1 kcal/mol, indicating a positive
correlation between experiment and theory. The binding of 6a is promising with the
presence of two arene-arene interactions through benzenesulfonyl and oxadiazole
ring with Trp82 and Tyr332 unlike 6d and 6i. The compound 6a forms several
VDW interactions with Trp82, Glyl15, Gly116, Phe398, Trp231, Val288 and
Leu286 residues of BChE protein which stabilize the compound in the binding
site and possibly make it a strong BChE inhibitor. Oxygen atoms of sulfonyl group
are found to form H-bonds with the backbone amino group of Gly116 (3.04 A),
Gly117 (3.01 A), His438 (2.90 A) and the hydroxyl group of Ser198 (3.13 A). There
are three weak H-bonds between sulfonyl and oxadiazole ring of inhibitor and
backbone nitrogen of Ala199 (4.41 A) and hydroxyl of Tyr332 (3.16 and 3.12 A).
Amino acid residues such as Gly116, His438, Tyr332, Trp82 and Ser198 are found
to be important common residues for binding of highlighted compounds and most
likely are involved in the potential activity of compounds as anti-BChE agents. The
presence of residues Trp82, His438 and Gly116 have been reported in literature in
binding models of potential BChE inhibitors [21, 22]. In the present study exclusive
binding residues were observed in addition to the reported BChE binding residues
making the compounds as potent moieties for the anti-BChE activity.
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Table 14.3 Results obtained from the molecular docking of most active compounds from series

BE H-bonding
(kcal/ Interacting Distance | Arene-arene | Arene-H
Cpd | mol) residues (A) interaction interaction | VDW
6a —11.10 |Glyll6:b 3.04 Trp82 with Trp82 with
NH---O:SOZ CGHS:SOz C5H9N
Glyl17:b 3.01 Tyr332 with Gly115 with
NH---OZSOZ C2N20 C5H9N
Ser198:0H--- | 3.13 Gly116 with
0:50, CsHoN
Alal99:b 4.41* - Phe398 with
NH--- 0:S0O, CsHoN
HIs438:NH--- | 2.90 Trp231 with
OZSOz C5H9N
HIs438:NH--- | 2.90 Val288 with
OZSOz C5H9N
Tyr332:0H--- |3.16%, Leu286 with
NszNzO 3.12% CngN
6d -99 His438:NH--- | 2.87, 3.20 Tyr332 with
NCC2N20 C5H9N
Ser198:0H--- | 2.85, 2.88 Leu286 with
NZC2N20 C6H5-NH
Glyl16:b 3.39%
NH---O:
C,N,O
Tyr332:0H--- |3.03,3.04 |- -
0:50,
Pro285:b 3.22
NH---N:NH,
Ser287:b 2.82
NH---N:NH,
6i —10.20 | Glyll6:b 3.26 Gly 439 His438 Trp231 with
NH---O:SOz with C8H7 C5H9N
Glyl17:b 2.80 Leu286 with
NH---0:S0, CsHoN
Tyr332:0H--- |2.97,3.34 Val288 with
N:CZNzo CngN
Ser198:0H--- | 3.03 - Trp82 with
OSSOZ C2N20 and aCgH7
His438:NH--- | 2.84 Phe398 with
0:50, CsHoN
Phe329 with
CsHoN and SO,-
Ph

b backbone, B.E binding energy, VDW van-der Waals interactions
“Indicates weak H-bonding due to large distance or unfavorable angle
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Fig. 14.2 Binding models of compounds 6d (a), 6i (b) and 6a (c) in the active site of human BChE
protein

14.4 Conclusion

Structure elucidation by spectroscopic analysis confirmed the proposed structures
of synthesized moieties. Screening against BChE enzyme revealed that compounds
6a, 6d and 6i were the most potent inhibitors as indicated by their ICsq values as
compared to eserine taken as reference standard. These compounds exhibit best
binding models with promising hydrogen bonding, VDW and arene-arene interac-
tions. In this study 1,3,4-oxadiazole bearing series were synthesized from a variety
of esters and compounds were subjected to substitutions which bring diversity in
their binding and activity. This study has provided a qualitative relationship
between ligands’ substitutions with their anti-BChE function. It can be speculated
that the presence of para-amino, vinyl and piperidine sulfonyl group substitution is
significant for the BChE active site binding and consequently the anti-BChE
activity.

Acknowledgement The authors are thankful to the Higher Education Commission of Pakistan
for the financial support regarding this research work and the spectroscopic analysis.
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Chapter 15
Cation Influence on Zirconium/Hafnium
Fluoride Coordination

Steven J. Lotter, Walter Purcell, Johann T. Nel, and Bernardus van Brecht

Abstract Interest in the Zr and Hf fluoride compounds stemmed from a need for
water soluble reference materials (RM) for analytical method development and
validation of Zr/Hf containing materials and minerals. Numerous mono-valent
inorganic (alkali metals) and organic (ammonium type) cations were used to try
and isolate the (Zr/Hf)F¢>~ anions.

(Zr/Hf)Fy +2MF % M, (Zr/Hf )Fs(M=K*,Rb",Cs*,NH, *,N(C,Hs), ", PPhy ")

The structures that were isolated for some of these cations indicated the pro-
found influence of the cation on the type and coordination of the metal-fluorido
bonds in these compounds. The coordination number of the metal center changed
from eight for K* (smallest of alkali metals) to six for Cs* (largest of alkali metals)
while the type of metal-fluorido bonds ranged from a combination of mono-, di- and
tri-bridged to no bridging at all, depending on the size and type of cations used
during the crystallization.
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15.1 Introduction

Fluorine is one of the most reactive elements on the periodic table and reacts with
almost all the elements, metals and non-metals alike [1]. The fluoride anion with its
Ne electron configuration has the ability to form strong o-bonds with numerous
metal ions in their higher oxidation states [2]. In coordination chemistry, the
halogens normally act as monodentate ligands [3]. Fluoride ions, however, are
also well-known to form bridging compounds with the fluoride ion acting as a
bridge between different metal centers. The bridging compounds can progress from
isolated multinuclear compounds to three-dimensional, totally bridged
compounds [4].

Industrially, the most important fluoride compound is HF, which is extensively
used in the production of herbicides, high octane fuels, plastics, fluorescent light
bulbs and in uranium conversion. It is also used in the production of refrigerants
(CFCs) and fluoro-polymers such as the well-known commercial product
polytetrafluoroethylene (PTFE), otherwise known as Teflon™ [5]. NaF is widely
used in wood preservative and toothpaste manufacturing [6]. A more recent appli-
cation of fluoride salts is their use in combination as coolants in molten salt nuclear
reactors (MSR), which use thorium as nuclear fuel where LiF-ThF, is the molten
salt. A combination LiF-NaF-KF [7] was evaluated in the intermediate cooling
loops of these reactors due to their relatively low thermal neutron capture cross-
sections, low melting (500 °C) and boiling points (1200 °C) and high heat transfer
capacities. More recent fluoride salt combinations investigated in these reactors,
namely, NaF:ZrF, (50-50%), NaF-KF-ZrF, (10-48-42%) and LiF-NaF-ZrF,
(42-29-29%) [8], have proved to be non-toxic with low tritium yields while
NaF-ZrF,-UF, was used as a coolant in the so-called ‘Aircraft Reactor
Experiment’ [9].

Zirconium fluoride compounds are mainly used as a grain refiner in metal and
alloy production of iron, magnesium, steel and non-ferrous alloys. They are also
used in the optical industry as fluorozirconate glass as coatings on lenses or as
optical fibers, also known as ZBLAN glasses [10]. They can be used as a precursor
for nuclear and non-nuclear grade zirconium metal production [11-14]. It is also
used in fireworks production, the fireproofing of materials used in electric vacuum
techniques, as well as in glass, enamel and ceramic production [15]. Anhydrous
ZrF, is hygroscopic and three different crystalline phases have been reported,
namely, the monoclinic a-phase [16], the tetragonal p-phase (P42/m space group)
and finally the y-phase with an unknown structure. At 400 °C, both the - and the
y-phases irreversibly transform to the a-phase [17]. The geometry around the
zirconium in ZrF, was reported as a square antiprism with each F atom bridging
a pair of zirconium atoms forming a three-dimensional totally bridged compound
[18]. Hydrated ZrF, compounds (mono- and trihydrates) have also been reported
and structurally characterized. The ZrF,-3H,0 [19] compound is described as a 3D
structure having discrete dimeric Zr,Fg(H,0)q groups with the Zr atoms sharing a
common F 'F edge and which also form O - H *'F and O-H 'O hydrogen bonds
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with a decahedron arrangement round the Zr atom. The terminal Zr-F bond dis-
tances were determined as 1.996-1.999 A and that of the bridging Zr-F as
2.118-2.214 A. The ZrF4-H,0 [20] compound on the other hand forms polymeric
chains. The Zr-F bond distances have been reported as 2.013-2.033 A for the
terminal bonds and 2.106-2.166 A for the bridging bond distances. Numerous
other ZrFg>~ compounds and even ZrF,>~ [21, 22] have also been isolated and
structurally reported [23, 24].

The chemistry and industrial applications of hafnium on the other hand are not as
well developed as those of Zr, mainly due to the difficulty in separation and the
similarity in their chemistry [25]. The most common binary compounds of hafnium
are hafnium oxide, hafnium carbide and hafnium halides [26]. A small number of
Hf-F have been structurally characterized and include H,HfFs [27], [N
(CH3)415[HfFs] [28], [N(CH3)4]o[HIF4(H,0),] [29], (NoC4H 4),[HIFs] [30] and
(N,CgH,g)-[HfFg] [31]. The similarity between the Zr and Hf fluoride structures
is also evident from these results and the Hf complexes also exhibit single and
bridged fluoridos with single Hf-F bond distances between 1.98-2.02 A and
bridging Hf-F bond distances between 2.14 and 2.17 A [28].

Our interest in the Zr and Hf fluoride compounds stemmed from a need for water
soluble metal (Zr/Hf) reference materials (RM) for analytical method development
and validation for different Zr/Hf containing materials and minerals. It is a well-
known fact that the chemistry of these two elements are almost identical [32] and
most of the applications of Zr and Hf are not separated due to the identical nature of
their chemical and physical properties. It is only in the nuclear industry where ultra-
pure Zr metal [32] (max Hf content = 100 ppm) is required mainly due to the
unacceptable high thermal capture properties of Hf. The ultimate aim of this project
was the development of new and alternative hydrometallurgical separation pro-
cesses for natural zircon and plasma dissociated zircon (PDZ) [33, 34].

The hygroscopic nature as well as the poor water solubility of ZrF, made it
unsuitable for use as a RM. In the process of synthesizing a water soluble “in-
house” RM, numerous mono-valent inorganic (alkali metals) and organic (ammo-
nium type) cations were used to try and isolate (Zr/Hf)F¢>~ anions [Eq. (15.D)].

=B M, (Zr/HE)F 4 ) (15.1)

(Zr/Hf)F4 + nM'F
where M = different monovalent cations (M = K*, Rb*, Cs*™, NH,", N(C,Hs),",
PPh,"). A number of these structures were structurally characterized in the
1950-1970s, most probably with powder diffraction [35] and it was decided to
revisit the ones that were successfully isolated to (i) ensure their correct molar
mass/empirical formula for method validation purposes and (ii) to verify the
coordination mode around the center cation. A total of nine different inorganic
salts were isolated and the crystal structures for the different cations indicated the
profound influence of the cation on the type and coordination of the metal fluorido
bonds in these compounds, ranging from a combination of mono-, di- and
tri-bridged and no bridging at all, depending on the size and type of cations used
during the crystallization.



242 S.J. Lotter et al.

15.2 Experimental

15.2.1 Reagents and Equipment

Reagent grade zirconium tetrafluoride, hafnium tetrafluoride, potassium fluoride,
cesium  fluoride, rubidium fluoride, tetramethylammonium chloride,
tetracthylammonium (TEA) chloride, tetrabutylammonium chloride,
tetraphenylphosphonium chloride, and analytical grade 48% hydrofluoric acid
were obtained from Sigma Aldrich. Experimental densities were determined
using a Micromeritics AccuPyc II 1340 helium gas pycnometer. Zirconium ana-
lyses (A = 343.823 nm) were performed with a Shimadzu ICPS-7510 sequential
spectrometer and a Spectro Arcos EOP ICP-OES spectrometer. Cesium analyses (A
= 455.5 nm) were performed with an Agilent 7700cx ICP-MS while the potassium
(A = 766.5 nm) and rubidium (794.8 nm) analyses were performed using a Varian
AAT140 atomic absorption spectrometer. Ultra-pure water (0.04 mS/cm) was used in
all cases.

15.2.2 Syntheses and Characterization of Zirconium
/Hafnium Fluoride Compounds

Samples of between 0.1 and 1.7 g (Zr/Hf)F, were accurately weighed off to 0.1 mg,
placed in plastic beakers and dissolved with the addition of 20.0 mL distilled water
and 0.5 mL of 48% hydrofluoric acid. To each of the dissolved (Zr/Hf)F, samples,
2 or 3 equivalents of different fluoride salts (K™, Cs*, Rb, NH,*, N(C,Hs),* and
PPh,*) were added. Colorless, translucent crystals were obtained after several
weeks. A summary of the experimental conditions and product characterization is
reported in Table 15.1.

15.2.3 Crystallography

In all cases where crystallization took place, at least one well-formed crystal was
selected and sent for crystallographic analysis. Of all the fluoride salts investigated,
only potassium, cesium, rubidium, ammonium, tetraethyl ammonium and
tetraphenylphosphonium yielded crystals suitable for structure determination.
X-ray diffraction (XRD) analysis was performed at the University of the Free
State and Nelson Mandela Metropolitan University. The radiation source was a
fine-focus sealed tube emitting molybdenum Ko radiation at a wavelength of
0.71073 nm with - and ¢-scans at 100 K. The radiation monochromator was
composed of graphite. A Bruker Kappa Apex II X-ray Crystallography System was
used to collect the reflection data using SHELXL-97 [36]. Refinement was carried



15 Cation Influence on Zirconium/Hafnium Fluoride Coordination 243

Table 15.1 Experimental conditions and metal quantification results of the different isolated
Zr/Hf compounds

Mass of Mass of % Zr in % Cation in

Expected Cation cation (Zt/Hf)F; | complex complex
complex® donor donor (g) (2) (theoretical %) (theoretical %)
K>ZrFg KF 0.7 1.0 32.5(32.2) 27.6(27.6)
Rb,ZrFg RbF - - 23.8(24.5) 44.1(45.4)
Cs,ZrFg CsF 0.1 0.1 54.2(56.4) 19.4(19.3)
(NH,),ZrFg NH,F 0.5 1.0 26.5(25.8) -
(TEA) (N 0.2 0.1 24.9(27.9) -
ZrFs-H,0 (CoHs)g)

F
K,HfF¢ KF 1.7 1.0 47.9(48.1) 21.0(21.1)
Rb,HfF¢ RbF 0.2 0.1 37.7(38.5) 36.1(36.9)
Cs,HfFg CsF 0.15 0.1 32.6(32.0) 48.6(47.6)
(PPhy),[HfF¢]- | PPh,Cl/ 0.1 0.05 17.2(16.9) -
2H,0 NH4F-HF

%0.5 mL 48% HF added to all solutions

out using F? against all reflections while the weighted R-factor wR and goodness of
fit S were based on F2. Conventional R-factors were based on F, with F set to zero
for negative F°. The threshold expression of F> > 20c(F*) was used only for
calculating R-factors. All cell refinements were done using SAINT-Plus and data
reduction with SAINT-Plus and XPREP [37]. To correct the absorption effects, the
multi-scan technique and software package SADABS [38] was used. The crystal
structure was solved by the direct method package SIR-97 [39] and refined with the
aid of WinGX [40]. The graphical representation of the crystal structure was
obtained with the program DIAMOND [41] and the structures were drawn at
50% probability level. The crystal structures were solved by direct methods using
SHELXTL [38]. Non hydrogen atoms were refined anisotropically, while the
methyl and aromatic hydrogen atoms were placed in geometrically idealized
positions (C-H = 0.95-0.98 A) and constrained to ride on their parent atoms
(Uiso(H) = 1.5U¢y(C) and 1.2U.((C)). The most important crystallographic data
are reported in Tables 15.2 and 15.3.

15.3 Discussion of Results

The crystallography of many of these inorganic salts was challenging due to the
inherent symmetry and special positions possible for the atoms present in the
structure and in some cases several space groups were evaluated for correctness.
Eventually only two of the structures with carbon atoms present in the cation,
namely (PPhy),[HfFg]-2H,0 (CCDC 1443802) and (N(C,Hs)4)[ZrF5]-H,O (CCDC
1444148) were successfully deposited at the Cambridge data center. Little doubt
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exists about the final structures and the coordination (chemistry) around the central
metal in all the other inorganic structures and their inclusion and discussion in this
paper is considered as be vital to demonstrate the influence of the different cations
on the type and number of fluoride coordination in these complexes.

15.3.1 Syntheses of the Different Zirconium/Hafnium
Fluorido Complexes

The zirconium/hafnium tetrafluoride salts were used as starting materials in the
syntheses of all the different compounds according to the overall reaction as
indicated in Eq. (15.1). The addition of HF not only assisted with the dissolution
of the MF4 compounds, but it also acted as an additional source of fluoride ions to
ensure the formation of the highly soluble (Zr/Hf)F¢>~ anions. The Li* and Na*
salts only yielded white/colorless powders in this study; however, the Li* structure
was reported in 1969 [42] and 1985 [43] while the Na* structure again in 2013
[44]. The analytical analysis of the metal content in the different salts are reported
in Table 15.1. It is clear from these excellent metal recoveries that any of the
isolated salts can be used as a primary RM in the analytical method development
process. The metal recoveries, which ranged between 98 and 100%, indicated that
the salts were pure, the correct empirical/molecular masses were used in the
calculations (from the structure elucidations), the salts represented relatively simple
elemental matrices, and all were very soluble in water or slightly acidic media.

15.3.2 Crystal Structures of the Different Zirconium
Fluorido Complexes

15.3.2.1 Crystal Structure of Potassium di-p-fluorido-
tetrafluoridozirconate(IV), K,ZrFq

K,ZrFg crystallized in the monoclinic space group C2/c with 4 molecules per unit
cell, similar to the space group reported in 1976 [44, 45]. The most important bond
lengths and angles of the ZrF4”>~ anion are listed in Table 15.4, while the numbering
scheme is presented in Fig. 15.1. The anion consists of a long polymeric chain with
four monodentate (terminal) and four bridged Zr-F surrounding the zirconium
atom, totalling with a coordination number of eight. The results clearly show a
difference between the monodentate and the bridging bond distances with the bond
distances varying between 2.030(4) and 2.079(4) A for the monodentate bonds
while that for the bridging Zr-F bond varies between 2.140(4) and 2.194(4) A. The
KF interactions vary between 2.623(4) and 3.002(4)A. The cis F-Zr-F bond
angles vary between 66.7(2) and 79.0(1)° and the frans bond angles between
139.5(1) and 145.2(1)°. Coordination around the zirconium is a twisted
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Fig. 15.1 Perspective view
of the anion in potassium '
di-p-fluorido-
tetrafluoridozirconate
(IV) with atomic labelling
scheme

/\’?-(______W
H\

WV

wﬂ

dodecahedron while that around the potassium is an irregular polyhedron. These
results corroborate those obtained for the same structure, which was isolated using
71O, [46] as starting material as well as in K,[Ni(H,O)¢][Z1F¢], [47].

15.3.2.2 Crystal Structure of Rubidium Hexafluorido Zirconate(IV),
szZl'F6

This salt crystallizes in the trigonal space group P3-m1 with one molecule in the
unit cell. The most important bond lengths and angles of the ZrFq>~ anion are listed
in Table 15.4 while the numbering scheme is presented in Fig. 15.2. The zirconium
and the rubidium atoms are situated in special positions in the crystal lattice and the
space group requires the placement of only one fluoride atom. The zirconium atom
is octahedrally surrounded by six fluoride atoms with Zr-F bond length of 1.997
(3) A while the cis F-Zr-F bond angles vary between 87 and 92° and the trans F-Zr-
F bond angle is equal to 180°. Interestingly, the Zr fluoride complexes that are
isolated from a combination of Rb* and NH," as cations [48] yield a polymeric Zr
structure where the Zr atoms are connected via alternating mono- and tri-fluorido
bridged bonds to produce the polyhedral, which has a dicapped trigonal prism
around one Zr atom and an intermediate between a dicapped trigonal prism and a
dodecahedron. The terminal Zr-F bond distances vary between 2.0208(7) and
2.3487(8) A and bridging metal fluorido bonds vary between 2.0137(7) and
2.2172(7) A.

15.3.2.3 Crystal Structure of Cesium Hexafluorido Zirconate(IV),
CSzsz6

The title compound also crystallizes in the trigonal space group P3-ml (as for
Rb,ZrFg in the previous paragraph) with only one molecule in the unit cell. The
most important bond lengths and angles of the ZrF¢*>~ anion are listed in Table 15.4
while the numbering scheme is presented in Fig. 15.3. The zirconium lies at a
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Fig. 15.2 Perspective view > Fi
of the anion in rubidium
hexafluorido zirconate
(IV) with atomic labelling

Fig. 15.3 Perspective view
of the anion in cesium
hexafluorido zirconate

(IV) with atomic labelling

W,

special position, which requires the placement of only one fluoride ion. The
zirconium atom is octahedrally surrounded by six monodentate fluorido ligands
with a Zr-F bond distance equal to 2.001(1) A. All the cis F-Zr-F bond angles
deviate slightly from 90°. The Cs~F interactions range between 3.091(1) and
3.322(1) A and the Cs atom is surrounded by eleven F atoms. The same Zr
octahedral geometry was observed in Ag,ZrF¢-8NH3 and Ag,HfFs-8NH; [49].

15.3.2.4 Crystal Structure of Tetraethyl ammonium di-p-fluorido-bis-
(trifluoridozirconate(IV)) monohydrate, (N(C,Hs)4)[ZrF 5]
H,0

The title complex crystallizes in the monoclinic space group C2/c with 4 molecules
in the unit cell. The most important bond lengths and angles of the ZrFs ™ anion are
listed in Table 15.4 while the numbering scheme is presented in Fig. 15.4. The
anion in this case also exists as a polymeric chain with the zirconium atom
surrounded by three monodentate fluorido anions and four bridged fluoride ligands,
with a coordination number of seven. The monodentate Zr-F bond distances vary
between 1.9632(8) and 1.9785(9) A and the Zr-F bridging bonds between 2.1351
(8) and 2.1605(7) A. The monodentate bonds, situated frans to each other, have a



254 S.J. Lotter et al.

Fig. 15.4 Perspective view
of the tetraethyl ammonium
di-p-fluorido-bis-
(trifluoridozirconate(IV))
monohydrate indicating the
polymeric chain structure

bond angle of 173.47(4)° while the cis bond angles vary between 85.43(3) and
95.29(4)°. The coordination polyhedron around the zirconium is pentagonal bipy-
ramidal. Unexpectedly only one N(C,Hs)," cation is associated with an anion unit,
resulting in a 1:1 cation to anion ratio. The bond distances and angles in the N
(C,Hs)4" cation are considered normal [50]. Hydrogen interactions exist between
F13----HI13A (2.667 A), F15----H17B (2.497 A), F12---H16A (2.911 A) and O1---
F11 (2.845 A).

15.3.2.5 Crystal Structure of Ammonium mono-p-
fluorido-tris-p-fluorido bis-tetrafluoridozirconate(IV)
monohydrate, (NH,),[ZrF¢]-H,O

The ammonium salt crystallizes in the orthorhombic space group Pca21 with eight
molecules per unit cell. The most important bond lengths and angles of the ZrFq”~
anion are listed in Table 15.4 while the numbering scheme is presented in Fig. 15.5.
In this structure the Zr atom is surrounded by four monodentate fluorido ligands and
four bridged fluorido ligands, with a coordination number of eight. Most interesting
about this structure is the formation of a structure containing alternating single and
triple bridged fluorido groups between the zirconium atoms. The monodentate Zr-F
bond distances vary between 2.025(4) and 2.067(4) A and 2.023(4) and 2.063(4) A
for the two different Zr atoms. The single bridged Zr-F bond distances are 2.136
(3) and 2.139(4) A. The Zr-F bond distances on the side that contain the three
bridged Zr-F bonds vary between 2.133(3) and 2.325(4) A for the one Zr atom and
between 2.114(4) and 2.303(2) A for the other Zr atom. This Zr anion (ZrF627)
configuration is identical to that obtained for the combination of Rb* and NH,* as
cations [51] and (N,He)3;MF 3 [52]. Hydrogen interactions which exist between
F15-----H11 equals to 2.179 A, F21---H21 equals to 2.080 A and finally, between
F2----H31 equals to 2.326 A.
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Fig. 15.5 Numbering itz F22
scheme of the anion in (-
mono-p-fluorido- F21
tris-p-fluorido /. i
bis-(tetrafluoridozirconate \ \ /""' .,
(IV) monohydrate " &
Zr2
= Y“' ‘q! 4 \\
v L Fz3 %
'FM VFN

15.3.3 Crystal Structures of the Different Hafnium Fluorido
Complexes

15.3.3.1 Crystal Structure of Potassium di-p-fluorido-bis-
tetrafluoridohafnatate(IV), K,HfFg

The hafnium analogue of the potassium salt is identical to that of zirconium.
K,HfFg crystallizes in the orthorhombic space group Cmcm with 4 molecules per
unit cell. The most important bond lengths and angles of the HfF¢”>~ anion are listed
in Table 15.5 while the numbering scheme is presented in Fig. 15.6. The anion also
consists of long polymeric chains with four monodentate and four bridged Hf-F
surrounding the hafnium atom, totaling a coordination number of eight. The bond
distances between the monodentate and the bridging metal-fluorido ligands also
vary with bond distances between 2.031(10) and 2.058(9) A for the monodentate
bonds while those for the bridging Hf-F bond vary between 2.108(9)and 2.184
O] A. The K-F interactions vary between 2.708(8) and 3.351(2) A. Coordination
around the hafnium is a twisted dodecahedron while that around the potassium is an
irregular polyhedron. The same Hf polyhedra were previously observed in K,HfFg
[27] and (N(CH3),4)[HfF5(H,0)] [29], which also exhibited a 1:1 cation:anion ratio.

15.3.3.2 Crystal Structure of Rubidium Di-p-fluorido-bis-
tetrafluoridohafnatate(IV), Rb,HfF¢

The similarity between the Zr and Hf structures is not continued with rubidium as
cation. The rubidium salt crystallizes in the monoclinic space group C2/c with four
molecules per unit cell. This structure is very similar to that of the potassium salt,
except for the metal-F bridged bonds which are situated cis and trans in this
structure, and not both trans as in the potassium salt. The most important bond
lengths and angles of the HfF4>~ anion are listed in Table 15.5 while the numbering
scheme is presented in Fig. 15.7. The Hf-F terminal bond distances vary between
1.981(4) and 2.256(6) A (trans to bridging metal-F bond) while the bridging Hf-F
bond distances range between 2.112(4) and 2.201(4) A. The bond angles between
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the two different sets of bridging metal-fluorido atoms range between 65.5(2) and
76.7(2)°.

15.3.3.3 Crystal Structure of Cesium Hexafluorido Hafnatate(IV),
CSszF6

In this structure, the similarity between the two metal ions is repeated with Cs,HfF¢
also in the trigonal space group P3-m1 (as was Cs,ZrFe) with only one molecule in
the unit cell. The most important bond lengths and angles of the HfF4>~ anion are
listed in Table 15.5 while the numbering scheme is presented in Fig. 15.8. The
cesium and hafnium atoms lie on special positions, which again require the place-
ment of only one fluoride ion. The hafnium is octahedrally surrounded by six
monodentate fluorido ligands with a Hf-F bond distance equal to 1.995(6) A,
which is slightly shorter than the corresponding Zr-F bond distance. All the cis F-
Hf-F bond angles deviate slightly from 90° while the trans F-Hf-F is 180.0(3)°. The
Cs " “F interactions range between 3.079(6) and 3.2085(10) A and the Cs atom is
surrounded by eleven F atoms. The same octahedral orientation of fluorido ions
around the Hf was observed in [N(CHj3),],[HfF¢] and (N,CgH,5),[HfFg] [31].

15.3.3.4 Crystal Structure of Tetraphenylphosphonium hexafluorido
hafnatate(IV) dihydrate, (PPh,),HfF4-2H,0

This structure crystallizes in the triclinic space group P-1 with two moles per unit
cell. The most important bond lengths and angles of the HfF¢>~ anion are listed in
Table 15.5 while the numbering scheme is presented in Fig. 15.9. The hafnium
atom is surrounded by six terminal bonded fluorido ligands (similar to the Cs
structure) with Hf-F bond distances varying between 1.9824(9) and 2.0155(9) A.
The cis F-Hf-F bond angles vary between 88.75(4) and 91.73(4)° and the trans F-
Hf-F bond angles between 178.08(4) and 178.79(4)°. The P-C bond distances as
well as the C-P-C bond angles are considered normal [51, 53]. Hydrogen interac-
tions exist between F2----H224 (2.751 A), F6---H224 (2.607 A), F5----H233 (2.461
A) and F5---H12 (H,0) (2.003 A).

15.3.4 Comparison of Results

The beauty of the science in this study is not necessarily the individual structures
themselves, but in a comparison of the different structures. The most important
difference between this set of structures and those already reported in literature, is
that all the current structures were synthesized according to the same reaction and
isolated using different cations as per Eq. (15.1).
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Fig. 15.6 Perspective view F2
of the anion in potassium
di-p-fluorido-bis-
tetrafluoridohafnatate

(IV) with atomic labelling
scheme

F1

The metal tetrafluoride compounds were used as starting material in all cases and
an excess of fluoride ions in the form of HF was added. The additional F~ ions
reacted with the metal tetrafluoride compound and the metal expanded its coordi-
nation sphere to form the hexafluorido-metal anions. In theory it means that
identical metal species are in solution prior to the addition of monovalent fluoride
(M*F™) and therefore, one would expect to isolate only one type of anion from all
the solutions, which is normally the case for transition metal complexes. And yet, a
wide variety of metal-fluoride anions are isolated for the different cations, clearly
suggesting that the cations play an important role in the final metal-fluorido
coordination number and type. It is only the size and nature of the cation that differ
in these structures with the alkali-metal cation radii ranging from 0.76 A for Li to
1.67 A for Cs* [54], 5 A for (N(C,Hs)4)* [55], 1.43 A for NH,* [56] and 4.2 A for
PPh," [57]. The metal cations can be regarded as hard acids and the nitrogen or
ammonium type cations as moderate acids. The results in Table 15.6 clearly
highlight the differences and similarities of isolated structures [58].

Results obtained from the different structures suggest that polymerization
between the different zirconium groups is more prevalent in the presence of the
smaller cations, Na* [44] and K* (and most probably for Li*) while the larger
cations such as Rb* and Cs* prevent the formation of the fluorido bridged struc-
tures, which lead to the formation of the monomer structures. In this process, the
smaller cations stimulate the formation of higher coordination numbers around the
metal ion (eight in total) while the larger cations result in smaller coordination
numbers (six in total). A possible explanation is that smaller cations do not prevent
the formation of the polymer anions as the ZrF¢>~ concentration increases at the
crystallization point and these smaller cations then fit in between the holes or layers
that are formed by the long polymer chain. The larger cations can prevent the ZrF¢
>~ jons from getting close enough to each other to form the polymer chains and
hence resulting in the octahedral complexes. Another explanation is that the
polymer structures are the main zirconium species that are formed when additional
F~ ions are introduced into the solution. They remain unchanged during crystalli-
zation with the smaller cations filling the holes between the polymer chains. The
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Fig. 15.7 Perspective view
of the anion in rubidium
di-p-fluorido-bis-
tetrafluoridohafnatate

(IV) with atomic labelling
scheme

Fig. 15.8 Perspective view
of the anion in cesium v
hexafluorido hafnatate

(IV) with atomic labelling

larger cations, however, require larger spaces in the crystal lattice which force the
polymer chains to break, resulting in the normal octahedral complex.

The ammonium-type of cations have a completely different influence on the type
and coordination number in the zirconium structure. Ammonium as cation results in
a change from a four frans fluorido-bridged molecule (2:2 orientation), observed in
the K,ZrFg structure, to four trans orientated bridged molecule with a 1:3 orienta-
tion. The tetraethyl ammonium cation results in the formation of the four trans
fluorido-bridged molecule (2:2 orientation), but the cation:complex ratio changes to
1:1 cation:complex as compared to the 2:1 ratio observed for all the other isolated
complexes, resulting in a coordination number of seven for the zirconium metal
center. Interestingly, even the ZrFs>~ anions associated with a combination of K*
and NH,* as cations (K,_,(NH4),Z1Fs) [46] or double salts such as the K,[Ni
(H,0)g][ZrF¢] result [47] in the formation of the 2:2 fluorido-bridged anion.

The same tendency is observed for the hafnium structures. The smaller alkali
metal cations result in the 2:2 fluorido-bridged anion while the larger Cs™ and PPh,*
cations lead to the isolation of the 6 coordinated octahedral HfF>~ anion. Interest-
ingly the anion in Ag,Hf,-8NH; [49] with an Ag" ionic radius of 1.02A [59] also
results in the 6-coordinated octahedral anion, suggesting the influence of the
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Fig. 15.9 Perspective view C144
of tetraphenylphosphonium
hexafluorido hafnatate

(IV) compound with atomic
labelling (showing only one
cation and one crystal
water)

additional molecules in the crystal lattice. However, the anion in the Rb* structure
differs from the zirconium analogue, and in fact from the rest of the structures. The
anion in this structure forms a 2:2 fluorido-bridged anion, contrary to the octahedral
ZrF¢>~ anion, but interestingly the arrangement of the four bridging metal-fluorido
bonds are now in 1:2 trans and 1:3 cis arrangement. The 1:3 trans fluorido-bridged
anion is also observed for Hf in (N,Hg);[Hf>F 5] [52] and Rb,_,(NH,),ZrFq
[48]. Research also indicates that divalent nitrogen containing ligands result in
the formation of either 2:2 bridged or six coordinated monomers for Hf.

The chemical and physical properties of the F~ anion are the main reasons for
these interesting results. The relatively small size of the F~ anion as well as its hard
basic nature [60] allow the ligand to act as a monodentate ligand to metal centers. In
the right chemical environment it can also bond via its other lone pair of electrons to
metal centers, which are in close proximity and have vacant orbitals for chemical
bonding to form bridged bonds between different metal centers, unless prevented or
hindered by steric or electronic factors. The results obtained in this study clearly
suggest that the cations (size and type) used to crystallize the Zr/Hf anion play a
very important role in the type and the number of Zr/Hf-F bonds observed (CN 6,
7 and 8) in the solid state. Factors which may also play an important role are
experimental conditions such as fluoride concentration and potentially temperature.

15.4 Conclusion

The reaction between (Zr/Hf)F, and different monovalent metal fluoride salts
yielded unexpected and interesting results. Not only did the different cations
influenced the coordination number, but also the number of single metal-F bonds
as well as the number and type of bridged metal-F bonds in the different fluorido
structures.
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Table 15.6. Comparison of the different metal fluorido complexes

S.J. Lotter et al.

Rb/ |Cs/ |TEA/ |NH4* Rb/ |Cs/ |PPhy/
Compound K/Zr |Zr Zr Zr [Zr K/Hf | Hf Hf |Hf
Cation radius/A 1.38 |1.52 [1.67 |5 143 |1.38 |1.52 |1.67 |42
Cation:metal ratio 2:1 2:1 2:1 1:1 2:1 2:1 2:1 |21 2:1
Terminal (Zr/Hf)-F bonds | 4 6 6 3 4 4 4 6 6
Total number of (Zr/Hf)-F | 8 6 6 7 8 8 6 8
bonds*
Number of trans di-p 4 0 0 4 3 4 3 0 0
(Zr/Hf)-F-(Zr/Hf) bridging
bonds
Number of cis di-p 0 0 0 0 3 0 3 0 0
(Zr/Hf)-F-(Zr/Hf) bridging
bonds
Number of mono-p 0 0 0 0 0 0 0 0 0
(Zr/Hf)-F-(Zr/Hf) bridging
bonds
Number of tri-p (Zr/Hf)-F- |0 0 0 0 0 3 0 0 0
(Zr/Hf) bridging bonds

“Include both terminal and bridging bonds
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Chapter 16

Beneficiation of Niobium and Tantalum from
Tantalite Ore Using Physical and Chemical
Processes

M. Nete and W. Purcell

Abstract The extraction of niobium and tantalum from two tantalum-niobium ore
materials obtained from Mozambique, using a combination of magnetic separation,
acid leaching, solvent extraction and ion exchange methods was investigated. One
sample consisted mainly of manganotantalite while the other of ferrotantalite. The
magnetic separation procedure removed 61.8(2)% Fe,03 and 46.4(4)% TiO, from the
ferrotantalite and 8.9(3)% Fe,O5 and 8.8(7)% TiO, from manganotantalite. H,SO,
leaching removed 62.3(6)% U3Og and 61.1(3)% ThO, from manganotantalite and
73.6(2)% UsOg from ferrotantalite. Ammonium bifluoride dissolution and subse-
quent H,SO,4 5-methyl-2-hexanone (MIAK) extraction proved to be the most efficient
procedure for separation and isolation of a high purity tantalum oxide. The optimal
conditions for Ta separation were 4.0 M H,SO, aqueous solution and organic:
aqueous ratio (O/A) = 1:1. Stripping was accomplished using double distilled
water. Recoveries of 100.8(3)% Ta,Os and 0.20(3)% Nb,Os for manganotantalite,
and 100.50(9)% Ta,Os5 and 0.67(6)% Nb,Os for ferrotantalite were obtained in the
strip solutions. Nb was isolated from the mineral matrices using Dowex Marathon
anion exchange resin. Recoveries of 100.2(4)% and 94.5(4)% Nb,Os for
manganotantalite and ferrotantalite samples respectively were obtained in the
6.0 M HCI elution, while the other elements were eluted with 4.0 M HCI. The entire
process resulted in a total loss of approximately 13% for both Nb,Os and Ta,O5 with
approximately 96% purity for both metal oxides. Average recoveries of 97.8(7)%
Ta,O5 and 1.4(6)% Nb,O5 were obtained in the Ta rich product while 0.8(4)% Ta,05
and 94.4(5)% Nb,Os were obtained in the Nb rich product.
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16.1 Introduction

Tantalum and niobium are extracted from a variety of minerals and concentrates.
The major source of niobium and tantalum is columbite-tantalite, also called coltan,
with a general chemical formula (Fe,Mn)(Nb,Ta),0Og. The two elements also exist
in more than 150 other minerals and are usually present as complex metal oxides
and hydroxides with the exception of behierite, where the elements are associated
with borates (Ta,Nb)(BO,) [1]. These tantalum/niobium containing mineral
deposits are widespread across the earth [2, 3], but many of the deposits contain
small amounts of niobium and tantalum. Brazil and Australia have the largest high-
grade niobium and tantalum resources and are therefore the major world producers
of these metals, followed by Canada, Mozambique and Ethiopia.

The demand for Nb and Ta in various applications has increased steadily over
the past two decades due to their importance in the production of modern industrial
materials and high tech consumer products, ranging from super alloys to electronic
devices such as cell phones [4]. About 75% of Nb is used in the ferro-niobium alloy
by high-strength low-alloy steel manufacturers. Niobium improves the strength and
reduces grain boundary deformation of the high-strength low-alloy steel, which is
used for the manufacturing of vehicle bodies, railway tracks, ship hulls, and oil and
gas pipelines. Niobium’s low thermal neutron capture cross section makes it an
attractive metal for nuclear power application where it is used with zirconium to
produce zirconium alloys for nuclear reactors. Over 60% of the total global
tantalum consumption is in electronic industry. Tantalum metal and Ta,Os, in
relatively small amounts, are used in the manufacturing of cell phone capacitors
[5]. Tantalum capacitors offer the highest capacitance density in the smallest
possible size.

All Ta and Nb applications in industry are highly dependent on the purity of the
final product [6]. Mineral beneficiation processes to separate and purify different
metals from complex mineral matrices such as tantalite, are normally dictated by
elemental composition, physical and chemical properties of the impurities as well
as those of the target analyte(s) [7].

The first step in treating raw minerals includes the physical concentration of the
minerals by means of gravity (high specific gravity/density of the minerals),
electrostatic, and/or magnetic separation near the site of origin [8]. The initial
chemical treatment step for the subsequent hydrometallurgical beneficiation pro-
cess of many of the industrial extraction and refining processes uses a combination
of HF and H,SO, at elevated temperatures as dissolution step [9]. This process
usually affords the complete dissolution of the mineral, which converts metal
oxides to the Ta/Nb fluoride complexes with all the other elements (impurities)
present in the mineral. One of the first processes that successfully separated and
isolated Ta and Nb involved fractional crystallization of the K,TaF¢ after HF
dissolution of the minerals [10].
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The second step involves filtration of the slurry, followed by separation pro-
cesses involving solvent extraction using methyl isobutyl ketone (MIBK) [11-13],
or ion exchange using an amine extractant in kerosene as solvent [14]. These
processes produce Ta and Nb in high purity. Another method that is mainly used
for the treatment of Ta/Nb/Ti/ rare earth elements (REE) concentrates, involves the
mixing of the concentrate with coke, which is then passed through a chlorination
process whereby most of the rare earths and Th are precipitated and the other main
elements are converted to a mixture of Ta-Nb-Ti oxychloride gas. Temperature
reduction of the gas results in the precipitation of Fe, the alkali metals and the rest of
the Th [9]. Further cooling of the purified Ta/Nb oxychloride/chloride gas mixture
leads to liquid formation and the two metal chloride complexes (TaCls/NbCls) are
separated by fractional distillation. In the final step, the NbCls reacts with steam to
produce the hydroxides, which are then calcined to produce the metal oxide while
the TaCls reacts with NH,OH to produce Ta,0Os. A more elaborate beneficiation
process was also proposed by Amuda et al. [15] for the treatment of Nigerian
tantalum/niobium multi-ore mineral concentrations. Gupta and Suri [16] summa-
rized different chemical processes for the treatment of pyrochlore using nitric acid,
hydrochloric and hydrofluoric acid. Additionally Gupta and Suri [16] showed that
columbite-tantalites can be fused with sodium carbonate, sodium hydroxide, potas-
sium hydroxide, combinations of these alkaline fluxes, with the addition of sodium
nitrate or sodium peroxide. Acid fluxes such as potassium hydrogen phosphate,
sodium thiosulphate and potassium hydrogen bifluoride are mentioned.

Recent studies by Nete et al. [17] analytically followed the stepwise or individ-
ual separation process for different ferrotantalite minerals. The methodology
behind the development and the monitoring of this process was to remove large
amounts of impurities prior to the complete dissolution and beneficiation process.
The effectiveness of each process or step was followed by a detailed chemical
analysis of each fraction obtained in the process. The first step in the beneficiation
process involved the magnetic removal of some of the impurities associated with
minerals. Results obtained from this study revealed that more than 60% of each of
Fe,0j3 and TiO, were removed from a mineral sample with only 2% loss of Ta and
Nb by magnetic separation [17]. The second step in the process involved the
removal of radioactive compounds by acid leaching. This study indicated that
more than 60% U3Og and ThO, were leached from the tantalite using concentrated
H,SO,4 (3 h at 50 °C) with less than 5% loss of Nb,Os and Ta,;Os5 [17]. The third step
in the process explored the effectiveness of ammonium bifluoride as flux for the
dissolution of a manganotantalite sample. Fourthly, the resulting solution was
treated with MIAK as extractant at different acid concentrations and Ta was
successfully separated (99%) from the Nb and rest of the impurities in solution
[11]. The same study revealed that both Ta and Nb could be separated from the rest
of the impurities using a weak anion exchange resin (Dowex Marathon).

The aim of the current study is to combine all the steps mentioned above as a
total beneficiation process (magnetic separation, acid treatment, dissolution, sol-
vent extraction and ion exchange) and to evaluate the total mineral beneficiation
process on a step-by-step basis after the application of all the physical and chemical
processes for the tantalite mineral samples (Fig. 16.1). Finally, the Ta and Nb
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products are converted to the metal oxides and the purity of each product obtained
during the process is evaluated.

16.2 Experimental

16.2.1 Reagents and Equipment

Two tantalite samples (manganotantalite and ferrotantalite) from Mozambique
were supplied by the South African Nuclear Energy Corporation Limited
(Necsa). The elemental compositions (as the oxides) of the two mineral ores
were previously reported [18, 19] and are included in some of the tables to
facilitate comparisons. Standard solutions containing 1000 mg/L Ta, Nb, Ti,
Sn, W, Si as well as multi-element standard No. XXVI containing 1000 mg/L
each of Mn, Al and Fe were bought from Merck. Standard solutions of 1000
mg/L Th and U were bought from De Bruyn Spectroscopic. High purity
ammonium bifluoride (NH4F-HF) and MIAK were procured from Merck and
used as received. A weakly basic anion exchanger Dowex Marathon (350-450
pm), was purchased from Sigma Aldrich. Analytical grade 32% HCI and 97%
H,SO, were bought from Associated Chemical Enterprises. Double distilled
water was used in all experiments.

The mineral samples were received as coarse samples with particle sizes
ranging from 0.1 mm to 5 mm. The samples were ground into a fine powder
(maximum 250 pm particle size) using a vibratory disc mill in a closed steel
milling vessel. Magnetic separations were accomplished using a weak magnetic
field (variable electromagnet). Acid leaching experiments were performed on a
Heidolph hot plate stirrer supplied by Labotec. Flux fusions were performed in a
Thermo Scientific Thermolyne Compact Benchtop muffle furnace using a Pt
crucible. Grade B glass and PTFE volumetric flasks purchased from Merck and
Boeco SP series adjustable volume pipettes were used for sample preparations.
Merck glass columns with an internal diameter of 1.2 cm were used for ion
exchange separations. Centrifugation was performed in a centrifuge supplied by
MSE. A Shimadzu ICPS-7510 ICP-OES (inductively coupled plasma optical
emission) sequential plasma spectrometer was used for the elemental analysis of
the sample solutions. Results are reported as the percentage metal oxides of the
most stable oxidation state of the elements for comparison purposes. The
average results for triplicate analyses are reported with standard deviations to
indicate the uncertainty in the last digit of the value.
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16.2.2 Separation and Analytical Procedures

16.2.2.1 Preparation of ICP-OES Calibration Solutions
and Measurements

Appropriate volumes of the 1000 ppm metal stock and acid solutions were added in
100.0 mL volumetric flasks. A flux salt was melted and dissolved in double distilled
water. A 5.0 mL melted flux solution was added to each standard solution and
diluted to the mark with double distilled water to ensure matrix matching. Standard
solutions with concentrations 1.0, 3.0, 5.0, 7.0, and 10.0 ppm were prepared. The
blank solution was prepared by diluting 5.0 mL solution of fused flux and 10.0 mL
97% H,SO,4 with double distilled water in a 100.0 mL volumetric flask. Quantita-
tive analyses of the elements were performed at predetermined [18] spectral
emission lines.

A set of calibration solutions of Nb and Ta ranging from 1.0 to 10.0 ppb as well
as a blank solution were prepared in 10.0 mL 97% H,SO, in 100.0 mL volumetric
flasks for analysis of these elements by inductively coupled plasma-mass spectros-
copy (ICP-MS). The operating ICP-OES and ICP-MS conditions in Table 16.1
were maintained throughout the study.

16.2.2.2 Magnetic Separation of Impurities from Tantalite (Step
1 in Fig. 16.1) [11]

Portions of 1.0 g of both ore samples were accurately weighed and spread over a
smooth glass surface. The magnetic and non-magnetic particles were manually
separated using an in-house electromagnetic device set at the magnetic field
intensity of 43.8(6) mT. The separated magnetic and non-magnetic portions were

Table 16.1 Experimental operating conditions for ICP-OES and ICP-MS

Value
Parameter ICP-OES ICP-MS
RF power 1.2 kW 1.2 kW
Coolant gas 14.0 L/min 7.0 L/min
flow
Plasma gas 1.2 L/min 1.50 L/min
flow
Carrier gas 1.0 L/min 0.60 L/min
flow
Sample uptake | Peristaltic pump Peristaltic pump
method
Sampling - 5.0 mm
depth

Spray chamber

Glass cyclonic spray chamber with
concentric nebulizer

Glass cyclonic spray chamber with
concentric nebulizer
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weighed to determine the amount of mass lost during the separation process. The
magnetic sample was digested by flux fusion using NH4F-HF and dissolved with
double distilled water [11, 20].

16.2.2.3 Acid Leaching of Radioactive Materials (Step 2 in Fig. 16.1)

The non-magnetic portions of the ore samples were quantitatively transferred to a
100 mL beaker and mixed with 10 mL volume of 97% H,SO,. The acid/ore mixture
was stirred on a hot plate maintained at 50 °C for 3 h. The obtained ore slurry was
centrifuged to separate the solids from the liquid. The supernatant liquid was
separated from the residue by decantation and quantitatively transferred to a
100.0 mL volumetric flask, which was subsequently filled to the mark with double
distilled water. The residual sample was washed with water and dried at 110 °C for
2 h.

16.2.2.4 Dissolution of Residual Ore Samples

The dried ore residues obtained in Step 2 of Fig. 16.1 of both samples were
accurately weighed (to 0.1 mg) and quantitatively transferred to a platinum crucible
for further digestion using NH4F-HF. The sample was homogeneously mixed with
NH4F-HF in a 1:20 sample:flux mass ratio and subsequently fused at 250 °C for
30 min. The melt was cooled to room temperature and dissolved in double distilled
water. Visual inspection indicated that about 0.1% of the sample had remained
undissolved. The undigested residue was filtered and washed with double distilled
water. The filtrate was quantitatively transferred into a 100.0 mL PTFE volumetric
flask and diluted to the mark with distilled water and was used for the solvent
extraction and ion exchange separation processes in the following steps.

16.2.2.5 Solvent Extraction Separation of Nb and Ta in Mineral
Samples (Step 3 in Fig. 16.1)

A 5.0 mL aliquot of the filtrate solutions obtained in the dissolution of residual ore
samples was transferred to a glass-separating funnel and 5 mL of 8.0 M H,SO,
solution was added to this solution. The solution was extracted with two successive
portions of 10.0 mL of MIAK. The niobium rich aqueous solution was collected in a
100 mL beaker for column separation in the following step. The organic phase was
back extracted with two portions of 20 mL water. The water solutions were
combined and quantitatively transferred to a 100.0 mL volumetric flask. The acidity
of the solution was adjusted with H,SO4 to match the blank and the standard
solutions matrices for ICP-OES analysis.
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16.2.2.6 Ion Exchange Separation (Step 4 in Fig. 16.1)

The niobium containing aqueous solutions obtained in Step 3 were quantitatively
transferred to a glass column of 1.2 cm internal diameter filled to 15 cm height with
Dowex Marathon wba anion exchanger. Sequential elution of the metal ions in the
mineral solution was carried out using 4.0 M and 6.0 M HCI at a flow rate of 1.7
mL/min. Fractions (60.0 mL) were collected and quantitatively transferred to 100.0
mL volumetric flasks.

16.2.2.7 Characterization of Ta and Nb Products

The Ta and Nb rich solutions of both mineral ore samples were divided into two
portions each. Tantalum and niobium oxides were precipitated from their enriched
solutions by addition of an excess of 25% ammonium hydroxide [10]. The pre-
cipitates were air dried and subsequently calcined to 900 °C to remove ammonium
fluoride and any residual extractant, and to convert the formed hydrated tantalum
oxide to the pentoxide. The identities of the tantalum products were evaluated by
spectroscopy and comparing the obtained spectra to that of commercially pure
pentoxide.

An excess of the KF solution was also added to the other portions of the Ta and
Nb rich solutions for the possible crystallization of potassium fluorotantalate and
fluoroniobate compounds such as K,TaF; [10]. Solutions were allowed to stand for
two days for the crystallization to occur. Crystals were successfully isolated in Ta
solution and were separated from the mother solution by decantation. No precipitate
was observed in Nb rich solution.

The concentrations of Ta and Nb in KF/Ta and the NH3/(Ta, Nb) precipitates
were determined by ICP-OES and ICP-MS. The white solid (Ta and Nb products)
obtained after calcination, was accurately weighed (to 0.1 mg) and dissolved using
NH4F-HF flux fusion procedure [19, 21]. A visual inspection of the solution
indicated that the entire sample had dissolved for both Nb and Ta products. The
sample solutions were quantitatively transferred to 100.0 mL volumetric flasks and
their acidity was adjusted accordingly with H,SO,4 to match that of the blank and
the standard solutions. Approximately 0.02 g of KF/Ta precipitate was accurately
weighed (to 0.1 mg), dissolved in 10 mL of concentrated H,SO, in a beaker and
quantitatively transferred to a 100.0 mL volumetric flask. The solutions were
allowed to cool down to ambient temperature and filled to the mark with double
distilled water.
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16.3 Results and Discussion

16.3.1 Removal of Impurities by Magnetic Separation
and Acid Leaching (Steps 1 and 2)

Advantage was taken of the fact that the mineral ore samples displayed some degree
of magnetic properties. Results (Tables 16.2 and 16.3 and Figs. 16.2 and 16.3)
indicated that large amounts of Fe and Ti were successfully removed from the
strongly magnetic portion of the finely powdered (maximum 250 pm particle size)
ferrotantalite sample. Recoveries of 9.0(2)% Nb,Os, 8.6(3)% Ta,0s, 61.8(2)%
Fe,O; and 46.4(4)% TiO, were recorded in the magnetic portion of the
ferrotantalite sample. Similar recoveries were obtained in the magnetic portion of
manganotantalite with 8.2(3)% Nb,Os and 9.2(5)% Ta,0Os (compared to
ferrotantalite), but unexpectedly lower Fe and Ti (8.9(3)% Fe,Os, and 8.8(7)%
TiO,) recoveries. Metallic iron and many of its compounds are magnetic. However,
magnetic properties are also affected by the chemical constituents in that particular

Table 16.2 Chemical composition of ferrotantalite after magnetic separation and acid leaching
treatment

Acid leached

Analyte % Expected [18, 19] Magnetic portion Filtrate Residue
Ta,05 29.2(2) 2.5(3) 0.08(1) 26.06(4)
Nb,Os 13.2(5) 1.2(2) 0.15(4) 10.5(4)
TiO, 10.1(7) 4.7(8) 0.08(4) 6(1)
Mn;04 3.93) 0.4(1) 0.13(4) 3.53(3)
Fe,04 19.7(1) 12.2(2) 0.37(1) 9(1)
ThO, 0.08(5) 0.01(2) 0.04(1) 0.06(1)
U303 0.20(3) 0.003(2) 0.15(2) 0.15(4)
WO, 0.4(2) 0.01(1) 0.030(1) 0.30(6)

Table 16.3 Chemical composition of manganotantalite after magnetic separation and acid
leaching treatment

% Expected Acid leached
Analyte [18, 19] Magnetic portion Filtrate Residue
Ta,05 27.8(9) 2.6(5) 0.3(1) 24.5(1)
Nb,Os 27.1(5) 2.4(3) 1.2(2) 24.6(4)
TiO, 2.6(1) 0.24(7) 0.12(2) 2.04(2)
Mn;04 7.909) 0.7(4) 0.40(3) 6.85(1)
Fe,04 7.7(9) 0.8(3) 0.74(9) 6.1(2)
ThO, 0.40(8) 0.06(2) 0.33(1) 0.26(1)
U504 3.003) 0.3(2) 1.8(1) 0.97(2)
WO, 1.9(2) 0.13(5) 0.10(1) 1.20(6)
SnO, 1.5(3) 0.12(3) 0.040(9) 0.70(4)
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Fig. 16.2 Comparison of percentage recoveries of the elements in the magnetic portion of the
tantalite minerals

material. Heck [20] indicated that manganese(Il) oxide (MnO) and iron(Il) oxide
(FeO) are among the antiferromagnetic compounds. Interestingly, the Mn;O,4 and
Fe,O5 content (~8% in Table 16.3) in manganotantalite (Mn*, Fe**) (Ta, Nb),Og
[22] are comparable while the same ratio differs with a factor of 5 (Table 16.2) in
favor of Fe,O5 in the more magnetically inclined ferrotantalite. Additionally the
magnetic separation indicates that the magnetism decreases as the ratio between the
elements decreases. A possible explanation for this observation is that the Mn
atoms (with the opposite electron spin orientation) cancel the magnetic moment
of Fe atoms resulting in an overall antiferromagnetic or low magnetic state for the
manganotantalite sample, while the same is not true for the ferrotantalite (less Mn
and thus more magnetic properties). Another possible reason for the low Fe
concentration in the magnetic portion of manganotantalite could be as a result of
Fe originating from a different mineral host such as hematite non-magnetic iron
mineral [23]. As previously proposed by Nete et al. [17] it is possible that removal
of Ti by magnetic separation could be due to an insufficient liberation procedure.
The possible existence of Ti in magnetic Fe-Ti minerals such as ilmenite is
attributed to the combined removal of the two elements.

The radioactive elements were leached from the tantalite ore materials by
treating a finely ground sample with concentrated sulfuric acid at 50 °C for
3 h. Tables 16.2 and 16.3 and Fig. 16.3 show that reasonable concentrations of
uranium and thorium are leached into the H,SO, solution with 62.3(6)% U;0Og and
61.1(3)% ThO, (in manganotantalite) and 73.6(2)% U3Og (in ferrotantalite) recov-
eries. Habash and Smith [24] found that thorium forms a soluble sulfate salt, Th
(S80Oy4),, at temperatures as low as 40 °C and sulfuric acid concentrations down to 0.5
M. The successful leaching of uranium on the other hand has been reported [25] to
be a function of the presence and concentration of sulfate ion as a driving force
rather than the H" concentration. Leaching of U and Th from mineral ores is well
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understood. However, the selection of the experimental conditions for leaching of
the elements [11] has not been expanded to include isolating pure Ta or Nb
compounds from tantalite minerals.

16.3.2 Solvent Extraction of Tantalum from Tantalite
Matrices (Step 3)

In the solvent extraction step it is clear that Ta can also successfully be extracted
from H,SO4/NH4F-HF solution using MIAK compared to MIBK, which is com-
monly used for these extraction purposes. Average recoveries, calculated on resid-
uval composition, of 100.8(3)% and 100.5(9)% Ta,Os were obtained in
manganotantalite and ferrotantalite, respectively (Table 16.4). The results also
showed relatively low concentrations of other elements in the Ta rich solution in
both the manganotantalite and ferrotantalite. These results are in good agreement
with the previous results, which were obtained with the same procedure [11], but
without prior magnetic separation and acid leaching processes. The results indicate
the successful separation of Ta from the majority of impurities, including niobium,
and its purification or enrichment in this step. MIAK was selected as extractant
instead of the more commonly used MIBK, because of the more favorable extrac-
tion coefficient, which was previously obtained for tantalum(V) in the same mineral
using the different organic solvents [11]. The results obtained in this part of the
study indicated that Ta was selectively extracted at the selected experimental
conditions into the MIAK, while leaving Nb and other metal impurities in the
acidic aqueous solution (Table 16.4).
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Tablg 16.4: Element %Recovery

2;:; I;tclggitfs?nagﬁﬁli)g ?’2 Analyte Manganotantalite Ferrotantalite

recoveries are based on Ta,05 100.8(3) 100.5(9)

residue composition) Nb,Os 0.20(3) 0.67(6)
Fe,0; 0.98(2) 1.01(8)
Mn;O, 0.29(1) 0.28(7)
TiO, 0.1(1) 0.99(1)
WO; 0.15(8) 0.06(7)
SnO, 0.01(1) <0.01
U504 0.34(9) 0.20(5)
ThO, 0.05(4) 0.04(8)

Table 16.5 Concentrations of elements in eluent solutions of different acid concentrations
(% recoveries are based on residue composition)

%Recovery

Manganotantalite Ferrotantalite
Metal oxide 4.0 M fractions 6.0 M fractions 4.0 M fractions 6.0 M fractions
Ta,0s 0.49(2) 0.5(1) 0.540(7) 1.3(8)
Nb,Os <0.01 100.2(4) 0.48(3) 94.5(4)
ThO, 92.31(4) 7.69(4) <0.00 <0.01
U304 14.43(4) <0.01 86.7(2) <0.01
WO; 75.83(5) 0.50(8) 60.0(8) 0.67(1)
TiO, 82.84(6) <0.01 64.2(1) <0.01
Mn;0y4 81.9(2) <0.01 58.9(1) <0.01
Fe,05 84.4(2) <0.01 49.6(8) <0.01
SnO, <0.01 <0.01 0.01(1) <0.01

16.3.3 Ion Exchange Separation of Nb from Tantalite
Matrices (Step 4)

The results (Table 16.5) indicated that the Nb compound was successfully isolated
from tantalite mineral ore. Average recoveries of 100.2(4)% and 94.5(4)% Nb,Os5
were obtained from manganotantalite and ferrotantalite, respectively. Recovery
values of 0.50(8)% WO3 and 7.69(4)% ThO, were also found in the Nb rich
manganotantalite solution (Table 16.5). The quantitative results for Th and W in
these analyses may be less accurate since the total recoveries of these elements in
all the separation steps are much higher than 100%. For example, 135.41% ThO,
was obtained by adding all the Th recovery values in the beneficiation process
(magnetic separation, acid leaching, solvent extraction, 4.0 M HCI elution and
6.0 M HCI elution). These unsatisfactory recovery results for Th do not eliminate
the possibility of contamination (small amounts) in the isolated Nb compound by
these elements. The inaccuracy in the Th, U and W analyses can also be attributed
to their low concentrations in these mineral samples since the quantification of Th
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and U in the different steps in the beneficiation process were done in close
proximity to their limits of detection and quantification by the ICP-OES, e.g.,
0.002 to 0.05 mg/L for Th and 0.01 to 0.5 mg/L for U [26-28].

The retention and separation of Nb on an anion exchange column at 4.0 M acid
can be attributed to the different compounds, which were formed during the disso-
lution step. Nete et al. [17] indicated that the impurities in tantalite (Fe, Ti, Mn, W,
etc.) are easily eluted from the column. It is anticipated that these impurities form
compounds, which hydrolyse (less stable fluoride complexes) easily in water to
produce positively charged complexes and which allow for separation of impurity
elements from the negatively charged Ta and Nb complexes. Anhydrous manganese
fluoro complexes with the formulae MnF, MnFs>~ and MnFs>~ have been
reported [29]. However, manganese(III) fluoride is said to instantaneously hydrolyse
in water to form either the manganese aqua ions Mn(OH)2+, [Mn(OH)(H2O)X]2+ or
hydrated [Mn(HZO)6]3+. The iron halogen complexes such as K;FeFs and CsFeF,
have also been isolated. Cotton and Wilkinson [29] have also indicated that iron(III)
in particular has a very high tendency to hydrolyse in aqueous solutions to form
complexes such as [Fe(H>0)q]** and [Fe(OH)(H,0)s]*".

16.3.4 Determination of the Quality of Ta and Nb
Purification Products

The elemental content of the KF/Ta crystals and the Nb and Ta oxides (obtained
from all the previous extraction and subsequent isolation steps) were determined by
ICP-OES and ICP-MS. Results of chemical analysis of both metal oxides and
KF/Ta crystals are presented in Table 16.6. The percentage metal recoveries in
the formed product from the precipitation of the tantalum and niobium by NH; were
calculated as %M,05 (M = Nb/Ta) while solid (crystals) obtained after the addition
of KF salt to the tantalum enriched solution was calculated as %Ta in K,TaF; and
KTaFG.

Good mean recoveries were obtained in the Nb and Ta enriched samples with
95.8(5) t0 97.2(7)% Nb,O5 and 96.3(8) to 101.6(7)% Ta,05 in manganotantalite, as
well as 94.9(5) to 96.5(9)% Nb,Os5 and 96.8(2) to 98.0(8)% Ta,Os in ferrotantalite.

Table 16.6 Quantification of Ta and Nb in final product after separation (n.d. = not detected)

% Recovery

ICP-MS ICP-OES

Manganotantalite | Ferrotantalite Manganotantalite Ferrotantalite
Sample | Nb Ta Nb Ta Nb Ta Nb Ta
Nb,Os | 97.2(7) | 1.8(1) 96.5(9) |[3(2) 95.8(5) |[3(1) 94.9(5) | 1.3(7)
Ta,05 2.8(9) 96.3(8) |1.2(6) 96.8(2) |1.0(1) 101.6(7) [0.99(6) |98.0(8)
K,TaF; |n.d. 43.8(2) |n.d. 47.6(7) |5(3) 49.0(3) 3(2) 48.1(7)
KTaFs |n.d. 36.3(6) |n.d. 35.1(1) |5.14) 43.6(3) 4(3) 42.4(2)
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Table 16.7 Quantitative determination of the impurities in the purified Nb and Ta products (metal
oxides) using ICP-OES (n.d. not detected)

Tantalum rich product Niobium rich product
Analyte Manganotantalite Ferrotantalite Manganotantalite Ferrotantalite
Ta,0s5 97.8(7) 96.8(2) 0.8(4) 0.7(2)
Nb,Os 1.4(6) 1.0(4) 94.4(5) 93.6(1)
Fe,03 0.8(6) 0.5(2) 0.02(1) 0.7(3)
Mn;0,4 0.3(5) 0.2(1) 0.17(8) 0.05(2)
TiO, 0.6(2) 0.4(2) 0.4(3) 0.5(3)
AL O3 n.d. n.d. 1.009) n.d.
Us0g 0.02(2) n.d. 0.04(2) 0.01(1)
ThO, 0.5(7) 0.03(2) n.d. n.d.
WO; 0.6(6) n.d. 0.2(2) n.d.
SnO, 0.4(9) n.d. n.d. n.d.

According to Agulyansky and Eckert et al. [10, 30] the potassium fluorotantalate
(K,TaF;) is expected to form when the potassium salt such as KF is added to the Ta
rich fluoride solution. However, the quantitative results obtained by both ICP-OES
and ICP-MS indicated that Ta recovery from the crystalline product was less than
50% (Table 16.6). The IR spectrum of this product (KF/Ta) indicates the possible
presence of water peaks (33252960 cm™ ') and thereby suggests that a hydrated
product is obtained. The addition of the crystal water to the proposed formula of
K,TaF; indicated some increase in the %recovery of Ta (e.g. 1, 2, 3 water
molecules lead to %recovery increase from 49.0 to 52.2, 54.5 and 56.8% respec-
tively). The low Ta recovery in this product could also be due to an incomplete
reaction (not exceeding the Ksp for total crystal formation), or the formed product
was contaminated with the unreacted starting material, or the formation of other K—
Ta products other than the expected hexa or heptafluorotantalate.

The Nb and Ta oxides (calcined samples) were also analysed for other metal
impurities using ICP-OES and the results are given in Table 16.7. It is important to
note that the concentrations of most of the other elements (all the elements except
Ta and Nb) were extremely low (due to small initial amounts of mineral ores used
as starting material and the subsequent decrease in amounts with each separation
step), to the extent that the ppm concentrations observed were below the lowest
point of the calibration range in both the Ta rich and the Nb rich samples, and
therefore are considered unreliable.

16.4 Conclusion

The extraction of niobium and tantalum from tantalite mineral using a combination
of magnetic separation, acid leaching, solvent extraction and ion exchange methods
was investigated for the separation of Ta and Nb from each other and from the
coexisting elements. Magnetic separation removed most of Fe and Ti from the
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ferrotantalite while acid leaching significantly reduced the concentrations of radio-
active Th and U from the two samples. The results obtained from acid leaching of
radioactive tantalite indicated that there was some loss of the two main metals
(especially Nb, 4.02% Nb,Os due to its solubility in H,SO,) while the radioactive
materials, which remained in the residue may still be at unacceptable levels.
Solvent extraction of Ta and Nb from the NH,F-HF/H,SO, feed solution allowed
the separation of Ta from Nb and the rest of the mineral matrix. The observed
differences in the extraction efficiencies between Ta and Nb can be explained by the
differences in the formation constants of the fluoro-tantalum complexes in acidic
solutions as compared to the fluoro-niobium complexes [14], or the differences in
the stability of the complexes once formed.

A column packed with an anion exchange Dowex Marathon resin achieved
effective separation of Nb from the impurity elements. All the impurity elements
were eluted by a 4.0 M HCI solution. The adsorbed Nb was successively and
quantitatively eluted by a 6.0 M HCI solution. The entire beneficiation process
resulted in a total loss of approximately 13% of both Nb,Os and Ta;Os. The
quantitative analysis indicated convincingly low levels of metal impurities in the
obtained pentoxides and Nb,Os and Ta,05 of 96% purity were obtained.

The proposed hydrometallurgical beneficiation process for the separation and
purification of Ta and Nb in this study has several advantages and includes the use
of a magnetic separation technique, which requires less sample preparation while
substantially decreasing the major impurities in the downstream products. The
removal of major amounts of the radioactive elements in the leaching step does
not only decrease their contribution to downstream contamination, but also renders
the material safer and more acceptable for handling or transport. The use of
NH4F-HF as a fluoride source for the dissolution of samples is also an added
advantage. The NH4F-HF has a low melting point (125 °C) which encourages
low fusion temperature. Furthermore, NH4F-HF melts dissolve in water and as
such, low overall acidity solutions are produced, which make them safer to handle
for further processing. High purity Nb oxide was produced from four successive
steps while Ta oxide was obtained from only three processing steps using MIAK
with more favourable extraction coefficients (Dygax = 6.210, opypax = 327.47
compared to Dy = 3.658, oanvigk = 299.93 [17]).
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Chapter 17

Recent Applications of Laccase Modified
Membranes in the Removal of Bisphenol A
and Other Organic Pollutants

Lebohang E. Koloti, Nonjabulo P. Gule, Omotayo A. Arotiba,
and Soraya P. Malinga

Abstract Bisphenol A (BPA) has been found to be the most rapidly generated
endocrine disrupting compound (EDC) with an annual production of over 10 million
tons. This synthetic compound has been used extensively in the production of
polycarbonate plastics, epoxy resins and thermal papers. It has been detected at
elevated levels in industrial wastewater effluents, natural waters and drinking water.
Recent studies have shown that BPA affects the proper functioning of the endocrine
system in human beings and animals. Exposure to BPA has been associated with
immunotoxic, mutagenic and carcinogenic effects at very low levels (ng/L to pg/L).
It has also been proven that BPA increases chances of having diabetes, obesity and
cancer. Thus, the removal of BPA from water has become a major concern in water
research. Enzymatic degradation of BPA has proven to be an efficient and envi-
ronmentally friendly approach and the use of laccase modified membranes has been
reported in many studies. This article provides an in-depth review on the removal of
BPA and other toxic organic micro-contaminants from water by laccase modified
membrane systems.
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17.1 Introduction

A wide range of organic pollutants originating from various chemical classes with
diverse physico-chemical properties are detected in the environment, especially in
most water systems [1]. However, there is limited information on “emerging”
micro-pollutants which are a potential risk to human health and the environment.
Endocrine disrupting compounds (EDCs) are a group of these newly emerging
pollutants. EDCs alter the normal functions of the endocrine system even at very
low levels (nano-levels), thus threatening both human and animal health
[2]. Among these EDCs, BPA has been found to be the most rapidly generated
compound by industrial production [3]. BPA is toxic in nature and has compelled
researchers to devise more efficient methods for its removal from water [4]. Oxida-
tive biotransformation of BPA using enzymes has proven to be an environmentally
friendly and effective approach for the removal of BPA from water [5]. Numerous
researchers have investigated the use of laccase immobilized on membranes for the
removal of BPA [6]. To the best of our knowledge, no study has provided a compre-
hensive review on the various factors that facilitate the removal efficiency of BPA
from water through the use of laccase modified membranes. Thus, this review
provides an overview on removal of BPA and other toxic emerging micro-
pollutants from water using laccase modified membranes.

17.2 Bisphenol A

17.2.1 Origin and Prevalence

BPA was first synthesised by a Russian chemist, A.P. Dianin in 1891 through
condensation of phenol with acetone (Fig. 17.1) [1]. The estrogenic effects of
BPA were reported in the 1930s, but its use as a synthetic oestrogen did not become
popular [7]. Later, it was discovered that BPA can be used in the production of
plastics (such as polycarbonate plastics), epoxy resins and thermal papers [5, 8,
9]. This led to intense preparation of this monomer which was then used in various
consumer products such as plastic toys, dental sealants, food packaging, plastic
bottles, and electronic devices [10, 11]. In 2011, the increased demand on BPA
resulted in its global consumption being over 5.5 million metric tons which led to
the ubiquity of this micro-pollutant in the environment [12].

BPA has found its way into humans, animals and plants through food and
drinking water due to the intense use of BPA-containing food packaging and plastic
bottles. Scientific studies have shown that residual BPA can either diffuse out of
polycarbonate packaging materials or during hydrolysis of the polymer due to
alkaline conditions and temperature of packaged food. For decades, there has
been a great concern towards BPA exposure in infants since BPA was detected in
their feeding bottles [13]. A survey conducted by Pouokam et al. revealed that
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Fig. 17.1 Synthetic route of BPA by condensation of phenol and acetone

feeding bottles containing BPA are being sold in countries such as Cameroon and
Nigeria [14]. The study showed that almost all the plastic bottles in Cameroonian
shops did not carry the “BPA-free” sign and over 80% feeding bottles in Nigerian
shops were also not BPA free [14]. South Africa is the first developing country to
take safety measures against BPA containing commodities. In 2011, the
South African health ministry banned the production, importation, exportation
and selling of BPA containing bottles used by infants [14].

BPA has been detected in most water systems which increases the chances of its
exposure to human beings and animals [15]. Traceable amounts of BPA are dis-
charged directly into water bodies (such as marine and fresh waters) and some
traces are found in nearby surroundings of plastic manufacturing industries
[11]. BPA leaches out into surface waters through the hydrolysis of most poly-
carbonate plastics and epoxy resins [1]. In Japan, BPA has been detected in landfill
leachates (up to 17.2 mg/L) and in drinking tap water (up to 0.1 pg/L). In China,
BPA has been found at concentration of 27.3 pg/L in natural surface water
[12]. These high levels of BPA are detrimental to human health.

Traces of BPA have also been detected in developing countries in Africa.
Maduka et al. reported the presence of BPA in water at the Enugu municipality in
South East Nigeria [16]. The study revealed BPA concentrations in tap water (0.20 +
0.07 pg/L), well water (0.21 £ 0.07 pg/L), river water (0.18 £ 0.04 pg/L) and rain
water (0.40 £ 0.16 pg/L) [16]. The high levels of BPA were ascribed to the poor
disposal of sewage that contain BPA. The highest levels of BPA were found in rain
water because of environmental contamination by industrial activities [16]. A study
conducted by Omoruyi et al. further revealed BPA concentrations ranging from
124.2 ng/L to 1.0008 pg/L in 31% of bottled water samples in Nigeria [17].

Olujimi et al. detected the concentration of BPA and nonylphenol using ultra-
performance liquid chromatography tandem mass spectrometry (UPLC/MS) from
samples collected in Cape Town Flats waste treatment works (in Strandfontein)
[18]. The wastewater treatment plant in Strandfontein uses activated sludge for
treating domestic, agricultural and industrial effluents. This study reported a high
concentration of BPA of up to 384.3 £+ 131.7 pg/L in the wastewater treatment
plant. Nonylphenol (another endocrine disruptive compound) was also found to
reach concentrations ranging from 0.53 £ 0.15 to 9.83 & 3.47 mg/L. BPA in the
landfill leachates was found at concentrations of 0.022 4= 0.002 to 9.59 £ 1.48 mg/L
and nonylphenol concentration ranged from 1.04 + 0.43 to 137.41 4+ 4.73 mg/L. In
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the sewage sludge, BPA concentrations ranged from 0.17 = 0.01 to 2.28 £ 0.13 pg/
g, while nonylphenol levels ranged from 0.42 + 0.02 to 8.76 + 0.72 pg/g. The
detected levels of these endocrine disrupting phenols in the wastewater treatment
plant and the landfill leachates exceed the allowable limit of phenols (10 pg/L) in
water as stated by the South African National Standards (SANS) [19]. This high
concentration of endocrine disruptors, BPA and nonylphenol, can be a threat to
nearby residents and about 30,000 migrant birds that are found around these areas.

Another study conducted by De Jager et al. in South Africa revealed a detectable
amount of BPA ranging from 0.0478 ng/L to 0.06798 ng/L in selected drinking
water distribution points in Pretoria and Cape Town [20]. The water samples were
collected from 20 distribution points and were analysed using gas chromatography-
mass spectrometry (GC-MS). The BPA levels were found to be less than those
reported in developed countries like China where BPA concentrations ranging from
38.9 to 55.8 ng/L in water have been reported [20]. Even though most developing
countries are becoming aware of the detrimental effects of BPA on human health
and wildlife, the major challenge is in linking detectable concentrations of urinary
BPA to its exposure route [21]. Recently, a study conducted by Nahar et al. reported
BPA urinary concentrations of 0.6 ng/L (in rural areas) and 1 pg/L (in urban areas)
in young girls living in Egypt [21]. It was concluded that the main source of BPA
exposure to these girls was the consumption of canned food and storing food in
plastic packages. The cans and plastics used for storing food contain high levels of
BPA and this was the only study in Africa that attempts to link detected urinary
BPA to the sources of exposure [21].

17.2.2 Health Effects of BPA

Recent studies have shown that BPA affects the proper functioning of several
hormones such as sex hormones, insulin, leptin and thyroxin which impact nega-
tively on human and animal health [7, 22, 23]. Exposure to BPA has been associ-
ated with immunotoxic, mutagenic and carcinogenic effects [2, 9, 24]. It has also
been proven that high levels of BPA in the human system can result in diabetes and
obesity [2, 3, 12]. Lang et al. established a direct relationship between BPA dosage
and type-2 diabetes using data obtained from a National Health and Nutrition
Examination Survey (NHANES) 2003-2004 from individual American partici-
pants [7]. The researchers found that higher total urinary BPA was linked to
diagnosis of type-2 diabetes [7]. Carwile and Michels also found that increased
urinary BPA can be associated to higher chances of body mass index and obesity
[9]. BPA has shown estrogenic activity at very low doses of 0.23 pg/mL and has
been found to increase the rate of proliferation of breast cancer cells [25]. BPA
binds to oestrogen nuclear receptors responsible for regulating transcription and
cell membrane receptors associated with calcium mobilization and intracellular
signalling in the endocrine system [25]. Cell membrane receptors have proven to be
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more sensitive towards BPA resulting in observable effects even at extremely low
BPA concentrations (ppt levels) [26].

Owing to its toxic nature and adverse effects to human health, the removal of
BPA from water has become a major concern world-wide. Various conventional
wastewater treatment methods have been employed in efforts to remove BPA from
water, but this recalcitrant pollutant still persists in most wastewater treatment
plants due to its complex aromatic structure and low biodegradability [27, 28].

17.3 Conventional Wastewater Treatment Methods
for the Removal of BPA

Various studies have demonstrated the removal of BPA by numerous methods
which may be physical, chemical and biological processes.

17.3.1 Physical Methods

The most common physical techniques that have been used in the removal of BPA
from water are adsorption and membrane filtration separation processes.

17.3.1.1 Adsorption

Several studies have reported adsorption as the most cost-effective, easiest and
fastest technique for the removal of BPA in aqueous medium [8, 29]. Moreover, this
method does not produce any harmful secondary product [30]. Therefore, adsorp-
tion, as a well-known equilibrium separation method, has become the most widely
used process for the removal of most phenolic pollutants such as BPA from conta-
minated water. A myriad of adsorbent nanomaterials have been explored for the
removal of BPA from water. These include activated carbon, natural materials such
as clay, and biosorbents such as chitosan [9, 31-33]. However, the main disadvan-
tage of the use of adsorbents for water remediation is that adsorbents only transfer
BPA from the aqueous phase into their matrix without transformation into
non-harmful products. The accumulation of BPA in the absorbents renders them
as secondary pollutants which may also be difficult to dispose [34]. Moreover, BPA
has high solubility in water, thus reducing its chances of adsorption on the surface
of adsorbent, especially at low concentrations [35].



290 L.E. Koloti et al.

17.3.1.2 Membrane Separation

Membrane filtration has also proven to be an effective approach in the removal of
small molecules and trace-level contaminants such as BPA [36, 37]. Thus, the use
of membranes in the removal of most organic pollutants has captured the attention
of most researchers in the field of water remediation. Membranes can be classified
into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) depending on their pore size and separating force. Due to their
relatively high porosity, UF membranes have shown great potential for the removal
of most EDCs. Moreover, these types of membranes require lesser amount of
operating pressure when compared with NF and RO membranes, making the use
of UF membranes economically viable [38]. However, the performance of the
membrane towards the removal of most organic pollutants such as BPA deteriorates
with time due mainly to irreversible membrane fouling [39].

17.3.2 Chemical Methods

Several studies have also been reported on the removal of BPA from wastewater by
chemical methods which mainly involve the use of photochemical methods.

17.3.2.1 Advanced Oxidation Processes

Advanced oxidation processes (AOPs) have been used to completely disrupt BPA
from water [40—42]. Complete mineralization of most organic pollutants is
achieved due to the generation of very reactive oxygen intermediates such as
hydroxyl radicals which are capable of degrading organic pollutants such as BPA
to water, carbon dioxide and some mineral acids [42]. AOPs include the use of
ozone, hydrogen peroxide, Fenton’s reagent, and various nanoparticles (e.g. TiO,)
[39, 41, 43]. The use of AOPs in the degradation of most organic contaminants
require electrical energy as a source of radiation, which renders this approach
considerably costly. There is also a possibility of nanocatalyst such as TiO,
leaching into water systems and its aggregation may impact negatively on the
aquatic life.

17.3.3 Biological Methods

Researchers have also taken advantage of the metabolic properties of micro-
organisms to effectively degrade organic pollutants from water [44].
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17.3.3.1 Use of Activated Sludge

Orozco and co-workers illustrated the aerobic biodegradation of BPA using acti-
vated sludge [45]. In a study conducted by Zhao et al., sorption and biodegradations
of BPA were investigated in a lab-scale aerobic activated sludge system [44]. After
5 h, BPA removal reached almost 100%, of which 98% removal was due to
degradation by the activated sludge [44]. However, the hazardous nature of BPA
normally results in a drop in bacterial count during acclimatization resulting in the
reduced performance in this approach in BPA degradation.

17.3.3.2 Use of Algal-Bacterial System

Researchers have taken advantage of the symbiotic relationship between bacteria
and algae to biodegrade BPA in water. In this system, algae provide bacteria with
the oxygen required in the bacterial degradation of BPA, while the carbon dioxide
produced during degradation is used by the algae in photosynthesis. The synergistic
effect of degradation by algae and bacteria also enhanced the biotransformation of
BPA in water. However, generation of toxic by-products may inhibit the activity of
the bacteria responsible for the biodegradation of BPA [44]. Enzymatic degradation
has proven to be an alternative method that can overcome these limitations while
still maintaining high biodegradation efficiency of BPA.

17.4 Enzymatic Degradation

Though various conventional methods have been employed in the removal of BPA
from water, the persistence of BPA in most wastewater treatment plants shows the
limitations of such methods. Removal of endocrine disruptors such as BPA from
wastewater using oxidizing enzymes has proven to be an environmentally friendly
and effective approach [12, 46]. A number of ligninolytic oxidative enzymes such
as manganese peroxidase, horseradish peroxide and laccase have been used in the
biodegradation of BPA [5, 47, 48]. Among these oxidative enzymes, laccase has
been widely used because of its high selectivity and reactivity [5]. Laccase is an
oxidoreductase which has copper atoms in its catalytic centres [49, 50]. Laccase is
known for its capability to catalyse the oxidation of ortho- and para-diphenols,
aminophenols, chlorophenols, polyamines, polyphenols, lignin and aryl diamines
[51]. This process involves four-electron reduction of dioxygen to water [52]. Low
molecular weight mediators can be used for improved bio-catalytic degradation by
acting as electron shuttles between the enzyme and the substrate [52].

Daassi et al. studied the possible degradation of BPA by laccase from white rot
fungi using GC-MS [48]. The results obtained confirmed the formation of
B-hydroxybutyric acid upon oxidative biotransformation of BPA using laccase
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Fig. 17.2 Biodegradation pathways of BPA using laccase from Coriolopsis gallica [48]

from white rot fungi [48]. Tartaric acid (a carboxylic acid derivative) was formed
when BPA was degraded in the presence of 1-hydroxybenzotriazole (HBT) as a
laccase-mediator. Pyroglutamic acid was also formed as a supplementary oxidative
product when HBT mediator was used. The proposed biodegradation pathways are
illustrated in Fig. 17.2 [48].

Application of free enzymes in water treatment has high operation costs because
they are difficult to recover for reuse, and they have a shorter life-time as they are
less stable [53-56]. Free enzymes activity is inhibited by the harsh microenviron-
ment properties such as very high or low pH, extreme temperature and high ionic
strength in effluent streams [57, 58]. Therefore, enzyme immobilization on various
support systems has been considered as a promising technique in wastewater
remediation because of its several advantages over the use of free enzymes.

17.4.1 Membranes as Suitable Supports for Enzyme
Immobilization

Immobilization of enzymes on nanostructured materials has shown great advan-
tages in preserving enzyme properties. Firstly, it allows better handling of the
biodegradation system whilst retaining enzyme activity at extreme environmental
conditions such as high temperature and pH [59]. Secondly, immobilized enzymes
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are confined in specific regions on the nanostructured supports and their stability is
enhanced by the remarkable properties of these supports. Therefore, immobilized
enzymes have increased half-lives which enable their repeated use in various appli-
cations such as in water treatment [60].

The catalytic performance of immobilized enzyme strongly depends on the
properties of these supports, such as its material type, composition, structure and
mechanical properties [61]. Improved stability and reusability of the immobilized
enzyme are attributed to good biocompatibility, thermal and mechanical properties
exhibited by the carrier or support [58]. Different nanostructured materials such as
mesoporous silica, nanotubes, nanoparticles and nanofibers have been used as
enzyme carriers because of their advantageous properties towards enzyme immo-
bilization [62, 63]. These nanostructured supports have extremely high surface
area-volume ratios which give rise to a large specific area for maximum enzyme
loading and enzyme stability [57, 64].

However, some of these carriers have some shortcomings which result in
reduced enzyme performance. For instance, mesoporous silica usually confines
enzyme molecules on its inner surface, which limits the diffusion of substrate and
product in/from the active centre of the immobilized enzyme [58]. Nanoparticles
and nanotubes are capable of overcoming mass transfer limitations; however, their
dispersion and recycling is difficult [58]. The use of nanofibers can overcome these
limitations, while providing the advantageous features of nanosized materials.
Thus, nanofibrous membranes have proven to be suitable supports for enzyme
immobilization in enzymatic degradation of most emerging water contaminants
such as BPA.

Recently, the major challenge has been on enhancing the stability of the
immobilized enzymes on the membrane, without any compromise in the activity
of the immobilized enzymes. Laccase enzymes have been immobilized on mem-
branes (of different chemical and morphological nature) for improved degradation
of BPA from water. This enzyme has been immobilised on various polymeric
membranes for the degradation of most phenolic pollutants like BPA due to its
improved stability and catalytic performance [65]. Laccase enzymes have been
immobilized on membranes through adsorption, entrapment and covalent attach-
ment. It is worth noting that the reduction in the activity of an immobilized enzyme
cannot be completely avoided due to denaturation of enzyme. However, the level of
enzyme inactivation depends on the method of immobilization [58].

17.4.2 Methods for the Immobilisation of Enzymes
17.4.2.1 Adsorption

Adsorption is a reversible method of enzyme immobilization in which the enzymes
are attached to the matrix of the nanostructured support through physical forces
such as hydrogen bonding, van der Waals forces, and hydrophilic interactions [66]
(Fig. 17.3). The advantage of this simple method is the weak binding forces
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Fig. 17.3 Immobilization of enzymes by adsorption

between the enzyme and the support which allow the free change in conformation
of the enzyme, leading to the retained catalytic activity of the enzyme [67, 68]. How-
ever, the enzymes can leak from the matrix due to relatively weak interactions. The
choice of the carrier or support depends on the presence of the specific active groups
which in turn enable effective carrier-enzyme interactions [53].

17.4.2.2 Entrapment

This method involves the inclusion of the enzyme within a polymeric network which
allows the substrates and the products to pass through, but retains the enzyme inside
the network [66] (Fig. 17.4). Biocompatible matrices have been used to protect the
immobilized enzymes from inactivation due to the by-products by covering the
catalytic sites [5]. Enzymes can be entrapped through gel or fibre entrapping and
micro-encapsulation. Several authors have used this method for the immobilization
of laccase on polymeric membranes. Generally, the application of entrapped
enzymes is limited by inhibited mass transfer which makes it difficult for the substrate
to reach the active sites of the enzyme. This method also requires high concentration
of the enzyme and occasional inactivation of enzymes is usually experienced [69].

17.4.2.3 Covalent Binding

Covalent binding involves the use of a chemical coupling reagent which introduces
certain functional groups that will link the nanostructured support functional groups
to the amino acid residue of the enzyme [70]. Covalent binding forms the most
stable interactions between the enzyme molecule and the support (Fig. 17.5).
Therefore, enzyme leakage from the support into the reaction medium is limited
[58]. The greater stability associated with covalent enzyme immobilization has
been found to increase resistance to high temperatures and pH. Multiple-point
binding of enzymes has been found as one of the underlying factors resulting in
the enhanced stability of the immobilized enzymes [71]. However, this multiple-
point attachment may sometimes distort the bio-active conformation of the enzyme
thus resulting in its inactivation. Non-biospecific binding of immobilized enzymes
on support have also been reported to cause inactivation of immobilized enzyme.
Spacer arms with flexible chains have been used to allow enough space for the
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Fig. 17.5 Immobilization of enzymes by covalent bonding

necessary enzyme conformational changes to maximize the exposure of the cata-
lytic sites to the substrate. Spacer arms such as polyethyleneimine (PEI), hexa-
methylenediamine (HMDI) and bovine serum albumin (BSA) have been used [72-
74]. The covalent reactions commonly used result in binding through amide, ether,
thio-ether, or carbamate bonds [75, 76].

The improved stability and retained catalytic activity of enzymes immobilized
on membranes have led into extensive application of the laccase modified mem-
branes towards removal of most emerging pollutants in water.

17.5 Removal of BPA and Other Pollutants by Laccase
Modified Membranes

17.5.1 Laccase Modified Chitosan Based Nanofibrous
Membranes

Laccase has been attached covalently to a wide range of polymeric nanofibrous
membranes for the removal of emerging organic pollutants. A study conducted by
Xu and co-workers presented the preparation of laccase immobilized chitosan/poly
(vinyl alcohol) nanofibrous membrane for removal of 2,4-dichlorophenol from
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water [65]. In the synthesis of this bio-catalytic membrane, a homogeneous solution
of chitosan/poly(vinyl alcohol) was electrospun on an aluminium foil and then
activated with glutaraldehyde as a cross-linker prior to laccase immobilization. The
laccase modified membrane had a removal efficiency of 87.6% for
2.4-dichlorophenol, which was much higher than that of free enzymes (82.7%)
[65]. Biocompatible polymers such as chitosan are capable of retaining the catalytic
activity of the immobilized enzymes which in turn results in improved degradation
efficiency [77]. The abundant amino functional groups present in the chitosan/poly
(vinyl alcohol) composite membrane resulted in high laccase loading efficiency of
853 mg/g fibers and 69.1% retained activity for the immobilized laccase. The
carboxyl groups in the laccase reacted with amino groups on the fiber surface to
form stable peptide bonds. The immobilized enzymes were able to retain their ideal
conformation due to the stable covalent bonds between the immobilized laccase and
the nanofibrous membrane support. Moreover, the chitosan/poly(vinyl alcohol)
nanofibrous carrier also showed significant adsorption efficiency which contributed
to improved removal of 2,4-dichlorophenol.

Maryskova et al. further immobilized laccase from the white rot fungus
Trametes versicolor on polyamide 6/chitosan nanofibers [78]. Chitosan is a bio-
polymer that offers a biocompatible matrix for enzyme immobilizations. It has
improved hydrophilic properties and abundant groups that can be used to attach
enzymes such as laccase [78]. The enzyme was covalently bound on the electrospun
nanofibers by the use of two spacer arms, bovine serum albumin (BSA) and HMDI
using glutaraldehyde as a cross-linker. The degradation ability of the laccase
modified nanofibers was tested in a mixture of BPA and 17a-ethinylestradiol
(EE2) in water. The laccase modified nanofiber mat with HMDI as a spacer arm,
exhibited about 100% removal efficiency for both BPA and 17 a-ethinylestradiol in
6 h. The use of BSA as a spacer resulted in 92% and 96% removal efficiency of
BPA and 17a-ethinylestradiol, respectively. The laccase modified nanofibrous mat
prepared using HMDI spacer was found to maintain removal efficiency of 60% for
BPA and 47% for 17a-ethinylestradiol after 3 cycles. When BSA was used as a
spacer, the removal efficiencies were 33% for BPA and 77% for 17-
a-ethinylestradiol after 3 cycles. The HMDI-modified bio-catalytic nanofibers
retained about 81% of their initial activity, and the BSA-modified biocatalytic
nanofibers only retained around 55% of its initial activity over 14 days. The
improved storage stability of the HMDI-modified enzyme active nanofibers con-
firmed the use of HMDI as suitable spacer for enhanced stability of laccase
enzymes [76].

17.5.2 Poly(Methyl Methacrylate-co-Ethyl Acrylate)
Microfibrous Membrane

Xu et al. immobilized horseradish peroxidase (HRP) on poly(methyl methacrylate-
co-ethyl acrylate) (PMMA CEA) microfibrous membrane for the degradation of
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BPA [75]. Prior to enzyme immobilization, the microfibrous membrane was acti-
vated with PEI as a coupling agent and glutaraldehyde as a cross-linker. HRP
loading of 285 mg/g was achieved with BPA removal efficiency of 93% in 3 h
which was much higher than that of free laccase (61%) [75]. The excellent catalytic
performance of the enzyme modified membrane could be due to the use of spacer
arm which improves mobility of immobilized enzyme in order to attain suitable
conformation [73]. The ultrathin highly porous poly(methyl methacrylate-co-ethyl
acrylate) nanofibers also provide sufficient surface area for improved adsorption of
BPA. Therefore, the remarkable removal efficiency of BPA can be ascribed to the
combined degradation and adsorption effects of the catalytic membrane.

17.5.3 Laccase Immobilized Poly(Styrene-alt-Maleic
Anhydride)/Poly(Styrene-co-Maleic Anhydride)
Support

Ignatova et al. covalently immobilized laccase from Trametes versicolor on poly
(styrene-alt-maleic anhydride)/poly(styrene-co-maleic anhydride) nanofibrous
mats through diazotization process [79]. The electrospun microfibrous mat was
first functionalized with p-phenylenediamine as a spacer to introduce the amine
groups on the reactive maleic anhydride moieties found on the neat microfibrous
mats. The amino-functionalized microfibrous mat was diazotized prior to covalent
binding of laccase. The nanofibrous mat loaded with 40 = 0.7 mg/g of laccase
achieved 60% BPA removal efficiency in 90 min. The catalytic activity of the
laccase modified mat was maintained over 30 cycles of reuse. A continuous
bioreactor system was used to determine the effect of feed flow rate on BPA
removal. The optimum flow rate for effective BPA degradation was found to be
1.3 mL/s. There was no significant change in BPA removal when the flow rate was
increased; instead the integrity of the mat was destroyed [79]. The high BPA
removal rate was attributed to the enhanced enzyme loading capacity due to the
presence of numerous maleic anhydride functional groups on the electrospun
microfibrous mat. Cloete et al. also qualitatively confirmed the covalent attachment
of horseradish peroxidase and glucose oxidase on poly(styrene-alt-maleic anhy-
dride) through direct binding of the enzymes on the maleic anhydride moieties
[80]. The average activity of the immobilized horseradish peroxidase was found to
be 21% greater than that of free enzymes [80]. The high loading efficiency due to
abundant anchoring sites on the support results in enhanced catalytic activity of the
immobilized enzyme which in turn increases its biodegradation efficiency.
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17.5.4 Laccase Carrying Polyamide 6/Chitosan Nanofibers

Laccase has also been immobilized on various polyamide matrices. Silva et al.
immobilized laccase on a woven polyamide 6,6 [81]. The woven polyamide 6,6 was
first treated with protease for enzymatic hydrolysis to produce reactive amino
groups that could be used as anchoring sites for the covalent attachment of laccase.
HMDI was used as a spacer arm. The immobilized laccase achieved 78 h half-life,
which was 18% higher than that of free enzymes. This study therefore demonstrated
the use of polyamide supports for improved stability of laccase enzymes [81]. The
use of HMDI as spacer arm provides enough distance for improved mobility of the
immobilized enzymes which allows them to attain the ideal conformation changes
for enhanced catalytic activity.

17.5.5 Laccase Immobilized on Poly(p,L-Lactide),
Poly(p,L-Lactide-co-Glycolide)
and Methoxypolyethylene Glycol-Poly(Lactide-co-
Glycolide) Nanofibrous Membrane

Dai et al. encapsulated laccase enzymes within a core-shell structure of electrospun
poly(p,L-lactide), poly(p,L-lactide-co-glycolide) and methoxypolyethylene glycol-
poly(lactide-co-glycolide) for bioremediation of polycyclic aromatic hydrocarbons
(phenanthrene, fluoranthene, benz[a]anthracene and benz[a]pyrene) from soil in
aqueous medium [82]. Laccase was embedded in the core and the pores shell of the
nanofibers and thus promoted the mass transfer of the substrate to the embedded
laccase enzymes. Poly(p,L-lactide) laccase carrying electrospun nanofibrous mem-
brane exhibited low activity recovery which was mainly attributed to the hydro-
phobic nature of poly(p,L-lactide). The hydrophobic surface may lead to
undesirable non-specific binding which impacts on the native conformation of the
immobilized enzyme [57, 82]. In contrast, methoxypolyethylene-poly(lactide-co-
glycolide) showed retained activity, but very low stability due to its hydrophilicity.
The hydrophilic nanofibers of methoxypolyethylene glycol-poly(lactide-co-
glycolide) swelled and disintegrated in aqueous medium resulting in leaching out
of the entrapped laccase enzymes and loss in activity [83]. The degradation
efficiency for the laccase modified nanofibrous membrane was over 90% for phen-
anthrene and fluoranthene and 80% for benz[a]anthracene and benz[a]pyrene.
These enhanced degradation efficiencies were ascribed to the strong affinity of
the hydrophobic polycyclic hydrocarbons to adsorb and pre-concentrate on the
pores of the fibers that provide accessible route to encapsulated laccase enzymes.
The overall removal of the polycyclic hydrocarbons was attributed to the enhanced
adsorption and enzymatic degradation.
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17.5.6 Laccase-Poly(p,L-Lactic-co-Glycolic Acid)
Nanofibrous Membrane

Sathishkumar et al. immobilized laccase on poly(lactic-co-glycolic acid) nano-
fibrous membrane for the biodegradation of diclofenac from water [84]. Laccase
was covalently bound on the poly(lactic-co-glycolic acid) nanofibers using glutar-
aldehyde cross-linker. The laccase carrying nanofibrous membrane exhibited 100%
diclofenac transformation over three recycle use and complete diclofenac over six
reuse cycles. These applications were carried out in the presence of syringaldehyde
as a redox mediator. The immobilized laccase had a relative activity of 82%
compared to that of free laccase enzyme. The improved activity of the immobilized
laccase was ascribed to the suitable enzyme microenvironment provided by the
biocompatible synthetic poly(lactic-co-glycolic acid) which is often used in bio-
medical applications [84].

17.5.7 Laccase-Multiwalled Carbon Nanotubes/Poly(p,L-
Lactide-co-Glycolide)

Recently, carbon nanotubes have been used to improve the adsorption capacity and
degradation performance of laccase carrying nanofibrous membranes. Dai et al. in
2016 improved the adsorption and degradation efficiency of a laccase carrying poly
(p,L-lactide-co-glycolide) nanofibrous membrane towards the removal of BPA from
water by the incorporation of multi-walled carbon nanotubes in the biocatalytic
membrane [69]. The multi-walled carbon nanotubes modified membrane was
prepared by emulsion electrospinning, the active laccase and multi-walled carbon
nanotubes were encapsulated inside the fibers. The multi-walled carbon nanotubes
laccase carrying membrane had an improved activity recovery of 85.3% (compared
to free enzymes) which was higher than that of laccase modified membrane without
the addition of the multi-walled carbon nanotubes (71.2%). Addition of the multi-
walled carbon nanotubes in the laccase modified nanofibrous membrane improved
the removal efficiency of BPA by up to 90% accompanied by a degradation effi-
ciency of 80% and increase in adsorption efficiency of 45% compared to the laccase
carrying nanofibrous membrane without the multi-walled carbon nanotubes. The
enhanced degradation efficiency was mainly attributed to the presence of multi-
walled carbon nanotubes which promoted direct electron transfer laccase-catalytic
reaction [69].
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17.5.8 Laccase-Multiwalled Carbon Nanotubes/Poly(p,L-
Lactide) Nanofibrous Membrane

Dai and co-workers further enhanced the adsorption and degradation of BPA,
triclosan and 2,4-dichlorophenol by modifying laccase carrying poly(p,L-lactide)
nanofibrous membrane with multi-walled carbon nanotubes [35]. The removal
efficiencies of the multi-walled carbon nanotubes biocatalytic membranes reached
up to 95.5%, 92.6% and 99.7% for BPA, 2,4-dichlorophenol and triclosan, respec-
tively. The laccase carrying multi-walled carbon nanotubes nanofibrous membrane
exhibited high reactivity recovery (88.9% greater than free laccase), and improved
operational and storage stability compared to the laccase modified membrane
(without the multi-walled carbon nanotubes). The enhanced catalytic properties
of the multi-walled carbon nanotubes modified membranes were ascribed to the
improved adsorption efficiency and promoted electron transfer between laccase and
the pollutant [35]. The inclusion of multi-walled carbon nanotubes in the nano-
fibrous membrane results in an increase in specific surface area, which therefore
provided more sorption sites for the pollutant in aqueous medium. The improved
adsorption efficiency due to the presence of multi-walled carbon nanotubes may
also result in the pre-concentration of the pollutant around the active sites of laccase
enzymes which in turn results in improved degradation efficiency. The remarkable
electrical conductivity of the multi-walled carbon nanotubes promotes the direct
electron transfer in laccase catalytic reactions.

Multi-walled carbon nanotubes were used to improve the catalytic performance
of laccase immobilized on poly(vinyl alcohol)/chitosan nanofibrous membrane for
the degradation of diclofenac [85]. The laccase modified membrane with incorpo-
ration of multi-walled carbon nanotubes attained a high activity retention (76.7% of
free enzymes) than the laccase modified membrane without the nanotubes (63.5%).
The removal efficiency of diclofenac for multi-walled nanotubes modified mem-
brane was 100% in 6 h and was higher than that of laccase carrying membranes
without the nanotubes (84.9%). Cyclic voltammetry measurements further con-
firmed the electrochemical capacitance of the multi-walled nanotubes modified
membrane. Thus, the enhanced catalytic activity of the immobilized laccase on
the multi-walled carbon nanotubes laccase carrying nanofibrous membrane was due
to a synergistic effect of high specific surface area and promoted electron transfer
between the laccase and the substrate [85]. Figure 17.6 illustrates the preparation of
the multi-walled carbon nanotubes laccase immobilized on poly(vinyl alcohol)/
chitosan nanofibrous membrane for biotransformation of diclofenac in water.
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Fig. 17.6 Biocatalytic degradation of multi-walled carbon nanotubes-laccase immobilized on
poly(vinyl alcohol)/chitosan nanofibrous membrane [85]

17.5.9 Cross-linked Carbon Nanotubes-Based Biocatalytic
Membranes

Ji et al. prepared a biocatalytic membrane through cross-linking of the carbon
nanotubes to form a stable coating on the hydrophilic polyvinylidene fluoride
(PVDF) membrane with subsequent immobilization of laccase by physical adsorp-
tion and covalent bonding [86]. The carbon nanotubes were deposited on the PVDF
membrane and further cross-linked with glutaraldehyde (Fig. 17.7a). A solution of
laccase enzyme was passed through the carbon nanotubes modified membrane in
the dead end filtration cell for immobilization of laccase through adsorption.
Adsorption of enzymes on the carbon nanotubes could be by: (i) van der Waal
forces and II-II stacking between the aromatic residues in the enzymes and the
surface of carbon nanotubes; (ii) hydrophobic interactions between amino acids
with hydrophobic side chains and the nanotubes surface; (iii) amphiphilic interac-
tions resembling surfactant-like interactions; (iv) electrostatic interactions; and
(v) hydrogen bonding between the amine terminal groups in the enzymes and the
hydroxyl and carboxyl functional groups in the carbon nanotubes [67].

Laccase was also covalently bound on the carbon nanotubes modified membrane
using N-(3-dimethylaminopropyl) N-ethylcarbodiimide chloride (EDC) and N-
hydroxysuccinimide (NHS) as coupling agents (Fig. 17.7b). High laccase loading
was achieved through covalent attachment of the laccase molecules ascribed to
EDC-mediated stable covalent binding of carboxylated carbon nanotubes and
laccase molecules. However, the laccase enzymes attached covalently exhibited
lower apparent activity and activity recovering than for enzymes immobilized
through adsorption. Covalent attachment of enzymes on supports may mitigate
leaching out of enzymes, but the covalent bonds (especially multiple binding or
non-biospecific attachment) may distort the natural conformation of the enzymes
which leads to enzyme denaturation [57]. Moreover, the possibility of undesired
lateral interactions between over-crowded enzymes may result in reduced activity
of the immobilized enzymes [87].
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cross-link bonds

carboxylated CNTs

Fig. 17.7 Schematic diagram of the cross-linking mechanism of carbon nanotubes (CNTs),
polyvinyl alcohol (PVA) and glutaraldehyde (GLU) (a) and laccase immobilization on CNTs
coating layer via covalent bonding (b) [86]

The carbon nanotubes-based biocatalytic membrane was tested for the removal
of various recalcitrant pollutants (BPA, diclofenac, ibuprofen, carbamazepine and
clofibric acid) in a cocktail mixture under a dead end filtration cell. The carbon
nanotubes modified membrane removed BPA (97%) and diclofenac (94%) at an
operating flux of 15 L/m?h. Ibuprofen (85%), carbamazepine (60%) and clofibric
acid (55%) were removed at operating flux of 10 L/m*h. The high removal
efficiency of the prepared biocatalytic membrane was attributed to the improved
mass diffusion of the micro-pollutants into the immobilized enzymes which
resulted in accelerated biotransformation of the pollutants [57]. The improved



17 Recent Applications of Laccase Modified Membranes in the Removal of. . . 303

laccase loading upon modification of the membranes with carbon nanotubes was
also a probable explanation to the enhanced removal performance of the biocata-
lytic membrane. The enhanced removal of the recalcitrant pollutants (ibuprofen,
carbamazepine and clofibric acid) was ascribed to the generation of radicals
(formed through oxidation of BPA) that could react with other non-phenol pollu-
tants either as a mediator or via cross-coupling reactions [57].

17.5.10 Laccase Supported on TiO, Nanoparticles

Nanoparticles have also been used extensively for the immobilization of laccase for
water purification purposes [50]. The intrinsic high surface area, tuneable surface
and good stability have rendered nanoparticles as better supports for enzyme
immobilization [88]. Most importantly, the highly curved nanoparticles, having
the same size as the enzyme molecules, allow a high degree of freedom for the
active sites of the enzymes thus preventing lateral interactions between the
immobilized enzymes [87]. Hou et al. immobilized laccase on TiO, nanoparticles
and TiO, blended polyethersulfone membrane using different surface functional-
ization techniques and immobilization approaches [87]. Laccase was immobilized
on the nanoparticles and titania-modified membrane by physical adsorption,
sequential and glutaraldehyde post-treatment techniques.

Physical adsorption technique exhibited lower activity recovery (up to 48 + 6%)
than expected. This was attributed to the use of speed centrifugation for the removal
of loosely attached laccase enzymes. The high shear forces might have distorted the
native conformation of the attached enzymes which led to their inactivation [87]. In
the sequential approach, the TiO, nanoparticles were first functionalized with
3-aminopropyltriethoxysilane (APTES) prior to covalent attachment of laccase
(Fig. 17.8a). The glutaraldehyde post-treatment involved the binding of laccase
on the 3-aminopropyltriethoxysilane modified TiO, nanoparticles in the absence of
glutaraldehyde and subsequent cross-linking of the laccase immobilized nano-
particles with glutaraldehyde (Fig. 17.8b). Sequential procedure proved to be the
best approach for laccase immobilization on the TiO, nanoparticles and the TiO,
modified membrane. The results revealed an improved apparent activity (0.135 £
0.015 U/mg support) and activity recovery (79 &+ 6%) for the sequential approach of
immobilization despite the low laccase loading (5.1 + 0.5 pg/mg support). The
glutaraldehyde used as a coupling agent allowed enough distance of immobilized
laccase from support which resulted in improved mobility of the immobilized
laccase, thus higher catalytic performance [87]. These results were in good agree-
ment with a study conducted by Cabana et al. where laccase was immobilized on a
Celite R-633 support using different immobilization techniques such as physical
adsorption, sequential and glutaraldehyde post-treatment technique [89]. The
immobilized laccase was tested for the removal of BPA, nonylphenol, and triclosan
in a continuous packed bed reactor. Total elimination of the three endocrine
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Fig. 17.8 Schematic representation of sequential laccase immobilization procedure (a) and
glutaraldehyde post treatment (b) [87]

disrupting micro-pollutants (5 mg/L) was achieved over a 200 min contact time
over five cycles [89].

17.5.11 Laccase Supported on Magnetic Fe;0 ,/Si0O,
Nanoparticles

A covalent attachment of laccase on magnetic Fe;0,/SiO, nanoparticles for
improved biotransformation of azo dye from water has also been reported
[90]. Almost 100% procion red MX-5B dye was decolourized in 20 min when the
laccase carrying magnetic nanoparticles were used. The remarkable degradation
rate was ascribed to the possible conformational changes of the laccase upon
immobilization which promoted faster and direct electron transfer between laccase
and the substrate as was confirmed by high responsive current at the glassy carbon
electrode modified with immobilized laccase [90]. However, enzymes immobilized
on nanoparticles may be difficult to recover and reuse and these are drawbacks for
their application in wastewater treatment [25].

Enzymes immobilized on nanoparticles have been embedded on membranes for
ease of recovery and reusability of immobilized enzymes. These hybrid systems
also allow the applicability of the immobilized enzymes in a continuous configu-
ration such as in enzyme membrane reactors for large scale applications
[54, 87]. The continuous membrane separation configurations also enhance mass
transfer for improved catalytic performance of the biocatalytic membranes.
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17.5.12 Laccase Immobilized on Nanoparticles
Functionalized Membranes

Hou et al. immobilized laccase on a TiO, functionalized PVDF membrane for the
biodegradation of BPA [91]. The PVDF membrane was coated with TiO, nano-
particles using a sol-gel coating technique [92]. Laccase was covalently immobil-
ized on the TiO, composite membrane via sequential immobilization using
3-aminopropyltriethoxysilane and glutaraldehyde. BPA removal efficiency of
over 80% was achieved when PVDF parent membrane with pore sizes of 0.1 pm
and 0.45 pm were used in the preparation of the biocatalytic composite membrane.
The improved removal efficiency was ascribed to the enhanced mass transfer (at a
flux of 20-30 L/mzh) in a dead end filtration set up. Moreover, nano-sized structures
such as nanoparticles have high surface area which may result in high enzyme
loading and retained catalytic activity of immobilized enzymes for improved
degradation efficiency. However, a decrease in removal efficiency was observed
when the flux was further increased. This was ascribed to the limited retention time
of BPA with immobilized laccase at higher flow rate [92].

17.5.13 Laccase Based-Enzyme Membrane Reactors

Immobilization of laccase enzymes on biocompatible polymeric membranes have
proven to be an advantageous approach for the removal of trace organic pollutants
[84, 91, 93]. However, large scale applications such as wastewater treatment plants
favour the use of enzyme membrane reactors for the removal of most emerging
micro-contaminants such as BPA. This approach involves the use of membranes
with pore sizes that are smaller than the enzyme molecule to prevent leaching of the
enzymes. The semi-permeable membrane creates a barrier that separates the
enzymes from degradation products and the pollutant [92, 94, 95]. This technique
involves use of free enzymes in a continuous process which offsets the mass
transfer limitations and the undesirable inactivation of enzymes which is almost
unavoidable during enzyme immobilization [49, 96].

Nguyen et al. reported on the use of an enzyme membrane reactor (EMR) for the
continuous removal of BPA and diclofenac using a commercially available laccase
[97]. A polyacrylonitrile hollow fiber ultrafiltration (UF) membrane was submerged
in a reactor to prevent the wash out of laccase enzymes. The EMR degraded about
96% BPA in 4 h at neutral pH using syringaldehyde as a redox mediator. An overall
BPA removal of 80% was achieved irrespective of pH after 22 h. The high removal
efficiency of BPA was ascribed to the -OH group found in BPA which is a strong
electron donating group thus rendering BPA a vulnerable substrate to laccase [97].

In a study conducted by Escalona et al., BPA was removed from water through
catalytic oxidation of laccase and horseradish peroxidase in a membrane-reactor
integrated system [25]. A BPA removal rate of about 95% was achieved in 180 min
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for both enzymes under optimum conditions (pH 6 and 7 and laccase concentration
of 0.2 U/mL). Coupling reaction system with nanofiltration membrane resulted in
combined BPA removal by biotransformation and rejection. However, there was a
significant decline in normalized flux during operation mainly due to concentration
polarization and fouling [25].

Another study on the use of an enzymatic reactor was reported by Diano et al.
[52]. Laccase was attached on a porous nylon hydrophobic membrane that was
grafted with glycidyl methacrylate and phenylenediamine was used as a spacer
[52]. Non-isothermal conditions have proven to be desirable for improved mass
transfer in hydrophobic biocatalytic membranes. The temperature gradient nor-
mally results in improved substrate diffusion which in turn increases the frequency
of enzyme and substrate contact time. Georgiva et al. covalently immobilized
laccase on polypropylene membrane for the catalytic biotransformation of phenol
and its derivatives in water [51]. The catalytic oxidation of 2-chlorophenol,
3-chlorophenol, 4-chlorophenol, nonylphenol and chloroxyphene were found to
be at the same rate to that of phenol (21 pmol/min), while that of paracetamol,
3-methoxyphenol and chloroxyphenol was relatively smaller (17 pmol/min). High
conversion rates for 2,4-dichlorophenol and BPA (34 pmol/min and 26 pmol/min,
respectively) were reported [51].

17.6 Conclusion

The detrimental health effects caused by BPA have prompted researchers all over
the world to come up with environmentally friendly and effective techniques that
can completely eliminate BPA from various water systems. Enzymatic degradation
of BPA has become a reliable method for effectively removing this pollutant in
water. Enzymes, referred to as “green catalysts” are environmentally friendly and
have high selectivity and reaction rates as compared to their chemical catalysts
counterparts. However, the application of enzymes for water treatment on a large
scale is normally hampered by their low tolerance to harsh micro environmental
conditions found in most wastewater which may include extreme pH, temperature
and ionic strength. Enzyme immobilization has gained much popularity in the field
of biotechnology for improving the stability and catalytic activity of the immobil-
ized enzymes. Most importantly, immobilized enzymes could be easily recovered
and used repeatedly thus improving the economic feasibility of this approach.
However, there is an inevitable change in native enzyme conformation upon
immobilization which normally results in slight loss in enzyme activity. This negli-
gible loss in catalytic performance of the immobilized enzymes depends heavily on
the type of immobilization technique, the chemical and physical properties of the
support and the physicochemical parameters during immobilization.

Laccase has been used extensively in the bioremediation of most phenolic pollu-
tants such as BPA. Immobilization of laccase on membranes with different mor-
phologies has been successfully employed for the removal of BPA from water. The



17 Recent Applications of Laccase Modified Membranes in the Removal of. . . 307

high specific surface area acquired through proper tailoring of the membranes
increases the adsorption and degradation of BPA. Numerous nanostructured mate-
rials have been used to fabricate biocatalytic membranes with ideal properties for
remarkable degradation efficiency of BPA.

The degradation efficiency of laccase modified membranes may be hampered by
mass transfer limitations and product inhibition in batch systems. Therefore, con-
tinuous enzyme membrane reactor systems have been used to overcome such
limitations. The transport rate and contact time of the substrate and the immobilized
laccase can be easily controlled by adjusting the feed flow rate. The degradation
efficiency of BPA has been found to be dependent on the substrate-enzyme contact
time and frequency influenced by the feed flow. However, at flow rates or flux
higher than the optimum rate, BPA degradation efficiency has been found to
decrease primarily due to insufficient contact time between the substrate and
immobilized enzyme and the possible denaturation of the enzymes under intense
shear forces. Fouling and concentration polymerization of membranes may also
result which impact negatively on the economic viability of this approach. There-
fore, modification of these existing approaches or postulation of more effective
techniques are still of great need for removal of BPA and other highly toxic
pollutants from water.
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Chapter 18

Synthesis and Characterization of a Novel Bio
Nanosponge Filter (pMWCNT-CD/TiO,-Ag)
as Potential Adsorbent for Water Purification

Anny Leudjo Taka, Kriveshini Pillay, and Xavier Yangkou Mbianda

Abstract This study reports the synthesis and characterization of a novel bio
nanosponge filter for applications in water treatment. Firstly the oxidized
multiwalled carbon nanotubes (MWCNTSs) were chlorinated using oxalyl chloride
and then phosphorylated via an amidation reaction. The phosphorylated carbon
nanotube (pMWCNT) obtained was polymerized with p-cyclodextrin (BCD) using
hexamethylene diisocyanate (HMDI) as a linker. The resulting polymer
(PMWCNT-BCD) was decorated by a sol-gel method with TiO, and Ag
nanoparticles to obtain a biopolymer nanocomposite, pMWCNT-BCD/TiO,-Ag.
For a better evaluation of the target material, CD polymer and pMWCNT-CD
polymer were also synthesized for comparison purposes. Fourier-transform infrared
(FTIR) spectroscopy was used to confirm the presence of functional groups on the
surface of modified MWCNTs and the polymerization reaction. Laser Raman
spectroscopy analysis showed the presence of MWCNT, CD and the anatase
crystalline form of TiO, in the nanocomposite. Preliminary adsorption studies
were also conducted in order to test the capability of the new bio nanosponge filter
to remove metal ions pollutants from synthetic wastewater solutions.

Keywords Cyclodextrin « Bio nanosponge filter « Nanocomposite ¢ Amidation
reaction ¢ Phosphorylated multiwalled carbon nanotubes ¢ TiO, nanoparticle and
adsorption

18.1 Introduction

Access to clean and potable water is currently a worldwide challenge due to the
pollution of water by human activities, sewage, industrial effluents, etc. [1, 2]. In
this regard, the increased demand for new adsorbent nanocomposite materials with
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good properties and high efficiency for pollutant removal, has attracted a lot of
research attentions [1, 2]. For this reason, this study reports an investigation on the
synthesis and characterization of a novel bio nanosponge filter or biopolymer
nanocomposite capable to remove the organic, inorganic and pathogenic microor-
ganism pollutants from waste water. The new adsorbent nanocomposite is made up
of a combination of cyclodextrin nanosponge polymer, phosphorylated multiwalled
carbon nanotube, titania (TiO,) and silver nanoparticles.

Cyclodextrins (CDs) are cyclic oligosaccharides and they are produced as a
result of enzymatic reactions (intramolecular transglycosylation) on starch with the
amylase of Bacillus macerans [3-5]. There exists three types of natural cyclodex-
trins (a-CD, B-CD and y-CD) with 6, 7, 8 glucose units respectively, attached by
a-(1,4) glucosidic bonds forming a ring. Of these three natural CDs which also
differ in ring size and solubility, f-CDs are the most widely used due to their good
reactivity and lower cost [3-5]. The use of cyclodextrins has attracted a lot of
research attention because they possess extraordinary properties such as their
capacity to form inclusion complexes with a guest molecule and their ability to
be modified using for example a cross-linking agent (e.g. isocyanate linker) to form
nanosponge polyurethanes exhibiting even more attractive properties [3, 6, 7].

In this regard, extensive research has been done in our group and elsewhere on
the synthesis of nanosponge cyclodextrin polyurethanes and on how to improve
their properties by modifying them with either nanoparticles, functionalized
MWCNTs (oxidized or phosphorylated MWCNTs) or dendrimers [3, 7-—
12]. Hence, by modifying the nanosponge cyclodextrin polyurethanes, polymer-
based nanocomposite materials with high potential in many applications especially
in water purification are formed.

Nanocomposites can be defined as materials with multiphases where one of the
phases has nanoscale additives [13]. They are likely to present extraordinary
properties arising from the combination of each component [13]. Depending on
the type of matrix used, the nanocomposites can be classified as polymer matrix
nanocomposites (PMNC), ceramic matrix nanocomposites (CMNC) and metal
matrix nanocomposites (MMNC) [13]. In this study the CD polymer was the matrix
because polymers are considered to be good hosting matrices for composite mate-
rials. This is due to the fact that they can easily be tailored to yield a variety of bulk
physical properties [13]. In addition polymers, especially the organic ones such as
CD polymers, have been reported to have long term stability and good processabil-
ity [13]. For this reason, -CD polymer in this study was modified with phosphor-
ylated carbon nanotubes as reported by Mamba and co-workers [2] in order to
obtain the polymer pMWCNT-CD. This was further modified in this work by
decorating it with TiO, and Ag nanoparticles in order to get a novel bio nanosponge
filter (pMWCNT-CD/Ti0,-Ag) with organic, inorganic and antimicrobial proper-
ties. To the best of our knowledge, the synthesis of this type of material has never
been reported elsewhere.

This paper reports the synthesis of a novel bio nanosponge filter (phosphorylated
carbon nanotubes-cyclodextrin/Ag-doped titania) and its characterization using a
variety of thermal, spectroscopic and electron microscopic techniques. The results
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obtained from the characterization of the novel phosphorylated carbon nanotubes-
cyclodextrin/Ag-doped titania are also discussed and compared with the control
samples (native CD polymer and pMWCNT-CD polymer). In addition, the prelim-
inary test results for the removal of lead and cobalt ions from the synthetic waste
water using the novel bio nanosponge filter are also presented.

18.2 Experimental Methodology

18.2.1 Chemicals and Materials

All the chemicals and materials purchased were used as received. MWCNTSs
(purity > 90%, diam. x L 110-170 mm X 5-9 pm), B-CDs (97%), titanium
tetraisopropoxide ~ (TTIP), 2-propanol, oxalyl chloride, diethyl(alpha-
aminobenzyl)-phosphonate 97%), 6-amino-hexanol 97%), N,N-
dimethylformamide (DMF, 99.9%), hexamethylene diisocyanate (HMDI, 98.0%)
and cobalt(Il) nitrate hexahydrate (ACS reagent 98%) were obtained from Sigma-
Aldrich, South Africa. Lead(Il) nitrate (98%) was purchased from Saarchem,
Merck Chemicals, South Africa and silver nitrate (99.8%) was obtained from
Rochelle Chemicals, South Africa.

18.2.2 Purification and Oxidation of Multi-walled Carbon
Nanotubes

As received MWCNTs (pristine MWCNTs) were purified by Soxhlet extraction
with toluene for 24 h. Thereafter the product was dried at 80 °C to obtain purified
MWCNTs.

The oxidation of MWCNTs was done by acid treatment as described by previous
studies [2, 9] using a mixture of 3:1 H,SO4,:HNOj;. After the acid treatment
reaction, the mixture was diluted with distilled water (about 500 ml) and allowed
to cool down to room temperature. The MWCNTs were filtered using a membrane
microfiltration apparatus and then extensively rinsed with distilled water until the
wash water reached a neutral pH. The resulting product was dried in an oven at
80 °C overnight.
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18.2.3 Synthesis of the Biopolymer Nanocomposites:
PMWCNT-CD/Ag-TiO,

18.2.3.1 Phosphorylation of Oxidized MWCNTs

It was carried out following the methodology reported by Mamba and co-workers
[2]. In summary, 0.1 g of oxidized MWCNTs dispersed in 50 ml of DMF were
chlorinated using 3.35 ml of oxalyl chloride at O °C. The mixture was stirred for 2 h
at 0 °C for an additional 2 h at room temperature. Then the reaction temperature was
increased to 70 °C and the mixture stirred overnight to get rid of the excess of oxalyl
chloride. The following day, 1 g of diethyl(alpha-aminobenzyl)-phosphonate
hydrochloride (dissolved in DMF) and 6-amino-hexanol (0.25 g in DMF) were
added simultaneously to the reaction mixture using dropping funnels. Then the
temperature was raised to 100 °C and the mixture stirred for 5 days. Afterwards the
reaction mixture was filtered, washed with a small amount of ethanol and DMF and
dried in the oven at 80 °C for 24 h to yield 0.411 g of pMWCNT.

18.2.3.2 Polymerisation of Phosphorylated MWCNTs (pMWCNTs)
with g-CDs

It was performed as described by Mamba et al. [2] using HMDI as a linker. In
summary, 0.05 g of pMWCNT (5%) sonicated in 5 ml DMF was mixed with 1 g of
B-CD (also dispersed in 25 ml DMF). The reaction mixture was stirred under
nitrogen atmosphere at room temperature while adding dropwise 6 ml of HMDI.
Then the temperature was increased to 75 °C and stirring was continued for 24 h.
Afterwards the reaction was cooled down and the product obtained, that is phos-
phorylated MWCNTs-CD (pMWCNTs-CD), was precipitated in acetone, filtered,
washed and dried in oven at 80 °C (Yield = 3.965 g).

18.2.3.3 Sol-Gel Method to Obtain pMWCNTs-CD/Ag-TiO,
Biopolymer

This final step of the synthesis was done following a procedure reported by Perumal
and co-workers [14] with some modifications. In short, 2.5 ml of titanium
tetraisopropoxide (TTIP) was added to 0.607 g of pMWCNTSs-CD polymer previ-
ously dispersed in 12.5 ml of 2-propanol (ratio pMWCNTs-CD polymer:TiO, was
90%). The mixture was then stirred for 10 min followed by a hydrolysis reaction
where 2.5 ml of an aqueous solution (pH 2) containing an appropriate weighed
amount of AgNO; to give a Ag:Ti ratio of 7%, was added dropwise to the mixture
solution while stirring. The resulting sol was stirred vigorously and continuously
for 24 h at room temperature. Then the suspension was dried at 80 °C for 2 h to yield
1.758 g of pMWCNT-CD/TiO,-Ag. During the reaction and drying process, the
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beaker was covered with aluminium foil paper. After 2 h of drying, the product
obtained was calcined at 150 °C for 15, 60 and 120 min in an electric furnace.

18.2.3.4 Synthesis of Native CD Polymer

Native CD polymer was prepared as reported in previous studies [3, 7, 9, 10] by
reacting a dimethylformamide (DMF) solution of $-CDs with HMDI (bifunctional
linker). The product was obtained in good yield (3.718 g).

18.2.4 Characterization Techniques

Fourier-transform infrared (FTIR) spectroscopy was used to confirm the
functionalization of the MWCNTs and polymerisation reaction. For the analysis a
transparent pellet for respective samples was prepared using a mechanical press by
mixing 99 parts of potassium bromide (KBr) with 1 part of the sample to be
analysed. The spectra obtained were recorded on a Perkin Elmer (FTIR, spectrum
100) spectrophotometer with 16 scans per spectrum, at a resolution of 4 cm ™', over
the range of 4000-400 cm ™ ".

Thermogravimetric analysis (TGA) was done for the thermal stability studies of
the polymer synthesized. The analysis was done using a Pyris Series-TGA 4000
analyser under nitrogen atmosphere (20 ml/min) at a rate of 10 °C/min and
temperature programmed from 30 to 900 °C. About 10 mg of each sample was
used for analysis.

The curves of the differential scanning calorimetry (DSC) were recorded using a
Mettler Toledo DSC 822°. The analysis was done under nitrogen atmosphere at a
flow rate of 25 ml/min, heating rate 10 °C/min and about 5 mg of each sample was
heated from 25 to 500 °C, then cooling back to 25 °C. In this work, the DSC curves
reported are only the heating part (from 25 to 500 °C) of the DSC analysis.

Raman spectra were obtained using a Bruker Senterra Infinity 1 Raman micro-
scope with the beam path set at 10x magnification. This analysis was employed to
evaluate the quality of the samples prepared and for phase identification of TiO,
present in the new biopolymer nanocomposite synthesized.

X-ray diffraction spectroscopy analyses were performed using a Rigaku Ultima
IV X-Ray (40 kV, 30 mA) diffractometer with cobalt Ka radiation (wave-
length = 0.179 nm). The data were processed using PDXL software loaded with
ICDD card (database). The conditions for analysis were as follows: scan speed
2 deg/min, step width 0.02 degree, scan range 3-90 degrees.

The surface area, pore volume and pore size of the synthesized polymers were
determined by the Brunauer-Emmett-Teller (BET) method on a Micromeritics
Tristar 3000 surface area and porosity analyser. To analyze the samples, about
0.25 g of each sample was degassed for 4 h under nitrogen at 100 °C.
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Scanning electron microscopy (SEM) (Vega 3 Tescan) coupled with energy
dispersive spectroscopy (EDS) was employed to determine the surface morphol-
ogies and the elemental compositions of the materials synthesized. For analysis, a
few mg of each sample was placed on a carbon tape. All the polymer samples were
then gold coated in order to make their surfaces conductive whereas the carbon
tapes with oxidized MWCNT and phosphorylated MWCNT were not coated.

18.2.5 Preliminary Adsorption Experiments

The adsorption experiments (Fig. 18.1) were performed as described by Mamba and
co-workers [2]; pMWCNT-CD/Ag-TiO, bio nanosponge filter prepared was tested
for its ability to remove each of the metal ions (Pb2+ and C02+) from the pollutant
solutions (2-20 ppm) prepared. These preliminary tests were done at room temper-
ature with the pH of the test solutions adjusted between 5 and 7.8. This was because
the average pH range of the tap drinking water is between 5 and 6 and the pH range
of water from reservoirs and rivers varied from 5.8 to 7.8. These preliminary tests
were also conducted using CD polymer and pMWCNT-CD polymer, just for
comparative purposes.

18.3 Results and Discussion

18.3.1 Purification and Oxidation of MWCNT's

Multi-walled carbon nanotubes (MWCNTs) was used as the type of CNTs because
of their high surface area, superior mechanical, electrical, chemical and many other

Agitation of the bottles for 24
30 ml pollutant solution hours at 200 rpm using a
prepared + 0.05g Merx 261 orbital platform
adsorbent were added into shaker
bottles

. . Filtration of the sample
Filtrate analySIS by ICP using 0.45 pm PTFE

(0) O membrane filter

Fig. 18.1 Flow diagram for batch adsorption studies
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Fig. 18.2 FTIR spectrum of the oxidized MWCNTSs

properties compared to single-walled carbon nanotubes (SWCNTs) and double-
walled carbon nanotubes (DWCNTS) [15, 16].

The first step in the synthesis of the new bio nanosponge filter was the Soxhlet
purification of MWCNTs. The aim was to remove soluble impurities such as
amorphous carbon and fullerenes. Then the purified MWCNTs were oxidized by
acid treatment to introduce functional groups on their surface which are initiation
points for further chemical reactions [16]. The presence of these functional groups
was confirmed by FTIR analysis (Fig. 18.2). After the acid treatment of the
MWCNTs, one can clearly notice the presence of functional groups such as C=0
(1723 and 1585 cmfl) and C-O (1263 cmfl) indicating that the oxidation of
MWCNTs was achieved.

18.3.2 Synthesis of Phosphorylated MWCNTs

The oxidized MWCNT obtained after acid treatment was further modified by an
amino-phosphonate along with an amino-alcohol, to produce phosphorylated
MWCNTs (pMWCNTs) [2, 17]. This is because the phosphorylated MWCNTSs
obtained were proved to have good properties to be used in combination with CD
[2, 9]. Moreover, phosphonate groups present on the surface of phosphorylated
MWCNTs were shown to be effective complexing agents for di and trivalent
cations from water [2, 17].
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Fig. 18.4 FTIR spectrum of the phosphorylated MWCNTs (pMWCNTs)

Figure 18.3 illustrates the reaction scheme for the phosphorylation of MWCNTs.
The amino alcohol (6-amino-hexanol) was added during the phosphorylation of
MWCNTs in order to provide possible sites for the polymerisation of phosphory-
lated MWCNT with cyclodextrin [2]. The product was obtained in good yield
(0.411g) >100% (mass/mass) and characterized by FTIR, Raman and SEM-EDS.

The appearance of the functional groups such as O-H (1439 cm™ '), P=0 (1253
and 1165 cm ™), P-O—C (1038 cm ™) and P-O (873 cm™ ') [2, 18] in the spectrum
of the phosphorylated MWCNTs (Fig. 18.4) confirmed that the phosphorylation of
the oxidized MWCNTSs was successful.

Figure 18.5 depicts the Raman spectra of oxidized and phosphorylated
MWCNTSs. The Raman spectrum of oxidized MWCNTs was plotted just for
comparison purpose. From these spectra, three distinctive Raman bands which
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Fig. 18.5 Raman spectra of oxidized and phosphorylated MWCNT's

are: the D, G, and 2D, characteristic of MWCNT can be observed. The 2D band also
called G’ was observed approximately around 2700 cm ™' for all MWCNT samples.
According to the literature, the G band usually refers to the ordered or crystalline
graphitic structures in MWCNTSs while the D band indicates the presence of some
disorder or defects within the graphitic structures in MWCNTs [16, 19, 20]. These
disorders have been assigned to either the amorphous carbons trapped, tubes edges
or the sp hybridized carbons at the defect sites.

Moreover to evaluate the quality of MWCNT, the intensities ratio of the D band
relative to the G band (Ip/Ig) were also calculated [16]. The values obtained are
summarized in Table 18.1 as well as the observed values for the D, G and 2D bands
for each MWCNT sample. It was reported that there is an increase of the Ip/Ig ratio
due to the increase in functionalization time [16]. This is because, during the
functionalization of MWCNT, the sp> hybridized carbon gets converted to the sp®
hybridized carbon [19, 20]. In this work from the values of the ratio obtained it can
be concluded that the conditions used for the functionalization of MWCNTs did not
damage the tubes.

The intensity ratios (Ip/lg) of oxidized and phosphorylated MWCNTSs were
calculated and found to be 0.85 and 0.86, respectively. From the values obtained
there was a slight increase in the ratio of the Ip/Ig after phosphorylation of
MWCNTs. This was due to the phosphorylation taking place via the acyl chloride
bond attached on the defect site of the MWCNTs [17]. However an increase in the
G band from some graphitic oxidation of the surface of phosphorylated MWCNTSs
was noted. Similar observations were also reported by Mpendulo [17]. Hence, from
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Table 18.1 Raman spectral data

Sample name D band (cm™ 1) G band (cm™}) 2D band (cm ™) In/lg
Oxidized MWCNTs 1349 1586 2695 0.85
pPMWCNTSs 1340 1560 2677 0.86

Fig. 18.6 SEM image and EDS scan of phosphorylated MWCNT

this evaluation, the graphitic structure of MWCNT after phosphorylation was still
maintained. It can be confirmed that MWCNTs have not been damaged after the
phosphorylation reaction.

The SEM micrographs in Fig. 18.6 showed that the surface morphology of
phosphorylated MWCNT is like some entangled mesh. Mpendulo [17] had also
similar SEM observation for the phosphorylated CNT. In addition, the EDS spec-
trum of phosphorylated MWCNT (pMWCNT) (Fig. 18.6) showed the presence of
the elements C, O, P and Cl. Chlorine was detected because of its residual on the
surface of MWCNTs (which remained as an impurity) resulting from the oxalyl
chloride used.

18.3.3 Synthesis of the Bio Nanosponge Filter: pMWCNT -
CD/Ag-TiO,

18.3.3.1 Synthesis of pMWCNT-CD Polymer

Figure 18.7 illustrates the synthetic pathway for polymerization of pMWCNTs with
B-CDs. The linker HMDI was used in order to reduce the solubility of CDs in water
since the CDs are soluble in water. In addition, to be able to use the synthesized
polymers for water treatment, it is very important to make them water insoluble by
using an excess of diisocyanate linker to ensure maximum polymer cross-linking
[2, 3, 7]
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Fig. 18.7 Synthetic pathway for polymerization of pMWCNTSs with f-CDs

18.3.3.2 Sol-Gel Method to Obtain pMWCNT-CD/Ag-TiO,

The synthesis of TiO, nanoparticles and TiO, based nanocomposite can be
achieved using a variety of methods including: electro-spinning, chemical vapour
deposition, sol-gel, electrophoretic deposition, and hydrothermal method [21-
23]. Among these methods, sol-gel process is the most preferred since it has been
shown to be a simple and effective method for the synthesis of inorganic and
organic-inorganic nanomaterials [14, 23, 24]. Woan and co-workers [22] have
reported on the different ways of coating CNTs with TiO,. In this work, the TiO,
and Ag nanoparticles were attached to the surface of the pMWCNT-CD polymer
composite or embedded in the pMWCNT-CD polymer matrix. This was achieved
by coating the polymer with TiO, and Ag nanoparticles following the same concept
of a sol-gel process.

In this process the precursors, metal alkoxides (e.g. titanium isopropoxide) are
usually used for the nucleation and the growing of titania on dispersed
nanomaterials (e.g. CNTs, pMWCNTs-CD polymer) in a liquid medium
(e.g. 2-propanol) at temperatures lower than 100 °C followed by hydrolysis and
polycondensation reactions [21, 22, 24]. Then the addition of the metal salts
(e.g. AgNO,), if applicable, is usually done during the hydrolysis step. After the
sol-gel process, the sample must be dried and thermally treated (calcined) to
prevent further poly-condensation from taking place as well as to transform the
material into its crystalline form [21, 24]. It is worth mentioning that in the
hydrolysis process, water is added in the form of an acidic or basic solution in
order to change the rate of the reaction by affecting the growth of the
nanoparticles [22].

Moreover, among the various metal alkoxides (e.g. titanium ethoxide, titanium
butoxide, etc.), the titanium isopropoxide was used as a TiO, precursor in this study
because it is less sensitive to humidity and dissolves easily in alcohols
(e.g. isopropanol) [22]. Titanium butoxide is even less sensitive to humidity but it
cannot readily dissolve in alcohol due to its high viscosity [22].

It is also important to note that beside the metal alkoxide precursors for TiO, in
sol gel method, the precursors such as titanium oxysulfate (TiOSO,) and titanium



324 A. Leudjo Taka et al.

tetrachloride (TiCly) were also previously used [22, 25-27]. However they were
found inefficient especially when the nanomaterials used are insoluble in water [22,
25-27].

The synthesized pMWCNT-CD/Ag-TiO, polymers were characterized by
FTIR, TGA, DSC, Raman, XRD, SEM and BET. pMWCNT-CD and CD polymers
were also synthesized, calcined and their characterization results were presented for
comparison purposes.

FTIR Analysis

Figure 18.8a, b illustrate the FTIR spectra of the uncalcined and calcined synthe-
sized polymers respectively. From these spectra, the peak at 2273 cm '
corresponding to the isocyanate peak was not observed. This serves as proof that
the polymerisation reaction was completed and the linker was successfully incor-
porated by the appearance of the NH(CO) peak of carbamate linkage at around
1645 and 1527 cm™'. Additional functional groups can also be observed such as:
the O—H group, N-H of amide groups at 3424 cm ™~ '; the C=0 stretch of the amide
group at around 1712 cm™'; the benzyl group (C=C) at around 1634 cm™'; the
symmetric and the asymmetric C-H in CH, bonded to oxygen [2] at 2856 and
2935 cm™'. The FTIR spectrum of pMWCNT-CD/TiO,-Ag polymer also shows a
strong peak at around 1391 cm ™! which is related to the Ti—O—C group [28] present
in the new bio nanosponge polymer.

Moreover, it can be observed that all the polymers synthesized (uncalcined and
calcined) have the same FTIR pattern. However the only differences are the
phosphonate functional groups (P=0 and P-O) present in the polymer samples
containing pMWCNT. In Fig. 18.9, the band at around 1391 cm ™' is related to the
Ti—O—C group [28] present in the pMWCNT-CD/TiO,-Ag polymer which disap-
pears slowly as the calcination time increases.

TGA Analysis

TGA coupled with the derivative thermogravimetric (DTG) curve is a good tech-
nique used to study the thermal stability of carbon or nanocomposites materials as
well as to evaluate the purity and the composition of the material under study.
TGA analysis was used to investigate the thermal stability of the nanosponge
polymers synthesized (CD, pMWCNT-CD and pMWCNT-CD/TiO,-Ag). The
TGA and DTG profiles of the calcined polymers were all similar. Figures 18.10a,
b and 18.11a, b show the results of the analyses. From these figures, it can be
observed that in general three different parts of thermal decomposition are involved
in the thermal behavior of the polymers synthesized. The first part (50-200 °C) was
assigned to the loss of water or moisture and solvents present in the polymer, the
second part, from 250 to below 400 °C, was ascribed to the loss of carbamate
groups and cyclodextrin and the third part above 400 °C, was attributed to the
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Fig. 18.8 FTIR spectra of the polymers synthesized: (a) uncalcined and (b) calcined for 15 min

complete decomposition of cyclodextrin skeleton [2, 29]. In addition it can also be
noticed that for the polymer containing CNTs (pMWCNT-CD and pMWCNT-CD/
TiO,-Ag), at temperature above 400 °C, the complete decomposition of CNTs
skeleton also occurs. Thus, for the polymer composites, the peak corresponding
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Fig. 18.9 FTIR spectra of pMWCNT-CD/TiO,-Ag polymer synthesized and calcined at different
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to the complete decomposition of CNTs skeleton overlaps with the peak related to
the complete decomposition of CD skeleton.

One can also notice from Figs. 18.10 and 18.11, that there is a minimal
difference between the TGA and DTG profiles of uncalcined and calcined poly-
mers. This means that the thermal stability of the polymers was not really affected
by the calcination process. However, it was observed from the TGA and the DTG
profiles of the nanosponge polymers (uncalcined and calcined) that the thermal
stability is affected by the modification of the polymer. This is because it can be
clearly observed that the stability of the native CD polymer has improved after its
modification with either pMWCNT alone or with both p MWCNT and TiO, and Ag
nanoparticles.

DSC Analysis

DSC analysis is usually used to measure the energy absorbed or liberated by a
sample subjected to a temperature program (heating from 25 to 500 °C). In this
study, it was also used to obtain more information regarding the thermal stability
and purity of the polymers synthesized.

Figure 18.12a depicts the DSC curves of the uncalcined polymers and these
curves correlate well with a typical DSC curve of a semicrystalline polymer.

The sharp curves or peaks observed indicate the purity of the samples. This
means that all the polymers were successfully synthesized and pure. It can be
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Fig. 18.10 TGA (a) and derivative TGA (b) spectra of the uncalcined polymers

noticed in Fig. 18.12a, that the pMWCNT-CD/TiO,-Ag polymer has two endother-
mic peaks (99 °C, 298 °C) and two exothermic peaks (229 °C, 444 °C) whereas the
native CD and pMWCNT-CD polymers have three endothermic peaks (73 °C,
367 °C, 465 °C and 90 °C, 372 °C, 470 °C respectively) and one exothermic peak
(308 °C and 311 °C respectively). For all the samples the first endothermic peak
corresponds to the loss of water from the polymers, the second endothermic peak in
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Fig. 18.11 TGA spectra (a) and derivative TGA spectra (b) of the calcined polymers for 60 min

all the samples can be ascribed to the melting of the polymers which, in TGA
spectra (uncalcined polymers) corresponds also to the region for maximum rate of
pyrolysis [30]. The third endothermic peak (in native CD and pMWCNT-CD
polymers) can be assigned to the complete melting with decomposition of the
polymers.

The exothermic peaks observed can be associated with the thermal degradation

temperatures of the polymers. The second exothermic peak at 444 °C in pMWCNT-
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Fig. 18.12a DSC curves of the uncalcined polymers
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Fig. 18.12b DSC curves of the calcined polymers for 15 min
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(C) —— pPMWCNT-CD/TiO2-Ag calcined 60 min (a)
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Fig. 18.12¢c DSC curves of the calcined polymers for 60 min

CD/TiO,-Ag polymer corresponds to its complete thermal degradation and begin-
ning of oxidative degradation in air. In addition, it can also be noted that the
PMWCNT-CD/TiO,-Ag biopolymer is more stable than the native CD polymer
and pMWCNT-CD polymer, since its complete degradation temperature (444 °C)
was higher than the degradation temperatures of native CD polymer (308 °C) and
pPMWCNT-CD polymer (311 °C).

From the results obtained from Fig. 18.12a, one can also say that the nanosponge
polymers synthesized are polymorph materials which means that they exist in more
than one crystal structure or they have more than one morphology. This assumption
will be confirmed by Raman, XRD and SEM analyses.

Figures 18.12b and 18.12¢ show the DSC curves of the calcined polymers. It can
be observed that the DSC curves of the calcined polymers present different trends
compared to the uncalcined polymers which could be due to the calcination process.
Therefore, the stability of the polymers is affected by the calcination. Hence the
polymers should not be calcined after their synthesis.

Raman Spectroscopy Analysis

Raman analysis was also performed to confirm the presence of MWCNT, CD and
TiO, in the polymer nanocomposite synthesized.
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Figure 18.13a, b show the Raman spectra of the new bio nanosponge polymer
(PMWCNT-CD/TiO,-Ag) uncalcined and calcined respectively. The Raman bands
observed at 147, 262, 426, 599 and 811 cm”! (Fig. 18.13a) can be assigned to a
mixture of the anatase and brookite phase of TiO, [24, 31]. Gotic et al. [32] have
also obtained a mixture of anatase and brookite for their uncalcined TiO, and TiO,
calcined at 150 °C. In the literature [32], Raman bands for anatase were reported to
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Fig. 18.13 Raman spectra of pMWCNT-CD/TiO,-Ag polymer: (a) uncalcined and (b) calcined
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be around 143, 395, 512, and 645 cm ™! corresponding to the Eg(1), Big(1), Ajg+Bi,
@ and E,(») modes of anatase, respectively, in TiO, [24, 31]. Raman active photons
of rutile TiO,, By, E,, A, and By, were reported to be at approximately 232, 447,
612 and 826 cm™  respectively [32, 33] whereas the Raman bands for brookite were
reported to be at 128, 153, 247, and 636 cm ™! [32, 34]. Hence, from these reported
values, it can be concluded that the new polymer nanocomposite (pMWCNT-CD/
TiO,-Ag) is a bicrystalline structure (polymorph), containing anatase and brookite
phases. This assertion will be further confirmed by XRD analysis (Fig. 18.14). The
formation of a band at around 262 cm ™', due to the second order scattering and
disorder effects, is observed. This band at 262 cm~' was found to have also a
complex nature which at high resolution, shows a significant structure [32, 34—36].

In addition, the Raman bands of MWCNTs in the polymer nanocomposite were
also observed at 1371 cm~! (D band) and 1583 cm ™' (G band). The G band was
noted to be very intense and overlap with NH-CO of carbamate group from
polymerisation. C=0 peak at 1764 cm™' related to polymerisation, was also
observed. The Raman shifts around 2747 cm~' (C-H peak) could be related to
cyclodextrin polymer structural cavity.

In Fig. 18.13b, the bands observed at 193, 399, 515 and 640 cm~! are charac-
teristic of the anatase phase of TiO, [24, 31, 32]. According to the literature these
bands correspond to the Egy), Big), AigtBigo) and Ey») modes of anatase,
respectively, in TiO, [24, 31, 32]. Moreover, the Raman bands of MWCNTs
were observed at 1328 cm™ ' (D band) and 1462 cm ™' (G band) with a decrease in
intensity of these D and G bands. Raman shifts around 2865, 2936 and 2972 cm !
(C—H peaks) could be related to cyclodextrin polymer structural cavity. Moreover,
it was also noticed that after calcinations for a maximum of 120 min, the NH-CO
and C=O0 peaks related to polymerisation were not observed on Raman whereas
they were found in IR.

XRD Spectroscopy Analysis

XRD patterns were obtained in order to further confirm the purity and the crystal-
linity of the sample synthesized. The XRD patterns of the calcined polymers (15, 60
and 120 min) were all similar. From the results obtained (Fig. 18.14a, b), a broad
amorphous peak was observed for CD polymer and pMWCNT-CD polymer before
and after calcination. Whereas good crystalline peaks were observed before calci-
nation for the polymer composite of interest (pMWCNT-CD/TiO,-Ag), after cal-
cination up to 120 min, no peaks were observed. Therefore, from these
observations, it can be confirmed that both pMWCNT-CD and CD polymers are
amorphous. However by modifying pMWCNT-CD polymer composite with TiO,
and Ag, the new biopolymer composite obtained just after the drying process, is a
crystalline material. However after calcination, the new bio nanosponge polymer
composite loses its crystallinity to become amorphous.

Raoov et al. [29] have reported that the amorphous nature of CD polymer was
because the polymeric chains throughout have lost their regularity due to the
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introduction of the bulky linker molecule. In this study, the introduction of
PMWCNT to the CD polymer still did not help whereas by incorporating TiO,
and Ag nanoparticles to the pMWCNT-CD polymer, this helps to improve the
regularity of the polymeric chains by enhancing the crystallinity of the polymer.
Moreover it can also be said that the calcination process perhaps also affects the
regularity of pMWCNT-CD/TiO,-Ag polymeric chains by causing the loss of
crystallinity. Hence, the new polymer nanocomposite obtained pMWCNT-CD/
TiO,-Ag should not be subjected to the calcination process to avoid the loss of
crystallinity. In addition, the peaks obtained in the XRD pattern of pMWCNT-CD/



334 A. Leudjo Taka et al.

TiO,-Ag polymer nanocomposite (uncalcined), could be a result of a mixture of
pure crystallite phases which are anatase and brookite TiO,, graphite and lignite
(NR) at two theta of about 45.6, 49.9, 34.5 and 37.2 respectively. Hence the novel
bio nanosponge filter prepared exists in more than one crystal structure (polymorph
material).

The average crystallite size of the most intense XRD peak (the dominant phase,
graphite) was calculated using the Scherrer equation (18.1) [31] below and it was
found to be 92.72 nm.

D= kA
Cos 0

(18.1)

D is the average crystallite size, k is a constant equal to 0.9; A is the wavelength
(nm) of cobalt Ka radiation and its value is 0.179 nm; f, the FWHW of the peak of
interest obtained by XRD; Theta (6) is the Bragg angle.

BET Surface Area Analysis

Table 18.2 presents the summary of the results after the BET surface area analysis.
From the results obtained, it can be noted that amongst all the nanosponge polymers
synthesized, the novel bio nanosponge polymer composite (pMWCNT-CD/TiO,-
Ag) has the highest surface area and pore volume (352.546 m*/g and 0.408 cm’/g
respectively) with the lowest pore size (4.633 nm). It can also be noticed that the
surface area of all the nanosponge polymers calcined is lower than the surface area
of uncalcined nanosponge polymers. Hence, the calcination process affects the
surface area of the nanosponge polymers. The nanosponge polyurethanes in general
should not be calcined after their synthesis. In addition, one can also observe from
Table 18.2 that the higher the surface area, the bigger the pore volume and smaller
the pore size.

Table 18.2 Results summary of the BET surface area analysis

Surface area (m?/ | Pore volume (cm®/ | Pore size

Nanosponge polymer 2) 2) (nm)
PMWCNT-CD/TiO,-Ag (uncalcined) |352.546 0.408 4.633
PMWCNT-CD/TiO,-Ag (calcined 273.353 0.289 4.224
60 min)

PMWCNT-CD (uncalcined) 0.985 0.00833 27.899
PMWCNT-CD (calcined 60 min) 0.908 0.00633 33.830
CD (uncalcined) 2.091 0.0223 42.595
CD (calcined 60 min) 0.0151 0.00311 826.033
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Electron Microscopy Analysis

The new bio nanosponge filter synthesized (pMWCNT-CD/TiO,-Ag) physically
appears to be a light grey powder whereas the CD polymer was a white granular
solid and pMWCNT-CD was pale black to grey granular solid. From the SEM
images obtained, it was observed that the nanosponge polymers synthesized have
more than one morphology. The polymer nanocomposite, p MWCNT-CD/TiO,-Ag
(Fig. 18.15a—c), looks like a cluster, slab or an aggregation of granular particles
with a rough surface. pMWCNT-CD (Fig. 18.16a, b) and CD polymers
(Fig. 18.17a, b), appear like a sponge, woven or an aggregation of granular particles
with a rough surface.

However for all the polymers calcined, it was also noticed that the granular
particles were agglomerated onto a rod-like structure (Figs. 18.15d, 18.16¢c, d,
18.17c, d).

The EDS spectrum of pMWCNT-CD/Ti0O,-Ag (Fig. 18.15) clearly confirmed
that the polymer nanocomposite pMWCNT-CD/TiO,-Ag was successfully pre-
pared due to the presence of the elements C, O, Ag and Ti. The EDS scans of
PMWCNT-CD polymer (Fig. 18.16) and CD polymer (Fig. 18.17) confirmed the
presence of C and O as major elements. The presence of gold element in the
polymer samples results from the gold coating of the materials before analysis.

18.3.4 Preliminary Adsorption Studies

The preliminary adsorption results obtained for Pb** and Co®* are presented in
Fig. 18.18. The percent removal of each pollutant (amount of pollutant adsorbed)
[2] and adsorption [9] capacity were calculated using the equation below (18.2) and
(18.3) respectively:

%Removal = [(Co — Ct)/Co] x 100 (18.2)
q=[(Co—Ct)/m] x V (18.3)

where Co is the initial concentration of pollutant, Ct is the final concentration
obtained after adsorption at specific time, m is the mass of the adsorbent used and V
is the volume of the pollutant solution (lead or cobalt). The synthesized nanosponge
polymers were tested as adsorbent material to evaluate their ability to actually act as
filters, able to remove the selected pollutant (lead and cobalt) metal ions from the
synthetic waste water prepared at different concentrations (2-20 ppm).

From the results obtained, the adsorption capacity of the bio nanosponge filter
(PMWCNT-CD/TiO,-Ag) was the highest for both Pb** and Co** removal com-
pared to the CD polymer and pMWCNT-CD polymer. The maximum percentage of
removal of lead was found to be 99.67% with adsorption capacity (q) of 11.96 mg/g
at 10 ppm using pMWCNT-CD/TiO,-Ag whereas it was found to be 69%
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Fig. 18.15 SEM images [(a) uncalcined; (b, ¢ & d) calcined] and EDS scan of pMWCNT-CD/
TIOZ-Ag
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Fig. 18.16 SEM images [(a) uncalcined; (b, ¢ & d) calcined] and EDS of pMWCNT-CD
nanosponge polymer
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Fig. 18.17 SEM images [(a) uncalcined; (b, ¢ & d) calcined] and EDS scan of CD nanosponge
polymer

(q = 0.77 mg/g) and 64% (q = 0.83 mg/g) at 2 ppm using pMWCNT-CD and CD
polymer respectively (Fig. 18.18). In the case of cobalt adsorption, the percentage
of removal reached its maximum with 99.18% and a capacity of 10.71 mg/g at
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Fig. 18.18 Preliminary adsorption study of lead at different initial concentrations using the
nanosponge polymer synthesized (conditions: pH 5-7.8; 0.05g of adsorbent used and adsorption
for 24 h at 25 °C)

18 ppm using pMWCNT-CD/Ti0,-Ag. However the maximum removal of cobalt
was reached at 6 ppm using pMWCNT-CD and CD polymer with 63.2%
(q = 2.28 mg/g) and 62.97% (q = 2.27 mg/g) respectively (Fig. 18.19).

In addition it can be observed that the adsorption behavior of pMWCNT-CD/
TiO,-Ag bio nanosponge polymer composite is different from that of pMWCNT-
CD and CD polymers. This can be explained by the incorporation of TiO, and Ag
nanoparticles into pMWCNT-CD polymer and also the difference in their surface
area. For example when pMWCNT-CD/TiO,-Ag polymer was used as an adsor-
bent, there were more adsorption sites (very large surface area) available. For this
reason, the percentage removal and the adsorption capacity, q, of lead increased as
the concentration increased (Fig. 18.18). On the other hand, pMWCNT-CD or CD
polymers have less adsorption sites (small surface area) available for the pollutant.
Hence, the percentage removal of lead decreased while the removal capacity, q,
increased as the concentration increased (Fig. 18.18).
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Fig. 18.19 Preliminary adsorption study of cobalt at different initial concentrations using the
nanosponge polymer synthesized (conditions: pH 5-7.8; 0.05 g of adsorbent used and adsorption
for 24 h at 25 °C)

18.4 Conclusion

The bio nanosponge filter or biopolymer nanocomposite (pMWCNT-CD/TiO,—Ag)
was successfully synthesized and characterized. It physically appears as a light grey
powder.

From the SEM pictures obtained, the new biopolymer nanocomposite looks like
a cluster or an aggregation of granular particles with rough surface whereas
PMWCNT-CD and CD polymers appear like a sponge or woven. EDS scan
obtained confirm the successful incorporation of the TiO, and Ag nanoparticles
to pMWCNT-CD polymer. FTIR and Raman results of the nanosponge polymers
synthesized also correlate very well since the peaks related to C=0 and NH(CO) of
carbamate groups from polymerisation were well identified. Moreover, it was also
noticed that the Raman band of NH(CO) of carbamate group from polymerisation at
1581 cm™ ' overlapped with the G (graphitic) peak of MWCNT.

The thermal treatment process (calcination) affects the BET surface area, the
crystallinity and also slightly affects the thermal stability of the biopolymer
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composite (pMWCNT-CD/TiO,-Ag). Hence the biopolymer nanocomposite
should not be calcined after synthesis to avoid the loss of the regularity throughout
the polymeric chain of pMWCNT-CD/TiO,-Ag perhaps caused by the calcination
process.

The novel biopolymer nanocomposite (pMWCNT-CD/TiO,-Ag) synthesized
has effectively demonstrated the ability to act as a filter with a maximum of
99.67% and 99.18% removal for lead and cobalt respectively. Therefore further
adsorption studies will be performed in the future work to investigate in depth on
the removal of inorganic, organic and microorganism pollutants using the new bio
nanosponge filter (pMWCNT-CD/TiO,-Ag).

Acknowledgements The authors would like to acknowledge the National Research Foundation
(NRF), the University of Johannesburg and Water Research Commission (WRC) for the financial
supports and the facilities offered. DST/NRF Centre of Excellence in Strong Materials at the
University of the Witwatersrand is also appreciated for the Raman & BET surface area analyses,
and above all the God Almighty.

References

—

. Amin MT, Alazba AA, Manzoor U (2014) A review of removal of pollutants from water/

wastewater using different types of nanomaterials. Adv Mater Sci Eng 2014:1-25

2. Mamba G, Mbianda XY, Govender PP (2013) Phosphorylated multiwalled carbon nanotube-
cyclodextrin polymer: synthesis, characterisation and potential application in water purifica-
tion. Carbohydr Polym 98:470-476

3. Mhlanga SD, Mamba BB, Krause RW, Malefetse TJ (2007) Removal of organic contaminants
from water using nanosponge cyclodextrin polyurethanes. J Chem Technol Biotechnol
82:382-388

4. Nitalikar MM, Sakarkar DM, Jain PV (2012) The cyclodextrins: a review. J Curr Pharm Res
10:1-6

5.Del Valle EMM (2004) Cyclodextrins and their uses: a review. Process Biochem
39:1033-1046

6. Krause RW, Mamba BB, Bambo FM, Malefetse TJ (2010) Cyclodextrin polymers: synthesis
and application in water treatment. In: Hu J (ed) Cyclodextrins chemistry and physics.
Transworld Research Network, Trivandrum, pp 1-25

7. Salipira KL, Krause RW, Mamba BB et al (2008) Cyclodextrin polyurethanes polymerized
with multi-walled carbon nanotubes: synthesis and characterization. Mater Chem Phys
111:218-224

8. Salipira KL, Mamba BB, Krause RW et al (2008) Cyclodextrin polyurethanes polymerised
with carbon nanotubes for the removal of organic pollutants in water. Water SA 34:113-118

9. Mamba G, Mbianda XY, Govender PP et al (2010) Application of multiwalled carbon
nanotube-cyclodextrin polymers in the removal of heavy metals from water. J Appl Sci
10:940-949

10. Mamba BB, Krause RW, Malefetse TJ, Nxumalo EN (2007) Monofunctionalized cyclodextrin
polymers for the removal of organic pollutants from water. Environ Chem Lett 5:79-84

11. Sithole SP, Mamba BB, Krause RW, Mapolie SW Cyclodextrin dendrimers containing

nanocatalysts for the removal of natural organic matter (nom) and other micropollutants

from water: a short review. Water Inst SA:1-9



342

12.

13

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

A. Leudjo Taka et al.

Mamba BB, Krause RW, Dlamini N The synthesis and application of cyclodextrin poly-
urethanes containing nanoparticles in water treatment. http://www.waternetonline.ihe.nl/down
loads/uploads/symposium/zambia-2007/Water for People/Krause.pdf. Accessed 9 Aug 2014

. Jeon 1Y, Baek JB (2010) Nanocomposites derived from polymers and inorganic nanoparticles.

Materials (Basel) 3:3654-3674

Perumal S, Sambandam GC, Prabu MK, Ananthakumar S (2014) Synthesis and characteriza-
tion studies of nano TiO, prepared via sol-gel method. Int J Res Eng Technol 3:651-657
Burghard M, Balasubramanian K (2005) Chemically functionalized carbon nanotubes. Small
1:180-192

Motchelaho MAM, Xiong H, Moyo M et al (2011) Effect of acid treatment on the surface of
multiwalled carbon nanotubes prepared from Fe-Co supported on CaCOj: correlation with
Fischer-Tropsch catalyst activity. J Mol Catal A Chem 335:189-198

. Mpendulo NT (2006) Phosphorylation of multiwalled carbon nanotubes. University of

Johannesburg

Danilich MJ, Burton DJ, Marchant RE (1995) Infrared study of perfluorovinylphosphoric acid,
perfluoroallylphosphonic acid, and pentafluoroallyldiethylphosphonate. Vib Spectrosc
9:229-234

Shrestha S, Choi WS, Song W et al (2010) Preparation and field emission properties of
Er-decorated multi-walled carbon nanotubes. Carbon N'Y 48:54-59

Ramesh BP, Blau WJ, Tyagi PK et al (2006) Thermogravimetric analysis of cobalt-filled
carbon nanotubes deposited by chemical vapour deposition. Thin Solid Films 494:128-132
Nyamukamba P, Greyling C, Tichagwa L (2011) Preparation of photocatalytic TiO,
nanoparticles immobilized on carbon nanofibres for water purification. University of Fort Hare
Woan K, Pyrgiotakis G, Sigmund W (2009) Photocatalytic carbon-nanotube-TiO, composites.
Adv Mater 21:2233-2239

Leudjo A, Pillay K, Yangkou X (2017) Nanosponge cyclodextrin polyurethanes and their
modification with nanomaterials for the removal of pollutants from waste water: a review.
Carbohydr Polym 159:94-107

Leudjo Taka A (2014) Metal-decorated carbon nanostructures for photocatalytic reduction of
CO,. University of Johannesburg

Xia XH, Jiia ZH, Yu Y et al (2007) Preparation of multiwalled carbon nanotube supported
TiO; and its photocatalytic activity in the reduction of CO, with H,O. Carbon 45:717-721
Wu YC, Liu XL, Ye M, Xie T (2008) Preparation and properties of carbon nanotube-TiO2
nanocomposites. Acta Physico-Chimica Sin 24:97-102

Yen CY, Lin YF, Hung CH, et al (2008) The effects of synthesis procedures on the morphol-
ogy and photocatalytic activity of multiwalled carbon nanotubes/TiO(2) nanocomposites.
Nanotechnology 19:45604

Zhu J, Zhang J, Chen F, et al (2005) High activity TiO2 photocatalysts prepared by a modified
sol-gel method: characterization and their photocatalytic activity for the degradation of XRG
and X-GL. Top Catal 35:261-268

Raoov M, Mohamad S, Abas MR (2014) Synthesis and characterization of f-cyclodextrin
functionalized ionic liquid polymer as a macroporous material for the removal of phenols and
As(V). Int J Mol Sci 15:100-119

Simelane S (2011) Phosphorylated nanoporous p-cyclodextrin polymers: synthesis, character-
ization and their application in water purification. University of Johannesburg

Kuvarega AT, Krause RWM, Mamba BB (2014) Multiwalled carbon nanotubes decorated
with nitrogen, palladium co-doped TiO2 (MWCNT/n, Pd co-doped TiO2) for visible light
photocatalytic degradation of eosin yellow in water. Nanotechnol Sustain Dev First Ed
2:73-88

Goti¢ M, Ivanda M, Popovi¢ S, et al (1997) Raman investigation of nanosized TiO2. J Raman
Spectrosc 28:555-558

Felske A, Plieth WJ (1989) Raman spectroscopy of titanium dioxide layers. Electrochim Acta
34:75-77


http://www.waternetonline.ihe.nl/downloads/uploads/symposium/zambia-2007/Water%20for%20People/Krause.pdf
http://www.waternetonline.ihe.nl/downloads/uploads/symposium/zambia-2007/Water%20for%20People/Krause.pdf

18 Synthesis and Characterization of a Novel Bio Nanosponge Filter (pMWCNT-CD/... 343

34. Tompsett GA, Bowmaker GA, Cooney RP, et al (1995) The Raman spectrum of brookite,
TiO2 (Pbca, Z=8). J Raman Spectrosc 26:57-62

35. Porto SPS, Fleury PA, Damen TC (1967) Raman spectra of TiO2, MgF2 ZnF2, FeF2 and
MnF2. Phys Rev 154:522

36. Hara Y, Nicol M (1979) Raman spectra and the structure of rutile at high pressures. Phys status
solidi 94:317-322



Chapter 19
Novel Approaches to Environmental
Monitoring

Patricia B.C. Forbes

Abstract The monitoring of environmental pollutants is vital to ensure environ-
mental management is effective and potential negative impacts to the environment
and human health are understood and mitigated. The sampling and analysis of
environmental matrices is often challenging and costly, which invariably curtails
the extent of monitoring performed. Researchers are therefore constantly investi-
gating novel alternatives to existing analytical methods, which may offer advan-
tages in terms of parameters such as: cost, speed, selectivity, sensitivity, portability,
and accuracy. Herein we review a number of such novel methods for organic
pollutants, which we have developed primarily for application in the monitoring
of air pollutants. Semi-volatile organic air pollutants, such as polycyclic aromatic
hydrocarbons (PAHs), may be present in both the gas and particle phases. Novel
denuders which can simultaneously sample both phases have numerous benefits
over traditional sampling approaches, including reduced sampling artifact forma-
tion and portability. Biomonitors are a cost effective means of sampling over wide
geographical areas. The use of lichens as biomonitors for atmospheric PAHs as well
as airborne metals can provide useful environmental monitoring information. In
addition, nanomaterials, such as quantum dots, show promise in fluorescence sensor
applications for the detection of organic pollutants (including PAHs) in water.

Keywords Environmental monitoring ¢ Environmental pollutant ¢ Denuder ¢
Biomonitor ¢ Lichen ¢ Fluorescence sensor

19.1 Introduction

Environmental monitoring is a vital component in the protection of human health
and the environment. In addition to the need for environmental compliance mon-
itoring related to local legislative pollutant limits, environmental monitoring is
typically required by international treaties dealing with the protection of the
environment such as the Stockholm Convention on Persistent Organic Pollutants,
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to which many countries are signatories. There are numerous sources of pollution in
modern communities, which results in a complex mixture of compounds.

Pollutants may have negative effects on human health and the environment, such
as degradation of ecosystems, even at trace levels. Human health effects may arise
after exposure to environmental pollutants, which could be either via acute or
chronic exposure. The potential human health effects which may be incurred
upon exposure to air pollutants, for example, include respiratory illness, heart
disease and carcinogenicity. Evidence of these effects are illustrated by the fact
that diesel engine exhaust emissions were declared carcinogenic to humans as
exposure to these emissions has been linked to an increased risk for lung cancer
[1]. Exposure to airborne particulate matter has also been associated with numerous
health effects including heart disease [2, 3] and respiratory illness [3].

The need for the development of analytical methods which are robust, sensitive
and selective is thus clearly evident [4, 5], which includes sampling techniques for
environmental pollutants which are efficient and effective [6].

Traditional, standard analytical approaches often utilize specialized equipment
and are of high cost, which limit their application and thereby the extent of
environmental monitoring conducted in countries with limited resources [7]. Unique
local conditions in terms of resource availability, environmental pollution sources
and vulnerable communities, may therefore call for unique monitoring solutions.
Here the development of a number of novel approaches to environmental monitor-
ing is discussed, which aim to improve analytical speed, simplicity, cost, portabil-
ity, sensitivity and/or selectivity. Non-destructive and screening approaches are
valuable in this context, where they may provide a first tier of qualitative or semi-
quantitative information for the selection of samples which may then be analyzed
more comprehensively by traditional methods.

As environmental pollutants vary widely in terms of chemical composition (both
inorganic and organic) as well as the sample matrix in which they may be present
(air, water, soil, biota, etc.), therefore a range of analytical methods are required. It
also needs to be remembered that pollutants may cycle between the environmental
compartments, as illustrated in Fig. 19.1, and thereby between matrices due to their
physico-chemical properties and ambient environmental conditions (such as sea-
sonal changes in temperature) [8].

19.2 Denuders for Monitoring Semi-volatile Organic Air
Pollutants

Semi-volatile organic compounds (SVOCs) have a vapour pressure range of 10~ °—
102 Torr and can exist in the atmosphere in both gas and particle associated phases
[9]. Polycyclic aromatic hydrocarbons (PAHs) are a class of SVOCs which are
generated upon the combustion of organic fuels, including diesel, coal and biomass
and are therefore widely present in the environment. The partitioning of SVOCs
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Fig. 19.1 Environmental cycling of emitted air pollutants, showing the major environmental
processes (adapted from [2])

between the gas and particle phases affects the environmental cycling of these
pollutants, including the relative importance of wet and dry deposition as atmo-
spheric removal processes (refer to Fig. 19.1) [10]. In addition, human health
effects of these compounds are dependent on their physical state in the atmosphere
due to variations in lung deposition patterns, for example [11].

High volume samplers which are traditionally used for sampling gas and particle
phase SVOCs consist of an upstream filter followed by an adsorbent such as
polyurethane foam or XAD-2 [12]. These systems have inherent limitations
which lead to sampling inaccuracies as a consequence of blow-off (volatilization)
and adsorption effects [13]. We have thus developed a portable, low cost denuder,
which allows for the efficient simultaneous sampling of gas and particle phase
SVOCs [14]. This denuder consists of two multi-channel silicone rubber traps in
series [each glass tube is 178 mm long and contains 22 parallel 55 mm long
polydimethylsiloxane (PDMS) tubes of 0.3 mm i.d.]. The traps, which collect gas
phase analytes, are separated by a quartz fibre filter for particle phase collection.
The first trap samples gas phase SVOCs via diffusion into the PDMS, whilst any
SVOCs which blow-off particles collected on the filter during sampling are sorbed
into the PDMS of the second trap downstream of the filter [14].

Each component of the denuder (two traps and the filter) is analyzed separately
via thermal desorption (TD) into a gas chromatograph with mass spectrometric
detection (GC-MS) to allow for phase specific information to be obtained. The gas
phase collection and particle phase transmission efficiencies through the PDMS
traps have been determined to be suitable using both theoretical and experimental
approaches. It was found using the experimental setup shown in Fig. 19.2 that the
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Fig. 19.2 Experimental setup to determine the particle transmission efficiency through a multi-
channel silicone rubber trap as compared to a bypass line

overall transmission efficiency of ammonium sulphate particles with a modal
diameter of 50 nm was 92% [14].

This denuder has been successfully applied to the simultaneous monitoring of
gas and particle phase atmospheric SVOCs which were emitted from a range of
sources, such as sugar cane combustion [14], diesel engine emissions in under-
ground mining environments [15], household fires (shown in Fig. 19.3) [16, 17] and
pesticide applications [18].

The fact that the components of this denuder can be directly thermally desorbed
using commercial TD equipment avoids contamination issues and minimizes envi-
ronmental impact. In addition, the entire sample is transferred to the GC column,
therefore short sampling times at low sampling flow rates (~500 mL min~') may be
used, allowing for good temporal profiles and excellent portability, as battery
operated personal sampling pumps can be employed.

The denuders allow for a better understanding of the partitioning of atmospheric
SVOCs between the gas and particle phases and thereby their potential impacts to
human health and the environment. They can also assist in the elucidation of the
mechanisms of human health effects upon exposure to these pollutants.

19.3 Lichens as Biomonitors of Air Pollution

Lichens (Fig. 19.4) are symbiotic organisms consisting of an algae and a fungus
[19]. They have a slow growth rate and it has been shown that the concentrations of
pollutants in lichens are representative of a time integrated exposure to ambient air
pollutants [20]. Lichens therefore provide a simple, convenient and cost effective
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Fig. 19.4 A foliose lichen

means of sampling air pollution. They have thus been employed in the
biomonitoring of a range of inorganic (such as metals) and organic (including
PAHs and polychlorinated dibenzo[p]dioxins) air pollutants [20, 21].

Sample preparation is a critical step in the utilisation of lichens as biomonitors
[20-22]. We have recently developed a new application of the QueCHERS (Quick,
Easy, Cheap, Effective, Rugged, Safe) sample extraction method for the determi-
nation of PAHs in Parotrema austrosinense (Zalhbr.) Hale lichens [23]. This
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method is affordable, uses minimum solvent volumes, is quick and simple and it
delivers superior extraction efficiencies to traditional extraction methods, such as
soxhlet and ultrasonic assisted extraction. The method was successfully employed
in determining the PAH profile differences between lichens growing at a
non-impacted reference site and an industrial site in South Africa, as shown in
Fig. 19.5. The results showed that the background site contained significantly more
of the more volatile (and less toxic) PAHs with lower numbers of fused benzene
rings, whilst the lichens from the industrial area contained predominantly 5- and
6-ring PAHs, which are more toxic [24]. The potential value of lichens as
biomonitors in source apportionment studies is thus clearly evident.

There is a variety of sample preparation methods which are employed in
biomonitoring studies which can significantly impact the results obtained. This
needs to be borne in mind when comparing results from different studies [20, 21].

19.4 Fluorescence Sensors for Pollutants

Quantum dots (QDs) are nanomaterials which have a number of optical properties
which make them ideal fluorescence sensors, including high quantum yields, high
molar extinction coefficients, broad absorption with narrow, symmetric
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photoluminescence spectra spanning the UV to the near-infrared region of the
electromagnetic spectrum, as well as good resistance to photobleaching due to
their photostability. The fluorescence emission wavelength of QDs is size-tunable
and their broad excitation spectra allow for excitation at a wavelength far removed
from that of their emission [25].

Fluorescence sensors which utilize QDs have been employed in the analysis of
numerous pollutants, including emerging chemical pollutants (ECPs), defined as
chemicals which do not have a regulatory status, but which may have an adverse
effect on human health and the environment [26]. The ECPs of current concern
include a wide range of compounds including phthalates, polychlorinated biphenyls
(PCBs), PAHs and Bisphenol A, in addition to disinfectants, pharmaceuticals and
hormones [27]. The chemical structures of some of these compounds are shown in
Fig. 19.6.

Fluorescence sensing has thus been applied to personal care products [28],
pesticides [29] and PAHs [30], for example. In the latter case, we have developed
a novel nanocomposite of L-Cys-CdSeTe/ZnSe/ZnS QDs coupled to graphene for
sensing PAHs in water [30]. A limit of detection of 0.19 ug L™" was obtained for
phenanthrene under optimum conditions, whilst the limit of detection of anthra-
cene, pyrene and naphthalene were estimated to be ~0.26 pug L™" [30].

Means to enhance the selectivity of QD-based fluorescence sensors is an area of
ongoing intensive research, which will facilitate the widespread, commercial appli-
cation of these devices.

19.5 Concluding Comments

The novel monitoring methods for environmental pollutants reported here are being
developed to improve the speed, simplicity, portability, sensitivity and/or selectiv-
ity of traditional, standard analytical methods at a reasonable cost. They may also
be viewed as screening analyses in some applications, which are complementary to
the traditional methods.

Additional areas receiving research focus in the field of environmental analysis
include developments in sampling techniques, such as passive sampling utilizing
devices which are cost effective and portable [31] as well as miniaturized sampling
and analyte pre-concentration techniques, such as solid phase microextraction
[6, 32]. These are often combined with enhanced instrumental analytical methods
with high selectivity and sensitivity.

There are pros and cons with every analytical procedure. It is therefore necessary
for the specific aims and requirements of an environmental monitoring campaign to
be considered in deciding which method is most appropriate and fit for purpose.
Here a number of options for environmental monitoring of organic pollutants have
been presented, which may guide the reader in evaluating the less standardised
approaches available in this regard. It must be remembered that much research is
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still required to ensure sufficient and efficient environmental monitoring is
conducted to protect both the environment and human health.
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Chapter 20

Endosymbiotic Bacteria Isolated from Algoa
and Kalk Bay, South Africa, as Source

of Antimicrobial Compounds

J.K. Mhlongo, D.R. Beukes, and M. Trindade

Abstract Microbial marine endosymbionts are considered a rich source of sec-
ondary metabolites with pharmaceutical, industrial, and agricultural value. This
comes after research has shown that the microorganisms harbored by marine
invertebrates are likely to be responsible for the production of a significant number
of compounds isolated from marine invertebrates. In this study a number of isolated
marine bacteria were cultured on different media in order to explore and activate
secondary metabolite genes encoded in their genome. The antimicrobial properties
were assessed using eight test strains (E. coli 1699 [Cubist Pharmaceuticals],
B. cereus ATCCI10702, P. putida ATCC27853, M. aurum, S. epidermidis
ATCC14990, multi-resistant S. aureus-MRSA-MB5393, A. fumigatus ATCC
46645 and C. albicans MY1055) utilizing well diffusion, agar overlay and high
throughput screening (HTS). The strains with interesting antimicrobial profiles
were identified by sequencing the 16S rRNA gene. Production of secondary metab-
olites, activation and deactivation were observed under different laboratory cultur-
ing conditions. Several strains showed multiple antimicrobial activity either on
solid or liquid media. These results indicate the presence and expression of different
secondary metabolite pathways under different media composition and confirm the
notion that microorganisms associated with marine sponges are a great source of
bioactive secondary metabolites.

Keywords Marine bacteria ¢ Secondary metabolite + Endosymbiont » Marine
sponge ¢ Antimicrobial
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20.1 Introduction

Bacteria associated with marine sponges are very important producers of valuable
and unique chemicals, useful in pharmaceutical, agricultural and cosmetic indus-
tries [1]. Marine sponges have for decades been thought to be solely responsible for
the production of active bio-compounds extracted from them, however new evi-
dence suggests that the microorganisms associated with the sponges are the pro-
ducers of the compounds [2-5]. Compounds such as Jaspamide produced by Jaspis
sp. are supporting this as it shows structural similarity to Chondramide which was
isolated from Chondromyces crocatus [4].

In the past research has focused on isolation of active secondary metabolites
from terrestrial sources despite the oceans harboring a huge diversity of microor-
ganisms with many of them unknown or uncharacterized. As such, marine bacteria
serve as a potential source of unique chemistry as it is an understudied group
[6, 7]. This together with the fact that little is known about the South African
marine biota and chemical diversity [8], motivated the search for bacteria associ-
ated with marine sponge in the South African coastal line. South Africa’s coastal
line is about 3000 km and it is characterized with three different temperature zones
with the west coast being the coldest, followed by the east coast with subtropical
temperatures and the south being the warmest [8]. These currents influence the
diversity of organisms greatly and therefore the South African coast offers a rich
source of unique adaptation characteristics [9].

Both macro- and micro-organisms produce a wide range of natural products
(NPs) which are grouped into different classes based on how they are
biosynthesized. The common NPs are polyketides, non-ribosomal peptides, bacte-
riocins, ribosomal peptides, siderophores, terpenes and hybrids of these classes
[10, 11]. The production of these compounds can be triggered by a number of
environmental stimulators. The stimulator can be biotic (bacteria, archaea, inver-
tebrate and fungi) and abiotic (salinity, high or low temperature, drought, and light
availability). These stimulators trigger the transcription of the genes responsible for
the proteins needed for the biosynthesis of the NPs [12]. The precursors for the
synthesis of secondary metabolites are obtained from primary metabolite
intermediates [1].

To our knowledge there are limited/no studies on the antimicrobial potential of
microorganisms found in the South African marine environment despite the known
high diversity of marine sponges recorded. Currently only one published study
showcases the potential of South African marine environment as a source of
bioactive bacterial compounds, however this study was focusing only on
Actinomycetes [13].

In this study the antimicrobial potential of 23 microorganisms isolated from
marine invertebrates sampled from the Algoa and Kalk bays (South Africa) was
assessed against gram positive and gram negative bacteria and fungal indicator
strains, including multidrug resistant strains, under different culturing conditions.
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20.2 Materials and Methods

20.2.1 Materials

All chemicals used during the study were either purchased from Sigma Aldrich,
Merck, New England Biolab, Kappa Biotech and Life Technologies. Strains used
for antimicrobial testing included E. coli 1699 (Cubist Pharmaceuticals), B. cereus
ATCC10702, P. putida ATCC27853, M. aurum, S. epidermidis ATCC14990,
multi-resistant S. aureus-MRSA-MB5393, A. fumigatus ATCC 46645 and
C. albicans MY1055.

20.2.2 Methods
20.2.2.1 Cultivation of the Isolated Strains

A total of 23 marine isolates were cultured and screened for their ability to produce
active secondary metabolites under standard laboratory conditions. The strains
were tested using both solid and liquid culture. The selected strains were also tested
with the use of high throughput screening (HTS) platforms for anti-inflammatory
activity [14], antimicrobial activity against multi-resistant S. aureus-MRSA-
MBS5393, A. fumigatus ATCC 46645 and C. albicans MY 1055 [15, 16]. All test
strains were cultured in Luria broth/agar ([LB/A], g/l: 10 g tryptone, 5 g yeast
extract, 10 g NaCl) at 37 °C for 24 h. Fermentation was carried out using glucose
yeast and malt extract ((GYM], g/l: 4 g glucose, 4 g yeast extract, 10 g malt extract,
24 g sodium chloride, 2 g calcium carbonate, 5.3 g magnesium chloride, 0.7 g
potassium chloride and 0.1 g calcium chloride), tryptic soya broth ([TSB], g/l: 3 g
tryptic soya broth, 18 g sodium chloride, 2 g magnesium chloride, 0.075 g calcium
chloride), activated charcoal medium ([ACM], g/l: 2.38 g Hepes, 3 g sodium
pyruvate, 0.1 g yeast extract, 3 g soya bean peptone, 0.3 g sodium nitrate, 0.1 g
monopotassium phosphate, 0.15 g magnesium sulfate heptahydrate and 3 g acti-
vated charcoal) and Zobell broth ([ZBB], g/l: 1.25 g yeast extract, 3.75 g peptone,
18 g sodium chloride, 2 g magnesium chloride, 0.525 g potassium chloride and
0.075 g calcium chloride) medium for liquid fermentation and 15 g/l agar was
added for solid fermentation.

20.2.2.2 Antimicrobial Activity Screening

Methods employed for screening bioactivity include: i) well diffusion, ii) soft agar
overlay, and iii) HTS for antifungal, anti-yeast, and anti-inflammatory. Inoculum
cultures (10 ml) were prepared in GYM media in 50 ml MacConkey bottles at room
temperature with shaking at 150 rpm for 2 days. The culture was then used to
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inoculate 10 ml of four types of media, ZBB, TSB, ACM and GYM, in 50 ml
MacConkey bottles and fermented for 14 days under the same incubation condi-
tions as for the inoculum cultures. The antimicrobial activity of the fermentation
broths was determined using the well diffusion technique [17]. After 14 days, the
cultures were centrifuged at 6000 rpm for 10 minutes to remove the cell debris. The
supernatant was collected and stored at 4 °C until use.

The bacterial test strains used to assess antimicrobial activity were E. coli 1699
(Cubist Pharmaceuticals), B. cereus ATCC10702, P. putida ATCC27853,
M. aurum, and S. epidermidis ATCC14990 and were cultured for 24 h in 10 ml
media, and diluted to achieve a cell suspension of approximately 1.5 x 10® cells per
ml. Eighty microliters of the test strain were spread on a Luria agar-containing petri
dish (100 cm diameter). Wells were made on the agar and +100 pl of the superna-
tant was added. The plates were left under the laminar flow to allow for
pre-diffusion of the supernatant into the agar for about 2 h. The plates were then
incubated at 37 °C for 24 h. Zones of inhibitions were observed and results were
recorded.

An agar overlay assay was also employed as one technique for the antimicrobial
assay screening. The marine isolates were spotted on an agar plate and incubated for
14 days at room temperature to allow production of natural products. The agar
plates were then overlaid with 6 ml of soft Luria agar inoculated with a test strain
and incubated for 24 h at 37 °C. Clear zones were observed the following day and
the results were recorded in a table format.

For anti-fungal, anti-yeast and anti-inflammatory activity screening, semi-
fractionated extracts were used. The marine isolates were cultured in 10 ml TSA,
ZBA, GYM and ACM media for 14 days as described above. Extracts were
prepared by acetone extraction where an equal volume of acetone was added to
the culture and incubated on an orbital shaker for 1 h. The acetone was evaporated
in a fume hood before the crude extract was applied to fractionation columns.
Fractionation columns were prepared by first puncturing holes into the bottom of a
15 ml falcon tube and then covering it with glass wool. The tube was filled with
10 ml of SP207ss resin (Sigma-Aldrich). The columns were then equilibrated by
washing with 50 ml of acetone, followed by a wash of 50 ml methanol and a final
wash with 100 ml MilliQ water. After crude extracts were added to the columns, the
columns were washed with 50 ml MilliQ water. The organic extract was eluted with
50 ml of acetone. The eluate was collected and the acetone was evaporated in a
CentriVap centrifugal vacuum concentrator (Labconco). The dried extract was
resuspended in dH,O and screened against Aspergillus fumigatus ATCC 46645
[15], S. aureus-mrsa MB5393 and Candida albicans MY 155 [16]. The extracts
were also assessed for anti-inflammatory activity against Tumor necrosis factor-a
(TNF-a) [14].
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20.2.2.3 Genetic Characterization

Genomic DNA of the most interesting strains was extracted using the CTAB
method and the 16S rRNA gene amplified using E9F (GAGTTTGATCCTGGCT
CAG) [18] and Ur1510R (GGTTACCTTGTTGTTACACTT) [19] primers with
polymerase chain reaction under the following conditions: 95 °C for 3 min, 95 °C
for 30 s, 55 °C for 35 s, 72 °C for 1 min and 15 min at 72 °C for final extensions
using DreamTaq polymerase (Thermo Scientific™) in a total of 50 pl. The expected
1.5 kb amplicon was visualised and excised after agarose gel electrophoresis and
purified with a NucleoSpin® Gel and PCR Clean-up kit. The purified DNA products
were sequenced by the Central Analytical Facility at Stellenbosch University using
an ABI PRISM 377 automated sequencer. The sequenced data were processed
using Chromas Pro software (version 1.5a) for alignment and manual editing of
sequences and compared with those available on Genbank database using the NCBI
BLASTnN tool (www.blast.ncbi.nlm.gov).

20.3 Results and Discussion

20.3.1 Antimicrobial Screening

A total of 23 marine bacteria were screened against eight test strains using the
overlay assay, HTS and well diffusion assay (Table 20.1). Only three strains (PE12-
126, PE08-33(3).1 and KB 18-15) did not show any activity for both liquid and solid
fermentation experiments. From the extracts prepared from liquid cultures and
screened using HTS, three showed no activity (PE06-56, PE12-116 and PEOS-
149B). All isolates showed some biological activity using at least one of the
screening processes. Although not representative of the total biodiversity, this
indicates that the South African coastline is a rich source of bioactive secondary
metabolite (SM) producers.

Some of the isolates showed broad or narrow or species-specific activities
(Table 20.1). For example, PE14-07 showed antibacterial activity against both
gram negative and positive strains, KB11-25 showed activity against gram positive
bacteria while KB18-15 showed activity against S. aureus-mrsa-MB5393 only
respectively. This was also observed by Anand and co-workers [20] when working
with bacteria isolated from marine sponges. A significant number of the isolates
produced activity against the two multi-drug resistant test strains; four strains
(KB07-58, PE06-34, KB18-15 and PE06-105) showed activity against Staphylo-
coccus aureus (MRSA) while PE06-34, PE06-56, PE06-117, PE08-149B, PE12-
116, PE12-107, PE13-172, PE14-07, PE14-63, PE14-104, and KB08-48 inhibited
the growth of the E. coli 1699. Twelve strains displayed anti-fungal activity, and
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eight showed anti-yeast activity, with six of them showing activity against both.
Nine strains out of twenty-three gave anti-inflammatory activity.

A change in the antimicrobial profile of cultured strains was observed with some
strains showing highest bioactivity on solid media while others showing greater
bioactivity when cultured in liquid (Table 20.1). This phenomenon was observed in
the production of pyrrocidines A and B by a Cylindrocarpon sp. LL-Cyan426 strain
[21]. Most literature available highlighting the effect in the change of this condition
dealt mainly with fungal activity, with bacterial studies being limited. Penicillium
commune QSD-17 was cultured on solid rice media and resulted in the production
of two new compounds which were not observed in liquid culture namely
isophomenone and 3-deacetylcitreohybridonol [22]. In this study, it can be seen
that the state of the medium, whether solid or liquid, also influences bacteria which
results in differential expressing of certain biosynthetic pathways.

The effect of media also plays a very critical role in the production of secondary
metabolites with simple changes such as the carbon or nitrogen source [23]. This is
clearly demonstrated by our strains where GYM, ZBA and TSA resulted in the most
antimicrobial activity hits compared to when cultured in ACM. This is well known
and referred to as OSMAC (One Strain Many Active Compounds). Such media-
dependent expression of bioactivity could suggest that multiple biosynthetic path-
ways are involved in the production of diverse bioactive secondary metabolites
[24].

20.3.2 Genetic Ildentification

Six selected strains with impressive antimicrobial profiles were identified by 16S
rRNA sequence analysis (Table 20.2). Five showed high sequence identity to
species which have previously been associated with the marine environment, and
specifically with marine invertebrates and belonging to the phyla Proteobacteria
[25]. Three of the strains belong to the Bacillus genus, well known for their
secondary metabolite production [26-28].

PE14-07 could represent a novel Pseudovibrio species due to only 95%
sequence similarity. Pseudovibrio ascidiaceicola was first proposed as a novel
species relatively recently, when it was isolated from a sea squirt in 2006, with

Table 20.2 16S rRNA gene sequencing results

Strain ID Similar organism Similarity %
PE14-07 Pseudovibrio ascidiaceicola strain F423 95
PE06-34 Bacillus anthracis str. Ames 100
PE14-63 Vibrio tasmaniensis strain Carson D39 99
PE08-149B Bacillus weihenstephanensis strain DSM 11821 99
KB08-48 Bacillus anthracis str. Ames 99
PE14-104 Vibrio pomeroyi strain CAIM 578 100
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the genus being only established in 2004 after isolation of P. denitrificans from
coastal sea water [29]. This indicates that Pseudovibrio are abundantly distributed
in the marine environment worldwide as they have been isolated from a number of
marine invertebrates.

A Pseudovibrio sp. isolated from a marine sponge Haliclona simulans showed
bioactivity with a similar profile to what we observed for the Pseudovibrio sp.
PE14-07 strain, with the only difference being that activity against MRSA was not
observed for PE14-07. This could be due to the fact that they used a starch yeast
extract-peptone—seawater (SYP-SW) media to activate a pathway responsible for
the MRSA activity [30]. This observation strengthens the importance of media
composition as it plays a critical role in the production of secondary metabolites.

20.4 Conclusion

Marine sponge-associated bacteria are a good source of bioactive secondary metab-
olites with broad activity spectrum. This study demonstrates that South African
marine sponges are also richly endowed with a wide range of bioactivities. The
number of activities against multi-drug resistant bacteria could represent novel
sources of much needed antibiotics, especially where resistance is already being
observed against the last line of defense antibiotics. Based on the superiority of
GYM in the induction of secondary metabolites, it should be included in the
primary screening of all bacterial isolates for their ability to produce bioactive
compounds. Pseudovibrio sp. PE14-07, Vibrio pomeroyi sp. P14-104 and Bacillus
sp. KB08-48 are good candidates for further studies which could result in isolation
of new compounds due to the broad bioactivity shown by these strains.
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Chapter 21

Pd-MCM-41 and Ni-Boride-Silica Catalyst
Synthesis, Characterization and Its Application
for Reduction of Substituted Aromatics: An
Environmentally Benevolent Approach

Ateeq Rahman, Daniel Likius, and Veikko Uahengo

Abstract Microporous and mesoporous silica catalysts, MCM-41, derived from
zeolite type catalysts, are easily synthesized in laboratory scale and commercially
available SiO, have applications in reduction reactions. Nickel boride (Ni B) silica
catalysts denoted as Cat A were characterized by XRD, IR, SEM, BET surface area
and chemisorption studies. Nickel boride generated in situ on silica were found to
be super active catalysts for reduction of nitro aromatics, aldehydes, ketones,
alkenes, phenols and in reductive amination of aldehydes and ketones at low
temperatures, whereas Pd(II)-MCM-41 denoted as Cat B exhibited catalytic activ-
ity for reduction of nitro aromatics, aldehydes, and hydrodehalogenation reactions.
Efficient catalytic activity for reduction reactions was exhibited by the Ni and Pd
catalysts which were found to be reusable, atom economy, reproducible and
environmentally friendly. A comparative study of these catalysts is presented.

Keywords Ni-SiO, » Pd(I) MCM-41 « Reduction *« Hydrodehalogenation

21.1 Introduction

Many traditional organic reactions use stoichiometric reagents because they pro-
vide excellent activity, selectivity and specificity at low temperatures. However, the
necessity to regenerate these materials after reaction leads to the production of large
quantities of waste. Due to growing environmental concerns, the laws and regula-
tions governing the disposal of industrial effluents are becoming increasingly
tighter. The foremost challenge for the fine chemical manufacturing industries is
therefore to seek cleaner processes in order to minimize the production of waste [1].
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There are many methods of effecting reduction which may or may not lead to
hydrogenation, but in this article only processes leading to the addition of hydrogen
or replacement of a functional group by hydrogen will be considered. Reduction of
organic functional groups can be categorized into (i) addition of hydrogen to
unsaturated groups in the reduction of ketones to alcohols, and (ii) addition of
hydrogen across single bonds leading to cleavage of functional groups
(hydrogenolysis). The early pioneering work was largely ignored because of poor
yields and long reaction times, but the situation has changed considerably following
the appearance of stimulating heterogeneous catalysts and the introduction of
greater catalyst loadings and different hydrogen donors. A new family of
mesoporous molecular sieves was discovered by the researchers at Mobil Oil
Corporation, and scientists have shown considerable and continuously growing
interest since its discovery at the beginning of the 1990s [2, 3]. This fact led to
extend the application of redox molecular sieves for oxidation of organic mole-
cules. One member of mesoporous family MCM-41 with hexagonal arrangement
and narrow pore size distribution varying between 3 and 10 nm, according to the
surfactant used in the synthesis, high specific surface area (ffil000 m?/g) and
structural thermal stability, but with low hydrothermal stability and adjustable
heteroatom compositions enable these materials to be widely used as adsorbents,
catalytic supports, and heterogeneous catalysts [4]. The incorporation of active
metals into the framework of MCM-41 molecular sieves makes them particularly
valuable for catalytic applications, some of which are mentioned in the text. Since
the first account of the synthesis of mesoporous molecular sieves in alkaline
medium appeared, a large number of publications on the synthesis of mesoporous
materials, mainly MCM-41 have been reported. The synthesis of mesoporous
materials has also been carried out in acidic and neutral medium. Pinnavaia [5]
proposed a neutral template synthesis mechanism based on hydrogen bonding
between primary amines and neutral inorganic species. Such mesoporous molecular
sieves are called hexagonal mesoporous silica (HMS).

The recently discovered family of mesoporous materials, MCM-41, have poten-
tial for industrial application due to their being ‘tunable’, having a large pore size.
However, our work is to develop a suitable catalyst to promote the conversion of
reactants while maintaining well-dispersed active sites and exhibiting good struc-
tural stability, which still remains a challenge.

21.2 Valuable Catalytic Applications

Supported nickel catalysts find widespread applications in many important indus-
trial hydrogenation and hydrogenolysis processes such as steam reforming of
methane and higher paraffins, or methanation of synthetic gas. In view of good
results obtained, the authors explored the use of Pd(I)-MCM41 (Cat B) prepared by
functionalizing MCM-41 with 3-triethoxysilylpropylamine and subsequent com-
plexation with dichlorobis(benzylcyano) palladium(I) for reduction of nitro-
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aromatics and hydrodehalgenation reactions [5]. On the other hand the supported Ni
silica catalysts were tested for catalytic reactions such as reduction of functional
groups such as nitro, aldehydes, ketones, phenols, alkenes, and bromo benzene.
Hydrogenation of aqueous glucose has also been carried out using supported nickel
and ruthenium catalysts. Catalysts were prepared by precipitation, impregnation,
sol-gel and template synthesis using SiO,, TiO,, Al,O3 and carbon as support
materials. Industrially nickel catalysts were used for the polymerization of cyclo-
olefins, and conversion of ethene to propene which is used as an intermediate for the
production of polypropylene. Conversion of CO, to CO with CH4 over Ni-SiO,
catalyst [1, 4-7] has also been investigated.

The manuscript details a comparison of Cat A (Ni-SiO,) and Cat B (Pd(I)-
MCM-41) for reduction reactions at moderate conditions (Scheme 21.1), avoiding
high temperature and high hydrogen pressure to minimize the thermal risks during
industrial production [8—10]. It addresses also the achievement of high conversion
and selectivity using mild reducing agents, to produce the desired chemical com-
pound in the required quality. Additional features looked into are the operational
simplicity, safety, energy efficient procedure and scope to recover the investment
and developmental costs in a reasonable time.

Thus, the objective of this work is to study the capability of Ni loaded support
catalysts on silica for selective reduction reactions of substituted aromatic com-
pounds to their corresponding products. Table 21.1 illustrates the effect of the Ni
loading on the process and the catalytic aptitude of the system for a potential use in
industrial processes. Aromatic amines and aromatic alcohols are generally prepared
by the reduction of nitro aromatics and aromatic aldehydes usually by the use of Pd,
Ni, Rh, Pt, Ru or calcined Ni-hydrotalcite [11]. The main limitations of the earlier
reports are the high temperature, pressure, and sophisticated autoclaves required for
the catalytic activity of metals such as Ni, Pt and Pd [4].

The authors studied the oxidation of p-nitro benzyl alcohol using nickel
supported silica catalytic system at 65 °C into p-nitrobenzaldehyde, and the reduc-
tion of nitro aromatics, aldehydes, ketones, alkenes, phenols and reductive
amination of aldehydes and ketones at low temperatures. Also reduction of
nitroaromatics and hydrodehalogenation reactions were also performed using Pd
(II)-MCM-41 (Cat B). Both catalysts showed successful completion of these reac-
tions with excellent conversion and selectivity (Table 21.1).

R R'
(a) NiB SiO2, (0-5 C)
5-10 mins, MEOH

A\

(b) Pd (1) MCM 41,
RT- 60C,7h

CH:20H, C-C, CH, R'-

R-NOz, CHO, C=0, NH2

C=C, C-X, CN

Scheme 21.1
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Table 21.1 Reduction of aromatic functional groups to their corresponding products

S.No | Starting material (S)* | Catalyst | Product Conversion (%)| Selectivity (%)
1. CgHs—NO, A CgHs—NH, 100 100
2. CsHs—NO, B CgHs—NH, 100 100
3. HO-C¢H,~NO, A HO-C¢H,—NH, 75 100
4. HO-C¢H,4~NO, B HO-C¢H,—NH, 20 100
5. CHO-CgH4—NO, A CH,0OH-C¢H,—NH, | 95 100
6. CHO-C¢H4~NO, B CH,OH-C¢H,~NH, | 45 100
7. C¢Hs—Br A CeHs 75 100
8. CgHs5—Br B CeHs 65 100
9. NO,-C¢H,;~CH3 A NH,-C¢H,~CHj; 65 100
10. | NO,—C¢H4—CHj; B NH,-C¢H;~CH3; 45 100
11. | C¢Hs—OH A CgH,;;—-OH 20 100
12. | C¢Hs—CHO A CgHs—CH,OH 100 100
13. | 4Br-C¢H,~CHO A 4Br-C¢H,~CH,OH | 100 100
14. | 4Br-C¢H,~CHO B 4Br-C¢H,~CH,OH | 45 100
15. | C¢Hs—CHO + Bu"NH, | A PhCH,NHBu" 100 100
16. | C¢Hs—CHO + Ph-NH, | A PhCH,NHPh 100 100
17. | 4Br—-C¢H4—CHO + A 4Br-¢H4CH,NHPh 75 100
Ph-NH,
18. | 4Br—C¢H;~CHO + A 4Br-C¢H4CH, 70 100

PhCH,NH

NHCH,Ph

#Substrate 2.00 mmol, Cat A-(NiB-SiO,) 200 mg, NaBH, 200 mg, MeOH 10 ml, (0-5 °C), 10~15 min,
Cat B-(Pd-MCM-41) 25 mg, THF 10 ml, RT, H, 3-5 h

21.3 Experimental Section

21.3.1 Materials and Methods

All chemicals, dichlorobis(benzylcyano)palladium(Il), tetraethyl orthosilicate
(TEOS), hexadodecyl amine, 2-propanol, nickel nitrate and silica gel particle
size 63—200 pm, 70-230 mesh, pore size 100 A, were obtained from Fluka.

21.3.2 Preparation of Ni-SiO, (Cat A)

The catalyst was prepared by impregnation method by dissolving nickel nitrate
nonahydrate (2.5 g) in distilled water (20.0 ml) and adding to it silica gel (5.0 g),
stirring for 2 h using a magnetic stirrer at room temperature (20-22 °C) and ageing
at room temperature overnight. The excess water is removed by heating the mixture
on a water bath and using a rotavapor under mild vacuum to evaporate the water.
The catalyst material is dried in an oven at 100 °C for 12 h [11].
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21.3.3 Typical Reduction Procedure Using Cat A

To a solution of nitrobenzene (2.0 mmol) in 10 ml methanol, catalyst (200 mg) was
added followed by slow addition of sodium borohydride (200 mg) at 0 °C for 5 min.
The reaction mixture was magnetically stirred continuously for 10 min during
which all starting material was consumed. The reaction progress was monitored
by TLC. The reaction mixture was quenched with deionized water and extracted
with ethyl acetate. The organic layer was dried with sodium sulfate and the solvent
was evaporated on a rotavapor to give crude aniline which was then subjected to
column chromatography to afford pure aniline product. The final product was
characterized by 'H and '>C NMR spectroscopy using a 400 MHz Bruker instru-
ment. GC-MS samples were run on an Agilent 6890 GC/5973, MS column: J] & W
HP5-MS. GC results were obtained on a GC System 6820, Agilent Technologies
equipped with flame ionization detection (FID) and a carbowax OVI capillary
column and compared with standard sample.

21.3.4 Preparation of Pd(I1)-MCM-41 (Cat B)

The mesoporous material MCM-41 (pure silica) was synthesized as described
below using a reported procedure [17]. First a solution was prepared by mixing
1 mmol of TEOS with 6 mol of ethanol and 1 mol of isopropanol. At the same time
a second solution was obtained by mixing hexadecylamine (0.3 mol) in water
(36 mol). The two solutions were then mixed under stirring at room temperature
for about 1 h. The product obtained was aged at 25 °C for 12 h under static
conditions. The resulting solid was recovered by centrifugation, washed with
distilled water 8—10 times and filtered. Finally, the synthesized sample was air
dried at room temperature for 24 h. One gram of MCM-41 was calcined at 550 °C
overnight and refluxed with 0.686 mmol of 3-triethoxypropylamine in dry toluene
in inert atmosphere for 48 h. This was then complexed with dichlorobis
(benzylcyano) palladium(Il) in dry benzene under stirring at room temperature.
The bright yellow coloured complex obtained was then filtered, soxhlet extracted
with benzene for 8 h, filtered, washed with benzene and dried under vacuum to
afford the final required catalyst.

21.3.5 Typical Reduction Procedure Using Cat B

Pd(II)-MCM-41 catalyst (25 mg) was added to a solution of nitrobenzene
(2.0 mmol) in 10 ml THF. The resulting solution was magnetically stirred in the
presence of a hydrogen balloon attached to the round bottom flask at room temper-
ature and monitored by TLC, till the starting material was consumed. Then the
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reaction mixture was filtered and the solvent was evaporated on a rotavapor to give
crude product aniline which was then subjected to column chromatography to
afford pure aniline product. The final product was characterized by "H and '*C
NMR spectroscopy using a JEOL Eclipse 270 NMR spectrometer (3C = 146.6,
129.3,118.4 and 115.1 ppm and 8H = 7.1, 6.7, 6.6 and 3.6 ppm). GC-MS samples
were run on an Agilent 6890 GC/5973, MS column: J&W HP5-MS and compared
with standard sample.

21.3.6 Characterization of Catalysts

Ni silica catalysts were characterized by the following techniques: XRD, BET, IR
spectroscopy, SEM, UV DRS, and chemisorption.

21.4 Results and Discussion

Aromatic compounds with functional groups are key intermediates for the manu-
facture of dye stuff, pharmaceutical, agricultural, photographic chemicals, addi-
tives, surfactants, textiles auxiliaries, chelating agents and polymers [1-3] in
chemical industries. The benefits of simple preparation, low cost, ease of handling
and the efficiency of anchored palladium complexes in selective organic trans-
formations, prompted us to explore the possibility of their use in the reduction of
nitro aromatics, azides and in hydrodehalogenation reactions. Pd(I)-MCM-41 (Cat
B) exhibited encouraging results for the reduction of nitro aromatics, aldehydes,
ketones, azides and for hydrodehalogenation reactions of chlorobenzene,
bromobenzene, 3-chlorotoluene at room temperature with excellent conversions
and selectivity. The catalyst showed 3 cycles of reusability and no leaching of
catalysts was observed. Nickel silicates with layered structure are well known as
phyllosilicates, hydro silicates, or surface silicates. The authors prepared the cata-
lysts Ni-SiO, (Cat A) by simple impregnation method. Fine amorphous powders of
Ni-SiO, (Cat A) were obtained showing that Ni particles are well distributed over
the silica surface which is confirmed by XRD characterization technique. Selective
oxidation of alcohols is an important transformation from industry point of view
[1, 2]. The authors reported previously the use of 10% Ni—SiO, (Cat A) for the
oxidation of p-nitrobenzyl alcohol to p-nitrobenzaldehyde in the presence of hydro-
gen peroxide and the controlled oxidation of benzhydrol to benzophenone with
excellent conversion and selectivity [9, 12, 13]. When NaBH, is added to nickel
silica catalysts at 0-5 °C, a black precipitate is formed with the spontaneous
evolution of hydrogen which indicates that NiB species are generated in situ and
behave as superactive catalysts for reduction reaction of bromobenzene, benzalde-
hyde, phenol, styrene, toluene, and for reductive amination of aldehydes and
ketones as shown in Table 21.1 for some of the reactions.
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The authors have reported the use of catalyst Ni-SiO, (Cat A) in a number of
reactions including Knoevenagel condensation in liquid phase. All the
Knoevenagel reactions resulted in 100% selectivity but the conversions differed
with varying amounts of catalysts, with 10% Ni-SiO, (Cat A) proving to be the
superior catalyst. The catalytic activity of 10% Ni-SiO, (Cat A) towards
Knoevenagel reaction of 4-hydroxy benzaldehyde and malononitrile and ethyl
cyanoacetate with substituted benzaldehydes were investigated and were found to
be effective. All the Ni-supported catalysts were characterized by XRD, IR, BET,
SEM instruments, and chemisorption studies. Ni silica catalysts of all samples
showed particle size in the range of 20-250 A and the moisture content observed
was 7% [12].

The characterized catalysts showed better results compared with the literature
reported catalysts [8, 9]. Extension of this work is being carried out with different
borohydrides in order to evaluate the best catalytic system. A model reaction was
tested for leaching of Ni metal from Ni—SiO, (Cat A). The filtrate was subjected to
reduction reactions with model substrate under the same conditions and it was
observed that the reaction did not occur. This indicates that the Ni metal was intact
on the surface of the silica support which is confirmed by IR studies showing that
nickel silica are heterogeneous catalysts [14].

21.4.1 X-Ray Diffraction

The XRD studies on the Ni silica (Cat A) were carried out on a Phillips-PW 1830
powder X-ray diffraction instrument. The XRD spectra (Fig. 21.1) showed the
characteristic bands of the nickel phase and support, but no mixed nickel oxide
support phases were identified. The pattern for the supports was that of crystallized
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Fig. 21.1 XRD pattern of (a) 5% Ni-SiO, (b) 10% Ni-SiO; (¢) 15% Ni-SiO,
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materials with well-defined bands except for the amorphous structure, as only one
broad peak around 20 = 25° appeared, which is characteristic of silica [8, 9, 11].

21.4.2 UV Visible Spectroscopy

Spectra of the supported materials, after initial drying, but before calcination and
reduction, were measured by diffuse reflectance uv spectroscopy and their absorp-
tion maxima and assignments are recorded. Ni-SiO, of all percentages showed a
band in the range of 740 nm ™' while nickel nitrate aqueous solution and nickel

nitrate showed respectively UV bands in the range of 728 and 707 nm ™",

21.4.3 BET Surface Area

BET surface area analysis of 10% Ni-silica (Cat A) was carried out using the
Brunauer—-Emmett-Teller equation. As a higher catalytic activity was observed
with 10% Ni-SiO, (Cat A) the surface area of only 10% Ni—SiO, was estimated

and was found to be 180 m*g ™",

21.4.4 Dispersion of Ni on Silica Surface

The gels with macropores have micro- and mesopores and show a high specific
surface area. Thus, Ni—SiO, with a distinct aggregated structure was prepared in
this work. Incidentally, the wet gel contains nickel as a cation dissolved in the
solvent phase. The solvent phase can move relatively fast in the wet silica gel, and
aggregation of the nickel salt easily occurs during drying even in the gel without
macropores [8]. In the gel with hierarchical pores, therefore, inhomogeneous
aggregation probably occurs in the macropores during drying. In order to prepare
a catalyst with high activity, it is necessary to disperse the nickel species only in the
silica gel skeleton. For the sample prepared by impregnation on silica gel, diffrac-
tion peaks of NiO were observed. The SEM-EDX result clearly shows that the
aggregation of large NiO particles occurs in the macropores. Because of sintering,
the NiO aggregates grow in the large spaces during calcination at 500 °C especially
for the sample with high NiO loading. The NiO aggregates in the macropores are
easily reduced to large Ni particles. Despite the inhomogeneity of the Ni dispersion
in the samples, they show relatively high Ni surface areas. As suggested from the
XRD results, a part of the Ni in the samples is trapped in the mesopore of the gel
skeleton, which cannot grow during heating and reduction due to the pore walls of
the silica. The small Ni particles probably contribute to the high Ni surface area.
Dispersion of the Ni species in both CG and SE samples without macropores can be
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regarded as standard in the nickel/silica prepared by the usual sol-gel process. In the
samples, aggregation of Ni occurs during drying to become a crystal of nickel
nitrate salt [15]. A wet silica gel prepared under acidic conditions consists of a
polymeric network rather than particle aggregates. Therefore, the aggregation of the
nickel nitrate salt can proceed even in the mesoscale space during drying. The NiO
particle size agrees well with the correlation length of the wet silica gel, typically of
the order of 10 nm [11, 12, 16].

21.4.5 SEM Characterization

The morphology and location of metallic species on the surface of the catalyst were
examined by scanning electron microscopy (SEM) using a JEOL JSM-6100 micro-
scope equipped with an energy-dispersive X-ray analyzer (EDX). Images were
taken with an emission current of 100 pA by a tungsten filament and an accelerator
voltage of 12 kV. The SEM figures of 5 and 10% Ni loaded silica and morphology
(Fig. 21.2) depicted that crystalline Ni of 2—4 pm are well distributed over the silica
surface and Fig. 21.2d showed the scans of 15% Ni loaded silica, which indicates
that the distribution of Ni on support is either in conglomerates or in layers, thus
hindering the participation of both Ni and silica at active sites in the reaction. SiO,
or Ni** individually had no catalytic effect on the reaction. The observed reactivity
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Fig. 21.2 SEM images of (a) 5% Ni-SiO (b) 10% Ni-SiO; (c) and (d) 15% Ni-SiO,
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of Ni supported on silica material can be possibly attributed to the metal and
support interactions, and the resultant changes in surface properties of the reactive
sites. Earlier studies by Urbano et al. [15] have revealed that supported Ni catalysts
prepared with Ni(NO;), by impregnation exhibit wide size distribution in contrast
to those prepared by more controlled deposition and precipitation method route
which generate low metallic Ni particles. The low metallic surface of nickel on the
silica support encourages the formation of nickel oxide crystals. The presence of
weak interaction between the metal and support, due to little distribution of Ni
entailing the formation of the layer of impregnated Ni, probably contributed to the
increase of catalytic activity [16—18]. The observed non-reactivity with 15% Ni
loaded material, could be possibly due to the multilayer of Ni loading on the support
resulting in loss of activity as suggested by Blanco et al. [14]. This is also supported
by the SEM analysis of the different amounts of Ni loaded silica in the current
study. An examination of SEM results (Fig. 21.2) suggest that the Ni particles are
well distributed in 5 and 10% Ni loaded material with fine particles but the 15%
loaded material shows Ni multilayers and conglomeration of Ni particles on the
silica surface.

21.4.6 FT-IR Spectroscopy of Ni-SiO, (Cat A)

As the results of both 10 and 5% Ni—SiO, were similar, only the 10% Ni—SiO, (Cat
A) results are discussed. The examination of IR spectra of 5 and 10% Ni loaded
SiO, showed band at 1100 cm ™' (asymmetrical Si—O-Si) due to formation of
silicates [12]. The vibrational stretching frequency of the hydrogen atom in the
hydroxide catalysts, 5 and 10% Ni-SiO, (Cat A) appears at 3422 cm ™' indicating it
has ordered cation distribution [14—16]. In the IR results of 10% Ni-SiO,, the
strong and intense absorption band between 1078 and 1050 cm ™' showed the
presence of Si—O-Ni bonds. This Ni active species in association with silica is
responsible for the activation of sodium borohydride with the evolution of hydrogen
with immediate formation of nickel boride species. These results conclusively
demonstrate that 10% Ni-silica catalyst is ideally suited for selective nickel boride
silica initiated reduction of nitro aromatics to aromatic amines with good conver-
sion and high selectivity [11, 12].

21.4.7 FT-IR Spectroscopy of Pd(I1)-MCM-41 (Cat B)

The IR spectra of the ligand and the complex showed silylpropyl amine bands. The
complex showed an additional band at 356 cm ™' indicating the presence of terminal
Pd-CI [12]. Pd content of the catalysts was determined by plasma analysis (1.99%).
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21.4.8 Chemisorption of Ni Silica Catalysts

The absence of carbon monoxide adsorption when helium was used as the carrier
was amazing in the light of the TPR experiments and a range of other physical
techniques which indicated the presence of nickel metal. Catalysts were reduced in
dihydrogen/dinitrogen conditions. The samples were heated to 723 K well above
the maximum rate of hydrogen abstraction observed and the catalysts were held at
this temperature until no further hydrogen uptake was observed. The reason for the
absence of carbon monoxide adsorptive capacity was confirmed as the carbon
dioxide chemisorption was due to the presence of surface oxygen [11, 12]. These
results suggest that the removal of monolayer and sub-monolayer levels of oxygen
from nickel catalysts is kinetically slow and that in the absence of a reducing
atmosphere will block the surface to carbon monoxide adsorption. Interestingly
the use of di-hydrogen as a carrier gas was sufficient to allow adsorption of carbon
monoxide. No evidence was obtained to suggest that the di-hydrogen removed the
surface oxygen at 298 K. Two explanations can be advanced although neither is
entirely acceptable. If the oxygen was randomly distributed over the surface under
helium and the action of di-hydrogen was to cause agglomeration into islands then a
significant proportion of the adsorptive capacity could be reclaimed. Alternatively
if the surface oxygen was to diffuse into the bulk or be re-dispersed throughout the
crystallite, then adsorptive capacity would also be regained.

21.5 Conclusions

Ni—B-SiO, (Cat A) are found to be super active catalysts compared to Pd(Il)-
MCM-41 (Cat B) for reduction reactions. Various functional groups attached to
aromatic substrates were reduced with Ni B silica (Cat A) where nickel boride
species are formed in sifu when Ni is reacted with NaBH, for reduction of aromatic
substrates at low temperature with high conversion, and 100% selectivity. Charac-
terization of Ni—SiO, catalyst by XRD, FT-IR, UV diffusion, SEM, chemisorption
studies, particle size and moisture content, confirms the crystallinity of nickel
incorporated on silica. 15% nickel on silica is found to be inactive for reduction
reactions from XRD and SEM studies which confirm that excess nickel reduces the
activity of the catalysts. A variety of functional groups attached to aromatics such
as p-nitrophenol, nitrobenzene, benzaldehyde, benzene, bromobenzene, phenol,
4-bromobenzaldehyde are reduced at 0-5 °C by 5 and 10% Ni—SiO, to their
respective products with maximum conversion and 100% selectivity while Pd(II)-
MCM-41 (Cat B) reduces nitro aromatics at room temperature and aromatic alkyl
halides, 4-bromobenzaldehyde, aromatic substituted azides such as benzyl azide to
corresponding amines. The characterization of 5 and 10% Ni—SiO, (Cat A) and the
results demonstrate that they are super active catalysts compared to Pd(II)-MCM-
41 (Cat B) for reduction reactions, in terms of reusability, atom economy,
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environmentally friendly and applicability for large scale reactions which excludes
harsh reaction conditions and use of additives.
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Chapter 22

Antidiabetic Potential of Erythrina abyssinica
via Protein Tyrosine Phosphate 1B Inhibitory
Activity

Derek Tantoh Ndinteh

Abstract Erythrina abyssinica is one of over 100 species that belongs to the genus
Erythrina and that is widely used in traditional medicine. It is used in the treatment
of various ailments, one of which is the management and treatment of type
2 diabetes. The increasing prevalence of diabetes worldwide and especially in
Africa has become a serious public health concern. The need to develop novel
therapies with mechanisms of action that are mimetic of the insulin-signaling
pathway is necessary in face of the high rates of secondary failure and side effects
of existing therapies. One of these potential targets that has emerged is protein
tyrosine phosphate 1B, which recently was identified as a major negative regulator
in the insulin-signaling pathway. Cohort studies showed reduced risk of type
2 diabetes associated with high intakes of dietary flavonoids. In this study, we
described the isolation and protein tyrosine phosphate inhibitory activity of various
flavonoids from Erythrina abyssinica. Sixty-eight flavonoids were identified and
43 were found to inhibit protein tyrosine phosphate 1B in a dose dependent manner,
with inhibition values ranging from 4.2 to 40 pM.

Keywords Erythrina abyssinica » Flavonoids « PTP1B « Diabetes

22.1 Introduction

There is an increasing prevalence of diabetes in the world and it has become a
serious public health challenge worldwide and even more so in Africa [1]. It is
possibly one of the fastest growing diseases in the world today which is character-
ized mainly by cellular resistance to insulin mediated disposal of glucose or
impaired insulin production [2]. The reduction in mortality from infectious condi-
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tions coupled to changes in lifestyle are some of the main contributors to making
type 2 diabetes a considerable public health priority. From a global perspective,
statistics from 2013 indicate that over 382 million people had this disease world-
wide with type 2 diabetes making up most of the cases [3]. Predictions say that by
the year 2035 about 592 million people will die of diabetes. The economic costs
(direct medical costs, labor days lost, short term morbidity, etc.) of diabetes seem to
be on the increase worldwide [4]. Added to this is the plethora of severe secondary
conditions that arise from diabetes like diabetic retinopathy, severe renal malfunc-
tion and/or failure and of course ocular effects. Scientific evaluation of traditional
herbal remedies for diabetes is becoming important in current strategies to manage
and control the pathological aspects of diabetes. This is made necessary by the
concomitant high costs and poor availability of current therapies for many rural
populations. More so, significant sections of world populations rely either partially
or entirely on herbal medicine to address their healthcare needs due to a number of
factors, like cost, availability of treatment, etc. Alternative and complementary
strategies for the management, prevention and treatment of diabetes are a necessity
especially in Africa. The African traditional pharmacopeia has many plants that are
used in the treatment of symptoms associated with the occurrence of diabetes.
Plants of the genus Erythrina are heavily used in traditional pharmacopeia around
the world [5].

Erythrina abyssinica is one of the 100 and more species that belongs to the genus
Erythrina. It is widely distributed in tropical and subtropical regions worldwide
[6]. It is used in traditional East African medicine for the management and
treatment of type 2 diabetes [7]. It is also used in various traditional medicine
systems for the treatment of malaria, syphilis [§—10], microbial infections [10, 11],
pneumonia, prostate cancer, sexually transmitted diseases [12], trachoma and
elephantiasis [13], anthrax [14], ear, nose and throat infections [15], diarrhea
[16], eye inflammation and general body swelling [14]. The bark and roots are a
source in local communities for useful dyes. The seeds are used to decorate trinkets,
bracelets and necklaces and the tree is a popular option to counteract soil loss,
erosion and for soil conservation terraces. More so, its leaf fall in the dry season is a
rich source of mulch [14]. Erythrina species have been shown to be very rich in
flavonoids. Numerous studies have exemplified novel bioactive flavonoids from
various Erythrina species [17-20]. Flavonoids have been shown to have a wide
variety of bioactive properties and have been useful in the management of a number
of various health conditions [21, 22].

Flavonoids are a group of naturally occurring polyphenol heterocycles, which
are found to occur widely in the plant kingdom across different genera. They are
classified into about 13 groups, some of which are flavanols, flavanones, chalcones,
isoflavanols, pterocarpans, coumestans, aurones, bioflavonoids, etc. Cohort studies
carried out showed a trend that indicates that the consumption of dietary flavonoids
was associated with reduced risk of type 2 diabetes [21]. Erythrina abyssinica has
been shown in many studies to be very rich in flavonoid content [10, 23].
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At present in the management of type 2 diabetes there are about eight
hypoglycaemic drugs in use administered via oral routes and these can be classified
based on their mechanisms of action [24]. These can either be amylin
analogues, insulin secretagogues, glucan-like peptide 1 receptor antagonists,
thiazolidinediones, o-glucosidase inhibitors, dipeptyl peptidase-4 inhibitors,
biguanidines and sodium-glucose cotransporter-2 inhibitors. In spite of the relative
availability of hypoglycaemic entities for the management of diabetes, there are
still a number of severe limitations that are associated with the management of type
2 diabetes. Some of these are high rates of secondary failure, adverse side effects
such as peripheral oedema, hypotension, etc. One of the major causes of the failure
is due to the fact that most of these mechanisms of action are not mimetic of the
insulin signaling pathway. Thus it is necessary to focus effort on investigating drugs
that mimic insulin signaling preferentially. Of the various potential drug targets for
the treatment of type 2 diabetes, protein tyrosine phosphate-1B (PTP1B) has
recently emerged as a major negative regulator in the insulin signaling pathway
[24-27]. This implies that finding novel entities that are PTP1B inhibitors might
provide an efficient means of reducing blood sugar levels while mitigating side
effects associated with present therapies. Plants extracts are rich sources of novel
active and safer drugs for the treatment of diabetes [28]. Previous reports indicate
that there are more than 1000 plants species being used to treat type 2 diabetes all
over the world [29] and various natural compounds display PTP1B inhibitory
activity [30].

On screening extracts from Erythrina abyssinica, we found that various organic
extracts of the stem bark inhibited PTP1B activity up to 80% at concentrations as
low as 30 pg/mL. This prompted further investigation on Erythrina abyssinica in
the search for potential PTP1B inhibitors. We isolated a number of flavonoids out of
this plant, some of which displayed inhibitory activity against PTP1B [31, 32]. This
article is a summary of the flavonoids isolated and characterized from Erythrina
abyssinica and which were found to have PTP1B inhibiting activity. This article
discusses the PTPIB inhibitory effects of these compounds and the possible
structure activity relationship.

22.2 Isolation

E. abyssinica stem bark was harvested in June 2005 in Mukono, Uganda. Voucher
specimen (No. 0001) was deposited at the Department of Botany, Makerere Uni-
versity, Uganda after being authenticated by Prof. John Silike-Muruumu. The dried
stem bark (5 kg) was extracted with methanol (MeOH). After removal of the
solvent under reduced pressure, the crude extract was suspended in water and
partitioned with n-hexane, ethyl acetate (EtOAc) and n-butanol (nBuOH) consec-
utively. The EtOAc-soluble fraction was found to be the most active (50% inhibi-
tion at 30 pg/mL) among the solvent fractions. The EtOAc extract of E. abyssinica
was then subjected to a succession of chromatographic procedures such as silica gel
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chromatography and high-pressure liquid chromatography (HPLC). In the course of
this study, 68 compounds were extracted from Erythrina abyssinica. They belonged
to the flavonoid class of compounds and consisted of flavanones, chalcones,
pterocarpans and deoxyflavanones.

22.2.1 Flavanones

The dietary intake of flavanones in various studies has been shown to have
significant effect in reducing the risk of developing diabetes or mitigating the
severity of the disease in various patients. The anti-diabetic activity of flavonoids
in general and flavanones seems to occur via a series of mechanisms. The hypoth-
esized link between inflammation and diabetes, the demonstrated anti-oxidant
properties of flavanones coupled to cohort studies and dietary surveys have
shown the anti-diabetic potency of flavanones [33]. Thirty four flavanones were
isolated and identified from the stem bark of Erythrina abyssinica [31, 32, 34] and
are depicted in Fig. 22.1. They were tested for their inhibitory activity against
PTP1B using a repeat assay and the results are presented in Table 22.1.

Except for compounds 1, 8, 12, 14, 17, 20-24, 30 and 31, all the other com-
pounds inhibited PTP1B dose-dependently. The recorded ICsy values ranged
between 13.9 + 2.1 and 26.7 £ 1.2 pM where 11 was the most active compound
and 9 was the least active. The controls used were ursolic acid and RK-682
(a potent, selective and competitive inhibitor of PTP). Most of the compounds
had the 5,7-dihydroflavanone skeleton and the major differences came from the
substitution patterns in the B ring. All of the compounds which inhibited PTP1B in
a non-dose dependent manner have a fused 2,2-dimethylpyran moiety on the B ring
and do not possess a free prenyl group in their structure. Comparing structurally
close compounds, 11 showed a higher activity than that of 8 and 12. Compounds 15
and 18 showed higher activity than 17 and 20-22, and compounds 27, 28 and 32
showed a better activity than 30 and 31. The significant structural difference seems
to be the presence or absence of a free prenyl (not fused) indicating that the
presence of a prenyl group into the B ring may be responsible for better biological
activity. Compounds 10, 13, 16 and 29 where the prenyl group is absent, have
relatively good activity, suggesting that the presence of a methoxy group at the 5" or
3’ position may be also important for PTP1B inhibitory activity. The presence of
hydrophobic moieties (methoxy or prenyl residues) on the B ring seems to increase
the inhibitory effects of the flavanones against PTP1B, while the presence of
hydrophilic moieties (hydroxyl groups) does not seem to affect this particular
biological activity.
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Table 22.1 PTPIB Compound PTPIB inhibitory activity (uM)

inhibitory activity of P

flavanones from E. abyssinica >40
8" >40
12° >40
14* >40
17* >40
20° >40
21°* >40
22% >40
23 >40
24 >40
30° >40
31° >40
11 139 +£2.1
4 142+ 1.7
7 144 £ 0.8
15 149+ 1.6
27 152+12
3 157+04
29 16.1 £ 1.1
33 162 £ 1.1
6 173+ 14
13 179 £ 1.7
28 179 £ 2.6
19 182+1.2
10 182+14
16 182 +2.1
32 183+ 1.6
25 189+ 1.3
2 189+19
18 190+ 1.8
5 194 £2.3
34 19.6 £ 2.3
26 21.6 £2.1
9 26.7 £ 1.2
Ursolic acid 3.6 +0.2
RK-682 47+£05

“Insignificant activity

22.2.2 Chalcones

Chalcones have been shown to have some biological activities, including anti-
cancer, anti-malarial, anti-microbial, anti-inflammatory, anti-protozoal [35].
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/
(o]
HO.
OH
OH o
35 R, =OH, R, = H, R3 = prenyl 37 Abyssinone A
Abyssinone
36R, =H,R,=OH,Ry=H
Licoagrochalcone A
OH
Ry
(¢] OH
HO. HO
OH OMe
OH o OH (¢}
38R;=H 40 Abyssinone D
Abyssinone B
39R, = OH
Abyssinone C
Fig. 22.2 Structures of chalcones from E. abyssinica
Tfab;e122.2 I?hlbltory effects  Compound Inhibitory activity( pM)
OI chalcones Irom
.. 35 20.6 £2.1
E. abyssinica
36 16.9 +£ 0.7

Six chalcones (35-40) shown in Fig. 22.2 were isolated from the stem bark of
Erythrina abyssinica. All were assayed for their inhibitory activity against PTP1B
using RK-682 and ursolic acid as positive controls [36]. Only two prenylated
chalcones, namely 35 and 36 were found to be active (Table 22.2). The activity
seems again to be associated with the presence of a free prenyl on the ring B of the
chalcone. Based on the activity profiles, compound 40 (Abyssinone D) should have
shown activity. The absence of activity observed was attributed to human error at
this stage and not to any significant scientific factor. Although we observe the
presence of two prenyl groups in structure 35, it is less inhibitory than compound
36, which suggests that the presence of one prenyl group is favored.
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HO

R, ORs
41 R; =R, =R, =H, Ry = OCHj;, Rs = CHj3 R4 = prenyl
42R; =R, =R3; =Ry =R5=H,R;=CHO

43 R, = prenyl, R, =Ry =R, =R5 =Ry = OCHj;

44 R| =R; =R, =Rs=R¢=H, R, = prenyl

45R; =R;=R5=Rs=H, R, =R, = prenyl

46 R =R, =Ry =R, =Rs=H, Rs = prenyl

47R; =R, =Ry =Rs=Rs=H, Ry = prenyl

48 R =Ry =prenyl, R, =R;=R;=Rs=H

49 R| = R¢ = prenyl, R, =Ry = H, Ry = OH, Rs = CHj3

Ry

HO

Rq

52 Ry =R;=H, R, = prenyl
53 Ry =prenyl, R, =R;=H
54 R, = prenyl, R, = H, R; = O \

Fig. 22.3 Structures of pterocarpans isolated from E. abyssinica

22.2.3 Pterocarpans

Fifteen pterocarpans were isolated and characterised from the EtOAc extract of
the stem bark of Erythrina abyssinica [37]. The isolated compounds 41-55
(Fig. 22.3) were evaluated for their inhibitory activity on PTP1B (Table 22.3).
Among the isolates, 45, 52, 53, 55 and compound 41 significantly inhibited PTP1B
activity with values ranging from 4.2 £ 0.2 to 19.3 + 0.3 pM. Compound 52
showed more potent inhibitory activity compared to the reference compound
RK-682 although less potent than ursolic acid. The compounds where there was a
free prenyl group showed inhibitory activity against PTP1B. Compounds 52, 53, 54
and 55 which have a 2,2-dimethylpyran ring fused to the C-9 or C-10 position
showed considerably stronger inhibitory activity compared to the other active
compounds with just the free prenyl group. This indicates that the fused ring on
the B ring significantly enhances the inhibitory activity against PTP1B.
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Table 22.3 PTPIB Compound Inhibitory activity (pM)

inhibitory effects of

pterocarpans isolated from 50 >40

E. abyssinica 48 >40
47 >40
46 >40
43 >40
42 >40
49 20.8 £ 1.5
44 195+ 1.5
41 19.3 £0.3
54 8.8 £0.5
53 7.8+ 0.5
51 7.6 £09
45 7.3 +0.1
55 6.4 £ 0.6
52 42+0.2
RK-682 45405
Ursolic acid 3.6+0.2

22.2.4 Deoxyflavonoids

Deoxyflavonoids were also isolated and characterised from Erythrina abyssinica.
Among the 13 deoxyflavonoids isolated (Fig. 22.4), five displayed a strong inhib-
itory activity against PTP1B [38]. All the isolates, except for 61, 63, 64, 65 and 68,
inhibited PTP1B activity in a dose-dependent manner with ICsy values ranging
from 14.9 £ 1.6 to 35.8 pM (Table 22.4). Although compounds 65 and 68 have
similar structures to compounds 66 and 67 (the former have a proton at position 5’
and the latter have a prenyl at this position in the B ring), there was a considerable
improvement in the inhibitory activity against PTP1B in the latter.

22.3 Conclusion

Sixty-eight flavonoids were isolated from the stem bark of Erythrina abyssinica:
34 flavanones, 6 chalcones, 15 pterocarpans and 13 deoxyflavonoids and were
tested for their ability to inhibit the PTP1B activity among which 41 were found
to inhibit PTP1B activity in a dose-dependent manner. The presence of lipophilic
substituents such as a prenyl group and a methoxy group were found to promote
activity in all the different classes of flavonoids. Compounds with better activity
belong to the pterocarpans family.
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R
HO 0.
OR,
HO. O.
Rs
OCHs
56 R, =H, R, = CH,
57R;=R,=H o
58R;=OH,R,=H 59 R; = OCH3, R, = H, R = prenyl
60 R, = H, R, = CH;, Ry = prenyl OH

61 R; =R, =H,R;=CHO
62 R; =R, =H, Ry = prenyl
63R, =R,=Ry;=H

=R, =H,R;=0CH;

HO.

o
o
65R=H 67 R = prenyl
66 R = prenyl 68R=H

Fig. 22.4 Structures of deoxyflavonoids isolated from E. abyssinica

Table 22.4 Inhibitory effects Compound Inhibitory activity (M)

of isolated deoxyflavonoids 61 220

on PTP1B enzyme
63 >40
68 >40
64 >40
65 >40
67 35.8
62 29.2
66 22.6
59 19.2
57 17.2
60 16.5
56 15.2
58 14.9
Ursolic acid 3.6
RK-682 4.7
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Chapter 23
2-Amino-5-Bromo-3-lodoacetophenone

and 2-Amino-5-Bromo-3-Iodobenzamide

as Synthons for Novel Polycarbo-Substituted
Indoles and Their Annulated Derivatives

Mmakwena M. Mmonwa and Malose J. Mphahlele

Abstract 2-Amino-5-bromo-3-iodoacetophenone  and  2-amino-5-bromo-3-
iodobenzamide represent important synthons for the design and synthesis of various
nitrogen-containing heterocyclic compounds and their annulated derivatives.
We have demonstrated that these halogenated aniline derivatives undergo palla-
dium catalyzed Sonogashira cross-coupling with terminal acetylenes to afford the
corresponding 2-amino-3-(arylalkynyl)acetophenones and 2-amino-3-(arylalkynyl)
benzamides. These alkynylated aniline derivatives in which the alkynyl moiety is
adjacent to the nucleophilic nitrogen atom were, in turn, subjected to palladium
chloride-mediated heteroannulation to yield novel 1-(2-aryl-1H-indol-7-yl)
ethanones and 2-aryl-1H-indole-7-carboxamides, respectively. Molecular hybridi-
zation to append an indole moiety to a chalcone framework was achieved via initial
Claisen-Schmidt aldol condensation of 2-amino-5-bromo-3-iodoacetophenone
with benzaldehyde derivatives followed by sequential palladium catalyzed
Sonogashira cross-coupling and heteroannulation. Likewise, boric acid-mediated
cyclocondensation of the 3-alkynyl-5-bromoanthranilamides with benzaldehyde
derivatives followed by palladium chloride-mediated cyclization afforded the
corresponding 2,3-dihydro-1H-pyrrolo[3,2,1-ij]quinazolin- 1-ones.

Keywords 2-Amino-5-bromo-3-iodoacetophenone ¢ 2-Amino-5-bromo-3-
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ones
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23.1 Introduction

The structural diversity and biological importance of nitrogen-containing hetero-
cyclic compounds such as indoles have made them important targets for synthesis
over the years. Indole moiety constitutes the most common unit prevalent in the
framework of most alkaloids with biological activity [1]. Indole-3-carbinol
1 (Fig. 23.1), for example, was first isolated from cruciferous vegetables and was
found to exhibit various biological properties such as anticarcinogenic, antioxidant,
and antiatherogenic properties [1]. Phidianidines 2a and 2b (Fig. 23.1), on the other
hand, were isolated from the shell-less marine opisthobranch mollusk Phidiana
militaris and these compounds were found to exhibit antitumor activity against the
HeLa and C6 cells with the ICsq values within nanomolar range [2]. Lin and Snider
later prepared compounds 2a and 2b (Fig. 23.1) by coupling the corresponding
2-(1H-indol-3-yl)acetyl chloride with (5-azidopentyl)-2-hydroxyguanidine in the
presence of triethylamine in dichloromethane [3]. The analogous 3-[2-(5-chloro-2-
phenyl-1H-indol-3-yl)-1-(dimethylamino)ethyl]naphthalen-2-0l, 3 (Fig. 23.1),
which was synthesized via a multicomponent reaction of 2,5-disubstituted indole-
3-carboxaldehyde, secondary amine and 2-naphthol was found to exhibit significant
antifungal activity [4].

Indole derivatives have also been found to exhibit interesting photophysical
(electronic absorption and emission) properties and some of them are components
of dyes or organic light emitting diodes (OLEDs) [5—8]. For example, a 4-[(3a,7a-
dihydro-1H-indol-3-yl)(1H-indol-3-yl)methyl]-2,6-dimethylphenol dye, 4 (Fig. 23.2)
prepared from the reaction of 1H-indole with 4-hydroxy-3,5-dimethylbenzaldehyde
in methanol was used as a probe for the determination of water content in water
miscible organic solvents such as acetone, acetonitrile, tetrahydrofuran and dioxane
[7]. The electronic absorption spectra of indole derivative 4 acquired in pure organic
solvents (e.g. acetone, acetonitrile, tetrahydrofuran, and dioxane) revealed that this
compound absorbs in the yellow region at Ay, ca. 450 nm. Significant red shift of the
absorption band to the pink region (A,, ca. 530 nm) was observed when the electronic

H NH,
H N
N\%\< N7 oon
OH N\( NH

)\

N
N
R E H

1 2: R =H (a), Br (b) 3

Tz

Fig. 23.1 Examples of biologically active indole derivatives
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Fig. 23.2 Examples of indole-based dye 4 and 5 employed in light emitting materials

absorption spectra of indole derivative 4 were acquired in these solvents in the presence
of 10% of water [7]. A blue electroluminescent device, ITO/NPB/5/TPBI/Alqs/Mg—
Ag, comprising of indium tin oxide (ITO) as a substrate, 4,4'-bis[N-(1-naphthyl)-N-
phenylamino]biphenyl (NPB) as a hole, methyl 5-cyano-2-(3,4-dimethoxyphenyl)-1H-
indole-3-carboxylate 5, 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene as a hole
blocking material, tris(8-hydroxyquinoline)aluminium (Alqs) as electron
transporting material and magnesium-silver (Mg-Ag) as electrode has been devel-
oped [8]. Indole § (Fig. 23.2) was, in turn, prepared via the Larock heteroannulation
of 4-amino-3-iodobenzonitrile and methyl 3-(3,4-dimethoxyphenyl)propiolate in
DMF.

Carbon-based substituents are predominant components of many indole deriva-
tives with interesting biological [1] and photophysical properties [5—8]. Several
conventional methods for the construction of indole framework have been reported
in the literature and these include the Fischer indole synthesis from aryl hydrazones
[9-11], the Madelung cyclization of N-acyl-o-toluidines [12—15] and the Batcho—
Leimgruber synthesis from o-nitrotoluenes and dimethylformamide acetals [16].
Non-conventional methods which involve the use of transition metal as catalysts to
promote the C—C or C—N bond formation in the construction of the indole skeleton
have also been developed [17, 18]. Our research interest is on the use of ortho-
halogenated aniline derivatives as precursors for the metal-mediated alkynyla-
tion and subsequent heteroannulation to construct the indole moiety. We have
employed symmetrical and mixed dihalogenated 2-aminoacetophenones and
2-aminobenzamides (anthranilamides) to effect a site-selective palladium catalyzed
cross-coupling to incorporate an arylalkynyl moiety ortho to the nucleophilic amine
group. These 2-alkynylaniline derivatives were found to undergo metal-mediated
endo-dig cyclization to afford polycarbo-substituted indole-based compounds and
their polynuclear derivatives as described below.
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23.2 Sequential Halogenation of 2-Aminoacetophenone
and 2-Aminobenzamide

The halogenated 2-aminoacetophenones and the analogous 2-aminobenzamides
were prepared as depicted in Scheme 23.1. Commercially available
2-aminoacetophenone 6a (R = —CHj), for example, was transformed into
2-amino-5-bromoacetophenone 7a using pyridinium tribromide (PTB) in
dichloromethane at 0 °C to room temperature (RT) for 3 h following the literature
method [19]. 2-Amino-5-bromobenzamide 7b, on the other hand, was prepared
by reacting the commercially available 2-aminobenzamide 6b (R = —-NH,) with
N-bromosuccinimide (NBS, 1 equivalent) in acetonitrile at RT for 0.5 h [20].
Further halogenation of the 2-amino-5-bromoacetophenone 7a and 2-amino-5-
bromobenzamide 7b with N-iodosuccinimide (NIS, 1.2 equiv.) in acetic acid at
RT afforded 2-amino-5-bromo-3-iodoacetophenone 8a and 2-amino-5-bromo-3-
iodobenzamide 8b, respectively [20, 21]. The use of 2 mol equiv. of NBS in acetic
acid on 6a and 6b at RT for 2 h afforded the 3,5-dibromoaminoacetophenone 9a
and 3,5-dibromoaminobenzamide 9b [22, 23].

We employed the mixed dihalogenated benzoic acid derivatives 8a and 8b as
substrates for the site-selective palladium mediated cross-coupling reactions as
described below.

0 (0]
Br-
o R (D) R
—»
O
NH
0) NH, ’
R 1
7: R = CH, (a); NH, (b) 8: R = CHj; (a); NH, (b)

NH, Yli
0

6: R = CH, (a); NH, (b)

9: R = CH; (a); NH, (b)

Scheme 23.1 Sequential halogenation of aniline derivatives 6. Reagents and conditions: (i) PTB,
CH,Cl,, 0 °C to RT, 3 h (7a) or NBS, CH3;CN, RT, 0.5 h (7b); (ii) NIS, AcOH, RT, 1 h; (iii) NBS
(2 equiv.), AcOH, RT, 2 h
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23.3 Palladium Catalyzed Cross-Coupling
of the Dihalogenated Aniline Derivatives 8a and 8b

We have taken advantage of the difference in reactivity of the Csp*-halogen bonds
(I > Br > CI > F) to effect a site-selective carbon-carbon bond formation of the
mixed halogenated aniline derivatives 8. 2-Amino-5-bromo-3-iodoacetophenone
8a (R = CH3) and 2-amino-5-bromo-3-iodobenzamide 8b (R = NH,) were each
subjected to the Sonogashira cross-coupling with terminal alkynes (1.2 equiv.) in
the presence of PdCl,(PPh;),—Cul catalyst mixture and potassium carbonate as a
base in aqueous DMF at RT for 5 h (Scheme 23.2). Aqueous work-up and
purification with silica gel column chromatography afforded in sequence traces of
the homo-coupled dimer and the expected 3-alkynylated 2-amino-5-
bromoacetophenones 10a—c [21] and the analogous 3-alkynylated 2-amino-5-
bromobenzamides 10d—f [24], respectively.

The 3-alkynylated 2-amino-5-bromoacetophenones 10a—c were further subjected
to the Suzuki-Miyaura cross-coupling with arylboronic or styrylboronic acids in the
presence of PdCl,(PPhs), as PdL, source, tricyclohexylphosphine (PCy;) as a ligand
and K,COj; as a base in dioxane (aq) at 80 °C to afford the corresponding
polysubstituted aniline derivatives 11a—n (Scheme 23.3) [21]. The "H NMR spectra
of the 5-styryl—substituted derivatives (Ar* = —CH=CHATr) revealed the presence of
two sets of doublets with coupling constant values (Jans) Of about 16.0 Hz, which
confirmed the E orientation around the C—C double bond.

NH,

Ar!

8: R = CH; (a); NH, (b) 10a—c (R = CH;);10d—f (NH,)

Compound R Ar' %Yield
10a -CH; CeHs- 91
10b -CH, 4-FC¢Hy4- 89
10c -CH; 4-MeOC¢H,- 75
10d -NH, CeHs- 85
10e -NH, 4-FCeHy- 84
10f -NH, 3-CIC¢Hy- 87

Scheme 23.2 Site-selective Sonogashira cross-coupling of 8a and 8b. Reagents and conditions:
(i) HC=CAr', PdCl,(PPhs),, Cul, K,CO5, DMF (aq), RT, 5 h
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(0] (0]
Br Ar?
R R
@
NH, —_— NH,
[ [
r! Ar!
10a—c 11a—n
Compound Ar' Ar? %Yield
11a CeHs- CeHs- 79
11b CeHs- 4-FCgHy- 66
11c CeHs- 4-MeOCgHy- 75
11d 4-FCgHy- CeHs- 69
11e 4-FCgHy- 4-FCgHy- 63
11f 4-FCgHy- 4-MeOCgHy- 70
11g 4-MeOCgHy- CeHs- 73
11h 4-MeOCgHy- 4-FCgHy- 61
11i 4-MeOCgH,- 4-MeOC4Hy- 66
11j CeHs- C¢HsCH=CH- 75
11k CeHs- 4-FC¢H,CH=CH- 62
111 4-FCgHy- C¢HsCH=CH- 73
11m 4-FCgHy- 4-FC¢H,CH=CH- 60
11n 4-MeOCgHy4- 4-FC¢H,CH=CH- 65

Scheme 23.3 Suzuki-Miyaura cross coupling of 10a—c. Reagents and conditions: (i) Ar*B(OH),,
PdCl,(PPhs),, PCys, K,CO3, dioxane (aq), 80 °C, 2 h

23.4 Palladium Catalyzed Route to Indole Derivatives

The remarkable bioactivity along with the unique structural assortment displayed
by polysubstituted indoles influenced us to design and synthesize unsymmetrical
polycarbo-substituted NH-free indole derivatives bearing an acetyl group on the
benzo ring for further studies of biological properties. To our knowledge, the only
examples of indole derivatives bearing an acetyl group on the fused benzo ring
were those prepared via a modified Vilsmeir-Haack acetylation or Friedel-Crafts
acylation of the 5,6-dimethoxy-2,3-diphenyl-1H-indole, respectively [25]. The
analogous 2,5,7-trisubstituted indoles have also been recently synthesized by
Cacchi et al. based on alkynylation-heteroannulation and the Suzuki-Miyaura
cross-coupling  reactions of the 2-bromo-4-(chloro/methyl)-6-iodoanilines
[18]. The 3-alkynylated 2-aminoacetophenones 11a—n were subjected to palladium
chloride (PdCl,) in acetonitrile at 90 °C under argon atmosphere for 3 h to afford
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Ard AR
@
R

| -

Al

11a—n 12a—n
Compound Ar' Ar? %Yield of 12
12a CeHs- CeHs- 70
12b CeHs- 4-FC¢Hs- 75
12¢ CeHs- 4-MeOC¢Hy4- 70
12d 4-FC¢Hy- CeHs- 70
12e 4-FC4Hy- 4-FC¢Hy- 70
12f 4-FCeHy- 4-MeOC¢Hy4- 72
12¢ 4-MeOC¢Hy- CeHs- 67
12h 4-MeOC¢Hy- 4-FC¢Hs- 80
12i 4-MeOC¢Hy4- 4-MeOC¢Hy4- 70
12j CeHs- C¢HsCH=CH- 62
12k CeHs- 4-FC4H,CH=CH- 68
121 4-FCeHy- C¢HsCH=CH- 63
12m 4-FCeHy- 4-FC¢H,CH=CH- 62
12n 4-MeOC¢Hy- 4-FC¢H,CH=CH- 68

Scheme 23.4 PdCl,-mediated heteroannulation of 11. Reagents and conditions: (i) PdCl,,
CH;CN, reflux, 3 h

the corresponding polycarbo-substituted indoles 12a-n, exclusively (Scheme
23.4) [21].

Literature reports revealed that the indole derivatives substituted with a
nitrogen-containing group on the fused benzo ring exhibit significant antitumor
properties [26, 27]. This prompted us to prepare the analogous N-(2,5-diarylindol-
7-yl)acetamides 14 via Beckmann rearrangement reaction of the oximes derived
from the known 1-(2,5-diarylindol-7-yl)ethanones 12a—g [21]. The latter were first
reacted with hydroxylamine hydrochloride in the presence of pyridine in ethanol
under reflux to afford the corresponding oximes 13a—g (Scheme 23.5). Beckmann
rearrangement of compounds 13a—g with trifluoroacetic acid (TFA) in acetonitrile
under reflux for 2 h afforded the corresponding N-(2,5-diarylindol-7-yl)acetamides
14a—g, which were formed through aryl migration. The methodology described in
this investigation for the synthesis of C-7 aminated NH-free indoles is complemen-
tary to the method previously developed by Cacchi et al. [18]. These authors made
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(0} NOH }l—l
2
Ard cH, Ar c, Ar2 N. O
W, a_ CH,
N—H NH NH
Ar! Ar! Ar!
12a-g 13a—g 14a—g
Compound Ar' Ar? %Yield %Yield of
of 13 14
a 4-FC¢H,- 4-FC¢Hy- 94 80
b 4-MeOC¢Hy-  4-FC¢Hy- 87 75
C 4-FC6H4- 4-MCOC6H4- 88 73
d 4-MeOC¢Hy-  4-MeOC¢H;- 88 70
e CeHs- 4-FCcH,CH=CH- 76 78
f 4-FC¢H,- 4-FC(H,CH=CH- 75 77
g 4-MeOC¢H,- 4-FC,H,CH=CH- 76 69

Scheme 23.5 Beckmann rearrangement of the 1-(2,5-diaryl-1H-indol-7-yl)ethanone oximes 13a—
g. Reagents and conditions: (i) NH,OH.HCI, pyridine, EtOH, reflux, 12 h; (ii) TFA, CH;CN,
reflux, 2 h

use of the Buchwald-Hartwig C—N bond formation of the incipient 7-bromoindoles
with primary and secondary amines to afford the amino-substituted indole deriva-
tives. Series of 2,5- and 3,5-disubstituted 7-aminoindoles, on the other hand, have
also been prepared before via a three component Wittig reaction of pyrrole-3-
carboxaldehydes with fumaronitrile and PEt; followed by chemoselective C-6
alkylation of the intermediate cis-allylic nitriles followed by cyclization through
an intramolecular Houben—Hoesch reaction [28].

23.5 Molecular Hybridization of Indole and Chalcone
on the Same Molecular Framework

From the molecular design point of view, the combination of two pharmacophores
into a single molecule has been found to enhance the biological properties of the
resultant hybrid molecules. When indole and chalcone moieties are linked together
on the same molecular framework, for example, they tend to enhance the overall
electronic absorption and emission properties [6, 29] and the biological efficacy of
the resultant molecular hybrids [30-33]. The most common framework of indole-
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chalcones synthesized to-date has the o,f-unsaturated carbonyl moiety attached to
the C-3 position of the indole ring either through the carbonyl carbon 15 or through
the p-carbon 16 (Fig. 23.3). Such indole-chalcone hybrids are generally accessible
via the Claisen-Schmidt aldol condensation of the corresponding 3-acetylindoles or
indole-3-carbaldehydes [32]. These 3-substitituted indoles are themselves, in turn,
prepared via the Friedel-Crafts acylation [34], acylation of 3-indolylzinc chlorides
or indole Grignard reagents [35] or Vilsmeier-Haack reaction with POCl; and
DMF [36].

Claisen-Schmidt aldol condensation of 2-amino-5-bromo-3-iodoacetophenone
8a (R = CHj3) with benzaldehyde derivatives in the presence of potassium hydrox-
ide in ethanol at RT for 12 h afforded the corresponding 2-amino-5-bromo-3-
iodochalcones 17a—-d in high yield and purity (Scheme 23.6). The E-geometry
around the olefinic framework of the 2-aminochalcones 17a—d was confirmed by
two sets of doublets at about 8 7.40 and 7.74 ppm with coupling constant values
Jirans = 15.5-16.0 Hz corresponding to the vinylic protons.

0
0 Ar Ar
N\ N\
N N
\ \
R R
15 16

Fig. 23.3 Generalized structures of the commonly known indole-chalcones

(0]

Br CH; (_1)> Br Zar!
NH, NH,
I
8a 17a-d

Compound Ar'! % Yield
17a CeHs- 81
17b 4-FC¢Hy- 84
17¢ 4-CIC¢Hy- 91
17d 4-MeOC¢H,- 93

Scheme 23.6 Claisen-Schmidt aldol condensation of 8a. Reagents and conditions: (i) ArCHO,
KOH, EtOH, RT, 12 h
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Treatment of compounds 17a—d with aryl acetylenes (1.2 equiv.) in the presence
of PdCI,(PPh3),—Cul catalyst mixture and cesium carbonate as a base in ethanol
under reflux for 2 h afforded after aqueous work-up and purification by column
chromatography on silica gel the corresponding 3-alkynylated 2-amino-5-
bromochalcones 18a—f, exclusively (Scheme 23.7). The 3-alkynylated
2-aminochalcones 18a—f were, in turn, subjected to PdCl,-mediated
heteroannulation in acetonitrile at 90 °C for 3 h to afford the corresponding
indole-appended chalcone derivatives 19a—f.

We decided to incorporate a trifluoroacetyl group at the 3-position of the
ambident indole moiety of compounds 19a—f with possible retention of the N-H
group, which has been found to be essential for the anti-proliferative activity of
indole derivatives [37]. Compounds 19a—f were subjected to trifluoroacetic anhy-
dride (1.2 equiv.) in THF under reflux for 5 h and isolated by aqueous work-up and
recrystallization the corresponding 3-trifluoroacetylindole-chalcones 20a—f, exclu-
sively (Scheme 23.8) [38].

O o 0
Br
Br = 1 Br.
AT () | (i)
— 1
Art —»
NH, NH, N A
I -
I
A 2
Ar '

17a-d 18a—f 19a-f

Compound  Ar' Ar? %Yield of %Yield of
18 19

a CeHs- CHs- 76 75

b 4-FCgH,- CHs- 81 63

C 4-C1C6H4- C6H5- 71 71

d 4-MeOCeH,-  CgHs- 62 53

e 4-CICgH,- 4-CF;0C¢H,- 78 70

f 4-MeOC¢H,-  4-CF;0C¢H,- 82 54

Scheme 23.7 Sonogashira cross-coupling of 17a—d and subsequent PdCl,-mediated cyclization.
Reagents and conditions: (i) HC=CATr?, PdCl,(PPhs),, Cul, Cs,COs, EtOH, reflux, 2 h; (ii) PdCl,,
CH3CN, 90 °C, 3 h
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(@) O
Br: Br
| @
NH AT NH CAr
Ar? © Ar?
CF,
19a—f 20a—f
Compound Ar'! Ar? %Yield of 20
20a CeHs- CeHs- 88
20b 4-FC¢Hy- C¢Hs- 76
20¢ 4-CIC¢Hy- C¢Hs- 91
20d 4-MeOCgH,- C¢Hs- 62
20e 4-CIC4Hy4- 4-CF;0C¢Hy4- 90
20f 4-MeOCgHy- 4-CF;0C¢H,- 88

Scheme 23.8 Trifluoroacetylation of 19a—f. Reagents and conditions: (i) (CF;CO),0, THF,
reflux, 5 h

23.6 Synthesis of 2,3-Dihydro-1H-pyrrolo[3,2,1-ij]
quinazolin-1-ones

We envisaged that molecular hybridization framework to construct a pyrrole ring
onto a dihydroquinazolinone framework through the standard indole synthesis
would lead to the 2,3-dihydro-1H-pyrrolo[3,2,1-ij]quinazolin-1-ones. Conse-
quently, we subjected the 2-amino-3-(arylethynyl)-5-bromobenzamides 10a—c
to boric acid-mediated cyclocondensation with benzaldehyde derivatives to
afford the corresponding 2-aryl-8-(arylethynyl)-6-bromo-2,3-dihydroquinazolin-
4(1H)-ones 21a-1 (Scheme 23.9). The latter were, in turn, subjected to PdCl,-
mediated endo-dig cyclization in dioxane under reflux to afford the
corresponding 2,3-dihydro-1H-pyrrolo[3,2,1-ij]quinazolin-1-ones 22a-1 (Scheme
23.9) [24].

23.7 Conclusions and Perspectives

We have demonstrated that a halogen atom ortho to the amine group on an
aromatic ring facilitates palladium catalyzed Sonogashira cross-coupling with
terminal acetylenes followed by heteroannulation to incorporate an indole moiety.
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0 0
Br NH Br NH i
2 (i) G Br NH
NH, ~ NN N2
I | - "
Ar! Ar! Ar'
10a—c 21a-1 22a-1

Compound Ar! Ar? %Yield of 21  %Yield of 22
a CeHs- Cell- 86 58

b CeH- 4-FC(H,- 88 53

c CeHs- 4-CICH,- 86 62

d CeHs- 4-MeOCeHy- 93 60

e 4AFCH,-  CeHs- 91 57

f 4-FCHy  4-FCeH,- 92 56

g AFCHy  4-CICH,- 83 58

h AFCH,  4MeOCeHy 92 60

i 3-CICH,-  CeHs- 80 68

j 3-CICH,-  4-FCeH,- 95 62

K 3-CICH,-  4-CICH,- 9% 76

1 3-CICHy-  4-MeOCeH,- 97 72

Scheme 23.9 Cyclocondensation of 10a—c with benzaldehyde derivatives followed by PdCl,-
mediated heteroannulation of 21a-1. Reagents and conditions: (i) ArZCHO, boric acid, 120 °C,
5 min.; (ii) PdCl,, dioxane, 90 °C

Indoles derived from 2-amino-5-bromo-3-iodoacetophenone contain several reac-
tive centres which enable further elaboration via C-3 trifluoroacetylation and
Beckmann rearrangement of the corresponding oximes to afford nitrogen-
containing derivatives. Molecular hybridization via initial Claisen-Schmidt aldol
condensation of 2-amino-5-bromo-5-iodoacetophenone with benzaldehyde deriva-
tives followed by Sonogashira cross-coupling and heteroannulation afforded
indole-appended chalcones. Likewise, molecular hybridization to incorporate a
pyrrole ring onto a quinazolinone framework was achieved via palladium
chloride-mediated  endo-dig Csp-N  cyclization of the corresponding
8-alkynylated 2,3-dihydroquinazolin-4(1H)-ones to afford angular 2,3-dihydro-
1H-pyrrolo[3,2,1-ij]quinazolin-1-ones. The ambident electrophilic 1,3-diaryl-2-
propen-1-one (chalcone) moiety has established itself as an important scaffold for
one-pot nucleophilic addition reactions via attack on the carbonyl group
(1,2-addition) and subsequent conjugate addition reaction with 1,2-binucleophiles
to afford biologically-relevant 5- and 6-membered nitrogen-containing
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heterocycles such as pyrroles, pyrazoles, indoles, isoxazoles, imidazoles, pyrazoles,
indazoles, tetrazoles, pyrimidines and pyridines. This makes the indole-chalcones
prepared in our laboratory suitable candidates for further transformation to afford
novel molecular hybrids with potential biologically properties.

Acknowledgements The authors are grateful to the University of South Africa and the National
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Chapter 24
Processability Issue in Inverted Organic Solar
Cells

F.J. Lim and A. Krishnamoorthy

Abstract Though impressive progress on the power conversion efficiency of
organic solar cells (OSCs) has been made, their practical use is still hampered
due to their inherent poor stability. Under ambient conditions the long term stability
of non-encapsulated organic solar cells with conventional device architecture is
lower than the technical lifetime of devices with an inverted configuration. The
removal of the interface between the ITO (indium tin oxide) layer and the acidic
PEDOT:PSS layer along with the substitution of a low work function metal
electrode with a high work function metal electrode in the inverted device config-
uration renders relatively higher stability in these devices. Though encouraging
device performance (with respect to both stability and efficiency) is seen in inverted
organic solar cells, there exists a few technical challenges in the fabrication of these
devices namely (1) processability; (2) light-soaking and (3) stability. In this short
review we will focus on tackling the processability issue of the device fabrication.
Firstly, an overview of recent developments of inverted organic solar cells (IOSC)
using various photoactive layers and charge transport layers will be presented.
Secondly, the inferior wettability of the hydrophilic PEDOT:PSS hole transport
layer onto the photoactive layer such as the P3HT:PCBM blend, which is hydro-
phobic in nature will be discussed. Thirdly, we will summarize how this issue was
addressed successfully and finally, a brief conclusion and an outlook for solution-
processed inverted organic solar cells will be presented.
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24.1 Introduction

Fossil fuels such as coal, oil and natural gas are the major sources of energy
generation in the world [1, 2]. Recent reports indicate that the annual global energy
consumption in 2016 is around 153,000 TWh, with the highest consumption being
in the Asia region [2]. With these high consumptions, the continual dependence of
the energy on the fossil fuels increases the emission of carbon dioxide (CO,).
Renewable energy (solar and wind power) has been highly in demand and has
served 35% of global final energy production in 2015 [2]. Furthermore, the cost of
solar energy has been continually decreasing over the years; the levelised cost of
electricity (LCOE) of solar photovoltaics (PV), i.e. the net unit-cost of electricity
over the lifetime of a solar system, has reached to as low as USD 0.126/kWh in
2015 [3]. As a result, the global solar market has been growing at about 30%
annually. According to Greentech Media, the total cumulative global installation
capacity of solar PV in 2014 was around 175 GW, and it is expected to grow to
about 700 GW by 2020 [4], out of which, silicon wafer based solar cells dominate
the market share with 90% and remaining market share by thin film solar cells
[5]. According to Green et al., the record module efficiency of a monocrystalline
silicon solar 120-cells module with an area of 15,140 cm?is 19.9% by Trina Solar
[6]. With proper integration of the solar modules and an appropriate energy storage
system, it will be feasible to supply base load power, effectively replacing the
conventional energy sources.

Although significant improvements have been made in the energy payback time,
silicon used per watt and device efficiency, the silicon solar panels are opaque and
heavy in weight. The thick p-n junction makes the solar panel appear black,
non-aesthetically pleasing and non-transparent, thus only limiting its use on the
rooftops. Moreover, the finishing of a silicon solar panel is rigid and generally
has a distributed weight of approximately 20 kg/m?® [7]. These attributes limit
their applications on areas such as building-integrated photovoltaics (BIPV) and
consumer electronics. Furthermore, typical solar technologies have a negative
temperature coefficient (i.e. efficiency decreases when temperature increases) and
a poor low-light performance under outdoor conditions. Thus, third generation
solar technology like organic solar cells has been developed to overcome the
abovementioned drawbacks.

Organic solar cells (OSC) based on solution-processed semiconducting poly-
mers have been a hot topic of research since the 1980s [8, 9]. The evolution of the
OSC devices has started from single organic layer [8, 10], bi-layer planar
heterojunction [11] to bulk heterojunction (BHJ) [12, 13] designs. BHJ structure
has been widely adopted to produce more efficient devices with a world record of
10.8% using thieno[3,4-b]thiophene/benzodithiophene (PTB7), [6,6]-phenyl C;;
butyric acid methyl ester (PC;;BM), and an IR-absorbing diketopyrrolopyrrole
based porphyrin small molecule (DPPEZnP-TEH) [14].

Organic solar cell presents several advantages over conventional inorganic
counterparts: lightweight, flexible, semi-transparent, easy color-tuning, positive
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temperature coefficient, low energy intensive fabrication protocols and sensitive to
low-light condition [15]. As a result, it can be applied in several niche applications
where it is not possible to use conventional silicon solar cells. For instance, the
flexible, lightweight and semi-transparent nature enables them to be integrated
easily onto a variety of surfaces such as fabrics, mobile electronics and windows.
Apart from that, organic semiconductors, which have variety of colors, are also
suitable for aesthetically significant application like BIPV. Furthermore, due to the
nature of charge hopping transport in organic semiconductors, it has a positive
temperature coefficient, i.e. device efficiency increases as the surrounding temper-
ature gets higher. Most importantly, it also has a more superior performance in
low-light (diffused-light) conditions [16, 17], which makes it suitable for indoor
power generation. Therefore, without directly competing with conventional silicon
solar cells, OSC can potentially fill in the areas wherein the silicon solar cells
cannot be used.

Even though OSCs have several advantages over silicon solar cells they fall
short on two important factors: the device efficiency and the device lifetime. The
commercialization of organic solar cells is still largely hampered because of the
above mentioned factors. To ensure the feasibility of OSC modules, the costs
involving manufacture, packaging, installation and maintenance have to be covered
by the revenue proportional to its power output. Thus, it is vital for the cell
efficiency to exceed 10% before it can be considered commercially viable
[18]. Recently a high device efficiency of 10.6% was achieved by adopting a
tandem device architecture using a low band gap polymer [19]. However, to fully
achieve a cost-effective OSC, a high-efficiency single junction device is desired.
On June 2015, the National Renewable Energy Laboratory (NREL) has updated the
solar cell efficiency chart with a breakthrough efficiency exceeding 11% for organic
solar cells with morphologically optimized PffBT4T-CyC,3:PC;;BM [6, 20—
22]. These recent improvements in the efficiency value suggest a good prospect
for OSC. From the industry aspect, a breakthrough in device efficiency of 13.2%
was announced by Heliatek GmbH in 2016 on multi-junction vacuum-processed
small molecules based OSC [23]. Some of the market players who are involved in
the production of organic photovoltaics are Heliatek, Sono-tek, Solarmer and
Belectric [15, 24-26].

24.1.1 Research Areas in Organic Solar Cells

The research in OSC can be diversified into three main overlapping areas: (1) effi-
ciency; (2) stability; and (3) scalability, as shown in Fig. 24.1. Each area would
trigger a series of research directions.

Firstly, boosting the efficiency of OSC towards and surpass 10% is an always-
prevalent challenge. According to NREL, the efficiency of OSC has grown since
1980s from 0.8% to a current 11.5% at 2015 [21]. The enhancement of device
efficiency is primarily achieved by developing novel photoactive layers. A
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Fig. 24.1 Research areas of Materials
organic solar cells Morphology
Tandem architecture

Large-area device
Solution-processed
Flexible substrate

Encapsulation |
Inverted architecture |

continuous development of low band gap conjugated semiconductor materials,
tailoring of donor-acceptor morphology and adopting new device architecture are
few of the directions taken by the research community. Achieving the goal may also
require an alternative design on the device architecture. Tandem architecture was
adopted to harvest a broader spectrum of sunlight with effectively thicker device
and a larger open-circuit voltage [27]. However, this design is limited by the
effective short-circuit current, which is limited by the absorber layer with the
lower current. Various device optimization and material selection are needed in
order for the device to deliver its highest capability.

Secondly, the scalability of the device is important to fabricate organic solar
cells or solar modules eventually in a large-scale, roll-to-roll and solution-
processed way. To do so, the conventional spin coating and thermal evaporation
methods on a rigid substrate have to be abandoned as they give low-throughput and
are incompatible to large-area, flexible devices [18, 28]. A continuous roll-to-roll
processing has to be devised for a high-throughput and large-area compatible
capability on flexible substrates. However, the implementation of this method
often requires a lot of optimization steps which generally account for the observed
lower efficiency [29]. The realization of the processability of OSC is vital to take
them one step closer to the road of product manufacturing.

Lastly, apart from achieving high efficiency and roll-to-roll processability in
OSC, one must not overlook the device stability. Sgndergaard et al. have proposed a
goal of 10-10 (10% efficiency and 10 years of stability) as the transcending point of
OSC from laboratory scale research to industrial scale production [28]. This goal is,
in the authors’ opinion, extremely important for the device practicality because the
inherent poor stability of the device severely hampers their practical value. The
degradation of organic semiconductors in oxygen and moisture remains a key point
to be addressed by the research community [30]. These materials degrade rapidly in
the presence of oxygen and moisture, hindering the energy harvesting capability of
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the device. PEDOT:PSS on top of the indium-doped tin oxide (ITO) is highly
sensitive to moisture, only capable to function for 1 h without proper encapsulation
[31]. Due to the acidity of PEDOT:PSS, it will often etch into ITO substrate upon
moisture, causing degraded contact [32]. Furthermore, the presence of low work
function metals such as aluminium (Al) as cathode which oxidizes easily in air will
also cause reduced longevity of the device lifetime [33]. Thus, to safeguard the
instability of the device, high-cost encapsulation techniques are mandatory. Though
glass-glass type encapsulation results in the best device lifetime, it eliminates the
flexible characteristics for OSC. Research efforts on developing proper device
encapsulations were carried out [34]. However, tackling the problem from the
root, i.e. ITO etching by PEDOT:PSS and low-work function Al, is a better
strategy.

To this end, inverted organic solar cell (IOSC), which ‘inverts’ the sequencing of
layers, was adopted to address these root causes. The adoption of such architecture
could effectively contribute to a significant improvement in the device
lifetime [35].

In this short review, we will mainly focus on the scalability of the organic solar
cell, in particular inverted organic solar cells (IOSC), due to its wide adoption by
the research community. Firstly, an overview of IOSC will be discussed, with a
summary of recent developments of such architecture using various photoactive
layer materials and transport layers. Secondly, the processability issue of PEDOT:
PSS hole transport layer in IOSC will be discussed. Thirdly, the solutions adopted
by research community will be summarized and compared. Lastly, the review will
end with a brief conclusion and outlook to the future of IOSC.

24.1.2 An Overview of Inverted Organic Solar Cells

IOSC are gaining attention from the research community due to their superior
device stability. Since 2006, device efficiency of at least 3% was successfully
achieved using P3HT:PC¢;BM [36, 37]. A stable, solution-processable IOSC on
flexible substrate with an efficiency of 3.3% was also achieved [35]. In fact, the
record high OSC efficiency of 10.8% using PffBT4T-20D:TC;;BM as photoactive
layer has been realized with the inverted architecture [20]. Table 24.1 shows the
summary of recent development of device efficiencies for IOSC using various
photoactive layer materials.

Many results have indeed proven that the IOSC have longer device stability than
conventional devices [35, 45-49]. Yang et al. reported an inverted bulk
heterojunction (BHJ) device based on PBDTTT-C-T/PC,;,BM blend with gold
nanoparticles and nanograting design with an efficiency of 8.8% [50]. Hau et al.
demonstrated an inverted flexible OSC device using ZnO as an interfacial layer
which could retain 80% of the initial device performance after 40 days of exposure
in air [35]. McGehee et al. reported a PCDTBT polymer based OSC with an
inverted architecture that shows a shelf life of 7 years under encapsulation in
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ambient conditions [51]. Park et al. developed a dynamic annealed ZnO electron
transport layer with 94% of device efficiency retained after exposure in air for
50 days [52]. Lima et al. also conducted an outdoor stability study of IOSC with
V,0s5 as hole transport layer able to retain 80% of its initial device efficiency for
900 h [49]. In fact, preliminary testing of a conventional and inverted architecture
based on P3HT:PCq;BM in air without encapsulation in our laboratory also shows
similar enhancements in device lifetime (Fig. 24.2).

There are two major modifications in the device structure of inverted OSC:
(1) “inversion’ of the transport layers, and (2) the change of metal with higher work
function. Firstly, the PEDOT:PSS hole transport layer (HTL) is shifted upwards
between the photoactive layer and the metal contact. It is found that the acidity of
PEDOT:PSS upon moisture and oxygen contact could be the major cause for the
instability of the cell as it etches the ITO [31, 53]. Thus, shifting the PEDOT:PSS
layer to the top of the photoactive layer prevents the etching of ITO. Instead of low
work function metal, an air-stable high work function metal such as silver (Ag) or
gold (Au) is used as the metal electrode. As a result, the direction of carrier
extraction is ‘inverted’ with respect to the conventional architecture. The electrons
are now extracted at ITO while holes are extracted at the metal electrode (Fig. 24.3).
Such phenomenon can be clearly seen in the energy level diagram for an IOSC
shown in Fig. 24.4, where the excitons are generated in the photoactive layer and
dissociated at the organic interfaces and are then subsequently extracted to respec-
tive contacts.

24.1.3 Transport Layers in Inverted Organic Solar Cells

Similar to its non-inverted counterpart, IOSCs require electron transport layers
(ETL) and hole transport layers (HTL) for an effective charge extraction. Efficient
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Fig. 24.4 Energy level diagram and charge transport scheme of a typical inverted organic solar
cell. The red lines and black dashed lines correspond to HOMO and LUMO of donor and acceptor,
respectively. The charge transport scheme is denoted (1) exciton generation; (2) exciton dissoci-
ation and (3) charge extraction

charge extraction would lead to a minimal recombination loss and low leakage
current. Several n-type metal oxides such as TiO, [46, 54], ZnO [43, 55] and
Cs,COj5 [56, 57] were generally used as ETL. Materials such as poly(3,4-ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) [45, 58, 59], p-type metal
oxides [39, 49, 60] and nanoparticles [61] were normally used as HTL. Charge
transport layers play an extremely vital role in IOSC devices as they affect the
energy alignment between the transport layer and photoactive layer interface,
tailoring built-in field, improve charge selectivity, and improve device stability.
Although IOSC provides an excellent way to tackle the poor device stability in
organic solar cells, it is not yet completely feasible to be used in large-scale
manufacturing and practical energy harvesting applications. The main source of
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Table 24.2 List of IOSC device performance with various hole transport layer materials and
deposition methods

Additives (for HTL Film

Photoactive | HTL PEDOT:PSS deposition | thickness |
material (formulation) | only) method (nm) (%) |Ref. | Year
P3HT: MoO, n/a Thermal 2 4.0 |[57] | 2011
PC; BM evaporation
PTB7: MoO, n/a Thermal 10 6.5 |[39] | 2013
PC; BM evaporation
P3HT: PEDOT:PSS | Dynol Spin coat 250 1.4 |[62] |2005
PC4;BM (CPP 105 D)
P3HT: PEDOT:PSS | Triton X-100 Spin coat 40 4.0 |[63] [2010
PCsBM (unspecified)
P3HT: PEDOT:PSS | Unspecified Spin coat 50 3.0 [[64] |2011
PCsBM (P VP Al surfactant

4083)
P3HT: PEDOT:PSS | Not reported Spin coat 30 3.6 |[65] |2011
PCs,BM (P VP Al

4083)
P3HT: PEDOT:PSS | Isopropanol Doctor 120 24 |[66] | 2011
PC¢ BM (Clevios PH) blade
P3HT: PEDOT:PSS | Capstone FS-31 | Spin coat 80 3.1 | [37] |2012
PC4BM (P VP Al

4083)
P3HT: PEDOT:PSS | Surfynol Spin coat 40 4.0 |[67] |2013
PCsBM 104 PA
P3HT: VO, n/a Spin coat 25 3.9 |[65] |2011
PC4BM
PTB7: WO, n/a Thermal 5 6.7 |[39] | 2013
PC;1BM evaporation
P3HT: CoOy, n/a Thermal 10 2.7 |[68] | 2015
PCq,BM evaporation
P3HT: ITO n/a Spin coat 16 3.0 [[61] |2016
PC¢ BM nanoparticle

the problem stems from the charge transport layers in the device. The configura-
tion and material used for the charge transport layers give rise to two serious
issues: (i) wettability issue of PEDOT:PSS hole transport layer on photoactive
layers and (ii) light-soaking issue due to the use of metal oxide electron transport
layer. Among the wide range of materials available for HTL in IOSC, PEDOT:
PSS is often more preferred due to its ease of solution-processing. This is because
metal oxide based HTL is generally deposited by means of thermal evaporation,
while PEDOT:PSS can be easily deposited by printing or coating methods
(Table 24.2).
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24.2 Processability Issue in Inverted Organic Solar Cells

24.2.1 PEDOT:PSS Hole Transport Layer

PEDOT is a conductive polymer which adopts 3,4-dialkoxythiophene structures. Its
conductive nature originates from the polymerization of the bicyclic
3,4-ethylenedioxythiophene (EDOT) and its derivatives. From the structure of the
polymer shown in Fig. 24.5, the presence of oxygen atoms adjacent to the thiophene
ring stabilizes the positively charged EDOT during polymerization. As a result, a
conductive PEDOT polymer is formed [69]. Due to the inherent chemical structure
and the hydrophilicity of the material, PEDOT:PSS is intrinsically an acidic
and hygroscopic compound. Typical conductivity of PEDOT is in the range of
500 S cm™~'. However, such high conductivity is not suitable for hole transport
action because large lateral conductivity will occur, leading to unwanted device
interconnections. When coupled with PSS at various ratios, its conductivity can be
tuned to as low as 107> S em ™! (Table 24.3). PEDOT:PSS with lower conductivity
grade (Clevios™ P VP Al 4083) is normally used as the hole transport layer for
organic solar cells.

24.2.2 Wettability Issue of PEDOT:PSS in Inverted Organic
Solar Cells

Coating of the PEDOT:PSS onto the photoactive layer remains a serious technical
challenge involved in the fabrication of these devices. The hydrophobic nature of
the underlying photoactive layer (such as P3HT:PCq;BM) produces high surface
tension upon contact with hydrophilic PEDOT:PSS, causing a serious wettability
issue. Without the aid of additives, PEDOT:PSS can hardly be coated onto the

Fig. 24.5 Chemical
structure of PEDOT:PSS

PSS
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Table 24.3 List of PEDOT:PSS and its respective properties [69]

Type of PEDOT:PSS PEDOT:PSS ratio | Conductivity (S/cm) | Applications
Clevios™ PH1000 1:2.5 850 Transparent electrodes
Clevios™ PH500 1:2.5 300 Transparent electrodes
Clevios™ P VP A1 4083 | 1:6 1073 Transport layer
Clevios™ P VP CH 8000 | 1:20 107° Transport layer

PEDOT:PSS UV Ozone Treatment

Hydrophilic )’ ‘ ' ’ ' ' PEDOT:P:S&ﬂmm

Hydrophobic "P3HT:PCBM —3 P3HT:PCBM —» P3HT:PCBM

Fig. 24.6 Schematic showing the necessity of UV-ozone treatment on photoactive layers prior to
coating PEDOT:PSS with conventional surfactants modification

photoactive layer. Upon contact, PEDOT:PSS solution would form a high surface
angle on the photoactive layer surface (Fig. 24.6 (left)). Consequently, this will lead
to poor film morphology and inferior device performance. Removal of PEDOT:PSS
as a hole transport layer (HTL) is not an option to resolve this issue as this will
render the photoactive layer susceptible to oxygen and moisture, causing detrimen-
tal effects to the device performance. Furthermore, the absence of HTL will also
result in poor device performance [70]. Replacement of PEDOT:PSS with other
p-type oxides is also undesired because this would subject the device incompatible
for solution-processing (see Table 24.2). Therefore, use of additives is necessary to
circumvent this wettability issue.

24.3 Modification of PEDOT:PSS with Additives

To lower the surface energy of PEDOT:PSS, a non-ionic additive should be used.
On one hand, anionic additives such as sodium dodecyl sulfate (SDS) could
significantly enhance the conductivity by substituting PSS anion by the anions
[71]. As shown in Table 24.3, high conductivity PEDOT:PSS is not a suitable
HTL as it will cause undesired lateral device connections. On the other hand,
cationic additives would neutralize the PSS anion by forming stable complex
which could affect the morphology of the PEDOT:PSS film. The addition of
non-ionic surfactant neither alters its conductivity significantly, nor affects its
morphology to undesired state. As a result, non-ionic additives are generally used
to modify the wettability of PEDOT:PSS [62, 63, 72].

In Table 24.2, an overview of the additives into PEDOT:PSS before coating onto
the photoactive layer was presented. Isopropyl alcohol (IPA) is the most commonly
used additive for PEDOT:PSS to reduce the surface energy [66]. Other alternatives
such as Dynol [62], Triton X-100 [63] and Zonyl FS-300 [72] were also used
previously. The use of fluorosurfactants such as Zonyl FS-300 is more beneficial
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Table 24.4 Device performance of inverted organic solar cells with device architecture
ITO/TiO,/P3HT:PC4BM/(PEDOT:PSS + additives)/Ag using various types of additives at TiOy
thickness of ~100 nm

PEDOT:PSS formulation Voo (mV) Jse (mA/cm?) FF (%) n (%) Ref.
PEDOT:PSS + IPA 580 6.3 55 2.1 [58]
PEDOT:PSS + Zonyl FS300 560 7.9 48 2.2 [29]
PEDOT:PSS + CFS-31 610 7.8 65 3.1 [37]

than hydrocarbon based surfactants (Triton X-100) in reducing the surface tension
between the two organic layers. This is attributed to the lipophobic nature of the
C-F tail which tends to concentrate at liquid-air interface, in contrary to the
lipophilic C-H tail that concentrates in condensed phase interfaces [73]. In the
fabrication of inverted OSCs, Zonyl FS-300 is often used together with IPA because
Zonyl FS-300 or IPA alone is insufficient for PEDOT:PSS to lie within the wetting
envelope of P3BHT:PCg;BM [29]. An undesirable and detrimental UV ozone surface
treatment of photoactive layer prior to PEDOT:PSS coating is often required to
increase its surface energy (Fig. 24.6). Our group has adopted an alternative
fluorosurfactant (Capstone® Dupont™ FS-31) as additive for PEDOT:PSS which
could resolve the wettability issue for various photoactive layer materials without
the need for detrimental UV-ozone treatment [37, 47]. Such properties of the
material greatly enhance the compatibility of the device in roll-to-roll solution-
processed capability.

Other than its excellent wettability, Capstone® Dupont™ FS-31 (CFS-31) is a
good alternative for common additives such as Zonyl FS-300 in the fabrication of
IOSC. CFS-31 is capable of providing remarkably low surface tension (~15 mN/m)
compared to Zonyl FS-300 (~23 mN/m) in aqueous or solvent-based products (ideal
for PEDOT:PSS) that could enable better wetting. When made into device, it shows
a non-destructive property to device efficiency (Table 24.4) [37, 48]. Fourier trans-
form infrared spectroscopy (FTIR) studies have shown that the addition of CFS-31
into PEDOT:PSS does not alter the chemical structure of the coating materials
(Fig. 24.7) [37].

24.4 Conclusions and Outlook

A brief review of inverted organic solar cells, with PEDOT:PSS as hole transport
layer was presented. Through a review of recent advances in inverted organic solar
cells and different types of transport layers materials, it was found that PEDOT:PSS
is still the best candidate for solution-processed hole transport layer. However, due
to its hydrophilic property, it faces a wettability issue in the fabrication of such
device, posing an inherent processability challenge. It is undeniable that the pro-
cessability issue is one of the main hindrances hampering its adoption as the main
design in industry. To this end, a range of additives to PEDOT:PSS have been
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Fig. 24.7 FTIR spectra for
PEDOT:PSS (black,
bottom), CFS-31
fluorosurfactant (red,
middle) and combination of
PEDOT:PSS and CFS-31
(blue, top). The demarcated
peaks are labeled according
to the different associated
modes of the chemical bond
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outlined and compared, with Capstone® Dupont™ FS-31 (CFS-31) as the best
candidate for roll-to-roll, solution-processed inverted organic solar cells.

Moving forward, in view of industry viability and taking reference with major
industry players of organic photovoltaics in PV industry such as Heliatek and
infinityPV, it is evident that roll-to-roll streamlined cell or module manufacturing
process is the sensible direction to point towards to. As a result, other than focusing
on improving the device efficiency, researchers should put more emphasis in the
processability of the device, which indirectly produces merit to the device stability,
increasing the product lifetime of the technology.
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